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Preface

The Fifth International Symposium on Capture Gamma-Ray Spectroscopy and Related
Topics was held at the Holiday Inn-World's Fair, Knoxville, Tennessee, September 10-14, 1984.
This symposium was a sequel to meetings held at Studsvik, Sweden (1969), Petten, the Nether-
lands (1974), Brookhaven, USA (1978), and Grenoble, France (1981). It was sponsored by the
American Physical Society, the American Nuclear Society, the European Physical Society, the
U.S. Department of Energy, the U.S. National Science Foundation, and the Oak Ridge
National Laboratory. This symposium was the first conference in the United States that the
European Physical Society has ever sponsored.

The 5-day symposium was attended by 208 participants from 25 countries. The primary
aims of the conference organizers were to maximize the interchange of ideas and discussion
among the attendees and to minimize distractions. The truly international character of the
meeting, its size, the high quality of the talks, the posters, the industrial exhibition, and even
the weather all contributed toward making this symposium a very fruitful scientific gathering.

The main topics discussed at the symposium were nuclear models and theory (~ 11% of
the contributions), photon-induced reactions (— 11%), neutron-induced reactions (~ 38%),
charged-particle-induced reactions (~ 14%), applications, including nucleosynthesis (— 13%),
and related topics (— 13%). Thf. Program Selection Committee, with generous input from the
Internationa] Advisory Committee and the Program Advisory Committee, was responsible for
the scientific program. The members of those Committees (and of the Organizing Committee)
are listed below.

International Advisory Committee

G. Alaga (Yugoslavia), A. Arima (Japan), G. A. Bartholomew (Canada), G. E. Brown
(USA), P. M. Endt (Holland), H. Feshbach (USA), W. A. Fowler (USA), S. S. Hanna
(USA), A. Kerman (USA), A. M. Lane (UK), Li Shou-nan (PRC), C. Mahaux (Belgium), B.
Mottelson (Denmark), V. G. Soloviev (USSR), A. H. Wapstra (Holland), and H. A.
Wcidenmuller (FRG).

Program Advisory Committee

V. L. Alexeev (USSR), B. J. Allen (Australia), C. V. K. Baba (India), F. Be6v;if
(Czechoslovakia), I. Bergqvist (Sweden), H. Borner (France), R. F. Casten (USA),
C. Coceva (Italy), F S. Dietrich (USA), Ding Dazhao (PRC), D. M. Drake (USA),
H. Ejiri (Japan), C. D. Goodman (USA), R. W. Hoff (USA), F. Iachello (USA), H. E.
Jackson, Jr. (USA), S. Joly (France), E. T. Jurney (USA), F.Kappeler (FRG), H. V.
Klapdor (FRG), M. A. Lone (Canada), R. Moreh (Israel), M. V. Pasechnik (USSR),
Yu. P. Popov (USSR), P. Prokofjev (USSR;, D. Seeliger (GDR), O. W. B. Schult
(FRG), and H. Weigmann (Belgium).

Program Selection Committee

K. Abrahams (Holland), B. Castel (Canada), R. E. Chrien (USA), T. von Egidy (FRG), J.
A. Harvey (USA), J. E. Lynn (UK), N. R. Roberson (USA), C. Rolfs (FRG), K. A. Snover
(USA), P. H. Stelson (USA), C. Van der Leun (Holland), and E. K. Warburton (USA).

Local Organizing Committee

S. Raman (Chairman), R. F. Carlton, S. R. Damewood, Y. A. Ellis-Akovali, N. W. Hill, B.
F. McHargue, S. A. Raby, B. S. Reesor, J. K. Thacker, C. R. Vane, and R. T. Webber.



The symposium comprised 46 invited talks arranged into 9 sessions. Having decided against
parallel sessions of orally presented contributed papers, the Organizing Committee arranged for
two poster sessions to last a total of 7 hours; all 87 accepted contributed papers could be
presented as posters. The posters were displayed in a ballroom where people congregated for
refreshments. This arrangement resulted in valuable discussions among the interested parties.
Attendance was high at all sessions of invited speakers. The chairpersons of the sessions (J. 8.
Bail, F. Iadiello, G. F. Bertsch, O. W. B. Schult, C. Coceva, A. H. Sne'l, B. Castel, C. van der
Leun, W. S. Rodney, and R. E. Chrien) deserve praise not only for keeping the sessions pre-
cisely on schedule but also for their guidance of the discussions, which wsre stimulating and
lively.

An industrial exhibition was also held in connection with the symposium. Bicron, Canberra,
EG&G Ortec, Harshaw, Nuclear Data, Nucleus, and Tenneiec participated. Like plumbers
and carpenters, physicists depend on the tools of their trade, and the exhibition served the pur-
pose oi' bringing together industrial representatives and scientists seeking sophisticated instru-
mentation. The welcoming speeches at the symposium were delivered by K. C. Tcsterman
(Mayor of Knoxville) and R. S. Wiltshire (Executive Director, ORNL).

These proceedings contain the texts of all papers presented at the conference. The material
has been reproduced directly from camera-ready copy provided by the authors. Because rapid
publication of the proceedings was my primary goal, I made no attempt to correct all errors,
especially the typographical ones that left the meaning intact. The papers have been grouped
loosely by subject, in somewhat different order from that in the conference program.

I want to thank the members of the International Advisory Committee, the Program
Advisory Committee, and the Program Selection Committee. They worked hard for several
months — carefully defining the topics, diligently reviewing the submitted materials, and objec-
tively selecting the speakers. I would also like to acknowledge the important role fulfilled by
the members of the Organizing Committee, who labored behind the scenes to prepare the
announcements; to handle the registration, accommodations, and transportation; and to arrange
the exhibition, poster session, audiovisual aids, social events, and tours. I wish to express spe-
cial thanks to Bonnie Reesor for the long hours and multiple responsibilities undertaker by her
as ORNL coordinator for this symposium.

Anyone (myself included) who thinks that conference fees are excessive is easily cured of
this illusion by actually running a conference. I thank those whose financial support made its
success possible, including the companies that participated in the exhibition and, especially,
EG&G Ortec, the U.S. National Science Foundation, the U.S. Department of Energy, and the
Oak Ridge National Laboratory.

My final thanks go to the speakers, the after-dinner speaker (B. B. Kinsey), the summary
speaker (J. E. Lynn), and all participants for their active roles which made the symposium well
worth the effort. While still maintaining the general spirit and intent of the earlier conferences
by providing a forum for the discussion of neutron capture 7-ray spectroscopy, this symposium
was much broader in scope. This innovation, I strongly believe, was a key to the conference's
success, and I recommend it to the organizers of the Sixth Symposium (Leuven, Belgium) for
their earnest consideration.

Oak Ridge, Tennessee November 1, 1984 S. Raman



TABLE OF CONTENTS





I. NUCLEAR MODELS AND THEORY

TALKS

The Interacting Boson Model - a Review - 3. P. Elliott 3

Microscopically Derived Interacting Boson Model - T. Otsuka 10

Axial Asymmetry in the IB A and an Extensive New 0(6) Region Near A=13O -

R. F. fasten 24

Anharmonicities in the Vibrational Spectra in Deformed Nuclei - R. Piepenbring 38

Nuclear Dynamical Supersymmetry - Da Hsuan Feng 48

New Coupling Limits, Dynamical Symmetries and Microscopic Operators of
IBM/TQM - V. Paar 70
Shell-Model Predictions of Broad Trends and Fine Details of Electromagnetic

Matrix Elements - B. H. Wildenthal 89

POSTERS

Local Properties of Interacting Bosons - V. R. Manfrcdi 103

Mixed Symmetry States in the Vibrational Limit of the IB A Model -

W. D. Hamilton, A. IrbSck, and J. P. EUiolt 106

Collective Magnetic Octopole Transitions - O. Scholten 109

Generalized-Seniority Mixing in Semi-Magic Nuclei - G. Bonsignori, M. Savoia,
and K. Allaart 113
Configuration Dependent Pairing from the Effective Decoupling Picture -

A. K. Jain and K. Jain 117

Intrinsic Excitations in Doubly Odd Nuclei - P. C. Sood 121

Shell Effects on the El Moments of Ra-Th Nuclei - G. A. Leander 125

II. PHOTON-INDUCED REACTIONS

TALKS

The Absorption and Scattering of Photons by the A Resonance -

E. Hayward 131

Photon Scattering Above the Giant Dipole Resonance - A. M. Nathan 142

Nuclear Structure Studies with Photoreactions - F. Iachello ' 153



II. PHOTON-INDUCED REACTIONS (continued)

TALKS (continued)

Recent Results of the Gotlingen-Grenoble Photon Scattering Collaboration -
M. Schumacher 166

Recent Developments in Nuclear Scattering of Capture Gamma-Rays -

O. Shahal and R. Moreh 179

Proton-Capture Gamma Rays as a Spectroscopic Tool - Ph. B. Smith 192

POSTERS

Measurement of the Photodisintegration of Deuterium - Y. Birenbaum.
R. Moreh, and S. Kahane 208

Angular Distributions for the 2H(y,n) Reaction Below 10 MeV - A. Wolf,
Z. Berant, Y. Birenbaum, S. Kahane, and R. Moreh 213

Resonant Absorption of Deuteron-Capture y-Rays - F. Zijderhand,
S. W. Kikstra, S. S. Hanna, and C. van der Leun 217

Comparison of Photoabsorption by I 6 O and 'ZO • N . K. Sherman, W . F. Davidson,

S. Raman, W. Delbianco, and G. Kajyrs 221

Fore-Aft Asymmetry in Polarized Photoreactions - F. Saporetti and R. Guidotti... 225

Interacting Boson Desdption of the Giant Dipole Resonar.ce in the

Lanthanide Region - L. Zuffi, G. Maino, and A. Ventura 228

Study ofEl-E2 Interference in the l$9Tb(y.n) and mBi(y,n) Reactions -
S. Kahane, Y. Birenbaum, Z. Berant, R. Moreh, and A. Wolf 232

The 2nTh(y,f) and (y,n) Reactions Between S and 10 MeV - D. J. S. Findlay,
G. Edwards, N. P. Hawlus, and M. R. Sene" 237

High Resolution Studies of Photofission of2nTh and 2nU - H. X. Zhang and
H. Lancman 241

III. SLOW NEUTRONS

TALKS

Tests of Supersymmetries with the (n,y) Reaction - D. D. Warner 247

Spectroscopy of Odd-Neutron Actinide Nuclei - H. G. Borner 262

Modeling Level Structures of Odd-Odd Deformed Nuclei - R. W. Hoff,
J. Kern, R. Piepenbring, and J. Boisson 274



III. SLOW NEUTRONS (continued)

TALKS (continued)

Investigation of EO Transition Rates - G. G. Colvin and K. Schreckenbach 290

Structural and Statistical Aspects of Extensive Level Schemes from (n,yj and

Transfer Reactions - T. von Egidy, P. Huugerford, H. H. Schmidt, H. J. Scheerer,
A. N. Behkami, G. Hlawatsch, B. Kruscbe, K. P. Lieb, H. G. Bonier, & A. Kcrr,
and K. Schreckenbach 305

Averaged Neutron Capture Data and Their Applications to Nuclear Structure
and Reaction Mechanism - 1 . Kopecky 318

Some Open Problems in Neutron Capture y-Rays in Rotational Nuclei -
M. Stefanon 335

Nonstatistical Effects of Neutron Radiative Capture in Deformed Nuclei -
F. Belv&i " 345

Channel Wave Function and Channel Radiative Capture Cross Sections -

Yu-Kun Ho and M. A. Lone 362

POSTERS

Study of Thermal Neutron Capture by nS - Guo Taichang, Shi Zongren,
Zeng Xiantang, Li Cuohua, and Ding Dazhao 376
74Ge: Transitions and Levels Excited in Thermal-Neutron Capture - C. Hofmeyr,
C. Franklyn, G. Barreau, H. Borner, R. Brissot, H. Faust,
and K. Schreckenbach 378

Low-Lying States of9tNb - M. Bogdanovic, H. Seyfarth, H. Borner,
S. Kerr, F. Hoyler, K. Schreckenbach, and G. Colvin 382

Properties of Low-Lying States in l3iCs - M. Bogdanovid, R. Brissot, G. Barreau,
K. SchreckenbacEi, S. Kerr, H. Borner, I. A. Kondurov, Yr. E. Loginov, V. V. Martynov,
P. A. Sushkov, H. Seyfarth, T. von Egidy, P. Hungerford, H. H. Schmidt, H. J. Scheerer,
A. Chalupka, and W. Kane 386

Multipolarity ofGamr.ia Transitions in l*°La Produced in the mLafn,y)H0La
Reaction - M. P. Stojanovic, J. Simtf, K. Schreckenbach, and G. Colvin 390

l44Nd, mDy. and mYb Level Schemes from the (n,2y) Reaction -
V. A. Khitrov, Yir. P. Popov, A. M. Sukhovoj, and Yu. S. Yizvitsky 396

Average Intensities of Two-Quanta Cascades in '**Nd, *65Dy, and ll5¥b
After the Capture of Thermal Neutrons - V. A. Kbitror, Yu. P. Popov,
A. M. Sukhovoj, and Yu S. Yazvitsky 399

A Complete Identification by the Particle-Rotor Model of l53Gd States up
to I MeV - A. M . J . Spits , P . H . M . Van Asscbe, H . G. Borner, W . F. Davidson,
D . D . Warner, X. Schreckenbach, G. Colvin, R. C. Greenwood, and C. W . Reich . . . 4 0 3



III. SLOW NEUTRONS (continued)

POSTERS (continued)

Single Particle and Vibrational Bands in lssGd.l61Dy, and l63Dy -
H. H. Schmidt, P. Hungerford, T. von Egidy, H. J. Scheerer, H. G. Bonier, S. A. Kerr,
K. Schreckenbach, F. Hoyler, 0 . Colrin, R. F. Casten, D. D. Warner, and W. Kane. 406

Investigation of Inter- and Intraband Transitions of the O21", 2\, 03
+ Bands

in '-'^Gd - F. Hoyler, K. Schreckenbach, H. G. Borner, and G. Colvin 410

Energy Levels of IMDy From the Reaction i63Dy(n,y) - T. J. Al-Janabi,
A. K. Mheemeed, S. S. Kamoon, and S. T. Ahmed 414

Tke Level Scheme of mDy Obtained by Double Neutron Capture - S. A. Ksrr,
F. Hoyler, K. Schreckenbach, H. G. Borner, G. Colrin, P. H. M. Van Assche,
and E. Kaerts 416

M1-E2 Mixing Ratios of Gamma-Ground Transitions in mEr - W. Gelletly,
D. D. Warner, G. C. Colvin, and K. Schreckenbach 420

A Study of the Low-Lying States in mHf Through the Neutron Capture
Reaction - A. M. I. Haque, R. Richter, A. Gelberg, I. Forster, R. Rascher,
P. von Brentano, H. G. Borner, K. Schreckenbach, S. A. Kerr, G. Barrean,
R. Brissot, R. F. Casten, and D. D. Warner 423

High Precision Neutron Capture Gamma-Ray and Conversion Electron
Measurements ofmTa- I. Forster, H. G. Borner, P. von Brsntano, G. Colvin,
A. M. I. Haque, S. A. Kerr, R. Rascher, R. Richter, and K. Schreckenbach 427

E2/M1 Mixing Ratios in ™Pi from the mPt(n,y)mPt Reaction -
A. M. Bruce and D. D. Warner 431

Average Resonance Capture Studies of mRu - Z. -R. Shi, R. F. Casten,
J. Stachel, and A. M. Bruce 435

On Simulation of Nonstatistical Effects in Neutron Resonance Gamma-Decay -
V. A. Knat'ko 439

IV. FAST NEUTRONS

TALKS

Radiative Capture of Nucleons in the Giant-Dipole Resonance Region -
F. S. Dietrich 445

Giant Isovector E2 Resonances Observed in (n,y) and (y,n) Reactions -
L. Nilsson 458

Radiative Capture in Few Nucleon Systems - H. R. Weller 470



IV. FAST NEUTRONS (continued)

TALKS (continued)

Fan Neutron Capture with a White Neutron Source - S. Wender

and G. F. Auchampaugh 483

POSTERS

Observation of Extremely Low s-Wave Strength in the Reaction I36X? + n -

B. Fogelberg, J. Harvey, M. Mizumoto, and S. Raman 493
Location of a Doorway State Using the Channel n + mPb -
L. C. Dennis and S. Raman 495

Neutron Strength Functions of20UmPb - V. G. Soloviev, V. V. Voronov,
and Ch. Stoyanov 499

Valence Neutron Capture in s- andp-Wave Resonances in 32S - B. 3. Allen
and F. Z. Company 501

Evidence for Valence Transitions in Neutron Capture Gamma-Ray Spectra
in s*Sr - B. J. Allen and F. Z. Company 505

Gamma-Ray Strength Functions in n9La and mPr -
B. J. Allen and F. Z. Company 509

Absolute Dipoie Gamma-Ray Strength Functions for mLu - D. G. Gardner,
M. A. Gardner, and R. W. Hoff 513

Gamma Rays from 565-keV p-Wave Neutron Resonance and Of-Resonance
Capture by 285i - M. Shimizu, M. Igashira, H. Komano, and K. Kitazawa 517

Excitation of Isovector Ml States in p-Wave Neutron Resonance Capture
Reactions on }6Fe - H. Kitanwa, H, Komano, M. Igashira, and M. Shimizu 520

Neutron Capture Gamma-Ray Spectra of Nuclei with N = 82 - 118 at the
Neutron Energies of 10 - 800 keV - M. Igashira, M. Shimizu, H. Komano,
H. Kitazawa, and N. Yamamuro 513

Investigation of Compound and Direct-Semidirect Interference Effects
in the i9Y<n,y0 + Tij9 0!' Reaction - S. Joly 526

Analysis ofr>+ '97Au Cross Sections for En = 0.01-20 MeV •
P. G. Young «nd E. D. Arthur 530

Level Structure of Quasi-Magic 96Zr - G. Molnar, B. Fazekas, T. Beigya,
and A. Veres 534

Decay Scheme of"6Snfrom (n.n'y) and (n,y) Results - Z. Gacsi, J. Sa,
J. L. Weil, E. T. Jurney, and S. Raman 539



IV. FAST NEUTRONS (continued)

POSTERS (continued)

Low-Lying Lew-Spin States in [16Ba Studied via fn,n'y) Enaction -
I. Didszegi, Cs. Maraczy, and A. Veres 542

Angular Distribution Studies of Gamma Rays From the mYb(n,n'y) Reaction -
H. M. Youhana, M. A. Al-Amili, S. R. Al-Obeidi, and H. E. Abid 545

Isomer Ratio Calculations Using Modeled Discrete Levels - M. A. Gardner,
D. G. Gardner, and R. W. Hoff 547

An Estimate of the Inelastic Channel Neutron Radiative Capture Cross
Sections -J. F. Liu, Yu-Kun Ho, and M. A. Lone 551

V. CHARGED PARTICLES

TALKS

Use of Capture Reactions to Measure Short Lifetimes fry the DSA Method -

i . Keinonen 557

Medium Energy Proton and Helium-3 Capture in Light Nuclei - S. L. Blatt 570

Medium Energy Gamma Rays Following Radiative Capture of Polarized Protons
on Light Nuclei - H. Ejiri, T. Shibt>:a, Y. Nagai, T. Kishimoto, H. Ohsumi,
N. Kemikubota, and T. Satoh 582
Recent Results from Proton Capture to Giant Resonances Built on
Highly-Excited States - D. H. Dowell 597

Nuclear Spectroscopy Using TESSA Following Heavy Ion Fusion Reactions -
P. J. Nolan 612

Crystal Ball Studies of Giant Resonance Gamma Decay - J. R. Beene,
F. E. Bertram), and M. L. Halbert 623

Observation of Radiative Capture in nZr-Induced Fusion Reactions -
H.-G. Cere, C. -C. Sahm, E. Tscbb'p, W. Schwab, K. -H. Schmidt, R. S. Simon,
J. -G. Keller, W. Reisdorf, F. He/3berger, G. MUnzenberg, and B. Quint 636

The Role of Giant Resonances in Heavy-Ion Radiative Capture - A. M. Sandorfi . 647

High Energy Gamma Rays from Complex Particle Collisions - K. A. Snover 660

POSTERS

The (p,y) Reaction on Thick Targets as a Spectroscopic Tool -
T. Paradellis 677



V. C H A R G E D P A R T I C L E S (cont inued)

POSTERS (continued)

Analysis of the uB(p,y0)
nC Reaction in Terms of the Direct-Semidirect Model -

M. Kiciriska-Habior and T. Matulewicz 680

Description of Subbarrier Resonances in Radiative Proton Capture Reaction by the
Effective Potential Approach - T. Matulewicz, P. Decowski, M. Kiciriska-Habior,
B. Sikors, and J. Toke 684

Fragmentation of the I gyp Isobaric Analog Resonance in 51Mn - 3. Sziklai,
J. A. Cameron, and I. M. Szoghy 688

Total (p,n), (p.yj, ip.p'y) and Differential (p,p) Cross-Section Measurements
for "•"Art - R. L. Hershberger, F. Gabbard, and C. E. Laird 692

The Pr-.-fo- -nZr Interaction at Sub-Coulomb Proton Energies - C. E. Laird,
D. Hynn, R. L. Hershberger, and F. Gabbard 69S

High Resolution In-Beam y-Ray Speclroscopy - J. Kern, J.-G. Dousse,
M. Gasser, B. Perny, and Ch. Rheme 698

Nuclear Spectroscopy with Few-Nucleon Transfer Reactions on Light Nuclei -
H. J. Hauser, T. Rohwer, F. Hoyler, G. Staudt, S. Abd el-Kariem, P. Gra. ,hoff,
H. V. Klapdor, A. Korber, W. Leitner, V. Rapp, M. Walz, and D. Weinmann 701

Heavy Ion Radiative Capture ofl2C + 14C into 26Mg -
L. Ricken, A. M. Sandorfi, D. H. Dowell, and P. Paul 705

A Study of Cerium and Neodymium Nuclei Close to the Proton Drip Line -
B. J. Varley, R. Moscrop, S. Babkair, C. J. Lister, W. Gelletly, and
H. G. Price 709 V

VI. NUCLEOSYNTHESIS

TALKS

Neutron Capture Reactions in Astrophysics - F. Kappeler 715

Capture Processes and Element Synthesis in the Universe - H. V. Klapdor 732

Status of Helium Burning ofnC - H. P. Traurvetter, A. Redder, ant C Rolfs 748

Some Effects of High Temperature and Density on Neutron-Capture
Nucleosynthesis - E. B. Norman and S. E. Kellogg 753



VI. NUCLEOSYNTHESIS (continued)

POSTERS

Dynamic Stellar Neutron Capture Nucleosynthesis: the Need for More Nuclear
Data for the s-Process - G. J. Mathews, W. M. Howard, K. Takahashi,
and R. A. Ward 766

Neutron Capture and Total Cross Sections for *lCa: Astrophysical Implications -
R. V. Carlton, J. A. Harvey, N. W. Hill, and R. L. Macklin 774

The H3Dy-{"Ho Branching: An s-Process Barometer - H. Beer, G. Walter,

and R. L. Macklin 778

Target Thermalization Effect in wOs Neutron Capture - G. Reffo 782

Indirect Investigation of Proton Capture Reactions at Stellar Energies -

P. Schmalbrock, T. R. Donoghue, H. J. Hausman, M. Wiescher, V. Wijekumar,

C. P. Browne, A. A. Rollefson, and C. Rolfs 785

Thermonuclear Reaction Rates from (p,n) Reaction - S. Kailas 789

Neutrino-Capture and Related Problems: the Capture Cross Section in
69-nGa - K. Grotz, H. V. Klapdor, and J. Metiinger 7S?

VII. APPLICATIONS

TALKS

In Situ Neutron Capture Spectroscopy of Geological Formations - J. A. Gran,
S. Antkiw, R. C. Hertzog, R. A. Manente, and J. S. Schweitzer 799

Analytical Neutron-Capture Gamma-Ray Spectroscopy: Status and Prospects -

R. M. Lindstrom and D. L. Anderson 810

POSTERS

In Vivo Determination of Protein By Prompt Neutron Capture in Fibrocystic

Disease - B. J. Allen, N. Blagojevic, K. Gaskin, V. Soutter, and
R. Howman-Giles 820

In Situ Neutron-Induced Spectroscopy of Geological Formations
with Germanium Detectors - 3. S. Schweitzer and R. A. Manente 824

Physics of Recent Applications ofPGNAAfor On-Line Analysis of Bulk
Minerals - T. Gozani 828

Nuclear Resonance-Fluorescence Analyser of Ores and Surfaces -
3. C. Palalhingal 847



VII. APPLICATIONS (continued)

POSTERS (continued)

Ambiguities in PIQE Caused By Different Reactions - A. Z. Kiss, E. Koltay,
B. Nyako, E. Sf morjai, A. Anttila, and J. Raisanen 851

VIII. RELATED TOPICS

TALKS

Coincidence Electron Scattering (e,e'f) and Multipole Strength Functions
in mU - K. A. Griffioen, P. J. Countryman, K. T. Knopfle, K. Van Bibber,
M. R. Yearian, J. G. Woodworth, D. Rowley, and J. R. Calarco 857

Sensitive Search for Neulron-Antineutron Transitions at the ILL Reactor -
M. Baldo-Ceolin 871

The Beta Decay of Polarized Neutrons - P. Bopp, D. Dubbers, L. Hc.rnig,

E. Klemt, J. Last, H. ScbUtze, S. J. Freedman, and Otto Scharpf 881

POSTERS

Statistical Methods of Spin Assignment in Compound Nuclear Reactions -

H. Mach and M. W. Johns 889

Two Photons Correlated Production at the 25 MWTh Reactor - H. Abramowicz,
K. Doroba, R. Walczak, M. Gdrski, A. Jasiiiski, T. Kozlowski, W. Ratyiiski,
M. Szeptycka, M. Szymczak, and A. Tucholski 893

An Investigation of Parity-Non-Conservation in the laB(n,aj Reaction -
F. Stecher-Rasmussen, P. J. Kok, O. N. Ennakov, J. L. Karpikhin, P. A. Krupchitsky,
G. A. LobOT, and V. F. Perepelitsa 897

Parity Non-Conservation in Resonance Interaction of Polarized Nucleons
with Nuclei - G. A. Lobor 900

Investigation of p-Wave Neutron Resonance Near Binding Energy with Laser
Radiation • Yu-Kun Ho, F. C. Khanra, and M. A. Lone 904

Investigation of Capture Reactions Far Off Stability by ^-Delayed Neutron
Emission - M. Wieschcr, B. Leist, W. Ziegert, H. Gabelmann, B. Steinmiiller,
H. Ohm, K.-L. Kratz, F.-K. Thielemann, and W. Hillebrandt 908

Direct Measurement of Natural Line Widths in Delayed-Neutron Energy Spectra -
S. D. McElroy, D. D. Claik, R. L. Gill, and A. Piotrowski 912

On the Limit Resolution of a Curved-Crystal Gamma-Ray Spectrometer -
V. t. Alexeev, E. K. Leusbkin, L. I. Molkanov, and V. L. Rumiantsev 916

Crystal Reflectivity for Gamma Kays - E. Kaerts and P. H. M. Van Assche 918



VIII. RELATED TOPICS (continued)

POSTERS (continued)

Accurate Determination of Gamma-Ray Energies for E < 2 MeV •
E. G. Kessler, Jr., G. L. Greene, R. D. Deslatles, and H. G. Bonier 921

Study of Radiative Capture Gamma-Rays Arising from Neutron Interactions
with Iron Barriers - R. M, A. Maayouf and A. S. Makarious 925

Replacement of the Vessel and Beam Tubes of the High Flux Reactor in Petten -
K. Abrahams, F. Stecher-Rasmussen, M. J. W. Weel, and the Video Team JRC. 930

Upgrading the Beam Facilities of the High Flux Reactor in Petlen -
F. Stecher-Rasmussen 933

IX. AFTER-DINNER SPEECH

(n,yj Research in the Fifties - B. B. Kinsey 939

X. CONFERENCE SUMMARY

Concluding Remarks • J. E. Lynn 951

LIST OF PARTICIPANTS 965

AUTHOR INDEX 98J



I. NUCLEAR MODELS AND THEORY





THE INTERACTING BOSON MODEL - A REVIEW

J P Elliott
School of Mathematical and Physical Sciences
University of Sussex, Brighton BN1 9QH, UK

ABSTRACT

The interacting boson model is first defined mathematically and
then its two possible physical interpretations are discussed. The
role of the neutron/proton degree of freedom is described. Brief
mention is made of the extension to odd nuclei and finally an example
of the mapping from a shell model calculation onto the IBM is given.

INTRODUCTION

It is my intention in this short talk to review the development
of the IBM since it was first proposed1 in 1975. I shall make no
attempt to describe every latest version and application of the model.
I hope however to give a clear definition of the model, to explain
its relation to both the collective model and the shell model and to
list its strengths and weaknesses. There are now a number of publis-
hed reviews ' which contain more detail than I can fit into 35 min-
utes and a more complete set of references.

THE MODEL (IBM 1)

The simplest version of the interacting boson model, referred to
as IBM 1, is defined as a system of N bosons each of which may have
angular momentum 0 or 2 (called s or d bosons) and which interact with
one-body and two-body interactions. Extensions of the model are poss-
ible by including three-body interactions or additional types of boson.
The expression Interacting Boson Appromixation (IBA) is sometimes
used but it means precisely the same as IBM. As defined above, the
IBM is a finite system in which the interaction Hamiltonian contains
a small number (nine) of parameters. The calculation of matrix ele-
ments of the Hamiltonian in the N-boson states presents no difficulty
and the matrices used in realistic applications have been of reason-
able size - much smaller than those which occur in a shell-model cal-
culation. The model does not therefore have any technical problems
and a convenient computer program (PHINT) has been written by 0
Scholten which produces energies and transition rates for given
values of N and the nine interaction parameters.

PHYSICAL INTERPRETATION

A confusing aspect of the IBM is that there are two quite diff-
erent physical interpretations of the model which may or may not be
related..

(i) In the first interpretation the s-boson has no physical signifi-
cance (but is a mathematical device) while an s - d transition
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corresponds to the excitation of a quadrupole phonon in a five-
dimensional collective surface model with the usual coordinates a^
in the expression

R = Ro(1 + § W M ) )

for the surface. It can be shown rigorously that an IBM 1 calcula-
tion with N bosons is equivalent to the soluticn of a collective
Hamiltonian H(ci,,, "/3a,,) in an oscillator (phonon) basis with a maxi-
mum number N of quanta (phonons). The two-boson H corresponds to
a restricted form of Hta,, /3Qy) and the transformation is compli-
cated. Nevertheless, the nine parameters in H are sufficient to
describe situations varying from spherical equilibrium with vibrations
through to non-spherical equilibrium with rotations and vibrations.
In fact the algebraic structure of H allows analytic solutions in
these two extremes and also in a limit corresponding to a stable de-
formation B with Y instability.

In this interpretation the IBM is simply an algebraic approxima-
tion to the simplest version of the collective model and N should be
taken as large as practicable. IBM results are insensitive to N
except, of course, near the truncation point at L = 2N. Since we
know from many years experience that quadrupole collectivity is a
major feature in many nuclei the IBM is guaranteed to fit such data.
However in this interpretation it contains no new physics although the
algebraic nature of H._ is often more convenient than the geometrical
form of H . Collective spectra are distorted by a number of effects
at high energy. The truncation parameter N in the IBM clearly dis-
torts spectra at high energy but it would seem arbitrary to try to
correlate the effects of finite N with observed distortions in this
interpretation.

To summarise, the first interpretation sees the IBM as an alge-
braic approximation to the simplest version of the collective model.
It contains no new physics nor any of the microscopic aspects of the
collective model such as the Nilsson potential with pairing and
cranking. The IBM would be of minor interest if the first interpre-
tation were all.

(ii) In the second interpretation each boson represents a nucleon
pair and the IBM is seen as an approximation to a shell-model

calculation. It is important to have 3uch an approximation because
of the great size of shell-model calculations when several single-
particle levels are close together as in most heavier nuclei. It is
indeed a very gross approximation since, of all possible pairs, it
considers only one 0 + and one 2 + and furthermore it treats pairs as
bosons. A typical spectrum for two neutrons (or protons) in a set of
levels contains 0 + ? + 4 + ... followed by a second 0 +2 + etc. All but
the first 0 + and 2 + are ignored. The model will therefore make sense
only if states of the many-nucleon configuration can be approximately
constructed from those chosen 0 + and 2 + pairs. But this is not an
unreasonable suggestion since the BCS pairing theory, which is gen-
erally accepted, makes just this assumption for the 0 + pairs. To re-
gard the pairs as bosons is also not unreasonable since in the first
place pair operators commute and for example if A + denotes the suitably



normalised pair operator in a degenerate set of single particle levels
then

j>, At] = 1 - n/I(j + H)

where n is the number operator. Hence if the number of nucleons is
small compared with the number of single particle levels the boson
commutation relations are obtained.

To summarise, the second interpretation sees the IBM as an
approximation to a shell-model calculation among the valence nucleons
outside a system of closed shells. The closed shells are not excited
so that effective charges are necessary to reproduce observed E2
effects. The collective spectra in the IBM now correspond to the
coupling of the 0 + and 2 + pairs and the boson number N is related
N = in to the number n of valence nucleons and is limited by the
shell closure. It is a major weakness of the IBM that it does.not
incorporate any features of shell structure. They have to be imposed
externally in some way by modification to the boson number and boson
Hamiltonian. The neglect of the g-boson,and others, is another
obvious weakness but experience with shell-model calculations tells
us that remarkable accuracy may be achieved in a small model-space
with a suitably renormalised effective Hamiltonian. At best the IBM
can produce only a small sub-set of the shell-model states but it is
argued that this includes the collective states which dominate the
low lying spectrum of so many nuclei. A number of comparisons between
shell-model and IBM calculations have been made and I shall discuss
a recent one later in this talk.

THE NEUTRON-PROTON DEGREE OF FREEDOM

In the shell-model interpretation of the IBM the J = 0 pair may
be constructed from nn, np or pp nucleons although for a heavy nuc-
leus, in which n and p are filling different valence orbits, the np
pair is absent. Hence the boson carries an extra two-fold or three-
fold degree of freedom, for heavy or light nuclei respectively, in
addition to the sdj-space. These extensions are called IBM 2 and
IBM 3 respectively ' . Consequently there is a richer spectrum since
the sd-space wave-function need not now be totally symmetric. The
overall boson symmetry may be satisfied not only by taking total
symmetry in both charge-space and Eid-space but also by a product of
mixed symmetries in both spaces. Hence IBM 1 can be recovered from
IBM 2 or IBM 3 by choosing a Hamiltonian in which the mixed symmetry
states are pushed high in energy. Most IBM 2 or IBM 3 calculations
are made at, or near, this limit so that the IBM 1 success in data
fitting is retained. The number of interaction parameters increases
from 9 to 30 in going from IBM 1 to IBM 2 so that simplification has
to be made and a very restricted Hamiltonian

where
(2)

Q = (std + dts) + X <d+d)
P P

is often used, with four parameters. This may be too few to get a



good fit unless e is allowed to depend on N.
The lowest mixed symmetry state in the vibrational limit is a 2 +

from the configuration s d and it is an interesting experimental
question to identify it. There is recent evidence that the third
excited 2 + state in Ba, 1 Ce and 1 Nd at about 2 MeV has Y-
decay properties T(2+ ->• 0+

1)/T(2
+ -• 2 + ) and 6 (2+ -* 2 + ) which are

consistent with such a description. It is known that this 2 + state
does not fit into an IBM 1 analysis.

In the rotational limit a K = 1 band is the lowest with mixed
symmetry and it is suggested ' that the 1+ state at 3-075 MeV in
1^ Gd is of this kind. This state has been excited by inelastic
electron scattering" through a strong Ml matrix element. In this
limit the Ml matrix element between full symmetry and mixed symmetry
is enhanced because all bosons take part whereas in the vibrational
limit only the single d-boson contributes.

Note that the one-boson M1 operator in IBM 1 is just the angular
momentum operator L so that Ml transitions are forbidden. In IBM 2
the operator is g L + g L , which allows M1 transitions when g i g .
It also gives a g-fictor which depends on neutron and proton numberp

and in states of full symmetry is given by the simple formula

g = (g N + g N ) /N
n n p p 7

A reasonable fit to the g-factors of the 2 state has been obtained
in the region of Xe and Te with g » 0, g .-^1.

Although most attention has been paio to the shell-model inter-
pretation of IBM 2 an alternative interpretation would involve a two
fluid collective model with separate shape degrees of freedom for
neutron and proton densities.

ODD NUCLEI

In the collective model, odd nuclei are described by different modes
of coupling of an odd nucleon to a collective core. Since IBM 1 is
known to reproduce the main features of a collective core, the natural
IBM picture for an odd nucleus would be a set of N bosons (s or d)
with one fermion. One must then specify not only the boson hamiltonian
and the single-particle energies but also the boson-ferrpion inter-
action. Many parameters are involved but some progress has been
made towards identifying the more important interaction terms based
on the dominance of quadrupoio effects and an exchange interaction
between fernron and boson. It is assumed that fermion operators com-
mute with boson operators but since this is not true for the operators
of a nucleon and a nucleon pair it has to be supposed that the fermion
operator is an 'undressed' nucleon operator. Both the empirical and
the microscopic work on this IBFM model have been limited and it is
probably wise to defer this problem until the even-even nuclei are
better understood.

There have been attempts to combine the group theoretical treat-
ment of bosons and fermions. This invol\es finding a common group
for both types of particle, beyond the familiar rotation group in
three dimensions which enables us to vector couple bosoi. and fermion
to a total angular momentum.'!. The two important IBM groups are 0(6)



for the y-unstable limit and SU(3) for rotations. One then looks for
the occurance of one of these groups in the fermion space through the
shell-model group U(2j + 1) or one of its sub-groups (with several
orbits, U(£(2j + 1))). For 0(6) there seem to be only accidental
cases11 such as the j = 3/2 shell for which SU(4) is isomo-phic to
0(6). More significantly, it is known rn.the shell-model that SU(3)
is relevant for nucleons in a single oscillator shell and that 'pseudo'
SU(3) extends this concept to heavier nuclei. The coupling12 of this
SU(3) to the boson SU(3) would then correspond to an alignment of the
intrinsic axes of boson core and odd nucleon which corresponds to the
strong coupling limit in the collective model with Nilsson orbitals.
However since the IBM does not incorporate the Pauli principle it
cannot predict the ordering of single-particle k-values which is the
jssence of the Nilsson picture.

It has been suggested ' that the concept of supersymmetry has a
role to play in the IBFM but I am not convinced of this. The multi-
plets of a supergroup contain both half-integer and integer spin states
whereas with the usual groups all members of a multiplet are of the
same type. It is mathematically possible to introduce such a group
into the IBFM by introducing operators which destroy a boson and create
a fermion. The multiplet would then contain, for example, (i) the
ground state for K bosons. (ii) the ground state for N - \ bosons
and 1 fermion, (iii) states of (N - 2) bosons and 2 fermions ... and
finally the states of N fermions. However the states (iii) are already
highly excited states of the nucleus with N - 1 bosons so that data is
difficult to obtain. Furthermore the energy formula from the super-
group seems to predict nothing more refined than a quadratic dependence
on mass number with arbitrary coefficients which is a result common to
almost any model.

MAPPING FROM A SINGLE j-SHELL ONTO IBM 3

Finally I return to the relation between the dhell-model and the IBM.
In a single j-shell the s-boson corresponds to the J = 0 pair while
the d-boson corresponds fc the J = 2 pair operator modified to ensure
that it always increases the seniority by two when acting on a state
of full seniority. This idea may be readily extended to incorporate
isospin in mapping from a j-shell of neutrons and protons onto IBM 3.
To get some feeling for the validity of the IBM we may then analyse
the wave-functions from a standard shell-model calculation into the
various boson components, including the distinction between full
symmetry and mixed symmetry, and the non-boson component. Table I
shows the results of such an analysis1-* for the fy/2 nuclei, just
beyond Ca. with a shell-model interaction deduced from the observed
levels of Sc. Several conclusions may be drawn.

(i) The non-boson component is generally small, with the exception

of the 4 +. Notice however that this component reduces from 61%
for n = H to 28% for n = 6 and falls further to 5% for n = °. The
introduction of a g-boson would virtually eliminate this non-boson
component.

(ii) The lowest states of each J are predominantly of full symmetry.



TABLE I Percentage analysis of shell-model wave functions into boson
and non-boson components. The boson component is further
analysed into symmetric (IBM 1) and mixed symmetry parts.

44
Ti (n = 4, T = 0)

J

2

4

2

0

2
s

-

-

-

83

sd

6

-

89

88

39

7

17

non-
boson

6

61

4

1

Energy

5.0

2.9

1 .2

0

46Ti (n = 6, T = 1)

J

2

4

2

0

s3

sym

_

-

-

82

sym

1

-

86
_

s2d

mixed

79

-

0

_

sym

10

60

3

sd2

mixed

1

11

0

(17)

d3

sym

7

1

5

0

mixed

_

0

0

_

B8l5n

2

28

6

1

Energy

2.5

2.2

1 .2

0

Cr (n = 8, T = 0)

s3d
2,2

s d sd

sym sym sym mixed sym mixed sym mixed boson

84 10 (1)

46
TABLE II Excitation energies (Me\O for Ti calculated in IBM 3

using an interaction deduced from the shell-model results
for n = 4, compru-ed with the full shell-model results.
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(iii)The second 2 + state in ^°Ti is mainly of mixed symmetry. In the
shell-model calculation it has an excitation energy of 2.5 MeV

and presumably corresponds to the observed level at 2.9 MeV. These
results confirm that the IBM concept of symmetry in the sd-space has
relevance in shell-model calculations and the group theoretical aspects
of this connection i/v di mussed elsewhere^_

As a further test of the boson approximation we may deduce a
boson Hamiltonian from the shell-model results for n = 4 (ie two bosons)
and then calculate the n = 6 spectrum in the boson framework to com-
pare with the complete shell-model spectrum for n = 6. Table II shows
that the two spectra are very similar.

CONCLUSION

As an empirical model the IBM is closely related to a truncation
of the quadrupole phonon version of the collective model. It contains
analytic solutions in a number of physically important limits and gen-
erally it provides a convenient limited parameterisation for the ana-
lysis of collective spectra of various typei.

More fundamentally, it is always poss-ble to map nucleon pairs
onto bosons and to define for any chosen shell-model system a corres-
ponding boson problem. The difficulties are that the mapping requires
more bosons than s and d and that many-boson interactions arise in
the inevitable expansions, raising questions of renormalisation and
convergence. Much more work needs to be done before it can be said
tnat the IBM has a microscopic foundation as well as an empirical
aspect.

Whatever the final outcome may to, the empirical use of the IBM
is providing the stimulus for a more detailed experimental study of
collective states, especially in the transition regions while theorists
are faced with a considerable challenge to relate the empirical IBM
parameters to the parameters in the effective nucleon-nucleon
interaction.
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MICROSCOPICALLY DERIVED INTERACTING BOSON MODEL
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ABSTRACT

The microscopic basis of the Interacting Boson Model is dis-
cussed. The IBM Hamiltonian is constructed microscopically in the
following two |teps. In the first step, the collective nucleon pairs
of J=0 (S), 2 (D), etc. are mapped onto the corresponding bosons.
Nucleon-nucleon interactions are also mapped onto boson-boson inter-
actions. The mapping method for spherical nuclei is reviewed, and
the mapping method for deformed nuclei, which was recently developed,
is discussed in some detail. Low-lying collective states primarily
consist of S and D pairs. Consequently, the corresponding boson
states mainly consist of s and d bosons, while there are some admix-
ture of g-bosons. In the second step of the derivation of the IBM
Hamiltonian, effects of these g-bosons are included within the s-d
boson space by a unitary transformation which transforms a combina
tion of d and g bosons into a new d-boson. It is demonstrated that
the s-d Hamiltonian thus derived indeed reproduces spectra of the
original s-d-g Hamiltonian.

INTRODUCTION

I am going to talk about a microscopic derivation of the
Interacting Boson Model (IBM)1'2. This work has been carried out
in collaboration partly with Joe Ginocchio, and also partly with
Naotaka Yoshinaga.

I shall begin with a brief review of the IBM from the
microscopic point of view. There are two major microscopic
assumptions for the IBM. Assumption I is the following2: There are
two collective nucleon pairs of J=0 (S) and J=2 (D). The S and D
pairs are coherent nucleon pairs. Since there are neutrons and
protons, there are neutron S and D pairs, and proton S and D

pairs. It is assumed that these pairs play dominant rolej in low-
lying collective states. In other words we truncate the gigantic
shell model space to a smaller subspace constructed by S and D pairs
as |(S,D) > (see Fig. 1). It is then assumed that the low-lying
quadrupole collective states are in this subspace. The truncation
to the S-D pair space is quite drastic, for example for the Samarium
isotopes there are more than 10 1 3 valence shell model states2. High-
spin states are, on the other hand, outside this S-D pair subspace,

0094-243X/85/1250010-14 $3.00 Copyright 1985 American Institute of Physics



Gigantic shell model space

Low-lying
collective
states

Subspace constructed s-d boson spoce
by S A D pairs

|(S.D)N> | ( s .d ) N >

Fig. 1. Schematic representation of the microscopic assumptions
for the Interacting Boson Model (see the text).

and one needs to include pairs of higher spins to describe them by
extending the IBM3.

Assumption II is that the motion of the S and D pairs can be
simulated by the s and d bosons. In other words, it is assumed that
energy matrix elements between S-D pair states can be reproduced by
an s-d boson Hamiltonian which is obtained by mapping an S-D pair
state onto the corresponding s-d boson state. The Hamiltonian of
the s and d bosons are assumed further to consist of the single
boson energy and the boson-boson interaction. This assumption
reduces the tremendous complexity of multifermion problems. In this
talk, we test the validity of these assumptions, and show how one
can construct the IBM Hamiltonian from a microscopic Hamiltonian.

A BRIEF REVIEW OF SPHERICAL NUCLEI

I shall begin with a brief review on microscopic study on
spherical nuclei. A prescription to derive the IBM Hamiltonian for
spherical nuclei was proposed by the author, Arima and Iachello (OAI)
several years ago4. In this method, the S-D pair states are mapped
onto the s-d boson states as follows (see Fig. 1),

fermion boson

|SN> -> |sN) (2.1)

|SN'1D> •» Is^d) (2.2)

|SN'2D2(4+)> -> |sN'2d2(4+)) (2.3)

* R *
The boson Hamiltonian H is then determined by conditions4
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<SN|H|SN> = lsN|HB|sN)

<SN'1D|H|SN-1D> = ( s ^

<SN-2D2(L)|H|SN-2D2(L)

<S N- 2D 2(O +)|H|S N>= (sN-2d2(O+)|HB|sN)

<SN"V(2+)|H|S'

(2.4)

(2.5)

(2.6)

(2.7)

(2.8)

Thus, the s-d boson Hamiltonian which consists of the single boson
energy and two-body boson-boson interaction is determined from ma-
trix elements of S-D pair states with 0, 1 or 2 D-pairs4'5.

An IBM Hamiltonian was derived6 from a shell model Hamiltonian
by this method for a fermion system with four protons and four neu-
trons. A surface delta interaction is assumed for the neutron-neut-
ron channel, and also for the proton-proton channel. A quadrupole-
quadrupole interaction is assumed between proton and neutron. The
IBM Hamiltonian was derived from these effective nucleon-nucleon in-
teractions. The spectrum obtained by diagonalization of this IBM
Hamiltonian is shown in Fig. 2 (IBM). The spectrum exhibits the
typical feature of vibrational (or spherical) nuclei.

The exact diagonalization of the shell model Hamiltonian, from
which the IBM Hamiltonian was derived, was carried out. The calcu
lated spectrum is also shown in Fig. 2 (EXACT). The agreement be-

Ex (MeV)

4

2

0 + >
6+

EXACT

— - •

IBM

0 +

6 +

4+

Fig. 2. Comparison between
the spectrum (EXACT) calculated
by diagonalizing a shell model
Hamiltonian, and the spectrum
(IBM) calculated by diagonaliz-
ing an IBM Hamiltonian which
was derived microscopically
from the above shell model
Hamiltonian by the OAI method
(Ref. 6). States in this
figure possess the vibrational
properties (see the text).
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tween the two spectra is remarkable, and indicates that the present
method for deriving the IBM microscopically is valid.

Using this method, many calculations have been performed7 10.
As an example, I present the spectra of Sm isotopes calculated by
Scholten9 (See Fig. 3). Reasonable agreement can be seen between
theoretical and experimental spectra for small N ( = the number of
valence neutron pairs) which means spherical nuclei If one looks
at deformed nuclei (Nv^5 in Fig. 3 ) , however, there is more than a +

factor of two difference for the excitation energy of the lowest 2
state. In other words, the present prescription for deriving the
IBM Hamiltonian works well for spherical nuclei, whereas it breaks
down for deformed nuclei. I now turn to this problem.

2.0

MeV

1.0

\ "

\

\

th

4T

exp

\V

Sm

~ * ^ 1

Fig. 3. Theoretical and
experimental spectra of
Samarium isotopes. The
abscissa denotes the number
of valence neutron pairs.
The theoretical result was
obtained by diagonalizing
an IBM Hamiltonian derived
microscopically in Ref, 9
by Scholten.

I 3 5 1 3.. 5
N,

FERMION-BOSON MAPPING FOR DEFORMED NUCLEI

The major difference between wave functions for spherical and
for deformed nuclei is the occupation probabilities of the S and the
D pairs. In spherical nuclei, low-lying states mainly consist of S
pairs, and contain a few D pairs. The dominant component of the
ground state is actually the pure S pair state in eq. (2.7). In con-
trast, wave function of deformed nuclei contain S and D pairs about
equally1' 14. The OAI mapping method introduced in the previous
section is based on dominance of S pairs over D pairs in low-lying
states. One therefore should not expect that this method works in
deformed nuclei. We shall look for another appropriate method in
this section.

Before discussing this method, it is fair and useful to mention
two major questions from the microscopic viewpoint concerning the
IBM for deformed nuclei. The first question is the following.
Since deformed nuclei occur in the middle of valence shells, there
are many bosons (> 10) in deformed nuclei, since the number of bo-
sons is equal to the number of valence nucleon pairs. Hence, inter-
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actions among many (> 3) bosons may be important, and the IBM Hamil-
tonian which contains only one-body and two-body interaction may not
be appropriate. +

The second question concerns the J = 4 pair or boson (called
the g boson). The matrix element changing a d boson to a g boson is
enhanced in deformed nuclei. Due to this enhancement, g bosons
mix considerably, and this mixture may destroy the IBM description
of deformed nuclei. I am going to answer the above questions in
the subsequent two sections.

The ground state rotational band can be described by its in-

trinsic state <|>, which contains 0 , 2 , 4 , etc.

<f. = C | 0 > + c f | 2 > + C ^ | 4 > + . . . .

where C. denotes an amplitude. As well know, the spin-I state in

eq. (3.1) should be to a good approximation, equal to the lowest

spin-I state in the exact calculation. The intrinsic state ()) can
be calculated by the Nilsson +• BCS 1 5 cir Hartree-Fock-Bogoljubov16

(HFB) formalism. After particle number projection, we obtain11

4>F « (A*) K (A*) U|0> (3.2)

where N ( N ) stands for the number of valence proton (neutron)

pairs, and

4 = X0(T) Sl + X2(T) D! ( m = 0) + X4(T)GI(m=0> + ....
for z = n, v. (3.3)

with X w « being an amplitude, and S , D (m), G (m) being creation
^ ' + + +

operators for J = 0 , 2 , 4 nucleon pairs of the magnetic quantum
number m, respectively [Ref. 11]. It has been shown 1 1

>
: 4 that

x 2 and x| are 30^60% and the sum x? + x? accounts for "^90%, while

x? is < 10%. Thus each A pair is dominated by the S and D pairs.

Amplitudes xT , .. are negligibly small for L > 6 (Ref. 11), and will

be ignored hereafter. Noi.e that x. in eq. (3.3) is for a pair of
nucleons, while C. in eq. (3.1) is for N-pair states. So they are
completely diffe rat quantities.

We then map the A pair onto a \ boson;

t t t t t t t t
A = xQS + x 2D Q + x 4G Q - A = xQs + x ^ + x ^ . (3.4)

where subscript 71 or V is omitted. Consequently, the nucleon in-
F R

trinsic state (fi is mapped onto the boson intrinsic state I)) as,
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,F . A \ B ,.N7I ,Nv , ,, ,-,
* = ' 71 v >-*<!> = lA^ Ay ) (3.5)

T>

The boson intrinsic state <Jt is expanded similarly to eq, (3.1)

<i>B = C® |0+) + C®|2+) + C*|4+) + .... (3.6)

We found quite recently that the fermion amplitude C and the boson

amplitude C. satisfy an equality,

C^ = C® (I = 0, 2, 4, ....) (3.7)

to a very good approximation. This equality means that $ and <)> in
eq. (3.5) respond in the same way to the rotation of the intrinsic
frame. The rotation is extremely important for deformed nuclei,
because, as it well-known, many properties of the rotational band
can be calculated by rotating the intrinsic frame. The probability
of a spin-I member of the rotational band is, in fact, calculated by

rotating <f or <(> as

(CjX)2 = ̂ p J d(cos 8) doj(6) «|>
X|R(e)|4)X> (3.8)

where 8 denotes the rotation angle with respect to the symmetry axis,
R((0 is the y-axis.rotation operator, X stands for F (fermion) or
B (boson), and d._ (G) is the relevant d-function. The relation

between the amplitude CT and the rotation is clearly seen. I
F R

actually calculated CT and C- for a system with 14 protons in

the Z = 50-82 shell and 16 neutrons in the N= 82-126 shell. The
intrinsic wave function $ was obtained by the HFB calculation with

the particle number conservation16. Squared values of C. and CL

are listed in Table I. The agreement between these two are remark-
able. The fermion and boson intrinsi : states indeed have the same
angular momentum content.

We now map the quadrupole operator Q. The following conditions
are imposed:

<AN |Q|A"*> = (\N|QB|AN) (1.9)

<AN|Q Ry|A
N> = (AN~|QSRy|*

N) (3.10)

where subscript n or v is omitted, Q is the boson quadrupole
operator;
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Table I. Probabilities of spin-I members in the intrinsic state

I

K

ermion 1

3.44 %
15.44
21.63
21.20
16.51
10.75
6.01

:c/)2
boson

3.46
15.58
21.93
21.57
16.74
10.71
5.78

QB= qj (d+s + sfd) + q 2 [ d
t d ] ( 2 )

with q., q_, etc. being coefficients to be determined, and $ is the
infinitesimal rotation operator along the y axis (i.e., ^
R(6) = exp (i8-fiy) with R(6) in eq. (3.8)). £ q ( 3 g ) raeans ^

the averaged value of Q over the states^in ( 3 - 1 ) s h o u l d b e

reproduced by |\ ) and Q . Note that (ji and <ji contain spin-I
members in the almost same probability. Otherwise, eq. (3.9) does
not make much sense.

Eq. (3.10) implies that the response of Q to the rotation
along the y axis should be equal to that of Q in the first order.
Once the conditions (3.9) and (3.10) are fulfilled, matrix elements
between low-lying members of the rotational band should be
reproduced by the boson calculation.

The conditions (3.9) ~ (3.10) are in practice satisfied for the
quadrupole operator by

Q C = (1 - £) { JSJ < S |Q|DM> ( s'd^ + d^ s)

where e is a blocking factor. The blocking factor e was introduced
in Ref. 17 in a different way. I point out that calculations show
that the two conditions (3.9) •*• (3.10) are satisfied by a single
blocking factor. The mapping in eq. (3.12) works only for the
quadrupole operator. More general calculations for other operators
are in progress.

In order to test the validity of the mapping_(3R12), I
calculated <I I f (Qn ' Q v) I I > and < I | f (Q^ Q v ) I I > where

f is the interaction strength, and |I> denotes spin-I components in
eq. (3.1) or in eq. (3.6). Calculated results are shown in Table II
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Table II.

I

o+

A!
6+
8
10

Matrix elements

fermion

14.99 MeV

14.99

14.99
14.98
14.96

14.92

of the interacti

boson

15.05 MeV
15.05

15.05
15.04

14.98

14.91

for the same system as in Table I. The agreement between the
fermion and the boson matrix elements is again remarkable. The
mapping (3.12) is thus consistent with the angular mmentum projec-
tion, and we can indeed reproduce the fermion matrix elements of a
system with 26 valence nucleons altogether.

The validity of this mapping is examined futher by looking at
other matrix elements.17 As an example, I consider matrix elements

related to a state |D2A >, where 0 denotes the m=2 component of

D . This state is considered to be one of the major components of

the y-band intrinsic state. Matrix elements <D,A |Qn|D.A > and
N-l N

<Dj/\ /Q |A > are compared in Table III with the corresponding

boson predictions (d^1""1 lOglct^"1) and ( d ^ " 1 |Q^(A N) . Note that

the diagonal matrix element above is related to the y-band intrinsic

quadrupole moment which is the same order of magnitude as <A |Qo|A >.

The off-diagonal one is related to the ground-gamma E2 transition

which is one order of magnitude less than Q. . Table III clearly

demonstrates that these fermion matrix elements are reproduced very

well by the mapping (3.11) [Ref. 17]
B

Following the above mapping procedure, the parameters of Q in
1 CD

eq. (3.11) are calculated for ° Gd. (Ref. 17). Here, 6=0.25 was
taken, and the pairing strength was chosen so that A~0.9 MeV. The
A pair was calculated from the Nilsson+BCS.

In order to construct an s-d boson (or IBM) system, the g-boson
is eliminated in the next step, and its effects are taken into
account by renormalization of s-d boson terms by the method of Ref.
18. Although the renormalization method has been improved
considerably since Ref. 18 as discussed in a subsequent section,
essential properties in this table remain unchanged.

Parameters of the s-d boson quadrupole operator are thus calcu-
lated microscopically with the renormalization. The result of this
calculation should be compared to that obtained by phenomenological
IBM calculations. In Table IV, these two results are shown in a
convention in which the boson quadrupole operator is defined as
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Table III. Comparison between exact and boson quadrupole matrix
2

elements (fm ) related to the D_ pair for (a) the 16

neutron system in the N=82-126 shell with 6=0.3 and

A=0.8 MeV and for (b) the 16 proton system in the Z=

50-82 shell with 6=0.25 and A=0.9 MeV. Q. = <AN|Q.|AN>
M R M in 0

( = (An|Qp|/O) is also shown.

(a)

Q
in

179

N-1
<D A

2

exact

150

10
0

N-1
|D A >
2

boson

150

N-1
<D A

2

exact

12

N
10 |A >
2

boson

9

(b) 108 91 13

Table IV. Parameters in the boson QQ interaction and in the boson E2

operator calculated microscopically by the present mapping

method with the renorraalization due to elimination of

g-boson. In the column "(unr.)", the unrenormalized

result is shown in parentheses. Parameters obtained by a

fitting calculation and by the OAI method are also shown.

parameter

K (Hev)

e ^(e fm )

e B (e fm )

micro.

0.094

-0.86

-1.18

12.0

10.0

(unr.)

(0.12)

(-0.80)

(-1.03)

(10.6)

(6.7)

0

-0

-

fitting

.08 -

.8 -

1.1 '

12 -

12 -

- 0.

- -0

- -1

- 14

- 14

09

.9

.2

0

0

-0

14

8

OAI
.19

.04

.55

.3

.4
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T^ = d^T+s^dt+XT[dJaT]
(2) (3.13)

with t=7t (proton) or V (neutron) and XT being a parameter, and the
R R

boson proton-neutron QQ interaction is Jefined as ~KT_'T with the

strength K. The strength of the nucleon QQ interaction is taken
(V2~) B R

from Ref. 16. The boson E2 operator is written as Tv ' = e T +
B B B U n

eyT with the boson effective charge e . The nucleon effective

charges are assumed to be 1.7e for protons and 0.7e for neutrons.
In Table IV, a reasonable agreement is seen between the microscopic-
ally calculated parameters and those obtained by fitting calcula-
tions. In Table II, unrenormalized values of the parameters are also
indicated to show changes due to the renormalization. These
parameters are calculated also by the OAI method4, where the IBM

N N-1
parameters are determined by states |S > and |S D> as discussed in
the previous section. This method is useful in and near spherical
nuclei, while it yields, in deformed regions, a too large value of K
and a too small value of Ixl compared to the results of phenomeno-
logical fitting. Large Ixl is essential to obtain rotational

spectra. In fact, IXI=A/7/2 is the SU(3) limit.19 This discrepancy
is now solved, by introducing the new mapping where the blocking
from a coherent linear combination of S, D and G is included
properly.

RENORMALIZATION OF g-BOSON EFFECTS

I have so far discussed on the fermion-boson mapping, in which
nucleon pais of S, D, G, etc. are mapped onto bosons s, d, g, etc.
One can simply neglect effects of bosons of 6 , 8 , and higher.
Effects of g-bosons, however, have to be included. The g-boson is
mixed through the following term in the (Q 'Q ) interaction,

where f is a coupling constant, and q is introduced in eq. (3.11).
This interaction can be rewritten as

(2)
Therefore, if [Q gt] behaves like a quadrupole boson, effects of g

71 t (2)
boson can be treated by including [Q g ] as a part of "d" boson.
For this purpose, we introduce a unitary transformation,
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A unitary transformation of the form U = e ( Z is an operator ) can
be written in general as

U X I)'1 = X + [ Z, X ] + \ [ Z. [ Z, X ]] + (4.4)

If one has relations,

[ Z, [ Z, X ]] = -a2 X (4.5)

and

[ Z, [ Z, [ Z, X ]]] = -P2 [ Z, X ] (4.6)

one obtains,

(4.7)
H

I shall apply eq. (4.4) to X = d with the transformation in
eq. (4.3). One can obtain easily,

[ Z, dv
t ] = $v I Qn gl ] ( 2 ) (4.8)

where Z stands for In U for U in eq. (4.3). In deriving eq. (4.8)
and also in the following, we assume that Q and Q in U commute

with any operator. In other words, Q and Q in eq. (4.3) are
treated as if they are c-numbers. Matrix elements of [ Q, X )
( X = arbitrary operator) should be much smaller than those of Q
itself for low-lying collective states, since coherent property in
Q should be lost in [ Q, X ]. This assumption is clearly related
to collectivity of states, and also of Q and Q .

The double commutator is written as

[ Z, [ Z, d* ]] = -((I2 175 V2K+1 W(2 4 K 2 : 2 2)

K (4.9)

x I lQnQn ] ( K ) dj ] ( 2 )

Although K in eq. (4.9) runs from 0 to 4, the K=0 coefficient is

largest, and the scalar product [Q Q] is enhanced in quadrupole
collective states. It is, hence, a reasonable approximation to
retain only the.K=0 term in eq. (4.9). Secondly, we,replace the
operator [Q QJl ' with its expectation value <[Q Q]l }> with

respect to an appropriate state, for instance, the intrinsic state
of the rotational band or the ground state. Eq. (4.9) then becomes
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This equation has the same form as eq. (4.5) with a=V

We can thus evaluate all terms in eq. (4.4), and finally obtain the
transformed form of the d operator as in eq. (4.7).

In practical calculations, terms of K/0 in eq. (4.9) are also
included effectively, by replacing these terms with

rro o i (K)dV2)>l l Y V
< llYV

UQJLii0W2)>

j j j

where < > stands for the expectation value of an appropriate state
as discussed just above. In otaer words, effects of the K^O terms
are included in some averaged way. Deviation or fluctuation from
the approximation in eq. (4.11) can be included order by order in
principle.

Based on the above prescription, all terms in the original
boson Hamiltonian are transformed. The mixing angle 6 and $ in U
can be determined from amplitudes in eq. (3.4) for deformed nuclei.
The mixing angle will be determined in other regions by utilizing a
boson analogue of the RPA approximation. It is expected that the
angle stays rather constant. The major effect of the unitary
transfomation is found in the single d boson energy. As already

t (2)
seen in eq. (4.2), the unitary transformation treats (Qg ) as a
part of the new d boson. Thus, the interaction in eq. (4.2) is
transformed as a part of the single d boson energy. This actually
means an enormous reduction of the single d boson energy. The
reduction is expressed as,

where some numerical factors are omitted. Since the ground-state
expectation value of (Q Q ,) becomes largest in the middle of the
valence shell as function of proton and neutron numbers, the
reduction of the single d boson energy is largest there. Note that
this trend is consistent with the conclusion of phenomenological
studies.

We applied the unitary transformation to an s-d-g boson
Hamiltonian

H , = e . n, + £ n + s, n, + e n -f(Q Q ) , ,, , „•,
s-d-g dn in gn 8 R dv dv gy) gv ^n V (4.13)

where Q and Q are obtained by eq. (3.11). The strength parameter
f is adjusted so that this Hamiltonian reproduces the experimental

spectrum of Gd.
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The calculated spectrum is shown in Fig. 4. The spectrum of an
s-d Hamiltonian obtained by the above unitary transformation is also
shown in Fig. 4. These two spectra are in an excellent agreement.
The unitary transformation indeed works well. In Fig. 4, there is
the spectrum of another s-d boson Hamiltonian which was obtained by
dropping all g-boson terms in eq. (4.13). Although a rotational
spectrum exists in this unrenormalized Hamiltonian as well, this
spectrum has a scale three times larger than the other two. The
comparison among these three spectra demonstrates the importance
and usefulness of the unitary transformation. I note that the pres
ent method is not a perturbation, and that one can treat a rather
large admixture of g bosons. After the unitary transformation,
coupling between the new d boson and the new g boson becomes weak,
and may be treated by perturbation, if one wished.

I

Fig. 4. Spectra obtained (a) from a Hamiltonian containing s, d,
and g bisons, (b) from the renormalized s-d boson (IBM) Hamilton-
ian calculated from the above s-d-g boson Hamiltonian by the
unitary transformation, and (c) from the s-d boson Hamiltonian
obtained by dropping all g-boson terras in the above s-d-g boson
Hamiltonian.

SUMMARY

I summarize this talk by mentioning the following two points,
(i) The fermion system can be mapped onto a simple boson system

for low lying states in both spherical and deformed nuclei.
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(ii) Most of the g-boson effects in low-lying states can be included
by changing the definition of the d-boson, i.e., by introducing
a unitary transformation between d and g bosons.
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ABSTRACT

Although the IBA-1 contains no solutions corresponding to a
rigid triaxial shape, it does contain an effective asymmetry aris-
ing from zero point motion in a y-soft potential leading Co a non-
zero mean or rms Y. In the Consistent Q Formalism (CQF) of the
IBA, most results of a calculation depend only on one parameter x«
A relation will be established between x and the effective asym-
metry parameter Y. The relation between the asymmetry occuring
naturally in IBA-1 and the triaxiality arising from the introduc-
tion of cubic terms into the IBA Hamiltonian will be discussed. It
will be shown that y-band energy staggering is a particularly sen-
sitive indicator of the degree of Y rigidity. Finally, an exten-
sive new region of 0(6) like Xe and Ba nuclei near A=130 will be
discussed. Their remarkable similarity to Ft will be explored.
Deviations from the strict 0(6) limit can be described in terms of
the interplay of soft and rigid axial asymmetry and calculations
will be presented that interpret the Xe, Ba and Pt isotopes in this
way.

1. INTRODUCTION

It is well known that the IBA-1 contains no triaxial solu-
1 2

tions > , that is, the corresponding classical potential never
has an axially asymmetric minimum. Nevertheless, the 0(6) limit
corresponds to a Y-unstable potential with a mean Y near 30°.
Moreover, calculated E2 branching ratios for deformed nuclei
deviate from the Alaga rules. These facts suggest that, somehow,
the IBA-1 must contain at least an effective asymmetry. It is the
purpose here to show that this is, in fact, the case and to derive
an effective Y that corresponds to a given IBA-1 calculation. This
will be done in the context of the Consistent Q Formalism (CQF) of
the IBA. The origin of this asymmetry in terms of dynamical fluc-
tuations in a Y-soft potential will be discussed as well as its
relation to the more rigid asymmetric shapes that correspond to the
introduction of higher order terras in the IBA-1 Hamiltonian.
Lastly, a new region of 0(6) nuclei near A=130 will be described
and deviations from 0(6) interpreted in terms of Y softness.

0094-243X/85/1250024-14 $3.00 Copyright 1985 American Institute of Physics
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The discussion here is largely a report of collaborative
work. Section 2 was done in collaboration with A. Aprahamian and
D. D. Warner1* >5, Section 3 with K. Heyde, P. Van Isacker, and
J. Jolie , and Section 4 with P. von Brentano . The first part of
this work has been reported in a recent conference at Gull Lake
and will therefore be abbreviated here.

2. AXIAL ASYMMETRY IN IBA-1

The question of axial asymmetry in the IBA-1 can be addressed
by seeking to define an effective y value for a geometrical model
that gives the same result as an IBA calculation. It is most con-
venient to carry out the IBA calculations in the CQF since most
results depend only on the one parameter, x> and o ne simply tries
to associate, to each x value, a value for Y that gives the same
result for a given observable. In the CQF, the IBA Hamiltonian for
nuclei between the 0(6) and SU(3) limits is

H = -K Q'Q - <• L-L (1)

where

(2)
Q = (s+d+d+s) + (x//5) (d+d) (2)

Since L is diagonal in the IBA basis, only the first term in H is
important and thus < is essentially an energy scale factor. The
resultant wave functions J.nd most observables therefore depend only
on x, which takes on the values -/35/2 = -2.958 in SU(3) and 0 in
0(6). The transition between these limits is simply expressed in
terms of a smooth variation in x« The results of such calculations
are shown in Fig. 1 for several observables and compared there with
those calculated in the asymmetric rotor model . A Y"X correspond-
ence can be extracted for a given observable if the calculated
values pass through the same ranges. It is remarkable that this is
precisely the case, even to the extent that the ratio
B(E2:2+2+0+i)/B(E2:2+

1+0
+i) maximizes at "0.07 in both calcula-

tions. The fact that the detailed behavior of each curve is dif-
ferent in the two calculations only means that the Y~X correlation
is non-linear. For each corresponding pair of curves in Fig. 1, a
Y~X correspondence can be extracted. The results are shown in
Fig. 2 where it is apparert that the resultant Y"X relations are
nearly identical for differt ;L observables, thus suggesting that it
is valid to assign a reasonably well defined y value to any IBA
calculation with eq. (1) in the CQF.

Not surprisingly, Y+30° for x=0 and drops steadily as x
increases. The fact that it does not +0° for the SU(3) limit (x =
-2.958) is a direct reflection of finite boson number effects.
This is easiest to see for the energy ratio shown in Fig. 1. For
axial symmetry (Y=0°) this ratio •*= in the geometrical model but it
is given by
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IBA ASYM. ROTOR

-0.5 -i.O -1.5 -2.0 -2.5

B(E2i2|-*O;>

B(E2i2;->0;) ;

x 100

\

20 10 0
X y(deg)

Fig. 1. Energy and B(E2) ratios in the IBA-l** and the asymmetric
rotor model . (IBA results for N=16 unless specified.)

E.+/E.+ = [K(2N-1)/(0.75 K - K ' ) ] + 1

2 1
(3)

in the SU(3) imit of the IBA. Clearly, this can only +», yielding
Y=0°, when N+". (Note: Physical values of K and <' have opposite
sign, so the denominator in eq. (3) does not vanish.) Thus, the
SU(3) limit is not a pure axial rotor, as often stated. Indeed,
this is also clear from the fact that calculated branching ratios
deviate from the Alaga rules, even in this limit. It is also
interesting to note from the curves for N=12 and 16 in Fig. 2 that
';' increases with decreasing N.

Since the IBA-1 does not contain true asymmetric minima the
asymmetry just deduced must arise from dynamical fluctuations due
to a softness of the potential in the Y degree of freedom. Due to
this, it is clear that there must be a relation between Y-softness
and mean effective Y so that large values of the latter arise from
large values of the former. The above extraction of IBA-1 y values
relied on a comparison with a geometrical model with rigid asym-
metry. Since asymmetry arises in the IBA precisely via y softness,
it might be questioned whether this procedure is valid. This issue
has been studied by Castanos, Frank and Van Isacker who devised
an alternate method for extracting y values, for the ground state,
directly from the IBA wave functions. Their result is shown in
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Fig. 2. Asymmetry parameter y vs. x f° r N=16 deduced for several
observables. The ratio B(E2:2+

2*2
+
1)/B(E2:2

+2*0+
1) is also given

for N=12. The curve labelled 0 +
g is taken from Ref. 10 and is

based directly on the structure of the ground state wave function.

Fig. 2. The close agreement with the other curves suggests the
ppproximate validity of the present procedure outlined above.

Since the one parameter characterizing the wave functions in
the CQF is X, once X is determined for a given nucleus one can
obtain an IBA prediction for the asymmetry y by using curves simi-
lar to Fig. 2, for the appropriate S value. For the rare earth
region from Gd-Os, such x values have been extracted and are given
in ref. 3. Using these values, effective y values for the IBA have
been calculated and are compared with experimental ones obtained
from the known Y+g band relative B(E2) values, in Fig. 3. It is
worth noting in passing that the cup-shape form of the IBA predic-
tions is not due to variations in x but is in fact an automatic
outcome of the inclusion of finite boson numbers in the IBA.
(Recalling Fig. 2, it is clear that lower N values imply larger y
values for a given x«)
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Fig. 3. Comparison of experimental and calculated y values,

plotted against the boson number N.

3. DYNAMIC VS. STATIC ASYMMETRY IN THE IBA

Axial asymmetry may be obtained in the general context of the
IBA in a variety of ways. The simplest is that outlined in Section
2 where it arises naturally, in the usual IBA-1, from the associa-
ted softness of the potential in Y. Alternately, the introduction
of various complications can lead to asymmetry but, as will be dis-
cussed, of a much different type. Recently, three approaches of
the latter sort have been used, namely the introduction into the
IBA-1 of cubic terms or of g bosons and, into the IBA-2 of
quadrupole interactions between like bosons (e.g., QTT'QII)-
The SU(3)* triaxial symmetry is a limiting case of the latter .
In all of these the minimum in the potential of the added interac-
tions is at Y=30°, and one is then dealing with nuclei of stable
asymmetric configurations relatively more rigid in Y. The question
is if, and how, one can distinguish the origin and effects of asym-
metry arising from these different mechanisms.
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As recently discussed , all these methods for incorporating
asymmetry in the IBA produce similar results for B(E2) values and
quadrupole moments. Thexe quantities are more sensitive to the
mean Y than to dynamical fluctuations in Y. A clear difference
between the various approaches, however, does exist in Y-band
energies. In the rigid triaxial rotor, these levels do not follow
a J(J+1) law but occur in couplets, grouped as (2y+3y+),
(4Y"*"5Y+), (6Y+7-y"*'),..., and, indeed, such behavior is
typical of the spectra produced by all those approaches ~ that
correspond to potentials with minima at Y=30°.

In the simple IBA-1, however, Y deformations arise, as noted
above, from Y softness and large Yeff values stem from nearly Y
unstable (Y independent) potentials. This is typified by the
extreme case of the 0(6) limit. The 0(6) eigenvalue equation is

E(c,T,J) = (A/4) a(a+4) + BT(T+3) + CJ(J+1) (4)

which arises from the chain decomposition

U(6) _ 0(6) D 0(5):: 0(3). (5)

In such a chain each successive step breaks a previous degeneracy
and adds a new quantum number, a new term in the eigenvalue expres-
sion and new transition selection ruJes. The spirit behind a
decomposition is that each step involves degeneracy breaking on a
smaller energy scale so that families of levels remain together.
Thus, while not rigorously required, this implies that A » B » C .
Since the T values of the Y band levels are 2 + ( T = 2 ) , 3 + , 4 + ( T = 3 ) ,
5 + , 6 + ( T = 4 ) , it is immediately clear that the Y~b?.nd energy stagger-
ing in 0(6) is just the opposite to the triaxial case, namely
(2Y+), (3T+4Y+), (5 T+6/)...

Since the several options to incorporate triaxiality into
the IBA are similar, the discussion below will be limited to using
one of these, namely the incorporation of cubic terms. Thus, to
investigate further the relation between Y softness and mean Y, one
can then consider an extended CQF Hamiltonian of the schematic form

H = -KQ-Q - K'L-L + 9, H . . (6)
v y d cubic

where
H c u b i c ~ (d+d+d+)(3)(d'dd)(3)

and study the systematic evolution of Y~band energy staggering as a
function of x and 63. Typical results of calculations with such a
Hamiltonian are shown at the top of Fig. 4 for N=8. A small 63
leaves the 0(6)-like staggering intact but a more uniform spacing
is achieved for larger 63. This change in structure results, not
so much from a variation in Y (since Y°30° over the entire range of
83 from 0(6) to pure triaxiality) but from a decrease in the
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(63/ B)

Fig. 4. Calculations of the y band energy staggering with the
Hamiltonian of eq. 6, for x=0 and N=8. The eigenvalue equation is
that of eq. 4 (the A term is irrelevant since only <J=N states are
involved) with the addition of a term in 83. The upper part shows
the change in y band energy staggering for typical values of B and
C. The lower part shows the application to the A=130 region. The
energy ratio plotted depends only on 93/B (B is proportional to K
in eq. 4) and on C/B. Results for several C/B values are shown.
Upper and lower bounds consistent with 0(6) and the y=30° triaxial
ratio values are also shown. The cubic term is strongly N depen-
dent: thus, the results for nuclei with N*8 are only approximate.
For each nucleus the 3nergy ratio is plotted and positioned to
correspond to a range of C/B values extracted from level spacings
that are insensitive to the cubic term.
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associated ysoftness as larger 63 values lead to a developing
potential minimum at T=30°.

It is apparent from these results that the introduction of
cubic terms into the IBA-1 hamiltonian leads to a flexibility in
the relation between Y-softness and mean y that is absent from the
usual IBA-1. Whether such flexibility is necessary in fitting
actual nuclei remains an interesting question. Calculations for

Ru suggest that it is needed there. Results to be presented
next will show that it provides an equally useful tool in the
0(6)-like region near A=130 and, indeed, probably even in Pt.

4. AN EXTENSIVE 0(6)-LIKE REGION NEAR A=130

Ever since the discovery that the 0(6) limit is manifested
empirically in Pt and neighboring Pt isotopes, there has been
high interest in searching for new 0(6) regions. There are at
least two reasons for this. First, one would like to determine if
Pt is an isolated peculiarity or if the 0(6) coupling scheme is,
like the occurrence of deformed nuclei, a periodic phenomenon.
Secondly, the discovery of a symmetry region immediately provides a
benchmark for the treatment of nearby regions. For example, in the
case of Pt, the recognition of the 0(6) symmetry immediately led to
a new, simpler interpretation of the entire Os-Pt transition
region as undergoing an 0(6)+SU(3) transition.

It was pointed out rather early that nuclei such as Ba
resembled the 0(6) limit but the data were sparce: states of higher
T values or those of the higher lying o<N representations were not
assigned. Many crucial B(E2) values remained unknown. Consequent-
ly, this suggestion was not explored in detail. Recently, how-
ever, extensive data have been acquired, primarily by the Koln
group " using the (a,nY) and ( C.xn^f) reactions. The former is
particularly useful since, like (n,"if), it is highly non-selective
and yet accesses as broad spin range. These data provide a wealth
of new information that now permits a careful inspection of the
A=130 region.

The level schemes for eight of these nuclei are collected in
Fig. 5 and grouped according to their 0(6) quantum numbers. For
comparison a typical 0(6) spectrum and that for Pt, with ener-
gies multiplied by 1.63 (see below), are appended at the right.
Tables 1 and 2 show some energy relations and relative B(E2)
values.

Several points are clear upon inspection of this figure and
the tables:
1) All of the nuclei closely resemble the 0(6) limit. The A+j/2+i

and 2+2/2+i energy ratios are all close to 2.5. All the nuclei
have, albeit to differing degrees, the typical 0(6) clustering
in the If band. More generally, all exhibit clearly identifi-
able, closely grouped, T multiplets. None (except Xe which
is unique in other respects as well) has a first excited (0+2)
level near the 4+j and 2 +

2 states. Rather, the first excited 0 +

state, where known, always lies near the 4+2 and 3+j levels and,
moreover, decays preferentially to the 2+2 state, not the 2+i.
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Fig. 5. Energy levels for 8 nuclei near A=130 compared to the 0(6) limit and to a scaled level scheme
for 1 9 6Pt. The 0(6) scheme is not a fit, which would differ slightly for each nucleus, but is
intended to convey the general level patterns. The a quantum numbers are given at the top and the T
quantum numbers are circled. The data are from refs. 17-25.
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This is the allowed transition for a T=3 level and is one of the
distinguishing features between 0(6) and SU(5). In several of
the nuclei, states identifiable as the heads of the o=N-2 repre-
sentation can be recognized. In Xe, a 4 + state with T=4 is
also assigned, based on its energy and decay properties. This
is the first identification of the complete T=4 tnultiplet since
this 4 + level has not been found in Pt to date. The B(E2)
values also follow closely the 0(6) predictions: allowed transi-
tions are invariably strong or, if unobserved, the upper limits
allow for strong relative B(E2) values. Forbidden transitions
are always weak. Breaking of the 0(6) selection rules are at
the 10% or less level with the exception of two transitions at
the 15% level. In some cases, such as the decay of the 3 y
level, the agreement with 0(6) is remarkable. The only notable
deviations from 0(6) lie in the detailed relative sizes of the
three allowed transitions from the 5+-y level. In addition to
the results tabulated here, others, omitted for space reasons,
such as the B(E2) values for the x=4 2 + and 4 + states, also
agree well with 0(6).

2) All of the nuclei are remarkably similar to each other and to
Pt. The only important systematic change, across these

nuclei is the 4 2-3 j spacing which grows with increasing mass
in the Ba isotopes. The relative energies of the a=N-2 0 +

states are rather stable, increasing slightly with mass. Even
the deviations from 0(6) are similar. As will be seen below,
the 4+2""3+l splittings are too large, and, in every case (again
except 1 Xe), the 0+2(

T=3) level is at or above the 3+i energy,
rather than below it as required by the monotonic energy order-
ing of states within a T multiplet due to the J(J+1) term in
eq. 4. Whatever interactions break the 0(6) limit in Pt are
presumably active and comparably strong in the A=130 region.

3) The factor of 1.63 multiplying the Pt energies is just a
convenient number designed to put the Ft energies on a similar
scale to the other nuclei. Nevertheless, it is interesting to
note that it is not far from an A-*'3 scaling which is the
characteristic factor for the inertial parameter of a quadrupole
ellipsoid.

4) In many respects, these Xe ar.d Ba nuclei are better representa-
tions of 0(6) than is 19bPt. For example, in 196Pt the 2+zl^

+\
energy ratio is lower than in Xe-Ba, the 4 2~3+j energy split-
ting is relatively larger, the 0+(t=3) level disagrees more with
the predicted sequence for the T=3 multiplet, the 0+(x=3) level
has a relatively stronger decay branch to the 2+j level and the
3y-*4g transition is too strong. On the other hand, of
course, more levels from the higher, o<N, representations and
more examples of the characteristic 0"^-2+-2+ sequences are known
in 1 9 6Pt.
There are two particularly interesting aspects of these

results that deserve expanded discussion. In the CQF with X=0, the
Hamiltonian of eq. 1 cannot, of course, lead to three independent
terms in the 0(6) eigenvalue eq. 4 but rather gives a special case
of 0(6) in which A/4=B. This implies that the CQF implicitly
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Table I : Empirical Energy Ratios near A - 130

120xe

124 X e

126 X e

128 X e

128Ba

I30Ba

132Ba

134Ba
196pt

0(6)a)

T • a *

Y = 30°

N

10

8

7

6

8

7

6

5

6

N

—

EVE2l

2.47

2.48

2.42

2.33

2.69

2.52

2.43

2.32

2.47

2.5-3.33

2.67

2.72

2.39

2.26

2.19

3.11

2.54

2.22

1.93

1.94

0-2.5

2.0

E42-E3!

E2l

0.41

0.54

0.44

0.39

0.17

0.33

0.47

0.54

0.78

0-1.33

2.67

E42-E3[

E42-E22

0.25

0.32

0.28

0.27

0.10

0.20

0.31

0.41

0.46

0-0.57

0.73

E3i-E0(t=2)

E42-E3i

• 2.4

- 0.11

- 0.02

- 0.88

-

—

- 0.04

- 0.36

- 0.43

^ 1.5

(-«)

E0(D=N-2)

E2 2-E 2 l

—

3.58

3.57

-

—

—

3.83

4.21

-|(NH)

U )

a) Ranges of values for some 0(6} entr ies give the axtrema for B>>C and C>>B in eq.4. Since

one expects B to dominate C, the corresponding end of each range is favored and underlined.

For the last column, the general 0(6) l im i t of eq.5 allows any value. However, the CQF

gives a special case of the 0(6) l im i t in which A/4 = B, giving the re lat ion indicated. In

the simplest version of a t r i ax ia l ro tor , 0 f states are at i n f i n i t e energy, as indicated,

although of course, 3-softness can be introduced into that model. Data from re fs . 17-25.

Table I I : Relative B (E2) values near A = 130 compared to the 3(6) l imita)

M
If

Nucleus

120 X e

124xe

126Xe

128 X e

128ga

130 B a

132ga

134ga

196p£

0(6)

(N = 6)

Rotor

29

100

100

100

1™)
100

100

100

100

100

100

100

09

.•.6

3.9

1.4

1.2

9 ?

5.7

0.2

0.6

0.0

0

70

ZY

100

100

100

100

100

100

100

100

100

(100)

3Y
49

50

46

47

37

30

73

40

95

40

(0.4

2g

2.7

1.6

1.1

Z

1.5

0.2

1.0

0.1

0

1)

2Y

100

100

100

100

100

100

100

100

100

100

(100

4Y
3Y

—

—

—

-

—

14.5

—

0

222)

4g

62

91

42

133

42

89

76

77

109

91

(1

29

—

0.4

1.0

1.7

1.7

3.9

2.2

2.5

1.7

0

0.34)

—

106

127

88

< 44

< 57

-

-

—

46

100

5V

3Y

100

100

100

100

100

100

—

-

—

100

100

69

..-

—

—

204

*. 56

381

-

-

—

45

(0.57

4g

3.1

3.8

4.9

3.7

3.0

6.7

-

-

—

0

1)

0

?Y

-

100

100

100

100

100

100

100

-

. = 3

' 29

—

1

9

14

__

0

4

16

0

-

a) For each i n i t i a l level , one transition is assigned a value of 100. The 0(6) values are always for

N=6: they change l i t t l e with N. The rotor values are Alaga rules. In the rotor, i t is arbi t rar i ly

assumed that there is a factor of 100 difference between intra- and inter-band transition B(E2)

values. To emphasize this arnitrariness transitions to a given band are grouped within oarentheses.

Where mixing ratios are measured, the E2 strength has been used; elsewhere, pure E2

multipolarit ies are assumed. From refs. 17 - 25.
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incorporates a relation between the T and a energy scales, that is,
between the strength of the 0(6) and 0(5) degeneracy breaking steps
in eq. 5. In deformed nuclei the analogous statement would concern
a relation between the rotational energy scale and that of the 6
band intrinsic excitation. When the CQF was proposeJ : there was
no a priori reason to expect this special case to exist empirical-
ly: yet, the previously deduced parameter values for Pt, A/4 =
46.2 and B = 43 keV, were indeed nearly equal. It is all the more
surprising now to observe this same special relation nearly satis-
fied throughout the Xe-Ba region, as evidenced by the approximate
regional 0(6) parameters shown in Fig. 5. This is also clear from
the energy ratios Eo+(a=N-2)/(E2+

2"
E2+

1)
 i n Table 1 that

hover near a value of 4 which is close to the Pt value and to the
CQF prediction of 4.67 for N=6. The underlying significance of the
linking of the T and o energy scales is a topic deserving further
study.

The second point of special interest is the Y band energy
staggering. While the CJ(J+1) term in eq. 4 in principle allows
for any 4*2~3+i spacing, one expects the T multlplets to be closely
grouped (i.e., C<<B) in a good 0(6) nucleus., Moreover, in any
case, C can be extracted from other spaclngs and one can then test
if the empirical 4+2~3+! spacing is reproduced. One finds that, in
general, in this region, this is not the case: the Y band is more
regularly spaced than in the 0(6) limit. From Fig. 4 (upper part)
one notes that this is just the effect of an increase in Y rigidity
compared to the extreme Y independence of the 0(6) limit, suggest-
ing that these nuclei are Y soft but not completely Y unstable.
This idea is made more quantitative in the lower part of Fig. 4
which shows calculations of Y band energies, for N=8 and x=0(0(6))
as a furction of 93/B, for several C values. (See caption for a
detailed explanation of the figure.) Each nucleus is plotted
according to its known Y band energy values and with a range of C
values extracted from the 6+i~4+2 and 4+2~2+i energy spacings that
are nearly independent of Y softness. If the 4+2"3+i spacing were
consistent with 0(6) all the plotted points should lie at the
extreme left (i.e., at 63=0). At the other extreme, with devia-
tions from 0(6), a wide range of values of the energy ratio plotted
is possible. Thus, the figure gives, in effect, the 93/B value
needed to reproduce consistently all the energy spacings. It is
remarkable to observe then the very systematic behavior: the Xe
isotopes all cluster in a narrow range and the Ba isotopes show a
clear systematic increase in required triaxiality. Again, it is
interesting to note that 1 Pt deviates from the 0(6) limit more
than any of these nuclei near A=130. It is also clear that none of
them approaches very close to the pure triaxial case.

To summarize the foregoing:

1) The new data clearly point to the A=130 region as a good, and
extensive, example of the 0(6) symmetry, which is, in some
respects, better and more widespread than in Pt.

2) The nuclei are all remarkably similar to each other and to the
Pt isotopes, even in the characteristic deviations from 0(6).
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3) The relation between the o and T energy scales is nearly identi-
cal to Pt and both are very close to the special case of 0(6)
given in the Consistent Q Formalism, in which the coefficients
A/4 and B are equal. It is clearly of considerable interest to
explore further the deeper meaning of this relation between the
energy scales of the 0(6) and 0(5) steps in the chain decomposi-
tion (degeneracy breaking) of the parent U(6) group.

4) fixing the C parameter from other, more stable energy split-
tings, it turns out that the energy staggering (e.g., 4+2~3+i
spacing) in the y band cannot be rigorously accounted for in
0(6) but rather implies somewhat Ie6s y softness than in the
extreme limit. Calculations with a cubic term that introduces a
more rigid asymmetry were able to reproduce the data with
smoothly varying values of the relative strength parameter,
93/B. These nuclei are Y soft but not y independent.
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ANHARMONICITIES IN THE VIBRATIONAL SPECTRA IN DEFORMED NUCLEI

R. PIEPENBRING
Institut des Sciences Nucleaires, 38026 Grenoble, France

ABSTRACT

Several experimental results have recently raised again the
problem of the description of the anharmctnicities of the vibrations
observed in even-even deformed nuclei.

First, despite extensive experimental studies, one has not
^ 9 0 0 9 9£

found any vibrational two-phonon octupole 0 state in Ra
224-226

and " Th at around double the energy of the one-phonon state.
Second, the completeness of the low spin (J<6) energy level spec-

tra recently obtained up to 2 MeV in the Er exhibits clearly
that the 2 Y vibrational statj appears at an energy higher than
twice the energy of the one phonon state.

Phenomenological explanations based on the IBA have obtained
p. al success but still suffer from a number of shortcomings.
D i d -ent microscopic approaches have been developed : the nuclear
field theory, based on perturbation theory, appeared not to be
appropriate in the case of the strong anharmonicities observed in
1 ft R

Er. The boson expansion technique has also been used, but in
this approach the Pauli principle cannot be fully taken into
account. Finally, the multiphonon method has been developed to
improve these two approaches in two aspects : the Pauli principle
is properly treated and exact diagonalisation within collective
space is used. This method is illustrated by the description of
octupole vibrations in the Ra - Th region. Other possible appli-
cations are also indicated.

0094-243X/85/1250038-10 $3.00 Copyright 1985 American Institute of Physics
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1. INTRODUCTION

The description of the vibrational levels in even-even deformed
nuclei is a very old and challenging problem. An interpretation of
the one phonon states i.i terms of a coherent mixture of two quasi-
particle states can easily be achieved by the use of quasibosons and
the harmonic assumption. For higher vibrational excitations the
situation is more complicated. Several recent experimental results
have clearly shown that large anharmonicities can arise as soon as
one looks for the two phonon s ta tes . First, let us mention the com-
pleteness of the low spin (J < 6) energy level spectra recently ob-
tained up to - 2 MeV in Er by use of high resolution gamma-ray
studies following neutron capture | 1 ] . In this work, anharmonic
effects of the gamma motion are observed. The band head of the y
vibration has an energy of 821 keV ; the lowest candidates for the
2 y state with K = 4 occur with band heads ai 2023 keV or 2055 keV.
This implies a major deviation from the harmonic vibrations since

Second, we would like to remind the reader that, despite very exten-
sive experimental studies [ 2 ] , it has not been possible to find any

two-phonon octuDole vibrational state 0 in Ra and

Th at around double the energy of the one phonon state 0 .

An interpretation of the positive-parity spectrum of Er
in terms of the interacting^ boson approximation (IBA) by Warner,
Casten and Davidson f 3 j has shown partial success, but could
not explain the above - mentioned anharmonicity in the y motion.
Indeed, by choosing the parameters of the IBA, so to reproduce
approximatively the energy of the y band head they found the
K = 4 state at 1610 keV, i .e . more than 400 keV too low. Furthermore,
it is well known that the IBA, in its actual versions cannot yet
account for the negative parity s tates .

Different microscopic approaches have also been developed
to try to understand the anharmonicities ot vibrational s ta tes . The
boson expansion technique !~ 4 ~j has extensively been used for
spherical nuclei and applied to deformed nuclei | 5 | .

In this method the Pauli principle cannot be fully taken into
account and this may lead to intruderstates of no physical meaning
at low energy.

Corrections to the harmonic random phase approximation (RPA)
have also been attempted. Neergard an Vogel \_ 6 "| have looked
for the octupole case whereas Dumitrescu and Hamamoto

made an analysis of the gamma motion in Er. It was shown that
a perturbative calculation based on axially symmetric RPA wave
functions may not be very appropriate in the case of the strong
anharmonicities observed .

A non - perturbative treatment using exact diagonalization will
be more appropriate. In any case the Pauli principle has to be
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properly taken into account.
The multiphonon method (MPM) has been developed to fulfill

these two requirements .
In section 2 we give a sketch of this method. In section 3 it

is i l lustrated in the case of the octupole vibrations in the Ra-Th
region. Other possible applications are indicated in section 4,
whereas conclusions are drawn in a last section.

2. THE MULTIPHONON METHOD

To take advantage of the collective nature of the vibrational
s t a t e s , the multiphonon method (MPM) introduces phonons Q. ,
which are defined as a superposition of two quasi-part icles

where
(X.) = -(X.) is chosen to be an antisymmetric matrix,l mn I nm '

arid a creation operators of fermions (quasiparticles) .Contrary
;o what is assumed in the IBA or in the quasiboson approximation
the entities (1) are no longer considered as bosons since their
commutation rules are now

C Q 1 - Q 2
+ ] - " I " t r ( X l V +

I & n ( X l X 2 )
m n o i a

m
 U )

As an examoie the O. can be chosen as the Tamm-Dancoff collec-
tive phonons. In a second step, one selects the phonons Q.
which may play an important role in the problem one wants to
study and builds up the multiphonon basis

+a t b tC

| a b c . . . > = Q j Q'2 Q ^ . . . | 0 > (3)

These states (3) do generally not form an orthogonal basis. The
first problem is then to calculate the overlap matrix

< a' b1 c ' . . . | a b c . . . > (4)
The next step of the MPM consists in diagonalizing the total
Hamiltonian in the ooVectwe space spanned by the multiphonon
basis (3). (We remind here the reader that in the harmonic TDA
or RPA only a part of H is taken into account).
To calculate the matrix elements (4) and those of one and two body
operators, one has two possibilities as has been shown in |_ 8 J :
either an extensive use of a Wick's theorem for phonons or that
of coupled recursion formulas.
Different applications | 9 ] have shown that the second possibi-
lity is more convenient for realistic numerical calculations. The
formalism gets particularly simple | 10 j in the case where only
one type of phonons plays a role. The basis (3) can then be written

| n > = £ y - | 0 > (5)
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Since this is just the assumption which can reasonably be made in
the study of the octupole K = 0 vibrations mentioned in the introduc-
tion, we shall give here the explicite recursion formulas which are
now decoupled.
For the norms N = < n|n > of the states (5) (where n! has been

introduced to simplify as much as possible the algebraic relations)
one has the recursion formula

n N n = " 4 £=Q
 N n - 1 - J l t r ( X ^ + 2 ) (6)

As usual, we express the Hamiltonian of the system in terns of
the quasiparticles obtained with the canonical Bogoluybov-Valatin
transformation .

n — \J — - n - . , ' t " i ~ l ^ ~ ' 1 " r l T * ' t ~ £ - j \ t)

with
H = Z E a'' a (8)

11 p p p p
H , , = E S a T a T a a (9)ii p q r s p a s rp q r s P M ' •

H , , = E R ( a ' a ' a a + a ' c v c x a ) (10)31 p q r s p q r s s r q p
p q r s ^H r ' M '

40 = Z P (a'_ a_; a.' a_' + a_ a . a_ a_) (11)
p q r s

P ( a ' a ' a ' a ' + a a a a )p q r s p q r s s r q p

The coefficients P, R, S are assumed to be real and verify all
symmetry properties of the quasiparticle operators.
With these notations, the recursion formulas for the matrix elements
write n-1

< n I H . . j n > = - E N ntU+l) (12)
111 z=Q n-1- I

| > = 3 j o N n _ J , _Z 5 j + j i A <? O . j ) ( 1 3 )

n - 1 I
< n + l l H - , n > = - 3 E N . „ E &... „ ( J U i . j + 1) ( 1 4 )

1 3 1 a = o n " 1 " ) i i . j = o ' ) • •

n - 1 9.

f

n-2 I
I N E

SL--0 iJ-0
where the dynamical quantities *-, >? ,fi. , JandJ ' are :

-2 I N E 6 » J " ( i + l , j + l ) ( 1 5 )
SL--0 i J - 0 ' J '
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If one wants to evaluate other observables, like electromagnetic
transition probabilities, one may also need the recursion relation
for the operator . (?1)

H, n = £ F a a1 ;

20 pq p qpq ' ' '
One simply has in this case :

< n+ll H , J n> = 'l N 5"(fJ (22)
dU £ = Q n /,

where , . . ,
<T (i) = - t r (FX ; (23)

The eigcnstates of H are obtained by tne diagonalization in a basis
containing all collective multiphonons (5) up to a maximum value
n chosen so as to eet numerical stability for the thr^e lowest

max h '
eigenvalues [e .o- 1^ the application of section 3, n = 12 I

ft. \ b it max '

These eigenstates appear then as a superposition of states ( 5)
with different values of n. In terms of quasiparticles they would
be extremly complicated.
The validity of the MPM has been checked [~ 9 "] in several simple
models where an exact solution is available.

3. APPLICATION OF THE MULTIPHONON METHOD TO THE ANALYSIS OF
OCTUPOLE K = 0 VIBRATIONS IN THE Ra - Th REGION

In the even Ra and Th isotopes with mass number 222 £ A i 228
one observes , apart from the ground state band, negative-parity
levels which can be arranged in a K = 0 rotational band.
The head of this band has spin I = 1 and appears at very low ener-
gy : less than 250 keV in some of these nuclei. One also knows the
first levels of a positive-parity rotational band. The energy diffe-
rence between these two band heads is especially large. As has
been justified in f] 11 ] , it seems reasonable to consider that the
studied nuclei present a static quadrupole and a dynamic octupole
deformation. The octupole vibrations are then obviously anharmonic
since no 0 state has been found at around double the energy of
the one phonon 0 s ta te . This latter is energically well separated
from all other intrinsic excitations so that the MPM method with
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only one building phonon can be used. Formulas (5-20) can therefore
be applied.
The situation can still be simplified. Indeed, according to parity
conservation the contribution of H , , , which changes the phonon

number by one (see rel. 14) vanishes. The matrix of H separates
into two par ts , one for each parity. The vectors | 2p > form the
basis for the diagonalization of the positive parity states, whereas
| 2p + 1 > serve as such for the negative parity one.
We would like to emphasize that the aim of this application is not
to search for a fine agreement with the experimental results . To
accomplish such a task, it would be necessary to take also into
account the coupling with other vibrationa] or non collective modes
and to use a basis of type (3). According to this limited goal, we
simply describe the considered nuclei as being built of neutrons
and protons moving in a deformed Nilsson field and interacting
through a constant monopole pairing force and a charge independent
octupole - octupole force. The model Hamiltonian is

H = H + HD + H , (24)
sp P ocl

where
H = E em (p) an; (p) a^ (p) (25)

p . m
HD = - I G L T L (26)

P p P P P
H = - -|- £ O O , , , 7 1

oct 2 , p p (27)
p .p ' ' '

with L = E a (p) a (p) (28)
p m -m m

O -Z < m p | r 3 Y3Q | n p > a^ (p) an (p) (29)
" mn

In these relations p refers to protons or neutrons whereas m or n
labels the single particle states. The canonical Bogoluybov-Valatin
transformation is used to switch from particle operators a to
quasipjrticle operators a (we note here that this approach of the
pairing correlations introduces, as is well known, a fluctuation of
the number of particles which may have some importance for the
ground state energy [ 9 J but less in the relative spectra) .

The explicit form of each part of H in relations (8) to (11)
are not given here ; they can be found in the literature \_ 1" j -
We simply remind the reader that the P, R and S coefficients have
to fulfill all the required symmetry properties.

We use the Nilsson potential with the parameters recommended
by Lamm | 12 ] . Even if this potential does not give the required
level order we do not make any special single particle energy adjust-
ments. We note that according to the limited aim of this section this
may be sufficient in even - even nuclei, but certainly not in odd- A
isotopes. The intrinsic matrix elements have been calculated accor-
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ding to the prescriptions of Boisson an Piepenbring Q 13"]. The
calculations are made for a deformation c = 0. 15, which is suited
for the set of nuclei at the beginning of the deformed region. For
the pairing strength G we use the values of Nilsson and Prior

C 1 4 J - 22 16
G = =f MoV G = - ^ MeV

p A n A

Thirty active levels, equitably distributed on each side c'
the Fermi surface have been introduced in our calculations. This
choice is a sort of compromise. If one chooses less levels one may
have numerical instability, if one chooses more,one may introduce
effects of states which would not be bound in a more realistic finite
potential well. As usual, the - C v ' single particle renormalization
has been taken into account.

The X matrix of relation (1) is obtained by solving the secular
equation of the Tamm - Dancoff approximation (TDA). The MPM
works [_ 10 jfor any choice of an antisymmetric unitary matrix X
so that it is not necessary to use the same value x in the Hpmiltonian
(27) as for the calculation oi the TDA phonon (1). However, if one
wants to restrict as much as possible the number of free parameters
one may take X = X T D A •

We adjust x. so to get the lowest calculated 0 energy in the
neighbourhood of the intrinsic band head energy deduced from
experimental results.

We mention here that the observed energy of the 1 = 1 band
head con'ains a rotational contribution which can roughly be esti-
mated to - 10 keV.

For the retained X value we also look if the RPA secular equa-
tion has any physical solution.

The most interesting information consists in the location of
the first excited 0+ state, which we compare to the observed one.
(for this level where I - K = 0 no rotational energy has to be sub-
stracted).

In Table I we give the results for six nuclei. The following
remarks can be made:

a) For the selected x value, the TDA energies u) of the
first excited 0 state are quite large compared to the experimental
energy E (0~), explicitly demonstrating the importance of the H.n

term ( 11) neglected in the TDA.
b) The secular equation of the RPA has no real solution.
c) The calculated E ( 0 ) , energies are systematically larger

than 2 E ( 0~) showing the great anharmonicity of the octupole vi-
brations. They are also larger than the measured ones. The devia-
tion +

E ( 0 ) calculated - E ( 0 ) observed

increases with A. It is low for Ra and Ra but gets quite
large for isobars 226 and 228. + 222

This finding suggests that the first excited 0 state in Ra



45

224and Ra could practically be of a pure octupole nature. This
is certainly no more the case in nuclei with A = 226 and 228. In
these nuclei other K = 0 excited states have been observed

[ e . g . at 1042 keV in 2 2 8 Ra and 888 keV in 2 2 8 Th ] .
The restriction to a basis (5) with only one building phonon +

is than no more justified. The coupling to a quadrupole type K = 0
phonon may play an important role and a larger basis (3) is needed.

We have also studied the sensitivity of the results of Table I
to variations of the deformation £ of the iingle particle potential
and/or of the pairing strength parameters G. Qualitatively the re-
sults are not altered.

The anharmonicities are even enhanced if one introduces
stronger pairing like suggested by Neergard and Vogel I 6 ] or
Chasman [ 15 j . The application of the multiphonon method using
as a building block the collective octupole K = 0 phonon to the
lightest Ra and Th even isotopes showed that it is possible to give
a microscopic explanation of the existence of a K = 0 band head
at very low energies E(0 ) , where the random phase approximation
fails. It became also clear why the two phonon states were not obsei—
ved around 2E(0~),

Nucleus E(0~) E(0+) "'

511. 4.25

528. 4.35

657. 4.20

523. 3.925

566. 3.85

Tabie I : Calculated intrinsic energies (first line) of the first
excited K11 = 0~ and 04 states for oclupole strength parameter X
compared to the measured band head energies (second line) where
no rotational effects have been substracted and to the energy

222

224

226

228

226

228

Ra

Ra

Ra

Ra

Th

Th

232.
242.

203.
215.

246.
253.

464,
474.

221.
230.

318.
327.

13

98

73

14

4

9

926.
914.

964.
916.

997.
824.

1209.
721.

939.
805.

1017.
831.

0

4

2

17

2

3

obtained in the harmonic Tamm-Dancolf approximation. All energies
are in keV.
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4. OTHER POSSIBLE APPLICATIONS OF THE MPM
We hereby give a non exhaustive list of other possible applications
of the MPM. They mainly deal with an extension of the multiphonon
basis (3).

- To extend the success of the MPM obtained in the Ra and
Th with 222 ^ A ^ 226 to the isotopes A ^228 we have to take into
account the fact that in these isotopes a second K = 0+ excited state
is observed. This would need the introduction of a second building
phonon with K = 0 and the use of a basis

j . m , ... n

jm,n > = Q1 (K = 0 ) Q (K = 0 ) | 0 > 1&g
- The anharmonicity of the y motion in Er would similarly

need the use of a basis
. m j . n

| m , n > = Q v (K = 2+) 2 ' ( K = - 2 + ) | 0 >
or even ,m . n j p

m,n,p > = £ Y ( K = 2 + ) Q T (K = -2""") Q '' ( K = 0 + ) | 0 >
if one wants also to introduce the effect of the 3 vibration. If one
restricts the study to the two phonon states one needs only the
basis where m - n = 0, 1 or 2.

- The extension of the MPM to odd A nuclei, where a quasi-
particle state is introduced into the basis

... + a .-.b .,.c
M b c . . . > = o i y C j Q2 G'y |0 >

is also tempting. In particular it would allow a microscopic study
of the spect'oscopic properties of the odd A Ra isotopes where
strong couplings of the quasiparticles to the octupole mode are ex-
pected. Numerical work in this direction is in progress.

5. CONCLUSIONS

The application of the mulliphonon method using as a building
block the collective octupole K = 0 phonon to six nuclei with
222 .< A .< 228 has clearly i l lustrated that the MPM appears to be
a powerful! tool to s tudy nuclei where s t rong anharmonicities are
observed . It works even in the cases where the RPA fails, i . e .
in nuclei where the ground state may get unstable with respect
to the considered degree of freedom.

It is also a very efficient method to s tudy in a microscopic
way the coupling between different vibrational modes and/or be t -
ween vibrations and quasipar t ic les .

The author is grateful to B . Si lvostre-Brac for a nice cowork
on several pa r t s of the present subject.
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NUCLEAR DTNAMICAL SUPERSYMMETRY

Da Hsuan Feng
National Science Foundation, Washington D.C. 20550

and Drexel University, Philadelphia, Pennsylvania 19104

1. Introduction

As is well known, the study of nuclear structure physics involves
introducing models to explain the very complex data derived from
various types of modern high precision experimental facilities. Several
excellent talks in this conference gave a very nice account of these
techniques1. An example of this apparent complexities is vividly
demonstrated in Fig.l. In this figure, I present the "complete level
scheme for the odd-even nucleus ig5Pt^ for E < 1.2MeV, measured and
compiled by the Brookhavens neutron physics group using an ingenious
technique known as the Average Resonance Capture (ARC) fn.y)
reactions. Due to the fact that it would involve an exceedingly large
configuration calculation, the fundamental model of nuclear structure
physics, the "shell model"^, is quite inadequate in explaining the true
nature of such states. Thus, the bulk of the work done in the past was
based primarily on an intuitive geometric concept, proposed first in the
early 50 s by Bohr and Mottelson'* In such a model, the nucleus is
preassigned a shape and is allowed to undergo rotations and/or
vibrations of that shape. The main drawback of this very appealing
approach is the difficulty of a priori predicting the behavior of any
nucleus. This is especially so for a sequence of neighboring nuclei.

On the other hand, considering that one has at hand a many body
problem(A>100 generally), it is nonetheJess surprising that below this
energy, the number of states is "finite". This simplicity" is probably

•Work supported by the National Science Foundation. Various aspects
of this work were done in close collaboration with Y.-S. Ling(Suzhou),
H.-Z. Sun and M. Zhang(Qing-Hua), Q.-Z. Han(Bcijing), M. Vallieres and R.
Gilmore(Drexel) and W. T. Pinkston(Vanderbilt). Strong input from R.
Casten and D. D. Warner(Brookhaven) and J. A. Cizewski(Yale) are
hereby acknowledged.

0094-243X/85/1250048-22 $3.00 Copyright 1985 American Institute of Physics
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the driving force behind the early pioneers of nuclear structure physics
to seek successfully a simple geometrical interpretation. The next
"natural" question one may ask is whether there is a deeper
understanding for such a "simplicity", derived not from an intuitive
understanding, but from a more fundamental approach, namely the
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strong correlations of nucleons with each other. Thus enters a new and
now recognized as successful model, proposed some ten years ago by
Arima and Iachello^ known as the Interacting Boson ModeKIBM). The
model explores what is known as dynamical symmetry and is built
entirely from our knowledge of nucleon correlations. It has an inherent
rich level scheme , thus giving a relatively complete picture of the
collective structure of the even-even nuclei and has "predictive" power .
Since there are several talks about the IBM1 in this conference, I shall
not dwell on it's content here. I would merely like to make two points
about the IBM. First, through the elegant use of group theory, the IBM
has now taken on a geometric interpretation7. Second, it may have
provided us with another dimension of the problem, namely we can
understand the structure of the nucleus by the symmetries it possesses,
eventhough from the very outset we recognize that such symmetries
are an effective one. The subject matter of my talk, i.e. dynamical
supersymmetry in nuclear structure physics, was infact an attempt to
push the symmetry concept further and to see whether one could
support such a new concept from the known data.

In this paper, I will first very briefly outline the cardinal concept of
dynamical symmetry. This concept is surprizingly "trivial" in that its
principle is entirely lodged in our knowledge of the first thing we learn
from baby quantum mechanics: i.e. angular momentum algebra. This is
discussed briefly in Section II. If you find the subsequent sections "loo
heavy" in group theoretic jargons, bear in mind that the concept is just
like the one in Section II". In Section III, I will succintly describe what
one means when one talks about supersymmetry in nuclear structure
physics. I hope I can convince you that it is only through the concept of
dynamical supersymmetry can one introduce the concept of
supersymmetry in nuclear physics. It is a symmetry built out of the
IBM symmetry (namely U(6) from the s,d boscns). The following two
sections, Section IV and V will be given to the study of two so-called
multi-j dynamical symmetries, U(6/20) and U(6/12) and whether their
predictions are consistent with data. In the last section, Section VI, I
will outline some of the major difficulties and challenges currently facing
such studies as well as the conclusions.
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2. Dynamical Symmetry

One learns from quantum mechanics that the angular momentum
operators L. , L, and L are closed under certain commutation

x y z

relationships. Furthermore, all three operators commute with the
operators L2 and Lz (obviously for the latter). In terms of these two
operators, we can construct eigenstates of the system labeled by their
respective quantum numbers 1 and m. Thus, these eigenstates are just
the familiar I lm>. If we were to construct a hamiltonian which is a
linear combination of the operators L2 and Lz, the most general being
QL2 + PLZ, then the eigenvalues are simply alCl+1) + pm. The physics is
to be understood as follows: if we merely have rotational symmetry
(invariance), i.e. |3=0, then for each "state" (for each 1), there is a 21+1 fold
degeneracy. When we'break" the rotational symmetry by the application
of a px-eferred direction((3*0), the degeneracy is lifted.

In the more abstract group theoretic language, the operators Lv L

and Lz are the "basis" of an 0(3) algebra, defined by the commutation

relationships. Naturally, Lz also forms the basis of another algebra which,

of course, happens to be a subalgebra of 0(3). It is 0(2). The operators
'"fc-hich commute with all the basis of the algebra, L2 and Lz are called the

Casimir invariants for the respective algebras. Mathematically, we say
that 0(3) "contains" 0(2) and write it formally as:

0(3)^0(2) (1)

This is called a "chain". A chain "begins" at some highest symmetry and
"terminates" at a lower symmetry . Once you have a chain, you can use
group theory to assign labels(or quantum numbers) for each algebra in
the chain (in this case 1 and m) and to determine the range of values for
these labels. This is followed by the construction of the irreducible
representations(IR). The IRs are constructed from the eigenstates |lm>.
The procedure of obtaining quantum numbers and determine their range
are known as chain decomposition.

Now we can define what we mean by dynamical symmetry.
Dynamical symmetry merely means that the Hamiltonian of a system is
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constructed from all the Casimir operators of a chain. A more
"sophisticated" example of a chain would be what Rick Casten discussed
in his talk in this conference: the 0(6) limit of the IBMla. This means a
chain which begins at the "highest" symmetry from the model, namely
U(6), with an intermediate symmetry 0(6) (which is one of the three
ways to b?eak the U(6) symmetry), and terminates at the "lowest"
symmetry 0(3):

U(6) ^ 0(6) z> 0(5) 3 0(3) (2)

Just as the O(3)=O(2) chain, at each intermediate algebra for eq.(2), there
is certain degeneracies characterizing such algebras. Again, once you
have such a chain ,you will have eigenstates and eigenvalues and
transitions and what have you. As long as you stay within the chain,
everything remains analytic. If you leave the chain, then you wil! leave
the "limiting symmetry" and will have to diagonalize a matrix in order to
obtain eigenvalues. May 1 remind you that the only technical term
which you may need for the next section is the "basis" of the algebra.

3. Dynamical Supersymmetry

Having defined what dynamical symmetry means, we are now in the
position of defining what dynamical supersymmetry means. Very
simply, it means that instead of beginning the chain at U(6) (in the IBM).
we push the chain upstream to a "higher" symmetry. The reason behind
this pushing is that since U(6) is an "effective" symmetry for the nucleus,
there is no obvious reason to assume that it is the highest symmetry.
Pushing upstream means to regard it as a symmetry broken mechanism
of a still higher symmetry. Such an idea was first postulated by Iachelkr
some four years ago. The higher symmetry he proposed was dynamical
supersymmetry. Now what is dynamical supersymmetry? Roughly
speaking, in the context of nuclear physics, it means the symmetry, or
the group structure, of a mixed boson and fermion system. The algebras
of such a system, known nowadays as superalgebras, were barely
introduced a decade ago.

Before discussing this new symmetry, characterized by
superalgebras, let me say a few words about the "conventional'
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symmetries for fermion and boson systems. It is well known from Racah
that for a system of fermions moving in a self consistent field, it
possesses a symmetry which is characterized by a unitary algebra. The
basis of this algebra is the set of bilinear creation and annihilation single
particle operators a^r . where j and j ' are the angular momentum

signitures of the single particle levels. These operators are closed under
commutation such that they give rise to a unitary algebra U(I(2j+U).
Since we are dealing with fermions, the wavefunctions of this system
must be totally antisymmetric. A possible chain for such a system is:

))r> • • - :-J 0(3) (3)

where Sp is a symplectic algebra. Since the basis consist of fermion
operators it can only "mix (or transform) fermions together^. Likewise,
for a bosonic system (e.g. IBM), the basis consist of boson bilinear
operators and thus can only mix bosons together. The wavefunctions of
the system must be totally symmetric. Since unitary algebras may be
applied to bosons as well as fermions, I shall from now on denote them
with the superscript B(F).

Next, we can build a "product" symmetry for bosons and fermions.
An example of the product algebra would be UB(6)xUF(X(2j*l)) . The
basis of this algebra still cannot mix the bosons and fermions. For those
of you who are familiar with the odd-A nuclei's Interacting
Bo3on-Fermion Model of Iachello and Scholten'^1, you will notice that it
possesses precisely such a "highest" symmetry for the model. Let me
stress here that such product symmetries are not supersymmetries.

The basis of a superalgebra not only contain operators of the type
a+a and b+b (b+ and b are the conventional symbol for boson creation
and annihilation operators) but i+b and b+ t as well. For simplicity, I am
dropping all the subscripts for a's and b's and also not worry about
details like angular momentum coupling. Clearly, we will not be able to
close these four types of operators under commutations since the a s and
a+'s by themselves, anticommute with one another. It turns out,
however, that these four types of operators can close under a mixture of
commutation and anticommutation relations. The study of the various
kinds of "generic" closures (i.e. classifications of superalgebra) is still a
hot topic in current mathematical physics. For our purpose, there are
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only two types of suparalgebras which is of concern to nuclear physics,
at least for now. Loosely speaking, the first (more important one) is the
"generalization" of the unitary algebra, called superunitary algebra and
the second is the so-called orthosymplectic superalgebra.

Since the basis of a superalgebra consists not only of operators like
a+a and b+b but also a+b and b+a as well, then in general, the system
will mis bosons and fermions (i.e. bosons transform into fermions and
vice versa). The superunitary algebra, denoted in the literature as
U(n/m), has a boson part with dimension n (in our case, n=6) and a
fermion part with dimension m (in our case, m=Z (2j+1) ). On the other
hand, the orthosympletic algebra is denoted as OSp(n/m). When it was
first postulated that supersymmentry may play a role in nuclear
structure, it was only through dynamical supersymmetry with the
highest symmetry characterized by a superunitary algebra. The chain
for such a dynamical supersymmetry is 8- 1 ' :

U(n/m)DUB(n)xUF(m)o andsooa (4)

The reasons why such a chain was used to construct a dynamical
supersymmetry can be summarized as follows:

(1) With U(n/m) as the highest symmetry, one needs to introduce its
Casimir operators into the Hamiltonian. The Casimir operators for
U(n/m) has the special property that they commute with N, the sum of
the boson and fermion number operators, Nb and Nf respectively.

Therefore, quantum mechanics tells us that at the supersymmetric level,
the interger spin states for the even-even and odd-half interger states
for the odd even nuclei in this model must be degenerate.

(2) Unlike all other superalgebras, the U(n/m) Casimirs has a very
special property: it commutes not only with N, but with Nb and Nf

separately. In this way, although the even-even and odd-even nuclei
are "rorged" at the supersymmetric level, as shown schematically in
Fig.2, we still have baryonic conservation for these states. I would like
to add that this property of separate commutations is indeed special and
lucky, so-to-speak, for nuclear structure physics. Other superalgebras,
e.g. OSp, will in general not have this property12.
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U(6/m)
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UB(6) x UF(m)

0B (6) x UF(rn)

- 3 *
- 1 *

. 5 . 2 '
• 1 2 *

-3 2'

A A+1

Fig. 2 Schematic diagram on the concept of dynamical supersymmetry

In summary, suoersymmetry is introduced in nuclear structure
physics only because of the use of superunitary algebras as the highest
symmetry in a dynamical supersvmmetric chain.

Before proceeding to the discussion of experimental verification of
supersymmetry, let me, at this point, inject a few words about the
orthosymplectic algebras OSp(n/m). The chain given by eq.(4), which
has the property ;hat the supersymmetry is broken immediately by an
ordinary symmetry, is by no means unique. There are of course other
types of chains and some are only beginning to be understood
mathematically. One such example is when the superalgebra U(n/m) is
broken by another superalgebra OSp(n/m)'^:
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U(n/m) 2> GSp(n/m) 3 and soon I/,)

In constructing a dynamical symmetry for chain (5), one encounters the
difficulty that the Casimirs of the OSp superalgbra commute with N only
and not, as in U(n/m), with Nb and Nf separately. Thus in the application

to nuclear spectroscopy , states will ad mil the various nuclei together.
Of course, this in itself may not be as fatal as it sounds especially in
nuclear physics, one frequently encounters such models (e.g. BCS).
Nevertheless, whether chains like (5) will prove to be useful in nuclear
structure physics will depend entirely on whether there is experimental
evidence. So far, it is too early to tell about this most intriguing problem.

There are two more points about supersymmetry which I like to
make. First, I would like to say a few words about how, in my view,
one may experimentally verify supersymmetry, or more generally, a
higher symmetry in a chain (or dynamical symmetry). I have already
discussed this point in a previous conference1^ but in view of its
importance, I will briefly again reiterate it here. Let me begin by
taking a closer look at the IBM . We know mathematically that given
U(6) and 0(3) as the highest and lowest symmetries respectively,
there are only three chains, SU(3), U(5) and 0(6). In constructing any
one of the three dynamical symmetries, one needs, apart from the
other Casimir invariants, the Casimir invariants for U(6). It is well
known that such invariants are proportional to Nb only and has no
manifestation of its effect in the spectra. Therefore, in hindsight, the
detection of these three types of chains has the profound effect of
pointing upstream, for the three chains, towards a common effective
symmetry U(6). It is in this sense that U(6) may be regarded as the
underpinning symmetry. From this discussion, we suggest that in
order to demonstrate, in the sense of pointing upstream, the existence
of some "global" symmetry, we must first study all the mathematical
chains and find experimental verification for each, as in the IBM. This
procedure is needless to say, out of reach at this stage. For this
reason, the bulk of the work done thus far in supersymmetry is in
answer of a slightly more modest question: given a complete chain
with a superalgebra U(n/m)as Us highest symmetry, can one find a set
(or sets) of data which are consistent with its predictions.
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The second point is that supersymmetry is now a general
quantum mechanical scheme. This was developed by Witten in 1980.
Although in supersymmetry quantum mechanics (SQM)1"*, one needs
no mention of bosons and fermions (although one can), it nevertheless
relates two "physical" systems by the concept of a "supercharge", i.e.
the Q, Q+ operators of Witten. In our language, this operator would
roughly correspond to our baryon non-conserving operators a+b and
b+a. Supercharge is the operator which will bring a system to its
supersymmetric partner. In the language of nuclear physics, this
means an operator which will bring a system of A nucleons to a
system of A+l nucleons, or vice versa. To test such operators, one
needs to carry out transfer reactions (one nucleon transfer, stripping
or pickup). Therefore, dynamical supersymmetry. or any
supersymmetry concept, requires one to test the supercharge
operators. Thus, through supersymmetry, one relates not only the
statesUhis is given by radioactivity) but also the process of transfer
(this is given by accelerators). In nuclear physics, as in atomic
physics1 *, the transfer process is perhaps the most difficult to
interpret.

A. Dynamical Supersymmetry U(6/20) - Proton Case

Although nuclear dynamical supersymmetry was introduced as
a general concept in nuclear structure physics, the testing of this
concept requires a chain which is closely related to and constructed
from the physics of the problem. As I mentioned in Section 3, the first
dynamical supersymmetry constructed has the highest symmetry
U(n/m)(see eq. 4). To construct a chain, we need to discuss the inputs
of the physics.

To begin our construction, we have to first determine the value of
m, or rather the single particle levels to be included in the theory.
Secondly, since the concept is so new, it was felt that we should rely
on our previous knowledge of the IBM (or a chain scenario, as I called
it previously). The most obvious chain scenario, with n-=6 for eq.(4)
are as follows:
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rSUB(3)xUF(m)

U(6/m)^UB(6)xUF(m)3 . 0B(6)xUF(m) (6)

.UB(5)xUF(m)

Eq. (6) clearly implies that such dynamical supersymmetries are best
to be found in nuclei where the even-even component "preserves", as
far as possible, its IBM dynamical symmetry. At the time when the
concept of supersymmetry was introduced, the best known even-even
nuclei which exhibited IBM dynamical symmetries were the platinum
isotopes, therefore subsequent testing of dynamical supersymmetry
revolved entirely around the platinum mass region. In this conference.
Rick Casten has presented also some exciting results of nuclei in the
Xe mass region as another example of 0(6) dynamical symmetry13.
This could be potentially another very interesting mass region to test
supersymmetry.

In the platinum mass region, the protons occupy the 1 = 50 - 82
major shells. The positive parity states are s,/2, d?/2, d5/2 and g7/2

while the negative (intruder) level is h,1/2. For dynamical

supersymmetry, we may link the even-even nucleus' positive parity
states with the positive parity states of the even-odd partner, i.e.
LK6/20) or with the negative parity states, i.e. U(6/12). For U(6/12)
with h, , / 2 there is no known way in group theoretic representation

theory to carry out the chain decomposition (other than through the
OSp chain). For the first supersymmetry test, it was assumed that
only the dJ/2 level was dominent and therefore, instead of the

U(6/20), the U(6/4) was used instead. The U(6/4) chain is11:

0B(6)xSUF(4)30B*F(6)

(7)

Many pairs of supersymmetric partners are tested by this dynamical
supersymmetry. They are l90Os/19lIr (n = 9), 192Pt/l93Au (N=8) and
so on. Experimentally, this includes spectra and E2 transition rates,
this scheme seems to work remarkably well. Details can be found in
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ref. l l . Although for the lighter masses, for example l 93Ir and l95Ir,
there is good agreement between theory and experiment for the
spectroscopic factors for the one nucleon transfer reactions, this trend
is not preserved as one moves into the heavier system, say, the Au
masses.

Since the U(6/4) chain has only one fermion orbit in the theory and
such isolated single orbit never quite seem to be realized in nature,
therefore the development of a more realistic multi-j dynamical
supersymmetric scheme is called for. This is where the U(6/20)
enters. The development of the U(6/20) dynamical supersymmetry
was prompted by the realization that there is a 20 dimension
representation of the algebra SUF(4)20, namely UF(20) 3SU F H) 2 0

which will satisfy this set of j values. With this, we can construct the
following c h a i n ' .

Z> Spin(3) (8)

The full chain decomposition is given in Figure 3. It should be noted
that there is another chain which would involve the 0B(6) symmetry.
However, upon careful analysis of the spectrum, we find that the
spectra generated by such a chain do not appear to describe the
experimental situations.

The hamiltonian constructed from this chain is given as rollows:

H = A,CB
2O6 + A2C

B*F
2O6 • BCB*F

2O5 • CCB*F
2O3 (9)

where the symbol Cx
Ng in eq.(9) represents the Nth order Casimir

invariants for the algebra g with character X(boson, fermion or
coupled boson-fermion). The quantum numbers for the algebras
OB(6), OB*F(6), OB*F(5) and Spin(3) are given in Fig. 3. are We have
only included terms in the hamiltonian which will affect the spectra.
In analogus to the 0(3) 0(2) chain of Section 2, the eigenvalues for
the even-even and odd-even spectra for such a chain are given as
follows:"
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(o, (i2 Uj} = -{Tj r3 )
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integers or half-integers

which satisfy thb "Jition

Fig.3 The U(6/20) Group Chain and its Reduction

E0.E = (A1/4)a(o+4) + (A2/4)[o)(o,+4)

J ( T J + 3 ) + T 2 ( T 2 + D ] + CJ

E o . o (B/6)T(T*3)*CJ(J*D

(10)

(11)

In a dynamical symmetry scheme, the coefficients Aj, A2, B and C

must be the same for the two expressions in eqs. (10) amd (11) since
they are merely two of U(6/20)'s multiplets A noteworthy feature of
the U(6/20) chain is the similarity with the U(6/4) chain. 1 wil!
illustrate the use of this chain with the specific eiample of the nuclei
l9*Pt(n(j=6.nf=0) and 197Au(nb=5.nf=l) by using all the known states

below 1.5MeV in l96Pt and 1.2 MeV in l97Au. A similarly study with
the U(6/4) chain was previously carried out Vervier et al18. The
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comparisons between the experimental and calculated spectra are
presented in Fig. 4. In the same figure, we give also the results
predicted by the U(6/4) chain. Clearly, for many of the low lying
states, the two chains, U(6/20; and U(6/4) are virtually identical.
There are some subtle differences. For example, the state l/2+

(experimentally at 0.88MeV) for l97Au is fairly well predicted by the
U(6/20) scheme while it is not present in the U(6/4) chain. In fact, in
the U(6/4) chain, this l/2+ state cannot occur below the 3/23 state,

while in the U(6/20), it may.

To study the B(E2)s', we have chosen a simple form for the E2
operator which is just one of the generators of the OB*F(6) algebra.
The results are given in ref. and because of length limitation, they
will not be included here. For the l97Au, there are very strong B(E2)s
between the ground 3/2* state and the set of states with T J =3/2. The

values are of the order of 30 W/.U. This feature is well reproduced by
the theory. On the other, there is one transition which is measured to
be 10 W.U. but is strictly forbidden in this dynamical supersymmetry.
AJ1 in all, however, the fit to the B(E2)s are very reasonable.

As 1 mentioned earlier, the concept of supercharge, or the operator
to bring the system from one system to its supersym metric partner is
one of the crucial test of supersym metry. To this end, Cizewski et
al'^have measured transfer reactions Hg(t,a)Au for both l95Au,
197Au and l99Au. The simplest possible choice for the transfer
operator for this reaction is

P: = (adjustable parameter) a.-

In Fig. 5, 1 present the spectrocopic factors for the three 3/2+ states
transitions for all the Au isotopes as well as two Ir isotopes. It is clear
that in generaJ, the U(6/20) is a better representation of the
experimental values although one glaring difficulty which haunts the
U(6/4) chain persists here: the forbiddenness of the second 3/2 state
transition. For the other states, the situation is not as good as the 3/2
states although, generally speaking the experimental situation is also
less clean. Still, there exist some important contradictions between
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Fig.4 The SUSYs U(6/4) and U(6/20) fits for 197Au/196Pt

theory and experiment. An analysis of the transfer reactions
the context of the U(6/20) is the subject of a forthcoming paper20

5. Dynamical Supersyumetry U(6/12) - Neutral Case

For the platinum mass region, the neutron's negative parity states
are p | / 2 , pi/2 and f5/2 while the positive parity (intruder) state is i13/2
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For dynamical supersymmetry, we may link the even-even nucleus
positive parity states with the negative parity states of the even-odd
partner, i.e. LK6/12) or with the positive parity states, i.e. U(6/14).
Once again, there is no known method to decompose the chain U(6/H)
for such a single particle orbit other than via the OSp. Therefore, in
this case, the U(6/12) dynamical supersymmetry was invoked. The
subject of this supersymmetry test was the subject of several invited
talks in international conferences, the lastest two were only published
very recently '3.21 ] therefore will only be very brief in this
discussions. 1 would like to remind you that there is the new work of
Dave Warner, which is about the U(6/12) chain in the SU(3) limit. For
the details of this exciting development, may I refer you to his paper
in these proceedings' .

In the 0(6) limit for the U(6/12), there are two chains only. One
preserves the 0B(6) symmetry for the even-even core and the other
allows the odd neutron to polarize the core's UB(6) symmetry . The
energy expressions for these chains differ in a non-trivial way. The
chain which does not preserve the 0B(6) symmetry has the possibility
of adjusting the side bands in the spectrum. This adjustment is
demanded by the data. Nevertheless, fine-tuning the fit of the data led
us to consider a more general hamillonian which involves non-linear
product of the standard Casimir operators. The effect of this more
general hamiltonian allow separate intraband scaling for each band.
Such "band stretching" is reminiscent of the Variable Moment of Inertia
model in nuclear physics. In Fig. 6, I present a example of the
supersymmetric fit for the nuclei l98Pt and l99Pt. There are two
theoretical fits to the data. The first one, on the left hand side of the
data (spin symmetry SPSY) is a separate least square fit for the
even-even and even-odd nuclei while on the right hand side is a
supersym metric fit. The difference between these two fits are not
significant. This signals the fact that the data do demand a dynamical
supersymmetry interpretation. The SUSY (or SPSY) fit has a
particularly notable feature in that the side band, which is generally
higher in excitation energy than the %• ound band in lighter masses, is
in fact lower in energy here. This feature of lowering side band as a
function of masses can only be understood via the chain we have
•-iiosen. Furthermore, if we did not allow iniraband "stretching", than
bringing down the side band will cause a large number of states to
"crash" into the picture and thus totally destroying the fit.
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The number of B(E2)s are small. For this small sample, the theory
seems to do fairly well. Nevertheless, far larger number of
experimental data is needed here before more definitive statements can
be made. As in the U(6/20) case, comparison of the supersymmetric
predictions to neutron transfer data on the platinum isotopes shows
good overall agreement; however, yet there exist a few transitions
which are completely forbidden theoretically which have strong
transitions. In some cases these forbidden transitions account for 20%
to 30% of the observed strength. Details of the status of the transfer
reactions can be found in a review talk by Vergnes ° and the Ph.D.
thesis of R. Bijker24. I urge the interested readers to consult those
articles.

Summary and Conclusions

Clearly, the most serious disagreement with dynamical
supersymmetry predictions is in the realm of transfer reactions. Yet it
is precisely here that the concept of "supercharge" plays a vital role.
The question is: do we understand how to construct such an operator?
To try to understand this very point, it would be useful if one could
analyse the problem in a model independent way. In transfer reactions,
the best way to carry out this is via sum-rules. The work is in
collaboration with Tom Pinkston of Vanderbilt University *. The
operators which we use in computing spectroscopic factors are
constructed from fermion and boson operators. For pickup and
stripping, the transfer operators are

respectively. The quantities labeled by 9 and C, are constants.
Frequently, only the first term in eqs. (13) and (14) are retained. The
procedure followed in deriving the sum sules consists of writing first
the spectroscopic factors S: in terms of the matrix elements of the

operators P's and Qs then using the unity operator is identified and
removed from the sum For example, the result for pickup is just
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ISj - Z(2j • l)[Cj2 + <Nd(i - fis)>Ic.J/5] (15>

A similar sum rule can be derived for stripping. The combined strength

of strapping and pickup is equal to the total occupancy Z(2j*l) of the
active orbitals. This is a model independent test of internal consistency,
independent of how well the theory agrees with experiment. Any fully
microscopic theory must satisfy this tets. Although the total transfer
strength is never observed experimentally, these sum rules provide
rigorous consistency tests ol the theory. In the application to the
U(6/12) supersymmetry scheme, we find thai there is a raiher large
discrependy in this test. Details of this work will appear soon.

At this point, it is still too early to pinpoint what is the source of this
problem. It is important to bear in mind that for the spectra and
electromagnetic transitions, we are dealing primarily with the bulk
properties of nuclei and what our analyses seem to tell us are that the
IBM and supersymmetry are excellent caricatures of such properties.
Yet in single nucleon transfer reactions, we are probing the finer details
of the nucleus (surface wavefunctions and so on). It is conceivable that
our assumption that nucleon pairs behave as bosons may be too
extreme when dynamical processes are important. Clearly, much more
work is needed in this direction.

The dynamical supersymmetry, just as dynamical symmetry in the
IBM for even-even nuclei, is the "bench-mark" symmetry of even-even
and even-oda nuclei. As such, very few regions of the mass table will
truly satiny the dynamical supersymmetry. Nevertheless, they should
be user*, carefully as the starting point to study how realistic nuclei may
deviate from these bench-marks. This is in the same spirit as the IBM.
For example, in the case of U(6/20), there is some concern as to whether
the g7/2 is close enough to the other levels so as to render the U'6/20)

totally physical!although this in itself is still an open question). One
could, nevertheless, break the U(6/20) chain symmetry by adding some
additional single particle 7/2 energies to see its effect on the spectrum
as well as other physical quantites. All in all, supersymmetry seems to
give a fairly nice account of the structure of the nucleus. It is indeed
eiciting to think of the nucleus as a quantum system for us to locate
such a intellectually profound new symmetry, albeit an effective one.
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NEW COUPLING LIMITS, DHi'KTCAL SYMMETRIES AND MICROSCOPIC OPERATORS
OF IBM/TQM

V. Paar *
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Marulicev trg 19, 41000 Zagreb, Yugoslavia

ABSTRACT

A new particle-core basis having approximate supersymmetric
(SUSY) features associated with SU(3) dynamical symmetry is intro-
duced. The SUSY and CO-SUSY limits of IBFM/PTOM appear for the
characteristic intermediate coupling strengths r/6 =±(r/6)„„„„.
The CO-SUSY limit is a truncated analog of the Stephens
rotation-aligned scheme. A paradox was found in the relation of
the SUSY and truncated strong coupling (TSC) limits to the strong
coupling limit of the Bohr-Mottelson model.

Microscopic Dyson and Holstein-Primakoff realizations of RPA
collective guadrupole phonon operators are explicitly constructed.
Employing this mapping procedure in conjunction with the leading
RPA diagrams, various operators of IBM/TQM, IBFM/PTOM have been
derived in the particle-hole channel: E2 operator, one-particle
transfer operator, two-particle transfer operator etc. In addition
to the standard terms, this derivation gives in the same diagram-
matic order the additional terms also.

A new model was introduced for the odd-odd nuclei in the
framework of IBM/TQM. For the SU(3) core the truncated analog cf
Gallagher-Moszkowski bands appeals as the approximate SUSY pattern,
of the same intrinsic structure as in the odd-even system.

The idea of boson-fermion dynamical symmetry and supersymmetry
is extended to odd-odd nuclei and hypernuclei.

INTRODUCTION

The approach to nuclear structure based on the SU(6) boson

symmetry in IBM/TQM 1~16, IBFM/PTQM 5'16"25 and IBQM/OTOM 5l for
even-even, odd-even and odd-odd nuclei, respectively provides a
very useful theoretical framework.

This paper contains three main parts which briefly summarize
the results of our recent work on this problematics.

I. New coupling limits of IBFM/PTOM associated with the
approximate supersymmetry SUSY for the SU(3) core.

II. The method of deriving new forms of IBM/TOM operators
based on RPA in the particle-hole channel.

III. Dynamical boson-fermion symmetry and supersymmetry for
odd-odd nuclei and for hypernuclei.

This project was assisted bv the U.S. National Science Foundation
under Grant No. YOR 80/001.

0094-243X/85/1250070-19 $3.00 Copyright 1985 A.nerj>an Institute of Physics
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IBEM/PTQM FRAMHTOKK FOR PARTICLE-CORE COUPLING IN SU(3) LIMIT

The boeon-fermion IBEM/PTQM Hamiltonian " for a particl
\j > coupled to the IBM/TQM boson core in the SU(3) limit is

^ ) o + \^c, (D

P - § (?2+ Si*- I
3 , (2)

C ^ = 2 dj - G | + | I 3 • I 3 . (3)

In the s,d- boson (IBM) representation there is

^ = HIBM (5)

G? = a+s + s + d + Jf(d+d)o , jf = ± /7/2 (6)

I^=/IO ( d + d ) l v ; (7)

in the quadrupole phonon (1^!) representation there is ' ''

GT = b (N-N) '* + (N-N) 1^ b + *(b b ) , ,*=+ 5 (10)2p v 1J 2 M 2

I 8 = /I0 (b+b), . (11)
v lv

Here, b^ is the creation operator of the quadrupole phonon. Inte-
ger N denotes the total number of s and d bosons in IBM and
the maximum number of quadrupole phonons in TQM.

The bilinear fermion operator is

c£ = (ctci)T . (12)

In TQM the basis states are | n v I > , where n quadrupole
phonons are coupled to the total angular momentum I and the additi-
onal quantum numbers to specify the state are denoted by v . In
IBM the corresponding basis state is In = N-n, n,=n, v I > .

s a
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Performing the angular momentum projection from the coherent
state

|C > = Jf exp {B b ^ (N - N ) 1 / 2 }| 0 > (13)

with e = /2 (- /2) for a prolate (oblate) system, an analytical
expression for the wave functions of the ground-state band of the
SU(3) boson system is 16,26

>I:>CEB = BI I Anvl l n v I > • (14)

nv
The expressions for the coefficients B and A are given in

ref. 16. "V

The coherent state decoiposition is

|C > = I J- | I > . (15)

I aI GSB

For the odd system one projects frcm the direct product ' "

| j K > |C > (16)

obtaining

I K M >S[ =}fl ^ < JKIO|JK >| (j I^g) J M > ^ . (17)

Here,

|(j IGSB)JM > = [ < jmj Im2 iJJb-lJm^ |lm2 > (18)
1WC m im 2 ggg

is referred to as the truncated weak coupling (TWC) basis, obviously
appropriate for r ̂  0, \^ c « 0 in (1).

In this section the exchange term in (1) is not considered. The
results, therefore, correspond to the particle-rotor model. Let us
focus our attention on the states in odd system built on the
ground-state band of the core. For these states the Ci-simir term
in (2) gives an overall energy shift only, and the relevant part
of the Hamiltonian (1) is

<5.H' = 61s .Is + r(G^c£)o . (19)

Then the corresponding wave functions depend only on the ratio r/<5.
It turns out that the states |K = j J M >gv (17) are the eigen-
vectors of (19) for a oarticular value of T/S OD be denoted by

<T/s W - 27
Different K-states in (17) are not orthogonal and the Schmidt



73

orthogonalization has to be used. Of physical significance are the
two different orthogonalization schemes:

i) The upper orthogonalized (UO) scheme: For each J, starting
with the state K=j, we orthogonalize the state K=j-1 to it, and so
on, ending with K=l/2. The quantum numbers K obtained in this way
are denoted by P^ and the corresponding UO basis states

|Ku J M > . (20)

By construction, the state |K =j J M >coincides with the state
|K=j J M >sy . u

ii) The lower orthogonalized scheme: For each J, starting
with the state K = i we proceed the orthogonalization up to the

state K=j. The corresponding quantum numbers will be denoted by K^
and the corresponding basis states

|K J M > . (21)

By construction, the state |K = : J H > coincides with the state
| K 1 J M >

APPROXIMATE SUSY LIMIT

In this section we present a particular analytic solution for
the eigenstates of HSFM/PIQM, obtained for a particular ratio of
the particle-core coupling constant r and the core moment of
inertia cF = h^/2s. This solution defines a special limit of the
model, with the features of supersymmetry and therefore is referred
to as SL'SY limit. 27

A straightforward derivatii n gives the matrix elements of
the Hamiltonian H' (19) in the SUSY basis (17):

s y < K J M |H' |K'JM >SY = s y< K J M l l 8 - I ^ K ' J M >gy +

+ (§) SY<KDM | ( ^ ) o |K'J1M>SY . (22)

The matrix elements of H'(19) in the UO SUSY basis (20)

< K J M l H ' K' J M > (23)
u u

are obtained by transforming the matrix elements (22), using the
coefficients obtained by the Schmidt orthogonalization.

In ref. it was shown that th^ Hamiltonian matrix (23) is tri-
diagonal, i.e. the only nonvanishing matrix elements are diagonal
(K = K ,) and immediately off the diagonal ( JK - K' |= 1) . This

fact is at the origin of special properties of the basis set (17).It
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should be pointed out that the tridiagonal pattern appears only in
the UO SUSY scheme (20) and thus singles out that scheme frcm all
the others. Wnat is surprising in any case is the aK=l selection
rule in the interaction matrix (d|Gp ; one would expect the
explicit presence of the fermion ° operator to spoil any se-
lection rule valid in the collective subspace.

Because of tridiagonal form of (23), the ratio of the two
terms in the Hamiltonian (19), given by T/&, can be adjusted to
make the only off-diagonal term connecting the Ky=j column with
the Ku=j-1 column vanish:

< K ^ j J M ll33.]3 + (h (C&£) |Ku=j-l J M >= 0 , (24)
i S U S Y 2 I O

where the ratio r/J for which (24) is fulfilled is called super-
symmetric (SUSY).

Numerical values for (r/<5)cnc,., are independent both of N and
27 oUbx

J . Exact values of (r/6) c n c v , obtained from condition (24) are

very well approximated by the approximate expression

(25)

.••articularly, for j = 11/2 there is

(h = 46.3 . (26)
6 SUSY

Knowing that in the realistic cases 6 % 0.015MeV, the eq.(26)
gives r

S U SY ft
 x M e V' which corresponds to the intermediate

coupling strength. =
Here, a hole is coupled to a prolate core (x = - ^) ; the

same solution is obtained for a particle coupled to an oblate core

For the characteristic ratio of interaction strengths (r/6)
the K =j band is uncoupled from the others. The wave functions SUSY
are exactly given by (17) for K=j

[Ku = j J M > = |K== j J M > s y (27)

and the energies are given by the energy formula

Ej (Ky = j) = 6J(J + 1) (28)
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where <5 = h /23 is the same parameter which appears in ths core
Hamiltonian (2). Thus, the same energy formula is valid for the
K = j band in the odd system and for the K=0 band of the core,

with the same moment of inertia and the same weight function appears
in the wave functions (27) and (15) for the boson-fermion and boson
system, respectively. These features are characteristics of super-
symmetry.

On the other hand, the approximate character of the present
SUSY is revealed in the fact that the SUSY type of wave functions
and energy formula is exact only for a subset of solutions (K =j
band). 27

 u

Following this line of approach, in ref. the supersymme-
try was simulated by truncating the SU(2j+l) fermion algebra to
SU(3); the problem was also investigated on the level of repre-
sentations involving infinite-dimensional representations.

APPROXIMATE CO-SUSY LIMIT AND TRUNCATED ANALOG OF STEPHENS ROTATION-
ALIQSED SCHEME

In this section we discuss the Hamiltonian (19) when a hole is
coupled to an oblate_SU(3) core U" = 2 )

 o r a particle to a
prolate one (x = - g). The effective way to change a hole into a

particle is to reverse the sign of r . Particularly, we discuss
the case

r " ~ rSUSY • (29)

Since (r/S)„„_. was determined by demanding maximal destructive

interference between the off-diagonal matrix elements, we now have
a maximal constructive interference. Therefore, the corresponding
limit is referred to as coherent-SUSY (CO-SUSY) limit.

Tha CO-SUSY limit was investigated in refs. 27,28_
In this case the appropriate band attribution is given by the

•SUSY basis (21). The Kz = 1/2 band is the lowest one and
bits a strong signature effect, with the state J = j at the

lowest energy. The states of the K£= 5 band separate in two

AJ=2 trajectories : the E2 J+l •+ J transitions between these
two trajectories are hindered and the J+2 •+• J transitions within
the trajectories enhanced.

The lower branch of the K£ = 1/2 band closely resembles the
decoupled band pattern of the Stephens rotation-aligned scheme. 30

The connection to the Stephens scheme was shown on the level
28 i

of the wave functions . Instead of the dj* (|) function which

rotates the particle angular momentum projection ir the Stephens

transformation , the Clebsch-Gjvrdan coefficient
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< 2 N 0 j K | 2 N + a K > (30)

is used to rotate the state |K = | J M > . The coefficient (30)

coincides with dj' (TT/2) in the asymptotic limit 2N-* =°.

PARADOXICAL RELATION BETWEEN SUSY LIMIT AND BCHR-MOTIELSON STRONG-
COUPLING LIMIT

While the CO-SUSY limit is an unambiguous analog of the
Stephens rotation-aligned scheme, a paradox was found in the rela-
tion of the SUSY limit of IEEM/PTOM to the strong coupling limit
of the Bohr-iytottelson ircdel.

To elucidate the problem, let us introduce an alternative
definition of the quantum number K (first considered in ref.-*) in
a straightforward analogy to the geometrical model.

The 1WC basis (18) can be used as the basis for the IBFM/PTOM
analogs of Nilsson bands, which are built from the ground-state
band (GSB) of the core. Generally, one may write

l(j W J M >mi (31)

and the weight function fMT(D defines the quantum number K.
The SUSY form is

(32)

corresponding to the SUSY states (17). On the other hand, in a
straightforward analogy to the Bohr-Mottelson weak to strong coupl-
ing transformation there is

The basis (31) with the weight function (33) is referred to as the
truncated strong-coupling basis (TSC).

In the TSC basis the Hamiltonian matrix does not have a simple
tridiagonal form, and thus there is no finite value of the coupling
constant for which the TSC basis states would be eigenstates of
the Hamiltonian (19). On the other hand, by construction, TSC basis
states are good approximation of the eigenstates of (19) in the
limit r »• 1 and/or N » 1.

We are new in position that we have two IBEM/PTQM lLtiits, SUSY
and TSC limits, which in the energy pattern bear resemblance to
ths strong coupling limit of Bohr-Jtottelson model.

However, the SUSY limit corresponds to the particular inter-
mediate coupling strength r_USY, which is, moreover, independent of
N. For the same absolute value of '"g^y' b u t V7ith reversed sign,



77

the resulting CO-SUSY limit is the truncated anlog of J-lie Stephens
rotation-aligned limit, a special intermediate coupling case of the
rotational model. It is tempting to identify the SUSY limit with the
strong coupling limit of Bohr-MDttelson model, but the SUSY coupl-
ing strength is not strong and it is independent of N.

Thus, there are two possibilities:
i) SUSY and TSC limits of IBFM/PTQM are two truncated analogs

of the Bohr-MDttelson strong-coupling limit; the model parameters
are, however, not expected to have the same meaning in the truncat-
ed and geometrical models.

ii) Ihe ISC limit is the truncated analog of the strong-coupl-
ing limit and the SUSY limit corresponds to some new limiting case
of tlie Bohr-Msttelson model, which was not pointed out to date.

MICROSCOPIC DERIVATION OF IBM/TQM OPERATORS IN PARTICLE-HOI£ CHAN-
NEL USIN3 RPA FOR QUADRUPOLE PHONONS

Microscopic derivation of IBM and H3FM has been considered on
the basis of generalized seniority approximation.5'31,32

Here we discuss the microscopic derivation of the operators
(E2,Ml,one-particle transfer, two-particle transfer) in the rfl2M
and PTQM representation, employing RPA for quadrupole phonons.

The mapping of RPA quadrupole phonon creation and annihilation
operators, defined in the fermion space, into the quadrupole bo-
son space of TOM, can be done by using two methods.33,34

In the recent consideration we employed the operator method,
using as a starting point the generating state with the RPA qua-
drupole phonon operators Q + , Q . This enables us:

i) to obtain closed microscopic expressions for Q ,Q in terms

of quadrupole boson operators b y, bv;
ii) to derive Holstein-Primakoff representation for the alge-

bra underlying TQM;
iii) to recognize the RPA phonon creation operators Qy as

five raising operators of the Cartan-Weyl canonical form of SU(6)
algebra, corresponding to five positive simple roots. The recogni-
tion of the last point may be the key for the generalization of
the operator method to deformed nuclei-

In the first step we obtain Dyson representation for Q and

v '
CpR - b (34)

= b + - c_,b +& b+b . (35)u RPA L ' v v
V

Here, b + is the creation operator of the quadrupole boson and

denotes the norm of the two-RPA-phonon states.

Approximating the inverse two-RRA phonon norm by the closest
integer N and using the orthogonalization procedure one obtains the



78

microscopic Kolstein-Primakoff (2QM) realization for RPA phonons

N p X ^ • < 3 7>
The set of 35 operators { Q ™ ^ , Q ^ , [Qy,Q*]

 H P R ) close

the SC(6) algebra, automatically appearing in the Cartan Weyl cano-
nical form.

Now, the physical operators of TQM and PTQM can be obtained
microscopically employing Bohr-Mottelson microscopic treatment of
vibrations in the framework of RPA (Nuclear field theory - NFT in
the particle-hole channel)29,36,37 -n^s treatment of the quadrupole
vibrations is fully microscopic in the sense that the collective
variables are expressed entirely in terms of the degrees of freedan
of the individual particles.

In deriving TQM operators we proceed as follows:
i) The matrix elements are derived in NFT (with quasi-

particle RPA phonons), including the leading quasiparticle-vibration
diagrams;

ii) The RPA phonons (in the fermlon space) are mapped into TQM
phonons (in boson space) using the bosonization procedure (36),(37).

MICROSCOPIC FORM OF ONE-PARTICLE TRANSFER OPERATOR IN IBFM/PTQM
(PARTICLE-HOLE CHANNEL)

The method i, ii) of the proceeding section has been applied
to the one-particle transfer operator by including diagrams up to
the first-order in the particle-vibration coupling. The resulting
PTQM transfer operator, expressed in the IBFM representation is 3°

TIBFM

• I
Y

= uj

j

c j
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+
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+
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(38)

The first two terms, which contain the operator c. and s (d c ) ,
3 j ' j

coincide with the standard microscopic form of JQFM transfer
operator from ref. 5 . However, the third term in (38), which con-
tains the operator (d c. ̂ s is missing in the standard transfer
operator of IBFM 5,40,4lJ J

Let us comment on the comparison between the microscopic deri-
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vations of transfer operator In IBEM and PTQA. In IBIM the transfer
operator was obtained as the lo-jest-order approximation to the single-
particle operator in the sense that its matrix elonents in the bo-
son-fermion space are equal to the matrix elements of the single-
particle operator in the equivalent fermion space for states with
lowest fennion seniority v < 2 1 5 . (In the case of non-degenerate
shells instead of usual seniority formalism the generalized seniori-
ty is used.) Obviously, in this approximation the new term

(d c ) s does not appear, because it would involve in the mapping

procedure the states of fennion seniority v = 3 (| S (Dj') .> ).
On the other hand, in our microscopic derivation of P1QM -*

transfer operator the new term (be ). (N-N) appears in the

lowest perturbation order on equal footing with the standard-type

term (N-N) ' (£ c,,}. , because they arise from the first-order

ground-state correlation and the first-order scattering term, res-
pectively.

The microscopic derivations of IBEM and PTCM transfer operators
are based on the lowest-order expansions with respect to the genera-
lized seniority and to the quasiparticle-RPA-phonon coupling, res-
pectively.

The term s (d c . ,) . which is included in E3FM calculations

performed so far, and the term (d c.).s , which was not included in

IBFM, appear in the same perturbation order in our microscopic deri-
vation; therefore, they should both be taken into account.

The contributions frcoi the new term in transfer operator can be
comparable in sane cases to those from the standard term. In parti-
cular cases the new term can even dominate. This can appear for the
one-particle transfer 10 > <• j J > if the target nucleus is

close to SU(5) limit and the single-particle state \i. > does
not appear in the valence shell. An illustration is -1 given by
a sizeable spectroscopic factor S(3/2~ ) =0.15 in 61Co for the .?

I = 1 transfer |0+ > + |3/21 > in the reaction 62Ni (d, 3He)61Co.

In this case the |Ô a- and [3/2J,> wave functions are dominated by

the zero-phonon component |00 > and the one-phonon multiplet component

|f ,_»12; 3/2 > , respectively. Thus, the main contribution to the
'' spectroscopic amplitude is due to the new term in the transfer

operator (38),/ while the contributions due to the standard terms are
very small.

Concluding, the present microscopic derivation of PIQM transfer
operator gives in the iowest order an additional term and we propose
to include this additional term into the transfer operator.
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MICROSCOPIC FORM OF E2 OPERATOR IN IBM/TOM (PARTICLE-HOLE CHANNEL)

Using the same method as in the previous section, the micro-
scopic expression for E2 operator has been derived, including
diagrams up to the second order in the particle-vibration coupling.

Expressed in IBM representation, this microscopic E2 operator
contains the standard IBM E2 operator and the additional term

It should be stressed that this An. = 2 term arises in the micro-
scopic RPA derivation of TQM in the same perturbation order as the
standard Anc = 0 term. The new term relaxes the forbiddeness of
And= 2 transitions, i.e. of those transitions for which the sizeable
components in the wave functions of the initial and final state
differ in two quadrupole bosons. Such situations appear, for example,

for 2* •> 0* transition in the SU(5) limit and for 2 + - 0 + transition

in (or near) the SU(3) limit if the maximum phonon number N is of
a moderate value.

Eiiploying standard TOM/IBM E2 operator in the SU(5) limit, the
B(E2) values for the cross-over transitions 2p •* 0 , 42-+2 ,
3 -*• 2. are equal to zero. Similarly, in the neighbouring odd sy-
stem with anomalous low-lying l=j-2 state, lowered due to the dyna-
mical and exchange force in PTQM/IBFM 5/ 44 , the l=j-2 + i=j E2
transition is strongly hindered. However, due to the new An=2 term
in the E2 operator, these hindrances are sizeably relaxed. Illustra-
tive calculations are given in refs. 43,44 _

The new form of E2 operitor has also an interesting consequence
on description of the inelastic electron scattering. Including the
new term of the type (39), the quadrupole transition operator for
the inelastic scattering reads "

(2) + +^ +x'
^U IBM y |j 2y

+ Y(r]f(dd)2 ss + s s Wd)2J, (40)

where a(r) ,g (r) ,y(r) are the density functions.
In comparison to the standard transition operator ~ there

appears the additional two-boson term with An, = 2 d-boson chang-
ing density.

The transition operator (40) leads to a new form of transition
densities for the 0+ -*- 2t transitions

p±(r) = Ai a(r) + Bi B(r) + C± y(r) (41)

with an additional coefficient given by An, = 2 matrix element
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C^ = < 2+ [| (d+d+)2 ss + s V (33)2 | |0* > . (42)

Thus, the standard three-level density relation does not
hold any more and the three transition densities are not linearly
dependent. Instead, there follows a four-level linear relation bet-
ween the transition densities for inelastic excitations of four col-
lective 2 + states:

P4(r) = C Pl(r) + Dp2(r) + EP.j(r). (43)

Therefore, the violation of three-level density relation found
in ref. ̂ 8 ^s n ot ̂  contradiction with the new consistent form
(40) of the transition operator.

We suggest that the new y-term of transition operator be
included in IBM codes for the analysis of inelastic scattering
experiments (electron-, proton-,pion-, ... scattering).

The nev; forms of IBM/TQM operators have been investigated for
the other operators also, for example for two-particle transfer ̂ 9
and for Ml transitions 50.

Generally, it seems that the form of the IBM/TDM Hamili-onian
is on a higher level of sophistication than the forms of other
physical operators. Therefore, more attention should be paid to the
microscopic derivation of the operators and to the investigation
of the effects of additional terms on the IBM/TQM calculations.
Thus, some discrepancies between IBM and experiment might be attri-
buted to additional terms in operators rather than to shortcomings
of the wave functions.

TRUNCATED ANALOG OF GALIAGHER-MOSZKCWSKI BANDS IN ODD-ODD NUCLEI

A new Hamiltonian for description of odd-odd nuclei in the
gfcork of IBM/TQM h

The Hamiltonian reads
framework of IBM/'DQM has been recently introduced and investigated .

uBFF = n ^ + w ^ H + H'1TV' Hi)
n " T O ™ T nlBFM IBM HKES

and

n i ti:i / _ \ /..\ / »..\

(45)

in the s,d-boson and quadrupole phonon representation, respectively.
Here' H S w ( I & ' ̂ H S M {HS^ denote ̂ B*™ (PTQM)
tonian for odd-even nuclei, with an odd proton and odd neutron, res-
pectively. Hjm/[ (H^™) denotes the IBM (TOM) Hamiltonian of the

even-even core and H ^ ! is the residual proton-neutron interaction.
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In ref. the Hamiltonian fr^ was diagonalized in the case
of a proton particle j and a neutron particle j (the exchange

force and residual interaction absent) coupled to the SU(3) core.
(This is a proton-neutron-core coupling analog of the particle-core
coupling discussed in the first part of the paper.) The resulting
energy pattern exhibits tw; regular low-lying bands based on the sta-
tes of angular momenta J = j + j and J = |j - j |; the other

bands are higher-lying..
It has been shown^l that the wave functions of the state of

angular momentum J belonging to the (j + jn)-band can be presented

in the same form as the SUSY wave functions (17) for odd-even system
with the trivial replacements

I 3 >* I'Vn'V" , (46)

half integer K •+ integer K ,
halfinteger J,M •* integer J,M.

The energies of the states of this band are given by

E (K = JD + Jn,J) = 6J(J + 1), (47)

with the same moment of inertia as for the core.
Let us now discuss the relations of these SU(3)-results to the

rotational model. The IBOM/OTOM bands [K = j + j , J >

and |K = |j -j | , J > are the truncated analogs of

the Gallagher-Moszkowski bands based on ^p^u ' n
n
 = Jn' •

expressed in the spherical particle-quadrupole phonon basis. Their
precise relative energy in CfVQM is sensitive to the residual spin-
spin interaction. Analogously as in the case of the parabolic rule ,
due to spin-spin interaction we have the lowering of the band heads
K = |j - j n| or K = j + j n for v = 0 or |v| = i, respective-
ly, depending on the Ndrdheim number v = j - a + Jn - Jtn .

Concluding, the results of this section can be considered as an
extension of the approximate SU(3) SUSY for even-even and odd-even
nuclei to encompass also odd-odd nuclei.

The truncated rotational-like bands

| K = 0 I M = 0 >• = J P1 { | C > } (48)
IBM/TEN " °°

p IBFM/PTOM "'"^p P p

= VI W V l C >H50)
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in even-even, odd-even and odd-odd nuclei, respectively, have the
same structure of the wave functions and the same moment of inertia,
revealing a more general SUSY pattern.

EXTENSION OF BOSON-FERMION DYNAMICAL SYMMETRY AND SUPERSYMMETRY TO
ODD-ODD NUCLEI

The approach to odd-even nuclei based on exploiting the exact
boson-fermion symmetries, or, more generally, supersymmetries, has
received much attention in recent years 19-25^

We have recently extended the idea of boson-fermion symmetry
to odd-odd nuclei 53.

The basic idea is to construct the maximal group of transforma-
tions for the group of off-core fermions (proton and neutron) and to
explore the subgroup chains that lead to tho well-defined spin-group
embedding, i.e. that provide us with the correct spin-content of
the system explored. When this structure is found, we analyze the
possible scenarios of couplings of the off-core fermions and the
core, and obtain the corresponding energy formulas. The group-theo-
retical analysis is done following refs. 54-56.

We have constructed the classifying schemes and the energy
formulas for three choices of angular momenta of protons and neutrons:

(A) j \ j v = 1/2 ; (B) j?jv = 3/2 ; (C) j?jv = 1/2,3/2,5/2 , and
for the three standard dynamical symmetries of the even-even core.

For example, for j7jv= 3/2 and S0(6) boson core we construct
two group-chain structures:

IT (6)

b,c,d !

S0B(6)

c,d
i

S0B(5)

4
S0B(3)

a ,

b

c

d

BF
U "v(6)

i

a'

•j

"• BF A

SO nv(6)

a,b
(•

BF «"

1 a,b,
A BF -
SO "V(3)

i a,b,
BF

SO ^(2)

a

b .,

c
.

• c,d

U (16)
j a,b,c,d

U ^(6)

b,c,d

30^(6)

c,d

V
FSO "(5)

|

- SO *V(5)

(51)
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p

U ™(16)

F ¥ , - ' \ F V
 a'b'c

U (4) ® U V(4)

a'b'c i a,b,c

b,c | . a • a b,c

SO ^(6)
V j p p

SOB(3) ' , .. SU ̂ (2) k SO ̂ (3)
clfD

, 'BF -- c

C SO "(3)

',, a,b,c

BF

SO ™(2>

The energy formula which corresponds, for example, to the
chain (51a) reads

E = aN + bN(Nf5) + c(uf + N?) +

+ d {Nf (Nf+ 5) + N^ (i£ + 3)} + e (N,+ N, + N,) +

+ f {NJCNJ+5) + N2(N2+ 3) + N3(N3+ 1)} +

+ 2g {CT1(O1+4) + a2(a2+2) + a^} + 2h{T1(T1+3) + T 2 ( T 2 + 1 ) } +

+ 2i J ( J + 1) (53)

vAiere the quantum numbers of the state are {[N] , [Nt ,Nl] , [N fN-rN,],

(a,,O2»a3), ( T 1 , T 2 ) , J,M} labelling the irreducible representations

(irreps) of the groups appearing in the corresponding group chain,

1^(6), \F™(6), \PF™(6), S O ^ ^ (6), S0BFlTV (5), S0 B F™( 3) and

SO Trv (2), respectively. The parameters in the energy formula are
a,b,...,i. An algorithm for obtaining the quantum numbers associat-
ed with each group chain in (51), (52) is given in ref. 53 m

Finally, let us cement on a possible extension of the pre-
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sent spinor synmetry to a superyirmetry, by imbedding the synnetry

group 1^(6) 8 1^^(16) into a graded Lie algebra U(6/16). This
would present an extension of the supersyntnstry of ref. 2 1 for
even-even and odd-even nuclei, to encompass also odd-odd nuclei. In
this case a graded Lie algebra would appear with the proton and
neutron subsectors in its Fermi sector. A supermultiplet characte-
rized according to the totally supersyntnetric representation [,O ,

with Jf - N + M^ + M v, would comprise the irreducible representa-

tions: (N =J/ -2i, M^ = 2i - 2j,Mv = 2j ), corresponding to even-

even nuclei, (N =X -21-1,1^ = 2i-2j+l,Mv =2j) and (N =V-V" -2i-l,

M,j = 2i-2j, My =2j+l), corresponding to odd-even nuclei and

(N =X' - 2i-2, M^ =2i-2j + 1, ML= 2j+l), corresponding od odd-odd
nuclei0 here, i=l,2,... and j=l,2,... with i>̂  j/jV* >2i. It is
desirable to explore this possible type of extended supersymmetry.

As an illustration, assuming that the nuclei 64Zn, 63Cu and

Cu are the (13=4^=0,^=0), (N=3,M1r=l,Mv=0) and (r*=2fMlr=l,Mv=l)
irreps of an extended supersymmetry, respectively, we have recently
obtained the spectrum of ^OJL, without introducing any new parame-
ter for odd-odd nucleus.53

EXTENSION OF BOSON-FERMION DYNAMICAL SYMMETRY AND SUPERSYMMETRY TO
HYPERNUCLEI

We have recently considered the extension of the idea of boson-
fermion dynamical symmetry to hypernuclei. The classifying schemes
and the corresponding energy formulas have been constructed for
the cases when the odd proton, odd neutron and a hyperon are coupl-
ed to the boson core in the cases (A) j7j?j = 1/2 and (B) jfjVjA=
3/2, for three standard dynamical syrmetries of the even-even core.

As an illustration, a bosjn-fermion group chain associated
with JT= jv= jA= 3/2 and SO(6) core, is 5 7

iv.

U8 (6)®IT*V(6

V
rv(6)

Spin6

6)® t / A

I

F/vA (6)

(4)

(4)

(4)

(4)

( 5 4 )

SpJ in
BF7TVA(2)
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For a given total boson number N we have determined the allowed va-
lues of other quantum numbers in each consecutive step of the group
chain. If one assumes that the Hamiltonian of the hypernucleus can
be written in terms of the Casimir operators of the groups appear-
ing in a boson-fermion group chain the corresponding hypernuclear
energy formula arises.

Finally, we note a possible extension of this dynamical sym-
metry to a supersymmetry, by imbedding the irreps associated with
the hypernuclear group chain into a graded Lie algebra U(6/64), in-
volving hypemuclei in addition to even-even,odd-even and odd-odd
nuclei. The parameters appearing in the hypernuclear energy formula
could be taken fran the corresponding nuclear levels belonging to
the same U(6/64) supermultipletj this opens a possibility to de-
termine the corresponding energy levels in hypernuclei. The other
two possibilities are to fit the parameters to hypernuclear levels
(when available) or to attempt the microscopic derivation.

As an illustration, the energy spectrum of ^Cu has been deriv-
ed 57 r using the assumption that ^lcu belongs to a supermultiplet
together with the nuclei 62Cu, 63Cu and 64Zn, classified as
(N=l, M =1,M =1,M =1), (N=2,M =1,M =1,M.=O), (N=3,M =1,M =0,M =0)

7T V A T T V A 7 T V A
and (N=4,M =0,M =0,M.=0), respectively.
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SHELL-MODEL PREDICTIONS
FOR THE BROAD TRENDS AND FINE DETAILS OF
ELECTROMAGNETIC MATRIX ELEMENTS IN NUCLEI

B. H. Wildenthal
Drexel University, Philadelphia, PA 19104

ABSTRACT

Current techniques make it possible to carry out
shell-model calculations which incorporate several
single-particle orbits and hundreds to thousands of
different combinations of particle distribution and spin
coupling for a given nuclear state. We review briefly
the current status of the "technology" of such
calculations. We then consider in some detail one
example of current work, in which wave functions for all
sd-shell nuclear states have been obtained from a
shell-model calculation which employs an empirical
Hamiltonian and the complete set of 0d5/2-lsl/2-0d3/2
basis vectors. We examine the electromagnetic matrix
elements calculated from these wave fu.nct;i.or»u in a
variety of contexts to demonstrate how this theoretical
approach works and to illuminate important issues in
current nuclear structure research.

GENERAL COMMENTS ON SHELL-MODEL CALCULATIONS

The results to be discussed here have been obtained
with a particular set of computer programs. The
foundation of these programs is the Oak Ridge-Rochester
Code developed by French, Halbert, McGrory and Wong.1

Many small adjustments to the original codes have been
made over the years at Michigan State by Chung and
Kruse.2,3 it is essential to realize and remember that
in the kind of shell-model calculations we are going to
be discussing (I like to refer to them as
"neo-classical" calculations, in allusion to th-i fact
that, while they differ by several orders of magnitude
in dimensionality, they are similar to the original
classic calculations conceptually) all codes which are
operating correctly give precisely the same answers to a
given problem.

That is to say, a given shell-model calculation is
defined by the quantum numbers of the state in question,
by the detailed specification of the basis space assumed
for the model, and by the chosen Hamiltonian. Once
these are prescribed, there is not an "Oak Ridge"
answer, a "Glasgow"4 answer and an "Oxford"5 answer,
there is only "the" answer. Different codes provide
different routes to the same end. The choice of one
over the others is largely a matter of personal or
computer-installation history, although the differences

0094-243X/85/1250089-14 $3.00 Copyright 1985 American Institute of Physics
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between codes can make one code easier to use for one
application and another almost essential for some other
goal.

A COMPLETE CALCULATION FOR THE SD SHELL

The calculation^ whose results7 will be discussed
here was designed to extract the best possible wave
functions for sd-shell statss with the minimum of
theoretical preconceptions. To this end we assumed that
the complete three-orbit sd-shell space is the
appropriate model for "all" positive-parity states in
the N,Z = 8 to 2 0 range and that isospin is a good
quantum number. We assumed that the Hamiltonian could
be characterized explicitly in terms of one-body and
two-body interactions and that a single formulation of
the Hamiltonian must suffice to generate the level
structures of all the nuclei encompassed in the model
space. We assumed, after hard-won experience
experience, that the two-body matrix elements of the
Hamiltonian must have magnitudes which decrease with
increasing mass value. We chose to formulate this mass
dependence by scaling the matrix elements by the factor
of A to the -0.3 power.

The values of the matrix elements which define the
Hamiltonian were determined by iteratively adjusting
them so as to achieve a least-squares (non-linear) fit
to 44 0 experimentally determined values8 of level
energies in A = 17-40 nuclei. The guiding philosophy
was that, given the best "reasonable" approximation to
the physically relevant "degrees of freedom" of the
nuclear states, the "best" wave functions are correlated
with the best match of model and experimental energies.
In design, this calculation is more comprehensive and
internally consistent than earlier work.9 The
theoretical energy levels which are obtained from the
converged Hamiltonian parameters agree at least as well
with experimental spectra as do the results of previous
calculations, even though the latter have treated only
fractions of the sd-shell region.

The rms deviation between calculated and
experimental energies for more than 700 matched pairs of
sd-shell levels is less than 140 keV. For nuclei in the
middle of the shell, between say A=22 and A=34, the
model levels match one to one with the experimentally
known positive parity levels up to excitation energies
of about 6 MeV. At higher excitations the densities of
the model spectra necessarily fall below experimental
values, but in A=26, one of the systems most thoroughly
studied experimentally10, obvious discrepancies between
experiment and theory have still not emerged at 8 MeV.
By this excitation, a dozen of more levels of each total
angular momentum value J have typically been
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encountered. In the 0-5 Mev range of excitation energy
in this region, the details of the observed spin
sequences and their energy spacings are so closely
reproduced by the model that experiment and theory are
virtually interchangable as far as visual impressions of
spectra are concerned.

The model spectra from this calculation begin to
deviate from experiment progressively with proximity to
the A=16 and A=40 shell closures. The deviations take
the form of "extra" positive-parity states in the
experimental spectra. We interpret these extra states
as having their basic parentage in particle-hole
excitations which cross over the shell closures. These
"intruder" states (relative to the sd-shell basis)
typically can be distinguished from the "native" states
in the observed data, and appear to play the role of a
background upon which the features of the sparse
sd-shell spectra are displayed. Understanding the
relationships between the intruder and native states,
and the mechanisms by which the intruders move from
lower to higher excitation energies with increasing
distance from shell closures, is fundamental to
improving our understanding of the shell model.

GENERAL COMMENTS ON ELECTROMAGNETIC MATRIX ELEMENTS

The results of the shell model calculation we have
been discussing are, at least in so far as energies are
concerned, so good that it is natural to consider
throughly testing the wave functions associated with the
eigenvalues. In this regard, primary attention in this
review is focussed on Ml and E2 matrix elements. The
preponderance of experimental data, in particular those
from capture gamma-ray spectroscopy, concerns these
multipolarities. In our examinations we attempt to
distinguish between the effects of the model-space
assumptions, the consequences of the definition of the
electromagnetic operators, and the effects of the
particular Hamiltonian used in the specific calculation.
The high degree of internal consistency of the present
wave functions makes it possible to examine their
predictions for electromagnetic matrix e.iements with a
minimum of concern about the effects of changing
truncation schemes and different Hamiltonians. When
such effects are present they can easily be
misinterpreted as reflecting significant deviations
between experimental observations and the fundamental
assumptions of nuclear shell structure.

We consider first the average magnitudes of the
model matrix elements relative to the averages
determined from experiment. In more detail, we attempt
to determine the degree to which the scale factors which
match model values to experiment are dependent upon the
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mass number and "type" of the states. From comparisons
of experiment with model we attempt to infer the values
of "effective" (relative to the model space) one-body
electromagetic operators and compare these values to the
"free-nucleon" values, which are obtained by assuming
that the neutrons and protons of the model calculation
have the same properties they do in free space.
Individual nuclei for which extensive experimental
information is available are examined to determine the
degree to which the shell-model formulation can provide
a comprehensive accounting of low-lying electromagnetic
properties.

It is useful to remind ourselves of several basic
aspects of electromagnetic matrix elements which stem
from the characteristics of the operators. In all
contexts, the size saale of matrix elements is set by
their single-particle values, those values obtained with
states characterized by single terms corresponding to a
particle in an orbit j coupled to a core of angular
momentum zero. Large matrix elements for the electric
quadrupole operator, a product of radial and spherical
harmonic components, indicates deformation of shape
together with a similarity in shape between initial and
final states. Coherent effects from configuration
mixing can enhance the magnitudes by factors of three to
four.

Large matrix elements for the magnetic dipole
operator, a sum of intrinsic and orbital angular
momentum operators with the magnetic g factors as
coefficients, indicate rather pure single particle
structure in the initial and final states, with the two
states being related either by a recoupling within the
dominant orbit or by a spin flip. Selection rules
dominate many aspects of Ml phenomena. The values of
the proton and neutron magnetic moment combine to make
the isovector Ml matrix elements roughly ten times
larger than the isoscalar. Also, the properties of the
angular momentum operators forbid transitions between
states of different orbital angular momentum and many
potential transitions are found to be approximately
"1-forbidden". Coherent effects for Ml matrix elements
tend to reduce their magnitudes, so "large" Ml values
are those almost as big as the single particle values.

ELECTRIC QUADRUPOLE MOMENTS
AND GENERAL COMMENTS ABOUT EFFECTIVE CHARGE

The conceptually simplest evidence about electric
quadrupole phenomena comes in the form of the quadrupole
moments of ground (and a few excited) states, since only
one rather than two systems are involved. Three
categories of data are available. The "classical"
atomic physics measurements of past decades provide
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values11 for most of the stable ground states, but the
systematic uncertainties in these numbers, steraning from
the necessary corrections for the effects of the details
of the electronic wave functions, are very difficult to
evaluate and are probably large on our scale of singla
particle values. Quadrupole moment values have been
obtained for 2+ first excited states in doubly-even
nuclei, but these numbers suffer from both large
statistical and large systematic uncertainties.12 Only
the third category of data is precise enough to
thoroughly test the current wave functions. It is
comprised by the values for stable ground states
extracted from muonic atom experiments.13 (The
correction factors for muonic wavefunctions are
negligible on our scale of concern.)

Comparison of theory and experiment for all the
data of the sd shell14 reveals that the relative aspects
of the data, namely the "Iarge-smai2" and "positive sign
- negative sign" relationships, are all in good
agreement with the predictions. But, the sizes of the
theoretical numbers are, systematically, almost a factor
of two too small if the theory incorporates the real
charges of the free neutron and proton. This universal
feature of nuclei has been recognized since the
pioneering work of Arima and Horie.1^ The enhancement is
found even for states which must be dominantly single
particle in structure, such as 17F and 170.

Explanation of this feature is completely outside
the province of the one-major-shell model we are
exploring here. Since in our model the A=17 and A=39
states are precisely single particle in structure, thare
is no mechanism by which alterations of the Hamiltonian
could enhance (alter in any way) the predicted
quadrupole moment values.

Hence, we are led quickly to the realization, to
which a study of the underlying theory would have
alerted us, that the shell model as we construe it here
does not necessarily give quantitatively accurate
absolute predictions for nuclear matrix elements and,
indeed, should not do so in principle. This is because
the truncation of the "true" degrees of freedom of a
nuclear state to the dimensions of the vector spaces
used in the model wave functions imply correspondingly
massive renormalizations of the properties of the
constituent particles. That is to say, in the shell
model we are dealing with "quasi-particles", not raw
neutrons and protons.

The major aspects of electric quadrupole phenomena
which are omitted in a single-major-shell model are the
particle-hole excitations between major shells of the
same parity, such as sd-sdg and p-fp, which give rise to
the giant E2 resonance. Mixing of these excitations
into low-lying states gives rise to the pervasive
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enhancement of E2 matrix elements over bare proton,
one-major-shell estimates, tor the single-major-shell
predictions to be able to have the same magnitudes as
those measured, the effects of the important excluded
excitations must be introduced into the model. The
simplest scheme for this is associated with the term
"effective charge". The properties of the operator or,
equivalently, the particles are modified so as to scale
up the values of the associated matrix elements in a
uniform way. Most simply, the values of the proton and
neutron charges in the expression for the matrix element
are changed from l.Oe and Oe, respectively, to larger
values.

Our study of a wide variety of sd-shell data16"18

suggests that the empirically optimum values for these
charges in this region are 1.35e and 0.35e. More
precisely, these are the optimum values of E2 effective
charge in the context of complete-space sd shell
configurations combined with single-particle radial wave
functions of harmonic oscillator form which yield fits
to the measured ground state rms radii.

We see that the relevant tests of the shell-model
wave functions focus en the accuracy with which the
quantitative variations between a succession of
experimental values are theoretically reproduced modulo
some overall scale factor. Ideally, this scale factor
can be theoretically calculated. In the practical
event, it is more easily determined empirically, and
this is the path we have followed in the case of E2
data. Having set the over-all scale empirically, and
thus cut the "Gordian Knot" of "how" to renormalize the
model for the effects of truncation, the active
questions are ones of the agreement between the
renormalized model values and those of corresponding
experiments.

The degree to which the effective charge
renormalization should be independent of state is not
clear from the present theoretical standpoint.
Empirically, we assume total state independence. Hence,
discrepancies with experiment could imply the failure of
this assumption rather than a local defect in the model
wave function. However, this line of rationalization
cannot be pursued too far. The entire utility of the
shell model as we are using it rests implicitly on a
basic state-independence of the key parameters.

While there would be nothing wrong theoretically
with a model in which all the renormalizations for
truncation effects were strongly state dependent
(indeed, some calculations tend to suggest that they
are), such a state of affairs would vitiate most of the
practical utility of the model in understanding
experimental data. Fortunately, from our standpoint,
the evidence from the quadrupole moments suggests a
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surprizingly high degree of state-independence in J_he E2
effective charge. Given the uncertainties in most of
the data, which can be of the order of an e-fm2 or
greater, the agreement between the 1.35e-0.35e
predictions and experiment is such that there is no
justification for adding any additional complexity to
the model. Only data of the precision of the muonic
atom experiments can address this issue at the relevant
level of detail, namely at the order cf a tenth of an
e-fm2. The few extant data in this category are very
close to the global 1.35e-0.35e btst-fit line.

E2 TRANSITION STRENGTHS

The matrix elements extracted from E2 transitions
between low-lying nuclear states typically are
characterized by much smaller uncertainties than are
associated with most of the quadrupole moment
measurements. The experimental values which involve
ground state decays can be cross-checked with a variety
of techniques, and the combination of statistical and
systematic uncertainties for the best cases is of the
ordr of a tenth of an e-fm2, or a few per cent. There
are about three dozen experimental sd-shell values of E2
matrix elements which have uncertainties smaller than
5%. They range in magnitude from 1 to 25 e-fm2.

When these "best" data are compared with the
matching model transition values we find no significant
correlation of deviations with either nuclear mass or
transition strength. The 1.35e-0.35e renormalization
fits the model to tha data with a chi-sguare of about 4,
based strictly on the quoted experimental uncertainties.
A comparison expanded to include somewhat less precisely
measured E2 matrix elements, with uncertainties in the
range 5%-10%, gives the same conclusions as reached with
the best data, but, as with the quadrupole moment data,
lack of precision vitiates much of the potential
interest in the critique of the theory. Progress in
establishing firmly the limits of simple, global
renormalizations of the shell-model predictions for E2
phenomena awaits more, and particularly more precise,
experimental measurements.

A different perspective on E2 predictions can be
obtained by concentrating on the transitions within a
particular nucleus rather than on a survey of the whole
shell which samples only a few transitions per system.
Several different issues come into play with this more
"local" perspective. Each low-lying level is typically
involved in several different transitions, so the
characterization of its structure is more complete, and
the model's reproduction of these features better
established. The "band structure" of the nucleus can
thus be elucidated, the dependence of the effective
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charge renormalization upon excitation energy
potentially examined, and the issue of "intruder states"
addressed anew. Again, the critical problem is the
availability and precision of the data. As higher
excited states are studied, the experimental techniques
become fewer and more difficult. An unusually thorough
study has been made of 26A1, with the result that about
three dozen E2 matrix elements of transitions between
levels in the first six MeV of excitation have been
determined. The typical experimental uncertainties here
are much greater than for the more tractable
measurements we have considered so far, and the
deviations between model and experiment are much greater
as well. The overall correlation of the theoretical
values with experiment is, however, strikingly strong.
As we would expect, it is best for the larger matrix
elements.

At this stage of complexity, comparison of
experiment with theory involves a trivial but vital new
uncertainty, namely the question of correctly matching
the ""\odel states with the experimental levels. Matching
mode1, with experimental state is not a problem when we
are considering the ground and first few excited states
of a nucleus, but by the fourth, fifth, sixth or so
level, the spacing between states of a given J value has
typically become only a few hundred keV, namely of the
same order as the "theoretical" uncertainty in the
shell-model eigenvalues. Hence, as an example, the
fourth experimental level of a given J in a particular
nucleus may have a wave function corresponding to the
fifth model state of that J in that system. Our
approach to this would be that the wave functions
(namely the transition properties) overrule the energy
ordering, and we would criss-cross the lines connecting
the levels in the comparison of spectra. However, until
comparisons of matrix elements sre done, we do not know
the full extent of this problem.

Of course, the situation can deteriorate still
further, to the point that the individual model wave
functions no longer correlate with the individual
experimental levels in any sense. This should be the
dominant situation when the density of intruder states
begins to overwhelm the "native", in the present example
the sd-shell,; states. We expect this to happen
somewhere in the 5 to 20 MeV region, with a strong
dependence upon the specific J-T value. But, even in
the absence of intruder states, the spacing between
levels will eventually be much smaller than the amount
and accuracy of information which has been stored in the
Hamiltonian can deal with, and the individual matchups
of model states with experimental states will inevitably
become meaningless.
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What should remain meaningful in the higher
excitation regions of high level density are the average
properties of the model states. That is, while it is
probably nonsense to try to find the experimental match
for the thirteenth model state, for example, the amount
of strength predicted from the model levels in the 9-10
MeV region of excitation could be expected to reproduce
the corresponding measured quantity. Deviations in such
average properties could not be excused on the grounds
of expected imprecisions in the Hamiltonian, and would
be significant indications of intruder effects or other
fundamental breakdowns of the essential model
hypotheses.

ELECTRON SCATTERING FORM FACTORS

An added dimension of electric quadrupole phenomena
is available from the study of the form factors of
inelastic electron scattering. The sampling of the E2
transition strength at a variety of finite momentum
transfers can also be considered as a sampling of the
radial dependence of the matrix element. As such, it is
potentially possible to critically examine the detailed
shapes of the single particle radial wave functions.
The matrix element value at the photon point, obtained
from a photon experiment, only allows a consistancy
check with their rms radii.

The available data bn sd shell nuclei are adequate
for only qualitative examinations of wave functions.
The comparisons of the predictions of the present shell
model wave functions with the extant data on even-mass
sd-shell nucleil7 and on 27A118.19, indicate that the
basic features of observed form factors are reproduced
out to momentum transfers of almost 3 fm-1. This
agreement is in the context of an effective charge model
renormalization, of course, in parallel to the case for
the q=0 matrix elements. There seems a slight
preference^7 for a radial dependence of the effective
charge transition density whicl. has a Tassie model
shape, rather that a shape which follows the shape of
the model space transition density. More and better
data and continued analysis promises to yield important
clues to understanding the microscopic foundations of
the effective charge.

Electron scattering also offers an avenue to study
of a corollary to E2 data, namely E4 phenomena. While
E4 transitions are unobservable in gamma decay of light
nuclei, the electron scattering process makes them
essentially as amenable to study as E2 transitions.
Questions about E4 phenomena arise in parallel to those
we ask about the corollary E2 phenomena: "What are the
effective charges?" "What are the radial dependence of
the effective charges?" and "Do the wave functions
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correctly position and distribute the transition
strength?" The answers at present seem to be that the E4
effective charges are 1.5e and o.5e in the same context
as the 1.35e and 0.35e for E2, that the Tassie model
shape is again preferred for the effective charge
transition density, and that the observed E4 strenqth is
accurately predicted in all measured cases.17,18,19

MAGNETIC DIPOLE MOMENTS

The magnetic dipole moments of nuclear ground
states offer the same advantages in principle as do
the electric guadrupole moments, namely uniqueness to a
single state and sign as well as magnitude information.
Unlike the quadrupole moments, the dipole moments are
measured with great precision, with uncertainties much
smaller than the conventional nuclear theories can match
with their own internal accuracies. The present
calculations reproduce the known magnetic dipole moments
of the sd shell very well when the values of the
magnetic moments of the free neutron and proton are used
as coefficients of the spin and orbitnl terms in the Ml
operator.20

However, it is possible to improve the agreemeent
between model predictions and experiment by adjusting
the values of the single particle Ml matrix elements.
While the adjustments are do not change the qualitative
aspects of the agreement, the new values of the
single-particle paramenters are meaningfully determined
and the changes from the free-nucleon values are
significant, even if small.20 It is interesting to
compare the changes in the single particle Ml matrix
elements thus determined by fitting the shell model
densities to data with the comparable numbers determined
from a similar fit to Gamow-Teller beta decay.20/21 The
results of such a comparison clearly indicate a
difference in the renoraalizations of the Ml and GT spin
operators which must be interpreted in the context of
the non-nucleonic erfects.20

SPIN-DOMINATED (Ml AND GT) TRANSITIONS

The correlations between Ml and GT phenomena are
interesting in all contexts, in transition data as well
as for moments. It is important to consider transitions
as well as moments in these sorts of studies since the
former tend to feature more involvement of the spin-flip
single particle terms as opposed to the single-orbit
dominance which typifies the moments. Transitions
mediated by these two elated operators which occur
between low-lying states are typically weak, i.e., small
fractions of a single particle value. As such, the
percentage accuracy of the shell model predictions will
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not be all that good. Many of the existing Ml data of
this sort are not highly precise either, unlike the beta
decay data, which generally have all the accuracy that
the shell model can use.

The analysis via shell-model wave functions is
useful even for these weak transitions, however, from
the aspect of average properties. The totality of such
Ml data is consistent with the magnetic moment values in
that no appreciable overall renormalization of
magnitudes from the free-nucleon estimates seems to be
needed. The totality of sd-shell Gamow-Teller beta
decay, on the other hand, unambiguously indicates that
the free-nucleon shell-model estimates are too
large.22,21 j^g present wave functions2^ suggest that an
overall quenching of the transition strengths of 0.60
+/- 0.02 (an 0.78 quenching of the matrix elements)
serves as an accurate, mass and state independent
renormalization for this process.

The process of determining the optimum empirical
renormalizations of nuclear operators from shell model
analyses of multiple-particle data is most reliable when
the matrix ulements are least sensitive to the details
of the shell model calculations themselves. In
practice, this means when the matrix elements are
largest. The E2 renormalizations previously discussed
are hence rather securely established, since the
dominant data correspond to calculated matrix elements
that are large and insensitive to small to moderate
variations in the shell model wavefunctions. On the
other hand, the results we have quoted for Ml and
Gamow-Teller phenomena are based in large part on weak
transitions, corresponding to highly cancelled shell
model matrix elements. The latter are hence inevitably
sensitive to the details of the model calculation and
the conclusions about renomalizations which are based
upon these analyses incorporate these uncertainties. It
would be preferable to base conclusions on these issues
on data which correspond to the dominant portion of the
strength of a process rather than to a small residual.

For the spin-type processes such as Ml and
Gamow-Teller, the dominant portion of transition
strength is associated with spin flip and lies in the
neighborhood of 10 MeV excitation energy. Experiments
which survey a wide range of excitation energies are
needed. The foundations of our knowledge in this area
are the back-angle electron scattering experiments of
Fagg and collaborators.23 These studies yield a picture
of the distribution and overall magnitude of Ml
transition strength which is consitent with the present
calculations and the free-nucleon value of the Ml
operator. There is need to supplement these first
existing data with newer values obtained from higher
resolution experiments, such as those of reference 2 4.
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An alternate experimental technique for obtaining
accurate, high resolution Ml data in the "giant
resonance" region is that of inelastic gamma ray
scattering. This is a particularly powerful approach
when coupled with polarization constraints. A recent
survey of the even sd-shell nuclei with this technigue25
has provided an accurate and complete survey of Ml
strength up to excitation energies at which these
nuclear systems become unbound to particle emission,
around 10 to 15 MeV. These energies are typically
sufficient to cover most of the Ml giant resonance,
although in a few cases the predictions indicate that
significant strength lies just beyond the region of
observability.

The comparison of shell model predictions to these
results is instructive in many ways. First, the data
establish that the predictions correctly place the
preponderance of the model strength in the region of
excitation energy at which experimental strength is
observed. Second, the magnitudes of the observed
strength are closely matched by the model magnitudes
based on the free-nucleon parametrization of the Ml
operator. That is to say, again, there is no
significant evidence that observed Ml strength is
quenched beyond the amount that can explained by
intra-sd-shell configuration mixing. Third, it should
be noted that the individual states sometimes have
strengths which are in poor agreement with the model
predictions, but that such disagreements are averaged
out over small clusters of states, so that the total
strength predicted for a small region of excitation
energy is always in good agreement with the
corresponding data. This aspect of the results
demonstrates that it is unrealistic to expect the model
predictions to be "better" than the rms uncertainty in
the fit to energy levels. The 140 keV rms deviation in
energies tells us that levels of the same spin which
have eigenvalues separated by gaps of this order can be
expected to have an uncertain mix of wave function
components, even if the aggregate for the same levels is
well determined.

Similar data on odd-mass nuclei can be even more
informative. A recent study of 23Na with photon
scattering26 has identified a dozen Ml excitations of
significant strength below 9 MeV. The corresponding
shell model predictitions match the observations one for
one over the complete range of the data. The aggregate
magnitude predicted from the free-nucleon operator is in
close agreement with the measured value.



101

CONCLUSIONS

We have illustrated here how a comprehensively
systematic exploitation of the degrees of freedom of the
sd-shell orbits suffices to account for a large body of
information on level energies and the electromagnetic
and weak decay properties of these levels. The
fundamental point which should be drawn from the various
comparisons of model predictions and experiment we have
made is that the characteristics of the "multiparticle"
(in the model context) nuclei are completely consistent
with those of the "single particle" nuclei. The often
profound enhancements and quenchings which are observed
for multiparticle systems are seen to be the
consequences of configuration mixing within the sd-shell
orbits, rather than evidence for more exotic processes
or strong state dependences in the renormalizations of
the spectroscopic operators. All the E2 data in the
region seem consistent with an additive effective charge
of 0.35e. All of the Ml data seem consistent with the
free nucleon magnetic moments. Finally, all the
Gamow-Teller beta decay data seem consistent with a
quenching of the strength by a factor of 0.6.
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LOCAL PROPERTIES OF INTERACTING BOSONS

V.R. Manfredi
Dipartimento di Fisica dell'Universita, 35100 Padova, Italy
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ABSTRACT

By the use A A3 and a
2(k) statistics a comparison is made be-

tween the fluctuation properties of a two-body random boson ensemble
and the Gaussian orthogonal ensemble (C-OE). With the two statistics
no significant differences between the two ensembles have been found.

The aim of this work is to study the local property of an inter-
acting boson system, in particular to see if and how the boson signa-
ture in the dense limit 1 affects the level density fluctuations.
(For the global properties see references 2 and 3).

In order to carry out this program, we chose a number-conser-

ving Hamiltonian

H=J [ <ij|v|kl>a*ataka1, (1)

where the two-body matrix elements V... were taken as random numbers
1JK1

uniformly distributed over the (-0.1, 0.1) interval. Forty different
sets of V.. were used in the following special case

1JKI

Ensemble dimensionality D=̂ tO
(number of matrices)

Dimension of each matrix d=36U
Number of bosons M=11
Number of single-boson levels N=h
Number of independent V.. ^ =58 .
(direct+exchange)

Starting from the "exact" eigenvalues EJ , ... E ^ , obtained

diagonalizing the Hamilionian (1), we have calculated c°ntroid £ ,

width a , skewness Yi and excess Yj > where i runs from 1 to

1*0. In order to avoid spurious fluctuations over the ensemble, each
eigenvalue is renormalized by the transformation

E(i). + E,U) = (E U )-E ( i ))/a ( i ). (2)
j J J

The level density for each eigenvalue distribution is quasi Gaus. _an:

in fact <Yi> =0.01±0.23 and <Y2>e=-0-16±O.2U, where <Y- = 1 2> e
 i s t h e

mean value of y. over the ensemble. In order to remove the secular
J

0094-243X/85/1250103-03 $3.00 Copyright 1985 American Institute of Physics
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Table I Comparison of calculated values of A3 with prediction
from Gaussian orthogonal ensemble (GOE)

<A3> ±(VarA3) A3±(VarA3)
5GOE

-10,10 19.97

-20,20 1*0.22

-30,30 60.20

-1(0,1*0 80.37

0.290110.0839

0.3829±0.1

0.1(1(81 ±0.1

0.5166+0.2026

0.296h±O. 1-\

0.367U±0.11

0.1(082+0.1 1

0.U375+0.11

Fig. 1. Variance O2(k) of the kth nearest-neighbour spacing
versus k.

0.5

Fig. 2. Distribution of nearest-neighbour spacing S in unit of mean
spacing D. The solid curve is the Wigner distribution.
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variation of the density, we map each spectrum, by a numerical pro-
cedure into one haviii/% a constant level density.

For each interval (-I,L) Table I shows the mean value of the
number of levels n, of A3 and, for comparison, of the GOE theoreti-
cal value'. As can be seen, for larger <n>o there are significant
discrepancies between the calculated values and the theoretical ones
{see also ref.°}. These differences are connected with the sharp
tails of the original level densities. In fact our smoothing proce-
dure works well in the central region, giving uniform density
spectra with the mean spacing very near to one and a constant num-
ber of levels, whereas at the end of the spectra the mean spacing
in quite different from one and the mean number of levels is not at
a.ll constant .

Another statistic we have used is the variance of the kth
nearest-neighbour spacing O 2(k). In fig. 1 a2(k) is plotted versus
k; Gaussian orthogonal ensemble (GOE) results are also indicated?.
Fig. 2 shows the total spacing distribution in units of the mean
spacing. The agreement with the Wigner distribution is astonishingly
good.

We may conclude that the fluctuations of a two-body random boson
ensemble, even in the dense limit, seem to be consistent with the
GOE predictions.
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MIXED SYMMETRY STATES IN THE VIBRATIONAL LIMIT OF THE IBA MODEL

W.D. Hamilton, A. Irback and J.P. Elliott
Physics Division, University of Sussex, Brighton, BN1 9QH, England

ABSTRACT

It is shown that the 2 level at about 2 MeV in the N=84 iso-
tones l^Ba, '42ce and '^Nd m a v be identified as the lowest state
of mixed symmetry in the U(5) limit of the IBM-2.

A feature common to 140]ja, 142ce a n j •44^(j £s ^he occurance
and decay modes of the 21j level at -2 MeV. The level, whose energy
is largely independant of neutron number, decays by a predominantly
Ml transition to the 2| state while there is also a significant
branch to the groundstate. It is not possible to account for this
level within the IBM1 description, which is adequate for the other
low lying levels, and it is considered that the state may be of
mixed symmetry in the IBM2 which distinguishes between neutron and
proton bosons 1).

' _4J1M0O , m 3 i , * \ _ , , „ , . ,„ ,1 /2 , t ,.. ,.m 1/2 t ) | 0 * \
n Tisirj ' /

6=0.18(BI

2073

-602

|o*> -

56 oa

1
3

142 j -

1
4

144.
601

1
4

Nd

140,, 142,, , 144.,,
Ce, and Nd.

Fig. I: The decays of the 2 level in '""Ba,

The structure of the three states is given and also the neutron and

proton boson numbers, N v and N^. The shell closure at Z=64 has the

effect of reducing N,, for '^Nd 2) f r o m 5 to 4.

The decay schems of these isotopes were established by experi-
ments carried out at the ILL Grenoble3,4,5). Gamma-ray directional
correlation measurements were made on the decay of the fission pro-
ducts '4°Cs and '^La which were selected by the on-line mass
separator OSTIS while levels and transitions in '^Nd were studied
following n-capture by enriched '^3Nd.

Within the IBM the traastion operators are defined as

T E 2 = e Q + e Q
IT ir v v

Q = (std + d+s) + X(dtd)
( 2 )

0094-243X/85/1250106-03 $3.00 Copyright 1985 American Institute of Physics
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TMI - (3/4.)1/2 ( g p W g ^ )

and in order to test the possible mixed symmetry description of these
2+levels we must derive quantities from the experimental data which
depend on model predictions. We may write the branching ratio from
the level as

3) - E(2J)]2 1 N(e -ev)
i _- w "

2

E(0+)]b 2.07(1 + 62) g p - gn
 u ;

where the E2 component has been eliminated from the 2t - 2t transi-
tion.

Now the g-factors of 2 + states have the values g " 1 and
gjj - 0 and from the data in fig. 1 we obtain

lê  - ej =0.12 eb (3)

Also we may write the transition probability as

B(E2; 2 + V ) = ( N ^ + Nvev)
2/N (4)

and re-arranging we obtain

[B(E2; 2|-*O+)N]1/2/Nit = e^ + e^/N,, (5)

Thus a plot of the left-hand side of eq. (5) vs. Ny/N,, should be
linear and give e,, and e v. The results from B(E2) values of tran-
sitions in this region are shown in Fig. 2 and we obtain

e =0.12 and e = 0.24
IT V

These values agree with the result given by eq. (3).
The mixing ratio may be written

6 • E ( 23> - E<2+0 % x T

If we take the mean value 6 = 0.31 and use the above values
for g , gn> e^ and ey we obtain

** - 2\ = 2-6 (7)

This is consistent with the accepted values; yv = -1 near the
beginning of a shell and Xi, is small at about mid-shell. The effect
of the partial shell closure at Z = 64 would imply xv ~ 0 f°

r Ba,
Ce and Nd with xv " -1.3.

The positive signs of the measured mixing ratios is crucial
for the relation in eq. (7) to hold.

The quantities X^ and xv also occur in the expression for the
quadrupole moment of the 2t state:
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0-3

02

0-1

Fig. 2: The quantity
[B(E2; 2|-+0+)N]! Z 2/^
plotted versus Ny/N^
for several nuclei.
The straight line is
a least-squares fit
to the data taken
from refs. 6,7 and 8.
Experimental errors
are insignificant
compared to the size
of the data symbols.
The data are for
138Ba,

144 N d' a n d

146Nd.

0-2 0-6

There are few precise values of Q(2+) but we have for Ce the
result Q(2+) = -O.12(9)b 9) and with the above values for the quanti-
ties in eq.(8) we obtain Q(2{)=-0.1lb which confirms that xv should
be negative.

We conclude that the Y~decay properties of the 2^ state in
these nuclei are well described by the lowest mixed symmetry state in
the vibrational limit of the IBM2.
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Col l ec t ive Magnetic Octopole Trans i t ions

0. Scholten
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Michigan S t a t e Univers i ty , East Lansing, MI H882H

ABSTRACT

The properties of the magnetic octopole operator are discussed
in the framework of the neutron-proton Interacting Boson model. I t
is predicted ttjat in deformed nuclei the I =3 member of a low-lying
collective K=1 band can be excited with an appreciable strength.

In r e c e n t e lec t ron s c a t t e r i n g experiments s trong M1
transitions have been observed in deformed medium heavy even-even
nuclei at around 3+ MeV excitation energy. In this energy regime
there are several 1 states , but the exceptional features of this
observation are that f i rs t of all the Ml strength of 1-2 y* is much
larger than one would expect for a 2 q.p. transit ion and secondly
that the form factor shows an almost pure orbital excitation. These
points indicate the excitation of a collective 1 state. Both in the
geometrical and in the Interacting Boson Model (IBA) the existence
of such states have been predicted and the experimental observation
constitutes an important confirmation.

This finding has triggered the investigation of the existence
of other c o l l e c t i v e magnetic t r a n s i t i o n s , spec i f i c a l l y M3
transitions, in the IBA model. In the IBA model M3 transi t ions are
calculated by introducing the operator

T = i / | T l n (^5 ) + a ( d W }

= / | T ( o [ ( d t d - } ( 3 ) + ( d - t d - } ( 3 ) j
8ir ' SL

 TI it y v v V

* a . f ( N ( d T d ) ( 3 ) - N ( d f d ) £ 3 ) ) ,
A N V U T t U TI V V V . .

where the parameters ft- and Si. are defined in terms of the magnetic
octopole moments, & (p=v,n), or the neutron and proton d-boson as

su = ̂  (N a + N n ) , a. = rr (si - o ) , (2)
S N T T T T v v A 2 T T v

and N and (N ) denote the number of proton (neutron) bosons (N=N
+N ). The f i r s t term on the right hand side of Eq. 1, isoscalar
term, only excites states that are fully symmetric in the neutrog
and proton degrees of freedom, i .e. states that have maximal F-spin.

0094-243X/85/1250109-04 $3.00 Copyright 1985 American Institute of Physics
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MSU-84-E74
B(M3,t)

The second, the isovector term, connects the fully symmetric s t a t e s
with s t a t e s that have F=(F - 1 ) , hereafter referred to as anti-
symmetric (a .s . ) s ta tes) .

In the U(5) l imit (spherical l imi t ) of the IBA-2 model, the
matrix elements of Jhe M3 transition operator between the ground-
s t a t e ana lowest 1 antisymmetric state vanish. In the SU(3) limit
(the axially symmetric rotor l imi t ) , the picture i s more complex.
The o p e r a t o r +of Eâ . +(1 ) l e a d s from the ground s t a t e ,
U,ji) = (2N,0),I =0 to 1 =3 states in both the gamma-band [ i . e . the
symmetrric+SU(3) representat ion Q,u) = (2N-4,2) j , in the U,u) = (2N-
2,1), K =1 band, and in the anti-symmetric ( A , y ) = (2N-U , 2 ) , K =2 +

band.
As an example of the M3 s t r e n g t h d i s t r i b u t i o n in the

t r ans i t i ona l region between the SU(5) and the SU(3) limits of the
IBA model, we will present the results of a calculat ion for the Sm
isotopes. The numerical calculations were done the standard IBA-2
Hamiltonian as is given for example in ref 5, using the parameters
given in ref 6. Only the strength of the Majorana force t̂ as been
readjusted, S,=52=S3=0-15 MeV such that the energy of the 1 s t a t e
is about 3MeV, the energy where i t has been observed in 155Gd. The

B(M3 t) values, calcu-
l a t e d separa te ly for
the isoscalar and i so-
vector components of
the operator, are given
in Fig 1. For symmetric
leve ls the i sovec to r
component i s e s sen -
t i a l l y z e r o , whi le
anti-symmetric s t a t e s
a r e p r e d o m i n a n t l y
excited by the isovec-
tor part of the ope-
rator and the isoscalar
part vanishes . As i s
expected, in the vibra-
tional nuclei 1Ll8Sm and
1S0Sm the M3 excitation
p r o b a b i l i t y i s very
small. In the deforme^
nucleus 156Sm three 3
leve ls are excited. I t
should be noted t h a t
a l t hough the energy
difference between the
K=2 and t h e K = 1 ,
l e v e l s in 15-Sm i s
smal l the s e l e c t i o n
rules are s t i l l rather
well obeyed. This

1.0

0.5

Fig. 1 - The calculated B(M3) values in
the IBA model. For symmetric (antisymme-
t r ic) states only the isoscalar (isovec-
tor) part of the operator is considered.



Ill

implies that M3 transitions can be used to identify the position of
the a.s. bands in deformed nuclei.

To obtain a microscopic estimate of the coupling constants Q in
Eq(1), the matrix elements between the lowest_seniority states in
the boson space and the collective fermion space (consisting of S
and D pairs), are equated , i.e.

Q

The values of the M3 matrix element thus calculated for ' 5 "Sm
(using a quenching factor of 0.7 for the neutron and proion spin
magnetic moments) are a =-.13\iJ0 and a =.71 MJO. In general the sign
of a is negative while &iat of a is positive. This implies that
the ^ 3 opera tor has a s t rong" i sovec to r component and thus
predominantly excites a.s. states. The calculated B(M3) values for
15''Sm are given in Table 1, where the levels are labelled by their K

values and the symmetry cha-
Table 1. Calculated excitat ion r a o t e r t o t a l l y symmetric (S)
energies and B(M3.0 *3 ) values for ° r antisymmetric (A)). Note,
the f i r s t four col lect ive I* = 3 +

 h O w e v e r ' t h a t t h e IBA-2 Hamil-
states in ' 5 *Sm in units of p2 b2 . t o n l a n w i l 1 l n general lead to

" some mixing of both K and
symmetry character and there-
f o r e the labels refer only to
t h e dominant components. The
X*=33 s t a t e which is a member

1^=1 + band i s most
strongly excited. The single
particle value for a M3 tran-
s i t i o n is 0.13 M^ b2 while
t h e t y p i 0 3 ! s t r eng th of a
t rans i t ion to the f i rs t 2q.p.
3+ state, as calculated in the
generalized seniority model ,

is only of the order of 0.03 y2 b2 . The M3 t ransi t ion probabili ty
to the collective a.s. states is thus large.

M3 t rans i t ions offer an a l te rna t ive way of exc i t i ng a . s -
states. Microscopic calculations based on the generalized seniority
model indicate that the M3 operator is predominantly isovector in
character. The predicted strength is of the order of 5 s.p. units.
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GENERALIZED-SENIORITY MIXING IN SEMI-MAGIC NUCLEI

G. Bonsignori, M. Savoia
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Via Irnerio n. 46;40126 Bologna, Italy

K. Allaart
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ABSTRACT

We have described the spectra and electromagnetic properties of

.even semi-magic nuclei using a generalized-seniority (Vg) scheme

(broken-pair model; v^ = twice the number of broken pairs), with a

model space including up to » „ = ^ .states. We conclude that ground

states are for about 90 percent v „ = 0 states, 2 -j and 3^ are for

about 95 percent v = 2 states, while for other excited state's one

has at least 10-20 percent v™ = H admixtures in predominantly Vg = 2

states. Experimental evidence for these Vg- = 1 admixtures comes maiii

ly from E2 decay (lifetimes, E2/M1 mixing ratios). However also nega_

tive-parity spectra for J >5, when compared with Vg< 2 and with

Vg.<4 calculations, suggest rather strong (~ 20 percent) v~ = 1 ad-

mixtures .

A v mixing mechanism which is of particle-phonon coupling type

may explain qualitatively the v = H admixtures and their effect on

electromagnetic properties.

The v „ mixing causes a strong fragmentation of "two-phonon" sta_

tes as revealed by B(E2, J"-2|) values. For J" = 0 + this total E2

strenght is a factor two less than in (harmonic) vibrator or IBA mo-

dels. The v mixing also causes a 30 percent reduction of 01 - J"

excitation strenght (for tf.e strongest excitations) for innatural p;a

rity states, but less reduction or even enhancement (2i , 3i ) for

natural parity states.

Identification of 1 , 3 states as well as measurements of half

-lives in the range of 10 to 100 ps would provide further tests of

the model.

INTRODUCTION TO THE MODEL

A Shell Model state is said to have generalized seniority (v™)

zero if it consists only of superfluid (coherent) Cooper pairs :

S + = = ^ > (2J + D 1 / 2 ( a V a+,. ) J = ° (1)
nlj 2 nlj nlj nlj

0094-243X/85/1250113-04 $3.00 Copyright 1985 American Institute of Physics
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A state has Vg = 2 if all but one pairs are of type (1), Vjr = 1 if

all but two pairs are of type (1), etc.. The basis states for a v ?

<t model space are pictorially represented in Fig. 1. The coeffi-

cients f nlj' which determine the contribution of a certain orbit

(n 1JJ to the S-pair, are obtained by minimization of the Shell Model

energy for a state with only S-pairs (v = 0 ) . Due to this procedure

there i; atv approximate relation between these coefficients and the

BCS parameters, as follows

nlj
v (u )
nlj nlj nlj

(2)

I h I

"M

2d

1

1

5/

•y

2 —

\

\
\

\

Vg =

FIG.1. Types of basis states included.

Computational techniques for states up to v^ : 1 have been described

in . In a particle-number non-conserving approximation of the model

one has the BCS quasiparticle model (with up to four quasiparticles

). In qualitative discussions of the results one may use arguments

derived from this approximate model . Thus one may consider the pai-

ring factors

Po(j,,j2) » v v )
J2 J2

(A v = 0 ) v'3)

by which a single-particle transition matrix element is multiplied

for transitions which do not change v e , and the pairing factors

+ V U ) (A v = 2)
g

(t)

which apply when v is changed by two. The uppe" sign applies to

electric operators, the lower to magnetic operators.

RESULTS; DEGREE OF v g MIXING

The influence of v a = 4 admixtures in states which are predo-

minantly v „ = 2 is most clearly seen in the spectra and properties
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of negative parity states with J ̂  S as shown in Fig. 2. One may not£

ce that the relative spacing and order of the yrast levels is much

Improved by v g = 4 admixtures. These also erhance, by factors three

to five the B(E2) and B(E3) values and conse 'iently they lead to

shorter lifetimes (for electric decay) and larger E2/M1 mixing ra-

tios. A Surface Delta Interaction (SDI) yields less "g mixing than a

finite-range force and too little improvement of the description of

the data.

MeV

5' 2500ns

51540ns

finite-range

5" 355 (50)ns

EXP
vg* >
SDi

FIG.2. Negative-parity states, as calculated within a v H < 2 and

within a v B < 4 model space are compared with experimental d£

ta. A finite-range force and a Surface Delta Interaction were

used. Lifetimes and mixing ratios are indicated. The percenta_

ges of Vg = 4 admixtures are indicated besides the levels.

MECHANISM OF v g MIXING

By inspection of the wave functions which resulted from our ca]_

culations within a v s < 4 model space,3 we observed that the main con-

tent of vg = 4 admixtures in predominantly v g = 2 states can be

ascribed to a kind of particle-phonon coupling mechanism, as depic-

ted in the left part of Fig. 3- This observation is confirmed by the

fact that E2 and E3 transitions are often strongly enhanced in a

Vg < 4 model as compared to a Vg < 2 model. Moreover this enhance-

ment is governed by pairing factors Pn.(J2. J 2 '• et? • ( 3 ) , as indi-

cated in the Figure. It is interesting to note the effect on the

J Q + _ 8+ decay, the most important amplitudes of which are de-
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10+ 10+ 10+

(o) (b) (c)

JIG.3. Main origin of v g mixing is of particle-phonon coupling type
(left figure). Diagrams (a), (b) and (oj depict three main
contributions to the 10 j - 8] decay.

picted on the right in Fig. 3. Diagram (a) is proportional to P Q
(hl1/2,hl1/2 ), diagrams (b) and (c) are proportional to Pg (j, j ' )
but there contribution is proportional to the size of the Vg = 4 ad-
mixtures, i.e. to the paring factor in the left part of the figure,
which is also P 0 ( h"/2 h

11/2) in this case. Therefore the B(E2) beco-

mes small for a half filled h1'/2 shell, also in a

B(E2) values are listed in Table I.

4 model. These

Table
eq. (

A =

I.

3).
B(E2,

116

10 1 - 8 ,

118

> i n A

120

Sn and paring

\22

factor

124

P (hrl/2,

126

h1'12 ),

v g ^ 2 15 11

v g ^ 4 52 40

exp 42(30) 37(2)

21

.2

2

l.E

P o (h"/2 h"/2)

.80 .63 .37 .05 -.26 -.51
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CONFIGURATION DEPENDENT PAIRING PROM THE EFFECTIVE
DECOUPLING PICTURE

Ashok Kunar J a i n and Kiran J a i n
Department of Phys ics ,Univers i ty of Roorkee,Roorkee,India

ABSTRACT

The effective decoupling picture, proposed recently,
enables us to estimate the amount of pairing correlations
for Nilsson configurations corresponding to different
odd-N and odd-Z bands. The configuration dependence of
the pairing correlations is however found to be different
from that pointed out by Garett et al . Further,the lower
alignment frequency of certain odd-N bands, interpreted
by Garett et al . as a sign of decreased pairing, may be
explained in terms of a compression in transition ener-
gies which comes from the large Coriolis interaction due
to the Fermi energy being located near low-K Nilsson
orbital. Results from single quasi-particle pl'js band-
mixing calculations seem to support this explanation.

INTRODUCTION

Our recent interpretation of the,,strongly coupled
and also the strongly perturbed bands as effectively
decoupled bands opens up the possibility of estimating
the amount of pairing correlations for different Nilsson
configuration upon which the given odd-N or, the odd-Z
bands are based. In this paper we consider only the
strongly coupled bands. We find that the pairing correla-
tions are indeed configuration dependent but in a manner
opposite to that found by Garett et al.3»4. It has been
pointed by Garett et al. that the crossing rotational
frequency, characterizing the crossing of the unaligned
band with the aligned band, is lower for a number of
negative parity bands of odd-N nuclei than in the neigh-
bourly even-N isotopes. I t has been argued^ that the
decreased pairing correlations lead to an early align-
ment and hence a decrease in the crossing frequency of
these bands whose Nilsson configurations have also been
found to possess a positive quadrupole moment,q«(v)5*0.
Other bands having q2(v)<0 do not show any shift in the
crossing frequency. According to the effective de-
coupling picture,however, the bands having negative
quadrupole moment are found to possess a decreased pair-
ing. Those bands, which have ^(v)^ 0, may have full
pairing but a compression in transition energies (due to
large Coriolis interaction) which is reflected as a
shift in the crossing frequency. Further, none of the
odd-Z bands exhibit any significant lowering of the.
crossing frequency, and therefore should have according

0094-243X/85/1250117-04 $3.00 Copyright 1985 American Institute of Physics
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t o Garett et a l . the same amount of pa i r ing . Howeverf
our model suggests a configuration dependent pa i r ing in
odd-Z bands t oo .

RESULTS AND DISCUSSION

In F i g . l , we compare the experimental t r a n s i t i o n
energies of some typica l odd-N bands having q , ( v ) < 0
with those of the respect ive even-even core ground band.
The t r a n s i t i o n energies have been sui tably displaced}
in accordance with the effect ive decoupling p i c tu r e to
provide best matching. The bandhead angular momentum
for the odd-N bands I = R '+ j 1 , where j ' i s the effect ive
aligned spin and R' i s the core ro ta t iona l angular
momentum, d i r e c t l y given by the even-even core angular
momentum. Prom the figure i t i s c lea r t ha t the bandhead
spin for d i f fe ren t bands ca r r i e s d i f fe rent amount of
ro ta t iona l angular momentum. We may emphasize here tha t
these bandsi according to Garett e t a l . , are supposed to
possess fu l l pair ing co r r e l a t i ons .

In F ig .2 , we show the r e su l t s of a s ingle quasi-
p a r t i c l e plus ro to r bandmixing ca lcula t ions for the
same bands. Proper Nilsson wavefunctions and a gap para-
meter A=lMeVwere used. I t i s c lear t h a t , with the proper
se lec t ion of the Fermi energy, t rends iden t i ca l t o those
exhibited by the experimental data appear. The bandheads
for the 11/2- [505] , 5/2" [512] and 7/2" [514] bands may
have a ro ta t iona l angular momentum R*ob,4» 6/4»respect-
i ve ly . In Figs . 1 and 2 we have shown only one of t he
two possible sequences, because ca lcu la t ions as well as
experimental data reveal t ha t one of the sequences i s
closer to the core transition energies.1

As already pointed out by us2, this may help us
in determining the amount of pairing correlations in
different odd-A bands.It is now well accepted that the
AE lk«V)

4 O O

" " •

•

• 15/2

161Er

11/2"

16OEr

[SO 5]

173H<

5/2

4

" [512]

13/2

181
Os
7/2

— ———

N. 4

18O0s

"[514]

2OO
IAI IAO m 17? lfli IRO is.

W

Fig.l Comparison of transition energies AE(l-»I-2; of
some odd-N bands with their respective core.The
levels are labelled by I .
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R.R.

2/2 .4
R.R.

9 / 2 <6 F < l l / 2 eF-5/2 5/2<GF<7/2
hi 1/2 h9/? f 7 / 2

Fig.2 Calculated transition energies compared with
the rigid-rotor core transition energies

slow rise of the moment of inertia at lower spins in
even-even nuclei, is mainly due to a slow but gradual
decrease in the pairing correlations.Since the strongly
coupled bands discussed above closely follow the ground
band transition energies of the respective core nuclei,
i t is safe to assume that a decrease of pairing correl-
ations in a manner similar to the core is taking place
in the odd-A bands too. Further, since different odd-A
bands show a matching with the core band beginning from
different core rotational angular momentum values,the
Nilsson configurations corresponding to these bandheads
have different pairing correlations. . ,

Shenomenologicallyjthe decrease in pairing for ^
even-even nuclei may be given by the relation A=A (l-l/l ),
where I c is the critical rotational angular momentum
for zero pairing. Although, i t is now known that the
pairing does not go to zero even at relatively higher
angular momenta, this relation approximates the low spin
variation nicely.5 If the odd-A bandhead, therefore,
carries a rotational angular momentum R' = 6 or 4, the
pairing would be lesser by 15/. or 10'/. respectively,
taking IC°2O. The ll/2~[5O5j bands would thus have
lesser pairing than the 5/2"[512] bands. We may point
out here that similar situation prevails in the odd-Z
bands too. According to Garett et al . all the odd-Z
bands should have same amount of pairing as no lowering
of crossing frequency has been observed in any of these
bands.

Difficulty arises when one considers the odd-N
bands having ^(VJ"? ®t wnich are found to exhibit a
compression in the transition energies. This is reflec-
ted in an early 'backbending• which has been interpreted
by Garett et al . as a lowering of the alignment frequency
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Fig.3 Experimental and calculated transition
energies for 3/2~£>2l] band of 1&1Er.Also
shows the data for l63Yb

and hence a lesser pairing. We notice that this compre-
ssion of the transition energies is similar to that obs-
erved in the unique parity decoupled bandso. The Fermi
energy in both the cases lies near small-K Nilsson
orbital, resulting in large Coriolis interaction and
hence a compression in the transition energies. Results
of a particle plus rotor bandmixing calculations for the
3/?" f52l] band, which is known to exhibit such a comp-
ression, are shown in Fig.3. The Fermi energy was chosen
to l ie slightly below the 3/2"[52l]. Experimentally the
(9/2Hr 5/2; sequence has been found to exhibit greater
compression than the (7/2-* 3/2; sequence. Accordingly
we have shown only this sequence. Tt is clear that the
transition energies of the 3/2-[521j band are reduced
compared to the core. Similar calculations for protons,
however, reveal that there is a very l i t t l e compression
in the transition energies and therefore, no shift in the
alignment frequency is expected in accordance with the
experimental data. We may point out here that 3/2"J521[
band of l°3Yb (Fig.3) does not show any such compression
in the transition energies. Such an exception may easily
be explained by raising the Fermi energy.

One of us (Kj) acknowledges the award of a fellow-
ship under the UGC special assistance programme.
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INTRINSIC EXCITATIONS IN DOUBLY ODD NUCLEI

P.C. Sood
Department of Physics, Banaras Hindu University,

Varanasi 221005, India

ABSTRACT

A procedure i s outlined for predicting the
bandhead energies of the two-particle (intrinsic)
states of odd-odd deformed nuclei based on a
quantitative evaluation of the zero range n-p
residual interaction energy. We present our
results for 250Bk, where many such levels are
experimentally known, and for 236Np and 2l+6Am,
where the information i s very scarce and that too
uncertain, to i l lus t ra te the effectiveness of
this approach.

On the one hand i t may be true that (highly deformed
odd-odd nuclei are perhaps the most accessible both to
experiment and to interpretation1 [1] , i t i s equally true
that such nuclei are very sparingly investigated both
by the experimentalists and the theorists. Only seven
out of over fifty odd-odd actinides have confirmed
spin-parity assignments to ground states. Capture gamma
ray spectroscopy i s one of the most effective methods
of studying such nuclei as demonstrated by Hoff and
collaborators at Livermore [2] . This method supplements
traditional decay studies. However, in many such
investigations one basic difficulty remains when low and
high spin isomers are placed close to the ground state.
In such cases levels are usually placed relative to one
of the isomers which may or may not be the true ground
state. Thus even to define the ground state properly
and also to appropriately place all the expected
intrinsic two-particle excitations, i t i s desirable to
have some quantitative guidelines from the theory for
relative placement of the bandheads of the various two-
particle states expected to appear in the low energy
spectra of odd-odd nuclei.

We have recently developed (.3] a formulation for
determining these bandhead energies based on quantitative
evaluation of the zero range n-p residual interaction
which explicitly includes a spin-spin interaction term in
order to explain the Gallagher-Moszkowski (GM) rule.
This rule places the spin-parallel state % lower in
energy than the spin anti-parallel state Kg. Using the
superposition principle we write the bandhead energy as
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+ AQW + A.j.C ^ Q

where K=K± = |_Q ± ^ n ^ constitute a GM pair; W and oQ

are interaction parameters derived for each configuration
from atomic mass data and observed GM spli t t ing energies,
and A1 s are the matrix elements of the spin-in dependent
and the spin-dependent terms in the interaction evaluated
with appropriate two-particle Nilsson model wavefunctions.
The las t term denotes the odd-even shift observed for K=0
bands. This formulation has been successfully-
applied [3-5] for a wide range of nuclei both in the
actinide and the rare earth regions. We i l l u s t r a t e the
effectiveness of the method by citing results for three
cases below and shown in the figure on next page.

Our f i r s t example i s the nucleus 250Bk which presently
i s the heaviest nucleus for which somewhat detailed level
information i s available. Our calculations [3b] success-
fully describe the ten experimentally known in t r ins i "
states and predict eight more two-particle states up^o an
excitation energy of 600 keV. A noteworthy feature of
th is spectrum i s that the ground state of 25OBk con-es-
ponds to an excited state of the odd-particle (proton)
rather than the ground state. This crossing of bands,
which i s outside the scope of routine predictions based on
systematics only, i s clearly expected in our formulation
since the interaction matrix elements values for lf+(pono)
are (-67, -29) whereas they are (-10M-, -51) for the
2-(p1n0) configuration, the l a t t e r thus appearing as the
ground s tate . Considering the nature of agreement with
known levels, we reasonably expect our predictions for as
yet unobserved states to be borne by further experiments.

Our other two examples concern 236Wp [5d] and
2>+6Am [5c] , both of which have isomer pairs and hence
undefined ground states. The nucleus 236Np has a
1.15xio5y and a 22.5h isomer known for over thirtyfive
years but even today [6] their relative placing i s
undecided. The nucleus 2>+6Am has a 39m high spin isomer
and a 25m low spin isomer but with relative order not
known. Using only the interaction parameters derived from
our analysis of other Np and Am isotopes we predict not
only the ground state character unambiguously but also
predict the location^ten two-particle bandheads in each
of these nuclei upto an excitation of 600 keV as shown
in the figure.

These cases are typical of many other nuclei already
studied by us [3-5] and the treatment i s being extended
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SHELL EFFECTS ON THE El MOMENTS OF Ra-Th NUCLEI

G.A. Leander
UNISOR, Oak Ridge Associated Universities, Oak Ridge, Tn. 37830

ABSTRACT

Large systematic shell effects on i n t r i ns i c El moments are
found, which should modulate any El moment induced by e3 deformation.
The calculated shell effects can explain an emerging trend for El .
data in Ra-Th nucle i , i f and only i f the gross 63-induced polar iza-
t ion of f i n i t e nuclear matter goes in the same direct ion as the
" l ightn ing rod" e f fec t .

INTRODUCTION

I f the l e f t - r i g h t symmetry of the i n t r i ns i c nuclear shape is
broken, the nucleus can have an i n t r i ns i c dipole moment. The dipole
moment, Q l o , induced by octupole distort ions of a nuclear l i qu id
drop was estimated many years ago as 1 ' 2

q\% = CLD A Z 32 ,$3 (1)

The estimate for the numerical coefficient is C(_D = +0.00069 fm in
Ref. 1 and -0.00052 fm in Ref. 2, about the same magnitude but with
opposite signs (Fig. 1).

Fig. 1. Schematic drawing of an octupole shape with e3>0
(03<O). Strutinsky1 and Bohr and Mottelson2 obtained the
neutron-proton polarization in opposite directions, because
Strutinsky allowed the Coulomb potential to push the pro-
tons toward the surface where they are driven by the
"lightning rod" effect towards regions of maximum curvature.

Recently, a number of experiments3"10 on isotopes in the Ra-Th
region have revealed unusually fast El transitions of apparently
collective character. Theoretical potential-energy calculations had
previously yielded octupole-deformed intrins-ic equilibrium shapes in
these nuclei.11 However, the liquid-drop formula (1) provides at
best an order-of-magnitude estimate for the El rates in this region.
In particular, Eq. (1) does not explain why the El enhancement is

O094-243X/85/1250125-O4 $3.00 Copyright 1985 American Institute of Physics
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absent in some heavier Ra and Ac isotopes10 >12-11(, where e 2
 ls

large and e 3 is non-zero according to both theory
11 and the

spectroscopic evidence.15 This paper presents a first investigation
of shell effects on the El moments in an octupole-deformed single-
particle potential. It will be seen that such shell effects do in
fact lead to substantial systematic fluctuations around the liquid-
drop value.

CALCULATIONS

116 136

Single-particle wave functions were calculated in the folded
Yukawa single-particle potential with octupole deformation as
described in Ref. 11. ..,
Let us f i r s t examine the N

center of mass for
neutrons and protons
separately, obtained by
summing <z>Sp for the
single-particle orbits at
some fixed, represen-
tative deformation (Fig.
2). The z axis is
defined as in Fig. 1,
with the origin at the
equivalent sharp-surface
center of mass. Fig. 2
shows a systematic shell
effect on the sum. Thus
the contribution of suc-
cessive orbitals does not
give rise to random fluc-
tuations around some
average. For particle
numbers in the Ra-Th
region the single-
particle contributions
have coherent signs. The
sum peaks at the closed
shells and decreases
smoothly towards mid-
shel l . Similar results
are obtained at other relevant deformations.

A nuclear El moment,

" , H z V2 <z> - A z
A p An

Neutrons
Protons

«• -

92

Fig 2. Sum of the single-particle
expectation values of z as a func-
tion of the number of particles
occupying the lowest orbits at
E2 = 0.10, e3 = 0.08.

(2)

was evaluated at the appropriate equilibrium deformations,11 with
BCS occupation factors v2. This El moment from the independent-
particle model also varies smoothly and systematically through the
Ra-Th region. However, i t is only a "raw" shell correction, to be
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renormalized, reduced by the restoring force of neutron-proton
interaction and finally added to Qj-P. Work on these steps is in
progress. In particular, the appropriate reduction might be
obtained from that dipole-dipole interaction which also reproduces
the giant dipole resonance.

COMPARISON WITH EXPERIMENT AND CONCLUSIONS

The <5Q1C values from Eq. (2) increase as N decreases and Z
increases from 2 2 6Ra. Both these smooth trends can be represented
by plotting vs. N-1.5Z: a single dashed curve goes through the
theoretical points for Ra and Th in Fig. 3. The experimental data
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Fig. 3. El moments from independent-particle theory
and absolute moments from experiment ( | QfftP | ).

points in Fig. 3 have been extracted from a variety of experiments
by the formula

J- B(El;Ii * If) / <IiK10 | IfK> (3)

and using various assumptions about the rate of transitions by com-
peting modes. The data exhibit an overall trend which could be
accounted for by the El shell effects. Actually, theory and experi-
ment in Fig. 3 seem to agree simply because they are plotted against
different scales. Such judicious rescaling can be viewed as a
phenomenological renormalization of SQ 1 0. The ad hoc reduction fac-
tor in Fig. 3 is 2, to be compared with a factor oTTbout 3.6 that
is estimated16 to arise from a dipole-dipole interaction consistent
with the giant dipole resonance.
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The value of | Q.foP | at &Q10 = 0 is 0.3 fm, which can be
interpreted as the empirical value of | Q^ | . Furthermore, since
O.LD appears to be cancelled by the positive shell corrections in
nuclei around 226Ra, and augmented by the negative shell corrections
around 222Th, i f follows that the sign of Q^ is negative when the
nucleus is oriented as in Fig. 1. In conclusion, the s t i l l prelimi-
nary empirical trend of El rates in the Ra-Th region, and the trend
of calculated shell corrections, suggests C|_rj ~ +0.001 and would
thereby confirm the presence of "lightning rod" effect1 in nuclei.

Discussions with P. Vogel are gratefully acknowledged. UNISOR
is a consortium of twelve inst i tut ions, supported by them and by the
Office of Energy Research of the U.S. Department of Energy under
Contract No. DE-AC05-760R00033 with Oak Ridge Associated
Universities.
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THE ABSORPTION AND SCATTERING OF PHOTONS BY THE A RESONANCE

Evans Hayward
National Bureau of Standards, Gaithersburg, MD 20899

ABSTRACT

Recently, the experiments on the total photonuclear absorption
cross sections have been extended to encompass the A resonance in
complex nuclei. These important experiments involve at least four
different techniques and have been performed in European Labora-
tories. These results are compared with the total cross sections
measured in the giant resonance region and extending up to the meson
threshold. The Gell-Mann-Goldberger-Thirring sum rule provides a
connection between the absorption cross sections in these two energy
regions and the photopion cross sections of the nucleon.

The total photonuclear absorption cross sections'are related to
the forward coherent scattering cross sections through the optical
theorem and dispersion relation. At backward angles, where measure-
ments are possible, the scattering cross sections are strongly
depressed by a form factor. The experimental cross sections do,
however, exceed the prediction of a simple model.

THE PHOTONUCLEAR ABSORPTION MEASUREMENTS

In the last four or five years the measurements of the total
photonuclear absorption cross sections for complex nuclei have been
extended up to -400 MeV to include the A-resonance region. These
measurements encompass the range of nuclei from beryllium to uranium
and were performed by four different methods in three European
laboratories, Mainz, Bonn, and Saclsy, and hence they deserve some
attention.

The Mainz measurements are an extension of their attenuation
experiments1 described almost ten years ago. In these experiments a
long absorber is interposed between two Compton spectrometers in a
bremsstrahlung beam and the attenuation measured as a function of
incidence photon energy. Photons are removed from the beam by the
electronic processes, Compton scattering and pair production, and to
a much lesser extent by nuclear interactions. To obtain the nuclear
absorption cross section the electronic cross sections need to be
well-known; the uncertainties need to be small compared to the
nuclear cross section. For this reason the attenuation method has
only been applied to light elements, A < 40, where the pair produc-
tion cross section is smallest. Up to the present time these
measurements, extending up to -380 MeV, have been performed for
lithium,2 beryllium,2 oxygen,3 and aluminum3.

The Bonn experiment^'5 used a tagged photon beam which impinged
on the target viewed by an array of counter telescopes. These
detectors registered charged pions and hadrons that emerged from the
target; the electromagnetic debris was confined to the forward cone
and was not counted. The measured cross sections were integrated
over particle energy and angle. In order to convert these data into

0094-243X/85/1250L31-11 $3.00 1985 American Institute of Physics
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a total photonuclear absorption cross section, a correction needs to
be made for the neutral particles that were not registered. This
correction is large and unreliable for heavy targets so that this
method succeeds only for the lightest targets.

The Saclay measurements are an extension of the photoneutron
experiments that have been performed in that laboratory6'7 for
almost twenty years. In these experiments the nearly nonochromatic
photons produced by positron annihilation in flight impinge on a
target located in a 4ir neutron detector and the number and multi-
plicities of the photoneutrons determined. The total photonuclear
cross section can be derived from these data on the assumption that
the charged particle decay channels contribute neglible strength to
the total absorption cross section; this is certainly true for heavy
targets, with A £, 100. Lepre"tre et al.8 have shown that for photon
energies above 30 MeV the total photonuclear cross section for heavy
nuclei can most accurately be represented as the cross section for
the production of at least two neutrons. Using this technique they
have mapped out the absorption cross sections for cesium, tin,
tantalum, and uranium in the quasideuteron region, 30-140 MeV, and
up to 440 MeV for lead.9

Photofission measurements10 made in the quasideuteron region
showed that the fission cross section was the same as that obtained
by neutron counting techniques. This result led a team from Bonn,
Giessen, Mainz, and Saclay to measure the photofission cross
sections11 for 235U and 238U in the energy range 120-460 MeV using
the tagged photon facility in Bonn. These cross sections have been
equated to the total photonuclear cross section for these nuclides.

Figures 1 and 2 show the total photonuclear cross sections for
beryllium and lead extending from the giant dipole resonance to
~ 400 MeV. The beryllium data in the giant resonance and quasi-
deuteron regions were
measured in Mainz1; those
in the delta region come
from Bonn1*. The lead data
come from three Saclay
experiments,8'9'12; the
high energy points13 are
included to show the trend
at much higher energies.
Note that the giant
resonance is no longer the
giant it once was; though
the peak cross section

Tt 3 f ° ^ e V -S t 6 S S th3n -6 3> so .oo zoo
that of the giant E, MeV
resonance, the area under
the A resonance is much Fig. 1 The total photonuclear cross
larger. section for beryllium.
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Fig. 2. The total photonuclear cross section for lead.
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Fig. 3. The total cross sections per nucleon for Li, Be, Pb, and U
along with that for the free nucleon.

It has already been pointed out 3' 1 1 that when the absorption
cross sections in the A region are divided by A, i.e., to obtain the
cross section per nucleon, the curves for the different nuclides lie
on top of one another. This is illustrated in Fig. 3 which shows
the absorption cross sections for Li, Be, Pb, and U as well as that
for a free nucleon. In a separate experiment the Saclay group
measured11* the total cross sections, i.e., the cross section for
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Fig. 4 The cross section
per nucleon for
producing at least
two neutrons at
330 MeV as a function
of A.

producing at least two neutrons,
for eight different targets at 235
and 330 MeV. It is clear that for
nuclei with A > 100, for which
charged particle emission is not
important, the cross section per
nucleon at the peak, 330 MeV, is
425 pb/nucleon (see Fig. 4). The
width of the resonance is more than
200 MeV. These data on complex
nuclei may be compared with the
total cross section15 on the proton,
i.e., <r( y,7r+) + O(Y, *°). shown in
Fig. 5. The main peak in this cross
section is 540 MD high and has a
width of 150 MeV. The three bumps
at higher energies have yet to be
explored for complex nuclei.

All of these results obtained with real photons strongly
suggest that the nucleus is just a container for the A nucleons
with which the photon interacts. This idea is strongly supported
by the results of a related experiment16 in which the inelastic

scattering cross sections
of 730 MeV electrons
through the relatively
small angle of 37.1° were
measured for hydrogen,
helium, beryllium, carbon,
and oxygen. Here, too, the
cross sections for the
complex nuclei, helium,
beryllium, carbon, and
oxygen, are proportional to
A (see Fig. 6 ) . That the
virtual photon interacts
with a single nucleon is
very evident here because
in the analysis the appro-
priate excitation energy is
obtained by treating the
recoil as though it were
quasi-elastic scattering.
For both real and virtual

vMGevi photons, then, the cross
section per nucleon for a

Fig. 5 The total cross section for complex nucleus can be

1.150 1.300 WM 1.600 1.750 1.900 Z.050 2.200

The total cross section for
the proton as a function of
the total energy of the
system.

represented by a universal
curve.
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Fig. 6 The smooth curves that f i t the data in the electron
scattering experiment.

THE GGT SUM RULE

The Gell-Mann-Goldberger-Thirring (GGT) sum rule, derived
using dispersion relat ions, includes al l multipoles and retardation
effects and relates the total integrated photonuclear cross
sections above and below the pion threshold to the integrated
photomeson production cross sections on the free nucleon:

, n H F 2n2e2h NZ
l o A ( E ) - a (E)J dE (1)

Here a(E) stands for the total photonuclear absorption cross
section and <^(E) is the photomeson production cross section on A
free nucleons:

= A a.rN (2)

The first term on the right-hand side of Cq. (1) may be recognized
as the classical dipole sum. Equation (1) then states that the
enhancement in the absorption cross section integrated to the pion
threshold is exactly the amount by which the cross section on A
free nucleons is reduced between the pion threshold and infinite
energy. Meson exchange increases the photonuclear cross section
below the pion threshold at t:ie same time depleting the strength
above.
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As Weise 1 7' 1 8 has pointed out this sum rule cannot be valid if
the integral is to be carried out to truly infinite energies. At
energies above about 2 GeV shadowing effects become important; then
Eq. (2) is more accurately represented by

aA(£) = A
0- 9 oN . (3)

At high energies, above 5 GeV, the photon decays into virtual
hadronic states living long enough to interact strongly with the
nucleons in the nucleus. The interaction is strong enough so that
the photon sees only the surface nucleons.

At the present time we do not even have enough data on the
photon absorption cross sections for complex nuclei to tell whether
the GGT sum rule is obeyed if the integrals are made over the
nucleon resonance region to ~ 2 GeV. In Fig. 3 the curve, repre-
senting the cross section for the free nucleon, crosses the data
near 380 MeV. The integral of the free nucleon cross section from
the pion threshold to 380 MeV exceeds the integral of the data by
approximately half a dipole sum. Photonuclear absorption cross
sections integrated up to the pion threshold amount to approxi-
mately 1.7 sums7. Therefore the GGT sum rule is approximately
obeyed if 380 MeV is the upper limit of the integration.

On the other hand, the integral to 440 MeV, 90 MeV mb/nucleon,
is the same as that for the proton. Total absorption data for
complex nuclei extending over the entire resonance region are
therefore badly neeaed to test the GGT sum rule.

THE PHOTON SCATTERING CROSS SECTION

Photon scattering is a very fundamental electromagnetic
process in its own right. It is also of interest because of its
relation to the total absorption cross section through the optical
theorem and the dispersion relation.

o (E) = 4**- Im R(E,O°) (4)
a

E 2 a (E')dE'
Re R(E,O°) = P / . (5)

2n2hc E l 2 - E 2

These rules result because the coherent scattering cross section
and the total absorption cross section stem from the same complex
scattering amplitude. This amplitude refers only to those transi-
tions that leave the nucleus in its initial state of energy and
angular momentum, i.e., the same m state. Thus, nuclei having
spins different from zero can have elastic scattering which is
incoherent and not described by the above equations.



137

In the giant resonance region the scattered photons have a
dipole angular distribution and good enough cross section measure-
ments can, in principal, determine the absorption cross section.
At higher energies where higher
multipoles participate we simply
do not know how to relate the
forward scattering cross section
to that at backward angles where
measurements can be made.

The photon scattering cross
sections for the proton have been
measured extensively in the
resonance region. A few measure-
ments for the deuteron have also
been made. In both cases the
photon scattering angle is large
and the important background,
photons from TT° annihilation, was
circumvented by requiring a co-
incidence between the photon and
the recoil proton or deuteron.
Figure 7 compares19 the forward
scattering cross section for the
deuteron with measurements20 made
at backward angles. It is clear
from this comparison that a form
factor is needed to describe this
angular distribution. Using

100 200 300 1
E . M e V

Fig. 7 The forward scattering
cross section for the
deuteron compared with
measurements made at
back angles.

(6)

0 100 200 300 -tOO

Photon energy (MeV)

Fig. 8 The forward scattering cross section of the proton compared
with the data adjusted according to Eq. (6).
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Fig. 9 The forward scattering cross section for the deuteron
compared to the data adjusted according to Eq. (6).

Schelhaas et al, 2 1 have compared the forward cross sections for the
proton and the deuteron with the existing data22 (see Figs. 8 and
9). The form factor for elastic electron scattering was used for
F(9). The very sharp minimum near the meson threshold results from
the cancellation of the real part of the forward scattering ampli-
tude by the Thomson scattering amplitude. In both cases it can be
seen that the measured cross sections are larger than those
obtained from this formula. There are two possible explanations:
1) the elastic electron scattering
form factor does not describe
coherent photon scattering or
2) there is incoherent elastic
scattering not described by the
optical, theorem and dispersion
relation but which does contribute
to the measurement. This scatter-
ing can result from the finite
spins of the proton and deuteron.

For nuclei heavier than the
deuteron it has not been possible
to detect the recoiling nucleus in
coincidence with the scattered
photon. In a recent experiment23

the "elastic" scattering cross
sections for 12C and 20°Pb were
measured using the tip of the
bremsstrahlung spectrum. The
scattered photons were detected at '°° '°l, „« "° "4Ot
an angle of 115° with an energy Fig. 10 The photon scattering
resolution of 10%. Figure 10 cross section for 12C
shows a linear plot of the data in the delta region.
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obtained for carbon using brems-
strahlung end-point energies
varying from 150 to 400 MeV.
The points may be seen to trace
out the A resonance; in fact,
the width appears to be only
about 120 MeV, narrower than
found in the absorption experi-
ments. The lead data are much
less reliable because of a very
low counting rate. In Fig. 11
the carbon data are compared
with the prediction of Eq. (6).
The point shown here measured
with 300 MeV bremsstrahlung
includes some new data and
therefore has a slightly smaller
error than the one previously23

reported. The forward scatter-
ing amplitudes used here are
also a better estimate; they
were obtained by multiplying the
Be amplitudes shown in Fig. 12
by 12/9. We are using the A-
dependence of the cross section
and taking Be as a standard.

The scattering cross
sections for both i2C and 208Pb
exceed the prediction of Eq. (6)
by at least an order of magni-
tude. It may be that the form
factor for elastic electron
scattering is a bad choice to
describe the charge distribution
seen in photon scattering. On
the other hand, since the exper-
imental energy resolution
includes inelasticities up to
10%, high energy photons emitted
by the A resonance and popula-
ting low-lying excited states
would certainly be registered in
this experiment. All of these
results point out the importance

ZOO 300
E, MeV

Fig. 11 The photon scattering
cross section for 12C
compared to the

, prediction of Eq. (6).

0 100 200 300 100
E(MeV)

Fig. 12 The forward scattering
amplitudes of Be.

of measuring the scattering cross section for heliun in the
A region as has been proposed by Booth and Miller. This nucleus
has spin zero and no low-lying excited states.

Finally Fig. 13 shows the lead data (115°) measured23 in the
A region along with the previously measured21* lower energy results
obtained using positron annihilation radiation. The curves are
meant to illustrate that a single form factor can be constructed to
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represent the data. The form
factor applied here to the
quasi-deuteron and A
amplitudes is the Fourier
transform of the Fermi
distribution , .
p(r) = P U / U + e(

r-c'/zJ with
c = 1 fra and z = 0.3 fm.

The availability of
photon energies extending to
2 GeV would permit the study
of the nucleon resonances in
complex nuclei, and a high
duty factor accelerator will
make the rate of data Fig. 13
acquisition more favorable.

.0001
200 300

E(MeV)

The photon scattering cross
section for 208Pb.
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PHOTON SCATTERING ABOVE THE GIANT DIPOLE RESONANCE

Alan M. Nathan
University of Illinois, Urbana, IL 61801

ABSTRACT

Several recent experiments which have investigated elastic
photon scattering above the GDR are discussed. It is shown how
these experiments can provide useful information on tha 3ize,
energy dependence, and multipolarity of the tor?l photoabsorption
cross section. Several examples are given of how one uses the
scattering data to study the distribution of El and E2 strength in
the giant resonance region of light nuclei. For C, 0, and

Ca, no compact E2 resonance is found between the GDR and 50 MeV,
although the sum rule is exhausted below 50 MeV in 0 by a broad
distribution of E2 strength. The main concentration of E2 strength
seems to lie above 50 MeV in C. For Ca, the data suggest that
the integrated El absorption per nucleon is closer than previously
thought to the nearly constant value found for medium and heavy
nuclei. Finally, a brief account is given of the role of exchange
effects in medium energy photon scattering, and our present under-
standing of the experiment on lead is discussrd.

I. INTRODUCTION

In the past several years, the field of photon scattering has
been an active and fruitful endeavor. At this conference, there
are four invited talks devoted to various aspects of this subject,
ranging in energy from a few MeV to a few hundred MeV. Across this
vast energy range, there is wide variety in the kinds of nuclear
physics information that can be learned from photon scattering.
The present talk will focus on the energy range extending from
giant resonance energies to the meson threshold.

The scope of this talk can best be appreciated by referring to
Figure 1, where experimental values for the total photoabsorption
cross section o\y on Pb is shown. Three distinct energy regions are
indicated; the principal mechanism for photon-induced reactions is
different in each region. At low energies (E < 50 MeV), oy is
dominated by the excitation of the highly collective giant dipole
resonance (GDR) and possibly by the excitation of other giant
resonances (GR) of higher multipolarity. Between 50 MeV and the
threshold for meson production is the so-called quasideuteron
region (QD), where the photon is believed to interact primarily
with a pair of nucleons. Above meson threshold, the absorption
proceeds predominantly by the interaction with a single nucleon.
In particular, in the 200-400 MeV region the dominant process is
the excitation of a single nucleon to the A resonance.

Just as the mecha.iisms for photoabsorption are different in
the three regions, so too are the mechanisms for photon scattering.
At photon energies corresponding to wave lengths larger than the

0094-243X/85/1250142-11 $3.00 Copyright 1985 American Institute of Physics
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1 The total photoabsorp-
cross section for lead.

nuclear size, one expects the
scattering to be mediated
primarily by the collective
giant resonances. As I will
show in this talk, if one has
precise values for elastic
scattering cross sections as
a function of both energy and
angle, one can extract reli-
able information about the
size, energy dependence, and
multipolarity of o^. This in
turn can be interpreted in
terms of giant resonances,
sura rules, widths, etc. The
advantage of this technique
over others is that photon
scattering is a precise probe
that requires little model
dependence in the interpreta-
tion of the data. In Section

III I will give several examples of how one has used elastic photon
scattering to study the distribution of El and E2 strength in lieht
nuclei.

At higher photon energies, when the photon wave length becomes
small compared to the nuclear size, the collective giant resonances
cease to become important and the scattering amplitude is dominated
by the coherent scattering from individual scattering centers.
These scattering centers are essentially the charged particles in
the nucleus, whether they are protons or charged mesons exchanged
between interacting neutron-proton pairs. The photon scattering
cross section becomes characterized by strong diffractive effects
which can be interpreted in terms of the spatial distribution of
scattering centers in the nucleus. In Section IV I w i n discuss
our present understanding of the only experimental study of this
type that has been reported in the literature.

At still shorter wavelengths, the photon probes the spatial
extent and structure of the scattering centers themselves. For
example, in the 200-400 MeV region, the scattering amplitude is
dominated by the excitation of a single nucleon into the A
resonance. I will not discuss this energy regime, since it has
already been presented at this conference by Dr. Hayward.

II. FORMALISM FOR PHOTON SCATTERING

The analysis of (Y,Y) data uses the close link ben:°en elastic
scattering cross sections da/dU (E,8) and total photoal -ption
cross sections <J^(E) I dIn order to appreciate the kind „..
information one learns from (Y,Y), it is necessary to present
small amount of formalism in order to establish this link.'^ In
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the forward directton, one writes the elastic cross section as the
square of the coherent sum of fundamental amplitudes:

^ (E,8=0°) = |f(E) + Dj 2, (1)

where DQ is the classical Thomson amplitude for the scattering of
photons from a point object of charge Ze and mass AM:

AMc

and f(E) is the forward amplitude for scattering from the internal
degrees of freedom of the nucleus. Other possible contributions to
the coherent scattering amplitude (e.g., atomic Rayleigh and
Delbruck) are small at the energies and scattering angles of
interest here and will not be considered further. A low-energy
theorem states that in the limit of zero energy, the total
scattering amplitude is just DQ. On the other hand, f(E) is
linked to O-̂ (E) through the optical theorem:

Im [f(E)l = ^ <rY(E) (3)

and a dispersion relation:

Re [£(£)] = — j — Pj • % dE', (4)

2ir fie ° E' ~E

where P denotes the principal value of the integral. Eqs. 1-4
imply that Oy(E) uniquely specifies the forward elastic cross
section do/d" (E,8=0°).

In order to predict the elastic cross section for arbitrary 9,
it is first useful to decompose o {E) and f(E) into multipoles:

o (E) = I oJ(E)

f(E) = I fA(E) (5)
A

A = El, Ml, E2, ....

Then one can show that in the long wavelength, limit, the optical
theorem and dispersion relation hold for eacn multipole separately:
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Re [fA(E)J
2ir -fie

Straightforward angular momentum algebra is used to relate
da/dii (E,9) to the fA(E):

•g (E,8) = |£fX(E) gx(8) + D KE1(tf)|
2, (7)

where the g\(,®) are the angular factors appropriate to each multi-
pole, with the normalization g\(0; = 1 . In this expression I have
anticipated the result that at finite energy and scattering angle,
the amplitude D differs from the low energy Thomson limit D Q given
by eq. 2. The modification arises because part of the Thomson
amplitude is the coherent sum of scattering amplitudes from Z
protons. This term must be modified at finite momentum transfer
q = (2E/iic) sin(6/2) in order to properly account for the phase
relation among waves scattered from different points in the
nucleus. The correct expression is

where F(q) is the charge form factor of the nucleus. Since F(0)=l,
D reduces to D Q for q=C, i.e., at forward angles. There are
additional modifications to D due to raesonic effects and sub-
nucleon structure. However, for the giant resonance studies to be
discussed in Sec. Ill, it will be assumed that these additional
effects are vaall enough so that any uncertainty in our estimate of
them will not appreciably affect our ability to extract information
on the <* (E) from the scattering data. In Sec. IV, these tnesonic
and subnucleonic effects will be further explored.

III. GIANT RESONANCE STUDIES

We want to use the formalism presented above in order to
extract information on the photoabsorption cross section. Eq. 7,
along with eq. 5, 6, and 8, ̂ mply that do/dfl (E,8) is completly
specified if one knows the o (E) and F(q). It is often the case,
however, that one has partial knowledge of the 0 (E) which is used
along with measurements of do/(Jfl (E,8) in order to deduce addi-
tional information about the <J ( E ) . i will give examples of the use
of this technique to study the El and E2 strength distributions.

The first example is 0, for which elastic photon scattering
data have been measured and analyzed by the NBS group. Data were
taken at several energies and angles; the points at 135° are shown
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Fig. 2
(a) Elastic photon scattering and
(b) photoabsorption cross sections

for I 5 0 .

in Figure 2(a). The curve
labeled a in Figure 2(b) is
a smooth line through
experimental values of the
total photoabsorption cross
section <Jexpt(E), which was
measured at Mainz and which
extends to about 400 MeV.6

The analysis uses cr^xpt(E)
and the measured elastic
scattering data in order to
deduce a partitioning of
<C P (E) into El and E2
parts. The curve labeled El
in Figure 2(a) is obtained
by applying the optical
theorem and dispersion rela-
tion to o p (E), appropri-
ately modifying the Thomson
amplitude using the measured
form factor, and then
applying the dipole angular
distribution, assuming that
o^Xpt(E) is entirely El.
The deviation of this curve
from the scattering data
shows that this latter
assumption is wrong. The
curve labeled El + E2 is
derived as follows: one

assumes that o is

composed only of El and E2 parts, parameterizes the energy
dependence of the E2 part of o« in some convenient manner, and
adjusts these parameters to best fit the scattering data, while
still constraining the total photoabsorption to be consistent with
the experimental value. In order to achieve an acceptable fit, it
is necessary to slightly renormalize o " (E) by an amount within
the quoted systematic uncertainty. The curve labeled o in
Figur^ 2{b) shows the resulting E2 strength, which corresponds to
1.25 _Q*Q total energy-weighted classical sums (TEWS). This
strength does not appear to be in the form of a compact resonance
but is spread over 20 MeV. Both the size and the energy distri-
bution of,this E2_strength are consistent with other experiments,
such as N(p,70) and OCr,no).°

One should remark that there is some model dependence to the
analysis. In particular, it is not reasonable to expect that
o (E) will be determined outside the energy range where
do/dft (E,9) has been measured. Furthermore the dispersion relation
implies that the scattering cross section at energy E is sensitive
to the photoabsorption cross section at all energies. Therefore it
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is necessary topmake reasonable assumptions about the energy
dependence of <J (E). In the preceeding analysis, it was assumed
that a (E) is iero below 22 MeV and above 42 MeV and that Che
energy dependence is smooth between these energies. With elastic
scattering cross sections at only 6 isolated energies, it is not
possible to extract more information from the data.

Despite these limitations, >h:: Toregoing discussion demon-
strates the power of this technique 'or determining E2 strength.
To the extent that the formalism is valid and that the corrections
to the Thomson amplitude are calculable, the data allow a precise
and nearly model independent extraction of the total E2 strength
function.

The next example is C, for which elastic scattering data
have been measured at Illinois and NBS. Since there exists
experimental values of the total photoabsorption cross section on
carbon extending up to 400 MeV, one could in principle analyze the
scattering data in the same manner as was done for 0 in order to
obtain 0 (E). However, for reasons discussed below scattering
data alone have been used in order to extract both a (E) and
a (E). Since the E2 contribution to the scattering occurs
primarily through the interference with the dominant El contribu-
tion and since this interference is antisymmetric about 9Q|, it is
possible to decouple the extraction of o from that of o •
One first analyzes scattering data that have been averaged over
angles symmetric about 90° in order to obtain o (El). One then
uses this o (E) and the un-averaged scattering data da/d<2 (E,6) in
order to obtain o (E). As with the analysis of 0, it is
necessary to make some assumptions about the behavior of the
a (E) above 50 meV.

The Illinois scattering data at 135°, 45°, and the weighted
mean of these two data sets are shown in Figure 3. The result of
the fit to the angle-averaged data is the curve labeled El, which
was calculated using the El photoabsorption in Fig. 4. The fit tc
the angle-averaged data is excellent. Furthermore, below 35 MeV
the curves calculated for the individual angles of 135° and 45° are
in good agreement with the corresponding data. This strongly
suggests that the scattering below 35 MeV is totally dominated by
El. However above 45 MeV these curves fall below the 135° data and
above the 45° data in just the manner expected if there is E1-E2
interference. The sign of the interfertnce pattern is what would
be expected if the centroid of the E2 strength is above 52 MeV.
For example, the dashed curve in Fig. 3 shows the result of adding
roughly 1 TEWS of E2 strength centered at 53 MeV. For energies
above the centroid, the sign of the interference changes. Unfortu-
nately the existing data do not extend high enough in energy to
observe this sign change. Thus the data do not provide very strin-
gent constraints on o (E) except that much of the strength appears
to be above 50 MeV. This result in itself is non-trivial, since it
is at variance with microscopic calculations which suggest that the
classical sum rule is already exhausted below 50 MeV. Other than
photon scattering, there are no other experiments which bear on the
E2 strength in 1 ZC above 35 MeV.
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In Figure k, the extracted
function a (E) is compared
to the measured total photo-
absorption cross section
<J^Xp (E), shown as points
with error bars. These two
curves agree quite well with
each other over the entire
energy range shown. In fact
if we compare the integrated
cross sections up to 50 MeV,
they agree to within 6 ± 2%-
Nevertheless there is reason
to believe that the small
discrepancies between 27 and
40 MeV are real. As dis-
cussed above, the scattering
data below 35 MeV are con-
sistent with a purely El
angular distribution. There-
fore, it one would assume
that the difference between
o*xpt(E) and a^(E) is due
to E2 photoabsorption, the
predicted scattering cross
sections would be inconsis-
tent with the measured data.
Thus, there appears to be a
small but nevertheless sig-
nificant discrepancy between
the elastic scattering cross
sections and the total
photoabsorption cross
sections. This discrepancy
is not particularly serious
in terms of what one might
like to know about the total
photoabsorption cross
section. However if one
would interpret the small
discrepancy between o p (E)
and a' (E) as evidence for
E2 strength, one would
greatly overestimate the E2
strength in carbon between
30 and 40 MeV. The
essential point is that an
interpretation of that type
is extremely sensitive to
the absolute cross sections
for both a=Apt(E) and
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(E,6). The procedure outlined here, however, does not depend
at all on previous measurements of Oy(E) and, in principle, results
in the extraction of o (E) whose detailed shape is quite insensi-
tive to the absolute cross section scale for do/dfl (E,9). Unfor-
tunately, as noted earlier, the goal of determining the detailed E2
strength distribution in C was not accomplished. Nevertheless,
the technique is feasible and reliable and should be extended to
other light- and medium-weight nuclei. Finally, it is worth noting
that if one can succeed in obtaining good absolute scattering cross
sections over a wide range in energy and angle, the technique
described here is an alternate means for determining the total
photoabsorption cross section in the giant resonance region.

As a final example, I will
briefly discuss the analysis
of the Illinois scattering
data for calcium. The
essential results are shown
in Figure 5. The points
represent previous measure-
ments of a from Mainz,
whereas the curve represents
a derived from the
scattering data in the same
manner as was done for
carbon. The discrepancies
are considerably more sig-
nificant than for carbon.
Further, the scattering data
suggest that there is not
sufficient E2 strength be-
tween 25 and 50 MeV to
resolve this discrepancy.
In fact, there is no
evidence for a compact E2
giant resonance between the
GDR and 50 MeV. One should
remark, however, that the
Mainz total attenuation
technique for measuring
nuclear photoabsorption
cross sections gets progres-
sively more difficult as Z
increases; calcium is the
heaviest nucleus for which
this technique has been
used. On the other hand,
the scattering cross section
for calcium is somewhat more
sensitive than that tor
carbon to model dependent
modifications to the Thomson

20 40
E(MeV)

60

Fig. 5 Photoabsorption cross
sections for Ca.

50 100 150 200 250
MASS NUMBER

Fig. 6 Integrated photoab-
sorption cross sections.
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amplitude due to mesonic effects. Nevertheless it is not expected
that a more refined analysis of the photon scattering data will
result in a substantially different from that shown in Figure 5.

The consequences of the smaller photoabsorption derived from
the scattering experiment are explored in Figure 6, where the
world's data on the integrated photoabsorption cross sections up
to 140 MeV are shown, in units of the classical dipole sum. For
A > 100, the Saclay data suggest a nearly constant value of 1.75,
whereas the Mainz data for A < 40 show considerable variation
with A. The.Mainz value for Ca is 2.07, whereas if one uses the
values of a derived from the scattering data below 50 MeV and the
Mainz values from 50 to 140 MeV, one obtains 1.82, shown by the
open circle. This suggests that already for A " 40, the integrated
photoabsorption per nucleon has stabilized at a roughly constant
value.

One striking feature in Figure 6 is the vast region between
A=40 and A=100 for which almost no total photoabsorption data
exist, since neither the Saclay (Y,xn) technique nor the Mainz
total attenuation technique are easily applicable. Perhaps it will
be possible for the photon scattering technique, as outlined here,
to fill in this gap in our knowledge.

IV. MESONIC EFFECTS IN PHOTON SCATTERING

As stated earlier, for energies large compared to giant
resonance energies, the scattering amplitude is dominated by the
scattering from individual scattering centers. For energies weLl
below meson threshold, the scattering amplitude assumes the
following approximate form: '

R(E,3) « -Zr^Cq) + ^| <vQF2(q), (9)

where K is the enhancement to the classical sum rule for the
unretarded dipole operator:

Ja™ret(E) dE - 2T,2 H r()(l+<) (10)

The 1st term in eq. 9, the one-body contribution to the scattering,
Is the coherent scattering amplitude from Z point protons. The
form factor F|(q) is related to the spatial distribution of protons
In the nucleus, and is the same quantity one measures in elastic
electron scattering. This same term also appears at lower energy
as part of the Thomson amplitude (eq. 8) and is shown diagra-
matically in Fig. 7(a). The 2nd term in eq. 9, the two-body
contribution to the scattering, can be interpreted as the coherent
scattering amplitude from neutron-proton pairs. In a mesonic
description of nuclear Interactions, this amplitude results from
photons which scatter from mesons exchanged between nucleons, as
depicted in Figure 7(b). » " The form factor F2(q) is related to
the spatial distribution of neutron-proton pairs and is not easily
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(b) „

.1

Fig. 7 (a) One-body and (b) two-
body diagrams for photon scattering
at medium energies-

measured by other means.2

This quantity is the
primary piece of informa-
tion sought in medium
energy photon scattering.

..In general both the
one- and two-body
amplitudes will also be
energy dependent because of
the finite size and

apparent in Fig.

structure of the scattering centers. However, for energies not too
close_to meson threshold <* 100 MeV), the energy dependence is
relatively weak, especially in comparison to the strong dependence
on q through the form factors. This diffractiy« behavior is quite

8, where scattering data for Z U 8Pb are plotted in
the form of backward angle-
to-forward angle ratios.
The horizontal line at a
ratio of 1.4 is the expected
result for purely dipole
scattering in the absence of
form factors. The actual
ratio falls below this by as
much as a factor of 10, and
the sharp diffraction
pattern is indicative of a
Strong q dependence. For

Pb, all the terras in eq.
9 are known except for the
pair form factor, so one
might hope to extract F2(q)
from these data. The three

„ curves are calculated using
fig. « Ratios of elastic scattering

ecfinns Fnt- '^"Ph_

• 2 0 8Pb(y,y) dcr(l50°)/dcr(60o)

0.01
60 80
E(MeV)

ic
cross sections for Pb.

sing
quite different assumptions
about the spatial distribu-

tion of pairs. If this distribution is characterized by a uniform
sphere of radius R as compared to the charge radius R , then the
three curves roughly correspond to R =R (dashed), R = R //2
(solid), and Rp=0 (dash-dot). The sSlid curve is ejected for
-ully correlated pairs, the dashed curve for uncorrelated pairs
and the dash-dot curve for no q dependence at all. For energies
below 50 MeV, the data are not sensitive to extreme choices of
F?(q). This gives us confidence that our previous analysis in the

f n a n t / ? n n T 5 e r!giOn iS °" flrB Eoo t i ng- For energies between
50 and 100 MeV, there is a marked sensitivity to F 2(q), giving us
hope that data such as these will teach us something about the pair
distribution in nuclei. These data seem to suggest that the volume
corresponding to P2(q) is significantly smaller than the nuclear
volume. However, this conclusion depends critically on the
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q-dependence of other smaller contributions to the scattering
amplitude not shown in eq. 9. For example, if there is a q-
independent contribution to the amplitude which is negligible at
low q, it will dominate the scattering at high q, where the form
factors have damped out the dominant contributions. Therefore
although there has been considerable theoretical progress in the
last 2 years in the understanding of these data, ' ' an
unambiguous interpretation is not yet possible.
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NUCLEAR STRUCTURE STUDIES WITH PHOTOREACTIONS

F. Iachello

A. W. Wright Nuclear Structure Laboratory
Yale University

New Haven, Connecticut 06511

ABSTRACT

Recent work on nuclear properties which can be studied fcith
photoreactions is briefly reviewed. It is pointed out that pbLton
inelastic scattering cross sections are very sensitive tests of
nuclear structure models. Experiments to test these medals are
suggested.

1. INTRODUCTION

Photoreactions have been used for many years to extract nuclear
structure information. With the expected availability of high duty
cycle electron accelerators, and, consequently, of intense photon
beams, these studies may be further extended. In the mean time,
nuclear structure models have evolved considerably, and detailed and
extensive calculations of nuclear properties that can be tested with
photoreactions are now available. In this article, I shall discuss
what type of nuclear structure information can be obtained in
experiments with photon beams. I will concentrate my attention
mostly to the giant resonance region (El excitations), although
towards the end of this article 1 will also briefly mention the
excitation region around =3 MeV, where a new collective Ml mode has
been recently discovered.

2. HIGH-LYING STATES

Photons provide a natural tool for analyzing properties of giant
dipole resonances. I will discuss here only three experiments: (i)
measurements of total photoaborption cross sections, a a(E);
measurements of (ii) elastic and (iii) inelastic scattering cross
sections,

do(E,9;0+ + I+)/dB.

The way in which a giant dipole resonance appears in a given
nucleus depends on the structure of that nucleus. For example, the
giant dipole resonance is expected to appear as a single bump in
photoabortion experiments on spherical nuclei but as a doubly-humped
bump in experiments on axially deformed nuclei, Fig. 1. Classically,
the energies of the two components, corresponding to oscillations
parallel and perpendicular to the symmetry axis, are related to the
deformation, 5, by1

0094-243X/85/1250153-13 $3.00 Copyright 1985 American Institute of Physics
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E(l-i6),

E (1 + 1 6), (1)

while the ratio of the corresponding dipole strengths is

(2)

Since the shape of the photoaborption cross section depends on the
underlying nuclear structure (for example spherical or deformed),
one could hope that accurate measurements of the photoaborption cross
section, a a(E), may be used to extract nuclear structure
information. The shapes in Fig. 1 are due to the coupling of the
giant dipole resonance to the low—lying collective states. Already
several years ago, Greiner et al approached the problem of coupling
low-lying and high-lying collective states by using the dynamic
collective model'. More recently, several authors^"^ have
suggested that the coupling of low-lying and high-lying collective
states could be studied within the framework of the interacting boson
model by introducing, in addition to (s,d) bosons describing the
low-lying states, a p-boson that describes the giant dipole
resonance. The corresponding Harailtonian :1s written as

•=-- ~ ~ "

0+

Fig. 1. Schematic representation of the splitting of the giant
dipole resonance in nuclei with an axial deformation.
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H = H s d + H p + H d,
(3)

where Hsd is the usual interacting boson model Hamiltonian, h_ is

the Hamiltonian describing the p-boson, H_ = Ep n and HpScj
is the coupling Hamiltoiian. The approach based on the interacting
boson model contains the classical result, EqSt (1) and (2), as a
limiting case. As shown in Ref. , for axially deformed nuclei,
(SU(3) limit), one obtains the energies of the two components

EB = E - K(2\+4) > = E - <2\

EJ_ = E + <(X-1) W a r g e = E + <\

(4)

where K is related to the strength of the interacting and \ to the
number of particles. The ratio of the dipole strengths is also given
by

1-L - 1* > ~- 2, (5)
S|| \+3 A+large

as in Eq. (2). However, '"he approach based on the interacting boson
model is more general and allows one to calculate the splitting of
the dipole strength for any situation, including that of transitional
and triaxial nuclei.

Calculations of properties of the giant dipole resonances within
the framework of the interacting boson model are done in the
following way. One determines the parameters in HS(j by a fit to
the low-lying states. Next one chooses a p-boson energy (usually
taken to be given by the empirical law, Ep=77A~*^-' MeV) and an
interaction Hp s d and calculates numerically the fragmentation of
the El strength into states with energy E n. Because of the
coupling with the underlying more complex stafes (2p-2h,...), the
strength of each dipole state at energy E n is then spread with
spreading width Tn. The rn's are calculated using a power law
dependence of r on E,

f J' (6)
o

Results of calculations of this type for the transitional Nd and Sm
isotopes'' are shown in Figs. 2 and 3. The calculations appear to
reproduce the change from a single- to a double-humped peak.
However, the same agreement was obtained by Greiner et al, within the
framework of the dynamic collective model^, despite a rather
different fragmentation pattern. One may thus conclude that the
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Fig. 2. Comparison between calculated and experimental'
photoabsorption cross-section in the Nd isotopes. At the
bottom of each graph the calculated fragmentation of the
dipole strength is shown.

shape of the photoabsorption cross section is not a sensitive test of
nuclear structure models. This is because the large spreading widths
F tend to wash out all nuclear structure information. Only very
accurate measurements of the photoabsorption cross section may reveal
some details of nuclear structure. 1 mention two of these effects.
In the classical oscillating drop model, the ratio Sj_/S[j is expec-
ted to be = 2. In the interacting boson model the ratio Sj_/S||
appears to be always < 2, as one can see directly by summing
the fragmented strengths in Figs. 2 and 3. The same result can also
be seen from Eq. (5), if one replaces \ by its actual value \=2H,
twice the number of valence pairs. For example, for N=16, Sĵ /Sj|
= 1.83. If experiments could detect significant differencies from
the value 2, the results could be used to study the effect of the
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finite number of particles in a nucleus. As a second point,
consider the fragmentation pattern of Figs. 2 and 3. It appears that
the perpendicular vibration (_L) is systemically more fragmented than
•he parallel vibration (II). If the photoabsorption cross section is
analyzed in terms of two Gaussisns with widths F|| and Pi, then
one expects always P|_>FJJ . The larger fragmentation of the
perpendicular vibration is related to an effective triaxiality of the
.ucleus. Thus accurate measurements of o"a(E) may serve also to
elucidate this point.

ii. . . J

Fig. 3. Same as in Fig. 2 but for the Sm isotopes.
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I have mentioned above that photoabsorption cross sections
are not too sensitive to nuclear structure information. On the other
side, it appears that elastic and inelastic photon scattering cross
sections are very sensitive to the underlying nuclear structure. One
can use the same interacting boson model to calculate these cross
sections. As it is well known, several non-nuclear effects
contribute to the elastic scattering amplitude, namely Rayleigh,
Thomson and Delbruck scattering. In the calculations performed so
far in terms of of the interacting boson model >° only Thomson
scattering has been included. These calculations are thus meaningful
only for high photon energies (= 8 Mev) and large scattering angles
(6 = 90 ) . The nuclear structure information is contained in the
polarizabilities, Pj,

P = 6 - (-A EE' I < I+ !l D U ) II 1" X
j JI f yv?Tr+n \M n

1 ^ (-) \ _ b * /-,- (Ze)2 (7)

IT rr JO

E + E'+ JL R - Z - J L
n 2 n 2

where J denotes the nuclear angular momentum, If the angular
momentum of the final state, E(E') the incident (scattered) photon
energy, jl~n>the n-th dipole state at energy E n and with width
T n and, in the Thomson amplitude, Z and A are the charge and mass
number of the target nucleus and mpj the atomic mass unit. Absoption
and scattering cross sections for unpolarized photons can then be
written in the usual way, as

A / t f \ ft u i i x i " L * «\j /• t {Q\

3 / I \ E / ° 3Jrfc n f 2 r 2
(E2-E2)2 + -JL- ( E 2 + E 2 + ^ 1 ) (9)

2 n 8

where the functions gT(9) for J = 0 and J - 2 are given by

go(9)=i- (l+cos2e); g 2(6) = -J- (13 + cos20). (10)
6 12

Two calculations have been performed so far within tht framework of
the interacting boson model, one by Scholtz and Hahne [4] in ^"°Er
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and one by Maino et al [8] In 2 3 2 T h a n d 238U# Scholtz and Hahne
have considered inelastic scattering to side (p and y) bands, as
shown schematically in Fig. 4. They found that their calculation was
consistent with the data^, while that based on the dynamic
collective model was not. Maino et al° have considered elastic and
inelastic scattering to the 2+j state in 2 3 2Th and 2 3 8U.
Their results are summarized in Fig. 5. It is interesting to note
that, since the parameters in the collective Hamiltonian, H of Eq.
(3), are fixed by fitting the energies of the low-lying states and
the shape and magnitude of the photoabsorption cross section, the

INELASTIC PHOTON
SCATTERING

Fig. 4. Schematic representation of inelastic photon scattering to
and Y bands in deformed nuclei.
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Fig. 5. Comparison between calculated and experimental elastic
and inelastic photon scattering cross sections at 9=140°
2 3 2Th and 2 3 8U.

in

calculation of the scattering cross sections does not require
additional parameters. A comparison with
stringent test of the model calculation.
Fig. 3 appear to describe the data well,
non-resonaiit contributions were needed in
betwean calculations based on the dynamic
experiment11. This is in contrast to the

experiment provides thus s
The calculations shown in
On the. other side, direct
order to obtain agreement
collective model and
case of the total
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photoabsorption cross section, for which both models gave similar
results and indicates a sensitiveness of photon scattering cross
sections to nuclear structure. Photoexperiments in this area could
thus be particularly useful in elucidating nuclear structure aspects
which are otherwise difficult to detect.

3. LOW-LYING STATES

Photons have traditionally been used for nuclear structure
studies in the giant resonance region (= 10 MeV). This is because
collective states with dipole (electric or magnetic) character were
expected to occur only in the region. However, recently it has been
suggested 12,13 that a new class of collective states should occur
at much lower energy (= 3 MeV). Among these, particularly important
is a magnetic dipole, 1+, state expected to occur in deformed
nuclei. This state corresponds classically to an angular
oscillation of the proton and neutron deformations, ?ig. 6.

Fig. 6. Schematic representations of the new collective, Ml, mode
(twisting mode).
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A state in the energy region (= 3 MeV) having the expected properties
has been found recently by Bohle et al using inelastic electron
scattering. Because of its dipole, Ml, character, this state (or
states) should be reachable with photon beams. Indeed Berg et al
have observed these new collective states in (Y,Y') +

experiments. Furthermore, they have detected their decays to the 2\
state, Fig. 7. This is seen in Fig. 8 where a portion of the (Y>Y')
spectrum on a natural Gd target is shown. The 3069 keV peak,
corresponding to the 1 + state in '^"Gd appears to have a satellite
peak 89.0 keV removed from it. This energy is precisely the energy

of the 2j state.

Fig. 7. Schematic representation of the inelastic excitation of the
2i state in (Y»Y') experiments.
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1840 1880 1920 I960 2000
CHANNEL NUMBER

156,
Fig. 8. Experimental observation of the 3069 keV line in Gd and of

the 3192 and 3201 keV lines in Gd by Berg et al 1 5.

The experimental discovery of this new collecti.-e mode opens a new
and interesting field for photoreaction studies. Experiments similar
to those performed in the giant resonance region could be (and should
be) repeated for this new region. They would provide a considerable
amount of new nuclear structure information.

4. CONCLUSIONS

I have discussed in this article two aspects of nuclear
structure that can be studied with photons. One, more traditional,
is related to properties of the giant dipole (1~) resonance. Here,
accurate photon experiments, especially inelastic scattering, may
reveal important nuclear structure aspects which are otherwise
difficult to detect. The photon in these experiments acts as a
uicroscope that investigates the actual equibrium shape of a nucleus
and its vibrations. The second, less traditional, is related to
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properties of a new collective, Ml, mode, which has been predicted to
occur In the energy region = 3 MeV.

Comparison between experiments and theoretical expectations is
facilitated by the development of elaborate nuclear structure models,
in particular of the interacting boson model. This model can be used
to describe the data available at present and to make predictions for
properties hitherto unknown. For example, it predicted the occurence
of the new class of collective states now observed in the energy
region = 3 MeV. These predictions can be qualitative, semi-
quantitative or even quantitative. As an example, the expected
elastic and inelastic photon scattering cross sections In 148,154Sm

are shown in Fig. 9. These are semi-quantitative predictions since
the nuclear structure parameters on which they are based have not
been optimized. They are shown herp in order to stimulate further
experiments.

In conclusion, the development of new and accurate nuclear
structure models and of new experimental techniques, gives, in my
opinion, unique possibilities to the field of photonuclear reactions.

This work was supported in part under the Department of Energy
Contract No. DE-AC02-76 ER 03074.

10 12 14 16 18 20

Fig. 9. Elastic and inelastic photon scattering cross sections
expected in lhB,1^ S n )l

s.
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RECENT RESULTS OF THL GOTTINGEN-GRENOBLE PHOTON
SCATTERING COLLABORATION

M. Schumacher
II. Physikalisches Institut der Univeisitat Gottingen
D - 3I4OO Gottingen, FRG

ABSTRACT

The present status of our photon-scattering studies using
neutron capture y~i"ays is reviewed. These studies are concerned
with (i) the strengths of E1 transitions between bound nuclear
levels, (ii) intermediate structure and its interpretation in terms
of vibrations of the nuclear diffuseness, (iii) specific properties
of Delbruck scattering like the Coulomb correction effect and
scaling laws, and (iv) the exhaust of the TRK sum rule by giant
resonances of heavy nuclei.

INTRODUCTION

Considerable progress has been made in elastic photon
scattering using neutron-capture Y~rays since the last conference
on this subject in Grenoble 1981. As an introduction let me
shortly remind the situation of 1981. At that time we had completed
our high-precision studies on atomic Raylei6h and Delbruck
scattering below 5 MeV usirg off-line Y-sources^ and had startei
the work with neutron-capture >-rays-^°. The main results of these
previous investigations were: (i) The amplitudes for atomic Rayle.'gb
scattering are predicted with a few-percent accuracy if the calcu-
lation is based upon the second order S-matrix of QED and appropri-
ate self-consistent relativistic atomic wave-functions-'. Form
factor calculations are completely invalid at few MeV of energy ani
large scattering angles.(ii) The Feynman graph describing Delbruck
scattering in lowest order is valid with an accuracy of at least c>%.
This is the highest accuracy with which a single graph of the orJer
Z^e® has ever been tested^, (iii) The Coulomb correction effect,
as precisely examined by us at 2.7 MeV proved to be entirely due to
the first graph of the order Z^e10, and was shown? to modify the
the amplitudes for high-Z elements by 100$. (iv) The amplitudes for
nuclear Rayleigh scattering below particle threshold, which are
known to be clo.iely related to the dynamic electric polar i zabi] lty
of the nucleus, proved" to be in good agreement with the Lorentzian-
shaped average photo-absorption cross-section of the giant-dipole
resonance (GDR). This means that due to the large concentration of
E1 strength in the GDR, the local E1 strength at the excitation
energy of the incident photon has little influence on the dynamic
polaH zability at that en< »-gy. (v) First results of a systematic

* Work performed in cooperation with F.Smend, P.Rullhucen,
U.Zurmiihl (present address: MPI fur Chemie, -Mainz),
H.G.Borner (ILL Grenoble).Supported by Deutsche Forschungj-
gemeinschaft.

0094-243X/85/1250166-13 $3.00 Copyright 1985 American Institute of Physics
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study of the distribution of E1 strength below particle threshold
using a dense series of neutron-capture y-rays proved to be in
line with a Lorentzian tail of the GDR.

The last topic of our previous report will be the first of the
present one. By now we have succeeded to understand in full the wealth
of nuclear resonance-fluorescence (NRF) experiments using a dense
series of y-ray photons^' . Furthermore, we were successful in
disentangling the different contributions to the elastic differen-
tial cross-section in the giant-dipole resonance region. Due to
this progress, information is obtained on the Coulomb correction
effect and on scaling laws in Delbriick scattering10. In addition
it has become possible to scale the Lorentzian parameters of the
GDRs, and thus to obtain an improved information on the exhaust
of the TRK sum rule by the GDRs of heavy nuclei.

EXPERIMENTAL SET-UP

The GAMS through-charmed of the HFR Jrenoble
an intense y-beam (fig.1).

>as used to produce

source
GetL • )8=120° erternal changer

collimator

reactor wall

'//, concrete
'W//, lead

'••> borated paraffin

Fig.1 Experimental set-up at the HFR Grenoble

The widths of the y-lines due to thermal Doppler broadening are
typically between 5 and 10 eV FWHM. Due to the internal collimator
system of the through-channel, only neutrons which are scattered
by the internal neutron-capture target can escape from the reactor.
This advantage and the hermetic shielding of the scattering chambers
with borated paraffine lead to a comparatively small contamination
of the useful y-flux w'.th neutrons (n/y -10~^). Three large-volume,
high-resolution Ge(Li) detectors have been used at the same time,
thus providing three different scattering angles. In addition, a
pair spectrometer has been applied for analysing and monitoring the
beam. Absolute differential crojs sections for photon scattering
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have been determined by measuring the direct beam with each of the
Ce(Li) detectors placed behind a lead absorber of about 25 cm
thickness. By interchangingly taking out part of the absorber, the
transmission was calibrated with high precision. As an example we

show the spectrum of photons from a l 4 lPr neutron capture target

scattered by 23°U (fig.2).

3.7 3.9 t.5 4.7 5.1
ENERGY IMEVI

5.3 5.5 5.7 5.9

Ik 1
Pr(n,Y) reaction.Fig.2 Upper part: Spectrum of photons from the

Lower part: Same photons scattered by " JU.

NUCLEAR RESONANCE FLUORESCENCE AND THE E1 STRENGTH
BELOW PARTICLE THRESHOLD

High-resolution studies of neutron cross-sections have letd to
a deep insight into the statistical aspects of level spacings a.id
widths. Unfortunately, this technique can only be applied in a very
limited energy region just above the neutron binding energy of
those nuclei which can be reached by V> capture of slow neutrons.
As stated in the previous section neuron-capture Y~ r a v s a r e also
of very h i ?,h energy resolution. Th^r^fore, in principle it, should
be possible to use neutron capture Y~rays for studies below partic-
le threshold of stable nuclei, in a similar way as neutron reso-
nances are used in the studies mentioned ••, ove. The basic diffe-
rence, of course, in the two methods is, that it is very difficult
to vary the Y~energy- D u e t o this drawback, the scattering of y-
rays does not lead to a complete information, but to a statistical
sample of information about nuclear properties. Neverthel3ss, one
may investigate the problem, to what extent the average and sta-
tistical properties of nuclear levels, as known from the study of
neutron resonances, extend to lower energies. Following this idea
NRF experiments have been carried out with different n-capture
and Y~sca't'ter:ing targets in the A = 160-gUO mass range. The most
illustrative results are obtained for t3°(J (fig. 3).
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Fig.3 Predicted elastic
scattering:C:coherent,
B:coherent plus NRF for
tagged photorR, A: same
as B for n-capture pho-
tons. Experiment:
o coherent elastic only,
• off-line y-sources,
» n-capture y-sources.

The predicted cross cection (solid line) for cohereni elastic
scattering is well established by :,he experiment, (open circles).
This prediction includes atomic Rayieigh (R), nuclear Thomson (T),
nuclear Rayleigh (N) and Deibriick (D) scattering. The 0 amplitudes
have already been corrected for the Coulomb-correction effect
(ref.1 and next section). The closed circles and closed rectangles,
lying above the coherent elastic cross section are shifted upward
due to resonant excitation of one or several nuclear levels. No
data are found below the coherent elastic cross section. This
result reflects the smallness of interference effects due +o phase
mixing"' so that special effort is required to obseive interference
at all 1 ?.

As far as the angular distribution of the resonant ridiation has
been measured, an L = 1 photon angular momentum has been found,
so that there is a good reason to assume an El multipolarity for all
the resonances of fig.3. For an interpretation of the data ;:e have
made the following assumptions: (i) The El strength-function is
given by the Lorentzian tail of the GDFi. (ii) The density of level?
is given by the back-shifted Fermi-gas model, (iii) The spacings
between levels of the s?.me spin-parity are distributed according to
a Wigner distribution, (iv) The y-width for transitions between a
sequence of levels at about the same excitation energy to the same
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final state follows a Porter-Thomas distribution, (v) A GDR is
built upon each nuclear level. Based upon these assumptions the
three curves B, AQ -] and A-\ Q have been calculated using the Monte
Carlo technique8. Curve B is the predicted average resonant plus
coherent-elastic cross-section obtained by averaging over an
assembly of cross sections which reflects a full Porter-Thomas
distribution of ground-state widths. This curve would have been the
result of an experiment carried out with tagged photons. If we take
the average only over cross sections lying above curve B or above
1/10 of curve B we arrive at Ai.o a n d A0.1> respectively. Apparent-
ly, the omission of small cross sections leads to predictions which
are only jeakly dependent on the out-off limit, which experimen-
tally, fur the closed circles, is given by curve B at the low-
energy end and by 1/10 of curve B at the high-energy end of the
curves Ai o a n d A0 ?• W e s e e t h a t there is a nice agreement between
the closed circles and the predictions as given by the curves AQ_i
and A-i.o, except for the energy range between 5.0 and 5.3 MeV which
will be discussed later. The importance of the foregoing investi-
gation lies in the fact,that for the first time nuclear properties
as known to be valid in the narrow energy interval above particle
threshold where neutron resonances are observable,have been investi-
gated and found valid for y-resonances down to excitation energies
of 3-U MeV. Of course, the accumulation of a larger statistical
sample of resonances and a direct measurement of the parity would
be desirable, and appears feasible in a not too long beam cime at
the Grenoble reactor.

The success of the GDR and statistical models in explaining the
properties of resonant croos sections in '- 3°U and the recent state-
ment1^ that properties of the statistical model may be found valid
at all mass numbers and all excitation energies has prompted us to
apply this model to the histograms of E1 hindrance-factors as accu-
mulated by P.M.Endt . These histograms provide us with a very
large sample of El transitions in the whole mass range between A =6

Fig.U Histograms of
El hindrance-factors
compared with
Porter-Thomas dis-
butions.
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and 150. Our first observation is that these histograms are merely
Porter-Thomas distributions on a logarithmic scale, as demonstrated
by fig.b for the mass ranges A = 6-20 and A = 91-150. The obvious
explanation for this finding is that for each mass range there
exists an average hindrance factor S corresponding to the maximum
of the Porter-Thomas distribution on the log S-scale which is
independent of the excitation energy U and independent of the
transition energy E . Fig.5 shows
that this explanation is in line
with the model outlined above. The
curves calculated for diff >rent
U/E combinations are located in
the same broad band as the *rosses
which represent the empirical
average nindrance factor G. For
this calculation the GDR tail has
been assumed to be Lorentzian
down to h MeV and to decrease more
steeply below this energy. The
larger spreading of curves in the
A = 91-150 mass range as compared
to the vertical extension of the
cross (fig.5) is in line with
fig.U where for the same mass
range the empirical histogram
is broader than the Porter-
Thomas distribution. The fore-
going consideration makes use
of the supposition tha1" the
choice of E1 transitions incor-
porated in the histograms is
random. Certainly, if by some
procedure we select e.g. only '
the exceptionally large transition widths we
different conclusions.
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NON-STATISTICAL STRUCTURE

He nSr return to fig. 3. The insert in this figure shows some
exceptionally large cross sections iti comparison with all the other
data obtained in the same energy interval. Assuming an underlying
Porter-Thomas distribution of ground-state widths, the statistir-il
probability for finding three cross sections of this size is about
10" . This means that a non-sta", \ tical structure has been observed.
An intermediate structure of El ui\ltipolarity is not unexpected at
this energy. Satchler ' has poinVr1 out that a dipole-oscillation
of the diffuseness of the Woo Is-baxon potential (fig.6b) may lead
to excited s ates at this energy. Frrthermore, the inelastic
scattering of m-particles has led to good evidence for this type
of excitation 1 fig.6a). In comparing injlartic a- and y~scattering
one has to remind that in heavy nuclei the nuclear states are of
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mixed isospin. This facilitates an'
isoscalar (a,a') and isovector (y,y')
excitation of this vibrational mode
(fig.6a).
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Fig.6 Oscillation of the nuclear
diffuGen(>s3. a) evidence from
a-scatterinp;, b) flow-pattern

OF DELBRUCK SCATTERING IN THE GDR REGION AND ABOVE

Prior to our studies it had already been noticed that the
lowest-order O-amplitudes were not capable of fitting the angular
dependence of the elastic differential cross-section measured for
238(J a t g_0 v[eV_ W e n a v e extended these investigations to ?0^Bi and
^J^Th and have made the same observation-^. As an example fig. 7
shows the results obtained for ^°^Bi: Though by proper scaling of
the GDR peak cross-section the predicted elasti.: scattering cross-
section haj been brought into agreement v/ith the experiment at 0 =
120° there still remains a discrepancy at 0 = 60°. The reason for
this behaviour has to be sought inr a large contribution of Coulomb
correction terms of the order of Z^e which has not been calcula-
ted up to now and therefore is not included in the curves. We have
developed" an empirical procedure to take Coulomb corrections into
account by first reducing the four terms (fig.8) which contribute
the Coulomb correction, viz. Re B,, , Re Bj , Im B,, and Im Bj , to only
one angle-dependent correction parameter. This was achieved by ma-
king use of the fact that for b -*• i80°, B, +-BL .
Furthermore , .since for the lowest. - or.ier amplitudes
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we have Re Alr % Im A,, and
Re Aj % Ira A±, it is
appropriate to assume that
the same relations hold
also for the Coulomb
correction terms. By this
procedure we have arrived
at the Coulomb correction
terms depicted in fig.8
ciid at the excellent fits
to the experimental data
shown in fig.9. Though the
modifications of the
differential cross sec-
tions due the Coulomb
corrections are only of
the order of at most 20 %
(fig.9/ the contributions
of the Coulomb-correction
terms to the total D-ampli-
tudes are quite sizable
(fig.8).

One major problem in these
investigation was to
arrive at appropriate
parameters for the GDR.
The data available in the
literature differ little
in resonance energies E Q
and widths F. But sizable
discrepancies are found
in the peak resonance

cross-sections which therefore have been fitted to the experimental
data. This was possible in an unambiguous way because elastic
differential cross sections have also been measured at 11,h MeV
where Delbruck sc,ftering is small. Furthermore, the amplitudes for
nuclear Rayleigh scattering are predominantly real numbers at these
energies and therefore only very slightly dependent on local struc-
tures of the photo-absorption cross-section.

The foregoing studies have provided us with a good knowledge of
Delbruck scattering including the Coulomb correction effects. This
puts as in position to test the scaling laws for D-amplitudes
recently predicted by Cheng, Tsai and Zhu^°. According to these
authors the lowest-order amplitudes and the Coulomb-correction
terms should asymptotically become proportional to E~1 for fixed
scattering angle, provided S«>> mc^ and |fcA| > me, where m is the
electron mass. We have compared these scaling laws with predicted
lowest-order amplitudes and empirical Coulomb-correction terms and
have found a confirmation only for the lowest-order amplitudes (fig.

0° 30° 60° 9C° 120° 150°

SCATTERING ANGLE

Fig.9 Coherent elastic scattering. Solid
curves include the Coulomb correction
effect. Part of data are from previous in-
vestigations (see ref.").
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10). However, by looking at the problem more caiefully it appears
uncertain that the scaling laws are precisely fulfilled even for
the lowest-order amplitudes. This can be judged from fig.11 where
the lines should become horizontal in the limit of high energies
in case the scaling laws were fulfilled.

?:::•: KPIEEGY ;-/Ern>>TE!> ."UM K!JLE APPLI1 : :1 TO THE GDR

The energy weighted sum. rule relate:: '.he integrated photo-
absorption cross-section to the number of absorbing charges in the
many-body system. Studies in the whole range of mass numbers ^ -
have shown that the photo-absorption cross-sections ini ••i',ri'-t i up to
the pion threshold are almost the same Tor all nuclei namely

W7

o (E) dE " 60 MeV mb -~ (1+-0

with r % 1. The enhancement •" is usuall; attributed to exchange
forces in the nuclear Hamiltonian though the detailed mechanism i:;
not at all clear'-1. In attempts to understand the mechanism it
appearr advisable to look at the GDR and the qiK.' i- j'-u'.••?• ,n region
separately. This has .-eeenj^y^been proposed by Brown and Rho'' .
According to these authors ' '' the enhancement v of the photoab-
sorption cross section integrated over the GDP. separately, ic
related to 6 -, the correction from exchange cijrrentr to the orbital
g-factor, whereas the large enhancement •' ̂ 1 of the dipole sum
when integrated up to the meson threshold may be understood theo-
retically to arise from the tensor part of the nuc] eon-nucl <̂ on
interaction. Furthermore, for '- Pb ;i' '.<•::,{ ' s have been made to undei—
stand the GDR in terms of 1 ha) transitions between oscillator
shells . This latter aspect leads to the supposition that, the
integrated T O S S section measured for the GDR of PI' or its
neighbours may possibly be larger than the corresponding nross-
sections measured for Ta, ''•̂ Th and ' -1 J where the l.ucleon
configurations are far from closed shells and, hence, the the
number of available 1 HOJ transitions may possibly be smaller.
Apparently, there is more than one good reason for the experimen-
talist to separate the integrated cross-section of the JDP. from
that of the quasi-deuterou region, in heavy nuclei the integrate]
cross section attributed to the GDR is well defined by the arr-ar
underneath the Lorentzians . This makes it possible to carry thf>
separation of integrated ci'oss sections through with little ambi-
guity.

Fig.12 shows the available data for the photo-absorption cross-
sections integrated over the Lorentzians of the GDRs for the mass
range between i8i and 238. Indeed, there is a suggestive support of
the supposition that shell-effects may show up in the integrated
cross-section of the GDR. The only data which clearly contradict
the trend indicated by the dashed curve of fig.12 are the nhoto-
absorption data obtained^ by the Livermore group for t'-'' Th and
23oy T n e r e a r e s e v e r a i investigations which show that the r>eak



177

cross-sections measured by the Livermore group ^5 probably are too
large for these nuclei, in agreement with our findings.

Integrated Lorentzian cross
section of GDR

Jo(EldE=60MeVmb^(WXI

180 190 200 210 220 230 240 A

v i i 197?

• 1 C 7 C

Fig . IP Enhancement x for the Lorentz ians of the GDR.
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RECENT DEVELOPMENTS IN NUCLEAR SCATTERING OF CAPTURE GAMMA-RAYS

0. Shahal and R. Moreh
Nuclear Research Center-Negev, Beer-Sheva, Israel

Ben-Gurion University of the Negev, Beer-Sheva, Israel

ABSTRACT

Recent studies at the IRR-2 reactor using monoenergetic neutron
capture y-rays fa l l into three categories: 1) study the low energy
GDR ta i l using the (y,y) and (y,n) reactions; 2) study of inter-
ference effects between nuclear resonance fluorescence, Rayleigh and
Delbruck scattering at small angles; 3) testing the 20 absorption
structure of simple molecules on graphite using nuclear resonance
scattering technique.

INTRODUCTION

The act ivi t ies of the nuclear research group of the Negev reac-
tor (IRR-2) is based mainly on the use of photon beams generated
from neutron capture. These activi t ies include (y,n) angular dis-
tr ibut ion measurements on the deutron and on heavy targets and are
represented by a few contributions to this conference. Here we con-
centrate on new photon scattering studies which fa l l into three main
categories: 1) Measurements which u t i l i ze the ultra-high monochro-
maticity of the photon bearrb (AE ~ 20 eV) for probing the micro-
structure of the low-energy t a i l of the GDR in nuclei around A=208.
In this mass region, nuclear structure effects are known to occur
above the particle emission threshold e.g., the bumps at 9.0, 10.06,
11.3 MeV in 208Pb. These bumps were studied using Ni capture y-rays
containing y-lines with energies almost coinciding with those of the
bumps. By combining the scattering information thus obtained with
low resolution photon scattering data i t was possible to set an
upper l imit to the widths of the 10.06 and 11.3 MeV bumps in 208Pb.
2) Interference effects: such an effect was observed for the f i r s t
time between Rayleigh-Deibruck scattering and nuclear resonance
fluorescence from an isolated level. This was measured at forward
angles (6=1.0°, 1.7°) using the chance resonance scattering event in
which a y line of the Fe(n,y) reaction overlaps the 7.28 MeV level
in 208Pb. The corresponsding theoretical expression was derived and
an excellent agreement with measured values was obtained.
3) Molecular orientation: the nuclear''resonance photon scattering
from the 6324 keV level of 15N was used for the determination of the
spatial orientation of molecular groups containing nitrogen. This
technique^ senses the Doppler broadening of the *5N level arising
from the zero-point vibrational energy of the molecule. In diatomic
molecules, the broadening is highly anisotropic being maximum along
the molecular axis and minimum along the perpendicular direction.
This fact was used for monitoring the orientation of adsorbed N2 and
NO molecules with respect to the adsorbing graphite planes. The
results indicated that at low temperature < 30°K the N2 molecular
axis align i tse l f nearly parallel to the grafoil planes in fair
agreement with measurements of neutron diffraction and low-energy

0094-243X/85/125017*-13 $3.00 Copyright 1985 American Ins t i tu te of Physics
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electron di f f ract ion. However, for the NO-grafoil system, a wide
disagreement was observed. Our results indicate that at a coverage
of -0 .24 monolayers (of NO on grafoil) and T < 50°K, the NO
molecules (in dimer N202 form) cannot a l l lay parallel to the grafoil
surface, in contrast to the findings of n-diffraction.^l

The photon beam was generated from the (n.-r) reaction on metal-
l i c disks of (Fe, Cr, Ni) placed along a tangential beam tube near
the core of IRR-2 reactor. The photon beam was coilimated and
neutron f i l te red . Details of the experimental system were given
elsewhere.-' In the present talk, we shall concentrate on the last
three types of experiments.

1 . Probing the Low Energy Tail of the 6DR

The low energy ta i l of the GDR is known to have structure^-5
above the particle emission threshold. This structure was observed
in several independent studies. For example, the recent work of
R. D. Starr, P. Axel and L. S. Cardman with (Y,y') reaction and
~ 125 keV resolution in lead-2083 small bumps were found at 10.04,
10.06, and 11.3 MeV. The Ni capture Y-rays spectra contain y-lines
with energies that coincide with those of the bumps (8.99, 10.06,
11.388 MeV).

The dipole character of the scattered radiation from those bumps
was established by using ( Y . Y 1 ) 3 reaction. The (e,e*) measurements*
have shown that those bumps are highly fragmented, with El and E2
strength. I t is of interest to probe the structure using Y-lines
with high energy resolution like those obtained from neutron capture
Y-rays.

By combining the scattering information obtained with low energy
resolution (varying between 140 keV for the (y,n) reaction2, 125 keV
for the (Y .Y 1 ) reaction3, ~ 30 keV for (e.e'J reaction4 and 5-50 keV
using the threshold photoneutron technique^ with the present data
taken with the high resolution, neutron capture photon beams, i t is
possible to set an upper l imit to the width of the 10.06, 11.3 MeV
bumps in 208Pb.

The main disadvantage of this technique however is the fact that
the Y source is not variable in energy, so i t is impossible to get a
continuous scan. Experimentally, the photon beam hit a target of
~ 50 gr of 208Pb (91% enrichment). Figure 1 shows the high energy
spectra of the incident Y beam and that of the scattered photons at
an angle of 145°. Note the strong scattered signal at 10.06 MeV.
This line is almost absent in the scattered spectra from neighboring
targets 206Pb and 2 0 9 Bi . Its presence shows that there is a strong
narrow bump in the GDR ta i l of 20aPb. The dipole character of the
scattered radiation was established by measuring the intensity ratio
I(145°)/I(90c>). For the 10.06 and 11.4 MeV line the obtained ratios
are: 1.69 + 0.17, 1.60 ± 0.08 compared to the theoretical value of
1.67 for a dipole transit ion. The result for the 8.999 MeV line was
1.43 which is also indicative of dipole scattering, but i t is
depressed because of the relatively large contribution of Delbruck
scattering at 90°. At higher energies the effect of Delbruck scat-
ter ing is much smaller and can be ignored. The absolute scattering
cross sections obtained from the intensities of the incident beam
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and the scattered radiation are given in Fig. 2. The solid curve is
the predicted cross section (calculated by S. Kahane) including
Delbruck scattering, nuclear resonance scattering (the GDR parame-
ters were obtained from ref. 2) and classical Thompson scattering.

Fig. 1. Portion of the high-
energy part of the scattered
spectrum from a 208Pb target
at 0=145° as measured with a
40 cm3 Ge(li) detector, and
the corresponding Ni(n,y)
spectrum of the incident beam
as measured after passing
through a 20 cm Pb absorber.
P and F denote photo peaks and
f i r s t escape peak.
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The Rayleigh scattering contribution was ignored. The present
values are higher than predicted especially for the 10.06 MeV l ine.
The present value at 10.06 MeV is a factor of 2 higher than that
reported in the low resolution data. In order to explain our high
measured scattering cross section compared to the experimental value
of the low resolution data, i t is necessary to assume the existence
of a Lorentzian line at 10.06 MeV superimposed on the low energy
t a i l of the GDR. I f one uses a value of 21 mb-MeV for the integral
/ og(E)dE, our measured cross-section implies r < 25 keV for the
Lorentzian width. A similar procedure was used to obtain an upper
l imi t for the width of the 11.27, 11.45 MeV bumps. One finds that
in order for the cross section to drop as low as 221 yb/sr at 11.388
MeV, the widths of the bumps at 11.27 and 11.45 MeV should be r < 70
keV i f the predicted cross sections are to agree with present result
and those of I l l i n o i s . '

The combination of our data with the earlier results imply a_
much narrower bump than was thought previously. I t should be empha-
sized that the large measured value of the intensities ratio
I(145°)/I(90°) at 8.999 MeV does not rule out the possibil i ty of an
E2 contribution because the ( Y ,Y ' ) angular distribution is not sen-
s i t ive to small E2 admixture in a region where dipole contribution
predominate, ft better search for some E2 admixture may be made by
looking into photoneutron angular distr ibution, any asymmetry around
6=90° is indicative of interfering effects E1-E2 or El-Ml. Such
measurements were already done.^ The results of the 11.388 and
10.055 MeV lines have shown symmetry around 90°6 while the 8.999 MeV
state revealed strong neutron asymmetry around 0=90°.6 Thus there
is clear evidence for an E2 contribution at 8.999 MeV.

2. Studying the Interference Effects Between Nuclear Resonance
Fluorescence and Rayieigh-DeibrucITI

The use of a source with high energy resolution is essential for
studying the interference effects between the elastic photoii scat-
tering processes. In the past few years, we already carried out a
series of experiments, studying al l the elastic processes separately
by choosing the adequate scattering angles, Z, and energies in such
a way as to enhance one process at a time while minimizing the
others. With the advent of forward-angle elastic scattering
measurements, where the cross sections are dominated by the R
(Rayleigh) and D (Delbruck.) contributions (in the energy range 4-10
MeV), i t becomes feasible to observe possible interference effects
between nuclear resonance fluorescences with R and D scattering.
This is because the differential cross section of R and D scattering
at 6 ~ 1° and Z > 50 is about ~ 100 mb/sr and hence comparable to
nuclear resonance fluorescence cross section. The contribution from
the GDR together with that of Thomson scattering processes at E ~ 8
MeV is small and is thus ignored. In the present work we selected
the Fe(n,y) source together with lead-208 target because of four
reasons:

1) 208Pb is known to scatter resonantly the 7.28 MeV line obtained
from the Fe(n,y) reaction yielding the most intense nuclear
resonance scattering signal.
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2) Lead is a high Z element (Z=82) yielding intense R and D scat-
tering cross sections at small angles.

3) It is possible to compare the elastic scattering of the 7.28 MeV
line with other y-lines, close in energy, where no nuclear reso-
nance scattering process contributes.

4) The Pb scattering results can be compared with those from a Bi
target (Z=33) which is nearly nonresonant at 7.28 MeV thus
yielding more reliable information.

To achieve small forward scattering angles, we employed a shadow
beam geometry shown in Fig. 3. In this geometry the incident y beam
is prevented from reaching the Ge(Li) detector directly by a long
cylindrical absorber C and a collimator 8. Ideally, the only
radiation reaching the detector is that scattered by the ring target
mounted on the absorber. The scattering angle could be varied by
changing the diameter of the absorber, tha scatterer-detector
distance and the diameter and length of the colimator.

REACTOR WALL (

F e (rwlSOURCE

COLLIMATOR

\ DETECTOR

SCATTERER

LEAD E 3
CONCRETE B

BOR. PARAFFIN E 3

Fig. 3. Schematic diagram
(not to scale) of the experi-
mental system. The dimen-
sions of the iron absorber C
were 100 cm long, 4 cm in
diameter (for 8 ~ l/0c). The
dimensions of the lead colli-
mator B were 2 cm diameter by
30 to 40 cm long (dependong
on the value of 6). The
scatterer-detector distance
was ~ 135 cm.

In Fig. 4. the spectra of the high energy part of the scattered
radiation from a Pb target at angles 9 ~1° and 1.7° are shown. A broad
Compton peak is present near each narrow elastic peak.

The appearance of the two peaks served thres purposes:

1) To determine the absolute elastic differential cross section.
This value is obtained by measuring the area ratios of the
elastic to Compton peaks and employing the theoretically calcu-
lated Compton cross sections.

2) To find the scattering angle obtained from the energy separation
between the elastic and Compton peaks.

3) To determine the angular spread A8 obtained from the width and
shape of the Compton peak.

The extraction of the elastic to Compton peak ratio was carried
out using a computer code which fitted both the elastic peak and the
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Compton peak. F igure 5 shows a t y p i c a l r e s u l t of such separa t ion
f o r the second escape peaks of the 5920 and 6018 keV l i n e s sca t t e red
f rom a Bi t a r g e t at 6=1 .7° . The Compton cross sec t i on was c a l c u -
lated by multiplying the Mein-Nishina value by the incoherent scat-
tering function S. The factor S takes into account the effect of
bond electrons in cases where the recoil energy of the Compton scat-
tered electrons is smaller than the binding energy.

Fig. 5. Typical results
of curve f i t t ings of
skew Gaussians to the
elastic and Compton
peaks. The procedure is
shown for the double
escape peaks of the 5920
and 6018 keV Y lines
scattered at 8=1.7° from
a Bi target.
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The measuared elastic cross sections in the energy range
4.0-10.0 MeV are presented in Fig. 6.

Fig. 6. Differential
cross section for
elastic scattering of
photons from Pb and Bi
at 9=1° and 1.7° the
curves are obtained by
reducing the R amplitu-
des by 5%, resulting in
a better f i t at the
higher energies. The
contribution of NRF
scattering is not
included.

B10 L 6
ENERGY (Mev)

The coherent differential elastic scattering cross section may
be written in terms of l inerly polarized amplitudes as

da 2 °
2)

where A,, and kL are the scattering amplitudes polarized parallel to
and perpendicular to the scattering plane. Each scattering ampli-
tude is a superposition of D, R, and F (nuclear resonance fluores-
cence) scattering amplitudes

A I, = AQ + AR" + Ap = As + Af

hL = AQ + AR + Ap = As + Ap where As = AD + AR

In general each amplitude is complex. The Rayleigh scattering deals
with the contribution of bound atomic electrons to the elastic scat-
tering of photons. In the range of momentum transfers of the pres-
ent work, namely, x <10A> t n e Rayleigh amplitudes are approximated
by the modified form factors calculated using Hartree-Fock Slater
re la t i v is t i c wave functions of Liberman et a l . n

g(q,Z) = 4TT / n(r)
sin(q,r) me2

r 2 dr

where

(qr ) mc2-EB-V(r)

q = (E /c )s in (e /2 ) is the momentum t r a n s f e r

(3)

the e lec t ron b inding energy



186

n(r) density of the electron cloud

V(r) H.F. mean potential of the electron

Delbruck scattering deals with the elastic scattering of photons
from the Coulomb f ie ld of nuclei via real and virtual electron-
positron production. Values of D amplitudes were calculated by Bar-
Noy and Kahane12 using the formulae given by Paptzacos and Mork̂ -̂
and by Constantini .•**

The nuclear resonance fluorescence scattering amplitude may be
obtained by considering a Breit-Wigner amplitude of a sinale photon
of energy E incident on a nucleus of ground state spin Jg with an
excited level of peak energy E r, total width r and spin J. In units
of r0 the classical electron radius, we have:

AF»(E,8) ^ 1 + i A f 2 = C O ( E r _ E
r ^ . r / 2 f , ( 6 ) (5 )

where Co = /a o / r o

o0 = 2*A2 (2J+1)/(2JO + 1)

for Ml radiation (7.28 MeV level in 208Pb with spin 1+)

fj_(e) = /STSTT f | (e) = /T/H^cose AF
P = Ap cose

for 0 < 2° we may ignore the angular dependence

= f | {8) = f(6) AF' = Ap1

The expression for the elastic scattering cross section is the
coherent sum of the nuclear resonance fluorescence with the other
scattering processes evaluated for each incident photon and then
integrated incoherently over al l photons, where Ap, Aj depend on the
relative velocity v of the Fe(n,y) emitting nucleus with respect to
208Pb scatterer

2 = |A F ' ( E . e . v ) + A<j' ( E , 6 , v ) |

An integration is done overall possible velocities v, with p(v) the velo-
city distribution function, and / p(v)dv = 1. The cross section may be
written as:
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d£= r0 J ( | A | | 2 +| A J 2)p(v)dv
ClSl 2 ^

2

£ o / / ( | AF"| 2 + | A| f | 2 ) p ( v ) d v + ( | AS"| 2 + | A ^ | 2) +
2 *

2 . I [ASJ / AFj p(v)dv + Aŝ  / A^ p(v)dvj } (7)

The last expression contains three terms: the f i r s t is identif iable
with the differential scattering cross section dap/dn of the pure F
process, as i t contains an integration over al l possible relative
velocities v. This term was also discussed in several earlier
publications.15 The second term is the combined coherent differen-
t i a l scattering cross section da./dn of the D and R process, while
the third is the interference term between the F and the other two
processes. The dependence of A = AR + AD on v is very weak and nay
be taken as a constant over the energy region of 20 eV.

Phase relations: The problem of the relative phases of the ima-
ginary and the real parts of the amplitudes for the D, R, N, and T
scattering processes was discussed in detail in earlier publica-
t i o n s ^ , 1° and could be summarized as follows:

1) All the imaginary amplitudes at 9=0° are positive, as is imme-
diately obvious from the optical theorem

Im A(E,8=O°) = J — oa(E), (8)

where a(E) is the absorption cross section of the corresponding
absorption process, which is always positive.

2) The sign of the real part of the amplitude is positive or nega-
t ive according to whether oa(E) is an increasing or decreasing
function of energy. For thfi F amplitude we use the seme sign
convention as that obtained for Am, that being the nuclear
resonance scattering amplitude^ from the GDR. Using the
Gaussin distribution for the thermal velocities of both the
Y-emitting nuclei and the scattering nuclei and the phase rela-
tions the theoretical differential elastic cross section can be
calculated.

The solid line in Fig. 6 was obtained for the nonresonant scat-
tering events. I t was necessary to reduce the Rayleigh amplitudes
at 0=1° by 5% to achieve a better agreement with the experiment.'
The 5% reduction in the R amplitudes can be just i f ied by noting that
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the contribution of the L- and M-shell electron is over-estimated in
the modified form factor approximation and this deviation increases
towards small momentum transfer, namely, smaller scattering angles.
The contribution of Rayleigh scattering is large only at low
energies (below 6 MeV). So this correction is relatively small at
higher energies approaching the resonance at 7.28 MeV.

The magnitude of three terms constituting the elastic scattering
cross section is given in Table 1.

Table 1 . Measured and Theoretical Cross Section of the 7.278 MeV
Line Scattered from Natural 208Pb in (mb/sr)

do/dn (measured)

dos/dn

Pdop/dft

Interference

da/dn (calculated)

0 = 1 °

1490 ± 80

920

347

182

1449

8 = 1.7°

663 ± 30 (mb/sr)

244

347

105

696

P - relative abundance of the 208Pb isotope

Only after including the interference term, a good agreement between
the measured and predicted values is obtained. Hence, a construc-
t ive interference is obtained between nuclear resonance R and D
scattering processes.

3. Molecular Orientation of Gases Adsorbed on Graphite

The last type of experiment is the studying of molecular orien-
tat ion, by a technique that was developed in our Lab.l° This type
of experiment uses the very hgh monochromaticity of the incident
beam and enables us to determine the orientation of small amounts of
adsorbed gases such as NO or N2, which have a concentration of
~ 1/150 that of the C-atoms constituting the adsorbing graphite sur-
faces. The n-diffraction method normally used for studying the
structure of such systems'! is not very sensitive to such small
amounts of adsorbed gases. Thus we used our technique in which the
6.3 MeV line obtained from Cr capture y-rays is scattered resonantly
from the 6.324 MeV level of 15N.18 The scattering cross section os
is strongly dependent on the kinetic energy component of the N atom
(including the zero point vibrational motion) along the incident
photon beam direction. This dependence is due to the fact that as
is determined by the overlap between two Doppler-broadened shapes,
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the incident y-line and the resonance level.^ The dependence of
the calculated as is almost linear versus the effective tem-
perature. ° The kinetic energy along the molecular axis in both
molecules NO and N2 is higher than in the perpendicular direction
because of the vibrational energy along the binding force of the two
atoms. That means a broadened Doppler shape which implies a greater
overlap and higher as along the molecular axis. The effective tem-
perature can be calculated in these cases if we consider that we
have a system of only six degrees of freedom: three translational,
two rotational and one vibrational. Using the vibrational, frequency
which is wel,1 known from infrared measurement (2281 cm" for 1 5N 2
and 1844 cm for 15N0) we find that Teff is linear in T (and hence
in o s):

T e f f = 5/6 T + 274 for
 1 5N 2 gas (9)

T e f f = 0.83T + 228 for
 15N0 gas20 (10)

If the molecules are forced to lay on the graphite planes we shall
have two equations for T ... The effective temperature Ta parallel
and Tc perpendicular to the graphite planes:

Ta = 3/4T + 411 (11)

2
Tc = I i^L ) + 1 -T for 1 % , (12)

j=l 2k e h v / k T - l F

where v j , vg are explained elsewhere.^ /

Hence, a measurement of the scattering cross/sections aa and oc
(with the incident photon beam parallel or perpendicular to the
graphite planes or respectively) can be used/as a very sensitive
monitor of the angle between the line joining the two atoms and the
direction of the incident beam. Experimentally 350 mg of enriched
15N2 gas was enclosed in a thin-walled stainless steel cylinder con-
taining ~ 50g of parallel sheets of partial ly oriented graphite,
grafo i l , and corresponds to a coverage of ~ 1 monolayer at T = 78K.
We measured the cross se*,tions aa(T), oc(T) versus the temperature
in the range of 16K to 300K using a Displex cryostat. The results
are shown in Fig. 7. For T>160K <ja and crc coincide and obey the
linear relation (Eq. 9). The deviation between aa and crc begins at
~160K and increases towards lower T.

So even in the vapor phase, namely at 85K < T < 160K the
adsorbed N2 molecules have a prefered orientation with the molecular
axes parallel to the graphite planes. The free rotation freezes and
librational mode of vibration out of plane, is excited. At low tem-
peratures, T < 30°K, the results indicate that the N2 molecular axis
aligns i tse l f nearly parallel to the grafoil plane in fa i r agreement
with measurement of neutron diffraction and low-energy electron
dif fract ion. The cross section ratio R = aa/oc at 16K was measured
to be R=1.67 supporting the above conclusion.
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0.4 I ' ' I • . . . I .

100 200
T(K)

F i g . 7. Measured scat ter ing
cross sections oa and oc ver-
sus T for a one monolayer of
15N2 adsorbed on S r a f o i l .
The N2 molecules from a com-
mensurate (/3 x 73)30° s t ruc-
ture on graphi te.

Next we looked in to the n i t r i c oxide-adsorbed-graphite system.
For th i s system a complicated phase diagram is suggested in the
l i t e r a t u r e ^ - based on neutron d i f f r a c t i o n resu l t s . 8, Y and &
sol ids were reported to be formed as funct ion of ccverage and tem-
pera tu re . 2 1 The or ientat ion of NO axis in 3 and Y so l i d were
reported to be para l le l to the graphite planes (NO in the so l id
phase forms a dimer N202).

We used the nuclear scat ter ing technique to tes t the suggested
20 crysta l lographic st ructure of n i t r i c oxide adbsorbed on graphi te.
The or ienta t ion of NO in both the gaseous and l i q u i d phases was also
studied. A s imi lar target container with g ra fo i l was f i l l e d with
enriched NO ( in 1 5N). The cross section ra t i o R = aa /a c ws measured
fo r the coverage 0.22-0.73 monolayers and in the temperature range
10-300K. Our results indicate that not a l l the NO molecules lay
pa ra l l e l to the surfaces since R < 1 for a l l the coverages tested
meaning a wide disagreement with previous measurement.*^ The
average v ibrat ional energy per degree of freedom of nitrogen in N2
and NO molecules can be deduced from the cross section ind icat ing a
much higher zero-point energy of the graphite binding potent ia l in
NO compared to N2.
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PROTON-CAPTURE GAMMA RAYS AS A SPECTROSCOPIC TOOL

Ph.B. Smith
Laboratoriura voor Algemene Natuurkunde, University of Groningen

9718 CM Groningen, The Netherlands

ABSTRACT

Proton-capture gamma rays can be used to induce nuclear reac-
tions at a well-defined energy. The total intensity is considerably
less (by a factor of at least a hundred) than the strong mono-
energetic gamma rays from high-flux nuclear reactors exploited for
this purpose. On the other hand the energy of the gamma rays, de-
pending on the target mass and the energies, can be varied over a
range from 20 to 80 keV by changing the angle of observation with
respect to the proton beam. This means that specific levels can be
excited at will. Experiments done to date using these gamma rays are
reviewed. These are resonance self-absorption and fluorescence
(capturing nucleus the same as resonating nucleus), resonance cross-
absorption and fluorescence (where use ca.i be made of the polariza-
tion of catture gamma rays) of bound levels, and resonance ab-
sorption on unbound levels. A discussion of the relative merits of
these technj^aes, in comparison with other methods of obtaining the
same infor' ion, is given. It is concluded that the greatest
promise ft- future experiments lies in the last category mentioned.

I. INTRODUCTION

If we liiuit the discussion to discrete gamma-ray sources we
may say that up until 1957 the resonance fluorescence of nuclear
gamma rays had only been made observable by line broadening from
either temperature motion or recoil motion from previous emissions
or reactions and by line shifting by means of centrifuges. These
methods and the cases studied are covered in older review
articles1'2.

Almost simultaneously in 1956/57 two other methods were found
to provide exact resonance and complete overlap: the best-known is
recoilless emission and absorption (Mossbauer), and the other is
the unattenuated Doppler shift available after the two-body process
of particle capture.

The energy resolution (AE/E) of this second process is at best
10~5. This is very good compared to other methods of gamma-ray
spectroscopy but astronomically poor compared to Mossbauer spectros-
copy. For this reason there have been few applications in condensed
matter physics. The only solid-state parameter obtainable (from the
resonance absorption integral) is <v2>. Since this parameter is
physically different from the parameters obtained in Mossbauer
spectrometry, there is the possibility that certain solid-state
experiments might be worthwhile. For lack of space they will not
be discussed in this paper.

Resonance absorption and fluorescence where the emitting and

0094-243X/85/1250192-16 $3.00 Copyright 1985 American Institute of Physics
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Fig. 1. Schematic representation of tha processes discussed in this
paper.

absorbing nucleus are the same (Fig. la) is limited to the small
number of cases where the target and product nucleus are stable and
the excited level has a reasonable partial decay width to the ground
state (in practice y

s

0.1 eV).y
Only recently has the door been opened to more than incidental

application of "cross-excitation", i.e. the excitation of a level
in one nucleus by a gamma ray from another (Fig. lb). This more
general application has been stimulated by the greater precision in
excitation energies and gamma-ray energies now available (unless
both are known with keV precision finding an absorption dip is a
"needle-in-the-haystack" search). A fvirther stimulus is the system-
atic registration of intense gamma rays carried out in Utrecht by
van 't Westende et al.3. A review of the use of resonance absorption
to determine the transition widths of nuclear states is given by
these authors. For cross excitation the gamma ray does not, of
course, have to come from a ground-state transition, but for all
practical purposes it must be a primary. "Coverage" is not complete,
but van 't Westende3 states that reasonably intense gamma rays are
available for 90% of the energy region between 6 and 10 MeV.

In the present review the accent falls on the usefulness of
particle-capture gamma rays in the excitation with high-resolution
of specific interesting levels. Not only resonance absorption, but
in particular, resonance fluorescence, will be treated. In the case
of fluorescence the linear polarization of capture gamma rays makes
the determination of the parity of the resonating level possible.

In the following section the question of precision and relia-
bility of resonance absorption and fluorescence measurements will
be treated in relation to measurement and analysis techniques, and
in the last section a review of the applications of resonance
absorption and fluorescence will be given.
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II. PRECISION AND RELIABILITY

IIA. RESONANCE ABSORPTION

The charm of any resonance absorption method is that the
results are in principle absolute, i.e. independent of background
or of instrumental and non-resonant effects. This led to a spirit
of euphoria among those who had first thought of the method
(S.S. Hanna, L. Meyer-Schiitzmeister, and the present author). As
time went on, however, it became apparent that it was quite possible
to produce erroneous results. Now, a generation later, it is
possible to take stock of the method. It may now be credibly claimed
that absolute values of level parameters can be determined with a
precision of approximately five percent for bound levels (e.g.Ref.4),
if one keeps to the rules of the game. These rules are the subject
of the following two paragraphs.

IIA.l. EXPERIMENTAL TRIBULATIONS

If trivial errors are excepted, the only things that can go
wrong are in the background determination and the monitoring. Fre-
quently intensity considerations dictate the use of a Nal detector.
This means that the spectrum must be checked with a Ge-Li detector
in order to know which gamma rays are being detected by the Nal
detector. But even if a Ge-Li detector is used there is still danger
of contamination '*ithin the peak by gamma rays from a nearby
resonance (say 3 or so keV away). Even if at the beginning of a
measurement this contamination is carefully ruled out, and even
under the best conditions of target vacuum and proton energy stabil-
ity, the bombardment of the target during a measurement (of the
order of 1000 C/cm') will lead to material damage and deterioration
of the sharpness of the yield curve. Changing targets or target
spots reduces this damage, but even 10 C/cm2 causes serious damage.
If a nearby resonance has a line of (practically) the same energy,
the fuzziness of the yield curve, caused by the damage, will lead
to a slow growth of contamination. A good example of such a case is
to be found in the dissertation of J.W. Maas5 in the resonance
absorption measurement on the 11.44 MeV, J77 = 1 + , T = 1 level in
26Si. Repetition of this measurement under better controlled con-
ditions by Elsenaar*, eliminated this error (see Table II).

As far as monitoring is concerned, it has been the custom in
Groningen to mount the monitor on a movable arm at 180° to the
collimator (Fig. 2a), thus compensating reasonably well for the
angular distribution. A serious error was introduced by the use of
this technique in the thesis work of W. Biesiot because a thick
piece of iron was placed before the monitor to reduce the counting
rate. As it turned out there was a resonance in S6Fe at the supple-
ment of one of the angular regions covered, so that a broad peak
appeared in the results. This led to an erroneous interpretation

* unpublished
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W collimator

7.5x12.5 cm
Na 1 detector

V-J7 .5 x 7.5 cm
Na I monitor

7.5x12.5 cm
Na I detector

W collimator

absorber ^ c^JJS
proton beam target l\

I absorber out

7.5x7.5 cm
Na I monitor

Fig. 2. Typical set-ups for resonant absorption experiments.

in the dissertation6, since then corrected7. Incidentally, the
work on 56Fe mentioned earlier*, was based on this "accident".

Both of the above mentioned errors were avoidable. But so are
all errors. No one has yet encountered weird effects because of
resonances in sodium, or iodine, or germanium, but one must always
be on one's guard. The possibility of error in the monitoring has
been practically eliminated in recent work at Groningen7 by the
adoption of the set-up shown in Fig. 2b. Each point is measured (in
fact, many times) with the absorber in and with absorber out, as in
neutron absorption work/ to measure the true transmission of the
absorber. This practice, however/ increases the measurement time by
30 to 40% for the same statistical accuracy/ which is not pleasant
for measuring times already are of the order of 100 hours.
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IIA.?. DIFFICULTIES IN ANALYSIS

IIA.2.a. THE RESONANCE ABSORPTION INTEGRAL

At first sight it appears that the determination of the reson-
ance absorption integral is very easy. That this has frequently not
been the case is due to inadequate curve fitting procedures, and
too little attention to the obtainment of adequate statistics in
the "background" region (far in the wings of the dip). This second
point is one of experimental judgement, since the optimum experi-
ment can only be designed after it has been done and the results
have been analyzed.

The general equation for the resonance absorption at the angle
a is:

a (a) =
JdE f(E - - exp[-naoi|/(x,BT)]}

JdEf(E - E(a))
(1)

0.8

(U
JJO

l

£0.6
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•f-A \proton beam

\ \ target r~"~^~-
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ir Nal detector
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0.5 1.0 1.5
ipldeg]

Pig. 3. Experimental and calcula-
ted results for the collimator
transmission function, using the
set-up shown in the inset.
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Fig. 4. The dashed line gives
the calculated transmission
function of the collimator
calculated as in Fig. 3. Two
mathematically simpler vari-
ants are also shown which
give undistinguishable fits
to the data. The solid curve
is a gaussian chosen such
that the enclosed area equals
the area under the trapezoid
(see text).
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Here E(a) is the nominal energy of the gamma rays passing through
the collimator at angle a, f(E - E(a)) the instrumental function,
x = (E - Er)/<ra/2), 3 T = 2A/ra, and A = E y(2T e f f/Me*)*. The total
width of the absorber level is T a, the resonance energy is E r, and
ao = 2irXz{<(2j+l)/(2J0+l)}(rYo/ra). The ip-function is the well-
known convolution of a Breit-Wigner form and a temperature gaus-
sian. It can be expressed as:

ijMx,S ) = -3^ Re W(z) (2)

T
with z = x / 8 T + i/6T and W(z) the complex error function, available
in general, as a standard computer function.

There are many contributions to the instrumental function f.
Biesiot8 showed that, if we leave out the emitter function for the
moment, a gaussian is better than the trapezoid which one would
predict purely on the basis of the collimator transmission function.
He was able to do this because we knew the other contribution (the
Breit-Wigner width) very well from precision elastic proton scatter-
ing measurements. The gaussian form is not illogical, since other
factors such as temperature motion of the target and (perhaps
shifting) divergence of the beam will always tend to spread the
trapezoidal function into a gaussian. In 7ig. 3 is shown that the
collimator transmission function agrees very well with what one
calculates. In Fig. 4 are shown the trapezoidal function which
would follow if the collimator were the only contributing factor to
the instrumental function, and the gaussian which was finally used.
The correct instrumental function is then the convolution of this
gaussian and the Breit-Wigner form of the emitter line, again giv-
ing a complex error function.

In all of the work done up to the present on bound levels the
instrumental function is at l.ast ten times as broad as the
(temperature spread) absorption function. The absorption can then
be treated as a delta function and Eq. (1) takes the form:

hW =/F7 V nV ra'V R e W ( 2 l ) (3)

Here z1 = x/3c +i/0 c, x = (E - E(a))/Te/2), 8 C = 2y/Te, y = FWHM of
the instrumental gaussian (expressed in energy units) divided by
2/ln 2, and f the width of the emitter line. This last parameter
must be known in order to get reliable results. It can in practi-
cally all cases be found from proton elastic scattering measure-
ments. The resonance absorption integral A is the well-known
integral:

A^ = Pa / dx{l - exp(-ncrol(;(x,eT)} (4)*
o

In *-' ritting procedures now used in Groningen and Utrecht

'- Kef. 4 this equation is in error (the fore-factor is erro-
neously given as Ty , instead of F a ) .



Fig. 5. Fitted results of 5 resonance absorption measurements on
chromium. The curves are (single! convolutions of a Breit-Wigner
emitter line and a gaussian instrumental function. The absorption
for this bound level is treated as a delta function.

Eq. (3) is used for bound (i.e. narrow) levels. In much work in the
past a gaussian form has been used. This can certainly not be justi-
fied with the argument that it is tedious to use the complex error
function. For the programmer it makes no difference, and the compu-
tation time for simultaneous fitting of five transmission curves,
such as shown in Fig. 5, with a total of 85 points is only 3 seconds.
The fitted value of the gaussian width, y, was constrained to be the
same for all curves, but further the individual background para-
meters, A "s and dip centres were left free.

Nor can the use of a gaussian form be justified with the argu-
ment that "you can't see the difference". The traitorous wings of
a Lorentz curve contribute a great deal to the area, and if you know
that they are there, there is no excuse to leave them out.

Even if the Doppler width is very small compared to the level
width fa, the analysis can be tedious, if the absorption is large.
This explains why an almost factor-of-two discrepancy in the total
width of the 9.17 MeV level in li|N persisted more than 20 years in
the literature. In 1959 Hanna and Meyer-Schutzmeister9 found a value
of 77± 12 eV, and in 1981 Biesiot8 a value of 135± 11 eV. This
latter value agrees with the independent results of (p,p) work
(135 ±8 eV). In Eig. 6 are shown the transmission curves in the
self-absorption measurement of Biesiot8 on this level. The fits
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RESONANCE ABSORPTION IN RESONANCE ABSORPTION IN U N

Ex=9.17MeV
64 cm LN2 24000

20000

16000

12000-

30000

26000

22000

54000

in

i 52000
u

50000

34000

32000-

30000-

28000

cm I.N2

80 84
a (deg)

76 80 84
a(deg)

Fig. 6. Transmission curves for
5 thicknesses of £N2 absorber.
The solid lines are best fits to
data of a double convolution of
a Breit-Wigner emitter 1ine, a
gaussian instrumental function,
and the exponential absorption
of a Breit-Wigner line (Eq. (1)
with 6T = 0).
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were made using Eq. (1) in which the if; function is replaced by its
limiting value for 3 = 0 , i.e. (1 + x 2)" 1. But even with this sim-
plification the numerator is a double, numerical convolution, which
hardly could have been carried out in 1959; even in 1980 the fit-
ting process took hours of computing time.

Since the actual value found for the fitted width has a sub-
stantial effect on the value of aQ and thus on the non-linearity of
Aj vs n,11 in this special case a check for internal consistency is
possible. In ref. 8 it is shown that a width of around 75 eV cannot
possibly lead to consistent results, whereas a width of 135 eV
gives excellent consistency.

The point here is to underline that sophisticated analysis
codes are a necessary part of the "equipment" needed to produce
reliable and precise results in resonance absorptior work.

IIA.2.b. ARRIVING AT THE FINAL RESULTS

Once a set of values of A« for different absorber thicknesses
has been found, as described in the previous section, Eq. (4) can
be used to extract the value of I\, and 0T. An example of this type
of fit is shown in Fig. 7a for the 9.14 MeV J71 = 1+ level in 52Cr.
The value of ryo, 2.68+0.16 eV (B(Ml)-l- = 0.302 ±0.018 u N), was the
principal result here. In Fig. 7b is shown that it is quite impos-
sible to fit the absorption obtained with another isotope (53Cr,
with a natural abundance in the absorber of 9.5%). The ratio I\, /T
must be known in order to get unique and reliable results. A separ-
ate fluorescence measurement is in general necessary for this

Fig. 7. Fits to Eq. (4) of the values of
Fig. 5 to ry0 and 3T for

 s2Cr (reduced x2

2 52

a found from the data of
is 0.6) and 53Cg y0 3T (reduced x is 0.6) and 3Cr (reduced

X2 is 13)showing that 52Cr is indeed the resonating nucleus.
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purpose, unless the level can be excited in a particle reaction.
The object of this section has been to outline the require-

ments which must be met in order to be able to rely on resonance
absorption measurements at the level of 5%. It turns out that in
order to reach this level much more work is necessary than has been
spent on these measurements, in most cases, up to now. In parti-
cular, values of r_ and IV, /I\ should be known. Furthermore, for

*-: 10 Si

bound levels especially, a considerable range of absorber thicknes-
ses should certainly be measured. Finally, the fitting codes must
be quite sophisticated in order to extract precise results from
precise data. These rigorous requirements can, of course, be relax-
ed in some cases, mostly unbound levels, where the absorption is so
small that n<70 << 1. The absorption integral then becomes linear in
Fy , and usually the total width of the absorption curve, which
then becomes Fa + Te is considerably greater than the gaussian part
of the instrumental function so that the latter can be fixed in the
analysis at a (not critical) value learned from experience with
various levels. So both (2J + Ty

on
and Ta are easy to determine.

The precision depends entirely on counting statistics, and not much
on the analysis (see section HID) .

IIB. RESONANCE FLUORESCENCE

It is assumed that the level parameters with the exception of
the parity have been determined by resonance absorption and other
spectroscopic methods. The sign of the azimuthal asymmetry of

RESONANCE SCATTERING *p=90°detector

soatterer

" photbrTbeam

-<p = 0° detector

Fig. 8. Schematic drawing of the set-up for resonance fluorescence.
The entire collimator and detection system rotates as a whole about
the target.
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resonantly scattered gammas is then the only quantity needed to de-
termine the parity. A thorough discussion of the mathematical back-
ground of this type of measurement can be found in refs. 11 and 12.
Our experimental set-up is shown in Fig. 8. Measurements are per-
formed by measuring at ar (the resonant angle), and two degrees to
the left and to the right of ar, where the gamma ray is no longer
resonant. The chief experimental, and thus analytical, difficulty
arises from the fact that there is no cylindrical symmetry about the
axis of the scatterer (intensity considerations dictate the use of
collimator slit, not a round hole as would appear from the figure.
In measurements on the resonance scattering of the 9.17 MeV line in
1IfN this was not important8 because the electronic absorption in the
BN scatterer was negligible. Later, when unique parity assignments
were made1* on levels in 52Cr and 56Fe a computer code was available
which calculated the asymmetry. This was not available when reson-
ance fluorescence was measured on the 4.84, 7.06 and 7.08 MeV lines
of 208Pb.al Fortunately we did have an unpolarized source of
resonant gammas from a J = 1 resonance with which to calibrate the
asymmetry of the set-up. Resonance for both members of the doublet
coulfi be achieved with one gamma ray from the 3'*S(p/Y) reaction at
Ep = 2.54 MeV, at the widely distinct angles of 130° and 74°, where
the polarization, P = 0.37. Both levels were clearly 1", with more
than three times the error bars separatee: from the 1+ solution,
although it had been clear from the work at Illinois in Axel's
group13 that even though they could not resolve the members of the
doublet that both had to be 1~, it was reassuring to see that we
could resolve the levels completely and prove the negative parity of
each one independently.

The object of this paragraph is not, however, to tell how good
the method is, but to define the requirements for achieving its po-
tentialities of model-free, absolute, results. And that means that
the failure to give a statistically significant answer to the parity
of the 4.84 MeV level must be commented upon. Berg12 has clearly
shown that this level has negative parity, yet our results indicated
(not at the level of an assignment, however) positive parity. The
lesson to be learned from this is that although measured asymmetry
factors may be reliable under identical conditions, they cannot be
used too far away from the energy where they were measured. Further-
more the mistake was made of not taking sufficiently into account
the uncertainty in P(calculated as 0.23). In general, with errors
of the order of 50% it is probably unwise to present any results at
all.

In conclusion, we believe that this technique can be made reli-
able. Its unique charm is the possibility of destroying the reson-
ance condition by turning the whole system a couple of degrees away
from the resonant angle so that even with a signal-to-noise ratio of
0.2 it is possible to be sure that you know what you are doing. But
a good computer code to calculate the asymmetry of the set-up is ab-
solutely necessary. As mentioned in Ref. lla modest expenditure on
better passive shielding from the direct beam and active shielding
from cosmic rays would greatly enhance the capabilities of the
Groningen set-up.
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Table I. Self-absorption measurements since 1964

nucleus

" M

27A1
27A1
27A1

28si

31P
31P

35C1
35C1

E (keV)

1750

1785
1965
1965

733

1481
1482

1891
2791

E Y (MeV)

9.17

9.99
10.16
10.16

12.33

8.72
8.72

8.21

9.08

rt (eV)

135+ 5
72±10

1.2 + 0.3
23+3
23 ± 5

11.2 ± 0.9

100 < T< 25
100 <T< 25

39 ± 5

65 ± 20

T (eV)
'n

7.2 ±0.4
8.9 ± 1.2

0.6 ±0.2
0.6 ±0.2
0.8 ±0.3

-

0.75± 0.05
0.35± 0.06

0.70±0.09

1.38±0.16

Ref.

8*
14

16
16
17

«+

18
18

19
20

* see also Refs. 9 and 15.
** R.J. Elsenaar, unpublished
t see also Ref. 10.

Table II. Cross-absorption measurements on bound levels

target

23Na

30Si
30Si

27A1
27A1

13C
l3C

3"s
3"s
3 1 ls
3"s
3"s

E (keV)
P

1416

1830
620

1684
1684

1750
1750

1680

1974
1974
2540
2540

absorber

X1B

23Na
23Na

28Si
28Si

52Cr
56Fe

208 p b

2 0 8Pb
2 0 8Pb
208 p b

2oepb

E (MeV)

8.92

4.43
7.89

11.44
11.44

9.14
9.14

4.84

7.06
7.06
7.06
7.08

r (eV)
'o

5± 0.5

1.9± 0.4
3.0± 0.2

9± 2
23 ± 3

2.68± 0.16

1.28+ 0.17

4 - 3 - l 1
18± 3
17 ± 3

19.5± 1.7
9.1± 1.3

Ref.

*

21
21

5
*

4
4

11

22
11
11
11

* R.J. Elsenaar, unpublished.
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III. APPLICATIONS UP TO THE PRESENT

The measurements performed up to the present using resonance
reactions with capture gamma rays are summarized in this section.

IIIA. RESONANCE SELF-ABSORPTION

From simple non-relativistic kinematics the cosine of the angle
of resonance of this process, shown in Fig. la, is:

cos ar = E Q / ( 2 E m c2 )* (5)

Typical experimental set-ups are shown in Fig. 2. In an earlier re-
view article2 older work of this type is listed. In Table I is given
a list of resonance absorption experiments published since 1964. S
number of unpublished results are known to us, including the only
example of this type of experiment ever done with the (d,Y) reaction.
Hanna measured the resonance absorption of the 16.98 MeV level in
9Be (second T = %) level using the 7Li{d,Y) reaction at E d=355 keV.
This has been repeated very recently in Utrecht in order to improve
the accuracy, and the (preliminary) results will be reported at
this conference.

IIIB. RESONANCE ABSORPTION ON BOUND LEVELS

As mentioned in the introduction this application should pro-
vide in most cases, much more interesting possibilities than the
self-absorption experiments. Results of all work done are summarized
in Table II. The problem of finding a gamma ray to excite a parti-
cular, interesting level has now become easier. In comparison with
(e,e') and/or electron Bremsstrahlung this method has the advantage
of being entirely free of model-dependent factors. The fact is,
though, that one must conclude that this advantage is now almost
academic, considering the extremely high reliability reached in con-
temporary electron work. The high-precision achieved in the measure-
ment on the 9.14 MeV level in 2Cr can serve, however, as an absolute
calibration. Only in the case of very closely-spr-ed levels could
our sub-keV resolution provide a unique approach.

IIIC. RESONANCE FLUORESCENCE ON BOUND LEVELS

In Table III are summarized the measurements done up to the
present. As mentioned in section IIB, the separate assignment of the
parity of the 7.08 MeV level is the only special achievement here.
This was later confirmed by the Giessen group23,- this shows that in
the case of resonance fluorescence it is improbable that for bound
levels this method can compete with the polarized Bremsstrahlung
technique.'
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Table III. Resonance fluorescence measurements

target

13c
13C
13C

3"s
3"s
3"s

E (keV)
P

1750
1750
1750

1680
2540
2540

absorber

" N
52cr
56Fe

2°8Pb
208Pb
208Pb

E (MeV)

9.17
9.14
9.14

4.84
7.06
7.08

unique parity
assignment

*
yes (+)
yes (-)

no
yes (-)
yes (-)

Ref.

8
4
4

11
11
11

* Since this is resonance self-fluorescence the parity enters twice
and thus cancels out.

HID. RESONANCE ABSORPTION ON UNBOUND LEVELS

The only work done up to the present is shown in Fig. 9. It is
the author's expectation that it is in this region that proton-
capture gamma rays will deliver the most important contribution.

208r-

1.01 r

9160 9170 9180

EXCITATION ENERGT IkeV]

Fig. 9. Resonance absorption data on levels in oePbinthe excitation
region from 1760 keV tol830keV equivalent ground-state neutron energy.
The solid lines are fits to the data of a convolution of a Breit-Wigner
line (with a width equal to the sum of the emitting and absorbing
line width, since ncro<<l) and a gaussian instrumental function.
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Since resonance fluorescence is practically speaking impossible, one
must look to (e,e') or hadron reactions for competing techniques.
There are indications that the results from (e.e1) and (p,p') do not
agree2 "*. This might mean that studies on specific levels with the
high-resolution and model-free interpretation of proton capture gam-
ma rays may provide answers to questions not obtainable otherwise.

A case in point is the data shown in Fig. 9. It is clear from
the figure that there is little overlap in this region of excitation
of 08Pb. of levels with strong ground-state transitions (in fact,
D/<r>^7). -nere is, hoti-ever, one clear case of overlapping levels
and this can be identified with a doublet for which Laszewski 5 26

found interference in photoneutrons, which must come from an El
resonance interfering with another multipolarity. This could, in
principle, be Ml or E2. Independently of whether in this case it is
Ml or E2, the fact remains that we can conclude that since in sever-
al cases there is evidence26 of another multipolarity than El, and
yet there are some five to ten times as many non-overlapping levels
for which no polarization would have been seen, we may expect with
high-resolution work to uncover a great deal more non-El strength
than has been seen up to the present.

^How this can be done is a mute point. One suggestion is that
if (Y/n) could be measured with the polarized photons from capture
reactions this could be+as effective for unbound levels (and as
model-independent) as (Y,Y) is for bound levels. Some considerable
development work would be required for this, however.
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MEASUREMENT OF THE PHOTODISINTEGRATION OF DEUTERIUM

Y. Birenbaum, R. Moreh and S. Kahane
Nuclear Research Centre - Negev, Beer-Sheva, ISRAEL

INTRODUCTION

Absolute cross sections for the photodisintegration of Deuterium
in the 5-12 MeV energy range were measured in several occasions.
Most of the measurements were carried out in the fifties1"3 while
the latest, published in 1972, was performed with limited accuracy
merely in order to test an experimental arrangement.^ The earlier
measurements were done in rather complicated experimental techniques
and suffered from large systematic errors. Most of the measurements
had large uncertainty (generally greater than 15%) and with the
exception of Ref. 3, largely deviate from theoretical predictions
available today.

In this work we present the results of an experimental evalu-
ation at the D(Y.n) cross-section in the 6-11.4 MeV energy range,
with an accuracy generally better than 3%. The present results
are in very good agreement with the latest theoretical calculations
which include also meson exchange-corrections (MEC).

THE MEASUREMENTS

The attenuation of a beam of raonoenergetic photons in a highly
enriched heavy water (D2O) absorber was compared to that in an
ordinary water (H20) absorber both contained in stainless steel
tubes of comparable length. The lengths of the absorbers were
chosen so as to satisfy (as far as possible) the relation
• V V H = " V D Wit'1 ^ an^ V r e P r e s e n t i n S the length and molar
volume of the D20 and H2O absorbers. Satisfying the above rela-
tion minimizes the dependence on "non D(Y,n)" attenuation being the
same in both absorbers. The difference in atomic cross-sections for
H and D was considered in a measurement of the D(Y,n) cross-
section in the 15-25 MeV energy rangesand was found to be 2yb
for 15 MeV photons, decreasing for lower energies. The charac-
teristics of the two absorbers are listed in Table I.

Table I. Absorber characteristics

Length (cm)
Molar Volume
Temperature
D2 in D2O
1 8O in D2O
°tot

(cm3)
C°C)

D20

199.967
18.12863
23.50
0.99778
0.0038

199
18
23

H20

.300

.06180

.50

uncertainty

0.001
10-5

0.25
10" 5

2.10-"
2%

*Ben-Gurion University of the Negev, Beer-Sheva, ISRAEL

0094-243X/85/1250208-05 $3.00 Copyright 1985 American Institute of Physics
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The ~ 2 meter length of the absorbers provided a 1.5-2.5%
absorption ratio entirely due to D(Y,n) attenuation. The absorp-
tion ratio is defined by

NQ is the Avogadro number, I- and I,, are the number of photons
detected after passing the D2O and H2O absorbers, a+0+

 an^
a are the total absorption cross-sections in H2O and the D(Y,n)
cross-section in D20, respectively. p is the H/D ratio in
the heavy water. The term in brackets multiplying crtot appears
due to incomplete fulfillment of the required ratio between absorber
lengths.

The photon beams were obtained from thermal n-capture in
Ni and Fe. The absorption spectra were taken with a3"x3" Nal(Tl)
detector. An interchanging facility was built which
included a moving table carrying the two absorbers in a precise
parallel position. By means of a linear stepping motor and an elec-
tronic control system, the two absorbers were alternately positioned
in-and-out of the beam axis. In Figure 1 a schematic picture of
the experimental setup is presented. Throughout the measurement,
the two absorbers were interchanged every 5 minutes, thus
ensuring total independence from variations of photon flux. The
absorption spectra were separately accumulated in the M.C.A.
memory. Typical photon spectra taken with the Nal detector are
presented in Figure 2. Only the highest and the strongest Y-lines

from each (n,y) source were considered, thereby minimizing systematic
uncertainties due to overlap of different y-lines and due to
background subtraction.

Preliminary tests were performed to insure: (a) negligible
contribution from multiple scattering and pileups; (b) parallelism
of the two absorbers, and (c) consideration of contributions from high
energy y-lines to lower ones. This last effect, existing in the
case of the strong 7.64 and 9.00 MeV Y-li-nes (from Fe(n,Y) and
Ni(n,Y) respectively) is smaller than the statistical uncertainty,
but introduces a small systematic error which was properly taken
care of. The reliability of the experimental setup was verified by
measuring the total cross-section in H2O (In this case both tubes
were filled with H20.) for the 9.00 and 11.39 MeV Y-lines.
The measured values (675+7 and 617±12 mb, respectively) overlap,
within standard deviation, the cross-sections obtained from the
tables of J.H. Hubble6 (692+14 and 633±12 mb, respectively).

In addition to 4 high accuracy results at 7.64, 9.00, 9.30
and 11.39 MeV, the cross-sections at 8.53 and 5.97 MeV were
also determined but with much larger uncertainties due to data
analysis that involved response function measurements and subtrac-
tion of highly overlapping contributions.
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Incident
Sbeam

Fig.l. Experimental setup (not to scale) for the measurement of
the D(y,n) cross-section.

RESULTS

The results of the present work, together with different
theoretical results are presented in fig.3. The lines marked
SSC-B correspond to the calculations of M.L. Rustgi et al.7

using the SSC-B potential without (I) and with CHI) explicit
consideration of MEC corrections. The line marked Paris
corresponds to the calculations of H. Arenhovel8 with the Paris
potential and with the inclusion of MEC corrections. Obviously
the agreement between the measured and calculated results is very
good. It seems that the experimental results tend to prefer the
calculated results obtained with MEC corrections. Yet it is not
possible to determine which calculation follows the experimental
results best since one can find differences in calculated results
reported by different authors even with the same nuclear potential.
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ANGULAR DISTRIBUTIONS FOR THE 2H(Y,n) REACTION BELOW 10 MeV

A. Wolf3, Z. Beranta, Y. Birenbauma,
S. Kahanea, and R. Moreha»b

aNuclear Research Centre Negev, P.O. Box 9001, Beer-Sheva, Israel
bBen-Gurion University of the Negev, Beer-Sheva, Israel

ABSTRACT

Angular distributions of neutrons from the H(Y,n) reaction
were measured for six photon energies between 6-9 MeV. The results
were fitted to a Legendre polynomials expansion up to and including
P3(cos6). The coefficients AJ/AQ and A3/A0 were found to deviate
considerably from theoretical calculations using different nucleon-
nucleon potentials. These results indicate that the E1-E2 inter-
ference is considerably larger than expected.

INTRODUCTION

The photodisintegration of H was extensively studied at Y
energies above 10 MeV . Below 10 MeV, the existing experimental
data is sparse and with rather large uncertainties. Whetstone and
Halpern have measured angular distributions of photoprotons in the
range Ey = 9-23 MeV, using bremsstrahlung Y rays. Bosch et al.
have reported measurements of angular distributions of neutrons
from the H(Y,n) reaction using neutron-capture Y rays and liquid
scintillation detectors. The results of these experiments were in
general agreement with theoretical predictions available at that
time. Since then, more refined calculations were performed, and
more sophisticated experimental techniques became available. Thus,
experimental results of higher accuracy can be obtained, enabling a
more detailed comparison with theoretical predictions. Several
more recent experiments » in the range K-y = 17-43 MeV have
indicated that angular distributions of protons from the H(y,p)
reaction deviate to some extent from theoretical calculations.

In this work we studied the angular distributions of neutrons
from deuteron photodisintegration for six photon energies in the
range E-y = 6-9 MeV. The results are compared with the calcula-
tions of Partovi , and also with the recent calculations of Rustgi,
Vyas and Rustgi in which meson exchange corrections were included.

EXPERIMENTAL TECHNIQUE

Incident Y beams were obtained from the Fe(n,Y) and Ni(n,Y)
reactions, and contained monoenergetic Y lines with energies
between 6-9 MeV and intensities of the order of 10 photons/cm /
sec. The target consisted of D2O in a A cm diameter, 6 cm high
glass vial. The neutrons were detected at 12 angles between 40°
and 150° using a high resolution He spectrometer. The energy
resolution was of the order of 30-60 keV, for neutrons between 2-4

0094-243X/85/1250213-04 $3.00 Copyright 1985 American Institute of Physics
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MeV. The neutron spectra at 40° and 90°, obtained with the Ni(n,y)
source, are presented in Fig. 1. The neutron groups from the vari-
ous lines in the incident beam are well resolved by the spectrom-
eter. The numbers in Fig. 1 indicate the energy (in keV) of the
respective y line in the incident beam.

Angular distributions for six Y energies were obtained. The
results were corrected for solid angle attenuation, for relative
efficiency of the detector at the various angles, for neutron
absorption and multiple scattering in the target, and were convert-
ed from laboratory to c m . system.

RESULTS AND DISCUSSION

Two of the angular distributions are given in Fig. 2. A pro-
nounced backward asymmetry is observed. The results of all the
distributions were fitted to a Legendre polynomial expansion of the
form:

(cosB) (1)

-ox

-0.8

A~o -1.1

-1.2

0.4

A 3

IT 0.2 I III ll_
6 7 8 9 10

Ey(MeV)

The contribution of
Pij(cos8) was found to be
negligible. The values
of Aj/Ao (i=l,3) are
presented in Fig. 3 for
all six Y energies mea-
sured in this work. The
solid lines in Fig. 3 are
from the calculations of
Partovi . We see that
while the agreement
between experiment and
theoretical prediction is
reasonably good for
A2/A0, the values of
Aj/Ao and A3/A0 deviate
considerably from the
calculations. The ^ata
indicates a much larger
asymmetry around 90° than
expected. In the energy
region considered in this
work, this asymmetry is
due to E1-E2 interfer-
ence. Therefore, the

Fig. 3. The coefficients A^/Ao vs Ey.
The solid lines are calculated from Partovi .
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experimental data indicates a much larger contribution of E1-E2
interference than expected.

A comparison of our data with the recent calculations of
Rustgi, Vyas and Rustgi indicates that the above disagreement
persists when different nucleon-nucleon potentials are employed and
meson-exchange corrections are included.
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RESONANT ABSORPTION OF DEUTERON-CAPTURE y-RAYS

F. Zijderhand, S.W. Kikstra, S.S. Hanna* and C. van der Leun
Fyslsch Laboratorium, Rijksuniversiteit Utrecht, The Netherlands

ABSTRACT

The experiment described in this paper shows that resonant
absorption of deuteron-capture y-rays is feasible. The E x = 16.98
MeV, T = 3/2 level of Be has been resonantly excited by y-rays from
the 'Li(d,y)9Be resonance at E d = 361 keV. Preliminary analysis of
the data gives a total level width T(16.98 MeV) = 500 + 50 eV, and a
radiative width V = 32 ± 5 eV. These data are relevant for the
isospin mixing of this highly-excited and narrow state-

INTRODUCTION

The lowest T = 3/2 states of Be, at excitation energies E x =
14.39 and 16.98 MeV, have total widths of T = 0.38 and < 0.47 keV,
respectively . These remarkably narrow states fall in an excitation
range where many broad (several hundred keV) T = 1/2 states are
known. The small width of the T = 3/2 states is indicative of a high
isospin purity. The ultimate aim of the present investigation is a
determination of the isospin mixing of the E x = 16.98 MeV,
j" = l/2~ state of 9Be.

Q 1

A simplified level and decay scheme of 'Be, adapted from ref. ,
is presented in fig.l. Two isospin-forbidden decay channels of
9Be(16.98) are energy-favoured (5He + a, Q = 14.52 MeV and 8Be + n,
Q = 15.31 MeV), whereas the competing isospin-allowed decay channel,
^Li + p, has a very low Q-value of Q = 0.09 MeV.

EXPERIMENTS

The first experiment is a 9Be(y,X) resonant absorption measure-
ment, in which the y-rays are provided by the E^ = 361 + 2 keV
resonance of the Li(d,y) Be reaction. Deuteron beam currents of up
to 80 jiA were available from the Utrecht 3 MV Van de Graaff acce-
lerator. The resonant angle, at which the recoil energy loss upon
emission and absorption of the y-rays is compensated by the capture
induced Doppler shift, can be calculated from the reaction kini—
matics as i - 62*.

*Permanent address: Stanford University, Stanford, California, U.S.A.
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lt.70

E
X

(MeV)

14.98

14.39

2.43

1.69

0 ,

«

l/2*:3/2

1/2":1/2

5/2":1/2

l/2*:l/2

1/2*:1/2

16.89
8Li

5He r.«7

TT7

Fig.l. Simplified level and decay scheme of 'Be; see ref.*.

Berryllura absorbers of different lengths (L «* 80, 200 and 300
mm) were placed in (and in front of) the 2.3 mm wide slit between
two 15 cm long Pb-bricks. The high-energy part of a Y~ray spectrum
measured with a Ge(li) detector behind the slit is shown in fig.2.
An example of an absorption dip, measured with a 200 mm Be absorber,
is presented in fig.3.

The width of the dip, 1800 + 400 eV, exceeds the instrumental
width of 700 eV, indicating a total level width of V = 650 + 200 eV.
A preliminary analysis of the absorption integral, Aa = 0.39" +
0.04*, yields a ground-state radiative width of Y = 3 2 + 5 eV,
appreciably larger than the adopted literature value of V » 16 ± 2
eV . For details about the method of analysis the reader is
referred to ref. .

In a second experiment a 'Li(d,Y)9Be thick target yield curve
was measured at the EJ = 361 keV resonance. The interquartile range
(see fig.4) leads to a total resonance width V " 500 ± 50 eV, in
good agreement with the value deduced from the resonant absorption
experiment described above. An additional measurement is planned of
the Li(d,Y) resonance strength, that should yield in combination
width the data presented here the ratio V /T , and thus gives a clue
about the partial widths V and T^ of the isospin-forbidden decay
channels, and thus of the isospin-purity of the Ex = 16.98 MeV level
of 9Be.
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300 •

Fig-2. High-energy part of a 7Li(d,Y)9Be y-ray spectrum at Ed = 361

keV, measured behind absorber and 2.3 mm collimator slit.

4200

3800 .

3400 -

9Be(Y,X)

Y's from 7Li(d,Y)9Be
at EJ = 361 keV

16.975 16.980 16.985

Fig.3. Absorption dip for 16.98 MeV f-rays in tfBe. The curve is a
fit with a Breit-Wigner function and a linear background. The energy
range shown corresponds to an angular range of 12*.
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500

7Li(d,Y)
9Be

E.. - 14-17 MeV

360 361 362
Ed(keV)

Fig.4. Thick-target yield curve of the 7Li(d,y)9Be reaction around
the Ej = 361 keV resonance. The interquartile range is indicated.
Target material LigSO^.

CONCLUSION

Resonant absorption by "Be of Doppler-shifted f-rays from the
Li(d,y) Be reaction provides information about the total and

partial widths, and thus about the isospin mixing, of the narrow T

3/2 state of
presented.

'Be at E = 16.98 MeV. Preliminary results are

REFERENCES

1. F. Ajzenberg-Selove, Nucl. Phys. A414, 1 (1984).
2. P.M. Endt, At. Data Nucl. Data Tables 2T, 3 (1979).
3. P.B. Smith and P.M. Endt, Phys. Rev. 110, 397 (1958).



221

COMPARISON OF PHOTOABSORPTION BY 16O AND 180

N.K. Sherman and W.F. Davidson
National Research Council, Ottawa, Canada K1A 0R6
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Oak Ridge National Laboratory, Tennessee 37831

W. Delbianco and G. Kajrys
Universite de Montreal, P.Q., Canada H3C 3J7

ABSTRACT

We are comparing the transmission of 3 to 38 MeV photons by
16O-water and 180-water in order to measure the integral over the
giant dipole resonance (GDR) of the photonuclear absorption cross
section of 1 6O.

INTRODUCTION

The sum of the integrated partial cross sections of 0 for
photoparticle emission from the GDR was reported1 to be nearly 20%
smaller than a careful measurement^ of £, the integral over photon
energy u) of the total photonuclear absorption cross section c^(u). A
preliminary to the present experiment found that between 10 and 30
MeV E is 8% greater than the value given by the partial cross
sections. The calculated atomic cross sections'* of H and 0 were
crucial to this result. The theoretical uncertainty of about ±0.2%
in the molecular cross section om of H^) which dominates the total
absorption introduces an uncertainty of about ±7% in £.

We are instead measuring o ( u>) by subtracting ô ( ID) of 0 from
the total absorption cross section Oj.(u>) of heavy-oxygen water. We
obtain am in the presence of the same inscattering and higher order
atomic processes as affect the light-oxygen water measurements. At a
given energy,

and the background effects will cancel.

EXPERIMENTAL

The liquid deuterium (LD2) neutron time of flight (TOF)
spectrometer has been described before.5 Absorbers of ^0-water and
l"0-water and an identical empty container are exposed alternately
and repeatedly under the same conditions to 42 MeV bremsstrahlung
from the NRC linac. Transmitted photons are detected by photo-
neutrons they eject from a LD 2 target viewed by a TOF detector.
Photon energies are calculated from the photoneutron energies. The
absorption cross section for absorber i is given by

4(<") = [in l^^/l^^Vn (2)

0094-243X/85/1250221-04 $3.00 1985 American Institute of Physics
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where the neutron flux transmitted by the empty container is I and
by the full container is 1^ , and n is the number of molecules per
unit area. An empty LD2 target is also exposed to the unattenuated
and attenuated photon beam during each cycle, from which we get the
fluxes:

I(oi) = F(W) - E(m) (3)

where F, E refer to full and empty LD2 target. Typical photon energy
resolution is 0.62 at 6 MeV and 1.9% at 25 MeV.

RESULTS

S t a t i s t i c a l uncer ta inty achieved to date in the OpCu) of 1 60-
water and 180-water is about ±0.43 in a 200-keV bin at 10 MeV and
a b o u t ±1% at 20 MeV. The 160 da ta a re shown in Figure 1.
S u b t r a c t i o n of v a l u e s of oN( 180) i n t e r p o l a t e d from t o t a l
pho topa r t i c l e measurements gives a smoothly varying a

a j(
u) which is

1.72 smaller than the theoretical value at 10 MeV and 0.5% at 30 MeV.
Second order background processes account for.part of these
d i s c r e p a n c i e s . Up to about 16 MeV we expect that Ojj( 160) is nearly
zero , in which case Oj equals q̂  for light-oxygen water below this
energy. Comparison of the two measured q̂ C"1) data sets between 3 and
16 MeV reveals a systematic ra t io

R = am(H2ieb)/crm(H2180) (4)

of (1.0064 ± 0.0009) which within uncertainties is independent of u.
New data with the two water absorbers swapped in position on the
absorber wheel will clarify the nature of this 0.6^ shift from unity.
Using normalized, fitted values of o , and

CN(
160) = Oj.(H2160) - R.q B(H 2

1%), ( 5 )

we find a preliminary value for

I(160) = P° oU(fl)diD (6)
10

of (182.5 ± 7.5) MeV-mb where the uncertainty is s t a t i s t i c a l . This
gives, in units of the Thomas-Rieche-Kuhn sum rule applied to the
nucleus,

ZGDR(16°> = (0.76 ±0.15) ZTRKC^O) (7)

where the uncertainty is systematic. The value of E is the same as
in the earlier experiment.^ it does not however depend upon
calculated cross sections.

Theoretical estimates of E including all multipoles integrated
up to the meson threshold fall short of 2 sum rule units when based
on models which explain other critical measurements such as tlie
differential cross section at 0° for the 2H(y,p) reaction. The
present measurement of the contribution by the GDR indicates that the
integral for 160 will not exceed this value.
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0.6100

0.4700

12 14 16 18 20 22 24 26

PHOTON ENERGY (MeV)

2B 32

Fig. 1 Observed total cross section of 160-water for absorption of
photons (circles) compared to the sura of the atomic cross sections
(broken line) and the observed molecular cross section (crosses) for
180-water. The area between the solid line and the datum points is
the photonuclear cross section.
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R. Guidotti

Universita di Bologna, Dottorato di Ricerca in Fisica
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ABSTRACT

The forward-backward asymmetries of the proton angular

distributions following the Pr(y,P ) reaction induced by

linearly polarized photons are discussed in t'r~e frame of the

direct-semidirect model. The study points out the critical role

played by the photon polarization state on the emission geometrical

features.

As is well known , the polarization state of the photon

initiating a photonuclear reaction seems to strongly affect the

nucleon emission probability; e.g., at 90° the cross section

obtained with -y-rays polarized parallelly (<l>=00) to the reaction

plane is much larger than that with Y-rays polarized perpendicularly

(<(>=90°). The purpose of the present analysis is to show that the

photon polarization state is equally crucial as regards the

geometry of the angular distribution of the emitted nucleons.

In this connection we consider here the Pr(y,p ) Ce
o

reaction induced by linearly polarized photons. On the basis of
the direct-semidirect (DSD) model for nuclear radiative capture and

by the use of the microreversibility relation, we calculate the

ratio between the difference and the sum of the differential cross

sections at supplementary angles, viz.

d o , , da ,

- (e,») + -

which expresses the forward-backward asymmetry of the proton

angular distributions for the different polarization states of the

incident photon. Calculations are carried out by considering the

0094-243X/85/1250225-03 $3.00 Copyright 1985 American Institute of Physics
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DSD free-parameters suggested in ref. , assuming the real volume

coupling form for the nucleon-nucleus coupling interaction and

using the multipole giant resonance parameters provided by the

inelastic electron scattering experiments . Calculations are

performed at the photon energy E., = 26 MeV, just where the

presence of the isovector quadrupole giant resonance shows itself

more evident . Assuming the beam entirely polarized and expanding

the differential cross section in Legendre polynomials

associated Legendre functions of second order, we have

and

=A l +

L=l

a P (cose)
L L

+ cos 2$

L=2
d P(2)(cos8)
L L 1

(2)

90°

Fig. 1

Asymmetry ratios for different photon polarization states.
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The a and d coefficients are related to the

multipolarities involved in the photoreaction (in the present

calculations only the El and E2 transitions are considered); the

odd coefficients represent the E1-E2 interference between processes

of opposite parity, while the even ones represent the strength of

the El and E2 single processes. Since the dipole mechanism

dominates, pure quadrupole effects are scarcely recognizable. From

the expansion, it follows that

(2)
a P (cos9)+a P (cose)+cos2cfd P (cose)

K6,*)= Li II ^
1+a P (cos6)+a P (cosB)+cos2if[d P (cos6)+d P (cose)]

It clearly appears that the forward-backward asymmetry

^-dependence expresses the weight of the E1-E2 interference for the

different photon polarization states and mcdel calculations can

supply indications on the polarization state which gives the

greatest prominence to the interference process.

A comparison of the results obtained with two different photon

polarization states, i.e. 4> = 0° (continuous line) and • = 90°

(dashed line), is given in Fig. 1. The latter shows how the

geometrical features of the proton emission (which is steadily

forward peaked) strongly depend on the polarization state of the

incident Y-ray: in the 4> = 0° case, the asymmetry exhibits a

maximum close to 6 = 25°, while for 4> = 90° the asymmetry

remains practically constant between 0° and 70° before falling

sharply to zero. Therefore, from the result we learn that ±n

order to investigate the asymmetry around 25 MeV, it may be

suitable to use photons polarized parallelly to the reaction plane

and coir.pai.-e the proton yields at angles 6 = 25° and 6 = 155C.
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ABSTRACT

Calculations of absorption, elastic and inelastic scattering
of photons in the 8-20 HeV energy range by samarium isotopes have
been carried out within the framework of the interacting boson
model.

INTRODUCTION

1 2 3
In recent years, a number of Authors ' ' have suggested

that the interacting boson model (IBM) could be a mathematical
tool suited to the study of the coupling of low-lying collective
modes, described by s, d bosons and high-lying collective excit-
ations, or giant resonances. Realistic calculations are here
presented for the giant dipole resonance, described by a p boson
(J =1 ) , coupled to low energy 0 , 2 states, or s-d boson
excitations.

THE MODEL

The model of coupled s, d and p bosons has been described
in refs.1-3. The basis states are of the form (s+)m(d+)n(p+)q IO>
with m+n+q=N, the boson number, and q=0, or 1. The Hamiltonian
can be written in the form :

H = H + H + H , (1)
sd p psd

Here, H is the standard IBM-1 Hamiltonian, written as a
, • , s d • 4

multipole expansion :

Hsd = C n d + V p t p ) + a,(bL) + a 2 ( Q Q )

(2)
H = & n is the free p-boson Hamiltonian, where the p-boson

energy follows the empirical law £. = 77.5 A MeV.
P

0094-243X/85/1250228-04 $3.00 Copyright 1985 American Institute of Physic



229

H describes the coupling between the s, d and p bosons :

P S + ( O ) + ( O ) + < 1 > + ( 1 )

psd

+ b2((s xd + d xs) + %{& xd) ). (p xp)

Here, use has been made of the standard notation for boson

creators and annihilators and their tensor products. The Hamilt-

onian (1) is diagonalized by means of the PBOSON code .

For a given boson number N, two calculations,with q=0 and q=1,

are performed. Once the wave functions have been obtained, the

matrix elements of the electric dipole operator, D , are calcul-

ated by means of the PBOSONT code . D is expressed in terms of

s, d and p boson operators :

U ( 1 ) = D (p+xs + s + x p ) ( 1 ) + D2(p
+xd" + d + x p ) ( l ) (4)

The strength of the transition from the n dipole state,J1 >,

to the ground state, |0 >, is proportional to the quantity :

( 1 ) ; 2

The energies, E , the widths, f1 , and the transition strengths

S , of dipole states are the fundamental ingredients to be
n 6

introduced in the photoabsorption cross section . While E and S

are calculated within the framework of the model, the widths f1

are assumed to be energy-dependent : f(E) = [?(E/E ) * , with

P = 3.12 MeV, E = 12 MeV and. ̂ = 3/2 in the present work.

Once the parameters of H have been adjustgd on the experim-

ental low-lying collective states and those of H and of D

are fixed so as to reproduce the experimental •photoabsorption cross

section, it is possible to evaluate elastic and inelastic scattering
o

cross sections for unpolarized radiation without resorting to

further adjustable parameters. In the case of elastic scattering

a Thomson nuclear contribution is to be coherently added to the

resonance contribution in the scattering amplitude, while limitation

of the present analysis to large angle scattering makes it possible

to neglect the Delbriick contribution, due to vacuum polarization

effects, since it has a maximum at ̂ =0 and decreases rapidly with

increasing scattering angle.
RESULTS

Sm and Sm have been chosen as significant examples of

spherical and deformed nuclei, respectively, in a transitional

isotope chain.
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Table I

IBM-1 parameters

148
Sm

154
Sm

N

g(keV)

a (keV)

a"(keV)

aVkeV)

a (keV)

a^(keV)

X

8
770.
52.

4.
30°

ooa

11
371.0a

8.0a

0.52£

-12.60° -19.55°

£ (MeV)
b^(keV)
bVeV)
bVkeV) 550.0
D

a
29.60

1 9. 70a

-0.653

14.70

400.0

0.

2.90

8.40
5.65a

-1 .20 3

14.46
400.0

0.
550.0

3.27

(a) IBM-1 projection of

IBM-2 parameters in ref.11

The adopted IBM-1 parameters

are given in Table I and the cal-

culated photoabsorption cross sec-

tions are compared to the experim-

ental ones in fig. 1.

The agreement between calcul-

ations and experiment appears to

be excellent and the transition

from one-humped to two-humped

shapes well reproduced. Extensive

calculations in the Nd-Sm mass

region give results comparable

to, and in some cases better than

those obtained by means of the

dynamic collective model .

Fig. 2 shows elastic and

inelastic scattering cross sec-

tions at an angle v" = 140° as

functions of the incident photon

energy. These quantities, which

riment-cannot be compared to ex

al data in the case of Sm,
are much more sensitive than the
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Fig. 1. Calculated and experimental photoabsorption

cross sections: a) Sm ; b) Sm. Exp.data from ref.7.
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18 EIHW) ID

Fig. 2. Calculated elastic and inelastic scattering cross

sections at 9"= 140° : a) Sm ; b) Sin. The curves are

labelled with spin and parity of the final nuclear state.

absorption cross sections to the underlying nuclear model. IBM-1

calculations of photon scattering by Er and U-Th isotopes

compare quite well with experimental data and encourage us to

carry out further analyses of giant resonances by means of the

interacting boson model.

ACKNOWLEDGEMENTS

We are grateful to Prof. F. Iachello for many valuable

comments and to Prof. K. Heyde and Dr. P. Van Isacker for

permission to use PBOSON and PBOSONT.

REFERENCES

1. I.Morrison and J.Weise, J.Phys. £8, 687 (1982)

2. F.G.Scholtz and F.J.W.Hahne, Phys.Lett. 123B, 147 (1983)

3. D.J.Rowe and F.Iachello, Phys.Lett. 130B, 231 (1983)

4. A.Arima and F.Iachello, Ann.Rev.Nucl.Part.Sci.3i,75(1981)

5. P.Van Isacker, PBOSON and PBOSONT codes (1980)

6. V.Rezwani, G.Gneuss, H.Arenhovel, Nucl.Phys.A180,254(1972)

7. P.Carlos et al., Nucl.Phys. A225, 171 (1974)

8. G.Maino, A.Ventura, L.Zuffi, F.Iachello, subm.for publ.(1984)

9. J.M.Eisenberg and W.Greiner, Nuclear Theory (North Holland,

1978), vol. 1, p.331 i'ww.

10. F.Iachello, G.Maino, A.Ventura, L.Zuffi, subm.for puol.(1984)

11. O.Scholten, Thesis, University of Groningen (1980)



232

STUDY OF E1-E2 INTERFERENCE IN THE IS*Tb(Y.n)
AND 209Bi(y,n) REACTIONS

S. Kahane, Y. Birenbautn, Z. Berant, R. Moreh and A. Wolf

Nuclear Research Center-Negev, Beer-Sheva, ISRAEL

INTRODUCTION

The Isoscalar giant E2 resonance, in medium and heavy nuclei, is
localized at E % 60 A~ '3, close to the El giant resonance. Angular
distributions of the (Y,n) reaction are sensitive to E1-E2 interference
effects, between these two giant resonances, showing pronounced asym-
metries arround 90°. The present work follows our previous investiga-
tions1.'2 on the spherical isotopes of lead by measuring 209Bi and
going further to the deformed nucleus of 15>Tb, being of interest to
observe the E1-E2 interference In the case of a splitted giant dipole
resonance. A modified DSD model is used to explain the qualitative fea-
tures of the measured distributions.

EXPERIMENTAL METHOD

Incident photon beams were obtained from Fe(n,y), Cr(n,y) and
Ni(n,y) reactions and contained monoenergetic y lines in the energy
range 7-10 MeV, with intensities of the order of 106photons/cm2.sec.
The neutrons were detected at 12 angles between 40° and 150° using
a high resolution 3He spectrometer having a resolution of "v 25 teV at
1 MeV.

The neutron spectra at 90 and 120 measured from 159Tb, with a
Cr(n,Y) incident beam, are presented in Fig. 1. Neutron groups leading
to different excited states In the residual nucleus Tb are clearly
resolved In the spectra. Moreover,they are also differentiated accor-
ding to the Incioent y line producing them, at 8884 and 9720 keV res-
pectively (the 90° spectrum is adnoted by the energies of the neutron
groups).

RESULTS AND DISCUSSION

A number of angular distributions obtained in 209Bi(Y,n +.) reac-
tion are presented In Fig. 2. here n j denotes neutron ground and
first excited state transitions, not separated in the experiment. A
pronounced asymmetry in respect with 90 Is observed, this being an
evidence for E1-E2 interference. The distributions were fitted with a
Legeandre polynomial expansion

W(6) = £*_, k± ?± (cos 9)

The contribution of Pi, (cos 9) was too small to be extracted.

0094-243X/85/1250232-05 $3.00 Copyright 1985 American Institute of Physics
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3 Bi(r ,n 0 + 1 ) 2 O 8 B;

1.2
1.0
0.8

1.4
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1.0
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SCATTERING ANGLE (DEG)

Fig. 1. Neutron spectra measu-
red from 159Tb(Y,n) reaction si:
120° and 90°. The upper spe- -
trum is labeled according t;
the incided y line in Cr(n,,)
source, and the final state in
the residual nucleus 1 S 8Tb .
The lower spectrum is labeled
by the neutron group energy.

Fig, 2. Angular distributions
measured from 2O9Bi(Y,no+l>
reaction labeled according to
the incident Y line. The fitted
lines include Legeandre poly-
nomials up to Pa (cos8).
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Fig. 3. The angular distribution coefficients Al/A0 for
 209Bi(Y,n0+1),

Bi(Y,ti2) and
 Z09Tb(Y,no) reactions. The solid curves are

the modified DSD model calculations.

209 V a l u e s o f WJ10 a r e Presented in Fig. 3 for the transitions
Bi(TSnm.i)» Bi(Y,n2) and

 159Tb(Y,n ) , together with calculations
based on the DSD model. This model was modified to accomodate targets
with one proton outside an even-even core. It assumes in the initial
state a valence neutron outside a core. To obtain such a state the
proton was decoupled first, further the neutron was decoupled and the
proton recoupled to the residual core:

0 X) 0, a X)

p
a, i± jp - are the spins of the core, valence neutron and the outside
proton. These two Eacah coefficients are multiplying the usual DSD
operator, having a great influence on the calculated angular distri-
butions.

For Bi(Y,no) angular distribution expressions involving s]/2,
da/2, P3/2 and fs/2 partial waves, were obtained and found to be iden-
tical with those for 207Vb, and 2OaPb 2'3 . The Ai/A0 and A3/A0 are
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~ -0.4

8 9 10
E y (MGV)
0

Fig. 4. Measured and calculated interference factor at 6=55°.
At this angle P2(cos6)=0; the dominant El contribution
vanishes, allowing true E1-E2 interference effects via
Ai and A3 coefficients. The measured points are obtained
from I=(NCe)-N(1F-8))/(N(e)+N(U-6)), where N(6) is the in-
tensity measured at the angle 9.

fairly well described by the calculations implying that the model
is sensitive enough to the E1-E2 interference effects. This fact is
further confirmed by the good agreement to the interference factor,
defined by

I = (AjPi + A3 P3) / ( Ao + A2 P2 + A., PO

and presented in Fig. 4. As in 208Pb2^3 for A2/Ao only the general
data trend is reproduced, but the vanishing region arround 9 MeV is
missed.
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In 15aTb good agreement was obtained with all the measured
coefficients, using larger than usual, particle vibration, real and
imaginary coupling constants (Vv=W,j= 300 MeV). They were especially
needed in order to reproduce the isotropic distribution at 9.7 MeV.
It is of interest to further investigate other deformed nuclei and
look for a similar increase in the particle-vibration strength.
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The 232Th(Y,f) and (y,n) reactions between 5 and 10 MeV

D. J. S. Findlay, G. Edwards, H. P. Hawkes, M. R. Sene

(AERE Harwell, England)

There is interest in the fission of thorium because the
thorium isotopes seem to display characteristics which can be
explained only in terms of a minimum in the outer hump of the
double-humped fission barrier1). Because of this "thorium
anomaly", se- ral experiments on charged-particle, neutron and
photon ind' .ed fission have been performed over the past few
years. The present experiment was undertaken to measure
simultaneously the (y»f) ?nd (y»n) cross-sections of ^^Th an|j ^ e

mean number v of neutrons per fission at photon energies between
~5 and ^10 MeV; measurement of these three quantities provides
more information on the fission process than the measurement of
the (y»f) cross-section alone.

The experiment was performed on the Low Energy beam line of
the Harwell electron linear accelerator HELIOS. The electron beam
energy was analysed to +1.0% for one set of measurements and +0.5%
for a second set. Bremsstrahlung from a 0.L g cm"2 Au radiator
was collimated and intercepted by the Th photonuclear target; the
bremsstrahlung dose was measured by an NBS P2 chamber. The Th

•§

(y,f) Photon energy (MeV)

Fig. 1 The measured 232Th(y,f) and (y,n) cross-sections
(note separate vertical scales). The photon energy
resolution is 130, 200 and 390 keV for the points
spaced 100, 200 and 400 keV apart. The lines
joining the points are only to guide the eye.

0094-243X/85/1250237-0A $3.00 Copyright 1985 American Institute of Physics
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target thicknesses used ranged from 2 mg cm"2 to 4 g cm"2.
Neutrons from (y,f) and (y,n) reactions in Th were detected in a
large oil-moderated assembly of fifty-six 10BF3 counters.
Neutron multiplicity distributions were recorded, and photofission
and photoneutron events were separated by using their different
neutron multiplicities3). Cross-sections and some values of v
were unfolded from the measured yields by specifically developed
techniques'*) using specifically calculated brems str ah lung
spectra5).

The 232Th(Y,f) and (y,n) cross-sections, measured with ^
photon energy resolution of 130 keV below 7 MeV, are shown in
Fig. 1. These two cross-sections have not previously been
measured simultaneously over such an energy range with such
resolution, and so should prove useful in extracting the
transmission through the fission barrier as a function of energy.
The (y>f) cross-section, measured with an energy resolution of 75
keV, is shown in Fig. 2. There is one plateau between about 5.45
and 5.75 MeV where two resonances at 5.48 and 5.63 MeV are
evident, and there is a second plateau between about 5.95 and 6.10
MeV suggesting the presence of resonances at 5.94 and 6.05 MeV.

10-
2 3 2 T2Th(Y,f)
Harwell • •

(preliminary) • • *

f\n

/"I

II
001 Jr

Photon energy (MeV)

Fig. 2 The 232Th(y,f) cross-section measured with a photon
energy resolution of 75 keV. The lines joining the
points are only to guide the eye.
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These data confirm resonances seen by Knowles et al6) using tagged
photons, and demonstrate the value of using bremsstrahlung for
making good resolution measurements at low photon energies where
the cross-section is small.

It is tempting to interpret the resonances on the two plateaus
in the (y,f) cross-section as being resonances in two shallow
"third" wells in the outer hump of the double-humped barrier.
Recent calculations7) have suggested that there may be two separate
paths to fission over the outer hump, about 300 keV apart. These
separate paths may be the cause of the two plateaus separated by
~450-500 keV seen in the present measurements; the resonances on
these plateaus would then be resonances in two shallow wells, one
in each separate path. Possible additional evidence for this
interpretation may be provided by the energy dependence of the \i.
values measured in the present experiment (Fig. 3). There is a

22

20

18

16

' • + •

'"ThCIMJ

tal"'"i6 l(pr.Mntry>
Harm* 7 -v(k) I
LLL/LASL V = v (k)

r r 1 [

i

Jt*
S B 6 5

22

21

0

i ' '—V—•—
Pholcn m r g y (k or H> (M«V)

Fig. 3 Measured values of v, the mean number of

neutrons per fission. Most of the Harwell
measurements (solid circles) are shown as a
function of k, a mean photon energy computed
from the shapes of the (y.f) cross-section
and the bremsstrahlung spectrum, but some
Harwell measurements (crosses) are also shown
as a function of actual photon energy k below
6.5 MeV. The Livermore/Los Alamos values
(open circles) are shown for comparison.
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change in slope of v as a function of energy at~5.9 MeV, the
energy at which the second plateau in the (y,f) cross-section
begins. This change in slope could be due to the opening of an
additional path to fission at ~5.9 MeV if this additional path
corresponds to less internal excitation energy being given to the
nascent fission fragments.

Support from Drs. J. E. Lynn and M. S. Coates is gratefully
acknowledged. Assistance from and discussions with Dr. E. W. Lees
are also acknowledged.
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HIGH RE.'-UUTIC ^TODIES OF PHOTOFISSION OF 232Th and 238u

H.X. Zhang and H. Lancaan
« ' iy<i College, CUNY, Brooklyn, N.Y. 11210

ABSTRACT

Phocofission crt ss sections have been determined in several
photon energy intervals with a photon energy resolution -•>- 200 eV.
The structure observed at 6.31 MeV in 232jh is interpreted as a
reflection of class II compound states in this nucleus.

Recently we have reported-'-'2 the results of our measurements of
intermediate structure in the photofission cross sections of 238u
and 232ih. In both nuclei the structure was observed at slightly
subbarrier energies. The aim of the experiments described in the
present note was to extend those measurements to higher excitation
energies in order to investigate the behavior of the structure above
the fission barrier.

As before,! the gamma rays were produced in (p,y) reactions at
several proton resonances. Gamma rays emitted from a target bom-
barded by protons of a resonance energy E p were allowed to fall on
thin foils of uranium and thorium sandwiched between plastic films
as shown in the inset in Fig. 1. The sandwiches were located on a

0
6310 6315 6620 6625 6875 6880 6885

Er(keV)

Fig. 1. Photofission cross section of 232Th. The inset shows the
experimental setup.

0094-243X/85/12502A1-03 $3.00 Copyright 1985 American Institute of Phv.[ysxcs
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Table I. Average area, width and level spacing at 6.31 MeV

Expected Observed

A (b.eV)

W (eV)

DIX(keV)

11.4

511

1.2

8.2+

780+^

1.6+

3.0

300

0.3

cylinder coaxial with the proton beam. The films were used as
fission track detectors. The energy of the gamma rays, Ej , varied
continuously with the angle 0 as a result of the Doppler shift. The
average photon energy resolution was ~ 200 eV. It was determined
mainly by uncertainties in the proton beam position and the align-
ment of the sandwiches. The natural widths of the 6.62 MeV and
6.88 MeV resonances are 22 and 20 eV respectively.

The photofission cross sections of 232Th measured in three
different photon energy intervals are shown in Fig. 1. Structure
can be seen in all three spectra, however only the spectrum at
6,31 MeV exhibits features similar to those seen at lower energy
although the peaks in this case are less pronounced, reflecting the
fact that the K7* - 0" channel is already almost entirely open. The
average area,width and spacing of the observed peaks are listed in
Table I. They are in good agreement with the computed values ob-
tained with the barrier parameters determined previously.1

The structure observed in the
spectra at the two higher energies
could be caused by fluctuations of
class II width and (or) level spacing.
The expected value of the latter at
these energies becomes comparable to
the average width of the peaks.

The averaged photofission cross
sections of 232xh at each proton 1
resonance are plotted in Fig. 2 versus fie
the gamma ray energy. In addition to
the values obtained from Fig. 1 we
have used our results at lower photon 5
energies reported previously. Our
values are in good overall agreement
with the results of Dickey and Axel3 °'
and those of Caldwell et.al.4 It
should be noted that our results are
obtained by averaging over energy Fig. 2.
intervals an order of magnitude or
more smaller than in these two exper-
iments .

<) T M «ork
4 Dickey onfl A M I

— Coidwell i t 01.

Photofission cross
sections of 232rh
determined in differ-
ent experiments.
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Fig. 3. Photofission cross
section of 238u.

The background due to
spontaneous fission of 238u m a < j e it
impossible to determine the photo-
fission cross sections at the two
lower photon energies. At 6.88
MeV the spectrum within the statis-
tical accuracy of the experimental
points shows no structure as can
be seen from Fig. 3. The average
value of the cross section at this
energy is in good agreement with
other determinations.

This work was supported in
part by USDOE.
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TESTS OF SUPERSYMMETRIES WITH THE (n,Y) REACTION

D. D. Warner
Brookhaven National Laboratory, Upton, New York, 11973, USA

ABSTRACT

The characteristics of the SU(3) and 0(6) boson-fermion
symmetries stemming from a U(6/12) group structure are discussed
and compared with recent results of (n,y) studies in the W-Pt
region. The nuclei W and Ft are shown to represent the best
empirical examples of the SU(3) and 0(6) limits, respectively, and
it is also shown that the Consistent Q Formalism can be extended to
the odd A Hamiltonian to describe the transition between these two
limits. Preliminary comparisons with the low lying structure of
the odd 0s nuclei are presented. The question of the empirical
evidence for supersymmetry in this region is also discussed.

1. INTRODUCTION

The development of the Interacting Boson-Fermion Model1, and
the recognition of its associated symmetries , offers the chance to
test our understanding of the collective structure of odd A nuclei
over far broader ranges of mass and excitation energy than has
hitherto been possible. This extension in scope stems principally
from the inclusion of a core description which can run the full
gamut of vibrational, rotational or asymmetric structure, and which
incorporates essentially all collective excitations. Thus, in the
region of well deformed nuclei, for instance, one can expect the
model to generate an equally detailed description of both the low
lying rotational structure which emerges from, a Nilsson model
treatment, and the subsequent vibrational modes which to date have,
in general, been treated only qualitatively. Moreover, in regions
outside those of axially symmetric deformation or near sphericity,
the IBFM's capabilities should prove even more crucial, since here
deficiencies in the core description can manifest themselves even
at low excitation energies.

The validity of the IBFM can obviouslj' first be examined in
terms of its ability to reproduce odd-even structure in regimes
which are already well understood. However its advantages, and the
new insights which it may offer, must be searched for in regions
which are as yet only poorly understood and, as a result, often
neglected in experimental studies. The hallmark of the model, as
explained above, is its implicit ability to generate the complete
spectrum of collective modes in the odd A nucleus, and thus one of
the most suitable probes to test it is the (n,Y) reaction. The
statistical nature of the decay of the compound state formed after
neutron capture ensures population of a broad range of final
states, irrespective of their specific structural characteristics.
The use of the Average Resonance Capture (ARC) technique is
particularly important in this regard since it results in a reduc-
tion in the fluctuations inherent in the statistical origins of the

0094-243X/85/1250247-15 $3.00 Copyright 1985 American Institute of Physics
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final state population, to the point where typically all final
states which can be attained by El primary radiation must be popu-
lated, up to an excitation energy dependent on the sensitivity of
the measurement. Thus the completeness of the theoretical predic-
tions is tested in absolute terms.

2. SYMMETRY IN ODD-EVEN NUCLEI

The development of the IBFM is following a similar course to
that of its even-even counterpart and predecessor, the IBM. Thus
the "basic" Hamiltonian appears relatively complex and holds little
hope for physical intuition. For instance, the number of terms,
and hence number of parameters, in the boson-fermion interaction
alone is approximately n , where n is the number of single particle
orbits considered. Nevertheless, as in the case of the IBM, it is
possible to simplify the situation, and at the same time produce a
Hamiltonian whose terms have a more physical interpretation, and
which can be applied to broad ranges of nuclei in a comprehensible
way. This simplification involves two steps. In the first, the
various terras in the Hamiltonian are grouped according to their
tensorial properties, so that, in the IBFM, only two significant
composite contributions to the boson-fermion interaction remain, a
quadrupole-quadrupole term and an "exchange" term. Note that
essentially all descriptions of collective odd A structure incor-
porate a Q*Q interaction between core and particle, and hence it is
the exchange term which is particular to the IBFM, in that it
implicitly recognizes the underlying fermionic origins of the
bosonic core.

The second step centers on the recognition of dynamical sym-
metries. These provide analytic solutions in certain specific
limits of the general Hamiltonian and can be associated with a well
defined geometrical structure appropriate to particular regions of
nuclei. They thus define starting points, at least, in determining
the parameterization of a specific nucleus, and they also provide
insights into how to change that parameterization in a smooth and
physically reasonable way to describe the transition regions
between symmetries.

The group structure of a boson-fermion system is described by
u"(6) x U^(m) where m specifies the number of states available
to the odd fermlon, and thus depends on the single particle space
assumed. The ability to construct group chains corresponding to
the symmetries SU(5), SU(3) or 0(6) depem's on the value of m, and
this problem, has already been discussed in detail in a separate
contribution . Of the structures studied in detail to date, the
case of m=12 is the one with the broadest potential. The fermion
is allowed to occupy orbits with j - 1/2, 3/2 and 5/2, so that the
assumed single particle space corresponds to the negative parity
states available to an odd neutron at the end of the N = 82-126
shell, namely, Pi/2> P3/2 a n ^ ^5/2* The region of interest
thus spans the W-Pt nuclei, and since one prerequisite for an odd-A
symmetry is the existence of that same symmetry in the neighboring
even-even core nucleus, the odd Pt nuclei around A = 196 offer the
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obvious testing ground for the 0(6) limit"* of U(6/12). The heavier
even-even W nuclei, on the other hand, have the characteristics of
an axial rotor, and hence the negative parity structure of the
neighboring odd W isotopes offers the possibility to study the
validity of the SU(3) limit. Finally, given a definition and
understanding of these two limits, the construction of a simple
description of the transitional odd A 0s nuclei can be considered.

The above discussion centers on symmetries in the boson-
fermion system. However, if a particular symmetry exists in neigh-
boring even-even and odd-even nuclei, it is possible to ask whether
the two schemes stem from a common parent supersymmetric group
structure of the type U(6/m). The only way to examine such a ques-
tion in the nuclear regime :'.s to test whether the members of a
given supermultiplet, characterized by a constant total number of
bosons and fermions, can all be described by a single Hamiltonian.
In practice, this reduces to asking whether the odd-even and
appropriate even-even nucleus can be described with the same
parameters.

3. (n,Y) STUDIES IN THE W-Pt REGION

As pointed out earlier, the (n,Y) reaction in general, and the
ARC technique in particular represent ideal probes to test the
completeness of the predicted IBFM symmetry schemes. Such data
must, of course, be complemented by studies that probe the struc-
ture of the states via single particle transfer cross sections or
electromagnetic matrix elements. Nevertheless, the (n,f) studies
represent the crucial first step in locating essentially all low-
lying, low spin states in the nuclei of interest.

A detailed discussion of the physical principles underlying
the ARC technique is presented in a separate contribution to these
proceedings. However, it is worth summarizing the basic character-
istics of the method here, and considering how they pertain to the
specific case of odd mass nuclei in the W-Pt region.

In single resonance, or thermal, neutron capture, the y decay
of the compound state to low-lying final states is characterized by
intensities which, after correction for an energy dependence,
follow a Porter-Thomas distribution with one degree of freedom.
The form of such a distribution is illustrated by the v»l curve in
Fig. la. Clearly, the probability for zero decay width is high; so
that not all final states need be populated and those that are will
be fed with widely ranging intensities. The ARC technique over-
comes these problems by using neutron beams with a finite spread in
energy, such that a number of resonances are encompassed. This
results in a corresponding reduction in the intensity fluctuations,
as shown in Fig. la. As the number of resonances (or v) becomes
large, the intensity distribution tends to a Gaussian with variance
4/v.

Given sufficient averaging, therefore, a complete set of
levels populated by El primaries can be established. In the case
of interest here, this corresponds to J11 - 1/2", 3/2" states in
the odd A nuclei in the W-Pt region. However, the resonance level
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Fig. 1. a) Porter Thomas distributions for different numbers of
degrees of freedom v.

b) The probability function for r/<r>=0.1.

density for these nuclei is low, so that on average only 5-10
resonances are involved in the averaging process. The question
then arises as to whether the population of even J¥ = 1/2", 3/2"
states can be guaranteed under such conditions. The answer can be
seen in Fig. lb, which shows the probability function for r/<T> =
0.1, i.e., for primary intensities one tenth of the mean. It is
clear that for v=5, the probability is already negligible. Since a
reduced intensity of 10% of the mean is easily observable in these
measurements, at least up to excitation energies » 1200 keV, one
can conclude that the ARC technique can still guarantee population
of all J~" = l/2~, 3/2" states in this region.

4. ODD Pt NUCLEI: THE 0(6) LIMIT OF U(6/12)

As pointed out in Section 2, the well established 0(6)
symmetry in Pt and its neighbors , coupled with the isolated
Pl/2> P3/2 a n d ^5/2 orbits available to an odd neutron in
this region, implies that the odd Pt nuclei should offer the best
opportunity to test the predictions of the 0(6) group chain of
U(6/12). The results of recent (n,T) studies of Pt are
summarized in the level scheme of Fig. 2. The scheme was
constructed following ARC studies at Brookhaven National
Laboratory, and also measurement of the secondary y-ray spectrum
with the GAMS curved crystal spectrometers at the Institut Laue-
Langevin, Grenoble. It is worth noting that the completeness of
the observed set of J" =• 1/2", 3/2" states led to the establish-
ment of a level at 222 keV which had hitherto escaped detection in
other studies . As will become apparent, this level plays a
crucial role in the structural interpretation of this nucleus.
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Fig. 2. The level scheme of 195Pt (ref. 6).

It is evident that Pt displays no obvious rotational struc-
ture. Indeed, simply the number of low-lying J'" - 1/2", 3/2"
states precludes a simple Nilsson description, since a maximum of 8
such states can arise from the Nilsson orbits in this region.
These features stem, of course, from the nature of the core nucleus
which exhibits Y-unstable, rather than axially-symmetric struc-
ture. Moreover, earlier attempts to allow for this difference by
ir eluding the effects of coupling to the low-lying 2 +

Y core state
also encountered severe problems, and appear unable to account for
the newly discovered 222 keV state. Thus it appears that a more
complete and realistic core description is necessary.

The comparison with the U(6/12) 0(6) symmetry scheme is given
in Fig. 3. The origins of this scheme, and its associated quantum
numbers, have been discussed in detail elsewhere9. It is therefore
sufficient to remark here that it offers an adequate description of
the observed structure, at least below 600 keV. It is particularly
encouraging that a one-to-one correspondence can be made between
experimental and theoretical levels up to this energy. Moreover,
subsequent (n,n',Y) studies have removed a number of the ambigui-
ties in the spin assignments of Fig. 2, and in all cases, the
results confirm the association of states shown in Fig. 3. Data
from Coulomb excitation studies > and single particle transfer
studies are also largely in agreement with the symmetry predic-
tions, although some important discrepancies have been found13 in
the latter case for the reaction 19DPt+ Pt. However, it is
possible, and indeed likely, that these stem from uncertainties in
the form of the IBFM transfer operator itself.

A distinctive feature of the symmetry scheme is the existence
of couplets of levels with J, J+l separated by a constant J(J+1)
spacing. This feature shows up clearly in the data and results
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from the pseudo-spin symmetry inherent in all the group chains of
U(6/12). There is, however, a clear discrepancy between theory and
experiment at higher excitation energies in that the predicted
states in the representation labelled fN,l] are two compressed,
relative to the data. A modification to the original scheme which
removes this problem, while maintaining the symmetry, is discussed
in ref. 14.

It is clearly of interest to study if, and for how long, the
symmetry structure persists in neighboring odd Pt nuclei, and to
this end further ARC studies were made of > Pt. The results
of these are discussed in detail in ref. 15, but can be summarized
by reference to Fig. 4, which shows the evolution of the low lying
states in this rerion. The number of low lying J77 = 1/2". 3/2"
states found in 197Pt was essentially Identical to that in Pt,
and the couplet structure is also evident, although with less
constancy in spacing. The situation for Pt is, however, far
less convincing. These basic conclusions are confirmed by a
study of single particle transfer cross sections, which indicate
substantially increased symmetry breaking in Pt.

5. ODD W NUCLEI: THE SU(3) LIMIT OF U(6/12)

The 3U(3) limit of U(6/12) requires a rotational core struc-
ture, coupled to j = 1/2, 3/2 and 5/2 orbits. The odd W nuclei
represent the best chance of observing characteristics of this
symmetry since, in nuclei of lower mass in the well deformed rare
earth region, the Fermi surface is progressively farther from the
single particle orbits of interest. The predicted representations
and their associated quantum number are illustrated in Fig. 5 for
the case of coupling the boson and fermion degrees of freedom at
the level of U(6), and again the reader is directed elsewhere for
a more detailed discussion of the origins of the scheme.

The SU(3) limit has the attractive advantage that its predic-
tions can be compared with those of the Nilsson model for the same
shell model states, so that a more physical interpretation of its
structure can be formulated. To facilitate this type of compari-
son, the rotational band structure has been indicated in Fig. 5, in
terms of the K quantum numbers of the bands contained within each
SU(3) representation. Moreover, the results of a detailed study
have shown that in the lowest two representations, the only core
states involved are those of the ground state rotational band, so
that, in these cases, the bases of the two descriptions are identi-
cal. A more quantitatively-based link can then be established by
means of the single particle structure of the wave functions. This
is illustrated in Fig. 6, where the quantity C j £ e " is compared
for the lowest three bands in the S0(3) scheme, and the lowest of
the Nilsson orbits emanating from the Pi/2» P3/2 an(* ^5/2
states, namely, the 1/2[521], l/2[510] and 3/2[512] bands. The
Cjjje^f values in the Nilsson scheme correspond to the sum of
Cj£ coefficients for a state I=j over the Coriolis mixed orbits.
Coriolis coupling should be incorporated automatically in the
equivalent IBFM scheme, and it is easy to show that the equivalent
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Fig. 5. The SU(3) scheme of U(6/12). Representations are labelled
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quantities correspond, with suitable normalization, to the ampli-
tudes ajo, for a single particle orbit of spin j coupled to the
0 + ground state of the core.

Nilsson coefficients for both the unperturbed and Coriolis
mixed orbits are shown in Fig. 6, the latter having been obtained
from the results of ref. 17. The connection between the two frame-
works is evident. The 1/2[521] and (A,p) - (2N+2.0) bands show an
almost identical single particle structure throughout the W
isotopes, although the absolute values in the latter case are
larger because of the missing strength from the £7/2 and b.9/2
orbits, which are not included in the U(6/12) basis. In the case
of the K = 1/2 and 3/2 bands from the (2N,1) representation, the
figure shows that the required structure corresponds to that of the
l/2[51O] and 3/2[512] bands, after inclusion of a specific Coriolis
interaction which is found empirically in W.

Consideration of the predicted energy spectrum reinforces the
above conclusions and the U(6/12) scheme is compared with the
levels in w in Fig. 7. Note that the (X,u) - (2N,1) representa-
tion of Fig. 5 can be made the ground state representation by a
suitable choice of the strength of the Casimir operator of the
group UBF(6). The Coriolis interaction between the 1/2(510] and
3/2[512] bands and the single particle structure of the 1/2[521]
manifest themselves as a near degeneracy between states in the
former pair, and a decoupling parameter near unity in the latter.
Both features appear naturally in the symmetry scheme. However the
figure also shows that recent ARC measurements have identified
five additional J11 • 1/2", 3/2" states In the region of 600-800
keV.
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from the £7/2 and 119/2 orbits are not included.
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Three of these were known from earlier work , but could not be
associated with simple Nilsson configurations. The symmetry
scheme, on the other hand, provides an interpretation for three of
the five, but still leaves two unaccounted for. This draws atten-
tion to a fundamental inadequacy of the U(6/12) scheme in the
deformed region, in that the single particle space is not suffici-
ent. It has already been pointed out that significant components
of the iy/2 an& n9/2 orbits appear in the wave functions of the
bands of interest, and in addition, the 9/2[505], 7/2[503] and
5/2[512] bands themselves have been identified below 1 MeV in

W. Thus a similar origin can be sought for the two "extra"
1/2", 3/2" states, in terms of the l/2"[77O] and/or 3/2"[761] bands
from the JX5/2 state.

6. THE SU(3)+0(6) TRANSITION AND THE CQF IN ODD A NUCLEI

Despite its limited applicability, it is clear that the
U(6/12) SU(3) scheme yields a basically valid description of the
structure of W, Thus there are now two benchmarks in the
U(6/12) basis, 195Pt and l a 5W, which define the SU(3) and 0(6)
limits, respectively, and it is possible to consider a description
of the transitional odd A nuclei in between. For the even-even
nuclei in this region, a simple approach involves the Consistent Q
Formalism , in which the variation of the single parameter x in
the boson quadrupole operator

QB = (3+3"+ d
1"s) ( 2 ) + x/^5 (d+d) ( 2 ) (1)

between its SU(3) and 0(6) values (-/35/2 and 0) reproduces the
gross structural changes across the region.

In the IBFM, the quadrupole operators, both boson and fermion,
enter the symmetric Hamiltonian via the Casimir operator
C-jj-gp,-., which generates a quadrupole-quadrupole Interac-
tion of the form

Q-Q = (QB+V ' ̂ "'V (2)

2 0

In fact, recent work has shown that the fermion operator Qp can
also be parameterized by x, such that when x=0

C2SU3F(3) = C2OB1?(6) " C2OBF(5) ( 3 )

and the SU(3) Hamiltonian reduces to that of 0(6), with the
restriction that the 0(6) and 0(5) Casimirs are governed by the
same constant. In fact, the first success of this approach can be
taken as the fact that, in the best fit to 195Pt of Fig. 3, the
relevant two constants were indeed found to be almost equal (33.5
and 35.0 keV).
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The transitional region in question spans the odd O B nuclei
and unfortunately, our experimental knowledge of these nuclei is
still, in most cases, inadequate to attempt a detailed fit. How-
ever, the low lying structure has been a subject of considerable
interest for some time > . The situation can be summarized by
noting that the four lowest low spin states have J11 = 3/2", 1/2",
5/2" and 3/2" in the** nuclei, similar to W. In fact, the
accepted interpretation to date, based on the Nilsson model, is
that these studies indeed stem largely from the Coriolis coupled
1/2[510] and 3/2[512] orbits, these being kept near the Fermi sur-
face by the decreasing deformation in this region. However, the
large single particle structure factors deduced for the second 3/2"
and first 5/2" states in eich case cannot be accounted for by these
orbits alone, so that it has been assumed that fragments of the
higher lying 3/2[501] and 5/2[503] also enter in the wave func-
tions. The term fragment is used here to imply that mixing with
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vibratlonal core excitations has to be assumed in order to bring
the additional single particle strength sufficiently low in energy,
and to account in general for the known spread of that strength
across a large number of states in this region . Such a
conclusion is not, of course, surprising given the non-rotational
structure of the even—even Os nuclei and, in particular, the low
lying second 2 + state in each.

The empirical situation is summarized in Fig. 8. At the top,
the spectra of W and Pt are shown, displaying the character-
istic features of the SU(3) and 0(6) symmetries, respectively.
Below, the four low lying states mentioned above are shown on a
relative energy scale, and also their (d,t) structure factors.
Note that in Pt, the group of staten no longer form the ground
state, but appear at 99, 129, 199 and 222 keV instead. Figure 9
shows the simplest possible calculation within the CQF framework;
in which all parameters, including the boson number, have been kept
constant, except for x» Figure 9a shows the SU(3) scheme and, for
convenience, the various bands have been labelled with pseudo-K
quantum numbers appropriate to the values of pseudo orbital angular
momenta contained within each. The evolution of these bands as x*0
is then displayed in Fig. 9b. This part of the figure is
necessarily schematic, since the exact details of the changing
structure of states are extremely complex, and the rotational band
structure disappears at some stage. Nevertheless, the most
important feature is unambiguous. The K- » 2 band descends
rapidly in energy and eventually joins the IC, « 1 band to form
Che (o1>o2,a?,) » (N,l,0) structure of the 0(6) limit. It is
remarkable that it is precisely this band which has been shown to
contain the 3/2[501] and 5/2[503] Nilsson orbits, albeit mixed with
$ and y vibrational core excitations. Thus the CQF predicts in
this region, in a quantitative fashion, the same qualitative
behavior deduced earlier.

The structure factors as a function of x are shown in Fig*
9c. Two crucial points emerge. The predicted ratio S(5/2):S(3/2)
is constant, and equal to 3:2. Empirically it ranges from 1.4 to
2.1. In addition, the effect of changing x results in an increase
in the absolute values and, again, this increase is seen in the
data. Note that neither effect depends significantly on boson
number.

Thus it must be concluded that the extension of the CQF to odd
A nuclei can reproduce at least the low lying structure of the odd
Os nuclei and therefore represents an attractively simple starting
point for a general IBFM calculation in this region.

7. EVIDENCE FOR SOTERSYMMETRY

Up to this point, the validity of the U(6/12) schemes has been
considered in the context of odd A nuclei only. However, as
pointed out in Section 2, supersymmetry can be thought of as imply-
ing the simultaneous description of both even-even and odd-even
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partners in a multiplet characterized bv a given total number of
bosons plus fermions.

The eigenvalue expression for the 0(6) limit can be written

AC2UBF(6) + BC2OBF(6) + CC2OB<?(5)+ DC2oBF(3) +
 Ec

2 Spin(3) (*)
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where the various terms represent the relevant Casimir operators of
the subgroups. The SU(3) expression is then obtained by replacing
the second and third terms by B'c

2SnBFn)« lq, lq.
The supersymmetric partners of interest are > 3DPt and

» W, and the parameters deduced for the even-even and odd-
even nucleus in each case are compared in Table 1. The contribu-
tion from the UBF(6) Casimir is constant for all states in the
even-even core, and hence does not affect the present discussion.
Also, the last two groups of expression (1) combine in the even-
even nucleus, so that it is the sum of the constants D and E which
is relevant.

Table 1

Constant8

in Exp (4)

B
C

D+E
B'

0(6)

19,ptb)

46.5
42.0
17.5

195ptc)

33.5
35.0
11.0

SU(3)

184W

18.5
>10

185W

17.5
5.75

a) All parameter values are in keV.
b) From ref. 4.
c) From ref. 14.

The agreement for the 0(6) case is reasonably good and, in
fact, intermediate values of the two sets of parameters in Table 1
would produce a reasonable description of both Pt and Pt. In
the SU(3) case, however, there is a clear problem. The strength of
the Q'Q interaction, represented by the Casimir operator of SU(3),
is required to be at least a factor of two stronger in W than in
its even-even partner and, in this case, there is no compromise
which can be found to give acceptable fits in both cases. This
result is perhaps not surprising in that it is kuown that the SU(3)
symmetry in the even-even case does not extend to the E2 matrix
elements, so that in the CQF, a x different from the SU(3) value
has to be adopted to obtain the best overall description. Since,
of course, the same core quadrupole matrix elements enter into the
IBFM problem, via the core-particle interaction of eq. (2), it is
likely that this approach may represent a necessary symmetry break-
ing in 18bW also.
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SPECTROSCOPY OF ODD NEUTRON ACTINIDE NUCLEI

H.G. Borner
Institute Laue-:.angevin, F-38042 Grenoble, France

ABSTRACT

The combination of results obtained from complementary reac-
tions such as particle transfer,(n,y), ind (n,e) has led to an extensive
knowledge of the single particle- and vibrational structure of ex-
cited states in odd-neutron actinide nuclei. The current situation
is illustrated in examples like 239y an(j 2 3 1 ^ where very complete
level schemes have been obtained. Single particle-vibrational
mixing has been observed in several cases including the 1/2 |_631J,
3/2+[63f|, 5/2(622], 5/2" [752] and 7/2~[7433 configurations. For
"^Th the experimental results are compared to theoretical predic-
tions.

INTRODUCTION

In recent years there has been considerable interest in
studying the level schemes of the actinide nuclei. The heavy ele-
ments constitute one of the challenging regions of nuclear struc-
ture research. The study of the systematics of actinide nuclei has
led to considerable advances in the understanding of alpha decay,
fission, nuclear shapes and nuclear stability.

Detailed studies of odd-mass nuclei in this region can provide
information on the locations of Nilsson orbitals and their energy
systematics. Various techniques of experimental nuclear spectros-
copy have been employed to letermine excited levels. These data are
interpreted in ferms of single particle excitations, collective
motion, such as rotations and vibrations and their interaction.

An extensive review of the single particle states in odd-neu-
tron actinide nuclei was given by Chasman et al.1 in 1977. Subse-
quent measurements have been carried out, using a variety of high
resolution spectrometers. In the following we will concentrate main-
ly on the recent results obtained from the (n,Y) reaction.

The (n,Y) reacLion is, in contrast to most other reactions,
non selective and populates all levels with spin not too far from
that of the capture state. Therefore it is well suited to identify
vibrations in odd neutron nuclei whether or not they are based on
the ground state band. Alternatively, particle transfer reactions
proceed via single particle amplitudes and often provide a unique
signature ('fingerprint') for the population of members of a ro-
tational band which can be observed and used for the assignment of
levels to rotational bands of specific single particle states. The
combination of both types of reaction forms a very powerful tool
for the construction of very complete lovel schemes and their inter-
pretation.

0094-243X/85/1250262-12 $3.00 Copyright 1985 American Institute of Physics
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Fig. 1. Neutron single particle states in the actinide region.
Most of these states have been identified via operator specific
reactions.

EXPERIMENTAL SITUATION

Experimentally, there are certain difficulties inherent in this
mass region. All target nuclei are unstable with respect to alpha
decay or spontaneous fission and therefore in most cases special equip-
ment is needed for the fabrication of such targets. In former years
only a few (n,y) experiments had been carried out because there often
exists unfavourable ratio between the thermal neutron radiative cap-
ture cross section and the neutron-induced fission cross section.
Moreover, y radiation following the decay of the active targets pro-
vides an additional source of contaminant y-ray lines superimposed
by a y-ray background stemming from fission (Fig. 2). It therefore
follows, that meaningful y-ray studies following neutron capture in
actinides is only possible when using high thermal neutron fluxes.
Since the excited states arise in a region of increasing level den-
sity, spectrometers with the best resolution are required. These cri-
teria are fulfilled by the bent crystal spectrometers GAMS and the
electron spectrometer BILL-' installed at the High-Flux Reactor of
the InstituteLaue-Langevin at Grenoble. For the past ten years studies
on actinide ranging from ^'Ra to <^"cm have been carried out
using these instruments.

In many cases these studies were complemented by the application
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Fig. 2. Portion of a (n,y) spectrum resulting from neutron
capture in 240pu anc[ measured w:° ,:h '.ae Grenoble bent crystal
spectrometers (the energies indicated are only approximate).
Both figures show the sank, energy region. The upper part
was measured after one day of irradiation, the lower part after
one week of irradiation. Comparison shows the growth of
fission product lines which, in fnc;', always constitute the
highest number of Y~ray lines measured in these nuclei. One can
also observe an increase in background which stems from
thousands of low-intensity, unresolved fission-product lines.

of the average resonance neutron capture method*'^ carried out at
Brookhaven National Laboratory which allows the population of all
capture states with J = 5/2 (targets consist of even-even nuclei)
in those cases where a sufficient amount of target material is
available.
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In the years prior to this new generation of spectrometers the
most powerful tool in actinide structure studies proved to be the
application of particle transfer reactions. The earliest attempt to
apply this technique in this region was performed by Macefield and
Middleton in 1964°. The assignment of more than 200 single particle
states havt been obtained or confirmed with this method' (Fig. 1).
Its utility arises from the fact that the cross-sections depend on
the single particle wavefunctions :

2(C)0V
J J K

which allows the direct inference of the structure of the states
involved. Tor more details see ref. 1 and references therein.

VIBRATIONAL STATES

The energies of the vibrational states in the actinides show very
interesting trends. In even-even nuclei, for instance, the first 1~
level is observed at 230 keV in 2 2&Th 6 and at 714 keV in 2 3 2Th 7. This
indicates that vibrations depend very much on the single particle struc-
ture. Therefore the determination of the coupling of vibrations to
single particle states in odd actinide nuclei may contribute to the
clarification of the microscopic structure of these excitations.

Calculations show° that in deformed actinide nuclei there are
virtually no pure single particle states and that phonon admix-
tures vary from a few percent to over ninety percent.

Most vibrationally-mixed states observed prior to the recent
(n,y) measurements were based on the ground state, since reactions
such as Coulomb excitations and (d,d') selectively populate these
vibrations. In the non-selective (n,y) and (n,e) experiments, strong
E0, E2 and El components in tr; nsitions indicate K=0 +, 2 + and 0~
vibrations and can be used for the assignment.

In the contributions to the previous neutron capture symposium
the most recent systematics of the quasi-particle-vibrational admixtures
have been reviewed in the actinide region^ and we will only briefly
summarize the results.

The published results of actinide nuclei which have been studied
using both high precision (n,y) spectroscopy and particle transfer
reactions involve the study of excited levels in 227Ra 231xh, 233ih
235 U ( 23 9 u a n d 249Cm10-15.

These investigations have shown evidence for EO admixture in
transitions deexciting levels in 231xh, 2 3 3Th, 2 3 5U and 2 39u. Most of
these states are interpreted as K̂ 1 = 0 + vibrational components coupled
to low lying single particle states, namely 1/2[631] and 5/2[622]

Evidence for K71 = 2+ phonons coupled to quasi-particle excitations
was observed for 231xh, 2 3 3Th, " i y an(j 239JJ involving the gamma vi-
brational coupling on the [631+j, J622+] and [743+] states.

Octupole vibrational states with K" = 0~ phonons were assigned
in 2 2 7Ra, 2 3 3Th, 23^u ancj 239u. Here the octupole states are
built on 1/2+[631], 3/2+(63i], 3/2+[63i"J and 7/2~[743]. The systematic?
of these states is shown in Fig. 3.

New information, using the (n,Y) reaction, has been obtained
for 2 3 % and 2 3 1Th which is discussed in detail as follows.
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Fig. 3. Part of experimentally deduced levels in the actinide
region involving vibrational excitations built on various
quasi-particle excitations. This selection summarizes the
situation reviewed in ref. 9.

2 3 %

A variety of experiments ' have been undertaken to study U
and a considerable number of single particle states have been identifie'
mainly from high resolution (d,p) measurements^ and from high precisioi
low energy y—ray studies . Based upon our understanding of the low-
lying single-particle structure^ we were able to identify vibra-
tional states built on the [622-̂ J, and [631+] single particle states.
More recently Chrien and Kopecky 20 have investigated y-radiation
resulting from average resonance capture and polarized thermal neu-
trons. As a result now all levels with J £ 5/2 below 1.4 MeV exci-
tation energy are knotin in U. These measurements have confirmed
the proposed assignment of a P = 0~ octupole vibrational level at
539 keV built on the 5/2+\(i22} ground state of 2 3 9U (Fig. 4). This
interpretation agrees well with the Alaga rule which predicts a ra-
tio of 2.5 for the matrix elements of the transitions to the 5/2+
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ground s t a t e and 7/2+ of the 5/2[622] conf igura t ion , r e s p e c t i v e l y .
The experimental r a t i o i s 2.3 ± 0 .7 .

This measurement also conjfirmed the existence of the
levels belonging to the K=0 statas built upon the ground
and the f i rs t excited state (Fig.4)

| f

'" i
w «• o ^ ~Z —.

a S = 2 » 2

Fig. 4. The left figure
shows the 5/2+|622|+ K=0"
state and its decay to the
groundstate in 239u. The
right figure shows the two
K=0+ bands and their decay
to the ground state band
and first excited band.

Also the 5/2" level, belonging to the K" « 1/2" band, assigned
as 1/2~(63i] + K - 0", has been identified. This allows us, to calcu-
late rotational constant A and decoupling parameter a which yield
A » 4.88 keV and a » - 0.42, respectively, compared to A » 6.82 and
0\ - - 0.415 for the 1/2+(631J base state.
§& Purthermore.it has been suggested20 that a Jlr • 5/2" level at
§9318 keV is the band head of a vibrational state with K" - 2" built
on the 1/2+[63i] Nilsson state and that levels at 1225, 1242 and
1295 keV are good candidates for the 5/2+[622j K » 2" confiuuration
in agreement with the predictions by Komov et al23. The study of
°U is a nice illustration how the combination of precisely

measured primary and secondary y-transitions together with high-
resolution particle-transfer work can lead to a very complete
level scheme, at least for levels with spin not too far from the
capture spin (here J < 5/2). Currently ̂  70 such levels are
known in 239u.

Very recently new measurements have been carried out to in-
vestigate the structure of ' T h . These measurements comprise the
determination of primary and secondary y-rays and conversion elec-
trons emitted after thermal neutron capture in 230Tf1) stU(jy of th e

(d,p) reaction on a "^Th target, and finally average resonance
capture, carried out on « 2 keV neutron beam. These studies revealed
the existence of -v. 60 excited levels in 231Th of which 80% where
placed in rotational bandt --hose Nilsson configurations are assigned.
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Newly identified Nilsson configurations include 5/2+[622]
7/2+[624_|, 3/2"[761], 1/2~[77Oj and 5/2"[503] (Fig. 5 ) . Additionally
several "vibrational states built on [631-T| and |622+| are proposed.

_ (». 7)

* M. pi

5/2 L MJ

1/2 fc. J833

3/3 k Kit

3S7~(50I|

1 S* <*037/2> 3«

I3ftr J335 »TI«31

IT/J^ 4T7B

t/jk 237
7/?r ians
6/31 3lS6

a/Ik J83S

1/2*1B31| X 0*

(1/2*16311 XO f)
M-fc |620

• 5/2 1633] X2 '
3/2*18311 XO"

11/2 4 MO

5/2*16331

Fig. '5. Negative parity rotational (left) and positive parity
rotational (right) bands in 2^1xh.

However the experimental situation regarding EO admixtures in
Th transitions differs significantly from that in the other even

odd actinides. Generally three or four such transitions have been de-
termined. In 23lTn there exist nine transitions with EO admixtures (Fi g.6
ranging from 'v 20% to 90% and one transition with possibly 10% EO
admixture. Eight of these transitions have been placed in the decay
scheme of ̂ 3'ih (Fig. 7) » and form part of the evidence for
the existence of new levels at 623, 634, 688, 709, 793, 809, 821
and 839 keV. With the exception of the first two levels,these tran-
sitions populate either the I = 1/2 or 3/2 level of the l/2j_63i]
configurations. The levels of 623 and 634 keV decay to the 5/2 and
7/2 members of the (J52+~| configuration. These new levels are inter-
preted as being the lowest-lying members of one new K = 5/2~ and
three new K = 1/2+ rotational bands.

All of the 1/2+ and 3/2+ levels just discussed also decay to
the ground state band. There is considerable E2 strength in the de-
cay of the 688 and 709 levels. The E0 admixture in the 440 and
436 keV transitions populating the 1/2 and 3/2 members of the
1/2 [631] band is 20% + 10% and 10% + 10%, respectively. This indi-
cates that the main component in the wavefunction of this _band is
[5/2+[633]-2H[] with perhaps a small admixture of fi /2+[63iJ+O^] .

Following the selection rules^1 one might exp"ect to observe
mixing of the [3/2+(63?]-2H[] configuration into the 1/2+ bands.
Since mos_t of the transitions detected that feed the levels of
the 3/2 + L631J band at 221 keV are of pure M1 multipolarity, there
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Fig. 6. Portion of the conversion electron spectra from the
230Th(n,e) reaction measured at Grenoble, shov: the K and L
region of transitions containing EO-admixture.

is no evidence for coupling of this single particle state with a

K = 2 + vibration. 22

The theoretical calculations of Ivanova et al. do not pre-
dict the presence of the quasiparticle-phonon mixed states just +
discussed (Fig. 8 ) . In this energy range there is just one K=1/2
band at 610 keV with the components 50% 1/2+[64q] and 30%
Q/2+(64O~|+O^|. If these new K = 1/2+ band have some 1/2+ [640J
character they would be expected to decay strongly to the 3/2+[63iJ
band and some of the levels should be populated by the (d,t)
reaction. These characteristics are found to some extent in each
band, but there is no strong evidence. The best candidate would
be the 793 keV band.

Thus, the predominant nature of the three K = 1/2 bands is
assigned as follows: (j/2+[63Q+O^U 793- and 821 keV bands;
[5/2+[633]-2+~l, 688 keV band; 1/2+ (64OJ, 793 keV band, suggesting
that the K ="i/2+ states observed experimentally in Th are more
complex than expected from model calculations.

Two other 3/2+ and 5/2+ levels are observed at 960 and_ 980 keV,~
respectively which decay via E2 components to the 1/2 [631J band.
This band is assigned \\ /2+f63J] -2J .+The energy separation of
713 keV between this band and the 1/2 [_63i] band can be compared
with AE = 814 keV found for this case in 23"3Th.

Levels at 554, 593 and 595 keV are assigned to be the 1/2~,
3/2" and 5/2" members, respectively, of the 1/2"[501] configuration.
The strong decay with E2 transitions to the 5/2" and 7/2" members of
the 5/2" [752J state suggest an admixture of 5/2~[752J - K. = 2 +

in this configuration. This is in agreement with the predictions
of Ivanova et al 2 2 who propose a 19% admixture of 752+ Q(22) in this
state.
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Fig. 7. Decay scheme of the levels in 23iTh involving K=O and
K=2+ vibrational excitations built on 1/2|"631], 5/2[633j and
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Table 1

EY[keV]

572
567
552
545
536
453
(440
438
(436
428

Transitions with EO-admiscture

Shell

K,LI
K.LI
K,LI
K,LI
K,LI

K.LI.LII
K,LI

K.LI.LII
K.LI
K,LI

0.448
0.614

>0.3
>1.4
0.948
2.23
0.32
>2.3
0.28
0.799

'Si
0.124
0.127
0.137
0.142
0.148
0.233
0.255
0.255
0.255
0.271

in 23ITh
EO

Admixture

73%
80Z
>60Z
>90%
85%
90%
20%)
90%
10%
75%

Concerning the observation of octupole vibrations with K71 = 0"
in the "Ixh, the evidence is less definitive. A level
at 620 keV whose spin, parity is uniquely determined to be 3/2" is a
good candidate11 for 3/2+[63i] + K = 0" and a 1/2" level at 833 keV
assigned as probable band head of the 1/2 [770] configuration" can
also contain a significant 1/2+[63i] + K = 0" contribution. Yet, in
both cases these levels seem to be populated also in the (d,p)-
reaction and it seems not to be clear which single particle amplitu-
des are involved.
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71V. 5/2 [63 31-KrS
(+1/2 [631>K-0*)
(5/2

Fig. 8. Comparison of experimental and theoretical results in
239[j anc[ 231'jil) respectively. Only such states are shown, where
a correspondance between theory",23 antj experiment 11 > 14>20 £s

observed.

Summarizing the new results obtained for 239JJ a n j ^
J1xh one can

conclude that ..he agreement between theory and experiment is remarkably
good in one case (239u) and remarkably bad in the other case (231Th).
As has been stated by Hoff et al9 ont can generally say that many of
the experimental features in this region are not predicted by the cal-
culations22'2 3,v. f Fig . 8)
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CONCLUSION

Whereas, for a certain number of years i:he theoretical predictions
in the region of actinide nuclei seemed to bs slightly ahead with
respect to the experimental information the situation now seems to
be reversed. The level structures which have been observed experimen-
tally in the Thorium and Uranium region are certainly more complex
than those calculated2'.

One should also bear in mind that, although much progress has
been made on the experimental sector, there is still much to do :

In the region of Uranium and Plutonium isotopes recent measure-
ments have been carried out on 237yj ^''pu anci 245pu u si ng the neutron
capture techniques described in ref. 24. These data are under evalua-
tion and should help to complete our knowledge of vibrational states
in these nuclei. As already stated in the beginning, the GI,Y)
reaction is an outstanding tool in the study of nuclear structure owing
to its non-selectivity. But this is connected with an evident drawback
concerning the interpretation of the observed states where often
complementary techniques using operator specific reactions are extremely
helpful.

A very nice example of how one can obtain a maximum of information
by using many techniques is the study of the level scheme of 227Ralu
where the information from (n,Y), (d,p) and (~t,d) reactions and the
g-decay of 227pr h a v e been combined. It would be of outstanding
interest to perform more single-particle transfer reaction studies with
the best resolution possible, in order to probe on the new states
observed in the (n.. /)-reaction.
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ABSTRACT

A technique for modeling quas ipar t ic le exc i ta t ion energies and

ro ta t iona l parameters in odd-odd deformed nuclei has been applied to

act in ide species where new experimental data have been obtained by

use of neutron-capture gamma-ray spectroscopy. The input parameters

required f o r the ca lcu la t ion were derived from empirical data on

s ing le -pa r t i c l e exci tat ions in neighboring odd-mass nuc le i .

Calculated conf igura t ion-spec i f ic values f o r the Gallagher-Moszkowski

s p l i t t i n g s were used. Calculated and experimental level structures

f o r 2 3 8Np, 244Am, and 250Bk are compared, as well as those f o r

several nuclei in the rare-earth region. The agreement fo r the

act in ide species is excel lent , wi th bandhead energies deviat ing 22

keV and ro ta t ional parameters 5%, on the average. Corresponding

average deviations fo r f i v e rare-earth nuclei are 47 keV and 7%.

Several appl icat ions of t h i s modeling technique are discussed.

* Work performed under the auspices of the U. S. Department of

Energy by the Lawrence Livermore National Laboratory under Contract

W-7405-ENG-48.
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The method used in this papsr to model the level structure of
odd-odd deformed nuclei is based upon a technique first described in
papers by Struble, Motz., et al.1 m d Scharff-Goldhaber et al.2 They
proposed that if the p-n residual interaction energy is small
compared with the energy with which the odd nucleons are bound to the
core, the excitation can be calculated by a simple extension of the
odd-A model and the interaction energy can be treated later as a
perturbation. Thus, the model can be described in terms of two
simple concepts. The first is that in considering the coupling of
two unpaired particles to a deformed core, the excitation energy of a
given configuration can be described as the sum of each of the
odd-nucleon excitations. The second concept is that the effective
moment of inertia for a rotational band can be expressed as the sum
of three components: the moment of inertia of the even-even core
plus increments from the addition of each of the two odd nucleons.

The excitation of an odd nucleon in a deformed nucleus can be
treated theoretically by various versions of single-particle
potential theory. For the purposes of this paper, however, the
excitations are obtained from experimental data for neighboring
odd-mass nuclei. In the actinide region, these data have been
systematically surveyed by Chasman et al. The quasiparticle energy
E for a given orbital in an odd-mass nucleus can be found from the
expression

EI = Eqp +"K2/20[I(I+l)-KZ+5K;1/2 a(I+l/2)(-l)I+1/2] , (1)

2
where a is the decoupling parameter. The term -K was assumed in
this expression instead of the often-used form that contains a -2K

term. This modification has the effect of changing the magnitude

(and even the sign) of the zero-point rotational energy E ^ for a

given band. The quantity E^pp is the difference between E^ (defined

by substituting K for I in Eq. 1), and E p. Thus, it can be
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expressed as

E2PR = * 2 / 2 0 ( K " a 6K,l/2 ) • (2)

2
A more precise definition of E^pp includes a term containing <j >,

which is usually the major contributor and which consequently yields
a larger zero-point energy than that given by Eq. 2. Nevertheless,
several authors have chosen to incorporate this term in the

expression E and to evaluate E7riD using a simple expression, thatqp LYK ^ 2
given by Eq. 2. For example, Ogle et al. adopted the use of a -K

term (as in Eq. 1) for their data analysis. They concluded that if

one were to consider increasing the coefficient of this term, it

could not be chosen much larger than 1.5 without destroying the

qualitative agreement between Nilsson model predictions and

quasiparticle level systematics.

The effective moment of inertia for a given rotational band, $ ,
is derived by the following method:

^odd-odd " eeven-even +

where Q and 0 are the moments of inertia for the relevant
rotational band in the neighboring odd mass nuclei and 50 and 50
are the increments to 0 e v e n _ e v e n due to the unpaired proton and
neutron. In the model being discussed here, effects due to Coriolis
mixing that are explicit to odd-odd nuclei are not included. On the
other hand, those experimentally-observed manifestations of Coriolis
mixing in odd-A nuclei such as the compression or expansion of
rotational spacing within a given band are included in the calculated
effective moment of inertia for the odd-odd nucleus.

The excitation energies of levels in the odd-odd nucleus are
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calculated using the expression

-6 K i 0 <- l>V- (4)

where TT denotes the parity of the states as introduced in Ref. 5 and

is equal to _+l for positive or negative parity.

The Egm and E^ terms in Eq. 4, which are designated as the
Gallagher-Moszkowski spl i t t ing and Newby sh i f t , respectively, are
functions of the effective neutron-proton residual interaction. For
the calculated Gallagher-Moszkowski spl i t t ings and Newby shifts
reported in this paper, a zero-range central (6) force between proton
and neutron and a Nilsson-type potential were assumed. (For a
detailed discussion of the method, see Ref. 5). The one adjustable
parameter needed to describe the strength of the 5 force is obtained
from a global f i t of G-M spli t t ings in the actinide regi_.i,
specifically the experimental values for the 12 configuration pairs
E;" --n in Figure 1. Calculated and experimental E^ and Ê  values are
1isted in Table 1.

In a few instances in Table 1, experimental data are reported
for configurations occurring in more than one nuclide. Such an
example is given in Fig. 2, which shows the excited levels of a K=0
band in 238Np, 240Am, 242Am, and 244Am. I t can be seen that the
level spacings within the band are very similar among these nuclei.
The experimental and calculated bandhead energies and rotational
parameters for each nucleus also show reasonably good agreement. On
the other hand, the calculated matrix elements for the G-M
spli t t ings and Newby terms do not reproduce experiment in this
particular case. Of the 15 separate configurations for which
E™. values are l isted in Table 1, only in three cases do the
calculated and experimental values show significant disagreement,
i .e . , the ratios fa l l outside the range 0.65 < EQM(exp/calc) < 1.39.
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Figure 1. Comparison of experimental and calculated

Gallagher-Moszkowski matrix elements for several configuration pairs

in odd-odd actinide nuclei.

Several authors have published calculations of G-M splitt ings and
p C

Newby shifts made assuming simple central forces. Boisson et a l .

have worked with empirical data from rare-earth nuclei involving an

in i t i a l sample of Eg^ matrix elements for 43 two-quasiparticle

configurations that was reduced to 23 empirical values of greatest

re l i ab i l i t y . They determined parameters for several forms of an

assumed central-force effective interaction by f i t t i ng the calculated

matrix elements to the empirical data. Sood and Singh have

calculated EGM matrix elements for configuration pairs in the nuclei
238Np, 244Am, and 250Bk with a zero-range proton-neutron residual

interaction. For the adjustable parameter that determines the

strength of the interaction, they have chosen to adopt a different



Table 1. Comparison of experimental and calculated E~w
for configurations in some actinide nuclei.

and
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values

Proton Neutron
Config. Config.

l/2"[530] 7/2T743]
1/2 [631]

5/2+[642] l/2+[631]

5/2~[523] 1/2T501]

1/2 [620]

5/2+[622]

Nucleus

234Pa
234Pa
236Pa
238Np

238Np

242Am
238Np
242Am
244Am
242Am
244Am
238Np
240Am
242Am
238Np
240Am
242Am
2 44 Am
244Am

248Bk
250Bk
250Bk

E(GM/N)a (keV)
Exp. Calc. Exp/Calc

77.5 117.
N-46.8 -44.2
N-50.2 -44.2
N-37.9 -43.1

82.4 70.

39.
52.2
52.1
70.
21.
16.

1.
10.

5.
N+27.
N+28.
N+27.3
N+25.7
200.2

44.
60.
61.
61.

116.
116.
95.
96.
96.

-15.2
-14.7
-14.6
-14.6
208.7/2+[624]

3/2"[521] 9/2'[734] 248Bk 186.5 134.
7/2T613] 250Bk 66.4 60.
1/2 [620] 250Bk 110.3 115.

7 /2 + [633] 7 /2 + [624] 244Am N+33.1
9/2T734] 248Bk 122. 189.
7/2 [613] 250Bk 135.0 47.

250Bk N-25.0 -58.0
l/2*[620] 250Bk 83.1 60.
3/2 [622] 250Bk 91.2 69.
1/2'[761] 250Bk 38.

0.67
1.06
1.14
0.88

1.18

0.89
0.87
0.85
1.15
0.18
0.14
0.01
0.10
0.05
-1.78
-1.90
-1.87
-1.76
0.96

1.39
1.11
0.96

0.65
2.87
0.43
1.39
1.32

a - The values l isted below are Gallagher-Moszkowski matrix
elements except when indicated as a Newby term by an N in
col . 4.

value for each nucleus; the value is usually adjusted to reproduce
the G-M spl i t t ing that includes the ground state rotational band.
For the 9 G-M splitt ings in these nuclei where comparison can be made
with experiment, their calculations show approximately the same level
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of agreement as for those l isted in Table 1. I f one replots the data

of Fig. 1 as a function of mass number, however, i t appears there is

no obvious trend, which weakens the case for adjusting the residual

interaction strength for each nucleus.
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Figure 2. Excited levels of the 5/2"[523]p - 5/2+[622]n rotational

band in four actinide nuclei. Experimental and calculated values of

the energy of the 1=1 bandhead level(Ej) , rotational parameter(A).

Newby term(EN), and Gallagher-Moszkowski splitting(EGM) are compared.

Comparisons between the experimental and calculated bandhead
?44 250

energies and rotational parameters of Am and Bk are shown in

Tables 2 and 3 and in Fig. 3. The calculated level energies, which

have been obtained using Eq. 2, are given a zero-energy adjustment so

that the calculated and experimental ground state energies match.

The experimental data for thess nuclei include information from

recent measurements using the (n,7) and (d,p) reactions ' , as well

as data from earl ier measurements.12>13 The information on the level
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schemes of neighboring nuclei was taken largely from the Table of
13Isotopes. The uncertainties on bandhead energy l is ted in the

fourth columns of Tables 2 and 3 do not represent experimental error,

but rather are derived from the spread in the two experimental values

taken from the odd-mass nuclei . For example, the excitat ion of a
250

given proton orbi ta l in Bk, re la t ive to the ground-state o r b i t a l ,
249 251

is derived from observations in Bk and Bk. The two

experimental observations are averaged and thei r spread (plus that

from the odd-neutron observations) determines the uncertainty.

Table 2. Comparison of experimental and predicted band-head energies
?44

and rotational parameters for Am.

K

t—
i ?—

i

2"
0"

£
P
f
2"
2"

£
i"

r

Configuration

5/2+[642]p
5/2"[523]p

3/2"[521]p
5/2"[523]p •

l/2+[400]p •
7/2 [633]p •

5/2+[642]p •
5/2"[523]p •

5/2;[523]p H
5/2+[642Jp -

5/2"[523]p -
5/2+[642]p -

3/2+[651]p -
5/2"[523]p -

3/2"[521]p -

5/2+[642]p -

- 7/2+[624]n
- 7/2+[624]n

- 7/2+[624]n
- 5/2 [622]n

- 7/2+[624]n

- l/2+[631]n
- 9/2"[734]n

^ l/2*[631]n
• 5/2 [622]n

• l/2+[631]n
• 9/2"[734]n

7/2+[624]n
7/2~[743]n

5/2+[622]n

7/2'[743]n

Average deviations:

Bandheac
Exp.

(keV)

85
173

259
286(1")

345
374(0 )

(416)
417

418 ,
(475)(2+)

482
514

(612)
(668)

678

1 Energy
Calc.
(keV)

60+42
161+14

235+56
319+31(1"

(336)
362+_69(0

451+56
426+21

442+28 .
463T59(2

438+28
538T49

(395)
665+14

586+74

826^42

19
( for 9 bands)

Rot.
Exp.

(keV)

3.4
5.3

5.8
) 5.3

5.2
) 6.0

(2.7)
4.1

(5.6)

(6.6)
3.2

(5.8)

5.1

Par. A
Calc.
(keV)

3.0
5.4

5.8
5.4

(5.4)
6.9

3.1
1.2

5.7
3.0

5.7
2.6

(6.2)
5.8

5.7

3.1

0.28(7.4%)
(for 9 bands)
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Table 3. Comparison of experimental and predicted bandhead energies
250

and rotational parameters for Bk.

K Configuration

2" 3/2"[521]p + l /2*[620]n
1" 3/2' [521]p - 1/2 [620]n

4* 7/2+[633]p + l/2+[620]n
3 7/2 [633]p - 1/2 [620]n

5" 3/2"[521]p + 7/2*[613]n
2 ' 3/2"[521]p - 7/2 [613]n

7* 7/2+[633]p + 7/2*[613]n
0 7/2 [633]p - 7/2 [613]n

2+ 7/2*[633]p - 3/2+[622]n

5 7/2 [633]p + 3/2+[622]n

6+ 5/2+[642]p + 7/2+[613]r?

3" 7/2+[633]p - l /2" [761]n
4" 7/2 [633] p + l /2" [761]n

6+ 7/2+[633]p + 5/2+[622]n

Average deviat ions:

Bandhead Energy
Exp.

(keV)

0
104

36
115

97
146

86 .
175(1 )

212
316

406

526
566

552

Calc.
(keV)

0
99+4

37+18
88+18

100+33
137+33

114+47 .
110+47(1

211+33
287+33

410_+89

513+18
596T18

557+25

17
(for 13 bands)

Rot.
Ex,,.

(keV)

5.77
5.35

4.31
4.14

5.80
5.59

4.56

4.18
4.43

—

3.4
3.9

—

Par. A
Calc.
(keV)

5.70
5.70

4.37
4.37

5.83
5.83

4.44
4.44

4.50
4.50

5.39

3.30
3.30

4.41

O.LO(4.7%)
(for 11 bands)

The agreement between experimental and calculated bandhead

energies fo r these nuclides is exce l len t , the average deviations are

j+19 keV and +_17 keV fo r 244Am and 25OBk, respect ive ly . S im i l a r l y ,

the experimental ro ta t iona l parameters agree extremely well wi th the

calculated values; the average deviat ions are +7% and +5% f o r Am
250

and Bk, respect ively. This a b i l i t y to predict ro ta t iona l

parameters proves to be useful in iden t i f y ing the conf igurat ion of a
pen

rotational band. One can see in Bk, for example, that there is a

clear differentiation between configurations that contain the

3/2~[521]p orbital and those that contain the 7/2+[633]p orbital.

For the former, the calculated rotational parameters have values of

5.7-5.8 keV. For the latter, where the proton orbital is subject to



283

strong Coriolis interaction, the calculated values are smaller,

4.4-4.5 keV in several cases and even 3.3 keV when this proton is

coupled with a 1/2"[761] neutron.

800 i-

700

600

BOO

1
S
S 400

300

200

100

^ B k LEVELS

Calc.

||633] +|(622]

4"
4"-

3"- |l633J + i

|(633]-i[761J

_ 6*-

|[642)+||6131
|[633I+|I622]

|[633]

|[633]-l[620)
§[521] -l[620]

3".
|[521)+|[613]

pen

Figure 3. Experimental and calculated levels in Bk. Thirty-seven

levels, comprising 14 rotational bands, are shown.
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In Table 4 the results of the comparisons are summarized for
250Bk and 244Am, along with data14 for 238Np, and for several

rare-earth nuclides. For this lat ter set, the modeling techniques

used was nearly identical to that for the actinides; one difference

was that values for Ep,, and E., were obtained from Ref. 5 where these

matrix elements were calculated employing a more complex f^rce,

namely, a central force with intrinsic-spin polarization and with

long-range and tensor contributions which were determined from a f i t

to experimental data.

Table 4. Odd-odd nuclei in actinide and rare-earth regions:
Comparison of experimental and calculated bandhead energies,
rotational parameters, and G-M spl i t t ings.

Nucleus

2 3 8Np

244Am

250Bk

160Tb

166HO

170Tn.

176Lu

182Ta

Number
of
bands

9

16

14

8

10

5

12

7

Energy
range
(keV)

0 - 345

0 - 680

0 - 570

0 - 380

0 - 560

0 - 450

0 - 840

0 - 270

<Eexp"Ecalc>

(keV)

29

19

17

41

47

63

58

24

<Aexp-Acalc>

0

0

0

0.

0.

0.

1.

0.

(keV)

.14

.28

.20

,61

74

46

0

47

(3.2%)

(7.4%)

(4.7%)

(8.1%)

(8.7%)

(5.2%)

(9.2%)

(3.9%)

1

1

1

1.

0.

2.

1.

0.

EGM
exp/calc

.18,0.87

.15,0.14

.11,0.96
1.39,1

.03,1.07,

,80,1.08,

,04,0.98

14,0.48,
0.91,0.

94,0.97,

,0.96

,2.87,
.32

,1.13

1.31

1.01,
39

1.14

Thus, the evidence shows this modeling technique accurately
reproduces experimental band-head energies and rotational parameters
for these deformed nuclei. With this method, then, one can model a l l
of the intr insic single-particle excitations and rotational bands
bui l t on these excitations in any deformed odd-odd species where
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input data are available. This includes a capability to model

structure in some odd-odd nuclei for which little cr no experimental

data exist, the modeling technique requires no specific knowledge of

structure in the odd-odd nuclei s of interest, other than calculated

matrix elements arising from the proton-neutron interaction.

Calculated level schemes can be extended to energies somewhat higher

than the ranges given in Table 4, although it must be recognized that

other kinds of excitations in these nuclei, e.g., vibrational motion

and quasiparticle excitations involving more than two unpaired

nuclei, are neglected in this limited approach.

0 " 200 100 GOO 800 1000 1200 0 200 100 600 800 lOOC 1200 0 200 400 GOO 800 1000 1200
Ex!keV) Ex(keV) EvIMVI

176,Figure 4. Comparison of experimental level structure data for 1/uLu

from average resonance capture measurements with model calculation.

Cumulative level number histograms for all states with spins

2",3",4",5"(left), 3",4"(center), and 2",5"(right). The

cross-hatched regions show the range of the maximum and minimum

numbers of states deduced from the ARC data. The thick dashed lines

are the model calculations.
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800

600

200

242Np
Calculation

242Np
Experiment

2 4 4 Am

CY

, - BY

2+_
1+

A 5/2+ [642] f

B 5/2" [523] f

C 3/2+ [651],

Experiment

Z 7/2+ [624]n

Y 5/2+ [622] „

-610.0

CY
-585.0

-542.7 C2 -527.2

-381.0

. 1 +

AY304.0V\
294.0 \

Vss,-JY_
234.0 -2+7v~
212.0 L^

-341.7

AZ
-16.8
- 0.0-

2+_
BZ

249.6 /
"238.3 f

-89.2
-67.6

BY
-201.2

BZ

"1 AT
-12.0 2+_
" 0.0 1+1

242,,

-109.3
- 87.7

-12.3
- 0.0

Figure 5. Comparison of the newly interpreted '""' Np level scheme with

that predicted in a model calculation and with an experimental Am

level scheme. A key to notation for configuration assignments is

shown in the figure. The present interpretation indicates that all

levels shown for

12.0 and 89.2 keV.

242,Np are bandheads except for the 1=2 levels at

Several applications of this modeling technique have proven to

be useful. For example, an average resonance capture measurement

populating levels in Lu has been performed using the filtered

neutron beams available at the Brookhaven High Flux Beam Reactor. In

this study, a complete set of j'r=2"-5" levels up to an excitation of

1100 keV has been reported. A comparison of the cumulative number of

levels in this spin and parity range obtained from the experiment
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with a corresponding calculated set shows that they are in generally

good agreement (see Fig. 4). The comparison involves a total of 40

predicted rotational bands.

In another paper, existing experimental data for U beta

decay which were measured by Haustein et a). were given a new

interpretation with the aid of the phenomenological model of this

paper and by comparison with recent experimental data for the
'44

levels of Am. There has been developed an experimentally based
242

level scheme for Np (see Fig. 5) in which all predicted 1=1 levels
242

up to 585 keV have been identified and are being populated by U
beta decay. For the two lowest-lying K=l bands, both 1=1 and 1=2

levels have been assigned. The agreement for the bandhead energies
?42 244

and rotational spacings of these bands in Np and Am is

excellent. This behavior can be understood in terms of the near

degeneracy of the 5/2+[642] and 5/2"[523] proton orbitals in these

nuclei.

A final example of application of the model involves the

calculation of cross-section ratios for the production of isomers in

neutron-induced reactions, both capture and (n,2n), where the product

nuclei are odd-odd deformed species. It has been found that the

hundreds of discrete levels and their gamma-ray branching ratios

provided by the modeling are necessary in order to achieve agreement

between calculation and experiment. A more complete description of
18

this is given in another paper submitted to this conference.
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INVESTIGATION OF EO TRANSITION RATES

G.G. Colvin and K. Schreckenbach
Institut Laue-Langevin, F-38042 Grenoble, France

ABSTRACT

Basic ideas on the nature of electric monopole transitions and
their experimental realisation are presented. Some feeling for the
sensitivity obtainable for X = B(EO)/B(E2) ratios are discussed.
Examples of measurements performed using the electron spectrometer
BILL are described to demonstrate their relevance in testing nuclear
models. These include even—even and odd-even nuclei such as nuclei
close to Z = 50, rare-earth nuclei, Pt-Os isotopes and the actinides.

INTRODUCTION

From the many detailed measurements using the (n,y) and (n,e~)
reactions, energy level spectra, branching ratios and multipole
mixing ratios have been carefully compared with theoretical model
predictions to show their respective strengths and weaknesses. One
area which is not often emphasised (both theoretically and experi-
mentally), but carries much nuclear structure information, is the
investigation of electric monopole transition rates .It is the aim
of this article to high-light the investigations into EO transitions
performed at the ILL high flux reactor following thermal neutron
capture. The properties of EO transitions and how they can be mea-
sured by electron spectroscopy are outlines in sections 2 and 3 res-
pectively. A brief review of some measurements performed using the
electron spectrometer BILL is presented in section 4.

But first we will turn our attention to why EO transitions may
be of interest in nuclear spectroscopy. In the internal conversion
process, to a good approximation, the rate of production of inter-
nal conversion electrons is directly proportional to the rate of
gamma emission. However, after closer inspection, it is found that
nuclear matrix elements do enter into the calculation of the rare
of internal conversion. This is due to the finite size of the nuc-
leus and that atomic wavefunctions may therefore penetrate into the
nuclear volume. These nuclear matrix elements carry information
about the structure of the nucleus, but in general are difficult to
deduce from penetration calculations on the higher order multipoles.
In the case of electric monopole transitions, which are themselves
a direct consequence of the finite nuclear volume, ejection of the
electrons proceeds solely by penetration of the atomic wavefunction
into the nuclear volume, and thus carry with them directly, infor-
mation on the nuclear matrix elements. It is this sensitivity to the
nuclear structure which makes the study of EO transitions useful for
nuclear spectroscopy.

0094-243X/85/1250290-15 $3.00 Copyright 1985 American Institute of Physics
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PROPERTIES OF EO TRANSITIONS

Transitions between low lying nuclear levels occur by two main
processes: Gamma-ray emission and internal conversion (IC). Internal
pair production competes only at energies higher than 2mec . These
processes may comprise of a mixture of multipolarities as long as
spin and angular momentum laws are conserved. Low energy electric mo-
nopole (EO) transitions occur by the internal conversion process, the
emission of a single gamma-ray having this multipolarity is forbidden
due to its transverse nature. Zero units of angular momentum are con-
sequently transfered to the emitted electron. Therefore EO transitions
may occur between states where l£ = If and TT̂  = TTf. In the case where
I # 0, the EO transitions will compete with higher order multipoles',
whilst for I = 0, no higher multipoles of order \ are emitted due to
the conservation law for angular momentum Ii + If •£ X ̂  l£ + If | for
I. -> I, transitions.

Electric monopole transitions occur via coulomb coupling bet-
ween the nuclear protons and the atomic electrons. As the monopole
moment is a constant outside of the nuclear volume, internal conver-
sion leading to an EO can only occur within the nucleus and is thus
a pure penetration effect. It is tins fact which gives the electric
monopole its sensitivity to the details of the nuclear wavefunctions.

The EO transition probability u(E0) is defined as the product
of an electronic factor ft (which is spin and nuclear structure in-
dependent) and the so called 'strength parameter' p (EO) which con-
tains the nuclear properties. Thus u(E0) = fi|p(EO)|2. The strength
parameter can be written

*>'••••] vp(EO) = Z S <|>c h f ) ' - a (-^)H + ... *4dv (1)

where ()>• and <j>j are initial and final nuclear wavefunctions, rp is
the position of the pth proton and R is the nuclear radius. The
constant o is in most cases less than 0.1, thus to a good approxi-
mation only the first term of equation (1) is required. Inspection
of equation (1) reveals the strong dependence of p on the nuclear
radius and hence there is expected to be a strong Z dependence, as
with increasing Z the nuclear radius also increases.

From the fact that EO transitions are a consequence of a pure
penetration effect, we can see that p will be dependent on the
nuclear shape. It is the change in the radial extent of the charged
field of the nucleus which gives rise to the EO strength and not
just a change in the charge distribution itself. Thus for instance,
a proton pair excitation in the nucleus will favourably decay by
an EO transition, since the 'skin' of the nucleus (large proton
radius) is involved. At this point it should be noted that the EO
transition matrix element depends on the individual wave functions
of the initial and final state and not just on the change of the
mean square radius <r^> of the nucleus. Thus a large A<r^> in the
nuclear deexcitation may enhance the EO transition, but on the
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other hand the necessary microscopic structure change may hinder it.
An outstanding illustration of this is the recently observed EO
transition from a shape isomer of 238JJ b a ck to the ground state,
having the extremely small value of p = 1.7 x 1C~", despite the large
£<r2> from the change in deformation 5, In comparison, the Mossbauer
isomer shift is different, since it measures directly A<r2> in that
it is sensitive to the coulomb energy of the nuclear charge and the
electron cloud.

A tabulation of Q can be found in ref. 2. The way in which £2
changes with energy and atomic number can be seen from figure (1).
If we assume that p(EO) = 1 (analogous to the Weisskopf estimate
for higher multipoles), then WE can make some interesting compari-
sons between the 'Weisskopf1 estimates for EO, Ml and E2 transi-
tions. Figure (2) shows the single-particle 'reduced monopole-con-
version probability' (fi = (u/p2 = UJ) as a function of energy f&r
the K-shell. The dotted line shows the single particle M1 esti-
mate, whilst the dashed linos show the K-conversion probalities 3.
These figures clearly show how EO transitions favourably compete
with M1, E2 at lower energies and larger atomic number. In the
regions of the nuclear chart where Ml transitions between 2 + levels
appear to be severely hindered relative to the single particle
estimate, even this dominant multipole may effectively be absent
so that the resulting EO + E2 transition has a strong and readily
measureable EO component.

As will be described in section 3, shell and sub-shell ratios
can be used to determine the EO + M1 + E2 components of a mixed
transition, so it would be instructive to compare such ratios for
these multipolarities. In general EO conversion is strongest in
the S^/2 shells (K,Li,M^, etc.) which is perhaps intuitively the
expected result as the Sj/2 wavefunctions are strongest close to
the nucleus, whilst for higher shells this becomes increasingly
weaker. If we recall the classical figure-of-eight shape of the
p-orbital, one would expect no EO conversion at the nucleus, even
for a finite nuclear volume. It is however the relativistic wave
equations which gives rise to the finite conversion intensity.
The L2/L3 ratio for EO conversion (pi/2> P3/2 respectively) is
of the order of 10° and thus no significant conversion in the L 3

shell is expected for EO transitions. Figures (3) and (4) show
the K/Lx, L1/L2 and L-|/L3 internal conversion intensity ratios
for EO, M1 and E2 multipolarities taken from the tabulations of
references 3 and 4.

MEASUREMENTS OF EO TRANSITIONS BY THE INTERNAL CONVERSION PROCESS

As was pointed out in section 2, electric monopole transitions
can decay by internal conversion and internal pair production. More
'exotic' processes such as 2 gamma -decay are rather weak. Inter-
nal pair production can only occur at energies > 2mec^. Important
work has been done using this method*")?, but we will limit our
discussion here to the IC process which is able to measure low
energy transitions. We hope in this section to briefly describe
the measuring techniques available using an electron spectrometer
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and give some feeling for expected limits of sensitivity which can
be obtained when measuring EO transitions.

Figure(l)- The electronic factor ft
versus energy for various atomic
number. An approx. parameterisation
of S can be obtained from the equation
log,n a = {5.8+0.0772Z-8.3xl0"sZ2) x

{0.96+0.1E-0.033E2} (E-KeV)

Figure(2)- The transition probability
for transitions in the K-shell for Sn(»)
and Pt(A). For EO transitions, p=l.
Dashed lines give conversion probabilities
in Weisskopf units whilst the dotted
line is the single particle estimate
for Ml transitions.
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Figure(3)- Shell and sub-shell
ratios of electron intensities
for Z=SO.
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Figurt.^4)- Shell and sub-shell
ratios of electron intensities
for Z=78.
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A measured series of electron lines which have no corresponding
gamma-rays are of course a positive identification of pure EO tran-
sition. In the case where there is mixed multipole radiation (Ii=If
and 1^ # 0) then a direct consequence of an EO component is an ano-
malous experimental internal conversion coefficient, not agreeing
with any E2 + Ml admixture. Anomalous ICC's due to Ml penetration
effects are not considered as this will only be visible when M1 life-
times are retarded by > 10->, and such cases are rare. For mixed mul-
tipole decays, a mixing ratio analogous to the E2/M1 mixing ratio
6 employed in the y~ray case can be defined °:

q2 = Ie(E0)/Ie(E2) ' ._• (2)

where Ie(E0), Ie(E2) are the measured electron intensities for EO
and E2 respectively. As each component of the intensity of such a
mixed transition is additive, then

where a is the internal conversion coefficient. The subscript e
refers to the experimental ICC.

The most fundamental measure of the EO matrix elements is the
nuclear strength parameter p(EO). This can be determined when the
partial life-times T(EO) of the level in question is known and can
be found from the relation

P2(EO) = In2/T(EO)JJ (4)

Tabulations of the electronic factor £2 can be found in reference 2.
When such data is not available, a useful measure of the EO strength
that can be determined directly by IC spectroscopy is the value^

E ) B(EO;I1- -> If)
i' ex^ B(E2;Ii ->• If)

where B(EO;I. •* If) = e
2R'V(E0)

This ratio can be written in terms of the EO mixing ratio q, and is
given by the relation'^,

X(Ii,Eex) = 2.56x1O
9A4/3E5(MeV)q2

a(E2)/n (6)

The convention employed when defining X-values for 0 + CT transi-
tions is to take the ratio

X(0+,Eex)=B(E0; 0* + 0*)/B(E2; 0* + 2*) (7)
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The experimental determination of q2 can be done in two vays
by IC spectroscopy.

i) In the case where <52 is known from other types of measure-
ment (primarily y-y correlation, where precise values of S 2 can be
obtained' ') ,the application of equation (3) is trivial once the ex-
perimental conversion coefficient has been determined.

ii) In the case where 62 is unknown and L-subshell ratios are
resolved, then the following relation is true.

I (E2) (E2) (8)

As indicated in section 2, the conversion of EO in the L subshell
is of negligible intensity and reference to Fig. (4) also shows that
the a 3(E2)/aL.j(M1) will always be large over a significant energy
range.Therefore we can say that any conversion in the L, subshell
is due solely to the E2 component. Thus from equation (87, 62 can be
determined and hence q .

When both S 2 is unknown, and L-subshells are not resolved,
X-values cannot in general be determined from ICE alone. There
exists however a small region of Z and energy where sensible limits
can be calculated for the EO strength of a mixed transition. In the
region of Z around 50 and energies in the region > 500 keV, both
the E2 and M1 conversion coefficients are similar in the S1/2 shells.
Hence a range of possible EO components can be calculated by
assuming both 62 = 0 and 62 = ">. Such results are extremely useful
if the lifetime of the decaying level is known as the partial life-
time for the EO transition can then be calculated and hence p(EO),
which finally is a more sensitive measure of the EO transii_ion.

Figure(5)- Sensitivity limit for
X{E; 2 -2 ) versus energy for
various atomic number (Z) and
E2/M1 mixing ratio (62) taken from
equation(6). For the calculation,
a detection limit of 5S for the EO
component was assumed. Thus q2=0.05
when S!= «.
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When considering X-values, it is interesting to estimate the
lower limits measurable by the IC process. If we assume that by
careful experimentation, an error of only 5% could be achieved
(such results have Lstr obtained with the BILL spectrometer), then
ae/a(£2+Ml)>l.05.Figure (5/ shows the relation between X(Ii 4 0,Eex)
versus transition energy for 1 1 8Sn, 196Pt and 243pu for q2 = 0.05.
Pure E0 + E2 transitions (S^=oo) are shown as solid lines whilst
increasing Ml components (S2 = 1,.1) are shown as dotted lines. It is
clearly seen from this figure that the minimum measureable X-values
rise steeply with increasing energy and decreasing Z. The effect
of 6~ is seen to strongly influence these values.

EO MEASUREMENTS AT THE ELECTRON SPECTROMETER BILL

In the following section we will single out some typical expe-
riments performed with the electron spectrometer BILL' concerning
EO transitions. The body of data already existing on EO transitions
have been reviewed invariouscompilations >' ' , but it is evident
that further data taken at the ILL can play a significant role in
increasing or clarifying certain areas. Appendix (1) tabulates the
results of EO measurements performed at the ILL for even-even nuclei.
The even-odd actin.ide nuclei will be covered elsewhere in the pro-
ceedings'^. Table (1) schematically show the expected X-values de-
rived by various theoretical calculations and models. The reader
should bare the results of this table in mind for the discussion of
some of the experimental results outlined below.

A demonstration of the effect of an EO component on an L-sub-
shell measurement is shown in Figure (7). This figure shows the
154.6 KeV, 2 + •*• 2 + transition in 11^Cd. The measured intensity and
expected intensity (for an M1 + E2 transition of 62 = 3.8) are
clearly shown. The excess of electron intensity in the L subshells
(and K-shell which is not shown) was attributed to an EO admixture.
In this case 6^ was calculated directly from the L3-subshell inten-
sity and the y-ray intensity"* measured by the curved crystal spec-
trometer GAMS'7 as described in section 3. For this measurement the
lifetime of the 2 + state was known and hence a strength parameter
of p2(EO) = 0.034 was calculated.

The results of the E0 measurements of H^Cd were used qualita-
tively to separate states arising from different nuclear deformations
by the assumption that strong E0 transitions connect states of
differing nuclear deformations. This latter assumption has the one
important proviso that the strength of these transitions is only
maintained if there is no mixing of the two sets of states involved.
It was shown that some evidence for such mixing in the case of
11^Cd exists and does point out that such arguments must be carefully
considered if E0 transitions are not to be misleading. The results
of 11^cd also emphasize that p(E0) is a more reliable probe than
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Tab 1 e (1) X-values derived from nuclear models.

Model

shell

s.p. limit

vibrational
(phonon)

rotational

IBA

quasi'boson
approx.

Ref.

27

28

29

11,29

30

22,31

32

33

X-value

0

In

k
,„! 2(21-0(21+3)
48O 1(1+1)

finite

0

•29< X < -75

•29< X < -33

comments

p(EO) • 0

p(EO) = 3/5

">$

0* » 0*
6 g

If • g

°+*°+

0(6)

EU(3)-rot

SU(5)-vib

rare earth

note

a

-

b

c

d

e

e

a) Involves single nucleon between states of same j & 1. Thus
requires a jump of two shell closures and is unlikely for low
lying states.

b) B(E2; 2- •+• 2 ) = 0 . However p(EO) is of the same order for 0 8 2 .
• ^ 10

c) K-selection ru le forbids y •*• g ED t r a n s i t i o n s . If Y,B,g mixing then

where a - E ^ / E ^ ; b = E2B/E2g: c - Eos/E2g

d) Selection rules are: EO - Ac = ±2, AT = 0; E2 - Ao = 0, AT = ±.

e) See Figure (6)

X-values. Appendix (1) shows an X-value for the O3 state in 11^Cd
which is 50 times greater than for the Ot state. Comparing p(EO)
however, this+ratio is 0.05. This was found to be. due to the life-
time of the O3 level possessing the large X-vaJae, which is three
orders of magnitude larger then the O2 level ^ *.

A recent measurement on '-^Ba performed rfith the BILL spectro-
meter demonstrates how some results can be trivially interpre-
ted 18. In this case the 1579.8 KeV level had been a candidate for
a 0 level. The observation of an electron line but no correspond-
ing gamma ray was thus the confirmation required. An X-value of
0.11 ± .02 was determined for this 0 + •* 0 + transition. If this
level is to be interpreted as a g-vibration for example, table (1)
shows that X = 4g^ is expected. Using a value of the deformation
parameters Bo = 0.139 (calculated using the relation of Grodzins19)
X = 0.078 can be calculated. This value is consistent with the
experimental result and hence this state can be interpreted as
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s.p.

150 160 170 180
Mass number

190

Figure(6)- Model predictions for X(E;S->-g) versus mass number.
Single-part ic le and shell model l imi ts are indicated on the
r ight . A shows 4So using Bo values of ref .39. x and • show the
calculations of Bess32 and Silvestre-Brac33 respectively.

ELECTRON ENERGY (KeV)

114,
'Cd.Figure(7)- Part of the ICE spectrum of

L.,L?,L, mark the E0+M1+E2 transition of 154.6KeV.
The Slotted line shows the expected spectrum if no
EO component were present.
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a g-vibration. However, in the absence of lifetime measurements, this
result cannot be taken as strong evidence.

Experimental X-values for B-vibrations sometimes show startling
irregularities even within a limited region of the nuclear chart. For
example, X-values within the rare-earth region have been measured
with fluctuations of 3 orders of magnitude. A case where X-values
have been measured of the order of the single particle estimate (see
appendix) is in the yterbium and hafnium nuclei20>38. f o r th e c a s e

of yterbium, both '?2Yb and '^Yb are known to have several excited
0 + states which show large differences in properties even though the
two nuclei are only separated by two neutrons. It has been experimen-
tally observed that '72Yb has in general large X-values, with one
transition at 1405.0 keV giving X = 2.81± 0.31, whilst in 17^Yb, no
EO decays could be observed2^ (see appendix). The interpretation of
these results is not evident at first glance and it is perhaps ins-
tructive to list here some ways in which 0 + states could be created :
i) B-vibrations, ii) pair excitations, iii) pairing vibrations.
Clearly the 1794 and 1895 levels in '72Yb can be explained by
B-vibrations (30 ^ . 3 thus X ̂  . 5) but not the 1405 level. An
attractive explanation of this large X-value is proton-pair excita-
tions. A study of the systematics of the energies of the single
particle levels in the neighbouring Lu isotopes2' shows two levels
which change sharply with deformation (these being the jjf [411] and
~2 [541] levels). A rough calculation of X-values to be expected from
such an explanation is that proton-pairs of large amplitude will give
X > .9 and thus could explain the large value for the 1405 KeV
transition. However, although these single particle levels can
change rapidly, they lie close to the Fermi surface over a signifi-
cantly wide region and would not be expected to give the abrupt
variations in X-values observed. Again lifetime measurements may
clarify the situation.

The interacting boson approximation model (IBA) can also be
tested by a careful study of EO transitions. The three limiting
cases of the IBA are shown in table (1). For the 0(6) limit, tests
have been performed at the ILL in the Os-Pt region22. In the IBA,
the E0 transition operator can be expressed as

T(EO) = a(s+s)° + @(d+d)°. Rewriting this in terms of the total
boson number N = n s + nj it can be easily shown that

T(EO) « I a.S.n, (9)
i 1 1 i

Thus relative EO transition strengths can be readily estimated from
an IBA calculation. The concept of X-values cannot be defined in
the 0(6) limit as competing Cj" •*• 2t transitions are forbidden by
the selection rules and only occur through symmetry breaking ter.ns
which unfortunately are not easily calculated. Therefore comparison
of E0 transitions between model and experiment are necessarily
qualitative.
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Figure(8)- Low lying 0 states from the 0(6)
limit of the IBA. Quantum numbers (O,T) are
marked. Arrows connect levels where EO
transitions are expected, whilst dotted lines
connect levels where the a selection rule
is broken.

io Fig. (8) shows a typical
spectrum of 0 + states in the
0(6) limit. The indicated EO
transitions are those allowed
by the selection rules: Ax=O,
Ao= ±2. The transitions indi-
cated by the dotted lines are
those which violate the o
selection rule. This selection
rule arises by cancellation
and is the most easily broken
selection rule as only a small
perturbation could cause a
non-zero EO matrix element.
The T selection rule should
not however be so easily broken,
as it arises through the fact
that states with differing T
quantum numbers do not have
any basis states in common and
thus ro EO transitions can

occur. To break this selection rule is therefore a more serious
violation of the 0(6) limiting case. Results for 1 8 8 Q S and ^ 6 p t a r e

in good agreement with the 0(6) limit predictions in that the tran-
sitions allowed by the selection rules are observed with a signifi-
cant intensity, although a broken 0(6) calculation2-^ was required in
the '°°0s case in order to well reproduce the experimental results.

Finally a brief comment on EO measurements performed at the ILL
on actinide nuclei. The odd-neutron actinides will be covered else-
where in these proceedings^, but an example here is perhaps useful.
In 233jjj( strong EO admixtures were used phenomenologically to se-
parate two S-vibrational bands coupled to Nilsson states^. That
such a simple procedure was possible was due to the high resolution
of the BILL spectrometer, which allowed the various EO transitions
to be resolved. Similar methods were used with 2 3 9U to clearly iden-
tify rotational bands built on g-vibrational states25.

An even-even actinide nucleus measured at BILL which showed
some interesting EO properties was 244cm following the g-decay of
2* Am isomers.2° In this case the 984.9 KeV transition was identi-
fied as pure EO, with a large X-value equal to 1.5 ± 0.2. To inter-
pret this state as a S-vibration cannot be successful, as the pre-
dicted X-value is of the order of 0.2. Again in this case, proton-
pair excitation was invoked to explain this result.

SUMMARY

Properties and measuring techniques of EO transitions have been
discussed in order to show their use in the interpretation of nuclear
spectroscopy data. Although not often emphasised, the EO transition is
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a sensitive probe for nuclear spectroscopists. Attention has been
payed to measurements involving the beta spectrometer BILL.

Further improvements in the use and interpretation of such da-
ta fall mainly into tvo areas. Firstly, more work is required in the
theory of EO transitions within particular nuclear models. Second-
ly, a different approach is required of the experimentalists. To
explain this, it perhaps suffices to say that most of the £0 results
described here have come from an experimental program of much larger
proportions. A more systematic and careful approach to measurements
of EO transitions is required (along with lifetime measurements) in
order to improve the precision and put on a firmer base the use of
EO transitions in nuclear spectroscopy.
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APPENDIX

Table(2)- E0 transitions in even-even nuclei measured by
the electron

Nucleus

" 4 C d

1 2 4 l e

136Ba
152Gd
156Gd
172Yb

I. - I

0 -0

v2!
°3~°2
23"22
23-22

• V 4 1

V 2 1
V 22
V23

vs
V 3 1

V°1
V°1

0 - 0

°4~°1
V 2 1
4, -4 ,

23"21

V22
V 21
2 -2 ,

2 -2 ,

0 - 0
2. 1

o2-o,
0 - 0 ,

V2,'
V4,
o3-o,

V 2 i

spectrometer BILL

Level
(KeV)

1135

1210

1306

1364

1732

1842

18*0

1932

2204

2437

2554

1657

1883

2390

1325

1957

2039

2092

2183

2323

1580

615

1168

1043

1118

1287

1405

1477

1794

Irans-Energy
(KeV)

1135

651

1306

171

806

155

449

1283

632

478

1860

648

340

2437

2554

1657

1883

226

2390

723

709

1437

714

1488

1580

1720

1580

615

1168

1043

1039

747

1405

1216

1794

X-Value c2x10

.023(2) 27

<.O1 <8

20(2) 1.3

.44

>30 61

.032(6) 34

.12(2) a

<.2

.71(8) a

<.014a

.012(4)

.O57(22)a

.O52(1O)a

.56(5)

.58(9)

0.012

>3.5

•V5

>,.b

.059

1.04

.21

.094

5.16

2 . 1 , b

7.10

.11(2)

.047(5)

.032(2)

.028(4) 2.3(3)

<.106

.016(4)a

2.81(31) <26

.015(3)"

.34(4)

" 3 Re£.

16

35

IS

36

40

20,37
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Level

1849

1895

1956

1478 1478 <.O51 20,37

1884

1199

1277

1450

1731

1434

1496

1444

1562

1772

1818

1956

1087

1478

1704

1765

1825

1966

1135

1403

1823

1919

985

1771

1895

1878

1478

1884

1199

1184

1 144

1099

1434

1403

1444

1468

1772

1725

1650

1087

1478

1704

1765

1825

1966

1135

1403

1823

1919

985

.12(3)

.10(3)

.09(3)

<.051

<. 1 75

.28(3)

.34(3)a

.17(1)a

.16(2)a

>.15

.44(3>a

.59(4)

.23(2)a

>.2

.53(4)a

.37(4)*

.0006

.0072

1.70

0.05

.15

>16

<.005

.092

<.03

.06

1.5(2)

a - Assumes pure E0 + E2

b - Assumes 2 level
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ABSTRACT

The \iery precise spectrometers for (n,y) and (n,e) reactions
at the ILL, Grenoble, and the high resolution Q3D spectrograph at
the Munich Tandem Accelerator yield very detailed information on
nuclear transitions and excitations. These results allow the
establishment of level schemes which are rather complete in a
given spin and energy region and which contain frequently more
than 70 levels with spin and parity information. Recently the
nuclei 20F, 2ltNa, !8A1, 3 eCl, ""K, * ' K, "'K, ""Cd, I3"Cs, 15sSm,
I5*Eu,15S Gd,161 Dy, 1G3Dy and several actinide nuclei have been
investigated. The limits of this method and the possibilities to
identify nuclear structures will be discussed. In particular the
mixing of single particle and vibrational excitations in deformed
nuclei will be treated. A statistical analysis of these extensive
level schemes gives information on the level density, on the
strength of gamma transitions and on gamma multiplicities of
levels. A systematic survey of gamma multiplicities of low spin
levels shows that these multiplicities increase only slowly after
the first 20 levels while the spread seems to decrease. Level
density parameters for the constant temperature and Bethe formulae
are determined. These formulae reproduce nicely the experimental
level densities.

The distribution of the E1 and M1 strength of primary
transitions is compared with theoretical predictions. The energy
dependence of dioole transitions in the Cl and K isotopes agrees
better with an E proportionality than with E observed for
heavier nuclei. Non-statistical distribution of Ml strength in the
sd shell nuclei was seen and might be explained by nuclear
structure effects.

*permanent address: Shiraz University, Shiraz, Iran

0094-243X/85/1250305-13 $3.00 Copyright 1985 American Institute of Physics
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I. INTRODUCTION

The most detailed and most precise information on the atomic
nucleus is obtained by nuclear spectroscopy. During the last
decades (n,y) and transfer reactions provided a large fraction of
this spectroscopic information on nuclei close to stability at
lower excitation energies. These results played a crucial role in
the discussion of new theoretical approaches to the understanding
of the nucleus. An important prerequisite for the test of nuclear
models are complete level schemes in which all single particle
excitations, predicted by the shell model, and all collective
excitations are identified in a given energy and spin range. Only
the combination of various non-selective and selective reactions,
as for instance (n,y) and transfer reactions, can guarantee the
completeness and a certain classification of the level scheme.
This completeness is also the basis for a statistical inter-
pretation of the nucleus. We would like to report on a cooperative
effort of physicists from many laboratories in Europe and America
who established recently "complete" level schemes of Z°F (ref. 1),
2"Na (ref. 2), Z8A1 (ref. 3), "Cl (ref. 4), " °K (ref. 5), *i K
(ref. 6), "2K (ref. 7), ""Cd (ref. 8), ̂ "Cs (ref. 9), is-Eu
(ref. 10), I55Gd (ref. 11), IGI, i63, i6sDy and several actinide
nuclei. Up to 100 levels with y-decay properties and frequently
with spins and parities were identified in each nucleus. The
purpose of this contribution is to demonstrate what we can learn
from these extensive level schemes.

II. EXPERIMENTAL METHODS

In order to construct schemes with a large number of well
established levels, spectrometers are necessary which combine high
sensitivity with high precision over a wide range of energies.
Therefore, the best instruments presently available have been
applied.

The basis of all level schemes discussed in this paper are
secondary and primary y-rays after the capture of thermal neutrons
measured at the High Flux Reactor of the Institute Laue-Langevin
at Grenoble, France. The bent crystal spectrometers GAMS1 and
GAMS2/3 13 are ideal tools in nuclear spectroscopy due to their
outstanding resolution and sensitivity. Equally, the pair spetro-
meter '"* for primary y-rays and the large Ge(Li) spectrometer for
the intermediate energy range, both looking at an internal target
of the High Flux Reactor, have excellent sensitivity. Conversion
electrons from the (n,e) reaction observed with the very precise
and sensitive beta spectrometer BILL 15 at Grenoble yield for
nuclei with Z > 30 conversion coefficients and thus spins and in
particular parities of levels, y-y coincidence or correlation
measurements are also very useful.

Nuclei with sufficiently high neutron resonance density
(>5/keV) can be studied with average resonance neutron capture
spectroscopy (ARC)16. The best facilities for such experiments,
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filtered beams with 2 keV and 24 keV neutrons17, are available at
the Brookhaven High Flux Beam Reactor. These results are very
valuable for the completeness of level schemes because all levels
of given spin-parity groups are equally populated and identified.

Single particle transfer reactions such as (d,p) or (d,t)
play an important role in the identification of neutron or proton
particle or hole excitations, respectively. The Q3D spectrograph18

at the Emperor Tandem Accelerator of the University and Technical
University of Munich offers the best resolution (3-6 keV) and good
sensitivity.

There are, of course, various other experimental methods
which yield extensive level schemes. However, in most cases the
completeness is not guaranteed.

III. LIMITS OF THE COMPLETENESS OF LEVEL SCHEMES

Frequently the test of nuclear models requires the complete
set of all levels with special properties, for instance all 0
levels. Therefore, the question arrises how well and in which
region this completeness can be established.

There are two kinds of completeness which can be discussed:
1. complete (n,y) level schemes and 2. level schemes which contain
all levels in a given energy and spin range.

As an example for a complete (n,y) level scheme fig. 1 shows
the scheme of '*Na (ref. 2).
About 99 % of the intensity
depopulating the capture
state is known. The
population and depopulation
of almost all levels is well
balanced and about 100 % of
the intensity arrives at the
ground state. 216 out of 277
measured y-rays are placed.
The following conditions
have to be fulfilled for
such a level scheme: a) The
level spacing also at high
excitation energies has to
be larger than several key
so that all primary transit-
ions can be separated; b)
High sensitivity and large
dynamic range (smallest

. intensities <0.1 per 100 n
captures); c) Good energy
precision (AE<0.1 keV also

"Na

Fig. 1. (n,Y) level scheme of
 2*Na

with the strongest transitions. The
widths of the transitions are pro-
portional to the intensities2.

for MeV transitions) for the
reliable application of the
Ritz combination principle;
and d) Precise transfer
reaction data which indicate
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level positions. Due to these restrictions complete (n,r) schemes
have been established only for nuclei with A<70 or close to closed
shells.

Complete level schemes in a given energy and spin range
require: a) A non-selective reaction such as (n,r) or (n.n'r) in
order to populate all levels in question. ARC plays a special role
because it guarantees equal population of certain spin-parity
groups, b) Good energy precision (few eV) and high sensitivity of
secondary r-rays so that the Ritz principle gives reliable
combinations also in the presence of very many levels and
transitions. Consequently crystal spectrometer data are desirable,
c) Additional information is necessary to confirm levels such as
measured multipolarities, transfer reaction data and results from
other experiments, d) One should have some idea of the expected
level structure. The selectivity of transfer reactions and
branching ratios gives the essential arguments for the
classification of the levels which allows the comparison with
model predictions. The increasing level density limits usually the
energy range of the completeness. The reliable identification of
levels becomes very difficult if the average level spacing is less
than 5 keV. Complete level schemes of heavier nuclei (A>100) can
be constructed up to about 2.5 MeV, 1.3 MeV and 0.8 MeV for even-
even, odd an odd-odd nuclei, respectively.

A comparison of the sensitivities and spectroscopic inform-
ation obtained in ARC, (d,p) and (d,t) experiments for 1 6 1Dy is
shown in fig. 2. These spectra demonstrate that most levels are
observed in all four reactions. The selectivity of the (d,p)
reaction is illustrated in fig. 3 which compares the "complete"

.j.. J I..,1L..,LL..V4
L||I v

uoo 800 600 400
Excitation Energy IkeVI

Fig. 2. Comparison of ARC spectra (2 key and 24 keV neutrons) and
(d,p) and (d,t) spectra of 1 6 1Dy. The height of the lines corre-
sponds to the populating intensity. (d,p) and (d,t) was measured
at 35° with 14MeV d and at 45° with 22MeV d (shown). H and L indi-
cate high and low spins deduced from the I(22MeV)/I(14MeV) ratios.
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Fig. 3. Part of a (d,p) spectrum measured with the Munich Q3D
spectrograph and the complete (n,y) level scheme of 16SEr.

(n,y) level scheme of 1G8Er (ref. 19) with a (d,p) spectrum
measured at Munich.

IV. LEVEL DENSITIES AND LEVEL SPACINGS

It has been pointed out that a statistical treatment of
nuclear properties is meaningful not only because detailed
spectroscopic information is not available at higher excitation
energies, but because it reveals essentially new features of the
nuclear system20. Therefore, the statistical interpretation of
extensive and complete level schemes may shed new light on our
understanding of the nucleus. Nuclear level energies contain two
kinds of statistical properties: the level density and the level
spacing distribution.

Two formulae are used to describe the nuclear level densities
as a function of the excitation energy E:

constant temperature Fermi gas model21

p(E,J) = f(J)(1/T)exp((E-EQ)/T) and

Bethe formula

p(E,J) =

Both formulae use for the spin distribution

f(J) = exp(-J2/2a2) -exp(-(J+1)2/2a2)

with the spin cut-off parameter a which is related to the
parameters a and E1 of the Bethe formula

a2 = 0.0888 A 3 ' 2 ' atomic weight).
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Gilbert and Cameron" stated that the constant temperature
formula gives a good fit to the experimental data over the first
10 NeV, while Dilg et al.23 and Tielens et al.24 find good
agreement also with the Bethe formula if a and E. are fitted.
Using our extensive level schemes we tried to answer the question
which formula gives better agreement. The parameters T and E or a
and Ej were adjusted to obtain a good fit to the number of leVels
at lower energies N(E) =/p(E)dE and to the neutron resonance
densities25.

Isotope
36C1

4 1 K
1 1 1 Cd
1 3*Cs
1Sf tEu
1 S ! Gd

Table

aCMeV"1]

3.23±0.09

5.31±0.06

14.28+0.11

12.82±0.11

18.55±0.08

19.56±0.21

I Level dens i t }

Sethe formula

-1

-0

1

-1

-1

-0

EiCMeVJ

.96+0.25

.59±0.06

15±0.02

38±0.03

36+0.01

36±0.04

0

0

x2

.6

.9

2.5

2

1

10

.1

.8

.4

i parameters

constant temperature

TCMeVJ

2.08 ±0.08

1.46 +0.02

0.704±0.004

0.776±0.007

0.615+0.005

0.554+0.006

formula

EJMeVJ

-1.59+0.

-1.62+0.

-0.06+0.

-2.87+0.

-2.96±0.

-1.69±0.

19

07

02

03

02

04

>
0.

0.

0.

1.

2.

5.

5

8

6

4

9

1

The energy dependent o of the Bethe formula was also used in
the constant temperature Fermi gas formula with the Bethe para-
meters. Fig. 4 and Table I show that in most cases both formulae
give good results; the constant temperature formula seems to be
better for all isotopes examined except for 1 5*Eu.

The spacing distribution of nuclear levels with the same
spins and parities reflects the number of good quantum numbers20.
The spacing follows an exponential distribution if levels with
uifferent spins or parities are considered. The spacing of levels
with the same spin and parity and no additional good quantum
number is expected to be described by a Wigner distribution due to
the level repulsion:

P(S/D) = (nS/2D)exp(-*S74 D2)
with the spacing S and the average spacing D = 1/p.

Fig. 5 Spacing distribution
P(S/D) of levels with the same
spin-parity below 500 keV in
1 S 4Eu compared with Wigner and
exponential distributions.

Our extensive level schemes
which contain very many spin-
parity assignments offer the
unique possibility to determine
the spacing distribution experi-
mentally. It is demonstrated in
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ElMeVl
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400 600
ElkeV]

1000 1500
ElkeV)

Fig. 4 The number of levels N(E) up to the energy E as a function
of E, compared with calculated functions from the level density
formulae.

Fig. 5 that the experimental spacing distribution of 15*Eu lies
between a Wigner and an exponential distribution with a slightly
better x2 for the exponential curve. This could be an influence of
the K quantum number and the different proton-neutron pairs.

V. GAMMA RAY STRENGTH FUNCTIONS OF sd SHELL NUCLEI

The primary transitions depopulating the neutron capture
level contain information on the energy dependence of the average
7-intensities. It is assumed that these transitions have prefer-
entially dipole character. Fig. 6 shows the summed primary y-ray
yield Y(E) as a function of the energy of the populated levels.
This experimental result can be compared with the theoretical
prediction derived from the level density p(E) and the energy
dependence of the average intensity which is Ey* according to the
single particle model and E^according to the giant dipole
resonance model:

E
Y(E) = Z E , < E HEy)*Jp(e\ E|J dE1 , Ey = Eg - E1
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with the neutron binding
energy E9 and the energy
exponent n = 3 or 5. In
contrast to heavier
nuclei such as *6 Sc,
s*»66Cu (refs. 26 and 27)
where n = 5 gives better
agreement, n = 3 was
found for 36 Cl and
*".*l.'2K and n * 1 for
2OF, 2*Na and "Al (refs.
1 - 3 ) . This remarkable
result indicates that
strong Ml and El single-
particle components
govern the primary
spectrum for A = 30 to
40. For A < 30 the
statistical approach
seems to fail.

The distribution of
reduced y-intensities
r = l / E ' can be
compared'with Porter
Thomas distributions
pv/a (

r) where v denotes
the degrees of freedom.
Only transitions were
included to levels where
the scheme is still
complete. The two
examples in fig. 7 show
that v(36Cl) = 1.8+0.4
and v(41K) = 1.9±0.4.

In the energy region
where the level scheme
is not any more complete,
more and more weak
primary transitions
escape observation.
Consequently the level
schemes become less
complete and the observed
level densities seem to
decrease. The number of
missing primary transi-
tions and of missing
levels can be estimated
with the known Porter
Thomas distribution and
the detector response s
function. Fig. 8 confirms

E [MeV]

Fig. 6 Integrated -r-ray yield of pri-
mary dipole transitions leading to
levels with E < Efl - E . The lines
correspond to preaicti3ns with the
intensities aE 3 and <*E * .
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that this esti-
mate is correct.

The measured
average M1_
strengths S in
most odd-odd
nuclei studied is
displayed in
fig. 9 as a func-
tion of the exci-
tation energy.
The individual
strengths S, are
calculated from
the -^-intensities
with the ex-
pression28 :
Sj= 4.8-10' r D"1 •

r7 denotes the
total width of the
capture state and
D the average resonance
spacing. While the _
measured values of S are
in many cases close to
the average value given
by Me Cullagh et al.2'
S = 1.4 Wu/MeV, it is
evident from fig. 9 that
in 24Na, 2"A1, and 36C1
systematic deviations
occur between 2 and 5
MeV excitation energy.

v = 1.8 '0.4 v = 1.9* 0.4

\

20
r=b

30'0 20 30

Fig. 7 Measured distributions of primary
dipole transitions and Porter Thomas fits

I
UJ

O-i

50
36CI

40- r=1 !.2 !,3 !

30-

10- r-^'/

n-rfflffl Vi r-

Fig. 8 Measured level
density p(E) together
with the constant
temperature density fit
(full line) and with the
calculated density
corrected for missing
levels (dashed line).

5 6 7
E[MeVl

10 11
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Fig. 9 Strength func-
tions of primary M1
transitions as a func-
tion of excitation
energies, averaged
over 1 MeV intervals.
The hatched areas
indicate the correc-
tions for missing
lines due to Porter
Thomas fluctuations.

0 2 i 6 6 0 2 £ 6 0 2 t 6 B 0 2 4 6 8 0 2 » 6 8

energy E IMt

VI. GAMMA MULTIPLICITIES OF LOW SPIN LEVELS

Gamma ray multiplicities are frequently used to obtain
information on nuclear properties. The measurement is relatively
simple, because they are proportional to the ratio of coincident
to single rates of two y detectors looking at a r-source. Large
multiplicities are usually indications of high spin states.
Recently, a Scandinavian group determined •y-multiplicities of
levels with spins I < 10 via the (3He,ary) reaction2'•31 .They
tried to deduce from this very selective reaction with the help of
crude •y-multiplicity distributions information on level densities,
•y-strength functions and nuclear structure chances. The complete
level schemes established by our group contain the Y-multi-
plicities of very many individual levels. In order to provide a
detailed understanding we studied the increase of -r-multiplicities
of low spin levels with increasing excitation energies and the
multiplicity distributions, and compared them with theoretical
predictions based on level densities and average transition rates.

Gamma multiplicities of individual levels in four isotopes
are displayed in fig. 10. Average multiplicities of groups with 20
levels and the standard deviations of the multiplicities in these
groups are given in Table II. The new information from this
investigation is: 1. The average multiplicities of low spin levels
increase only slowly with increasing energy after the twentieth
level; and 2. The standard deviations of the multiplicities within
a group of 20 levels seem to have the tendency to decrease with
increasing energy. This second point is an indication of an
increasing configuration mixing.

^-multiplicities have also been calculated with a cascade
program32 which uses the level densities (Bethe Formula) and
average El and Ml transition rates2*. The calculated multiplici-
ties are lower for I a E" than for I a E3 as expected. These
curves in fig. 10 show reasonable agreement with the experimental
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spin of capture stole 712'
spin range of levels 5 /2- 9/2

spin of capture state 1*
spin range of levels 0-4
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Fig.10 Gamma ray multiplicities of individual levels. The lines
correspond to calculated multiplicities for given ln and with
•y-intensity dependence E| or Ê ..

TABLE II Average Y-multiplicities for groups of 20 levels together
with the standard deviations in these groups (in brackets).

level group
Isotope

36C1
61K

114Cd
134Cs
l s *Eu
155Gd

Spin range

1 - 3

5/2-9/2

0 - 4

2 - 5

0 - 5

1/2-5/2

1 - 20

1.78(0.64)

1.56(0.53)
2.10(0.51)
2.14(0.65)

2.62(0.84)

2.14(0.64)

21 - 40
2.03(0.50)

2.02(0.49)
2.16(0.54)

2.86(0.61)

3.62(0.74)

3.02(0.51)

2

2

2
3

3

3

41 - 60
.34(0.46)

.35(0.39)

.13(0.49)

.33(0.50)

.57(0.79)

.22(0.36)

2

2

3

61 -

.53(0

.58(0

.90(0

80

.52)

.51)

.62)

values and support the conclusion that multiplicities of low spin
levels increase only slowly at higher energies.

VII. MIXING OF SINGLE PARTICLE AND VIBRATIONAL EXCITATIONS IN ODD
DEFORMED NUCLEI

The lowest excitations in odd deforr lei are rotational
bands built on Nilsson configurations. Tl ,igle particle
states can couple with vibrational excitaLi..,s which are observed
in the adjacent even-even nuclei. The information on vibrations in
odd deformed nuclei is scarce, only in the actinide region
systematic results are available33. The identification of these
vibrations is very difficult because they appear in the region of
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increasing level density and increasing fragmentation of specific
nuclear structures. Vibrations on the ground state can be observed
by Coulomb excitation. The combination of (n.-r) and transfer
reactions is a good method to identify the vibrations because they
are supposed to be weakly populated by transfer reactions and
decay preferably to the basis bands by EO, E1 and E2 transitions
which indicate B, octupole and ^-vibrations, respectively.

Fig. 11 gives an example of such vibrations observed in 1!5Gd
(ref. 11) together
with the vibra-
tions in 1S4Gd and
156Gd. The distance
of the vibrations
to the basis
bands is different
for different
bands and depends
on the mixing of
this band with
other configura-
tions and on the
specific proper-
ties of the

3/2*16511

Vibrations coupled to single particle excitations

,„ 155Gd

2*
K"=1/2*

" = 3I2*

3/2*HO2l 1/2*11001 5/21523

•'Gd

3(2-15211 5/2*16421 3/2"l532l 1/2"I53O1 1/2T521I

G d : single particle excitations below 550 keV
IS6Gd

Fig. 11 Band heads in 154Gd and 156Gd compared
with vibrational excitations in 3Gd. The
spacings of the Nilsson band heads and the
vibrations built on them are given for 155Gd.

vibrations.
Therefore special
information on
the microscopic
structure of
vibrations can be
obtained by a
careful analysis,
because the con-
figuration of the basis band is blocked in the coupled vibration.
Due to the completeness of the 155Gd level scheme until 1100 keV,
the non-observation of vibrations indicates that they lie at
higher excitation energies. Another contribution34 to these pro-
ceedings will compare vibrations with theoretical predictions, in
particular with the particle phonon coupling model of Soloviev et
al.3!.

VIII. CONCLUSION

A wealth of information can be deduced from extensive and
complete nuclear level schemes. The detailed knowledge of very
many individual levels leads to a deeper understanding of the
statistical properties of nuclei and to the identification of
special structures in nuclear excitations. The construction of
extensive level schemes is hard and tedious work and in many cases
the result of a larger international cooperation. The progress in
nuclear science requires precise and comprehensive experimental
information and justifies the effort.

We wish to thank F. Fridgen and P. Stoeckel for computational
and graphical help, respectively.
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AVERAGED NEUTRON CAPTURE DATA AND THEIR APPLICATIONS
TO NUCLEAR STRUCTURE AND REACTION MECHANISM

J. Kopecky
Netherlands Energy Research Foundation

P.O. Box 1, 1755 ZG Petten, The Netherlands

ABSTRACT

Techniques employing the averaging over compound nuclear cap-
turing states have been used for investigations of nuclear struc-
ture since 1970. Recently, however, the statistical basis of the
averaging process was formulated, allowing a quantitative formula-
tion of the fluctuation properties. Further, this quantitative
basis allows the investigation of some other nuclear parameters and
properties related to the capture mechanism. Several examples
based on the recent data are presented.

INTRODUCTION

The neutron capture reaction forms a highly excited state,
which can decay by electromagnetic radiation. In general this is a
narrow compound state, highly complex in structure, although many
examples of simple configurations have been reported . Discrete
resonance capture may be studied by neutron time-of-flight methods,
but the statistical accuracy of this method is limited by the low
intensity of pulsed neutron beams. Another limitation steins from
the distribution of the partial radiative widths for the statisti-
cal decay. It is normally assumed that these follow the chi-square
distribution with v«l. The features of this distribution are
responsible for the finding that many final states will be weakly
or not at all populated.

There is, however, an advantage intrinsic in the statistical
nature of the capture process. The decay of a compound resonance
is non-selective, i.e., not dependent on the nature of the final
state. Both collective or single particle states can be equally
populated, because the matrix elements of transitions are statisti-
cally distributed and carry no information on the structure of the
final states. In order to employ this feature fully, the accumula-
tion of data over many resonances is required.

In the limit as the number of resonances approaches infinity
one expects the distribution of intensities to approach a Gaussian
form with a variance of 2/n. The averaged radiation width is pro-
portional to the sum of partial widths of contributing resonances
and the dynamic range of the distribution is drastically reduced.

The method of instrumental resonance-averaging was first pro-
posed by Bollinger and Thomas > . In their setup an internal
target at the reactor was surrounded by a B absorber to suppress
the large thermal contribution. The resulting neutron spectrum was
centered around 100-150 eV and had an 1/E high energy tail out to
several keV. Because of the target geometry and the use of a thick

0094-243X/85/1250318-17 $3.00 Copyright 1985 American Institute of Physics



319

2. Their number can be derived from the expression

Dj-o i "f J + 1 / 2l 2

e1/2(- > '
j o i " f l

DT = - e1/2(- > ' (2)
J (21+1) °

where o is the spin cut-off factor.
3. The neutron strength functions, SQ and Sj, are spin and

channel spin independent.
4. The total radiative width, Ty, is spin, parity and

energy independent.
5. Only dipole transitions are considered.
Under these simplifications and expressing Tn with the help

of SQ and Sj eq. (1) • -.n be rewritten » as:

2(21+1) i J r(E^,J,it.) DJ

(3)

Si (ka)2

S0 (1+ka)2

where I is the target spin, E n is the neutron energy and the
penetrability of p-waves relative to s-waves is described by
(ka) /(1+ka) . The factors F represent the replacement of the
<rnr.y/r> term in eq. (1) either by introducing the averages of
the individual widths in' terms of Lynn's fluctuation factors or
generating them as uncorrelated variables from the Porter-Thomas
distributions •

The next step is the separation of El and Ml radiation and the
introduction of the photon strength functions, S(E1) and S(M1).
They are defined as:

S(E1) = rYf(El) • f(EY,A,El) D"
1 and

1
S(M1) = TYf(Ml) • f(E^,A,Ml) I)"

1.

The function f reflects the energy and mass dependence, which
generally differs from El and Ml radiation.

At this point the previous derivation > assumed the same
Ey proportionality for the El's and Mi's. The present discussion
shall, however, concentrate on a general treatment. It will be
shown that this simplifying assumption may be after all applied to
the analytical derivation but it should be taken into account in
the comparison to experimental data. This has been very recently
pointed out by Chrien et al. in refs. 17 and 18.

In order to proceed further, some model predictions for the
function f(Ey,A,L) have to be introduced.
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& absorber, the energy distribution of the neutrons was not well
defined and the fluctuation analysis was difficult to carry out
quantitatively.

To overcome this problem quasi-monoenergetic filtered beams
applied on external targets were introduced. The idea of beam
filters, making use of the minimum in the cross section due to
destructive interference between resonance and potential scatter-
ing, originates by Simpson and Miller from 1968. The present most
commonly used beams have the average energy at 2 keV and 24 keV
based on the transmission through scandium and iron filters. The
historical development and parameters of filtered beams are
described in several papers and the reader is referred to the most
significant of them ~ . The application of filtered beams to
neutron capture spectroscopy was discussed during the (n,Y)
symposia in Petten , Brookhaven and Grenoble .

A new development in this field appeared in 1981, when R. E.
Chrien and M, Stelts together formulated the analytical basis for
the theoretical treatment of the averaging process » . This
formulation enables more accurate data analysis and broadens the
scope of applications of averaged data substantially. In several
recent papers ~ the new analysis method has been partly applied,
but certainly not all possibilities have been exploited to date.

The instrumental part and the basis of the average resonance
capture (ARC) method have been well documented in previous sur-
veys. This paper primarily aims to describe the principle of the
statistical analysis and to illustrate its connection with several
nuclear or reaction parameters.

AVERAGED RESONANCE CAPTURE

The resonance averaged cross section for a Y transition to a
final state f is given by^

<o > = 2 * *2 I gJT 1 <(JLZ*)>, (1)
Yf SL.J J J r

where £ is the angular momentum of neutrons, J is the resonance
spin and Dj is the average level spacing for resonances with the
spin J, fc is the neutron wave length, gj is the statistical
factor, rn, T and Vyf are the neutron, total and partial radia-
tive widths, respectively. The summation is over all capture
states (resonances) in the averaging interval.

M. Stelts and R. E. Chrien applied several assumptions in
order to make the analytical solution of eq. (1) possible. We
shall briefly repeat the basics of their approach and concentrate
in detail on the properties of El and Ml radiation and their impact
on the expression for <<Jyf> and its applicability.

The assumptions, which deal primarily with the properties of
initial states, were listed in ref. 10 as follows:

1. Only s- and p-resonances are considered.
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the comparison to experimental data. This has been very recently
pointed out by Chrien et al. in refs. 17 and 18.

In order to proceed further, some model predictions for the
function f(Ey,A,L) have to be introduced.

In the case of the statistical decay the El strength distribu-
tion is well described by the Brink-Axel model, which gives
f(Ey,A,El) = E yA8/3. Various neutron and proton capture
experimental values show an excellent fit with the Ey depe.-d-
ence, which can be attributed to the tail of the giant dipole
resonance. Recent reviews > of photon strength functions have
shown, however, that the mass dependence in the original parameter-
ization of Axel is slightly overestimated, and that it follows
rather A 6/ 3.

In contrast to the El's, the behavior of the Mi's is still
uncertain. There is at this moment no solid evidence for a signif-
icant departure from the phase shift prediction, Ey . A weak
mass dependence has been proposed in ref. 19 based on the fit to
the Ml strength functions, being approximately linear.

It is therefore somewhat surprising that almost all previous
papers have assumed that El and Ml radiation have the same energy
dependence, namely Ey . This conclusion was based on a belief
that the ratio between El and Ml strengths is independent of the
Y-ray energy and for heavier nuclei (A>100) also of the mass .
This conclusion can now, however, be seen as derived from incom-
plete or inaccurately interpreted data. If the presently accepted
models for the El and Ml strength functions are applied, the El/Ml
ratio becomes energy dependent and can be expressed, in case of
averaging over the initial states, as

!i - S(EU E2A . R ( V A ). (5)

S(M1) E A D S(M1)

In the recent survey of the El/Ml ratios , the radiative
widths were averaged not only over the initial but also over the
final states. From traditional and practical reasons the same
reduction factors were applied for both multlpolarities. The ratio
R(A) derived in this way represents a value averaged over the y-ray
energies to the particular final states and can be written for a
given nucleus as:

«r ( ) n

1 ! i J HE ) = R(A). (6)
Y f i f S(M1)

R(A) is to a large extent energy independent, if the Ey intervals
are the same for the El's and Mi's and are broad enough. Such
values are suitable to study the global mass dependence of the
El/Ml ratio,if small variations of the Ey intervals among nuclei
are considered.
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For the final simplification of eq. (3) the partial radiative
widths can be replaced by the Y~ray strength functions, but we have
to make a choice between the two solutions. The "exact" one,
taking into account the Ey dependence of the El/Ml ratio in the
form of eq. (5), will make, however, the evaluation as well as its
comparison with the data rather tedious and complicated. The
"approximate" solution, which uses eq. (6), enables the analytical
derivation in a rather simple way and can rely on the well docu-
mented R(A) values » . If this approach (identical to refs. 9
and 10) is chosen, which is the only practical way, eq. (3) can be
written as:

2u* E S 0 D S ( E 1 ) s-waves
<a > a " 1 {I I C(E ,-J71) • A(J ,J)

T t 2(21+1) R(A) i J n

. .2 p-waves
• F Q W . V • R(A) + Sid.TT )] + b.lUa; I I C(E J )

1 r S0(l+ka)
Z i J n

• A ( J , J ) • F x [ S Q C T T . T T ) • R ( A ) + 6 i ( n , IT ) ] , ( 7 )
x r x

where C(E ,J )
n

4(JfJ), (So(Tr,7Tf) and Si(n,iif) are functions which give 1 or 0
following the dipole selection rules.

In this derivation we have applied the very crude simplifica-
tion omitting the factor Ey from eq. (5). Therefore in the com-
parison between the evaluated <<Jyf> and the data, this missing
factor has to be considered.

The substitution of FQ and Fj in eq. (7) by the Lynn's fluctu-
ation factors is a reasonable approximation when the number of
initial states is high and only the mean values of <°yf> for dif-
ferent Jf should be evaluated. However, the correct way to study
the dispersion of the distribution for different Jf values is to
carry out a Monte Carlo analysis of eq. (7). This can be performed
by replacing F Q and Fj with uncorrelated Porter-Thomas variables
yn, yy and y'n, y'y> respectively. Both these solutions of
eq. (7; have been written as a computer code (SPARC and RACA ) at
the Brookhaven National Laboratory and adopted for the use at the
CYBER computer in Petten.

COMPARISON WITH EXPERIMENT (HEAVY NUCLEI)

One of the most extensively covered set of ARC data belongs to
the Er nucleus studied by Davidson et al. 2 2 We shall use this
data to demonstrate some of the basic and some of the new features
of the analysis, in particular in combination with the supporting
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SPARC and RACA evaluations. Further we shall try to point out some
new possibilities to determine selected radiative capture
parameters.

1. Discussion of the fluctuation properties

This subject was discussed in detail by R. E. Chrien10 during
the Grenoble symposium. Therefore we restrict ourselves only to a
few complementary remarks.

Both evaluation methods, SPARC and RACA, as outlined in the
previous section, give identical results for the relative mean
values of the distributions. Of special interest is, however, the
evaluated standard deviation of the distribution and how this value
is related to the crude estimation based on the properties of
Porter-Thomas distribution and the number of capturing states on
the averaging interval. It has been pointed out already in ref. 10
that the dispersion obtained from the Monte Carlo calculation may
differ from the estimation for several reasons. Three main factors
can be mentioned, namely the contributions of the opposite multi-
polarity for a given Y ray, the presence of p-wave capture and the
effects of correlations between neutron and total widths. The
importance of these effects increases with the neutron energy, as
can be seen from Table 1, in which a comparison of the relative
standard deviations is shown for accessible final states of 168Er
at 2 and 24 keV. The neutron resonance parameters used for this
calculation were the same as quoted in ref. 10, v is the estimated
number of resonances in the averaging intervals.

Table 1. Relative dispersions of the ARC data for the
167Er(n,y)16°Er reaction.

Jf

2

s waves
calc. 2//v

keV

s+p
calc

waves
. 2/A)

24
s waves

calc. 2//u

keV

s+p
calc

waves
. 2//v

2" .194 .200 .197 .141 .119 .133 .109 .080
3~ .135 .137 .135 .098 .081 .092 .077 .054
4" .133 .137 .133 .098 .078 .092 .073 .054
5" -!88 .189 .137 .134 .109 .127 .101 .073

2 + .194 .200 .i;i .141 .119 .133 .077 .080
3 + .135 .137 .116 .098 .082 .092 .056 .054
4 + .133 .137 .120 .098 .080 .092 .053 .054
5+ .188 .189 .161 .134 .109 .127 .074 .073

The relative standard deviation of an averaged <Oyf> distri-
bution can be categorized into three limiting cases:
(i) For the low-energy limit (p/s capture « 1 and Ty » Tn)

the relative standard deviation is given as d/m = /2/v.
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(ii)

(iii)

In the intermediate limit (p/s capture « 1 but Vy " Ta)
the standard deviation becomes o/m = 2//v, because the
cross section is a product of two uncorrelated x -square
distributions. ^
For the high-energy limit (p/s capture _> 1, F-y < rn) the
approximation of 2//v> underestimates the dispersion and the
Monte Carlo simulation has to be used.

The results of Table
2 show that the Er
nucleus belong to the last
limit for both neutron
energies.

The application of
evaluated dispersion to
experiment is demonstrated
in Fig. 1, in which the 2
keV data of 168Er are
shown. Calculated mean
values for different spin
groups together with their
standard deviations are
given at the right hand
side of the plot. The
shadowed (straight line)
regions indicate the
intensity fluctuations,
based on the calculation,
corresponding to one (two)
standard deviations. Many
spin assignments can now
be made on the 96% or

___^ better confidence level.

5000 5500 6000 6500 7000 7500 6000

EG(KEV)

Fig. 1. A plot of lyEy-3 in 168Er at E n = 2 keV.

2. Energy dependence ol y-radiation

The E-y dependence should be directly observable if the
reduced intensities are plotted vs E-y, which has been the custom-
ary way to display and analyze the ARC data. However, if the
Jf" groups are well discriminated, the dependence can be
straightforwardly derived by a conventional least-squares fit.

The limiting factor of such procedure is, however, not only
the statistical uncertainty but in the inability to distinguish
experimentally between opposite multipolarities, especially for the
Mi's. One should also choose either even targets or Jr = I±l/2
states in odd targets, because the mean values for these spin
groups are identical, as proved by the RACA calculation.

Most previous papers have applied only a qualitative fit, not
taking the above mentioned effects into account, which is probably
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the reason that for several nuclei the E-y proportionality has
been suggested for HI radiation.

In the current work four nuclei have been selected to try to
fix the energy exponent by means of the least-squares fit. The
SPARC evaluation permits a correction for opposite multipolarities
from the p-wave capture quite reliably. The 24 keV data, however,
were disregarded for the Mi's, because the El component was almost
of the same order. Only those intensities have been used, for
which the corresponding Jf assignments were based on 96% confid-
ence level.

The fitted values are given in Table 2.

Table

Nucleus Ref.

2. The

E
n

exponents

El

from ARC data

Ml E2

155 Sm

168Er

24

11

2, 22

Sc.Fe

Sc

Sc

B.Sc.Fe

B,Sc

4.85(35)

3.67(78) 5.79(84)

5.02(35) 3.43(37)

5.36(45)

3.32(25)

The results support the assumption that the E-y (Ey )
factor should be generally applied for El(Ml) radiation, respec-
tively. It further shows that the ARC data can be used to study
this problem systematically.

The final remark concerns the data analysis. In our opinion
the Ey reduction factor applied to I-y is preferable, especial-
ly if the energy interval of the Mi's is broad.er than the El's. A
good example is given in Fig. 1.
radiation is nicely demonstrated.

The E Y dependence for El

3. Neutron energy as a parameter

The quaei-monoenergetic beams at different neutron energies
bring an important feature into the capture process, namely the
competition of the p-wave against the s-wave neutrons. In order to
demonstrate this, the calculated mean intensities for different
Jf71 groups of Er- are displayed in Fig. 2 as a function of
neutron energy. The error bars at the scandium and iron energies
indicate the distribution dispersions as obtained from the RACA
calculation.

At low energies (p/s wave capture « 1 ) the discrimination
between negative and positive parity states is very clear and
reflects accurately the El/Ml ratio. With the increasing neutron
energy, due to the p-wave contributions, the parity discrimination
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10 10 10'
NEUTRON ENERGY IKEV)

1 '

is completely washed out.
However, states with Jf
= I±5/2, not populated at
lower energies, are now
observable through the
dipole components from the
p-wave resonances.

The presence of the
p-wave contributions can
be used to determine the
parity of final states.
Since the positive parity
states are relatively more
strongly populated at 24
keV than at 2 keV, rela-
tive to the negative
parity states, the ratio
between these two measure-
ments is a sensitive mea-
sure of the parity. A
plot of ratios of Y~ray
intensities of 168Er at 2
and 24 keV is displayed in
Fig. 3. The data are
nicely separated into two
groups. The corresponding
mean values have been

Fig. 2. Mean Iy's for different If¥ as a function of E n.

determined using the data points for which the parity was known
from previous studies. The shadowed (solid lines) regions indicate
the dispersion of one (two) standard deviations, respectively, as
obtained from the RACA calculations. The discrimination between
both groups is for most states sufficient to assign the parity on
96% confidence level. The present assignments are indicated by
full or empty points.

For the predicted region for the 5/2+ states, based on the
calculation, the data (two points) show slightly stronger intensi-

4. The El/Ml ratio

We have so far only applied the standard analytical procedure
as described in several earlier publications. There is, however,
more information hidden in this data. The 2/24 keV ratio for the
Jf = I±3/2 states is primarily determined by the El/Ml and
So/Si values. The analytical expression of eq. (7) allows us to
use them as variables in the calculation, and if one of them is
known, to extract the other one by comparing the results with the
experiment. Let us define the quantity P as eq. (8):
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<yjp2/yjp24>
P = (8)

•

2

II -

• f f

ly
i ii

(EV/24KEV

- PARITY

+ PHRITY

5/2 +

J

J!
6000 6500

EG I KEY]

Fig. 3. The 2/24 keV data at 1 6 8Er.

where the averaging takes
place over the available
energy intervals. The
nominator in this expres-
sion is Ey independent,
because El radiation is
dominant. The denominator
may, however, carry a
slight E y dependence,
due to the presence of El
components in the
Iy(J+f)2i( term. Since
the intervals for a given
nucleus are approximately
equal, the ratio has the
same averaging property as
the R(A) values from eq.
(6). In the case of an
intercomparison between
more nuclei, the averaging
intervals may differ in
energy and the proper
correction should be
applied to the P values.

The parameter P can
be calculated by means of
eq. (7) as a function of

R(A) if all other parameters, in particular SQ and Sj, are known.
For a comparison with the experiment one or more Jf values can be
selected, the most suitable being the Jf = I±l/2 values, because
their mean Iy (theor.) are equal.

An example is given in Fig. 4, where the theoretical values of
P vs R(A)~ are plotted for Er (see the curve). The shadowed
band corresponds to the dispersion of one- standard deviation in
P e x p, as obtained from the RACA calculation (So = 1.8X10"1* and Sj
= 1.38x10" from Ref. 9). The deduced value of R(A) is 6.25±1.02.

If the Si strength function is not known, the situation
becomes more complicated. If some information about the S^ value
may be obtained from the general trend of the Si's, an upper and
lower limit of the R(A) can be estimated with the accuracy almost
comparable to that from the previous surveys.

To illustrate this possibility the P ratio for 162Dy is com-
pared to the theoretical P vs R(A) curves calculated for different
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values of Si (Si = 0.1, 1,
2 and 5x10"^) and the
estimate of 5.7±3.0 was
made for R(A), assuming
that the value of SI can
have a value between
"•1-2X10-11.

The R(A; values have
been derived for several
other ARC nuclei, in order
to test the applicability
of this method to a wide
range of nuclei and to
make a comparison with the
comprehensive survey in
ref. 21.

The results of the
present analysis are given
in Table 3.

The errors associated
with the P values have
been derived from the RACA
calculations carried out
separately for each
individual

Fig. 4. The P vs R(A) plot.

To account for differences among the Ey intervals, the correction
factor of (<Ey>^/7 MeV) was applied and thus the values in the
last column are related to energy of 7 MeV. The mean energy of the
interval for a given nucleus i is denoted by <E^>^.

Table 3. R(A) values from the 2/24 keV data.

H-Cd
1 5 5Sm

168Er

195pt

23 9 u

Ref.

13

24

11

11

22

25

14

2.

2.

2.

3.

3.

3.

3.

P

57(13)

26(24)

90(15)

52(18)

06(16)

86(39)

63(17)

J

2

v2
2

2

3

v2

f

,3

,3/2

,3

,3

,4

.3/2

R ( A )<E y>

2

2

5

5

6

5

4

.41(16)

.56(42)

.70(306)

.88(175)

.25(100)

.12(76)

.35(28)

R ( A ) 7 MeV

2.25(15)

5.42(89)

5.57(300)

6.72(200)

7.25(115)

8.22(122)

12.53(80)
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Finally let us make a comparison with the El/Ml file of ref.
21. The easiest way is to incorporate the present data (full
circles) into this file and the result is shown in Fig. 5, The
plotted curve corresponds to a least-squares fit to the original
values of ref. 21, denoted by open data points.

An inspection of this figure allows us to make the following
conclusions:
(a) The accuracy of the ARC data as compared to the previous set,

based on discrete resonance data , is much better owing to
the improved averaging.

(b) Relating the data to the same <Ey>^ certainly removes the
energy fluctuations. It is therefore worthwhile to apply such
correction generally, which may smooth the previous data too.

(c) The present values fall reasonably close to the fitted curve
and support therefore the conclusion of refs. 19 and 21 that
the El/Ml ratio is dependent on A.

5. The M1/E2 ratio

SlEiJ -

sm:i -

IG/EG»*3

I1PS5

The presence of pure
E2 transitions in the
primary decay has V.-eu
established in srvirui
previous thermal ar-i ARC
measurements. Thei"
tensities were found to be
much weaker than that of
Ml radiation and were
therefore usually neglec-
ted compared to the Mi's.

The information on
the E2 strength functions
S(E2) is rather scarce,
due to the small number of
observed pure E2 transi-
tions. Recent compila-
tions > suggested
that the general behavior
of the S(E2) can be
approximately explained in
terms of the giant reson-
ance model, applying the
Brink-Axel hypothesis and
using the systematics of
the E2 giant resonances.

Fig. 5. The El/Ml ratio.

Since the ARC data give only the relative ly intensities,
the additional absolute normalization for a derivation of the Y-ray
strength function is needed. This can be done either by relating
<r-yf> for several transitions to the value extracted from the
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isolated resonance data (e.g., as shown in ref. 15) or assuming
Ely for a certain energy region equal to thermal data (as done in
ref. 28).

Thus it seems to be practical to try to determine the M1/E2
ratio from the ARC data, and to relate the absolute S(E2) values to
more accurately known S(Ml)'s.

The M1/E2 ratio may be defined in the similar way to eq. (6).
Although the available E2 Y-ray intervals are often rather narrow,
the advantage of the resonance-averaged E2 intensities compensates
for this and favors this approach against the thermal data of ref.
27.

The other complication may arise from the El components from
the p-wave capture, which could be mixed with the E2's. Therefore
the low energy neutron beams are preferable, since the p/s-capture
is « 1 , and the El components are small.

These components can be evaluated from the SPARC code, but the
calculation requires accurate El/Ml input values. The performed
tests showed, that the corrections at 2 keV still can play an
important role and thus the boron data seem to be the most
suitable.

We have surveyed the existing ARC data for well assigned E2
transitions and listed the results, together with the deduced M1/E2
values, in Table 4.

The number of observed E2's is denoted by N and the values
corrected for the El p-wave components are given in the last
column. As expected, for the boron data, the corrections have been
small, less than 5%.

For the Er the accuracy of the M1/E2 ratio was estimated
from the RACA calculations, which reflects the averaging dispersion

Table 4. The M1/E2 ratios.

Nucleus

""Cd

1 5 1Sm

1 5 3Sm

1 5 5Sm

10 8 E r

18 0 H f

2 3 3 T h

2 3 %

Ref.

13

31

31

24

22

29

30

14

K
Sc

B

B

Sc

Sc

B

Sc

Sc

B

\

6

5

5

4

7

7

4

4

(MeV)

.7

.8

.2

.3

.4

.5

N

3

10

18

8

1

1

5

3

3

<I

4

3

5

4

3

3

3

1

2

Y
Y(E2)>Y ' exp.

.76

.10 a)

.75 a)

.00

.79(90)

.56 a)

.06

.89

.46

<I

6

3

5

5

4

3

5

2

2

Y

Y(E2)>corr.

.00

.24

.90

.88

.83 (113)

.67

.64

.00

.50

a) Estimated only from the figures.
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and a relative value of "25% was obtained. A safe upper limit of
this relative error for the remaining nuclei of Table 4, taking
into account their different spacings, may have a value of "50%.
The achieved accuracy does not allow the determination of the
detailed trend with the mass number.

Let us consider whether the present M1/E2 ratios are reason-
able. If we apply the following mean values from Table 4, <Ey> =
5.1 MeV, <A> = 176 and <M1/E2> = 4.7, the simple estimate can be
made and compared to existing models.

We know that the single particle Ml strength approximately
(within 30%) agrees with the experiment. For the SP model,
estimates of <Vyf>/T) give

<rrf(Ml)>sp/D » 2.1xKT
8E^ = 2.8xlO"6 and

<r^ f(E2» s p/D - 4.8xlO-1'<E^V4/3 = 1.7X10"7, (9)

3 2
while the giant resonance model" gives:

<ryf(E2)>GR/D « 2 . 6 X 1 0 "
1 V A 8 / 3 = 8.7xlO"7.

These values can be compared with the experimentally derived ones,
which gives <ryf(E2)>/D » 6.0x10 which accounts for 0.70 of the
GR prediction and is approximately 3.5 times larger than the SP
value. The first conclusion agrees rather well with ref. 28, in
which the value 0.62 of the giant resonance prediction was quoted.

COMPARISON WITH EXPERIMENT (LIGHT NUCLEI)

For low A targets, only a few resonances may be present in the
filtered neutron intervals and thus little or no averaging is
possible. For this reason the ARC method has not been applied to
light nuclei until now.

Very recent studies > , however, indicate that useful
spectroscopic information may be obtained from the ARC data e"_-n
for nuclei with A « 100. The iron filter is more useful than the
scandium one because it has a greater probability (AE "3.8 keV) of
encompassing more resonances.

Since only a small number of resonances is involved in the
averaging process, the Jf11 grouping of primary Iy's is
obscured by statistical fluctuations. However even a small
number of contributing resonances produces a significant reduction
in the fluctuations of the intensities. This can be understood
from the properties of the chi-square distribution with a few
degrees of freedom. For v=3 or greater, the most probable inten-
sity values are non-zero. This is demonstrated in Fig. 6, in which
the reduced intensities IyEY~ a r e plotted for the
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59Co(n,Y)60Co reaction
An estimated

8 s-wav^ andajp
resonances con-

] 3500 4000 4500 B000 5500 600D 5500 7000 7500 8001

EE(KEV)

at 24 keV.
number of
p-wave
tribute to the averaging.

The dashed bands
reflect the dispersion of
two standard deviations,
obtained from the RACA
calculations. with the
Ey (Ey ) assumed
dependence for E1(M1)
radiation, respectively.
For the Jf = 1,6 popula-
tion, only the mean values
have been plotted, to in-
dicate .that they lay below
the detection limit (the
dashed-dotted curve), and
thus are not observable.

From the displayed
data the following spec-
troscopic information,
complementary to thermal
capture, may be gained.

Fig. 6. The 60plot in Co at En = 24 keV.

1. The kinematic Y~ray energy shift between thermal and 24
keV intensities identifies uniquely the primary transitions. The
average energy at which capture occurs can be calculated from the
relation

= Jy(E)EdE//y(E)dE, (10)

where y is the total capture yield of a resonance given as y »

This calculation resulted for Co in a value of 22.30 keV,
which nicely agrees with the average experimental shift
Ey(24)-EY(th) = 22.42(17) keV. The achieved accuracy allows
the determination of the E x of levels, not populated in thermal
capture, with a good precision.

2. The Y-rays with intensities significantly above the calcu-
lated regions are secondary transitions or doublets. The doublets
are denoted by open squares in Fig. 6.

3. Even a low number of resonances ensures a reasonable popu-
lation of all states with Jf = 2-5 and E x <_ 2 MeV. This is due
to the fact that the peak in the chi-square distribution with v=8
is well above the instrumental sensitivity.

The levels not populated in the 24 keV capture, but solidly
established from other experiments, are thus the candidates for the
Jf = 1,6 assignments.
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SOME OPEN PROBLEMS IN NEUTRON CAPTURE y-RAYS IN ROTATIONAL NUCLEI

H. Stefanon

ENEA - C.R.E. "E. Clementel", Bologna, Italy

The study of neutron resonances and, in particular, of their

Y-decay, is of fundamental importance for an understanding of the

statistical features of compound nucleus reactions in complex

nuclei. The possibility to resolve several resonances and measure

their individual Y-decay spectra seems to represent a quasi ideal

situation for the application and testing of statistical models,

both concerning fluctuations and average properties. Indeed it was

the measurement of high-resolution neutron cross sections which

stimulated the famous works of Wigner, Porter, Thomas and Dyson

on the fluctuation properties of complex quantum systems. At any

rate, though medium-heavy nuclei, at an excitation of 6-8 MeV, are

certainly far too complicated to be described in a deterministic

way, they often seem to be still too simple to completely average

out all the residual effects of simple structures in (n,Y)

reactions.

One should consider that in the observed y-decay of compound

nucleus states, simple configurations describing low—energy final

levels are coupled essentially via electric dipole operator to the

extremely complex wave functions of neutron resonances. On the

other hand resonances are coupled by neutron-nucleon interaction to

the initial, simple, scattering state. It follows that resonance

neutron-capture measurements project out of the complex compound-

nucleus wave function, simple components related to simple states.

It is then possible in this way to point out even very

weak simple structures and search for deviations from a complete

statistical description. All resonance capture works are indeed

divided into those confirming the overall validity of a statistical

picture and those giving evidence for non statistical effects.

A statistical approach to neutron c. -,ure reactions may

concern three different items: fluctuations, correlations and

average values. We very briefly recall the first two points before

discussing in more detail a non-statistical effect concerning

average partial y-strengths observed in some deformed even-even

nuclei.

0094-243X/85/1250335-10 $3.00 Copyright 1985 American Institute of Physics
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The fluctuation theory based on random hamiltonian matrices

from the Gaussian Orthogonal Ensemble (Goe), has very general

quantum-mechanical and statistical foundations. Sensible

deviations appear to be possible only if very large correlations

exist between the hamiltonian matrix elements as they arise, e.g.,

from almost good hidden symmetries. Also, the presence of shall-

model correlations or a doorway state mechanism does not

appreciably change the level energy statistics or the effective

number of degrees of freedom of partial width distribution. In

fact, theoretical calculations and numerical simulations showed

that both level energy distribution and the Porter-Thomas (P.T.)

law are approximate general properties of large hamiltonians under

much more general conditions than assumed by Goe . In spite of

this, while no reliable evidence of deviations from Goe predictions

was found in the case of level energies, several experiments showed

a narrower distribution for El radiation than that predicted by

the P.T. law . The observed number of degrees of freedom,

v ~1.4—1.6, if real, would imply a complete failure of the

statistical model. Deviations could perhaps be justified by the

presence of unknown biases in measurements or in the complicated

data analysis procedures, but this is in contrast with the fact

that Ml radiation, which should be affected by equal or stronger

biases, was always found to be consistent with P.T. law even in the

same experiments which gave v>l for El transitions . The problem

is then completely unsolved.

Another long-debated point is that of correlations. While

correlations are allowed by the statistical model between

different partial radiation widths, no correlation should exist'

between neutron channel and partial radiation widths if compound

nucleus formation and Y—decay were completely independent. This

is, however, more a surmise than a fundamental requirement of the

model; in fact a simple doorway state capture mechanism would

justify positive correlations without essentially changing

fluctuation properties.

Positive correlations were indeed found in different masb

regions and were interpreted w±th different models, giving a

valuable contribution to better understanding of (n.y) reactions.

In particular, strong correlations were observed in the mass

regions A = 35-65 and A = 90-112 where valence capture is

expected. In most cases, also correlations with (d,p)

spectroscopic factors were observed so that one can conclude that

for such nuclei, direct-like capture processes and single particle

configurations play an important role in neutron capture. Indeed
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the valence-capture mechanism provides both correlations and

enhancement of particular transition probabilities; it gives a

direct-like contribution which adds to the statistical part.

It is then particularly interesting to see whether deviations

from a statistical picture of resonance capture also affect

excitations in nuclei with no strong single—particle components,

e.g. rotational levels. In this connection we quote the results

discussed by Becvar in this Conference giving evidence of

correlations in deformed nuclei not explainable with valence

capture.

An important contribution to the understanding of compound

nucleus processes can arise from the study of a possible systematic

dependence of high energy transition probabilities on the

collective structure of the final state.

Only a few experiments were aimed at this. In general the

partial El y-ray strength function (averaged over neutron

resonances) was assumed to depend smoothly on energy and mass

number according to the well-known Axel formula

<r E 1/DE 5> A" 8 / 3 = cost .
Y1J

This, in fact, gave an overall satisfactory set of the average data

and allowed reduction of the whole set of measured intensities to

give a common average reduced strength. As is well known, this

formula is based on the extrapolation of the photoabsorption Giant

Dipole Resonance (GDR) with the further hypothesis, suggested in

the Brink thesis, that the El photoabsorption cross section in
4

excited states is the same as in the ground state

This kind of decoupling of the El giant excitation and low

energy excited states can hold only approximately, and observation

of systematic departures was not general, probably only because the

set of measurable resonances and transitions is too limited to put

weak effects into evidence, due to the wide dispersion introduced

by P.T. fluctuations. However, we will recall in the following

some experiments which suggest that in deformed even-even compound

nuclei, in the mass region A * 170, transitions to K=0 states

are hindered with respect to transitions to levels belonging to

other rotational bands, based on more complex excitations like

K = 2 Y-vibrations.

The most convincing and direct evidence of this effect was

obtained in Hf(n,Y). In this nucleus it was possible to

analyze 38 y-spectra and measure single primary transition

intensities down to 29 final states with reliable spin and parity

assignment. Extreme care was employed both in the measurement and
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in the data analysis. The results are probably the most

significant set of neutron resonance capture Y-rays in this mass

region. Transition intensities were reduced with Axel formula and

expectation values were estimated separately for groups of final

states having the same projection quantum number K . The results

are reported in fig. 1. In this connection we mention a preceding

work in which a K-dependence of El transitions was also
177

suggested for the odd Z Lu.

'E1

,8

•? 6.

K
Fig. 1. El average reduced strengths of

the final state.

178
Hf, versus K-value of

The data clearly show a "bell-shaped" K-dependence, the most

convincing effect being the difference between K=0 and K=2

strengths for which a larger number of transitions were available.

An attempt to explain this behaviour was given in ref. but it

seems to have a weak theoretical basis. It is to be noted that in

the same experiment a value v= 1.38 „".._ was obtained for the

number of degrees of freedom of the partial width distribution.

There is no apparent relationship between the two effects; in

particular1 the v value becomes slightly larger if the data are

reduced taking into account the systematic K-dependence. A more

recent measurement on Yb(n,y) showed the same ratio between

Y-strengths to K=2 and K=0 but with larger uncertainties due to
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the lower nnr.;."" of well-resolved transitions. Five transition

intensities, :o K=0 and K=2 final states, averaged over 32

resonances up to 200 eV neutron energy, are reported in fig. 2.

Intensities were reduced with a conservative 1/E factor

instead of 1/E , in order to avoid overestimating K=2

transitions which have much lower energy.

KE1

8-

5
a>

*

o

-

> 1

o

1 1

174Yb

TK"2

- | -«K=0

6 Ev(MeV)

174
Fig. 2. E-l single particle strengths of

Full circles correspond to K=0

correspond to K=2 final states.

Yb direct transitions,

while open circles

K=2 and K=0 strengths is

if

The ratio between

E energy dependence is assumed to reduce the data,

R = 1.9+0.5 ;

the ratio

becomes R = 3.5^0.7 . Gamma spectra were measured also from other

17 resonances up to 500 eV. However the statistical quality of

the spectra was too poor to allow individual fit of transition

intensities; the intensities were then estimated from the analysis

of a cumulative spectrum obtained by a weighted average over all

resonances. In this case the data reduced with E dependence

show no K-effect, while a weak effect remains assuming E

dependence.

It is not completely clear whether the partial washing out of

the K-dependence is real or due to the worsening quality of the

data at higher neutron energy and to the less detailed analysis
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procedure. Anyway it must be clear that it is possible to detect

this kind of effect in resonant neutron capture only by pushing

measurements'and data analysis up to the highest possible quality.

10"
5

,o2
S

l890S(r,.r)
1900s

THERMAL
J'1,2

0.5 1.0 1.5 2.0
EXCITATION ENERGY (M«V)

189
Fig. 3. Relative population of states in the 0s(n,Y) reaction

from ref.

Dependence of average properties of the whole y-cascade was

also observed . The low-energy level populations measured in

Os(n,Y) are reported in fig. 3. The upper part represents the

data connecting points corresponding to the same spin, while in the

lower part the same data are given connecting points belonging vo

the same rotational band. A regular behaviour clearly appears in

the second case, the curves being nearly parallel, while in the

upper figure the curves are intersecting, showing that populations

do not depend only on spin and energy, but that a band effect is

present. In a recent experiment on Er(n,v), primary
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transitions and low-energy y-rays were measured. The low-energy
part of the sum spectrum of 56 resonances with spin J=4 was used
to obtain population probabilities of low-lying states. The
results display the same general features of fig. 3.

In order to bring into evidence structure effects on the y-
population probability, the data were corrected for the systematic
spin dependence as predicted by the statistical simulation of the
Y-cascade process. The N-step model extensively employed to
assign the spin of low-lying states , was tested by means of the
experimental population ratios between different spin resonances.
The results reported in tab. I show fair agreement for a number of
N=5 steps. The same model, with N=5, was used to calculate the
relative spin dependence P of population probability from J=4
resonances. This is given by:

p =

where a indicates the initial state (J=4 resonance), c the
final state having spin I, c' the final reference state spin
I1, and k(I ), is the normalized spin dependent part of the level
density of the intermediate state with spin I . The summation
extends over all spin paths compatible with dipole selection rules.

168
Table I. Observed and calculated population ratios in Er from

J=4 and J=3 resonances

Experiment

N = 2
N = 3
N = 4

N = 5

N = 6

J = 2

0.65±0.06
0.49
0.49
0.61

0.66
0.71

J =

0.89+0

0.66
0.84
0.82

0.86
0.87

Final
3

.10 1

state
J = 4

.12+0.
1.47
1.14
1.15
1.10

1.08

spins
J = 5

10 1.48+0.21
1.96
1.95
1.55

1.45
1.34

J = 6

2.08±0.14

• ...
2.92
2.42

1.5)3
1.72

The experimental population probabilities were then divided by
the systematic spin dependence P . The results are reported in
fig. 4. If the Y-decay cascade proceeded in a completely
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statistical way, the corrected populations would display only a

smooth energy variation due to the energy dependent part of the

level density,not included in the N-step cascade calculation.

Indeed the data show systematic energy behaviour but they spread

considerably according to different rotational bands. The most

remarkable feature is that 0 bands are strongly depressed,

especially the ground state one. Unfortunately it was not possible

to measure the direct effect in Er, i.e. the corresponding ratio

of primary transition strengths, because the positive parity of

neutron resonances allows primary El transitions only to negative

parity final states. However the evidence of fig. 4 definitely

500 1000 1500

LEVEL ENERGY (keV)

2000

Fig. 4. Relative populations corrected for systematic spin

dependence in the Er(n,y) reaction.

substantiates the idea that neutron resonances are more weakly

coupled to states of K=0 bands than to others. The effect is of

particular interest because it is not explainable, as in valence

capture, by direct-like transition mechanisms from a part of

quasi-bound compound state wave function and involves also high-

energy bound states. A final state dependence of El reduced

partial y-strengths acquires an interesting physical interpretation

if transferred to dipole photoabsorption giant resonance. In the

Brink-Axel model, El photoabsorption giant resonances based on

excited states are the same as the GDS of the ground state but for
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an energy shift equal to the excitation energy. The final state

dependence of partial y-strengths can be qualitatively understood

if it is assumed that the photoabsorption resonance depends on the

coupling of dipole giant excitation with nuclear shape vibrations.

In particular, the resonance should be broader, or have a larger

low-energy tail, if it is based on k=2 y~vibrations. Of course,

photoabsorption cross sections cannot be directly measured for

excited states and neutron capture data are confined to a

restricted energy region and are too scarce and uncertain to give a

clear indication.

Some justification of Brink hypothesis, i.e. of the shift of

giant resonances based on excited states, was given by

Rosenzweig . He showed, assuming the constancy of dipole sum

rules, that the mean energy of the GDR is shifted upward by

approximately the low-lying state excitation energy. However, in

order that the shape of the resonance remain unchanged, higher

order energy weighted sum rules should be independent of the low-

energy state, and this does not seem to have any foundation.

Especially in the low-energy tail does it seem reasonable that the

GDR may be affected by the coupling with low-energy excitations and

that wider damping occurs if strongly-correlated collective

vibrations are involved.

In any case, theoretical calculations accounting for effects

of this kind are difficult as it would not be sufficient to

calculate the fragmentation of El excitation of different low-lying

states in the bound eigenstates of a collective Hamiltonian, but

the coupling with continuum states should be included to account

for the total resonance width. In particular, damping in the

neutron resonance region should be correctly described. It is also

not clear whether there is any connection with other non-

statistical effects observed in the y-decay of neutron resonances

such as, e.g., deviation from the P.T. law.

One can conclude by noting that the intrinsic difficulties one

encounters in resonance neutron capture experiments such as the

worsening of resolution and intensity with increasing neutron

energy, the large P.T. fluctuations and, not least, the need of

cumbersome data analysis if one tries to exploit the data

correctly, have probably impaired a more systematic detection of

deviations from the overall average behaviour predicted by a

complete statistical picture. Furthermore, it is always difficult

to have theoretical schemes to deal with mixed statistical and

systematic behaviour. The consequence is that up to now, in spite

of the large amount of work performed in this field, the quality of

resonant capture data, especially in the region of complex
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rotational nuclei, is sufficient to suggest the presence of
deviations from usually assumed behaviour, but it does not allow
us to obtain definite conclusions. The possibility to detect and
study effects like the K-dependence of the Y-decay of resonances
more quantitatively, is strongly related to an improvement in the
quality of the experiments, which should be possible, thanks to the
continuous technical progress in measurement equipment. We think
this programme is worth pursuing, as neutron capture is probably
the most convenient experiment to get information on coupling the
giant dipole mode with low-energy excitations.
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ABSTRACT

The present review summarizes experimental results on neutron
radiative capture in deformed nuclei at isolated resonances. For
151fGd, 1 6 7Er, 1 7 3Yb, 1 7 6Lu and 1 8 5Re target nuclei a statistically
significant correlation between the partial radiation widths and the
reduced neutron widths of neutron resonances has been observed.
These results are compared with predictions of the theory of Lane and
Lynn, as well as with qualitative predictions following from
Soloviev's model. Some consequencies of a large effect of correla-
tion are discussed in detail. In case of neutron radiative capture
in l^Yb a strong correlation between various partial radiation
widths has been observed. It is concluded that a doorway state com-
mon to radiation channels is responsible for this effect.

INTRODUCTION

A prevailing part of this talk will concern one of the most rel-
evant nonstatistical phenomena of highly-excited states of nuclei,
the correlation between the partial radiation widths and the reduced
neutron widths of neutron resonances.

The effects of width correlation represent a challenging problem
whose study is extremely useful in investigating the structure of
neutron resonances and the mechanism of their decay.

The effects of width correlation have been found especially dis-
tinct and statistically significant in the p-wave neutron capture in
spherical nuclei with the mass number A = 90-100, see Refs. 1,2.
These effects were to a large extent accounted for by the theory of
Lane and Lynnj'1' in terms of transitions between neutron single-
particle components of the wave functions of the initial and final
states.

In case of s-wave neutron capture in the nuclei with 150<A<190
the most significant neutron single-particle transition is 4s •+ 3p.
However, owing to nuclear deformation, occurring in the given mass
region, the role of this transition is strongly reduced. Following
a rough estimate, the contribution of the single-particle transition
4s •+ 3p to partial radiation widths should be as small as 1Z".
Despite this, the width correlation in the nuclei in question was
subject to an extensive experimental study. As a result, statistic
cally significant effects were recorded. This effort, however,
underwent a rather dramatic development.

At the beginning, startling cases of correlation were reported
for the neutron capture in 159Tb fRef. 5;, 163Dy fRef. 6), 1 6 9Tm
(•Ref. 1) and 173Yb fRef. 8; nuclei. However, subsequent studies8'9

0094-243X/85/1250345-17 $3.00 Copyright 1985 American Institute of Physics
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threw strong doubts on the existence of correlation in cases of Tb
and 1 6 3Dy, while in case of 1 6 9Tm new data10'11 even denied the orig-
inal claim for correlation. Naturally, it was then suspected th&t a
similar situation might develop also in the case of the Yb nuclei
and threaten the correlation effect.

A disturbing problem in the previous approach is the way in
which the partial radiation widths were selected when analyzing a
correlation. No firm a priori rule for this selection was kept.
Instead, in an attempt to reveal a correlation effect, the individual
partial radiation widths were selected ad hoc. It is evident that
under such conditions the analysis of correlation might be biased.

An important step in clarifying the problem of width correlation
for the deformed nuclei was undertaken at Dubna. For several nuclei
positive results were obtained, including the crucial case of Yb.
A significant novelty was that the analysis of correlation has been
performed not for arbitrarily selected partial radiation widths, but
for the widths which are anticipated by Soloviev's quasiparticle-
phonon model12 as favourable objects for observing the correlation.

In this calk emphasis will be chiefly placed upon the results
of Dubna measurements.

PREDICTIONS FROM THEORIES

In accordance with theory of Krieger and Porter,13 a partial
radiation width T w f corresponding to the transition from a resonance
A to a final level f of the residual nucleus can be expressed as a
square of the following sum of width amplitudes:

1/2 frJI/2 . 1/2
hyf = T\yf + 6 I V * (V

Here, T\vf is a random amplitude fluctuating for fixed f and
fixed spin J of resonances independently and randomly according to
the normal distribution with a,zero mean. For s-wave resonances the
square of the amplitude 6F, f ' can be expressed via the reduced
neutron width F^n°

 Y

where a factor qjf is independent of A. This factor is responsible
for the correlation between the partial radiation widths and the
reduced neutron widths.

If the contribution of the internal nuclear region (r<R) of the
configuration space to the radiative process is neglected, then in
case of El-transitions, according to Lane and Lynn,3 the factor qJf
can be expressed as

e¥ [ Z > 2 '
S. ' ' y \ . (V

9/TcV/2 R2\ A ) dp'f 2J+1 \
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Here, M is the reduced mass of neutron and S^ ^ is the neutron spec-
troscopic factor for the neutron orbital momentum I = 1 and for a
given level f with spin Jf. The quantity y is equal to kfR, where kf
is the wave number of the neutron, residing at the bound level f.

As in the external region (r>R) of configuration space the
neutron wave functions of the initial and final states are known ana-
lytically, the expression in Eq. (3) should be regarded as a good
approximation.

On the other hand, if one tries to include the internal region,
model concepts have to be adopted. Within the valence neutron model
of Lynn1* the neutron in the initial and final states is assumed to be
orbiting the inert core not only out of core, but also inside it
(KR) . The wave functions for these states can be calculated, using
the optical model potential. The calculations available for Mo
nuclei2 show that the internal region contributes to ST. ^ only by
=20%. This weak contribution is due to a small overlap of stronly
oscillating radial neutron wave functions for the initial and final
states in the internal region.

Utilization of the valence neutron model for nuclei with
150<fl<190 is seriously obstructed by the deformation. In fact, no
calculations are available, so far. However, it is expected that for
the same reasons valence model predictions of ST^yf will not essen-
tially differ from those according to Eqs. (2) and (3).

The wave function of a neutron resonance contains a large set of
various components, but only a limited number of them is responsible
for the emission or absorption of a neutron. For the case of s-wave
neutrons and deformed even-even residual nuclei these components are
of a specific two-quasiparticle structure. In terminology of
Soloviev's model12 this structure is of the type (s0o0,so). Here,
sQao denote a set of all quantum numbers which characterize the
neutron single-quasiparticle configuration of the target ground state,
while so are quantum numbers of some other neutron quasiparticle
state. The symbols a and o Q stand for the signs of the quasiparticle
total angular momentum projection on the symmetry axis. Parity IT and
total angular momentum projection fi of the second quasiparticle
should satisfy the additional condition iV = 1/2+. The number of
various two-quasiparticle components (soao,sa) that are responsible
for the neutron emission or absoption is strongly restricted, as the
energy of the corresponding two-quasiparticle states should be
situated near the neutron threshold.

According to Soloviev's model,12 a necessary condition for corre-
lation between partial radiation widths and reduced neutron widths is
the occurrence of such a two-quasiparticle component in the wave
functions of resonances that is responsible for the emission of a
neutron and a primary y~ray simultaneously. It implies that the most
suitable candidates for this correlation are transitions to final
levels with a two-quasiparticle structure of the type (s0o0,s^af)
or to levels with a large admixture of such structure. It can be
seen that these transitions satisfy the general quasiparticle
selection rule, as one of the quasiparticles remains passive upon
transition.

If one takes into account the !J-forbiddenness, then for
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#1-trans itions the following condition should be satisfied

|afl - afaf\ < 1, (A)

where Of and Q.f refer to the "active" quasiparticle, belonging to the
final level f. It is evident that such a condition restricts the num-
ber of candidates for correlation. It is noteworthy that the re-
stricted £M-transitions populate exclusively those final levels which
may carry the £ = 1 neutron single-particle strength. The size of
this strength depends on a particleness of the "active" quasiparti-
cle.

In analogy with the even-even residual nuclei, Soloviev's model
predicts the width correlation also for the remaining types of nuclei.
For the odd-odd residual nuclei the most suitable candidates for the
correlation are primary transitions to the levels with the two-
quasiparticle structure (ropo,Sf0f), where *OPO is a set of all quan-
tum numbers, characterizing the proton quasiparticle configuration of
the target ground state. In case of the odd-even residual nuclei the
most favourable structure is (ropQ,soao,sfaf), where (ropo,sQao) is
a proton-neutron quasiparticle configuration of the odd-odd target.

Finally, in case of the even-odd residual nuclei the best can-
didates for the correlation are transitions to the neutron single-
quasiparticle levels.

EXPERIMENTAL RESULTS

The data on width correlation which are discussed in this talk
are based on the (n,Y) experiments undertaken at the Pulsed Fast
Reactor at Dubna by the time-of-flight technique. In these experi-
ments the following target nuclei were subjected to the study: 152Gd
(Ret. 14;, 151*Gd rRef. 15;, 167Er fRefs. 16, 17, 18;, 171Yb fRefs. 17,
19;, 173Yb fRefs. 17, 20, 21, 22;, 175Lu (Ref. 23;, 176Lu rRef. 24;
and 185Re fRef. 25;.

For most of these nuclei capture yray spectra, serving as a
primary source of information, could be obtained from a large number
of well-isolated resonances with a firm spin assignment. Totally 141
y-ray spectra have been employed for analysis. Examples are given
in Figs. 1 and 2.

Among the resolved neutron resonances were those with a large
"local" value of the s-wave neutron strength function S°Clocal; =
STj T.n°/Dj. Here, gj is the spin factor and Dj — the average spacing
between resonances of a given spin J. In many instances the quantity
S°flocai; exceeded the value 10~3. Occurrence of resonances with
large values of S°flocai; is crucial for efficient detection of a
correlation effect, masked by "noise" originating from fluctuations
of random amplitudes ?\yf •

Quantum numbers J, TT and if of a majority of low-lying levels of
all residual nuclei studied were known, as well as a structure of
these levels.

The average coefficient of correlation,defined as
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(5)

served as a quantitative measure of the correlation between T-^yf and
r^n° for a given set of resonances and a set of final levels. Here,
Uj is a proper statistical weighting factor and r^ is the coeffi-
cient of linear correlation for a sample formed by pairs i^xyf'TXn°^
with fixed J and -f.

Similarly, in some cases another average coefficient of correla-
tion, defined as

(6)
f<f'

has been used as a measure of the correlation between various partial
radiation widths. Here, Sj is a corresponding weighting factor and
tjffr is a sample coefficient of linear correlation for pairs

O 3000

800 1200

CHANNEL NUMBER

Fig. 1. Examples of y-ray spectra from isolated j " = 2 resonances
in the 173Ybfn,-y;171tYb reaction. Peak numbers 7-10, 12, 14, and 20
correspond to primary El- t ransi t ions to the bands in l74Yb l i s ted

in Table I .
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Fig. 2. Examples of y~ray spectra from isolated J™ = 3~ resonances
in the 173Yb(n,Y;171*Yb reaction. Peak numbers 7, 9, 12, 14, 16, 18,
20 and 27 correspond to primary £1-trans i t ions to the bands in 171tYb

listed in Table I .

{r\yf,T\yf'} with fixed J, f and f'.
To distinguish between two types of correlation, from now on the

terms "^-correlation" and "r-correlation" will be frequently used.
Utilization of the Monte Carlo method enabled calculating the

statist ical significance with which a given experimental value of R,
denoted further by i?eXn, rejects the hypothesis that the widths r^n°
and r ^ f are not correlated. The value of stat ist ical significance
is understood as the probability PCi?<i?exp/l of fining an average
coefficient of correlation R which is lower than Rexp u n d e r the as-
sumption that widths TXn° and TXyf are not correlated. Similarly,
the Monte Carlo method has been used to calculate statist ical signif-
icance P(T<Te ) related to r-correlation.

The main results of analysis of i?-correlation are given in
Table I. I t should be stressed that these results are based only on
an analysis of partial radiation widths that correspond exclusively
to primary Si-transitions from s-wave resonances. In almost all
cases the individual values J?exp in Table I belong to primary transi-
tions to levels of a single rotational band. All the bands involved
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Table I . R-correlat ion for deformed nucle i .

Band
Target in residual

nucleusa

171Yb

17
Yb

O 5 2 1 + , n521+, n53O+

_ 725211*

f~ n512++n52H

n512+-n514-l-c

n512+-n51O+*

r~ n633t-n52U
1 6 7Er n633++n52H

L n633+-n512tc

175Lu [~ p4O4+-n514+c

L p4O4+-n512tc

i / b Lu

" 5 R e

p404++n514+-n52H

p4O4++«5144.+n52H

_̂ p4O4++n5144-+n5l2+^

~ P4O2+-n510t

p4O2+_+n51Ot

p4O2t-n512+

p402++rj512-{-

p402-t-n5O3+c

p402+-n5O5+c

Number
of

widths

20

11

11

22

22

37

69

60

37

25

25

51

45

45

36

36

26

18

48

38

72

14

48

62

Rexp

-0.107

0.086

-0.290

0.664

-0.315

0.178

0.395

0.302

0.243

0.407

0.246

0.168

-0.100

0.366

0.599

-0.034

0.021

0.042

0.054

0.502

0.074

-0.194

-0.039

-0.099

P<R<ReXp>

36.1

68

19

99.80

5.6

85.4
99.90

98.80

91.1

94

90

82

41

97

99.94

43

53

56

68.9

99.7

72.2

28.5

42.0

25.0

The underlined par t represents the s t ruc tu re of the t a rge t .
•̂ A strong admixture of th is s t ruc tu re .
cThe .R-correlation should be n-forbidden.
^Only the t r ans i t ions to the band heads are included.
eTwo bands.
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are of a quasiparticle structure favourable for observing the R~
correlation, as predicted by Soloviev's model.12 In many cases the
structure satisfies the condition for fi-allowed R-correlation.

In case of the 173YbCn,y^ 17"*Yb reaction, information concerning
the factors gJf has been deduced. Table II lists estimates of qjf
summed over f and compares them with corresponding theoretical values
calculated according to Eq. (3). As spectroscopic factors entering
Eq. Ci) are not known expp mentally, their values were calculated
instead. A modified expression of Satchler25 has been used —

sdj*> - - ^ L ? tf«yr|W c.«f g 2 .

This expression is valid for cases when"tff = K ± O.f. Here, I and Jf
are the target spin and the spin of a final level, respectively;
corresponding projections on the symmetry axis are K and K^, respec-
tively; j stands for the total angular momentum of the captured
neutron. Fac •-.- r Cjipf is the amplitude in an expansion of the de-
formed neutron vave function in terms of sherical limits; factor Uf
is the amplitude of the particleness of the neutron quasiparticle.
A correction for the overlap of the ini t ial vibrational state with
the final state has been neglected. Values of Cj^ and uf were
taken from calculations of Gareev et al.17

A detailed analysis of r-correlation has been done only for the
173YbCn,Y/l 17i*Yb reaction. A search for a statistically significant
effect has been undertaken for primary El-transitions populating
three separate groups of 171|Yb levels: (i) the levels with a known
structure, ( i i ; the remaining known levels in the interval of ex-
citation energy 2000-2550 keV, and f i i i ; all the known levels in

the energy interval 2550-2740 keV.
Although statistically sig-

Table II . Estimates of qJF for nificant values Texp were found
the 173Ybfn,Y-;171|Yb reaction. for the first group of levels,

the results obtained turned to be
physically uninteresting, as
•*"exp = Rexp -̂n t ' l e s e cases. The
observed F-correlation could be
thus easily accounted for by a
common dependence of various pairs
of partial radiation widths on the
reduced neutron width, in accord-
ance with Eqs. (V and (2).

The results for the remaining
groups of final- levels are present-
ed in Table I I I . These results
display two highly significant
cases of r-correlation. On the

Levels of all bands specified other hand, in both these cases
in Table I are included. values i?exp were fully compatible
Only the n512+-7i51O+ and with the absence of correlation
n.')12++.n521+ bands contribute. between T^yf and r^n°.

2 "

3 "

f

Experiment

0.36±0.11

0.59+0.25

rev1/2;

Eq. (3)b

0.010

0.008
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Table III. T-correlation in the 173Ybfn,Y.)l71tYb reaction.

2"

3"

2"

3"

2"

2"

Number of
resonances

9

14

9

14

9

8e

Number of
final levels

15*

14*

16C

6d

6d

exp

+0.047

+0.037

+0.266

+0.024

+0.748

-0.122

P(T<T )
exp

(%)

92

90

99.9988

86

>99.9997

6

The levels with a ipecified excitation energy which are accessible
.by i?1-transitions rrom s-wave resonances.
Excitation energies 2000-2550 keV.

^Excitation energies 2550-2740 keV.
Levels at 2581.1, 2599.4, 2656.3, 2679.9, 2712.2, and 2732.0 keV
with the spin assignment J=1, J=1f2,3,l, J=2,3, J=2,3, J=2,3, and
J=1,2,3, respectively.
The resonance at 17.63 eV is excluded from analysis.

Figure 3 shows a comparison of the Monte Carlo generated values
of T with the experimental value rexp for primary transitions from
nine J1* = 2~ resonances to six ^71)Yb levels. The levels are speci-
fied in footnote "d" 'of Table III.

fl-CORRELATION

Evidence for fi-correlation

As is apparent from Table I, in case of the 173Ybfn,Y.) 17l(Yb
reaction the high values of statistical significance belone to
radiation widths, associated with transitions to the levels of the
n512+-n514+ band and the Kv = 2 + band at 1634 keV, whose =50% admix-
ture has the structure n512+-n51O1. When the transitions to the iev-
els of all four bands listed in Table I are analyzed as a whole, the
value Re = 0.300 is obtained with a significance of 99.99%. This
constitutes strong evidence for i?-correlation in the l73Yb(n,y) 17ltYb
reaction.

The existence of i?-correlation seems corroborated by a result of
Mughabghab,28 who observed in the same reaction a large value r =
0.85 for transitions from nine Jw = 2~ resonances to the head of the
RT = 2 + band at 1634 keV On the other hand, Shahal et a j . 2 9 have
found that this distinct effect displays a marked instability, as it
virtually disappears if a transition from just one resonance at 31.39
eV to the 1634 keV level is excluded from analysis. Despite this, it
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Fig. 3. A comparison of the generated values of T with the experi-
mental value T for the 173Yb(n,Y.) m Y b reaction.

is evident that the existence of R-correlation in the 173Ybfn,Y^*7ltYb
reaction is well established. Indeed, if all transitions from J™ =
2~ resonances to the incriminated 1634 keV level are excluded, the
original value Rext> = 0.300 decreases only to 0.274 and corresponding
value of statistical significance remains s t i l l high, P = 99.96%.
Moreover, i t should be stressed that there are no evident a priori
reasons to exclude _he transitions to the 1634 keV level from
analysis.

From the data on the 167Er(n,Y,) I6bEr reaction a statistically
significant result can be drawn when transitions to the n633+±n52H
bands in 168Er are analyzed simultaneously.18 In this case, the ana-
lysis yields a value Rexp = 0.349 with a significance of 99.7%.
I t is to be noted that the neutron two-quasiparticle structures of
both rotational bands involved satisfy the conditions for the J2-
allowed iJ-correlation.

As Table I shows, a highly significant result has been obtained
for the 176Lufn,Y,)l77Lu reaction for partial radiation widths that
correspond to primary transitions to the heads of the p4O4++n5144-±
n510+ bands in *77Lu. On the other hand, a detailed inspection of the
data2"* shows that no significant effect of R-correlation is observed
for the transitions to the remaining members of these bands, neither

to the levels of the p404++n514+±n521+ bands, nor to the levels of
the K" = 11/2+ band, whose admixture has a structure p4O4++n5144—
n5124-. These important results will be discussed later.

In spite of the occurence of several statistically significant
values i?eXp in Table I, a remaining large number of values is fully
compatible with the assumption that the partial radiation widths
involved are not correlated with reduced neutron widths. It may be
argued that partial radiation widths are not correlated at all and
that the occurrence of a few exceptional cases of statistically sig-
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nificant values K£Xp is a
mere manifestation of un-
interesting random fluctua-
tions of the average coef-
ficient of correlation.
This objection calls for a
closer inspection of the
results.

If the fl-correlation
does exist, the values of
statistical significance P
for all twenty-four sets of
partial radiation widths in
Table I should behave as a
sample drawn from a popula-
tion of uniformly distrib-
uted numbers in the inter-
val CO, \). However, Fig.
4 shows that the cumula-
tive plot of values of P
deviates appreciably from
what is expected for the
uniform distribution. The
actual distribution clearly
exhibits a systematic defi-
cit of low values. Besides
that, the highest values of
statistical significance
are densely clustered at

the very end of the interval (0, V- In particular, five values are
higher than, or equal to 0.988, while for four of these the lower
limit is even as high as 0.997. In case of completely absent R-
correlation for the deformed nuclei, a probability for such clus-
tering is equal to 8.4x10~6 and 8.1x10"', respectively. If any
critical value of significance is removed from analysis, the probabil-
ity for observation of clustering of remaining values will increase
at most to 4.5x10~5, remaining s t i l l negligible. The results of this
analysis constitute a firm proof that the i?-correlation really exists
for the deformed nuclei with 150<fl<19u.

Role of quantum number K

Shahal et al.2S in their study of the 173Ybfn,Y.)17'tYb reaction
noticed that an average single-particle strength for transitions to
the levels of the K" = 2+ band with the structure n512t-n514+ is sub-
stantially higher than that for the transitions to the levels of the
K" = 0+ bands. A ratio of the average transition strengths
<kE]>KTi-r>+l<kE\>KV=O+ ~ 1 - ^ 2 c a n be deduced from the data in Ref. 29.

A closer inspection of the data from the Dubna experiment17'20

confirms such a conclusion when strong resonances are taken into
account. As Table IV shows, in this case the reduced intensities for
the transitions to the levels of the K" - 2+ band are enhanced.

Fig. 4. A cumulative plot of twenty-
four values of statistical signifi-
cance P(7?<Hexp; from Table I. If par-
t ial radiation widths involved were
statistically independent of reduced
neutron widths, then the step-like
curve of this plot would be situated
approximately within the hatched area.
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Table IV. Ratios of average reduced intensiries for the transitions
to the K" = 2 + and K* = 0+ levels in the i73YbCn,Y; m Y b reaction.
Values of statistical significance for accepting a hypothesis that

transitions to the K? = 2 + levels are enhanced are also given.

J*

Resonances Resonances
with r ° > 2 me\T with r ° < 2 meVc

Xn An

5.48±0.22 2.15±0.19

( 99.99%; (87.8%;

2.14±O.O7 1.19+0.04

m .17.) (70.5%;

aIncluded transitions to the K1' = 0+ levels at 77.1, 253.7, 1561.2,
1715.2, 1958.7, 2123.0, 2172.5, and 2335.9 keV together with tran-
sitions to the levels of the 1633.8 keV band with iff = 2+.

•''Six resonances with J11 = 2~ and five resonances with J" = 3- _
cThree resonances with J™ = 2" and nine resonances with J* - 3 .

However, in weak resonances the sensitivity of reduced intensities
to k" becomes vague and cannot be regarded as statistically signifi-
cant.

In view of the evidence for B-correjation this finding suggests
that the effect reported in Re£. 29 is a manifestation of the fol-
lowing properties of the partial radiation widths involved: (V the
widths for the transitions to the n512t-n514+ band are strongly
correlated with r^n° and f i i ; the correlated parts 6T\yf are at least
in some degree decoupled from the giant dipole electric resonance
(GDR; and lead to enhancement of partial radiation widths. I t sug-
gests that the earlier observed enhancement of single-particle tran-
sition strength is not connected with a particular value of K, but
with a favourable structure leading to the ^-correlation. In view
of these arguments i t seems to be premature to interpret the report-
ed effect" as a dependence of Jegi on K.

I t is to be noted that sensitivity of partial radiation widths
to K has been tested in the 17GLufn,y,)177Lu reaction at 17 iso-
lated resonances for a much broader interval of if, ranging from 1/2
to 15/2,30 but no significant effect has been observed.

Discussion of results

The reported results for the deformed nuclei pose a question
whether the strong R-correlation persists in s-wave resonances of
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other nuclei with a substantially different mass number. It can be
speculated that the size of the overall sum J_f qJf is roughly the
same as in the case of the l^3Yb(n,Y^71t reaction, irrespectively
of how the sum is distributed among individual resonances.

If the correlation persists, tails of distant s-wave resonances
produce a non-resonant "background" capture. A partial cross section
for this process can be expressed approximately as follows

n

where R' is the potential scattering amplitude..
The difference (R-R') reaches a local maximum of = 2.2 fm for

nuclei with A - 130. These nuclei are thus favourable for observing
the "background" capture.

Neglecting dependence of gJf on J and on y-ray energy, the
experimental values of the sum J^ qjf in Table II can be used and
a total effect of the "background" capture at thermal energies can be
estimated. For (R-R1) = 2.2 fm Eq. (8) gives lf oyf(

b) - 1.9 b.
This value is by an order of magnitude higher than the values of the
thermal total capture cross section31 in the considered mass region.
1c is thus evident that for the nuclei with A - 130 the R-correlation
is substantially suppressed.

In accordance with the mechanism of the GDR some fraction of El-
strength of any simple nuclear state should be relocated into the GDR
and subsequently spread over individual resonances. Gyarmati
et al.,32 who analyzed the problem of relocation, concluded that for
the case of a neutron single-particle s-state the relocation of El-
strength to the GDR is effective if this state is situated in an un-
bound region, while for a bound s-state the relocated fraction should
be small. In addition, it is believed that the process of spreading
is of random nature, so that the size of a contribution of the GDR to
the El-strength of each resonance is not correlated with the reduced
neutron width. Thus, a strong relocation of El-strength to the GDR
should lead to diminution of R-correlation.

For the nuclei with A - 130 the neutron single-particle 4s-state
is fully unbound. Therefore, the threshold-dependent effect of relo-
cation accounts for the suppressed B-correlation for these nuclei.
The discrepancy concerning the "background" capture thus seems to be
easily clarified.

The experimental values of gjf in Table II are too high to be
consistent with the values expected from the simplified version of
the theory of Lane and Lynn,3 in which only the external (channel.)
region of the configuration space is taken into account.

As for the internal region, according to the valence neutron
model calculations for spherical nuclei,2 it plays only a minor role
in the neutron single-particle transition mechanism. Unfortunately,
no quantitative conclusions from the valence model are available for
the deformed nuclei. There are, however, no apparent reasons to
expect that a rigorous inclusion of the deformation into the model
would radically change the situation. It is therefore likely that
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also the valence model would not be able to account for the large ex-
perimental .values of qjf.

Settling aside the question of quantitative interpretation of the
experimental data, i t is of interest to treat a more general problem,
namely whether the observed cases of H-correlation originate from a
neutron single-particle transition. If that is the case, the corre-
lated parts of partial radiation widths are proportional to neutron
spectroscopic factors, &^\yf a S^o f ' ^ e given problem is con-
nected with the question of validity of the SJ-forbiddenness. As the
configuration 512+-n514+ does not carry the I = 1 neutron single-
particle strength (S^pf^'= 0), i t may seem that the large effect of
the H-forbidden ^-correlation for the transitions to the levels of
n512-n514+ band in ^71*Yb violates the above-mentioned proportion-
ali ty. Unfortunately, as follows from a recent work on 17l|Yb
CRef. 33;, the assignment of the structure n512+-n514l to the rota-
tional band in question cannot be considered to be absolutely firm.
A reasonable alternative for the given band seems to be the struc-
ture n512+-n5124-. This structure is favourable for observing the
fi-allowed i?-correlation and leads to a non-zero value of the
neutron spectroscopic faetor. So, at this point the question of
proportionality between SV\yf and Sdp,f ^ remains open.
Further information on this problem can be drawn from the 176Lufn,Y.>
177Lu reaction. In this connection i t is important to note that the
residual 177Lu nuclei possess the following specific features:

(V Due to an extremely large spin of the 176Lu target (I - 7),
Clebsh-Gordan coefficients in Eq. (7) lead to a strong concentration
of the I = 1 neutron single-particle strength on the heads of 177Lu
bands. In particular, the heads of the p4O44-+n5144-±n51O+ bands
exhaust approximately 87% of the overall sum of spectroscopic fac-
tors. The heads of the p4O44-+n5144-±n521+ bands behave similarly.

(2) The neutron quasiparticle state n510+ is characterised by a
strong particleness, Uf2 = 0.98, in the region A - 177, while the
state n52H is of a hole character with uf

2 = 0.05.
(3) In case of the remaining i77Lu band which sat isfy the con-

dit ion for the 12-allowed ^-correlat ion the pert inent s t ruc ture ,
p4O44-+n5144—n512i , i s present only as an admixture.

If the proportionality 6r^ f = S j p ^ ^ - 1 holds, then, in view of
the features outlined, the only reasonable candidates for the R-
correlat ion are the t ransi t ions to the heads of the p4O4++n51<i+±n5!O+
bands and, possibly, to the head of the p404++n514+-n512+ band.

The fact that a strong effect of j?-correlation has been observed
only for the t ransi t ions to the heads of the p4O4++n514+±n51O bands,
while no signif icant trace of the effect was recorded for any of th i
remaining t rans i t ions , speaks strongly in favour of a neutron s ingle-
pa r t i c l e origin of the K-correlation.

r-CORRELATION

The effects of r -corre la t ion were considered by Lane^1* and
Beer^5 on the basis of the common doorway concept. If the role of
the common doorway is played by a simple nuclear s t a t e which i s
different from the neutron s ingle-par t ic le s t a t e , the ^-correlat ion
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becomes interesting, as it reflects a qualitatively new situation.
In such an instance, the i?-correlation should be missing.

So far, the only case of r-correlation of. this type was reported
many years ago by Beer.3'' This author analyzed the experimental data
of Saclay group for J11 = 0 + resonances in the 187W(n,Y,) 1 8 8W reaction
and deduced a value r e x p = 0.37.

As is apparent from the data in Table III, the most distinct
effect of the considered type of r-correlation is observed for the
case of E1-transitions from nine j " = 2~ resonances to six J71 = 1+,
2 +, 3 + levels in ' Yb; these transitions correspond to peak numbers
49, 52, 59, 61, 64, and 66 in Fig. 1.

Excitation energies as well as spin values of all six levels are
compatible with the assumption that the levels form 1+, 2 +, and 3 +

members of two individual K™ = 1+ rotational bands. This points to
the physical nature of the observed effect.

The fact that T-correlation is missing in the J'" = 3~ resonances
is not suprising, as a common doorway involved may not be necessarily
spread over the s-wave resonances of both spin values 2~ and 3~.

Besides an unusually strong effect of correlation 2"eXp = 0.748,
Table III shows another startling feature — a marked instability of
this effect with respect to exclusion of the 17.63 eV resonance.
This behaviour is in a sharp disagreement with the theory13 which
describes general properties of fluctuations and correlations of
partial widths. As shown in Ref. 22, validity of this theory for the
case of the 173Yb(n,y;17<i reaction can be rejected with a. statisti-
cal significance of 99.95%.

As a very tentative explanation of the instability of T-
correlation it can be assumed that a process of spreading of the cor-
responding common doorway over resonances is not quite random in
nature. It may be that fluctuations of the amplitude of common door-
way contribution . to a resonance are not governed by the normal dis-
tribution with a zero mean, as it is implicitly assumed by the
general theory of Krieger and Porter.13

CONCLUSION

The vast amount of data on neutron capture at isolated resonan-
ces now clearly demonstrates that distinct and statistically signifi-
cant effects of width correlation occur also in nuclei with 150<A<190.

The available data lead to a highly probable conclusion that the
observed effects of correlation between the partial radiation widths
and the reduced neutron widths are of neutron single-particle origin.

The extraordinary large size of correlated parts of partial
radiation widths seems to contradict the theory of Lane and Lynn.3'1*

In this respect, there is also a similar unsatisfactory situa-
tion in case of spherical nuclei with A = 90-100,2 where the theory
of Lane and Lynn is able to account for only =50% of the size cf the
observed correlated parts of '-.tial radiation widths. Nevertheless,
in case of nuclei with 150<A<190, a full verification of the theory
of Lane and Lynn3'1* requires a rigorous inclusion of nuclear de-
formation into the formalism.

Unprecedentedly strong effect of correlation between various
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partial radiation widths in the *^3Yb(n,Y)* '"'Yb reaction points to
the existence of a dcorway, common to various radiation channels and
different from the neutron single-particle state.
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CHANNEL WAVE FUNCTION AND CHANNEL RADIATIVE CAPTURE CROSS SECTIONS
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ABSTRACT

Based on the intermediate interaction model, an approximate wave
function for the entrance channel in the nucleon-nucleus reaction is
derived. It is valid in the exterior region as well as the region
near the nuclear surface, and is expressed in terms of the wave func-
tion and reactance matrix of the optical model and of the near-reson-
ance parameters. Using this formalism the following processes are
calculated: 1) resonance averaged channel radiative neutron capture
cross section; 2) radiative capture in the inelastic channel of com-
pound nucleus; 3) interference effect in the channel radiative neu-
tron capture process; 4) laser induced neutron radiative capture
reaction.

1. INTRODUCTION

In the twenty years since the Lane and Lynn > ' theory of
channel neutron capture was presented, much effort has been devoted
to the experimental and theoretical investigation of this reaction
mechanism *'. Quantitative and qualitative verification of the
theory has been achieved in several cases, although there also exist
some examples that need further clarification.

A better test of the theory would be to calculate the absolute
values of the cross sections with more realistic nuclear interactions
and compare these with the measured cross sections. Calculations of
the channel capture cross sections at sharp energies, in addition to
the energy-averaged values, would permit a more detailed test of the
theory, including features such as the interference between potential
and valence capture.

These calculations require knowledge of the entrance-channel
wave function, not only in the exterior asymptotic region, where the
wave functions are usually expressible in terms of the scattering
matrix and spherical Bessel functions, but also in the interior
region, at least in the vicinity of the nuclear surface where the
nuclear force is not negligible.

In section 2, we derive such a wave function for the neutron
entrance channel using the intermediate interaction model. With this
formalism a number of processes were calculated and the results are
presented in sections 3 to 6.

2. CHANNEL HAVE FUNCTION

The channel capture cross section for radiative neutron transi-
tion from a scattering partial wave (1,j) to a final state with

0094-243X/85/1250362-14 $3.00 Copyright 1985 American Institute of Physics
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spectroscopic factor Sf for a bound single particle orbit (JL,jf)

,3

CO 2

(2J +1>S e2 S-jr-jl / r CjJ(r) U (r)drl , (1)
f f |l-i K ^ ) 2 1 R *> V f '

where

<AjJIIDIIIAfjfJf>

l,o - 2

[CJtolo W U J V f l 1} W(j J Vf' 1 1}^ ; <2)

U. . (r) is the radial wave function of single particle in state f.
fJf

10)
The reader is referred to the original article for nomenclature

For the region outside the zone of nuclear interaction, two
slightly different forms of the radial wave function for the entrance
channel are in current use. These are

v r ) - sii v r ) >

and

They are related by

S. is the scattering matrix and Kwhere S. is the scattering matrix and K, the reactance matrix;

J (r), N ^ (r), ? (r), Q (r) are related to spherical Bessel,

Neumann and Hankel functions. In the resonance region we have

J hs 1_ r ni 1_ v n_\
Aj = Aj 2 l

 v+_v 2 l „+ _ i +
'\ * 2 lX

(6)

there hs, i and X designate respectively hard sphere, distant reson-
ances and near resonances. The superscript + designates resonance
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parameters in the K representation ' ^. For calculations of cross

section we will use experimentally measured values of these parame-

ters and consequently in the rest of the paper we drop this super-

script. We note from the relationship

that

Then10)

-V- —

\ E I
I m < K

(8)

(9)

jy>

Now we turn to calculate the wave function in the interior

region. Inside the nucleus, the wave function ty (E) for a state of
total energy E, spin J for incident channel c (c H A,j) is written as

pl/2 J

- » - f r ,

<
in a set of configuration wave functions

where v is the wave function of the compound state q. We can expand

\ I , c c
^ v'c'

where <(i , is the intrinsic channel wave function containing the
internal excitation and v ,(r) the radial wave functions defined by
the average potential between the incident particle and the target
nucleus. The index v' denotes single particle states of a specific
Jl. Substituting eq. (11) in eq. (10), and for the elastic channel c,
the radial wave function for the interior region is

q(J) Eq " L " 2

where A,, is a normalization factor; the superscript + is used just

for similarity with the notation used in eq. (9).
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According to the intermediate interaction model , the
contribution of the distant resonances to the nuclear wave function
at a sharp energy corresponds to the real part of the optical model
wave function, and the distribution for different levels v1 are
essentially non-overlapping. Thus summation of eq. (10) can be
separated into two parts. One over distant resonances with net sum

equal to Re<U+l(r)> and the other over local resonances of spin J.
11

Then using the relationship '

1 / 7 -n2 R P 1/2 .

and eq. (7), we obtain

,,.. Ej-E- •=• T. Im<KJ>
A.(J) A. 2 A c

For a channel c = (£,j) the partial neutron width r^, in eq.

(14) and T ̂  in eq. (9) are identical. Thus eq. (9) is formally the
n A.

unified expression for the channel wave function applicable to all
regions.

Figure 1 shows the variation of the function

Im<ut?(r)>
(15)

40
with r for Ca target at neutron energy of E = 1 MeV. The optical
model parameters of ref. 11 were used in these calculations. For
comparison, the asymptotic functions -krn^(kr) are also shown in
the same figure.

3. AVERAGED ELASTIC CHANNEL RADIATIVE NEUTRON CAPTURE CROSS SECTION

To calculate the average of eq. (1) over incident energy, we
define the fluctuation of the wave function as '

JH Ai JH Hi -£j '

where

Qp,(r) ^, • i [Re <ut{(r)> ^- Io<atJ(r)>] (17)



366

In terms of the statistical theory"' of nuclear reactions

12^

where T^ and TJM are the total and neutron partial transmission

coefficients, respectively, and the HOJJM a r e t h e width fluctuation'

correction factors. Then we obtain the resonance-averaged elastic

channel radiative neutron capture cross section

(2Jf+l)Sf e
2

In eq. (19)

(B) T(C)

/ r Re<U+^(r)> U^ . (r)drj (20)

contains the hard sphere and distant resonance contributions• The
second term

(V)

TIT
K J > 2

u . , < r> d r|
AfJf '

involves the contribution from the averaged near resonance wave func-
tions, and the fluctuation term is

vr)
( 2 2 )

By using the terminology of the optical model, the sum of the first
two terms in eq. (19) can be regarded as due to the capture of the
shape elastic scattering wave, and the third (a fluctuation term) as
due to the radiative capture of the compound elastic scattering wave.

The energy dependence and the relative magnitudes of the three
terms are as following:

at kr < 1,

ch
<J
Jcj.f

(23)
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(C)
.'(f> - k " , for Ty » T A j , (24)

k"2 , for T y « Tjy ,

(C)

(B) K

where D J is the average level space.
Figures 2 and 3 give calculated results for the averaged elastic

channel radiative capture cross sections for El transitions in Fe,
7kGe, 90Zr, 138Ba, and 200Hg. Those results show clearly the domin-
ant role of the fluctuation term in the capture cross section, and
the energy dependence of the cross sections as discussed above.

4. RADIATIVE NEUTRON CAPTURE IN THE INELASTIC CHANNEL OF COMPOUND
•UCLEUS

It is of interest to extend the idea and approach developed
above to calculate the resonance averaged inelastic channel radiative
neutron capture cross section. The result is '

C2J +1) S' I 2

(2Jf+l) Sf e

He use the superscript prime to designate a quantity in the inelastic
channel. The inelastic channel wave function can be written as

It consists of the intrinsic excited state wave function, •nil of
the residual nucleus coupled to the neutron angular momentum wave
function Yjiijt to give total spin J and projection M. The final
state wave function can be written as

UA'i' ( r ) J M

H L i • (28)
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Fig. 1. The solid lines show the
function N^.(r) (eq.15), for

U,j> = (0,1/2),(1,1/2), (2,3/2)
for the target nucleus '•"Ca at
E=l MeV. The dash lines give its
asymptotic form -krriA(kr).

ft

1

—.
I/I I "

RADIAL DISTANCE ttm)

Fig. 2. Averaged elastic channel
capture cross sections for El tran-
sition in Fe as a function of neu-
tron energy. The line marked 1 is
the background (eq. (20)). Line 2
is the contribution from eq. (21).
Line 3 is the fluctuation term (eq.
22). The solid line is the sum of
these contributions.

NEUTRON ENEAGY (HtV) KUIDOH EWKY MVI

Fig. 3. The same conventions as in Fig, 2, but for the target nuclei
7 * , 9°Zr, 138Ba and 2°°Hg.
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U.,.,(r) is the radial wave function of single particle bound state
Vi

in a potential relevant to the excited residual nucleus. The radial
integral in eq. (26) is

cx>

Q 8 M , , M , = / Q,,.,(k'r) U (r) rdr (29)
J f Jf R J *f Jf

where (}»,., (k'r) has the form of eq. (17). Formally, <U',.,(r)> and
j •*• J X J

<Kf, .,> should be calculated in an optical model potential corres-
•* J

ponding to the excited target. However, there is no conclusive

experimental evidence that this potential is much different from the

potential for the ground state. Thus following the general practice

we use the optical model potential for the ground state with an

effective neutron kinetic energy of E-E , where E. is the excited-

state energy.
In deriving eq. (26) we have ignored the pre-equilibrium pro-

cess. So the cross section given by eq. (26) can be regarded as due
to the radiative capture of the compound inelastic scattering wave.

Calculated results of the inelastic channel capture cross sec-
tions (eq. (26)), together with the elastic channel capture cross
sections (eq. (19)) and the compound nucleus radiative capture cross
sections for 56Fe, ?1*Ge, 90Zr, 138b.; and 200Hg are given in Figs. 4
and 5. We note that in heavier nuclei the inelastic channel capture
cross sections at higher neutron energies may be larger than the
elastic channel capture cross sections.

5. INTERFERENCE EFFECT IN THE CHANNEL CAPTURE PROCESS

The channel wave function in eq. (9) was derived for a sharp
energy. The first term in eq. (9) contains contributions from hard-
sphere and distant-resonances. This is usually called the potential
elastic scattering wave. The second term in eq. (9) corresponds to
the nearby resonances, and can be regarded as the resonance scatter-
ing T»ave. It is of interest to explore the interference effect
between the two components.

First we rewrite eq. (1) with different parameters1-^)

ch _ DO r i -i. M J ) *• 2 \

where

R J fJf 2
_ DO r i -i. M J ) *• 2 \ -i

2 / r Re<U+J(r)> U (r)dr
R XJ V
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Fig. 4. Predicted radiative capture
cross sections as a function of neu-
tron energy in 56Fe. The solid line
is the inelastic channel capture
cross section (eq. 26) calculated for
energies above the single particle
inelastic channel threshold. The
dash-dot line is the elastic channel
capture cross section (eq. 19). The
dash line is the prediction of sta-
tistical theory of compound nucleus.
The dash-dot-dot line is the sum of
these three cross sections.

1 »

IO
N

SE
C!
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01

: . " " v "ft

V
NEUTRON ENERGY IMeV!

11 3.0

NEUTRON ENERGY IMeVI

NEUTRON ENERGY |H«V|

Fig. 5. The same conventions as in Fig. 4, but for the target nuclei
7*Ge, 90Zr, 138Ba, 200Hg.
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(31)

°° 2

(2J +1)S, , e" [/ r Re<U+"!(r)> U. . (r)dr ]
f dp.f R ia A f J f

is the potential capture cross section.
At thermal energy we are interested in the capture of an s-wave

incident neutron into a bound p-wave orbit. From the relation

rfi 1/2

X(J) E\" E " 2 T\

where a is the coherent scattering length and R1 the potential
scattering length, we obtain

/ r N^r) Ux (r)dr 2

acj - oP° [1 - (aJ-R')k -| 2 O ] . (32)
°2'f °I > f / r Re<U+r'(r)>U (r)dr

E Oj XfJf

Equation (32) has the same structure as the well-known Lane-Lynn for-
mula ' with the difference that in eq. (32) the contribution of

distant resonances is contained in o?i ,, which can be calculated
u*» J

using the optical model wave function; the interference factor a -R'
may be determined from the known parameters of nearby resonances.

We present two examples. One, thermal neutron capture in % ,
shows destructive interference; the other, thermal neutron capture in

Ca, shows constructive interference. Both predicted and measured
results are given in Table 1.

Let us examine the cause of these interference phenomena fur-
ther. In Fig. 6 we show the radial integrands of the potential
capture, (r Re<lft (r)> U (r) ) and the channel capture,

(r tft|(r) U. (r)) in 12C and 1*°Ca. In 1 2C, which lies above the 2s
^ f ̂  f

size resonance, the nearby strong resonance at negative energy (-2.02
MeV with reduced neutron width 990 ev) pushes the crossing point of
the wave function along the abscissa from R' to a . This leads to
the areas above and below the abscissa enclosed by the integrand
being approximately equal, resulting in a drastic cancellation in the
radial integral. In contrast, in the case of Ca, which lies below
•the 3s size resonance, the nearby neutron s-wave resonances are at
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positive energy. Therefore a < R', and the areas above and below
the abscissa become unequal, resulting in an enhancement of the
integral.

Since the channel capture cross section comes mainly from the
contribution of the radial integral near nuclear surface, it is gen-
erally believed that calculations with a realistic nuclear interac-
tion provide better results than the square-well potential model.
However, there is difficulty in using eq. (1) to calculate a partial
channel capture cross section to a final state whose observed binding
energy is much different from the binding energy of the associated
single particle orbit calculated in the potential model. This stems
from the problem of determining the single particle wavefunction for
the physical final state.

Table 1. Comparison of theoretical and measured radiative cap-

ture cross sections and scattering cross sections for
12C and ^Ca at thermal energy.

12c
Experimental (n,y) cross sections (mb)
Calculated (n,y) cross sections (mb)
Experimental (n,n) cross section (b)
Calculated (n,n) cross section (b)

"°Ca
2.38
2.1
4.7
4.75

± 0 .05 410
414
3.01
2.73

S - •

•

R

, .1

A X

r(fm)

Fig. 6. Radial integrands in the radiative capture of an s-wave neu-

tron into the Pĵ /2 orl>it in 12C and ''"ca at thermal energy. The

dashed lines are the integrands of potential capture (r Re<U~lT.(r)>

(r) in eq. (31). The solid lines are the integrands of channelUJJ j (r) in eq. (31). The solid lines

capture (r U+^(r) U (r) ) in eq. (1).(

6. U S E R INDUCED RADIATIVE NEUTRON CAPTURE PROCESS

There is current interest in investigating laser-stimulated
nuclear reactions and transition rates. Many suggestions and propo-
sals on this topic have been put forward. Here we examine the proba-
bility of p-wave radiative capture of a low energy neutron in the
presence of a strong laser field ' ' .



373

In the giant resonance region of the p-wave neutron strength
function (e.g. 3p region near A * 90) there are most likely nuclei
with p-wave resonances near the neutron binding energy with large
reduced widths. However these are no*: observable because of the
angular momentum barrier. Furthermore, in some of these nuclei there
are levels near the ground state with large s-wave neutron single
particle components. Then in the presence of a strong laser radia-
tion field, an incident low-energy s-wave neutron may populate a
nearby p-wave resonance resulting in an enhanced El transition to the
low lying s-wave neutron bound state. This process can be identified
by comparing the intensity of the primary •yray transition in the
presence of the laser field (El) with the intensity in the absence of
the laser field (Ml).

We have investigated this process theoretically using second-
order perturbation theory to calculate the cross sections. A set of
discrete resonances with large p-wave reduced widths was used as the
intermediate states. The partial capture cross section to a final
state f can be written in the form

•e T O )

(V)

2 L

X'J

(2J+1)
2(21+1)

r(D r(V)
X'n V y f

(V)
where r>, , is the valence radiative capture width of an intermediate

state, X', to the final state f10^.

1 y
2 L

C(R) (34)

can be regarded as the laser induced effective p-wave neutron width
of \'. e is the electric field strength of laser radiation field, and
a) the laser photon circular frequency. We use superscript primes to
designate quantities belonging to the intermediate state V , and X
for the s-wave resonance in the entrance channel. In eq. (34)

Q,i.,». and Q,,.,

terms in eq. (9) and

are radial integrals corresponding to the two

A*'
E (eV) 1/2

(35)

where M is the neutron mass.
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We define a laser induced enhancement factor as the ratio of the
probability of excitation of an intermediate p-wave state via two
step process (capture of s-wave neutron plus El laser photon) to the
probability of p-wave capture of the incident neutron itself. This
factor can be estimated by

(kR)

lQ(B)i + 1 . j

\(J)

where

T , = (kR) , SEW) If.. O7)
(for A'=l

is the p-wave neutron width.
The following data were used to estimate the order of magnitude

of eq. (36): Ef = 5 MeV, E = 0.024 eV, ha> = 1 eV, A = 100, Z = 42,

8 f = 1. Then by ignoring Q^,',^. in eq. (36), we get

2 E.,(eV) 1/2

~ 5.2 x 10"16 [e(V/cm)]2. (38)

If the incident energy just matches an s-wave resonance, in other
words, if there exists a p-wave and an s-wave resonance separated by
an amount approximately equal to the laser photon energy, then the
enhancement factor becomes

= p(B) ̂  [ ^ p f „ ,. x 10-10 [E(v/cm)f
x

( 3 9 )
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The above results show that no appreciable enhancement is
obtained until the laser radiation field exceeds a value in the range
10 -10 V/cm. The lower value is for the rare case where the ener-
gies of an s-wave and a p-wave resonance differ by the laser photon
energy. For cases with no resonance in the entrance channel one
needs a radiation field of greater than 108 V/cm. In view of the
fact that the breakdown threshold for ionization of an ordinary gas
target is usually of the order of 10 V/cm, experimental investiga-
tion of this phenomena may be very difficult.
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Guo Taichang, 3hi Zongren, Zeng Xiantang ,
Li Uuohua and Ding Dazhao
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The thermal neutron capture by ̂ S has been studied using a
140 cm' Ge(Li) detector at the thermal column of the heavy water
moderated reactor at Institute of Atomic finergy.The thermal neu-
tron flux at sample is 2xlO^n/cm^-S9c and the cadmium ratio (for
gold) is 200.

Natural £> is used as the sample and in order to determine the
absolute value of transition cross sections,the well known strong
primary transition intensities of Au(n,Y)is used as the standard,
so the sandwich sample Au-S-Au-3-Au is used for this purpose. The
thickness of the Au foil is 14 micron.The 14B(n,y) and 3rci(n, r)
is used for calibration of the detector efficiency im energy range
1.6-10.8Mev and a 152JJU souroe is used for lower energy region
down to 200Kev. The common line observed on 3, sandwich, H, Cl
samples and the empty teflon container were recognized as
background.
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86 transitions from 32s(n,Y) reaction were identified, among
them 23 wre recognized as primary transitions. By normalization
to the Au(n,Y) cross section 98.8+0.3 barn, the sum of the partial
cross sections of 23 primary transitions is 515mb and the sum of
the partial cross sections of transitions to the ground 3tate is
529mb,which is in good agreement with each other. The minimum
intensity observed in this experiment is 0.1mb.

The level scheme of 33s consisted of 25/ levels shown as in
Fig.l is deduced from, the transition energy corrected for the
recoil correction using the Kitz principle. Among these 25
levels, three at 7505.0, 4473.1 and 2884..6Kev were not reported
priviou3ely. (1) The decay branching ratio is in agreement with
Kndt's compilation in general except the 5888.7Kev level, which
mainly decays to ground state(3/2~), first excited state(841.4,
l/2~) and the 322O.BKev(3/2-; level with the branching ratio 14>,
53;* and 27% respectively.

The neutron separetion energy of " a is determined as
8641.73Kev by averaging six two step cascade transitions.

Seven of the 23 primary transitions decaying to 3220.8,
4211.2, 4918.3, 5711.3, 5868.7, 6425.3 and 7187.2Kev levels are
tha Kl transitions and consiste of 9O?4 of the cross section of
32S(n,Y) reaction. The Lane-Lynn formula for direct capture is
used to analyse these seven transitions. The result is shown in
Tab.l. In calculation the spectrosoopy factor of (d,p) reaction
i3 taken from ref.t2), coherent scattering length agnhi3 taken
as 2.80fm and the nuclear radius is taken as 1.35A1'3fm. i% is
seen from the table, that the agreement is quite notable. It is
conclude that the 32S(n,T) reaction is a good representative of
the direct capture machenism at thermal neutron energy.

•ansitioi
Uav)

5420.4
4430.2
3723.2
2930.3
2752.9
2216.3
1454.5

l energy

Table 1

level
Uev)

3220.8
4211.2
4918.3
5711.3
58B8.7
6425.3
7187.2

cross
measured

302
26.9
15.3
90.1
30.0
11.3
3.0

section Imb)
calculated

238
29.9
7.2
67.2
26.1
15.1
5.7
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7 4Ge: TRANSITIONS AND LEVELS EXCITED IN THERMAL-NEUTRON
CAPTURE

C Hofmeyr, C Franklyn
NUCOR, Pelindaba, Transvaal, South Africa

G Barreau, H BBrner, R Brissot, H Faust, K Schreckenbach

Institut Laue-Langevin, Grenoble, France

ABSTRACT

Gamma-ray transitions due to thermal-neutron capture in ?3Ge
were measured at ILL, Grenoble, using the curved-crystal
spectrometers GAMS 1, 2 and 3, a pair spectrometer and a Ge(Li)
spectrometer. Some 750 transitions were identified, of which 450
were placed in a level and decay scheme with the aid of an
interactive program. Selected energy regions were scanned with
the internal-conversion electron spectrometer BILL, yielding 18
transitions corresponding to iT-rays and sixteen unmatched
candidates. The levels up to 4 MeV are presented together with
the degree of corroboration obtained from published (p, t) and (t,
p) results and /3-decay data.

INTRODUCTION

In the previous NDS compilation, A=74 of 19761), the 7/*Ge
levels were based heavily on 7^Ga /? -decay, ?4AS /3+-decay,
some earlier (n, gamma) studies, and to some degree on various
charged-particle reactions. Since then the main thrust in the
spectroscopic study of even Ge nuclei has been from (p, t)2)>3)
and (t, p)*).5)»6) reaction studies and DWBA fits to the data.
7^Ge is the only even-even Ge isotope that can be studied by
(n, gamma). A comprehensive high resolution study was motivated
in an attempt to consolidate and expand the decay scheme.

EXPERIMENTAL

The experiment, performed at the Institut Laue-Langevin,
Grenoble, comprised studies with GAMS1 (20-400 keV), GAM2/3
(200-1500 keV), a 20 % Ge(Li) detector (100 keV - 3 MeV) and a
pair spectrometer (1.8-10 MeV). The internal sample of some
20 mg 73GeO2 was enclosed in very pure aluminium, for which
precise calibration energies have become available7). Some 750
transitions were observed in the energy region up to 10 MeV
in 7*Ge. Al and C were used as internal calibration lines.

Selected scans were undertaken with the internal-conversion

0094-243X/85/1250378-04 $3.00 Copyright 1985 American Institute of Physic:
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electron spectrometer BILL, which produced 18 transitions with
corresponding gamma rays and 16 unmatched EO candidates. Due to
the low Z (32) only very strongly converted lines could be
discerned, with a corresponding influence on the precision.

ANALYSIS

All spectra were analysed using ILL in-house programs. An
interactive mini-computer program GRAP, which has been developed
at NUCOR, is capable of handling up to 1000 transitions and 256
levels and their respective experimental and statistical
errors. This program gives one the ability to edit a level
scheme and to monitor the effect of any changes on the level and
decay scheme as a whole, including intensity balances.
Automatic search routines can scan any energy region for levels
in defined energy steps. Optimum level values are calculated
during trial fits. An important feature is the high speed of
execution.

RESULTS

In Table 1 are presented the levels up to 4 MeV excitation
energy in ?*Ge observed in the present experiment. The table
contains the level energies in keV and relative feed and decay
intensities for each level. Levels also observed in /3-decay are
indicated by a '1' in the 'Beta' column. The column marked
'This' indicates levels fed directly from the capture state (C)
or decaying directly to the ground state (0). In levels fed
directly from the capture state at 10196.0 keV the spin is
limited to 7 » J > 2 . Levels through which simple cascades from
the capture state, J - (4+, 5+) go to the ground state
(0+), are 2+ with a high probability, as is mostly borne out
by spin and parity allocations from eharged-particle reactions
which are indicated in Columns a 2), b3), c*) and d5).
The normal uncertainty in the association of these levels
pertains. Levels in other reactions which have not been seen in
our work are not recorded in this contribution. For the 2165 keV
level our work supports the 4+ allocation against 1" and
0+. A level scan produced no other candidate levels nearby.

The balance between feed and decay intensities is satisfactory
for most levels since the accuracy of the intensity calibration is
only 10 - 20 % at best. The observed decay intensity of
the capture state is only about 1/3 of the intensity reaching
the ground state. Out of a total of 750 observed transitions
about 450 representing «98 % of the observed intensity have been
fitted to the decay scheme. Due regard was given to the proper
placing of transitions observed in fl-decay and in coincidence
measurements').
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The sensitivity obtained improves appreciably on previous
(n, gamma) studies. Below 4 MeV all but 20 transitions
observed in fl -decay of ^^Ga were seen in this experiment,
although sometimes with very different intensities (e.g. the
intensity of the 2353 keV transition is 50 % of the 595 keV
transition intensity in fi-decay, but only 0,5 % in (n, gamma).

The excited 0+ levels posed a particular problem, being
weakly excited in (n, gamma). The position regarding the
fitting of the EO candidate transitions has not been resolved
satisfactorily, whereas all but one of the conversion electron
lines matched by gamma-transitions (non-EO) have been placed
satisfactorily.

REFERENCES

1. R Kocher, Nucl. Data Sheets U_, 519 (1976).

2. F Guilbault, D Ardouin, J Uzureau, P Avignon, R Tamisier, G
Rotbard, M Vergnes, Y Deschamps, G Berrier, Phys Rev C16,
1840 (1977).

3. A Rester, J Ball, R Auble, Nucl Physics A346, 731 (1980).

4. S Lafrance, S Mordechai, H Fortune, R Middleton, Nucl
Physics A307, 52 (1978).

5. C Lebrun, F Guilbault, D Ardouin, E Flynn, D Hanson, S
Orbesen Phys Rev £19, 1224 (1979).

6. S Mordechai, H Fortune, M Carchidi, R Oilman, Phys Rev C29,
1699 (1984).

7. H Schmidt, P Hungerford, H Daniel, T von Egidy, S Kerr, R
Brissot, G Barreau, H Borner, C Hofmeyr, Phys. Rev £2_5, 2888
(1982).



382

LOW-LYING STATES OF 94Nb
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ABSTRACT

A prel iminary level scheme of ^ ^ 5 3 has been established using the
resul ts from conversion electron and y-ray measurements fo l lowing
thermal neutron capture. An attempt has been made to in te rpre t part
of the states in terms of proton-neutron mul t ip le ts using the
lowest order one phonon exchange. The staggering is a t t r ibu ted to
higher order mul t ipo les .

The measurements of secondary r-rays from the thermal neutron
93Nb(n,y) reaction have been performed with the bent crystal spec-
trometers GAMS 1 in the energy range 40<E < 500 keV and GAMS 2/3
in the region 150 < E < 1500 keV. The conversion electron l ines of
the strongest t rans i t ions in 9^Nb have been measured with the
electron spectrometer BILL. At the DIDO reactor in the KFA Ju l i ch
two singles gamma spectra from 9^Nb have be e n measured with 1.4 cm3

Ge and 60 cnr Ge(Li) detectors for gamma energies up to 550 keV and
1350 keV, respect ive ly .
Combining a l l results from the new measurements we have been able
to revise the level scheme previously summarized in the Nucl. Data
Sheets1 and also obtained from a 94Zr(p,nY) Nb react ion study2 .
The level scheme of 94Nb is shown in Figs. 1 and 2.
From the values of the level energies in 94Nb and the primary gamma
t rans i t i on energies taken from re f . 1 , a more precise value was
obtained for the neutron binding energy: Bn =7229.13 ± 0.12 keV.
I t was expected that the low- ly ing states of 94Nb could be
interpreted in terms of a quasiproton-quasineutron (c lus te r )
mu l t i p le t s t ruc tu re . The proton-neutron mul t ip le t s t ructure is
based on the quasi-proton ^9/2 , p7/ 2 , p i / 2 and J512 and on the
neutron-cluster ( d 5 / 2 ) 3

5 / 2 + , s W2( d s /2 ) 2 i / 2 + > 97/2(d5 /2)27/2+
conf igura t ions.
The 6 + , 3 + , 4 + , 7+ , 5+ and 2+ states at energies 0, 40.9, 58.7,
78.7 f 113.4 and 334.1 keV are confirmed as the states of the
[ > g 9 / 2 , v ( d 5 , 2 r s / 2 + ] 2 + , 3 + , 4 + , 5+ , 6 + , 7+ mu l t i p l e t .

0094-243X/85/1250382-04 $3.00 Copyright 1985 American Ins t i tu te of Physics
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Fig.2. The 94Nb level scheme from the (n,^) reaction including all
levels of negative parity (for explanations see caption of fig.1)
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The 2" and 3" states at 140.3 and 396.2 keV seem to form the
^7rPl/2'u^5/2^35/2+-' ^" ' ^" doublet. There are some ambiguities
in resolving and confirming the other multiplets. The resolved and
confirmed ground state multiplet on average shows a parabolic
structure of excitation energies with the parabola open upwards.
The deviations from the parabola are pronounced exhibiting a
staggering pattern.
In Fig. 3 we present the experimental and the calculated states of
the [n59/2.v(d'5/2)35/2t] mult iplet. In the f i r s t calculation we use
the lowest order quasiparticle vibrational coupling model and in
the second the delta function reduced by the contribution of the
linear term a, -at as a residual two body interaction.
The parabola resulting from the f i r s t calculation is open upwards
and smoothly varying as a function of angular momentum. The curve
from the second calculation shows a staggering pattern. The
staggering pattern thus appears as a contribution of the higher
multi poles.
The most promising procedure for the future is to take a suitable
linear combination of the contributions of the particle vibrational
and residual two-body interaction. The particle vibrational coup-
ling even in the lowest order produces moderate polarization
charges and accounts for the enhanced E2 transitions and quadrupole
moments, while the residual interaction (higher multipoles)
produces the staggering and the mixing of the multiplets allowing
for Ml transitions and one particle transfer reactions.

1. Nucl. Data Sheets 14, 191 (197.5)
2. I.D. Fedorits, Yu. P. Antufjev, I . I . Zabjubovskii, A . I . Popov,

V.E. Storizhko, Izv. Akademii Nauk SSSR, Ser. Fiz. 40, 1260
(1976)

3. E.J. Jurney, H.T. Motz, R.K. Sheline, E.B. Shera and Jean
Vervier, Nucl. Phys. A l l l , 105 (1968)
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ABSTRACT

The low - lying states,in 13^Çs. have been investigated using the
133Cs(n,Y)134Cs and 133Cs(d,p) ld4Cs reactions. The level scheme is
interpreted by model calculations based on two quasi partiel es coup-
led to a vibrator.

The level scheme of 134Cs7g in the range 0 - 1250 keV has been
established on the basis of the previously known dataj»2»3 and the
present experimental results.The measurements of the Cs(n,Y)
reaction have been made at the High-Flux Reactor of the ILL in
Grenoble with the bent crystal spectrometers GAMS1 and GAMS2/3, the
magnetic beta spectrometer BILL and the pair-spectrometer. The
additional experiment with the Y-Y coincidence spectrometer has
been performed at the WWR-M reactor of LNPI in Gatchina. At the
Brookhaven National Laboratory 5.9 eV and 22,6 eV resonance
neutron-capture has been investigated. The Cs(d,p) Cs reaction
has been studied with the Q3D spectrograph at the tandem
accelerator of the University and Technical University at München.
The resulting scheme of 13j4,Cs79 is presented in Figs. 1 and 2 . I t
includes 63 states 30 of which are new and about 250 secondary
transit ions. The intensity of these transitions sums up to 80 % of
the total intensity of all measured transitions. The total
intensity of transitions populating the ground state is 100 %
within the error of 15 %. From the primary transition energies and

0094-243X/85/1250386-04 $3.00 Copyright 1985 American Institute of Physics



Fig. 1: The Cs level scheme from the (n,Y) reaction including the levels of negative parity. The total
widths of the transitions are proportional to the total transition intensity, whereas the full and open
portions are proportional to the y and conversion-electron intensities, respectively. The labels of the
states have the following meaning:^ e.,cited in (d,p) reaction; + primary transition from thermal neutron
capture state (l'"=3+ or 4+); • primary transition from 5.9 eV resonance (1=3); i primary transition from
22.6 eV resonance (1=3).
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the derived level energies the neutron binding energy was deduced
to be 6891.70 ± 0.13 keV.
An attempt has been made to interprete part of the levels in terms
of quasiproton-quasineutron multiplets*. The negative parity states
at 484(2"), 176.4(3"), 194(4"), 268(5"), 257(6"), 344(7"), 139 keV
(8") and an until now missing 9" state, predicted at about 600 keV,
are assigned to the (7197/2, vKli/2) mult iplet. The states at 840
(3"), 571(4"), 450(5"), 383(6"), 434(7") and an until now missing
8" state, predicted at 400 - 500 keV, are assigned to
the (ndgL, v ^ i i / ? ) multiplet. The average spectroscopic factor
s[7/2 + ( g 7 / 2 , h n / 2 ) j . being ~ u 2 (h 1 1 / 2 ) , yields uj:(h11/2) = 0.169
with use of the experimental value S = 0.22 ± 0.04 J for the well
separated 139 keV (8") state. From the multiplet spl i t t ing and the
transfer reaction data we deduce v^(hj2/2) = 0.831, v ^ g ^ ) =

0.435, v^(d5/2) = 0.427 and the quasiparticle energies E(g7/2) = 0,
E(d5/2) = 199, E (h u / 2 ) = 337 keV.
The positive parity states at 174(2+), 60(3+), 0(4+) and 11 keV(5+)
are assigned to the (irg7/2, ^3 /2) mult iplet, those at 177(1+),
198(2+), 191(3+) and 210 keV (4+) to the (nSf/z, vT3)2) multiplet,
and those at 234 (3+) and 377 keV (4+) to the (irsft«» vs") ) 3+ , 4+

doublet. Here v2(d3 /2) = 0.638, v2(s1 / 2) = 0.799 and E{h'3/Z) = 0,
E(sy2) = 242 keV are deduced.
This classif ication is in agreement with magnetic moments and
magnetic transitions within multiplets but in disagreement with the
observed strong Ml transitions between the multiplets and
strong Al = 2 E2 transitions within the lowest negative parity
multiplet. The spectroscopic factor for exciting the two highest
states of the (n?7/2»

 v^3/2) multiplet is almost twice as large as
expected in disagreement with the classification considered for
this multiplet, indicating much stronger mixing of the multiplets
than anticipated by the lowest order particle vibrational model.

1. Alexeev et a l . , Nucl. Phys. A248, 249 (1975) ; A297, 373 (1978)
2. Nuclear Data Sheets 34, 475 (1981)
3. A.G. Lee and R.G. Summers-Gill, McMaster Accelerator

Laboratory, Annual Report 1980, p. 37; Annual Report 1982, p. 10
4. V. Paar, Nucl. Phys. A331, 16 (1979)
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MULTIPOLARITY OF GAMMA TRANSITIONS IN 140La PRODUCED

IN THE 139La (n,/)140La REACTION

M.P.Stojanovid, J.Simid

Boris Kidric Institute - VinCa, Belgrade, Yugoslavia

K.Schreckenbach, G.Colvin

Institut Laue-Langevin, Grenoble, France

ABSTRACT

The conversion electron lines of La following thermal
139

neutron capture in La were studied by the magnetic spectrometer

and the (n,7) lines by the Ge(Li) spectrometer. Forty conversion
140

lines in La have been measured. The conversion coefficients

of all transitions and the rnultipolarities for some of them were

determined. A new transition of 538.8keV was identified by coinci-

dence measurement.

INTRODUCTION

The doubly odd La has one neutron out of the 82-neutron

closed shell-core and 7-protons out of the 50-proton closed-shell
140 140

core. Previous investigations of La have been studied by Ba
1 2 3

(3-decay , as well as (d,p) and (nj) reaction spectroscopy.

These studies have shown that the low lying states are well expla-

ined by mixtures of two low-lying pure configurations:

(T?1g°7/2V2f7/2; J=0" ,...7") and (uZd°/2Mfy2; J=1~ ,...6"). All

14 states ranging from 0 to about 600 keV excitation energies have
2 3

been confirmed * . A quantitative comparison between experiment

and theory was made using an odd-odd quasiparticle model .

The higher levels in La may contain components of the

configurations: ^^7/2^3/2'' J=2~,...5~) and ffi^.^/pj^'*

J=r,...4~), as was suggested from the (d,p) experiments. Due to

the lack of conversion electron data, unique spin and parity

assignments to these higher states were not possible until now.

0O94-243X/85/125O390-06 $3.00 Copyright 1985 American Institute of -hysi.



Table

Run No. E j ( l ( ) - E ; ( I2 )

(kev) (kev)

exp. shell »£. theor. Hager-Seitzer Mult ipolar i t ies
M1 E2 exp. theor.

M1 E2

28.537 0.17(6) 3.2(12)

1.52(58)

29.9653(2~)-0.0(3~)

34.659(5~)-0.0(3')

29.9653 1.9(7)

34.659 0.29(9)

LI

L2

L1

L2

Ml

M2

M1

M2

2.9(11) L1

3.7(14)x10"1 L2

1.04(38) Ml

2.79(90) L1

4.4(14)x101

6.0(20)xlO

L2
L3

1.02(34)x10' M2

1.57(51)x101 M3

4 318.214(3')-272.314(4") 45.9 0.18(6) 7.8(28)x10"1 L1

v.w. U2
2.4(11)x10"' Ml

103.803(6')-48.865(6") 54.9382 2.0(5) 5.8(16)x10"1 L1
4.1(13)x10"2 L2
1 . 2 6 ( 3 4 ) X 1 0 " ' M 1

5.4(16)x10- ' L1
v.w. L2

6 658.15(3,4)"-601.89(4,5) ' 56.238 0.17(4)

4.51( 0( M1
3.87(-1) M1
2.75(+2) M2
2.31(+1) M2
9.26(-1) M1
8.38(-2) M1
6.16(+1) M2
5.45( 0) M2
3.91( 0)
3.33(-1)
8.0U-1)
2.54( 0)
2.14(-1)
4.68(-2)
4.66(-2)
1.0K-2)
1.12( 0)
9.13(-2)
2.28(-1)
6.57(-1)
5.3K-2)

«.95(-2)

4.64(-1) E1
2.08(-1) E1
9.44(-1) E2
9.94(+l) E2
9.26(-2) El
3.9K-2) El
2.50(-1) E2
3.3K+1) E2
9.52(-1)
7.82(+1)
2.37(-1)
9.52(-1)
3.84(+1)
5.25{+1)
3.18(+1)
1.15C+1)
6.84(-1)
9.79( 0)
1.45(-1)
4.90(-1)
4.11( 0)
9.98(-2)

4.66(-1)
3.68( 0)

M1
L1/L2 7.9 11.7 0.01
L1/M1 2.8 4.9 0.4
L2/M1 0.4 0.4 330
E2

L1/L2 0.06 11.9 0.02
L1/L3 0.05 54.3 0.02
L2/L3 0.73 4.6 0.73

Ml

M1
L1/L2 14.2 10.4 0.1
L1/M1 4.6 4.9 4 .9
L2/M1 0.3 0.4 41.2

M1



Table (Continued)

7 63.171(4")-0.0(3") 63.171 3.8(10) 1.92(52) K 3.52( 0) 4.28( 0) H1
4.0(11)x10"1 L1 4.37(-1) 3.6K-1) L1/L2 12.6 12.6 0.2
3.18(88)x10"2 L2 3.48(-2) 2.10( 0) L1/M1 2.8 4.9 5.0
1.43(39)x10"' H1 8.98(-2) 7.26(-2) L2/H1 0.2 0.4 28.9

8 69.198 0.28(8) 9.1(29)x1O"1 K 2.70( 0) H1 5.5K-1) E1
LI 3.36(-1) H1 5.27(-2) E1
K 3.35(+1) H2 3.43(+1) E2
LI 6.38( 0) H2 2.9H-1) E2

9 162.656(2")-29.9653(2") 132.68 0.21(4) 3.31(79)x10"' K 4.20(-1) 5.22(-1)
v.w. L1 5.2K-2) 4.84(-2)

10 318.214(3")-162.656(2") 155.557 2.3(2) 2.41(34)x10"1 K 2.70(-1) 2.65(-1) H1
3.06(52)x10"Z L1 3.33(-2) 3.0K-2) K/L1 7.9 8.1 8.8

v.w. L2 2.33(-3) 3.08(-2)
11 162.656(2")-0.0(3") 162.656 5.8(6) 2.38(24)x10"1 K 2.38(-1) 2.24(-1) HI

3.03(27)x10"Z L1 2.95(-2) 2.63(-2) K/L1 7.8 8.1 8.5
v.w. L2 2.04(-3) 2.51(-2) K/H1 39.5 39.3 42.8

6.03(54)x10"3 H1 6.05(-3) 5.24(-3) L1/H1 5.0 4.9 50.2
12 771.310(5,4)"-601.89(4,5)" 169.394 0.45(6) 2.44(43)x10"' K 2.13(-1) 2.01(-1)

v.w. LI 2.63(-2) 2.32(-2)
13 272.311(4")-63.171(4") 209.14 0.48(5) 1.14(17)x10"1 K 1.20(-1) 1.26(-1)

L1 1.48(-2) 1.22(-2)
14 322.003(6")-103.803(6") 218.200 9.1(9) 1.07(11)x10"' K 1.07(-1) 1.10(-1) HI

1.22(14)x10"2 LI 1.32(-2) 1.08(-2) K/L1 8.8 8.110.2
v.w. L2 8.57(-4) 6.73(-2) K/H1 24.5 38.5 51.2

4.36(52)x10"3 HI 2.7K-3) 2.15(-3) L1/H1 2.8 4.9 5.0
15 284.634(7")-48.856(6") 235.765 1.3(2) 8.5(13)x10"Z K 8.6*1-2) 8.36(-2) H1

2.00(33)x10-2 L1 i.07(-2) 8.51(-3) K/L1 4.2 8.4 11.0
v.w. L2 6l82(V4) 4.781-3)



Table (Continued)

16 272.311(4")-34.659(5") 237.66

18°

322.003(5")-63.171(4"!

272.311(4")-0.0(3")

3.8(4) 8.1(12)x10'2 K

1.36(21)x10"2 L1

v.w. L2

258.83 0.34(5) 4.6( 10)x10"2 K

272.303 6.5(7) 5.25(75)x10"2 K

8.3(11)x10~'3 L1
,-32.6(4)x10"J HI

601.89(4,5)"-322.003(5") 279.93 0.79(9) 4.97(76)x10"2 K

9.4(19)x10"3 LI

L2

8.50(-2)

1.D5C-2)

6.6C(-4)

6.76(-2)

5.9H-2)

7.29(-3)

1.50(-3)

5.50(-2)

6.77(-3)

4.12(-4)

8.12(-2)

8.31(-3)

4.62(-3)

6.01(-2)

5.09(-2)

5.51(-3)

1.1K-3)

4.66(-2)

5.08(-3)

2.27(-3)

Ml

K/1.1 6.0 8.1 9.8

K 3Q4.85keV addm.

K 310.13keV addm.

20 1054.93(4,5)"-771.6(5,4)" 283.615

21 318.214(3")-29.9653(2") 288.249

22a 467 .505(0-162.656(2") 304.85

23a 912.07(2,3,4)"-601.89(4,5) 310.13

24 389.18

27 769.09(2")-318.214(3") 477.92

28 658.15(3,4)"-162.656(2") 495.80

0.50(6) 5.42(89)x10"2 K

9.0(9) 4.94(70)x10~Z K

5.82(83)x10"3 L1

0.25(4) 2.15(39)x10"' K

0.27(4) 6.26(19)x10"2 K

0.37(5) 2.68(54)x10"2 K

5.3K-2) 4.47{-2)

25 396.94 0.52(7)

26 744.61(4,5)"-322.003(5") 422.63 4.8(5)

2.28(43)x10"2 K

1.58(24)x10"2 K

3.00(38)x10"3 L1

v.w. 12

0.31(9) 2.28(84)x10"2 K

0.87(17) 1.27(33)x10"Z K

5.09(-2)
6.27C-3)

4.39(-2)
4.20(-2)
2.34(-2) M1

8.46(-2) H2

2.23(-2) HI

7.96(-2) M2

1.90(-2)

2.32(-3)

1.24(-4)

1.40(-2)

1.27(-2)

4.25(

4.66(

3.59(

3.41(

5.34(

1.75(

1.65(

1.85(

1.38(

1.55(

4.02(

9.76(

8.84(

2)

3)

2)

•2)

•3) El

•2) E2

•2) E1

•3) E2

-2)

-3)

4)

•3)

-3)

H1
0.04H161.0

H1+469XE2

K/L1 8.5 8.1 9.1

LI 272.303keV addm.

Ml 272.303keV addm.

K/L1 5.3 8.2 8.9

HI

Ml



Table (Continued)

8

29b 601.89(4,5)"-63.171(4") 538.8

30 711.6(2,3,4)'-162.656(2") 548.92

31 601.89(4,5)"-48.865(6") 553.0

32 601.89(4,5)'-34.659(5") 567.3

33 658.15(3,4)"-63.171(4") 594.9

34 658.15(3,4)'-34.659(5") 623.3

35 658.15(3,4)"-0.0(3") 658.3

36 771.71(5,4)"-103.803(6") 667.6

37 771.71(5,4)"-63.171(4") 708.3

38 744.61(4,5)"-34.659(5") 710.4

39 771.71(5,4)'-48.865(6*) 722.8

40 1054.93(4,5)"-63.171(4") 992.1

0.37(8) 9.1(33)x10"3 K

1.1(2) 1.18(25)x10"2 K

0.67(14) 7.5(21)x10"3 K

3.7(7) 9.9(21)x10"3 K

1.1(2) 7.0(15)x10"3 K

0.54(11) 7.2(22)x10"3 K

1.2(2) 7.8(16)x10"3 K

0.63(13) 8.0(21)x10"3 K

1.4(3) 5.2(13)x10"3 K

0.76(15) 6.1(19)x10"3 K

2.4(5) 6.1(14)x10"3 K

0.46(9) 5.6(20)x10"3 K

1.04(-2) HI 2.49(-3) E1
3.19(-2) M2 7.09(-3) E2

9.89(-3) 6.75(-3)

9.7K-3) 6.63(-3)

9.12(-3) 6.20(-3)

8.12(-3) 5.49(-3) •.

7.24C-3) 4.88(-3)

6.34(-3) 4.26(-3)

6.13(-3) 4.12(-3)

5.3U-3) 3.57(-3)

5.28(-3) 3.54(-3)

5.06C-3) 3.40(-3)

2.40(-3) 1.67(-3)

0.62H1+0.38E2

HI

0.38H1+0.72E2
0.0&H140.96
HI
0.524H161.0
0.58H1+0.42E2
O.OHtmiO.82
HI
0.0S4M140.96
HI
0.934M1<1.0
Ml
0.934*1161.0
HI
0.19iM1£0.93
HI
0.3KH141.0
H1

a. When possible addmixtures are cleared off new experimental values are obtanied:-/, ,(272.303) *6.7(9)x10~3,
°L H , (272.303)-1.21 (18)X18'3, ̂ K(304.85)=4.05(74)xt0"2, ̂ (310.13)=3.03(57)x10"2.

b. A new transition of 538.8*0.1keV.

L1(
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RESULTS

In this work the conversion electron lines of 140La following
139thermal neutron capture in La were studied by the magnetic

spectrometer BILL at the Laue-Langevin Institute-Grenoble.
2 2

Two targets of 100 ,u/cm and 800 yu/cm have been used in
the electron energy ranges 20 to 165keV and 150 to 1000keV respe-
ctively. The targets are produced by evaporating LapOg on the
Al foil. The (n,J) lines were studied by the Ge(Li) spectrometer
at the Boris Kidric" Institute - Belgrade.

The results of conversion electron spectra analyses are
presented in the Table. For conversion coefficients determination
in the energy region 20 to 500keV the J-rays intensities measured
by curved-crystal spectrometer have been used. For the energy range
500-1000keV we used our measured /-rays intensities. By comparinge
the experimental conversion coefficients or their ratios with the
calculated from tables the multipolarities for some of the transi-
tions have been assigned. The conversion coefficients were calcu-
lated in such way that the ratio of theoretical and measured K
conversion coefficients for the 162.656keV (M1) and 218.200keV
(Ml) transitions was unity.

The /-/ coincidence were measured by Ge(L1) detectors at the
Boris Kidrie Institute. A new transition of 538.8keV was Identi-
fied by coincidence measurement with the 4559.2keV.
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144Nd, i65I}y AND 175Yb LEVEL SCHEMES PROM
THE (n, Zjf ) REACTION

V.A.Khitrov, Yu.P.Popov, A.M.Sukhovoj, Yu.S.Yazvitsky
Laboratory Of Neutron Physics, Joint Institute fjor
Nuclear Research, Dubna, USSR, Plead Post Office,

P.O. Box 79

ABSTRACT
The (n, 2)f) reaction on thermal neutrons has been

studied by the method of summation of amplitudes of,coin-
ciding pulses from two Ge(Li)-detectors on 143ud, '°*Dy
and 1'^Yb nuclei. Intensities of two-guanta cascades, po-
pulating low-lying levels of '4%d, 1b5Dy, ''->Yb and
^•-transition energies in these cascades have been
deterged H ^ ^ ^ ^ 1 6 5 ^ 174^
( 2 fr) '' Y b t i t h l t t d(n, 2 fr) '' Yb reactions on thermal neutrons were studied
by the method of summation of amplitudes of coinciding
pulses from two Ge(Li)-detectors. More detailed descrip-
tion of the spectrometer and measuring and calculating
methodSare given in refs /'~3'. The investigation has
been performed on the IBR-3O reactor. The example of
the resulting spectrum of the sum of amplitudes of coin-
ciding pulses for the ''^Yb(n, 2 / ) reaction is given
in Fig.1. The peaks corresponding to the registration
of the total energy of two-quanta cascades in two detec-
tors can be seen there. The figures on the peaks are
the cascade energy in kev.

If a spectrum is accumulated from only these ampli-
tude codes, which being summed up with the codes of the
other detector give a certain separate peak of a summary
spectrum, it is called a differential spectrum. The
two-quanta cascades in such spectrum are located sym-
metrically in relation to the spectrum centre. They
correspond to the case of total absorption of / -quanta
energy in the detectors. The method of removing the
background unfluence in summary spectrum /1/ and method
of improvement in resolution without the loss of effi-
ciency' -" were used by processing differential spectra.
The corrected differential spectrum for a total absorp-
tion peak 5266,5 kev is given in Fig.2. Analysis of po-
sitions and areas of separate peaks in differential
spectra permitted to determine the /'-transitions energy
in cascades and the intensity of these cascades. The or-
der of /'-quanta in cascade was defind by comparison of
differential spectra for different final states. If the-
re are f-transitions with equal energy in different
spectra, one may suppose these transitions to be primary
and the population of final states must undergo the same
intermediate state. Correspondingly, the secondary tran-

0094-243X/85/1250396-03 $3.00 Copyright 1985 American Institute of Physics
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sitions to various final states differ in energy by the
difference of excitation energies of final states.

Five differential spectra for total absorption
peaks with energies of 5607, 5556, 5534, 5176, 5142 kev
corresponding to two-quanta transitions to levels with
excitation energy less than 780 kev for '°^By have been
analysed. During the experiment 180 cascades have been
measured and 113 of them have been placed in the level
scheme. The value of 43 level energies with an error
less than 3 kev within 1 . 1 - 4 HeV have been determined.
The 13 new levels have been found at excitation energy
Ef>3025 kev; it could not be accomplished by other
methods earlier.

A total of 155 cascades populating nine low-lying
levels of ''-'Yb with excitation energy Bf <1 HeV have
been determined. Total energies of investigated cascades
are: 5822, 5307, 5266, 5219, 5183, 5010, 4951, 4902 and
483T kev. The obtained level scheme includes 105 casca-
des exciting 33 levels up to excitation energy 3578 kev.
The excitation level scheme for this nucleus has been
defined up to Ef - 2737 kev, and we have determined
14 new levels above this energy.

In 144Kd 39 cascades have been investigated popula-
ting 5 low-lying states with Bf<1570 kev. Total energies
of these cascades are: 7819, 7120, 6504, 6305 and 6256
kev. The above mentioned method of identification of
/'-quanla order in cascade allows one to place 2o casca-
des in a level scheme exciting 12 levels with Ef< 5723,5
kev. We give 18 more states as tentative (we attribute
a larger energy to primary quanta). Seven new levels have
been determined above the excitation energy of 3,5 lieV,
four of them are given as tentative.

Level energies lying above the known level schemes
for all three nuclei are listed in Table 1.

Table 1. Energy of new levels 1^%d, ^Dy and
175yb determined above known level
schemes.

1 4 4 M

3563,7
(3750,1)
(3915,8)
(3931,7)
(4006,4)
5339,9
5723,5

1

3051,2
3123,7
3193,4
3256,3
3379,0
3421,5
3443,1

55Dy
rj 3454

3474
3539
358S
3650
3848

,8
,0
,7
,7
,7
,4

2770,3
2861,3
2877,5
2903,0
3022,6
3159,9
3198,3

75

^ — ———3223,5
3266,7
3327,2
3414,9
3440,3
3545,1
3578,1
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AVERAGE INTENSITIES OP TwO-QUAlTTA CASCADES
III 144ua, T 5 j D y AND 1 ? 5 y b AFTER TIBS CAPTURE

OF TIGRI.IAL NEUTRONS

V.A.Khitrov, Yu.P.Popov, A.I.I.Sukhovoj , Yu.S.Yazvitsky
Laboratory Of Neutron Physics, Joint Institute for
Huclear Research, Dubna, USSR, Head Post Office,

P.O. Bo;: 79

ABSTRACT
Two-quanta cascades in three nuclei are investiga-

ted. The sum of their intensities makes 0,5-0,7 /"/•
The method of summation of amplitudes of coinciding

pulses from two Ge(Li) detectors was used for the inves-
tigation of f -decay cascades of compound states. Some
characteristics of the method used as well as the pecti-
liarities of the method for the improvement of coinci-
ding pulses spectra are described in /1,2/. J?or the
' •'rITd, 165Dy and 1'Pyb isotopes 19 spectra were obtained
from one detector. The sum of amplitude codes of both
detectors were equal to total absorption energy of two
/'-quanta of the cascade between the compound state and
the fixed low-lying state. The probability of populating
the low-lying levels by 2 ^-quanta cascades through any
intermediate state was determined. The data are listed
in Table 1.

Table 1. Experimental 1^ and calculated I'Jy ,
lArr intensities of 2 /"-quanta casca-
des for total energies Bf + E g (S- and
E g being the energies of quanta
forming the cascade).

Compound
nucleus

144,.,
JM

Dy

fkev s

7819
7120
6504
6308
6256

all 5

5715
5607
5556
5534
5176

.__5142
all 6

2t
4+

37
2+

7/2+
1/21
3/2
5/2"., 5/2".
5/2 ,3/2
1/2 j.3,/2

IE
tr

3,7±1,2
32 ±3
7,3j1,4
3,9±1,O
(2,8)

49^7

(1,6)
11,0-1,9
11,5±2,5
9,8-2,3
7,4±2,5

12A1±4A8
.__§4*S

1W

•"/

1,2
5,2
2,2
8,0
1,2

—17x8
0,oo2
2,8
2,6
2,3
4,8

14.6 2

IA

rr
3,8
13,6
5,6
5,7
2,8

31,5
0,02
7,7
6,9
6,4
3,4
5,3
!9,7
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Compound _ , „
f a

nucleus kev

5822
5307

175Yh 5266
10 5220

5183
5010
4951
4902
4831___.

all 9

J*"

7/2"
1/2
1/2
1/2"
5/2
3/2"
3/2
1/2
1/2

2
17
18
9
2
11
2
6
3

,9*0,4
,2*4,0
,1*4,7

,3*1,6
»5*§,9
,3*1,3
,3*3,7

*4=!*2__.

Ji
0,6
3,0
2,8
1,3
1,2
1,5
0,7
1,2

12,7

1,1
7,6
6,9
3,2
2,9
3,7
1,6
2,9

32,3

The comparison of experimental and theoretical
yields of cascades populating the low-lying levels shows
that the experimental data regularly exceed the values
predicted bw,-statistical. theory, especially in case of
'b-?I)y and 'pYb, where the total population through these
cascades of the low-lying levels shown in the table makes
54% and 73% of a total radiative width, respectively.
Spectra from one detector can be calculated /3/ theore-
tically, since the /"-quanta yield for AE., interval
is proportional to:

g
Here A , f represent the initial and final states, re-
spectively; g and h are the intermediate states, f* is
the total (one letter index) and partial (two letter
index) /-width of corresponding levels or transitions.
The number of levels in A "&{ interval excited by primary
trasitions with energies of Ef + (Ef+ AE^O equals n and
in case of Ef * (Bf+AE>0 the number of levels equals
m , where Ef+Es = Ef+Ea', Ef = E s and E s = E £ .
The sum (1) over the energy interval from (Bn-511) kev
to the excitation energy level Ef+511 kev determines
the total cascade yield of two/-transitions. In cases
where energy dependence of partial /-widths is /]J^*E21+1
(1 denotes multipolarity of transition) the resulting

sum is denoted "W" in the Table. Index "A" means that
the lorentg curve has been used for calculating /--tran-
sitions. The dependence of level densities on an excita-
tion energy has been determined by /4/.

The experimental and predicted spectra values can
be compared if their total areas are assumed to be equal.
As the spectra fluctuate and are symmetrical in relation
to their centres it is recommended to compare the increa-
sing sums up to the1fealf of a spectrum. Pig.1 gives dia-
grams of •4zl-iTd and Dy1 spectra, respectively.
Pig. 2 gives diagrams of "->Yb spectra.
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Dots in figures represent experimental values and lines represent

the values calculated by (1). It can easily be seen that spectra de-
pendence for Nd may be described by (1) with sufficient precis
sion._The agreement of experimental and calculated values.fpr Dy
and Yb is a.good deal worse. A more detailed study of Dy spec-
tra has shown that experimental intensity values of cascades pas-
sing through levels with excitation energy of 2-4 MeV essentially
exceed the valueg calculated according to the statistical model.
The result of Yb experiments are similar. In this region of §?ci-
tation energies there exist single particle neutron states 3/2~f512J
1/2" f510j and proton states 3/2~f532] , 1/2" [53o7 for the given
nuclei. The contribution of these components to intermediate levels
structure can result in increasing both primary E1 - transitions
from compound states and secondary Mi-transitions to the low-lying
single particle levels.
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A COMPLETE IDENTIFICATION BY THE PARTICLE-ROTOR MODEL

OF Gd STATES UP TO 1 MeV

A.M.J. Spits, P.H.H. Van Assche
SCK/CEN, 2400 f*ol, Belgium

H.G. Borner, W.F. Davidson, D.D. Warner, K. Schreckenbach, G. Colvin
ILL, 38042 Grenoble Cedex, France

R.C. Greenwood, C.W. Reich
EG&G Idaho, Inc., Idaho Falls, Idaho 83415, U.S.A.

ABSTRACT

Measurements performed at the Institut Laue-Langevin in Grenoble
regarding gamma rayssand conversion electrons following thermal-
neutron capture in Gd together with measurements of 2 keV neutron
capture in the same nucleus at_the High Flux Reactor in Brookhaven
have^esulted in a 100-level Gd scheme. For some 200 transitions
in Gd conversion coefficients have been calculated. This enabled
the determination of transition multipolarities and spin and/or
parity restrictions for many levels.

A Coriolis analysis has been performed which, due to the in-
crease of information regarding level spins, could take into account
a larger number of interacting bands than was hitherto possible, both
regarding positive as well as negative parity levels. In this way
some 95 l°vels including all levels observed up to an excitation
energy of 1 MeV could be identified as to their energies within 30
keV. Good agreement as to other experimental parameters such as life
times and branching ratios, especially regarding the lower-lying
levels, is also achieved by _his analysis.

This paper encompasses an effort to in|gr,raret the results of a
threefold experiment on neutron capture in Gd by an extensive ana-
lysis in the framework of the Nilsson particle-rotor model. These ex-
periments, all performed with high-resolution instruments, involve a
study of 1) the Gd(n ,Y) reaction by the curved-crystal spectro-
meters GAMS 1,2,3 and oair spectrometer of the ILL at Grenoble, 2)
the Gd(n ,e~) reaction by the conversion electron spectrometer
BILL also ai the ILL and 3) average-resonance capture in Gd at
the Sc-filter facility in the HFBR at BNL, Brookhaven.

The results of these experiments can be summarized as follows:
some 450 capture y-rays, 220 of which having known type of multipol-
arity, or in some cases, multipole mixing ratio, were incorporated
in a 100-level Gd scheme up to 1.7 KeV. Spins and parities could
be determined or restricted for many levels and it is believed that
all (1/2,3/2)" states in the relevant region were observed.

This experimental set of levels was subjected to a theoretical
interpretation on the basis of the nilsson particle-rotor model. In
principle, the calculation was carried out the same way as performed
by e.g. Tuurnala in his description of low-lying states in Gd,

0094-243X/85/1250403-03 $3.00 Copyright 1985 American Institute of Physics
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except that a larger number (33) of interacting bands was included in
the analysis as well as that some levels were interpreted differently
as compared to previous work. As a starting point, the set of single-
particle levels belonging to the N=4,5 and 6 oscillator shells were
calculated. The potential parameters K and v> were assigned the shell-
independent values of K=0.0637 and v=0.43?, the deformation parameters
e and e were initialized at values of £ =0.20 and £»=0. A BCS cal-
culation was performed on this set of states, in which each state
succesively was blocked. A value of X=52.0 MeV for the Fermi level
resulted. Now for each orbital the single-particle energies were al-
lowed to vary such as to minimize the residues. Common inertial para-
meters A=h /2I were adopted for the set of positive- and negative-
parity states (A=13 and 19 keV, resp.) with an exception for the
ll/2~(505) band for which a value of A=16 keV gave the best fit to
the data. Also other parameters such as the decoupling parameters were
varied. A coupling of the 5/2 (523) and the 3/2 (532) bands expressed
in a matrix element of 80 keV was taken into account in order to rep-
roduce the correct order of the second 3/2 and 5/2 levels (129 keV
and 110 keV, resp.). The set of bands was extended step by step to
bands further away from the Fermi level to finally include 18 and 17
for positive- and negative-parity states, resp., with the constraint
that the order of the bands should be preserved as much as oossible.
In order to account for an observed shift in energies between single-
particle levels originating from the N=6 and N=4 shells, and to fur-
ther improve the overall agreement for N=5 shell levels, an "offset"
of 460 keV each was introduced between N=5 and N=6 as well as between
N=4 and N=5 shells.

After that, in the first calculation the deformation parameters
e and e and the Fermi level X were allowed to vary to reproduce the
latter set of single-particle energies centered around the Fermi
level as closely as possible. This cycle was repeated several times,
finally resulting in values of e =0.225, E =-0.016 and X=51.7 MeV.

In such a way, all states observed up to ̂ 1 MeV (including a few
high-spin states from other reactions) could be identified as to
their energies within 30 keV. With the given configuration- a few
5/2 levels were predicted, but not observed, however. On the average
other physical quantities such as life times and branching ratios are
surprisingly well reproduced, especially for the lower-lying levels.
These results will not be reproduced here.

The final results are shown in Fig. 1. It is seen that there
exists nice agreement for levels not far from the Fermi surface, but
for levels further away a compression effect, which has been observed
earlier, e.g. in ref. ), becomes apparent. It will be the subject of
future investigations in how far the new features of the model will
be reproduceable for other nuclei.
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SINGLE PARTICLE AND VIBRATIONAL BANDS in 155Gd, 161Dy, and 163Dy
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Physik-Department, Technische Univers i tat Miinchen, D8046 Garching,

Germany

H.G. Bb'rner, S.A. Kerr, K. Schreckenbach, F. Hoyler, G. Colvin
Institut Laue-Langevin, F38043 Grenoble, France

R.F. Casten, D.D. Warner, W. Kane
Brookhaven National Laboratory, Upton, New York, 11973, USA

Abstract

The nuclei 1 5 5Gd, 1 6 1Dy and 1 6 3Dy have been investigated by
means of the (n,y), (n,e) and transfer reactions. Level schemes
have been constructed up to about 1.5 MeV , which include spin
and parity assignements for many levels. New rotational bands
based on single particle states (Nilsson) as well as on
vibrational states have been identified. The results are
discussed.

I. Introduction

Though the low lying levels of odd-A nuclei are well
understood, due to the increasing level density and to increasing
configuration mixing the available information decreases rapidly
with increasing excitation energy. In particular, not many
vibrational excitations have been identified. A combination of
the non selective (n,f) reaction and the selective single
particle transfer reactions using high resolution instruments
allows the extension of the level schemes up to 1.5 MeV and the
identification of the main cofigurations for many levels.

II. Experiments

Primary and secondary 7-rays following thermal neutron
capture have been studied at the ILL, Grenoble, using the pair
spectrometer1 and the crystal spectrometers GAMS2. Primary
•y-rays following average resonance neutron capture (ARC)3 with
2 keV and 24 keV neutrons4 have been measured at the BNL,
Brookhaven. The (n,e) reaction has been studied at the
spectrometer BILL5 at the ILL. (d,p) and (d,t) spectra have been
recorded at the Q3D Spectrograph6 at the Munich Tandem
accelerator with deuteron energies of 14 MeV and 20 MeV.

III. Results and Discussion

From these extensive experimental data, level schemes have
been constructed up to about 1.5 MeV , which are rather complete
in the spin region 1/2 to 5/2 up to about 1 MeV and include spin
and parity assignements for many levels. About 15 rotational

0094-243X/85/1250406-04 $3.00 Copyright 1985 American Institute of Physics
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bands in each nucleus could be identified, which are based on
single particle excitations {Nilsson) as well as on vibrational
excitations coupled to single particle excitations. The
rotational bands are shown in Fig. 1 and Fig.2 for 1 5 5Gd, in Fig.3
for 1 6 1 Dy and in Fig.4 for1'3 Dy. As can be seen from Fig. 1 and
Fig.2 most of the levels are populated in the (d,p) and the (d,t)
reaction. Similar patterns of the population of the members of a
band based on a vibrational excitation and the members of a band
based on a single particle excitation indicate mixing between the
two configurations and allow the approximate determination of the
degree of the mixing. For example, the {3/2~[521]-2 } band in
155 Gd is estimated to have an admixture of approximately 20% of
the 1/2~[521] band. Fig.5 and Fig.6 show a comparison of the
band head energies with the predictions of Soloviev et al.7 for
155 Gd and 163 Dy, respectively. Fig.7 and Fig.8 show the
systematics of the band head energies of the bands based on
Nilsson configurations for the odd Gd isotopes and the odd Dy
isotopes, respectively. Remarkable is the similarity even in
details (for example, 5/2~[523] band and 1/2"[521] band).

' "Gd

d parity rotational bands

" *

5/? -f « m 335 IBS *J|

,2-l l 'MH
312-15321

Fig. 1

-(I3l2*t65lj-2*UV2*[«1H

(vcn parity rotational bands

2 M/2'[6S!M3/2*I6SU-2*}J

0 .0 L S/2-
3/2*16511

Fig. 1 and Fig. 2

old level
new levelFig. 2

Rotational Bands in l s sGd. The numbers above
the levels are the (d,p) (left number) and
(d,t) (right number) populations in ub/sr.
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Fig. 5 and Fig. 6 Comparison of the band head energies in
1 5 5Gd (Fig. 5) and 1 6 3Dy (Fig. 6) with
the Theory of Soloviev et al.
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Fig. 7
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Fig. 8

Fig. 7 and Fig. 8 Systematics of the band head energies in the odd
Gd- (Fig. 7) and the odd Dy- (Fig. 8) Isotopes.
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INVESTIGATION OF INTER- AND INTRABAND TRANSITIONS

OF THE Og, 2*, 0* BANDS IN 156Gd

F. Hoyler, K. Schreckenbaeh, H.G. BSrner, G. Colvin

I.L.L., F-38042 Grenoble, France

ABSTRACT

A search for inter- and intraband transitions of the 0~,

2^, 0, bands in Gd was performed by means of the

Gd(n,^) .^action. The curved crystal spectrometers GAMS

1,2/3 and the conversion electron spectrometer BILL at the

I.L.L. high flux reactor were used for this investigation.

A sensitivity of 3 1o" per neutron capture at 1oo keV

transition energy was obtained. With this sensitivity it

was possible to measure the ratio of the B(E2)-values of

the 2y-0p and the 2̂ .-0 transition as

B(E2,2(y-0p)/B(E2,2?-0 } = 0.97(50). This result is in good

agreement with the prediction of the IBA for deformed

nuclei,

served.

nuclei. An E0 branch from the 0, to the 0 2 state was ob-

INTRODUCTION

The Gd(n,y) reaction has been extensively studied by

Backlin et al. using a curved crystal spectrometer, Ge(Li)

detectors and an electron spectrometer. This study resul-

ted in a level scheme comprising more than 50 levels up to

2.3 MeV excitation energy. Particularly the low spin mem-

bers of the 0* band (p band) at 1o4"9 keV, the 0* band (i-

band) at 1168 keV and the 2^, band ( y band) at 1154- keV are
1 56well established. From the theoretical point of view Gd

is the widely used example of the almost complete realisa-

tion of the SU(3) symmetry in nuclear physics. On the other

hand there are also investigations on configuration mixing

in an extended IBA frame to explain the occurence of the

low lying 0^ intruder band, which cannot be explained in

the conventional IBA model?

0094-243X/85/1250410-04 $3.00 Copyright 1985 American Institute of Physics
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EXPERIMENTAL PROCEDURE
•ice

The (n,jf) reaction on Gd was measured using the 5.6m

bent crystal spectrometer GAMS1 for the low transition en-

ergies. Due to the prior knowledge of the level scheme it

was possible to measure specific lines with very high sen-

sitivity (3 10" /per capture at 1oo keV). The targets con-

sisted of 5 mg highly enriched 155Gd (99.8$). In the high
1 ^ 2 1 1 5 5flux ($ = 5.5 1o
g

1^n

y
ncm~2s"1) the half life of 155Gd was

157about 24-h, including self shielding. The impurity of - Gd

was burned-up much faster. The conversion electrons were

measured using the p- spectro-

meter BILL. The half life of

the 90 /*g/cm Gd targets was

in the flux of 3.3 1 o 1 4 n
2 1

E6(keV)

about 17h. Fig. 1 highlights

the enormous complexity of the

electron spectrum and the high

sensitivity of the measurement.

The steep increase of the back-

ground to the low energies is

due to the strong 89 keV tran-

sition (2 -0 ), which masks
g g

several of the interesting

transitions.

Fig. 1 Part of the electron
spectrum measured with BILT,

RESULTS AND DISCUSSION

The measured inter- and intraband transition „• summa^

rised in Fig. 2. The assignment is based on energy consi-

derations and the comparison of the jp - ray intensities

with the electron intensities. Due to the high density of
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of the spectrum, interference with transitions between

other high lying levels cannot be excluded.

1507
-f -1463

1355

1297
1258
1248

_ J -̂1168
1154
1129

1049

BJ keV)
156Gd

156,
Fi~_. 2 Summary of the measured transitions in J Gd
Tfvtensities in quanta/1 (^captures with errors in percent)

Intraband transitions

Except the 2.-0. and the 3t- 2* transition, which are in

the vicinity of the very strong 2 -0 line, up to spin 5

all possible transitions have been observed. Several of

these transitions have already been placed in the previous

measurement . From the ICC the E2 character of most of

these transitions could be confirmed.

Interband transitions

Great care was taken to measure the transitions between the

v1- and (3 - band. The 2,,-On transition at 104.6 keV (Fig.f)

could be seen in the GAMS and the BILL measurement with

consistent intensities for a pure E2 multipolarity. The

branching ratio
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was found to be 0.97 (50). This result is in agreement

with the prediction of the IBA in a consistent Q frame-

work. In this model values between 0.7 and 1.1 are cal-

culated for deformed nuclei. The U--Ua and the i.-2a tran-

sitions were already tentatively placed . Their E2 multi-

polarity found in this measurement confirms this placement.

The limit for the 2^-0p transition was taken from the GAMS

measurement. A possible candidate for the 2.-2), transition
l o

could only be seen in the electron spectrum (Fig.1). The

4n-2v. transition was already measured in the study of Back-

lin et al. . The intensity of the electron line seen in

our measurement is consistent with E2 multipolarity. The

EO transition 0.-0n at 118.7 keV is relatively strong

(I =0.18 /1o captures) and no transition is found at this

energy in the ̂ measurement. The measurement of the 0.-0

EO transition enabled us to determine the branching ratio

B(E0,0i-0 )/B(EO,CL-Op)=0.021 (6). Thus the E0 branch to

the On state is strongly dominating over the E0 transition

to the ground state.
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ENERGY LEVELS OF 164Dy FROM THE REACTION 163DY(n,Y)

T.J.Al-Janabi, A.K.Mheemeed, S.S.Kamoon and S.T.Ahmed

Department of Nuclear Physics, Nuclear Research Centre,
Tuwaitha - Baghdad - Iraq

ABSTRACT

The nuclide 161lDy has been studied by several reactions and
results up to September 1973 were summarised by Buyrn1. There has
also been a recent investigation using (n,n'y) reaction2, gamma-
gamma directional correlation measurements following thermal
neutron capture3 and average resonance capture1* measurements.

The present measurements were carried out using the thermal
neutron beam of the IRT-5000 reactor in Baghdad5. The I63Dy target
used in these measurements consisted of 2g of Dy2O3 enriched to
92.8% in 163Dy. The 4.5% impurity of 1GltDy represents a capture
probability of 49.9% due to its large cross-section. Therefore, a
separate lel>Dy target enriched to 96.99% 1G11Dy has been studied as
well.

The y-rays following thermal neutron capture in 163Dy target
have been investigated with a Ge(Li) detector operated in anti-
Compton and pair modes. Gamma radiations in the energy range from
966.0 to 5195.9 keV were investigated for the first time. The
present measurements have also provided accurate values for the
high energy y-transitions with precision better than 0.6 keV using
the intense lines of 36C1 for the energy calibration6. Approxi-
mately 320 y-rays were observed out of which, 113 were attributed
to the reaction 163Dy(n,Y)161fDy and 70 have been incorporated into
the level scheme of 161*Dy with 29 excited states. The remaining
207 Y-transitions were ascribed to the reaction 161fDy(n,Y) 1GSDy.

Table I shows the level energies obtained from the present
investigation. Energies close to 1809.9, 1949.4, 2078.3, 2124.5,
2152.4, 2207.6, 2348.2 and 2531.2 keV have not been observed in
thermal neutron capture studies prior to the present work. The
present results were compared with the previously published values
of Warner et al.1* and the agreement was found to be satisfactory.

The neutron binding energy was determined to be 7657.68(11]
keV where the error is statistical. This value is consistent with
the value 7655.3(13) keV of ref.(l).

0094-243X/85/1250414-02 $3.00 Copyright 1985 American Institute of Physics
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Table I Levels in Dy from the Dy(n,y) Dy reaction

Level energy

keV

Level energy

keV

Level energy

keV

73.64(10)
242.50(15)
501.54(20)
762.22(11)
828.57(13)
916.56(13)
976.99(13)
1024.78(42)
1039.83(16)

1123.36(18)
1226.02(21)
1588.59(41)
1716.15(16)
1796.64(14)
1809.98(30)
1840.60(17)
1921.49(31)
1933.40(15)
1949.38(32)

1979.32(15)
2078.30(21)
2124.49(34)
2152.36(18)
2207.62(31)
2248.55(28)
2348.25(44)
2459.60(17)
2531.18(16)
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THE LEVEL SCHEME OF 166Dy OBTAINED BY DOUBLE NEUTRON CAPTURE

S.A. Kerr*, F. Hoyler, K. Schreckenbach, H.G. Borner, G. Colvin
ILL, F38042 Grenoble, France

P.H.M. Van Assche, E. Kaerts
SCK-CEN, B24OO Mol, Belgium

ABSTRACT

The level scheme of 66^y has been obtained from measurements of the
gamma rays and conversion electrons from the '°^Dy(2n,Y) Dy reaction.
The Y~vibration bandhead occurs at 857.151(12)keV and the neutron separa-
tion energy of 166Dy is 7043.5(4)keV. The results of this work show that,
within the systematics of the even-even Dy isotopes, maximum deformation
occurs at N = 98 (A = 164).

INTRODUCTION

The level scheme of 66Dy has been investigated by the two-neutron
164capture reaction on a target of isotopically enriched 164uy. As far as

the authors are aware, no information exists on the excited states of
'°&Dy apart from the preliminary results of this study which have been
reported previously^. This nucleus is of particular interest since it
is the most neutron rich Dy isotope studied to date and therefore extends
systematic investigations of such features as nuclear deformation further
from stability and nearer to the middle of the N = 82 to 126 neutron
shell.

EXPERIMENTS

The double neutron capture reaction provides one of the few possibi-
lities for the study of 166Dy :

164Dy 2700b - 5Dy 3900b

I
2.35h

1*4 63b

The 3-decay of Dy competes with the double capture process. In a
constant neutron flux, $n, and in saturation of the 2.35h activity, the
double to single capture rate is proportional to $2. xhis strong <Jn
dependence implies that it is only feasible to observe 166]jy t,y irradia-
tion in a high neutron flux facility. However, the spectrum of gamma-
rays from such an irradiation, even with an isotopically enriched (95.7%)
'°^Dy target, is extremely complex, with contributions from several
different isotopes present either as target impurities (e.g. 161,2,3py)

A

Present address : Physics Department, University of Surrey,
Guildford, Surrey GU2 5XH, U.K.
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or as reaction products (e.g. 16^'°Ho, 1 6 6 > 7 E r ) . A series of experimen-
tal techniques have therefore been employed in order to unambiguously
assign observed lines to IG^Dy .

1.) Signals from multiple capture or decay reactions can often be
identified by their particular time-dependent intensity behaviour
during irradiation. Fig. 1 shows this behaviour for a number of the
more dominant processes in this study. However, difficulty arises in
differentiating 165Dy from 166ny since, due to the short half-life of
I65uyj td e si ngi e and double capture rates reach secular equilibrium
within •<< 1/2 day, after which time they both burn-up in an identical
manner. Nevertheless, this time dependence has been observed with the
conversion electron spectrometer, BILL (<J>n * 3 x 10'^n cm"

2s~1) at the
ILL by repeatedly cycling, with a 24h period, a '6^Dy target between
the in-pile measurement position and a low-flux 'cooling1 position.

2.) Such time-dependent measurements are not possible with curved-
crystal spectrometers (CCS) due to the longer time required for target
adjustments before measurements can commence. Therefore gamma spectra
were measured at CCS facilities with substantially different neutron
fluxes, namely GAMS 1 ,'2,3 at the ILL (i)>n -\- 5.5 x 10'^n cm~

2s~1) and
at CEN, Mol (<(>n ̂  2.7 x 1013n cm" 2s~ 1). The double to single capture
rates in 16^*Dy at these two facilities were approximately 0.025 and
0.0013, respectively, as shown in Fig. 1, with the result that all gamma-
rays from 166uy were below the sensitivity limit of the Mol instrument.
Thus comparison of spectra from these two measurements enabled a number
of gamma lines to be assigned to 166Dy.

3.) Finally, the primary gamma-rays from a '°^X)y target were
recorded with the ILL pair spectrometer. The difference in neutron
binding energies (̂  1.3 MeV) between 165Dy and 166Dy enabled several
primary transitions to be assigned to 1&6Dy.

RESULTS

Results from these experiments have permitted the construction of a
level scheme for '65Dy, which is summarised in Table 1. The level scheme
comprises the ground state rotational band up to spin 6+ and the rota-
tional band built on the y-vibration up to spin 4 +, together with the
capture-state. The reported intensities have been normalised to a total
transition intensity of 1002 for the 76.6 keV 2| •* 0| transition. All
measured conversion coefficients or L-subshell ratios are consistent
with pure E2 multipolarities. The neutron binding energy of '6(>Dy has
been determined as 7043.5(4) keV which is in agreement with, and improves,
the earlier Wspstra value2.

DISCUSSION

Fig. 2 shows the ground state band energy systematics of the even-
even Dy isotopes. The ratio E(4J)/E(2J) shows '^Dy t o be a well-
deformed rotor, as expected, whilst the behaviour of the 2* energy
demonstrates that maximum deformation occurs at N = 98 (A = 164)1 which
is before the neutron shell N = 82 to 126 is half-filled.
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Fig. 1. Multiple
neutron capture in a
J64Dy target calcula-
ted for different
neutron fluxes
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MassIA)

Fig. 2. Systematics of even-
even Dy-isotopes showing that
maximum deformation occurs at
N - 98 (A = 164)
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Fig. 3. "Mikhailov plot" of the
relative reduced transition
probabilities from the -y-b
to the g-band in '66



419

Finally, consideration has been given to the observed branching
ratios of the y -»- g transitions and their deviations from the simple
rotational values as predicted by the Alaga rules. A Mikhailov plot
(Fig. 3) has therefore been made of those branching ratios which could
be obtained from the level scheme. These data fall on a straight line,
within the errors, the slope and intercept of which can be used to
extract the single parameter, Zy, commonly employed as a measure of
the AK = 2 band mixing effects. For the case of 166Dy, Zy was found
to be 0.026 (12), which, in the context of the systematics of the rare
earth nuclei^, is consistent with a maximum Zy at the mid neutron
shell and is indicative of weak y-g mixing. The slope of this line was
compared with the prediction of the IBA in the exact SU(3)-limit using
the analytic expressions for E2 transitions given by Van Isacker^. As
for '68gr the model underestimates the experimental value. The discre-
pancy is due to the over simplified exact SU(3)-Hamiltonian as has
been shown in a numerical study of this problem^.

Table 1 ; Sutcmary of Che level scheme of

g.s.-band
76.583(1)

253.514(7)
526.942(12)

•y-band

857.151(12)

928.711(19)

1023.391(19)

capture state

7043.5(4)

J*

i"
i*

6*

2*

4 +

3,4"

E (keV)

76.583(1)

176.939(1)

273.438(2)

857.148(35)
780.566(11)

852.118(9)
675.198(21)

946.781(61)
769.902(12)

6968.0(10)
6789.6(4)

I
y

12

30

7.4

8.5
6.7

17
2.7

3.8
7.2

I r e l .

0.4
1.0

L,/L2
exp. theor.(E2)

.095(12)

.56(2)

1.04(8)

35.35(360)
43(5)

37(4)
64(11)

24(4)
50(5)

1

.091

.56

.13

10-*)

43

36
60

29
45

norm.

Transition
g - • «

2

4

6

Y

2

3
3

4
4

c

c
c

•» 0

• 2

» 4

•» 8

» 2

-i- 2
* 4

* 2
• • 4

* g
•)• 2

~ 4
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Brookhaven National Laboratory, Upton, Long Island, N.Y., U.S.A.

G C Colvin and K Schreckenbach
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ABSTRACT
The L subshell ratios of four y-g transitions in ieoEr have been

measured with the high resolution, iron, 0-spectrometer at the
Institut Laue-Langevin. The reduced M1-E2 mixing ratios are not
consistent with the values predicted by Warner on the basis of
IBA-1. It may be possible to explain the results in IBA-2 in terms
of the £K=1 mixing of the gamma-band and the pure antisymmetric
states such as the 1+ isovector mode.

Ml transitions in even-even nuclei are forbidden in the simplest
form of collective models because the leading term of the collective
Ml operator is proportional to the total angular momentum, which is
a good quantum number. Such transitions are observed however in the
decay of the gamma band in deformed nuclei. To date their origins
are not fully understood.

Schreckenbach and Gelletly^1) studied the Ml components in the
intraband transitions within the gamma band of 1O8Er by measuring
the L subshell conversion line intensity ratios for these
transitions. A comparison with the less precise measurements on
neighbouring nuclei revealed that the experimental E2/M1 mixing
ratios for the AI = -1 transitions within the y-band are remarkably
constant in the even-even, rare-earth nuclei. On the assumption
that IBA-1 gives the E2 decay rates for levels in the y-band Warner
et al<2> showed that B(M1) x 8 x 10~* s.p.u. for all these Ml
transitions. The constancy and small size of these Ml components in
a range of nuclei argue, that these transitions are collective.

On the basis of these measurements of mixing ratios in intraband
transitions Warner^3) derived values of

0.835 E (MeV)

for the y-g transitions in a series of rare-earth nuclei on the
assumption that the Ml matrix element is effectively proportional to
the E2 matrix element. Overall he found passable agreement with
experiment although the errors on the experimental values, which are
mainly derived from angular correlations, are large. y-y
correlations are a powerful tool for measuring spins, parities and
mixing ratios but they are subject to systematic errors and
ambiguities where the spectra are complex.

0094-243X/85/1250420-03 $3.00 Copyright 1985 American Institute of Physics
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Appropriate sections of the conversion electron spectrum from
the xe7Er (n,e~) iaoEr reaction were scanned with the BILL
spectrometer. The target (3 x 10 cm) consisted of = 100 fxg cm"2

enriched ie7Er evaporated on to an Al backing. A ten wire
proportional

Fig. 1. A section of the 18*Er (n,e~) 16BEr spectrum.

counter was used to detect the electrons. Each set of lines was
scanned at least three times. An example of a section of the
spectrum is shown in fig. 1.

Fig. 2. A fit to the L lines of the 815.99 keV, 3+
y_2

+
g transition

Fig. 2 shows a fit to the L Lines of the 815.99 kev, 3+y>2+g
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transition. In all it was possible to extract L subshell ratios for
four of the y-g transitions studied, overlapping lines, identified
from our previous, extensive studyf*) of this reaction, interfered
in the other three cases.

RESUIJTS

The results are summarised and compared with previous results
and Warner's predictions in Table 1. in the only case where A hail
been measured previously with high precision the agreement is
excellent.

The measured values are Ie3s than half of Warner's predicted
values, which suggests that we require a more sophisticated
description of the Ml matrix element in IBA-1.

A better explanation may be found in IBA-2, where neutron and
proton degrees of freedom are included explicitly. Here HI
transitions result from admixtures of states which are not fully

TABLE X symmetric
with respect

Preliminary results of measurements of H1-E2 mixing to the
in gamma-ground transitions in iBeEr. neutron and

z A(E2/Ml) proton
ij. If IBA Previous expts.3 Present work degrees of

freedom.
These
admixtures
depend on
the
positions of
the pure
antisymmetric
states. A
principal
component of
any
admixture in

the rare-earth nuclei is expected to be the 1+ isovector mode which
was recently identified <s> in iS0Gd. If this state is fairly
constant in energy in the rare-earth region it would explain the
observed constancy of the Ml components in the y-band, intraband
transitions. At the same time the observed Ml components provide a
clue to the portion of the I4" isovector mode.

2+ -

3+ -

3* -

4+ -

5+ -

5+ -

6+ -

2+

2+

4+

4+

4+

6+

6+

-26

-25

-18

-13

-14

-11
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.5*1

.0*1

.1*0

.8*0

.2*0

.9*0

.6-0

.0

.0

.7

.5

.5

.5

.4

IA| > 140

+24.7+J;?

-9.3*0.6

-164±S*
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—

—
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9.

5.
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A STUDY OF THE LOW-LYING STATES IN 1 7 8Hf THROUGH THE
NEUTRON CAPTURE REACTION

A.M.I. Haque, R. Richter, A. Gelberg, I. Forster, R. Rascher and
P. von Brentano, Institut fur Kernphysik, Universitat Koln, FRG
H.G. Borner, K. Schreckenbach, S.A. Kerr, G. Barreau and R.
Brissot, Institute Laue—Langevin, Grenoble Cedex, France and
R.F. Casten and D.D. Warner, Brookhaven Nat. Lab. ,Upton,N.Y., USA

The decay of the low-lying states of 178Hf was investigated
using: (1) High-resolution curved crystal spectrometry of the
secondary Y-rays using the GAMS-1 and GAMS 2/3 facilities at the
ILL, (2) Measurements of the secondary (n,e~) transitions using
the Electron Spectrometer BILL at the ILL, (3) Measurements of the
primary Y-transitions following thermal neutron capture with the
pair-spectrometer at the ILL and (4) Average Resonance Capture
(ARC) measurements at the neutron energi •> -f 2 keV and 24 keV,
using the tailored beam far.ilities at BNL

A level scheme including 69 levels and 270 transitions up to an
excitation energy of 2.1 MeV was constructed. Most of the levels
were ordered in 18 different rotational bands. The levels assigned
to rotational bands along with the deexcitation modes of the

178,•y-band (inset), are displayed in Fig. 1. The level scheme of
seems Co be complete below 2 MeV for spins between 2 and 5.

In order to determine which, if any, of the numerous 0 bands
are collective, approximate absolute B(E2) values to the ground
state band were estimated from the measured inter to intra band
transition intensities using the plausible assumption that the
intraband intrinsic matrix elements were similar to the ground

Hf

MeV

2J0-

1,5

1.0-

05-

0.J

-6*

— 4*

—6*
—V

— (T-5-—C-C— E
t* — 5" — AI—2* — 2*—<

-3:=rf=w^
—8*

(* = f i-K"2*
K = 0
. K =2- K V Sir

I/T-^-K ~2

- 6 *

-C

— 2*

— 0*

K"=0*

- 169t.1 6*

- 1533,2 S*

-13845 «'
- 126B3 3*
-1)74.6 2*

• 63£2 6*

-306.6 C

- 93,2 2*
- 0. 0*

Fig. 1 Experimental rotational bands in 178Hf (inset;-y-.band decay)
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'Bible - 1 ESTIMATED WSQWTE B(E2) VMJUES (IN H.U.) FOR TMNSITICNS FflCM

EXCITH) K=0+ BANDS IN 1 7 8 H f TO THE GROUND SEME BANE?'

I £ — I £ 1199 keV Band 1434 keV Bana 1443 keV Band 1500 keV Band

2 + - > 0+ 0.0032(4} 0.00084(7)

4+ -» 2* 0.124(28) 0.0218(22) 0.0033(4)
4+ -» 6* 1.243(75)
6+ -> 4* 0.019(2)
6+ -» 8* 0.195(16)

< I . K = O | | E 2 | | I >
a ) <Ig||E2|!lg-2>Intr,a in W.U.

<I.K=0||E2||lfK=0>Intra

band. The results are shown in Table-1. It is apparent that the
only candidate for a B-band is the band at 1199 keV.

The extensive nature of the data provides an opportunity for a
detailed test of the IBA model . The Consistent Q Formalism
(CQF) (Ref. 2) was used. The Hamiltonian has the form

H = - HQ.Q - K' L.L

- 2

-1

-0

MeV

M<?V

MeV

8*-

6*

4 +

2*
a*

EXP.

4+

2+

ELL=B

—

IBfl-I

HF-178
0175 X =-0.842

6*

5+

4+

3*
2*

EXP.

6*

5*

4*
3*

IBfl-I

QQ= -0.03635

6+

4+

EXP.

S*

4*

2+
8*

IBfl-1

Fig. 2 Energy fit for the ground state, T and fl bands (for
X—0.62, the IBA-energies of the beta-band lie ̂ 200 keV higher)
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'Bible - 2 UUUtf PROPERTIES UP HIE GMHA AND BEDi BANDS IN

I (rel.)a>
r

B(E2)

Expt.

B(E2)

Alag» X —0.62 X —0.842

H7«.6 0.0

93.2

306.6

93.2

306.6

9J.2

306.6

1174.6

306.6

632.2

1268.S

306.6

632.2

1384.5

"5-0

3J.2

•£.0

100 100

145+20 143

9.3411.3 8

100 100

5618 40

0.82U0.162 1.55

4.5610.84 4.56

100

4.3310.78

3.8710.75

100

0.53110.10 0.93

3.45±0.63 3.45

100

6.7S

3.87

100

178

13.2

100

63.4

0.888

4.56

69.4

3.29

3.87

130.1

0.362

3.45

102.9

100

168.2

11.6

100

57.2

1.033

4.56

174.5

3.86

3.87

347.1

0.473

3.45

256.6

0.0

93.2

306.6

93.2

306.6

632.2

1276.7

632.2

1058.6

1450.4

0.1710.01 0.38

c> 0.56

1 1

O.O63±0.O04 0.63

c l 0.57

1 1

0.1034O.010 (0.27i0.03l*103 5.58*103 21.6M03

0.28710.041 c l 0.59 0.009 0.005

O.O411Q.OO4 1 1 1 1

1.O25JO.U62 (2.12j0.29)*103 S.41«103 18.8*103

0.29

0.342

1

0.352

0.127

1

0.30

0.350

1

0.3B7

0.125

1

a) Normalised to 100 for L, (2+ -s> 0+)
b) For X—0.62(-0.842); ELL-0.01378(0.0175),QQ—0.0463(-0.03635)
c) For A1-0 transitions the Ml components could not be extracted

Trv t ( g) t<\, ( ?)
where Q - (s d + d's) +x(d'd) ". The corresponding parameters
for the IBA code PHINT1 (ref. 3) are Q Q — 4 x, ELL—2>T. The E2
transition operator is TCE2)»aQ, where a determines the absolute
scale. Xvaries from -v7/2to 0 associated with the symmetry
limits SU(3) and 0(6).
Two calculations were performed. 1) X » -0.62 : this gives the
best results for the relative B(E2) values for the inter and
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3 O.Ot

0.02

~T 0.01 •

-10 0

IflIfD-IilIi.1]

0.0

On—g Transifions in 1

x = Experiment

• =IBAIX=-0.M2)

-30 -20 30 1.0-10 0 10 20

1,11,.11-Ijttj-il

g and C —>g transitions. TheFig. 3 Mikhailov plots for the T
straight lines are least square fits to the data and the IBA

intraband transitions for theT -band. 2) X = -0.842 : this gives a
straight line on a Mikhailov plot of ~i —•" g transitions which
is identical to the experimental one.The wave functions depend
only on X .x and ** were required to fit the excitation energies
only. The energy fit is shown in fig. 2 for calculation 2. Table 2
gives the results for B(E2) values and fig. 3 gives Mikhailov
plots for the y —* g and J3 — > g transitions. The results show
excellent agreement for the ground and y -bands, qualitative accord
for the energy of the lowest 0 band, and little or no agreement
for the B(E2) values of this band. Both the data and the IBA
calculations for this band suggest that its decay is more
complicated than can be accounted for by simple 2-band mixing.
From the T -* g Mikhailov plots one can extract the following
values for the bandmixing parameter Z (ref. 4) :

Z T : Exp. 0.0249(17) ;IBA: 0.0249 (x =-0.842) & 0.0314 (x =-0.62)

The experimental value is consistent with regional systematics .

* Work supported in part under contract DE-AC02-76CH00016 with
the United States Dept. of Energy. Work supported by the
Ministerium fiir Wissenschaft und Forschung MRW, FRG. RFC
acknowledges support from the von Humboldt foundation, FRG.
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HIGH PRECISION NEUTRON CAPTURE GAMMA-3AY AND CONVERSION
ELECTRON MEASUREMENTS OF ' 3 *Ta

I . F o r s t e r 0 " , H.G.Borner", P .v. Brencano", G. Colvin*, A.M.I. Haque°
S.A.Kerr"" , R.Rascher" , R .Rich te r" , K. Schreckenbach-

0 I n s t i c u t of Nuclear P h y s i c s , Univers i ty of Koln, West Germany
: : ILL, Grenoble , France
" P re sen t a d d r e s s : Physics Department, Un ive r s i ty of Sur rey , U.K.

As a part of neutron capture y-ray studies in the rare earth
region, the deexcitation spectra of the reactions 18OTa(n,Y)1alTa
and 18OTa(n,e~)181Ta have been measured at the ILL high flux reactor,
using bent crystal, pair and electron spectrometers. Due to the ex-
ceptional high target^ spin (1^=9") levels with spin as high as 21/2
were populated, a region normaly reserved for heavy ion reactions.
AbouC 73% of the measured intensity was placed in Ta level
scheme, defining 45 excited states, most of which were previously
unknown. Spin-parity assigments and Y~ray branching ratios were also
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Fig.l: The (gK~8R)/'Qo ratio for the intra-band transitions,
calculated with the aid a£ the Alaga rules.
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determined. The neutron binding energy was found to be
Qn = 7652.18(20) keV .id a thermal neutron capture cross section
a = 420 ± 200 b was calculated. The 7/2+ J 404j ground state band and
the 9/2" |514| first excited band are in agreement with previous
data1 up to the 21/2 levels. A new rotational band has been con-
structed on the 5/2+ [402 J Nilsson state (see fig.2). Another 7/2
band, thought to be built on the 7/2" {523j state, has also been ob-
served, but the band head energy is not yet known. Only the first
two level of the l/2+ |41l| band had been established so far.

For the positive parity 7/2+ |404| and 5/2+ [402| bands and the
negative parity 9/2" (514[ and 7/2" j 523( bands a two band Coriolis
mixing calculation was performed.

Assuming a rigid axially symmetric deformed core the Hamilton-
ian can be written as

29

(I)

(2)

where Hp dpscribes the particle-core coupling and He the particle-
rotation coupling, so called Coriolis coupling.

The Coriolis matrix element <ll/2 5/2|Hc|H/2 7/2> between the
11/2 state of the 5/2 J 402 f and 7/2 J 404 f bands was calculated to
be -24.6 keV. The calculated mixing between the bands, which are
separated by ~500 keV, was therefore very small and, thus, only
weak interband E2 transitions are expected. For example, the
branching ratio is

B(E2,ll/2 5/2 ->7/2 7/2) _
B(E2,ll/2 5/2 ->7/2 5/2)

This is in good agreement with our experiment, which gave an upper
limit of 0.008.

The value for (gg-gR)/Qo were found to be constant within
±8% in each of this bands comparing up to 6 branchings in the
1404 [ , |4021 and |514| bands respectively (see. fig.I). The
constancy of (gK~gR)/Q° of the two bands calculated from the
intra-band branchings with the aid of the Alaga rules supports
the mixing predictions.

The transition rate for the cross-over transition in a
rotational band is

I(E2) = a E^Ql <IiK20|li-2K>
2 (3)

and for the stop-over transition

M1') = b E^.SQ| <IiK20 |li-lK>2 + c E|3(gK-gR)
2<IiK10| Ii.-1K>

Z

(4)
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where a, b and c are constants. (gK~SR)/Q» c a n be calculated from
3 and 4. The values should be constant in an unturbed band.

Although both the 9/2 f 51A} and 7/2 f523[ bands are known,
the excitation energy of the latter was not determined. A Coriolis
calculation of the mixing of these two bands compresses the energies
of one and expands the other. From the empirical difference in
inertial parameters an upper limit of 1400 keV for the bandhead
energy difference was obtained. The constancy of (gK"gR)/Qo also
implies small mixing and therefore a large energy separation. The
weak population2 of the 7/2" [523 f band in the (n,y) reactions puts
another limit on its energy. Combining these results, one estimates
that it lies 600 - 1400 keV above the 9/2" l514| band. This is con-
sistent with an estimate from the Nilsson model with pairing. For
6 =_0.3, with the Fermi energy assumed to be at the position of the
9/2 |514| band, and with a pairing gap calculated from the odd-even
mass difference, a quasi-particle energy for the 7/2" |523| band
was calculated from

E q p = / Ct:7/2-A)
2 - A2>- A

A value of 900 keV for E q p (7/2. J5231) was obtained in agreement
with the above empirical limits.
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E2/M1 MIXING RATIOS IN 196Pt FROM THE 195Pt(n,Y)196Pt REACTION

A. M. Bruce
Schuster Lab., Univ. of Manchester, Manchester, M13 9PL, England

D. D. Warner
Brookhaven National Laboratory, Upton, New York, 11973, USA

ABSTRACT

Angular correlations in Pt have been measured using a new
two detector correlation system at Brookhaven National Laboratory
(BNL). The properties of Pt can be well described in terms of
the 0(6) limit of the IBA-1 formalism and the empirical determina-
tion of mixing ratios offers a further refinement to that compari-
son. The measured Ml components may provide information concerning
the location of the isovector mode in the 0(6) region. In addi-
tion, known correlations can provide a test of the new correlation
system.

EXPERIMENT

IOC

A target of 6.3 gins enriched to 97.3% in Pt was placed in
the external thermal neutron beam at the monochromater beam
facility of the High Flux Beam Reactor at BNL. Angular correla-
tions were measured using a new two detector system which comprises
one fixed detector and one moving. The latter is attached to a
lead screw by a sliding rod and the screw is driven by a stepping
motor. Microswitches at each end serve to reverse the direction of
the motor and, in one case, to define the first counting position
at 180°. For this experiment the two detectors were situated at
11.6 and 14.6 cm from the target position. Angles ranging between
90° and 180" can be chosen by se!ting a fixed number of motor steps
and the resultant precision in defining the angle is better than
0.1°. The cycle can be repeated with the same degree of accuracy.
At each position data is collected for a pre-determined interval
before the detector moves the prescribed number of steps to the
next counting position. Each time the motor stops, it increments a
binary counter which is read by the data acquisition computer and
'tagged' onto the coincidence event to indicate the angle between
the dele . "ors. A singles spectrum is also taken at each of the
angles «,.a, in this case, the binary signal is used to route the
counts into different parts of memory to create a IK spectrum for
each of the measuring stations. These spectra can then be used to
normalize for different counting times, neutron beam fluxes, etc.

RESULTS

J* assignments for the low lying levels in Pt have been
well established in an earlier study • The present experiment can
therefore be used not only to unambiguously determine mixing ratios
but also to test the new correlation system using known decay

0094-243X/85/1250431-04 $3.00 Copyright 1985 American Institute of Physics
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Fig. 1. Gamma-ray
intensity as a
function of angle
for the 780+355
cascade. The
solid line repre-
sents a theoreti-
cal 0++2++0+ cor-
relation.

30 60
S(deg)

90

Fig. 2. Plot of
X versus arctan 6
for the 333+355
cascade.

-30 0 30
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Table of measured mixing ratios.

Spin

Sequence

0(6) Quantum

Numbers (O,T,VA

Mixing Ratio S

326

333

673

1006

1091

(6,3,0)+(6,2,0)
<-19.08
>7.12

Q-0.33
9

-14.30
-4.78
'+2.87

2++2+

3"+2+

- 0.62

<-19.08
>8.14

-0.61
+0.41

0.25
+0.15
-0.13

1.00

>.

1UJ
z
>

id 0.75
or

1

I

• a 5 O o
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688 keV LEVEL
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n+ I
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\
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Fig. 3. Gamma-ray
intensity as a
function of angle
for the 333+355
cascade. The
solid line repre-
sents the fit for
the assigned value
of S.

patterns. One
such test is shown
in Fig. 1 where
the relative in-
tensity of the
780-355 keV cas-
cade is plotted
against angle.
The 1135 level has
been identified as
a 0+ level and in-
deed the data
shows the distinc-
tive pattern of a
0++2++0+ correla-
tion. In addi-
tion, values of
E2/M1 mixing
ratios (6) for
four transitions
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have been determined and are given in the table. The criteria for
setting limits on S was taken from ref. 2. Figure 2 shows a plot
of x versus arctan 8 for the 333-355 keV cascade and Fig. 3 shows
the relevant fit to the data points as a function of angle.

DISCUSSION

A successful description of the properties of Pt has been
made in terms of the 0(6) limit of the IBA-1 formalism1. In this
limit, states are characterized by quantum numbers (O,T,VA) and
the selection rules for E2 are Ao=0, AT=±1. The AT rule arises
from the form of the E2 operator and is therefore strictly
applied. However, the Ao=0 rule arises from a numerical cancella-
tion and is therefore more susceptible to a slight change in the
wavefunction when the strict symmetry is broken. Both the 326 and
333 keV transitions obey these selection rules and the table shows
that these are predominantly E2 transitions, although in the case
of the 326 keV transition, the possibility of a large Ml component
cannot be eliminated. The decay of the 1361 keV (6,4,1) level to
the (6,1,0) level via the 1006 keV transition has been determined
to be more than 98% E2 even though it breaks both E2 selection
rules. This may arise because the strict 0(6) symmetry is slightly
broken, allowing mixing between states which have non-zero E2
matrix elements with the (6,1,0) state.

In the IBA-1, the Ml matrix element consists of two parts ,
one of which yields the same selection rules as for E2 transitions
whilst the other gives Acr-2, AT-0. While the best test of these
rules would involve transitions from the <J=4 states, the existence
of Ml components in transitions between states with 0=6 cannot be
explained by this approach. In IBA-2, where neutrons and protons
are treated separately, Ml transitions result from admixtures of
states which are not fully symmetric with respect to the n and p
degrees of freedom. Therefore, the large Ml admixture in the 673
keV is a measure of the antisymmetric component in the 1361 keV
level and could be used, in conjunction with a numerical IBA—2 cal-
culation of Pt, to provide an indication of the likely position
of the lowest fully antisymmetric state, which is characterized by
a large B(M1) strength to the ground state, and in this region
should have Jir-1+. Evidence for such an isovector mode has
recently been obtained in the deformed region , via electron
scattering.
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AVERAGE RESONANCE CAPTURE STUDIES OF 102Ru
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ABSTRACT

102
The Ru nucleus has been investigated via the ARC technique

which ensures a complete set of J11 « 0+, 1~, 2~, 3~, U~,
and 5+ levels up to 2 MeV. The results are discussed in the frame-
work of the IBA-1 with Consistent Q. The calculations show good
agreement with the empirical data especially for the 0+2 state,
suggesting that it can be described in terms of collective degrees
of freedom.

INTRODUCTION

The structure of Ru isotopes has received much attention
because they exhibit properties of different types of deformation.
The fir^t excited Cfr state has been interpreted as an intruder
state . The present experiment has been performed by means of
the Average Resonance Capture technique (ARC) at the Brookhaven
High Flux Beam Reactor (HFBR) using external neutron beams of mean
energy 2 and 24 keV. IBA-1 calculations have been performed in the
framework of the Consistent Q Formalism (CQF) where the parameter
X in the quadrupole operator has the same value in both the E2
transition operator and the Hamiltonian. There are only four
parameters in the Hamiltonian. Good agreement has been obtained
for both energies and absolute B(E2) values of some low-lying
states, in particular for the 0+2 state.

EXPERIMENTAL TECHNIQUE

The ARC technique has been used and a detailed description of
the filtered beam facility has been given elsewhere . A target of
7.2g enriched to 97.8% in Ru was used and the Y rays were
detected in a three-crystal pair spectrometer.

^Permanent address: Institute of Atomic Energy, Beijing
P.O. Box 275, People's Republic of China
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Table 1: 101Ru(n,Y)102Ru ARC Results

a)
E (keV)
X

475.1(2)
943.8(3)

1102.3(2)
1106.3(2)
1521.4(2)

1580.8(4)
1798.3(3)
1836.7(10)
1966.9(15)

IR(2)

2 keV

100(3)
7.5(12)

81(12)
100(12)
107(8)

98(11) b)
69(5)
9(3)
4(4)

L(24)

24 keV

100(3)
15(1)
87(9)
74(9)
94(17)

79(3)
49(3)
12(2)
8(3)

3^(2 keV)

IR(24 keV)

1.00(4)
.53(9)
.93(16)

1.35(22)
1.14(22)

1.24(16)
1.40(14)
0.75(26)
0.5(5)

j"

ARC

2+c)
0+

2+,'4+ 3

3+ c)

2+ c)
1+.4+.5+
0+
0+.5-

2+
0+
2+
4+
3+

2+
4+
0+
0+

a) The energies are from the average of lines in 2 keV and 24 keV.
b) The intensities are corrected for contaminants.
c) J11 values from literature used for normalization.
d) J11 values are from ref. 8.

RESULTS AND DISCUSSION

J" values of levels can be determined by comparing experi-
mental primary Y ray reduced intensities IR » Iy/E y and the
ratio IR(2 keV)/IR(24 keV) with those predicted by a Monte
Carlo calculation . The resulting excitation energy and Jn

assignments for levels up to 2 MeV are given in Table 1.
The Hamilton!an and E2 transition operator are as follows:

H « end - KQ-Q - K'L-L

Q - (s+d+d+s)(2)+ (x//5) (d+d) ( 2 )

T(E2) - <*Q

Ru is considered as a triaxially deformed nucleus with <Y> "
26°. The relationship between x and <Y> gives the value of x as
-0.3 and K1 is empirically taken as 0.0137 MeV. The remaining two
parameters e and K are then determined by the least square method
such that theoretical excitation energies agree with the four well
known levels at E x - 475.1(2+i), 1102.3(2+

2), 1106.3(4+!) and
1521.4(3+!). This yields e - 0,56 MeV and K - -0.035 MeV. The
deduced band structure of positive parity states is shown in Fig.
1. A comparison of predicted B(K2) values and their ratios and
experimental ones is shown in Tables 2 and 3. The parameter a in
the E2 operator is fixed by adjusting the theoretical B(E2:2+j+0+i)
value to the experimental one.
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Fig. 1. Comparison of the
|02 = ,-— experimental band structure

R" Mt) / ,? for even-parity states with
. _..==!

451"™' _%pJ __ the predictions of IBA-1.
h—-'' Ujj—'' ( y ~ : : — /'" -J" values in parentheses

»-2'°S|— — ̂  . Oj— °*̂ P are tentative. The J^"ii+

* 3| - :—a,— — '" — level at 1.9 MeV is from
ref. 8.

2; .

As seen from Fig. 1, Tables 2 and 3, theoretical B(E2) values,
branching ratios and excitation energies are in good agreement with
experimental ones. In particular it is possible to describe the
properties of the 0+2 level. From the properties of the g-band a
3-deformation of 0.2 was deduced and B(E2) ratios for the y band
yielded <Y> * 26° with a large y softness. The present experiment
proves that the 0+2 state has to be a collective excitation since
it is the only excited 0 + state at low excitation energy (<1800
teeV) and the collective strength of its transition to 2+i cannot be
due to strong mixing with a higher lying 0 + state. The good agree-
ment of the experimental 0+2 properties with the present IBA-1
calculation can be understood as an indication that the nucleus

Ru is also soft in the S direction. Previous IBA calculations
discussing properties of the ground and Y bands correspond to a
B-deformed, 9-rigid and Y-soft potential, whereas the present
calculation represents a spherical 8- and Y-soft potential. These
different approaches should not be seen as contradictory, but
rather, each of them bears out a special aspect of the complex
properties of a 3- and Y-deformed and 8- and Y~soft nucleus.
However, the empirical energy difference between the 3+i and 4+2
states is larger than the theoretical value (i.e., odd-even stag-
gering effect of Y band), suggesting that a cubic term describing a
rigid triaxial rotor could be necessary in the IBA-1 Hamiltonian.

Table 2. B(E2) Values.

T'-J* 2+-Q+ O+-2+ 2+-2+ 2+-0+ 4+-2+
Ji Jf £l ul U2 zl ^2 H d2 Ul *1 'l

B(E2) w.u.8 43.9(40) 35(6) 27(3) 1.09(20) 66(10)

B(E2) . w.u. 43.5 38.9 66.0 0.021 66.9
tu
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Table 3. B(E2) Ratio.

B(E2) Ratio Exp 8

B(2+2-0+1)/B(2+2-2+1)

B(4+2-4+1)/B(4
+2-2+2)

Th.

0.81

0.62

1.52

0.04

2.44

0.16

0.58

0.98

1.52

1.54

0.00033

1.01

0.0016

0.90
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ON SIMULATION OF NONSTATISTICAL EFFECTS IN NEUTRON
RESONANCE GAMMA-DECAY

V.A. K n a t ' k o
Institute of Physics, BSSR Academy of Sciences,

Minsk 220602, USSR

ABSTRACT

The properties of the Of -widths of s-neutron reso-
fiA 66 68nances of D4»oo>oo2n are analysed in terms of a quasi-

particle-cluster-vibration model.

The main contribution to the nonstatistical effects
observed in resonance neutron capture is made by primary
high-energy f -transitions. In *, i t was proposed to ana-
lyse such transitions in terms of a model used to de-
scribe low-lying levels in a product-nucleus. Knowing the
wave functions of the final states and generating the re-
sonance wave function components, one may attempt to s i -
mulate widths for high-energy "Jf -transitions and estimate
their role in nonstatistical effects. In the present work
(see also ), this approach is used to analyse the pro-
perties of f -widths of s-neutron resonances of zinc iso-
topes with A=64,66 and 68.

The partial f -width was written as

where Cm (On) a re the expansion coe f f i c i en t s for r e s o -
nance ( f i n a l l eve l ) wave functions, ULA i s t h e valence
capture ^ -width , im i s the width for t h e f - t r a n s i -
t i o n from t h e configurat ion hn, i n t h e resonance wave
function. The coe f f i c i en t s Cn\ were expressed a s

Cm= DmLTKwCE'-)i« Here, Dm i s t h e random number drawn
from a normal d i s t r i b u t i o n with parameters /* =0 and C =»1.
The factor fw (El) charac te r iz ing t h e fragmentation of a
simple component over resonances was taken i n t h e Lorentz
form ; U ( E 0 = (Do-Wm/2H)/[(Et-ErY.)a+Wm/4l where Do i s
t h e average resonance spacing, El and Ern a re the r e s o -
nance and t h e configurat ion m energy, r e spec t ive ly ,

0094-243X/85/1250439-04 $3.00 Copyright 1985 American Institute of Physics
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i s the spreading width for the configuration m .
The Pm values were calculated in terms of a quasi-

particle-cluster-vibration model which satisfactorily
describes low-lying levels in odd-mass Zn isotopes * .
Depending on the structure of the populated p-levels,
the three-quasiparticle (32P), 3£J?-plus-phonon, and 1QP-
plus-phonon configurations were taken into account in
the resonance wave functions. The El •y -transitions to
five low-lying p-levels of "5»67zn were considered. At-
tempts to describe the level scheme of °'Zn were hindered
by the lack of experimental data. Therefore, transitions
only to three lowest p-levels of 9Zn (at 0, 0.835 and
1.007 MeV) were included in calculations.

It should be noted that the fragmentation of simple
components may differ from the Lorentz one 5, To take
into account the uncertainty of the factor im(Bl') , the
values of Em and U/m were arbitrarily varied within the
limits Emi 0.5 MeV and W£ + 0.5 MeV, respectively.
Here, Wm =0.3 MeV and 1.5 MeV are for 3QP- and phonon-
containing configurations, respectively. The energy Em
was approximated as ZEj + E£ where Ej i s the quasipart-

icle excitation energy and Ea i s the phonon energy.

Simulated Cycf values were used to calculate the

correlation coefficients T^' = [2/K(K-l)^ ̂  V (fyif, (\if')

and T iTfC. , Tni) , the resonance-averaged ^--widths
^ fyi "> = 21 ̂ fj i+\ y (K is the number of populated p-le-
vels) and to determine the degree of freedom parameter -i
for "f.^ -distribution describing theoretical f -widths.
The process of generation of fjif simulating the physi-
cal sample was iterated 100 times. The calculated values
of the above quantities averaged over 100 sets are com-
pared with the experimental values in Fig. 1.

The results show that the contribution of the tran-
sitions in question to the total experimental Jf -width
increases as the mass number increases. It can be seen,
taking into account this contribution, that there is a
qualitative agreement between calculated and experimen-
tal values of the parameter 'J and the coefficient
f" (fji., Tni. ) . For more detailed comparison measurements
of partial f -widths are needed. In particular, a compa-
rison between predicted and experimental values would
be of interest.
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Fig.1.. Results of experimental (triangles) and
theoretical (points) f -widths analysis. For theoreti-
cal values of r(fy.,rVu), ̂  (<r.0, Tff, <ryL> and expe-
rimental values of •) errors indicative 10 to 90% con-
fidence limits. For experimental values of ["(rvi,Ot.i.)
and <(^O the errors were taken from *> .
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RADIATIVE CAPTURE OF NUCLEONS IN THE GIANT-DIPOLE
RESONANCE REGION

F. S. Dietrich
Lawrence Livermore National Laboratory, Livermore, CA 94550

ABSTRACT

Several features of radiative capture in the GDR region are.
discussed in terms of the direct-semi direct (DSD) and pure-resonance
(PRM) models. The relationship of these models is clarified by results
of a derivation that explicitly allows for El strength decoupled from the
GDR. A microscopic folding-model estimate of the coupling form factor is
presented, and its consistency with the (p,n) isobaric-analog reaction
discussed. A Coulomb-excitation contribution is found to be significant
for proton capture. The correlation between the nucleon escape widths
and the particle-hole spectroscopy of the GDR is discussed in terms of
the single-particle and rearrangement escape amplitudes in the PRM
formulation. Applications are made to radiative capture near A=208.

I. INTRODUCTION

The general properties of the giant-dipole resonance (GDR), such as
its location, width, and electromagnetic strength, have been well
determined from systematic studies with inclusive photonuclear
reactions1. On the other hand, understanding the detailed
spectroscopic properties of the GDR, such as the amplitudes of the
various particle-hole components, requires the use of other reactions,
such as ( P , Y ) . (n.Y)> (<*,y)> and their inverses. Extracting
information from these reactions requires knowledge of the reaction
mechanisms. The GDR, although the best studied of the qiant multipole
resonances, is still interesting in this regard, since the
reaction-mechanism problem has not yet been completely solved. The
radiative-capture mechanism for the GDR is also of importance because
other multipolarities, such as E2, manifest themselves primarily through
interference with the dominant El radiation, and therefore the magnitude
and phase of the El amplitudes must be well known if quantitative
information on the higher multipolarity giant resonances is to be
extracted from radiative capture measurements.

The most complete treatment of the radiative-capture mechanism, at
least at low energies when only nucleonic degrees of freedom are
considered, is the coupled-channels formalism2>3, in which the
structure and reaction-mechanism problems are treated on the same
footing. Coupled-channels calculations have been useful in reproducing
the cross sections, angular distributions, and fine structure of the GDR
in light nuclei, but become impractical for heavy nuclei because of the
large number of channels that must be treated simultaneously. Other
approaches introduce various further approximations and phenomenological
ingredients. In one type of calculation that focusses on the structure
of the GDR, (e.g. Wang and Shaking Castel and Micklinghoff5), the
nuclear Hilbert space is divided with projection operators into an

0094-243X/85/1250445-13 $3.00 Copyright 1985 American Institute of Physics
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"internal" part in which a diagonalization is performed to yield the GDR
structure, and the internal space is connected to the continuum by using
a projection-operator reaction formalism. These calculations have been
successful in explaining the fine structure of the GDR in ^ 0 and
2 9Si. This paper is concerned with two closely-related models, the
direct-semi direct model (DSD) and the pure-resonance model (PRM), which
arc particularly suited to systematic studies because the nuclear
structure is described rather simply by a form factor, exactly as in the
DWBA treatment of inelastic scattering.

In the DSD mode16>7 there are interfering direct-capture and
resonant core-polarization amplitudes; the magnitude and phase of the
latter depends on the properties of the form factor. An intuitive,
semi-classical description of the physics underlying this model has been
given by Halpern8. The DSD model has been extensively
developed9>10 and has been qualitatively successful in reproducing
the general features of (n,y) and (p,y) excitation functions and
angular distributions. It has also been extended to other
multipolarities11"11*. However, the microscopic origin of the form
factor is not adequately understood, and phenomenological
parameterizations of the form factor have not led to satisfactorily
predictive results when the model is extrapolated from one nucleus to
another.

The development of the PRM15 was motivated by the observation that
the GDR contains nearly all the El strength built upon the final state
after capture, and consequently the nonresonant direct term in the DSD
should be canceled almost exactly by some identifiable feature of the
semidirect term. This feature was found to be the single-particle
resonances that occur in both terms. Removing these resonances led to an
expression with only a resonant term, containing the same form factor as
in the DSD model, but with altered continuum wave functions. The hope
that removing an unstable feature of the capture model by requiring the
cancellation of the direct component would improve reliability has been
borne out through decreased sensitivity to the imaginary part of the form
factor for capture cross sections in the region of the GDR peak, but
extensions to E2 capture16 do not show such decreased sensitivity.

In the remainder of this paper, three further investigations of the
DSD and PRM models are made. First, an additional resonance is
introduced that shows explicitly the near cancellation of the direct
capture strength that is assumed to be exact in the original formulation
of the PRM; this term significantly clarifies the relation between the
two models. Next, a calculation of the real part of the form factor for
208pb -js mac|e by folding a transition density with a density-dependent
effective interaction, and found to be consistent with a similar
treatment of the (p,n) reaction to the isobaric analog state; a
Coulomb-excitation contribution to the form factor is found to be
significant for proton capture. Finally, the extended PRM is used to
study the connection between the nucleon escape widths for the GDR and
the schematic-model description of the particle-hole amplitudes. In all
of these investigations, applications are shown for nucleon capture near
A=208.
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II. EXTENSIONS OF THE DSD AND PRM FORMULATIONS

In this section, the results of a rederivation of the DSD and PRM
using the Feshbach reaction theory are presented, in which the original
priori assumption that all the El strer vth lies in the GDR is relaxed.

We define a spatially localized cor.figuration built on the final
state |G> after capture as |D>=R|G>, where R' is proportional to the
El operator, and the configuration is normalized to unity. For capture
of a nucleon from a channel |lj> to a bound state |u>, it is
essential to identify the part of |D> that corresponds to a hole in the
state |u> and a particle in the configuration |w> having the same
quantum numbers (l,j) as the channel. Physically, |w> corresponds to
the configuration in the channel (l,j) reached by raising a particle in
|u> to a higher state by absorption of a photon; it is defined by
|w>=nPij(l-Pocc)R!u>> where (l-POcc) removes occupied states,
Pij projects onto the correct channel quantum numbers, and n.
symbolizes the normalization.

The configuration |D> may then be written as
1I D > = wu"1 > + • - :

A + y2
B >

in which the normalized configuration |B> is the part of the
coherent state |0> not associated with the capture channel. The
quantity p is a small, real, parameter whose value is close to
that of the schematic-modell? amplitude of |wu"'> in the GDR.
The orthogonal configuration,

1 wu~ > + I B >

carries no electromagnetic strength. Because the first term in
|0> dominates, the energy of |0> is close to the unperturbed
particle-hole energy (Viw in a harmonic-oscillator model). The
relationship between |D> and |0> resembles that between
analog and anti-analog states.

In the original Feshbach-theory18.19 derivations of the
DSD and PRM, it was assumed that |D> corresponds to the physical
GDR, and |0> plays no role. Relaxing this assumption leads to
a mixing of the two states via coupling to that part of the space
not spanned by |D> and |0> (principally, the continuum). The
physical states then become

I d > =

and

I B > .

The coefficient A is complex, and is calculable without
introducing new parameters; X should be fairly close to u,
since the coupling is weak and the schematic model is a useful
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first approximation to the GDR. The state \$> may radiate, and
this leads to an additional resonant term in the capture
amplitudes, which for the two types of models are

T / ii i 1 - U/p) WSD ^ 1 + Xu WSD .
Tnsn = wn " Xv ~^r 1—7~ 71—F~ > and

- My) W5 - *" "R , 1 + Xu U/>J) MS + WR

rn^ ^^7" TT?
The complex energies ed , e^ contain the position and
width of the GDR and "anti-GDR," respectively; ed is given the
phenomenological value EQDR-irGDR/2, whereas e$ is
calculated (with no new free parameters), and is very nearly equal
to the expectation value of the optical-model Hamiltonian in the
configuration |w>. Typically the position and width in ZM
are Ufa and 10 MeV, respectively; the width is dominated by the
damping due to the imaginary part of the optical Hamiltonian. The
quantities Wp , Wjn, W$, WR are:

WQ = <u|rlx(-)>, direct capture;
W $ D = MgQR <u|h'(r)ix(+)>, semidirect capture;
W$ = <u|r|wxw| HOf"l*(+)>, single-particle escape;
WR = MGDR <ulh'(r) |())(+)>, rearrangement escape.

In these expressions, MgQR and <u|r|w> are the El-decay
matrix elements of the GDR and the particle-hole configuration
|wu~l>, respectively; Ix^t^ 1S the usual optical-model
wave function, whereas |<|>(+)> is the optical-model wsve
function obtained after projecting the configuration |w> out of
the same optical-model Hamiltonian //0pT that is used to generate
lx(+)>. The form factor h'(r) describes the coupling of the
incident channel (lsj) to the part of the GDR that is not ' that
channel, and is therefore in principle channel dependent. The
usual approximation of a channel-independent form factor is likely
to be satisfactory for heavy nuclei for which the GDR of the
projectile-plus-target system has so many particle-hole components
that the amplitude in any particular channel (l.j) is small. In
the limit X = u, the original DSD and PRM amplitudes are
recovered:

ED

T.'ie generalized DSD and PRM expressions have the property that
they are precisely identical, both formally and after making the
approximations necessary for numerical calculations. The purely
resonant form is useful for identifying the particle widths of the
GDR, as will be discussed is Section IV. The "anti-GDR" term in
the PRM expression exhibits a near cancellation via the factor
l-(A/u). The analogous term in the DSD expression also has the
same factor, but this term is very small because of the additional
factor XJI. Because both |Xu| and |X ! are small (<0.1),
the practical result is that the two terms of the extended PRM
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description are nearly equivalent to the original DSD expression.
The "anti-GDR" term in the PRM exhibits explicitly the
near-cancellation that was assumed to be exact in the original
PRM. This cancellation is analogous to the cancelling of the 1-flw
strength in the schematic model.

The extended model (PRM or DSD) goes beyond the
schematic-model description in predicting a specific amount of
strength decoupled from the GDR. The same issue of decoupled
strength has been addressed in a somewhat different way by
Potokar20. However, the correct amount of decoupled strength may
be difficult to calculate accurately because the cancellation
depends on the form factor and the optical potential, which may not
be sufficiently well known to yield an accurate value for the
factor l-(A/u). The original PRM is a useful approximation in
circumstances in which the decoupled strength is expected to be
small, and one wishes to avoid calculating the cancellation, either
explicitly in the "anti-GDR" or implicitly in the original DSD
model.

A comparison of the models with a hody of neutron and proton
capture data21'23 in the region near A=208 is shown in Figs.
1-3. The solid curves represent the extended model, and the dashed
curve the original PRM model. The real part of the form factor was
calculated by a folding model, as described in the next section

299/2

Fig. 1 PRM (dashed line) and extended model (solid line)
calculations for 208pt>(n,Y).

 An estimate of the
compound (statistical) contribution is also shown. Data
from Ref. 21.
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Fig. 2 (at l e f t L Same as
Fig,, 1, for 208Pb(p,Y)o
Data from Ref. 22,23O

Fig. 3 (above). Same as
Fig. 1, for 2 0 5 T 1 ( P , Y L
Data from Ref. 22.

E, IMlV)

(curves labeled JLM, Fig. 4). A phenomenological form was chosen
for the imaginary part9*2*, with parameters (using the
normalization of Ref. 12) W =33 MeV, r =1.32 fm, a =0.56 fm. The
calculations were performed with a nonlocal optical potential that
had been fit to elastic neutron scattering in the range 7-26 MeV
and proton scattering between 21 and 45 MeV; the use of a nonlocal
potential reduces ambiguities associated with the energy dependence
of the real potential, particularly for proton scattering near the
Coulomb barrier25. An additional feature of the calculation of
the continuum wave functions is the fact that occupied-state
orbitals, which can give spurious contributions to radiative
capture, have been projected out of the optical Hamiltonian. In
the illustrations shown, this has proved to be important for the
2O8pb(p>Y2) reaction. The calculations yield qualitatively
reasonable results, except for the 205Tl(p,YO) reaction; this
case seems to be particularly susceptible to small changes in the
bound-state potential parameters, as a DSD calculation with
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slightly different parameters has given better agreement with the
data22.

III. MICROSCOPIC CALCULATION OF THE REAL PART OF THE FORM FACTOR

It is well known that the GDR form factor should be related to
the isovector terms in the nucleon optical potential, and to the
TI • ?2 part of an effective two-body interaction.
Although these relationships are invoked in deriving the form
factor from hydrodynamic models for the GDR transition density21*,
a satisfactory quantitative correspondence between the isovector
strengths required for capture, elastic scattering, and charge
exchange reactions has yet to be established. This problem is
illustrated in Fig. 4, in which the curve labeled B-G is the real
part of the form factor for 208pt>, calculated with the
Becchetti-Greenlees potential26 and the Steinwedel-Jensen GDR
model27, assuming unit energy-weighted sura rule (EWSR). The
magnitude is roughly a factor of two too low to reproduce the GDR
peaks in the capture measurements, even though the strength of
V] (24 MeV) and the ratio Vi/Vo (about 0.5) in the
Becchetti-Greenlee? potential are in reasonable accord with elastic
scattering and (p,n) measurements.

Progress during the last few years in developing energy- and
density-dependent effective interactions28 and optical
potentials29 starting from free nucleon-nucleon potentials
suggests that it should be useful to calculate at least the real
part of the form factor by folding a transition density with the
isovector part of such an effective interaction, and to compare the
results with a similar treatment for elastic scattering and charge
exchange. The curves labeled JLM in Fig. 4 represent the form
factor obtained by folding the schematic-model transition density
(normalized to unit EWSR, and shown in the lower portion of the
figure) with an effective interaction obtained by dividing the real
isovector part of the Jeukenne-Lejeune-Mahaux optical potential29-
by the ground-state density, and ascribing a range to the
interaction (~1 fm) that reproduces elastic and inelastic
scattering30.31. The effect of density dependence in the
effective interaction is evident in the peaking of the form factor
about 1 fm beyond the peak in the transition density, and in the
modification of the form factor toward a shape that is more
surface-peaked than in the "volume-like" phenomenological treatment
based on the Steinwedel-Jensen model. The strength of the
interaction increases by about a factor of three from the center of
the nucleus to the region of one-tenth the central density. The
overall strength of the form factor is too weak, and the nuclear
interaction has been multiplied by 2.5 in calculating the form
factors shown in Fig. 4, which are those used in the capture
calculations of Figs. 1-3. However, approximately the same
normalization of the interaction is needed to anree with the
magnitude of the charge exchange reaction, as shown in Fig. 5.
Such an upward shift of the interaction strength for both reactions
is reasonable, since the ratio of isovector to isoscalar strengths
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in the JLM potential is Vi/Vo=0.23 in the surface region, which
is smaller by about a factor of two than phenomenological values.

We conclude tentatively that the strength of the real part of
the form factor is not anomalous from the point of view of the
microscopic folding-model approach. It will be interesting to see
whether this conclusion is supported as further progress is made in
understanding effective interactions in the nuclear medium.

Two additional effects that have been included in the
folding-model treatment of the form factor are the Coulomb and
two-body spin-orbit interactions. The Coulomb interaction is
significant, and in fact nearly all of the difference between the
proton and neutron form factors shown in Fig. 4 is due to Coulomb
excitation of the GDR. On the other hand, the additional form
factors resulting from folding the spin-orbit interaction with the
isovector matter density have very small effects, even on the
angular-distribution and analyzing-power observables.

in (fin}

Fig. 4. Folding-model calculation of the real part of the GDR
form factor for 208pb, using a schematic-model
transition density and the JLM29 isovector interaction
normalized by a factor of 2.5. A typical
phenomenological form factor (B-G) is shown for
comparison.
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The microscopic origin of the imaginary part of the form
factor10, which appears to be required in most cases for optimal
agreement with the data, is not yet well enough known to allow a
meaningful calculation. The one-step folding approach, using the
imaginary part of an effective interaction, is unlikely to describe
the physics adequately at low energies, and has not been
attempted. This remains one of the outstanding problems in
understanding radiative capture in the GDR region.

IV. ESTIMATES OF GDR SINGLE-PARTICLE WIDTHS FROM THE PRM

Since the GDR is commonly described as a coherent
particle-hole excitation, it is natural to seek a correlation
between the cross sections for nucleon capture involving a
particular combination of incident channel (l,j) and final bound
orbital, and the amplitude of the corresponding particle-hole
component in the GDR state vector. Such a correlation has been
reported by Dowel 1 et al.32 and Snover33, who have presented
experimental evidence for a proportionality between photonucleon
cross sections integrated over the giant-resonance peaks (i.e.,
integrated capture cross sections, converted by detailed balance),
and the corresponding spectroscopic factors for single-nucleon
transfer. The remarkable feature of this correlation, which has
been established for a number of light nuclei (A<40), is that the
ratio of integrated cross section to spectroscopic factor appears
to be nearly independent of the nuclear state. These results can
be explained32.33 either by a direct-capture model, or by

0.01

T
208Pb(p,n) IAS
Ep = 25 MeV

JLM,x(2.2)2 r _

I I I J_ _L
20 40 60 80 100 120

CM. Angle (deg)

140 160 180

Fig. 5 DWBA calculation of the (p,n) reaction to the isobaric
analog state, using a folding model. The normalizing
factor (2.2) required for the JLM interaction is similar
to that for the GDR form factor. Data from Ref. 34.
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capture through the GDR, if the GOR is described by the schematic
model and rearrangement processes are neglected. The empirical
correlation was established without factoring out barrier
penetration.

The PRM and its extended version are a useful framework in
which to discuss the connection between the capture reaction and
the spectroscopy of the GDR, since the resonance numerators contain
quantities whose absolute square is the particle escape width. The
escape-width amplitude has components that correspond to both
single-particle escape (which is the quantity discussed by Dowel 1
et al.) and rearrangement escape, as noted in Section III. The
barrier penetration is included naturally through the use of
optical-model wave functions.

We discuss the spectroscopic problem using as examples the
calculations in the A=208 region shown in the previous section.
For each final-state orbital, there are three continuum channels
obeying the El selection rules (except for the S1/2 final state,
for which there are only two). These channels may be separately
identified in the calculations, even though they are not separated
in the experiments.

Viewed as a photo-ejection reaction, the single-particle
escape part of the reaction is a two-step process in which the
photon first raises the bound nucleon to the configuration |w>
with an amplitude determined by p in the original PRM, or X in
the extended version. Next, the excited, spatially localized
configuration decays into the appropriate channel (I 4 >, having
the same l,j as |w>), with an amplitude <w| «OPT| ,£(+)>
that depends only on the optical-model parameters, and includes the
barrier-penetration effects.

The absolute saua'-tiS of the spectroscopic amplitudes u and
A extracted from the original and extended PRM calculations are
shown in Fig. 6 as solid and open bars, respectively. These may be
compared with the squared particle-hole amplitudes for the
schematic model based on harmonic-oscillator wave functions,
represented by the hatched bars. The correlation between u and
the schematic-model amplitudes is very strong, showing that the
result of Dowel 1 et al. is embodied in the original PRM, at least
in the single-particle escape contribution to the particle widths.
For the extended model, the correlation is less impressive in
detail than for the original PRM, but it is still clearly evident.
For each particle-hole component shown in Fig. 6, the
energy-dependent quantities vzre determined by choosing the energy
at the GDR peak position (E =13.47 MeV). Because of the proximity
to the Coulomb barrier in the case of the proton components, and
high angular momenta for many of the particle states, there is an
enormous variation (three orders of magnitude) in the penetration
factors necessary to obtain the actual particle widths from the
squared amplitudes.

In the rearrangement-escape process, the photon first excites
the part of the GDR that does not have the particle-hole quantum
numbers of the channel. The subsequent decay requires the
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intervention of a residual effective interaction, which in the
present case is included in the form factor in the
rearrangement-escape matrix element <u|h'| <t>'+)>. There is
no obvious reason why the rearrangement-escape amplitude should be
proportional, to the particle-hole spectroscopic amplitudes of the
GDR in the same way as the single-particle escape amplitude. In
the present example, the rearrangement-escape amplitudes are
comparable in magnitude to the single-particle escape; the two
amplitudes must be added coherently. The ratios of the total
particle width to the single-particle escape width are shown at the
bottom of Fig. 6 for the extended-model calculations. It is
apparent that the ratios vary strongly from configuration to
configuration. On average, the ratio is smaller for protons than
for neutrons, since the Coulomb barrier inhibits the
rearrangement-escape term more than the single-particle escape;
this is because the form factor h1 cuts off sharply with radius,
whereas rfOpT does not. Evidently, inclusion of the
rearrangement-escape term impairs the correlation, but does not
destroy it entirely, as the ordering of the various particle-hole
components according to intensity is reasonably well preserved when
the rearrangement-escape terms are added.

To further investigate the correlations between the particle
widths and the GDR spectroscopic amplitudes, it would be desirable
to extend the present calculations to the light nuclei in which the

o.io

Part

Hole 11/2

s + r R>/r s 1.4 3.2 4.1 2.3 1.2 7.7 0.6 0.04 1.0 5.0 3.7 8.4 3.8 6.6 4.9 119 16

Protons Neutrons-

Fig. 6 Comparisons of schematic-model intensities (hatched bars)
for various particle-hole components of the 208pt> GDR,
with quantities u 2 in the PRM (solid bars) and
tX!2 in tba extended model (open bars). Also shown
are the ratios of the total particle width to the
single-particle escape width (see text).
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correlations have been observed, and in which the
rearrangement-escape amplitude is expected to be less important
relative to the single-particle escape because there are fewer
particle-hole components in the GDR state vector. It would also be
interesting to use the extended PRM to estimate the total nucleon
escape width of the GDR in 208pb, since the calculations
presented in this paper show reasonable agreement with the data, at
least for the strong transitions.

V. SUMMARY AND CONCLUSIONS

A rederivation of the direct-semi direct and pure-resonance
capture models using the Feshbach reaction formalism has been made,
explicitly allowing for the possibility of El strength decoupled
from the GDR. This results in an additional resonance-like term
that explicitly displays the approximate cancellation of low-lying
strength that had previously been assumed to be exact in the PRM.
The extended versions of the DSD and PRM are identical, and in fact
the extended model is numerically very close to the original DSD.
Folding-model calculations of the real part of the capture form
factor for 208pb and of the (p,n) reaction show that both can be
reconciled with the same effective interaction; this interaction
must be much stronger than that implied by the JLM microscopic
optical potential. Coulomb excitation is significant for the
proton-capture form factor, but form factors related to the
spin-orbit interaction were found to be unimportant. The PRM
formulation was used to study the particle widths of the GDR, and
to investigate the correlation between the widths and the
particle-hole spectroscopy of the GDR. A strong correlation is
exhibited by the single-particle escape widths, but this
correlation is reduced by the rearrangement-escape terms.
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GIANT ISOVECTOR E2 RESONANCES OBSERVED IN
(n,y) AND (y,n) REACTIONS

L. Nilsson
Tandem Accelerator Laboratory,

S-751 21 Uppsala, Sweden

ABSTRACT

A summary of the gross properties of isovector E2 resonances in
nuclei and a survey of recent experimental efforts to study these
resonances are presented. The main emphasis is on applications of
radiative capture and photonuclear reactions, which have proved to be
valuable tools for these studies. Planned and ongoing activities in
this field are discussed.

INTRODUCTION

Since the first experimental observation of the isoscalar
giant quadrupole resonance (GQR) more than a decade ago •'•""3, the
study of giant resonance phenomena in nuclei has been one of the
central themes in nuclear structure research. During the initial
period in this new area of research, studies of inelastic scattering
of hadrons (and to some extent electrons) were the main sources of
new information. This implied that the great majority of new data
concerned isoscalar resonances, in particular the isoscalar GQR. As
the experimental techniques for studying inelastic scattering at
extreme forward angles (including 0°) developed, it became possible
to extract information on the isoscalar giant monopole resonance
(the nuclear breathing mode) » 5. simultaneously, radiative nucleon
capture ° and photonuclear reactions 7 turned out to be useful
complementary tools in these studies. Other techniques that have
recently been applied to obtain information on giant multipole
resonances involve charge-exchange reactions, i.e. (p,n), (n,p),
(%e,t), (ir+,TT°), (TT~,IT0), etc., through which the isobaric analogues
of the isovector giant resonances in the target nucleus can be stu-
died 8-11.

Parallel .to .the experimental development in the study of giant
resonance characteristics, the theoretical understanding of these
phenomena has improved substantially. In particular, extensive cal-
culations based on the random-phase approximation have been able to
account for many new observations and to predict new phenomena 12-14.
Long before the experimental discovery of the "new" giant resonances
at the beginning of the 1970's, excitation energies and other pro-
perties of various giant multipole resonance ; had been predicted by
the hydrodynamic and other macroscopic nuclear models 15-17.

Several excellent review papers and conference talks have been
devoted to various aspects of this exciting development in the study
of giant resonance phenomena during the past decade -L3> 1°~21.

This paper is aimed at a discussion of the properties of the
isovector E2 resonance, the study of which has been a challenge to

0094-243X/85/J.250458-12 $3.00 Copyright 1985 American Institute of Physics
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experimentalists, in particular for light nuclei. >In the next sec-
tion, we will make an attempt to summarize the present knowledge
concerning the isovector GQB and to present various efforts which
are being made to reveal its properties. The following section will
deal in some detail with one of the methods utilized for these stu-
dies, namely the radiative neutron capture reaction and its inverse
the photoneutron reaction. In the final section, the results from
various techniques are discussed and some suggestions for further
studies in this field are put forward.

THE ISOVECTOB E2 RESONANCE

In heavy nuclei, evidence for the isovector GQR has been
obtained from studies of inelastic scattering of electrons 22. The
summary in ref 22 shows that the excitation energies are about
lSOA"1^ MeV, but that the values in the low mass region (A = 50 -
100) -cend to approach 120A~-1-'3 MeV. The widths range from about
10 MeV at A = 60 to about 5 MeV for the heaviest nuclei (Pb and U).
The resonance exhausts, roughly independent of mass number, 60 to
100 % of the isovector energy-weighted sum rule (EWSR) based on the
Goldhaber-Teller model 15.

In light nuclei, important information on the E2 strength has
been obtained from polarized and unpolarized proton capture experi-
ments, in which - as in the electron scattering experiments - it is
possible to distinguish between isoscalar and isovector excitations
only by means of the excitation energy. This work has been excel-
lently summarized by Snover ". The proton capture technique has also
been applied to study isovector E2 strength in heavy nuclei 2 3 ,
where the results have been interpreted in terms of the direct-semi—
direct " (DSD) and pure-resonance 25 (PR) models.

Other interesting techniques used tc study the E2 strength in
light nuclei involve photonuclear and photon scattering experiments.
From measurements of angular distributions of neutrons from the
-L^0(Y,no)1^0 reaction in the y-energy region 25 - ^5 MeV, and with
the assumption that multipoles higher than E2 can be neglected,
Phillips and Johnson ^6 report a lower limit for the E2 strength in
this energy region of 23 % of the EWSR for the isovector GQR. By
combining their data with data at the low-energy end on the
polarization of the photoneutrons, the authors estimate that 68 % of
the EWSR is observed in their experiment.

Elastic photon scattering experiments on 12C and •'•"O performed
at 90° and 135° at HBS 2T have been analyzed together with total
absorption cross section data 2^. The scattering cross section is
related to the total absorption cross section through the optical
theorem and the dispersion relation after correction for Thomson
scattering. To obtain consistency between these data, the authors
introduce, in the 20 - 1*5 MeV region, (in addition to the El cross
section) an E2 cross section corresponding to 1.9 and 1.3 times the
total (isoscalar plus isovector) E2 EWSR (TEWS) in 1 2C and ̂ 0 ,
respectively. The interpretation of these results is, however, in
contradiction to some recent photon scattering data of Wright et,
al.29, who have performed measurements for carbon and calcium. The
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carbon data agree with those from BBS, i.e. at 90° and 135°. Intro-
ducing the E2 strength reported by Dogde et.al. 2? in the data
analysis does not, however, lead to a satisfactory description of
the 1*5° data of Wright et.al. 2 ° . The authors conclude that the
scattering data and the total absorption cross sections are mutually
inconsistent. Analysing the scattering data for carbon independently
of the absorption data indicates thrvt no E2 strength larger than
50 % of the TEWS or concentrated in a resonance less than 5 MeV
wide is required in the 20 - 35 MeV region to explain the data. The
data are, however, compatible with a 20 MeV wide E2 resonance at
58±i» MeV exhausting 150 % of the TEWS.

The recently reported E2 strength of 35 % of the isovector EWSB
(i.e. 100 % of the strength of the lower isospin (T<) component) at
32 MeV in calcium from an (n,Yo) experiment is below the sensitivity
limit of the photon scattering experiments. We shall return to this
and other (n,y) and (y»n) experiments later.

During the last few years single-charge-exchange reactions have
been applied to the study of isovector excitations in nuclei. The
excitations which become available for study are isobaric analogues
of AT = 1 states in the target nucleus. The most spectacular example
is the Gamow-Teller resonance which has been studied extensively
using the (p,n) reaction 31, Particularly simple cases to study are
Tz = 0 (self-conjugate) targets, because only one isospin component
in the final nucleus is available; T = 1, T, = -1 in (p,n), (3He,t)
and (ir+,7TO) and T = 1, Tz = 1 in (n,p) and fir-,ir°) reactions. An
interesting feature but also a complication in the studies of
charge-exchange reactions is that spin-flip (AS = 1) transitions
occur in addition to AS = 0 transitions. Several experimentalists
have observed the analogue of the giant dipole resonance 8-11 ^ a
some have attempted to localize the corresponding isovector
GQR lo» H . As in hadron scattering the continuum background is
considerable, which means that the detection limit for the isovector
GQR is a substantial fraction of the EWSR. From a recent (3He,t)
experiment 10_ at a beam energy of 197 MeV in self-conjugate nuclei
(I2C, 2JjMg, 2°Si and ^OCa), the authors state that the isovector
GQR would have been seen if it were no more than 10 MeV wide with at
least 60 % of the EWSR strength. A similar negative result was
obtained from a recent (TT~,ITO) experiment H , where again the detec-
tion limit is well below the sum-rule strength.

NEUTRON CAPTURE IN THE ISOVECTOR GQR REGION

The use of radiative capture (and its inverse reaction) in
studies of the isovector E2 strength is based on the interference
between radiation amplitudes of opposite parity (El and E2). This
interference gives rise to asymmetries around 90° in the angular
distribution. The asymmetry, defined by

A - 1(55° ) - 1(125° )
1 1(55°) • 1(125°)
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is expected to change dramatically in the vicinity of the isovector
E2 resonance in neutron capture from around zero below the resonance
to close to unity above, depending on the strength of the resonance.
This result has been obtained qualitatively by simply adding a
resonant dipole amplitude and a resonant quadrupole amplitude
coherently 32. similar results were obtained many years ago by
applying the DSD capture model 33. It was also pointed out several
years ago 34 that there is a distinct difference between the (p,y)
and (n,y) reactions in this respect, namely that the direct E2
component in neutron capture is very weak compared with that in
proton capture. This comes about because the effective charge of a
neutron in an E2 transition is about I/A times that of a correspon-
ding proton. The E2 effective charge of the proton implies that the
fore-aft asymmetry in proton capture increases continuously above
the GDR, which makes the extraction of the E2 strength more compli-
cated. Nevertheless, the proton capture reaction has been success-
fully applied to studies of the isovector E2 resonance in lead 2 3 .

The neutron capture reaction has been used to study the iso-
vector E2 strength in 2°ypb (ref 32) and hlCa. (ref 30), T h e (Y>n)
reaction has recently been used 35 with the same objective for Cd
and Pb. In all these cases the asymmetry shows the expected behaviour
in the region of the isovector GQR. From the (n,y) experiment in Pb
a value for the excitation energy of the isovector E2 resonance of
22.5 MeV is obtained in agreement with other observations. The data
are compatible with a full exhaustion of the EWSR, but the data do
not allow a precise extraction of the strength as it was not experi-
mentally possible to extend the measurements to more than 1 - 2 MeV
above the peak of the resonance. The asymmetry data for Pb have been
compared with calculations based on the direct-semidirect model. The
comparison shows that the asymmetry increases even faster than pre-
dicted. The most extensive use of the DSD model in connection with
studies of the isovector E2 strength was recently reported for the
^°Ca(n,Y0)^

1Ca reaction. The application of the DSD model in this
particular case will be described here together with the basic
ingredients of the model. For a more detailed account of this work
the reader is referred to ref 3° and references therein.

The original formulation of the DSD model 2^ has been modified
to include spin-orbit coupling and interference between direct and
semidirect capture amplitudes. The transition amplitude can be
written

AT nl) AT nlj + 1 _
f AT 2 AT

where x'+^ is the scattering wavefunction (calculated with an opti-
cal model potential) and "Fn;H the final bound-state wave-function
(calculated with a real Woods-Saxon potential). The first term in
eq. (2) is the direct capture amplitude, where d^T(r) is the single-
particle multipole operator for multipolarity A and isoscalar ( T = 0 )
or isovector ( T = 1 ) excitations. The second term is the semidirect
capture amplitude, which represents capture via the giant resonance
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state (with energy E^T and width F^T).
The interaction between the incoming neutron and the target

nucleus is contained in the form factor h, (r). The explicit forms
of the form factors are 36

h,,Ir)=-107 Ylv
|Jl^ (1*°-8xl T T - ^ h v r ' - i v H f r - 1 (3)

for the giant dipole resonance,

for the isovector quadrupole resonance and

for the isoscalar quadrupole resonance. In eqs. (3) to (5), V and
Wo are the depths of the real and imaginary parts of the central
potential, respectively, and V]_ and W-̂  are the corresponding depths
of the symmetry potential. The functions fr(r) and f^(r) are Woods-
Saxon form factors for the real and imaginary potentials, respecti-
vely. The factors p^T in front of the radial form factors are the
respective fractions of the EWSR exhausted by the capture reaction.
These fractions are particularly important in neutron capture,
because isospin conservation requires that only the T< part of the
isovector resonances is excited. The fractional strength distribu-
tion between the isospin components is given by

S < T o 1 • 1-5/A 2' 3

for the giant dipole resonance 37 ana by

S < T o 1 • 2/A

for the isovector quadrupole resonance 38. xn eqs. (6) and (7) TQ

is the isospin of the ground state in the final nucleus. For
^Ca (To = 1/2) the ^ strength is about twice the T< strength in
both resonances.

In the calculations the sensitivity of the results to optical
model parameters was investigated. Universal optical model parameter
sets as well as parameter sets from elastic neutron scattering on
calcium were used and it was found that the calculated 90° cross
sections and fore-aft asymmetries were roughly the same for the four
optical model parameter sets used in this study. The calculations
also nicely describe angular distribution data from TUUL 39 in the



463

neutron energy range 8 - 1 3 MeV. The giant resonance and potential
parameters used in the calculations are summarized dn Table I.

Table I Giant resonance and interaction strength parameters.

Resonance

Isovector
dipole

A=1.T= 1

Isovector

quadrupole

A=2, r=1

Isoscalar

quadrupole

(MeV)

18.1

32.0

10.4

(MeV)

EWSR

I

V

(MeV)

U

(MeV)

^ .0

5.0

4.2

38

35

60

120

126

50

40

40

10

The measured cross sections and fore-aft asymmetries are shown in
Figs. 1 and 2, respectively, compared with calculations where

T—i—i—i—i—r

EXCITATION ENERGY [MeV)

20 25 30
-i—i—i—i—i—i—i—i—i r

MCaln,Yn)"Ca

15 20

NEUTRON ENERGY (HeV)

Fig. 1. The 90° cross section for the 1|CICa(n,Yo)
laCa reaction 30,39,W».

The full and dot-dashed curves represent cross sections calculated
using the DSD model and the dashed curve the compound-nucleus
contribution to the cross section.
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EXCITATION ENERGY IMeV]

15 20 25 30

0.6 I" MCQ(n,Y0)"CQ

15 20

NEUTRON ENERGY IMeVI

25

Fig. 2. The fore-aft asymmetry of the Ca(ri,yo) Ca reaction 30, ?'->.
The full curve is calculated using the DSD model including an iso-
vector GQR with parameters given in Table I. The dashed curve
represents the case where no isovector GQR was included in the
calculation.

the optical model parameters of Tornow et.al. '•O a r e used. The
depths, V;L and W^, of the symmetry potentials, are treated as free
parameters and adjusted to describe the 90° cross section in the
region of the giant dipole resonance. The obtained values of V^ =
120 MeV and W± = Uo MeV are slightly larger than those obtained from
quasi-elastic (p,n) reactions. The use of the parameters given in
Table I for the T< component of the isovector GQR implies that the
strength for this component of the resonance is fully exhausted. The
uncertainty in the excitation energy has been estimated to ±1 MeV.
The uncertainties in the width and strength.are coupled and are
difficult to estimate.

To give an impression of these uncertainties, calculated asym-
metries for different sets of values for the width and strength are
presented in Fig. 3. The asymmetry curves calculated with widths of
2.5 and 5 MeV give equally good fits tc the measured data points,
whereas the 1 MeV curve is too steep. It is not likely that very
narrow structures occur at excitation energies above 30 MeV. The
figure also shows that a constant ratio between the width and the
strength gives rise to the same total change in the asymmetry. This
would imply that, if the width is larger than 5 MeV more than 100 %
of the H< strength is observed. The conclusion is that the width is
between 2.5 and 5 MeV and that 20 - 35 % of the isovector EWSR is
exhausted.

The comparison in Fig. 3 clearly illustrates the desirability
to extend the measurements of fore-aft asymmetries to energies well
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Fig. 3. The fore-aft asymmetry of the 1)0Ca(n,Yo)
1*1Ca reaction 30.

The curves are calculated on the basis of the DSD model with various
values for the width (r) and fractions of the T< EWSR (full curve -
r = 5 MeV and 100 %, dashed curve - . = 2.5 MeV and 50 %, dot-dashed
curve - F = 1 MeV and 20 %).

fiSYMMETRY OF Cd(GPMMR.N)
~ 1.0

9 11 13 15 17 19 21 23 25 27 29 31
Excitation Energy

Fig. k. Fore-aft asymmetry data for the Cd(y,n) reaction in the
region of the isovector GQR 35, Photoneutrons to levels below 3 MeV
in the final nucleus are included.
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above the peak of the resonance. Photoneutron experiments of this
kind have already been performed 35 and preliminary data for lead
and cadmium have been reported. Results for cadmium from this work
are ^hown in Fig. h. These asymmetry data include photoneutrons to
final levels below 3 MeV. It is not presently understood why the
asymmetry below the resonance is slightly positive, but isotope
effects might play a role.

DISCUSSIOH AND CONCLUSIONS

As mentioned above studies of the isovector E2 resonance have
been very difficult, in particular in light nuclei. As a matter of
fact, several attempts to reveal its properties have failed. One of
the reasons for this is that in the capture and photonuclear reac-
tions the E2 amplitude is weak compared with the El amplitude even
well above the giant dipole resonance. In hadron scattering the
cross section for the excitation of isovector states is small in
comparison with that for isoscalar excitation. This is illustrated
by the weak excitation of the giant dipole resonance. A further
difficulty is the high excitation energy (and large width) of the
isovector GQR which ib well up in the continuum where the "back-
ground" is considerable. This is also a serious problem in charge-
exchange reaction studies. The electron scattering experiments have
been fairly successful in heavy nuclei in spite of the background
from the radiation tail. We are presently not aware of any electron
scattering experiment in nuclei lighter than Ni, where there is
clear evidence for isovector KL' strength.

0.05

Fig. 5. The analysing power at 90° for the ll|2Ce(p,Yo) reaction
The dashed curve is calculated with El and direct E2 capture,
whereas the full curve also includes resonant E2 capture.
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The question is what can be done to increase our knowledge of
the isovector GQR, in particular in light nuclei, where the situa-
tion now is far from settled. Below follows a list of suggestions,
which are aimed at improving the understanding of the isovector GQR.

* Electron scattering experiments should be extended to nuclei in
the mass region below A = 60. It is desirable to have electron
scattering data as a complement to other information in this
mass region, and attempts should be ir.ade even if the resonances
are expected to be rather wide.

* Neutron capture studies seem to give a clear signature for E2
strength in the region of the isovector GQR. The experiments
with monoenergetic neutrons (from the SHfdjiO^He reaction) are,
however, very difficult and time-consuming and cannot easily
be extended to higher energies well above the peak of the iso-
vector GQR. On the other hand, neutron capture experiments at
the WHR facility at LAMPF ^ 1 look promising and should be
continued. The recent attempts to improve the energy resolution
of bismuth germanate detectors ^ 2 form an essential part in
this program.

* The preliminary results from the photoneutron work at Illinois
are encouraging and further experiments can be expected to give
important information. One of the advantages in this technique
is that the measurements can be extended to energies well above
the resonance. The time resolution in these experiments should
be improved to allow separate observation of the ground-state
transition.

* Photon scattering is a natural means of studying E2 strength.
From the contradictory interpretations of recent data, there
are, however, reasons to question whether the sensitivity limit
can be pushed down sufficiently.

* It would be interesting to study charge-exchange reactions in
nuclei where the isovector GQR has been observed by other
techniques, e.g. in Hi isotopes.

* In a recent paper Saporetti and Guidotti pointed out that
calculations based on the DSD model indicate that the analysing
power at 90° in polarized proton capture gives a clear signa-
ture for resonant E2 capture. (See Fig. 5.)

In conclusion, the study of isovector E2 resonances in nuclei has
been and will certainly continvj to be a very exciting and challen-
ging field of research. There are indeed several methods to choose
between, which means that laboratories with various types of equip-
ment can contribute to future advances in this field.
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RADIATIVE CAPTURE IN FEW NUCLEON SYSTEMS
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ABSTRACT

This talk will constitute an attempt" to report recent low energy
capture experiments which are providing new information on small com-
ponents of the nuclear wavefunctions in the 2. 3 and 4 body nuclear
systems. Recent polarized n-capture data on H which address the
question of whether these data require meson exchange current effects
will be presented. Several new results will be described in the case
of the three body problem; new polarized proton capture data, ana-
lyzed with D-state effects included, yield new and lower E2 strengths
which are in reasonable agreement with inverse reaction measurements
and calculations. Polarized 3 on p and p on d data will be presented
which exhibit the sensitivity of these measurements to the presence
of s=3/2 Ml strength just above threshold in He. And tensor ana-
lyzing power measurements of the H(d,Y) He reaction which are sen-
sitive to D-state effects in He will be described and compared to
calculations which employ recent Faddeev generated wavefunctions.
Finally, new data on the tensor analyzing powers for the ,H(d,y) He
reaction which provide new information on the D-state of He will be
described. A simple model calculation will be used to demonstrate
that the observed isotropic T.-CP) of -0.22±0.014 is consistent with
a 4.8% D-state admixture in the two deuteron wavefunction used to
describe He.

There have been a number of experimental and theoretical devel-
opments in the last few years which have provided new information on
the two-three and four body systems which have involved capture and
inverse photonuclear reactions. In this talk I will attempt to de-
scribe a few of these studies to indicate the power of the capture
reaction when applied to the study of these fundamental nuclear
systems.

it has been slightly more than 10 years since it was shown that
the effects of meson exchange currents (MEC) arc essential in under-
standing the cross section for radiative n-p captuve at thermal neu-
tron energies.^ Calculations were also performed at that time for
the cross section and polarizations of the outgoing n.icleons in the
d(y,n)p reaction up to E =22.2 MeV.2 While the effects on the cross
section were small, more^pronounced effects were observed in the
polarization of the outgoing nucleons. It is the sensitivity of the
polarizations to the presence of Ml radiation, especially at 90°,
which is responsible for the size of these effects.

Unfortunately, discrepancies have persisted in the results of
the measurements of the photonucleon polarization in the energy
region below 30 MeV. The situation as of about a year and a half

0094-243X/85/1250470-13 $3.00 Copyright 1985 American Institute of Physics
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ago is shown in Fig. 1. The two curves shown here are the results
of an impulse approximation calculation^, and the calculation which
includes MEC effects2. Unfortunately, one could not make a defini-
tive statement as to whether or not MEC effects are properly in-
cluded from this situation.

Recently, a new experiment (Holt et al.) was performed to re-
measure the neutron polarization for the 2 H ( Y , S ) H reaction at 90°
between E =6 and 13 MeV.1* These results are also shown in Fig. 1
and appear to be in

0.00

-0.04

-0.08

-0.12

-0.16

-0.20

2H(/,n)'H
= 90°

Present Work
Holt et al.
Brooks
Nath et al.
Partovi (Impulse Calc.)
Hadjimichael (Impulse*MEC) -

10
Ex(MeV)

12 14

Fig. 1 Comparison of theory and experiment. The "present work"
refers to the recent capture data of Ref. 6. See Ref. k (Holt et
al.) for further details and additional references.

better agreement with the impulse calculation of Partovi3 than with
the calculation which includes MEC effects2, suggesting the possibil-
ity that the MEC effects are either absent or improperly included. A
new series of calculations5 which include two body charge and current
density effects in the traditional theory leads to a similar conclu-
sion when compared with the data of Fig. 1. This work also shows
that the result does not depend on the choice of potential. The Yale,
Hamada-Johnston, Paris and supersoft-core potentials give essentially
the same results.

The first polarized neutron capture data on hydrogen in this en-
ergy region are now becoming available. Due to the rather low y-^ay
energy and the high backgrounds, this is a very difficult experiment.
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It was performed at the University of Wisconsin6 by using a liquid-
scintillator as the target and requiring a coincidence between the
y-rays and the recoiling deuterons detected in the scintillator. Al-
though the preliminary data shown in Fig. 1 do not allow us to dis-
tinguish between the different calculations, this technique, which
is being pursued at Wisconsin and at TUNL, promises to provide pre-
cision data in the near future. At the present time the best data
set for polarization measurements at low energies is prob-bly that
of Jewel et al. 7 obtained at Ey=2.75 MeV. These data indicate a
basic disagreement between theory and experiment which is made even
worse when two-body charge and current effects are included. This
observation has led Rustgi et al.5 to conclude that the present
theory of the 2H(y,n11H process is inadequate.

Data on the !H(n,y)^H reaction have also been obtained at neu-
tron energies of 180 and 270 MeV.8 The results of the 270 MeV ex-
periment are shown in Fig. 2. The solid curve shown here is from

Partovi3 and does not in-
clude MEC; the dashed
curve is due to Ar
and included MEC and iso-
bar corrections. Here
again, a discrepancy per-
sists suggesting an inade-
quacy in the theory, al-
though at this energy the
corrections push the theo-
ry in the proper direction.
Hopefully new theoretical
calculations, inspired by
these new experimental re-
sults, will lead to a bet-
ter understanding of the
two body problem in the
near future.

There are three new
results in the mass 3
systems which I would like
to mention. The first of
these concerns a compari-
son between the angular
distributions of the
3H(y,n)2H and 3He(Y)p)

2H
reactions. The work of
Skopik et al. 1 0 on the 3H
case indicated that the
behavior of the fore-aft

-04

-OS I I i I i _

30 60
9.

90 120
, (cm.)

150 180

Fig. 2 Analyzing powers" in np-*-dy at
teV from Ref. 8. Solid curve

(Ref. 3) is without MEC, dashed curve
includes MEC (Ref. 9).

asymmetry in the differential cross sections of these two reactions:

did not behave as expected from the simple theory. This follows if
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we consider the problem as an effective 2-body problem. In that case
the only relevant coordinate is the relative coordinate between the
nucleon and the deuteron. Since the fore^-aft asymmetry in the exci<-
tation energy region of 7 to ^20 MeV is expected to arise from E1-E2
interference, it follows from simple effective charge arguments that
the values of a in the case of 3H should be -1/5 times those found
in the 3He case. The relevant photonuclear data have been combined
to form the ratio as(

3H)-to-a (3He). The results are shown in Fig. 3,
where we see that the ratio is about -0.5 rather than the predicted
value of -0.2 for this reaction.

E y ( MeV)

Fig. 3 Asymmetry ratios: (x) TUNL data(Refs. 11 and 12); (•) Skopik
(Ref. 10)/Kundu (Ref. 13); (•) Bdsch (Ref. 14)/W«lfli (Ref. 15)

In order to verify this somewhat surprising result we have per-
formed the capture reactions 2H(p,y)3He and 2H(n,y)3H in this energy
region. Data for the 2H(p,y)3He reaction was taken using a gas tar-
get cell whose entrance and exit windows were shielded from the Nal
detector assemblies, A pulsed proton beam provided a time-of-flight
condition which lead to extremely clean spectra. The experimental
arrangement is shown in Fig. 4.12>16
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The 2H(n,y)3H reaction
was much more difficult to
measure because of serious
background problems, not
to mention low count rates.
However, high quality
spectra were obtained by
employing a deuterated
liquid scintillator as the
target and using the re-
sponse of this scintillator
to the recoiling tritons
as a coincidence require-
ment on the y~ray detectors.
This technique worked quite
well and, incidentally, al-
lowed us to determine the
response of our deuterated
NE232 liquid scintillator
to tritons.11 A typical
•y-ray spectrum is shown
in Fig. 5 . n

Fig. 4. Experimental arrangement for
2H(p,y)3He measurements at TUNL.

X-RAYS COINCIDENT WITH NE232

20-

Fig. 5. Spectrum obtained (D 15
for 2H(n,y)3H reaction. I—
Discriminator cut-off is ^
near 9 MeV. Q 10

O

Ey (MeV)

2H(n,y) 3H

E n = 9.0 MeV

U II
20
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2 H ( n , y ) 3 H

Fig. 6 Cross section and
analyzing powers at E =9.0
MeV (E =12.25 MeV).

x

The data at E =12.25 MeV are shown in Fig. 6. The resulting a
values obtained at E =12.25 and 13.45 MeV are shown in Fig. 7.
Note that these values are b'sed on "full" angular distribution
measurements rather than just two angles. Our ratios confirm the
photonuclear results! At E =12.25 we obtain a (3H)/a (3He)=0.4±0.1
while at E =13.4 MeV we obtain -0.5±0.12, as snown insFig. 3.

In oraer to account for this result we hegan by investigating
the two body assumption which leads to the -1/5 result. If the
full operator is considered, it can be shown19 that, if p is the
coordinate between the center-of-mass of the deuteron and the third
nucleon, and r is the coordinate from the n-to-the-p (or p-to-n) of
the deuteron for 3He (or 3H), the E1+E2 operator has several terms:

For 3He;
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QO

-Q2

-0.4

3He(y,p)2H

3H(y,n)*H

10 15
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Fig. 7 Asymmetry data and results of two-body direct capture calcu-
lation (solid curves - see Ref. 16) which predict -1/5 for the ratio,
(x): TUNL results; D : Refs. 10, 13; • : Refs. 14, 15; • Ref. 17;
A : Ref. 18

while for 3H: •*• + , . _. , . . _̂

4 | i i ? ? i ?

The result of -1/5 follows for the assumption of point deuterons when
the observed asymmetry is attributed to E1-E2 interference. What
happens if realistic deuteron wavefunctions are used? Although we see
that the additional terms above could, in principle, change this
ratio away from the -1/5 value, it turns out to be not so easy. This
is mainly because of the fact that the E2 matrix elements which
correspond to transitions from the D-state to the S-state component
of either the A=2 or the A=3 system do not interfere with the S-state
to S-state transition matrix elements which dominate the (El) cross
section. Although the S-D El matrix elements will interfere with the
S-D and D-S E2 matrix elements, the contribution to the asymmetry due
to these terms is expected to be quite small. Detailed calculations
using realistic wavefunctions for 3He (Ref. 20) and 2H (Ref. 21) are
in progress, but we do not expect the results to change the -1/5 re-
sult by any significant amount. Is there an obvious alternative ex-
planation? What about other multipoles? The behavior of a-̂  and a%
suggest that this is an E1-E2 effect! We conclude that this result
may indicate a basic flaw in the way in which this problem has been
traditionally formulated.

The second A=3 result concerns the study of D-state effects in
3He. The same 2H(p,y)3He data which generated the a s coefficients
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also provided a very accurate and systematic set of a« coefficients
(from expanding a(8) as A [ 1+ga. P ( B) ]) as shown in Fig. 8.16

o k k k Although previous claims
suggested no D-state sen-
sitivity in this reaction
at these energies22, our
careful measurements seem
to indicate otherwise. The
solid curves represent 2-
body calculations using
three different Faddeev
generated wave functions
for 3He. One of these had
no D-state, one had 5.08%
for the total D-state com-
ponent and one has 9.12%
for the D-state probability
in 3He. The data are
clearly fit better when a

reasonable amount of D-state
20 is included.16 It has also

been shown16 that the inclu-
sion of D-state effects in
the analysis of the polar-
ized and unpolarized capture
data reduces the amount of
E2 strength necessary to de-
scribe the measurements.
Whereas previous analyses
required ^10% E2 strength,
the inclusion of D-state
reduces this to about 2%,

which is close to theoretical predictions.22

A new experiment has just been completed at McMaster University.23

In this work a tensor polarized deuteron beam was used to measure
the tensor analyzing power T (6) in the 1H(d,y)3He reaction at
Ed=19.8 MeV. This quan:ity Is of interest because of the fact that it
is zero if there is only s=l/2 capture. Since the radiation is mainly
El and E2, spin flip transitions should be negligibly small. There-
fore, the presence of s=3/2 capture strength should imply s=3/2 ground
state components which would arise from D-state admixtures in the
ground state of 3He.

Precision results were obtained by using an Enge spectrometer to
detect the recoiling 3He nuclei in the 1H(d,v)3He reaction at Ed=19.8
MeV (E =12.1 MeV). Since a one-to-one relationship exists between
the energy of the 3He particles and the angle of the y-ray, and since
the 3He nuclei are confined to a cone about the beam axis with a maxi-
mum angle of 2.6 degrees, the entire •y-ray angular distribution can
be observed at one time in the focal plane of the spectrometer. Two
position sensitive solid-state counters were used to detect the 3He

8Fig.

Ref.
2 and 3 are
in 3He.

SeeMeasured a, coefficients.
16 for further details. Curves 1,

9,12%, 5.08% and 0% D-state
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for T . as a function of

particles. Consecutive runs were made for an m=l and an m=0 beam,
where the spin direction was set along the beam axis. The results

are shown in Fig. 9.
The same model and

the identical parameters
used to calculate the a
coefficients of Fig. 8
were used to calculate
T Q(e) at E =12.1 MeV.
THe resultsxfor the 3He
wavefunctions which were
calculated for an assumed
deuteron D-state probabil-
ity of A and 7% are essen-
tially identical and are
represented by the soild
curve in Fig. 9. The
result for no D-state is
T2Q(e)50 in this model.

The remarkably good
agreement shown in Fig. 9
provides confirming evi-
dence for the validity of
the wavefunctions generated
in Ref. 24. A somewhat
surprising result, however,
is the apparent insensitiv-
ity to the D-state strength
present in the 3He wave-
function. The two calcula-
tions performed (P (d)=4
and 7%) correspond to a to-

-0.

ANGLE (CM)

T 2 Q for the 1H(ct,Y)
3He reaction.

Solid line is the theoretical calculation
which has 5.08% or 9.12% D-state in 3He.

Fig. 9

tal-D-state probability in
3He of 5.08 and 9.12%, re-
spectively. Furthermore,

the ratios of the asymptotic normalization constants (Cg'/C ') for the
two calculations are 0.05 and 0.038, respectively, so one might expect
a significant difference for the two calculations. However, 70% of
the transition amplitude strength arises from the 3He wavefunction
in the region between 2.5 and 6.5 fm. It has been found that the
two-body projected wavefunctions in this region of space are almost
identical. A study similar to this has been recently reported by
Arriaga and Santos2*", who compared their calculation with the unpub-
lished data of Baumgartner et al. 2 6 Their work showed that the
Sasakawa 'wavefunction gave a good description of the data. However,
the sensitivity which they suggest to the asymptotic D/S state ratio
does not appear to be realistic since the asymptotic region of the
wavefunction does not appear to make an important contribution to
the capture strength.

The final new result in A=3 which I want to mention is based on
an experiment in which the vector analyzing powers were measured for
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both the 1H(a",y)3He and the 2H(p,Y)3He reactions.27 The proton and
deuteron energies were chosen to yield the same excitation energy
(6.0 MeV) in 3He. At this energy (0.5 above threshold), the E2
strength is predicted to be essentially zero by the model of Ref. 16,
and Ml effects may become observeable. If the product of the cross
section (a(6)) and the analyzing powers (A(6)) are expanded in b R

coefficients according to

A(9)a(6) = A 0
[Ll bK PK 1 ( 9 ) ]'

then it can be shown that if the reaction is proceeding via a parti-
cular set of s and s' (s and s' are the channel spins of 1/2 and/or
3/2, then

-2 W(lsls';l/2 1)
2 W(l/2 s 1/2 s';l 1)bk(p,Y)

This implies that if s=s'=l/2 (pure doublet !:erms) this ratio is
-3.0; if s=l/2, s'»3/2, the ratio is 3/4, while for s=s'=3/2 (pure
quartet terms), the ratio is 3/2.

The experimental results are shown in Fig. 10. The b, coeffi-
cients are presented in Table 1. It is seen that the (p,Y7 data

0.30

0.15

0.00

-0.15

- Ex

-

\

= 6.0 MeV
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—
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" J—̂

y)3He

T " " " ^

\

J
0 30 60 90 120 150 180

Fig. 10 The (p,r) and (t,y) analyzing powers.
The solid curve is the predicted (d,y) result
based on the (p,Y) data and the assumption
that only s=l/2 terms contribute.
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Table 1

Expansion coefficients for the 1H("S,Y) and 2H(p,l) reaction at
E =6.0 MeV
x

2H(p,y)3He 1H(3,Y)3He(using p-on-d angles)

b = 0.08 ± 0.007 b = -0.006 ± 0.045

b, = -0.005 ± 0.006 b 2 = 0.018 ± 0.036

b 3 = -0.006 ± 0.006 b 3 = -0.0.8 ± 0.036

b, = -0.001 ± 0.006
4

contain a finite b. coefficient suggesting Ml-El interference. And
b. for thr (3,Y) data is not -3.0 times this, implying a significant
quartet contribution. If the model of Ref. 16 is used, b^ is pre-
dicted to be zero (this is an E1+E2+E3 calculation). If as little
as 1% (and less than 8%) Ml strength is added, however, the present
data are accounted for. Furthermore, the minimum Ml strength was
found to be predominantly s=3/2 type strength. This example points
to the power of polarized capture; not only does it identify poss-
ible Ml strength but it provides, in this case, a sensitivity as to
whether this is s=l/2 or s=3/2 type capture strength. A full three
body calculation is, of course, needed to properly evaluate these
results.

Finally, I will discuss our recent new result in "*He. What we
have done is along the lines of the d+p measurement of T 2 Q ( 8 ) which
showed D-state effects in 3He, but for the 2H(d,Y)'*He reaction. We
have measured T_0(6) at six angles at Ed=9.7 MeV(Ex=28.7 MeV) and
found the result to be isotropic with a value of T2Q=-0.22±0.014.
Since the colliding deuterons are identical bosons, only states with
L+S even are allowed. In the case of El radiation, this requirement
is met only by the transition matrix element which corresponds to the
incident channel having (L=1,S=1)1". Besides being inhibited by the
isospin selection rule in self conjugate nuclei (AT=±1), El transi-
tions to the ground state (S=0 or S=2) will be further diminished
because they lave AS=1.

In fact, as pointed out by Mandl and Flowers28, to the extent
that the magnetic multipole operators depend only upon the spin
coordinates and the electric operators only upon the spatial
coordinates of the nucleon, the ^(d.Y^He reaction should be domi-
nated by E2 radiation. Previous experimental work has shown that
the angular distribution of the cross section is consistent with this
assumption.29 Our results agree with this, as shown in Fig. 11.

If the ground state of "*He is pure (L=0,S=0) and the radiation
is pure E2, T2q(e) i s identically zero. If we allow for a small
ground state admixture having (L=2,S=2), then it can be shown that,
keeping only first order terms, T2Q(e) is given by
T2O(6)=-O.594A+O.79B+O.497C where A, B and C are given by
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AH

BE°D

D D

2 G 2 C O S '

and

2cos $(°D2-
2S2) ,

represents the E2

cm.
(deg)

transition matrix element
from the continuum partial
wave having these quantum
numbers to the ground
state. The four terms
contributing to the cross
section were normalized
according to

II°D, +2D, +2G 2+2S 2]=1.0

The results of our
measurements of T-o(6)
are shown in Fig. II.
The fit shown was ob-
tained by fitting the
data to a constant and
gives T20=-0.220±0.014.
The observed isotropy

180 strongly supports the
pure E2 view of this
reaction.

This rather remark-
ably large value of T
can be put in perspective
.if we assume cure D-wave
capture and a D_- D,
phase difference of 0°.
This allows us to solve
for the 2D, contribution

to the cross section. We find that the observed T-. value implies
that 3% of the cross section arises from S=2 type strength.

A simple heuristic model has been used to estimate the D-state
in ^He required to account for the observed T... The ground state
wavefunction was constructed from two Wood-Saxon potentials which
were adjusted to bind the two point deuterons at 23.84 MeV with L=0
and L=2, respectively. The scattering wavefunctions were generated
from these same potentials. Siegert's form of the E2 operator was
used (no longwavelength approximation) to calculate the four previously
mentioned E2 transition matrix elements, from which T p 0 was found. A
4.8% admixture of L=2 strength in the ground state of ''He was needed
to reproduce the observed T ™ value. It seems clear that the present
measurements provide an important new observable which should be of
great value in studying tensor force effects in "*He.

Fig. 11 The measured a(9) and T (9)
for the zH(.t,y)kEe reaction at
E,=9.7 MeV. The curve for o(8) is of
the form sin26cos26 while for T2f)(e)
it results from fitting the data to a
constant.
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Measurements involving polarized capture into the two, three
and four body systems have only begun to be exploited. I am confi-
dent that we will see more complete and precise data of this type
in the near future, I hope that my examples have convinced you that
such data are worthwhile.

Work supported by the U.S. Department of Energy Director of Energy
Research, Office of High Energy and Nuclear Physics, under Contract
No. DE-AC05-76ER01067.
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"Fast Neutron Capture with a White Neutron Source"
S.A. Wender and G. F. Auchampaugh

Los Alamos National Laboratory
Los Alamos, New Mexico 87545

Abstract

A system has been developed at the Los Alamos National
Laboratory to measure gamma-rays following fast neutron reactions.
The neutron beam is produced by bombarding a thick tantalum target
with the 800 MsV proton beam from the LAMPF accelerator. Incident
neutron energies, from 1 to over 200 MeV, are determined by their
times of flight over a 7.6-m flight path. The gamma-rays are
detected in five 7.6 x 7.6-cm cylindrical bismuth germanate (BGO)
detectors which span an angular range from 45° to 145° in the
reaction plane. With this system it is possible to simultaneously
measure the cross section and angular distribution of gamma-rays as
a function of neutron energy. The results for the cross section of
the 12C(n,n'Y=4.44 MeV) reaction at 90° and 125° show good
agreement with previous measurements, while the complete angular
distributions show the need for a large a^ coefficient which was
pot previously observed. Preliminary results for the

C(n,n'Y=15.1 MeV) reaction have also been obtained. The data
obtained for the Ca(n,Y ) reaction in the region of the giant
dipole resonance demonstrate the unique capabilities of this
system. Future developments to the neutron source which will
enhance the capabilities of the system will be presented.

1. Introduction
In this paper we will describe a system recently constructed

at the Los Alamos National Laboratory to study Y-rays following
fast neutron induced reactions. The system consists of a pulsed
spallation neutron source and an array of five bismuth germanate
(BGO) scintillators. The basic system has been described
previously so we will concentrate mainly on the modifications
implemented during the past year. We will present some preliminary
results on the 12C(n,n'Y=4.44 MeV), 12C(n,n'Y=15.1 MeV) and
the Ca(n,Y ) reactions that show the capabilities of thij system.
We will conclude the paper with a description of a proposed upgrade
to the neutron production source that will significantly enhance
the performance of the system.

2. Neutron Source
The neutron beam is produced by a spallation reaction of the

800 MeV proton beam from the Los Alamos Meson Physics Facility
(LAMPF) on a thick tantalum cylinder. The time structure of the
beam consists of macro-pulses with a repetition rate of 12 Hz and
micro-pulses within each macro-pulse. Each macro-pulse is
approximately 700 Wsec wide and is made up of sharp (less than 300

0094-243X/85/1250483-10 $3.00 Copyright 1985 American Institute of P h y s i c s
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psec wide) micro-pulses whose separation can be varied from 1 Psec
to over 500 Psec. This produces a maximum pulse rate of
approximately 8,400 proton pulses/second. The number of
neutrons/sr/sec for one Pamp of proton beam is plotted as a
function of neutron energy in Fig. 1. Typical proton beam
currents are 70 naraps.

The collimation of the neutron beam from the tantalum
production target to the sample is shown in Fig. 2. The maior
changes to the system have been: 1. the removal of the concrete
shielding wall behind the detector stand, 2. the removal of a
significant amount of lead shielding from around the magnet trough
and, 3. the installation of a fission chamber in the neutron beam.
The first two improvements have reduced the backgrounds in the
detectors. The fission chamber monitors the neutron flux by
measuring the fission yield from a thin 2-"U foil. The fission
chamber, located at 5.9 m from the neutron production target, is
shielded from the detectors so that it does not significantly
contribute to the background. The sample is located 7.6m from the
neutron production target. With this flight path the neutron
energy resolution, which is dominated by the time resolution of the
detector system, is approximately 200 kev at 10 MeV. There are no
filters or absorbers in the neutron beam, and the beam is stopped
80 m downstream from the sraiDle.

WNR TQ (? S4-cm 15-cm dong>

10 ' 10 " 10 '
Neutron Energy <MeV)

10 10

Figure 1. The neutron flux (neutrons/sr/MeV/Pamp) as a function of
neutron energy. Typical proton beam currents are 70 namps.
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3. Detector System
The detector system consists of five 7.6 x 7.6-cra cylindrical

BGO scintillators. A more complete description of the
characteristics of BGO detectors is given in ref. 1. The
detectors were place 35.5 cm from the center of the sample at
angles of 145, 125, 90, 55, and 45 degrees. Approximately 12 cm of
6LiD was placed in front of each detector to scatter neutrons away
from the BGO crystal, and each detector was surrounded by
approximately 1 cm of lead. The time resolution of the system was
measured to be 1.6 nsec for gamma-ray energies greater than 2.0
MeV.

Data from each detector were stored in a 512-by 512-channel
two dimensional array of neutron time-of-flight versus gamma-ray
pulse height. The 1.25 megawords of data were recorded on magnetic
tape at four hour intervals during each run to moniijr the progress
and stability of the run.

Figure 2.Experimental setup showing collimation of neutron beam and
location of detector system.

4. Data analysis
The processing of the data is performed in several stages.

The time independent background (i.e..thermal neutron capture in
the detector, gamma-rays following thermal capture, or cosmic rays)
was removed by subtracting out the pulse height spectrum associated
with neutron flight times preceeding the gamma flash. The data
were corrected for time correlated backgrounds (i.e., neutrons
scattered from the sample directly into the detector) by measuring
the pulse height spectrum of a Be sample and subtracting it from
the data. Be was chosen because of its small garama-ray production
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cross section. The data were corrected for the energy dependence
of the incident neutron flux and the variable neutron energy bin
widths. The data were binned into appropriate neutron and
gamma-ray bins. Monte-Carlo techniques were used to determine the
effective sample thickness including neutron absorption. No
corrections were made for gamma-ray attenuation in the sample.

The detector response was removed from the pulse height
spectrum using the unfolding code "FERD" 2 The response matrix
required by the unfolding code for each detector was calculated
using the Monte-Carlo radiation transport code "CYLTRAN" ^ ana was
measured using the mono-energetic tagged photon facility at the
University of Illinois. The measured line shape for a 10 MeV
garama-ray in our detector is shown in Fig. 3. The solid line
represents the calculated response function ". The f'll1. width at
half maximum is approximately 10%. The response matrix also
contains the efficiency and solid angle for each detector. The
unfolded spectrum was fit to a sura of gaussian funci-ions. The area
under each gaussian is the differential cross section at that
gamma-ray and neutron energy.

To calibrate the absolute effieiency of the fission chamber
neutron monitor, we normalized our C(n,n'Y=4.44 MeV) at 90° and
125° to data taken at the Oak Ridge Electron Linear Accelerator
(ORRLA) by Dickens ;t. al."* . The lelative flux is based on the
235U(n,f) cross section given in the RNUP/B-1V data set.

0.0 1.0 2.0 3,0 1.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0

Figure 3. Response function for a 10 MeV gamma-ray in our 125° 7.6
x 7.6-cra BGO detector. The squares are the measured data, the line
represents the calculated line shape.
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Figure 4. a.
Cross section , b.
82 coefficient,
and c. a^
coefficient for
the l2C(n,n'Y=4,44
MeV) reaction as a ^
function of •"
incident neutron
energy.
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Figure 5. a. Cross section (ref 7 ) , b. a 2 coefficient, and c.
a^ coefficient for the the 1ZC(p,p'Y=4.44 MeV) reaction as a
function of incident proton energy. The connected points are from
ref. 8, and the circles are from ref. 9.
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5. Results and Discussion
Data were obtained over a 12 hour period for the C(n,n'Y)

reaction. The sample consisted of a 2.54-cm-diam, 5.08-cm-long
cylinder of natural carbon weighing 48 grams. Fig. 4a shows the
integrated cross section for the 4.44 MeV gamma-ray for neutron
energies from threshold up to 25 MeV. The shapes of the 90° and
125° cross sections agree very well with the ORELA results. The
data were fit to an expansion in Legendre polynomials including
terms to a^. The a2 coeffieients are shown in Fig. 4b and the a^
coefficients are shown in Fig 4c.

Our results for the a 2 coefficients are different from the
evaluated ° ORELA results because we measured enough angles to fit
the angular distributions to terras including a^. The previous data
on this reaction were obtained at only two angles so the
determination of a^ was not possible. The present results do not
give the unphysically large values for the a 2 coefficients that
were present in the ORELA data. As seen from Fig 4c the values of
the a^ coefficients are large, ranging from -1.0 to +0.5,
confirming the problem with the ORELA results.

ltf

9*10r* dd

4*l(f

12C(n,n' 7=4.44 MeV)
crrrnTi I I T I I I I I

I....I....I....I...J.I.I.I.I
10f l

NEUTRON ENERGY (MeV)

Figure 6. The cross section for the 12C(n,n'Y=4.44 MeV) reaction
for incident neutron energies from threshold to 200 MeV.
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Figure 7. a.
Cross section, b.
a2 coefficient for
the 12C(n,n'Y=15.1
MeV) reaction
plotted as a
function of "
neutron energy.

400.0 .yji.p.'y. =, 1,5. M.^.y).

-1.0
15.0 20.0 25.0 30.0 35.0

NEUTRON ENERGY (MeV)
40.0

800.0 p

I I I I iil-L U I I I I I I I I

-L0
15.0 20.0 25.0 30.0 35.0

PROTON ENERGY (MeV)
40.0

Figure 8. a. Cross section, b. a2 coefficient for the
12c(D,p'T=15.1'MeV) reaction, the connected point are from ref.
11, the triangles are from ref. 12 and the circles are from are
the 90° differential cross section from ref. 13.



490

It is interesting to compare our results with those for
inelastic proton excitation of the 4.44 MeV level. The
1 Z C(p,p'Y=4.44 MeV) results are shown in Fi'Y
section, b. the a2>

n and c. the a/.
5 for: a. the cross
coefficients. If we
to account for theacco

1J«

shift the proton energy scale up 3 MeV
difference in binding energies between l jC and 1 JN, we see good
agreement for the compound resonances in these nuclei. In
particular, the cross sections are remarkably similar and much of
the structure observed in the cross section and angular
distribution coefficients is present in both reactions.

The excitation function for the 12C(n,n'Y=4.44 MeV) reaction
from threshold up to 200 MeV is plotted in Fig. 6. Suggestions of
broad structures are evident around 20 MeV. Similar structure has
been ob^orved in proton inelastic scattering to this level.10

The 12C(n,n'Y=15.1 MeV) results are
12C(p,p'Y=15.1 MeV) 11>12»13results ai

shown in Fig. 7, and the

contrast to the 4.44 MeV data, where the cross section over the low
energy resonances has similar magnitudes, the 15 MeV cross section
is approximately a factor of four less in the neutron reaction than
in the proton reaction. Only above 25 MeV are the cross sections
similar. Also shown in Fig. 7b are the a2 coefficients obtained
from fitting our data. The a^ coefficients for the proton reaction
are shown in Fig. 8b. In this case, as in the case of the 4.44
MeV transition, the angular distribution coefficients are in good
agreement when the proton energy scale is shifted by approximately

1.5 MeV.

30.0

40,ta(n,7o)

6.0 120 iao 24.0

NEUTRON ENERGY (MeV)
Figure 9. The 90° differential cross section for the Ca(n,Yo)

reaction.

30.0
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The ^°Ca(n,Yo) reaction was chosen for study because it has
been previously investigated and would allow us to evaluate our
system for fast neutron capture. Because the cross section for
this reaction at the peak of the giant dipole resonance is
approximately four orders of magnitude smaller than the cross
section for the inelastic excitation of the 4.44 MeV state in C,
a larger (159 gram) sample was used and the opening of the neutron
beam collimator was increased to raise the neutron flux at the
sample. The 90° differential cross section is plotted in Fig. 9
where we have normalized our data to previous measurements. The
data shown were acquired in approximately 48 hours. The shape
agrees very well with previous measurements.

6. Future plans

At present the maior limitation of this system is the low
pulse rate. To acquire data in a reasonable amount of time, a
large instantaneous count rate is required which results in pulse
pile-up problems. A new beam transport system and a new neutron
production target are being planned that will allow a factor of
five increase in the number of macro-pulses/sec and raise the
maximum micro-pulse rate to approximately 42,000 proton pulses/sec.
This will increase our data rate a factor of five without
increasing pulse-pile up. In addition, this new target position
will allow viewing the production target at angles more forward to
the incident proton beam. This will result in a greater flux
(approximately a factor of two at 50 MeV) of high energy neutrons
with a correspondingly smaller increase in low energy neutrons.
The intensity in each micro-pulse will be increased by a factor of
five which will allow us to increase our flight path with a
corresponding improvement in neutron energy resoluLion. At present
the beam time at t'le facility is shared with condensed matter
experiments, with nuclear physics experiments receiving somewhat
less than 20% of the available time. In the new configuration it
should be possible to multiplex the proton beam and run
simultaneously with the condensed matter experiments. This will
increase the available running time for fast neutron physics by a
factor of five. Therefore, the over all improvement in the system
including pulse rate, beam intensity, and available running time
should be at least a factor of 50.

7. Conclusions

The use of a white neutron source in coniunction with an array
of detectors has shown itself to be a powerful tool for studying
neutron induced gamma-ray reactions. We have shown that high
quality data can be obtained in a short time over a wide energy
range on inelastic gamma-ray cross sections and angular
distributions. We are presently able to perform fast neutron
capture measurements but, with the planned upgrade to the neutron
source, the ability of doing these types of measurements will be
greatly enhanced.
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OBSERVATION OF EXTREMELY LOW s-WAVE
STRENGTH IN THE REACTION 136Xe + n

B. Fogelberg*, J . Harvey, M. '"Hzumoto1' and S. Raman
Oak Ridge National Laboratory, Oak Ridge, TN 37831

The neutron cross section of 136Xe has been invest igated using
transmission measurements at the Oak Ridge electron l inear accelera-
t o r . A sample of xenon gas, enriched to 93.6% in 136Xe, was used as
ta rge t . Measurements were made at a f l i g h t path of 80 m with an
energy resolut ion »0.1%. T h i r t y - f i v e resonances were found in the
0-500 keV region. Considerations of the experimental sens i t i v i t y
suggest that another 3-6 resonances may have escaped detect ion. A l l
strong resonances could be assigned as p-wave from the absence of
inter ference between po ten t ia l and resonance sca t te r ing . Only four
very weak resonances can possibly or ig inate from s-wave neutron
in te rac t i ons , but other A-values are not excluded for these resonan-
ces.

The very weakness of the four unassigned resonances is actual ly
an ind icat ion that they are probably not s-wave. The t o t a l probabi-
l i t y of f ind ing resonances with reduced widths up to and including
the experimental values can be simply estimated from the Porter-
Thomas law provided that a mean reduced width for a d i s t r i bu t i on of
s-wave resonances has been determined. This quant i ty is of course
unknown for 137Xe, but can be assumed to have a magnitude s im i la r to
the mean reduced width for the p-wave resonances which was found to
be about 3.5 eV in the current work. The above assumption is guided
by data1 f o r other valence nuclei in th is mass region. In Table I ,
the mean of the f i c t i t i o u s d i s t r i bu t i on of s-wave resonances was
varied w i th in the range 1.5-6 eV. I t i s evident from th i s table
that none of the four weak resonances is pa r t i cu la r l y l i k e l y to be

- ' 90

g

to
CO
CO

Xe«n

0.02224 atoms/b

100 150
NEUTRON ENERGY (keV)

200

Fig. 1. A portion of the cross section curve derived from the
present transmission measurements at ORELA.
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s-wave. It is thus quite possible that 137Xe is completely lacking
s-wave strength in the f i r s t 500 keV of unbound levels. In any
event, a conservative upper l imit of the s-wave strength function in
this region can be derived as So < 1.0 x 10~6. Such a low value of
s-wave strength is highly unusual in a heavy nucleus, and is matched
only by the reaction *08Pb+n.

In contrast, the p-wave strength function was found to be simi-
lar to what is observed for other nuclei in the mass region near
137Xe. We derived a value of S1=(8.7±2.4)xl0-5 for a radius of 6.96
fm from the reduced widths of resonances with definite £=1 assign-
ment. This value would not be significantly altered by inclusion of
strength from the few weak unassigned resonances.

The reason for the differences in s- and p-wave strength is that
few, i f any, levels with J1I=l/2+ are present in the region 4.03-4.53
MeV in 137Xe, while a substantial number of pi/2 and P3/2 resonances
were identif ied there, corresponding to levels with J1I=l/2-, 3/2".
In fact, the 1/2" levels were found to be more abundant than the
3/2" levels. This shows that the spin and parity distribution of
levels in the neutron resonance region (below 500 keV) of 137Xe is
not in accord with stat ist ical theories. A detailed discussion of
the properties of high lying levels in 137Xe wi l l be given in a
forthcoming publication.

Table I
Estimated probabilities for s-wave assignments of weak
resonances in 137Xe. The average reduced widths grn
has been assumed to be in the range 1.5-6 eV.

(keV) (eV) P(i = 0)

< 0.05-0.12
< 0.08-0.16
< 0.10-0.21
< 0.10-0.19

Research was sponsored by the Divisi in of Basic Energy Sciences,
U.S. Department of Energy, under Contract No. DE-AC05-840R21400 with
the Martin Marietta Energy Systems, Inc. and the Swedish Natural
Science Research Council.

*Permanent address: The Studsvik Science Research Laboratory, 61182
Nykoping, Sweden.

^Permanent address: JAERI, Tokai-mura, Naka-gun, Ibaraki-ken,
Japan.

1. S. F. Mughabghab, M. Divadeenam and N. E. Holden, Neutron Cross
Sections, Vol. I , Part A (Z=l-60) (Academic Press, New York,
1981).

79.30
232.24
252.62
253.47

0.030
0.056
0.098
0.083
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LOCATION OF A DOORWAY STATE USING THE CHANNEL n +

L. c. Dennis*
Florida State University, Tallahassee, Fla. 32306

S. Ramant
Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831

ABSTRACT

The location of a doorway state in the n + 2 0 7Pb channel is
established through a statistical analysis of the observed partial
widths for gamma-rays and neutrons. Several statistical tests
developed to help locate doorway states are presented. The statis-
tical analysis focuses on the strong correlation between large
partial widths in the two exit channels. Widths in both exit
channels exhibit extremely large values in the energy region near
E n - 120 kev. This clustering of large widths, even when consi-
dered seperately for each exit channel, is relatively unlikely to
occur in a statistical sample. The strong correlation between
channels decreases the likelyhood for this clustering of large
widths to occur in a statistical sample to less than 0.0003.

INTRODUCTION

The concept of doorway states, though theoretically well foun-
ded, has been difficult to verify experimentally except in special
cases, such as with analog states and fission doorway states1. One
possible candidate for a doorway state is an apparent 1* doorway
state, common to both neutrons and ground state photons in n+2D7Pb
p-wave data at 120 kev2'3. This apparent doorway state is charac-
terized by a clustering of large widths for levels near 120 keV in
both exit channels. This paper compares the ganma-ray and neutron
partial widths with statistical model predictions. To make such a
comparison it is neccesary to use statistical test that precisely
address the question of how likely are the large observed widths
and correlations. The statistical tests and their results are
discussed in detail.

DISCUSSION

Figure 1 shows the accumulated widths for the neutron and
gamma exit channels. A qualitative indication of the degree of
correlation between widths in the two exit channels can be obtained
from this figure. The shaded areas in the figure show where the
sum of the widths jumps markedly in both exit channels. Such

* (fork supported in part by the National Science Foundation and
The Florida State University.
t Work supported by the 0.S. Department of Energy under Contract
No. DE-AC05-840R21400 with the Martin Marietta Energy Systems, Inc.
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Figure 1. Cumulative sums of neutron and gamma-ray partial widths.

qualitative indications of correlations, though a good starting
point are not necessarily convincing demonstrations of a doorway
state's existence.

The statistical model as used to explain fluctuations* re-
quires that resonance partial widths for different compound nucleus
states should be uncorrelated. The actual distribution of widths
will vary according to the type of exit channel. The statistical
model also predicts that partial widths for different exit channels
should be uncorrelated. However, when a common doorway state is
present then the resonance widths for different levels in the
doorway and different exit channels should be correlated and the
widths may be larger than those expected from a statistical distri-
bution of widths. There are many statistical tests that can be used
to search for narrow energy regions where strong correlations exist
within or between exit channels.

The correlation coefficient defined below is commonly used in
N

P - (1)
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statistical tests. In eg. 1 F . and F . are the neutron and gamma
widths for the ith level in the compound nucleus, F and a are the
average widths and the variances and N is the number of widths. The
value of p obtained using the data of ref. 2 and 3 is 0.64 (between
0.35 and 0.83 at the 95% confidence level). Thus there is a corre-
lation between the gamma-ray and neutron widths. The value of p
obtained after removing the four largest widths in the region of
the suspected doorway state is p - 0.13 (-0.27 to 0.5 at the 95%
confidence level). Thus the strong correlation is due to levels
near E - 120 fcev.

A statistical test that is useful for locating large .widths
within a single exit channel is based on the expected value for the
sum of N randomly selected widths. If the distribution of widths
is Known it can be used in a Monte-Carlo calculation to predict the
sum of N randomly selected widths. In the present case the probabi-
lity distribution of the F values is well reproduced by the predi-
cted distribution* given by eq. 2 with F - 0.109 eV.

P(F)dF - _ i _ _SL, ~1/2 e-(T/2T) d£ (2)
\fW 2F 2F

The incomplete gamma function above F(1/2,F) can be used to pre-
dict the distribution of the sum of N widths, which should have a
distribution of the form r(N/2,F)5. Using these distributions and
the tables of ref. 6 we find that the probability of four F
values adding to 7.1, as do those near E - 120 keV, is 0.00057
The F distribution is not well fit by tfte predicted incomplete
gamma" distribution. Consequently a Monte-Carlo approach using the
observed width distributions was adopted to try to predict the
distribution of the sum of the four F values. The Monte-Carlo
calculation showed that the probabilitynof getting a sum of 21.4,
which was obtained for the four widths near E - 120 keV, is
0.0009. This result is clearly at odds with statistical predi-
tions.

The distribtuion of runs tests developed by Mood7 are well
suited for locating doorway states. In this test one counts the
number or runs, i.e. groups of consecutive widths above or below
the average. The probability of observing Nl runs Whose members
are all above the average and N2 whose members are all below the
average when there are A (B) widths above (below) the average width
is given by eq. 3.

/ A - 1 \ f B - 1 \
P( Nl, N2 ) - VNl - 1/ IN2 - 1> F( Nl, N2 ) (3)

where \ B I denotes the standard binomial coefficient and F(Nl,N2)
is 2, 1 and 0 for N1-N2, IN1-N2I-1 and IN1-N2U1, respectively.
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In the measured partial widths the number of runs in both exit
channels is lower than expected because the large widths are clus-
tered. The probabilities for the observed run distributions are
0.019, 0.25 and 0.032 in the neutron, gamma—ray and combined width
distributions. The later distribution was obtained by counting as
above only those resonances for which both the neutron and gamma-
ray widths were above average. What is even leas likely is the
length of the runs in these three distributions. The probability
distribution for the length of runs is given by eg. 4.

r NI I r « -j
N. . ) = L Mlil L N2jJ F( NI, N2 ) (4)

where the square brakets denote the standard multinomial cosffi-
cient. In the above equation Nii is the number of runs whose i
manors are all above the average width and N2j is the number of
runs whose j members are all below the average. Summing Nii (N 2 j )
over all i (j) values gives Ni (N2). The probabilities of observ-
ing the runs distributions seen in the data of ref. 2 and 3 is
0.00019, 0.00041 and 0,00029 for the neutron, gamma-ray and
combined widths, respectively.

CONCLUSION

The clustering of large widths correlated in the neutron and
gamma exit channels which is observed in the n +• 2 ° 7Pb reaction is
clearly non-statistical. Of the three tests used the distributions
of runs test seems to be the most sensitive to the presence of
large, correlated widths. The other two tests worked well in this
case but do not test for all of the characteristics of doorway
states and thus may be less sensitive to their presence than the
runs tests.
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V.G.Soloviev, V.V.Voronov
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ABSTRACT

The s-, p-, and d-wave neutron strength function

are calculated for Pb + n and ' Pb 4 n resonances.

Value of neutron strength functions is determined

by the strength distribution of one-quasiparticle compo-

nents of the wave functions near the neutron binding

energy. In ref. the s-, p- and d-wave neutron strength

functions for some Pb isotopes have been calculated with

the quasiparticle-phonon model of a nucleus. Our calcu-

lations provide rather a good description of energy de-

pendence of the strength functions observed in experi-

ment . In the present paper we have calculated the ne-

utron strength functions for ' Pb. The scheme of

calculation and the Hamiltonian parameters are given in

ref. . Our calculations predict the existence of a

strong substructure in Pb at £ n
=0.5 MeV for s-wave

neutrons. The strength distribution of the 4 £ 1/ sub-

shell has a pronounced local peak due to the coupling

with the configuration 2 $9/ ® 7 ^ , which appears as a sub-

structure in the strength function (see fig. 1). In

Pb this substructure is smeared due to a large densi-

ty of levels and it manifests itself very weakly. Our

calculations show the existence of substructures for d-

wave strength functions in Pb as well. In Pb these

0094-243X/85/1250499-02 $3.00 Copyright 1985 American Institute of Physics
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substructures are smoothed. The calculated strenqth func-

tions for the averaging interval of 1 MeV arc. shown in

the Table. While averaging v;c neglected the presence of

substructures.

Fig. 1

Plots of the sum of the

reduced neutron v/idths

for the 2 O 8Pb + n

resonances versus ne-

utron energy

02 04 06 OSEnMeV

Table I. Calculated values of the strength

functions $ in 2 O 4' 2 O 8Pb + n

Target Partial wave x 10

2O4
Pb

P

a

1 ,9

0,2

2,2

208
Pb

s

d

1,3

0,7
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VALENCE NEUTRON CAPTURE IN s- AND p-WAVE

B.J. Allen
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ABSTRACT

Neutron capture Y-ray spectra from resonances with large reduced
neutron widths have been measured in 3 2 S . Spectra were obtained with
a large Nal detector with time-of-flight discrimination of resonance
capture events. Partial radiation widths are deduced and found to be
consistent with a major valence contribution in both the 102.7 keV
s-wave and 202.6 keV p-wave resonances. The observed and calculated
valence partial radiation widths are found to be highly correlated,
supporting an important role for the valence model in both s- and p-
wave resonances in S.

INTRODUCTION

The valence model of resonance neutron capture describes the
transition of a valence neutron outside a closed shell nucleus. The
strength of the transition is dependent, inter alia, on the single
particle character of the resonance and final state. For the reson-
ance state, the reduced neutron width is a measure of the single
particle strength, with maximum values occurring for s-wave reson-
ances in the A ^50 region and p-wave resonances at A ^90. However,
in light A nuclides, both s- and p-wave resonances with large reduced
widths can sometimes occur in the same nuclide. This is the case for
2S for which Halperin et al.2 have measured s- and p-wave radiation

widths for comparison with valence calculations using the optical
model approach.

We have further investigated the role of the valence model by
the measurement of capture Y-ray spectra from neutron resonances at
<100> and <200> keV, so as to compare the widths with the calculated
partial valence widths.

EXPERIMENT AND ANALYSIS

Neutrons were produced by the 7Li(p,n) Be reaction using the
3 MV Van de Graaff accelerator. The pulsed and bunched proton beam
delivered an average beam current of about 5 uA on the 20 keV thick
7Li target. The beam pulse repetition rate was 2 MHz and the bunched
pulse width typically about 3.5 to 4.5 ns (FWHM). The proton energy
was calibrated by resonance yields in the 7Al(p,y) reaction. A well-
shielded Nal detector (20 x 15 cm) set at 125° to the beam, measured
y-ray spectra from the 1151 g sulphur sample (0.123 atom b" 1 of 95%

0094-243X/85/1250501-04 $3.00 Copyright 1985 American Institute of Physic
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S) at a flight path of 20 cm.
After background subtraction from the y-ray spectra, the y-ray

response function of the detector was removed by line shape analysis
to give the Y-ray intensity histogram (Fig. 1 ) . The Y-ray absorption
in the shielding materials and in the sample was calculated. After
Monte Carlo neutron self-shielding and multiple scattering correc-
tions, summed partial radiation widths £1"̂ ,, in a specified neutron
energy range were calculated using ZT\^ = I^EF^ where 1̂ ,, is the
normalised y-ray intensity to final state y, ZVy is the summed radia-
tion strength (taken' from ref. 2) over the neutron energy dispersion.

1.0

0.5

0

<200> keV

J . .

/
tUfJf

L

-

100 200
CHANNEL

2 1.0

300

Fig. 1. Fitted y-^ay spectra and intensity histograms

RESULTS

Table 1 shows the relative Y-ray intensities of the primary
transitions I (I is normalised to 100 primary transitions) and the
partial radiative widths of 3 2S at <100> and <200> keV.

The partial El widths of valence transitions were calculated
following Allen and Musgrove1 using tha spectrosopic factors'* for
S(d,p) 3S and the well established level scheme. Partial El widths

for the valence transitions r^ were calculated at <100> and <200> keV
and compared with the observed partial widths in Table 1. Relevant
resonance parameters are also shown.

<100> keV. There is a large error (±2 eV) in the total radiation
width measurement of the 102.7 keV resonance (because of the uncer-
tainty relating to the contribution of scattered neutrons to the
capture yield2) which is three times higher than the actual value of
the radiation widths of the p3/2 resonances. After subtraction of
the calculated p 3/ 2 valence component to the S,n = 0,2 states and
assuming Ml transitions to the &n = 1 group can be neglected (cf.
202.6 keV Y"ray spectrum), the spectrum can be ascribed to the single
s1/2 wave resonance without a significant change in the uncertainties.

s1/2 wave resonance. The calculated and experimental widths are
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Table 1 partial Valence and Observed Radiation Widths
at E - <100> and <200> keV

102

rT .
rn "
r •

.7 keV

- 7 eV

• 48.3 eV

• 15 keV

97.

Ern

5,

-

•

112.

0.66

12.1

2 keV

eV

eV

202

r .
rj .
r •

.6 keV

• 0.9 eV

• 24.77 eV

• 3 keV

Xu
mev

0.000

0.842

1.968

2.313

2.869

3.221

4.43

4.920

5.715

5.894

2

0

(2)

2

2

1

1

1

1

1

3/2

l/2+

5/2+

3/2*

|3/2]+

3/2'

3/2"

1/2"

1/2"

3/2"

0.93

0.32

0.00

0.07
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7

6

6

5

5

4

3
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9951230
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4601170
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0
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Fig. 2. Comparison of measured and valence partial
radiation widths for El transitions from
the 102.7 keV s-wave and 202.6 keV p-wave
resonances.
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compared in Fig. 2 where a 200 to 500 meV non-valence width contribu-
tion is deduced. The correlation between the observed and valence
widths, PCfxy.r̂ jj) = 0.89 (SD = +0.07, -0.21) is consistent with a
major role for s-wave valence capture in the 102.7 keV resonance.
The error is the standard deviation of a correlated distribution
calculated for the appropriate sample size using Fisher's transforma-
tion. The uncertainty associated with the error in r^ is calculated
to be ±0.33.

For the E^ = 5.5 to 7.0 MeV region, F^ s T^v S 0. The corres-
ponding final states have very low spectroscopic factors and the
results are as predicted in the theory of valence capture.

p /2 wave resonances. The sum of the partial widths of the
ground and first excited state at <100> keV is about four times
larger than the total radiation widths of the p I2 waves. These
transitions, after subtracting the calculated p-wave valence compon-
ent, give an upper limit for Ml transitions from the s2/2 resonance.
It is found that the <Iy(El)E~3> value (averaged over the £n = 1
group) is about ten times higher than the <Iy(Ml)E~3> value (average
of the ground and first excited state). This result is very much
greater than the interpolated value of 1.5 from the systematics of
Kopecky 5.

<200> keV. For the ground and first excited state, T^v equals
1^ within the experimental error. A transition to the 1.968 MeV
level would have M2 multipolarity and is not observed. Transitions
to levels at 2.313 and 2.869 MeV are El and have T-^ s r^ s
25 meV. The valence and observed partial radiation widths are shown
in Fig. 2, and their correlation is P(rxu>

rxu'
 = °"96 'SD = +0-11'

-0.34).
A large sample size can be achieved by combining the five El

transitions at <100> keV with the four El transitions at <200> keV.
For this group the valence correlation is P^Xy^u' = 0.88
(SD = +0.12, -0.34), including the error (±0.24) arising from
uncertainties in T^.

These results provide confirmation of the valence theory for a
limited set of partial radiation widths from the strongest s- and p-
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ABSTRACT

Neutron capture Y-ray spectra have been measured at 11 average
neutron energies from 10 to 530 keV in 88Sr using a 20 x 15 cm Nal
detector with time-of-flight discrimination of background events.
The partial radiation widths and the calculated partial valence widths
are compared for the strong p-wave resonances at 287 and 321 keV and
found to be highly correlated. At these energies, the spectra are
dominated by strong transitions to low-lying single particle states,
in confirmation of the role of valence capture in the 3p region. How-
ever, the cata do not support this mechanism at <508> keV.

INTRODUCTION

The ground state of e8Sr has a closed shell of 50 neutrons and
the ground and first excited states of 89Sr have strong ds/2 and s1/2
single particle configurations1. Further, the p-wave strength func-
tion is large and intermediate structure in the p /% strength function
is observed at MOO keV. These conditions are ideal for the manifes-
tation of valence resonance capture. Indeed, large initial state width
correlations pff^Jj ) have been reported1' which support the valence
theory. However, the contribution of prompt resonance scattered neu-
trons to the observed yields may not have been adequately determined,
and measurements of capture Y-ray spectra are required. To this end,
we have measured resonance Y~ray spectra with a Nal detector , and
report on partial width correlations, particularly in the 300 keV
region.

MEASUREMENTS AND ANALYSIS

A pulsed 5 pA beam of protons produced neutrons via the Li(p,n)
reaction. A well shielded 20 x 15 cm Nal detector measured capture
Y-ray spectra in a 241.55 g Sr(NO3)2 sample, enriched to 99.84% 88Sr
(9.666 x 10~3 atom b" 1). The sample was provided on loan by the US
Department of Energy. Time of flight discrimination allowed the simul-
taneous measurement of resonance capture and background Y~rays. The
low capture cross section of Sr required a short flight path of 10
to 20 cm, with the effect of reducing the timing resolution and
increasing the neutron energy range over the sample area. Average
incident neutron energies and the spread in energy (A) were calculated
from kinematics, and are given in Table 1. The incident neutron flux

0094-243X/85/1250505-04 $3.00 Copyright 1985 American Institute of Physics
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per keV was obtained from time of flight measurements with a 6Li
glass. After background subtraction, Y~ray intensities were deduced
by line shape analysis. Monte Carlo neutron self-shielding and
multiple scattering corrections were made, as well as corrections for
y-ray attenuation in the sample and detector shielding. Relative
y-ray intensities per incident neutron per keV are listed in Table 1.
Primary transitions are identified by their energy shift with neutron
energy, whereas the energies of secondary transitions are constant.

DISCUSSION

Although the reported initial state correlations ' are sensitive
to scattered neutrons, our measurements do not suffer from this effect.
We derive correlations between the summed reduced neutron widths in
each energy range A and Y-ray intensities per incident neutron per keV
to five sets of final states. Results are given in Table 1 with stan-
dard deviations derived from Fisher's transformation, and are consis-
tent with zero correlation. However, correlations are observed for
transitions to the ground, first and fourth excited states if reson-
ances above 400 keV are excluded. These final states are strongly
single particle in nature, and the correlations are consistent with a
valence effect.

The deduced y-ray intensities I~ over the excitation region (A)
are proportional to the integrated partial capture cross section over
resonances X in that region, which reduces to ^S^Au^An^X- ^ o r m a n y
resonances, g is unknown and, at higher energies, T^Y has yet to be
measured. Further, the level density decreases at high energies
indicating that resonances have been missed in the capture cross sec-
tion measurements. The observed y-ray spectra are sums over s-, p-
and d-wave resonances, and undoubtedly weak transitions and primary
transitions below Ey = 3 MeV are missing. To make the problem more
tractable, we assume that

- only El transitions from p /z, p /z resonances contribute,
- missed resonances would not significantly affect the observed

y-ray intensities because they would have small capture areas,
- missed primary y-ray transitions comprise 20% of the summed

radiation widths.
The deduced y-ray intensities I are related to the summed par-

tial widths by Egx^Au = ^YU^A^Ay T n^ s equation cannot be accuratelyx A u Y U A A y
evaluated, so we use the approximation <g>STjly = y ^ ^ ^

The radiation widths given in refs. 1,2 are generally in good
agreement, except for those resonances with large reduced neutron
widths at M O O keV. Both experiments inadequately analyse these
resonances, and large uncertainties are associated with their deduced
radiation widths. In this paper, resonance parameters are taken from
ref. 1, and it can be assumed that V^v values are upper limits because
of the neutron scattering effect.

Partial widths are deduced for spectra taken at <287>, <321> and
<336> keV, and are compared with valence widths calculated after Allen
and Musgrove*. Valence widths to the higher excited states are an
order of magnitude too low, explaining the lack of significant corre-
lations for these states. However, the ground and first excited state



Table 1. Relative Y-ray yield (I.) per incident neutron per ke1

at the sample angle per AE = 0.3 MeV interval

E keV 13 29 54 122 150 287 321 336 399 423 508
n
A keV 2 15 20 43 59 48 47 40 47 48 50
}T! eV 10 25 3.5 36 48 58 62 58 52 57 167
n
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(MeV)
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4.080
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3.689

3.442

3.386

3.232
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(KIT1,! ) <SD) OliT1,! ) (SD)

1.4 1.8 9.0 2.2 14.0 1G.5 6.0 3.4 0.3 1.7 0.61(+0.20-0.33) 0.00(+0.35-0.35)

3.8 1.2 0.5 6.0 2.9 11.0 10.5 4.5 3.0 0.3 1.0 0.651+0.17-0.29) 0.00(+0.33-0.33)

1 - 7 1 - 5 1'4 1 - 5 1'° 3 - S 4" 5 1 - 8 3'° 1 - 2 0 - 6 °-55(+0.19-0.30) -0.091+0.34-0.32)

0.7 1.3 1.5 2.0 0.8 1.5 1.5 0.6 2.2 0.7 1.4 0.09(+0.36-0.39) 0.08(+0.32-0.34)

0.6 0.5 0.9 2.0 0.9 1.3 1.5 0.6 4.0 2.0 3.1 0.30(+0.29-0.38) 0.47(+0.23-0.31)
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widths are in good agreement with valence expectations.
There are similar numbers of resonances in the <287>, <321> and

<336> keV groups and XT̂ y is comparable for the higher excited states.
We can therefore assume that these widths represent the summed stati-

^ f ^ 1stical contribution and determine k =
h fi

The curve

j y

rather well.

< 2«7> ,O21> and < 336) keV

can then be obtained which fits the data in Fig. 1

If the adopted p3/2
resonance radiation
widths are too large
because of neutron
scattering effects,
the calculated
valence widths would
also become too large.
However, the partial
width correlation is
independent of the
magnitude of the
total radiation widths.
We find this correla-
tion to be large and
highly significant,
p(irA)J,ZrXy) = 0.88
(SD = +0.05,-0.08),
and :.n confirmation
of the role of the
valence capture mech-
anism for these strong
P Ii- resonances in Sr.
Similar results pertain
to other resonance
groups, particularly at
<13> and <122> keV.

Fig. 1 Correlation of measured and
valence summed partial radiation widths

Above 400 keV, valence capture should be dominated by p /2reson-
ances, so a reduction in the d5/2 transition strength would be
expected. The s1/2 strength should increase because of the very
strong resonances at 513 and 520 keV (p1/^) and 521 keV (p3/2), but
this does not occur. Instead, the strength to the weak d/z,*/z
states at 1J3.2 MeV increases. These observations are consistent
with the radiative decay of a p-wave doorway state"
to final states of vibrational character.

such as 3 x d /2
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GAMMA-RAY STRENGTH FUNCTIONS IN *3 9La AND 1<flPr

B.J. Allen
Australian Atomic Energy Commission Research Establishment

Lucas Heights Research Laboratories
Private Mail Bag, Sutherland, NSW 2232, Australia

F. Z. Company
University of Wollongong, Wollongong, NSW 2500, Australia

ABSTRACT

Neutron capture y-ray spectra at average neutron energies <180>
and <270> keV in 1 3 9La and at <35>, <270>, <725> and <1075> keV in

Pr have been measured with a Nal detector. The corrected energy
level distributions are obtained and y-ray strength functions inves-
tigated. The data fit well within the framework of the Lorentzian
giant dipole resonance. The non-statistical capture mechanism hypo-
thesis is ruled out as a dominant capture mechanism in these nuclides
in the threshold region.

INTRODUCTION

Lanthanum-139 and 1'llPr are both magic isotones with N = 82
neutrons. Low lying states in the compound nuclides La, 1'1 Pr
correspond to proton spin fragmentation of the in = 3 and, at higher
energies, the in = 1 neutron configurations.

High resolution thermal capture Y-ray spectra in 1 3 9La and llflPr,
10-70 keV and 210 keV neutron capture in 39La all showed apparently
anomalous y-ray strength to the low-lying £ n = 3 states. Both initial
and final state resonance correlations were small and no evidence of
valence capture was found. It appeared that neither statistical nor
valencp models could account for these data . Because the energies
of the enhanced transitions are comparable to unperturbed p-h energies
for El transitions, a 2p-lh mechanism was proposed.

To investigate this hypothesis, further measurements of capture
Y-ray spectra were made at average neutron energies of <180> and <270>

1 3 Q Till

keV in a La and at <35>, <27O>, <725> and <1075> keV in Pr, pre-
liminary results being reported at the 1981 Grenoble Capture Gamma-
Ray Symposium2. In that paper, the need for more accurate level den-
sity data was recognised.

EXPERIMENT AND ANALYSIS

Neutron capture y-ray spectra were measured with 0.00796 atom b" 1

1 3 9La in the form La2O3 and 0.0289 atom b"
1 1'*1Pr at the Australian

Atomic Energy Commission's 3 MV Van de Graaff accelerator. Pulse
width was 3 ns and pulse rate 2 MHz. Neutrons were produced by the
7Li(p,n) reaction, with samples at a flighu path of 15 to 20 cm. A
well shielded 20 x 15 cm Nal detector was placed at 125° to the beam,
60 cm from the sample. After background subtraction, the pulse height
spectra were analysed by a non-linear least squares program, using a

0094-243X/85/1250509-04 $3.00 Copyright 1985 American Institute of Physics
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Table 3.. Gamma-ray intensities in 139La and 1"llPr

E L n n Thermal <180> <270>
(MeV) C ° I . I I

5

4

4

4

3

3

3

2

2

.0

.7

.4

.1

.8

.5

.2

.9

.6

4.

4.

4.

4.

4.

4.

4.

4.

4.

45

4

35

3

25

2

17

15

12

10

5

9

17

28

60

80

150

250

10

5

6

7

9

13

12

12

14

23

19

12

2

6

6

10

10

7

.7

.4

.7

.5

.0

.6

.7

.3

.7

15.

4.

6.

4.

9.

15.

12.

16.

14.

0

5

8

8

8

8

8

0

3

17.

4.

8.

5.

8.

14.

13.

15.

14.

0

0

2

3

5

3

0

0

0

E L n n Thermal <35> <270> <725> <1075>
(MeV) C ° I I I,, I I

5.7

5.4

5.1

4.8

4.5

4.2

3.9

3.6

3.3

3.0

2.7

4.60

4.55

4.45

4.40

4.35

4.30

4.25

4.20

4.17

4.12

4.10

L =

11

1

6

11

12

28

42

75

140

200

380

11

1

6

11

12

28

42

57

67

74

95

Lorentzian

11.4

0.7

10.0

9.0

4.0

9.6

9.8

11.4

11.0

10.8

12.0

9

2

4

3

5

11

7

14

10

13

17

.6

.0

.8

.1

.5

.5

.8

.2

.4

.4

.5

16.0

2.1

5.7

4.7

4.7

9.5

8.7

9.4

11.3

12.4

16.0

12.4

2.0

4.9

3.8

6.2

11.5

8.6

12.5

10.5

13.3

14.3

10.0

1.3

5.4

4.8

7.6

8.7

10.5

11.2

13.0

12.0

15.0

n = corrected number of energy levels/0.3 MeV
n o = observed number of energy levels/0.3 MeV
I = normalised y-ray intensity/0.3 MeV
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Fig. l. Cumulative level distributions for final states
in thermal and keV capture in 1 3 9La and 1"1Pr

î OS -

u, 0

Fig. 2. Energy dependence of various strength functions in La
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library of Nal response functions3 to yield intensity histograms in
300 keV intervals. Results are summarised in Table 1.

LEVEL DENSITY AND GAMMA-RAY STRENGTH FUNCTION

The cumulative level count rate for 1 3 9La and
reveals increasing numbers of missed levels, (dotted curves in Fig. 1 ) .
The corrected level distribution can be determined using the constant
temperature Fermi gas model evaluated at 1 MeV and at the neutron
binding energy to determine the temperature T and pairing energy E Q.
The cumulative number of levels up to excitation energy E and the s-
wave resonance density at binding energy B n are given by

v 1 JP 1
N(E) = I f (J)exp[(E-Eo)/T]+c; P Q = - \ - f (J) explB^E^ /T]

J J—I—5
For s-wave capture in 1 3 9La at thermal energy and the level data of
Kern5, T = 0.6 and E Q = -1.3 and, for s-, p- and d-wave capture at keV
energies, T = 0.7, E Q = -1.8. Using these values, the cumulative
number of levels versus excitation energy is calculated for thermal
and keV capture and plotted in Fig. 1. Note that for s-wave thermal
capture, El transitions to the final states with JJJ = 2~ to 5~ are
possible. Transitions to all levels are considered in keV capture.
For 1 1Pr, T and E o values were obtained from the recent data of
Kennett et al.6

We define the y-ray strength function, Sy = ^Iy^cE 1 1)" 1/ where
21 is the El transition strength in a 300 keV y-xay energy interval,
n c is the corrected number of levels in 300 keV, E is the average
y-ray energy and n the exponent characterising the strength function.
The influence of the GDR on the El strength function can be described
by the classical Lorentzian line shape, for which the Axel approxima-
tion is made. However, a more accurate estimate of the GDR contribu-
tion in the threshold region is obtained with an energy dependent
exponent, L = n(Ey), calculated from the GDR parameters for La and Pr
and given in Table 1. The different strength functions for La are
shown in Fig. 2, each curve being normalised to the same area. Over-
all, the Lorentzian strength functions fit the keV capture y-ray dis-
tributions in La and Pr quite well, but the thermal result for La
remains anomalous (Fig. 2).

.T.he data are now adequately accounted for by the influence of the
GDR in the threshold region and there is no need to invoke a non-
statistical capture mechanism.
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ABSOLUTE DIPOLE GAMMA-RAY STRENGTH FUNCTIONS FOR

D. G. Gardner, M. A. Gardner and R. W. Hoff
Lawrence Livermore National Laboratory, Livermore, CA 94550

ABSTRACT

We have derived absolute dipole strength-function information
for 17^Lu from an average resonance capture study of 1 7 ^ L U with 2-keV
neutrons, and from neutron capture cross-section measurements with
neutrons from 30 keV to about 1 MeV. We found that we needed to in-
crease our previous estimate of the relative Ml/El strengths near 5
MeV by a factor of 3, and to revise downward the absolute magnitude
of our El strength function. We accomplished the latter, while still
maintaining continuity with the photonuclear data, by adjusting the
one free parameter in our line shape. The present El and Ml
strengths now seem correct both near the neutron separation energy
and also around 1 MeV.

METHOD

The results from two types of experiments were used here. The
first was an average resonance capture (ARC) study1 of 1 7 5Lu using 2-
keV neutrons, while the second type consisted of the neutron capture
cross-section measurements of Macklin, et al. ,2 and Beer, et al.,3
over the neutron energy range of 30 keV to about 1 Mev.

All cross-section and primary capture y-ray intensity calcula-
tions were made with our version of tlie STAPRE statistical model
code.^ We employed the spherical equivalent neutron optical-model
potential that had been derived from a deformed potential for l^^Tm.^
Gilbert-Cameron level density parameters were used, as modified by
Cook., et al. ,*> and further adjusted to agree with the discrete levels
of 1 7 5Lu and to reproduce a value of D o b for 1 7 6Lu of 3.35 eV. For
17^Lu, we used 21 discrete levels up to 0.69 MeV; for !7&Lu we used
a modeled set of 291 levels, comprising 62 rotational bands up to an
energy of 1.5 MeV.7

Dipole "f-ray transitions were modeled according to our El and
Ml systeraatics,8 where the El strength function is taken to have an
energy-dependent Brelt-Wigner (EDBW) line shape and the Ml is a con-
stant.

fE1(Ey) = 3.32 x 10"
6 (NZ/A)(FSR/EYrR) GR(EY>ER,rR) MeV"

3. (1)

Here GR(Ey,ER,rR) is the functional line shape taken to describe the
energy dependence of the giant dipole resonance (GDR), with peak
energy, ER, and peak width, TR. For a deformed nucleus, the GDR can
better be represented by a sum of two peaks. Each peak in the EDBW
formulation has the functional form

*Work performed under the auspices of the U.S. Department of Energy
by the Lawrence Livermore National Laboratory under Contract W-7405-
ENG-48.

0094-243X/85/1250513-04 $3.00 Copyright 1985 American Institute of Physics
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GR(EY,ER>rR) = [1 + 4(Ey - ER ) 2 / rR r (EY ) ]" 1 , (2)

with r(Ey) = rR[2EY/(Ex + ER)]2 ; EL < (Ex + ER)/2 ,

= rR ; EY > (E X + E R ) / 2 .

The remaining terms in Eq. 1, as well as the systeraatics for deter-
mining the values of E R and r R for each peak, have been described
elsewhere. The only free parameter in Eq. 2 is E , the energy at
which the EDBW function has the same value as a Lorentzian line shape
with the same E R and T R parameters. Previously we found that a
value of EJJ = 5 MeV worked well in all cases studied, under the as-
sumption that the Ml radiation width was about 15-20% of the total s-
wave radiation width at the neutron separation energy.

Using the total radiation width calculated from our original di-
poln systematics, along with the other input quantities described
above, we were able to calculate a 175Lu(n,Y)1^^m>8Lu excitation
function that agreed very well with the experimental measurements.2>3
We then calculated the relative primary y-ray intensities to all of
the 291 discrete levels in 1 7 6 L U following capture of 2-keV neutrons.
Comparison with the ARC measurements^ showed that our calculated
Ml/El strengths were too small by a factor of 3.

PRESENT RESULTS

Since we wished to preserve the total radiation width value
which had given agreement with experiment while at the same time
utilizing the Ml/El ratio from the ARC measurements, both the abso-
lute El and Ml strength functions had to be modified. The f ^ value
was increased by a factor of 3 from 5.8 x 10~9 MeV""3 to 1.65 x 10~ 8

MeV"3. To decrease the El strength function in the region around 5-6
MeV while still maintaining continuity with the photonuclear data
above 10 MeV, the value of the parameter E x in Eq. 2 was increased
from 5 MeV to 11 MeV.

In Fig. 1 we show the newly derived El and Ml strength functions
for l^Lu, a s a function of the y—ray energy (the full curves). For
comparison, we also show the results predicted by our original sys-
tematics (the dashed curves) and from a Lorentz El strength function
(the dotted curve) using the same double-peak GDR parameters. The
arrows indicate the EJJ value of 11 MeV determined in the present
study and the 5-MeV-value used previously.

In the El case, it is convenient to compare with experiment the
function SEi = fE1(Ey)A~ ' E ~ . The McCullagh et al., com-
pilation9 or f E 1 values expressed in this form is plotted in Fig. 2.
For 176 L u at EL = 5 MeV, our new El strength function has a value
of 5.1 x 10" 8 MeV"3, which converts to S E 1 = 2.1 x 10

1 5. The shaded
rectangle in Fig. 2 shows this value, along with the estimated error
limits of ± 40%. The set of curves in the figure were predicted by
our original systematics. Figure 3 shows our Ml result, again with
± 40% error limits, compared with data from the compilation of McCul-
laugh et al. The Ml/El ratios themselves are probably much less un-
certain than the ± 40% assigned to the absolute values, since the ARC
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Fig. 1. Absolute El and Ml strength functions for the 17&L-I nucleus.
Seii text: for de ta i l s .

240

Fig. 2. Comparison of El strength function value derived in this
work for I'&Lu (shaded rectangle includes error estimate)
with the data from the compilation of McCullagh et al.9
The curves are S e l values predicted by our systematics

8 for
Y-ray energies of 3, 5 and 7 MeV.
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measurements determine this ratio in the 5-6 MeV energy region. For
Y-ray transLtions in the 0-1 MeV range, our average Ml/El ratio is
about 6.4, which is in general agreement with literature values for
this mass region.'' It does not seem possible to represent this en-
tire energy range, up to the photopeak region, with a Lorentz El line
shape.

.01
40 80 120 160

Mass Number
2OO 240

Fig. 3 The present Ml strength function value in units of MeV 3
(shaded rectangle includes error estimate) compared with
the data from the compilation of McCullagh et al.'
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GAMMA RAYS FROM 565-keV p-WAVE NEUTRON RESONANCE
AND OFF-RESONANCE CAPTURE BY 28Si

M. Shimizu, M. Igashira, H. Komano, and H. Kitazawa
Research Laboratory for Nuclear Reactors,

Tokyo Institute of Technology,
2-12-1 O-okayama, Meguro-ku, Tokyo 152, Japan

ABSTRACT

We have measured gamma-ray spectra from the 565-keV p3/2~wave
neutron resonance capture by 28Si and from the off-resonance
capture at 485 keV with an anti-Compton Nal(Tl) detector. The
resonance capture gamma-ray spectrum cannot be reproduced by the
valence model. On the other hand, the off-resonance neutron capture
gamma-ray spectrum is successfully explained by the direct capture
model.

INTRODUCTION

In the nucleus 2 eSi, both proton and neutron Ids/2~subshells
are closed in the extreme single-particle shell model. Therefore
the strong single-particle interaction between the incident neutron
and target nucleus is expected to play an important role in the
neutron capture process. In addition, since the p-wave neutron
strength function reaches a peak in the vicinity of the nuclei
A=30, enhanced E1 valence transitions from the resonance to the
ground and first excited states in ' Si which have respectively
large components of 2si/2~ and 1d3/2~orbits may occur following p-
wave neutron resonance capture.

EXPERIMENTAL METHOD

Experiments have been performed for the 565-keV p3/2-wave
neutron resonance capture and for the off-resonance capture at the
neutron energy of 485 keV where no resonance of silicon isotopes
have been observed, using a time-of-flight (TOF) technique. Pulsed
neutrons were produced from the 7Li(p,n)7Be reaction with a 1-ns
bunched proton beam from the 3.2-MV Pelletron accelerator. Neutron
target thicknesses for resonance and off-resonance capture experi-
ments were 28 and 30 keV in FWHM, respectively. The sample was a 6-
cm diam by 1.5-cm disk of natural silicon, which was placed at the
distance of 15.5 cm from the neutron source. Gamma rays were
observed with a 76-mm diam by 152-mm Nal(Tl) detector which was
centered in a 254-ram diam by 286-mm Nal(Tl) hollow anti-coincidence
detector surrounded by an optimized heavy shield. The gamma-ray
spectrometer located at ' lie distance of 80 cm from the sample made
an angle of 125° with respect to the proton beam direction.

RESULTS AND DISCUSSION

0094-243X/85/1250517-03 $3.00 Copyright 1985 American Institute of Physics
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Fig. 1. Gamma-ray pulse height
spectrum from the 565-keV P3/2-
wave neutron resonance capture
by 2 eSi. The solid line shows a
spectrum fitted with response
functions of the anti-Compton
Nal(Tl) spectrometer.

10 7 8
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Fig. 2. Gamma-ray pulse height
spectrum from the off-resonance
capture by BSi at the neutron
energy of 485 keV. See caption
of Fig. 1.

The observed gamma-ray pulse-height spectra from resonance and
off-resonance capture are shown in Figs. 1 and 2. The partial
radiative widths derived from the resonance capture spectrum are
given in Table 1 in comparison with the data of Joly et alJ As a
whole, our values are lager than those of Joly et al. The theoreti-
cal values in Table 1 have been predicted by the VALENCE computer
code2 based on the valnce capture formalism . The spectroscopic
factors of final states in 29Si were cited from the work of
Peterson et al? The optical potential parameters were taken from
the work of Moldauer5 and the neutron escape width used in present
calculations to be 10.A keV from the compilation of Mughabghab et
al!

The calculated partial radiative width for the ground state
transition agrees well with the observed one. For other states,
however, the theoretical values, particularly for both 3/2+ states,
are much smaller than the experimental ones. These discrepancies
could not be removed in the framework of the valence model, even if
any available parameters are used.

The experimental values of off-resonance partial radiative
cross sections presented in Table 2 were obtained from the whole
partial radiative cross sections observed at 485 keV by subtracting
the contribution of tails of the 188-, 565- and 813-keV resonances
which have a large total width. The partial cross sections origi-
nated from these resonance tails were within 20% of the whole
partial cross sections at 485 keV.

Theoretical off-resonance partial radiative cross sections
were calculated by the HIKARI computer code7 based on the direct-
semidirect capture model. It is well known that the direct capture
cross section is quite sensitive to the optical potential parame-
ters used in the calculation. Therefore, we chose the Moldauer
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Table 1. Experimental and theoretical partial radiative
widths for 565-keV p3/2-wave resonance on

 28Si.

J71

1/2 +
3/2 +
5/2 +
3/2 +
5/2 +

Ex(MeV)

0.0
1.27
2.03
2.43
3.07

Ey(MeV)

9.02
7.75
6.99
6.59
5.94

Part ia l
present

0.85±0.10
0.40±0.06
0.18±0.04
0.18±0.04
0.14+0.04

radiative widths (eV)
Joly et al* i

0.60+0.15
0.18±0.05
0.13±0.08
0.12+0.04
0.07±0.O3

/alence model

0.73
0.05
0.08
0.00
0.02

Table 2. Experimental and thoretical off-resonance partial
radiative cross sections of 2BSi at the neutron energy of 485 keV.

Ex(MeV) Ey(MeV)
Partial radiative crc actions (yb)

present direct c ture model

1/2 +
3/2 +
5/2 +
3/2 +
5/2 +

0.0
1.27
2.07
2.43
3.07

8.95
7.67
6.92
6.52
5.88

45±9
20±5

39.0
16.8
2.0
0.0
0.53

optical potential which
2 B C

well reproduced s- and p-wave neutron
strength functions of Si. The results show that neutron capture
reactions in off-resonance are successfully explained by the direct
capture model.
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EXCITATION OF ISOVECTOR M1 STATES IN p-WAVE NEUTRON

H. Kitazawa, H. Komano, M. Igashira, and M. Shimizu
Research Laboratory for Nuclear Reactors,

Tokyo Institute of Technology,
2-12-1 0-okayama, Meguro-ku, Tokyo 152, Japan

ABSTRACT

Strong, anomalous M1 transitions leading from the p-wave
neutron resonance states at 34.20, 38.40 and 59.20 keV to either
ground(1/2 ) or first excited state(3/2 ) in 57Fe have been ob-
served. These transitions are comprehensible in the framework of
the semidirect model, assuming excitation of isovector M1 states in
the target nucleus.

INTRODUCTION

In the closed shell nuclei with N=28, the l"s particle-hole
pairs, 1f5/2 —1P7/2 , are expected to produce M1 states a few MeV
above the l's splitting energy O6.6 MeV), because of the repulsive
nature of the spin-dependent part of the particle-hole interaction.
However, the M1 strength in 57Fe in which neither proton nor
neutron shells are closed must be greatly fragmented, and therefore
some fragments of the strength located near the neutron separation
energy might be observed in neutron resonance capture reactions on
56Fe.

EXPERIMENTS

Experiments1 were performed at the neutron energies of 1-110
keV, using a time-of-flight (TOF) technique. The 3.2-MV Pelletron
accelerator available at our laboratory produced pulsed neutrons by
bombarding a Li-evapolated copper disk with the pulsed proton beam
of width 1.0 ns and repetition rate 2 MHz. The average beam current
was 3-5uA. The sample was a natural iron disk of 6 cm in diameter
and 0.5 cm in thickness, which was placed at the distance of 40 cm
from the neutron source in the direction of proton beam. Gamma rays
for the transitions from resonance states to the excited states
below 1.5 MeV in 57Fe were measured with a 60-cm3 pure germanium
detector placed at the distance of 11 cm from the sample in the
direction of 90° with respect to the incident neutron beam.

RESULTS AND DISCUSSION

The capture gamma-ray spectra for 34.20-, 38.40- and 59.20-keV
p-wave resonances on 56Fe are shown in Fig. 1. As seen from the
figure, the strong, anomalous transitions have been observed which
led from these resonance states to either ground (1/2 ) or first
excited state (3/2 ) in 57Fe.

0094-243X/85/1250520-03 $3.00 Copyright 1985 American Institute of Physics
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Fig. 1. Gamma rays for the transitions to the excited states below
1.5 MeV in 57Fe following p-wave neutron resonance capture.



522

Table 1. Experimental and theoretical reduced M1 strengths.

Eres
(keV)

34.20
38.40
59.20
sum

Ex
(keV)

0
14
0

l

3/2'
3/2
3/2

Jf

1/2'
3/2
1/2

B(M1)
experimental

0.047
0.036
0.022
0.105

(n.m.2)
theoretical

0.031
0.008
0.033
0.072

Perey et al? have assigned to be J =3/2 for these resonance
states with improved measurements of neutron resonance scattering
on 56Fe. Using their resonance parameters, the partial radiation
widths of the resonance states were obtained for the ground and
first excited state transitions. Assuming the most probable Ml
transition from the resonance states to the ground or first excited
state, the experimental reduced M1 strengths of these resonance
states in Table 1 were obtained from the observed partial radiation
widths. The theoretical values were calculated by the semidirect
model so as to reproduce the observed resonance peak cross section.
In this model, the incident neutron interacts with the target
nucleus 56Fe to be captured in the ground or first excited state in
5 7Fe, while target nucleons in the 1f7/2~orbit make coherent spin-
flip transitions to the 1fs/2-orbit to excite isovector M1 states
in the target nucleus. Then, the annihiration of particle-hole
pairs is followed by gamma-ray emission. Based on the Bohr and
Mottelson estimate3for observed magnetic moments in the neighbour-
hood of 2 0 aPb, we have 40 MeV for the coupling strength between the
incident neutron and the isovector M1 state. Using this value, each
M1 strength of three resonances and sum of these strengths are in
good agreement with experiments.

In conclusion, we showed that the strong, anomalous tran-
sitions observed in 7Fe are explained by assuming excitation of
the isovector M1 states in the target nucleus. However, the ob-
served M1 strength exhausts about 1% of the sum rule strength for
isovector M1 transitions which arises from the core particle tran-
sition f7/2* (f?/2) 1f5/2 . Much stronger Ml strength might exist
at higher excitation energy.
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NEUTRON CAPTURE GAMMA-RAY SPECTRA OF NUCLEI WITH N = 82 - 118
AT THE NEUTRON ENERGIES OF 10 - 800 keV

M. Igashira, M. Shimizu, H. Komano,
H. Kitazawa, and N. Yamamuro

Research Laboratory for Nuclear Reactors,
Tokyo Institute of Technology,

2-12-1 0-okayama, Meguro-ku, Tokyo 152, Japan

ABSTRACT

We have measured capture gamma-ray spectra of Pr, Tb, Ho, Ta,
and Au with keV neutrons and observed a pygmy resonance in all
these spectra. Remarkable features of the pygmy resonance were
found to be that the resonance energy and the electric dipole
strength exhausted in the resonance increase with neutron number.

INTRODUCTION

Many workers have observed an anomalous bump around 5.5 MeV in
gamma-ray spectra from (n,y) and (d,py) reactions on several nuclei
110 < A < 140 and 180 < A < 210 at the neutron energies of -1.5 -
4.0 MeV1"3.

Joly et al.4 found a bump around 3.5 MeV in the neutron
capture gamma-ray spectra of Tm at the neutron energies of 0.5 -
2.5 MeV. In addition, they have shown that the gamma-ray spectra
can be expressed by the Brink-Axel gamma-ray strength function5

with an additional small resonance of the width 1.0 MeV at 3.5 MeV.

These bumps are generally referred to as pygmy resonance.
Great interest is to know whether or not these resonances have a
common physical origin. From this point of view, we have measured
keV-neutron capture gamma-ray spectra in the mass region 140 < A <
200.

EXPERIMENTAL PROCEDURES AND DATA PROCESSING

Neutrons were generated by the 7Li(p,n)7Be reaction using the
pulsed proton beam from the 3.2-MV Pelletron accelerator in Tokyo
Institute of Technology. Measurements of capture gamma-ray spectra
were performed by a time-of-flight technique at several neutron
energies between 10 and 800 keV for Tb, Ho, and Au, and for Pr and
Ta respectively at 540 and 420 keV. Gamma rays from the sample
were detected by a 76 mm<J) x 156 mm Nal(Tl) detector centered in an
annular Nal(Tl) crystal. Both detectors operated as an anti-
Compton gamma-ray spectrometer, which was placed in a heavy shield
of borated paraffin, lead, and cadmium. Gamma rays were observed
at an angle of 125° with respect to the proton beam direction.

Net capture gamma-ray pulse height spectra were unfolded
by the computer code FERD0R6, using the response matrix of the
gamma-ray detector. Correction for the gamma-ray attenuation in
the sample was made by a Monte-Carlo calculation.

0094-243X/85/1250523-03 $3.00 Copyright 1985 American Institute of Physics



524

Fig. 1. Unfolded capture
gamma-ray spectra of Pr,
Tb, Ho, Ta, and Au.
Incident neutron energies
are shown in the figure.

3 4 5 6
E,(MeV)

Fig. 2. Energies and
widths of the pygmy
resonance derived from
capture gamma-ray spectra
by spectrum fitting
calculations.

Fig. 3. Ratios of the
electric dipole strength
of the pygmy resonance to
the classical sum-rule
value.

80
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RESULTS AND DISCUSSION

Typical unfolded capture gamma-ray spectra of Pr, Tb, Ho, Ta,
and Au are shown in Fig. 1. In the capture gamma-ray spectra
except for Ta, a distinct bump is found around 1.5, 2.5, 3.0, and
5.5 MeV. A slight change of the gradient of the gamma-ray spectrum
of Ta, which could be attributed to a bump by the present analysis,
can be recognized around 4.5 MeV. The bumps for Tb, Ho, and Au
were observed for all neutron energies between 10 and 800 keV. The
energy of the bump is independent of the incident neutron energy,
namely, its behavior is resonance-like. Therefore, the character-
istics of the bump can be reflected phenomenologically in
the gamma-ray strength function as a pygmy resonance.

The gamma-ray strength functions for residual nuclei were
derived from capture gamma-ray spectra, using a spectrum fitting
method7 . The composite formula proposed by Gilbert and Cameron
was used for a nuclear level density distribution in the spectrum
fitting calculation. A Brink-Axel type of function with an
additional small resonance was used as a trial function for the
gamma-ray strength function.

The energies Ep and widths Fp of the pygmy resonance derived
from spectrum fitting calculations are shown with neutron number N
in Fig. 2. The length of bar shows the resonance width. In the
figure, the value for Tm, Hg, and Tl are taken from other works3.
The figure shows that the resonance energy increases with neutron
number 82 < N < 126.

In addition, we investigated the electric dipole strength
exhausted in the pygmy resonance. The ratio of the electric dipole
strength of the pygmy resonance to the classical sum-rule value is
expressed by (TT/2)apFp/(60NZ/A), where ap is the peak cross section
of the pygmy resonance, Z is the proton number, and A is the mass
number. These ratios for 11(2Pr, 1 G 0Tb, 1 6 6Ho, 1 8 2Ta, and 19aAu are
shown in Fig. 3. The figure shows that the ratio, a few % at most,
increases with neutron number.
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INVESTIGATION OF COMPOUND AND DIRECT-SEMIDIRECT INTERFERENCE
EFFECTS IN THE 89Y(n,Yo + y^

9^ REACTION
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91680 BruySres-le-Chatel, France.

ABSTRACT

The p a r t i a l r a d i a t i v e c a p t u r e cross section of the
8 9Y(n,Y 0 + y,)

9aY reaction was analyzed to look for possible inter-
ference effects between compound-nucleus (CN) and direct-semidirect
(DSD) processes in the capture reaction. The contribution of these
mechanisms has first to be estimated as well as possible. The SPRT
method has bsen used to get the optical potential representing the
interaction of protons and neutrons with 8 9Y. A good overall agree-
ment is found between the measured and the calculated compound-
nucleus (inelastic and capture) cross sections. A good agreement is
also found for the capture cross section in the giant dipole reso-
nance (GDR) region using the complex isovector potential we have
deduced and a volume type coupling of the incident neutron to the
GDR. As the sum of the CN and DSD contributions accounts for the
observed cross section in the 3-7 MeV energy region, it is
concluded that the interference effects should be small as confirmed
by estimates.

INTRODUCTION

Capture cross sections below 3 MeV are known to be mainly due to
the compound-nucleus (CN) process. On the other hand, the direct
and semidirect (DSD) mechanism was introduced to account for the
excitation functions observed at higher energies, in the region of
the giant dipole resonance (GDR). In the intermediate region, both
processes are contributing by about the same amount but effects due
to interference between them are ignored.

In this contribution, we investigate this interference effect
for the 89Y(n,y0 + y^)

90? reaction as data are available1'2 between
0.5 and 16 MeV for comparison with theoretical predictions. For this
purpose, the CN capture cross sections have to be calculated
between 0,5 and about 6 MeV as well as DSD cross sections from
16 MeV down to 3 MeV.

We determine first the optical potential representing the inter-
action of a nucleon with the nucleus 8 9Y as this potential is used
to determine the neutron transmission coefficients in CN calcu-
lations, the incident neutron wave function Xg ani^ t n e particle-
vibration coupling function h(r) which depends on the isovector com-
ponent U^(r) in the DSD model. Then the CN and DSD capture cross
sections are calculated and a simple expression for the interference
effect between these processes is given.

iS9S4-243Z/35/1250526-04 $3.00 Copyright 1985 American Institute of Physics
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THE NUCLEON-89Y NUCLEUS OPTICAL POTENTIAL

The determination of the neutron optical potential parameters
was made by means of the SPRT method developed at Bruyeres-le-
Chatel3. The parameters are first defined by fitting the scattering
length R' and the s and p-wave neutron strength functions SQ and S^
to the data defined at 10 keV. The energy dependence of the poten-
tials is then determined by the neutron total cross section in the
energy range 10 keV-15 MeV. Final adjustements of these parameters
are obtained by fitting the neutron elastic scattering data.

As far as the proton optical potential parameters are concerned,
the geometrical parameters for neutrons are used and the different
potential depths were deduced by fitting experimental elastic scat-
tering data obtained between 18.9 and 24.5 MeV and analyzing powers
measured at 21.1 MeV.

The quasielastic (p,n) reaction is known to give the best infor-
mation on the isovector part of the optical potential but this reac-
tion has not been studied for the 89Y target and we had to rely on
the data obtained from the analysis of the 93Nb(p,n)93Mo reaction,
which is a good approximation. The agreement between the data and
the corresponding quantities calculated with this unique potential
is very good.

COMPOUND-NUCLEUS CROSS SECTION CALCULATIONS

Inelastic cross sections corresponding to excitation of low-
lying levels in 89Y were calculated to test the neutron transmission
coefficients deduced from the above optical potential. These were
obtained for discrete levels up to 2.22 MeV and for different treat-
ments of the level width fluctuation correction :
a) no correction, i.e. the usual Hauser-Fesbach term <cr̂  >,
b) correction according to the method of Hofmann et al.1* (the so-

called HRTW method) introducing the elastic enhancement factor

" " •

c) the technique developed by Moldauer3 using the concept of effec-
tive number of degrees of freedom,

d) this number of degrees of freedom is expressed in terms of Wn.
The best agreement with the inelastic cross section data is ob~
taining with method c). The effect is larger for the first excited
level at 0.91 MeV when few channels are open as expected.

As the capture cross . tions are calculated from 10 keV to
6 MeV, level densities in the compound nucleus 90Y as well as in 89Y
were estimated using discrete low-lying excited states, s-wave neu-
tron spacing or inelastic neutron spectrum shapes.

The measured total radiative width6 at Bn and the y-ray
strength function deduced from our capture spectra were used to
define the y-ray transmission coefficient T(Ey). From the deduced
y-ray branching ratio, the par-.ial cross section for (yQ + y^) was
obtained from the total capture cross section. These are compared
to the data in fig.l up to 6 MeV.
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DIRECT-SEMIDIRECT CROSS SECTION CALCULATIONS

In the DSD theory, the transition amplitude for capture of the
incident neutron from the continuum optical model state j , to the
single-particle state <f>n£i is given by

7 :

h ^ \ X+

where the first term represents the direct capture and the second,
the semidirect capture through the excitation of a collective
state (energy E R, width TR and multipolarity L ) . In the Steinwedel-
Jensen model, the interaction coupling function is given by" :

h (r)

where fj, represents the fraction of the energy-weighted sum rule
exhausted in the reaction, the averages <rM> are taken over a
sphere of uniform density. When using the isovector potential deter-
mined previously, the DSD cross sections are too low. Increasing
U L(r) by 43 % along with fL = 100 Z, E R = 16,9 MeV and
Fg = 3.69 MeV give the results shown in fig.l. As suggested by
Dietrich and Ksrman9, an RPA correction term c = 0.75 was included
in the direct terra ; using c = 1.0 slightly changes the cross sec-
tion. The continuous curve represents the sum of CN and DSD cross
sections as calculated above. The agreement with the data between
0.5 and 16 MeV is fairly good as predicted cross sections are
always within quoted error bars for the observed values.

INTERFERENCE BETWEEN CN AND DSD CONTRIBUTIONS

Kawai et al.*" have shown that the Hauser-Feshbach formulation
was not correct in the presence of direct reactions. The
fluctuation cross section has to be expressed in terms of
generalized transmission coefficients and can be approximated by :

a = ( T T ) (T T + T T )
fl ^ c cc' v nn YY ny yn

We make further approximations and the cross section reduces to the
simple expression :

n *2 JLJL [ , + f < Sn Y>
= <aHF> w

T T T

We estimated this factor at 4 and 6 MeV where the interference
effect is expected to be larger. The y~ray transmission coefficient
was obtained by extrapolating the f(Ey) deduced function at
higher energies but this procedure is somewhat uncertain. Angular
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momentum and parity selection rules restrict the possible values
involved in the evaluating the W factor. We obtain W (4 MeV) ~
1.015 and W(6 MeV) » 1.008, i.e. very small corrections. These
values correspond to the good agreement obtained between the obser-
ved partial capture cross sections and the sum of the predicted CN
and DSD cross sections eventhough the uncertainties are relatively
large.

Yln,Y0+Yl)
90Y

10

"T "T T" T ~r
• LANL(Be78)
oTLU(Be78)
oTLUILi80)

BRC

CN
DSD
CN+DSD

ElMeV)

J_ _L
8 12 16

Fig.l. Comparison of data with CN and DSD calculations.
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ANALYSIS OF n + 1 9 7Au CROSS SECTIONS FOR E = 0.01-20 MeV
n

P. G. Young and E. D. Arthur
Los Alamos National Laboratory, Los Alamos, NM 87545

ABSTRACT

An analysis of n + 1 9 7Au reactions has been completed for
incident neutron energies between 0.01 and 20 MeV. The analysis
involves use of a deformed optical model to calculate neutron
transmission coefficients, a giant-dipole-resonance model and ex-
perimental data to determine gamma-ray transmission coefficients,
and Hauser-Feshbach statistical theory to calculate partial reac-
tion cross sections. Particular emphasis was given to obtaining
gamma-ray strength functions that are consistent with spectra]
measurements of gamma-ray emission between E = 0 . 2 and 20 MeV by
Morgan and Newman,1 while at the same time requiring agreement i.ith
(n,y) and (n,xn) cross-section data.

THEORETICAL CALCULATIONS

The deformed optical model parameterization by Delaroche2 was
utilized in our analysis. This parameterization gives good agree-
ment with neutron total cross-section measurements on 1 9 7Au between
10 keV and 27 MeV, elastic (n,n) angular distributions near 5 MeV,
and, making use of isospin relationships, 197Au(p,p) elastic scat-
tering angular distributions at 13.8 and 55 MeV. The coupled-chan-
nel code ECIS3 was used for our deformed optical model calcula-
tions. The lowest three states of the 1 9 7Au ground s£ate rotational
band were coupled in the calculation (J = 3/2 , 5/2 , 7/2 at E x =
0, 279, 548 keV, respectively). Neutron transmission coefficients
were calculated to 20 MeV with ECIS and were collapsed to a form
depending only on incident neutron energy and orbital angular
momentum for use in Hauser-Feshbach calculations.

The Hauser-Feshbach statistical theory calculations were per-
formed with the COMNUC4 and GNASH5 reaction theory codes. The COM-
NUC cross section calculations include width-fluctuation correc-
tions, important at lower energies, and the GNASH calculations in-
corporate preequilibrium effects, which become significant at high-
er energies. COMNUC was used to calculate all cross sections below
3 MeV, whereas GNASH was used for cross sections above 3 MeV and
for all spectra calculations. Both codes use the Gilbert and
Cameron6 level density formulation and the Cook7 tabulation of le-
vel density parameters, modified slightly as described below. A
maximum amount of experimental information on discrete energy
levels was incorporated into the calculations, and the constant
temperature part of the Gilbert and Cameron level density was
matched to the discrete level data for each residual nucleus in the
analysis.

Gamma-ray transmission coefficients were calculated from El
and Ml strength .functions. A giajnt-dipole-resonance shape8 with
the parameters E™ = 8 MeV and I"?1 = 5 MeV9 was used for the Ml
strength function. For radiative capture the shape of the El

0094-243X/85/1250530-04 $3.00 Copyright 1985 American Institute of Physics
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.trength function was determined for E < 8 MeV by trial-and-error
calculation of the 197Au(n,y) spectrum'measurements of Morgan and
Newman1 at E = 0.2-0.6 MeV. A second El strength function was
similarly determined from the measured (n,n'y) spectrum at E = 6-7
MeV. Above E = 8 MeV, the empirically determined El strength
functions were'joined to a giant-dipole-resonance shape.

The normalizations of the strength functions were determined
with the relationship

where f _(E ) are the gamma-ray strength functions, B is the neu-
tron binding energy of 1 9 8Au, <T > is the average gamma-ray width
(= 0.122 e V ) , 1 0 and <DQ> is the'mean s-wave resonance spacing (=
16.2 e V ) . 1 0 Based on the review by Lone,9 the ratio 1^/(1".^ +
F_ ) = 0.12 was assumed in the calculations.

The level density parameter 'a' for 1 9 8Au was taken from the
Cook tabulation.e Cook's values were slightly modified (within ±
15%) for 1 9 7Au and 1 9 6Au to concurrently optimize agreement with
higher energy measurements of neutron emission spectra, (n,2n) and
(n,3n) cross sections, and the gamma-ray emission spectra. At 14
MeV a preequilibrium fraction of 33% was used in the analysis.

RESULTS
The El gamma-ray strength functions that resulted from this

analysis are compared in Fig. 1 with values inferred from experi-
ments by Joly et al., 1 1 Loper et al., 1 2 and Veyssiere et al. 1 3 The
present curve is quite similar to one also obtained from Morgan's
data1 by Kitazawa14 using different neutron transmission coeffi-
cients and level density parameters. The two strength functions
obtained in our analysis of the (n,y) and (n,n'y) measurements are
quite similar, differing mainly at the shoulder near E = 5-6 MeV.
While this difference is not large, significantly improved agree-
ment with the higher energy data was obtained with the (n,n'y) El
strength function. This strength function was also used in the
(n,2ny) and (n,3ny) calculations.

The resulting 197Au(n,y)198Au cross section from E Q = 0.01-20
MeV is compared with a selection of experimental data and with the
ENDF/B-V evaluation15 (with resonance structure averaged out) in
Fig. 2. The pronounced peak in the theoretical cross section near
E = 12 MeV results from inclusion of a semi-direct component,16

wSich is necessary to reproduce the data near 14 MeV.

The calculated gamma-ray emission spectra are compared in Fig.
3 with Morgan and Newman's data at two neutron energies not in-
volved in extracting the gamma-ray strength functions. The left
side of Fig. 3 illustrates the calculated and measured data at E =
1.0-1.5 MeV. Above E = 1.5 MeV, of course, the spectrum resu¥ts
entirely from radiative capture, and the agreement is seen to be
reasonably good. The results for E = 14-17 MeV are shown in the
right side of Fig. 3. In this case the spectrum is due mainly to
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to (n,2ny) reactions, with a smaller but appreciable mixture of
(n,n'y) present. Again, within the accuracy of the experiment,
the agreement is reasonable.
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Fig. 1. El y-ray strength func-
tions inferred from 197Au(n,y)
198Au and 197Au(n,n'y) 197Au
measurements.

Fig. 2. Measured and calculated
197Au(n,y) 198Au cros.- sections
from 10 keV to 20 MeV. The dot-
ted curve is ENDF/B-V.
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Fig. 3. y-ray emission spectra for n + 197Au reactions with E = 1-
1.5 MeV and 14-17 MeV. The histograms are the present calculations.
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CONCLUSIONS

The deformed optical model and Hauser-Feshbach statistical
theory calculations and gamma-ray strength function formulations
described here adequately represent available neutron-induced gam-
ma-ray measurements on 197Au between E = 0.01 and 20 MeV. Al-
though not presented here, the calculations also reproduce measure-
ments of the neutron total, (n,2n), and (n,3n) cross sections as
well as neutron emission spectra from 14-MeV neutron reactions.
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LEVEL STRUCTURE OF QUASI-MAGIC 96Zr

G. Molnar, B. Fazekas, T. Belgya and A. Veres
Institute of Isotopes of the Hungarian Academy of

Sciences, Budapest, H-1525, Hungary

ABSTRACT

The 96Zr nucleus is located in the A=100 region
where an extremely sharp transition from spherical to
deformed shape takes place. Due to the double subshell
closure at Z=40 and N=56, however, this nucleus is remi-
niscent of magic 90Zr rather than of transitional 98Mo,
its isotone. Nevertheless, the presence of many addi-
tional states with regard to the spectrum of the former
and the strong excitation of the first excited 0 + state
in various particle transfer reactions imply more
complex structure than that of a simple magic nucleus.

In order to reveal this structure the 96Zr nucleus
was investigated through the (n,n'y) reaction, induced
by reactor fast neutrons. All known levels up to 3500
keV energy were observed via their y-decay and for most
of them spin assignments could be made on the basis of
angular distribution measurements. In addition, several
strong y-rays were discovered which are believed to con-
nect still unknown low-lying levels. On the basis of the
present results a possibility of shape coexistence in
96Zr is discussed.

INTRODUCTION

The importance of doubly closed shell (or magic)
nuclei in nuclear structure physics is quite obvious.
The recent discovery of the magic character of 1'>sGd [1]
with closed major neutron shell but with only a closed
subshell (Z=64) for protons focussed attention also on
closed subshell nuclei. The only example of this class
of nuclei known previously is 90Zr which has a closed
proton subshell at Z=40.

The ultimate generalization of magicity would be
the doubly closed subshell nuclei.- A possible candidate
is 96Zr with closed proton and neutron subshells Z=40
and N=56, respectively.This nucleus resembles 90Zr in
the sense that the first 2+ state has very high energy
and, as in some other magic nuclei, the first excited
state is a 0+ state. The presence of many additional
states with respect to the spectrum of 90Zr imply, how-
ever, that the N=55 subshell closure is not complete.
Unfortunately, the scarcity of the experimental data
(spin-parities of only the first three excited states

0094-243X/85/1250534-05 $3.00 Copyright 1985 American Institute of Physics
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are established firmly) has so far prevented detailed
analysis [2].

THE 96Zr (n,n'y) REACTION

The ,n,n'Y) reaction induced by reactor fast neut-
rons is hiyhly suitable for studying low-lying, low spin
states because it combines the nonselectivity of statis-
tical excitation with high precision of Y~spectroscopic
methods. The 96Zr nucleus was studied via this reaction
for the first time. Since isotopic enrichment of the
target amounted only to 60 per cent, all measurements
were repeated using a natural target with very low 96Zr
abundance. The use of spectrum subtraction made possible
the unambiguos identification of the 9sZr Y~rays, as
demonstrated in Fig.l.

Prior to the present experiment only 20 Y~ray tran-
sitions between the 96Zr levels were observed in the
beta decay of 9.8 s 96Y [3]. Of these, 13 were also de-
tected in the present work in which a total of 31 Y~rays
was observed. Levels up to 3500 keV energy were excited.
The 3150 keV level is a new observation. Although many
of the levels known only from particle spectroscopy could
unambiguously be identified via their y-decay it was not
possible to connect any of the observed Y-rays with the

Fig..l. Part of the 96Zr (n,n'Y) spectrum. The
lower curve is obtained by subtracting a
similar spectrum of natural Zr.
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2330 keV 2+ state. Since 2+ states are strongly excited
in inelastic neutron scattering we conclude that this
level cannot belong to 96Zr, as has also been noted by
other authors [4]. On the other hand, the existence of
the 2438 keV level has been confirmed by observing its
Y-decay for the first time. There are several strong
Y-rays, such as the 644 keV, 658 keV 743 keV and 1279
keV lines that most probably de-excite still unknown
low-lying levels.

For one third of the observed transitions angular
distributions could be measured that made possible new
spin assignments. The assignment of 3~ to the 2225 keV
state is in accordance with a tentative proposal made in
the beta decay[3l. Another interesting result is that
the spin of the 3081 keV state cannot be 5" as has been
suggested [4] . Hence another candidate should be sought
for the first 5" state. The experimental results are
summarized in Fig. 2 where the level schemes obtained
in various shell model calculations [5,6] are also
included.

3*83 4

33066

3119 8<-

285732

Fig. 2. Partial level scheme of 96Zr, compared
with various- shell model calculations.
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DISCUSSION

Shell model studies of 9 0Zr usually assume an 8 8Sr
inert core with active protons distributed among the
2pi,2 and lg<}/2 orbitals. If the N=56 subshell is sup-
posed to be closed, the resuD.ting spectrum for 9 6Zr [5]
is of the 9 0Zr type. It is clear from Fig. 2 that nei-
ther this nor a more sophisticated calculation with
inclusion of the 2ds<2 and 3si; 2 neutron orbitals [6]
agree with the experimental level pattern. The only
exceptions are perhaps the first 2+ and the first ex-
cited 0 + states. On the other hand, the identification
of several levels with spin 3 above the first (octu-
pole)3~ state suggest similarity between 9 6Zr and 9i*Sr,

1 which is an isotone of the former and has 38 protons.
Hencfe, the properties of both 9 0Zr and 9ItSr can be
traced in the level spectrum of 9 6Zr.

In order to envisage submagicity in the case of
9 6Zr, a unified view of subshell closures is proposed.
It was pointed out earlier [7] that the N=56 subshell
closure effect is enhanced by the presence of neutron
orbitals of low degeneracy, such as the 3si, 2 and
2d 3/ 2 orbitals above the subshell gap. Since Z=40 is
in the upper part of the 28-50 major proton shell it
can be viewed as a subshell closed for proton holes.
The 2pi/ 2 and 2pa/2 orbitals lying below the subshell
will now enhance the subshell closure effect for
proton holes. It is obvious that this symmetric picture
readily incorporates the breaking of submagicity when
high spin orbitals, such asvg7/2 and TI fs(2, come into
play. If this picture is correct, deviations from
submagicity in the case of 9 6Zr can be explained only
by taking into account these high spin orbitals for
protons and neutrons simultaneously.

Pair excitations across closed shells and their
role in producing intruder configurations leading to
coexistence or mixing, are well understood [8].
However, the regions abound closed subshells are less
investigated [9]. In submagic (or quasi-magic) 9 6Zr
the 0* state is strongly excited in particle transfer
reactions [10-12] which is an unambiguous feature of
intruder states. Since no Y-rays decaying to this
state have been observed so far [3] it is difficult
to decide whether a coexistent band associated with
this 0 + state exists,as it was proposed long time
ago [13]. The strong y-ray transitions discovered in
the present work may resolve the puzzle. To find their
place in the level scheme further experiments are
being carried out.

We wish to thank K. Heyde, K. Sistemich and J.L.
Wood for most useful discussions.



538

REFERENCES

[ 1] P. Kleinheinz, R. Broda, P.J. Daly, S. Lunardi,
M. Ogawa and J. Blomqvist, Z. Phys. A29O (1979) 279

[ 2] H. W. Moeller, Nucl. Data Sheets a§. (1982) 281
[ 3] G. Sadler, T. A. Khan, K. Sistemich, J. W. Giiter,

H. Lawin, W. D. Lauppe, H. A. Selic, M. Shaanan,
F. Schussier, J. Blachot, E. Monnand, G. Bailleul,
J. P. Bocquet, B. Pfeiffer, H. Schrader and
B. Fogelberg, Nucl. Phys. A252 (1975) 365

[ 4] E. R. Flynn, D. D. Armstrong and J. G. Beery, Phys.
Rev. Cl (1970) 703

[ 5] J. Vervier, Nucl. Phys. T5_ (1966) 17
[ 6] D. H. Gloeckner, Nucl. Phys. A253 (1975) 301
[ 7] F. Tondeur, Nucl. Phys. A359 (1981) 278
[ 8] K. Heyde, P. Van Isacker, M. Waroquier and R. A.

Meyer, Phys. Reports 102 (1983) 291; K. Heyde,
P. Van Isacker, J. Moreau and M. Waroquier, Proc.Int.
Symp. on In-Beam Nuclear Spectroscopy, Debrecen,
May 14-18, 1984 (to be published)

[ 9] J. L. Wood, ibid
[10] E. R. Flynn, J. G. Beery and A. G. Blair, Nucl.

Phys. A218 (1974) 285
[11] A. Saha, G. D. Jones, L. W. Put and R. H. Siemssen,

Phys. Lett. J3_2B (1979) 208
[12] R. S. Tickle, W. S. Gray and R. D. Bent, Phys. Lett.

9 2B (1980) 283 and Nucl. Phys. A376 (1982) 309
[13] R. K. Sheline, I. Ragnarsson and S. G. Nilsson,

Phys. Lett. £1B (1972) 115



539

DECAY SCHEME OF 116Sn FROM (n.n'y) AND (n,y) RESULTS

Z. Gacsi, J. Sa and J.L. Weil1'
University of Kentucky, Lexington, KY 40506

E.T. Jurney+

Los Alamos National Laboratory, Los Alamos, NM 87545

S. Raman*
Oak Ridge National Laboratory, Oak Ridge TN 37831

ABSTRACT

A decay scheme for **°Sn containing approximately 190 y-rays and
112 levels below 6.0 MeV has been constructed by combining the results
of llf"Sn(n,n'y) and ^^Sn(n,y) experiments.

INTRODUCTION

The most detailed information about the level structure and decay
scheme of 11DSn available to date has come from radioactive decay
studies1 and the 115Sn(n,y) study of McClure and Lewis.2 More limited
results on the level structure have come from particle transfer and
scattering experiments.1

EXPERIMENTAL DETAILS

For the llf>Sn(n,n'y ) study, monoenergetic neutrons In the energy
range of 1.9 to 4.5 MeV were scattered from a highly enriched (95.7%)
45 gram sample. The gamma rays following inelastic scattering were
detected in a Gamma-X Ge detector with 21% relative efficiency and
1.9-keV energy resolution at Ey=1.33 MeV. The neutrons were produced
in the T(p,n)^He reaction by a pulsed beam so that time-of-flight
methods could be used to reduce the background. A massive Cu
collimator and borated polyethylene shield for the detector were also
very effective in reducing the background. Gamma-ray yields were
determined from spectra measured at 50-keV intervals in neutron
bombarding energy and excitation functions for approximately 140
y-rays were thus obtained. From the threshold for production of a
particular y-ray, it can often be uniquely placed in the decay scheme,
and if not uniq :e the energy assignment of the emitting level is
usually correct to within 50-100 keV. The (n.n'y) measurements were
perforned at the University of Kentucky.

The 115Sn(n,y) study was made on a 13 mg target enriched to 97%
in ^^Sn using the thermal (n,y) facility at the Los Alamos Omega West
reactor. Other details were reported previously.^ Approximately 500
y-rays were identified with energies in the range 0.1-9.6 MeV, but

"Work supported in part by National Science Foundation,
"hfork supported by the U.S. Department of Energy under Contract
No. W-7405-eng-36 with the University of California.
*Work supported by the U.S. Department of Energy under Contract
No. DE-AC05-840R21400 with the Martin Marietta Energy Systems, Inc.
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TABLE I . Energy Levels in u 6 S n

E(level)
(keV)

E(level)
(keV)

E( level)
(keV)

0.0
1293.6
1756.8
2027.5
2112.3
2225.5
2266.2
2366.1
2390.9
2496.6
2529.3
2545.7
2585.6
2650.5
2773.6
2790.6
2801.3
2843.9
2908.8
2960.0
2960.1
2996.3
3032.6
3046.4
3088.6
3096.9
3105.3
3142.7
3147.0
3157.9
3179.7
3194.4
3209.9
3227.5
3228.1
3236.0
3248.2
3257.8
3288.7

0"̂
2+
0+
0+
2+
2+
3"
5~
4+

4+
(0)+

(2+)
6"
0,1+
4+
(2+)
7"

1,2+

4+
(2+)
(4+)

7"

3303.5
3309.1
3315.0
3326.4
3327.6
3332.5
3333.8
3344.4
3349.6
3371.4
3416.6
3417.4
3426.8
3427.3
3436.1
3469.7
3507.3
3508.4
3514.1
3515.2
3520.9
3552.1
3573.0
3576.2
3586.6
3593.9
3616.0
3621.5
3622.9
3640.9
3647.8
3651.7
3658.6
3673.4
3701.8
3711.9
3730.8
3742.1
3743.0

3/4B
3777
3778
3806
3812
3840
3843
3884
3904
3917
3946
3952
4001
4013,
4015,
4026
4037,
4113,
4131.
4142,
4162.
4170.
4190.
4200.
4201.
4211.
4217.
4235.
4236.
4238.
4251.
4278.
4297.
5401.
5427.
5449.
5461.
5931.
9563.

.0

.1

.5

.0

.1

.4

.7

.2

.9

.0

.5

.4

.1

.2

.4

.9

.2

.9

.1

.8
,4
,7
,5
,2
,4
,5
,5
3
9
2
7
0
1
1
8
5
1
4
5

aTaken from Ref. 1

many of them have not yet been placed in the decay scheme. The unique
contributions of the (n,y) work to the present results are the
accuracy and precision of the y-ray energies because of the careful
calibration of the detector^ and good statistics of the spectrum.
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RESULTS

In the range of excitation energy up to 4.3 MeV, we have now
identified approximately 110 levels, compared to 50 levels for the
same region given in Ref. 3. The combination of very precise y-vay
energies from the (n,y) study and accurate placement of the decays
from excitation function thresholds has eliminated the ambiguity of
most oi the y-ray placements. From the excitation of levels of known
spin, it appears Kiat both the (n,y) and (n.n'y) reactions are able to
non-selectively excite levels through J=6, and for neutrons several
hundred keV above threshold, even 7~ states are excited in the (n.n'y)
reaction. We believe that essentially all levels with J<6 below an
excitation energy of 3.5 MeV have been located, and in nddition we
have found some 65 levels in the region 3.5<EX<5.931 MeY which have
J<4. The levels identified in this work are given in Table I.
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LOW-LYING LOW-SPIN STATES IN 136Ba
STUDIED VIA (n,n'Y) REACTION

I. Dioszegi, Cs. Maraczy and A. Veres

Institute of Isotopes of the Hungarian Academy of
Sciences, H-1525 Budapest, P.O.B. 77, Hungary

ABSTRACT

Low-spin levels in 136Ba have been studied by means
of the (n,n'y)reaction using reactor fast neutrons.
Excited states up to an excitation energy 2.8 MeV and
with spin values up to 7 were populated. Energies,
intensities and angular distribution of y~rays attributed
to 13SBa have been measured. Preliminary results are
reported here.

INTRODUCTION

In 136Ba nucleus there are six protons outside the
Z=50 magic proton core, and N=80 neutrons, i.e. two
neutrons are missing to complete the N=82 shell. In
consequence the spectrum of the low-lying excited states
of this nucleus is an interesting coexistence of the pure
proton excitations and several two neutron-hole states1.

Experimental information on level scheme of 136Ba is
available from studies1,2»3 of the decay of 136Cs and
136La, furthermore from thermal neutron capture investi-
gations'*' sre .

Continuing the study of the barium isotopes7 we
investigated the 136Ba(n.-n'Y) reaction. The aim of the
present work was to resolve the several existing ambigui-
ties in the low-energy level scheme of this nucleus8.

RESULTS

The y-ray 'spectra from a 15 g sample enriched to
93.0% in 136Ba have been measured with a shielded Ge(Li)
detector at the neutron beam facility at the 5 MW
research reactor of the Central Research Institute for
Physics, Budapest.

The level scheme of the 136Ba nucleus, as obtained
from the present experiment is given in fig.l. All known
states in 136Ba up to an excitation energy 2.8 MeV and
with spin values up to 7 were observed by their Y-decay.

0094-243X/85/1250542-03 $3.00 Copyright 1985 American Institute of Physics
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in addition to confirming known level characteristics8

the angular distribution data resulted in new unique
spin assignments for 2080.0 keV 2+, 2128.8 keV 2+,
2141.3 keV 0+, 2390.8 keV 3±, 2399.8 keV 31, 2431.0 keV 3
and 2484.7 keV 2+ levels. Furthermore E2/M1 multipole
mixing ratios were determined for the most intensive
mixed ^-transitions (Table I.).

Table I .

E2/M1 multipole mixing ratios of 136Ba y-transitions

E (keV) 732.5 1261.6 1310,3 671.8 1666.5

Ji"J
f
 2r2\ 2r2l 2 W 2^22 2r 2t

- 1 . 5 ( l . O ) - 1 . 5 ( 1 . 5 ) O.O3(18)-O.01(12) 0.07(36)

6(E2/M1) or or or

2.2(1.6) 2 .5(1.2) 1.9(2.0)
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ANGULAR DISTRIBUTION STUDIES OF GAMMA RAYS FROM THE 172Yb(n,n'Y)
REACTION

H.M. Youhana, M.A. Al-Amili, S.R. Al-Obeidi and H.E. Abid

Department of Nuclear Physics, Nuclear Research Centre,
Tuwaitha, Baghdad, Iraq

ABSTRACT
Energy levels of 172ib have been studied using the (n,n'y)

reaction with fast reactor-neutrons. The de-excitation Y-rays from
a target( 5.<;?<5 of Yb2Oj enriched to 95.0% in 172Yb) were observed
with a 30 cni3 coaxial Ge(Li) detector located at a distance of 40
cm from the target and coupled to a 4096 channel analyser. The
system resolution was 2.5 keV FWHM for the 1.33 MeV y-rays.

Gamma ray spectra, recorded at five angles (6 = 90, 114, 125,
135 and 145°) relative tn the beam direction, were analysed by
using the peak-finding, peak-fitting computer program BABIL1. An
additional measurement was also performed at each angle with a 19g
plate of Cu placed close to the Yb target. The angular distribu-
tion data, corrected for the attenuation in the target and norma-
lised using the isotropic 669.7 keV y-transition in 63Cu, were
computer fitted to an even ordor Legendre polynomial series.

Spin assignment to levels in 2Yb were carried out by com-
paring the measured a2 and ai, coefficients for each y-transition
with those computed, for a range of spin sequences as a function
of 6-mixing ratio, using the computer code CINDY2. The a2 coeffi-
cient was used to deduce the allowed values of 6. The phase con-
vention used for the definition of <S is that of Krane and Steffen3.
In cases where one of the Y-transitions from a particular level is
expected to be pure, a model-independent procedure"*, hereafter
called "complete alignment method CAM", was employed to calculate
the 6-mixing ratios.

The measured angular distribution coefficients, spin values
and the relevent 6-values, compared where possible with the values
obtained by CAM and by other authors, are presented in Table I.
The agreement is in general satisfactory apart from the 6-values
obtained for the 90.5 and 1002.5 keV Y-transitions.

Table

E.

keV

I

EY
keV

Angular

Ji Jf

distribution

a2

results

a4

for y-transitions

6

CINDY CAM

in '"Yb

Previous

260 182 4 + 2+ +0.32(5) -0.04(6) +0.02(7)

540 280 6+ 4* +0.31(5) -0.14(5) -0.03(5)

1118 857 2+ .+ +0.06(2) -0.03(2) +0.03(4) E2

1039 2* 2* +0.18(4) -0.06(4) +2.3+°'^ +2.Q+0-9, +5.0+2-5a

-u.o -u.o
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Ei
keV

1172

1198

1222

1263

1287

1331

1466

1477

1641

1663

1701

keV

912

1120

1143

91

1003

1027

1070

1466

1388

1398

378

400

528

4
3+

2'

3"

4 +

4 +

4 +

4"

2 +

2 +

2 +

4"

3+

3+

4 +

2 +

2*

3 +

4 +

4 +

4*

°*

2 +

4 +

4 +

3+

+0.

+0.

-0.

+0.

+0.

+0.

+0.

+0.

-0.

+0.

+0.

-0.

+0.

Table

a2

.25(4)

,19(4)

19(4)

39(10)

24(7)

38(8)

37(10)

32(7)

20(4)

31(7)

37(5)

13(2)

34(3)

+0

-0,

+0.

+0.

-0.

-0.

-0.

-0.

-0.

-0.

-0.

+0.

-0.

I (cont.)

a4

.06(5)

.04(5)

.01(3)

,18(10)

,09(8)

10(9)

01(11)

04(8)

06(4)

07(8)

03(5)

03(2)

05(4)

(

-1

+0

+0

+0

+3

-0

+1

+0

+0,

-0.

-3.

+1.

+0.

+0.

+0.

:INDY

.5(4)

.03(9)

.02(3)

.50(12)
6+1.6

•17(11)

.4(3)

+0.33
1 -0.42

•06ll7
E2
+0.2
-0.5

3(6)

04(10)

04(2)

+0.8
-0.6

6

CAM

F.2

-•>:\1

Previous

-1
-1

-2

-1

+0
+0

+0,

_9i

-2.

+ 1.

+0.

+0.

.7(2)b

• 4(2)c

.7(2)d7+l b
D+29 °

.87(13)a

.75(17)c

+0.3a
' -0.9

+2.5b
-5.0
+1.5C
-0.8
+» b
-0.6

00(4)c

05(4)c

a) Ref 5 b) Ref 6 c) Ref 7 d) Ref 8
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ISOMER RATIO CALCULATIONS USING MODELED DISCRETE LEVELS*

M. A. Gardner, D. G. Gardner, and R. W. Hoff
Lawrence Livermore National Laboratory, Livermore, CA 94550

ABSTRACT

We have calculated isomer ratios for the L C . y ) ,
1 7 5Lu(n,2n), 237 N p( n j2n), ^ A m C n . y ) , and 243Am(n,Y) reactions using
modeled level structures in the deformed, odd-odd product nuclei. We
find: that the hundreds of discrete levels and their gamma-ray
branching ratios provided by the modeling are necessary to achieve
agreement with experiment, that many rotational bands must be in-
cluded in order to obtain a sufficiently representative selection of
K quantum numbers, and that the levels of each band must be extended
to appropriately high values of angular momentum.

METHOD

We have made isomer ratio calculations for the reactions:
175Lu(n,Y)176ra>SLu, 175Lu(n,2n)174m>SLu, 237Nr(n,2n)236m,gNp)

24lAm(n,-r)242m,gAm> a n d 243Am(n)Y)244m,gAm> A 1 1 o f t h e cross-section
calculations were made with our version of Che STAPRE statistical
model code,! with no fission competition. Appropriate neutron poten-
tials were used for the different targets and the Cook-modified,
Gilbert-Cameron level density parameters were employed, further ad-
justed to match discrete level information or to reproduce Dot, values
where known. Below about 1.5 MeV in each deformed, odd-odd product
nucleus, we replaced the level density expression with a discrete
level set, modeled as described elsewhere in this conference.2 Table
I summarizes the modeled sets used and compares each with the experi-
mental level data available for that nucleus.

The gamma-ray cascades leading to the ground-state and isomeric
products are modeled as follows. The continuum bins are depopulated
according to our El and Ml strength function systematics, where the
El strength function has an energy-dependent Breit-Wigner line shape
and the Ml strength function is a constant.3 The depopulation of the
discrete levels proceeds as described in Ref. 2. The use, among the
discrete levels, of the same El and Ml strength functions as de-
scribed for the continuum led to calculated isomer ratios for the
l75Lu(n,-r) and 23;Np(n>2n) reactions that were equal to those ob-
tained using a constant El/Ml ratio of 0.167.

RESULTS

In Fig. la we show the m/g ratios vs E n that we calculated for
the l7-"Lu(n,Y) reaction, compared with values derived from experimen-
tal data at about 30 keV.4'5 The use of 291 modeled discrete levels
for !7&Lu(Set A in Table I) yields the lowest calculated band. If
*Work performed under the auspices of the U.S. Dept > of Energy by the
Lawrence Livermore National Lab. under Contract No. W-7405-ENG-48.
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Table I Comparison of modeled and experimental level sets

Level-set
designation

Energy
range
(MeV)

Number of
levels

Number of
rotational

bands

Range of
quantum nos.

K I

l'4Lu A

Expt.

^ 6Lu A
B
C
D
Expt.

236Np A
B
C
D
Expt.

Am A
Expt.

^^Am A
Expt.

0-1.50
0-0.97

0-1.50
0-1.04
0-0.77
0-0.62
0-0.99

0-1.48
0-0.91
0-0.36
0-0.20
0-0.22

0-1.50
0-1.10

0-1.40
0-0.78

433
57

291
109
49
27
38

998
453
50
14
5

788
30

769
44

82
10

62
33
15
8
7

94
71
15
5
3

107
9

101
15

0-9
0-7

0-9
0-9
0-9
0-8
0-7

0-6
0-6
0-6
1-6
1-6

0-7
0-5

0-8
0-6

0-12
0- 7

0-12
0-11
0-10
0-10
0-10

0-20
0-15
0-11
0- 9
1- 6

0-13
0- 7

0-15
0- 6

0 1 2 3 4 5 6 7 8 9 10.01
Ep(MeV)

Fig. 1 a) Calculated 175Lu(n,y) m/g ratios vs E n using
 176Lu level

Sets A-D, compared with data ( D ).^>5 b) The distribution
of K quantum numbers, P(K), for Sets A-D.



Isomer Ratio m/g

T3 0
3 ooo

o
a
n
o
3

ro
rr
nH -

C

rr
aCL

ro

O 13
3 n
w <t>

g re B
O rr 3

o "̂ ^

ro OQ

03 I 1-1
> | p

n i IT
ii I H-
r-1 o
o •» to

I o

ll
I '"I

73 a.

Relative Population,P(l)

CO
a
tn

>
1

o
"
n
o
a•a
03
i-i
n>
CL

E
H -

3"

a.
0>
rr

03

O
03
M
O
c
03
rr
m
a.
^
u

Z
•o
3

ho
3

00

o
b

Isomer Ratio g(6")/m(l+)
— _ , Is
M 00 *

S: -

K Distribution, P(K)
- • «, roo w o



550

only dipole transitions are allowed during the depopulation of the
discrete levels, the lower bound of the band is obtained; if allowed
E2 transitions are considered to take place from some of the band
heads, then the upper bound is calculated. Sensitivity studies of
the computed isomer ratio to the number of discrete levels describing
l^Lu also were made. Set A was truncated several times just below a
new band head to yield Sets B-D (see Table I ) . Set B led to about
the same calculated isomer ratios as Set A. No E2 transitions were
considered to begin at or below 0.62 MeV, therefore Set D results do
not involve a band. The distribution of the K quantum numbers, P(K),
associated with Sets A-D are shown in Fig. lb. Although the P(K) of
Sets A and B are quite different, each has a sufficiently represent-
ative sampling of K values to yield equal isomer ratios. Sets C and
D do not sample all of the K values, leading to isomer ratios that
are too high.

The calculated g/m ratios for the 237'Np(n}2n) reaction aie shown
in Fig. 2a, compared with a 14-MeV measurement.6 Similar sensitivity
studies were carried out with truncated 236jjp level sets. Again the
corresponding P(K) for the sets are shown in Fig. 2b.

In Fig. 3a we show our calculated m/g ratios for the ^^hm{n,y)
and 243Am(n,Y) reactions compared with measurements.^»° We also com-
puted isomer ratios for s-wave neutrons leading to the 2~ and 3~ res-
onances for comparison with the thermal and epithermal data. Other
calculational results from Refs. 7 and 8 are shown too. For each
reaction, our s-wave 3" resonance result agrees well with data. Fis-
sion competition should not have a significant effect at thermal en-
ergies for target 241^m and throughout the neutron energy range shown
for target ^^Am. However, the lack of fission competition in our
calculations may be the reason why our 241^m isomer ratio is not in
good agreement with the 30-keV data. For the 24lAm(n,y) reaction,
our isomer ratio for the 3~ resonance is larger than that for the 2"
resonance, in agreement with the Ref. 7 calculation. In Fig. 3b we
show the spin distributions among the discrete levels that we calcu-
late after the gamma-ray cascade from the continuum for both the 2~
or 3" resonance cases. These distributions show why thp high spin
state is favored by the 3~ resonance and why we obtain the relative
order of the isomer ratios for each case.
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AH ESTIMATE OF THE INELASTIC CHANNEL NEUTRON RADIATIVE
CAPTURE CROSS SECTIONS

J.F. Liu and Yu-Kun Ho
Physics Department, Zhengzhou University, Honan Province, China

M.A. Lone
Chalk River Nuclear Laboratories, Chalk River, Oat., Canada KOJ M O

ABSTRACT

A formalism to calculate the resonance-averaged inelastic chan-
nel radiative neutron capture cross sections is presented. The rela-
tive contribution of these cross sections in the predicted total
(n,y) cross sections is estimated for a number of nuclei.

Since Lane & Lynn's channel neutron capture model was presented,
most efforts have been devoted to the investigation of the valence
and potential capture mechanism with the assumption of unexcited
core. Some calculations have been made on the channel capture with
excited target states, which can be called inelastic channel capture
or, in some cases, doorway states contributions. ' Since inelastic
channel capture is related to the contributions from three or more
quasiparticles configjrstions in the initial state wave function, it
is difficult to investigate it theoretically and identity its contri-
butions experimentally. Here we generalize the idea and approach
developed in our previous paper ' to calculate resonance-averaged
inelastic channel capture cross sections.

The inelastic channel radiative neutron capture cross section
for an El transition is

oich

f

k
3 i_
Y-nV 2(21+1)

I
m^i

where k is the photon wave number, e the neutron effective charge.

i = V i/(2JH-l)it _J j rJM
1 Ajj " k X ° 1 mi j m j l mI

r . JM v -J 1 - , .
Jy Vj'I' 7rbpZ'i'a!Lj r ql'jAr)

(2)

is tue initial state inelastic channel wave function. We use super-
script prime to designate a quantity belonging to the inelastic chan-
nel. In eq. (2)

0094-243X/85/1250551-04 $3.00 Copyright 1985 American Institute of Physics
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is the channel wave function consisting of the intrinsic excited
state wave function of the target nucleus <t>n' coupled to the neu-
tron angular momentum wave function Y , , to give total spin J and

J
projection M; Sg., ., .. is the S matrix elements corresponding to the

inelastic scatcering. The function

~

(4)

is the radial wave function of the inelastic channel ', and has the

asymptotic form ik'rh., (k'r) in the external region. In eq. (4),
T T

<U"t7.,(r)> and <K , .,> are respectively the optical model wave func-
^ J -̂  J

tion and reactance matrix corresponding to the excited target state,
and Re and Im denote real and imaginary parts respectively.

In eq. (1) the final state wave function has the form

UA'i l ( r ) J M
, xfJf f f

wher» I) , ,(r) is the radial wave function of single particle bound

state in a potential corresponding to excited residual nucleus, and
s' its coefficient.

Substituting eqs. (2) and (5) into eq. (1), averaging over the
incident energy, we get the average inelastic channel radiative
capture cross section

2 J + 1 ) <*' j'J ID IUH1J >(2J +1)
k2 A'j'J 2(21+1)

S f i 2 K ' 3 ¥ J p J j

where <ZJ j f I ID l!J^j^Jf> i s the reduced matrix element2^, and

I J 12
i s the r a d i a l i n t e g r a l . The value of < SQ 0 1 ,oJtj > can be
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calculated by means of the statistical theory of nuclear reactions.
Thus

<lsJ 12s - V ' j ' V i ,,Jn f8)

T. ,., is the inelastic scattering neutron transmission coefficient,

and IT...,,., is the width fluctuation correction factor.

Eqs. (6) and (8) can be regarded as contributions ftom radiative
capture of the compound inelastic channel scttering wave.

Furthermore, we rewrite eq. (6) as

T TJ

ich _ % y (2J+1) 'aJ^f.prj' Ji

* "^ jtjjA.j' 2 < 2 I + 1 ) t^ a*JP*'J' W

where

-j- a o )

can be considered as the radiative transmission coefficient in the
compound inelastic channel (Ji.'.j1).

At MeV region of neutron incident energy, there are four proces-
ses that are expected to contribute to the average radiative neutron
capture cross sections, namely compound nucleus radiative capture,
elastic channel radiative capture, inelastic channel radiative cap-
ture and semidirect capture. ' The last one is important only at E
> 3-5 Mev. Table 1 shows the fractions of each process in the calcu-
lated total cross sections in 56Fe, 7hGe, 90Zr, 138Ba and 200Hg at
neutron energies of 0.1 MeV, 1.0 MeV and 2.0 MeV respectively.

These results show that the non-statistical processes (including
elastic and inelastic channel radiative capture) may account for
about one third of the total (n,y) cross sections ' for target
nuclei in the 3s giant resonance regions of the neutron strength
function. In addition, for heavier nuclei the inelastic channel cap-
ture cross section at high energies may be larger than that of the
elastic channel.
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Table 1

Fractions of each process In the calculated (n,y) cross sections

Target

56Fe

>
90Zr

liaBa
2UUHg

0.

0
0
0
0
0

Elastic Channel

1 MeV

.348

.048

.312

.148

.058

Capture

1 MeV

0.176

0.017
0.114

0.060
0.015

2 MeV

0.160

0.011
0.051

0.051
0.006

Inelastic Channel

0.1 MeV

0.09

0.0
0.0
0.0
0.0

Capture

1

0.
0.
0,
0.
0.

MeV

,174

.016
,0
.0
,023

2 MeV

0.079

0.022
0.012
0.019
0.11

Compound Nucleus

0.1 MsV

0.560

0.952
0.688
0.852
0.942

Capture

1 MeV

0.650

0.967
0.886
0.94
0.962

2 MeV

0.760

0.967
0.937

0.93
0.884
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USE OF CAPTURE REACTIONS TO MEASURF, SHORT LIFETIMES BY THE DSA METHOD

J. Keinonen
University of Helsinki, Accelerator Laboratory
Hameentie 100, SF-00550 Helsinki 55, Finland

ABSTRACT

The experimental techniques of measuring the short mean life-
times (1-100 fs) of excited nuclear states by the Doppler-shift-
attenuation method through the capture reactions are discussed. Emphasis
is put on the most recent development in the preparation and use of
implanted targets and in the utilization of the Monte Carlo method
and the experimental stopping power in the analysis. Lifetime results
are compared with values obtained from other methods. Latest iso-
scalar E2 transition strengths in the nuclear mass triplets are used
to illustrate the relevance of short lifetimes in understanding the
structure of excited states.

INTRODUCTION

1000
KNOWN LIFETIMES IN

1p AND sd SHELL NUCLEI

100%

The aim of this talk is to discuss the status of the measurement!!
of short lifetimes (1-100 fs) by the use of charged particle capture
reactions coupled with the Doppler-shift attenuation (DSA) method and
to demonstrate the relevance of short lifetimes in understanding the
structure of excited states of the lp and sd shell nuclei. General

reviews of lifetime measurements
have recently been given in two
extensive articles-'"' .

As shown in Fig. 1, the main
part of the lifetimes of bound
states in the lp and sd shell
nuclei lies in the region 1 to
1000 fs. The only way to measure
lifetimes in this region is often
by the DSA method. In connection
with capture reactions it offers
a unique method for systematic
study of short lifetimes. The use
of the capture reactions has the
following advantages:
(i) The proton and a-particle
capture reactions populate most
of the bound levels in the product

50%

10 100 1000 10000
MEAN LIFETIME (fs) SHORTER THAN

nuclei.
(ii) Disturbing effects due to
the reaction kinematics are
negligible.
(iii) The selective decay of

Fig. 1. Distribution of the known
lifetimes of bound states in the
lp and sd shell nuclei. The data
are taken from Refs. 3-10.
* The studies on which this talk is based have been carried out in
collaboration with A. Anttila, M. Bister, M. Hautala and A. Luukkainen.
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each resonance to a relatively small number of bound states gives the
possibility to avoid disturbing feeding transitions and ensures y-ray
spectra wi-h well separated lines. Lifetime measurements can be
performed in singles experiments.

(iv) The primary Y~ray transitions (presenting short lifetimes
0.01 £ T x 1 fs, 1 < T < 100 eV) can be used to experimentally correct
for the solid angle attenuation of the observed Doppler shifts and to
check on the stability of trie detection system.

In the DSA method the lifetime of an excited state is compared
with the slowing down time of the recoiling excited nucleus in a
backing material, the main drawback being in insufficient knowledge
of this time. This problem has especially been connected to the use
of the capture reactions 1 1"^ t where small initial recoil velocities
(3 ^ 0.1-1$) are produced. The techniques which remove this ambiguity
are discussed in the following section.

EXPERIMENTAL PROCEDURE

Target preparation. In typical DSA measurements, relatively high
currents (10-100 HA) of proton or a-particle beams at energies 0.5 to
3 MeV, are focused to a beam spot of about 3 mm in diameter. Thus,
the targets are required to withstand high proton or a-particle
fluxes and doses.

The implantation of the target atoms into a heavy backing
material is the only practical way to prepare targets from rare and
gaseous isotopes and targets with the high effective stopping power
necessary in the measurements of short lifetimes. Tantalum is the
most suitable backing material for the following reasons: (i) It has
low sputtering yield and high saturation value for implanted atoms ".
(ii) Contaminations which are disturbing in the capture reactions,
can be completely removed by outgassing at temperatures above 1000°C
(melting point of Ta is 2996°C). (iii) Tantalum lias relatively high
Z value (73) and high density (16.6 g/cm^). (iv) Because of efficient
hydrogen diffusion in Ta^-^, the implanted targets withstand high
proton beam intensities and doses. The blistering of Ta backings in the
a-particle bombardments can be avoided by roughening the surface-'--', (v)
As the diffusion of the implanted target atoms is slow in Ta (Ref. 90
and our own tests), high beam intensities do not deteriorate the targets.

Depending on the cross section of the resonance to be used, the
implanted doses vary between 10̂ -9 to 1 0 2 1 ions/m2. For a typical
implantation energy of 60 keV, the corresponding maximum concentrat-
ions are 1 to 30 at.%. The concentration profile of the implants can
be studied accurately by the use of the Rutherford backscattering
(RBS) and nuclear resonance broadening (HRB) method1". Typical depth
profiles of Ne implanted at 60 keV into Ta and Ta20c are shown in
Figs. 2 and 3.

The maximum concentrations obtained for different implanted
targets are illustrated in Figs, k and 5- It can be seen that the
saturation atomic concentration of 22Ne in TapO^ (12 at.5?) is only
about half of that in Ta (28 at.#).
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60keV22Ne*~Ta

100 200
DEPTH (nm)

60keV22Ne*-Ta2O5

•6.2x10lsions/m*
•4.0x102D •
• 1.6x10 •

100 200
DEPTH (nm)

300

10 °J

o

I

0.1 z
005 8
002:1
0.01 a

Fig. 3. As for Fig. 2, but for
Ta20j. In the case of the lowest
dose, the solid line shows also
the Monte Carlo simulated range
profile.

Fig. 2. The Y~ray yield curves
from the 22Ne+ implantations
into Ta backings: In converting
the energy scale into the depth
scale (nm), the proton stopping
power°5 has to be used and the
correction due to the He concentration should be taken into account.
The scale is shown for the lowest dose. The solid lines are drawn
to guide the eye. In the case of the lowest dose, the dashed line is
the Monte Carlo calculated range profile assuming an amorphous
structure for the backing material and the dot-dashed line is the
range simulation for a polycrystalline backing material.

23Na in Ne*Ta

60keV " N e * — Ta

20 40 60 80 100
IMPLANTED FLUENCE (1020 ions/m!)

0 20 «0 60 80 100
IMPLANTED FLUENCE {!020 ions/m2)

Fig. h. The collection curve Fig. 5. As For Fig. 1*, but for
obtained in the preparation of Ta20_.
22Ne targets in Ta backings
(lower part) and the F(t) values measured for different targets
(upper part). The solid lines are drawn to cui<ie 'the eye.
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Stopping power. The use of implanted targets in DSA measurements
demands (l) experimental knowledge on the correction for the cross
section of the atcm-atom scattering (potential and scattering angie)
and (2) experimental knowledge on the slowing down conditions as
affected by the structural effects of the backing material and as
modified during the preparation of the target.

In the slowing down at low reduced-recoil energies (c ^ 0.1-i),
the total stopping power

where energy e and range p are given in the reduced units of the LSS
theory-'- , is dominated by the nuclear (n) part. In the DSA analysis
performed in our laboratory, the analytical form given in the LSS
theory for the uncorrected nuclear stopping cross section is replaced
by Monte Carlo calculations, where the scattering angles of the
recoiling ions are directly derived from the classical scattering
integral and the :.nter-atomic interaction is derived from the Thomas-
Fermi potential. The test of different potentials by comparing with
experiment the calculated ranges and range distributions of several
ions in various amorphous materials, has indicated ~nat the ranges
agree to within 1Q% over the reduced energy interval z = 0.1-1^-9-20 _
Thus, there is no large difference in the stopping calculated from
various potential!;-'-?'^ •'-. The uncorrected electronic stopping power
(e) is calculated according to the LSS theory.

The experimental correction factors fn and fe are determined in
the following way^5: (jj The range values of typically 20 to 100 keV
atoms, corresponding to the recoil energies of the compound nucleus,
measured with the NRB method for a semi-infinite medium are compared
with theoretical ranges. Monte Carlo calculations are used to take into
account the number of reflected ions and the influence of the surface

Table I. Summary of stopping parameters.

Backing Recoiling atom f f Ref.

Mo

Ta

Na

N

F

Na

Al

0

0

0

0

0

.78 ±

.93 ±

.85 ±

.83 ±

.67 ±

0

0

0

0

0

.07

.05

.05

.05

.08

l

l

l

l

l

. 00

. 0

. 0

.15

.0

± 0.17

+ o .u
~ 0.3± 0.16
+ 0.6
" 0.3
+ 0.8
" 0.2

16

22

23

2k

25

ci 0.68 ± o.o6 l.oo ± 0.19 26

a'The values given here do not any more include the corrections which
are needed if the analytical, approximative fcrm of the nuclear
stopping cross section^-" is used.
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to the range distribution. The fn, fe-combinations producing the
experimental range values are obtained, (ii) The experimental line
shape of a Doppler broadened y~ray peak obtained at angles 90 and 0°
relative to the beam are then compared with the corresponding line
shapes calculated with the Monte Carlo method. The fn, fe, T-combinat-
ions producing the experimental F-value and line shape at 0° are
obtained. The unique fn, fe, T-values are obtained from the comparison
of the line shapes at 90°. At this angle the broadening of the Y~ r a v

peak in most sensitive to the velocity components perpendicular to
the beam direction. Correction factors obtained for different ions
recoiling in Mo and Ta ai-e summarized in Table I. In the Monte Carlo
calculations the target material has been assumed to be amorphous.
The fact that the correction factors for the nuclear stopping power
are smaller than one is due to the following reasons: (i) The Thomas-
Fermi potential is not quite accurate in describing the collisions of
low S^-high Z T atoms. This is supported by the experimental
observation'1'' that in the case of low Zj-low Zp atoms, where the
reduced energy at the same energy of Z^-atoms is relatively high and
therefore collisions with smaller impact parameters art- dominant,
the Thomas-Fermi potential is more accurate. A further indication is
that tho scattering angle determined from the line shape of the y-
rays obtained at 00° are smaller than calculated, (ii) The poly-
cry. ;talline structure of the backing material causes microchanneling
of the implants yielding longer ranges. This can be seen in comparing
ranges in Ta and TagO.- (Figs. 2 and 3) where the broadening of the
range profile in Ta is 'ue to this effect. The microchanneling can
be included in the Moi. Carlo calculations1*^, but cannot re considered
to be the whole explanation for the reduction of the nuclear stopping
power. The fact that the portion of channeled atoms decreases with
the implanted dose indicates tnat the first channeled atoms block
the channels.

It should be pointed out that by the above method the stopping
parameters aio determined under the circumstances where the lifetime
measurements are performed and they thus fully describe the slowing
dovn of the recoiling nuclei needed in the DSA analysis. The
collisions of -he recoiling atoms with the target atoms are taken
into account in the analysis. In the calculations, the atomic
density of the slowing down material is corrected for the
experimentally known concentration distribution of the implanted
target nuclei1". At low concentrations (VL a.t.%) the effect of the
target atoms on the stopping power is negligible. However, in DSA
analysis where the F ( T ) values and line shapes are measured with
the targets having high implant concentrations, the stopping
parameters should also be known for the compound-nucleus atom -
target atom collisions. The concentrations less than 20 at.;? are,
however, so low that the uncertainty of the stopping parameters in
this description has a negligible effect on the calculated values.

An important factor in the case of the implanted targets with
relatively high doses, is possible changes in the local subsurface
density due to the implants and this effect should be included in
the DSA analysis. Recent studies with the Mo 1" and Ta 1"' 2 8 backings
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shovr that the atomic density first increases with the increasing drse,
but at higher values of implanted doses the amorphization of the host
lattice takes place and the1 density decreases. How different amounts
of implanted target material 22Ne effect the F ( T ) value measured with
the Ta and Ta20c backings is illustrated in Figs, h and 5- Typical
DSA measurements are shown in Figs. 6 and '[.

2000

UJ

z
<1500
u
OL
UJ
Q-1000
n
z

CO
L

22Ne(p.j>)23Na
Ep=1005 keV t \
2640~0keV ^
T=114±5fs ff

23Na in NetTa / /
• 3.9 at. % / /
* 270at% / /

/ /

/

I/

\ 9,=0°

\ \
\ \
\\

\
i
\

3320 3330
CHANNEL NUMBER

3340 3320 3330
CHANNEL NUMBER

3340

Fig. 7. As for Fig. 6, but for
for TagC>5. The stopping para-
meters were fn=1.00 and fe=1.00.
The dispersion is O.75!: keV/ch.

Fig. 6. The peaks of the 2640 keV
y-r-ys from 23ua recoiling in a
Ta backing. The solid curves are
the best fits for the 0° line
shapes with fn=0.83 and fe=1.15.
The dispersion is 0.791 keV/ch.

The F ( T ) values indicate that the lattice structure can withstand
higher doses than the amorphous structure without decrease of the
effective stopping power and further the efficient stopping power
of Ta seems not to be strongly affected even by relatively high
doses of implants.

LIFETIME RESULTS

Examples shown in Table II have been chosen to illustrate how
lifetime values measured at low recoil velocities relate to those
obtained under widely varying conditions. Recent development of the
DSA measurements by the Chalk River, Brookhaven and Utrecht groups,
where light-ion implanted targets are bombarded by a beam of heavy
ions, where experimental data on the characteristics of the targets
are used and where an experimentally known stopping power has been
utilized in the DSA analysis^,72,73,86-885 gives a possibility to
compare short lifetimes from the precision DSA measurements at low
and high recoil velocities. Unfortunately, the results of the high
recoil velocities thus far reported are mainly for relatively longer
lifetimes ( T & 50 fs). The consistency of the lifetime values obtained
with the techniques described in the present talk with the weighted
average values indicates that no serious sources of systematic errors
exist and that the error limits quoted are realistic.
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Table II. Comparison of lifetime values determined by the techniques
described in this talk (*) with results obtained also by other methods.

Method T(fs) Ref. Reaction Slowing-down medium
1 ft

The l.Ol* MeV level in F:

DSA

DSA HId^

weighted
average

The 1.35

*2

*2

1*

2

2

MeV

.6+°"

.7±0.

±2

.7±0.

.7±0.

level

9

7

1*

in

41

1*1

1*2

1*3

1 9F:

l 8 o ( P ,

3 H e ( 1 6

n)

0,p)

0

1*

.50

.1

l ft
Ta+implanted 0

Ta2O5+implanted

Ta2°5
Al,Zr,Nb and Au+
implanted 3jje

1 R
0

DSA *37OO+7OO

5200±900

23 1 5 N(a,Y)

weighted
average

29 1 9F(a,a 'Y)

31 1 9F(p,p'Y)

35OO±13OO 32

1*700+600 30 1 9F(a,a 'Y)

1*500+1*00

23,,

0.66

0.95

0.55

0.70

0.95

Ta+implanted 'N

CaF,

SrF,
2,

SrF2+Au

The 2.61* MeV level in TIa:

DSA

DSA H I d )

*lll*±5

*112±7

*112±6

*lll*±ll

*119±5

9l*±ll*a'

ll*6±12a)

100±10

363±6o

«**£
200±80

95±35

res. fluor. 136±!*0

weighted
average

The 2.07

] .5±3

MeV level in

28

28

21*

21*

16

33

31*

35

36

37

38

39

1*0

2 6A1

22Ne(p,Y)

23Na(p,p'Y)

12C(12C,pY)

23Na(Y,Y)

:

0

0

0

0

0

0

0,

0.

.20

.20

.20

.20

.20

.16

.16

,21

0.37-0

0.39-0

0.

1*

.1*1*

22
Ta+implanted Ne

22
Ta2O,-+iniplanted Ne

22
Ta+implanted Ne

22
TagO^+implanted Ne

Mo+implanted Ne
22

Mo,Ta+implanted Ne
22

Mo,Ta+implanted Ne
22

Ta+implanted Ne

.51 evapor. Na

.1*1* NaOH

evapor. Na and Nal

C+Au

DSA *73O±1OO 8 25Mg(p,Y) 0.16 Ta+implanted 25Mg
530±200 1*1* 0.13-0.23
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Table II. cont.

RDMe)

weighted
average

The 3.51
DSA

DSA HI d'

weighted

average

The 2.21
DSA

DSA HI

res.fluor

el. scat i,.
Coulexf)

weighted

average
The 2.9l*
DSA

DSA HI d^
adopted
value

560±280
39O±5O

1*60+130

1*60+120

1000±100
53O±l*O

1*5
1*6

1*7

1*8

1*9

1

Mg(JHe,p)

Mg(p,n)
23Na(a,n) t
23Na(d,n)

MeV level in Al:
*26±8

23±8

25±7

8

50

MeV level in A
*38.5±2.0

55±9

3b ±19

•. 38.3±1.3
1*9±H
1*1+6
kk±6
l|0±2
37±7
37±8
38±7
19+7

29±7

38.6±0.9

6

51

52

53
5k
55
56
57
58
59
60^
6l b'

62* >

in,
MeV level in J UP

*90±ll
35±5
70±10

115±20
95±30

90±12
90±8

5
63
61*
3c)

65
66

^?Mg(p,Y)
12c(l6o,d)

26Mg(p,Y)
2TAl(p,p'Y)
2 7A1( 3 TC1, 3 7

26Mg(Y,Y)

Mg(e,e')
•"•V/Al^l)

J.17-0
0.67

0.51

3.76-1

0.9

O.lS

3

0.20

0.36,C

ci) :

1'*N,12C(A1,A1)

29si(p,Y) 0
0

29 . 3 °
27Al(a,n)
3He(28Si,p)

.13,0.

.13,0.

.13,0.
-

0.83

3-1*

•23 MgO 2U

evaporated Mg+Ni

26

.0 evaporated Na

25
Ta+implanted Mg

C with and without Ni
backing

26
Ta+implanted Mg

3.1*2 Al

3.3 Al

on
20 Ta+implanted Si
20 SiO
20 Si0 o

Al

Al,Zr,irb and Au+
implanted ̂ He

a)
For the inclusion of the experimental stopping parameters in the

reanalysis of the original F ( T ) value, see Ref. 2l*. b' Computed from
B(Er:) values with the aid of branching and/or mixing ratios from
Ref. 3. c ) Private communication given in Ref. 3. ^' DSA measurement
with a heavy-ion-induced reaction. e' Recoil distance method.
f ) Coulomb excitation measurement.
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ISOSCALAR E2 TRANSITION STRENGTHS

The E2 transition strengths in the nuclear mass triplets with
A=lm+2 have previously been used to test the isospin dependence of
electromagnetic transitions"'''. The decomposition of the E2 matrix
element into isoscalar (Mo) and isovector (Mi) or, equivalently,
proton and neutron matrix elements, i.e.°1>°°

Mn/p(Tz» =|tM 0(T z) t TzMl(Tz)] (2)

has recently 68,91 been shown to give a possibility for the determi-
nation of the neutron and proton polarization charges in the sd
shell. As the E2 transition strength is given by the quadrature of
eq. (2), a unique solution for the matrix elements is only found
if the transition strength in the self-conjugate nucleus is known.
Summary of the isoscalar E2 transition strengths obtained in our
laboratory for sd shell nuclei is given in Table III. The strengths

Table III. Isoscalar E2 transition strengths of the A=22,26,30 and
34 nuclei.

Nucleus

22Na
2 bAl

3Up

3i*ci

E .
l

(MeV)

1

2

3

2

It

2

3

• 95
.070

.16

.94

.18

.16

.38

i

2J

2t
2!
22-

E.r
(MeV)

0,

0 .

0 .

0 .

0 .

0

0

,66

,23

.23

,68

,68

J f

0 +

0 +

-)+

0 +

0 +

0 +

0+

T(fs)

ll±lt

22+3

9±2

90±ll

3.1+0.9

l*7±lt

7-5±1.7

Branching

(58)

0.30+0

3.6 ±0

o.hkto
33.2±1

1.3±0

16.3±O

2.1+0

. 0 7 a )

.7

.17

.0

.3

.5

.7

| M ( E 2 ) | 2
S

;

13.

0.1

9,

1.

9-

0.

L6±7

,8±3.3

(W.u.)

b )

c)

J 0 ± 0 . l 8 c )

.2±1.2

. 2±0. ;4

,2+0.8

8±o.3

d)

d)

e)

e)

a ) Ref. 71. b ) Ref. 69. c ) Ref. 7. d ) Ref. 5. =' Ref. 9.

QA

obtained from inelastic hadron scattering data (9.2 W.u. * and
lit.3 ± 1.9 W.u.83 for the 2f •+ 0 + transition in 2 6 A I , 1.3 W.u.82
and 2.57 ± 0.35 W.u.83 for the 2?, -»• 0 + transition in 2°A1, 10.5 ±
0.8 W.u.T11 and O.kk ± 0.10 W.u. 71* for the ?t •*• 0 + and 2g •+ 0 +

transitions, respectively, in 3lici) are in agreement with the
electromagnetic data. In all cases, the comparison with the E2
strengths of the analogue transitions in the mirror nuclei (Table
IV and Fig. 8) show that |M1| « | M Q | and that the relative sign
of the neutron and proton matrix elements is positive. Tv.s is in
agreement with very recent inelastic hadron scattering data
obtained for both the first 2 states in 26Mg, 30Si and 3 US T1* and
for the 2g states in 2°Mg and 30g£ 75. T^e negative sign has,
however, also been obtainedTS fOr the 2g state in 3^3.
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Table IV. AT=O, E2 transition strengths for A=22, 26, 30 and 31)
nuclei and their comparison with shell-model calculations.

Nucleus

22,,Ne

22,,Na

22Mg

26 M g

2 6A1

26si

26 M g

2 6A1

26Si

3°Si
3Op

30s
30Si

3Op

30s
3ks
3ltci

3kAr

3ks
3^ C 1

3Vr
a ) Ref.

f ) Ref.

T Transition

+ 1 2 * •*

0

-1

+ 1 2 * ->•

1
0
-1

+ 1 2+2 •*

0

-1

+ 1 2+ •*

0

-1

•1 2+2 +

0

-1

+ 1 2 * ">•

0

-1

+1 2 * -

0

-1

3. *' Ref.

66. S ' Ref

0
+

o!
1

0+

1

or
1

or
l

69.

• 5.

Experiment

12.2±0

16 ±7

• 7 a '

b)

It ±10 a )

13.9±O

13.8±3

1

0

0

1

7

9

1C

1

1

0

6

9.

lit

0.

0.

0.

c)

h)

1(0±0

1(0+0

58±O

3 ±0

2 ±1

).9±0

lt2±0

2 ±0.

38±O.

0 ±0.

2 ±0.

±1»

73±0.

8 ±0.

23±0.

Refs

Ref.

.6C>

3 d )

• 5 e'

O5 C )

I8 d )

37 e )

1* f )

2 S'

9 f )

13f)

1, 8)

09 f )

2 a )

8 h )

a)

05 a )

3 h )

09 a )

• 71?

9. 1

13

15

12

9

7

0

2

It

It

5

6

1

0

0

8

8

8.

0.

-0.

72.

|M(E2)

.1

.3

.3

.9

.9

i)

i)

j)

j)

j)

.70^'

.2

.2

.5

.It

It

8

8

2

3

3

1

3

j)

j)

k)

k)

k)

k)

k)

k)

k)

k)

k)

k)p)

2

5
h

3

C

0

1

3

2

5.

6.

dJ Ref.

' Ref. 80

(W.u

.it

.2

.9

1)

1)

1)

.IO1'

531'

It

1

5

3

1

7
j)

1)

m)

m)

m)

m)
5

5

6

0

0

0

ej

Ref

Theory

12.1°'

17.1°'

12.5°'

10.1°'

8.0 °'

0.72°'

U.3 O )

9.7°'
10.1°'

10.Uo)

0.75°'

0.11°'

-o.oi»o)p)

.0 "' 7.2 °'

.7 " 7-3

.U*> 7-5°'

.69"' 0.31°'

.27"'

.25"' -0.1t2°)p)

Ref. 73.

78. k ) Ref. IC.

1' fief. 79- Ref. 77., FPSDI calculations. "' Ref. 81. Ref. 91.

The negative sign indicates the negative relative sign of the

proton^ and neutron matrix elements.



2 -

0 -

E2 TRANSITION MATRIX
ELEMENTS FOR

M2*T=1)2-(0
+,1)l

A=22

_ 4
CM

^ 2

A=26

-1

567

The comparison of the ex-
perimental and theoretical E2
transition strengths (Table IV)
shows that the current shell-
model calculations have
tendency to underestimate the
isoscalar effective charge of

the 2, 0 transition but no
systematic deviation exists for
the 2p •* 0 + transition. Matrix
elements from recent calculat-
ions^ where empirical iso-
scalar effective charge of ep+
en=1.70e and isovector charge
of ep-en=1.0e were used are in
Fig. 8 compared with the E2
matrix elements obtained from
the electromagnetic transition
strengths. It can be seen that
the isoscalar transition
strengths are well reproduced but
in the cases where the iso-
vector strength is included
deviations between the experi-
mental and theoretical values
seem to be-more state dependent.
A recent observation"^ indicates
that the isoscalar effective
charge of 1.65e and the iso-
vector effective charge of O.63e
would better reproduce the
data and indicates thus en-
hanced neutron polarization
charge (e n/Ep~ 3.5 instead of
1.0 used in Ref. 91).

Fig. 8. The square roots of the E2 transition strengths in the A=22,
26,30 and 3I4 nuclei plotted as a function of T2. The solid lines
illustrate the fits to the experimental data and the dashed lines
the values obtained from a recent shell-model calculation?1.

SUMMARY

The experimental techniques presented allow measurements of precise
short lifetimes by the DSA method through capture reactions. Such
data should provide a testing ground for any new shell-model wave
functions and also for effective charges and g-factors which may differ
markedly from state to state and cannot be sufficiently taken into
account by using average values.
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1.
2.

3.

h.

5.
6.

7.

10.
11.
12.
13.
11*.

15.
16.
17.
18.

19.
20.
21.
22.
23.
24.
25.
26.
27
28.
29-
30.
31.
32.
33.
3k.
35.

36.
37.
38.
39-
40.
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MEDIUM ENERGY PROTON AND HELIUM-3 CAPTURE

IN LIGHT NUCLEI

S.L. Blatt
Department of Physics, The Ohio State University

Columbus , Ohio 43210

ABSTRACT

Since our i n i t i a l r e p o r t o f u n e x p e c t e d l y s t r o n g
c a p t u r e o f 40 t o 80 MeV p r o t o n s t o h i g h l y e x c i t e d s t a t e s
in 1 2 C , 1 3 N , and 2 8 S i , t he Ohio S t a t e - I n d i a n a
U n i v e r s i t y C y c l o t r o n c o l l a b o r a t i o n has c o n t i n u e d t o
i n v e s t i g a t e the c h a r a c t e r i s t i c s o f medium energy
r a d i a t i v e c a p t u r e r e a c t i o n s . Among these are the
e x i s t e n c e o f 2fi<o g i a n t resonances b u i l t on lTiu e x c i t e d
s t a t e s , as w e l l as 3fiw resonances on 2fiu> s t a t e s ; and t h e
s t r i k i n g s i m i l a r i t i e s o f a n g u l a r d i s t r i b u t i o n s and
a n a l y z i n g powers f o r s i m i l a r s i n g l e - p a r t i c l e t r a n s i t i o n s
in c l o s e d - s u b s h e l 1 and n e i g h b o r i n g c l o s e d - s u b s h e l 1 - p i u s -
o n e - p r o t o n n u c l e i . We have a l s o been impressed w i t h t h e
g e n e r a l l y good d e s c r i p t i o n o f t he y and y1 o b s e r v a t i o n s
p r o v i d e d by a d i r e c t - s e m i - d i r e c t r e a c t i o n p i c t u r e toward
the h i g h e r e n e r g i e s i n v e s t i g a t e d . R e c e n t l y , however , we
have observed an anoma lous l y s t r o n g c a p t u r e in 7Be t o a
s t a t e wh ich appears t o r e q u i r e a m u l t i - s t e p p rocess to
p o p u l a t e . R a d i a t i v e c a p t u r e o f 3He p a r t i c l e s has a l s o
been s t u d i e d by our group over the past few mon ths .
E a r l y r e s u l t s f o r c a p t u r e s i n t o 1 2C and 1 6 0 show
s i g n i f i c a n t l y d i f f e r e n t p o p u l a t i o n s o f f i n a l s t a t e s than
in the same n u c l e i e x c i t e d by p ro ton c a p t u r e . Another
r e a c t i o n , 1 2 C( 3 He ,y)150, appears t o p o p u l a t e the same se t
o f s t a t e s observed in 1 2 C ( 6 L i , t ) 1 5 0 . S e l e c t i v i t y f o r
3 - p a r t i c l e c o n f i g u r a t i o n s i s sugges ted in these c a s e s .

INTRODUCTION

In our e a r l i e s t r e p o r t o f r a d i a t i v e c a p t u r e obse r -
v a t i o n s above the g i a n t d i p o l e energy r e g i o n , 1 we p o i n t e d
out w h a t , a t t h a t t i m e , were unexpec ted l y l a r g e t r a n -
s i t i o n s to h i g h - l y i n g e x c i t e d s t a t e s in the n u c l e i
s t u d i e d . In p a r t i c u l a r , the 19 MeV r e g i o n in 1 2 C ,
i n c l u d i n g 4 " " s t r e t c h e d " l p - l h s t a t e s , was an o u t s t a n d i n g
f e a t u r e of 1 1 B ( P , Y ) 1 2 C s p e c t r a reco rded above E =40 MeV;
s i m i l a r l y , the l p - l h c l u s t e r o f s t a t e s in 2 8 S i , i n c l ud ing
the 6" s t r e t c h e d c o n f i g u r a t i o n s , was found t o be a major
f e a t u r e o f the 2 7 A 1 ( p , v ) 2 8 S i s p e c t r a . F u r t h e r m o r e , as
p o i n t e d out by A r n o l d , 2 the main f e a t u r e s o f the
i l B ( p , Y ) 1 2 C s p e c t r a were a l so p resen t in those we
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measured on 1 2 C ( p , Y ) 1 3 N ; in e f f e c t , t h e r e were s i m i l a r l y
s t r o n g c a p t u r e s a t t he same Ey in t hese n e i g h b o r i n g
n u c l e i . An u n d e r s t a n d i n g o f the dominant s t a t e s as
c o n s i s t i n g p r i m a r i l y o f good l p - l h ( i n t he c l o s e d - s u b -
s h e l l cases) or s i n g l e - p a r t i c l e ( i n t he N case) s t a t e s
came f rom c o n s i d e r a t i o n o f a d i r e c t - c a p t u r e r e a c t i o n
mechanism. ' Subsequent h i g n e r - r e s o l u t i o n s p e c t r a '
c o n f i r m e d t h e presence o f t he many s t a t e s p o s t u l a t e d , and
s t u d i e s in a d d i t i o n a l n u c l e i p a i r s * ' 6 ( l u 0 - N, Z 8 S i - P)
showed t h a t the s i m i l a r i t y o f ( p , r ) s p e c t r a f o r t hese
n e i g h b o r i n g n u c l e i seems t o be a genera l c h a r a c t e r i s t i c ,
due t o the s i m i l a r e n e r g i e s of t h e i r s i n g l e p a r t i c l e
con f i g u r a t i o n s .

An e a r l y s u g g e s t i o n 1 t h a t t he c a p t u r e s t o s t a t e s w i t h
one p r o t o n a t an e x c i t a t i o n o f l l iw m igh t go t h r o u g h a
g i a n t resonance a t 2fiw was f o l l o w e d up w i t h measurements
on 1 1 B ( p . Y ) between 24 and 40 MeV, 1 * * 7 ' 8 and such a
r e s o n a n c e , b u i l t on the 19 MeV c l u s t e r in C, was f o u n d .
S u b s e q u e n t l y , t h e work o f A n g h i n o l f i e t al . in 1 2C and
o f Dowel l e t al . in 2 Si showed t h a t t h e r e a re in f a c t
g i a n t r esonances b u i l t on a l 1 r e s o l v a b l e s t a t e s f rom t h e
ground s t a t e t o the v i c i n i t y o f t he s t r e t c h e d c o n f i g u r a -
t i o n s . More r e c e n t l y , we have e s t a b l i s h e d ev idence f o r a
resonance a t 3fi<o, b u i l t upon 2fiw s t a t e s in 1 Z C ; a p r e l i m -
i n a r y r e p o r t was g iven a few y e a r s a g o ; 1 a more d e t a i l e d
a n a l y s i s , based on more comp le te d a t a , i s b e i n g r e a d i e d
f o r p u b ! i c a t ion .

The r e l a t i o n s h i p s between t r a n s i t i o n s in n e i g h b o r i n g
n u c l e a r p a i r s , men t ioned above , have been e x p l o r e d in
g r e a t e r d e t a i l over t he pas t seve ra l y e a r s . R e s u l t s f o r

C- N have r e c e n t l y been p r e s e n t e d , a l o n g w i t h a
g e n e r a l i z e d d e s c r i p t i o n o f t he r a d i a t i v e c a p t u r e mech-
anism wh ich i n c l u d e s the usual d i r e c t and s e m i - d i r e c t
mechanisms as p r i m a r y c o n t r i b u t o r s , bu t a l s o a l l o w s more
complex mechanisms w n i l e s t i l l p r e s e r v i n g i n t e r e s t i n g
a n g u l a r and e n e r g y - d e p e n d e n t c h a r a c t e r i s t i c s . The
t r a n s i t i o n s wh ich were compared we re : a) B (p ,Y ) C*(19
MeV) and 1 2 C ( p , Y ) 1 3 N * ( 3 . 6 MeV), b o t h o f wh ich have t h e
f i n a l p r o t o n c o n f i g u r a t i o n p r i m a r i l y d , - / ? ( w i t h a P q / ?

ho le a l s o c o u p l e d , in the ,C f i n a l s t a t e ) ; and b) 3/c

1 1 B ( p , Y ) l z C * ( 4 . 4 MeV) and 1 Z C ( p . Y ) 1 * N ( g . s . ) , where the
p r o t o n i s c a p t u r e d i n t o a p 1 / 2 o r b i t a l . In b o t h c a s e s ,
the a n g u l a r d i s t r i b u t i o n s o f c r o s s s e c t i o n and a n a l y z i n g
power f o r t he c o r r e s p o n d i n g t r a n s i t i o n s were found t o be
ve ry s i m i l a r . By way o f c o n t r a s t , t he a n a l y z i n g powers
f o r t he t r a n s i t i o n s o f case a) had bo th a s m a l l e r magn i -
tude and o p p o s i t e s ign f rom those o f case b ) , i n d i c a t i n g
the s e n s i t i v i t y o f these measurements t o d i f f e r e n t
con f i g u r a t ion s .
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I n t n e f o l l o w i n g s e c t i o n s , m o r e r e c e n t m e a s u r e m e n t s
on o t h e r n e i g h b o r i n g p a i r s w i l l b e d e s c r i b e d . We a l s o
r e p o r t o n t i n e g o o d s u c c e s s we h a v e f o u n d i n d e s c r i b i n g
m a n y o f t h e h i g h e r - e n e r g y ( p , v ) d a t a w i t h a s i m p l e
d i r e c t - sent i d i r e c t a p p r o a c h , a s w e l l as o n e c a s e i n w h i c h
t h i s a p p r o a c h f a i l s c o m p l e t e l y . F i n a l l y , we r e v i e w
b r i e f l y s o m e o f o u r n e w e s t m e a s u r e m e n t s , i n v o l v i n g
r a d i a t i v e c a p t u r e o f 3 H e - p a r t i c l e s i n s o m e o f t h e s a m e
n u c l e i we h a v e b e e n i n v e s t i g a t i n g w i t h t h e ( p , T ) r e a c -
t i o n .

RECENT PROTON-CAPTURE RESULTS

A . C l o s e d - S u b s h e l l / C l o s e d - S u b s h e l l - P I u s - O n e - P r o t o n
Compar i son s

In o u r s t u d y 1 2 o f t h e l2C-13H p a i r n o t e d a b o v e , we
w e r e s t r u c k b y t h e e x p e r i m e n t a l o b s e r v a t i o n o f s i m i l a r
a n g u l a r d i s t r i b u t i o n s a n d a n a l y z i n g p o w e r s f o r c a p t u r e s
w h i c h l e a v e t h e p r o t o n in t h e same o r b i t a l , r e g a r d l e s c of
w h e t h e r i t was c o u p l e d t o a r e s i d u a l h o l e o r s i m p l y
o u t s i d e a c l o s e d c o r e . Such an e f f e c t comes n a t u r a l l y
o u t o f t h e s t a n d a r d d i r e c t c a p t u r e p i c t u r e , w h e r e t h e
t a r g e t n u c l e u s a c t s as a " s p e c t a t o r " i n t h e r e a c t i o n ;
h o w ? v e r , i n t h e c a s e we w e r e s t u d y i n g , some o f t h e
c a p t u r e s w e n t t h r o u g h r e s o n a n c e s , d e f i n i t e l y n o t a s i m p l e
d i r e c t p r o c e s s . We t h e r e f o r e w o r k e d , t o g e t h e r w i t h o u r
t h e o r y c o l l e a g u e s L . G . A r n o l d and R . G . S e y l e r , t o see i f
a l e s s r e s t r i c t i v e p i c t u r e o f t h e c a p t u r e m e c h a n i s m c o u l d
be c o n s t r u c t e d , w h i c h , i n some l i m i t , wo u i d ex p i a ' n o u -
ob s e r v a t i o n s .

The c o r e g e n e r a l i z e d c a p t u r e d e s c r i p t i o n a s s u m e s : a )
t h a t t h e i n i t i a l a n d f i n a l s t a t e s can be c o n s t r u c t e d f r o m
o r t h o g o n a l o n e - n u c l e o n c o n f i g u r a t i o n s ; a n d b ) t h a t t h e
e l e c t r o m a g n e t i c o p e r a t o r can be r e p r e s e n t e d as a sura o f
o n e - n u c l e o n o p e r a t o r s . U s i n g p r o j e c t i o n o p e r a t o r n o t a -
t i o n , w h e r e P p r o j e c t s f r o m t h e n u c l e a r wave f u n c t i o n t h e
p a r t w h i c h r e p r e s e n t e s o n e n u c l e o n c o u p l e d t o t h e t a r g e t
g r o u n d s t a t e and Q i s i t s c o m p l e m e n t , we can w r i t e t h e
t r a n s i t i o n a m p l i t u d e f o r r a d i a t i v e c a p t u r e as

n - < < P f | H ! l j * , . > = , < P * f | H ' l | P * . > + ,<P0> | H X | Q 4 - , > +
r <qif K j P 4 > S + <Q* f (HA(Q*J> . 7 ( 1 )

The f i r s t t e r m , w h e r e b o t h t h e i n i t i a l and f i n a l s t a t e s
l o o k l i k e t h e t a r g e t g r o u n d s t a t e p l u s a n u c l e o n , i s thj
u s u a l d i r e c t c a p t u r e a m p l i t u d e . The n e x t t w o t e r m s ar-e ,
r e s p e c t i v e l y , i n i t i a l - s t a t e and f i n a l - s t a t e s e m i d i r e c t
ampl i tudes . I f Q>.j were approx imated by a s i n g l e nuc leon
coupled to a coherent I p - l h e x c i t a t i o n of the t a r g e t
ground s t a t e , the second term would be the c o n v e n t i o n a l
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s e m i d i r e c t c a p t u r e a m p l i t u d e . The t e r m s w i t h f i n a l
s t a t e s Q(|), h a v e g e n e r a l l y n o t b e e n t a k e n i n t o a c c o u n t .
H o w e v e r , i f t h o s e c o m p o n e n t s o f Q<j>f w h i c h a r e l p - l h
e x c i t a t i o n s o f t h e t a r g e t g r o u n d s t a t e a r e c o n s i d e r e d ,
t h e t h i r d t e r m d o e s n o t h a v e t o be z e r o ; i n d e e d , t h i s
r e p r e s e n t s t h e very r e a l ( a l t h o u g h g e n e r a l l y s m a l l )
p r o b a b i l i t y t h a t t h e r a d i a t i v e t r a n s i t i o n i s b y a n u c l e o n
i n t h e c o r e ( i . e . , t a r g e t n u c l e u s ) , w h i l e t h e i n c o m i n g
p r o t o n p l a y s t h e r o l e o f a s p e c t a t o r .

F o r c a p t u r e s d o m i n a t e d b y t h e f i r s t t h r e e t e r m s o f
e q . 1 , we h a v e a g e n e r a l i z e d d i r e c t - s e m i d i r e c t p i c t u r e
w h i c h p r e d i c t s t h e f o l l o w i n g t h r e e r e l a t i o n s h i p s f o r
c l o s e d - s u b s h e l 1 a n d a d j a c e n t 1 - p a r t i c l e n u c l e i : a ) T h e
c r o s s s e c t i o n a n g u l a r d i s t r i b u t i o n s h a v e t h e same s h a p e ;
b ) t h e i r a n a l y z i n g p o w e r s ( a t a n y g i v e n e n e r g y a n d a n g l e )
a r e e q u a l ; a n d c ) t h e i r c r o s s s e c t i o n s h a v e m a g n i t u d e s
r e l a t e d b y

••jlfl- ( 2 )

I n t h e l a t t e r e x p r e s s i o n J ^ , J * r e f e r t o t h e i n i t i a l a n d
f i n a l s p i n s o f t h e s t a t e s i n t r i e c l o s e d - s u b s h e l 1 c a s e ,
a n d j £ i s t h e t o t a l a n g u l a r m o m e n t u m o f t h e n u c l e o n i n
i t s f i n a l c o n f i g u r a t i o n i n e i t h e r c a s e . ( I t s h o u l d b e
n o t e d t h a t t h e a b o v e r e s u l t s a r e o n l y v a l i d i f a s i n g l e
j , d o m i n a t e s . ) The e x a m p l e s s t u d i e d e a r l i e r 1 2 s h o w e d a l l
t h r e e o f t h e s e c h a r a c t e r i s t i c s .

R e c e n t l y , R a c k e r s 1 3 h a s i n v e s t i g a t e d c o r r e s p o n d i n g
t r a n s i t i o n s i n 2 7 A l ( p , y ) 2 8 S i a n d 2 8 S i ( p , y ) 2 9 P , a n d , t o a
m o r e l i m i t e d e x t e n t , i n 1 5 N ( p , y ) 1 6 0 a n d i 6 0 ( p , y ) 1 7 F . I n
t h e f o r m e r p a i r , t h e f o l 1 o w i n g t r a n s i t i o n s w e r e c o m p a r e d :
I ) 2 8 S i f i r s t e x c i t e d s t a t e (2 ) , 88% [ 2 S 1 / ? , I d , . , x]
c o n f i g u r a t i o n , 1 1 * a n d 2 9 P g r o u n d s t a t e ( 1 / 2 + ) , [ 2 ' S , , , ] ;
II) 2 8 S i s e c o n d e x c i t e d s t a t e ( 4 ) , [ I d , . . , I d , , " ^ ' a n d
2 9 P f i r s t e x c i t e d s t a t e ( 3 / 2 ) , [ I d - ] ; ' § n d 1 1 1 ) t h e
c l u s t e r o f n e g a t i v e - p a r i t y s t a t e s f r o m 1 1 . 6 t o 1 4 . 4 MeV
i n 2 8 S i , i n c l u d i n g t h e 6 " s t a t e s , p r i m a r i l y [ l f , / 9 ,
l d 5 / 2 " 1 ] , a n d t h e f i f t h e x c i t e d s t a t e s o f 2 9 P , a ' 7 / 2 "
s t a t e w i t h c o n f i g u r a t i o n [ l f ^ / o ] .

F o r t h e 1 6 0 - 1 7 F p a i r , o n l y o n e c o m p a r i s o n c o u l d
r e a d i l y b e m a d e , n a m e l y t h e t r a n s i t i o n s t o t h e 3 " s e c o n d
e x c i t e d s t a t e o f 1 6 0 , [ l d 5 / 2 » 1 P i / 2 ~ 1 - ' a n d t 0 t h e ~
g r o u n d s t a t e o f 1 7 F , w h i c n n a s t n e c o n f i g u r a t i o n [

F i g . 1 s h o w s t h e f i r s t - m e n t i o n e d t r a n s i t i o n s i n t h e
2 8 S i - 2 9 P p a i r . The a n g u l a r d i s t r i b u t i o n s h a v e b e e n
n o r m a l i z e d f o r d i r e c t c o m p a r i s o n o f t h e i r s h a p e s ; t h e
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F i g . 1 . Comparison of
2 8 S i ( p , Y o ) and 2 7 A l ( P o
Both capture to s. ,„
o r b i t s . '

analyzing powers are shown
d i r e c t l y as der ived from
the data . Also shown is a
theo re t i ca l p red ic t ion
generated u t i l i z ing the
program HIKARI,11* which
includes the conventional
d i r e c t - s e m i d i r e c t terms ( I
and I I of eq. 1 ) . {Sinca
the t h i r d term produces
iden t i ca l p red ic t i ons on
the angular dependences,
no add i t ions are needed
for the comparison being
made.) S i m i l a r l y good
comparisons, between data
on corresponding t r a n s i -
t i ons and between ex-
periment and theory , are
found fo r the other cases,
wi th the exception of the
n e g a t i v e - p a r i t y c l us te r in
Z 8 S i . In t h i s 1a t te r
case, too many components
are present to be exper i -
mental ly r eso l vab le , and
the t o ta l con t r i bu t i on
from the e n t i r e c lus te r
averages the analyzing
power to e s s e n t i a l l y zero.

B. Energy Dependence of ( P . O Reactions above the GDR

During the course of our experimentat ion over the
past several years , we have acquired a great deal of data
on ground-state captures in the 26-100 MeV range. Proton
captures leading to the fo l l ow ing n u c l e i are inc luded:
7 Be, 1 2 C , I 5 N , " o , r r F , 2 S S i , and 2 5 p . Recent ly , S.
Jensen and H.J. Hausman have co l l a t ed and analyzed
these da ta , and made comparisons wi th the standard DSD
capture model. The approach taken was to normalize the
ca lcu la ted d i rec t - cap tu re component to the highest-energy
data points for a given r e a c t i o n , thereby prov id ing a
rough determinat ion of the ground state spectroscopic
f a c t o r ; n e x t , reasonable GDR parameters were used to add
the semi -d i rec t c o n t r i b u t i o n , w i t h the amplitude r e l a t i v e
to the d i r e c t component a f ree parameter, var ied to
obtain a best f i t to the lower-energy data. Wherever
poss ib l e , comparisons were then made to known GDR cross
sect ions in the region below our own data; these compari-
sons, in genera l , have been found to be qu i te good. One
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I
" B(p.70)'2C
EB <L»l)-7.5MeV
r«8HeV
4E-6MeV

\r>

" B(p,7o)"C
EP -28-5U.V

Vs0 -5.5U«V
— Vs0 «2.5MeV

" -OKeV

. 0 ISO O

F i g . 2 . a) H B ( p , T )
c ross sec t i on v s . E". b)
Angular d i s t r i b u t i o n at
28.5 MeV. c) Ana lyz ing
power measurements.

example i s shown in F i g .
2. The energy dependence
fo : 1 1 B ( p , Y 0 ) l 2 C i s
i n d i c a t e d , a long w i t h the
d i r e c t c a l c u l a t i o n and two
poss ib l e DSD f i t s , in F i g .
2a. The data and p re -
d i c t e d angular d i s t r i -
b u t i o n s a t 28.5 MeV are
shown on F i g . 2b. F i g . 2c
shows a n a l y z i n g power
measurements a t t h i s same
energy ; wh i l e the o ther
f i t s were a l l made w i t h a
g loba l set o f o p t i c a l -
model parameters , v a r i -
a t i o n s in the s p i n - o r b i t
poten t i a l make 1arge
d i f f e r e n c e s in the p re -
d i c t i o n s f o r t h i s quan-
t i t y , and the va r i ous
curves in the f i g u r e p o i n t
out t h i s s e n s i t i v i t y .

The spec t roscop i c f a c t o r s
ob ta ined as desc r ibed
above are d i s p l a y e d in
Table 1 . Rough as our
numbers a r e , they are no t
ve ry d i f f e r e n t from va lues
e i t h e r c a l c u l a t e d 1 7 or
d e r i v e d from ( 3 He,d j or
( d , n ) measurements . 1 8

We n o t e , however, t h a t our
numbers from the ( P , Y )
measurements tend to l i e
on the 1ow s ide o f the
p r e v i o u s l y measured or
t h e o r e t i c a l v a l u e s .

C. " N o n - D i r e c t " Captures

In the p rev ious two
s e c t i o n s , the f o u r t h term
in eq . 1 has been i g n o r e d .
This t e r m , which may be
des igna ted as a "non-
d i r e c t " a m p l i t u d e , r e p -
resen ts a more complex set
of t r a n s i t i o n s than the
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o t h e r t h r e e t e r m s . As shown in r e f . 1 2 , c a p t u r e s t o
f i n a l s t a t e s w i t h a n y g i v e n t a r g e t - s t a t e p a r e n t a g e can
o c c u r , so l o n g as c o m p o n e n t s o f t h e i n i t i a l s t a t e w i t h
i d e n t i c a l p a r e n t a g e a r e i n v o l v e d ; t h e s e can be e x c i t e d
t h r o u g h i n e l a s t i c s c a t t e r i n g , f o r e x a m p l e .

T a b l e 1 . S p e c t r o s c o p i c f a c t o r s f r o m d i r e c t - s e m i d i r e c t
c a l c u l a t i o n s on p r o t o n c a p t u r e d a t a .

, S ( e x p t . )
R e a c t i o n s S ( p , y ) S ( T h e o . ) d [ ( 3He , d ) , ( d ,n )

U B ( P , Y 0 ) 1 2 C 4 - 5 . 7

12 C ( p , Y 0 ) 1 3 N 0 .31 - 0.49

5.69

0.61

1 5 N ( p , Y o ) 1 6 0 1-0 - 1.32

1 6 0 ( p ) Y Q ) 1 7 F 0.5 - 0 .8

2 7 A 1 ( p , Y 0 ) 2 8 S i 1 . 0 - 2 . 0

2 8 S l ( p , y 0 ) 2 9 P 0.52 - 0 .81

6 L i ( p , Y 0 ) 7 B e 0.59

3.3 - 8 . 0

0.48 - 0 . 6 8
( 0 . 7 - 1 .25)

1.3 - 3 .7

0 . 3 5 - 1 .25

3 . 0 - 5 . 3

1.0

0 . 4 3

, r e f . 1 7 .
' r e f . 1 8 .

I n c l u s i o n o f t h e n o n - d i r e c t a m p l i t u d e may be c r u c i a l
i n some r a d i a t i v e c a p t u r e r e a c t i o n s . We c o n s i d e r h e r e
c a p t u r e s t o t h e 7 / 2 " s e c o n d e x c i t e d s t a t e o f 7 B e , in t h e
r e a c t i o n 6 L i ( p , v ) - T h i s s t a t e , at an excitation of 4 . 5 /
MeV, i s n o t a s i n g l e p a r t i c l e c o n f i g u r a t i o n o u t s i d e o f a
6 L i ( g . s . ) c o r e . The l p o r b i t a l s have t o o - s m a l l a n g u l a r
m o m e n t a , t h e s - d s h e l l has i n c o r r e c t p a r i t y , and t h e
l f - , o s h e l l i s much t o o f a r away in e n e r g y ; t h e 7 / 2 "
an i Jg in 7 L i has been shown t o h a v e
s t r e n g t h f o r t h e f

7/2
s i n g l e - p a r t i d e

z e r o s p e c t r o s c o p i c
con f i g u r a t i o n . * 9

The more c o m p l e x c o n f i g u r a t i o n o f t h e 7 / 2 " s t a t e
c o u l d n o t , t h e r e f o r e , be p o p u l a t e d in a s i m p l e d i r e c t o r
s e m i - d i r e c t c a p t u r e , s i n c e o n l y a s i n g l e n u c l e o n t r a n s -
i t i o n o c c u r s in t h e s e m e c h a n i s m s . H o w e v e r , a m u l t i s t e p
p r o c e s s , a l l o w e d by t h e n o n - d i r e c t ampl i t u d e , i s p o s s i -
b l e . F o r e x a m p l e , t h e 6 L i c o u l d be e x c i t e d t o i t s 3
f i r s t e x c i t e d s t a t e in t h e i n c i d e n t c h a n n e l ; t h e p r o t o n
c o u l d t h e n be c a p t u r e d i n t o a l p o r b i t a l t o p r o d u c e t h e
7 / 2 " s t a t e o f 7 B e .

MeV,
A gamma r a y s p e c t r u m o f 6 L i ( p . y ) 7 B e , t a k e n 2 0 a t 4 4 . 4
i s shown in F i g . 3 . T r a n s i t i o n s t o t h e g r o u n d - and
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f i r s t f o u r e x c i t e d s t a t e s
~~ r~. ^~, ; a r e p r e s e n t . A s m a l l
'••""- \-t(p,y) ae component f rom oxygen

EP =44.4 Mev c o n t a m i n a t i o n in t h e
(i-) t a r g e t a l s o a p p e a r s ;

" p .7-. y z • s p e c t r a taken w i t h a
r,( i~)\ iy2 / r o ' " - 1 n a t u r a l oxygen gas c e l l

500- J '\ ^ v e r i f y t h a t no a d d i t i o n a l
O f'F'ro'A background from t h i s
° y (|-) 'J\ ! /. I ' source can be found in the

4 N . l . V ' l : v i c i n i t y o f the 7 / 2 " peak,

3

' ' I t i s s t r i k i n g t o n o t e ,
t h e n , t h a t t h e 7 / 2 " s t a t e

_ __ • _ ̂  ' 'v-,_.__ i s p r o d u c e d w i t h an
0 + '~'vT~T^~ 40 45 i n t e n s i t y c o m p a r a b l e t o

r- , » 7 V M t h o s e o f t h e o t h e r l o w -
E y W e V ) l y i n g 7 Be s t a t e s , even

F i n -* 6 , i f D v ) 8 B e t h o u g h t h e s e o t h e r s can be
M g . s. L I I P . Y ; D = p r o d u c e d v i a t h e s u p p o s e d -
s p e c t r u m , s o w i n g s t r o n g [ m u c h p r o b a b l

P ^
t r a n s m o n t o 7 / 2 s t a t e . ^ ^ a p d s e » ; i d 1 r e c t

mechan i sms.

The s t r e n g t h o f t h i s m u l t i - s t e p c a p t u r e p r o v i d e s a
w a r n i n g f o r a l l o f t h e c a s e s w h i c h have been s t u d i e d o v e r
t h e y e a r s and a n a l y z e d f r o m t h e s i m p l e d i r e c t - s e m i d i r e c t
p o i n t o f v i e w : more c o m p l e x m e c h a n i s m s many w e l l be
o p e r a t i n g , a t a n o n - n e g l i g i b l e l e v e l , in t h o s e c a s e s , as
w e l l . C o n c l u s i o n s drawn f r o m t h e c o m p a r i s o n o f d a t a w i t h
t h e DSD p i c t u r e , i n c l u d i n g t h e e x t r a c t i o n o f s p e c t r o -
s c o p i c f a c t o r s r e p o r t e d in t h e p r e v i o u s s e c t i o n o f t h e
p r e s e n t p a p e r , mus t be r e - e x a m i n e d t o d e t e r m i n e i f t h e
p r e s e n c e o f n o n - d i r e c t a m p l i t u d e s p r o d u c e s i g n i f i c a n t
c o r r e c t i on s .

CAPTURE OF 3 He-PARTICLES

I f t h e r e i s a s i z a b l e p r o b a b i l i t y f o r d i r e c t a n d / o r
s e m i d i r e c t c a p t u r e o f p r o j e c t i l e s more c o m p l e x t h a n
s i n g l e n u c l e o n s , i t s h o u l d be p o s s i b l e t o o b t a i n i n f o r -
m a t i o n a b o u t t h e i m p o r t a n c e o f , s a y , 2 - p a r t i c l e c o n f i g -
u r a t i o n s v i a ( d , y ) r e a c t i o n s , 3 - p a r t i c l e c o n f i g u r a t i o n s
v i a ( 3 H e , y ) o r ( t . y ) r e a c t i o n s , e t c . For heavy p r o j e c t -
i l e s , s t a t i s t i c a l e f f e c t s have been shown t o d o m i n a t e t h e
o b s e r v e d c a p t u r e s p e c t r a . 2 1 S n o v e r 2 2 has shown t h a t , f o r
m e d i u m - w e i g h t n u c l e i and l o w e n e r g i e s , s u c h e f f e c t s a r e
a l s o i m p o r t a n t in 3He c a p t u r e . We h a v e , t h u s f a r ,
l i m i t e d o u r own ( 3 H e , y ) s t u d i e s t o v e r y l i g h t n u c l e i , and
a t somewhat h i g h e r e n e r g i e s ; we have a l s o c o n c e n t r a t e d on
t r a n s i t i o n s t o t h e g r o u n d and l o w - l y i n g e x c i t e d s t a t e s ,
w h i c h a r e a t v a l u e s o f E f a r above t h e r e g i o n o f i m p o r -
t a n c e in t h e s t a t i s t i c a l Y p r o c e s s .
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A spec t rum taken on
1 2 C ( 3 H e , Y ) 1 5 0 , a t 30.7
MeV
The
M g
f i t
a re
spec t rum
obta in ed

i s shown in F i g . 4 a .
components shown in

4 b , however , a re n o t
t o t h i s s p e c t r u m ; they
i n s t e a d taken f rom the

f o r 1 2 c ( 6 L i , t ) 1 5 0
a t E ( 6 L i ) = 60

F i g . 4 . 1 2 C ( 3 H e , Y )
spec t rum compared w i t h
l 2 c ( 6 L 1 , t ) da ta f o l d e d
w i t h our y-ray l i n e shape,

d i r e c t ( o r s e m i d i r e c t ) c a p t u r e
i s the p redominan t mechanism.

MeV and 8 t = 5° by Bingham
e t al , 2 3 w i t h our e x p e r i -
menta l gamma-ray 1 ine
shape f01ded i n . The
s i m i l a r i t y o f the s p e c t r a
i s s t r i k i n g . A n a l y s i s o f
the 3 - p a r t i c l e t r a n s f e r
r e a c t i o n 2 3 i n d i c a t e s
d i r e c t t r a n s f e r i s o c c u r -
r i n g , and s t a t e s w i t h
s i g n i f i c a n t 3 - p a r t i c l e
components are be ing
s e l e c t e d . In our ( ' H e . y )
s p e c t r a , t he same s t a t e s
a l s o d o m i n a t e , and i t i s
r e a s o n a b l e to assume
to these 3 - p a r t i c l e s t a t e s

Data on 9 Be( 3 He , y ) 1 2 C and x 3 C ( 3 H e , y ) 1 6 0 have r e c e n t -
l y been o b t a i n e d . Marchl en sk i2 1* has ana l yzed these
measurements and compared the p o p u l a t i o n o f the f i n a l
s t a t e s seen in these r e a c t i o n s w i t h those in 1 1 B ( p , y ) 1 2 C
and l b H { p . v ) 1 6 0 , r e s p e c t i v e l y . As e x p e c t e d , the popu-
l a t i o n s are q u i t e d i f f e r e n t . R a t i o s f o r p r o d u c i n g s t a t e s
o f 1 2C v i a 3He and p ro ton c a p t u r e a re shown in Tab le 2 .
The s t a t e s w i t h smal l a ( 3 He,Y ) a re c l e a r l y n o t 3p-3h in
n a t u r e .

Can we say t h a t the s t r o n g e r ( 3 H e , y ) t r a n s i t i o n s do
p i c k ou t such c o n f i g u r a t i o n s ? The ev idence in t h e
l 2 C ( 3 H e , r ) case o f F i g . 4 sugges ts t h a t t h i s i s s o . A
p u r e l y s t a t i s t i c a l mechan ism, f o r e x a m p l e , m igh t be
expec ted to p o p u l a t e b o t h the 0 ground s t a t e and the 0
second e x c i t e d s t a t e s e q u a l l y ; i n s t e a d , y 2 ^ s q u i t e a b i t
s t r o n g e r . ( I t i s s t i l l weak in an a b s o l u t e c r o s s s e c t i o n
sense ; t h u s a 1arge 3p-3h component in t h e 0 e x c i t e d
s t a t e i s s t i l l n o t i n d i c a t e d . ) The impor tance o f 3p-3h
c o n f i g u r a t i o n s in the 19 MeV r e g i o n , however , where the
( p . y ) c r o s s s e c t i o n s are a l s o q u i t e s t r o n g , i s v e r y
i n t e r e s t i n g . Such c o n f i g u r a t i o n s , in t h i s r e g i o n and
h i g h e r , have been p r e d i c t e d 2 5 in a t t e m p t s a t t h e o r e t i c a l
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u n d e r s t a n d i n g o f t h e f i n e s t r u c t u r e o f t h e g r o u n d - s t a t e
GDR.

T a b l e 2 . C a p t u r e c r o r s s e c t i o n r a t i o s f o r 9 B e ( 3 H e ,y)12C
and n B ( p , y ) 1 2 C ; E . 4 5 Mev, e = 60° ( p r e l im i n a r y

l ) x Yva l ues) .

E f

0 .0 MeV

4 . 4 4

7 .66

9 . 6 4

. 1 9 H.V

X

Ji t

0 +

2 +

0 +

3"

4 " , 3 "

o ( 3 H

0

0

0

0

0

Y

e , Y ) / c r ( p , Y )

.02

.04

.84

.24

.32

Work i s c o n t i n u i n g in t h i s a r e a . A n g u l a r d i s t r i -
b u t i o n s have been m e a s u r e d , and a p r e l i m i n a r y a n a l y s i s
i n d i c a t e s t h a t t h e y can be u n d e r s t o o d in t h e c o n t e x t o f
DSD c a l c u l a t i o n s . Data have a l s o been o b t a i n e d on t h e
e n e r g y dependence o f t h e ( 3 H e , y ) c r o s s s e c t i o n s , and
a n a l y s i s o f t h e s e measurements i s in p r o g r e s s .

Based on r e s u l t s suc?i as t h o s e r e p o r t e d here and a t
o t h e r l a b o r a t o r i e s t h r o u g h o u t t h e w o r l d , r a d i a t i v e
c a p t u r e r e a c t i o n s appear t o be as f a s c i n a t i n g in t h e
v a r i e t y o f phenomena t h e y d i s p l a y , and as p o t e n t i a l l y
v a l u a b l e in d e t e r m i n i n g n u c l e a r s t r u c t u r e i n f o r m a t i o n a t
i n t e r m e d i a t e e n e r g i e s as t h e y have been a t l o w e r e n e r -
g i e s .

The a u t h o r acknow ledges t h e m a j o r c o n t r i b u t i o n s o f
many c o l l a b o r a t o r s , e i t h e r r e f e r r e d t o e x p l i c i t l y in t h e
above t e x t or in t h e r e f e r e n c e s t o our p u b l i s h e d w o r k .
S u p p o r t f o r t h i s work f rom the U.S. N a t i o n a l Sc i ence
F o u n d a t i o n i s a l s o g r a t e f u l l y a c k n o w l e d g e d .
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MEDIUM ENERGY GAMMA RAYS FOLLOWING
RADIATIVE CAPTURE OF POLARIZED PROTONS ON LIGHT NUCLEI

H. Ejiri, T. Shibata, Y. Nagai, T. Kishimoto*,
H. Ohsumi, N. Kanrikubota, and T. Satoh

Dept. Physics, Osaka Univ., Toyonaka, Osaka, 560, JAPAN

*Dept. Physics, Tokyo Inst. Tech., Tokyo, JAPAN

ABSTRACT

Medium energy gamma rays with EY=40-100 MeV following radiative
capture of polarized protons on B and ^C were well studied by
means of the HERMES. The angular distribution shows a uniform bell-
shape pattern, being independent of the final state. o n the other
hand the analyzing power depends on the spin direction with respect
to the orbital angular momentum of the captured orbit. These re-
sults are well reproduced in terms of the stretched E1-E2 radiations
with the large E2 contributions for Ey>60 MeV. A simple geometrical
consideration is given to account for the spin dependence 01 the
analyzing power. Experimental results are compared with the Siegert
theorem calculation and the model calculation including both the
impulse term and the pion exchange term.

1. INTRODUCTION

The present work is concerned with medium energy gamma rays in
the energy range of 40-100 MeV. This energy range is beyond giant
resonance and below the pion threshold energies. The wave length
is an order of %&2~4 fm. Such energetic gamma rays produced by
radiative capture process of medium energy protons give riss to
large momentum transfers of q=0.5 GeV/c.

Radiative capture gamma rays in the giant resonance regions of
10~30 MeV have been extensively studied-'-"^, and the radiative pro-
cess has been analyzed in terms of direct and semi-direct processes .
Radiative capture processes in the medium energy region far above
giant resonances, however, have not been well explored so far.
Pioneer works of the radiative process of medium energy protons have
recently been made by the IUCF, OHIO and TUNL groups7.

This work reports first extensive measurements of medium energy
gamma rays following radiative capture of polarized protons on light
nuclei. Since the excitation energy is well above the discrete
single particle levels and giant resonances the electromagnetic
radiation may be rather independent of individual proton orbits
associated with the radiative process. Then it may elucidate dy-
namic properties of the radiative process and the electromagnetic
multipole strengths in the medium energy region. In this region
with the large momentum transfer the giant resonance process and the
direct (one body) process become less important and the exchange
current (two-body process) may contribute significantly in addition
to the one body process. Diagrams for the radiative processes are
shown in Fig. 1. Thfi exchange current contrijution has been dis-

0094-243X/85/1250582-15 $3.00 Copyright 1985 American Institute of Physi
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Fig. la
Schematic diagram of radiative
capture processes, a) Simple
direct process (one body
process), b) Semi-direct

Fig. lb
Pair current (a), pion current
(b) and isobar contribution (c).
See ref. 11.

Fig. lb

cussed to understand the deviation K of the photo absorption process
from the TRK sum rule. The radiative capture process is an inverse
process of the particular channel (Y,po) of the photo nuclear re-
action, and it deals with the matrix element <i|(f | Ty j i|ii>. Thus one
can study the wave functions asociated with the radiative process,
in particular the components responsible for such medium energy
radiation, as well as the electromagnetic interactions far beyond
giant resonances. It is also noted that radiative capture gamma
rays to highlylng states may reveal the properties of these states.

2. EXPERIMENTAL PROCEDURES

Medium energy gamma rays following radiative capture reactions
of 40-80 MeV polarized protons on 1]-B and 1 2C were studied. The
polarized protons were provided from the Osaka Univ. RCNP cyclotron.
The gamma rays in the range of 35-100 MeV were measured by means of
the HERMES (High Energy Radiation Measuring System)8'9. It consists
of a 6"x 11" central Nal crystal and four-segment 11"» 11" annular
Nal crystal. The energy and time signals from these crystals were
recorded in a list mode on a magnetic tape. The energy spectrum is
constructed by summing up all energy signals from the crystals.
Unique point of the HERMES is excellent energy resolution (2.6 %
for 60 MeV if rays) with the low background counts. The radiative
capture process in the medium energy region is a very rare process.
The cross-section at backward angles goes down even be1"w 10 nb/sr
for 80 MeV protons. Thus one has to select such rare events among
huge neutrons and charged particles with the cross-sections of an
order of lb. Selection of gamma rays were nicely made by measuring
the time of flight (TOF) with the flight path of 400-1200 mm. The
experimental arrangement is schematically illustrated in Fig. 2.
An example of the TOF spectra is given in Fig. 3.

Angular distributions and analyzing powers for gamma rays were
measured for the 1 1B target at E_=40, 50, 65 and 80 MeV and for the
1 2C target at Ep=40 MeV. The targets used were the self supporting
enriched 1 1B with 31 mg/cm2 and 62 mg/cm2.
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Fig. 2. Top view of the experimental arrangement.
CN: central Nal detector, AN: annular Nal detector,
P: plastic scintillator, L: lead shield.

Fig. 3. Time spectra of
neutrons and y-
rays following
the 1:LB(p,Y)12C
reaction.
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3. RESULTS

Gamma ray spectra for the B(p,Y) and the C(p,Y) reactions
at Ep=40 MeV are shown in Fig. 4. Medium energy gamma rays feeding

"B(p,r)l2C
12C(p,r)'3N

E p=4OMeV

Channel Number

Fig. 4. Gamma ray spectra for the 11B(p,Y) C reaction at
e =95° and for the 1 2 C ( P , Y ) reaction at 6^=150°.

low-lying levels are clearly observed. The energy resolution in-
cluding the target thickness is about 3 % for 40-90 MeV gamma rays.
Interesting is to note in the spectrum of the H B ( P , Y ) the strong
gamma feeds to higher excitation region of 19-23 MeV.

Angular distributions both for the 12C(p,Y) reaction at Ep=40
MeV and the 1 1B(p,Y) reactions at Ep=40, 50, 65 and 80 MeV are shown
in Figs. 5, 6 and 7. The analyzing powers for these reactions are
shown in Figs. 8, 9 and 10.

Interesting is to find the following uniform features in the
angular distributions and the analyzing powers.

1) The observed angular distributions show bell-shape distribu-
tions with peaks around 0m=6O~3O deg. The angular distribu-
tions of the (p,Yi) reactions feeding various low-lying states
4>i are nearly the same as shown in Figs. 5 and 6. The shape
for the same proton energy does not depend on the final state
*i.

ii) The angular distributions are all asymmetric with respect to
0y=9O° showing a strong forward peak. The peak of the distri-
bution moves forward as the incident proton energy increases
as shown in Fig. 7. These features clearly indicate strong
admixture of positive parity transitions into the El transition,

iii) The analyzing powers are classified into two types. Those for
the final states with j>=H+ 1/2, namely the orbital angular
momentum parallel to the spin, decrease as the angle increases,
while those for the j<=£- 1/2 increase as the angle increases.
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Fig. 7a. Angular distributions
of gamma rays follow-
ing the 1:LB(p,Yo)12C
reactions at Ep=40-80
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Fig. 8. Analyzing powers for
the 1 I B ( P , Y ) 1 2 C and
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at Ep=40 MeV.

Fig. 9. Analyzing powers for the
11B(p,y) C reactions
at Ep=40 MeV and 50 MeV.
Yo= Y-rays to the ground
state, Y;L : Y-rays to the
first excited state.

These features are clearly seen in Figs. 8-10.
The differential cross-section for the radiative capture

ray is expressed in terms of the Legendre polynomials Pk and P
follows.

amma
as

do(9)
dfi

_ £0 r
" 4TT l

(1)

where P is the polarization vector of the incident proton and
itdLxKYJ/lfcpxKyl . The coefficients a k and b k are derived from the
observed angular distributions and the analyzing powers. They are
plotted against the gamma ray energies Ey in Figs. 11 and 12. The
data at lower bombarding energies have been obtained at TUNL, and
are shown also for comparison. The a^ coefficients coming mainly
from the E1-E2 interference increase with the increasing Ey. The
a2 coefficients increase from negative values to positive values as
the Ey increases from 20 MeV to 90 MeV. The b 2 coefficients for the
j>=JU 1/2 final states are negative, while those for the j<=J,- 1/2
are positive. The values become small as the Ep or E^ increases.
It should be noted that the 12C(p,Y) data fit better to the general
trend of the 11B(p,Y) data when they are plotted as a function of
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the Ey rather than those plotted as
a function of the Ep.

Fig. 10.
Analyzing powers for the
reaction at E-=50 MeV.

11
B(P,Y;

"B(p,r)"c
Ep=5OMeV

04 Ground siaie

rb 2*4.44 MeV

3"9.64MeV

!8.8MeV

— re 22.3MeV

Background

40 60 80 100 I20 ecn(degree)

"B + p

o
z

•PRESENT

»TUNL

o

o
o

•

I

I
T .

y

To

2
9 05

• PRESENT
°TUNL

0 40 60 80 I00
Ej(MeV)

Fig. 11.
Legendre polynomial coefficients for
the nB(p,Y 0) and the

 11B(p,Y1)
The values for the

,y1 3.5 MeV
reactions.
12C(p,Y0) and the 1

excited state) reactions are shown
by double circles;see ref. 7, Weller
et al.

"B(p.r)'2C

Clp,)') N

- *

T 9
i i :

ra 0 Ground Staff o •

M 1/2 Ground S t a l l *
r g 3 / 2 35IM«V ^

5/2 333 MtV

b.

.» ' • * •#

»

, , ,

40 60 BO 100
EfIMeV)

E. IMeV)

Fig. 12.
Legendre expansion coef-
ficients of the analyzing
powers for the -*-̂ B(p,Y)
f>nd 12C(p,Y) reactions.
Squares are taken from
ref. 2.



589

4. ANALYSIS

4.1 SCHEMATIC E1-E2 MODEL

The uniform features found in the angular distributions and the
analyzing powers indicate some general mechanism of the radiative
capture process in the medium energy region. Analysis of the ob-
served data in terms of a simple schematic model is interesting in
order to get some transparent views for the radiative process.

For simplilcity we consider the streched El and E2 gamma rays
following direct radiative capture reactions. The major components
of the radiative capture into the final orbit of the i|jf(j,lt) are the
stretched El radiations of A^ (JL+1-*E.) and Â dl-l-"-)!.) and the stretched
E2 radiation of Ag(!L+2->-z) . The transition matrix elements for these
transitions are large because of the large angular overlap integrals.
The main parts of the A^( K,+l-»-&) and A2(&+2-*-&) components are (n,£+l)
+ (n,S!) and (n,8.+2) + (n>S.) transitions, where n is the number of radial
nodes. Thus the A^ and A2 have large radial integrals. The com-
ponent A^ is necessarily taken into account to get a finite b2 coef-
ficient. The E2 transitions of the A2 ( «.-••«.) and A2U-2*S.) are not
taken into account because of the small overlap integrals and the
small spin factor of 28.^+1 for the 8.-2 wave. Since the electric
transition has no spin operator, we take into account only the spin
non-flip processes of Ji=Hi ± 1/2 * jf=^f - 1/2 in the analysis.
Actually the spin flip processes are smaller by a factor =1/(24)
compared with the ncn spin flip transition.

In the framework of this simple schematic model the asymmetry
coefficient a^ arises from the interference betvieen the A-^(El) and
the A 2(E2), and the analyzing power coefficient b 2 arises from the
interference of the two El radiations with different orbital angular
momenta, A± and A j . The a 2 coefficient is the sum of those for the
Ai, A]l and A2. Then the aj , a2 and bg coefficients are written as

- S^, (2)

«*)] • (3)

2 2 ^ 1 1 - «*)). (4)

where a2(Ai) is the coefficient of the Legendre polynomial P2(cos0)
for the A^ radiation and N is the normalization factor given by
N=l/[ao(A1)+a0(Aj)+a0(A2)]. The R^, R^ and R2 are the radial matrix
elements for the A^, A^ and A2 radiations, respectively, and 6-y, 6̂
and &2 a^e corresponding phases. The angular integral is included
in the coefficients ci(ji) and d 2(J

a)- The phase of the transition
matrix element depends on the phase shift of the incoming proton,
which is obtained from the optical potential.

The phase difference 62 - 6-̂  is written as 62 - 51 = sn+2 ~
^H+l + n/2i where I5J,+2

 a"d &Z+1 are the phase shifts of the incoming
waves with H+2 and d+1, and the term it/2 comes from the difference
il+2 _ iA+l. The difference <S(l+2 - $z+1 is considered to be due to
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the different centrifugal potentials V S.(!+l) and the spin orbit
potentials V s ol-s acting on the different partial waves of 1+2 and
1+1. Th

,cf
Thus one gets

.'", - 2 ( 1 + 2 ) ^ ± |£&- + -£-). (5)

The ± spin for the V s o term is positive for the j < =l-l/2 and nega-
tive for the j >=l+l/2. The derivative 36^/3V is negative since
a repulsive interaction gives a negative phase-shift, and V c ^ and
V s o are positive. Thus the term 3^-2(1+1 )VC* is negative and does
not exceed much TI/2 in the present energy region where no single
resonance pole exists. The spin-orbit potential itself is much
smaller than the centrifugal potential, and the effect may be neg-
lected for the a^ coefficient. Then one gets a positive value for
the cosfSg - iSj). The R1R2 is positive for the major component of
the n, 1+1 •*• n,l and n, 1+2 * n,l transitions. The coefficient C(j&)
is also positive. Then we get finally the positive coefficient ai,
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Fig. 13.
The a-L coefficient for the
PjJcosQ) tcr.-n nf the angular
distribution. The curv=s are
calculated for radiative cap-
ture processes on the 0 +

target into the final orbits
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for the radiative capture on
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term of the angular distribution.
See the caption of the Fig. 13.
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which increases from 0 as the E2 component A2 increases. The cal-
culation is made for the final orbits of (nHj) = ld5/2, ld3/2, 1P3/2
and 1P1/2 assuming cost62 - <5j_) = 1 for simplicity. The value for
the radiative capture on the 1P3/2 target feeding 0 + state with the
(1P3/2 1P3/2) 0+ configuration is also obtained. The calculated
values reproduce the general trends of the observed ones as shown
in Fig. 13. Here the E2 contribution is assumed to increase as
ao(A2)/[a0(Al) + ao(AJ;) + ao(A1)] ~ {Ey - 12 MeV)/50 MeV. The a 2

coefficient is calculated in a similar manner as the a-, coefficient.
The phase factor for the AJ and A2 interference is cos(6^ - 6^) =
COS(6JJ+2 - 6JJ_2 + T) . Assuming S^+i - 6^_2 < 1I/2, one gets cos(62 ~
6j0 < 0. For simplicity we assumed costs^ - 6^) = -1. The calcu-
lated value is generally in accord with the observed values as shown
in Fig. 14. Both the observed a^ and a2 coefficients exceed the
calculated values for the higher E region. This suggests the con-
tribution of the E3 component.

The \>2 coefficient for the analyzing power is written as

b 2 = Nd2(jn)R^R1sin(6jl+1 - 6 ^ )

= Nd U U R I R sin[^-V C f.(4j,+2)±—^-2V ]. (6)
3V s o

The coefficient d(jJ.)is positive for j>=H+ 1/2 and negative for j<=
1+1/2. The ± signs of the V s o term is same as in Eq. (3), namely
+ for j and - for j . Noting that the Vc* term plays a major role
in the &^+\ - S^_^ phase difference and RJ-R^XD, one gets a positive
b2 value for j< and a negative b2 value for j.,. These signs are
just in good agreement with the observed values. The calculated b2
values for the sints^+i - 6£_i) = 1 are shown in Fig. 15. They
reproduce the general feature of the observed values. The difference
between the b2 values for the j< and j> decreases as the proton (y-
ray) energy increases. This is considered to be partly due to the
increase of the E2 admixture and partly due to the decrease of the
absolute value of the 36JJ/3V.

The analyzing power for the electric radiative capture reaction
can be schematically understood in terms of a geometrical consider-
ation. Since the electric gamma transition does not flip spin,
initial protons with j>=Hi+ 1/2 contributes to the radiative capture
into the final orbit of j>=B.+ 1/2, and protons with jj=a^— 1/2 to
the capture into the j<=4- 1/2 orbit. Thus the incident spin-up
proton captured into the j =8.+ 1/2 final orbit must interact with
the right-hand, side of the nucleus because the orbital angular
momentum is oriented upwards. On the other hand the incident spin-
down proton must interact with the left-hand side to have downward
orbital angular momentum. In case of the j =£- 1/2, the right-left
relation is just reversed. These are schematically illustrated in
Fig. 16. The analyzing power, /hich is the difference between the
spin-up cross-section and the spin-down one, is thus given by Ap -
AL for j > , while it is given by AL - AR for j < . The bg coefficient,
which arises from the interference between the proton waves of z+l
and 8,-1, changes the sign for the change from the j state to j
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0.5 1.0 E2/E1

60 Ep(MeV)

Fig. 15.
The bg coefficient for
the Pl(cosS) term of
the analyzing power.
See the caption of the
Fig. 13.

Fig. 16.
Schematic diagrams of the analyzing
power for the El radiative capture
process. H (L) indicates the case of
interaction of the incident protns
with the right (left) hand side of
the nucleus. Asymmetry for the j> is
R-L, while it is L-R for the j,..

trical consideration of the proton-nuclear interaction provided that
the effect of the spin orbit interaction is much smaller than the
effect of the centrifugal potential as illustrated by the different
impact parameters in Fig. 16. With the increasing proton energy,
both the impact parameter and the phase shift difference between
the l+l and S.-1 waves become small, resulting in reduction of the
difference between the bo values for the j . and j final states.

4.2 THEORETICAL CALCULATIONS

Theoretical analysis of the radiative capture reactions in the
medium energy region have been made by various ways-'-(-)-13_ Ohtsubo
and Hommura" have calculated the HBfp.Yg) reactions by two methods,
one by using the Siegert theorem and another by calculating directly
the impulse term and the pion exchange term. The wave functions for
the target state of the 1-LB and the final state of the 1 2C are those
given by Cohen-Kurath14. The incoming proton waves in the 40 - 80
MeV region were obtained from the optical potential. The parameters
of the optical potential were obtained from the elastic scattering
data so as to change smoothly with the increasing proton energies.

Calculated values are shown in Fig. 17. The Siegert theorem
calculation predicts larger cross-sections by a factor two than the
impulse + exchange model calculation does. Here the non-Siegert
term which is about 3 ~ 10 % of the the Siegert term, is included
in the calculation. The model calculation with the impulse term +
pion exchange current (pionic + pair) term is in accord with the
gross shape of the observed angular distribution at Ep = 40 MeV, as
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shown in Fig. 17b. Fig. 17c shows the calculated angular distri-
butions in terms of the impulse term, the pionic current term and
the pion pair current term-'- . Here the optical potential used is
somewhat different from that used in Figs. 17a and 17b. The final
state (l^c 0+) and the target state (•*• B) are the simple closed
shell state and the 1P3/2 hole state. Interesting is to find that
the pair current contributes constructively with the impulse term,
while the pion current contributes distructively. Consequently the
two exchange currents cancel each other, and the final result with
both the pair and exchange currents is close to the impulse term
calculation. The large excess of the Siegert theorem calculation
over the experimental data indicates improper wave functions used
in the calculation. Since the overlap integral for the medium ener-
gy proton wave i|̂  and the bound proton waves tyj- is very small, the
matrix element in the Siegert theorem is sensitive to the mixing of
higher shell orbits into the <bf induced by the tensor interaction
and the behavior of the ti inside the nucleus. Since the exchange
current contributions are properly included in the Siegert theorem
calculation the +>j and i>f have to be adjusted so as to reproduce
the experimental data. Then it is interesting to chec!: how the model
impulse term + pion exchange term) calculation by uoing such i|)̂  and
tif may deviate from the data or not. The deviation might indicate
contributions of heavier meson exchange current. Both the Siegert
and model calculations give small dependence of the cross-section
on the incident proton energy (or gamma ray energy), while the ob-
served data decrease exponentially with the increasing proton ener-
gy as o « exp(-Ep/15 MeV).

Gari and Hebach ' calculated differential cross-sections of
(y,P) reactions in terms of the shnll model, the correlation (giant
resonance) and the Rosenfeld interaction, as shown in Fig. 17d.
The calculated values are much larger than the observed ones. Simi-
lar calculation with the Rosenfeld interaction was made by Tsaj and
Londerganl*-1. The calculated value is generally close to the' obsered
ones. It is not clear in these calculations what the deviation ,r
the agreement means.

5. HIGHER EXCITATION CONFIGURATION

It is interesting to note that the radiative nnpture of medium
energy protons feeds higher excited states as well as low-lying
states. Strong gamma transitions feeding the 19 MeV excitation
region and the 22 MeV excitation region in ^ C have been found in
the radiative capture of 40 MeV protons on B as shown in Fig. 18.
The former may correspond to the 19.2 ± 0.6 MeV state with the
[(d5/2) (P3/2)~-1-]4_ as observed before7. The observed analy: '.ng
powers for these twc groups of the gamma rays (see Fig. 10) _uggest
the j and j configurations for the 19 MeV and 22 MeV excitation
regions, respectively. Actually the spectroscopic strengths for the
d5/2 and ld3/2 configurations are concentrated in the two ex-
citation regions as shown in the insert of Fig. 18.
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Fig. 17a.
Angular distributions for the
11B(p,Y0)

12C. Solid, dashed and
dot-dashed lines are calculated
for the EY=55, 65 and 100 MeV,
respectively, in terms of the
Siegert theorem including the
non Siegert term (rsf. 13).
The data points at E =40 MeV
correspond to the Ey=52.3 MeV.
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Fig. 17c. ScMidsg)

Angular distributions for the
nB(p,Y 0)

1 2C at Ep=40 MeV.
Dashed, dotted, dot-dashed and
solid lines are calculated in
terms of the impulse term, the
impulse + the pion-current terms,
the impulse + pion pair current
terms, the impulse + the pion
current and pair current terms.
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Fig. 17b. ecM(de<"
Angular distributions for the
1:LB(p,Y0)

12C. Solid, dashed,
dot-dashed and dotted lines are
calculated for the E =55, 65,
100 and 52.3 MeV in terms of the
impulse + pion exchange terms
(ref. 13). The data points are
for the ET=52.3 MeV.
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Fig. 17d.
Angular distributions for the
1:L'B(p,Y0) reaction at Ep= 40 MeV.
The lines D, G and F stand for
the calculations of the direct
shell model term, the D + the
giant resonance term, and the G +
the exchange term in refs. 11,12.
The line T stands for the calcu-
lation10 with the exchange term.
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Fig. 18. Gamma ray spectrum for the nB(p,Y) 1 2C at Ep=50 MeV.
The insert shows the states with the ld5/2 proton
configuration and those with the ld3/2 one as found
in refs. 15-17.

6. CONCLUDING REMARKS

1. The HERMES,which consists of a central and four-segment annular
Nal crystals surrounded by the plastic anti-counters, is shown to
give good energy resolution spectra with low-background counts for
40 - 80 MeV polarized protons.
2. Angular distributions of radiative capture gamma rays are rather
independent of the final state. They show a strong forward-peaking
pattern, indicating the large admixture of positive parity tran-
sitions.
3. Analyzing powers depend on the spin direction with respect to
the orbital angular momentum of the final proton orbit for the radi-
ative capture process.
4. Schematic model calculations with stretched E1-E2 radiations
reproduce well the angular distributions and the analyzing powers.
The analyzing power can be simply understood by the geometrical con-
sideration in the framework of the schematic model of the stretched
E1-E2 radiations.

5. Analyses of the Legendre polynomial coefficients in the schematic
model lead to the <E2><V<E1>2 = (Ey - 12 MeV)-2-10"

2 MeV"1. This is
an order of magnitude larger than the single particle estimates.

The large a-y and a 2 coefficients may suggest the existence of E3 and
higher multipole radiations in the 80 - 100 MeV gamma transitions.
Magnetic transitions are also interesting. The linear polarization
measurement of these gamma-rays is necessary.
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6. Theoretical analysis in terms of the Siegert theorem gives much
larger cross-sections than the observed value. This may indicate
improper wave functions used for the initial proton and/or the final
state. Comparison with the model calculation including tie impulse
+ pion-exchange currents, together with the Siegert theorem calcu-
lation, suggests heavier meson contributions provided that the pion
current contribution and the pion pair current one cancel each other.
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RECENT RESULTS FROM PROTON CAPTURE TO GIANT RESONANCES
BUILT ON HIGHLY-EXCITED STATES

D. H. Dowell
Brookhaven National Laboratory
Upton, New York, 11973, USA

ABSTRAC

New measurements of the (p,Y) reaction on natural targets of K
and Ca at intermediate proton energies (Ep = 11 to 36 MeV) reveal
excitation functions that are dominated by excited-state giant
dipole resonances (ESGDR's) built upon single-particle states in
1*°Ca and '*1Sc. These ESGDR's all peak near E y = 20 MeV and have
widths which increase monotonically with the final state's excita-
tion energy. The integrated, inverse (Y,Po) cross sections are
shown to be proportional to the known single-particle spectroscopic
strengths indicating a semi-direct mechanism for the capture
process.

1. INTRODUCTION

Since its discovery the giant dipole resonance (GDR) has been
studied extensively for almost all the nu'lei throughout the
periodic tc^ble. This large body of work has shown that the GDR
mode of excitation is common to all nuclei and its properties vary
smoothly from one nucleus to the next. Generalizing this concept,
it was suggested by Brink and Axel that these same qualities
should hold for GDR's built upon excited states; that is, the
excited state-giant dipole resonance (ESGDR) should be common to
all nuclear levels and its properties should vary smoothly from one
state to the next. Earlier experimental evidence showed that this
may be the case. In a measurement of Y~ray spectra from the (p,Y)
reaction on medium-mass nuclei , it was found that the simple
direct capture process underestimated the data. The excitation of
an intermediate GDR state, sometimes called a 'semi-direct'
process, was needed to explain the data.

Our (p,Y) experiments have been motivated by the work of Blatt
and co-workers in which they observed strong Y~ray transitions to
the group of final states near 19 MeV in the B(p,Y) C* reac-
tion. However this and other work have concentrated on the behav-
ior of the 19 MeV states which are not resolvable with a Nal(Tl)
spectrometer and which did not allow the systematic study of ESGDR
properties since only one final state energy was being investigat-
ed. Therefore it l.as been our intent to choose cases where the Y
rays are reasonably resolved for final state energies up to at
least 10 MeV.

Tc this end, we have studied the Al(p,Y) Si reaction,
and the results have been published in ref. 5. We report here new
measurements for the N a t K ( p > y ) C a * a n d NatCa(Pjy)Sc* reac-
tions. The properties of the ESGDR energy, width and integrated
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strength observed in these three reactions are presented. Also by
using the direct semi-direct model, a single constant is shown to
relate the proton capture strength to single particle transfer
strength. The validity of this relation is demonstrated and later
used to estimate previously unmeasured high-lying spectroscopic
strength.

2. THEORETICAL BACKGROUND

In Brown's formulation of the direct, semi-direct model , the
emission amplitude for (Y,p) includes not only the usual direct
term but also a resonance-like term. This resonance term was
introduced to describe an intermediate giant dipole resonance state
which decays by emitting a proton. These two processes are shown
in Fig. 1 for photons being absorbed onto a 1-particle, 1—hole
(Ip-lh) excited state, |n£>, at an excitation energy of Ej^.
The resonance reaction is considered to be a two-step process in
which the photon raises the proton into the collective GDR state in
the first step and then decays by emitting this proton.

GDR

A T+|

RESONANT/SEMI -DIRECT

Fig. 1. The direct ,and resonant or semi-direct processes for the
(y.p) reaction on a lpih excited state with an excitation energy ofJE J.

In this model, the emission amplitude is given by

AE
a.nJt 1 + .

F -F + i rEY EGDR+ ~

(1)

This equation expresses the essential features of the direct,
semi-direct model. Starting with the matrix elements, [Xo^ is the
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core's wavefunction which is explicitly shown to be unaffected by
the one-body dipole operator, D, which only operates on the valence
proton's wavefunction ln£>, exciting it to the continuum state
|a>. The core-excitation (i.e., the intermediate GDR state) has
been factorized into the second term in the brackets. This second
bracket term is the semi-direct part of the interaction with a
resonance energy of EQJJR and a width of r. The strength of this
semi-direct term, noted by AE, is proportional to the residual
interaction. That is, it is the energy difference between the
actual dipole state and the unperturbed, particle-hole energy
obtained in the simple one-body shell model. The first term in the
brackets is the direct part; and since the direct matrix element
multiplies the resonant part, it is easily seen that semi-direct
nucleon emission or capture is proportional to the spectroscopic
strengths measured in direct reactions.

This can be made more quantitative by keeping only the second,
semi-direct term in the brackets of eq. 1, which is valid for
energies near EQDR and squaring. Then the cross section can be
written as the product of the direct cross section and an energy-
modulating GDR resonance,

<vw 2 + r 2 / 4 (2)

Here cn>S'(Y,p) is the theoretical cross section for direct
emission of the proton, n and I are the principle and angular
momentum quantum numbers of the initial lplh state, and C S(n,Jl) is
the spectroscopic factor. C is the Clebsch-Gordon coefficient
coupling the proton and residual nuclear isospins. The f-ray
energy dependence can be removed by integrating eq. 2 to obtain

o

/ o (Y.p)dE = C2S(n,£) / A E an'*(y,p)dE (3)
P T <VEGDft> + F M

I ° e x /Y,P)dEY = Kn>xC
2S(n,A) (4)

where the integral is denoted by K n >£.
Following a derivation by K. Snover , Kj, ̂  can be calculated

using the schematic model by "building" a CTR upon the excited
state of interest. This is done by summing all of the allowed El
transitions between the lplh excited state, n,£>, and the states,
J2>, which make up the ESGDR,

K n > £ = I j<j2|D|n,O|
2 (5)

J 2

Here J2 is the total angular momentum of the final state. In terins
of the radial matrix elements and Clebsch-Gordon coefficients this
is 8
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4n v a 2 111??
K = — I J— E12 (2ji+l) (Ji-iOM2±) <r> (6)
"' fie j 2 3 2 ' 2

where q is the effective charge of the nucleon making the transi-
tion, Ej2 is the energy of the transition, and jj is the total
angular momentum of the initial lplh state, Ji = & ± 1/2.

By considering the three allowed El transitions, J2 = ji+l,
Jl, and il~l» and using harmonic oscillator wavefunctions to calcu-
late <r> , the following simple relation is obtained,

K . = - n2 — (N/A)2 (n + 1/2 + 1/2). (7)
n >* 3 Me

Here M is the mass of the nucleon and N/A is the effective charge
of the proton. In terms of convenient units, eq. 7 becomes,

K = 39.48 (N/A)2 (n + 111 + 1/2) MeV-mb (8a)
or

K = 9.87 (n + H/Z + 1/2) MeV-mb (8b)

for N=Z nuclei.
The value of Kj, JJ is constant within each shell since n+£/2

is constant, and increases with increasing shell number. These
values of Kn JJ are later shown to agree quite well with our
experimental results.

3. EXPERIMENTAL DETAILS

Our NatK(p,Y)Ca* and NatCa(p,Y)Sc* measurements were
made using the two-stage and three-stage tandem accelerators at
Brookhaven National Laboratory (BNL) for protons from 11 to 36
MeV. Y rays were detected at 9y=9O° in the BNL-MK III Nal(Tl)
Y~ray spectrometer. This detector system has been discussed in
detail elsewhere . In addition to the usual lead shielding a
paraffin and Li2CO3 hardener approximately 50 cm in length was
placed between the target and the detector to moderate and remove
fast neutrons from the data. Also a meter thick wall of paraffin
and borated-paraffin was placed on either side of the spectrom-
eter's usual lead housing to shield against neutrons coming from
both the beam dump and the upstream beam line components. This
shielding made the neutron backgrounds in the high-energy portion
(Ey > 15 MeV) of the spectra negligible, as verified by pulsed-
beam time-of-flight measurements.

During the experiment we also collected pulse-pileup routed
spectra which were later used in the data analysis to correct for
pileup events. The pileup efficiency of our electronics was deter-
mined by two methods. One was by a difference of high- and low-
current runs and the other was obtained from the high-energy tail
of an electronic pulser placed near Ey = 50 MeV in the spectra.
These two methods agreed within errors. All the analyzed spectra
were corrected for pulse pileup.
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The targets were self-supporting foils of natural isotopic
abundance. The N a t K target was hand-rolled in a dry box with an
atmosphere of argon containing less than 1% oxygen. The metallic
potassium was first cut into a thin wafer, approximately 1 mm thick
and then placed between two sheets of teflon and rolled. The
rolling was done in several small steps with the potassium foil
removed from between the teflon sheets between rolls and lubricated
with kerosene. After rolling, the target was rinsed in hexane,
mounted on a target frame and transferred to the scattering chamber
with a vacuum interlock chamber. Once placed in the vacuum, the
target had the blue-grey appearance of slightly oxidized lead. A
comparison using the proton beam with an AI3O2 of known thickness
showed that the target contained approximately 500 ug/cm of 0.
The target's thickness was determined by comparison of our Yo
yields with those of an earlier K(p,Y) experiment at E p = 11,
12, 13, 14, 15, 16 and 17 MeV. The target thickness was found to
be 15.4 ± l.mg/cm .

The N a tCa target was a sandwich of 'two evaporated foils.
Each foil was 2.4 mg/cm2 thick giving a total target thickness of
4.8 mg/cm . After evaporation the calcium foils were also mounted
on a target frame in the dry box and the vacuum interlock chamber
used to move it to the scattering chamber. The calcium target
contained very little oxygen and had the appearance of shiny
aluminum foil.

4. DATA ANALYSIS

Knowledge of the Nal(Tl) spectrometer's line shape was criti-
cal to the data analysis and was obtained from the B(p,Y) C
reaction at Eg = 7.25 MeV, which is near the peak of the GDR in

C. Figure 2 shows the line shape fit to the Yo a n d "Yl lines at

Fig. 2. 1!B(p,Y)12C spectrum used to determine BNL-MK III line

shape.
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PROTON TRANSFER STRENGTH TO 40Ca

Ill

EJ(MCV)

20

Ev(MeV)

Fig. 3. Bottom: NatK+p Y~ray spectrum at E p = 18 MeV with
line shape decomposition. Top: Known proton transfer spectro-
scopic strength to states in Ca.

Ey = 22.6 and 18.16 MeV. The parameterized line shape of ref. 9
was used in the peak region with a straight-line tail matched on at
about 3 MeV below the full energy peak position and extrapolated to
zero counts at zero energy. This tail is larger than that given in
ref. 9 because of the 50 cm of paraffin between the target and
detector. The line shape was assumed to have a constant percentage
energy resolution at all Y-ray energies.

A typical Y-ray spectrum for the NatK(p,Y)Ca" reaction is
shown in Fig. 3. In a manner similar to our previous study of the
2;Al(p,Y)28Si* reaction5 we have fit this and the other spectra
with a sum of line shapes of variable amplitudes whose positions
are fixed at energies corresponding to states of known proton
transfer strength. All of the structures in the spectrum are
observed to shift in Y~ray energy according to Ey = 39/40Ep +
8.33 - E x

f , as expected for radiative capture to final states
in "*0Ca.

The upper portion of Fig. 3 shows the location and values of
known proton transfer strength from the K(d,n) Ca and
39K(3He,d)'i0Ca reactions11. The known direct transfer strength
accounts for all of the structure in the spectrum for final state
energies from E x

f = 0 to 9.7 MeV.
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Fig. 4. Bottom: Natca+p Y~ray spectrum at E p = 24 MeV with

line shape fit. Top: Known proton transfer spectroscopic strength

in 1<1Sc.

The Y-ray spectrum in Fig. 4 for the N a tCa(p, y)Sc* reac-
tion shows a similar line shape fit and comparison with the known
proton spectroscopic strength in ** Sc. The Q-value for this
reaction is low (Q = 1.09 MeV) and this is the first measurement,
made on this nucleus in the region of the GDR. Again line shapes
have been placed in the spectrum at the positions of known
spectroscopic strength.

Figures 5, 6 and 7 show our cross sections at 8^ = 90° for
the NatK(p,r)Ca* Nf|Ca(p,Y)Sc* and Z/Al(p,Y)ZBSi*
reactions. The Al(p,Y) Si is our older work reported in
ref. 5. The cross sections have been plotted vs Ey where

AT f
-J_ E + Q - E

P *A T +1

(9)

Here Aj is the atomic number of the target nucleus,
lab proton energy, Q is the (p,Yo) reaction-Q value and
the final state energy in the Aj + 1 nucleus. The
these three reactions are 8.33 MeV for 3 9K + p, 1.09 MeV
p and 11.58 MeV for Z7A1 + p.

Ep is the
d E ^ i

^
Q-values for
sV for '*!JCa +
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Fig. 5. NatK(p,Y)Ca* cross sections at 8^=90° vs E^ for
various final state energies in Ca. The curves are Lorentzian
line shapes fit to the data. Arrows indicate energy of ground
state GDR.

^o sb jo

Fig. 6. NatCa(p,Y)Sc* cross sections at 6^=90° vs Ey for
various final state energies in Sc. The curves are Lorentzian
line shapes fit to the data.
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5. DISCUSSION

The cross sections for all
three reactions exhibit reson-
ance-like behavior whose ener-
gies peak at or very near the
ground state GDR energy. For
final state energies greater
than E x

f = 6 MeV the width
increases from about 4 MeV (the
width of the ground state GDR)
to nearly 12 MeV for ESGDR's at
10 MeV. This is shown in
Figs. 8, 9 and 10 where the
width vs. final state energy is
plotted for the three reac-
tions. The similar increase in
width for ESGDR's in ''"ca and

Si suggests a simple mechan-
ism. Perhaps this is just due
to increasing escape width.
The data for ESGDR's in **1Sc
does not extend high enough in

Exf to make any similar comparison.
We have used detailed balance to convert

sections to (Y,po) cross sections. Specifically
our (P,Y) cross

(2J+1) iZ (•y.po) = (21 -£ - <P.T) (10)

Where J is the spin of the final state in the A^ + 1 nucleus,
Î m is the ground state spin of the (p,T) target nucleus and M
is the mass of the nucleon. The smooth curves shown in Figs. 5, 6
and 7 were used in eq. 10 to obtain the (Y,po) cross sections for
the various excited states. These (Y,po) cross sections were then
integrated in Ey and related to the spectroscopic strengths by an
expression similar to eq. 4,

W f (2J+1) / do/d!J (Y.po) dE = Z(2J+1) KC2S(n,£) (ID
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Fig. 8. Top: ESGDR width vs final state energy for the
NatK(p,Y)Ca* reaction. Bottom: Comparison of integrated
(̂ CiPo) cross sections with proton transfer strengths for various
final state energies. Solid bars are the Jo(y.pg)dEy cross sec-
tions and the open bars are the K( He,d) Ca spectroscopic
strengths.

Here f is a factor to account for any anisotropy in the angular
distribution and K is the experimental constant of proportionality.

Since we have not measured any angular distributions, f has
been taken from the literature for proton capture to the ground
state GDR and this value used for all of the excited states. The
values of C , f and K used in the above relationships to generate
the bar graphs in Figs. 8, 9 and 10 are given in Table I along with
the references used to obtain f.

Figure 11 shows the comparison between Kn>£ calculated using
Eq. 8 and the experimental values listed in Table I. The agreement
is very good, especially considering the simple model used to
calculate K n ^ . This agreement gives us confidence in the reson-
ance reaction model described above. That is, the (p,Y) reaction
selectively picks out single-particle strengths and the mechanism
proceeds through an ESGDR at intermediate proton energies.

So far the discussion has concentrated on understanding the
reaction mechanism of proton capture at intermediate energies. To
do this we have used the available spectroscopic information for
discrete, resolvable levels to investigate the use of an
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Fig. 9. Top: ESGDR width vs final state energy, E x^, for the
Na-Ca(p,Y)Sc reaction. Bottom: Comparison of integrated
(Y,Po) cross sections with known proton transfer strengths. Solid
bars are the Ja(Y,po)dEy strengths, open bars to the left of
solid bars are results from (d,n) reaction, open bars to the right
of solid bars correspond to the ( He,d) results, and the cross-
hatched bars are («,t) spectroscopic factors.

intermediate resonance model, i.e., the semi-direct model. Having
justified its validity, this model should allow the determination
of high-lying proton spectroscopic strength using the (p,Y) reac-
tion which may be difficult to study using transfer reactions.
However, at these higher excitation energies there is no certainty
that the capture strength continues to be only single-particle in
character. In fact, one would expect transitions to more complex
final states ranging from two-particle states to the statistical
states of the compound nucleus. To what extent the (p,Y) capture
process remains single-particle requires more study.

Figures 12 and 13 show y-ray spectra for NatK(p,Y)Ca* at
E p = 26 MeV and Natca(p,Y)Sc* at E p = 28 MeV. The line
shape fits shown have already been discussed. What is observed in
both cases is the persistence of capture strength to even higher
excitation energies. Also, what is especially evident in Fig. 12
is a GDR resonant shape centered near Ey = 20 MeV. For a smooth,
continuous level density the Y-ray spectrum will have the shape of
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Fig. 10.
2 7Al(pY)

10. Top: ESGDR width vs final state energy, E x
f, for

Al(p,Y) Si reaction. Bottom: Comparison of integrated (Y.pn)
cross sections with known proton transfer strengths vs Ex^.
Cross hatched bars are /a(y,po)dEy strength and open bars are
27Al(3He,d) Si spectroscopic strengths.

Table I. Values of the constants used in evaluating eq. 11 to make
the comparisons with spectroscopic factors shown in Figs. 8, 9 and
10. C is the isospin Clebsch-Gordon coefficient, f is the angular
anisotropy at 8y = 90° and K is the experimental value of 1^ £.

Reaction

39K(p.Y)-°Ca

27Al(p,Y)2CSi

C2

1/2

1

1/2

a)
f

1.165

1

1.14

K
(MeV'mb)

30

25

22

b)
Ref

A

None

B

A: E. M. Diener et al., Phys. Rev. £7, 695 (1973).
B: P. P. Singh et al., Nucl. Phys. _65, 577 (1965).
a. f = 1 - a2/2 where W(6Y) = 1 + s2P2 (cos 6 y).
b. These references are the sources of the values of

used to compute f.
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16, IO5

Fig. 13. NatCa(p,Y)Sc* Y-ray spectrum for E p = 28 MeV.
Arrows indicate positions of clustered single-particle strength at
E x

f = 7.3, 8.5 and 10 MeV in ^ S c .

the GDR convoluted with the detector's response function. The
spectroscopic strength shown in Fig. 12 near E x* = 15 MeV is
estimated to be about 5.5 to 7.5 units of (2J+1)C2S per MeV of
excitation energy.

Figure 13 indicates that there is some clustering of strength
for states in "^Sc at E x^ = 7.3, 8.5 and 10 MeV. Similar
clustering is not seen in the NatK(p,Y)Ca* spectra since the
coupling of the valence proton with the d3/2 - 1 hole in the 3 9K
core would result in a rultiplet of states, spreading the strength
out in energy. In addition to the three clusters there is a
sizable, continuum of unresolved strength. There is approximately
2.5 to 3.1 units of (2J+1)C2S per MeV near E x

f =8.5 MeV.

6. SUMMARY

We have used the (p,Y) reaction at intermediate proton
energies to study excited-state giant dipole resonances (ESGDR's)
for discrete states up to E x

f = 9.78 MeV in <4°Ca, E x
f =

5.87 MeV in 4 1Sc and E x
f = 14.36 MeV in 2 8Si. A comparison of

the Y-ray spectra with proton transfer strength clearly shows a
preference for the (p,Y) reaction to populate single-particle
states. The cross sections for Y~ray transitions to each final
state all show resonance-like shawes when plotted as functions of
Ey. The energies of these resonances peak at or very near Ey =
^GDR» t n e e"srgy of the ground state GDR, and show increasing
widths for final state energies greater than about 5 MeV. Using
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detailed balance to convert from (p,Y) to (Y,Po) cross sections,
the energy-integrated (Y,Po) strength, /o(Y,po)dEy, was compared
with the proton transfer spectroscopic factor for each final
state. A simple constant, Kn £, was found to relate the inte-
grated (Y.po) cross sections to the spectroscopic factors. K n £
was also shown to be accurately calculated using harmonic
oscillator wave functions.

These results firmly establish that the (p,Y) reaction
mechanism at these energies is proceeding through an intermediate
GDR, and that it should be a viable probe of single-particle
strength in nuclei.
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NUCLEAR SPECTROSCOPE USING TESSA FOLLOWING HEAVY ION
FUSION REACTIONS

P. J. Nolan
Oliver Lodge Laboratory, University of Liverpool,

Liverpool, L69 3BX, U.K.

ABSTRACT

The total energy suppression shield array (TESSA) has been
used to make a wide range of nuclear spectroscopy measurements
following heavy ion fusion reactions. The experiments have been
carried out at the Nuclear Structure Facility at Daresbury
Laboratory using beams from "*He to 8 2Se at energies just above the
Coulomb barrier. TESSA currently consists of six escape
suppressed germanium detectors and a bismuth germanate ball
designed to measure the total energy-multiplicity of the
Y-radiation.

Discrete line studies have yielded levels with very high
spins (e.g. 89/2+ in 1 5 9 E r ) , evidence for the collapse of neutron
pairing (l68Hf) and highly deformed nuclear shapes (81)Zr and
* 3 2Ce). TESSA can also be used to study gross effects in nuclei
by studying the statistical and rotational continuum radiation.
These studies have yielded extremely deformed nuclear shapes (e.g.
1 5 2 D y ) , nuclear shapes and properties up to spin 60S and
information on the statistical Y-decay processes following heavy
ion fusion reactions. Recent studies using a symmetric target-
beam (80Se + 80Se) have shown evidence for higher than expected
yields in the 2n channel.

INTRODUCTION

The use of arrays of escape suppressed spectrometers has
greatly extended the work that can be done using gamma-ray
spectroscopy especially in the study of high spin states in
nuclei. In this talk I will present some of the work that has
recently been carried out at the Nuclear Structure Facility (NSF)
at Daresbury using the gamma-ray spectrometer TESSA2. The work
has included a wide range of studies using heavy ion reactions to
investigate the high spin structure of nuclei using both discrete
line and continuum Y-ray spectroscopy. The nuclei investigated
range from A = 80 to A = 236, but in this talk I will concentrate
on just a few to illustrate the kind of work that can be done.

HEAVY ION FUSION EVAPORATION REACTIONS

The work I will talk about involves heavy ion fusion
evaporation reactions. An example of such a reaction is shown in
figure 1. The fusion of 98Ho (target) and 3 6S (beam) leads to the
compound nucleus '^Ce. At a beam energy of 150 MeV this compound
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Fig. 1. Entry contours for
1 3 0Ce and 1 2 9Ce following
the 98Mo + 36S reaction.
Representative decay paths
and the yrast states in 130Ce
are shown.

system decays by evaporating
neutrons, protons and alphas,
the main final product nuclei
are 131Ce (3n), 130Ce (4n),
l29Ce (5n), 129La (p4n),
1 2 7Ba (ci5n). Entry contours
in excitation energy versus
spin space are shown in figure
1 for the 4-n and 5n products
with some representative decay
paths. Two distinct areas of
study are apparent. Discrete
line Y-ray spectroscopy allows
the structure near the yrast
line to be determined. This
is carried out using high
resolution germanium
detectors, the final product
and entry point being selected
by measuring the total energy
and number of gamma rays
(related to spin). At high
spin or away from the yrast
line discrete transitions
cannot be seen so the
continuum gamma-ray spectrum

has to be studied to gain further information. The continuum
gamma-rays may be studied in high resolution using germanium
detectors or in low resolution and higher efficiency using
scintillation detectors (e.g. sodium iodide (Nal), bismuth
germanate (BGO)). The total energy suppressed spectrometer array
(TESSA2) has been designed to carry out both types of
investigation.

THE TOTAL ENERGY SUPPRESSION SHIELD ARRAY (TESSA)

The U3e of escape suppression shields (ESS) to improve the
quality of the Y-ray spectra from germanium detectors is well
established. Until recently ESS were used in small numbers to
carry measurements of Y-ray singles and Y-Y coincidences. The use
of multiple ESS arrays is now a few years old, TESSA being the
first example of such a system. TESSA was first used in 1980-1982
at the Niels Bohr Institute, Risjii, Denmark by a Liverpool/
Manchester/NBI collaboration. Since then the apparatus has
evolved to its present form (TESSA2) which has been operational at
the NSF at Daresbury for almost two years.

The layout of TESSA2 is shown in figure 2. It consists of 6
ESS, employing sodi MI iodide suppression shields and n-type Hp
germanium detectors. Also included is a 50 element bismuth
germanate (BGO) total energy/multiplicity detector. The per-
formance of TESSA2 has been described in detail by Twin st al '.
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TESSA II VERTICAL CENTRE LNE
SECTION

Fig. 2. The TESSA2 spectrometer consisting of 6 Compton
suppressed germanium detectors and a 50 element bismuth germanate
sum energy/multiplicity detector.

The important features will be summarised briefly here. The ESS
give excellent peak to total fractions of 70$ and 60$ for
Y-rays from 137Cs and ^°Co sources. This is important when
considering y-y coincidence measurements where it is the
(peak/total)2 that is important. So, compared to an unsuppressed
Ge detector, the photopeak-photopeak coincidence fraction
increases from 0.04 to 0.36 for 1.2 MeV Y-rays. The BGO detector
used in TESSA2 is compact fitting into a cylinder < 25cm in
diameter. This allows the ESS to be placed close to the target.
The detection efficiency and response of the BGO ball has been
measured using the technique described by JSaskalSeinen et al 2.
For 1.2 MeV gamma-rays, the detection efficiency is 93$. The sum
energy and multiplicity resolutions are about 35$ for 20 1.2 MeV
gamma-rays. These results compare well with the much bigger Nal
crystal balls at Oak Ridge 2 and Heidelberg •? for E y < 1 .2 MeV.
The large photo-electric contribution in BGO reduces the
scattering between elements. For 1.2 MeV the ratio of single to
multiple hits is 0.17 (c.f. ~ 0.5 for the Nal balls). The neutron
response of BGO has been investigated by Lone et al 4 antj foun(i to
be small. On average in our BGO ball one detector fires in
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response to the neutrons froa a (HI, 4n) reaction (c.f. 6-7 for a
Nal ball).

DISCRETE LINE STUDIES

TESSA2 has been used to study high spin states in many
nuclei. Some .published examples are "Zr ?F 13<>Ce °,
157,158,159Er 7 a n d 168Hf 8# j w i u g i v e tw0 e x a m p l e a o f h o w

TESSA2 data has allowed discrete line studies to be extended to
high spin.

The deformed nucleus 158Er has previously been established
up to J71 = 38+ in the yrast band by Burde et al 9. This nucleus
has been studied at Dareabury uaing the * 1'*Cd('*8Ca, 4n) reaction
at 200 HeV 10. The spectrum for the high spin part of the yrast
band ia shown in figure 3« The yrast band changes structure

400-

900 1000 1100 1200

E»lkeV)

1300 H00

fig. 3. Part of the gamma ray spectrum in coincidence with the
yrast transitions in 158Er. The data are from the 11!|Cd + lt8Ca
reaction at a beam energy of 200 MeV. The transitions marked with
their energies lies above the 38+ state.

abruptly above spin 38h, the transitions from higher levels not
following the expected rotational pattern. The decay scheme is
shown in figure 4. This is evidence for the change in shape
predicted by several calculations. One example is that described
by Leander et al 11 who predict a shape change from prolate
through triaxial towards oblate above spin 401!. The highest spins
seen in discrete line speotroscopy in TESSA2 data in deformed rare
earth nuclei all come in nuclei near N = 90. In 159Er the highest
state seen has J11 = 89/2+ 12, while in 16ffEr 12 the yrast band is
seen to j" = 4O+. In heavier rare earth nuclei, the yrast band is
only seen in discrete line spectroscopy to a lower spin e.g. 162Hf
28+, 168Hf 34+ 8.
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Er

Fig. 4- Partial decay schemes for 1 5 8Er states in the yrast and
one of the negative parity bands are shown. Transition energies
(in keV) and relative intensities (4 + 2 + = 100) are given.

In 130Ce ^he ^ast band is only seen to j" = 28 + in discrete
line spectroscopy , corresponding to a gamma-ray energy of 1320
keV. These data come from the 98Mo(36S,4n)130Ce reaction at 150
MeV. In 1 3 2Ce the situation in the yrast band is similar. Again
the states are seen to J11 = 28 +, a gamma-ray energy of 1240 keV in
the 100Ho(36S,4n)132Ce reaction at 150 MeV. In 1 3 2Ce a new high
spin sequence is seen. Figure 5 shows the gamma-ray spectrum. A
series of regularly spaced gamma-rays is seen from 807 keV to 1484
keV. This band feeds into the yrast band at spin 16 and 18 and
hence, assuming the transitions are quadrupole, lies in the spin
20-40h region. This band has a high moment of inertia, 3, 2

58-62 MeV"1!!2. The spherical rigid body value for A = 13Zais
48 MeV~1Jl52, so this data may indicate a deformed shape. A rigid
prolate ellipsoid (with a sharp surface) with £„ ~ 0.35 has a
moment of inertia near 60 MeV^ti2. A change in structure of the
yrast band is expected in these nuclei in this spin region •' a nd
this could be the first indication of this in discrete line
spectroscopy.

There are many other examples of new data at high spin which
I do not have time to include. TESSA also allows non-yrast bands
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900
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Fig. 5. Transitions in the new high spin, high moment 'i i'.iu.
band in 1 3 2Ce. The spectrum shown is in coincidence wi ,> (he
of the 807, 863, 993, 1057, 1125 and 1260 keV transition. 7'
data are from the 100Mo + 3 6S reaction at 150 MeV.

to be studied and many are found in most nuclei (five or six being
typical e.g. 1 5 9Er 1 2, 130Ce 1^, but up to 10 or 12 in some cases
e.g. 15^Dy -*, '®"0s ) • Arrays of ESS are a rich source of data
in discrete line spectroscopy allowing complex decay schemes to be
assembled and much new nuclear structure information to be
obtained.

CONTINUUM GAMMA-RAY STUDIES

The study of the continuum using Ey-Ey correlation
spectroscopy is a well established technique . Host experiments
in the past have used Nal detectors ref. , a few have used
germanium detectors e.g. ref. 1 8. All these experiments have
required numerical techniques to remove the uncorrelated
background so that the ridge structure characteristic of
rotational behaviour can be seen. Coincidence data from ESS with

the raw
reported in 130Ce by IJolan et al °. Data

from TESSA2 have also been used to establish superdeformation in
152Dy 19,

The nucleus 152Dy was populated at high spin using the
108PdC8Ca, 4n)

 152Dy reaction at 205 MeV. Discrete lines are seen
up to about spin 40h, the decay scheme being typical of a

rotational behaviour can be seen. C o c i e c o
a good peak/total ratio allow these ridges to be seen in
data. This was first reported in 130Ce by IJolan et al °.
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spherical/oblate shape. Rotational structure is characterised at
high spin by regularly spaced transitions where ideally the
difference in gamma-ray energies is the same. Thus a plot of AEV
(= |Eyl - EY2|) v (EY1 + Ey2)/2 should show a ridge if rotational
behaviour is present. This plot is shown in figure 6 and such a

2 0 0 0 -

§ 1 5 0 0 -
O

o

1000-

lp7keV

k.
94keV

4

100 80 60

03

O b
60 80 100

A E (V ) keV
140 160

Fig. 6. A spectrum of AEy( = | E - E j ) for 152Dy. The data are
from the 108Pd + "*8Ca reaction at 205 HeV and correspond to (E +
Ey2)/2 = 785-1330 keV. The ridge at AEy = 47 keV indicates
rotational behaviour. Values of S. 2 (= 4h2/AEY) and e (for a
rigid axially symmetric ellispoid wiifi sharp surfaces) are also
shown.

ridge is seen at AEy = 47 i 1 keV. The moment of inertia 5. 2 . (=
4Ez/AEj obtained from the data is 85 + 2 MeV"1!2. This is fn4
times the rigid spherical body value for A = 152. Such a large
moment of inertia implies a high deformation. For a rigid axially
symmetric prolate shape (with sharp surfaces) this corresponds to
e2 = 0.51. This is in excellent agreement with recent
predictions dQ~2it which indicate a shape of e - 0.5, y = 0°.
The ridges are also narrow (figure 6) which indicate a constant
moment of inertia and a stable shape. The FWHM of the ridge is
6.8 keV compared to the instrumental resolution of about 6 keV.
This structure is seen in the data between 800 keV and 1350 keV,
which corresponds to a spin 34-55t (assuming spin =

5band ̂  V 2 ) '
The continuum Tf-ray spectra also allow the gross structure of

the continuum to be probed. The response function of the ESS
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allows it to be stripped from the data easily. The spectrum is
assumed to consist of a narrow peak and a constant background, the
ratio of which has been measured experimentally. The results of
this procedure are shown in figure 7- Having removed the

instrumental response, the
, ridgea characteristic of

rotational bands are still
weak. The data shown are
for 130Ce from the
98Mo(36S, 4n)130Ce
reaction at 150 MeV. The
BGO sum energy/
multiplicity detector has
been used to select the
130Ce channel, but there
are still coatributions
from the other reaction
channels (mainly 3n,
5n, p4n and a5n). The
results indicate that in
the spin 30-50 region
10-20JS of the intensity
decays down rotational
bands. The remaining
intensity is uncorrelated
•thus indicating the
high probability of out of
band decay. This is
perhaps not surprising as
the many bands expected

Fig. 7. Outs perpendicular to
to the Eyl = !!„„ for the

 l30Ce
Yl

versus, ^ » — E y matrix. The
two spectra anown correspond to
the raw data and that with
the detector response stripped
away.

above the yrast line down
which the nuclei decay
will mix, hence the
probability for many in
bands decays is low.

Similar results are found for nuclei in the A = 160-170 deformed
rare earths. This data would be improved by the ability to select
the final nucleus more cleanly (e.g. triple coincidences).

FUSION OF SYMMETRIC SYSTEMS

It ha3 been established for some time that the energy
dependence of fusion evaporation cross-aections cannot be
reproduced by statistical model decay calculations •>> *. For
example, when light erbium or ytterbium systems are formed with an
excitation energy of 55 MeV about \% of the reaction cross section
is observed in the In evaporation residue, this being about two
orders of magnitude greater than expected. Work has been carried
out to measure near barrier fusion cross sections « ' *° where
enhancements of up to three orders of magnitude are observed
relative to single dimensional barrier penetration calculations.
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This enhancement has recently been attributed to coupling to
inelastic and transfer reaction channels ''. This coupling leads
to enhanced cross sections for evaporation residues for a few
emitted neutrons and to greatly enhance partial wave cross
sections for large angular momenta . Recently Khoo et al 29
have studied the decay of the ^ 6 E r compound system and found an
enhanced yield in the two "neutron evaporation residue. They
suggest that the fusion of a symmetric (or near symmetric) target
and beam system populates superdeformed states. Multiple detector
arrays, including TESSA2, are ideal for studying such systems.

Preliminary results will be presented from the 80Se + 80Se
system at beam energies between 260 and 310 MeV. The evaporation
residues are identified by their characteristic gamma-rays
detected in the 6 ESS. The resulting coincident multiplicity
distribution can be measured in the BGO detector. Figure 8 shows

3OC 80c

Se + Se
280 MeV

"c
o
O

3n

4n.

- t
10 20

2n

Fold

! £ • J * '

30

Fig. 8. Fold spectra for the 4n( 1 5 6Er), 3n(157Er) and 2n(158Er)
products from the 80Se + 80Se reaction at 280 MeV. The channel
were selected using known Y-rays. (Multiplicity ~ 1 . J i Fold).

the multiplicity distribution at a beam energy of 280 MeV for the
2n, 3n and 4n products. High multiplicity (and presumably high
angular momentum) components are found especially in the 2n
channel. This data analysis is continuing along with dat'a taken
on the 82Se + 8 2Se, 76Se + 8 2Se, 82Se + 78Se systems.
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SUMMARY

The examples given illustrate the power of the TESSA2
system. The majority of the work carried oat to date has
concerned high spin states investigated using both discrete and
continuum gamma-ray spectroscopy. The 6 ESS in the system have
been the dominant feature in most of this work, the BGO detector
providing mainly channel selection. The spectra from the 4-T BGO
detector have been used to investigate multiplicity distributions
in the near barrier fusion of 80Se + 80Se, this time the ESS
providing the channel selection. TESSA2 is a versatile gamma-ray
spectrometer which has provided much new information during its
two years of operation.

The main limitation of TESSA2 is the counting efficiency of
6 ESS with the germanium detectors being 25-27cm from the
target. The size of the Nal shields makes it impractical to
increase the number in the array beyond six. A new compact ESS
(figure 9) using a BGO shield has been designed and tested '°.

Nal

BGO

Fig. 9> The prototype BGO escape suppression shield and germanium
detector system for future use in TESSA. The shield diameter is
170 mm.

This will allow the detector to be placed much closer to the
target (~ 15cm) and up to 30 to be placed around the target, thus
increasing the counting efficiency for Y-Y and Y-Y-Y coincidences.
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CRYSTAL BALL STUDIES OF GIANT RESONANCE GAMMA DECAY

J. R. Beene, F. E. Bertrand, and M. L. Halbert*
Oak Ridge National Laboratory,t Oak Ridge, Tennessee 37831

ABSTRACT

We have carried out coincidence experiments to investigate the
photon and neutron emission from the giant resonance region in 2 0 8Pb
and 90Zr using the ORNL Spin Spectrometer, a 72-segment Nal detector
system. States in 2QfJPb and 90Zr were excited by inelastic scatter-
ing of 380-MeV 1 7 0 . We have determined the total gamma-decay proba-
bility, the ground-state gamma branching ratio, and the branching
ratios to a number of low-lying states as a function of excitation
energy in 2QaPb to —15 MeV. Especially interesting observations
include the absence of a significant branch from the giant quadrupole
resonance to the 3~ state at 2.6 MeV, a strong branch from this reso-
nance to a 3" state at 4.9 MeV, and the dominance of decays to vari-
ous 1" states at 5-7 MeV from the region around 14 MeV of excitation
(EO resonance). Comparable but less complete data were also obtained
on 90Zr.

INTRODUCTION

A large amount of systematic data on the average properties of
isoscalar giant electric multipole resonances has been obtained over
the last decade, primarily from inelastic scattering experiments
using a variety of probes.1"3 Many of the questions now being asked
about the giant resonances (GR) will require more detailed experimen-
tal data, which can only be obtained from coincidence (i.e., decay)
experiments. 1>'*i5 Such experiments offer the possibility of probing
details of the structure of the GR not addressed by existing syste-
matics.

The GR are described microscopically as a coherent superposi-
tion of one-particle one-hole excitations relative to the ground
state.1>6>7 This coherent state is connected — by definition — to
the ground state by a strong electromagnetic matrix element. Obser-
vation of the corresponding electromagnetic decay deexciting the GR
is of great importance, because of its direct relationship to the
concept of a GR, since it offers the possibility of a determination
of the resonance strength independent of that provided by analysis of

VJ

^Collaborators oa the experimental work include D. C. Hensley, R. L.
Auble, D. J. Horen, R. L. Robinson, T. P. Sjoreen, and R. 0. Sayer.

tOperated by Martin Marietta Energy Systems, Inc., under contract
DE-AC05-840R21400 with the U.S. Department of Energy.

0094-243X/85/1250623-13 $3.00 Copyright 1985 American Institute of Physics



624

Inelastic scattering data with reaction models. Unfortunately, the
electric GR lie above particle emission thresholds, with the conse-
quence that the y decay, in heavy nuclei, occurs for only about one
in 101* decays.

The particle-hole states that make up the resonance can decay
directly into the continuum, producing a free particle and the A-l
nucleus in the corresponding hole state. This is considered a direct
decay process, and the corresponding width r + is called the escape
width. Observation of the distribution of hole states left behind
after such decays would provide detailed information about the micro-
scopic structure of the resonances. Unfortunately, in a heavy nucleus
such direct particle decays are also rare and difficult to isolate
from more common processes.8*9 The resonances in a heavy nucleus
typically lie in a region of very high level density. The simple
lp-lh states of the resonance are consequently mixed or damped into
the more complex np-nh states which exist at the same excitation
energy.

This mixing or damping can be thought of as an alternative decay
process for the coherent state.5>8>9 From this point of view, the GR
is excited as a primary doorway state in the inelastic scattering pro-
cess. This state decays directly via r+ or by gamma emission, or it
"decays" into the continuum of more complex (compound) states. These
states then decay statistically, usually by particle emission. A
width r+, the spreading width, is associated with this decay into the
continuum. The observed width of the GR state is thus T T = rf + T*
(we can safely neglect Ty). F°r heavy nuclei, T? ~ T^ (Refs. 8,9).
A microscopic understanding of this damping process is the focus of
current theoretical work on giant resonances.^ Decay studies can
provide insight into this process too, if, as has been suggested, the
most important states involved in the mixing process are the 2p-2h
states formed by coupling the lp-lh states of the resonance to low-
lying surface vibrations. ** Evidence for the importance of such
couplings should appear in the particle or gamma decay to the low-
lying collective states.

EXPERIMENT

We have recently carried out an experiment at the HHIRF at ORNL,
designed to study both the y decay and particle decay of the giant
resonance region (~9 to 20 MeV of excitation) in 2 0 8Pb.

The resonance region of 2 0 8Pb was excited by inelastic scatter-
ing of 381-MeV 1 70 from 2 0 8Pb. Oxygen-17 was chosen as a projectile
because the low neutron binding energy (4.1 MeV) minimizes interfer-
ence from gamma rays from projectile excitation. The inelastically
scattered i'O was detected in six cooled Si surface-barrier telescopes
arranged symmetrically around the beam at an angle 6 = 13° subtending
A9 = 3° and A* = 9° each and a total solid angle of 22.6 msr. The
telescopes consisted of two elements of thickness ~500 îm and ~1000
^m, respectively. The energy resolution was ~800 keV, and the mass
resolution was sufficient to separate *^0 from adjacent oxygen iso-
topes. A singles spectrum of inelastically scattered ^0 is shown
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2xlO5 ORNL-DWG 83-12218

Fig. 1. Spectrum of 380-MeV 1 70 scattered by 2 0 8Pb. The
elastic peak has been prescaled by a factor 512. The large
bump between 9 and 15 MeV results from excitation of giant
resonances.

in Fig. 1. Strong excitation of the giant resonance region, centered
at ~11 MeV, is evident. Decay products were detected in 70 elements
of the ORNL Spin Spectrometer. The spectrometer, which has been
described in detail elsewhere,10 consists of a spherical shell of Nal
17.8-cm thick, divided into 72 independent modules surrounding the
target chamber. For the present experiment, two modules at 0° and
180" were removed to allow the beam to enter and leave the chamber.
A photograph showing the experimental setup, including a portion
of the Spin Spectrometer, is shown in Fig. 2. The response of the
spectrometer to high-energy photons was determined by using the
12C(p,p')12C reaction with 24-MeV protons, which produces 4.43-,
12.71-, and 15.11-MeV gamma radiation. The response at lower
energies was obtained from a variety of radioactive sources.

Figure 3 shows some of the levels of 2 0 7Pb and 2 0 8Pb relevant
to the present experiment. The goal of the experiment is to study,
as completely as possible, the d°cay of states in the 9- to 16-MeV
region of 2""Pb. Only two decay modes are important. Neutron emis-
sion accounts for >99Z of decays, while gamma rays are emitted with
a probability of ~10~ 3 to 10~^. This report focuses on the gamma
decay. Copious information on n decay was also obtained and will be
reported elsewhere.
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Fig. 2. Six-telescope array in the Spin Spectrometer.
The exit hemisphere and one part of the spherical reaction
chamber were removed for the photograph. The beam enters
from the right, and the target is at the center.
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Fig. 3. Selected levels
in 2olPb and 2 0 7Pb. The
configuration labels on
the 2<>7Pb states refer to
neutron hole states.
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ANALYSIS AND DISCUSSION

The experiment posed a number of difficulties for which the Spin
Spectrometer, with its very large efficiency and multiple segments,
proved almost ideal. The chief experimental problems were, first,
isolating gamma decays from the >10^ times more frequent n decays in
the GR region; second, distinguishing direct gamma transitions to
the ground state from multiple or cascade decays; and, third, iso-
lating decays which directly populated low-lying states of interest
(e.g., the i~, 2.61-MeV state) by a single gamma ray from the GR
region.

•The raw data obtained from the spectrometer consisted of pulse
heights from the individual Nal elements and times of these pulses
relative to the inelastically scattered 1 70 with which they were in
coincidence. A number of derived parameters were obtained which were
used to address the questions raised earlier. The total gamma-ray
pulse height, H = Eh^, was constructed by summing all those pulses
which occurred within a prompt time window. This window (which was
a function of pulse height) was narrow enough to eliminate pulses
resulting from detection of neutrons with energies less than ~5 MeV,
due to their longer flight time to the Nal. Single high-energy gamma
rays are extremely unlikely to trigger a single Nal detector. Conse-
quently, the number of detectors triggered is not very useful for
isolating single gammas. A more useful quantity can be constructed
by considering each pulse height observed in an element of the spec-
trometer as a vector quantity, h^, with direction determined by the
location of the element, from which the quantity V = |sh^|/H is
formed. For a single high-energy gamma ray, V ~ 1, while for mul-
tiple gamma rays a smaller value of V is much more likely. Other
useful quantities are the cluster sum pulse height and the cluster
multiplicity. They are constructed for each event as follows.
First, the largest pulse height is found, and a cluster sum is
created by adding to it all the pulse heights in the five or six
nearest neighboring detectors. Then the next largest pulse height
not yet included in a sum is found, and a cluster sum is calculated
from its nearest neighbors (not including those already used). This
process continues until all the Nal pulses which satisfy the time
gate are used. The number of clusters found is called the cluster
multiplicity. For events such as those encountered in ^"^Pb decay,
in which a small number of gamma rays (usually fewer than four) are
emitted, the cluster sums are a much better reflection of individual
gamma-ray energies than the separate Nal pulse heights.

The separation of neutron decays from purely gamma decays is
illustrated in Fig. 4. The horizontal axis measures excitation
energy in 2 0 8Pb obtained from the kinetic energy of the inelastically
scattered 1 70 ions. The vertical axis is the sum gamma-ray energy.
The upper solid line in the figure is the line which would be
occupied by events for which these two quantities are equal. Purely
gamma decays were isolated by placing a gate around this line, as in
Fig. 5a (the width of the gate In each direction reflecting instru-
mental resolution). Another line is drawn 7.4 MeV (the n binding
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energy in 2 0 8Pb) below this line in Fig. 4. Events in which a neu-
tron was emitted should lie below this line in the figure.

ORNL-DWG 63-t22HR

20 <0 Sn
E* 208Pb I MeV}

Fig. 4. Two-parameter density plot of events
from 2 0 8Pb( 1 7O, 1 7O') in which one or more Nal
detectors registered a delayed pulse. These should
be due to neutron decays. The abscissa is derived
from the energy lost by the inelastic 1 7 0 . The
ordinate is the sum of the y-ray energies seen in
the Nal detectors and is equal to the excitation
energy in the residual nucleus.

Direct single-step transitions to the ground state were isolated
by requiring that the cluster multiplicity be one and the parameter
V > 0.98. (This value was arrived at experimentally using the
15.1-MeV 1 2C calibration data.) Figure 5b shows the result of
imposing this requirement. Figure 6 shows spectra obtained by pro-
jecting the gates in Figs. 5a and 5b onto the sum gamma-energy axis.
Taking the ratio of spectra such as these produces the ground-state
branching spectrum shown in Fig. 7. The peaks in this spectrum below
the neutron binding energy are at the position of states in 2 0 8Pb
known to have large ground-state branches. Above the neutron binding
ersrgy, the ground-state branching falls off rapidly until the
vicinity of the giant quadrupole resonance (GQR) is reached. The
large peak in the branching spectrum between ~9 and 15 MeV nicely
illustrates the strong localization of electromagnetic strength to
the ground state in this region. The bump contains contributions
from both the GOR at 10.6 MeV and the giant dipole resonance (GDR) at
13.4 MeV, which is very weakly excited in the reaction. We have not
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20 -

30 20

E* ZOBPb (MeV)

Fig. 5. Two-parameter density plot of events from 2 0 8Pb( 1 7O, 1 7O')
in which no Nal detector registered a delayed pulse. The axes are
the same as for Fig. 4. Events falling between the pairs of lines
are due to y-decay events: (a) all events; (b) events satisfying the
additional requirement V > 0.95 to select ground-state transitions.



630

0RNL-DWG83-17H8

Fig. 6. Gamma-ray
spectra from 208Pb for
V > 0.98 (only ground-
s ta te gamma rays) .

208 Pb GAMMA- RAYS

V20
V2 0.98

10 15 20 25
SUM GAMMA ENERGY (MeV)

30

100

Fig. 7. Ratio of
ground-state y-decay
events to tota l gamma
yield as a function
of 208Pb excitation
energy.

3 6 9 12 15
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been able to decompose the ground-state gamma spectrum into quadru-
pole and dipole components as a function of energy; however, we can
establish that the region of 9.5 to 11.5 MeV consists of (70 + 10)%
quadrupole radiation. Contribution of multipolarities, other than
L = 1 and 2, to the ground-state decay is extremely unlikely. The
spectrum of ground-state gamma rays was fit using the resonance
para.."ters in Table I. By dividing the ground-state gamma-ray yield
by tiie singles yield of scattered particles populating the GQR,
obtained from a fit to the 1 7O singles spectrum, we obtain

^ (3.27 ± 0.45) x 10" 4 .

This value has been corrected for instrumental efficiency and for the
fraction of quadrupole radiation in the region obtained from fits to
the photon angular distribution. This result can be used to obtain
an absolute value for TyO i f w e identify the F T with the spreading
width of the GQR, which, in turn, is identified with the experimental
width of the resonance from Table I.

TABLE I. Properties of states above 8 MeV in 2 0 8Pb observed in
2 0 8Pb(p,p'), from Ref. 14. The last two columns refer to the present
2 0 8 ( 1 7 Q ) 1 7 Q ' ) experiment. Expected a is the cross section expected
for ^7O scattering based on the proton results. Observed o is the
cross section which we observe. Uncertainties of about 15% apply to
both the observed and expected cross sections.

Excitation
energy
(MeV)

8.11

8.35

8.86

9.34

10.6

12.0

13.6

13.9

L

4

3

2

2

2

4

1

0

r
(MeV)

0.4

0.4

0.4

0.4

2

2.4

4.0

2.9

EWSR
fraction

(%)

3

4

7

5

70

10

100

100

For (17O,17O')

Expected
a

(mb/sr)

M
5 f
8

5

50

17

~4 j

10

Observed
a

(mb/sr)

13

6

13

60

18

20
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ryo = J&- x rEXP = 65* ± 91 eV (GQR) .

This implies, taking E y 0 = 10.6 MeV,
11

B(E2+) = (5.81 + 0.81) x 103 e2fm4 .

This should correspond with the energy-weighted sum-rule value,12,1

£EB(E2+) = 49.9 A5/3 e2 f m4

or
B(E2+) E W S R = 49.9 A

5 / 3 / 5 E Y 0 = 6.86 x 103 e2fm4 .

Therefore,

'<*'+> = 0.85 ± 0.12
B(E2+)EHSR

for the GQR.
A significant yield of dipole ground-state gamma transitions is

observed above 12 MeV. It is not possible to establish the excita-
tion cross section for the GDR from the spectrum of inelastically
scattered 1^0 since the GDR is so weakly excited and so broad.
Calculations assuming the GDR is exclusively Coulomb excited predict
a cross section of ~4 mb. Taking this value and assuming a ground-
state decay width exhausting the El sum rule, we find the observed
yield of dipole transitions to be ~60% of the predicted value, with
an uncertainty of ~30%.

It Is also of great interest to see if gamma-decay branches
other than the ground-state decay can be identified. In particular,
direct decays to the low-lying collective states, the 3~ state at
2.61 MeV and the 2 + state at 4.085 are of interest,. Figure 8 shows
the relative strength of gamma-ray branches to a number of low-lying
states. Figure 8a Is for ground-state transitions, and Figs. 8b and
8c are for direct decays to the 3", 2.61 and 2+, 4.08 states, respec-
tively. Multlstep cascades are ruled out in these cases by requiring
that the cluster multiplicity discussed earlier be precisely two.
Figure 8d is the relative strengths for decays populating the 4.97-
MeV, 3" state. The yield distributions in Fig. 8, other than the
ground-state yield, must be considered semiquantitaflve, especially
where they indicate very small strengths, since adequate background
subtraction has not been done. Nevertheless, they are valuable to
Indicate general features. A few of the more striking aspects in-
clude the marked absence of strength to the 2.61 and 4.08 MeV states
across the resonance region. Another interesting feature Is the
strong yield of decays to the 2.61-MeV state at ~5.2 MeV of excita-
tion energy. This might be an Indication of the long sought two-
phonon octupole vibrational states. A strong yield of decays to the
3" state at 4.97 MeV (thought to be a noncollective state dominated
by a single lp-lh configuration) is seen to appear at ~9 MeV and
remains significant across the GQR region. This is in marked contrast
to the absence of decays to the lower lying collective 3" state. A
very similar, though weaker, strength distribution to that shown in
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4 8 12

EXCITATION ENERGV (MeV)

Fig. 8. Relative garama-decay strengths for transitions to a number
low-lying levels in 207Pb: (a) for ground-state decays; (b) for
nsitions to the 2.61-MeV, 3" state; (c) the 4.08-MeV, 2+ state;
the 4.97-MeV, 3" state.
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Fig. 8d is seen for decays to a 5~ state at 3.9 MeV. This indicates
the existence of high-spin strength underlying the GQR. A more quan-
titative treatment of decay branches from the GQR region (i.e., a bin
from 9.5 to 11.5 MeV) is shown in Table II. It should be noted that
the absence of decay to the 2.6-MeV, 3~ state, which appears remark-
able at first sight, agrees with a recent calculation by Bortignon,
Broglia, and Bertsch.13

TABLE II. Relative gamma branching to low-
lying states in 208p{, frora a n excitation energy
region 9.5-11.5 MeV [E(GQR) + T(GQR)/2]. The 5-7
MeV, 1~ states refers to a group of 1" states in
that region known from (y.Y1) experiments.

Energy

0

2.61

3.97

4.08

4.97

5-7

J11

0+

3"

5"

2+

3"

1"

Relative gamma
branch (55)

20 ± 2

0.8 + 0.8

-5-10

n ,+1.0
°'3-0.3

3 6 + 5

23 ± 9

We hope we have been able to give an indication of the richness
of detailed data which these experiments have opened up. We have not
even mentioned the neutron decay information. We believe that as the
results are refined and more and improved data are obtained, we will
make a significant contribution to the understanding of the micro-
scopic properties of the giant resonances.
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ABSTRACT

9O 9O 92-. In the fusion reactions Zr + Zr, Zr, and
Mo the radiative fusion process, that is the deexcita-

tion of the compound nucleus only by y-radiation, was de-
tected. The radiative fusion was identified in all three
cases by the observation of the ground state a-decay of
the compound nucleus. For the reaction "°Zr (358 MeV) +
90zr, the Y-rays were detected in coincidence with eva-
poration residues. Gamma rays from radiative fusion and
from particle evaporation channels were separated by
establishing a time correlation between the evaporation
residues and their subsequent radioactive a-decay. The
y-rays were observed in 20 Nal detectors covering a total
solid angle of 90 % of 4 ir . This set-up allowed a deter-
mination of the y multiplicity distribution as well as of
the spectral distribution of single Y-transitions, of the
Y sum energy, and of the angular distribution of Y~rays.
The results do not support the assumption that specific
direct processes associated with high energy y rays are
responsible for the large cross sections of up to 50 Pb
observed for radiative fusion. The low excitation energy
of the compound nuclei, which is achievable with these
heavy, symmetric systems seems to favour radiative fusion.
The excitation functions for radiative fusion and for par-
ticle evaporation were reproduced by statistical model
calculations.

0094-243X/85/1250636-11 $3.00 Copyright 1985 American Institute of Physics
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INTRODUCTION

The fusion process of two heavy nuclei involves a
large rearrangement of nuclear matter, and it usually
leads to a highly excited compound nucleus. This compound
nucleus may either cool down by the emission of nucleons
and a-particles and form evaporation residues, or it may
fission. Recently, however, the compound nucleus itself
in its ground state was observed"! a s a final reaction pro-
duct in the reaction 9Ozr + 9Ozr, see fig. 1. Obviously,
in this process the compound nucleus must have emitted y-
rays only. The cross section for this radiative fusion
process is rather large and may reach up to 50 pb, see
fig. 2. Following this observation, the radiative fusion
process was also found^ in the reactions
9Ozr + 92 Z r ->. 182Hg and 90 Z r + 94MO -*

 184pb. in all three
cases, the ^-channel was identified by the observation of
the a-decay of the compound nucleus. Due to their Q-val-
ues, very low excitation energies of the compound nuclei
can be achieved with these systems. This may play an im-
portant role for enabling the radiative fusion b* reduc-
ing the probability for particle evaporation. A compari-
son of the excitation functions for radiative fusion and
the neutron evaporation channels in the system 9O2r + 90zr
as shown in fig. 2 demonstrates that radiative fusion be-
comes the dominating channel for excitation energies be-
low about 16 MeV.

5.0 5.2 5.4 5.6 5.8 6.0 6.2 6.4

Ea / MeV
Fig. 1. a-spectrum of fusion products and their
daughter nuclei in the reaction 9Ozr + 9Ogr at
ELAB = 3 6°
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10 15 20 25 30 35

excitation energy (MeV)

ata points: Measured excitation functions of the
90Zr (90zr, xn) 180-xnHg- curves: Result of an

Fig. 2. D
reaction
evaporation calculation with an E1 y-strength function
equal to the giant dipole resonance strength function"! 0
multiplied by a factor of 4.6.

In order to understand the physical nature of this
process, a direct observation and spectroscopy of the y-
rays emitted during the radiative fusion process seems to
be necessary. The y ray energy distributions and also the
angular distributions may give information about the cha-
racter of the electromagnetic transitions involved. The
Y ray multiplicity distributions are connected to the spin
distributions of the emitting nuclei. Results of a test
experiment have been reported recently11.

In the present paper we report for the first time the
clear separation of the y rays associated with the radia-
tive fusion process from those associated with the com-
peting one neutron evaporation channel. Gamma rays from
9Ozr + 9Ozr were detected in coincidence with the evapora-
tion residues, thus suppressing in a very efficient
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way the intense y-ray background from compound nucleus
fission and other, non-compound reaction channels. Gamma
rays from radiative fusion and from particle evaporation
channels were separated by establishing time correlations
between the impinging evaporation residues and their ra-
dioactive a-decay. The analysis of the data is still in
a preliminary stage. Nevertheless, however, it is pos-
sible to recogni7e important general features of the ra-
diative fusion process.

EXPERIMENTAL SET-UP

2 9O
A target of about 60 yg/cm monoisotopical Zr on a

130 yg/cm2 Au-backing was irradiated with a 90Zr beam from
the UNILAC heavy ion accelerator at GSI Darmstadt. The
evaporation residues were separated from the primary beam
and transported Lo a detector telescope by the velocity
filter SHIP^. The detector telescope consisted of two
thin time-of-flight detectors, a thin secondary electron
detector, and an array of three position sensitive surface
barrier detectors. The evaporation residues could be dis-
tinguished from scattered projectiles passing through SHIP
by registrating their time-of-flight, their AE-signal from
the secondary electron detector, and their energy. The eva-
poration residues implanted into the detector array were
individually identified by their subsequent radioactive
a-decay. With a resolution of about 0.3 mm FWHM, the posi-
tion sensitive detector allowed to establish that the im-
plantation of an evaporation residue and an a-decay oc-
curred at the same position. In the analysis of the time
differences between evaporation residues and a-decays, the
area of the detector array was divided into narrow strips,
thus reducing the counting rate accordingly. This allowed
to establish time correlations even for the a-decay of
180Hg with its rather long halflife of 2.9 s.

.—. SHIP TOF AE E,x

Na]

Fig. 3. Schematical drawing of the experimental set-up.
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The y~rays from the target were observed in a com-
bined arrangement (see fig. 3) of a cylindrical Hal sum
crystal4 with one of the six segments removed, and a sec-
tion of the Darmstadt-Heidelberg crystal bailor 6 consis-
ting of 15 Nal detectors each covering about 0.6 % of 4TT.
The coincidence requirement between y-events from the tar-
get and evaporation residues identified by the detector
telescope behi^u SHIP reduced the immense background rate
in the Nal-detectors (up to one hundred thousend per
second instantaneous rate per Nal cylinder segment) to a
negligible portion. The 15 detectors of the crystal ball
section served to measure the spectral distribution of
the y-rays. All Nal detectors together, which covered
about 90 % of 4ir, were used to determine the y sum energy
and the y r ay multiplicity.

The a-spectra and the excitation functions shown in
figs. 1 and 2, respectively, were measured in a slightly
modified set-up which is described in ref.7.

OBSERVATION OF y-RADIATION

The y-radiation was detected at a projectile energy
of 358 MeV corresponding to an excitation energy of about
21 MeV. At this energy the cross section of the radiative
fusion channel is near its maximum value and reaches about
40 |jb, see fig. 2. By reducing the angular acceptance of
SHIP from its normal value of ± 1.5° to about ±0.4° (both
horizontally and vertically), the number of detected eva-
poration residues from charged particle evaporation could
be reduced strongly. This is due to the angular distribu-
tion of the evaporation residues, which for charged par-
ticle emission is distinctly wider than for the y-channel.
On the basis of the time correlation of the evaporation
residue with the subsequent a-decay, about 700 events
were attributed to the y-channel, and about 5400 events to
the 1n-channel. The total contamination of the events as-
signed to the y-channel with events from other channels
(in particular the 1n-channel) was estimated to be about
10 %.

Fig. 4 shows spectra of the total y-ray energy de-
posited in all Nal detectors in a single fusion event. The
detectors were calibrated by the photopeaks produced by y
lines at 0.344 MeV (152Eu), 0.570 MeV (207Bi), 1.17 MeV
(6oCo) and 2.754 MeV (24Na). The average sum energy for
the 1n-che.nnel is about one half of the value for the Y-
channel. This is to be expected, since tha neutron carries
away about half of the total excitation energy. The energy
for the y-channel reaches up to about 20 MeV, in agreement
with the excitation energy of the compound nucleus. The
spectrum for the 1n-channel has a tail towards higher en-
ergies. This may be due to a contribution of the evaporated
neutron which was not corrected for.
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Fig. 4. Measured spectrum of the y sum energies, not cor-
rected for the detector response functions, for the radia-
tive fusion process and for the 1n evaporation channel in
the reaction 90Zr (358 MeV) + 9Ozr.

Fig. 5 shows the raw spectra of the individual y rays
observed in the 15 Nal detectors of the crystal ball seg-
ment. As in fig. 4, no unfolding was performed to recover
the original y ray spectrum. Above about 3 MeV the shapes
of the spectra for the 1n-channel and for the ^-channel
are quite different. In this energy range the spectrum as-
sociated with the y-channel has a much larger relative in-
tensity. This may be explained by the larger initial exci-
tation energy of the y~ray emitting nucleus. However, above
10 MeV, not a single count was detected. If every radia-
tive fusion event would be accompanied by the emission of
a Y~raY in the energy region above 10 MeV, it can be esti-
mated that about 15 counts should appear in the spectral
range above 10 MeV. It may b-j concluded that a significant
influence of a specific direct capture process associated
with a high energy y ray does not seem to be present.
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100

ET (MeV)
Fig. 5. y transition energy spectrum of individual y-rays
observed in the 15 Nal detectors from the crystal ball seg-
ment, not corrected for the detector response function,
for the y-channel and for the 1n-channel in the reaction
90Zr (358 MeV) + 9Ozr.

Fig. 6 shows the measured angular distributions of
the y~rays. The anisotropy observed for the 1n-channel
corresponds to a ratio

W (O°)/W(9O°) = 1.5 ± 0.3 ,
if the function

W (6) = 1 + A2 P2 (cos 0)
is used for the extrapolation to 0° . This value is simi-
lar to the values found for different systems emitting
several neutrons^. For the y-channel, a more isotropic
angular distribution is observed. This is expected, if the
y-ray emission is dominated by statistical transitions.

Another important experimental information is the
number of ydetectors firing simultaneously in one event.
The response of the detector arrangement has been deter-
mined with the 1.17 MeV transition of a 60co source. By
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Fig. 6. Angular distribu-
tion of y-rays associated
with radiative fusion and
1n evaporation/ respec-
tively. The distribution
for the 1n-channel was not
corrected for the influence
from neutron emission. The
lines are drawn to inter-
polate between the measured
points (9OZr(358 MeV)+90Zr)

adding a given number of
events, the multiplicity
distributions for long y-
cascades have been simu-
lated. For the analysis of
the experiment, a Gaussian
function was assumed to re-
present the y multiplicity
distribution. The y multi-
plicity distributions fit-
ted to the measured detec-
tor multiplicity distribu-
tions are shown in fig. 7,
and the corresponding mean
values and standard devia-
tions are listed in table I.

The high multiplicity observed for radiative fusion is con-
sistent with the emission of many low and medium energy
Y-rays during this process.

Table I: Moments of the y multiplicity distribu-
tions in the reaction 90Zr (358 MeV) + 90zr

Channel

1 n

Y

mean

6.

10.

,9 ±

,2 ±

value

0.1

0.2

standard

3.

5.

.3 ±

.3 ±

deviation

0.

0.

.2

.4

STATISTICAL MODEL CALCULATION

Fig. 2 shows that it is possible to reproduce the
measured excitation functions for the radiative fusion pro-
cess and for the xn-channels by an evaporation calculation.
The ystrength used for El-transitions was that predicted
by the giant dipole resonance as given in ref. 10, multi-
plied by a factor of 4.6. The calculated excitation func-
tions were found to be rather insensitive to modifications
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of the strength of E2-transitions which in the calculation
seem to compete only in the latest stage of the deexcita-
tion process. The relatively large E1-strength was not
fitted to this specific case alone, but was also found
necessary to reproduce the shape of excitation functions
for particle evaporation in other systems9, it must be kept
in mind, however, that Y~transitions have no threshold en-
ergy and consequently may lead to levels of higher excita-
tion energy than particle evaporation. Therefore the compe-
tition between y~deexcitation and particle evaporation is
sensitive to the excitation energy dependence of the nuclear
level density.

15.0-

0)
-4->
C
•D
O

u

500-

O

u

50-

0 10 20 30

y multiplicity
Fig. 7. Ymultiplicity distri-
butions determined from the
measured detector multipli-
cities under the assumption
of Gaussian functions for the
shape (90Zr(358 MeV) + 9Ozr).

Fig. 8. Angular momentum
distribution underlying the
evaporation calculation
shown in fig. 2 for the re-
action 90Zr + 9oZr at
358 MeV.

The compound nucleus angular momentum distributions under-
lying the fusion-evaporation-calculation fitting the mea-
sured excitation functions of fig. 2 are shown in fig. 8.
As can be seen, the calculated average angular momenta
contributing to the 1n-channel and to the Y~channel are
not very different. Although the detailed relationship
between the angular momentum and the ^multiplicity is not
known for the present case, this seems to be compatible
with the measured average multiplicities for the 1n-channel
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and for the Y~channel, which are not very different
either.

A more refined data analysis, including the recovery
of the original y raY energy spectra from the measured
Nal pulse height spectra will be performed in the near
future. Also it is planned to calculate y~ray spectra and
y-multiplicities in the frame work of the statistical
model. This will allow a more detailed comparison of the
present y-ray data with the predictions of the statistical
model.

CONCLUSION

The present y ray measurements do not support the
assumption that specific direct processes associated with
high energy y rays above 10 MeV are responsible for the
large cross sections observed for radiative fusion. The
low excitation energy of the compound nuclei, which is
achievable in heavy ion fusion reactions with a symmetric
entrance channel, seems to favour this process. There are
indications that the present data are compatible with the
statistical model for the deexcitation of the compound
nucleus.
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THE ROLE OF GIANT RESONANCES IN HEAVY-ION RADI/.TIVE CAPTURE

A. M. Sandorfi
Physics Department, Brookhaven National Laboratory

Upton, N.Y. 11973

INTRODUCTION

The capture reactions discussed at this conference have dealt
almost exclusively with the radiative capture of light particles
(n,p,He). These reactions have been used in a variety of ways for
many years as spectroscopic tools. In contrast, much less is known
about the radiative capture of heavier ions. This, and the following
review by Snover, at-.cempt to summarize the main features and physics
of heavy-ion capture.

Very generally, the deexcitation process in such a reaction can
follow one of the routes shown schematically in Figure 1. In case
(a) the compound nucleus loses energy by the emission of a high-
energy gamma ray to states below particle-emission threshold (t ) .
Subsequent gamma decay then leads to the fused nucleus in its ground
state. It is the experimental information on this process that is
discussed here. Tyne (b) radiative transitions)involving high-energy
gamma decay to specific states above tp,become increasingly difficult
to separate from the background as the'gamma-ray energy decreases.
In fact this process (b) has only been observed when decays to many
different final states coincide in transition energy. Such is the
case for the decay of large numbers of giant resonances, one built on
each excited level that is statistically populated in a heavy-ion
reaction. This latter orocess is reviewed by Snover.

FUSED NUCLEUS

Fig. 1. Possible radiative decay routes following b^avy-ion capture.

0094-243X/85/1250647-13 $3.00 Copyright 1985 American Institute of Physics
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GENERAL CONSIDERATIONS FOR DECAYS TO BOUND LEVELS

The most interesting characteristic of radiative decays to
levels below t_ (Fig. 1) is the presence of resonances that exhibit
nonstatistical heavy-ion partial widths. Most of these structures
are not correlated with previously identified features in other
heavy-ion reaction channels. However, there are three factors that
strongly affect the likelihood of observing such resonances. First
of all, the multipolarity of high-energy gamma-ray transitions is
very unlikely to be greater than 2. *' Since the spins of states
below t are generally low (J <, 5 ) , these transitions can be observ-
ed only if the spins of the capturing states are relatively low.
With heavy-ions, these states can be excited only in the vicinity of
the Coulomb barrier, which is much more well-defined than it is in
light-ion reactions. As the heavy-ion bombarding energy is increas-
ed above the barrier, the cross section for forming the compound
nucleus peaks at increasingly higher spin, with the result that at
energies above about twice the barrier high-energy gamma decay to
bound levels is greatly diminished. A second consideration is that,
the average capture yield is always indirectly dependent upon the
location of giant electromagnetic resonances. The dependence arises
simply because the capture cross section is proportional to Vy, the
radiative width, and sum rules restrict the total radiative width of
a given multipolarity. If nearly all of the strength is contained
in a giant resonance (GR) at an energy E G , then the magnitude of
r , and hence the capture cross section, cannot help but be greatly
reduced at energies significantly different from E G R . However, this
is a dependence imposed by sum rules and need not necessarily
reflect any structural similarity between the capturing states and
giant resonances. Finally, the behavior of the Coulomb barrier, and
the sum-rule restrictions on the total Ty available, effectively
limit hepvy-ion capture measurements to s-d shell nuclei. For
heavier projectiles and targets, the Coulomb barrier is significant-
ly higher, while the giant resonances, which change in position with
A ' , are shifted to lower energies. The farther the barrier is
from the GR, the more difficult radiative capture w.'.ll be to
observe. (This, of course, ignores the possibility of high-lying
pockets of multipole strength, about which little experimental
information is available.)

These general considerations are indeed born out by the avail-
able experimental data. But apart from these, it is difficult to
isolate trends that persist through the various systems that have
been studied. The decays to the ground state of the compound
nucleus, or to the members of its rotational band, should be the
easiest to understand, since the wavefunctions of these final states
are fairly well understood and since the giant multipole strength
built upon them has been measured. This information has been used
to deduce interesting and unexpected characteristics of resonances
in the decays to low-lying levels. However, these characteristics
vary considerably among different heavy-ion systems. Most of the
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capture data is in this general category. However, in at least one
case, decays have been observed to higher-lying levels that are
shape-isomers of the compound nucleus, and these results are partic-
ularly simple to interpret. Data from three reactions -

1 2C(12 C, , Y)26Mg, 1 2 C(16O,

are discussed here as examples of heavy-ion capture. A more exten-
sive review is given in reference 2. Large auticoincidence-shielded
Nal spectrometers were used for these measurements, and these are
described in reference 3. In addition to the obvious requirements
of good energy resolution and efficient cosmic-ray rejection, the
small cross sections encountered in these reactions necessitate
using high beam currents and maintaining a stable gain at high count-
Ing rates for periods of typically 6 hours in duration. The exper-
imental problems peculiar to heavy-ion captive are discussed in some
detail in reference 2.

DECAYS TO THE GROUND STATE AND ITS ROTATIONAL BAND

One of the more extensively studied heavy-ion capture reaction
is the fusion of two 1 2C nuclei leading to low-lying levels in 2 % g .
A tyoical spectrum is shown in Fig. 2. The decays to the ground

state ot 24Hg, 1.37MeV(2+) first ex-
cited state, and 4.1-4.2MeV(4+ -2+)
second and third excited states are
clearly visible. The peaks' are
superimposed upon a smooth background
due primarily to the pileup of many
lower-energy events. Spectra taken
at energies below the Coulomb barrier
often show additional lines corre-
sponding to decays to higher lying
levels.

Fig. 2. A high-energy gamma-ray
spectrum from the 12c(12^C, y)2^Mg
reaction.

IS ZU i'i Zfl E X WtVI

The 8y = 45° excitation functions for these transitions are shown in
Fig. 3. There are two striking features of these data. First, as
we have already anticipated, the yield is localized in the vicinity
of the Coulomb barrier (6.6 MeV c m . ) , especial"!- In the Y 0 channel
where it extends from 19 MeV excitation up to aDout 24 MeV.
Second, within this gross structure, there is considerable finer
structure in the form of narrow (Y < 0.3 MeV) resonances, several of
which are correlated in all three v-decay channels.

For identical bosons in the entrance channel, the J71 of the
compound state is limited to 0 +, 2 +, 4+,.... The observation of a
photon decaying to the 0 + ground state rules out 0 + assignments for
structures appearing in this channel, and makes multipolarities
greater than 2 extremely unlikely. *' Thus, all of the yield in the
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1 2C( I 2C, yQ) reaction
arises from 2 states
2 4

in
z^Mg and exhibits a
sin2(29y) angular depend-
ence. The dashed line
through the YQ excitation
function is the result of a
fit to an incoherent sum of
Breit-Wigner resonances. '
The fit falls below the
data near 20.3 and 21.3 MeV
excitation, which may in-
dicate contributions from
additional less prominent
structures. The dashed
lines through the yi an^
Y2*3 excitation functions
are merely to guide the
eye.

Fig. 3. Excitation func-
tions for 1 2C •:- 1 2C radia-
tive capture to the low
lying levels of 2 4Mg.

A great deal of structure has been observed in *2C + C reac-
tions ranging from below the Coulomb barrier up to more than six
times the barrier. A large number of resonances have been reported
in elastic, inelastic, and a variety of reaction channels, and most
nf these are viewed as resulting from the formation of some kind of
nuclear molecule. In Fig. 4 the 1 2C( 1 2C, y.) excitation function
(Fig. 4b solid curve) is compared with the previously identified
2 + 12C + 12c "quasimolecular" resonances above 5.0 MeV c m . (Fig.4c).
The YO peak at 5.6 MeV corresponds to a 2 quasimolecular resonance.
However, the more prominent peaks at 6.0, 6.S, and 8.0 MeV c m . do
not correlate with any known *—C + ^2C 2 + structures. Furthermore,
the average width of a 2 + level between 19 and 23 MeV excitation in
2 % g is about 20 KeV, while the total widths of the capture reso-
nances of Fig. 4b are an order of magnitude larger. An Ericson
fluctuation phenomenon 5) can thus be ruled out.

The best available data on the distribution of E2 strength built
on thj Mg ground state have come from several high-energy 2 % g
(a,a') experiments. If this E2 strength would entirely fission into
two 12C nuclei, then the corresponding capture cross section would
be given by the curve in Fig. 4a. ^' Upon comparing Figure 4a with
Figure 4b, solid curve, we see that the small 5.6-MeV c m . resonance
seems to be correlated with a peak in the E2 strength function.
However, the 6.0- and 6.8-MeV c m . resonances line up with valleys
in the E2 distribution, while the 8.0 MeV c m . resonance appears
near the middle of a much broader structure. On the whole, the
pronounced features of the capture yields do not directly reflect
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the structure in I\,. Before
trying to interpret the unusual
features of this capture reac-
tion, it is useful to know the
extent of the contributions to
the cross section from the pro-
cess of compound nucleus forma-
tion followed by competitive
statistical decay.2>4) If the
carbon widths were purely sta-
tistical, then a Hauser-
Feshbach calculation would pre-
dict a capture cross section
given by the dashed curve in
Fig. 4b. Viewing the reaction
backwards, this would corre-
spond to the process in which
a photon excites the ^ Mg
nucleus into its giant quadru-
pole resonance, which then mix-
es into the compound levels and
decays statistically into two
l^C nuclei. This calculation
reflects the structure of Fig.
4a. However, over most of the

excitation function, it falls
far below the data. Nonetheless
it does succeed in explaining
the drop in cross section below
5.5 MeV c m . as resulting from
the Coulomb barrier.

Fig. 4 (a) Predicted cross sections
for capture through the giant quad-
rupole resonance in Mg.

(b) The 1 2C( 1 2C, Y O ) excita-
tion function (solid line) and var-
ious calculations - see text.

(c) The locations of 2 +

quas&Jnolecular states. Total
widths of resonances are indicated
in MeV.

The statistical model can also be used to estimate statistical
photon decay, that is the decay of a resonance excited in the
l2c + *2C channel (i.e., a resonance in Tc) which then mixes into
the underlying compound levels, and emits a photon by virtue of the
E2 strength of these underlying levels. If each of the resonances
observed in C(12C, yo) were due to resonances in rc then, assuming
reasonable values for the elastic width, statistical photon decay
tould produce the dotted curve in Fig. 4b. This curve peaks
i herever the data does, but of course that is by construction. What
i.s important here Is the relative magnitude. The yo decay of the
'5.6-MeV c m . resonance (the only one that has been observed in other
channels) is completely consistent with the process of statistical
nixing into the compound nucleus followed by E2 y decay. The mag-
litude of the 6.0-MeV resonance predicted by this calculation is
about a factor of 2 below the data. This process could account for
:he 6.0-MeV YO peak if Tc/r were as large as 0.30. However, this
rauld be grossly inconsistent with elastic-scattering measurements.
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The other peaks in the y yield are far above the dotted curve.
Since statistical photon decay causes the 5.6-MeV c m . resonance

to appear in the ^^C(^C, Yo) excitation function, the other 2 +

quasimolecular resonances of Fig. Ac would also be expected, at some
level, and this is given by the circle-dashed curve in Fig. 4b.
These contributions are always small compared with the dominant fea-
tures of the 7o yield. The conclusion from this analysis is that the
photon widths of the capture resonances are, for the most part, sig-
nificantly enhanced over statistical widths.

We can draw two conclusions from these statistical calculations.
First, at least one and possibly all of the pre\'iously identified
q .isimolecular resonances (Fig. 4c) are present in the radiative
capture yields, but only at a very low level consistent with a sta-
tistical y decay to Mg. Second, the C + ^ C and the Yo decay
probabil-"-ies of the dominant resonances observed in radiative cap-
ture are s1- ..^ificantly greater than statistical probabilities for
decay froM the compound nucleus. These capture resonances must then
reflect states with large ^ C + *'C parentage that also have a close
link with the structure of the ground state of Mg. The wave func-
tions of the levels in the ground-state rotational band (GSB) of
^^Mg are very similar, and thus 2 + levels that decay strongly to the
ground state would also be expected to have significant decay
branches to the 2 + and 4 + members of the GSB. This is exactly what
is observed in Fig. 3. The dominant 2 + peaks at 6.0, 6.8 and 8.0
MeV are present in the Yiand Y2>3 excitation functions as well as in
Yo- (In contrast, the 5.6-MeV quasimolecular resonance appears only
in the Yo excitation function. However, the Y decay of this reso-
nance arises from statistical photon emission from an overlapping
peak in the distribution of ground-state E2 strength. The E2
strength built on excited states of Mg may be very different, and
thus y decay to the ground state via statistical photon emission
does not guarantee a comparable decay rate to other members of the
GSB.) These capture resonances are undoubtedly present in elastic
scattering at some level due to their nonstatistical ^C widths, but
they have evidently been hidden by the much more dominant quasi-
molecular structures.

From these considerations it would seem that the heavy-ion cap-
ture reaction is a sensitive way of picking out unusual states of a
nucleus that like to fission after absorbing a photon. This is an
exciting prospect, which ssems to fall completely apart when on=!
looks at other heavy-ion systems. Recent results from the
^ C ( ^ C , Y ) Mg reaction are reported in a contribution to this
conference."' The excitation functions for decay to the low-lying
states of Mg are shown in Fig. 5. Some of these yields do indeed
exhibit peaks with cross sections and widths comparable to the
resonances of * C(^C, y ) , but these do not appear at the same c m .
energy. In particular, the yields to the 0 ground state, and to
the 2 and 4 + members of its rotational band at 1.81 MeV and 4.32
MeV, respectively, show essentially no structual similarities.

Although forbidden by the symmetry of the 1 2C + 12c system, El
dipole radiation is both symmetry and isospin allowed in the
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Fig. 5. Excitation functions for
12 C + 14 C radiative capture to
the low lying levels of 26jfg.

\ Y) reaction, and in-
deed the radiation patterns
indicate strong dipole compo-
nents. Since El transitions
can have much larger radiative
widths than E2 decays, the ax-
citation functions of Fig. 5
might have significant contri-
butions from statistical
carbon decay of the giant
dipole resonance (GDR.) This
question has been investigated
in Ref. 6. Elastic scattering
is almost devoid of any struct-
ure in this energy range, '
suggesting that the carbon
widths are largely statistical.
With this assumption the photon
absoption cross sections infer-
ed from the capture data are
factors of 2 to 10 less than

those observed in the ground state GDR. This suggests either that the
GDR's built on excited states of 2°Mg are very different, which seems
unlikely, 2) or that the photon widths are nonstatistical. The nature
of the intermediatf —• Cure that gives rise to the yields of Fig. 5
is evidently quite complicated.

As a final example of heavy-ion capture, leading to the ground
state band of the fused system, the Yo a nd Yi excitation functions
of the : CC1 0, Y ) 2 8 Si reaction are shown in Fig. 6.8) Again, as
anticipated, relatively narrow resonances are present, which appear
with cross sections comparable to those of 12c(12c, y), and these
are localized in the vicinity of the Coulomb barrier (8.7 MeV c m . ) .
However, the resonances do not appear simultaneously in Yo and in
Yj and the cross sections for Yo decay are, for the most part, sur-
prisingly small.

Since the ground state of °Si is oblate while the incoming
heavy-ion channel is inherently prolate, the small Yo yield may be
viewed as resulting from the inability to connect these two intrinsic
shapes with a simple electromagnetic operator. Unfortunately, the
same argument can be made for the Yi yield since the wave functions
of the ground- and first-excited states of 28gj look very much
alike.'' Alternatively, the resonaicrs could be of spin higher than
2 , 3~ or 4 +, for example. Since ti<e multipolarlty of the y transi-
tions is effectively restricted to 1 o.- 2, decays to the 1.78 MeV 2 +

first excited state could be observed, while decays to the ground
state would be precluded. Angular distributions were measured at
the positions indicated by the arrows in Fig. 6. ' For the Yj peaks,
these are not strictly definitive because of the J11 = 2 + final state.
Nonetheless, several of the peaks in Fig. 6 are quite well isolated
and a unique spin and Y-ray multipolarity might well dominate each.
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EXCITATION ENERGY (M«V) IN !8Si

The 9.8-MeV resonance is likely
a 4 + -+ 2 + decay, and so Its
absence in the decay to the 0 +

ground state is not surprising.
However, the distributions for
the 7.3-MeV c m . and 8.5-MeV c m .
resonances suggest J71 = 2
assignments. These could decay
to the Si ground state, but do
not, for as yet, unknown reasons.

An analysis of statistical
decay probabilities is a bit
more difficult here, since the
more pronounced resonances occur
in the Yi excitation function
and the multipole strength built
on the first excited state of
2^Si is unknown. Nevertheless,
under the assumption that, on
the average, the distribution of
E2 strength built on the 2 ^
state is just shifted up by
1.78 MeV from that built on the
ground state, the calculated

Fig. 6. Excitation functions for
1 ZC + 1 60 radiative capture to
the low-lying levels of Z 8Si.

capture cross sections still fall far below the resonances of Fig. 6.
This largely due to the increased Q value and Coulomb barrier which
pushes the structures to higher excitation energies,far above the
quadrupole resonance in 2 8Si. However, the C-DR still has apprecia-
ble strength at these energies, and for the ground state transitions,
dipole radiation is allowed by symmetry, although still inhibited
by isospin. The Yo cross sections of Fig. 6a may well be accounted
for by assuming statistical heavy-ion widths and y decay through a
small isospin-split component of the GDR.2' This still leaves the
dominant peaks of the Yi yield which may have very nonstatistical
carbon widths, as we have inferred. However, since they do not
appear in the Yo excitation function, they would not be expected in
1 2C + 0 elastic scattering, which indeed shows almost no structure
in this energy range. W>

In summary, the 12C(^2C, Y ) data and analysis provided the tan-
talizing suggestion that heavy-ion capture was a very sensitive tool
for picking out unusual highly-deformed states of a nucleus that are
simply connected to the ground state, an:' to its rotational band.
The sensitivity to unusual highly-deformed structures is undoubtedly
there, but it would seem that the connection, the intermediate
structure leading to large photon,and heavy-ion partial widths, is
far from simple. Except for 12C(*- C, Y ) which seems to be somewhat
anomalous, these structures do not resonate in the yields to all of
the members of the GSB. It is more generally the case that the ex-
citation functions to different members of the GSB are very differ-
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CAPTURE THROUGH GDR'S BUILT ON SHAPE-ISOMERIC STATES

One might have thought that if capture to the ground state was
difficult to understand, capture to a highly-excited state would be
hopeless. Delightfully, there are at least some transitions for
which this is not the case. In the course of the I 2C(* 0, y) meas-
urements described above, unusually strong transitions were observ-
ed to the 0 j + at 6.69-MeV excitation in Si, with cross sections at
least five times larger than the decays to the low-lying levels.°'
Although the ground and low-lying states of Si are oblate, this
0 has been identified as the bandhead of a K = 0 prolate shape-
isomer. °>ll' Enhanced high-energy gamma-ray transitions are usually
characteristic of giant electromagnetic resonances. Some examples
of such structures built upon excited states have been discussed by
Dowell,*'' although none of these states involve a shape change.
Capture through the heavy-ion channel would normally be a rather im-
probable way of looking for such giant resonance strength. However,
since the incoming heavy-ion channel has inherently a large prolate
distortion, heavy-ion capture will be much more sensitive to prolate
shape-isomers than light-ion reactions, most of which involve rela-
tively minor deformations.

The possibility of comparing giant resonances built upon differ-
ent intrinsic shapes within a single nucleus ii quite exciting.
However, measurements of transition rates to excited final states,
where the gamma-ray energy is significantly less than the maximum
(the Yo transition to the ground state), are extremely difficult
because of large backgrounds. These come mainly from the pileup of
the very large numbers of low-energy signals, and increase very
rapidly with bombarding energy. Essentially all of these backgrounds
can be removed by detecting the fused compound nucleus in coinci-
dence with the high-energy photon. A crossed E* and 5 field velocity •
selector has been used for just such measurements and, as described
in ref. 13, this technique reduces pileup backgrounds by up to four
orders of magnitude.

These coincidence measurements revealed strong transitions, not
only to the ot, but also to the 2 p and 4 members of this prolate
band at 7.41-MeV and 9.16-MeV in Si, ?espectively. Their excita-
tion functions are shown in Fig. 7. The decay to the 6.7-MeV 0 is
substantially stronger than to the 7.4-MeV 2~r. The 4 is very p

near the 6] at 8.54-MeV which was strongly populates at a few
bombarding energies, and it was not always possible to clearly
separate the two. For this reason, only the sum of their yields is
plotted in Fig. 7c. All three excitation functions display promi-
nent peaks which are uncorrelated with center-of-mass energy. (This,
again, is in contrast to 0 + C elastic.scattering which shows
very little structure below 12-MeV c.m. ) However, the three
lowest energy peaks in the Ot and 2 yield curves occur at the same
excitation energy above the final state (i.e. at the same gamma-ray
energy). This is evident in Fig. 8 where the o(y) deduced for these
decays is plotted against Ey (see below). The second narrow struc-
ture in the 6 - 4 * yield of Fig. 7c also lines up with one of these
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Fig. 8. Total absorption cross sections deduced from Fig. 7 under
the assumption of statistical heavy-ion widths, and
(bottom) the GDR of the 2 8Si ground state.
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peaks at Ey = 19-MeV, although the ambiquity of the final state
makes the comparison with the Op and 2p yields difficult.

The capture yields as displayed in Fig. 8 are remarkably similar
to the GDR built on the oblate ground state of 2 8Si. The photo-
absorption data, showing the latter, are reproduced at the bottom of
Fig. 8. The envelopes of these three excitation curves are very
nearly the same. Much of the intermediate structure in the gamma-
ray strengths built on the 0 + and on the it is the same, and the
peak at Ey = 19-MeV even perlists in the ground-state photoabsorp-
tion data. The angular dependence of the transitions to the 6.7MeV
0 state, measured at several beam energies, is always strongly
peaked at 90° indicating a dominant dipole component. The capture
data of Fig. 8 are strongly suggestive of GDR's built upon the mem-
bers of the prolate band in 2 RSi.

The transition strength to the Op level shown in Fig. 7a exhausts
0.14/< r ] 6 IT > percent of the energy-weighted classical dipole sum
rule. A Hauser-Feshbach calculation, taking into account isospin
mixing in Si, has been used to estimate the branching ratio
* r16 / r >. a n d it is these results that are plotted in Fig. 8.
In thS calculation of a(y)for the 2p state, radiative capture
through 3~ levels was assumed. The calculated branching fraction is
a smoothly varying function of Ey and the structure of Fig. 8
reflects that of the capture data. The resulting absorption cross
sections of Fig. 8 account for 1.9 ± 0.3 and 0.3 ±0.1 classical sum
rules built on the 6.7-MeV Op and 7.4-MeV 2p levels, respectively.

These data and calculations are consistent with giant dipole
excitations of the prolate intrinsic nl.ape of Si. However, it is
surprising that the prolate-GDR appears narrower than the oblate
ground-state r,DR, since the widths of GDR's built on excited states
increases with energy. A lack of significant broadening of the
giant resonance might be reasonable if the 6.7-MeV 0 is viewed as
the ground state of the prolate shape, and indeed.the mixing between
prolate and oblate states in 2"si £s v e r v small. Nonetheless,
the quadrupole moment of the prolate states (+876mb) is twice as
big as that of the oblate states (-480mb), **' and all models coupl-
ing deformation degrees of freedom to the GDR would predict a sig-
nificantly broader prolate giant resonance.

Prolate shape isomers have been predicted in other s-d shell
nuclei, noteably 2Slg, 32S and ^°Ca,

 15>16) and it would be ex-
tremely interesting to study the giant resonances built upon such
states. Isomers in these nuclei have yet to be identified. On the
other hand, the inherently prolate entrance channel makes heavy-ion
radiative capture a rather selective tool in the search for these
unusual states. There are in fact, specific predictions for the
16o(l°O, y)32S reactions leading to an isomer at 8-MeV in 3 2 S . 1 6 ^
We have investigated this reaction. However, no unusually strong
transitions were observed in the predicted energy range
(11 to 13-MeV cm.). 1?) The symmetry of the entrance channel does
preclude dipole radiation, but a giant quadrupole resonance might
still be observable. Nonetheless, the capture cross sections where
no larger than the 12C(12C, Y ) data shown in Fig. 3. Since the
available dipole radiative width will always be much larger than
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that for quadrupole radiation, capture through a T f 0 heavy-ion
channel would be a much more sensitive probe for such an isomer
search. As a possible example of this, a spectrum from the
16o(7Li, Y)23Na reaction is shown in Fig. 9.2^ Here the Yo a n d Y]
transitions are completely dwarfed by the much stronger decays to a
doublet of levels at 7.1- and 7.7-MeV in 23Na. These data are
suggestive of a GDR built upon a prolate shape-isomer, although as
yet there are no calculations for such levels in this nucleus. If
such calculations can be extended to 23Na and other s-d shell nuclei,
heavy-ion radiative capture may prove an exceptionally well-suited
probe.

26.8

Fig. 9. A high-energy gamma-ray spectrum from the 16O(7Li, Y ) 2 3 N E
reaction.

This work was supported by the U. S. Department of Energy under
contract No. DE-AC02-76CH00016.



659

REFERENCES

1. P.M. Endt and C. van der Leun, At. Data Nucl. Data Tables J_3,
67 (1974).

2. A.M. Sandorfi, Heavy-Ion Science, Vol. II (Ed. D. Allan Bromley),
Plenum Press (1984).

3. A.M. Sandorfi and M.T. Collins, Nucl. Inst. and Meth. 22_2, 479
(1984).

4. A.M. Nathan, A.M. Sandorfi, and T.J. Bowles, Phys. Rev. C24,
932 (1981).

5. T. Ericson, Adv. Phys. 9̂, 425 (1960).
6. L. Ricken, A.M. Sandorfi, D.H. Dowell, and P. Paul, contributed

paper to this conf.; and to be published.
7. H.G. Bohlen, M. Feil, A. Gamp, B. Kohlmeyer, N. Marquardt, and

W. Von Oertzen, Phys. Lett. 4JJ3, 425 (1972).
8. A.M. Sandorfi and M.T. Collins, Lecture Notes in Physics 156,

264 (1981).
9. S. Das Gupta and M. Harvey, Nucl. Phys A94, 602 (1967);

S.S.M. Wong and G.D. Longheeed, ibid. A295, 289 (1978).
10. H. Spinka, and H. Winkler, Nucl. Phys. A233, 456 (1974), and

references therein.
11. F. Caltz, P. Betz , J. Siefert, F. Heidinger and H. Ropke, Phys.

Rev. Lett. ̂ 6, 1559 (1981).
12. D.H. Dowell, invited paper to this conf.
13. M.T. Collins, A.M. Sandorfi, D.H. Hoffmann, and M.K. Salomaa,

Phys. Rev. Lett. ̂ 9, 1553 (1982); A.M. Sandorfi and M.T. Collins
to be published.

14. J. Ahrens, H. Borchert, K.H. Czock, H.B. Eppler, H. Giiran,
H. Gundrum, M. Kroning, P. Reihm, G. Sita Ram, A. Zieger and
B. Ziegler, Nucl. Phys. A251, 479 (1975).

15. H. Schultheis and R. Schultheis, Phys. Rev. OJ_, 1367 (1983).
16. K. Langanke, Phys. Rev. £28, 1574 (1983).
17. L. Ricken, A.M. Sandorfi and P. Paul, unpublished.



HIGH ENERGY GAMMA RAYS FROM COMPUSX PARTICLE COLLISIONS

K.A. Snover
Nuclear Physics Laboratory, University of Washington

Seattle, WA 98195

Abstract

High energy y-rays (E "10-30 MeV), from the decay of Giant
Dipole Resonances built on Excited nuclear states (e.s.-GDRs) are a
common feature of all energetic nuclear collisions. Current
results indicate that for bombarding energies below 5-6 MeV per
nucleon the statistical emission of high energy y-rays predominates
in complex particle collisions. Statistical GDR properties have
now been studied over a wide range of mass, energy and angular
momentum. Recent results include 1) in light compound nuclei
considerably broadened e.s.-GDRs are observed, with strengths that
indicate relatively pure compound nuclear isospin, 2) in medium
mass nuclei (A"60-80) e.s.-GDRs are found with substantially
reduced strength (<0.5 of the classical dipole sum rule) and 3) in
rare—earth deformed nuclei a splitting of e.s.-GDRs is apparent,
indicating the persistence of deformation at elevated temperature.
At higher bombarding energies (6-9 MeV per nucleon) for 3He and 4He
strong enhancements are seen for E > 15 MeV, due to nonstatistical
effects. These enhancements are associated with strong forward -
backward asymmetries, arising from (phase coherent) E1-E2
interference, which peaks at energies near the isovector e.s. -GQR.

INTRODUCTION

Until three years ago the emission of high energy (E > 10
MeV) y-rays in heavy ion collisions was considered to be an unusual
process occuring with relatively small cross section in special
cases, in the form of resonances near the Coulomb barrier. Then it
was discovered at Berkeley that high energy y-rays are emitted in
the decay of compound nuclei copiously produced in heavy ion
collisions.1 In light ion reactions (mostly *He, o, and some d-
induced reactions)2 discrete radiative capture transitions to low-
lying states had been studied earlier in a number of light nuclei
and, although it had been realized in a few cases that continuum
high-energy y-ray emission originated from the decay of the
compound nucleus, the continuum spectra that result from such a
process had never been analyzed quantitatively.3

Most of you involved in neutron capture studies have known
for ysars that slow neutron capture proceeds mainly via compound
nucleus formation, and the y-ray strength function derived from
decay studies reflects the energy dependence of the low-energy tail
of the Giant Difaie Resonance. Just as the GDR in medium and heavy
nuclei decays (or is believed to decay) mainly via statistical
particle emission, so also the statistical emission of high energy
y-rays should (and does) reflect the average properties of the GDR

0094-243X/85/1250660-17 $3.00 Copyright 1985 American Institute of Physics
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built on the atate3 populated in the y emission process. Energetic
nuclear collisions produce highly excited compound nuclei for which
y-decay strength function studies are possible for energies
spanning the GDR and up as high as the isovector Giant Quadrupole
Resonance (IVGQR). in contrast to y-emission following slow
neutron capture, the high energy y-rays in energetic reactions must
be emitted in direct competition with energetic particle emission -
this occurs for E v - E (E ^ the resonance energy of the GDR) with
an absolute probability r / r " 10'* to 10 "s per MeV, a small
number, but it leads to respectably large y-ray production cross
sections cr - u r / r " lo-ioo jib/MeV for typical above-barrier
compound nJcleus formation cross sections a " 1 barn.*

The statistical emission of high energy y-rays appears to
dominate in all complex [A (projectile) > 2, probably also for the
deuteron] particle collisions at sufficiently low bombarding
energies. For these reactions, the statistical emission mechanism
is believed to be understood, and the interesting physics lies in
the properties of the GDR in highly excited nuclei - how are they
modified and what can this teach us about new aspects of nuclear
behavior. Two new aspects are discussed below: compound nuclear
isospin, and the deformation of highly excited "hot" nuclei.

At higher bombarding energies I present here new results
which demonstrate intriguing nonstatistical effects in 'tie and o. -
induced reactions. These include spectrum shape deviations from
statistical expectations, along with strong apparent El -E2
interference effects. At this early stage, the emphasis lies in a
qualitative understanding of the reaction mechanism (direct and/or
semidirect emission?). The results presented here, plus what
little is known for heavier ion (A>4) induced reactions at high
energies, suggest that very roughly the onset of appreciable
nonstatistical effects occurs at bombarding energies E/A " 6 - 7 Mev
per nucleon.

GENERAL CONSIDERATIONS

In general, we may write the cross section for
photoexcitation of a nuclear level followed by particle emission as

°<r'*> - CTabs <rx ' r> - *abs f V r * "abS ̂ ^ V ' r

where cr is the photoabsorption cross section and r /r is the
decay branching ratio for emission of particle x. in general, both
statistical and nonstatistical processes may contribute to the
decay widths, and we may write r - r + 4- r t and r - r+ <- rt
where r\ and rr are the total spreading (or statistical) width and
the total escape (or nonstatistical) width, and similarly for the
partial widths. Then cr(y,x) separates into two terms as shown
above, the first term being the statistical part and the second the
nonstatistical part, where £ =: r+/<rt+r + ) is the fraction of the
total decay strength which is statistical and 1-f the fraction
which is nonstatiBtical.
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The first term along with the Brink hypothesis leads to the
dipole strength function for the time-reversed process of
statistical y-emission from a (compound) nuclear level

f(Ey) -- T^ pJ(Ei)/E* - 3.32 X l(T
e S ^ y ^ ^

where r is the El radiative width between individual Ievel3 for a
decay J-Jo where JO=J» J*l» Pj(E- ) i s t n e density of initial
states, E and r are the resonance energy and width of the GDR and
sfL = S • f where S is the total GDR strength (in units of the
classical sum rule) and f is given above. S^ is thus the fraction
of the GDR strength which decays statistically. The y-emission
spectrum from the decay of the compound nucleus is then calculated
in the usual manner using transmission coefficients and level
densities to obtain the contribution from the parent (initial)
compound nucleus and all its daughters populated by particle
emission. By the hypothesis of independence of formation and
decay, the identity of the entrance channel does not matter except
insofar as it determines the compound nucleus formation cross
section at a given energy, spin, and perhaps isospin. One should
also keep in mind the approximation involved in this type of
application, that the strength function given above holds with the
same parameter values for all excited states which contribute in a
given reaction. A primary goal then is to ,look for GDR parameter
dependencies on excitation energy, spin, isospin and nuclear
species.

The second term in a(y,x) above contains all other
(nonstatistical) processes. For the inverse (x,y) reaction, direct
and/or semidirect (one-step doorway) amplitudes may contribute at
an early stage in the time evolution of the excited nuclear
configuration, as well as pre-equilibrium y-emission at some later
stage before statistical equilibration is reached. In contrast to
nucleon capture, very little is known about such processes in
complex particle collisions.

EXPERIMENTAL TECHNIQUES

The measurement of reliable continuum y-ray spectra requires
careful consideration of backgrounds. Several different techniques
have been employed. For most of the results shown here,
(inclusive) singles spectra are measured with a large shielded Nal
spectrometer. For light targets (A<40), passive neutron shielding
is adequate to allow DC bean measurements; for heavier targets
pulsed beam measurements at? required to eliminate neutron
backgrounds by time-of-flight. Random pulse pileup must be
suppressed. In heavy targets, light contaminants must be kept
small, and their contribution measured and corrected for if
necessary. Good gain stability is required and, since there are no
spectral linos present at high energies, an accurate gain
calibration must be measured using other reactions.

Another common technique employs the use of a trigger
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detector to detect low energy y-rays emitted near the end of the
decay cascade, providing time-of-flight for the high energy y ray
which is measured in coincidence in a separate detector. Crystal
ball studies of excited-3tate GDR decays are also underway at
Heidelberg. These measurements may reveal detailed information on
GDR decay properties as a function of nuclear spin; on the other
hand, neutron discrimination is more difficult in such a close
array of detectors.

STATISTICAL DECAYS IN LIGHT NUCLEI

The example0 of 3He + 2SMg illustrates many of the general
features of high energy y-ray production in complex particle
collisions, including both statistical and nonstatistical
behavior. Fig. 1 shows y^ray spectra from this reaction measured
at three different, relatively low bombarding energies. These
spectra are all very similar in shape. The cross section is very
large below particle threshold (E < 10 MeV) while at higher
energies a broad structureless yield is apparent. The solid
curves, statistical model calculations using CASCADE,9 are in
remarkably good agreement with the experimental data over a factor
of ioe variation in intensity. The shape of the calculated
spectrum at energies below particle threshold (E < 10 Mev) is
insensitive to the GDR strength function parameters (energy, width
and strength), while its magnitude depends on the compound nuclear
formation cross section, a . At higher energies (E > 10 MeV), the
yield scales with the product a • S and the ispectrum shape
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depends on E G and r; a comparison of the calculated and the
experimental cross sections for diffetent parameter values
determines E G - 20 Mev ani r - 12 MeV.

Fig. 2 shows a decomposition of the calculated cross section
into components arising from y-decay of the initial parent nucleus
and from all of the daughters populated by particle emission. At
high E , the y-decay of the initial compound nucleus dominates.
This is*'required for E > E (initial, 2 8 S i ) - 10 »*V, where energy
conservation rules out contributions from any of the daughters
populated by particle decay. At higher bombarding energies,
calculation show that the daughters become relatively more
important at high E , but that the y-docay of the initial compound
nucleus is always Expected to be the strongest single channel.
This follows 1 from level density considerations for the
circumstance where the y-decay energy exceed* the mean particle
decay energy (binding plus kinetic energy), which is generally the
case for E " E (for continuum y-decay of energy less than the
mean partie'le decay energy the situation reverses and daughter
decays are more important). Several different experiments in
heavier systems have provided experimental information supporting
this feature. 1 0' 1 1

The value E " 20 MeV extracted from the 3He t * sHg analysis
is coaiparable to the value for the GDR built en the ground-state,
while the width r " 12 MeV is considerably broader. Similar
resonance energies and widths have been found 1 1 in an " A l ( p , y ) " s i
study of GDRs built on 1 particle -1 hole states in this same energy
region of * 8 S i . The large width (relative to the width r - 4.5 MeV
of the ground—state GDR) is not understood theoretically.

E(3He)= 11.8 MeV
E(2eSi) = 33.8 MeV

a- =10 50 mb

Fig, 2 CASCADE calculation
of the partial and total
cross section for ^He + 25ng.
Each curve is labelled by
the particle(s) emitted
preceding the Y" ray
(Ref. 8 ) .
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For N=Z compound nuclei the isospin of the entrance channel
can have a strong effect on the high energy y-ray yield, as is
illustrated in the case13 of " c + ia0 (Fig. 3), which shows a
strong inhibition of high energy E " E " 20 MeV emission relative
to that observed in zsMg + 3He. iftis effect follows from the well-
known selection rule that AT=±1 (no &T=O) for El decays in a self-
conjugate nucleus. Thus El decays from T=0 initial states must go
to T=l final states and vice-versa. Since the density of T=l final
states at moderate excitation energies in an N=Z nucleus is much
less that the density of T=O final states, the high energy
statistical y-yield from laC + 16o, which has a T=O entrance
channel, should be much less than the yield from Kg t He which
has an equal mixture of T=0 and T=l in the entrance channel, as is
observed. At low E the spectra from the two reactions are
similar, since the emission of a particle preceding the y-ray tends
to wash out the effects of isospin. Shown in Fig. 3 are
calculations1* for both pure 'nd completely mixed isospins, along
with a calculation which fits the data well, in which isospin
increases linearly with energy, with a value of 3% for the initial
2SSi compound nucleus at 34 MeV. Actually, the high energy y-yield
is sensitive to the sum of the isospin mixing intensity in initial
and final states; this quantity is 5% for the best-fit calculation,
and is insensitive to the assumed energy dependence of the isospin
mixing, as long as it varies slowly. Thus compound nuclear isospin
is still relatively pure I Here E2 emission is predicted to be about
15% in the high energy, which is not negligible (Fig. 3).

I V -40MeV

_ 10 r

U,. ,1,1 U

Fig. 3 Gamma-ray produc-
tion cross section for
12c + 1 6 0 , E(160) = 40 MeV,
E(28Si) = 34 MeV. CASCADE
calculations: solid line-
completely mixed isospin,
all curves El + E2; long-
short dash, E2 only
(Ref. 13).

20
E y (MeV)

30 40

STATISTICAL DECAYS IN MEDIUM MASS NUCLEI

As an example of statistical decays in medium mass nuclei, I
turn to a recent study" of y-ray spectra from a + S9Co and 1ZC +
S1V reactions, both of which form the 6SCu compound nucleus. In an
earlier study,16 limits were placed on a possible spin dependence
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of the GDR strength function in e3Cu, 7lKr, and 1 2 7Cs. The present
measurements span a range of excitation energies E (initial) of 17
to 52 Mev (see Pig. 4). In all but the lowest energy at-spectrum.

Fig. 4 Gamma-ray cross
sections from 12C + -^V
(top 3 graphs) and a +
59Co (bottom 3 graphs)
reactions forming the
°^Cu compound nucleus
at six different excita-
tion energies. The
dashed curves are fitted
CASCADE calculations
described in the text
(Ref. 15).

30

contributions from light contaminants are negligible. These
spectra clearly demonstrate that the probability of high energy y-
emission increases with increasing excitation energy of the initial
compound nucleus. This is just a level density effect as discussed
above. The similarity in the shapes of the 24 Mev a f S9Co
spectrum (Ex -= 28.2 MeV) and the 26 Mev 1 2c f 5 1v spectrum (E •*
34.7 MeV) provides support for the assumption that the compound
nucleus reaction mechanism dominates. These spectra have been
fitted with a chi-squared minimization routine based on the C A S C A D E
code. Preliminary fitting results indicate E,, values between 16

G
and 17.5 MeV, widths r - 5-8 MeV and strengths S S - 0.5. For

El
comparison, the ground-state GDR has E -= 17.5 MeV, r -= 4.7 Mev and
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s_, " l.o.1/ The small value of s* needed to fit the data, in

Ei £1
agreement with recent 180 + sa'el'e<

Ni results (J. Gundlach et al.,
unpublished), is puzzling. He are currently looking into whether
isospin considerations are important here. Final analysis of these
data will help to answer the question raised by earlier experiments
of whether there exists a systematic deviation of E for excited-
stake GDR decays compared to ground-state GDR decays.

STATISTICAL DECAYS IN HEAVY NUCIiEI

One of the most interesting applications of excited-state GDR
decay studies to the field of nuclear structure is the use of the
GDR strength function to reveal the deformation of highly excited
nuclei, in an analogy with the well-known splitting of the ground-
state GDR into two components in prolate-deformed rare-earth
nuclei. This application is particularly exciting since, in
contrast to rapidly rotating "cold" nuclei near the yrast line,
relatively little is known about "hot" deformed nuclei, in which
most of the excitation energy resides in internal degrees of
freedom. It has been proposed * that a hot nucleus should retain
memory of its low energy deformation up to a temperature T " 6 40
MeV A"1'3 where E * aT2, a a A/9 (Mev"1) and 6 is the nuclear
deformation. Furthermore, at sufficiently high angular momentum (I
" 70 ft for A " 160) centrifugal forces should drive a nucleus into
an oblate shape regardless of its initial (low-energy)
deformation.19

Recent high-energy y-decay studies of the Er compound
nucleus formed at E =61.5 MeV in the 94 MeV l e0 t- lsoNd reaction
indicate a spectrum shape which cannot be described by a GDR
strength function with a single Lorentzian. A description of the
data in terms of a two-component GDR strength function yields a
strength ratio of 2:3 for the upper component relative to the lower
component, suggesting an average oblate deformation (in the
nydrodynamic model, a strength ratio of 0.5 is expected for oblate
deformation and 2.0 for prolate deformation) with 6 " 0.27
estimated from the energy splitting. For comparison, a study of
losSn decays at comparable temperature i3 consistent with a one-
component GDR strength function. The finding of Ref. 20 of an
oblate average deformation for the excited Er nucleus is very
surprising, since 166Er at low energies has a larce prolate
deformation (63H3.32)21 and the mean angular momentum of the initial
compound nucleus, "22 h, is much too small to cause the shape
change by rapid rotation.

we 2 have studied decays of the ieeEr compound nucleus at E
•» 49.6 MeV with a mean initial angular momentum of "15 ft formed in
61.5 MeV " c + ls*Sm. Shown in Fig. 5 is the measured y-ray
spectrum at e - 90°, and also the spectrum multiplied by
exp(E / TE) wi?th T E = 1.5 MeV. This multiplicative factor is
arbitrarily adjusted to roughly cancel the rapid energy dependence
of the cross section due to level density variation, allowing, for
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display purposes, data and calculations to be compared on a linear
scale. The solid and dashed curves are (preliminary) best fit x*
minimization results for a two-component and a one-component GDR
strength function, respectively, in which the energy, width and
strength was allowed to vary independently for each component. The
single component strength function is clearly inadequate, while the
two-component strength function provides a good description of the

data below E = 19 MeV. above E = 19 MeV there is an excess of
y y

Fig. 5 Top: Y~raY production
cross sections from 12c +
154sm at E = 61.5 MeV. The
curves areCCASCADE fits
described in the text.
Bottom: display of both the
data and the fits multiplied
by exp[E / T ] withT =_
1.5 MeV for 1 2C +
(Ref. 22).

yield above the calculation, whose origin is not understood;
however, it does not significantly affect the fitted parameters.
Results for the two-component fit are E

15.75, r. 5.77 M6V,
El
(1)

Gl
1 .
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6 4 ,

12.07, r t
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and X /" ' 1.22. The strength ratio of 1.64 indicates prolate
1.31 implies an averagedeformation and the energy ratio E__/E_,

G2 Gl
deformation 0.32 for the excited Er nucleus (plus
neighboring daughters) at E " 3 0 MeV (this is the mean residual
energy following "14 MeV x>~-ray emission), corresponding to a
temperature T * 1.2 MeV. ltiis deformation is essentially identical
to that of ls*Er in the ground state," indicating no appreciable
change with excitation energy. In fact, the excited-state GDR
strength ratio and individual component energies and widths are
remarkably similar to ground-state GDR values measured for nuclei
of similar mass and deformation; e.g., ls*sm(g.e.) which also has
8 - 0.32, h a s " E - 12.35, ri - 3.35, E - 16.1, IV, - 5.25,

S^,(2)/Sm,(1) - 1.67 and S_,(2) + S^,{1) = 1.21. The width ratio
El El El El •"
r2/rt is 1.67 for both the excited 1 8 8Er and the ls*Sm(g.s.) GDR,
while the individual widths are roughly 10% broader in the former
case, pehaps due to increased damping. The difference between the
present results and those of Ref. 20 for 1 8 BEr* are not fully
understood, but appear to be partly differences in data and partly
differences in analysis (Ref. 20 did not do a x*-fit to their
data). These results clearly indicate that statistical GDR studies
are a powerful tool for studying the deformation of highly excited
nuclei.

Finally I show in Fig. 6 the y^-ray spectrum from 27 MeV a +
ls*Sm leading to ls*Gd, which has a large deformation comparable to
ls*Sm and Er, and the spectrum from 27 MeV a + 1*aSm leading to

Fig. 6 Gamma ray
production cross
sections for a +
14!
154

Sm and a +
Sm at E 27

MeV.
148Cn°Sm, a., and a,
coefficients were
extracted from
6Y = 40°, 90°,
and 140°
(Ref. 22).

!8
Egammo IMeV)
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the substantially less-deformed Gd nucleus. The effect of
deformation on the ot + 1 S 4Sm spectrum shape is clearly evident.
Here we are unable to calculate the observed spectrum shape - I
discuss this; along with the measured angular distributions in more
detail below.

NONSTATISTICAL EFFECTS

To begin the discussion of nonstatistical high energy
production in complex particle collisions, I go back to the case of

Si. At high bombarding energies E > 20 MeV in the isMg + 3He
reaction, there is clear evidence4'0 for nonstatistical
contributions to the y-ray spectrum at high E . Fig. 7 shows

106

10s vlg+3He

Fig. 7 y-ray cross sections
for 3He + 25Mg at E(

3He) =
19, 22, and 26 MeV. The
curves are CASCADE calcu'a-
tions with the indicated
parameters
(Ref. 8).

Ev (MeV)

spectra measured at E( 3He) = 19, 22 and 26 MeV. There is a clear
deviation of the experimental data from the statistical model
calculation for E > E , which grows with increasing bombarding
energy. Angular fiistributions shew a forward-backward asymmetry
(even perhaps at low E( He) - see Fig. 8) which grows with E for a
given E( He) and with E(3He) at a given E . For these data £he Nai
gain was adjusted at each angle to keep tKe low-energy spectrum (E
< 10 MeV) fixed in position. Since these y-rays come primarily^
from fusion-evaporation, this procedure eliminates the angle-
dependent Doppler-shift from the spectra. The a coefficients (the
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coefficients of Pl(coa e) in the Legendre Polynomial expansion of
the angular distribution of the y~decay) deduced from the resulting
spectra, as shown in Fig. 8, are thus to a good approximation
representative of those values which would be observed in the
center-of-mass of the radiating system, and thus must arise from
the interference of multipoles of opposite parity, mo3t likely El
and E2. This type of effect is well-known in (p,y) and (n,y)
reactions to discrete stakes in and above the GDR. In "fig + 3He,
however, the smoothness of the spectra indicate that many different
final states participate in the radiation process, too closely
spaced to be resolved. Radiative emission populating any
particular final state must, of course, arise from different
(opposite parity) initial states for El and E2 emission. Hence the
large a1 coefficients, which are obtained by integrating over l Mev
bins, indicate that a remarkable degree of coherence persists when
one sums over many states of differing angular momenta (both final
and initial).

1 .5

e
-.5

- 3He + 25Mg 22.0 MeV
Fig. 8 a^ coefficients
measured at E(3He) = 11.8

—I and 22 MeV for 3He + 25Mg
j (Ref. 8).

1 .5

1 .0- 3He + 25Mg 11.8 MeV

-.5
ie 20

Egamma (MeV)

or more at high E . For 27 Mev
seen*5 (Fig. 10); In addition the

Pig. 9 shows the spectrum shape observed for 27 HeV 3He
colliding with various medium to heavy targets.*s The solid curves
are CASCADE statistical model calculations using default parameters
for level densities. In all cases the magnitude of the observed y-
ray spectrum exceeds the calculation by several orders of magnitude

sHe f 1*"sm a similar result is
ax coefficient (estimated froir

data ab e = 4O° and 140°) rises rapidly at high E to a very large
value. Y y

Fig. 6 shows results analogous to Fig. 10, but for the a + Sm
entrance channel at 27 MeV." Again, one observes spectrum shape
deviations at high E relative to statistical model calculations,
and very large at coefficients. For these a and 3He data the Nal
gain was stabilized at a constant value independent at angle; here,
however, effects of the lab-cm transformaton are small.

In addition, we have searched for angular distribution
asymmetries in 1ZC + 1*a'lS4Sn and 1ZC 4 1O3Rh at E ^63 MeV. our
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results at present indicate values consistent

effects of light contaminants and the lab-cm

been accounted for.

with zero once the
transformation have

V 18"

i 10s

~ 10s

O
§1 10'

I0-'

F

I

3He + 6 1 N i j

V 27 MeV :

30 e 10 ae
Egamma (MeV)

Fig. 9 90° spectra
for 27 MeV 3He +
various targets.
Solid curves are
CASCADE
calculations
(Ref. 25).

Fig. 10 Averaged 40°
+ 140° spectra for
27 MeV ^He + i^Sm.
The solid curve is a
CASCADE calculation.
The bottom half shows
the a. coefficient
deduced from

(Ref. 25).

19.8
Egamma (MeV)
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NONSTATISTICAL REACTION MECHANISM

The very strong degree of phase coherence required to produce
the large ax coefficients in a and

 3He-induced reactions suggests
that the nonstatistical y-ray production mechanism involves
radiative emission at an early stage of the reaction process, such
as direct or semidirect (one—step doorway resonance) emission. In
analogy with proton and neutron capture, we expect El emission to
dominate at all energies except perhaps where the forward-backward
cros3 section asymmetry is very large. Also from such reactions,
we know that interference between either direct or reuonant El and
E2 amplitudes leads to large positive forward-backward asymmetries
(positive a1 coefficients) in the region above the GDR. Thus the
asymmetries seen in composite particle reactions offer the
possibility of studying the giant isovector E2 resonance built on
excited states.

Both the direct and the semidirect El and E2 amplitudes
should 3cale with the spectroscopic factor for target + projectile
- final state, so that the observed nonstatistical cross sections
should in principle be related to this spectroscopic strength
distribution in the final (excited) nucleus, as is now well-
established for proton capture. ' These reactions may prove to be
a powerful tool for studying composite-particle strength
distributions at high energies. The lack of structure in these
cross sections suggests that the 3He and a spectoscopic strength
distributions vary smoothly with energy in the nuclei studied.

The direct amplitude also contains the well-known effective

charge factor eeff(L) •=• ii^Z^/V^ + (- ) L Z2/M^] for electric

radiation of multipolarity L, while the semidirect amplitude,
corresponding to one-step excitation of the collective giant
resonf^ce, involves the strength of the effective interaction for
coupling the (composite) projectile to the collective vibration.
For isovector resonances this__coupling interaction strength is
related to the strength of the T • T term in the projectile-target
interaction, where T i3 the projectile isospin and T the target
isospin. In addition both amplitudes involve (different) radial
overlap integrals.

Since 3He has isospin - 1/2, both direct anu semidirect
amplitudes may be present by analogy with proton capture. However,
the semidirect amplitude should be weaker in He vs. p capture
since the 5He contains only one nucleon which is unpaired (in
isospin) and hence available to contribute to the T • T
interaction. This is consisbent with experiments which show that
nonstatiatical (sHe,y) is much weaker than (p,y).

The a-particle has isospin zero and hence has, in the usual
formulation, no semidirect El or isovector E2 amplitude. The a-
nucleus effective charge is zero for N=z targets, but is
appreciable ("0.4) for heavy targets. This may explain why at
comparable bombarding energies, nonstatistical spectrum shape
deviations are much larger in a + Sm (Fig. 6), than in a h S9Co



674

(Fig. 4) for which eeff(El) = 0.16. If direct El and E2 dominates
for nonstatistical (<x,y) reactions, the quantitative analysis of
(heavy nucleus )(oc,y) experiments would be attractively simple,
including extraction of a-spectroscopic factors for highly excited
states. Further theoretical development of these issues is badly
needed.

Nonstatistical effects, besides beim, interesting in their
own right, represent an upper limit to the energy range over which
the y-ray production cross section can be approximated by the
statistical model. Daba on nucleon, 3He and a capture suggests
very crudely thab fahe onset of significant nonstatistical effects
occurs at bombarding energies (per nucleon) of E/A " 6-7
MeV/nucleon. our negative searches for nonstatistical effects in
63 MeV " c + Sm and " c 4- 1O3Rh (E/A = 5.6 MeV/nucleon) are
consistent with this estimate. It is intriguing to look at higher
bombarding energies for nonstatistical effects in reactions
initiated by projectiles with A>4. Recent observations (Ref. 26)
of spectrum shape deviations from statistical model calculations in
140 MeV 2ONe + 1Zr may be such an example.

SUMMARY AND CONCLUSIONS

The statistical emission of high energy y-rays from the GDR
built on excited states is prevalent in composite particle
collisions. These reactions provide quantitative information about
the properties of the GDR in highly excited nuclei, which leads to
new information on isospin purity in light nuclei and deformation
in highly excited nuclei. Nonstatistical effects are seen in both
spectral shapes and angular distributions for a and 3He - induced
reactions. These effects present an opportunity to study
spectroscopic strength distributions for composite particle
transfer to highly excited states, and possibly the properties of
giant isovector E2 resonances built on excited states. They also
represent an upper limit to the energy range over which the y-ray
production cross section can be approximated by the statistical
model.
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THE (p,7) REACTION ON THICK TARGETS AS A SPECTROSCOPIC TOOL
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ABSTRACT

When thick even-even targets around mass A-60 are bombarded with
low energy protons the (p,y) reaction excite a large number of reso-
nances in the compound nucleus with a strong initial aligr.nent. The
statistical gamma decay of these states to the low lying discrete le-
vels of the compound nucleus introduces some attenuation of the ini-
tial alignment. It is shown experimentally that the resulting align-
ment of the low dibcrete states is strong enough to permit usefull
spectroscopic study of these states, since the resulting attenuation
do not depend on the target or the bombarding energy being function
of the spin of the level. This type of spectroscopy can be extended
also to measure life-time of levels through Doppler-shift.

INTRODUCTION

During the proton bombardment with Ep=2-4 MeV of even-even tar-
gets, 3-5 mg/cm2 thick, around the mass A=60, thousands of resonan-
ces are excited predominantly of low spin in the compound nucleus.
The v decay of these resonances feed the low lying discrete states
of the even-odd compound nucleus. Thus y-ray spectra from this rea-
ction will contain discrete y-rays which originate from the deexci-
tation of the low lying states, superimposed on a continuum of y-
rays which extend up to the reaction threshold.

The angular distribution of the discrete y-rays provide useful
information about the spin, the lifetime of the levels as well as
their multipolarity, since as it is shown, the alignment of these
states is known experimentally.

ANGULAR DISTRIBUTIONS

As it is well known the angular distribution of a y-ray of mul-
ti polarity 5 proceeding between states J-j ->-Jf is given by

W(9) » 2 Qv Av Pv(cos9) v= 0,2,4 (1)

where Qy are the solid angle correction factors and Pv the Legendre
polynomials. The factor Av is written

Av = pv(Jj) Lv(Jj, Jf, 5)

where pv(Jj) are the statistical tensors for alignment and Lv are
the y transition linking parameters*.

0094-243X/85/1250677-03 $3.00 Copyright 1985 American Institute of Phys
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More appropriatelly the pv(J) parameter may be written in terms
of the statistical tensor for complete alignment1 B|<(Ji) as

av(Ji) = ° V ( J 1 )
Bk(J-j)

where av(J-j) is the attenuation coefficient.
As it has been shown previously? the av have been determined

for a number of levels and transitions in several nuclei by measu-
ring the angular distribution of y-rays deexciting levels with well
known spin, parity and mixing ratio. The compound nuclei studied in
ref.2 were 6 7' 6 9Ga, 63Cu and 57co. Thus by measuring W(9) through
eqs 1,2,3 the ctv's have been determined for several levels. Addi-
tional measurements have been obtained from " g a an(j 6 5 Q U _ -ŷ e follow-
ing table summarizes the results.

TABLE I: Average values of av(J-j) at Ep=3MeV (ni refers to the total
number of levels examined. Errors are statistical at the
95% confidence limit

Ji
3/2"
5/2"

7/2"

9/2"

"2
9

17

13

7

<*2 (Ji)
0.24(2)

0.42(2)

0.62(3)

0.64(3)

n4

-

9

10

4

d4(J-j)
-

0.08(3)

0.17(4)

0.29(10)

The constancy of the av's have also been checked against chan-
ges in bombarding energy. Thus by changing the energy of the protons
from 2.5 to 3.5 MeV no change has been observed within 5% in the an-
gular distribution of the y-rays.

The derived attenuation parameters have been used succesfully
in the spectroscopy of ̂ ^Ga via the °^Zn(p,v) reaction3 and Cu
via the "4Ni (p,v) reaction^, where levels up to 3 MeV have been
identified, assigned spin and parity and 5 of the corresponding tran-
sitions have been determined

LIFE - TIME OF LEVELS
Although the recoil of the compound nucleus is small, excited

states with T=10-500 fs will exhibit measurable Doppler-shift. The
main problem in analyzing such data is the unknown effect of the
side feeding from the continuum. In Fig. 1. the F(T) curves are
plotted assuming different average mean lives for the continuum side
feeding. Also Barked are experimental F(T) for a number of states
of known t in Co and °3r,u. /\s it can be seen data are reproduced
by an average T of 20 to 30 fs. Similar results have been obtained in
6/Ga and °9Ga. Thus observed F(x) in experiments are analyzed with
xs=25 ±5 fs to obtain mean lives in other nuclei as for example
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in the case2 '4 of 69Ga and 65Cu

0.60

N I I I I I HI 1 1 I I M l l | n—IT

Fig. 1 F(t) curve for different effective side feeding times.
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ANALYSIS OF THE 11B(p, 25"O)
12C REACTION

IN TERMS OP THE DIRECT-SEMIDIRECT MODEL

M. Kicinska-Habior, T. Matulewicz
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ABSTRACT

The experimental data for the B(p, tfo) C reaction in the pro-
ton energy range of 0.5-14 "eV were analysed within the framework of
the direct-semidirect capture model. This analysis reveals an enhan-
ced coupling of the OUR with the incident proton dc/g wave consist-
ent with the microscopic structure of the GDR in the 12C nucleus.

INTRODUCTION

In the interaction of a low energy proton with an odd-Z target
nucleus the total energy of the system is often high enough to allow
significant coupling of the reaction entrance channel to the nuclear
collective giant modes and it is natural to expect that such a coup-
ling will in some way manifest itself in different exit channels.
Therefore, a particularly important role is expected to be played in
the radiative capture reaction by virtual excitation of the giant
dipole resonance ( GBRJ mode.

Our recent experiments have shown that, indeed, the (T-ray
yields observed in the nonresonant radiative capture of low energy
protons by odd-Z s-d shell targets cannot be satisfactorily under-
stood in tennB of pure direct capture mechanism and that one has to

1 p

take into account virtual excitation of the GSR. ' In these experi-

ments the extracted coupling strengths of the GDR to various proton

partial waves were found to be related to the microscopic structure

of the GSR involved, built on the ground and excited states of the

final nucleus.

It seems that the sensitivity of the direct-semidirect (DSD)

model to the microscopic structure of the GDR should be higher for

the light nucleus for which the GDR is far off collectivity and con-

sists of a small number of oompor.ente separated in energy. The C

nucleus was chosen to test this hipothesis. It has been suggested in

theoretical calculations ^** and also found experimentally * that

the dipole strength in this nucleus is distributed in four peaks,

one of which at excitation energy 23 NeV exhausts about 70$ of the

dipole strength and is identified as the (1P-j/2)~
1(1liK/O

 state- T h e

other peaks at 17.6 MeV, 19*1 MeV and 25.6 MeV are identified as

0094-243X/85/1250680-04 $3.00 Copyright 1985 American Institute of Physics
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(1P 3 / 2)~
1(2B I / 2) and (1P3/2^~

l(1d3/2) states, respectively.

The existing experimental data on the excitation functions and
the angular distributions of the 11B(p,#o)1 C reaction in the proton
energy range of O.5-4 MeV " and 4-14 MeV °f' are reanalysed in the
present paper in terms of two versions of the DSD model describing
the capture cross sectien.

AHALYSIS AND RESULTS

The experimental data for B(p,#o) C reaction were analysed
in terms of the traditional approach based on combined direct plus
R-matrix calculations." The compound nucleus resonances at 675 keV,
1388 keV, 2620 iceV, 3500 keV and 3700 keV were accounted for by
using appropriate Breit-Wigner amplitudes. Resonance parameters were
taken from the literature. •* Calculations of the nonresonant E1 dir-
ect capture amplitudes based on the direct-semidirect model followed
closely the scheme described earlier. The coupling with the GBR was
taken into account via an effective charge factor. The proton-target
interaction in the entrance channel was approximated by Coulomb plus
hard sphere potentials with the radius parameter ro=1.3 fm for pro-
ton energy range of 0.5-4 MeV, and by the Woods-Saxon potential with
parameters proposed by Perey for proton energy range of 4-14 MeV.
In the final state the interaction was taken as Coulomb plus real
Woods—Saxon potential with the same radius parameter and the depth
adjusted to the binding energy of the captured proton. The proton
spectroscopic factor value C S»3«0 was chOBen. The energy of the

GDR and its width were assumed as E^-23.5 MeV and H -3 MeV for

uDit vxDn

the (1P3/2^~1^1d5/2)
 a n d (1P3/2^~1^1d3/P components. The complex

coupling constants v for the dominant incident partial wave 1-2

(d . , d . ) were treated in the analysis as free parameters ad-

justed to fit to the experimental data. The (iP,/2' ' 2 B I / 2 ^ o o mP°~
nent of GSR was accounted for by using the appropriate Breit-Wigner
amplitudes.

The importance of coupling with the GDR in the low proton ener-
gy range is most pronounced for E p^3 MeV, where the total cross se-
ction and the angular distribution coefficients, caloulated assuming
the compound resonance mechanism only, differ from the experimental
ones. Four parameter fits to the experimental data for both energy
ranges were performed independently because of the relatively larger
values of the coupling constants in low energy proton range related
to the damping of the hard sphere wave functions close to the nuc-
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lear surface where the coupling formfactor reaches maximum. Result s
of these calculations are shown by solid lines in Fig.1.

Pig. 1. Total cross
section and a coeffi-

11 12
cient for B(p,?fo) C
reaction.:Experiment al
data taken from Hefs-5
and 6 (corrected as
recommended in Ref.7) •
The solid lines show
the fit obtained in
traditional DSD model.
The dashed lines cor-
respond to the results
of the modified DSD
calculations.

It i s worth noting that the angular distribution coefficient
a i s in good agreement with the experimental value over a large

proton energy range. The complex coupling constants v necessary to
f i t the experimental data have shown the same enhancement for the
d . partial wave in both energy ranges:

v , / v , - 1 0 + 2 (1)

Enhanced coupling of the GDR with the incident proton d wave is
12

consistent with the microscopic structure of the QDR in the C nuc-

l e u s . 3 ' *
Small col lect ivity of the GBR built on the ground state of the

C nucleus suggests that experimental data of the B(p. Xo) C
reaction should be reanalysed in terms of a modified direct-semidi-
reot capture model which accounts for the presence of broad shape
(single-particle) resonances in the entrance channel. The reaction
excitation function exhibits four broad resonances in the proton en-
ergy range of 0.5-14 MeV at E - 1.4 HeV, 3.5 HeV, 7.2 MeV and 10.3
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HeV what correspond to. excitation of the individual GSR components.
The first two resonances can be regarded as two components of the
2s . proton wave shape resonance split by coupling with the bound
states embedded into the continuum. The remaining two resonances
can be regarded as two components of the 1d proton wave shape reso-
nance. These resonances were used to determine the single-particle
potential depthB for both s and d waves and the strength of the
spin-orbit force in the reaction entrance channel. Comparison of
the experimental widths of these resonances with the single-particle
ones points to the almoBt single-particle nature of the former. The
energy-dependent effective potential method was applied to s p l i t
the single-particle states in order to reproduce the positions and
widths of the experimentally observed resonances. Analysis yielded
the spectroscopic factor of the final state, C S-3.2 . Agreement
(see Fig.1) of the theoretical excitation curves and the experimen-
tal data supports the concept of the predominantly single-particle
nature of the GDR in the C nucleus.

CONCLUSION

The presented analysis has shown that the BSD model can be ap-
plied to proton capture e*ren by nuclei aa light as B, if the mic-
roscopic structure of the SDR is taken into consideration. It seems
that in the case of light nuclei the coupling constants, obtained
from the fit of the DSD model calculations to the experimental va-
lues of the total cross section and angular distribution coefficient
a , may give some information about the dominant components of the
GDR.
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ABSTRACT

An energy-dependent effective potential approach was applied

to generate the relative motion continuum wave functions in the

region of subbarier resonances in radiative proton capture

reactions. The analysis of the (p,!f) reactions on Si, Ne and

12

C target nuclei provided information about the parameters of the

interaction potential at low energies as well as spectroscopic

factors of resonant and bound states in the final nuclei.

INTRODUCTION

Direct radiative proton capture reaction has proved in the

past its usefulness as a tool of nuclear spectroscopy . The non-

resonant part of the interaction cross section is related to the DC

model calculations by the value of the spectroscopic factor of the

final state. However, in the presence of strop? and broad reso-

nances, the extraction of direct part of the cross section becomes

potentially ambiguous.

We have proposed a modification of the theoretical analysis

scheme, which treats the direct capture and the capture via broad
2

resonances on equal basis . The idea is based on employing an

energy-dependent single-particle potential for generating the rel-

ative motion continuum (scattering) wave function. The potential

accounts for effects of coupling of single-particle continuum

states with bound states embedded into the continuum (BSEC). The

energy dependence of the effective potential (in a simplified

form) consists in variation of nuclear (Saxon-Woods) potential

according to the formula:

UeffCE) " °o + *ii l-Vci' ( E - i ) ] (1)-
Energy dependence (1) results in splitting of a single-particle

resonance into N+l resonances, while preserving the total

single-particle strength. The action of the energy-dependent

potential can be understood from Fig.l, which assumes N=l.

riO9<l-243X/85/125O684-O4 $3.00 Copyright 1985 American Institute of Physic
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Variation of the well depth with the particle energy produces shape
resonances at two different energies (Fig.lc) which result from
equation:

Ueff(E) = U r e s W (2)"

Fig.l. Excitation function for
the (p.f) reaction on a
hypothetic A=28 Z=14 nucleus
generated by using in the
entrance channel a constant
depth potential (section a)
and the energy dependent
effective potential with
U ff(E) shown in the middle

section (section c) . The
in the middleU (E) line

res
section represents the depen-
dence of the single-particle
resonance energy on the well
depth for a particular well

2
geometry. Figure taken from

ANALYSIS AND RESULTS

28
The excitation function of the Si(p,y) reaction exhibits two

broad resonances at 1.65 MeV and 2.88 MeV. These resonances can be
regarded as two spin components of the 2p wave shape resonance.
The effective potential and the spin-orbit potential parameters
were determined by requesting the reproduction of positions and

3 A
widths of both resonances . The semi-direct mechanism was also

28
taken into account. In the case of the Si(p,y) reaction leading

29
to the first excited state of the P nucleus it was necessary to
assume much stronger coupling to the GDR of the incident f-wave
compared with the p-wave, which is consistent with the results of

similar analysis carried out for odd-A target nuclei .
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28

20
The Ne(p,y) reaction was studied in the same way as the

Si(p,Jf) one. In this case two broad resonances at 1.83 MeV and
6

2.68 MeV were analyzed , although comparison with experimental
data was possible only for E <2.2 MeV.

12
The excitation function of the C(p,Jf) reaction is dominated

by a strong resonance located at 457 keV. Our numerical studies
have shown, that the position of this resonance is compatible with
a combination of the depth V and the radius parameter r of the

Saxon-Woods interaction potential which satisfy the equation:

V xr 1 - 7 = 89.6 MeVxfm1'7
o o

(3).

The width of a pure single-particle resonance generated at 457 keV
depends with good accuracy linearly on r :

T (keV) = 35.5 + 15.7x(r -1.2)
s .p. o C4)

when r is varied in a physically meaningful range . Confronting

eq. (4) with the experimentally measured value F = 36.5 ± 1.0

o

keV allows to assume that this resonance is of pure
single-particle nature. The final fit, which required also
accounting for the semidlrect mechanism, is compared with the
experimental data on Fig.2.

Fig.2. Comparison of the
experimental total cross
section values with the
theoretical excitation

curve (from ref. ).
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The normalization of the theoretical excitation curves to the
experimental data yielded the values of the spectroscopic factors
of bound states of the final nuclei. The spectroscopic factors of
broad shape resonances were extracted through comparison of their
experimental widths with appropriate single-particle values. Table
I presents the results of the analysis.

Table I. Spectroscopic factors from the modified DC analysis

Nucleus

13N

21Na

29P

E (MeV)

0.0

2.37(r)

0.33

0.0

1.38

4.34Cr)

5.53(r)

1/2"

3/2"

3/2+

3/2"

1/2"

S

0.88

1.00

0.71

0.95

0.36

0.10

0.85

0.66

resonances
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FRAGMENTATION OF THE lg g / 2 ISOBARIC ANALOG

RESONANCE IN 53Mn
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Hamilton, Ontario, Canada L8S 4K1

I.M.SzHghy
Departement de Physique, Universite Laval, Qugbec City,

Quebec, Canada G1K 7P4

ABSTRACT

Fragments of the g q / 9 isobaric analog resonance in Mn corre-
53

sponding to the 3.715 MeV state (S =0.57) in Cr have been located
52 52 n 52 53

using the Cr(p,p y ) , Cr(p,p y) and Cr(p,Y) Mn reactions. Exci-

tation curves were measured in the 4.04 - 4.35 MeV proton energy re-

gion. The excitation function of the ( P , P 9 Y ) reaction is a sensitive
5 13

tool for locating resonances with higher, = < J < — spins and
i. ' K L

helped to locate the candidates for the gq/9 resonance fragments.

Since the (P,Y) channels are relatively strong for this case differ-
ential excitation functions for different primary transitions to low

lying levels of Mn were also measured. The spins of the resonances
were found from (p,p.Y)> (p,P9Y) and (p,y) angular distribution
measurements.

INTRODUCTION

The gn/2 isobaric analog resonance (IAR) was first identified

by Gunn et alJ and Gales et al? in the Cr(3He,d)53Mn reaction.
Later Fodor et al. localized nine fragments with the aid of differ-
ential excitation functions and (p,y) and (p,p.y) angular distribu-

5 1 4
tion measurements. In a recent paper on the gn/9

 I A R' S i n M n t h e

method of normalized angular distributions and the (P,P,Y) excita-
tion function helped to identify the g Q /, fragments. The use of

52
these methods for studying the decay of the gq/7 IAR in the Cr+p
system was very promising because the population of the 4 state in

52 3 2
the Cr( He,dp) reaction in the decay of the gg/o I A R h a d already
been observed.

^Permanent address: Central Research Institute for Physics,
Budapest 114, P.O.Box 49, Hungary, H-1525
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energy region measured in 1.3 keV steps.
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EXPERIMENTAL PROCEDURE

The measurements were carried out at the FN Tandem Accelerator
of McMaster University where recently installed spiral-inclined-field
accelerator tubes by DOWLISH and an NEC pelletron charging system
with the earlier optical-fast-feedback stabilizer made it possible
to achieve an overall beam resolution of ~ 700 eV even for extended
runs.

The targets were prepared by evaporating isotopically enriched

(98.8%) ^r 0 onto thick, previously degassed tungsten backings.

Degassed tungsten was also used for beam collimators and the small
target chamber with diameter of 5 cm was lined with degassed tungsten
too. The use of degassed tungsten enabled us to collect y spectra
with almost negligible fluorine contamination.

The y rays were collected by two ORTEC CammaX detectors. The one
with 29% efficiency and 1.68 keV resolution for the 1.33 MeV line
was used for the excitation function measurements and as the moving
detector for the angular distributions. The other one with 23% effi-
ciency and 1.78 keV resolution,at -90° to the beam direction was
used as monitor. Both detectors had extremely good resolution at
high energies i.e. 6.5 keV and 7.0 keV at 10.67 MeV.

The spectra were collected by a TRACOR NORTHERN TN-1710 multi-
channel analyzer. The data were transferred to a VAX 11/750 computer
for later analyses.

For the angular distribution measurements the centering of the
beam spot with respect to the detector circle was adjusted to be
better then 1%.

RESULTS

The excitation functions measured in the 4.04 - 4.35 MeV proton
bombarding energy region in 1.3 keV steps are shown in Fig.l. Figure
l(a) shows the excitation function of the Cr(p,p^y) reaction. Se-
veral intense resonances arround 4.17 MeV show the presence of the
gQ,_ IAR in this channel, however other resonances with spins of

1 9 + 52
•z - ~ are expected to populate the first excited 2 state in Cr.

52
Figure l(b) shows the excitation function of the CrCp.p.y) reac-
tion. The structure of this curve is the simplest of the curves on
Fig.l. The background is very low and only a few stronger resonances
can be seen. Using the same consideration for the penetrabilities
for resonances of different spins,as in Ref.4 it can be expected
that all of the gg/, fragments are to show up+in this excitation
curve.We may find som^ 5/2 levels but no 5/2 resonances are expec-
ted to populate the 4 state. Figure l(c) shows the excitation_func-
tion of the ground state decay. Since the ground state has 7/2
spin-parity and a large single particle strength resonances of spins
5/2 - 9/2 and retaining some single particle character are to appear
in this curve. Figure l(d) shows the integral excitation function
for 2.2MeV<E <4.2MeV. This is the region where the possible analog
to antianalo^ transition was expected to appear. According to Ref.l
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component at E =6.54 MeV
The primary y

and Ref.2 important Sn/o s i n g l e particle strengths are located around
the proton emission threshold. The main c
(S =0.42) is considered as possible antianalog state.
rays from the gq;., Î Il fragments were expected to appear in this
excitation curve. The structure of this curve is rather complex due
to the relative low energy where different secondary transitions,
originating from other than gq/., resonances also appeared. There are
.however, some important correlations with other channels like the
(PJPOT) and (p.Y) where mainly the gg/o fragments are expected. Un-
fortunately no individual analog ->- antianalog transition has been
identified yet.

The work to select the real gq/9 fragments from the 24 candi-
dates with the help of different angular distributions and decay
properties is in progress.
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CROSS-SECTION MEASUREMENTS FOR 61>6/*Ni
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ABSTRACT

Absolute total (p,n) and differential elastic (p,p) cross
sections have been measured for 61,&4jH. in the energy range of
E p = 2 to 7 MeV. The (p,y) and (p.p'y) cross sections were
measured from as low an energy as feasible to aoproxiTiately one
MeV above the (p,n) threshold. Standard optical potentials have
been used with a Hauser-Feshbach model to analyze the data. The
adopted model values are used to deduce a total proton strength
function which displays features of the 3s single particle
resonance.

INTRODUCTION

The proton absorption cross section, measured for nuclides in
the mass 60 region, should be strongly dominated by the 3s single
particle resonance at proton energies near the Coulomb barrier.
For neighboring nuclides, such as *>l>6^Ni, the absorption cross
sections are expected to be similar and hence described by similar
sets of optical model parameters. Even so, widely different partial
cross sections in the outgoing channels are to be expected because
of the large differences in level densities in the target and
residual nuclides. In fact, the total °^NI(p,n) cross section is
approximately twice that of ^^NI(p,n).

The objective of this paper was to make a statistical model
fit of new data on the (p,y) and (p.p'y) for 61,64m c r o s a

sections, together with existing (p,n) and (p,p) data. The
analysis was done using similar optical model parameter sets
for both 6 1Ni and 6 4Ni.

ANALYSIS

A major problem with an optical model analysis in this mass
region is that a large fraction of the absorption cross section goes
into the compound elastic channel, which cannot be directly
measured. In addition, the (.p,y) channel, in general, cannot
compete for decay of compound nuclear states with the compound

•Supported by the National Science Foundation.
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elastic channel at energies near the (p,n) threshold. Hence there
is no overlap region of the (p,y) and (p,n) channels to show the
competition of the two and thereby give a relative normalization.

In 61fji however there is a large (p,p') cross section which
was measured by (p.p'y). This cross section not only is calculated
directly from the proton potential but also competes for a large
fraction of the total absorption with both the (p,y) and (p,n)
channels. This provides a bridge for the relative normalization of
the (p,y) and (p,n) calculations and added confidence in the
deduced proton absorption cross sections.

The form of the OM potentials used, and the experimental
techniques for the (p,n) and (p,p) measurements are described in
Ref. 1). The prescription for the -y-ray strengths was that of
Johnson^). The (p,Y) measurements are described in Ref. 3).

The procedure used was to first vary parameters in order to
fit the (p,Y). (P.P'Y) antl (p>n) cross sections for ^1Ni. Then the
same parameters were used to calculate the cross sections for ̂ Ni.
The only change necessary in order to fit the °̂ Ni data was to
increase WD by 50%.

The obtained parameter sets were:

VR = 64 MeV WD(61) = 20 MeV WD(64) = 30 MeV

ajj = 0.73 fm ap = 0.15 fm

rg = 1.20 fm ro = 1.30 fm

the imaginary diffuseness, ap, is quite small, however the product
^DaD = 3 — 4.5 MeV fm is consistent with measurements made in the
mass 100 region *t4-7)# However the -y-ray strength had to be
reduced by a factor of fifty ov^r what was used in the mass 100
region. The cause is not clear but was necessary to fix the
relative competition of the (p,y) and (P.P'Y) channels in the
analysis.

The (p,p) differential elastic scattering was predicted quite
well for " M , however the large compound elastic cross section and
a contamination by the 67 keV first excited state in 61Ni made
comparison with the data difficult.

CONCLUSION

In conclusion the cross sections for protons on 6
well described with similar sets of parameters. The widely
differing partial cross sections were predicted by the differing
nuclear structure of the target and residual nuclides in the frame
work of the statistical model.
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ABSTRACT

Measurements have been made of proton elastic scattering
differential cross sections for proton scattering at 135° and
165° from 2 to 7 MeV, of inelastic scattering cross sections for
proton scattering from 3.9 to 5.7 MeV, and of the radiative
capture cross sections from 1.9 to 5.7 MeV detecting primary and
cascade gamma rays. Optical potentials with Hauser-Feshbach and
coupled-channel models have been used to analyze the data. This
analysis yields an energy dependent absorptive potential of
W =2.63 + .73 whose mean value of 5 MeV at Ep = 4 MeV is con-
sistent with previously reported, but anomalously small values.
The diffuseness of the real potential is .54 fm, which is
consistent with values found for 92Zr and 94Zr. The adopted
model values are used to deduce a total proton strength function
which displays the features of both the 3s and the 3p single
particle resonances.

Precision measurements of total (p,n) cross sections at
sub-Coulomb proton energies have proven to be a valuable aid to
understanding properties of proton-nucleus interactions at low
bombarding energies. For example, the first clear observation
of a single-particle or potential resonance in an excitation
function for a medium or heavy-mass nucleus was made in very
accurate measurements of total (p,n) cross sections for isotopes
of tin1. Subsequent measurements of (p,n) cross sections in the
mass-100 region have utilized the effects of the single-particle
resonances to study the systematic behavior of the proton
absorption from one nucleus to the next2-7.

The reason for the special status of total (p,n) cross
sections in this mass region is that the highly excited compound
nucleus finds neutron decay—when it is energetically possible—
the dominate mode of decay for energies less than the Coulomb

+Work supported in part by the National Science Foundation.
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barrier. Since direct reactions are negligible at these energies,
measuring (p,n) cross sections essentially yields total proton-
absorption cross sections. It is in measurements of the total
proton-absorption cross sections that the effects of the single-
particle resonances are most evident. Thus, fitting the detailed
shapes produced by the single-particle resonances makes possible
sensitive studies of the proton-absorptive potential.

A nucleus with a (p,n) threshold energy near the energy of
the peak of the Coulomb barrier height does not lend itself to
study by (p,n) cross section measurements. In cases, such the
(p,n) excitation function canot be measured over a sufficiently
large energy range to clearly resolve the shapes due to the
single-particle resonances. There are several nuclei around
mass-90 whose absorptive properties are not amenable to study by
(p,n) measurements because their (p,n) thresholds are too high.
An objective of the present work was to extend the study of the
sub-Coulomb proton absorption of nuclei in the mass-100 region by
studying proton-induced reactions-(p.p), (p,p*)> and ( P » Y ) - on
'^Zr. (Other channels may be open, but the cross sections are
always negligible at these energies.)

To accomplish this experimental measurements have been made
of elastic proton differential cross sections at 135 and 165
angles from 2 to 7 MeV, of inelastic cross sections for proton
scattering to levels above the first excited state from an
effective threshold at 3.9 MeV to 5.7 MeV, and of the radiative
capture cross section by measuring the primary gamma rays to the
ground and first excited states and the cascade gamma rays to •
these levels from levels up to 4.2 MeV excitation energy. These
cross sections have been analyzed with a Hauser-Feshbach model
using transmission coefficients from an Isospin Coupled-Channels
code for elastic protons, from a standard optical model for
inelastic protons, and from a modified Giant Dipole Resonance
strength function for gamma rays.

This analysis has shown several improtant properties of model
analysis parameters'. First, the absorptive potential is energy
dependent (i.e.,2.63 + 0.73 Ep) but has an energy-averaged.value
consistent with the anomalous behavior previously reported'"3.
Second, the real diffuseness (.54 fm) Is abnormally small, as it
is for other Zr isotopes4. The diffuseness appears to be de-
creasing as one approaches the closed neutron shell at N=50.
Finally, the deduced total proton strength function is similar to
those found in the (p,n) studies of 9ZZr and ^lr but reduced from
those strength functions by a factor of about 2. This seems due
both to the reduced absorptive potential and to the reduced real
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diffuseness for protons in the entrance channel. This strength
function shows a slow rise at low energy, indicative of the 3s
single particle resonance and a high energy rise indicative of
the 3p SPR and consistent with previous studies1*3. This gives
further evidence of the existence of an s-wave single particle
resonance in the mass-90 region.

Coupled-Channel and Optical Model Parameters Used in the
Analysis of Experimental Data (Notation Defined in Refs. 3,4,6,7)

V0(E) = V + .45 Z/A1/3 -.32E
K 0
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HIGH RESOLUTION IN-BEAM y-RAY SPECTROSCOPY
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ABSTRACT

An in-beam curved crystal facility has been installed at the SIN

variable energy cyclotron. Using the (110) planes of a 3.0 mm thick

quartz lamina bent at 3.15 m, diffraction peaks typically 6 arcsec

wide (FWHM) are obtained. The energy resolution is thus, for in-

stance, 110 eV at 170 keV in 3rd order. Due to a sophisticated de-

tector system and heavy shielding, the sensitivity of the instrument

is quite good. The facility proves quite useful in (p,xny) reaction

studies whenever the y-ray spectrum is very complex, e.g. in the

study of odd-odd deformed nuclei. Complicated multiplets appearing

in the 176Yb(p,3nY) 17"*Lu spectrum could be successfully resolved.

From the results we derive that the g-factors of the 142 d, J7r = 6~

isomer, take anomalous values.

Spectroscopy using (n,y) and (p,xny) reactions presents a number of
differences but also of similarities. In particular (p,xn) reactions
have also a limited selectivity, so that the decay of the entry
states populates a large fraction of the low lying levels. Whenever
the level density in the final nucleus is large, the spectrum is very
complex. This problem has been solved in (n,y) spectroscopy by
using curved crystal spectrometers.

We have installed such a spectrometer at the SIN variable energy cy-
clotron. The crystal radius of curvature is 3.15 m and the angle of
observation is 6 = 55°. Using the (110) diffraction planes of a 3.0mm
thick quartz lamina, we obtain diffracted peaks about 6 arcsec wide
corresponding to an energy resolution FWHM AE = 0.0115 E2/n, wheren
is the diffraction order, AE is expressed in eV and E in keV. The tar-
get is gas cooled. Beam currents of a few (JA can be used, the limit
being given in general by the heat resistance of the material. Good
background conditions are achieved by use of a sophisticated detector
system and heavy shielding. In some energy regions, it can be as low
as a few counts in 100 s (Fig. 1). The sensitivity permits one to ob-
serve transitions with an intensity of the order of 0.1 photon per
100 reactions in the energy range 40 to 300 keV within a reasonnable
measuring time.

A first application is a study of the 176Yb(p,3n) 17l|Lu reaction. The
l"=l~ ground state configuration is { IT7/2 + (404) - v 5/2" (512) }.
The configuration of the 6" 142 d isomer involves the same orbitals,
reversely coupled. The magnetic moments of these states have been
measured by Krane et al. *'. It has been shown by Kern and Struble 2'
that if, for a rotational band of a deformed doubly odd nucleus,
the magnetic moment of one level and an intraband branching ratio
are known, the value of the collective g R factor-and that of a linear
combination of go, and g^ can be obtained.

0094-243X/85/1250698-03 $3.00 Copyright 1985 American Institute of Physics
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These values can also be predicted from the properties of the neigh-

bouring odd-A and even nuclei. The results we obtain for the ground

state band are in good agreement with the predictions. The determi-

nation of a branching ratio within the isomeric band was made difficult

Table I Observed and predicted g-factors for
1 7Ji

the 6" isomeric state in Lu

Quantity

7 S_

p n

9R

observed value

2.30(34)

0.44(6)

predicted

l.:

0.29(1)

Jea)

a' From odd-A and even neighbours
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since both the cascade (171.1 keV) and the cross-over (320.5 keV)
transitions depopulating the Î K = 8~6 level are members of narrow
multiplets which cannot be resolved with semiconductor detectors.
This is however possible with the crystal spectrometer (see e.g.
Pig. 2). From the branching ratio and the magnetic moment, the
anomalous values listed in Table I are obtained 3).

Fig. 2
Portion of the
176Yb(p,3n)17"LU gamma
ray spectrum observed at
0 = 55° with a Ge-detector
having 700 eV FWHM re-
solution at 170 keV. The
region of interest
(insert) has been ob-
served with a curved
crystal spectrometer in
DuMond geometry.

y\r
•> "i

V>n
170. 172.

ENERGY |KaV|

Anomalously large g have also been observed for a few other high K
two-quasiparticle configurations in odd-odd and even nuclei, so that the
effect has to be taken seriously. We are still investigating its origin.
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ABSTRACT

Nuclei in the lp- and 2sld-shell have been investigated
with (Pra)-f (n,a)-, (p,3He)- and (d,a)-reactions. The
experiments were performed with projectile energies bet-
ween 14 MeV and 45 MeV. From a systematic analysis of the
reaction data two- and three-nucleon spectroscopic fac-
tors have been obtained, which are compared to predic-
tions of shell model calculations. Spectroscopic results
for target nuclei between 9Be and 27A1 are discussed.

The shape of the differential cross sections can be
described fairly well by DWBA calculations in zero range
as well as in finite range approximation. Both microsco-
pic and cluster form factors have been used. As a general
result the microscopic calculations strongly underestimate
the absolute cross sections.

The influence of energy dependent optical potentials,
collective excitations and sequential transfer processes
on the calculated cross sections is discussed. The opti-
cal potentials and the deformation parameters used in the
analysis of the (p,a) reactions have been determined from
elastic and inelastic scattering data which were measured
at the appropriate energies in additional experiments.

INTRODUCTION

The analysis of transfer reactions has attractive fea-
tures for nuclear spectroscopy. Especially few-nucleon
transfer reactions are useful for extracting information
on two-, three-, or four-nucleon correlations in nuclei
and therefore they offer a valuable tool for the study of
nuclear wave functions.

In the last years we have studied some (p,a)-, (n,a)-,
(p,3He)- and (d,a) reactions on light nuclei. In order
to calculate the spectroscopic amplitudes we have taken
the shell-model wave functions given by Kurath et al.1

•Supported by the BMFT
*ILL, Grenoble

**DAAD fellowship
***MPI f. Kernphysik, Heidelberg
****Department of Physics, University of Edinburgh
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dp-shell) and Chung and Wildenthal2 (sd-shell). It is the
main point of this paper to test the shell-model predic-
tions with regard to two- and three-nucleon transfer re-
actions, and therefore we present a comparison between
our experimental results and spectroscopic strengths for
a number of studied transitions.

EXPERIMENTS

The experiments have been carried out at the cyclotron
of the KFA Jiilich [ (p,oc) , (p, 3He) , Ep=22-45MeV] and at the
MP tandem acceleracor of the MPI fur Kernphysik Heidelberg
[(p,a),(d,a), E =18-24MeV]. The (n,a) experiments
(En=14MeV) have been performed using the 3 MV Van de
Graaff accelerator of the University of Tubingen. The out-
going particles were detected either by means of counter
telescopes or using the magnetic spectrographs BIG KARL
in Jiilich and the Heidelberg multigap.

In order to deduce optical potentials in additional
experiments proton and a-particle elastic and inelastic
scattering data were measured using the proton beam of
the Jtilich cyclotron and the a-beams of the cyclotron of
the University of Bonn (Ea=48 and 54MeV) and of the MP
tandem together with the post accelerator of the MPI
Heidelberg (Ea=63MeV).

DWBA ANALYSIS, ABSOLUTE CROSS SECTION VALUES

In order to analyse the experimental data DWBA cal-
culations have been done. Concluding the results it can
be stated that the shape of the angular distributions
can be well fitted in most cases using both a microscopic
or a cluster form-factor in a zero range as well as in a
finite range calculation. Furthermore the relative
transition strengths are fairly well reproduced by both
the microscopic and the semi-microscopic calculations
(see fig. 1).

Fig.l: Comparison between
angle-integrated cross
sections (l~l ) , bare spec-
troscopic factors ( • ),
DWBA with cluster form-
factor ( fH ), and DWBA
with microscopic form-
factor (KS). Normalisa-
tion at the first ex-
cited state at
E =0.44 MeV.

X
Ey789 3.91 298 270 239 2.06 0U 00 (MeV)
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However, in the microscopic calculations the absolute
cross section values are about one or two orders of magni-
tude too small. This result has also been obtained in
DWBA analyses of other (p,o) reactions3 and a similar
situation is found in (p,t) reactions". Several attempts
have been made to explain this discrepancy: 1) Choice of
other optical a-potentials, 2) Consideration of two-step
processes via inelastic channels in deformed nuclei,
3) Contributions of sequential transfer processes5 e.g.
(Pra) = (p,t)(t,a ) , 4) Consideration of knock-out pro-
cesses6. But all these efforts only give rise to weak
modifications of the calculated data. However, an en-
hancement of the form factor at the nuclear surface tendo
to increase the absolute cross section values signifi-
cantly7. In the microscopic model such an enhancement may
originate from two-body correlations and centre-of-mass
corrections in the bound-state wave functions as already
discussed elsewhere".

SPECTROSCOPIC RESULTS

Although further work is necessary to obtain a real under-
standing of few-nucleon transfer processes, fig.l shows
that the relative intensities can be well described by
the bare SU(3) spectroscopic factors indicating the minor
importance of the dynamics of the processes for the rela-
tive values. This statement is confirmed by the results
given in figs.2-4.

Ip.al - TRANSITIONS IN THE 2s1d-SHELL

Experiment E=22MeV
P

Calculation

1/2'

Target

Fig.2: Comparison
between angle-
integrated cross
sections and spec-

troscopic factors, calculated with Chung-Wildenthal wave
functions. The sum of the spectr. factors is normalized
to the sum of the experimental data.
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l p . n l - T R A N S I T I O N S I N I H I .;, S H ( I ,

Fig.3: Comparison between angle-integrated cross sections
and spectroscopic factors, calculated with Cohen-Kurath
wave functions. Normalisation as indicated above.

f-EW-HUCLEON T

TO A . I 1 N U C L E I

Fig.4: Angle-integrated
cross sections compared
with spectroscopic fac-
tors, calculated with

7Cohen-Kurath wave func-
ions. Projectile energies
are 4 5 MeV (p,3He), 24 MeV

(d,a) , 14 MeV (n,a), and
45 MeV (p,a). Experimental
data are normalized to the

•"ground-state transitions and the
sums of spectroscopic factors to

the sums of experimental strengths
for each reaction.
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HEAVY-ION RADIATIVE CAPTURE OF 1 2 C+ 14C INTO 26Mg

L. Ricken
S t a t e Univers i ty of New York, Stony Brook, NY 11794

and Ruhr -Un ive r s i t a t Bochum, 463O Bochum, West Germany

A.M. Sandor f i , D.H. Dowell
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S t a t e Un ive r s i t y of New York, Stony Brook, NY 11794

ABSTRACT

The r a d i a t i v e capture of 12C by 1I(C i n t o the fused nucleus 2.6Mg
has been i n v e s t i g a t e d for ECM = 6.2 - 8. 1 MeV. S t r u c t u r e s are observed
in the e x c i t a t i o n funct ions for y~<3ecay t o the bound s t a t e s up t o
Ex = 5 .7 MeV in 26Mg. The lack of any s t r u c t u r e in e l a s t i c s c a t t e r i n g
and fusion suggests that these might reflect the electromagnetic
strength functions built upon the low-lying levels of 2^Mg. However,
the experiment indicates considerable differences between these
strength functions for the different final states.

I . INTRODUCTION

Recent s tudies of heavy-ion rad ia t ive capture have revealed a
ra ther varied p ic tu re of th i s rare type of react ion. The reaction

C( C,y) Mg exh ib i t s unusual resonances whose s t ruc tu re appears
c losely linked t o the ground-state band of the fused nucleus Mg.
In C('6O,Y) S i , s imi la r resonances were found in the YI t r a n s i -
t i o n s , but not in Yo» while unusually large cross sect ions for cap-
ture in to the exc i ted p ro la te b;md of 2°S1 were observed, t h e i r
s t rong enhancement probably r e su l t i ng from the large overlap with
the inherent ly p ro la te heavy-ion entrance channel . 3

To inves t iga te further the ex ten t to which heavy-ion capture
occurs in other systems, we have s tudied the 12C+ ̂ C react ion. I t
could reveal features qui te d i f fe ren t from the 12C + 12C and 12C+ 16O
cases since no s t ruc tu res in the carbon width have been observed
r, >ar the Coulomb b a r r i e r .

I I . EXPERIMENTAL PROCEDURE

Two separate experiments were performed a t the Brookhaven MP7
Tandem Van de Graaff, using in one a radioact ive beam, and in the
second a radioact ive t a r g e t , to study the 12C+ 11(C capture react ion.
In the f i r s t experiment, a ' "*C beam of up to 0.5 par t ic le-pA bom-
barded na tu ra l carbon f o i l s , 0.5 - 1.0 MeV (CM) in th ickness . The
second experiment was done with C t a r g e t s of typ ica l ly 70 pg/cm2

th ickness , corresponding to an energy loss of the inc ident *2C beam
of a t most 200 keV (CM) in the energy range Ec^ = 6.2 - 8 . 1 MeV inves-
tigated.

High-energy Y-rays were detected in the BNL MKIII N-iI(Tl) spec-
trometer. Fig. 1 shows two spectra from the second experiment with
a ll4C target. Transitions to the ground and first two excited states
of 2^Mg are clearly resolved. All spectra are dominated, however, by

0094-243X/85/1250705-04 $3.00 Copyright 1985 American Institute of Physics
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a large peak due to unresolved
transitions to groups of excited
states around Ex = 4.3, 4.9 and
5.5 MeV. Transitions to the
third and fourth excited states
(Ex = 3.59 and 3.94 MeV) are com-
paratively weak throughout the
energy region investigated. A
line-shape decomposition was
used to extract cross sections
from the capture spectra. Except
for the worse resolution in the
firs t run with thicker targets,
the results from both runs are
consistent. We concentrate here
on the cross sections obtained
with good resolution in the
1[*C(12C,Y)26Mg experiment.

I I I . RESULTS AND DISCUSSION

The exci ta t ion functions
for the s ix observed t r ans i t ions
are shown in Fig. 2. The size of
the cross sections i s comparable
to those of the 12C(12C,Y)21*Mg l

and 12C(16O,Yi)28Si 2 react ions.
Electric dipole radiation is
isospin-allowed for the 12C+ lkC
system, and is thus expected to
contribute strongest. The meas-
ured angular anisotropy indeed
indicates a dominant dipole com-
ponent, most clearly in the case
of Yo- In addition, since the
low-lying levels of z6Mg are
prolate, radiative capture in

12C+ 1LfC is not inhibited by deformation, as is the case for
12C(160,Yo)28Si. 2 All of the excitation functions exhibit a certain
amount of structure. In marked contrast to the resonances observed
in *̂ C( '2C,Y)21*Mg, * all of the structures occurring in the '2C+ 14C
energy range presently investigated are uncorrelated in center-of-
mass energy. However, the '2C+ *2C system is exceptional in that i t
exhibits a large number of resonances in many decay channels. Fur-
thermore, the spins of the 1 2C( 1 2C,YO ) resonances were limited to
J7r = 2+, as opposed to the dipole transitions in 12C+11(C.

The capture cross sections are proportional to the product of
the elastic and radiative partial widths, rHIrY. Since the elastic
scattering6 and particle decay cross sections7 are both smooth func-
tions of energy, we have investigated the possibility of structures
in Ty. According to the Brink hypothesis, Giant Dipole Resonances
are built upon every state of a nucleus. In order to convert our
heavy-ion capture yields into their corresponding total photon ab-

20 25
E,.(M»V)

FIG. 1. High-energy portions of
Y-ray spectra from the
(a) nB(p,y)12C, and
(b,c) 1'*C('2C,Y)26Mg reactions.
Transitions to final states are
indicated.
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u C ( 1 2 C , Y ) 2 6 M g 0 V ;

Ex(26Mg) (MeVI

8 0 r

90° FIG. 2. Excitation func-
tions for 11»C(12C,Y)26Mg,
Cross section errors
give s ta t is t ical uncer-
tainties from the f i t -
ting procedure only,
horizontal bars repre-
sent the energy loss of
the beam in the target.
Lines are drawn merely
to gui de the eye.

sorption cross sections, we ap-
proximate angular distributions by
pure El multipole radiation pat-
terns, taking into account all
possible partial waves in the
heavy-ion entrance channel. Via
detailed balance, we then deduce
total absorption cross sections,
assuming that the dipole states
excited by photon absorption
fission statist ically into the
12C + ll4C channel.

Fig. 3 shows the deduced
total absorption cross sections
for the various final states.
There is l i t t l e correlation evi-
dent with the ground-state GDR
of 26Mg from photoneutron data.8

The structures in Yo aa^ Yl occur
at excitation energies where the
GDR appears to be flat, while

FIG. 3. Total absorption cross sec-
tions deduced from the 12C + lHC
capture data, plotted versus the
excitation energy above the final
states indicated. The photoneutron
data for 26Mg 8 are shown for com-
parison (bottom).

2 6 Mgl Y l

equiv. to "C(12C.v)26Mg

, . J , =2* 1.81
Y i - 2* 2.94 i

20 22 24 26 28

E x l 2 6 Mg) I MeV I
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those in Y4.3> Y4.9 and Y5.5 fall into a region of increased struc-
ture in the GDR. However, the significance of correlations is d i f f i -
cult to interpret because of the lack of definite isospin iden t i f i -
cations in the GDR. In the absence of isospin mixing, the C + ^C
capture reaction is probing the T= 1 component of the electromagne-
t ic strength functions only. The prominent bump in the GDR at 22 MeV
is supposed to be a T = 2 part of the isospin-spl i t GDR in 6Mg. An
unknown amount of T = 1 strength is located underneath this bump and
at s t i l l higher energies. This might explain the fact that our de-
duced to ta l absorption cross sections are smaller than the photo-
neutron yields by more than the factor of 2 from schematic isospin
coupling considerations alone.

In conclusion, we have observed high-energy y~ray transit ions
from the radiative capture of C by C into the bound states of
26Mg up to Ex = 5.7 MeV. If the structures observed in capture are
indeed due to structures in the radiative widths, then the experi-
ment indicates considerable differences between Giant Dipole Reso-
nances bui l t upon different final s ta tes . This is in contrast to the
results of the 12C+ 16O capture reaction populating highly-excited
states in 2 8 S i . 3 The Giant Dipole excitation of the prolate in t r in -
s ic shape of 28Si resembles the GDR upon the oblate ground s t a t e ,
although in fact i t appears narrower.
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the Heinrich Hertz-Stiftung (Dusseldorf, FRG) for financial support.
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A STUDY OF CERIUM AND NEODYMIUM NUCLEI CLOSE
70 THE PROTON DRIP LINE

B J Varley, R Moscrop, S Babkair, C J Lister, W Gelletly
University of Manchester, Manchester M13 9PL, U.K.

and H G Price
Daresbury Laboratory, Warrington WA4 4AD, U.K.

ABSTRACT
The y-rays from the *°Ca + 92Mo and 4 0Ca + 96Ru reactions have

been studied at 180 MeV bombarding energy in coincidence with
neutrons and charged particles. The yrast y-ray sequences in a
number of even-even Ce and Nd nuclei were observed. Preliminary
analysis indicates that the light Ce and Nd nuclei are deformed
(ej~0.3). The first band crossings in these nuclei were observed.

INTRODUCTION
Nuclei with large numbers of neutrons and protons outside

closed shells are expected to be deformed in their ground states
and exhibit collective properties in their excited states as a
result of the polarization of the nuclear core by the large number
of valence nucleons. Consequently one would anticipated1^ that
very light rare-earth nuclei are deformed in their ground states.

A number of calculations v?~4)
have now quantified these

expectations and one of them '*'
predicts a promontary of deformed
nuclei (e2>0.3) jutting out
towards the line of stability.

Until recently the experi-
mental investigation of this
proposed new region of deformation
has been prohibited by the lack of
suitable beam-target combinations.
We have now begun studies at
Daresbury Laboratory of nuclei in
this region with the *°Ca + 9*Mo
(180 MeV) and *°Ca + 96Ru (180
MeV) reactions using the neutron
wall. We report here some of our
preliminary findings.

Fig. 1. A schematic view of the
neutron multiplicity array.

MEASUREMENTS
At 180 MeV bombarding energy many reaction channels are open

and the most neutron- deficient nuclei are produced with small
cross-sections. To observe the y-rays from the most neutron-
deficient nuclei in-beam we have constructed the neutron wall ^5',
an array of neutron detectors and an E-AE telescope for charged
particles all operating in coincidence with Ge detectors in the

0094-243X/85/1250709-03 $3.00 Copyright 1985 American Institute of Physics
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backward hemisphere. There are 37 neutron detectors in the array,
25 central detectors each 10 x 10 x 10 cm1, and 12 outer dettrtors
each 25.4 x 25.4 x 15 cm3. Thus Che neutron wall forms a lm2

vertical 'wall' typically mounted 20 cm behind the target with a
2.5 cm thick Pb sheet in front of it.

In order to determine the isotopic origins of the observed
in-beam y-rays, we recorded neutron-charged particle-y-ray
coincidences. Particle-y-y and neutron-?-? coincidences were also
recorded.

RESULTS

•

Mm,

h

; S

k

j

10 92 S i
Ca * Mo —> C* * ol . Zp

Hid Hi»

i

e

3

y-rays from a large
number of nuclei were
observed in these
reactions including
the even-even nuclei
I 2 6

l30X
Ce,

13?Sd

CHANNEL NUMBER

uXd and "'Xd. An
example of the
particle-gated y-y
coincidence spectra,
showing the yrast
sequence in l 2 6Ce, is
shown in fig. 2. Our
measurements and
analysis are at an
early stage but if we
make the assumption
that these yrast
transitions represent
the decay of the
ground state band then
we find the values of
E(2+), E(4)/E(2) and
ej listed in Table 1.

Fig. 2.particle-j>-y coincidence spectrum for
yrast transitions in 1 9 6Ce.

The values of e 2 were deduced from Grodzins
1 formula

e, = O.95 J 1 2 2 8

/3E(2

Fig. 3. shows e 2 vs N for the Nd (Z=60) isotopes. The calculated
values of Aberg <3> and MBller and Nix (z> are also shown.

We conclude from these results that the light rare-earth nuclei
are deformed with e 2 - 0.3, and that the transition to deformation
is a smooth one. Ignoring the nuclei near the N=82 closed shell
where vibrations are important Aberg's calculations reproduce the



711

NEOOYMIUM ISOTOPES

Moller and Nix.

66 68 70 72 74 76 84 86

N —

Fig. 3 £j vs N for the Nd isotopes.

transition rather
better than those of
Moller and Nix. In
particular there
appears to be no
sharp change in e2
between N=72 and
N=74. 1 2 6Ce exhibits
a strong backbend at
a frequency close to
that of the yrast
sequence in ' 2^Ce.
The interaction
between bands is
much stronger in
the Nd isotopes,
which is not evident
a priori in cranked
shell model
calculations.

Observation of the neighbouring odd nuclei indicates that the band
crossings are due to the (h " / ; ) ' protons.

Nucleus

58

128

58

1 Z a

6O

1 30

SO

1 32

Ce

Ce

Nd

Nd

N'd

Table 1

E(2+)

169.6

207.0

134.5

157.8

212.6

E(4)/E(2)

3.06

2.93

3.17

3.06

2 . fi A

0.28

0.26

0.31

0.28

0.24

*The quadrupole deformation was derived from Grodzins formula^6)
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NEUTRON CAPTURE REACTIONS IN ASTROPHYSICS

F. Kappeler
Kernforschungszentrum Karlsruhe, Institut fur Kernphysik III,
Postfach 3640, 7500-Karlsruhe, Federal Republic of Germany

ABSTRACT

About 2/3 of the chemical elements in nature were formed in neu-
tron capture reactions. During the life of a star there are certain
evolutionary stages where neutrons are available to build up the ele-
ments beyond iron which cannot be synthesized by charged particle re-
actions.

The observed abundance pattern allows to distinguish a rapid and
a slow neutron capture process (r- und s-process). The r-process
taking place far from the valley of stability is difficult to investi-
gate because of the required extrapolation of nuclear properties to
extreme neutron rich nulcei. The s-process, on the other hand, pro-
ceeds along the valley of stability. Therefore, the involved isotopes
are accessible to laboratory measurements. This information allows for
quantitative calculation of s-process abundances and other parameters
which represent constraints for stellar models.

Two examples are outlined: (i) the s-process branching at A =
147, 148 yields a rather accurate value for the neutron density,
(ii) Comparison of s-process abundances with observations of stellar
atmospheres are particularly interesting for the unstable isotopes
9 3Zr, 99Tc and i2t7Pm. Their deficiency with respect to stable neigh-
bors may yield estimates for the transport time from the stellar in-
terior to the surface.

INTRODUCTION

Neutron capture reactions play a role in various fields of astro-
physics. In the third minute of the big bang they led to the primor-
dial helium abundance' and spallation neutrons from cosmic rays may
have modified the isotopic abundances in meteorites . Most important,
however, are neutron capture reactions for the synthesis of the ma-
jority of the chemical elements3. This contribution deals with some
aspects of this last topic.

It is commonly accepted that all but the very lightest chemical
elements were formed in stars. As under stellar conditions fusion re-
actions are limited to the mass region Z < 26 because of the increa-
sing coulomb barriers and the decreasing binding energies at higher
mass numbers, all elements beyond iron are the result of neutron cap-
ture reactions.

Neutrons appear in significant concentrations only in late evo-
lutionary stages of the stars. During most of their life time the
stars burn quiescently, fusing in their cores hydrogen into helium,
as does the sun. But when the hydrogen is exhausted in the centre,
the core heats up by gravitational contraction until the 3a-reaction
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ignites by which 3a particles are combined to 12C. At this point the
star becomes a Red Giant. As time proceeds the burning zones more out-
ward towards the surface as is shown in Fig. 1 for the example of a
7 M star (MQ = mass of sun).^'5

H

He

.——
/ \CONVECTVE/
/ ENVELOPE

\ 1
\ \

\ 1

', H-BURNING

[

^ " ~ T \ CONVECTIVE /
1 \ ZONE /

^ ' H I / /
He-BURNING ^ l O ' - I O 9 °K

/ INERT CORE

j
/HYDROGEN

SHELL

^ \

HELIUM
SHELL

Fig. 1
Schematic structure of
a 7 M pulsating Red
Giant.

An inert core of C and 0 (the ashes of He-burning) is surrounded
by a helium burning shell and a hydrogen burning envelope. It was
first found by Weigert" and by Schwarzschild and Harm' that helium
shell burning does not operate continuously but that shell flashes
occur. These give rise to large scale convective motions as was shown
by Iben^, and this exchange of material is essential for the produc-
tion of neutrons as well as for the transport of neutron processed
matter to the stellar surface. For a 7 MQ star a flash lasts for about
3 y followed by an interpulse period of <\> 500 y, but these times can
be much longer for lower mass stars.

„ In the helium burning zone the temperature is hign enough ("v-3-
10 K) that neutrons are released in (a,n) reactions on ^ C and/or

Ne. If some hydrogen is mixed from the envelope into the convective
shell after a flash it is captured by carbon to form ^C by the se-
quence ., ,

1ZC(p,Y) N(B V) 1 JC.

22

Ne is produced in another reaction chain. During hydrogen burning
in the envelope virtually all CNO is transformed into 1^N by the CNO
cycle. This ^ N , when convected down into the hotter He shell becomes
^ N e through the reactions

(a,y) 18F (13%)
18. , , 22.,
0 (a,y) Ne.
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Which of the two neutron sources dominates depends on the core mass
of the star. Forbore masses > 0.9 Mg 22Ne(a,n) is the main neutron
source whereas C(ot,n) prevails for cores with masses < 0.8 M . A de-
tailed discussion of stellar models for giant stars is given in the
comprehensive review of Iben and Renzini8.

An important feature of both sources is the comparably small neu-
tron density of i< 10° cm~3. This results in neutron capture times of
i* 10 to 100 y, much longer than typical beta decay times. For this
reason the neutron capture process in Red Giants is called the s-
process (s = slow).

Strong evidence for stellar s-process nucleosynthesis was the
observation of lines from the (astronomically short lived) radioac-
tive element T in S-stars by Merill^ in 1952. Since then the obser-
vational techniques were greatly improved allowing now for quantita-
tive determinations of element abundances in stellar atmospheres^,
11»12. with these observations it is principally possible to test the
s-process models for a given stellar mass, but so far the models are
not capable to provide the parameters for a reliable abundance cal-
culation. Therefore, s-process abundances are still be determined
with the classical model (see below).

The final fate of a massive star is a Supernova explosion. When
the fuel is exhausetd in the core and the core mass approaches the
Chandrasekhar limit of <\. 1.5 MQ the degenerate electron pressure can
no longer counterbalance gravitation. The core collapses within less
than a second to nuclear matter density forming a neutron star or
even a black hole. The outer layers are driven off in the explosion
by a shock wave which forms at the rebound core. A survey of present
Supernova models might be found in Ref. 13. It has since long been
proposed that a rapid neutron capture process (r-process) is associ-
ated with Supernovae^, which should account for approximately half of
the heavy element abundances in the solar system. Originally, it was
believed that the r-process occurs close to the rebound core in highly
neutronized matter, starting from iron as seed. In his review of this
model Hillebrandt^ noted two major problems: transport of the r-pro-
cessed material from the deep interior to the surface without changing
the composition and overproduction of r-elements and iron in the ga-
laxy. A promising alternative sire for the r-process which avoids
these difficulties is the explosive He burning as the outgoing Super-
nova shock wave heats the convective helium shell'5,.o>

The quantitative calculation of r-process abundances is very
difficult because the short time scale of the explosion implies that
the physical conditions (temperature, pressure, density etc.) are ra-
pidly changing. Moreover, the isotopes involved in the process are
extremely neutron rich, with neutron excesses of 10 - 20 compared to
the stable isotopes. The required extrapolation of nuclear properties
(beta decay times, nuclear masses and binding energies, level densi-
ties, fission barriers etc.) bear additional uncertainties. Although
the beta decay rates have been improved recently^ a complete calcu-
lation of r-abundances with full hydrodynamics and a reaction network
(including reliable data on beta decay rates and (n,y), (y,n), (nf)
reactions, fission feedback, a decay and beta delayed n-emission) re-
mains still to be done.
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This short sketch of stellar nucleosynthesis by neutron capture
reactions illustrates the progress of the "classical" approach-^ to
more realistic models. While such an advanced treatment is certainly
necessary for the understanding of the r-process, many aspects of the
s-process can be investigated in the classical way, as will be dis-
cussed in section II. Examples for the interplay between the stellai
models and constraints from the classical approach are given in sec-
tions III and IV.

II THE CLASSICAL s-PROCESS

The neutron capture chain for the s-process synthesis starts, of
course, at "^Ne o r l3c b u t t^e abundance contribution to the elements
with Z < 26 is not significant because these are copiously produced
by charged particle reactions. Nevertheless, these elements act as a
filter, absorbing approximately 75 7, of all neutrons^. The remaining
fraction is captured by the elements in the abundance maximum around
iron to build-up the heavier elements. Among the iron group, 5f>Fe £s

so much more abundant than all the other isotopes that it can be con-
sidered as the only seed for the s-process to a good approximation.

Starting from 56pe a s seed the s-process neutron capture path
can be worked out easily because usually the beta decay rates are
much faster than the neutron capture rates. Fig. 2 shows this path in
the mass region 145<A<150 through Nd, Pm and Sm. This figure illus-
trates two important points: (i) The branchings of the path at A=147
and 148 indicate that in some cases the beta half lives are long
enough that neutron capture on these unstable isotopes (dashed boxes)

Sm

Pm

Nd
150

\
\

r-process

fly,. 2 The s-process neutron capture path through the mass region
14 5--A<150



719

can compete with 13-decay. (ii) Most isotopes of the heavy elements
are produced in thr s- and r-process as well. The r-process decay
chains as indicated by dashed arrows end at the first stable isobar.
If a second stable isobar occurs on the s-process path it is shielded
against the r-process and, therefore, represents the true s-process
abundance. On Fig. 2, these examples, ^°Sm and ^°Sm, are marked by
double boxes. In turn, '^Nd ^ s of p u r e r-process origin.

The classical s-process models are phenomenological. A seed of
56Fe is irradiated by a steady neutron flux and the resulting abun-
dances are compared with the observed abundances of the 26 s-only iso-
topes which are found along the s-process path. Clayton et alJ9
showed that a single irradiation of iron group elements could not ge-
nerate the s-process abundances but that a distribution of neutron
fluences was called for, with smaller amounts of seed exposed to lar-
ger fluences. Details of this fluence distribution did emerge when
the nuclear physics input for the model, the neutron capture cross
sections, where improved with time. Seeger, Fowler and Clayton2"
found that the duration of the s-process was not long enough to estab-
lish equilibrium in the s-process mass flow which means that the neu-
tron capture rate was not equal for all isotopes along the chain.
However, the equilibrium condition which can be expressed by the cap-
ture cross sections a and the s-process abundances N as

oN(A-1) = aN(A)

holds for the mass regions between magic neutron numbers. At shell
closure the cross sections become very small, acting as bottle necks
for the mass flow. As a result the oN(A)-curve exhibits a pronounced
ledge-precipice structure. In 1974 Clayton and Ward2! showed that an
exponential distribution for the neutron fluence T allows the system
of coupled differential equation describing the mass flow to be sol-
ved analytically. At the same time Ulrich22 found that such an expo-
nential exposure distribution follows naturally from the pulsed s-
process in the helium burning shell of Red Giants if always a certain
fraction of s-processed matter is removed from the He shell and mixed
into the outer envelope.

This rather simple model was able to describe at least the over-
all features of the s-process abundance pattern in the solar system
surprinsingly well. It turned out, that the more accurate the neutron
capture cross sections became over the years, the better agreement
was obtained between calculated and observed abundances of the s-only
nuclei. This result strongly supports the attidude to persue the
classical s-process model further.

Fortunately, the solar system abundances were improved simulta-
neously and it is impressive to see that at present an accuracy of
5 to 10 7c is achieved for nk ;t elements'^. The situation with the cap-
ture cross section measurements has been discussed by KSppeler
et al.2^ showing a 5 % accuracy to be the limit of established tech-
niques. Recently a new method has been suggested" which is expected
to yield a precision of ^ 1 - 2 % thus allowing for an investigation
of more s-process details2".

However, not all isotopes on the s-process path are accessible to
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measurements either because samples are not available (e.g. for the
important xenon isotopes) or because these isotopes are unstable. In
these cases measurements have to be replaced by theory. Extensive cal-
culations with the Hauser-Feshbach model and a global parametrization
have been carried out by Holmes et al.2? and Woosley et al.2° for
isotopes all over the periodic table. In most cases these data agree
with experimental values to within + 50 %. Harris29 published im-
proved calculations using local parameter systematics for the level
densities according to Reffo30 thus reducing the uncertainties to
+ 30 % on average. By elaborate treatment of local systematics for
all relevant parameters Reffo et al.31 and Beer et al.32 found that
+ 2.0 % seem to be a general limit for Hauser Feshbach calculations.
Fig. 3 presents the parameter systematics for the mass region
145<A<15O from Winters et al. 3 3 which was established to calculate
the capture cross sections of unstable 1 4 7Nd, 147,148pm (see section
III).

Fig. 3 Local systematics
of the relevant parameters
for Hauser-Feshbach cal-
culations of neutron cap-
ture cross sections of
the radioactive isotopes
1 " N d ) 147,148Pm.
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But even for stable isotopes the relevant neutron capture cross
sections for s-process studies cannot always be determined without the
help of theory. This is due to the high temperature of ^ 3.5-10 K at
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the s-process site. At these temperatures the thermal energy is kT =
30 keV which means that the neutron energy spectrum is Maxwellian
ranging from 1 to "\ 150 keV. Accordingly, neutron capture cross sec-
tions to be used in s-process calculations need to be averaged over
the Maxwell spectrum, e.g. see Ref. 24. In a plasma of kT = 30 keV
low lying excited states are in thermal equilibrium with the ground
state with population probabilities

P. = (2J.+1) exp (-E./kT) / Z(J +1) exp (-E /kT)
ii i m r m

m
where J.,E. are spin and energy of level i. The sum in the denomina-
tor is the nuclear partition function. An excited state with large
spin may be more strongly populated than the ground state due to the
larger statistical weight. Then it is not possible to evaluate the
stellar neutron capture rate from laboratory measurements alone but
capture in excited states needs also to be considered. It is inter-
esting to note that in this situation a competing reaction channel
appears: inelastic neutron scattering from an excited state to a lower
state by which the neutron gains energy. The most famous example of
this type is I^Os where this effect is crucial for the evaluation
of the chronometric pair 1^7os/1^^Re 34,35_ (See a^ s o tj,e contribu-
tion at G. Reffo36).

With a complete set of Maxwellian averaged capture cross sections
and with the empirical oN products of the s-only isotopes the clas-
sical s-process model yields the following informations'^:

- the aN(A)-C'yrve and consequently the s-process abundances

V
the r-process yields by decomposition of solar system
abundances according to N =N_-N ,

- the seed abundances,

the mean neutron exposures,

the number of neutrons captures per Fe seed.

The last three items are important for comparison with the stel-
lar s-process site. As was shown by Almeida and Kappeler'° these
quantities as derived from the classical model for solar system ma-
terial are consistent with the pulsating He-burning shell in Red
Giants with the ^ Ne(a,n) reaction as a neutron source.

Hi" first two results impressively justify the classical model.
With only 4 inherent parameters the s-process abundances can be de-
termined within the 5 - 10 % uncertainty of the empirical ON-pro-
ducts. Fig. 4 shows an updated pN(A)-curve compared to Ref. 24.
The black squars are s-only isotopes with well determined abundances
and cross sections, which served as normalization points for the
fit. Open symbols denote those s-nuclei for which abundances or cross
sections are uncertain or which are involved in s-process branchings
(squares} and isotopes with less than 10 % abundance contribution
from the r~process (circles). From this oN(A)-curve the s-process-
abundances Ng can easily be worked out, and it is remarkable that
no overproduction compared to solar abundances is obtained.
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Fig. 4 Updated aN(A)-curve compared to Kappeler et al. . The solid
line is a fit to the empirical oN-values of the pure s-isotopes in-
dicated by black squares. Open symbols denote pure s-isotopes for
which cross sections or abundances are uncertain or which are invol-
ved in branchings (squares) and isotopes with less than 10 % r-pro-
cess contribution (circles).

In turn,, the set of s-process abundances can be used to derive
the r-process yields via

Nr "
- N
V

Here and throughout this contribution the p-process abundances are
neglected which appears to be justified at the present 5-10 % uncer-
tainty level^. The resulting r-process yields are plotted in Fig. 5.
Most important in this figure is the perfect agreement between the
distribution of the pure r-isotopes (black squares) and the calcula-
ted yields. The error bars indicate the uncertainties originating
from those of the solar and s-process abundances. The so determined
r-process abundances are the main testing ground for r-process model
calculations^~1' because they are the only reliable information on
the r-process to compare with.

The results of the classical s-process model sketched so far pro-
vide a satisfactory description of global or average quantities. But
what about the dynamics of the s-process in the He shell flashes de-
picted by stellar models? This strongly time dependent s-process
should exhibit

(i ) temperature effects and
(ii) freeze-out effects.
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Fig. 5 r-process yields derived by subtraction of s-process abun-
dances from solar abundances. Pure r-isotopes are plotted as
black squares, the various other symbols indicate the rela-
tive r-contributions to the solar values.

Temperature effects have already been mentioned in connection
with neutron capture in excited states. Another, more important con-
sequence of temperature concerns the beta decay rates, because 8-
decay from excited states may be much less forbidden than from the
ground state37. in addition, atomic effects become important due to
the high degree of ionization in the stellar plasma. Thus electron
capture rates are depressed because of the absence of K shell elec-
trons. Instead, bound state 13 -decay (where the electron is emitted
into an atomic orbit gaining the electron binding energy) may ac-
celerate those transitions where the beta endpoint energy is com-
parable to the electron binding energies. These plasma effects have
been studied in detail by Takahashi and Yokoi38 who find in the ex-
treme case of 1&3ny that this terrestrially stable isotope becomes
unstable at the s-process site. (For this problem see also the con-
tribution by Beer, Walter and Macklin3^). Other examples for tempera-
ture effects will be discussed below (sections III, IV) and by Nor-
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n4o

effects can be included into the classical s-process model as far as
only modifications of neutron capture cross sections and beta decay
rates are concerned. The variation of temperature with time during
the shell flashes and in the interpulse period is roughly a factor
2-3 and can be neglected in most cases at least to first order.

Contrary to temperature, the neutron density during a shell
flash varies by several orders of magnitude and goes to zero in the
interpulse period. As a consequence, freeze-out effects become sig-
nificant as was pointed out by Cosner, Iben and Trur'an^11. The abun-
dance pattern in s-process branchings are particularly sensitive to
freeze-out effects. Therefore, the neutron densities derived from
different branchings by means of the classical steady s-process model
are expected to exhibit characteristic discrepancies according to the
respective, cross section dependent freeze-out limits. Recent studies
of this type yielded, however, rather consistent values for the s-
process neutron density->3>42,43 over the entire capture path. So far,
it is' not clear whether the freeze-out effects on the s-process
abundances are small or whether the present analyses are still too
uncertain to reveal their influence. This problem of a dynamic s-
process is also discussed by Mathews, Howard and Ward^at this con-
ference.

I]I THE s-PROCESS BRANCHINGS AT A=147,148

The s-process neutron capture path as sketched in Fig. 2 indi-
cates three branching points, 147Nd and 147,'48pm. These branchings
are the most reasonable explanation for the result of Winters et
al.33( w h o found from a recent accurate capture cross section measure-
ment that the oN products of the s-only isotopes '^°Sm and 150sm were
not equal: , ,.

<JN( Sm)/oN( Sm) = 0.91 + 0.03.

The fact that a small but significant fraction of the s-process flow
bypasses Sm can then be used to evaluate the neutron density. Most
easily this can be done by means of the classical steady flow model
keeping in mind that neglection of any time dependence may intro-
duce some uncertainty (see above). At any branching point the split
of the s-process flow can be expressed by the branching ratio

V = V/(V+ \?
in terms of the beta decay rate \- = In2/t1 .^ and the neutron cap-
ture rate X = n a v . The branching ratio is determined by the
oN-values o? the relevant isotopes in the branching, in this example
by '48Sm and ^^Sm. To obtain the neutron density, n , it is essential
to know the neutron capture cross sections 0 and the half lives t .^
of the branching point isotopes under s-process conditions. In the
present case, this means that these data are required for 1^7Nd, and
147,148pm.

The capture cross sections were calculated by Winters et al. 3 3

using carefully evaluated parameter systematics (Fig. 3) which were
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illustrated in Table I.

148
Pm: For this isotope thermal effects are difficult to estimate

because its level scheme is poorly known: so far only the three lev-
els shown in Fig. 6 have been determined. As '^Pm targets are easi-
ly available it would be possible to remove this shortcoming by stand-
ard (n,y) studies. Given this difficulty, the problem is whether or
not the isomeric state at 137 keV and the ground state are in ther-
mal equilibrium during the s-process. Both states are about equally
populated by neutron capture in '^'Pm but have rather different half
lives. The probability for the electromagnetic E4 transition to the
first excited state is only 5 % so that it can hardly provide an ef-
ficient link for thermal equilibration of isomer and ground state on
the bety decay time scale. However, such a link could excist through
higher lying states above the isomer. At present, it is not possible
to decide whether or not thermal equilibrium is achieved during the
s-process, and, therefore, both possibilities have to be considered.

If equilibrium is attained, the isomer is quickly depopulated
to 3.8 % whereas the first excited state is populated to 11 %. This
is too small to influence the total neutron capture rate which is de-
termined by the ground state (o=1542 mb). The beta decay is slight-
ly enhanced because the decay from the first excited state is fa-
vored by the higher Q-value. Hence, the stellar beta decay rate be-
comes X* = 1.7«10~6 s 1 = 1.15 \\a° according to Takahashi and

If equilibrium is not attained, the isomer has to be treated in-
dependently from the ground and first excited state and does not con-
tribute to the nuclear partition function of ^^Pm. Then one needs
the fractional population of the isomer at keV neutron energies (to
date only known at thermal) and its neutron capture cross section
(o = 2453 mb) in order to include the isomer as an additional species
into the branching analysis.

147 147
Nd: The first excited state in Nd at 50 keV is populated to

31 % at kT = 30 keV whereas only 2 % of all nuclei are in the second
excited state at 128 keV. But even the rather large population of the
first state is not sufficient to alter the neutron capture rate signi-
fincantly, at least, if the cross section of this state agrees to
that of the ground state within a factor of two. For the stellar beta
decay rate Takahashi and Yokoi^' find only a marginal enhancement of
1.5 % compared to the laboratory rate.

The result which one ultimately obtains for the mean s-process
neutron density is summarized in Table I. The question whether isomer
and ground state are in thermal equilibrium or not is obviously most
important, as the respective values for the neutron density differ by
a factor 3. For the case that equilibrium is not achieved, the rele-
vant parameters in the branching analysis have been changed by their
estimated uncertainties. All resulting variacions in the neutron den-
sity are small compared to the effect of equilibration. Nevertheless,
the value of (1 + 0.4)»108 cm represents a firm lower limit which
is an important result in itself. Further improvements, however, re-
quire more information on the level scheme of ^^Pm to decide about
thermalization of the isomer and better cross sections for i43,150sm
to reduce the uncertainty in the ratio R.
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established from as much experimental information on the investigated
isotopes and their neighbors as was available from literature. An un-
certainty of + 20 % was estimated for the calculated cross sections
from the propagation of parameter uncertainties (for details see
Walter et a l . ^ ) . The situation is somewhat complicated by an isomer-
ic state in '^^Pm and by the effect of temperature..To illustrate
this, the lowest levels in 147pm arK] 148pm are plotted in Fig.6 (from
Lederer and Shirley'*6).
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F13. 6 Low lying levels in Pm and Pm which contribute to the
stellar neutron capture and beta decay rates.

Pm: Of the excited states in Pm the first level at 91 keV is
populated to 3.5 % whereas the second level at 410 keV is practically
not affected. The influence of the first excited level on the neutron
capture rate is negligible because of its small population probabili-
ty.

Beta decays from the first exited state are first non-unique for-
i-ji.dd.an. By analogy to similar transitions in this mass region, one
may expect that only the 5/2+-*-5/2" transition needs to be considered,
and for this the Q-value is 30 keV lower than for the ground state
7/?+>7/2 decay. Though this qualitative agreement would indicate
than the '^Pm half life is not affected, by temperature, the calcula-
cions of T^kahashi and Yokoi38,47 yield a reduction in half life by
a factor 2 at kT = 30 keV. In order to derive a lower limit for the
ne.itron density the branching analysis was carried out with the la-
boratory half life. The influence of the reduced half life is later
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Table I Mean s-process neutron density, n , from
branchings at A = 147,148

Isomer in Pm
equilibrated

• 148^,
Isomer in Pm
not equilibrated

3.1 • 10S ".m 3 (1.0 + 0.4)'108 cm"3

variation of R
,147.

by + 3.5 % * (+30%)

variation of o(]?'Nd) by _+ 20 %
variation of o( "-•> >-•• - ™ "

(+ 2%)
v 'Pm) by + 20 % •> (+ 4%)

variation of o( 7 % ) by _+ 20 % + (± 4%)
variation of o(148Prnm)by + 20 % * (+12%)

increase of Afi( Pm) by factor 2
(calculated stellar valued). + (+25%)

a ) R - aN
(148Sm)/aN(150Sm)

IV OBSERVATIONS OF UNSTABLE ISOTOPES IN STARS

The study of the elemental composition of stellar atmospheres
started in 1814 when Fraunhofer discovered the dark lines in the
spectrum of the sun, but it took more than a century before Russell
and Adams^8 succeeded to perform quantitative analyses of the sun and
other s<-ars in 1928. Similarly, there was a long time between the
first discovery of the unstable element technetium by Merrill" and
its quantitative determination by Smith and Wallerstein^2 in 1983,
indicating the difficulty of the problem. The radioactive elements or
isotopes with half lives much smaller than the age of the stars on
which they are observed can be ascribed to the s-process going on in
these particular stars. The surface abundances of unstable species are
important because (if compared to the original s-abundances) they pro-
vide clues to the mechanisms and time scales of the convective motions
wh'.ch brought them from the production site to the surface8>^°. This
so obtained information can be compared directly with stellar models.

At present, two unstable isotopes, 93Zr a nd 9 9 T C , have been
quantitatively determined in several Red Giant Stars whereas the dis-
covery of the radioactive element promethium5^ in only one star is
still in question. To begin with the safely observed cases, Fig. 7
shows the s-process chain through the mass region 90<A<102. The re-
levant (3-unstable isotopes are marked by their stellar half lives
according to Takahashi and Yokoi47. Note, that the 99Tc half life is
drastically reduced. It is almost constant for temperatures below
108K but drops then from the terrestrial value of 2.1-105 y to only
2.2 y at kl = 30 keV, a result which was also independently derived
by Cosner and Truran37 and by Schatz51. The consequence of the short
stellar half life of 99Tc is that it was either quickly removed from
the production site and cooled down to temperatures below 108K where
it lives sufficiently long to be convected up to the surface, or that
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it was synthesized at lower temperatures. This second possibility was
suggested by Smith and Wallerstein1 with the 13C (ot,n) reaction as
the s-process neutron source. If this were correct, the s-process
branching at '^Tc as indicated in Fig. 7 would be negligible because
of the much longer half life at T = 108K. (tj ,2 = 1.2-10

5 y) at which
the 13C(a,n) reaction is supposed to operate.

Tt was pointed out by Anders5^ that 93^1, £s bypassed during the
s-process but is afterwards increasing in abundance on the time scale
of the 9 3Zr decay of 1.5 million years. At the same " T c decays with
a half life of 2.1-105 y (if it is at temperatures <108K) thus in-
creasing the molybdenum abundance. Hence, the relative abundances of
the elements Zr to Mo depend on the time passed since the termination
of the s-process. ^2

This feature was investigated by Smith and Wallerstein who
measured the abundances of V, Zr, Nb, Mo and Ru relative to Ti in six
stars, two of which also showed significant Tc lines. They interpre-
ted their results using oN = const through the mass region from Zr to
Ru, and found evidence for multiple neutron capture events, probably
shell flashes. The abundance uncertainties in this work of a factor
three did not allow for a quantitative discussion.

If the stellar atmosphere is cool enough this picture can be con-
siderably refined by the identification of the zirconium isotope ra-
tios 53, This rather accurate technique makes use of the isotopic
splitting of the band heads in ZrO and avoids the problems in the de-
termination of stellar element abundances due to stratification ef-
fects and different excitation potentials. How important these results
are was outlined by Beer and Walter54 who showed that the isotopic
ratios of the Zr isotopes are sufficiently sensitive to the mean s-
process neutron exposure. In turn, with the observed abundance ratios
of Zook^, they were able to derive the associated mean neutron expo-
sure T = 0.075 mb"'. This value and the results of Tomkin and Lam-
bert1°° (T = 0.6 mb"1) and of Holweger and Kovacs11(T = 0.06 mb"1)
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demonstrate that stellar neutron exposures may differ widely from the
exposure characteristic for solar system material^ (T = 0.3 nib"').
Especially for small neutron exposures the cN(A)-curve is rapidly de-
creasing around A = 100 and. therefore the assumption aN = const is
often too crude for the interpretation of stellar abundances.

To summarize the discussion of ^3Zr and 99yc j.t should be noted
that the observation of these isotopes alone is not sufficient for a
penetrating analysis. Instead, simultaneous observations of as many
characteristic s-process elements (especially around closed neutron
shells) are called for, complemented by identification of isotopic
patterns. On this data basis the s-process abundances of the particu-
lar investigated stars can be established with the classical s-pro-
cess model and then be compared to the abundances of unstable iso-
topes. The first efforts along these lines by Smith and Wallerstein'^
and by Zook-" have produced promising results but need to be extended
further to obtain quantitative data on the mixing mechanisms in Red
Giant stars. ,..,

In 1970, Aller and Cowley announced the possible identifica-
tion of promethium in the extremely unusual Ap star HR465. As can be
seen from Fig. 2 any reasonable neutron capture synthesis will pro-
duce only '*'Pm in significant amounts, all other isotopes being
either bypassed by the capture chain or too short lived. 3ut also the
half life of 1 4 7Pm (2.6 y on earth and 1.1 y at kT = 30 keV^?) is too
short that detectable amounts of this isotope could ever reach the
stellar atmosphere. Therefore, nuclear reactions on the surface of the
star were suggested as an alternative explanation-*". If the existence
of promethiura can be confirmed during the present rare earth maximum
of this spectrum variable star, it would be a unique probe for its
possible atmospheric processes.

V SUMMARY

Neutron capture reactions in astrophysics are most important for
the synthesis of the chemical elements heavier than iron. The s-pro-
cess abundances are directly determined by the respective neutron
capture rates while the r-process yields are at least modified by
neutron captures during freeze-out. As the s-process follows the val-
ley of stability and is believed to operate at fairly constant tem-
perature, the capture rates for the involved isotopes can be measured
in the laboratory.

During the last decade, the classical models for neutron capture
nucleosynthesis were complemented by more detailed models related to
stellar sites and evolutionary stages. However, as these models are
necessarily extremely complex, the classical s-process approach is
still important. It has been shown to reproduce the s-process abun-
dances in solar system material within their uncertainties and to
yield many important constraints for stellar models, provided that
the effect of temperature on certain beta decay rates and (in some
cases) on neutron capture rates is accounted for. The success of the
classical s-process calls for further improvements of the basic input
data.

A field of increasing interest ire elemental abundances in Red
Giant stars, many of which exhibit clear s-process enhancements. At
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present, observations are often incomplete and of limited accuracy
but some results are detailed enough to allow for classical s-process
analyses. In this context, the unstable isotopes 93Zr and 9^Tc may

provide clues to the convective motions between the s-process site and
the surface.
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1. Introduction

The understanding of the element synthesis in the universe requires
as one prerequisite information about nuclear properties and reac-
tion cross sections for several thousands of nuclei. For example,
for calculating the production of heavy elements by the r-process,
in principle neutron capture cross sections and beta decay proper-
ties of ~6000 nuclides between p-stability line and neutron drip
line are needed: The r-process path indicating the element distri-
bution built up for less than a second in supernova explosions runs
close to this neutron drip line (Fig. 1 ) .

Fig. 1:
Schematic repre-
sentation [i] of
the synthesis of
heavy elements bij
the r—process
(see

0094-243X/85/1250732-16 $3.00 Copyright 1985 American Ins t i tu te of Physic
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Most of the nuclei of interest are at present and for the fore-
seeable future not accessible in terrestrial laboratories. So one
has to rely on extrapolations. Capture processes have played and
play an important role here and far beyond the narrow field of
capture cross sections themselves.

Capture processes enter in different ways into element synthesis in
the universe:

A) In a 'direct' way:

n,p,y capture cross sections determine directly specific ele-
ment abundances in synthesizing processes (r(n), s- or p-
process). Examples are discussed in the papers of Norman 12]
and KSppeler [3]. Another examgle is given by the neutron
capture cross sections in ' Ca [4,5] and its implications
for the understanding of the Ca-Ti-Cr anomalies in an Allende
inclusion [6,7].

B) In two 'indirect' ways:

e ,v capture (or scattering) cross sections determine the
dynamics of the gravitational collapse of heavy stars (e.g.
by neutrino cooling) and of supernova explosions, v-scatte-
ring restricts the possible scenarios of the astrophysical
site of the r-process.

p,n,e ,HI capture, in a wider sense, was the tool leading to
an understanding of p-decay far from stability in recent
years (see Fig. 2) - and we shall restrict ourselves on this
type of capture in this paper.

The new information on p-decay [8-12] derived from capture has many
consequences for various fields in particle physics and nuclear phy-
sics all merging into the problem of element synthesis in the uni-
verse or astrophysical questions related with this problem (Fig. 2).

- the new beta decay half-lives fix the astrophysical site of the re-
process and thus give a solution for a 25 years old astrophysical
problem [1,8]

<P.Y>
isovector Ml

(p.n). (n. p)

giant reson.

(n.Y>. <P.Y>

CHI, x

P-DECAY

neutrino mass (m v ) (pp)
neutrino oscill. (Amv) (reactor exp)
rigtit-handed weak currant (n) (pp)
ra>n-expon. decay ?(pp)

p-half-lives
fission barriers far from stability
synthesis of elem. in thermonucl. explos.
existence of superheavy elements

synthesis of heavy elem. in universe
ige of universe (—— mv)

cosmotogy
solar and galactic v Gallium detector

Fig. B: Capture and its connection to some fundamental problems
in particle, nualear and astrophysics.
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- the new rates of beta-delayed neutron emission and fission put the
method of cosmoohronology for determining the age of our galaxy on a
more reliable basis [1,8,9]

- p-delayed fission rates affect the question and decide finally
whether superheavy elements are built up in nature or not

- p-decay determines the properties of detectors for solar and
galactic neutrinos [8,13], expected to give a solution of the solar
neutrino puzzle and the first direct information on the fusion
process in the sun and the gravitational collapse of heavy stars.
Existing phenomenological estimates of the p-deeay in this context
[76] are insufficient and experimental results [77] (from the Ga
(p,n) reaction) are questionable and incomplete (see Refs. 13,78).
For a detailed discussion the reader is referred to Ref. 13).

- the nuclear physics experiments, such as reactor v oscillation
experiments and double beta (PP) decay experiments, aiming at the
solution of fundamental problems of particle physics such as a non-
vanishing neutrino mass and a right-handed weak current need [1,8,
9,11,14-16] for their interpretation the better understanding of
'classical' beta decay derived from capture reactions. On the other
hand the results of these experiments will have strong influence on
astrophysics: It is well known that neutrino mass and structure and
age of the universe are intimately related. Admitting weak inter-
action theories with non-vanishing Majorana neutrino masses would
allow for example flipping the neutrino helicity by Majoron-mediated
reactions, vf produced in e -capture will - interacting via Majo-
rons - produce final states with all families of left- and right-
handed neutrinos, and this would finally lead to models of gravita-
tional collapse of massive stars drastically different from the low-
entropy collapse models following from the usual assumption of lep-
ton number conservation [17,18].

In this paper in section 2 we shall briefly remind ourselves of the
connection between the various capture reactions and p-decay, in
section 3 we discuss the progress achieved in the understanding of
p-deoay, particularly far from the p-stability line, by capture re-
actions and in sections 4,5 we discuss the consequences for element
synthesis and related problems.

2. Capture processes and beta decay

What do we mean by understanding of p-decay: Predictability of the
energy positions of the coherent particle-hole excitations excited
by the beta-operators and of the matrix elements of the transitions
to then, in other words, knowledge of the p strength distribution in
the daughter nuclei which then determines all other quantities like
p-decay half-lives, rates of p-delayed neutron emission and fission,
shapes of e and v ispeotra.

Different capture processes have shed light on different aspects of
the p strength function (see Figs. 2,3)
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(BRINK) /
(P.Y)

Fig. 4: (a) Final state
interaction with
Ah excitations
(b) Ah g.s. corre-
lations

Fig. 3: Beta strength distribution in neutron-rich nuclei
(schematic, ses Ref. 8).

- (p»y) reactions investigating the isovector Ml y-deeay of isobaric
analogue states [8,19,20] as performed since more than ten years
ago, gave the first information on the distribution of low-lying
Gamow-Teller (GT) strength - by the proportionality of the GT and
the spin part of the Ml operator (see, e.g., Ref. 8).

- the (p,n) reaction confirmed [21] the existence of the GT giant
resonance (GR) predicted in the early sixties by Ikeda et al. [22]
The GTGR, as spin-isospin vibration of the nucleus familiar to the
Ml GR [8,2J],ean be investigated directly in p-decay only in a few
cases of p decay of T, < 0 nuclei. The (p,n) reaction also is the
best tool for testing the GT sum rule and together with calculations
in a quark model language [1,10] gave the best insight into the
quenching of GT strength by A excitations (and other mechanisms).
The syatematicg3gf investigations of the GTGR has been extended re-
cently out to U by experiments we performed [24] at the Indiana
cyclotron. Recent progress in the experimental techniques by Madey
and coworkers made also low-lying GT and El spin-flip strength in
heavy nuclei visible in the (p,n) reaction [25],

- the inverse (n,p) reaction is a powerful tool to investigate T. GT
strength at low excitation energy and free of admixtures of T.
states

- proton- [26], neutron- [27] and heavy-ion (HI) [28] capture reac-
tions followed by y-emission have been used to investigate the El
giant resonance built on excited states, in other ,vords to test the
Brink hypothesis (see also Ref. 29). By the strict proportionality
between the El y and the first-forbidden p-operators (see, e.g.,
Ref. 8), such investigations are important for an understanding of
the syatematica of the positions of low-lying collective El charge
exchange states and the corresponding first-forbidden p-strength in
nuclei with large neutron excess [8,23].
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All this information together led to a break-through [8] in the
following sense: It led to the understanding of the systematics of
the GT strength distribution, particularly at low excitation ener-
gies with the consequence that schematic descriptions of p-decay far
from stability (like that of the socalled 'gross-theory' [30] which
actually was for the last ten years the only theory predicting p-
decay properties far from stability) can be replaced now by micro-
scopic calculations which put the achievable accuracy on a new ba-
sis. This ha~ been discussed in detail in Refs. 8,9. We, therefore,
enter directly into the representation of some *-ypical results ob-
tained by the new calculations.

3. The new description of beta decay far from stability

3.1. Method of calculation

The main features of our calculations are (for details the reader is
referred to Kefs. 1,8-16): Starting from BCS wave functions of the
parent states the spectra of GT states in the daughter nuclei are
calculated in the Tamm-Dancoff approximation (TDA) with a residual
interaction

V P T = 2x £ o(l)or(2) ( T + ( 1 ) T " ( 2 ) + T + ( 2 ) I T ( 1 ) )

whose strength % i-s taken from experiment, namely from measured po-
sitions of GTGR (the strength we extract in this way corresponds to
a Landau-Migdal parameter of g ' ~ 0.6, in good agreement with re-
cent microscopic derivations [31], To incorporate AN excitations
in the model space the operators <J.T . are replaced by

acting on the three quarks in the nucleon.

We take further into account the following types of ground state
(g.s.) correlations:

(a) spin-isospin correlations

(b) quadrupole-quadrupole correlations, i.e. the admixture of
two-phonon excitations into the g.s.

(c) AN correlations (the AN excitations do not only enter
into the GT strength distribution by the final state inter-
action but also by AN g.s. correlations (Fig. 4 ) , which
leads to a strong energy dependence of the quenching of the
GT strength [10]).

Basing on such an approach we have_caloulated (with suitable appro-
ximations where appropriate) the p decay (p strength functions
SD (E)) of all nuclei between fS-stability line and neutron drip line



737

and the p decay of various nuclides on the left side of the p-
stability line. Ref. 12 shows examples of strength functions and the
typical difference in the description of its structure by the pre-
sent microscopic and the 'gross theory' of Ref. 30, respectively.
The results for various quantities derived from the calculated S.CE)
are presented in the following sections

3.2. Results

3.2.1. Beta decay half-lives, rates of p-delayed neutron emission
and fission

The calculated half lives are published in At. Data Nucl. Data
Tables [12]. The accuracy of the predictions is considerably im-
proved over that of the only existing earlier prediction!of Ref. 30
(see the discussion in Ref. 12). The microscopic half-lives are, for
neutron-rich nuclei, systematically shorter than those predicted
earlier. Table A in [12] gives a feeling for the predictive power of
the present approach.

Calculated rates of p-delayed fission and neutron emission are given
in Refs. 8,9,32, complete Tables of P and P values are under
preparation [33]. In these calculations the neutron tranmission co-
efficients were calculated from an optical model potential obtained
[34] from infinite nuclear matter calculations in the BrOckner-
Hartree-Fock-approximation with a Reid's hard core nucleon-nucleon
interaction by applying the local density approximation to finite
nuclei and the transmission coefficients for fission were calculated
assuming a 'complete damping mechanism' and taking the parameters of
the double humped barriers from Howard and Miller [35]. The main
result concerning the P B d f values is that we find [8,9,32] a region
of very strong f elayea fission around Z ~ 94, N ~ 167, (see
Fig. 1), coinciding with the long known region of strong spontaneous
fission which occurs as a consequence of the 'bay of shells' in the
Lund nomenclature of fission barrier height systematics. Of impor-
tance for the astrophysical application is, that the range of p-
delayed fission extends beyond (versus lower Z) the range of spon-
taneous fission - as a result of an effective lowering of fission
barriers by the p decay to excited states. It should be noted, that
the calculated P... values allow a natural explanation of the long-
known 'odd-even reversal' in the element distribution produced in
thermonuclear explosions (see Refs. 8,9).

3.2.2. Electron and antineutrino spectra from nuclear reactors and
reactor decay heat

The calculation of the spectra of electrons and antineutrinos pro-
duced in nuclear reactors by the p decay of the -1000 fission pro-
ducts from fission of the various fuel components can be regarded as
a kind of global test of our calculated p strength functions. Refi-
ning our earlier calculations [11] we used [36] the more recent
tabulation of fission product yields of Rider [37] (ENDF/B-VI) and
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2.0

0.5

Fig. 5: The electron spectrum from
thermal fission of lt3jPu. R denotes
the ratio between the values of Refs.
41-43,45 (labelled 1,2,4,3, respective-
ly) and our calculation [38] (curve 4
uses the v spectrum of Ref. \43~\

Fig. 6: The predicted v spectra from
fast fission of 21SV and thermal fission
of '[ Pu. R denotes the ratio of the
values of Refs. 42,44,43 (labelled 1,2,
3) for 23eU,' and Refs. 42,44 (labelled
4,5) for 2i>lPu and our calculation \_2C],

included radiative corrections following the theory of Ref. 38 (see
Ref. 39). The latter do not affect the corresponding V spectra
calculated earlier [11], they affect, however, the conversion proce-
dure uaed by Schreckenbach et al. [40] and v. Feilitzsch et al. [41]
to deduce v spectra from measured e spectra to the order of up to
5%. Fig. 5 shows the large progress in the precision of the calcu-
lated electron spectrum compared to earlier calculations [42-45]
which suffer from a poor description of the beta strength function
(see the discussion in Refs. 1,8,9,11,46).

Fie. 6 shows our calculated.136] v spectra from thermal fission of
Pu and fast fission of U in comparison with the rough esti-

mates of Refs. 42-44 still used in the analysis of the most recent ~v
oscillation experiments [47,48]. Becauoe of the large sensitivity of
the analysis of reactor V experiments and of the deduced values of
the neutrino mass and the mixing angle to the choice of the "v core
spectrum [1,8,9,11] the use of microscopically calculated V core
spectra is indispensable for those reactor "v oscillation experiments
presently under way at power reactors such as Gdsgen [47,48] and
Bugey [49], where the fuel composition is complex and varies as
function of time. This is true also for 'two-distance' measurements
such as that of Ref. 48 (see the discussion in Ref. 1).

Fig. 7 shows by an example that the same calculations giving the
correct e ana v spectra, rather perfectly reproduce the decay heat
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• io° 102 103

Decay lime I (sec)
10*

Fig. 7:
Microscopically calculated
\_36~\beta and gamma burst
functions as function of
time after shut-down of a
nuclear reactor for thermal
fission of 235tf (solid line)
compared to a recent experi-
ment [50] and a typical
earlier calculation (dashed
line, [Sl]>.

23 5r,of nuclear reactors [36] (shown is the burst function for
total as well as the parts from beta and y-transitions separately,
to the limited extent where there exist measurements. It should be
mentioned here, that calculations of the burst functions using the
gross theory of p-decay by Yoshida and Nakasima [52], unfortunately
have to be considered as a kind of multiparameter fit (see the
discussion in Ref. 8 ) .

3.2.3. Double beta decay

The more realistic description of the beta strength function is
reflected also in a better description of double beta decay -
particularly of 2v transition matrix elements M, [1,9,14-16].
Previous calculations of two-neutrino pp-decay )>ates ty Haxton et
al. [53] cannot describe the distribution of the GT strength in the
intermediate nucleus properly, since they do not take into account
collective effects produced by the spin-isospin force, i.e. the
existence of the GTGH, and also not quadrupole-quadrupole and AN
correlations. A consequence is that these authors overestimate the
total decay rates of Te and Te by almost two orders of mag-
nitude. Table 1 shows that this discrepancy is markedly reduced by
the new calculations - mainly as an effect of the quadrupole-
quadrupole correlations [15] (for the remaining discrepancy see the
discussion in Refs. 1,16).

.,-1
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This observation has a large effect on the upper limits for the
neutrino mass deduced from present (mainly geochemieal [54]) expe-
riments. In previous analyses [53,54] of experimental data the cal-
culated Ov pp decay matrix element M Q

a °" was 'scaled down' to
take care of the (previous) discrepancy between calculation and
experiment concerning the 2v rates: The value of M used to deduce
an upper limit for the neutrino mass from a measured upper limit for
the Ov decay

w. = lM_ I2 (Am2 + Bm TI + Cn2)
Ov Ov v v '

., ,,calc. i,,exp,,,calc. I
W a S M0v = !-0v * lM2v /H2v !

This procedure, however, is found to be no longer correct, dince the
collective effects arising from spin-isospin forces and phcnon cor-
relations can affect the 2v matrix elements much more than the M.
values [16] - as an effect of the different radial dependence of the
involved operators (long range correlations such as phonon corela-
tions are unimportant for Ov pp decay due to the 1/r. . factor in
M. ). 1J

Ov
This different behaviour of the two kinds of matrix elements expres-
ses itself in 5 values much larger than 1 (£ = M. RQ/M, , with RQ

denoting the nuclear radius). It means further that thevscaling
procedure commonly used underestimates Mfi . Table 1 shows in addi-
tion to our calculated [15,16] MQ and M,V matrix elements and 5
values the new limits for the neutrino mass deduced from the experi-
mental values in the following most conservative way: We assume a)
the righthanded current admixture T\ to be zero b ) » . i B

The limit from the Te data, therefore, does not a^pend|on°He'
often used ratio argument for the 2v rates.of Te and Te (see
Fiefs. 15,54). The new obtained limit for Te is by more than an
order of magnitude smaller than the previous limit of 8.8 eV (5.6 eV
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using the 2v ratio argument [54]). 33 decay thus seems to be at
present the most sensitive method to test the neutrino mass. The new
lower limit is consistent with the recent results from reactor \J
oscillations [48,49].

Concluding this section, from the fact that we reproduce consis-
tently, with the same microscopically calculated p-strength func-
tions, known p decay half lives, rates for p-delayed fission and,,
neutron emission, the electron spectra from thermal fission of U,
235Pu<2|he decay heat (burst functions) from thermal fission of

U, Pu, Pu, double beta decay rates - all with an accuracy
unknown up to now - it seems that there exists for the first time a
reliable description of p-decay far from stability. Some of the
consequences will be discussed in the next sections.

4. The synthesis of heavy elements bv the r-orooess

The first element synthesis in the universe occured 226 sec after
the big bang. At that time, after the eras of hadrons and leptons
were passed, the temperature was low enough that formed deuterons
remained stable with the consequence that at this time all neutrons
were boiled to He which since this time forms ~25% of the mass of
the universe. Only 700 000 years later with the decoupling of matter
and radiation the formation of galaxies and stars set in and with
this the formation of all other elements - except Li, Be, B which
are produced by spallation in cosmic rays. While the elements up to
iron can be built up by fusion in hydrostatic burning phases of
heavy stars, ,-here are essentially two processes responsible for the
synthesis of the heavy elements in the nowadays observed cosmic ele-
ment distribution: Slow and fast neutron capture (s- and r-process).
The fingerprints of these two processes are the peaks in the element
distribution at and below the neutron magic numbers. We shall re-
strict ourselves here to the r-process. Its principle is known since
25 years. An explosive event produces on a time scale of a second a
high neutron flux. By successive neutron capture and p decay from
some starting element distribution (a CNO and s-processed solar
element distribution) there is built up an element distribution
~20 - 30 mass units away from the p stability line (denoted by the
r-process path in Fig. 1). After the neutron flux drops this distri-
bution decays back to the p stability line. The resulting final
distribution of stable elements depends obviously sensibively on the
P decay properties of the several 1000 nuclei between r-process path
and p stability line. The p half lives set sharp restrictions on the
possible time scales of the dynamics and thus possible scenarios and
they determine (together with the n-eapture rates) the position of
the r-process path in the N-Z plane and thus the position of peaks
in the final element distribution [8,9,32],

The question of the site of the r-process in the universe was an
open question for more than two decades, particularly, since the old
site proposed by Fowler and Seeger to occur close to the neutron
star forming in a supernova explosion (Fig. 8) has been ruled out by
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Fig. 9: The calculated \_S2~] final
element distribution resulting
from 6 decay of the element dis-
tribution built up in the r-process
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Fig. 8: 'To the site of the r-process: Structure and development
of a heavy star f-2-5 W ) undergoing a supernova explosion
(from Refs. 1,9). S
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Fig. 10: (following \_74~\): Connection between age of the universe
Tfj (in 10 y), deceleration parameter q0 (U - 2qo - ^0/9ovitJ
and Hubble constant Ho for Friedmann models (A = 0). L'GB and OGB
denote the lower and upper limit of the observed baryoi.ic matter
density, respectively. The new meteoritio age of the universe i:~
given to the right.
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the discovery of weak neutral currents - another example of the
close interplay of weak interaction and 'macroscopic' astrophysics.
The weak neutral currents lead by coherent v scattering on Fe to a
decrease of the neutron density (by inverse p decay) below the cri-
tical value necesaary to drive an r-process in that scenario [58,
59], Other serious inconsistencies of the 'old' r-process were
discussed already in [60].

As an alternative process explosive He-burning in supernovae was
investigated since 1977 [61]: The detonation shock front running
through the outer shells in the supernova explosion leads for
-0.5 sec to an increase of the neutron density in,the He-burning
shell by 10 orders of magnitude - up to -10 cs . These neutrons
come from the reaction Ne(a,n) which during hydrostatic burning
drives the s-process. The question was: Can this neutron-density
available for 0.5 sec drive an r-process leading to the observed
solar r-elemunt distribution? The answer from hydrodynamical star
explosion calculations was no - as long as the p decay half lives of
the 'gross theory' were used. We have shown, however, that the
situation changes when the shorter microscopic p decay half lives
are used [8,9,62], The results are as follows (for a detailed
discussion see Refs. 8,9):

- a solar r-element distribution can be obtained in this process
(Fig. 9) when using the microscopic p decay half lives. The cal-
culated absolute enrichment of r-material in the He-burning shell
(more precisely in the.1/10 of the shell participating in the
process) of several 10 corresponds to an average enrichment factor
of 10 - 20 per supernova, which is comparable to the enrichment
factor predicted [63] for the production of lighter elements in
explosive burning of inner shells. The new r-process site also
facilitates the explanation of observed r-element overabundances in
meteorites [9,64]

- Beta-delayed fission leads to a cut-off of the calculated r-
process path at already small 7. (around Z = 92) (see Ref. 32 and
Fig. 1). Consequently, no superheavy elements will be produced in
the r-process and so probably in nature.

5-the oalculation.of the production ratios of the cosmochronometers
Th. •'"'•""u, ^ 4 p u (See Fig. 9) puts the method of cosmochro-

nology for the first time on a reliable basis.

The obtained solution describes the production of heavy elements in
the universe with a consistency never reached before and is inde-
pendent from still unsolved problems (see Ref. 63) of the triggering
of the supernova explosion by the gravitational collapse.

5. The age of the universe and the neutrino m,3s

Starting with the element distribution in the r-process path as it
results in the scenario of explosive He-burning, using the micro-
scopically calculated rates for p-delayed fission in the r-process
path and during decay back to the stability line- and taking into
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account p-delayed n-emission we find [8,9,32] production ratios of
the ohronometric pairs which are remarkably lower than the adopted
'standard' values (see Refs. 1,8,9,32). The influence of these
changes in the production ratios on the deduced age of the galaxy is
considerable. In a simple exponential model of galactic nucleosyn-
thesis in which its four parameters are deduced from the calculated
production ratios of the chronometric pairs Th/ U, U/ u,

Pu/ U, 1/ I, and their observed ratios (in meteorites) at
the time of condensation of the solar systgm, we find [8,9,32] an
age of the galaxy of T = (20.8 (+2,-5))10 a, i.e., almost a factor
of 2 larger than found in previous cosmoghronological studies of the
actinide chronometers. Allowing for 1*10 years for the time between
the big bang and the formation of the first galaxies this corres-
ponds to an age of the,universe of (21.8 (+2,-5))10 a. (Use of the
meteoritic ratio for Th/ U of 2.32 of [66] instead of the stan-
dard value of 2.50 + 0.2 given by[65] would reduce this value to
18.9*10 a. Since an improved treatment of level densities [67],
however, seems to systematically increase these numbers, we tend
more to the first of the above ages.) The new values are consistent
with most recent determinations of the ages of globular clusters
[68-71] yielding values between 16 and 25*10 a and of the Hubble-
time of the universe yielding [72] T = H = (19.5 (+3^2,-2.^))
(corresponding to a global value of H = (50 + 7 ) km s Mpc and
an extreme Friedman model with deceleration parameter q = 0 ) . (For
a detailed discussion, also of the other chronometers, see Refs.
8,9,32).

An interesting conclusion can be drawn [1,9,71,73,74] about an ave-
rage mass of the neutrino from a comparison of the new actinide age
with values of the Hubble constant. In Friedmann models with cosmo-
logical constant A = 0 the age of the universe can be represented,
for a given Hubble constant Hfl, as function of the mass density of
the universe Q = Pn/p, (p denoting the critical density, beyond
which we would have acclosed universe). In such a representation the
new actinide age of the universe of T n = (21.8 (+2,-5'))10 a would,
with the global value of H = (50 + 7 km s Mpc" from 17], limit
the parameter.jlto £0.5 (it would not completely exclude, however,
SJ= 1 for the Th/ U meteoritic ratio of 2.32 of [66]) (Fig. 10).
Comparing the corresponding mass density p. with the lower liBit of,
the observed baryonic mass density p . = T0.5(+0,7,-0.3))10 gem
[71,74] and interpreting the difference as totally due to a finite
neutrino mass would lead t o

2&B
 uPP e r limit of the latter of m <

3.5 eV (6 eV for the Th/ U ratio of 2.32). The values o f V ~
would decrease when assuming larger values of H... So, the actinide
age clearly excludes, within Friedman models of the universe, neu-
trino masses O.0 eV. This is consistent with a recent estimate of
an upper limit of m from gauge theories [75]. The lowest limit of
the actinide age, on the other hand, is not inconsistent with the
value of a = 1 preferred [18] as a 'natural' value in inflationary
theories of the universe.



745

References

[1] H.V. Klapdor, Invit. talk given at Internat. Symp. on Nuclear
Spectroscopy and Nuclear Interactions, Osaka, Japan, 21-24
March 1984

[2] E.B. Norman, contrib. to this conf.
[3] F. KSppeler, contrib. to this conf.
[4] F. KSppeler et al, to be publ.
[5] A.W. Mursin, H.V. Klapdor et al., to be publ.
[6] A.G.W. Cameron, Astrophys. J. 230, L53 (1979)
[7] W.A. Fowler et al., preprint
[8] H.V. Klapdor, Progr. Part. Nucl. Phys. 10, 131 (1983), Phys.

Bl. 3_8, 182 (1982)
[9] H.V. KTapdor, Fortschritte der Physik, in press

[10] K. Grotz, H.V. Klapdor, J. Metzinger, Phys. Lett. 132B, 22
(1983)

[11] H.V. Klapdor, J. Metzinger, Phys. Rev. Lett. 48, 127 (1982),
Phys. Lett. 112B, 22 (1982)

[12] H.V. Klapdor, J. Metzinger, T. Oda, At. Data Nucl. Data
Tables 31, 81 (1984) , Z. Phys. A309. 91 (1982)

[13] K. Grotz, H.V. Klapdor, J. Metzinger, contrib. to this conf.
[14] K. Grotz, H.V. Klapdor, J. Metzinger, J. Phys. G9, L169

(1983)
[15] H.V. Klapdor, K. Grotz, Phys. Lett. 142B. 323 (1-984)'
[1.6] K. Grotz, H.V. Klapdor, subm. for publ. and Phys. Rev. C, in

press (1984)
[17] E.W. Kolb, D.L. Tubbs, D.A. Dicus, Astrophys. J. 255, L57

(1982)
[18] E.W. Kolb, Proceed. XI Internat. Conf. Neutrino Phys. and

Astrophys. (Neutrino 84), Mordkirchen, June 11-16, 1984
[19] H.V. Klapdor, Phys. Lett. 35B, 405 (1971)
[20] H.V. Klapdor, M. Schrader, G. Bergdolt, A.M. Bergdolt, Yu.W.

Namow, Isv. Akad. Nauk. 42, 64 (1978)
[21] R.R. Doering, A. Calonsky, D.M. Patterson, G.F. Bertsch,

Phys. Rev. Lett. 35., 1961 (1975)
[22] K. Ikeda, S. Fujii, J.I. Fujita, Phys. Lett. 3., 271 (1963)
[23] A. Bohr, B. Mottelson, Muclear Structure, Vol. II, Benjamin,

N.Y., 1975
[24] R. Madey et al, H.V. Klapdor et al, to be publ.
[25] K. Grotz, H.V. Klapdor et al., Phys. Lett. 126B. 417 (1983)
[26] Z. Szeflinski, G. Szeflinska, Z. Wilhelmi, T. Rzaca, H.V.

Klapdor, E. Andersen, K. Grotz, J. Metzinger, Phys. Lett.
126B. 159 (1983)

[27] S. Raman et al., Phys. Rev. C23, 2794 (1981)
[28] K.A. Snover, contrib. to this conf.
[29] W. Kitipowa, Yad. Fiz. 36. 597 (1982)
[30] K. Takar-shi, M. Yamada, T. Kondoh, At. Data Nucl. Data

Tables 12, 101 (1973)
[31] K. Nakayama, S. Krewald, J. Speth, Phys. Lett. 145B. 310

(1984)
[32] F. Thielemann, J. Metzinger, H.V. Klapdor, Z. Phys. A309, 301

(1983) , Astron. Astrophys. 123, 162 (1983)
[33] J. Metzinger, H.V. Klapdor, to be publ.



746

[34] J.P. Jeukenne, A. Lejeune, D. Mahaux, Phys. Rev. £182, 1190
(1977)

[35] W.M. Howard, P. Holler, At. Data Nucl. Data Tables 25. 219
(1980)

[36] J. Metzinger, H.V. Klapdor, to be publ.
[37] B.F. Rider, Compil. of Fiss. Prod. ENDF/B-VI (1981;
[38J A. Sirlin, Phys. Rev. 164. 1767 (1967)
[39] H. Behrens, W. BOhring, Electron Radial Wave Functions and

Nuclear Beta Decay, Clarendon Press, Oxford (1982)
[40] K. Schreckenbach et al.. Phys. Lett. 99B, 251 (1981)
[41] F.v. Feilitzsch et al., Phys Lett. 118B, 162 (1982)
[42] P. Vogel, G.K. Schenter, F.M. Mann, R.E. Schenter, Phys. Rev.

C24. 1543 (1981)
[43] F.T. Avignone, Z.D. Greenwood, Phys. Rev. C22, 594 (1980)
[44] W.I. Kopeikin, Yad. Fiz. 32, 1507 (1980)
[45] A.A. Borcwoi, Yu.W. Klimow, W.I. Kopeikin, Yad. Fiz. 37., 1345

(1983)
[46] H.V. Klapdor, Phys. Rev. C23_, 126 (1981)
[47] J. Vuilleumier et al., Phys. Lett. 114B, 298 (1982)
[48] K. Gabathuler et al., Phys. Lett. 138B. 449 (19S4)
[49] J.F. Cavaignac et al., preprint LAPP-EXP-84-03, Kay 1984
[50] J.K. Dickens, T.A. Love, J.W. McConnell, R.W. Peelle, Nucl.

Sci. Eng. 74, 106 (1980)
[51] A. Tobias, Progr. Nucl. En. 5, 1 (1980)
[52] T. Yoshida, R. Kakasima, J. Mucl. Sci. Technol. 1JS, 393

(1981)
[53] W.C. Haxton et al., Phys. Rev. Lett. AJ_, 153 (1981), Phys.

Rev. D25, 2360 (1982), Cornm. Nucl. Part. Phys. H , 41 (1983),
Progr. Part. Jlucl. Phys., in press

[54] T. Kirsten, H. Richter, E. Jessberger, Phys. Rev. Lett. 50,
474(1983), Z. Phys. C16, 189 (1983)

[55] T. Kirsten in Proc. Workshop Science Underground. Los Alamos
(1982), Proc. Telemark Mini Conf. on Neutrino Mass and Gauge
Structure of Weak Interact., Am. Inst. Phys. (ed.), (1982)
. Bellotti et al., contrib. to HEP 83, Brighton, July (1983)
.T. Cleveland et al., Phys. Rev. Lett. 3_5, 757 (1975) .
,Z. Freedraann, Phys. Rev. D9, 1389 (1974)
. Hillebrandt, Phys. Bl. 38. 189 (1982)
. Hillebrandt, Proc. 4th EPS Gen. Conf., 255 (1979)
. Hillebrandt, F.K. Thie] emann. Mitt. Astron. Ges. 43_, 234

(1977), J.W. Truran, J.J. Cowan, A.G.W. Cameron, Astrophys.
J. 222, L63 (1978)

[62] H.V. Klapdor et al., Z. Phys. A199, 312 (1981), CERN-Report
81-09, 341 (1981)

[63] S.E. Woosley, T.A. Weaver, Proc. NATO Adv. Study Int.,
Cambridge 1981, p. 79 and Bull. Astr. Soc. 14, 957 (1982)

[64] H.V. Klapdor, Sterne und Weltraum, in press
[65] E.M.D. Symbalisty, D.N. Schramm, Rep. Progr. Phys. 44, 293

(1981)
[661 E. Anders, M. Ebihara, Geochim. Cosmochin. Acta 46, 2363

(1982)
[67] J. Metzinger, H.V. Klapdor, to be publ.
[68] A. Sandage, Astrophys. J. 252, 553 (1982)

[56]
[57]
[58]
[59]
[60]
[61]

E
B
D
W

w
w



747

[69] P.E. Nissen, ESO Messenger 28- 4 (1982)
[70] A. Ardeberg, H. Lindgren, P.W. Nissen, Astron. Astrophys.

128, 194 (1983)
[71] W. Priester, Vortrag N333 der Rheinisch-WestfSlisehen

Akademie der Wissensch., V/estdeutsoher Verlag 1984
[72] A. Sandage, G.A. Tammann, Astrophys. J. 256, 339 (1982)
[73] H.V. Klapdor, Proceed. Internat. Sympos. Eleotromagn.

Properties of Atomic Nuclei, Tokyo, November 9-12 , 1983
[74] H.J. Blome, W. Priester, Naturwissenschaften 9, 456 (1984)
[75] P. Cea, Fnys. Lett. 14<5B> 75 (1984)
[76] J.N. Bahcall et al.. Rev. Mod. Phys. 50, 881 (1978) and .54.

767 (1982)
[77] H. Orihara et al., Phys. Rev. Lett. 51, 1328 (1983)
[78] A. J. Baltz, J. Vleneser, B.A. Brown, J. Rapaport, preprint

(1984)



748

STATUS OF HELIUM BURNING OF 12C

H. P. Trautvet ter , A. Redder and C. Rolfs
I n s t i t u t fur Kernphysik, Univers i tat Minister,

Minister, W. Germany

ABSTRACT

The 1 2C(a,y)1 60 reaction is of crucia l importance for the under-
standingg of s t e l l a r evolut ion and nucleosynthesis. The present
state of knowledge for th is reaction is presented as well as new
experimental approaches.

In sp i te of enormous experimental e f fo r t s that have gone in to
studies of the 1 2 C(CX,Y) 1 6 0 capture react ion, there are s t i l l con-
siderable uncertaint ies in the cross section (reaction rate) at the
relevant s t e l l a r energy region of Eo = 0.3 MeV (Refs. 1-3). As a
consequence, neither the re la t i ve amounts of 12C and 160 produced by
Red Giant stars nor the s tars ' subsequent evolut ion and the nucleo-
synthesis of the metal l ic elements can be determined with great con-
f idence. The formidable problems encountered in the d i rect studies
of t h i s reaction arise from the combination of a low y-ray capture
y i e l d (o < 50 nb) and a high neutron-induced y-ray background mainly
due to the 1 3C(a,n)1 60 react ion, which is a p r o l i f i c source of neu-
t rons . In the work of Dyer and Barnes1 an exc i ta t ion funct ion was
obtained at eT = 90° and Ec#m> = 1.4-3.0 MeV, which is sensi t ive
only to the El-anpl i tude in the capture mechanism. From Y-ray angu-
l a r d i s t r i bu t ions obtained at higher beam energies (Ec.m. = 2.2-2.8
MeV) i t was suggested that the observed E2-amplitude is neg l ig ib le
at s t e l l a r energies. For t h i s suggestion, the El-data y ie lded an
extrapolated value for the astrophysical S-factor of S(0.3 MeV) =
0.08 ± 0.04 MeV-b (Ref. 4 ) . This recommended value has been ques-
t ioned recently by the data of Kettner et a l .2 because the angle-
integrated exc i ta t ion funct ion obtained at Ec-m< = 1.2-3.5 MeV could
not be explained alone by an El-amplitude but required a non-
neg l ig ib le E2-amplitude. Using a simple Breit-Wigner formalism and
incorporat ing data from e las t i c sca t te r ing , which was obtained con-
cu r ren t l y , 2 the capture data led to an extrapolated S-factor of
S(0.3 MeV) = 0.3-0.5 MeV-b (Ref. 2 ) . Recent microscopic model
ca lcu la t ions 5 have confirmed the existence of a non-negl igible E2-
amplitude at s t e l l a r energies and led to a value of S(0.3 MeV)
~ 0.35 MeV-b for the angle-integrated data, 2 and of S(0.3 MeV)
~ 0.25 MeV-b for the ea r l i e r ^ " - d a t a , 1 t o which the theore t i ca l l y
calculated E2-contr ibut ion in the capture mechanism was added. An
improved extrapolat ion of both data sets requires addit ional exper i -
mental data, i . e . , y-ray angular d i s t r i bu t ions obtained over a wide
range of beam energies and as low in energy as possible. These
d i s t r i bu t i ons should be characterized by E1-E2 interference e f fec ts ,
from which the energy dependence of both mult ipole t rans i t ions can
be extracted, thus improving the i r ind iv idual ext rapolat ions.

As a f i r s t sbep in such an experimental program, 12C so l id
targets depleted in 13C have been produced by an implantation tech-

0094-243X/85/1250748-05 $3.00 Copyright 1985 American Ins t i tu te of Physics
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nique. The target was a 1 mm thick Cu sheet (2x2 cm2 area) with 12
canals of 0.9 mm diameter, which were used to cool the target at a
water pressure of 30 bar. A gold layer was evaporated on this Cu
sheet and i ts thickness was chosen to be larger than the range of 4
MeV a-particles. This precaution was necessary in order to avoid a
neutron-induced background from the ^ ( a . n ) 1 ^ ) reaction taking
place in the "durty" Cu sheet. The 12C beam of 110 keV from the 350
kV Minister accelerator was implanted in the Au layer. The beam was
scanned OVP- nearly the fu l l area of the target sheet and extensive
LN2 shrouds were used to prevent normal carbon deposition on the
target during bean bombardment. The content and distribution of the
inplanted 12C zone was subsequently determined using the
12C(p,Y)13N non-resonant reaction." I t was found that the 12C

Fig. 1. Sample y-ray spectra obtained at 60° with a 4x4" Nal(Tl)
detector using 12C-implanted targets.
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Fig. 2. Angular distributions of the groundstate transition in
1 2C(CI ,Y) 1 60. The lines through the data points are results of
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targets started at the surface of the Au layer and had a nearly
homogeneous distribution with a thickness consistent with the range
of the 12C ion beams. Targets with abundance ratios of 12C: Au =
5:1 in the implantation zone were produced. The targets were also
found to be fa i r ly stable under extremely heavy beam loads (sputter-
ing of the target material was observed, but no blistering, after
bombardment over one week; see below).

In preliminary runs (March 1984) at the 4 MV Dynamitron accele-
rator in Stuttgart the targets were bombarded with an a-beam of
300-500 uA in the energy range of Ea = 1.6-3.9 MeV. The capture
transitions were observed in eight 4x4" Nal(Tl) detectors covering
the angular range of 6y = 15°-150°. Sample r-ray spectra obtained
in this set-up are shown in Fig, 1. As can be seen in the figure
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the groundstate transition Y0 is well separated from the remaining
neutron-induced background at Ec-m- > 2.1 MeV. There are indica-
tions that this remaining background is created predominantly on the
beam defining s l i t s and apertures in the beam l ine. The angular
distribution obtained at the well-known J71 = 2+ resonance (Ec>m# =
2.68 MGV) exhibits the familiar pattern (Fig. 2c), while the d i s t r i -
butions obtained at energies outside this resonance are charac-
terized by asymmetries around 90°, indicating clearly the presence

1.0
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0.6

UJ

to 0A

O
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<
a:

0.2

12C(cr,V16O
ER = 2.42MeV(JTT=r

RESONANCE
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(Lan84)
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-cm.
;MeV)

Fig. 3. Energy dependence of the o(E2)/cr(El) ratio as obtained
from the analyses of y-ray angular distributions and as predicted
(Ref. 5). The data points at Ec>n)i <2.0 MeV are subject to con-
siderable uncertainties due to problems of analyses of Nal(Tl)-
spectra.

of both El and E2 amplitudes in the capture mechanism, Hie analysis
of these distributions involves two free parameters, the ratio of
capture cross sections o(E2)/a(El) tind the relative phase between
both nultipole transitions. The deduced ratio <J(E2)/<J(E1) as a
function of beam energy is shown in Fig. 3. Shown also i i the
figure is the ratio predicted by Langanke.5 As expected, the ratio
exhibits a minimum in the neighborhood of the J" = 1" resonance
(Ec.m. = 2 - * z MeV) a n d their absolute values are not in contradic-
tion to the prediction. At the low energy region, the Yo-ray line
shifts more and more toward the region of the neutron-induced
background (Fig. la) hampering a quantitative analysis of i ts inten-
s i ty . As a consequence, the deduced ratio CT(E2)/<J(E1) in this
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energy region (Fig. 3) is subject to significant uncertainties.
However, as tested experimentally, the extremely reducer) neutron
background due to the 12C implanted targets allows the use of high-
resolution Ge(Li) detectors in future investigations of this reac-
tion and thus the above problem in spectra analyses should be
reduced signif icantly. The results of such investigations, in par-
t icular at Ec>m> < 2.0 MeV (Fig. 3), have to be awaited before safe
conclusions can be drawn on the capture mechanisms involved in t'.1 ,
astrophysically important 12C(a,y)160 reaction.
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SOME EFFECTS OF HIGH TEMPERATURE AND
DENSITY ON NEUTRON-CAPTURE NUCLEOSYNTHESIS

Eric B. Norman* and Stephen E. Kellogg
Nuclear Physics Laboratory, University of Washington

Seattle, WA 98195

ABSTRACT

Examples of nuclear reactions between nuclei in excited
states, beta decays of nuclear excited states, and bound-state beta
decays are shown. The effects of these processes on selected
problems in heavy-element nucleosynthesis are discussed.

INTRODUCTION

In recent years, it has become increasingly apparent that
under the conditions of high temperature and density required in the
3- and r- neutron-capture processes, the effects of several "exotic"
nuclear phenomena should be considered in calculations of heavy-
element nucleosynthesis. Examples include nuclear reactions between
nuclei in excited states, beta decays of nuclear excited states, and
bound-state beta decays. While the effects of such processes in the
laboratory are, in general, completely negligible, their influence
in stellar environments can ba quite large. In this talk the
effects of these processes on the nucleosynthesis of selected nuclei
of current astrophysical interest are discussed.

Observations in certain meteorites of Z6Mg isotopic abundance
excesses that are correlated with the Al/Mg elemental abundance
ratios have established that Al was present in the early solar
system.1 The astrophysically short half-life of zeAl [7.2 x lo5

year, Ref. 2] implies that the nucleosynthetic event which produced
this 26A1 must have occurred no more than a few million years prior
to the formation of these meteorites. An intriguing possibility is
that this event was a nearby supernova explosion which not only
injected freshly synthesized material into the proto—solar nebula,
but more importantly, actually triggered the gravitational collapse
of this nebula to form our solar system. As a result of these
observations and speculations, there is a great deal of current
interest in the nucleosynthesis of 2eAl.

The level structure of the nucleus introduces some interesting
complications to any study of Z8A1. The Z8A1 ground state, 26Al9,
has j"- 5+ and a half-life of 7.2 x lo5 year. The first excited
state, Z6Alm, at 228 keV has J^o* and 0 decays to 2SMg with a

* Present address: Nuclear Science Division, Lawrence Berkeley
Laboratory, Berkeley, CA 94720.

0094-243X/85/1250753-13 $3.00 Copyright 1985 American Institute of Physics
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half-life of 6.3 sec but does not decay to Z8A19 (Ref. 2). Thus any
Z8A1 formed in this isomeric level will not survive long enough to
become incorporated into a meteorite as 26A1.

Once formed, the zeAl ground state can be destroyed by several
processes. At sufficiently high temperatures, the following
sequence of reactions may occur:

"Al g + y - Z6A1* [1]

" A I « - ieAim + y [2]

Z8Mg + p £SJ
or

" A I ™ - "Mg + 0* + ve [4]

Even though there is no electromagnetic transition that directly
connects °Alg and zeAlm, these two states can ••communicate" through
higher-lying excited states. The rate3 of the photoexcitation
reactions can be calculated for those states whose lifetimes and y-
decay branching ratios are known by using the principle of detailed
balance. We have performed these calculations using published
experimental values2 for the required level properties. The results
of these calculations indicate that for temperatures ^ 7,5 x io8 °K,
Z8A15 and zoAlm reach their thermal equilibrium populations on time
scales <l sec. Thus zeAl9 can be thermally excited to zeAlm and
then destroyed via the (n,p) reaction or by 0 decay. For instance,
at a temperature of 1 x 10 °K, even in the absence of any free
neutrons, the equilibration between 2 8A1 9 and Z8Alm reduces the
effective half-life of the nucleus from its laboratory value of
7.2x10* y to only 24 minutes I similar results regarding Z8Al9'm

equilibration have been obtained by Ward and Fowler.5

In environments where in addition to high temperatures there
also exist free neutrons, the (n,p) reactions can rapidly destroy
Z8A1. While there are not (as yet) any direct measurements of the
cross sections for this reaction, measurements of the
zeMg(p,no)

zeAl9 cross sections have been used together with the
principle of detailed balance to obtain cross sections for the
8Al9(n,po)

Z8Mg reaction.8 These results are shown as the data
points in Tig'. 1. The solid curve represents the
8Al9(n,po)

Z8Mg cross sections found by applying the principle
of detailed balance to thê  low energy 'aMg(p,no) cross sections
calculated by Wbosley et al.7

Woosley et al.8 have also calculated the "stellar reaction
rate," N<CTV>, for the zeAl(n,p)2*Mg reaction using a Hauser-
Feshbach technique. From this rate, a Maxwellian averaged (n,p)
cross section «rv>/<v>, can be calculated. The dashed curve in
Fig. 1 represents the results of these calculations which include
the effects of two mechanisms that have not as yet been studied
experimentally. The (n,p) reaction on Z6A1 will populated excited
states as well as the ground state of Z6Mg. This effect is included
in the Hauser-Feshbach calculations but can only be studied
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experimentally with an EOA1 target. secondly, at temperatures
>lxio" °K, nuclear excited states are populated and can serve as
targets for nuclear reactions. This effect is also included in the
stellar rate calculations but cannot be deduced from existing
experimental results. However, in an experimental study of the
Z6Mg(p,n) reaction to excited states in zeAl (Ref. 9), it was shown
that the cross sections for the (n,po) reaction on the first two
excited states of *SA1 are much larger than those for the (ground
state)-(ground state) reaction. It is apparent from Fig. 1 that the
inclusion of these two effects results in large cross sections. The
implications of these results are that at least at the high
temperatures where nuclear excited states are populated and where
free neutron densities are reasonably high, the <n,p) reaction will
be a very effective Z8A1 destruction mechanism.

One is therefore led to the conclusion that in order to
produce the amounts of Z6A1 needed to account for the observed
meteoritic anomalies, lower temperature environments are required.
In hydrogen-rich regions at temperatures on the order of lxio °K,
equilibration between 29Al9'ra will not occur and furthermore, free
neutron densities are typically quite low. In such locations, the
destruction rate of z Al is determined by the relatively slow
Al(p,y) reaction,1 and as a result, sufficiently large quantities

of z Al may be produced.s'11

Fig. 1. Data points and solid curve
are 2eAl (n,po)"Mg cross
sections calculated from ' measured
(Ref. 6) and theoretically estimated
(Ref. 7) 26Mg g (p,no)

26Al cross
sections, respectively. Dasned curve
represents the Maxwellian averaged
cross sections for the 2SAl(n,p)z Mg
reaction as determined from
calculations (Ref. 8) of the stellar
reaction rate.

Remarkably perhaps, it is still true that one of the strongest
pieces of evidence that nuclear reactions actually occur in stellar
interiors is the observed presence of technetium on the surfaces of
some stars." While the presence of technetium has been established
in many stars, it was not until recently that any quantitative Tc
abundances had been determined.13 From the Known path of the s-
process, it is expected that the only technetium isotope that could
be observed in stars is 99Tc, which has a laboratory half-life of
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2.1 x 10 years (Ref. 14). However, under the conditions of high
temperature appropriate for the s-process, the half-life of this
nucleus can be dramatically reduced.

As can be seen in Pig. 2, the long half-life of the 99Tc
ground state is due bo the facb that its beta decay to 99Ru is a
second-forbidden transition. However, as discussed by Olrich,15 the
beta decay of the 141-keV level of 99Tc to the 9SRu ground state is
an allowed transition with an estimated p-decay partial half-life of
approximately 32 days. Thus if this level could come into thermal
equilibrium with the 99Tc ground state, then the effective half-life
of this nucleus could be quite short. Using the principle of
detailed balance, we find that for T8=l (where Ts=temperature in
units of 10° °K) these two levels will reach their thermal
equilibrium abundance ratios in less than 10 second. The
resulting effective half-life of the nucleus is essentially the
laboratory value for Ta=l, but decreases rapidly to 6000 years for
Ta-1.5, 380 years for T8=2, 25 years for To=3, and to 6.5 years for
Te-4.

As discussed by Smith and Wallerstein,13 for technetium to be
observed at all on stellar surfaces, ib cannot have experienced
temperatures 93 x 10 °K for very long. These and future
measurements of technetium abundances in stars will help to place
constraints on the temperatures at which the s-process occurs and
thus should allow the source of the s-process neutrons to be
determined.

Fig. 2. Partial level scheme of
99Tc illustrating the possibility
of phoboexcibation of the 99Tc
ground stabe to the j" <= 7/2*
level at 141 kev and the
subsequent 0-decay.

"Lu

Lu is one of the few naturally-occurring radioactive
species that has survived from the era of nucleosynthesis, as can
be 3een in Fig. 3, it is produced only in the s-process and thus was
suggested by Audouze, Fowler, and Schramm18 and independently by
Arnould1' as a potential s-prcwess chronometer. However, the
possible usefulness of 17*Lu as such a clock is complicated by its
nuclear structure. The Jn = 7" ground state, 17eLu , p~ decays to
17eHf with a half-life of 3.6 x ioxo years (Ref. 14). The first
excited state of the nucleus i s a / = l" level at 127 kev, 17SLum,
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Which a" decays to L76Hf with a half-life of 3.7 hours but does not
decay to 1 7 6Lu g (Ref. 14). Thus any 176Lu formed in this isomeric
state will not contribute to the presently observed abundance of
176Lu. Furthermore, if it were possible for 1 7 6Lu" to be excited to
176Lura under the conditions of high temperature and density
appropriate for the s-process, the net yield of 176Lu would be
further reduced.
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Fig. 3. Expected paths of the slow (s) and rapid (r) neutron-
capture processes near A=18O. Stable (or very long-lived) nuclei
are indicated by shaded triangles.

Among the possible mechanisms for "communication" between
1 7 6Lu g and 1 7 6Lu m are photoexcitation, inelastic neutron scattering.
Coulomb excitation, and positron-annihilation excitation. All of
these processes undoubtedly involve transitions from Lu to
some higher-lying state(s) of intermediate spin which subsequently
decay(s) to i/8Lura'9. The possibility of photoexcitation of 1 / 6Lu"
to x I(Um via such a level is shown schematically in Fig. 4.

Photoactivation of l76Lu has been previously studied by
Yoshihara18 and by Veres and Pavlicsek.19 Using soCo (E = 1173 and
1332 kev) y-ray sources, these authors observed increases activities
following bombardmenb but deduced phoboacbivabion cross sections of
1000-2400 nb and 23-47 nb, respectively. To resolve this
discrepancy and to investigate the possibility of photoactivation of
1/eLu with lower energy photons, Norman et a l . " irradiated a
natural Lu target with large photon fluxes from both 137Cs (E = 662
keV) and 60co sources and used a plastic scintillator detector to
search for the beta particles emitted in the decay of 1 7 6Lu m.

Following the Cs bombardment, no excess of counts above the
i / 6Lu 9 background was observed. From these measurements, however,
an upper limit on the photoactivation cross section for 662-kev
photons of 10 nb was established. After the eoCo irradiation, an
activity was observed which decayed away with the 3.7 hour. 1 / 8Lu m

half-life. Assuming that both the 1173- and 1332-keV photons
contribute to the observed yield, infer a photoactivation cross
section of 38±10 nb for BOCo photons. This result is in good
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(5',G'I (-1000)

Fig. 4. Partial level
scheme of i/6Lu and the
decay schemes of 1 / eLu 9

and 1/6Luln. The
possibility of
photoexcitation of the
long-lived lrelM to a
higher lying state of
intermediate spin which
subsequently decays to
i'*Lu"1 is shown
schematically.

agreement with that of Veres and Pavlicsek but disagrees strongly
with that of Yoshihara.is

Perhaps one way to interpret these experimental results is to
say that the lowest level mediating the transition from 1 7 SLu 9 to

Lum 1 S located above 662 kev but below 1332 kev. In the
discussion which follows, it will be assumed that any possible
transition from 1 7 6Lu 9 to 17eLuln proceeds through a level at 1.00
Mev excitation energy.

As has been recently pointed out, non-resonant excitation can
be the dominant mechanism for photoactivation"'" Thus in
calculating the excitation rate from i/6Lu to the 1.00-Mev level,
we will assume that all photons with E > l.oo MeV contribute.
Furthermore, since the energy dependence of non-resonant
photoexcitation has not yet been established, it will be assumed in
what follows that the photoexcitation cross section is independent
of energy above threshold.

The photoexcitation rate from 1 7 OLu y to 1">Lu'" via the assumed
l.oo-MeV level is

N CT c,
Y y

[5]

where N is the number of photons per cm with energy greater than
1.00 MeV, cr is the photoactivation cross section, and c is the
speed of light. N ia calculated as a function of temperature by
integrating the Planck distribution. Inserting the measured value
of o- into equation [5] yields the quantity fc^ - (In 2)/A . This
quantity represents the time required to convert 50% of theyinitial

Lu9 to 7SLum via photoactivation. If this timescale is short
compared to the 0-decay half-life of 1 7 8Lu m, then equilibration will
occur. Using the measured value for a , we have calculated the
half-life against photoexcitation as a function of temperature. The
results of these calculations are shown in Fig. 5. We find that if
a 1.00-MeV level were the mediator of the transition from i/eIiU9 to
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i 7 OLu m, then equilibrium would be guaranteed for To > 4.0. Below
this temperature, i 7 6Lu 9 will still be destroyed by this process but
the rate will be determined by the relatively slow photoexcitation
to the 1.00-Mev level.

Fig. 5. calculated half-lives against
pliotoexcitation (— — -^, and positron
annihilation excitation (- ) as
a function of temperature. The
positron annihilation-excitation half-
life was calculated for/ He matter at a
densiby of 1000 g cm"3. Also shown
are the effective half-life of ̂ " L U 9

as a function of temperature assuming
equilibration between i / eLu 9 and
1'6Lum ( — - ) . The half-life of
176Lura which is unaffected by changes
in temperature,
comparison.

i3 also shown for

Another mechanism by which 1 7 eLu 9 may be converted to 176Lu
that has recently been observed experimentally is positron
annihilation-excitation. In this process in the laboratory, a
positron annihilates with a bound atomic electron (most probably a
K-shell electron). Then, rather than the usual two-photon
annihilation radiation being emitted, it is likely that a single
real annihilation photon is emitted and a virtual photon is absorbed
by the atomic nucleus producing a nuclear excited state." A
possible Feynman diagram of bhis process for the conversion of
™Lu 9 to 1 sLu m is shown in Fig. 6. The laboratory cross section

for this phenomenon is 26±9 ptb (Ref. 23) which is nearly a thousand
times larger than the phoboacbivation cross section for Co y-
rays. Thus, given a sufficiently large number of posibrons, bhis
process could be a very efficient Lu destrucbion mechanism.

Fig. 6. A possible Feynman diagram
for the process of positron
annihilation-excitabion of Lu to a
higher-lying stabe of inbermediate
spin which subsequently decays to

and
The number density of positrons as a function of temperature

densiby can be easily calculated.25 in bhe laborabory, the
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positron annihilation-excitation process involves bound atomic
electrons. In hot stellar environments, annihilations on both bound
and free electrons contribute to this reaction rate. However, in
order to obtain a conservative estimate for the rate of this
reaction, we will consider only annihilation-excitations on bound K-
shell electrons. The number of such bound electrons was calculated
as a function of temperature and density using the Stromgren26

formula for Lu atoms embedded in pure He matter. For example, at
reasonable s-process conditions of T8 - 3.5 and p = 10 g cm , we
find that the mean number of bound K electrons, n1# for Lu is 0.14
as compared to the normal laboratory value of 2. The rate for
positron-annihilation excitation of *' Tv s to 1/6Lum is

ef f
\ = <Ne+

CT
+ V ' C6]

where N is the number of positrons per cm3, u^ - ( 1 f
a

(n1) 13 Mb, and v+ is the thermal velocity of the positrons. We
have calculated the half-life against positron annhilation-
excitation as a function of temperature and density. Our results
for a density of 1000 g cm 3 are also shown in Fig. 5. We conclude
that for densities in the range of 10*-104 g cm"3, that this process
alone guarantees thermal equilibrium will be established between
1/6Lug and 1/6Lum for Tfi * 3.5.

From the results of our experiments and calculations, we find
that the processes of photoexcitation and positron annihilation-
excitation alone guarantee that 17aLug and 176Lum are in thermal
equilibrium for To > 3.5. In our calculations of the
photoexcitation rate, we assumed that the lowest-lying level which
mediates the conversion of 17SLug to 176Lura is located at 1.00 MeV
excitation. If subsequent experiments demonstrate the existence of
such levels at lower excitation energy, then equilibration of Lu
and i 7 SH! m will occur at even lower temperatures. Other processes
such as Coulomb excitation and inelastic neutron scattering will at
some level also induce transitions from 17eLu to 176Lum. Their
influence will only strengthen the argument that 1 /eLug and 1 "LU1™
are in thermal equilibrium during an s-process that occurs near Tfl -
3.5. The conclusion that can be drawn from this work is that the
final abundance of 1/BLug that emerges from an s-process environment
is a very sensitive function of the thermal history that is has
experienced. The fact that a recent estimate for the age of the s-
process elements based on the 17SLu chronometer (Ref. 27) yielded an
unreasonable age of (39±10) x io9 yr provides additional evidence
that the abundance of 176Lu has been altered by thermal effects in
stellar environments. Thus, 176Lu is not a reliable s-procoss
chronometer.

From looking at Fig. 3, it at first appears that the naturally
occuring isomer Ta is bypassed in the s-, r-, and p-processos.
However, an attractive idea is the suggestion by Beer and Ward20

that isoTa may be produced in the standard s- and r-processes
through previously undetected p-decay branches of 180Hfm and 18OLu.
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These branches are labelled f , £ ', and f in Fig. 7. The 5.5
hour, j"=8~ 18OHf isoraer lies 204 keV above the long-lived j"=9~
isomer in A8OTa; therefore an allowed Gamow-Teller ^-transition
should compete with the K-inhibited electromagnetic decays to the
ground state rotational band of 18OHf. The L °Hfin branching ratio
to 18OTara, f_, need only by 3.1% to account for the 10oTa abundance
by the s-process alone,
of from 0.14% to 22%.

while log—ft considerations predict a range

179.
Hf(n.r)

S- process

(3",4")5.7hi -100%-"

180

•3100

fl!42

0+

}-30keV

7. Partial

louHf

decayFig.
possible 0-decay of
decayfs) to Hf™ is labelled f .
lsoHffh to 18°Ta are labelled f „ and" f

level and decay schemes of A=180 nuclei. The
looLu to a level(s) in 18CHf which subsequently

Possible (3-decay branches of

In 1961, Gallagher et al. established an upper limit of 3.8%
on f by using a high resolution beta spectrometer to look between
the conversion electron lines produced in the electromagnetic decay
mode. Our experiment30''" attempts to veto the intense conversion
psaks by taking advantage of the fact that f is a direct
transition. While each conversion electron is accompanied by 2-3 y
rays. We first activate enriched 1/9Hf in the University of
Washington reactor to create the 18OHf isomer. The source is then
mounted in close geometry to a 500 fim thick surface barrier detector
to stop the 0's and conversion electrons. This assembly is then
sandwiched inside a 4TT Nal detector to veto any coincident y
events. Surface barrier spectra are obtained in singles, routing
each event according to whether there is a Nal veto or not. After
our most recent activation, the conversion lines were still present
in the KOVETO route though suppressed by a factor of 100. Most of
the counts in the valleys between the peaks are due to backscatter
electrons from the conversion line peaks. By taking the ratio of
the number of counts in the 120 keV valley of the NOVETO route to
the intensity in the K215 conversion line peak in the VETO route, we

have obtained a conservative limit of f l%.
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In addition to the direct branch from 18°H£nl to 18OTam, it is
energetically possible for ioonfm to ,"!-decay to the j"-7~ and/or
Jn-8 levels known to be located32'33 near 180-keV excitation energy
in 18OTa. Such a possible decay mode is labelled _ f

/ 3 ' 1 0 j
n Fig. 7.

These levels would subsequently decay to the J =9 1BOTa with
the emission of a "100-kev y-ray. To search for such a cecay mode,
we replaced the surface barrier detector with a Ge(Li) detector and
searched for single y-rays emitted following the /3-decay of Hr .
In addition to the well-known multiple-y EM decay mode, we have
observed a previously unknown y ray at 100.8^0.2 keV that decays
with the l s Hf"1 5.5 hour half-life, but has no other y rays in
coincidence with it. We have roost likely observed the decay
sequence 18OHfin(8") 2 laoTa(B+) * 18OTam(9~) and deduce a log-ft of
6.56*0.15 for this 103-keV 0-transition. The branching ratio, f ',
relative to the EM decay is (2.6±0.3) x io"4 (Ref. 34).

Our limits on f and f ' allow for no more than a "30% s-
process contribution to the solar system abundance of 18OTa. The r-
process could account for the difference if lsoHfln is also fed by a
small fraction, f , of the /3-decay of the 5.7 minute Lu. To
search for such a decay, we bombarded "1 gram samples of natural Hf
metal with the U.w. cyclotron neutron beam (generated by Be(d,n))
to produce the 5.7 minute 18OLu by the 18OHf(n,p) reaction. Also
produced was 19OHfm by the 18OHf(n,n') reaction with 100 times the
cross-section. We therefore extracted the rare earth activities by
dissolving the Hf target in HF acid and precipitating out LuF3 with
the use Y as a carrier. a radiochemical Hf reduction factor of
10000 was achieved in less than five minutes. The solution and
precipitate were counted with a Ge(Li) detector and searches were
made for evidence of ingrowth of 1 0 Ht decay y rays as a result of
18cLu decay. No indication of such decays was observed, and by
using 181H. produced by the 18OHf(n,y) reaction as a tracer, we
measured f « 0.06% (Ref. 35). Combining this result with our upper
limit on f and f • implies no more than a 15% r-process
contribution to the solar-system abundance of 18OTa.

Our limit on the 0-decay branch of 18OLu to 18OHfnl seems to
stand in contradiction to the recent result of f = (0.46*0.15)% of
Eschner et al.ls a possible way to reconcile tliese two results is
the proposal of a short-lived high-spin isomer in 18OLu which decays
directly to 18OHfm. Such an isomer would have almost completely
decayed before our3S chemical separation was completed, while the
technique of Eschner et al.36 would have been more sensitive to it.

Even if the (3 branches of the Beer and Ward model28 or the
more recently proposed s-process path of Yokoi and Takahashi" prove
to be effective 80Tam production mechanisms, one has to consider
the question of the stability of 18OTam in stellar environments.
Norman et al.38 have shown that photo-deexcitat ion of 18oTani to the
t _ 2 = 8.1 hour

 18OTag could possibly reduce the effective half-life
or the nucleus to the order of one dayl If this were the case, it
would be impossible to build up any appreciable leoTa abundance.
The possibility of a s- and/or r-process origin of 18OTa would thus
be eliminated and one would be forced to reconsider the possibility
of a low-temperature p-process or a non-stellar production mechanism
to account for the abundance of nature's rarest isotope.
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'Re

As can be seen in Pig. 3, the long-lived isotopes g. , g p le7Re (tx -z =
4.3 x loio year, Ref. 14) is produced only in the r-process. It was
therefore suggested39 as a potential r-process chronometer. Again,
however, there are nuclear (and atomic) physics complications which
compromise the usefulness of this clock.

In the laboratory, a neutral 187Re atom decays to a neutral
i870s atom with a /3-decay endpoint energy of 2.6 JceV (Ref. 14).
This energy is actually less than the "14 kev difference in atomic
electron binding energy between Re and Os. Thus, while a
neutral 187Re atom is more massive than a neutral 1870s atom, the
situation is reversed when one considers the bare nuclei. As
discussed previously, at the high temperatures required for both the
s- and r-processes, most substances are nearly fully ionized. Thus
one must consider the possibilities of the electron-capture decay of
1870s to 187Re, and the bound-state /3-decay of 187Re into previously
unoccupied atomic orbitals.

The effects of these processes have been studied theoretically
by Yokoi et al.*° The results of their calculations of the rates for
the 0-decay of 187Re to 1870s and for the electron-capture decay of
1870s to Re as a function of temperature (mass coordinate) within
a 1 solar-mass star are shown in Pig. 8. It can be clearly seen
that there will be competition between these two possible decay
modes, and that as a result bhe final abundances of 87Re and 1870s
will be very sensitive to the thermal history they have
experienced. Thus 187Re is not a reliable r-process chronometer.
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These calculations are taken from
Ref. 40.

CONCLUSIONS

It has been demonstrated that several "exotic" nuclear
processes can play significant roles in problems of heavy element
nucleosynthesis. The nuclear physics which actually occurs in
stellar interiors is considerably more complicated than that which
we study in the laboratory but perhaps,
"The fault, dear Brutus, is not in our stars but in ourselves..."

Mm. Shakespeare
Julius Caesar
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DYNAMIC STELLAR NEUTRON CAPTURE NUCLEOSYNTHESIS:
THE NEED FOR MORE NUCLEAR DATA FOR THE s-PROCESS

G. J. Mathews, W. M. Howard, K. Takaha^hi, and R. A. Ward
Lawrence Livermore National Laboratory, Livermore, CA 94550

ABSTRACT

We summarize results from a detailed parameter study of the
s-process in models which produce an exponential distribution of
exposures by sequential irradiations and dredge up in the stellar
environment. The calculations are based on a complete network of
measured and calculated neutron capture and beta-decay rates as
well as estimates for their temperature dependence. In the
framework of these models we identify and systematically vary the
astrophysical variables which affect the observed solar-system crN
(cross section times abundance) curve. Constraints are placed on
the s-process neutron exposure and flux as well as the
temperatures, densities, neutron pulse shape and inter-pulse
period. The results also highlight important needs for better
nuclear data in various mass regions.

INTRODUCTION

Historically the s-process has been associated with red giant
starsl. From the begining, however, it has been c l e a r ^ that
a single neutron exposure could not produce the observed behavior
of the solar-system s-process aN curve (neutron capture cross
section times abundance) as a function of atomic mass. An
exponential distribution of exposures was found to give a good
fit^ and was at first presumed to be the result of reprocessing
during galactic chemical evolution.

Ulrich4»5 showed that an exponential distribution of
exposures could be achieved in a single star which subjected
initial seed material to periodic neutron exposures followed by
dredge up of some fraction of the irradiated material to the
stellar surface. This s-process scenario has been explored in a
series of papersS-H based on a 22(ge{a,n)25|v|g
neutron-source s-process during thermal pulses of asymptotic giant
branch stars. There is sufficient uncertainty in the stellar
models, however, that a different approach is warranted, i.e. to
utilize the observed solar-system s-process aN curve to define
the constraints on any stellar model for the s-process. This is
the subject of the present work. This study reveals that the
s-process neutron-capture flow is probably considerably more
complicated than the continuous chain assumed in the classical
s-process. Deviations of the best fit from the observed
solar-system values highlight important needs for improved nuclear
data.

0094-243X/85/1250766-08 $3.00 Copyright 1985 American Institute of Physics
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S-PROCESS PARAMETERS

In the classical s-process (without beta-decay branching) the
abundance of an isotope is given simply by the solution to the set
of coupled differential equations,

dNA/dx = 0(A-1)NA-1 - o(A)NA , (1)

where T is the time integrated neutron flux (i.e. neutron
exposure) and o the Maxwellian averaged neutron capture cross
section.

The implication of Eq. (1) is that at equilibrium, a single
exposure would lead to a constant aN value for all isotopes in
the s-process. This is not observed in the solar-system aN curve
(see Fig. 1). The data require a distribution of exposures2. A
good fit can be obtained^ with an exponential distribution of
neutron exposures, i.e. the probability, p(i) for a given
exposure is taken to be,

p(T) - exp(-x/T0) . (2)

This exponential distribution of exposures leads to a
particularly simple "solution^ for Eq. (1),

a(A)N(Aj |j

where, to is the mean neutron exposure from Eq. (2).
In large part the identification of the astrophysical site for

the s-process has been the search for an environment which would
produce the value T 0 (or equivalently the number of neutron
captures per seed) necessary to reproduce the solar-system oN
curve.

In a periodic s-procesi operating in a single star^>5, the
mean exposure, x0, is simply related to the average exposure
per pulse, A T , and the fraction of material, r, which remains
after each dredge up. That is, after n exposures, the fraction of
material, P ( T ) , which will have experienced an exposure of T
= nAx will be rn = rf/AT. Thus, the mean exposure is
simply, T 0 = -AT/ln(r). Note, that the mixing fraction and
exposure per pulse are not independent parameters. For any
fraction, r, an average exposure per pulse can be chocsen such that
the aN curve can be fit. Tn our calculations, therefore, only
the mean exposure is varied in the fit. We have set r = 0.285
which corresponds to the fraction remaining after dredge up for the
thermal-pulse model with a 1.I6M@ CO coreS.

In realistic models for the s-process, unstable nuclei have
the opportunity to capture a neutron before beta decay, and hence,
lead to a branch point along the s-process chain. It has long been
appreciated^ tnat such branch points are valuable as a constraint
on the average neutron flux for the s-process since the
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neutron-capture flow in the s-process {and therefore the aN
values) will depend upon the competition between neutron capture
and beta decay5.'3.14.

Once a given exposure is determined, the dynamics of the
variation of neutron density with time will affect the aN curve,
i. e., a rapidly decreasing flux may produce significantly
different nucleosynthesis than a constant-flux for the same neutron
exposure. For the purposes of the present study we parameterize
the flux history with the analytical form suggested in the thermal
pulse models8, i- e. we write for the flux, $ n, as a function
of time, t,

ln($n) = (AT/to)exp(-t/to) (4)

where AT is the average exposure per pulse. Variations of the
decay constant, t0, characterize the intensity of the peak
neutron exposure.

In addition to the flux, beta decay branch points will also
depend on the temperature since thermal population of excited
states can considerably alter beta decay rates13,15,16 ancj even
induce beta decay in nuclei which are stable at T=0. Since the
temperature does not vary much (after an initial rapid increase)
during an individual pulse in the stellar models", we assume
various constant temperatures during the pulse in this parameter
study. We assume an interpulse temperature^ of kT = 14 keV.

In principle, the s-process abundances could also depend upon
whether long-lived unstable nuclei produced at the end of a pulse
have time to decay before the next pulse. In the limit of a short
interpulse period, this could make a difference in the final
abundances. In this parameter study we investigate the extreme
limits of zero and infinite time between pulses to study the
effects of the interpulse period on the final abundances.

CALCULATION

In dynamic environments such as these the simplicity of the
classical s-process (Eq. 1) is lost due to a break down of the
assumption that neutron captures are slow compared to beta decay.
The only way to compute the nucleosynthesis is with a network:

dN(Z,A) = N(Z,A-l)$nan,Y(Z,A-l)+ N(Z-l,A)Ag(Z-l,A)

- N(Z,A)t$nan,y(Z,A) + Xg(Z,A)] . (5)

The time-dependence of the flux and temperature dependence of the
cross sections and beta rates are also included. In a few cases,
positron, electron-capture, or alpha decay must also be added to
EQ. (5).

Experimental neutron-capture cross sections were used when
available. These were extracted from several recent
reviews5* 14,16,17 as w e n as more recent measurements1**-?3.



769

Cross sections for unstable or unmeasured nuclei were taken from
Hauser-Feshbach estimates24. The temperature dependence of all
cross sections was taken from ref. 24 and normalized to the
experimental kT = 3OkeV Maxwellian averaged cross sections where
known. The Hauser-Feshbach calculations should give a good
representation of the temperature dependence of the cross sections
(including capture to excited states) over the range of
temperatures of interest in this work23.

Ground-state beta decay rates were taken from experiment.
Decay rates from thermally populated excited states were calculated
assuming thermal equilibrium and appropriately choosen ft
values^. The initial seed abundances were taken from
solar-system values^.

RESULTS

for
87

We have adjusted each of the parameters to minimize y
the fit to 23 s-only nuclei with Z >_ 40. The value for
was omitted from ohe list of s-only nuclei because of the unknown
contribution from 187pe decay. Lighter nuclei were also omitted
because of possible contribution from other sources^.

In Figure 1 we determine the mean exposure for the s-process
in the classical model, i.e. a constant (t0 = <») low flux
($n = 2xlOlz'cm"2sec"1) switched off after an average
exposure, Ax, such that the neutron-capture time scale is long
(a. 103 yrs.) at a standard s-process temperature of kT = 30 keV.

s-p rocess
io3

10"

no branching

r0 = 0.26

80. 100. 120. 140. 160. 100. 200.

Fig. l. Classical s-process fit to the observed aN curve.
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The interpuise period is taken as long so that unstable nuclei
decay between pulses. A good fit is obtained with T 0 =
0.26+0.01 mb"1. In the next fit (Fig. 2) we have varied *n
and T 0. Note that the the character of the curve is
considerably changed and the quality of the fit is improved. The
X2 for the fit gradually decreases as the flux is increased
until an optimum flux, 3.2xlO16 cm^sec"1. The
quality of the fit then quickly deteriorates for higher fluxes.
From this we conclude that the constant fluxes consistent with the
observed pN curve for s-only nuclei must be in the range of 0
< 4xlO1° cm-^ec"1. The best fit value of 3.2x10'°
cm"2sec-1 implies a neutron density of nn = 1.3xl0°cm~3
for kT = 30 keV. This is consistent with previous estimates5>21.

10'
s -process

10'

10'

10"

r = 0 . 3 1

7 0 0 y r . p u l s e

1 0 0 . 1 2 0 . 1 4 0 . 1 6 0 . 1 B O . 2 0 0

Fig. 2. Fit to aN curve when both flux and mean exposure are
varied.

At the present time, the optimization of the fit with respect
to the temperature and pulse shape is still in progress. The basic
features of Fig. 2 are not significantly affected by these
parameters however. The best fit for the solar-system aN curve
always exhibits pronounced deviations from the smooth monotonically
decreasing classical s-process curve. The reason for this is that
many stable nuclei are actually produced as beta-unstable
progenitors due to neutron captures on beta-unstable nuclei. If
the progenitor has a larger cross section there will be a dip in
the aN curve when the cross section for the stable daughter is
used. Similarly, if the cross section for the unstable nucleus is
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smaller there will be a peak. This is the reason for the
pronounced peaks on Fig. 2 at 93Nb (produced as yjZr) and
'51Eu (significantly produced as 1 5 1 S m ) .

One check on the importance of beta branching is the effect of
these branches on the r-process abundances. A number of isotopes
are produced which are normally considered to be produced only in
the r-process. It is an additional constraint on the s-process,
therefore, not to indroduce unrealistic structure into the
r-process abundance curve, and in particular, not to overproduce
the r-process isotopes. The new r-process abundance curve is shown
in figure 3. The gaps in' the abundances correspond to
overproduction of isotopes by the s-process. The gap at A = 200,
however, is probably due to the large uncertainty in the elemental
abundance of Hg and may not be significant. The minimum at A = 182
arises to some extent from the production of l84d as '°'Ta and
!82Hf and is probably a real minimum in the r-process curve. The
gap at A = 137,138 is due to the subtraction of large numbers at
the 138Ba s-process peak and is probably not significant. The
gaps at A = 92 and 94 are due to an s-process overproduction of
Zr. It does not appear that this is due to a problem with the
s-process flow through 9 3Zr since 93Nb is not overproduced.
This descrepancy may indicate that the Zr cross sections or
meteoritic solar-system abundance are too low.

r - p r o c e s s

2 0 0 .

Fig. 3 The r-process abundances from a subtraction of the
s-process abundances from the solar-system abundances. The
points are abundances of nuclei normally regarded as r-only.
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For the purposes of this conference it is important to point
out the nuclear data needs which are evident from this study. For
one, there are still a number of stable nuclei along the s-process
path for which neutron-capture cross sections are not measured.
These include, 66Zn, 72,73Ge, 77 S e, 8 3 , 8 4 ^ 99 R U )
128-131xe, 192-195pt, and 198-201ng. Amoung these isotopes
19^pt and ^ H q are particularly important s-only nuclei. The
aN value for '92pt is predicted to be substantially less than
the aN value for ^ H g (see Fig. 2) due to branching at ^

191 l 204
the aN vaue for Hg (see Fig. 2) due to branching at ir
and 1 9 10s. The effect on the crN value of 204Pb due to
branching at 204-p ar)(j 203-p] -j s also important, and would be
much clearer if the uncertainties in the 204p(, c r Oss section
could be reduced.

A second point is that there are several s-process only
isotopes with measured neutron capture cross sections which can not
be brought into agreement (within one standard deviation) with the
solar-system s-process aN curve for any variation of parameters.
The most notable descrepancies are for 104ptjj and H6Sn. The
jncertainty in the abundances for these nuclides is probably not
very 1arge25. Therefore, the nuclear data for these nuclei and
neighboring isobars ought to be reexamined. The descrepancies in
the light nuclei, '^Se and 8?Kr, are probably due to a
contribution from a lower mean exposure^. There are also
several s-only nuclei which may exhibit important structure but the
cross sections uncertainties are too large, particularly for
]6Ooy and

 176Hf.

CONCLUSION

We have identified the model parameters which characterize the
solar-system s-process abundances. These parameters have been
varied to find optimum values which should be taken as constraints
any stellar model for the s-process. We find that the s-process is
mostly sensitive to the mean exposure, T0, and the neutron
flux. The best fit aN curve suggests an s-process environment in
which beta-branching induces significant changes in the s-process
curve. The deviations of this best fit from the solar-system aN
curve indicate the needs for improved nuclear data.

Work performed under the auspices of the U.S. Department of
Energy by the Lawrence Livermore National Laboratory under contract
number W-74O5-ENG-48.
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NEUTRON CAPTURE AND TOTAL CROSS SECTIONS FOR
* 8Ca: ASTROPHYSICAL IMPLICATIONS*

R. F. Carlton
Middle Tennessee State University, Murfreesboro, TN 37132

J. A. Harvey, N. W. Hill and R. L. Macklin
Oak Ridge National Laboratory, Oak Ridge, TN 37831

ABSTRACT

Attempts to understand abundance anomalies of the Ca isotopes in
the Allende meteorite via the n(J-process require 30-keV Maxwellian
averaged capture cross sect ions. Experimental data on hBCa in th is
energy region of astrophysical s igni f icance is important since a
single resonance in th is v i c i n i t y could dominate the capture cross
sect ion. Neutron capture and to ta l cross section measurements have
been performed at ORELA on a 9.97-g sample of CaC03, enriched to 96%
1)8Ca, over the energy ranges 1C eV-500 keV fay) and 10 keV-4 MeV
( a j ) . Only two small resonances were found for 't8Ca in the 30-keV
energy region (at 19.3 and 106.9 keV) and those only in capture.
Their contr ibut ion to the 30-keV-averaged cross section is only 50 yb
compared to 1.0 mb calculated from di rect capture. The p-wave
strength and large ds/2 strength observed above 150 keV do not c o n t r i -
bute s i gn i f i can t l y to the 30 keV capture.

INTRODUCTION

Allende inclusion (EK-1-4-1) manifests correlated Ca and Ti ano-
malies in isotopic abundance ratios when compared to solar system
values. The most successful attempt1 at understanding these anoma-
l ies is the generalized neutron capture/beta decay (nB) process
wherein both mechanisms are e f f ec t i ve . The B-decay rates are not
assumed to be ei ther fast or slow compared to the neutron capture
ra te . This process, however, is not successful in explaining anoma-
l ies of other inclusions in the Allende such as C- l . Furthermore,
substant ial modif icat ion (factor of 10) of the global Hauser-Feshbach-
based capture cross sect ion2 for **9Ca and L>SK are required to explain
the Ca-Ti anomalies. In th is regard the capture cross section of 't8Ca
has been measured^ at thermal energies in a reactor and the cont r ibu-
t i on at s t e l l a r temperatures (kT=30-keV) is in excellent agreement
with (HF) resu l ts . A single resonance, however, in th is v i c i n i t y
could dominate the direct capture contr ibut ion and render arguments1

with regard to "*9Ca(n,Y) un jus t i f i ab le on the basis of nuclear s t ruc-
ture in th is region. (See Ref. 1 for a complete descript ion of the nB
process applied to Allende (EK-1-4-1) and for arguments j u s t i f y i n g the
increase in capture cross section required to explain the observed
anomalies.)

*Research sponsored by the Division of Basic Energy Sciences, U.S.
Department of Energy, under Contract Nos. DE-AC05-840R21400 with
the Martin Marietta Energy Systems, Inc. and DE-AS05-80ER10710 with
Middle Tennessee State Univers i ty .

0094-243X/85/1250774-04 $3.00 Copyright 1985 American Institute of Physic
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Quantity Capture Transmission

EXPERIMENT AND DATA ANALYSIS

Neutron capture cross sections for 1)8Ca were measured at ORELA
using a sample of CaC03, enriched to 96% h8Ca (3.83%'•"Ca impurity).
The sample thickness was 126 b/atom. Neutron energies were inferred
by time of f l i g h t . Experimental parameters for both capture and
transmission measurements are summarized in Table I . Capture
measurements were performed at 40-m from the photoneutron source.
Gamma rays were detected with
non-hydrogeneous l iqu id scin- T a b l e u Experimental Parameters
i i l l a t o r s (C6F6) and their
energies were calculated by =
pulse-height weighting.4
Resonances were f i t t ed to a
Breit-Wigner form including
Doppler broadening, resonance
self protect ion, multiple
scatter ing, and both Gaussian
and exponential resolution —
functions.

Transmission measurements were performed at 200 m. Neutrons
were detected by proton recoil detectors. The neutron energy reso-
lut ion over the energy range 100-4000 keV varied from 0.02% to
0.09%. Resonance parameters were determined by least squares
adjustment using a multi level R-matrix code including Doppler and
resolution broadening. Results are shown in Fig. 1.

RESULTS

Rep. Rate 400-800 Hz
Pulse Width 7 ns
Flight Path 40 m

800 Hz
9 ns

200 m

Cfl 18

A capture run below 1 keV neutron energy revealed no resonances.
All but two of the resonances observed in the 2-200 keV range were
due to the 25 times less abundant 1(0Ca! The two attr ibuted to 48Ca
are shown in Fig. 2. Since they were not observed in transmission,
only their capture kernels were determined. Least square f i t s at
the positions of four resonances observed in transmission in the
300-500 keV range indicate
reasonable radiative widths
for three and an upper l imi t
for the fourth. The total
Maxwellian averaged 't8Ca(n,Y)
cross section (a), together
with the resonance-only con-
t r ibut ion (b), is shown in Fig.
3. The la t ter amounts to only
4.5% at 30 keV.

No resonances were observed
in transmission below 100 keV,
the f i r s t resonance appearing at
162 keV. R-matrix f i t s to the
carbon- and oxygen-subtracted
total cross section of •*8CaC03

from 100-500 keV are shown in
Fig. 1.

at' . f ; .

ENERGY Il»VJ

Fig. 1. of with R-matrix f i t
below 500 keV.
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"Co ln.,0

19,200 19.400 19.600 19,800
NEUTRON ENERGY (eV)

104,000 105.000 106,000 107,000
NEUTRON ENERGY <tv)

Fig. 2. '•^a capture resonances below 200 keV.

Resonance parameters based on the combined analyses are pre-
sented in Table II. The neutron widths were deduced for an assumed
radiation width of 1.0 eV, Transmission data were analyzed up to 4
MeV and no evidence of s-wave strength which might contribute to the
30 keV cross section was found.

Table II. 4BCa(n,Y) Resonance Parameters.

Neutron
Energy
(Lab-keV)

19.3
106,9
161.4
303,6
401.2
415.5
450.4

0.
0.
0.
0.
1.
1.
2.

g r n i y r
(eV)

0095 (14)a
124 (24)
15 (10)
30 (30)
6 (6)
5 (4)
5 (10)

0.
2.
3.
0.
4.

(keV)

059
50
33
38
30

(6)
(16)
(13)
(4)
(28)

0.
0.
0.
0.
2.

(eh

15 (10)
3 (3)
8 (3)
5 (1)
5 (10)

(1/2)
1/2"
3/2"
5/2+
1/2-

aThe uncertainty in the last digit(s) indicated in paren-
theses are derived from the statistical standard devia-
tions of the capture data or transmission. Systematic
uncertainties are much smaller, not exceeding 4% for
capture and 1% for transmission.
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DISCUSSION

From F i g . 3 we obtain a value of (1.05+0.13) mb f o r the
Maxwellian averaged capture cross sect ion of " ^ a at 30 keV. This
r e s u l t d i f f e r s l i t t l e from the value deduced sole ly from thermal
measurements and is in substant ia l agreement wi th the value (1.1 mb)
used i n ca lcu la t ions fo r ne processing.^

Ca(n,v)MAXWELLIAN AVERAGE

10 20 30 40 50 60 70 80 90 100
TEMPERATURE -KT(keV)

F i g . 3. Total capture cross sect ion (a) and resonance-only
cont r ibu t ion (b) .

1 . D. G. Sandier, S. E. Koonin, and W. A. Fowler, Astrophys. J .
259, 908 (1982).

2. S7~E. Woosley, W. A. Fowler, J . A. Holmes, and 8. A. Zimmerman,
Atomic Data and Nuclear Data Tables 22, 371 (1978).

3. F. P. Cranston and D. H. White, Nucl. Phys. A169, 95 (1971).
4 . J . H. Gibbons and R. L. Macklin, Phys. Rev. 159, 1007 (1967),
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THE Dyl63-Hol63 BRANCHING: AN s-PROCESS BAROMETER
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ABSTRACT

The neutron capture cross sections of Dyl63 and Erl64 have been mea-
sured to analyse the s-process branching at Dyl63 - Hol63. The repro-
duction of the s-process abundance of Erl64 via this branching is
sensitive to temperature kT, neutron density, and electron density n..
The calculations using information from other branchings on kT and
the neutron density n give constraints for n at the site of the

n e
s-process.

INTRODUCTION

In order to obtain information about the site of the slow neutron
capture nucleosynthesis (s-process) which means knowledge of the
astrophysical parameters of temperature, neutron flux and mass den-
sity branchings of the synthesis path at beta unstable nuclei have to
be examined. The Dyl63 - Hol63 branching is unique as it provides in-
formation on all three important astrophysical parameters: s-process
temperature, and neutron and electron density. The sensitivity to the
electron density is especially interesting as it allows for a calcu-
lation of the mass density in the He-shell, the presumed site of the
s-process.

MEASUREMENTS

The neutron capture cross section measurements on Dyl63 and Erl64
were carried out at the Oak-Ridge Linear Accelerator (ORELA) and the
Karlsruhe 3.75 MV pulsed Van de Graaff (VDG). The Dyl63 cross section
measurement was determined using the time-of-flight technique. The
measurements were performed both at ORELA and the VDG. The excellent
agreement of the two data sets is a secure check of systematic uncer-
tainties (Fig.l). The Erl64 cross section was determined with the
activation technique at the VDG by counting of the K x-ray activity
of Erl65 (10.3h) relative to the activity of the 412 keV gamma line
of Aul98 (2.69d). The gamma activity was recorded with a gamma-x Ge-
detector (efficiency: 7.2°i ; resolution at 1.33 MeV: 1.6 keV) with
good response at the very low x-ray energy of Ho as well as at the
energy of the Aul98 line. More details about the time-of-flight faci-
lities and the activation technique can be found elsewhere1'2. The
sample characteristics and the results are summarized in Tables T-II.

ANALYSIS

Under the stellar s-process conditions Dyl63, a stable isotope on the
synthesis path b̂ r.-rraes radioactive so that competion between beta de-

0094-243X/85/1250778-04 $3.00 Copyright 1985 American Institute of Physics
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cay and neutron capture allows for an s-process synthesis of Erl64
via neutron capture of Hol63 and subsequent beta decay of Hol64 to
Erl64. The surprising fact that Dyl63 in stellar interiors might be
radioactive is due to the small Q-value between Hol63 and Dyl63 of
only 2.3 keV3'' which makes possible bound state beta decay and
facilitates excited state beta decay. The dependency of Dyl63, Hol63,
and Hol64 half-lives on temperature kT and electron density has
been treated in ref.5'G In order to reproduce the Erl64 s-process
abundance (solar minus p-process abundance estimated via Erl62) the
half-lives of Dyl63, Hol63, and Hol64 and the capture cross sections
of Dyl63, Hol63 and Erl64 are the indispensable input parameters for
our branching calculation. As the astrophysical parameters, tempera-
ture and neutron density, are known from other branchings1 the elec-
tron density could be adjusted to yield the s-process abundance of
Erl64. Fig.2 shows the o-times-abundance Ns curve at the site of the
Dyl63 branching to illustrate our calculations. Fig.3 gives the range
of allowed values for kT, n and n .

10.0

£ 1.0:

00
I/)

0.1:
ID

5
6

0.01

163
'Dy(nj)

104S0= 133+0.26
K)fSi= 26440.57
104S2= 125+0.55
10*^0 /D,= o =165 ±10
10*rT1 /D i= 1 =220+12

10 100

NEUTRON ENERGY (keV)

1000

Fig.l Effective cross section for Dyl63(n,Jf). The curve is a statis-
tical model fit to the data' with the indicated values for s-,p-,and
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a-wave strengtn tunctions, radiation widths and level spacings. Cir-
cles are data from ORELA. triangles from VDG.

160 180 200
MASS NUMBER

Fig.2 The product of capture cross section o and s-process abundance
Ns as a function of mass number. The symbols are empirical data. The
solid line is the s-process calculation with the exponential distri-
bution of neutron exposures. At Pb and Bi an additional exposure com-
ponent has been added.9 At the branchings kT, n , and n are adjus-
ted to reproduce Gdl52, Erl64, 0sl86, and Ptl92.nOnly in6the case of
Erl64 is the branching sensitive to the electron density n .
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Fig.3 The curves circumscribe allowed ranges of n and kT for three
different neutror densities.The variation of n isedue to the vari-
ous uncertainties in the Dyl63-Hol63 branching and the range of kT=
18-28 keV and n =(0.8-1.8) iO8/cm3 from the other branchings.1
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CONCLUSIONS

There is a simple relation between electron density and the mass den-
sity p in the He-shell of a red giant star which is the presumed
site of s-process nucleosynthesis. We can assume that He is totally
ionized and the electrons are still not degenerate. Therefore n =
ipNo (No: Avogadro's number) is a measure of the mass density
in rHe He-shell. The mass densities found (2600-13000 g/cm3) are
higher than currently assumed (2000 g/cm 3), but still compatible for
example with Ulrich's s-process model of a 5M_ star7(p<3500 g/cm 3).

Table 1 Sample characteristics and Maxwellian averaged capture
cross section o at the thermal energy kT=30 keV.

Sample Diameter Weight ?„ Isotopic o(mb)
(mg) composition at kT=30 keV

Dy 20 3 15

Er-metal 6

907.39 96.85 Dyl63 1153±44fVDG)

1130145(0RELA)
8.30 1.61 Erl64 714±61(VDG)

Table II Dyl63(n,!f) lesonance capture areas. The stated uncertain-
ty is statistical only.

Eo
(eV)

grnrayr
(meV)

Eo
(eV) (meV)

2651
2657
2665
2675
2681
2686
2700
2713

19.4±1.9
66.6±0.8
12.2±1.7
35.2±2.1
34.9±2.1
17.6±2.0
24.111.7
65.7+0.7

2732
2743
2758
2768
2776
2781
2785
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TARGET THERHALIZATION EFFECT IN * ?Os NEUTRON CAPTURE

G. Reffo

ENEA - C.R.E. "E. Clementel", Bologna, Italy

PROBLEM

The thermalization process in the stellar environment

may lead to the excitation of certain s-process targets

in their lower lying levels.

This fact implies the possibility of neutron captures

from excited levels.

In order to draw safe nucleosynthesis conclusions

the impact of this effect has to be investigated.

Laboratory measurements , mostly, can only be made

for targets in their ground state.

Only reliable model calculations can be used to

investigate this effect.
187

Here we present the results of a study on Os

neutron capture, which is important for its implications

on the Re/Os cosmochronology.

CALCULATIONS

Capture cross sections were calculated with Hauser-Feshbach

theory with inclusion of the width fluctuation correction

factor according to Moldauer theory.

Neutron transmission coefficients were determined

with a spherical optical model.

Gamma transmission coefficients were determined

from Brink-Axel hypothesis.
1S7

Capture from excited levels of Os was calculated

including the competition of neutron inelastic channels

feeding all lower levels down to the ground state.

Coupled channel calculations were also performed

according to a partition of the experimental levels into

3 rotational bands as from Nilsson deformed model: (0,

1/2"; 7A,_ 3/2~; 187, 5/2~)(9.8, 3/2~; 75, 5/2~; 181, 7/2~)(100, 7/2~;

263, 9/2").

0094-243X/85/1250782-03 $3.00 Copyright 1985 American Institute of Physics
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Model parameters were determined from careful model

systematics, based on all available experimental information.

This leads to a calculated cross section accuracy which

can be estimated to be 10%.

RESULTS

As one can see in Table 1, capture cross sections

TABLE 1 - Average Haxwellian Cross Sections for Different Capturing

States and Amxwellian Characteristic Temperatures in **^ 0s

MaxvieLLiin Energies KT=KeV

^ ^ ^ ^ End population

N>px*abUitiesl%)

Biergy levels ^ - s .

KeV ^ v

0

10

74

75

101

< 0 > *
«

ft

<0> / •

EXP

CALC1

>CALC

EXP

10

1988

1878

2553

1328

2418

2957

2168

.87

.92

± 103

53

42

<.l

<.l

<.l

20

1171

1176

1619

880

1521

1910

1401

.84

.84

(%)

± 39

43

51

2

3

1

30

874

904

1238

699

1165

1486

1102

.82

.79

± 28

33

48

6

8

5

50

614 ±

684

921

548

870

1133

842

.81

.73

12

23

33

11

16

12

70

598

796

48B

755

994

744

.80

(%)

19

32

13

19

17

<o> ire average maxwellian cross sections weighted on the capturing

state population probabilities.

CALC EXP
u > and <o . > are the calculated and experimental average
LAB LAB

maxwellian cross section for ground state capture respectively.

Winters,R.R. and Hacklin,P.L.,1982,Phys.Rev.C25,208.
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from excited states can be very different from each other

and from the ground state one, due to different neutron

inelastic channels competitions as well as to different

spin of capturing levels.

Target thermalization effects on maxwellian average

cross sections depend on the energy and spin distribution

of target levels involved as well as on their population

probabilities.

From the last two rows of Table 1, one observes

that this effect increases with the characteristic maxwelliar,

energies and exceeds experimental errors as well as the

estimated calculation uncertainties.

CONCLUSIONS

Target thermalization results in an even—odd effect

of the o N curve, because only even-odd or odd-odd targets

exhibit excited levels low enough.

Competition of those neutron inelastic scattering

channels cooling the target below the energy of the capturing

level is very important.

Coupled channel calculations did not give final

results appreciably different from the spherical approximation.

In fact at the involved energies direct collective scattering

does not affect appreciably the partition of the reaction

cross section into its direct and compound nucleus components.

From this study one can deduce that in certain cases

spin effects, population probabilities and neutron inelastic

competition may combine to give even larger effects than

observed in Os, therefore for the purpose of nucleosynthesis

considerations the effect investigated here cannot be neglected

a priori.
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INDIRECT" INVESTIGATION OF IROTON CAPTURE REACTIONS AT STELLAR
ENERGIES*

P.Schmalbrock,T.R.Doncghue,H.J.Hausman,M.Wiescher,V.Wijekumar
Ohio State University, Columbus, Ohio 43210

C.P.Browne
University of Notre Dame, Notre Dame, Indiana 46556

A.A.Rollefson
University of Arkansas at Little Rock,Little Rock, Arkansas 72204

C.Rolfs
WWU Munster, 44 Munster, FRG

ABSTRACT
The levels in the vicinity of the proton thresholds in 23Mg, 26A1 and
27Si were investigated via (t,a), (T,P) and (T,d) reactions to
provide spectroscopic information for (p,Y)-stellar reaction rate
calculations for 22Na, 25Mg and 26A1. A number of new levels are
reported which could influence the stellar burning processes.

Knowledge about the nucleosynthesis of Ne, Na, Mg and Al
isotopes is important since it is a key to the investigation of
several astrophysical problems,1 3 including the question of the
origin of the observed anomalous high abundances of 22Ne and 26Mg in
meteorites. One widely discussed hypothesis (with possible
consequences for the formation of the solar system) is the live
capture of freshly produced 22Na and 26A1 ducing the condensation of
the solar matter and the subsequent in situ decay to 22Ne and 26Mg.
On the other hand, recent data from the Y~ray satellite observatory
suggest continuous ongoing production3 of 26A1; no comparable
evidence for 22Na has been reported. It is generally assumed that the
above isotopes are produced predominantly during hydrogen-burning in
stars with Ta>0.5 (T>O.5xlO&K), e.g. in massive second generation
stars, novae or supernovae envelopes. The main reaction sequence for
the production of neon and sodium is the NeNa-cycle

20Ne(p,Y)21Na(p,Y)22Mg(p+v)22Na(p,Y)23Mg(p+v)23Na(p,a)20Ne

and of magnesium and aluminium the MgAl-cycle

f26AlO(p,Y)27Si(p+v)]
2ltMg(p,Y)25Al(p v)25Mg(p,Y) i m . ? 27Al(p,a)2"M3

[26Alm(p+v)26Mg(p,Y)/

Due to the different lifetimes of the 26A1 ground state (T_- =7.2xl05y)
and the f i r s t excited isomeric s ta te ( T J = 6 . 3 S ) , two'different
branches of MgAl-cycle have to be considered in reaction-network
calulations. These calculations require the stellar reaction rates of
al l involved reactions as input data.

In general, the direct investigation of these reactions at
stellar energies is difficult due to the very low cross sections
typical far below the Coulomb barrier. Special difficulties occur for
*Wbrk supported in part by the NSF, NATO and DFG.

0094-243X/85/1250785-04 $3.00 Copyright 1985 American Institute of Physics
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Table I: Preliminary spectroscopic information for 23Mg near the proton
threshold (0 = 7576 keV)

(T ,O)

«/"calc
P
keV

a>Y(calc)

eV
7587
7635
7777
7793
7852
8016
8054
8076
816".

2
3
3
2
4

1.1
1.8
3.1
0.6
2.5

3/2*,5/2+

5/2_,7/2"
5/2 ,7^2"

7/2*,9/2+

5/2^

(11)
(59)

(201)
(217)
(275)
(444)
(478)
(500)
(588)

5.4*10_1
l.l*10_3
6.3*10

0.09
1.1

80.
142.
198.
608.

2.3*1O:12
10'5

3.1
3.7*1'
0.3
0.5
0.5
0.5
0.5

10
'_3

b)
b)
b)
b)

t using smallest possible l and 9 z=0.1
'in this mass region typically r =lev<<r , therfore tay^a

Table II: Preliminary spectroscopic inEorroation for 26A1 near the proton
threshold (0 = 6306 keV)

x
keV

(T,a)

x t/
gc,:alc

(T,d)
0ex./' cala keV eV

u)Tf(exp)

6346
6363
6398
6410
6436
6463
6498

1+3
0+2
1+3
0+2
1+3

0.034,0.082
0.013,0.054
0.021,0.017
0.003,0.016
0.010,0.030

0+2 0.002,0.600

1+3
1+2
1+3
0+2
1
1
2

0.7,0.2
2.3,1.1
0.4,0.4
0.4,0.1
0.25
0.60
0.98

(41)
(58)
(93)

(105)
(130)
(157)
198

0 l l < 4*10 . l i
7.0n<f9 °'3.5*1CT,
< 6*10_6£ < 4*10 s
3.3*10 D> 1.7*10

a)

< 4*10"5
< i*io~8

< i*io~8
7

6.7*10"

a)Ref. 6 b)using et
2(Ex)/9Jl

2(6678)=C2S(Ex)/C2s(6678)
 c ) using

Table III; Rreliminary spectrosoopic information for 27Si near the proton
threshold (0 = 7465 keV)

x
keV

(T,a)

xp^calc
P
keV '*> eV

uif(exp)

eVb>

7465
7530
7563C)

7596

7 6 5 4c)
7681C'
7703
7742 ,
7765CJ

7796
7837

(65) < 6*10"

(131) <1.3*10~3
(189) <4.4*10"

(238),,.
276

(331)
362

_12
< 3*10

< 6*10~3
< 2*10" 4*10"0"5

0~< 2*10 3

3.8*10"

< 2*10"!
6.5*10"

a)
using a n d i = 0 b)Ref. 5 c)probable state
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HorA

Fig.l: level scheme of 2 3 ! * j , 2 6A1 and 2 7Si near the proton threshold

Fig.2: Ratios of present to previous stellar rates v/s

the reactions 2 2Na(p,v) 2 3Mg and 2 6Al(p,v) 2 7Si which require
radioactive targets, and for the 2 5Mg(p,v) 2 6Al reaction, since the
v-branching ratios to the ground state and the first excited state
have to be determined. However, calculations for stellar reaction
rates can be perfocmed, if complete spectroscopic information for the
proton threshold states is available instead of measured cross
sections and/or resonance strengths. Ib circumvent the difficulties
associated with the radioactive target production, we obtained
spectroscopic infonnation for the above three reactions by populating
the levels of interest with (T,a),(t,d) and (-u,p) reactions. The
experiments were performed using the Notre Dame FN tandem at E^ = 12,
15 or 18 MeV and the broad range magnetic spectrograph in conjunction
with a position sensitive proportional counter as well as
photographic plates from 7.5°-60°. In many cases, angular
distributions were analysed with the DWBA-code CHUCK to yield
A-values for the transfer.

The results of these investigations are summarized in
Tables I-III together with infonnation obtained in direct
(p,y)-measurements. The new infonnation provides an improved basis
for calculation of upper limits for the resonance strength and
reaction rates assuming typical values of r =1 eV and r = ©»2Po using
0 2=0.1, if no further infonnation is available. The influenceof the
various resonances at different stellar temperatures is shown in
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Fig. l . Preliminary ratios of the present and previous2'**'5 stellar
reaction rates are displayed in Fig.2. For example, the inclusion
states at higher excitation energy increases the rate for
22Na(p,y)23Mg as much as tenfol£ for Te>l. Further the state at
Ex=7587 keV with possible ^=5/2 may yield an increase of several
orders of magnitude for Ts<l. Discrepancies in the 26A1 level scheme
lead to as much as three orders of magnitude larger 25Mg(p,y)26Al
rates at Ta<1.5 compared to previous rates'*. For Ts>1.5 the rate is
well determined by the direct (p,Y)-measurement3. Further
investigations of the y-branching ratio of the E =6363 and 6410 keV
states via a-y coincidences fran 27Al(-t,ay)26Al are in progress at
OSU. We have identified a number of states that could contribute to
the stellar reaction rate for 26Al(p,Y)27Si at Ta<2. The influence of
these states was calculated assuming A=0 proton capture, since
further information for the X-values is not yet available due to the
very high level density in this excitation energy region.

We are planning to continue these indirect investigations for
(p,y)-reactions which are not amenable to direct measurements and
incorporate the results in stellar reaction network calculations.
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THERMONUCLEAR REACTION RATES SROM (p ,n) REACTION

S. Kailas
Nuclear Riys ics D i v i s i o n , Bhabha Atomic

Research Centre, Bombay-400 065
India

ABSTRACT

Thermonuclear reac t ion r a t e s (TKRR) in the temperature range

1 £ 9i5 have been extracted from experimentally measure (p ,n)

c r o s s s e c t i o n f o r * • * * , "m>, 9 5 ' 9 6 ' 9 8 M o , 1 0 3 R h , 1 1 0 W , 1 0 7 ' 1 0 9 A g ,
115 117 122

In, ' Sn nuclides and for proton energies below 7 MeV. To

enhance the usefulness of these reaction rates in astrophysical

calculations, they have been f itted to an empirical expression of

the from (A+B T°) exp (-11.605IQI /P g ) where A,B and C are

constants. (Q = Q ralue of the reaction).

INTRODUCT ION

Astrophysical s tudies involving the synthesis of heavier

elements require a large number of thermonuclear reaction rates

(TNRR) in the temperature range 10 °K to 10 °K. In the present

work, the TNRR in the temperature range 1 £ T _ i 5 , hav« been

calculated* Starting from experimentally measured (p,n) react ion
1 2

cross s e c t i o n ' for nuclides with A in the range 92 to 122 and
for proton energies below 7 MeV.

H?OCEDDRE AND RESUIffS

Following the procedure as discussed by Vlieks e t a l r Kailas

and Mehta , the averaged (p,n) reaction exc i ta t ion function from

threshold to the highest energy measured, has been f i t t e d with an

expression 5 i - i

where b = Z - 0.5 and Q;iare adjustable parameters (z = Target

atomic number). Substituting this in the expression for thermo-

nuclear reaction rate

2.

0094-243X/85/1250789-04 $3.00 Copyright 1985 American Ins t i tu te of Physics
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Table I . Thermonuclear r e a c t i o n r a t e s

REACTION

9 2 Z r ( p , ,
9 4 Z r ( p , i

a)92Nb

»)«»

9 3 Hb(p, n ) 9 3 Mo

95Mo(p,r

9 6Mo(p,i

98Mo(p,r

1°7Ag(P,

1 1 5m(P ,

1 i 7 Sn( P ,

l 2 2Sn(p,

, ) 9 5Tc

O96TC

i)98Tc

n)107Cd

n)115Sn

n)117Sb

: THHH (cm3 g

: 1

O.13(-7)

0.49 (-4)

0.80(-4)

0.74 (-7)

<• (-11)

0.72(-7)

0.16 (-4)

O.17(-4)

0.18(-6)

0.99 (-5)

0.24 (-5)

0.33 (-8)

0.24 (-7)

: 2

3.42(-1 )
3.99(+O

2.1K+0)

0.36(+0)

O.7O(-2)

0.32 (+0)

0.77(4-0)

0.86(4-0)

0.20(4-0)

0.44(4-0)

0.17(4-0)

0.39(-1)

0.93(-1)

~1 sec"1")

: 3

1.46 (+2)

4.36 (+2)

2.32(4-2)

1.13(+2)

1.74C+D

1 .20(+2 )

1.09(4-2)

9.66(4-1)

5.09(4-1)

6.69(4-1)

3.41(4-1)

1.92(+1)

3.22(4-1)

at T9 (1O9»K)

: 4

3.64(4-3)

6.92 (+3)

3-88(4-3)

2.76(4-3)

1.03(4-3)

3.36(4-3)

2.17(+3)

1.91(4-3)

1.25(4-3)

1.43(+3)

8.60(4-2)

6.37(4-2)

9.02(4-2)

: 5

2.82(4-4)

4.36(4-4)

2.47(4-4)

2.20(4-4)

1.27(4-4)

2.88(+4)

1.62(4-4)

1.44 (+4)

1.04(4-4)

1.11(4-4)

7.84 (4.3)

6.34(4-3)

8.29(4-33

The number i n the p a r e n t h e s i s i s the power t o which t e n hae to
be r a i s e d e . g . ( - 1 ) means 1 Q - 1 .
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where Tfe = Avogadro number, k => Boltznxya Constant, T = temperature
»__ T

\i.-- reduced mass, the TUBE value is the temperature range 9 = 1 to 5

have been computed. The results are tabulated in Table I . In

order to enhance the usefulness of these reaction rates in astro-

physical calculations, the TNEH values have been fitted to an

empirical expression of the from
TNRR= (A+B Tg

C) exp ( - 11.605 |Q| Ag) 3

where A,B and C are constants for given mucleus. The results of

this analysis for the cases where this empirical expression has been

successful in predicting the TNEK data, are listed in Table II .

Table II

Barameter fitting the TNRR data

EEACTION

92Zr(p,n)

94Zr(p,n)

95Mo(p,n)

98Mo(p,n)

1°7Ag(p,n)

117Sn(p,n)

•4OO

Sn(p,n)

A

7.6 09 (+5^

1.402 (+4)

9.61O(+4)

4.232 (+4)

1.855 (+4)

3.J17(+4)

2.720(+4)

B

7.394 (+5)

4.120(+3)

5.1OO(+4)

2.107 (+4)

3.548(+3)

8.949(+3)

6.605 (+3)

C

1.963

3.914

2.980

3.613

3.831

3.518

3.596

COHCIUSION

The THRR values extracted in the present work are broadly-

consistent with those fro* thick target activatio^mseoureiiente

determined by Roughton e t . al for the cases where the nuclei in
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the two works are common. However, these are noticeable differences

In some cases In the temperature range below 1 = 3. The most
117

discrepant a*8 in the TNRR for the Sn(p,n) react ion* In t h i s case

the THRE's from the two works d i f f e r by a fac tor of a t l e a s t tw» i n

the en t i re Tg range.
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NEUTRINO CAPTURE AND RELATED PROBLEMS:
THE CAPTURE CROSS SECTION IN 6 9' 7 1GA

K. Grotz, H.V. Klapdor and J. Metzinger
MPI fur Kernphysik, Heidelberg, Germany

ABSTRACT: Calculations of the v-capture cross sections of 6 9' 7 1Ga
based on microscopic treatment of the Gamow Teller matrix elements
are presented. A strong enhancement of the cross section for high
energetic neutrinos is found compared to previous phenomenological
estimates. The important implications for a gallium neutrino detec-
tor are discussed.

1. INTRODUCTION: It is generally believed, that neutrinos play a key
part in resolving the unification problem. Therefore a large number
of efforts have been untertaken to answer the fundamental questions:
Are neutrinos Dirac or Majorana particles? Do they have a finite mass
and if so, does mixing occur between neutrinos of different families?

The experimental problems arising from the smallness of all
quantities connected with neutrinos can be overcome by either sear-
ching for very delicate effects as is done in v-oscillation, beta de-
cay and double beta decay experiments, or by doing experiments on the
very large scale provided by astrophysics. Besides the relic neutrinos
from the big bang, which should be trapped in the qravitational field
of galaxies in the case that they are massive (-30 eV), there are ex-
pected to exist a large number of discrete v-sources with energies
up to >10 TeV.

One powerful technique of extraterrestrial v-spectroscopy is
the capture of neutrinos by atomic nuclei. However, the capture cross
sections depend on nuclear structure and have to be treated care-
fully. We discuss in this paper the v-capture cross section of a
gallium detector in respect to solar neutrino and collapsing star
neutrino detection.

2. SOLAR NEUTRINO DETECTION: The so-called solar neutrino problem1

might be caused by the long sought v-oscillations. But the result
from the famous Cl solar v-experiraent is not unambiguous, because
solar model uncertainties could be responsible for the observed neu-
trino deficit, too. 3 7C1, due to the high Q-value is sensitive main-
ly for neutrinos from the decay of 8B produced in a very model depen-
dent rare side branch.

It is believed2 that measuring the model independent solar pp-
neutrinos with a 71Ga detector could give a unique answer. An obser-
ved deficit for these neutrinos too, would indicate v-oscillations.
For 2v mixing with mixing lengths smaller than the solar radius cor-
responding to Am2 > 2'10~e eV2 a maximum reduction by 50% is expec-
ted. The reduction might be less for 10" 1 2 eV2 < Am2 < 10"8 eV2.
Therefore, a comparison of the measured rate with theoretical pre-
dictions requires accurate knowledge of the neutrino capture cross
section ov(E) of

 7 1Ga. We shall show that the phenomenological esti-
mate of Bahcall is insufficient.

ov(E) is dominated by the Fermi transition to the isobaric ana-
log state (IAS) and the Gamcw Teller (GT) matrix elements. It will

0094-243X/85/1250793-04 $3.00 Copyright 1985 American Institute of Physics
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Table 1: Calculated GT-strength

a) for 7IGa

E*(MeV)

0
0.164
0.522
1- 2
2- 3
3 - 4
4 - 5
5- 6
6- 7
7- 9
9-10

10-11
11-12
12-13

B(E*)

.071
0.0001
0.061
0.006
0.730
0.717
1.412
4.359
0.023
0
1.676
5.739

17.447
0.233

E*(MeV)

0 .03 B

0.32
1- 2
2 - 3
3 - 4
4 - 5
5- 6
6- 7
7- 9
9-10

10-11
11-12
12-13

B(E*)

0.089
0
0.090
0.006
0.816
2.777
0.403
2.092
0.496
0
6.996
7.022
8.069
0.029

15-

10-

5-

B
3'

2

1 •

i
0 ' 2

Aw
E

n

71Ga

* 2

-

5 Sn 10 15 E (MeV)
Fig. 1: GT-strength distribution

in '71Ge. SO(E) = I B/AE.
AE

a lowest 1/2"
B lowest 5/2"

state
state

(AE = 0.5 MeV in this figure.
x2 = to be multiplied by 2.)

turn out that details of the low-lying GT strength of Ga, calcula-
ted microscopically in this paper, are decisive for an analysis of a
gallium solar neutrino experiment. Refining earlier studies , the BCS
pairing model is used to diagonalize a spin-isospin-force of Yukawa
type (range = m^1) coming from the iv-meson exchange contribution to
the nucleon-nucleon force. A similar treatment has recently lead to a
better understanding of double beta decay rates .

We show the calculated distribution of GT-strength for 71Ga and
69Ga in table la) and b) and for 71Ga also in fig. 1. G.s. capture of
the low-energetic pp neutrinos (Enax = 0.42 MeV) dominates the total
capture rate of solar neutrinos in 7 1Ga. However, to decide the ques-
tion whether the solar neutrino problem is caused by solar model un-
certainties (these should not affect the pp neutrinos) or by v-oscil-
lations, other processes have to be considered, too. From the recent
(p,n) measurement Orihara et al.6 claimed a GT-strength for the first
excited 5/2" state nearly equal to the g.s., enhancing the capture of
low-energetic pp neutrinos. In contrast, our calculation gives only
very li.tte strength for this state. This result is supported by the
log ft values of more than 6 for 5/2" -"->• 3/2" transitions between low
lying states in the neighbouring nuclei ( Cu •* Zn, Ge -> Ga,
" A s + 7 3Ge, 73Ga-> 7 3 Ge). From fig. 2 it is seen, that ov(E) for
E < 2 MeV is reasonably approximated by taking only the g.s. transition
into account, but for higher energies this approximation and also the
Bahcall estimate which is only about a factor of 2 bigger fail seri-
ously. This is already true, if only transitions to states below the
neutron separation energy S leading not to the stable 70Ge isotope
are included (dashed line in fig. 2 ) . The reason is a considerable
amount of GT strength between 4 and 6 MeV excitation energy.

In contrast to the general assumption that the aB neutrinos are
of minor importance for the 71Ga detector, we predict them to contri-
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Fig. 2: a (E) for 7 1Ga. The full line
results from all GT strength shown in
fig. 1. The dashed line includes only
strength below Sn and the dashed-
dotted line represents the contribu-
tion from the g.s. transition only.

bute -20 SHU to the capture
rate, which is about 30% the
rate from the pp neutrinos.
In this value we have already
included a reduction factor of
0.7 for quenching effects pro-
duced by the A33 resonance,
relying on previous studies7.
It must, however, be recogni-
zed, that according to the
37C1 experiment the 8B \-flux
should be smaller than the
standard solar model predic-
tion, o.- which the 20 SNU are
based. Probing the capture
cross section with a Cr-
source is of relevance only
for low-energetic neutrinos.
It is therefore highly desi-
rable to compare this calcu-
lation with the results from
a high resolution, low-back-
ground (p,n) measurement of
the GT-strength for energies
up to the GT-giant resonance.

3. NEUTRINOS FROM A COLLAPSING STAR: In hydrodynamical models of the
gravitational collapse of a massive star v-interactions are an essen-
tial ingredient. The trapping of neutrinos in the core and also the
v-pair production rate depends not only on hydrodynamical model para-
meters but also on the Weinberg angle 0^< the number of families of
quarks and leptons8 and on whether neutrinos have majorana masses or
not . The observation of the v-burst emitted by a collapsing star is
therefore of great interest.

Hampel10 has estimated the feasibility of measuring with a gal-
lium detector a v-burst of 1.8 x 1O53 erg emitted at 1 kpc distance,
however, also based on oversimplified assumptions for the v-capture
cross section. Three different mechanisms have to be considered:
(i) Capture by 71Ga leading to states in 7lGe below the neutron se-
paration energy S n. The'se events can only be distinguished statisti-
cally from solar neutrino events, (ii) Capture by 6 9Ga to states below
S n in 6 9Ge. (iii) Capture by 69Ga to 69Ge states above S , decaying
to the Ge g.s.. - It has been argued, that process 'i) is ineffec-
tive because the largest fraction of the GT strenr •! also the IAS
lies above S in 7 1Ge, so that capture by those will be not de-
tectable. However, fig. 3 shows, that the GT-str above S is not
dominating the v-cross section for v-energies lower than 20 MeV. For
a 30 t Ga detector the number of 71Ge nuclei not undergoing particle
emission produced by such a v-burst would be 120 (255) for the v-
spectra taken from Wilson11 (Roberts12). Such a signal should be
easily measurable if it is compared to the 18 nuclei saturation value
expected from the solar neutrinos. Process (ii) , which, because the
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Fig. 3:
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(MeV)

ov(E) for
 69Ga including all

strength. Shown is also R, the frac-
tion of the total cross section re-
sulting from population of states
above S .

IAS in Ge is below Sn, has
the largest cross section
(147 (370) events), but has
the disadvantage of the short
half live of 69Ge, therefore
needing a trigger signal*.
Although the expectation of
67 (275) 68Ge nuclei by pro-
cess (iii) is larger than the
one for the production of
71Ge nuclei by process (i) ,
at least for the Roberts spec-
trum, due to the large half
life of 68Ge of 288 d the
decay rate would not exceed
0.7 per day. In this respect
detection by processes (i)
and (ii) are more favourable.

4. CONCLUSION: Correct
treatment of the Gamow Teller
strength is decisive for re-
liable predictions of the cap-
ture cross section of solar
and galactic v-detectors. Con-

sidering only the ground state and some lower excited states, as done
up to now3, is by far not sufficient. For the gallium detector the
result of a refined treatment is an increased solar model dependent
background in the signal from solar pp neutrinos and at the same time
larger sensitivity for galactic neutrinos.
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IN SITU NEUTRON CAPTURE SPECTROSCOPY OF
GEOLOGICAL FORMATIONS
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and J. S. Schweitzer
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ABSTRACT

Neutron-capture-induced gamma-ray spectroscopy has been useful for
determining the geological properties of porosity, lithology, and water salinity of
the rock and fluid outside the iron casing which is cemented into most oil wells.
This paper discusses such measurements using a pulsed source of 14-MeV
neutrons and a Nal(Tl) gamma-ray detector. The most difficult task in
interpreting these measurements is to separate signals generated by elements in
the formation rock and fluid from those due to elements inside the well bore.
The physical properties at work here include fast-neutron thermalization times,
thermal-neutron diffusion, competing neutron-capture cross sections, and
gamma-ray transport to the detector. Results from studying the geophysical
parameters which most affect these physical properties, porosity and water
salinity, are presented here. Methods for enhancing the spectral contribution
from the earth formation relative to that from the borehole are discussed. These
include understand ng the time dependence of the spectral shape, optimizing the
source-to-detector spacing, and employing absorptive borehole fluid displacers.

INTRODUCTION

Due to the relative ease with which both neutrons and gamma rays can pass
through a quarter-inch iron casing, the (n,y) reaction has for many years
provided a useful means to probe the formation rock and pore fluid surrounding
oil wells. Using a pulsed source of 14-MeV neutrons and a Nal(Tl) gamma-ray
detector, the original tools' determined the total capture cross section of the rock
and fluid by measuring the time decay of the total gamma ray yield. This
measurement is still in demand, based on its ability to distinguish salty water
from oil and shale from sand. Current generation tools2'3, using much the same
hardware, perform an elemental analysis of the earth formation by measuring the
energy spectrum of the gamma-ray yield. This paper will examine the downhole
spectroscopy measurement in general and in particular the effect that the unique
borehole geometry has on the results. We will show that an understanding of
these borehole effects requires an understanding of the four main physical
processes which govern the measurement: fast-neutron thermalization times,
gamma-ray transport, thermal-neutron diffusion, and total capture cross sections.

DESCRIPTION OF THE MEASUREMENT

Since more complete descriptions of this tool have been published
elsewhere2-3, only a brief description will be given here. The neutron source,
Nal(Tl) detector, amplifier, ADC, spectral memory, and telemetry electronics are
all enclosed in a 9.2-cm-diameter iron pressure housing which is lowered into the
well at the end of thousands of feet of cable. At the top end of the cable, a

* Current address: Schlumberger Well Services, Houston, TX 77001
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computer controls tool operation, accepts spectral data from the down-hole
memory, and computes and displays results. The tool is operated with a burst of
14-MeV neutrons from a (D,T) accelerator, followed by a time delay to allow for
thermalization and for decay of the borehole flux. After this delay, which may be
from 20 to several hundred micro seconds, an energy spectrum of gamma rays
produced by the capture of thermal neutrons is accumulated for a fixed time
period, which is usually comparable to the delay time. This cycle is repeated
thousands of times each second.

:-|Measurement Geornetryf:-

Fig. 1 - Measurement geo-
metry for a sonde eccentered
in a cased borehole. The fluid
inside the casing is mostly
e i t n e r water or oil, which for
our purposes means it con-
t a m s a large amount of
hydrogen.

a io"

Measured Spectrum with Nal(TI)
10" Borehole. 76/8" Casing
Sandstone Formation

,.Fe'

Fe

1 2 3 4 5 6 7

Gamma-Ray Energy (MeV)

Fig. 2 - Spectrum measured in
the geometry of Fig. 1. The
formation is oil-filled sand-
stone. Prominent peaks have
been identified, with primes
indicating one or two escapes.
Our quantitative analysis,
however, is not based upon
peak areas.
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Figure 1 portrays a typical measurement geometry with the sonde eccentered
in a cased borehole. The fluid inside the casing is mostly either water or oil with
some heavy compounds added to provide sufficient pressure to balance the
pressure from the earth formation. Figure 2 is a sample spectrum measured in
this geometry, the formation being sandstone with oil filling the pores and a
column of fresh water filling the casing. Easily identified are gamma-ray peaks
from hydrofesn in the oil and water, silicon in the sandstone, and iron in the
casing and tool pressure housing. A small amount of Ca, which is contained in
the cement around the casing, shows up in the weighted-least-squares analysis4

of the spectrum, but it is not visually obvious. One goal of this measurement is
to do an ei?mental analysis of the formation rock and pore fluid. Using a Nal(Tl)
detector, an element is generally considered detectable only if it can contribute at
least one percent to the total measured spectrum. Based upon elemental
concentrations typically found in geologic formations and their respective (n,y)
cross sections, Table I lists the elements considered detectable along with the
geologically important minerals and fluids in which they are found.

Table I Geologically significant elements
detectable from (n,iy) reactions using Nal(TI)

Element

H

Si

Ca

S

Fe

Cl

Found in these Compounds

H2O, Hydrocarbons, Clays

SiO2, Clays

CaCO3, CaMg(COj)2, CaSO4, CaO

CaSO4, FeS2, S

Fe, Clays, FeS2

NaCl

The ultimate goal of the measurement is to extract a mineral and fluid-type
analysis from the elemental analysis. Before this can be attempted, however, a
serious problem must be solved: Much of the hydrogen in Figure 2 comes from
the oil in the formation fluid, however a large fraction of it comes from the water
inside the casing and in the cement. A similar problem can exist for other
elements, thus it is necessary to separate the borehole contribution from the
formation contribution for each elemental yield. We will show below how this
borehole contribution can be measured in the laboratory, how it varies with
environmental parameters, and how these variations can be understood in terms
of simple physical models of the measurement.
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PHYSICS OF THE MEASUREMENT

An elemental yield from the (n,y) reaction can be expressed as the following
time, space and energy integral:

Y, = J//*n(r,t,En)<7i(En)7,i(T)Xbj,ir(T,Er..)d
3TdtdEn, (1)

En 1 V j J''

where:

Yj = Total detected y-ray yield from element i
<£n = Neutron flux per unit energy
o-j = Microscopic cross section for element i
TJJ = Atomic density of element i
F = Transmission and detection probability for yj J

bj j = Branching fraction of y ray j for element i

An accurate evaluation of this integral has been accomplished thus far only using
Monte-Carlo simulation. To gain physical insight, therefore, it is useful to
simplify Equation 1 by doing some averaging and by identifying homogeneous
regions:

YU = ^.k^niigijo . (2)

where:

Yj i; = Detected y-ray yield of element i from homogeneous region k
•>)i,k = Atomic density of element i in region k

cFj = Energy-averaged cross section for element i
mj = y-ray multiplicity for element i

Bijt = Sensitivity for detecting element i in region k:
J"/*n(T,t)r(7,Ey.)dtd37

_*n = Energy-averaged neutron flux
Ey. = Average y-ray energy for element i

While not rigorously correct, the advantage of this formulation is that it separates
all of the elusive physics into a single parameter, g i k , which can be measured in
many instances. The parameter which is most easily measured is the relative
borehole sensitivity for environments where the well contains no casing or
cement:

Gi,B = gi,a/Bi,F. (3)
where B and F refer to the borehole and formation, respectively. We will next
show various examples in which this parameter has been measured and will
explain the systematics in terms of the physics of the measurement.
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POROSITY AND BOREHOLE SIZE DEPENDENCE

A good way to study relative borehole sensitivities is to examine the porosity
indicator ratio, PIR, which is used to measure formation porosity. PIR is the
ratio of the hydrogen to silicon plus calcium yields, where each yield has been
normalized to an appropriate mineral or fluid volume sensitivity. Laboratory
measurements5, from which this ratio can be determined, have been made over
a wide range of borehole and formation environments. In the absence of
borehole contribution, PIR would equal <£/(!—<t>), <t> being the porosity fraction.

2.0

1.5

O

s

In
di

> •

1.0

0.5

0.0

[Porosity Response
Fresh Water

° = Sandstone Data
u = Umestone Data

0 10 20 30 40 50
Formation Porosity (Percent)

Fig. 3 - Response of the
porosity indicator ratio at vari-
ous borehole diameters. The
dashed line would be meas-
ured if there were no bore-
hole contribution to the
hydrogen yield.

As Figure 3 shows, however, the measurement is normally far from this ideal,
the difference attributable to borehole contributions to the hydrogen yield. From
these data we can calculate the relative borehole sensitivity for hydrogen, the
result of which has been plotted in Figure 4. There is an obvious borehole size
dependence, which for high porosities can be approximated by:

G H B = 1.4(l-e"A/A°) (at high porosity), (4)

where A is the cross-sectional area of the borehole fluid. GH B does not become
infinite at infinite borehole sizes because the tool is eccentered in the borehole.
There is also a porosity dependence to GH,B which can be explained only by
examining the physics of the measurement. The increase from 40 to 15 percent
porosity is predicted well by the increased attenuation of the formation hydrogen
gamma rays by the increasingly dense formation. This argument, however,
predicts a nearly linear change with porosity and thus does not explain the sharp
upturn at zero percent porosity. For a complete understanding we must examine
the thermalization process. The 14-MeV source neutrons are most effectively
thermalized by elastic collisions with hydrogen nuclei, losing on balance half their
remaining energy per collision. In the absence of hydrogen, the formation
neutrons will penetrate more deeply into the formation before they thermalize.
The formation signal will then suffer both solid angle losses and increased
attenuation, thereby increasing the relative borehole sensitivity to that which is
observed in Figure 4.
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some physical principles gov-
erning the measurement.
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WATER SALINITY DEPENDENCE

The largest observed changes in borehole sensitivity are due to changes in
water salinity, as is shown in Figure 5. In this case both the porosity and
borehole size are fixed while the salinity of the borehole fluid and formation fluid
are independently changed from fresh water to saturated salt water. There is a
substantial increase in Gj^n with formation salinity and an equally large decrease
with borehole salinity. These results were obtained as before from the porosity
indicator ratio. A simila result, however, can be obtained by looking at

2!
o

0.1

Effect of Salinity
10" Borehole, 17% Porosity

50 100 150 200 250
Formation Salinity (KPPM)

Fig. 5 - Relative borehole sen-
sitivity for hydrogen as a
function of borehole and for-
mation salinity, as determined
from the porosity indicator
ratio. The borehole sensi-
tivity increases with formation
salinity and decreases with
borehole salinity.
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Fig. 6 - Salinity indicator ratio
as a function of formation and
borehole salinity. The solid
lines are calculations assuming
a constant borehole sensi-
tivity. The dashed lines are
the measured values of this
ratio. The non-constant GQ,B
needed to reproduce the lab
measurements can readily by
calculated.
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F "Iffed
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Effect of Salinity
110" Borehole, 17% Porosity

0 50 100 150 200 250
Formation Salinity (KPPM)

Fig. 7 - Comparison of the
relative borehole sensitivities
for hydrogen (solid lines) and
chlorine (dashed lines). The
trends are the same, save for
an overall factor of 2.2 which
can be explained by reduced
attenuation of the chlorine
gamma rays.

the salinity measurement itself. The solid lines in Figure 6 are plots of the ratio
of the chlorine to hydrogen yields one would expect with changes in borehole
and formation salinity, assuming a constant relative borehole sensitivity. The
dashed lines in Figure 6 are the actual measurements of that ratio. The
difference between these curves can be used to calculate the actual, non-constant
relative borehole sensitivity for chlorine. This determination is plotted in Figure
7, along with the original sensitivity for hydrogen determined from the porosity
ratio. The agreement is quite good provided the salinity-determined sensitivity is
multiplied by 2.2. Since the average energy of the chlorine gamma rays is larger
than that for hydreren, there is less attenuation of the formation chlorine signal.
The factor of 2.2 would be predicted from a fairly reasonable average depth of
penetration into the formation of 20 centimeters.
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Fig. 8 - Comparison of the
measured relative borehole
sensitivity for hydrogen with
the ratio of the time-
integrated neutron fluxes, cal-
culated from the macroscopic
capture cross sections in the
borehole and the formation
assuming no diffusion effects.

The explanation of the salinity dependence of these borehole sensitivities is
actually rather simple. The presence of chlorine substantially increases the total
capture cross section, increasing the rate at which the neutron flux decays. This
decay rate can easily be calculated for both formation and borehole from the
macroscopic cross sections of each region, ignoring the effects of neutrons
diffusing back and forth between the regions. Integrating these calculated fluxes
over the measurement time intervals, as is called for in Equation 2, produces a
salinity dependence closely resembling the measured borehole sensitivity, as is
shown in Figure 8. Small discrepancies remain because diffusion was ignored in
the flux calculation. Diffusion would moderate the differences between borehole
and formation, changing the calculation in the needed direction. For the salty
borehole, fresh formation case, for example, there will be a net diffusion of
neutrons into the borehole, thereby increasing the borehole sensitivity toward the
measured value.

REDUCTION OF BOREHOLE SENSITIVITY

There are three simple methods of reducing borehole sensitivity, although
each produces its own penalty which must be weighed against the benefits. The
first method is to increase the delay time between the end of the neutron burst
and the start of data accumulation. Why this helps can be seen clearly in Figure
9, which plots the decay of the neutron flux in both formation and borehole for a
typically encountered environment. Ignoring diffusion effects, the relative
borehole sensitivity would satisfy the following proportionality:

G iB ~ (5)

where Sg a nd 2p are the macroscopic capture cross sections of the borehole and
formation in cm"' and TQ is the delay time in micro seconds. Since 2g is
frequently larger than Xp, especially if casing is present, the longer you wait the
less borehole relative to formation signal will be measured. Figure 10 is a
comparison of measured borehole sensitivities for a short and long delay. In
practice one must weigh the enhanced formation signal against the overall
reduction in count rate to reach an optimum delay, being mindful also that with
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Fig. 9 - Time decay of the
thermal-neutron flux in the
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typically encountered environ-
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Fig. 10 - Reduction of bore-
hole sensitivity by delayed
accumulation. The short
delay is 20 /x seconds, while
the long delay is about 500 /u.
seconds.
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too much delay the measurement will eventually be dominated by activation,
predominantly of oxygen and iodine.

The second method is to encase the outside of the tool with an absorptive
borehole-fluid displacer, containing for example a suitable concentration of 10B.
Since this increases the total capture cross section of the borehole, the neutron
flux in the borehole will decay more quickly, thereby reducing the borehole
contribution during a suitably delayed accumulation time. Figure 11 shows the
effect of such a displacer when used with both the long and short delays shown
previously. The reduction in borehole sensitivity is quite significant, even though
for this case only about 20 percent of the borehole fluid had been displaced. The
disadvantage to this method is that restrictions near the top of the well
sometimes preclude using a displacer whose diameter is large enough to be
helpful.
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Fig. 12 - Reduction of bore-
hole sensitivity by increasing
the source-to-detector spacing.
The long spacing is about 1.5
times the short spacing.

The third reduction method is simply to increase the spacing between the
neutron source and the gamma-ray detector. The reason for this is purely a
solid-angle argument having little to do with nuclear physics. Figure 12 shows
the effect of increasing the spacing by about 50 percent while also employing the
previous two reduction techniques. The tradeoff here is that the total count rate
will drop quickly, so that in practice the optimum spacing will still have some
borehole contribution.

AH three of these techniques to reduce borehole signal also reduce formation
signal, albeit to a lesser degree. Since time comes at a premium during oil-well
logging, increased statistical uncertainties due to count-rate losses can never be
fully recouped. Rather, the optimum source-to-detector spacings and time delays
are those which minimize the ultimate uncertainties in the geologically significant
measurement results.
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SUMMARY

Neutron-capture-induced gamma-ray spectroscopy is a useful means to study
earth formations, although the necessary borehole environment complicates
interpretation of the measurement. While it is not possible to fully model the
measurement without resorting to computer-intensive Monte Carlo techniques, a
simplified treatment, accounting for the macroscopic effects of fast-neutron
thermalization times, thermal-neutron diffusion, total capture cross sections, and
gamma-ray attenuation, adequately describes the observed laboratory data.
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ABSTRACT

The use of neutron-capture gamma rays for elemental
analysis has become an established technique,
applicable for the measurement of a list of elements
which complements conventional delayed-gamma neutron
activation analysis. Three distinct areas of
application of the prompt method have been
laboratory-based analysis using reactor neutrons, field
measurements (especially borehole logging for mineral
exploration), and industrial process stream analysis,
the latter two using neutron generators or isotopic ;
neutron sources. Continued improvements in detector
systems and the increasing availability of clean,
high-intensity beams from cold-neutron guide tubes are
opening quantitatively and qualitatively new analytical
possibilities. Second-generation instruments using
cold neutrons promise an increase in reaction rate of
up to two orders of magnitude. This will increase the
productivity of these facilities by a similar factor,
and will make the use of capture gamma rays more nearly
comparable in sensitivity to conventional neutron
activation analysis whenever the sample may be brought
to the neutrons.

HISTORY

The use of neutron-capture gamma-ray spectroscopy
as a tool in chemical analysis is an old idea made
practical by new technology. Bibliographies of
publications on the method have been compiled by
Gladney [1] and by Glascock [2]; the latter lists 522
papers through 1983. Unlike most recently-developed
instrumental methods of chemical analysis, this one has
not acquired a universally accepted name or acronym.
We will use "PGAA" throughout this discussion: others
that have been used are listed in Table 1. The

00V4-Z4;Z/?!5/1250810-10 $3.00 Copyright 1985 American Institute of Physics
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explosion of papers on PGAA since the mid-60s was made
possible by advances in detectors, sources, and
electronics, particularly the development of Ge gamma
detectors, sealed-tube neutron generators,
Californium-252 sources, and intelligent pulse-height
analyzers.

Table 1
Synonyms and Acronyms for Analytical Neutron-capture

Gamma-ray Spectroscopy

NCGA Neutron Capture Gamma-ray Analysis
PGAA Prompt Gamma-ray Activation Analysis
PGNAA Prompt Gamma-ray Neutron Activation Analysis
PNCAA Prompt Neutron Capture Activation Analysis
PNAA Prompt Neutron Activation Analysis
RNC Radiative Neutron Capture
TCGS Thermal-neutron Capture Gamma-ray Spectroscopy

Field and process applications have been thoroughly
reviewed in recent years [2,3,4,5]. Both are well
established, with a strong component of commercial
interest. These applications will be treated in these
Proceedings by Grau, by Schweitzer and Manente, and by
Gozani. The present review will focus on measurements
by PGAA centered at several research reactors.

The groundwork was laid for high-resolution
reactor-based PGAA eighteen years ago by Isenhour and
Morrison [6,7], who showed the applicability of the
technique, in steady state and with a modulated neutron
beam, using a small Ge(Li) detector; sensitivities
under their experimental conditions were not sufficient
for the method to become widely used. Other early work
was reported by Greenwood [8] and Duffey et al [9,10].
Henkelmann and Born [11] used capture gamma rays
analytically in a high-intensity cold neutron beam, but
the work did not lead to the establishment of a
permanent PGAA facility at the reactor. The current
surge of interest is partly due to the construction and
analytical application of the internal-sample facility
at Los Alamos [12] and external-beam facilities at the
NBS Reactor [13] and at the University of Missouri!14],
all of which have roughly comparable analytical
capabilities. These three installations feature
intense neutron sources and large, Compton-shielded Ge
gamma detectors. Characteristics of these and other
analytical PGAA facilities have been tabulated by
Anderson et al [15]. While others are under
construction or in the planning stage, we know of no
new facilities built in the past few years.
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There is a synergism between PGAA and conventional
instrumental neutron activation analysis (INAA), in
that the two techniques employ the same tools and
technology to determine complementary sets of elements.
INAA is best known as a method of trace analyRis,
insensitive in general to the major and minor elements
that make up many materials. On the other hand some of
the strongest lines in PGAA spectra are often from
these very elements, especially hydrogen, silicon, and
sulfur. Carbon, nitrogen, and phosphorus may also be
prominent in some samples. If PGAA is applied to an
unknown material before INAA, the difficult question of
neutron self-shielding by strongly absorbing elements
in the sample is directly answerable, using the same
sample if necessary. The two methods together are
capable of measuring nondestructively, in a wide
variety of materials of scientific, economic, or
regulatory interest, all the major elements except
oxygen, all miner elements, and many trace elements, as
many as fifty in all. In oxidized matrices such as
rocks, a partial check is possible on the accuracy and
completeness of the analysis by adding the
concentrations of the elements as oxides and comparing
the sum with 100 percent. This synergism of prompt and
delayed analysis is a major justification for PGAA with
the neutron intensity in presently available reactor
neutron beams, for an analytical method which may
require many hours to irradiate each sample is not
ideal for sample-intensive work.

PHYSICS AND CHEMISTRY

An old calumny says that chemists make bad
measurements on good material, while physicists make
good measurements on bad material [16]. Since the goal
of analytical chemists is to characterize "things as
they are" [17], the materials we deal with are often
bad, and we must take the physicist's approach. Our
materials are often very bad indeed, giving spectra
with hundreds of peaks of all sizes. A major part of
the early work at the Maryland-NBS facility and
elsewhere to make the PGAA method reliable for chemical
analysis was to separate full-energy from escape peaks
and from contaminants. The only way to make certain of
the identity of a particular gamma ray in a spectrum is
to show that the intensity per unit mass of the
capturing element is constant or that the ratio of
intensity of two peaks is constant for several samples
of the element obtained from different sources. We
found, for instance, that in one of the standard tables
available in 1976, 38 of the 81 stable elements showed
a gamma ray within 5 keV of the capture line of
cadmium. It is likely that many of these tabulated
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lines were in fact due to traces of cadmium in the
samples irradiated or in the apparatus.

An essential task in making the PGAA method
reliable has been the enumeration of interfering lines
which are nearly at the same energy as the line used
for analysis. Tables of the most sensitive gamma rays
and their major interferences have been published by
several analytical laboratories [12,14,18]; this
effort is continuing. In addition to peaks from
neutron capture in the sample and in its packaging
material, a PGAA spectrum contains both peaked and
continuum background arising from the environment and
apparatus, chiefly from the scattering of neutrons and
gamma rays in the probe beam by the sample holder, the
collimation, and the sample itself. This residual
background limits the sensitivity of the analysis of
common low-Z elements, especially C, H (in the organic-
materials of the shielding) and N (in air and the
liquid nitrogen-filled Dewar for the Ge gamma
detector).

APPLICATIONS OF REACTOR-BASED PGA.;

The PGAA facilities which have been established at
several research reactors are capable of simultaneously
determining the concentrations of up to twenty major,
minor, and trace elements in a variety of matrices. In
Table 2 are given the sensitivities and minimum
detection limits (C(mdl), defined according to Jaclevic
and Walter [19] and Currie [20]) of a number of
elements in three widely different sample types. It
can be seen that the range of C(mdl) values for the
"crustal" elements is close to ideal for multielement
analysis of most geological materials. Graham et al
[21] and Anderson et al [22] have used PGAA to
characterize NBS, USGS, and IAEA geochemical standard
materials for up to twenty-one elements. In biological
matrices, Failey et al [18] showed that the
concentrations of about a dozen elements can be
routinely measured.

Many applications of PGAA involve the measurement
of only one or a few elements which exhibit especially
good sensitivity. For example, boron is a uniquely
interesting element, its broad Doppler-shifted
gamma-ray peak being easily measurable at
concentrations ranging from percent to ppb levels. Few
other methods are available for the determination of
boron, and volatile boron compounds may be lost during
dissolution of refractory materials. The use of
boron-doped silicon in the semiconductor industry is
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Table 2
Sensitivity and Limits of Detectability of PGAA

for Various Elements in Coal, Basalt, and Bovine Liver

Element

H
B
C
N
F

Na
Mg
Al
Si
P

S
Cl
K
Ca
Ti

V
Cr
Mn
Fe
Co

Ni
Cu
Zn
As
Se

Br
Sr
Mo
Cd
In

Ba
Nd
Sm
Gd
Pb

Energy
(kev)

2223
478
1262
1885
1634(d)

472
585
1779(d)
3539
637

841
516
770
1942
1382

1434(d)
835
847(d)
352
277

465
278
1077
165
239

244
898
778
558
162

627
697
334
182
7368

Sensit.
cps/mg

0.86
530
0.00039
0.0030
0.0011

0.15
0.0085
0.024
0.0066
0.0062

0.054
1.4
0.13
0.022
0.38

0.33
0.11
0.46
0.046
1.2

0.12
0.12
0.019
0.17
0.31

0.18
0.031
0.11
170
2.9

0.55
1.3
640
680
0.0004

Detection Limit
Coal

10
0.05
27000
3400
6000

300
1200
500
600
1300

200
7
70
500
30

25
100
9
300
20

1200
200
400
200
80

120
400
90
0.06
14

20
7
0.03
0.05
5000

Basalt

20
0.02
13000
1400
3000

60
700
200
300
1000

100
4
50
200
10

10
50
4
300
14

700
130
300
200
80

150
200
60
0.04
15

10
4
0.02
0.05
5000

C(mdl)
Liver

30
0.07
37000
3500
8000

100
1900
500
800
2600

300
12
120
1000
30

35
150
10
400
20

1700
200
600
200
80

190
600
90
0.09
14

20
8
0.03
0.05
5000

C(mdl)=3.29(R/t)1/2/s( where R = background counting
rate under the peak; t = duration of count, taken as 12
h for basalt and 20 h for bovine liver. The notation
(d) indicates that the gamma ray is emitted as a result
of the subsequent decay of the nucleus.
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too familiar to require comment. Depth profiling of B
by thermal neutron reactions [23] can be made
quantitative by comparison with PGAA analysis of the
same sample, if a single-sided thin B film is measured
by both techniques.

Geochemical applications of boron have been
studied by PGAA at several laboratories, including
measurements of the cosmic abundance of B [24],
measurement of B in geochemical standard materials
[22,25], and the use of gas-phase B for tracing air
masses from coal-fired power plants [26]. In the
latter study boron (which occurs primarily as H3BO3 in
the atmosphere) was measured by PGAA both on particles
and in the gas phase, along with S, Cl, and other
important natural and anthropogenic elements by INAA.
It is hoped that the addition of gas-phase species
(measured by PGAA) to the chemical element balance
studies of the atmosphere will help identify a number
of emission sources.

A recent paper [27] shows the use of Sm measured
by PGAA as a non-absorbable biological tracer in
studies of equine digestion.

Hydrogen will be an important focus of future PGAA
measurements with higher quality neutron beams. The
present detection limit (set chiefly by the background)
is barely '.oo high to be of use in measuring hydrogen
in metals at physically interesting concentrations.

COLD SOURCES AND ADVANCED METHODS IN THE FUTURE

Just as the successful application in the recent
few years has been due to the exploitation of
pioneering work by the employment of modern equipment,
we may expect a similar flourishing as cold neutron
beams become established at research reactors around
the world and provide the event rates necessary for
real trace analysis and high throughput of analytical
samples. If a factor of 100 in capture rate can be
gained, then the sensitivities in Table 3 are
attainable.

In addition to greater flux and longer wavelength
than simple neutron beams, a guided beam of cold
neutrons [28] can be virtually free of gamma rays and
epithermal and fast neutrons. However, a great deal can
be accomplished in this regard by incorporating filters
into conventional neutron beams [29]. A radial beam
used for neutron depth profiling at NBS, for instance,
uses single-crystal sapphire and silicon filters to
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Table 3

Detection Limits Expected for Cold-Source PGAA Facility

Detection limits in micrograms

H
B
C
N
F
Na
Mg
Al
Si
P
S
Cl

0.1
0.0001
200
200
50(d)*
1
10
2(d)
10
1
1
0.1

K
Ca
Ti
V
Cr
Mn
Fe
Co
Ni
Cu
Zn
As

1
5
0.2
0.2(d)
0.5
0.1(d)
2
0.05
0.5
0.5
5
2

Se
Br
Mo
Cd
In
Nd
Sm
Gd
Pb

0.1
1
1
0.0005
0.1
0.05
0.0002
0.0001
50

*(d) signifies a decay line, not prompt.
Assumptions: Irradiation time 20 hr

Flux 1 x 109 n/cm2s
One 40% Ge detector at 40 cm

deliver a thermal flux of 3 x 108/cm2s at a cadmium
ratio of 10,000, with a gamma-ray component of only 200
mrad/hr [23]. Non-thermal components in analytical PGAA
beams make necessary the use of large masses of
thermalizing and absorbing shielding in the immediate
vicinity of the sample and detector, which by scattering
contribute to the background. With purely thermal
neutrons, hydrogenous materials can be eliminated,
absorbers can be more selectively located, and the
target-detector assembly can be made more compact and
thus more efficient.

Substantial elimination of the low-energy scattered
gamma-ray component will make many low-energy capture
lines useful for quantitation. Elements which
will be measurable at lower levels include Sc, Mn, Co,
Cu, Zn, Rh, several rare earths, Ir, Au, and Hg.

Additional sensitivity will be a boon for the
analysis of much smaller samples, such as those
obtained from new atmospheric sampling techniques which
collect particulates from smaller volumes of air.

A capture rate one or two orders of magnitude
greater than at present, even with no low-energy
scattered gamma rays present, generally implies
high-rate gamma spectroscopy. Fortunately, this can be



817

handled by the nsw generation of transistor-reset
preamplifiers, fast amplifiers, loss-correction
circuits [30], fixed-dead-time ADCs, high-rate
coincidence and anticoincidence electronics, and
inexpensive computers now becoming widely available on
the commercial market (i. e., to people without
electronic design and construction facilities, which
includes most analytical chemists). Reactor-based
PGAA, as always, will borrow from other branches of
gamma spectroscopy and neutron physics, and has
especially much to learn from the borehole logging
pulsed-neutron-generator technology, which now
routinely measures rates of 200,000 counts per second
above 0.2 MeV [5].

"...The use of a two Ge(Li) detector coincidence
system can provide fruitful information of such high
quality that Nal-Ge(Li) coincidence studies are
obsolete." So concluded Bolotin at the first meeeting
in this series at Studsvik in 1968 [31] — and this
with 15-30 cc detectors! A number of new technologies
are ready for transfer to analytical PGAA [29], Since
capture rates may be increased by two orders of
magnitude with new sources, and detection efficiencies
of Ge detectors are several times higher than just a
decade ago, Ge coincidence rates of a factor of several
thousand higher than hitherto may be expected, an
improvement in counting rate that makes the selective
exploitation of individual decay schemes of interest
for analytical purposes. A further improvement by
increasing solid angle with the use of compact bismuth
germanate [32] or cadmium tungstate scintillators for
gating detectors may improve coincidence rates still
more, the limiting factors probably being neutron
scattering by the sample and the ability of laboratory
computers to acquire and process the data as fast as
they are generated.

SUMMARY

Gamma rays resulting from the capture of reactor
neutrons have proven to be of great utility in chemical
analysis. The advent of cleaner, more intense neutron
beams will make this branch of spectroscopy an equal
partner with conventional neutron activation analysis.
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IN VIVO DETERMINATION OF PROTEIN BY PROMPT
NEUTRON CAPTURE IN FIBROCYSTIC DISEASE
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ABSTRACT

Measurement of total body nitrogen (TBN) and muscle mass is a
useful tool in assessing nutritional repletion of r.alnourished sub-
jects. The present'study examines a prototype facility for measuring
TBN by prompt neutron activation with a Pu-Be or 2 5 2Cf fast neutron
source and observing the 10.8 MeV ground state y-ray from the
lltN{n/y) reaction with Nal detectors. Dose distributions, background
sensitivity and nitrogen yields are reported for phantoms and a maxi-
mum radiation dose of 20 mrem per exposure is determined. We
propose to measure TBN and muscle mass in a group of malnourished
patients before and during nutritional repletion.

INTRODUCTION

Cystic fibrosis (CF) is the commonest autosomal recessive disease
in Caucasian children with an incidence of one in 2500 live births.
Chronic suppurative lung disease with death due to respiratory failure
and pancreatic insufficiency are the major manifestations of CF. With
improved therapy for chronic suppurative lung disease, medium survival
rates have increased from 5 years in the 1950s to 20 years in the late
1970s. In addition, nutritional factors are considered to influence
survival, as malnutrition is associated with a poor prognosis, and the
maintenance of near normal nutrition and growth in one clinic has been
associated with an even higher medium survival age of 35 years. How-
ever, it has yet to be proven that nutritional repletion of a mal-
nourished CF subject will improve prognosis, and we wish to assess the
effect of nutritional supplementation in such patients using elemental
or polymeric formulae delivered at night by infusion via nasogastric
or gastrostomy tubes. To optimise the use of these expensive formulae
and to ensure their efficacy in fat and protein repletion, careful
monitoring of body composition is essential before and during nutri-
tional therapy.

Lean body mass can be determined by measuring "*°K in a whole body
monitor because potassium is nearly absent in adipose tissue. For
normal subjects, total body potassium (TBK) and nitrogen correlate well,
but in malnutrition, a tissue potassium deficit can occur and lean body
mass may be underestimated.

It is therefore important to determine both potassium and nitro-
gen and, to this end, we have evaluated a prototype TBN facility with
Pu-Be and 2 5 2Cf neutron sources.

0094-243X/85/1250820-04 $3.00 Copyright 1985 American Institute of Physics
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TOTAL BODY NITROGEN MEASUREMENT

The technique of TBN measurement was first developed by Biggin
et al.1 at Birminghar using 2.6 MeV neutrons from a cyclotron. Later
isotropic neutron sources were used to provide the neutron flux by
Mermagh et al.2 at Toronto, Vartsky et al.3 at Brookhaven National
Laboratory and, most recently, Beddoe et al.* at Auckland. While
the 1£*N(n,2n) 1 3N reaction can be used to produce the positron emitter

C, the prompt neutron capture reaction l N(n,y)15N with a neutron
source allows a TBN facility to be readily installed in a hospital.
About 15% of nitrogen capture y-ray decays go to the ground state,
emitting a 10.83 MeV y-^ay which can be detected by a Nal spectro-
meter because the energy is well above the intense background of y-
rays from the source and from neutron capture in the detector shield-
ing and the detector itself. However, it is important to minimise
background count rates and the presence of pile-up events in the 10
to 11 MeV region using a pile-up inspector and inhibit gate.

NEUTRON SOURCES

We have made measurements with a 200 x 150 mm Nal detector and
239Pu-Be, 238Pu-Be and 2 S 2Cf fission sources (̂ 2 x 10 neutrons s"1)
using a 6 L water phantom with 4.7 mol/L NHi»OH, about twice the
tissue equivalent nitrogen concentration, and find the 2 5 2Cf source
gives a fivefold improvement in nitrogen to background ratio compared
with Pu-Be, the spectrum being shown in Fig. 1. The 2.65 y half-life
of Cf counts against use of this source, and the fission neutron
spectrum is somewhat softer than the Pu-Be sources. However, the
neutron distribution in the 12 L phantom is comparable to that for
Pu-Be.

SHIELDING GEOMETRY

A suitable exposure time for a TBN determination is nominally
1000 s for which an uncertainty of 4% can be obtained. We found the
optimum source-skin distance (SSD) of 300 mm for our Cf source. Lead
shielding in the collitnator is very effective in reducing the detector
background and count rate, as well as 100 mm lead on top of the shield-
ing block. The skin-detector distance is -vl5C mm with 50 mm of 70%
boron carbide in paraffin as a fast neutron shield for the Nal detector.
Having available a 200 x 150 mm Nal detector in a massive Pb and
borated paraffin shield, we have chosen the supine/prone geometry with
source below and bilateral Nal detectors. The second detector is
150 x 100 mm Nal. The patient will traverse a 230 x 230 mm neutron
beam on a moving table, first supine, then prone, to remove asymmetry
effects and average out the neutron dose to the body.

LINEARITY

Linearity of the system was determined with 6 L phantoms with
different concentrations of NHi,OH ranging from 1 to 4.7 mol L"1 (i.e.
13.8 to 66.9 g N kg"1) (Fig. 2). The system is, of course, non-linear
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Fig. 1 Gamma-ray
spectrum for 3 mCi
2 2Cf neutron
source s 6 L of
4.7 mol IT1 NHi,OH
at SSD = 305 mm

CHANNEL NUMBER

Fig. 2 Net nitrogen
yield as a function
of nitrogen content
of 6 L NH..OH phantoms

9 N ( kg"11

Fig. 3 Dose-equivalent
distributions (mrem h"1)
for 11.5 Ci 23ePu-Be
source for 2-12 L phan-
toms at SSD = 305 mm.
Gamma (y), slow neutron
(SN) and fast neutron
(FN) distributions are
given
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in response to different thicknesses (or volumes) of phantom at the
same NHi*OH concentration. This is because of inadequate thermalisa-
tion for small volumes (<4 L) and neutron attenuation at large
volumes (>10 L) for the same phantom geometry. In the region of
interest for CF children (4 to 8 L), the ratio of N and H yields was
found to be linear, in agreement with Vartsky et al.5

BODY MASS BACKGROUND

The volume of the neutron scattering phantom influences the
overall background observed by the Nal detector. By using three
containers with different areas and varying the fluid volume, the
standard deviation of the nitrogen peak background in the region of
interest was found to be ^3% for the Pu-Be source, fi volume correc-
tion further reduces this uncertainty.

DOSE-EQUIVALENT DISTRIBUTIONS

Thermal neutron, Y~£ay and fast neutron films were placed at
40 mm intervals between 2 L bags of 4.7 mol L"1 NHi*OH solution in a
330 x 245 mm container and measurements were made with a calibrated
fast neutron rem counter. The dose-equivalent distributions as a
function of phantom thickness are shown in Pig. 3 for SSD = 305 mm
and the Pu-Be fission source. The fast neutron dose equivalent
peaks at the lower surface and decreases exponentially through the
thickness of the phantom. The thermal neutron dose is relatively low
at the surface and builds up to a maximum at about 50 mm thickness.

The surface dose is the maximum dose which is M.2D mrem h"1. By
changing the patient from supine to prone position half way through
the exposure and slowly moving the patient across the beam from
shoulder to lower thigh, the maximum dose is reduced to about 70 mrem.
h"1 or about 20 mrem for 1000 s exposure. The average dose equiva-
lent to the patient is ^12 mrem (120 uSv) in 1000 s.

It is planned to measure the TBN of each patient in the pilot
study three times over a six month period (at 0, 3 and 6 months). The
expected average dose to the patient would be less than one half of
the annual X-ray dose for exposed patients in the USA in 1980.

ACKNOWLEDGEMENT

The assistance of T..Nantawisarakul is gratefully acknowledged.

REFERENCES

1. H.C. Biggin et al., Nature New Biol., 236, 187 (1972).

2. J.R. Mermagh et al., Phys. Med. Biol. ^2_, 831 (1977).
3. D. Vartsky et al., J. Nucl. Med. 20, 1158 (1979).
4. A.H. Beddoe et al., Phys. Med. Biol. ̂ 9, 371 (1984).
5. D. Vartsky et al., J. Radioanal. Chem. 4£, 243 (1979).



824

In Situ Neutron-Induced Spectroscopy of Geological Formations
With Germanium Detectors

J. S. Schweitzer and R. A. Manente

Schlumberger-Doll Research, Ridgefleld, CT. 06877

Abstract

Neutron-induced gamma-ray spectroscopy, when performed with a
germanium detector, can provide quantitative elemental analysis of geological
formations from measurements performed in a well. The most difficult source of
background to deal with is that due to the spectral yield from the elements
present in the material within the well that are also of interest in the elemental
analysis of the rock. The use of different types of spectroscopy and an illustration
of the spectral constraints for performing a geologically significant elemental
analysis, rather than ore body or major element analysis, are presented from
borehole and laboratory studies.

Introduction

The possibility of using germanium detectors under field conditions has
resulted in a number of applications where the improved energy resolution
compared with scintillation detectors has produced spectroscopic analyses that
were not previously practical.' In general, these applications have heen focused
on very narrow spectroscopic problems such as the evaluation of ore-quality
minerals and coal or the analysis of a few major elements. Now that the
technology for performing various types of gamma-ray spectroscopy has become
routinely established under field conditions, the desire to provide a complete
elemental analysis to describe generally the environment of the measurement2

leads to the need of a basic understanding of the complexities introduced by
performing a measurement, from inside a borehole, of the surrounding formation
which is :nfinite in extent and heterogeneous. In particular, not only do the
geometrical effects introduced by the borehole in a subsurface measurement have
to be accounted for, but the contents of the hole and the hardware used for the
measurement, often containing elements that are also present in the rock and
fluids, become a part of the measurement. To obtain elemental concentrations
that are indeed representative of only the rock and fluid requires both an
understanding of the effects on the measurement of the borehole environment
and, where practical, the use of multiple measurements to unravel the elemental
concentration of a particular measurement from competing sources of production.

Many of the physical effects induced in an elemental measurement are
discussed in another paper at this conference. We focus here on the additional
considerations which are necessary when using germanium detectors for
multielement analysis. The first obvious consideration is that speed of
measurement is critical. Under field conditions, the luxury of spending a great
deal of time to overcome the effects of poor peak-to-background ratios does not
exist. Thus, it is necessary to ensure the best possible resolution and counting
rates. One aspect involves the quality of the detector and the electronics with an
optimized source strength.4 However, when attempting to perform multielement
analysis, the ambiguity in the identification of particular gamma rays to an initial

0094-243X/85/1250824-04 $3.00 Copyright 1985 American Ins t i tu te of Physics
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element may require a compromise on the optimum count rate. For example, the
highest neutron flux can be obtained with d,t neutron generators which produce
14-MeV neutrons. However, when using 14-MeV neutrons to produce delayed
activity, the same final product can be created from more than one initial
element. Thus, an attempt to identify the concentration of sodium through the
24Na decay from the 23Na(n,'y)24Na reaction with thermalized neutrons would be
severely complicated by the 24Na activity created by the 24Mg(n,p)24Na and

Al(n,a)2 4Na reactions. To obtain the most statistically significant result, it may
be advantageous to use a lower energy chemical source of neutrons such as 252Cf
which would produce 24Na activity only from the neutron capture on 23Na and
not from the high-energy-neutron-induced reactions, even at the expense of a
smaller neutron flux. In other cases, however, the concentrations can be obtained
from other reaction branches using the high-energy-neutron-induced activities
where the higher flux attainable with an accelerator produced source of 14-MeV
neutrons overcomes the generally lower cross sections for high energy reactions
compared to thermal capture cross sections.

Results

For complete elemental analysis, the spectrometer must be designed to
perform all possible types of gamma ray spectroscopy induced by neutrons:
thermal capture, inelastic scattering, high energy particle producing, high energy
reaction- and thermal capture-induced delayed activation, and the detection of
natural activity. This is necessary as no single type of spectroscopy is sufficient for
detecting the broadest group of elements. The prompt gamma rays produced by
inelastic scattering or high energy neutron reactions can most efficiently be
produced by an accelerator source of 14-MeV neutrons and requires the detector
to be located near the target of the accelerator (typically less than a meter).
Neutron capture spectroscopy can be performed with d,t neutrons, lower energy
d,d neutrons produced by accelerators, or chemical sources such as Cf and
also requires that the neutron source be located close to the detector. However,
when delayed activation is performed, it is important that the neutron source be
located sufficiently far from the detector (typically 3-10 m) to ensure that activity
is not generated in the cryostat. This is particularly important when trace element
detection is desired.

This latter point is illustrated in Fig. 1 which shows a comparison of downhole
measurements of thermal neutron Al and V activation produced with a 252Cf
source to the results obtained with laboratory neutron activation analyses, NAA,
performed on cores from the well. The solid bars on the figure which extend
from the axis show the magnitude of the NAA results obtained from the cores.
The solid curve on the Al portion of the figure shows the downhole results when
the measurement was performed continuously. The error bar symbols for both Al
and V data indicate the mean value ± 1 a- from the results of 300 sec stationary
measurements. The downhole measurements are scaled in counts/sec and the
laboratory results are scaled at 20% maximum for Al and 200 ppm maximum for
V. When comparing the results, it is important to note that absolute depth
adjustment is difficult and apparent disagreements may well be due to improper
depth matching or to the difference between the small size of the core sample
used for laboratory NAA ( ~ 1 gm) and the heterogeneous volume measured in
the borehole of many tens of kilograms. Al concentration is related to the clay
minerals found in rock, while the V concentration is related to the asphaltine
content in oil.
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An example of the difference between spectroscopic logging for an element in
an ore body, as opposed to when that element is desired as part of an elemental
analysis when the concentration is more typical of the average crustal abundance,
is shown in Fig. 2. These spectra are of thermal capture gamma rays obtained
with the 252Cf source and the samples located near the detector. The urper
spectrum was obtained from an artificial sample that contained 10% by weight of
TiO2. This concentration is typical of the concentration in an ore body5 and the
Ti capture lines are easily detected. The lower spectrum is obtained from a co.e
sample which contains ~ 0.2% by weight of TiO2. Two important features can be
seen. The first is that the spectrum contains many gamma ray peaks from
components of the cryostat such as Fe, Ni, and Cr which would make the
quantitative analysis of these elements in the formation difficult. In addition, the
primary capture lines from Ti at 6759.7 keV and 6418.0 keV are difficult to
separate from common contaminant peaks when there is a small Ti concentration.
A primary interference is provided by the single and double escape peaks of the
7278.9 keV and the full energy and single escape peaks of the 5920.5 keV capture
peaks from the Fe contained in the cryostat and other mechanical parts. Cl is also
commonly present in the logging environment and contributes interfering lines
from the double escape of the 7790.0 keV peak, the double escape from the
7413.8 keV peak, and the full-energy 5715.2 keV peak. In this situation, the
sensitivity for determining the concentration of Ti is critically dependent on
maintaining optimum resolution to separate the Ti lines from the contaminant
lines from Fe and Cl to achieve a significant quantitative analysis.

Figure 1. -ison of downhole measurements of Al and V concentrations with
results of lab i MAA on core samples.
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PHYSICS OF RECENT APPLICATIONS OF PGNAA FOR ON-LINE ANALYSIS
OF BULK MINERALS

Tsahi Gozani
Science Applications International Corporation

1257 Tasman Drive, Sunnyvale, CA 94089

ABSTRACT

In the last few years the coal, cement and other mineral
industries are slowly but steadily coming to realize the potential
economical, technological and environmental benefits from using
nuclear and especially PGNAA techniques. This realization along
with the great efforts and the technological developments of the
last decade culminated in a successful production and operation of
a family of on-line analyzers under the name "Nucoalyzer."

The main technical factors that contributed to this success
are:

The development of a very stable high count rate gamma
spectroscopy for high (Ge) and medium (Nal or BGO) resolution
detectors

the emergence of reliable large radiation-hardened Ge detectors

careful stjdy and understanding of the transport processes of
neutron and the associated gamma rays in various bulk media

- the incorporation, from the outset, of realistic industrial
constraints along with those determined by the physics and
electronics

- the availability of small but reliable and powerful
multichannel analyzers and microprocessors

- incorporation of non-nuclear technique, such as micro-wave
transmission, to supplement the nuclear techniques

The physics and engineering principles of the Nucoalyzer are
reviewed. The successful system optimization, that led to a major
reduction in the effect of extraneous effects, such as bulk
density, moisture variation, geometrical instabilities, radiation
damage, etc., are discussed and some highlights of results are
presented.

INTRODUCTION

Prompt c:pture gamma rays emitted as a result of neutron
(mostly thermal) radiative capture provide an invaluable tool for
near instantaneous elemental analysis of material streams.

0094-243X/85/1250828-19 $3.00 Copyright 1985 American Institute of Physics
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Many industrial processes use large amounts of valuable but
highly heterogeneous materials. They are difficult to accurately
and quickly characterize (e.g., to determine composition) thus
prohibiting process control. Examples of such situations are
provided by the coal industry, other fossil based industries, like
oil-shale, the mineral industries like copper, phosphate and
cement, and the metal industry. Efficient use of such material
requires some kind of process control, e.g., mineral
beneficiation, coal washing and blending to meet quality
requirements. Conventional measurement methods require extensive
sampling and chemical- analytical techniques which virtually rule
out the possibility of process control. The prompt gamma neutron
activation analysis (PGNAA), where neutrons from an external

252 241isotopic source, e.g., Cf, Am-Be, are the interrogating
radiation and the capture gamma rays provide the elemental
signatures, provides the means for such process control with
quality equals or surpassing conventional sampling-chemical
methods. Considerable effort over the last 8 years was expended
to research, develop, design, build and field test fully
industrial on-line nuclear analyzers of coal based on the PGNAA
technique.

Several technological developments over that period along
with a thorough neutron-gamma physics study of the problem greatly
contributed to the successful completion of the project. The main
contributing factors for the accomplishments are enumerated below:

the development of a very stable high count rate gamma
spectroscopy for high (Ge) and medium (Nal or BGO) resolution
detectors

- the emergence of reliable large radiation-hardened Ge detectors

careful study and understanding of the transport processes of
neutron and the associated gamma rays in various bulk media

- the incorporation from the outset of realistic industrial
constraints along with those determiend by the physics and
electronics

- the availability of small but reliable and powerful
multichannel analyzers and microprocessors

- incorporation of non-nuclear technique, such as micro-wave
transmission, to supplement the nuclear techniques

- continuous interactions with the potential industrial users

The general theoretical usefulness of the PGNAA method can be
expressed by the relative detectability of various elements by
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Table I Relative Detectability of Various Elements

Element E (KeV)

H 2223 2.0 x

Be 6809

B 7005

C 4945

N 10829

0 3271

F 3589

Na 3982

Mg 2828

Al 7724

Si 3539

S 5421

Cl 6111

K 5381

Ti 6760

V 7163

CR 8884

MN 7244

Fe 7631

CO 6876

N1 8999

Cu 7915

Zn 7863

Ge 3028

lr 6294

Mo 6919

Ag 5698

Cd 5824

Gd 4843

W 6190

Au 6251

Pb 7368

BT 4171

3.9

1.3

1.1

4.5

1.8

3.3

1.9

6.6

1.4

2.3

5.8

1.1

2.9

1.8

7.8

9.6

1.8

1.4

3.1

3.4

1.1

1.1

7.4

2.0

5.4

4.1

2.8

1.6

2.9

1.7

4.6

4.8

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

io-4

io-4

io-4

io-4

io-5

ID"5

lO"3

io - 4

io-3

io-3

ID"3

10"1

ID"3

io-2

ID'3

io-3

ID'2

ID"2

ID'2

ID"2

10-2

ID"3

ID"3

lO"4

lO"4

ID"3

lO"1

10+1

lO"3

io-2

io-4

ID"5
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thermal neutron capture gamma rays. This detectability (see
Table 1) is defined by

0.6
D = — a (max) (1)

where A is the atomic weight, is the standard thermal (n,y)
capture cross sections (in barns) and I is the highest branching
ratio for that element for gamma ray energies above 2.223 MeV,
with generally the least amount of interference in bulk mineral.
This table and the fact that in PGNAA al l elements are measured
simultaneously explains why the method is generally not suitable
for trace elements, but very appropriate for major and minor
elements with concentrations of roughly above 0.1 ut.%.

Some of the nuclear physics considerations in the system
design and performance wi l l be discussed br ief ly . The schematic
of the CONAC (Continuous On-line Analyzer of Coal) is shown in
Figure 1. This figure shows the key features of the system that

Jnput hopper

.Adjustable gate
.Microwave moisture meter

Neutron shield
Dewar

• Gamma detector

Mass sensor
Tachometer

Reflector w/nuclear source
Neutron shield

Belt

Exit hopper

Fig. 1. Schematic Impression of CONAC
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are tied closely to the physical processes and optimization which
are discussed in the ensuing chapters. The coal is fed into a
hopper then directed onto a wide belt, maintaining a constant
height. The belt carried the coal through various measurement
stations: microwave attenuation for moisture determination,
gamma-ray densitometer for density (and mass flow rate)
measurements and finally thrr'igh neutron irradiation zone where
the prompt gamma rays are generated and detected by an appropriate
detector system.

PHYSICAL PRINCIPLES

The signal measured in a PGNAA system for a bulk material
sample is the capture gamma rays from a specific element (or
isotope) that escape absorption in the sample and interact within
the detector volume. The relationship between this signal and the
desired quantity, namely the fractional weight of the specific
element, measured usually in units of weight percent (wt.%), is a
complicated one. It involves the neutron (most,./ thermal) flux
level and spatial distribution, as a source for the capture gamma
rays, the bulk density of the sample, which affects hoth the
neutron flux and the gamma ray attenuation, the geometry (e.g.,
sample thickness) of the system and finally the elemental
composition of the sample. The presence and abundance of elements
other than the measured one can affect the latter in two distinct
ways: one effect is direct via spectral interference, namely
closely packed or overlapping gamma lines or/and contribution to
Compton background. Chlorine provides an excellent example of an
element that causes serious spectral interference requiring great
care in extracting correct net peak area independent of
interferences. The second and indirect way the composition
influences the signal is through neutron and gamma moderation ?nd
absorption. Hydrogen plays a dominant role in this effect. For
example, in coal it is the main neutron absorber and virtually the
only neutron moderator. Trace concentration (0-100 ppm) of
natural bor^n, chlorine (5000 ppm and above) and nitrogen (1% and
above) are the other important absorbers. A graphic summary of
these effects is shown in Figure 2.

The functional relationship between the desired signal, R..,
namely the net peak area count rate of the j-th gamma line emittPd
by the i-th element, and the fractional weight, W., of that
element in the sample is given below for the case 1of thermal
neutron capture:

A . • ' . . . .
f
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MACROSCOPIC INTERACTION

BULK
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HYDROGEN
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COMPOSITION GEOMETRY
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DETECTOR
ELECTRONICS
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GAMMA SIGNAL

SPECTRAL
ANALYSIS

Fig. 2. Schematic illustration of the effect of various parameters
on the measured gamma signal.

where

R-- = the net-interference free-peak area count rate from the j - t h

line emitted by the i- th element, Wj = the concentration of the

i-th element, vQ = 2200 m/s, p = sample bulk density, I . . =

branching ratio for the j - t h gamma l ine, croi = the microscopic

thermal neutron capture cross-section at vQ,p Q, ^ = the atomic

weight, e = = the intrinsic detector efficiency, N(r) = the

thermal neutron density in units of neutron/cm /sec, u . = the
J

total attenuation coefficient of the specific gamma ray in units

of cnig/g, D = detector surface, "r and r̂  are defined in Figure 3.



834

Detector

Detector shielding

Moving or stationary
sample

-Source reflector
and shielding

Source

Fig. 3. Schematic of a basic PGNAA system.

The purpose of a good system design and optimization is to
make the expression, excluding W. (or V ^ ) , a constant
independent of those parameters that are difficult or impossible
to control, namely and other elemental compositions. This
constant is then determined during calibration. The possibility,
in principle, to optimize the system is provided by the causal
relationship between a neutron (mainly thermal) and a gamma-ray.
Increasing bulk and/or hydrogen density usually will increase the
neutron flux especially in the vicinity of the fast neutron
source. This increase hence results in higher capture gamma ray
production. But the same change in densities will increase the
attenuation of the gamma rays on their way to the detector. These
two counteracting processes can result in, under the right
condition (e.g., proper geometry), a full or partial cancellation
of these effects making the signal nearly independent of the above
mentioned parameters.

The presence of such an optimum geometry was demonstrated
calculationally using neutron-gamma ray coupled transport codps
solving the Boltzman equation and then confirmed experimentally.
Some of the results for coals of different density in a spherical
shell geometry with a point source at the center are shown in
Figure 4. Similar results are shown for variable hydrogen
concentration with a fixed density (0.8 g/cn ) in Figure 5.

Similar calculations were done for a more realistic slab geometry
with a plane Cf source on one side and a detector on the other

side of the sample. The results are shown in Figures 6 and 7.
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Figure 5. Effect of hydrogen weight percent on the capture
gamma intensity.

Thus the proper choice of geometry that must, however, be
compatible with the industrial requirments, reduces considerably
the effect of p and WH. The residua! effects and those of the
other absorbing elements can be further reduced via theoretical
correction and/or experimental normalization.

DETECTORS AND ELECTRONICS

The need to obtain timely measurements requires high count
rates, thus strong sources and relatively large detectors. This
usually compromises the high energy resolution of the germanium
detector and also limits its life-span because of damage from fast
neutrons. The high resolution is a fundamental requirement in
order to be able to determine 12 or so different major and minor
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7. Gamma ray leakage normalized to its value at
WH = 5.58?, as a function of WH for p = 0.9 g/cm3
(Illinois coal)

elements. Using the radiation resistant N-type hyper-pure Ge
detector with a carefully designed shielding that maximizes the
attenuation of the fast neutrons with only a small inipact on the
neutron capture gamma rays greatly extends the useful life of the
detector. Under this condition little or no resolution
degradation (which is constantly monitored) is expected over a
period in excess of a year. At that time the detector may be sent
in for restoration.

The high count rate entails pulse pile up that causes
spectral degradation. .la order to reduce this effect, time
variant gated amplifiers ' are being used, allowing reasonable
throughput and very good resolutions even with total countrates in
excess of 10s cps. When substantially higher count rates are
necessary in order to measure important elements such as carbon,
sulfur, nitrogen, chlorine, silicon, and iron, in a short time
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(e.g., within minutes), a highly efficienct (15cm diameter x 15cm
thick) a medium resolution Nal(Tl) scintillator is used in
conjunction with a Ge detector. Much higher count rates are
attained with the former detector. However, the specificity of
the elemental determination by that detector is achieved and
maintained by a continuous calibration with the Ge detector, as
both are viewing virtually the same incident gamma ray spectrum.
As an example, multi-element spectra of medium complexity, (of a
calcium bearing mineral), measured by the two detectors is shown
in Figure 8. A more comple;: spectra, that of capture gamma ray in
coal are shown in Figures 9 and 10 as measured with a Ge and Nal
detector, respectively. These spectra show that for some elements
with dominant lines, one can get the line intensity from the Nal
spectrum with relative ease using some simple unfolding
techniques. Extracting intensity from Nal spectra of other lines,
which are either weak and/or crowded together, is impossible or
impractical. These lines can be determined by the high resolution
Ge detector. At the end of the Ge counting cycle, which is longer
than that of the Nal's, to achieve satisfactory precision, the Nal
detector is calibrated by the former detector, e.g., the ratio
between the interfering lines is transferred from the Ge to Nal.
This allows the Nal to furnish the elemental concentration in a
considerable shorter time than otherwise. The ratio of the
interfering lines is used until it is updated at the end of the
next Ge cycle. Through this means one achieves both the required
high elemental specificity (via Ge) and short response time down
to a few minutes (via Nal).

APPLICATIONS

Industr ia l need, indust r ia l requirements, physics
calculat ions and experiments culminated into the design and
construction of a l ine of nuclear based non-intrusive on-line
analyzers for mineral composition. The most sophisticated of
these, called CONAC (Continuous On-line Analyzer of Coal) alluded
to ear l ie r w i l l be b r i e f l y described here. This analyzer
encompasses al l the njclear-neutron physics attributes discussed
in the previous chapters, along with a l l important industrial
prerequisites.

The components of tne CONAC system are schematically shown in
Figure 11. This figure highlights al l the key components of the
CONAC, including the hybrid (Ge and Nal) detector concept
discussed earl ier.

The accuracy of CONAC in on-line operation is demonstrated in
Figures 12 and 13. These figures show a comparison between the
given composition of coals from al l over the world as determined
by careful sampling and chemical analysis (according to
established ASTM standards) and PGNAA measurment (cal ibrated
already in wt.% units). These figures and many others show
excellent agreement with the conventional analytical techniques.
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Fig. 8. Comparison of Ge and Nal spectra for calcium bearing minerals.
Ge - 27% efficient, 40000 sec. measurement.
Nal - 12.5 cm. diameter x 12.5 cm. thick, 1000 sec. measurement.
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Fig. 10. High energy spectrum of Pitts. #8 coal as measured by 15 cm.
diameter x 15 cm. thick Nal detector.

Indeed in most instances the limitation to the COMAC accuracy was
traced to inherent errors in the chemical (including sampling)
analysis. Thus the practical accuracies of the PGNAA instrument
were shown to equal or exceed those of the conventional
techniques.

CONAC has also achieved another of its key objectives—high
speed, namely yielding good precision (i.e., low statistical
error) in a relatively short time. Relative precision of 0.5 to
5%, depending on the specific elements, are obtained in an
accumulation time of 3-5 and 20 minutes with Nal and Ge detectors,
respectively.

Based on the same or similar principles other instruments
were developed in order to respond to different industries and
requirements. These instruments under the label "Nucoaiyzer," are
shown surrounding the CONAC in Figure 14.

There is a host of other nuclear techniques (see Table 2)
that are applicable to some facets of compositional analyses.
These techniques and especially PGNAA are a testimony to the great
utility and service nuclear methods can provide the industry.
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Sulfur Line (5420 KeV)

o
o
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Silicon (4934 KeV)
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Figure 12 and 13.
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Comparison of calibrated CONAC weight
percent with ASTM weight percent for the
Germanium detector.
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Gell Type Analyzer (Model 100)
Chule/Balch Analyzer (Model 2001

Fig. 14. Nucoaiyzer family of Instruments.

Table 2.

ACTIVE NUCLEAR TECHNIQUE
FOR ON-LINE MEASUREMENT OF BULK MEDIA

RADIATION
SOURCE

Cf-252 neutron
source

(a.n), Cf-252
neutron sources

(a.n). Cf-252
neutron sources

14 MeV neutron
generator

HAIH
INTERACTION

Cn.i)

Inelastic
scattering
(n.n'T)

(n.n'Y)
(n.p)
(n.«)

DETECTOR

Nsl 111)

Ge or Ce(U)

N»f(Tl)

N»1(T1)

iNFLnimD
QUANTITY

Abundance of • few
prominent elements
(e.g. S In coil)

Abundance of all
najor and ninnr
elements (12
elements In coal)

Abundance of C In
coal; S, Zn, and
other elc»ent$ In
some nlneral ores

Abundance of
II.C.O.Gl.Sl.Al.
Velocity d aass fl'~«
•casurL-nnts of multi-
phase streins

O»«EHTS tStstus, major
problems, etc.)

2 systems operational;
(r«\ulTts unfolding »nd
treat st*bllU>)

One aysten iperatlonol
(highest accuracy
available Co-d»t«)

ExperUental, 0>Tge
Interferences)

Coimonly used In all
bore-liole logging;
prototype built for
soltd'llquld slurry
M M flow rate seasure-
tients
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NUCLEAR RESONANCE-FLUORESCENCE ANALYSER

OF ORES AND SURFACES

J.C. Palathingal
University of Puerto Rico, Mayaguez, Puerto Rico 00708

ABSTRACT

Nuclear resonance fluorescence of the continuous spectrum of
gamma rays generated by Compton scattering of radiation from G0Co
or, alternately, 1 Sb is investigated as a possible technique for
analysis of materials. The sensitivities for various elements are
estimated. With appropriate variations in the design of equipment,
the method can be employed for nondestructive analysis of hard
surfaces, ocean floors and special rock samples; and also for
analysis of ores in quantities of the order of hundreds of kilo-
grams and bore holes. General geometries of plausible designs of
equipment are given.

INTRODUCTION

Nuclear gamma-ray fluorescence was first put in practice as a
technique for ore analysis in bore holes1 by B.D. Sowerby in 1971.
The method was highly restricted, requiring very special radiation
sources for each element, which could not be available in most
cases. The possibility of using 60Co or 12l|Sb as a common radia-
tion source for a simultaneous investigation of several elements
has been investigated and results are presented pointing out the
feasibility of the technique in analysing ores, rock samples and
hard surfaces.

METHOD

The gamma radiation from 60Co or, alternately, 12''Sb is
passed through the material to be analysed. A small section,
- 10 6, of the photons of the continuous spectrum generated by
Compton scattering has energy appropriate for nuclear resonance
scattering. The radiation scattered through a large angle is
recorded by a KPGe detector-analyser system. The relative high
energy of the nuclear resonance photons ( — 1 MeV in most cases)
makes it possible to distinguish them from the far more numerous
Compton photons. The intensity of the latter can however be over-
whelming. An absorber is hence used in the radiation path which
attenuates the intensity selectively.

094-243X/35/1250347--04 $3.00 Copyright 1935 American Institute of Physics



848

APPARATUS

The details of the equipment are expected to be dependent on
the physical form of the material that is analysed; ores, surfaces,
bore holes or rock samples. In each case, however, an apparatus of
cylindrical geometry seems to be appropriate. General outlines of
convenient designs are given in Fig. 1. Sources of strength around
100 Ci are found typically adequate, although strengths up to <v kCi
may be employed in field models for speedy analysis.

FiR-1

A: Ore Analyser

B: Surface Analyser

C: Bore-Hole Analyser

S: Sourer-

D: Detector

M: Material Analysed

E Lend

SPECTRUM DETAILS AND SENSITIVITY

The nuclear resonance-fluorescence-count rates for an incident
radiation intensity, I is derived, assuming a thick scatterer, in
an approximation, as

a f(E ) E
C = I a, -5 5L. / "
n o sc o + ao E

e e m

o (E)dE
n

o'(E)
n

P ( 9o ) tVD ( Eo )

where the symbols u, P(6 ) and a represent, respectively, the geo-
metrical efficiency, angular distribution factor and the ratio of
path lengths of the ongoing and backscattered radiation inside the
scatterer. Also, t is the transmission through the preferential
absorber of Compton photons and £n(E ) the detection efficiency for
the incident resonance photons (energy, E ) . The electronic and
nuclear cross sections are denoted by o, with appropriate subscripts.
The term, f(E ) represents the fraction of photons per unit energy
interval2, at energy, E .
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The major competition to the resonance-count rates is expected
to arise from the Compton tail of the Rayleigh and Thomson-
scattered high-energy photons. Contributions to the resonance-
energy channels from natural background radiation and pile up of
Compton-photon pulses can be negligible. Since the Rayleigh and
Thomson photons of high energy cannot be cut off preferentially,
the ultimate limits to employable source strengths are dictated by
such coherent scattering. With a 100-Ci source, a pure aluminum
scatterer (thick) yields a resonance-peak-count rate, 2.0 per sec,
of which about a third is from background, predominantly from
Rayleigh and Thomson processes. The sensitivity of the method
estimated for a list of elements (not comprehensive) is seen in the
last column of the Table, which represents the percentage-minimum
content of each element detectable at a 90% confidence level from a
one-hour data, assuming that the ore has an average atomic number,
Z = 10. The columns 4 and 5 indicate the photopeak-count rates of
resonance-fluorescence evi'nts and the background (natural + source-
induced), with a scatterer solely of the element listed.

TABLE 1 SENSITIVITY FOR VARIOUS ELEMENTS

Element
Probed

(1)

With G0Co

Li

Al

P

Cl

Sc

Ti

Fe

Co

Cu

Probe
Nucleus

(2)

as source:

7Li
27A1

31p

35C1

;i5Sc

"Ti
56Fe
59Co
63Cu

65Cu

Resonance
Level
(keV)

478

1,014

1,266

1,219

720

984

847

1,190

670

962
*

1,327

771

1 116

Photopeak
Count Rate

(cps)
Nucl. p.^ck-
Reson. Ground
(4) (5)

13

1.3

2.7

1.9

6.2

1.5

1.1

5.9

2.5

2.2

0.6

2.6

1.7

0.09

0.7

0.1

0.2

1.4

1.7

2.2

0.7

2.3

3.3

0.3

2.6

2.2

Sensitivity

(6)

0.4

2.5

0.4

0.65

0.35

1.5

1.8

0.2

0.4



850

(1) (2) (3) (4) (5) (6)

Zn 6'*Zn 992 1.7 2.9 0.9

G6Zn 1,039

6BZn 1,077

Ga 69Ga 872 2.8 3.4 0.4

1,106

71Ga 910

Sn 116Sn 1,294* 0.45 0.7 1.0

118Sn 1,230*

With 12"Sb as source: (Additional Elements)

F 19F 1,459 3.5 0.01 0.15

1,554

Mg 2"Mg 1,369 0.5 0.06 0.9

1.7

1.0

0.7

2.8

3.3

2.3

0.45

0.6

2.9

2.7

2.5

3.4

2.7

3.4

0.7

1.1

25Mg 1,612

3.5

3.2

0.5

0.85

0.06

0.4

0.7

0.36

0.18

0.01
0.01

0.06

0.02

0.005

0.09

0.06

0.10

0.16

Si 28Si 1,779* 0.06 0.005 4.5

Cr 52Cr 1,434 0.4 0.09 1.2

Mn 55Mn 1,528 0.7 0.06 0.8

Ni 5eNi 1,454 0.36 0.10 1.5

e°Ni 1,332

Only the high-energy component of the incident radiarion
produces resonance fluorescence.
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AMBIGUITIES IN PIGE CAUSED BY DIFFERENT REACTIONS

A.Z. Kiss, E. Koltay, B. Nyako, E. Somorjai
Institute of Nuclear Research, Hungarian Academy of
Sciences, H-4001 Debrecen, P.O.Box 51, Hungary

A. Anttila, J. Raisanen
Department of Physics, University of Helsinki,

SF-00170 Helsinki 17, Finland

ABSTRACT

On the basis of relative thick target PIGE yield curves deter-
mined experimentally the role of different (p,x) reactions exciting
a given y-transition in a nucleus is treated. It is shown, that the
proper selection of bombarding energies can solve the ambiguity
caused by possible reactions in the analysis of a matrix.

INTRODUCTION

Particle induced prompt gamma-ray emission (PIGE) is normally
considered as a tool for sensitive microanalytical determination cf
elemental concentrations complementary to proton induced X-ray
emission (PIXE) in detecting lighter elements not seen in PIXE meas-
urements. As it was shown in special cases PIGE may compete with
PIXE for heavier elements, too. Furthermore, contrary to the ele-
mental character of PIXE, PIGE distinguishes among different iso-
topes of a given element. Consequently, the field of possible
applications of PIGE is broader than considered earlier.

For an absolute determination of the constituents of a sample,
a complete set of absolute (p,Y) and (p,by) reaction cross sections
would be needed as the function of the bombarding energy, on a high
level of accuracy. In the case of measurements relacive to standard
samples relative thick target yields are to be known for the
selection of experimental parameters best fitted to a given matrix.
General surveys of low Z element data were given for low energy

2
(1-2.4 MeV) proton beams by Anttila et al. and for higher energies

(2.4-4.2 MeV) in our paper while for higher Z values data are
1 4 5

available in ref. . In the work of Gihwala and Peisach ' yield data
are given for 4.5 MeV proton energy and practical .applications are
treated for a broader Z interval.

The unambiguity of the analysis is sometimes questionable be-
cause of the possibility of exciting a given y-transition on two or
three different sample constituents of neighbouring Z numbers in
different simultaneous reactions. The aim of the present paper is to
comment on such cases and to show how ambiguities can be avoided, on
the basis of experimental data presented in ref. .

0094-243X/85/1250851-03 $3.00 Copyright 1985 American Institute of Physics
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EXPERIMENTS

Relative thick target PIGE yields were determined for elements
Z = 3-9, 11-17, 19-21 in the energy range E = 2.4-4.2 MeV with a

25 cc. Ge(Li) detector at the Institute of Nuclear Research, Debre-
cen. The data were normalised to those from earlier work of Anttila

o

at al. for 1-2.4 MeV. The sets of spectra and yield data were used
in searching for reactions exciting the same transitions.

2 3
Details of the experimental conditions are given elsewhere ' .

RESULTS

The y-transitions observed in the interval of Z treated are
excited in (p,y), <P>P'Y)> (p>"Y) and (p,ny) reactions. It means,

that the appearance of a given y~line of nucleus Xy may indicate

the presence of target nuclei Y7 ., X2, V£ , and W£ ,,respectively.

The c.'inor where a given gamma line may be assigned to different
target nuclei are as follows:
7Li(p,ny)7Ee and 10B(p,aY)7Be 429 keV
9Be(p,y)10B and 1 0B( P, P'Y)

1 0B 718,1022 keV

13C(p,Y)14N and 1 4N( P, P'Y)
1 4N 2313 keV

9U 9U 97 9U

Mg(p,p'y) Mg and Al(p,ay) Mg 1369 keV
27Al(p,Y)28Si, 2BSi(p,p'Y)28Si and 31P(p,aY) 28Si 1779 keV
3(Jsi(p,Y>31P, and 31P(p,p'Y) 31P 2233 keV
31P(p,Y)32S and 32S(p,p'Y)32S 2230 keV
34S(p,Y)35Cl and 35Cl(p,p'Y)35C1 1219 keV
34S(p,p'Y)3l4S and 37Cl(p,aY) 3US 2127 keV
37Cl(p,Y)38Ar and '4lK(p,aY) 38Ar 2168 keV
41K(p,Y)I+2Ca and U2Ca(p,p'Y) 42Ca 1525 keV.
As it is known for nuclear reactions, at low bombarding energies
gamma transitions from radiative capture processes will be pre-
dominant, while at higher energies particle channels (p,p'y) , (p,ctY)
and (p,ny) will be opened and the gamma rays emitted in the decay of
excited low lying states of the end nuclei will compete more and
more with gamma transitions from (p,Y) process. The yield curves for
different particle channels will be of different shape becouse of
the difference in Coulomb penetrations.

As examples, yield curves are compared for three cases in
Fig.l. From here it is clear that the origin of a gamma ray or the
proportion of the contribution from different reactions can be de-
termined when measurements are made at different proton energies
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/ 30Si(p,Yi)31P
I EY=1266keV

*
1

. i- J
3 U
Ep, MeV

1 3 4
Ep, MeV

Fig. 1. Gamma yields from (p,y) and (p,by) reactions.

properly selected.
As a general conclusion we can formulate the statement that

for each matrix the optimum bombarding energies should be properly
selected aiming at the highest selectivity, unambiguity and speed
in analysis. The spectra and yield values presented in our earlier
paper referred to could serve as a basis for the planning and
performing actual PIGE measurements.
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COINCIDENCE ELECTRON SCATTERING (e,e'f) AND
MULTIPOLE STRENGTH FUNCTIONS IN 238U*

K. A. Griffioen, <a-P. J. Countryman, (6)K. T. Knopfle,
(c>K. Van Bibber, and M. R. Yearian

Department of Physics and High Energy Physics Laboratory
Stanford University, Stanford, CA 94305

J. G. Woodworth and D. Rowley
Lawrence Livermore National Laboratory, Livermore, CA 94550

J. R. Calarco
Department of Physics, University of New Hampshire, Durham, NH 03824

ABSTRACT

The inherent power of inelastic electron scattering to probe the nuclear
response function in the nuclear continuum is completely exploited only in the
coincident detection of decay products. The coincidence requirement effectively
eliminates the strong elastic radiative tail which hitherto plagued the analysis of
single arm (e,e') experiments. Large physical backgrounds (e.g. due to multistep
processes as encountered in inelastic hadron scattering) are negligible due to the
dominance of single photon exchange. Thus, coincidence electron scattering is a
unique tool for quantitatively testing modern calculations of the nuclear response
function. We have measured 238U(e,e'f) cross sections at three values of the
momentum transfer (g=0.26, 0.40, and 0.55 fm"1, which correspond closely to
the first maxima of the El, E2/E0, and E3 form factors respectively) from below
fission threshold to 23 MeV excitation energy. The angular correlations were
measured at six or sever: angles in each run. The data permit a clear multipole
decomposition and a rigorous comparison with recent theoretical results from
the Quasiparticle Random Phase Approximation (QRPA). The extracted El
strength function agrees well with photofission results. The E2/E0 distribution
displays prominent resonances at 10 and 13 MeV which suggest an identification
with collective isoscalar E2 and E0 strength respectively, as predicted within the
QRPA. However, the observe E2 strength is anomalously low, corroborating
some earlier (a, o'f) reports. Ec and hi«hcr order multipoles contribute a sizable
amount of strength in the regioi from 5 to 17 MeV.

Work supported in part by the Lawrence Livermore National Laboratory under
Department of Energy Contract No. W-7405-ENG-48.
'"'NSF Graduate Fellow.
'''Supported in part by Alexander von Humboldt Stiftung; permanent address:
Max Planck Institut fur Kernphysik, D6900 Heidelberg 1, FRG.
'"'Alfred P. Sloan Research Fellow.

INTRODUCTION

In spite of the fact that many reactions and experimental techniques have
been used to study the new giant resonances in 238U—(a, a')1 '2, (a, a'f)3"8,
(BLi,8Li'f)7, (e,f)8'B, (e+,f)/(e-,f)10, (e,e ')n , and (e,e'f)12—a clear picture of the

0094-243X/85/1250357-14 $3.00 Copyright 1985 American Ins t i tu te of Physics
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location and strength of these resonances in the fission channel is still lacking,
most notably for the isoscalar giant quadrupole resonance (GQR). Although it
is impossible to review all of these measurements, one should recall that early
inclusive electrofission measurements implied a large fraction of the E2 isoscalar
energy-weighted sum rule in the fission channel8'8, located in a brosd struc-
ture from 6 to 20 MeV excitation energy8. These determinations required very
accurate (e,f) and (7,f) cross section measurements in conjunction with calcu-
lated virtual photon spectra for both El and E2. The comparison of electron
and positron induced fission, which removes the sensitivity to the absolute nor-
malization of the (7J) cross sections, however, produced little evidence, if any,
for the fission decay of the GQR. Extensive (a, a'f)3 measurements also implied a
small quadrupole fission decay, but this interpretation was contradicted by lat jr
(a, a'f)4 work in which the angular correlation was mapped out less completely.
Although 6Li appeared to be a promising probe for accentuating the resonance
contribution above the physical background associated with hadron scattering,
a firm conclusion did not result7.

Coincidence electron scattering, which is just now beginning to be exploited
at a few laboratories around the world, will perhaps prove to be the single most
valuable tool for deducing the nuclear response function. The coincidence re-
quirement, eliminates the strong elastic radiative tail and leaves only the con-
tribution from the giant resonances. The connection between cross sections
and nuclear structure information is rigorous and straightforward13. Indeed, if
the nuclear response function is mapped out over a sufficiently broad range of
momentum transfer q, detailed transition charge, current, and magnetization
densities will result in a model-independent way; this is presently the situation
in the discrete-state region14. If the measurements are confined to the low-q
region (up through the first maximum for a given multipolarity) recourse to some
model must be made. The first measurements of Z38U(e,e'f) at the University of
Illinois12 and the present work are in this category, although the present data
significantly extend the excitation energy and improve the statistics of Reference
12.

EXPERIMENT

The experimental program was carried out at the Stanford Superconducting
Recyclotron, utilizing beams of =»20/(A instantaneous current and =50% duty
factor. Spectra were recorded at 80.3, 118.4, and 163.8 MeV in each of three
different runs in order to minimize any problems of relative normalization be-
tween the three energies. Given the electron scattering angle of 0ei = 40°, the
bombarding energies of 80.3, 118.4, and 163.8 MeV were chosen such that the
mean momentum transfers (q = 0.26, 0.40, and 0.55 fin"1) correspond roughly
to the first maxima of the electric dipole(El), quadrupole and monopole (E2/E0),
and octupole (E3) form factors respectively. Scattered electrons were detected
in a 36-inch, 180° double-focussing spectrometer with a momentum acceptance
of 4%. The spectrometer was instrumented with 24 overlapping plastic scintil-
lator counters which provided 47 channels of data with resolution of 0.1%. The
spectrometer was positioned at 40° throughout the measurements; this angle was
chosen to allow reasonable coincidence counting rates and to yield appropriate
values of momentum transfer for the available beam energies. The solid angle
of the spectrometer was determined geometrically to be 3.6 msr. Measurements
of elastic scattering on carbon and uranium verified that the spectrometer was
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200 msr

100% efficient to within 5% error. The relative efficiencies of the individual
channels were determined using the smooth portions of the radiative tail from
elastic scattering on carbon. Coincidence data were collected in such a way as
to insure a 30% overlap between spectra of different spectrometer settings. The
data in the regions of overlap agreed with each other within statistical errors in
each case.

The fission fragments were
detected in an array of paral-
lel plate avalanche counters
(PPAC's)15. These detectors
proved to be virtually insensi-
tive to the large electron back-
grounds present and clearly dis-
tinguished the fission fragments
from the electrons and noise. Fig-
ure 1 shows the configurations
of PPAC's used. In the first
and third runs, six PPAC's were
arranged azimuthally about the
beam axis in the backward hemi-
sphere; they were not, however,
symmetric with respect to the
momentum transfer axis q about
which angular correlations are
measured. In the second run,
the array was configured to cover
as much of a full octant as
possible. Solid angles (=K200
msr) of the PPAC's were deter-
mined geometrically by specify-
ing the coordinates of the detec-
tor and integrating numerically
over the detector face. These
values were checked against a
measurement using a californium-
252 source and a solid state detec-
tor of known solid angle. The
two measurements agreed within
the accuracy of each (5%), thus
confirming the 100% efficiency of
these devices.

The targets consisted of
e=450/ig/cm2 of uranium

enclosed by a 40/(g/cm2 backing of carbon on each side. Since the carbon
produces no fission, its presence on the target is of no concern. The thicknesses
of the targets were determined to better than 4% accuracy by Rutherford scat-
tering of 12 MeV alpha particles at the Lawrence Livermore National Laboratory
Cyclograph facility.

The beam current was integrated from the output of a non-interactive toroid
beam current monitor which sat directly upstream from the scattering chamber.
The accuracy of this device has been established to better than 2% by drawing
a known current through a wire which passes axially through the toroid.

Fig. 1. PPAC arrays for the first and
third runs (top), and the second run
(bottom).
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The pulse-height signals from the PPAC's, the time differences between
electron and fission signals, and the electron channel number were all recorded
on magnetic tape via CAMAC for each coincidence event. The coincidence event
was determined by the logical AND of a 100 ns MM pulse from the spectrometer
and a 5 ns pulse from one of the fission detectors. The recorded time differences,
therefore, show a spectrum with a large peak corresponding to true coincidences
and a fiat background, 100 ns in duration, resulting from accidental coincidences.
Choice of instantaneous beam current dictated the trues to accidentals ratio; this
was kept at values greater than 1 to 1. A coincidence spectrum was generated
from an electron spectrum obtained from events within the true time window,
less an appropriate fraction of the spectrum generated from events outside of
the true time window.

The resulting counts were redistributed into uniform bins of 200 keV width
and then normalized with respect to target thickness, solid angles, and integrated
beam current. The individual spectrometer settings were then merged together
by averaging the data at each point of overlap. The full coincidence spectrum
was corrected for radiative losses. This amounted to a 20% increase in the cross
section near fission threshold and less than an 8% increase above 7 MeV.

CROSS SECTIONS AND ANGULAR DISTRIBUTIONS

The differential coincidence electrofission cross sections, d3(r/dne' dUj dui,
were fitted as a function of fission angle to the general formalism of Kleppinger19.
No azimntlial asymmetry within the lO^o statistical accuracy of the measure-
ments was observed. As a consequence the
data were fitted to the remaining three
important terms of the expansion, a0 +
a2P2{eos0) + n.,P.j(cos 0), in which 0 is
the angle between the momentum trans-
fer direction and the fission axis and the
P,,(cos0) are the regular Legendre polyno-
mials averaged over the finite extent of the
PPAC's. Odd order polynomials do not
contribute because fission fragments are
emitted back-to-back.

Figures 2-4 show the results of the
least squares fit for each of the three inci-
dent beam energies. The upper two panels
show the angular correlation coefficients
a2/°o an<l a-i/ao- These indicate large
anisotropies near fission threshold and iso-
tropy for excitation energies Ex > 10
MeV. The bottom panel displays 4TT(I0 nor-
malized to the Mott cross section; this
is the coincidence cross section integrated
over fission angle. The prominent peak at
Ex = 6 MeV results from the fact that the
fission barrier (B/ = 5.9 MeV) lies lower
than the neutron separation energy (5n =
6.14 MeV). The solid and dashed curves
in Figures 2-4 show the El contribution
to the electron scattering spectra resulting Fig. 2. Coincidence data at 80.3 MeV.
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from the El strength function deduced from the photofission data17 measured at
Saclay and Quasiparticle Random Phase Approximation (QRPA)18 (solid line)
or Tassie model19 (dashed line) form factors. Indeed, the dipole absorption ac-
counts for most of the cross section at 80.3 MeV bombarding energy, but only
for a small fraction at 163.8 MeV. The bimodal character of the spectra results
largely from the increase of fission probability at Ex = 12 MeV due to the
opening of the second chance fission (nf) channel.

According to the Bohr fission hypothesis20, the angular distribution of
fission fragments will depend on the quantum numbers J,K, and M (the total
angular momentum, the projection along the body-fixed axis, and the projection
along the space-fixed axis respectively) of the transition states at the saddle
point. With q as the axis of quantization, the plane wave Born approximation
(PWBA) condition M = 0 should be satisfied even at our lowest bombarding
energy. Though J and M are rigorously conserved, K probably is not. If K is
not conserved, then substantial A' mixing will occur as the nucleus proceeds to
the saddle point and the angular distribution will become isotropic. Near the
barrier, however, the number of available states is small and some anisotropy
should be observed. A simple Fermi gas model establishes that these low-lying
states at the saddle point are predominantly K = 021. Although our angular
distributions are not accurate enough to establish the values of / represented,
the forward-peaking of the data indicates the predominance of K = 0 states.
The isotropy above 7 MeV is consistent with /C-mixing as the nucleus proceeds
from giant resonance to fission.
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THE QRPA

Zawiseha and Speth18 have calculated the nuclear strength functions and
transition charge densities for 238U within the QRPA for multipolarities L =
0,1,2. Figure 9a (located in the next section) exhibits the AT = 1, El strength
function. The prolate deformation (/3=0.23) splits the giant dipole resonance
(GDR) into K = 0,1 modes at 11.3 and 12.7 MeV respectively in qualitative
agreement with photofission results, although the magnitude of the splitting is
too small. The E2 and E0 strength distributions are shown as solid and dashed
lines respectively in Figure 9f. The isoscalar GQR is evident at 10 MeV and the
isoscalar giant monopole (GMR) is seen at 15 MeV. The peaks at 17 and 20 MeV
are isovector in nature; no isovector E2 or E0 states are expected below 17 MeV.
Deformation is expected to mix the / = 0,2 states with K = 0, but the QRPA
does not predict a large effect. The strength functions of Figures 9a and 9f have
been binned in 1 MeV intervals and multiplied by the El fission probability for
comparison with the data.

Proton and neutron contributions to the transition charge density are cal-
culated independently for each state. For the very collective states the densities
tend to be surface-peaked as expected, but do exhibit some oscillatory behavior
in the nuclear interior not present in the simple hydrodynamic models. From
these densities, form factors have been calculated.

Since the QRPA states contain no intrinsic width arising from coupling to
multiparticle-multihole configurations, a phenomenological spreading width of

Fig. 5. Predicted QRPA cross sections
by multipole.

10 15 20
Ex (MeV)

Fig. 6. Coincidence data integrated
over fission angle (points) and the
QRPA predictions (lines).
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F = O.2SEX as suggested by References 1 and 11 has been applied to the strength
functions in the form of a, Breit-Wigner line shape. For comparison to the fission
data, this must be multiplied by a fission probability for each multipole. For
lack of better knowledge, the El fission probability Pf(El,Ex) deduced from
the real photon work has been used in each case. The El fission probability is
well-determined up to 18 MeV and can be extrapolated with confidence to 23
MeV.

With QRPA form factors, then, absolutely normalized spectra may be
calculated and compared with the experimental data. Figure 5 shows the total
QRPA cross sections at 80.3 (a), 118.4 (b), and 163.8 (c) MeV for E0 (dotted
line), El (dashed line), E2 (dot-dashed line), and the sum (solid line). Figure 6
presents the solid curves of Figure 5 scaled down by PAEl,Ex) and overlayed
on the coincidence data. The overall magnitude and shape of the calculations
match the data at 80.3 (a) and 118.4 (b) MeV, but fall short at 163.8 (c) MeV.
This is not surprising since the E3 form factor is expected to reach its maximum
at our highest incident energy, and octupole vibrations have not been included
in the QRPA calculations, except as rotational states built upon the GDR. These
3~ states, however, contribute only 2% to the E3 isovector energy-weighted sum
rule (EWSjR).

MULTIPOLE DECOMPOSITION

L = 2(B(E2) =

w= 10 MeV

It should be evident that a satisfactory comparison of the QRPA cal-
culations to the data, in which all multipoles are summed, may simply
be fortuitous. To be sure, departures from prediction in any one multi-
pole could easily be masked in the summation. Consequently, we have per-

., formed a multipole decomposition of
our data by a least, squares fit to the
functional forms of the multipole form
factors. In order to explore the model-
dependence of these results, we have
chosen to employ Tassie form factors,
which are directly related to the ground
state nuclear charge density determined
by elastie scattering and parameterized
in terms of a half-density radius, c<j =
6.805 fm, and surface thickness, t =
0.605 fm22. It is well-known11 that
up through the region of the first max-
imum, the form factors are charac-
terized by the transition charge radi-
us ctr = [(JrxplrdT)/[JPtrdT)}1'* and
are otherwise insensitive to details of
ptr- Thus, following Pitthan11, the Tas-
sie form factors may be varied easily by
altering the ground state radius. Nor-
malizing the form factor to 1.0 eafm2X

"e"lfm' implies that as the transition charge ra-
Fig. 7. The dependence of the E2 d i u s increases, the form factor decreases
Tassie model form factor on the tran- a n d i t s first maximum moves to lower q
sition radius. (Figure 7).

-It?
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To gauge what should be considered realistic or reasonable variations of
the transition charge densities, we have derived transition charge radii from
the calculated densities of the collective QRPA states. For the dipole states
(7,K) = (1,0) and ( l , l ) ,c t r /c 0 = 1.03 and 0.06 respectively; for the highly
collective quadrupole states (J,K) = (2,1) and (2,2), ctr/c0 =0.98 and 0.95
respectively. Thus the Tassie form factors derived from the unmodified ground
state charge density seem justified for collective states, and the variations of
±10c7- which we will explore are extreme limits.

The functional form of the monopole form factor in the low-q region is
identical to that of the quadrupole, but reduced in magnitude by a factor of
two. Therefore, the E0 and E2 strength functions cannot be separated without
measurements which permit a full Rosenbluth separation.

Form factors for both the QRPA and the Tassie model were calculated using
the code FOUBESFIT14; small corrections were included for the proton and
neutron form factors, and for the small transverse component to the scattering.

The multipole decomposition is com-
plicated by the fact that the resonances
of differing multipolarity overlap in ex-
citation energy. In fact, if all multipol-
aritics lay directly on top of each other,
the experimental electrofission form fac-
tor afa^uAt would increase indefinitely
as a function of q. Figure 8 shows the
result of placing one sum rule of strength
at 15 MeV for the first four electric mul-
tipoles. The full form factor only begins
to turn over beyond the maximum of the
El form factor. Perhaps if E5 and higher
order multipolarities are included, the to-
tal form factor may never decrease. As
a consequence of this, the E4 and E5
strength may significantly effect our c<.in-
cidence data, even though our largest q
extends only to the maximum of the E3
form factor.

Least squares fits were made for El,
E2/E0, and E3 to the three (e,e'f) spectra
using the q-dependence of the Tassie
model form factors. Transition charge
radii were allowed to take on all possible
combinations of the values ctr/c0 = 0.9, 1.0, and 1.1 for each multipole. Some
of these fits are shown in Figure 9c for El, Figure 9e for E2/E0, and Figure l l a
for E3. Representative error bars reflect the propagation of the statistical errors
of the data. Although no x2 results, several criteria are invoked to determine
goodness of fit. First of all, the strength functions must be non-negative at each
value of excitation energy. Second, the dipole strength must agree in magnitude
and shape with the photofission results, e.g. the Saclay (7,f) work (Figure 9b).
Third, a substantial fraction of the isoscalar rnonopole energy weighted sum rule
(EWS0R) must be found in agreement with the 0° (a, a'f) measurements—80%
assuming the same fission probability for E0 as for El. (Although differing in
location and width, the E0 strength extracted from («,»') was also consistent

Fig. 8. offfMoit for one sum rule
of E1-E4 strength at 15 MeV n îng
Tassie model form factors.
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Figure 9. Experimental and theoretical strength functions in the
Dssion channel. Left panels: El; right panels: E2/E0. (c) and (e)
result from the (its unconstrained by <Tltf, ctr/co (El,E2/E0,E3)
= (1.1,1.0,0.9), dotted; (1.0,1.0,1.0), dashed; (0.9,0.9,0.9), solid, (d)
results from the constrained fits; (1.0,1.0,1.0), solid; (1.1,1.0,0.9),
dashed, (b) is the experimental B(El) distribution from the Saclay
photoGssion data.
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with a full sum rule1.)
A comparison of the extracted E2/E0 strength and the QRPA predictions

(Figures 9e and 9f respectively), strongly suggests that the peaks observed at
9.5 MeV and 13.0 MeV should be identified with the isoscalar quadrupole and
monopole resonances respectively. These features are plain with even the most
extreme choices of form factors. Hereafter in comparison with other data and
sum rules, we shall assume that the strength below 11 MeV excitation is entirely
qundrupole in character, and that above 11 MeV it is entirely monopole.

Table I summarizes these findings. The two most satisfactory fits are for
(c^/c0,cfr

2/co,cfr
3/c0) = (1.0,0.9,0.9) and (1.0,1.0,0.9). These radii bracket

those predicted within the QRPA. The value of c<r/c0=0.9 for E3 can be ex-
plained by the presence of E4 and higher order strength which already con-
tributes substantially at 163.8 MeV (see Figure 8). In fact, the E4 form factor
is already at half of its maximum value at 163.8 MeV. Therefore, the best E3
form factor which mimics the combined E3-E4 behavior should peak higher
out in q. Decreasing the transition radius in the Tassie model form factor has

precisely this effect. Regardless of choice
of transition radii, the isoscalar GQR is
reduced in strength relative to the QRPA
predictions by at least a factor of two,
assuming that the E2 fission probability
is the same as the El. Thus a diminished
E2 strength in the fission channel could
imply corroboration of the findings of
Reference 3, namely that the fission prob-
ability for the quadrupole is significantly
smaller than for the dipole. More ex-
treme assumptions concerning the form
factors (e.g. inflating the transition radii
by 10°o( move the E2 strength upward
but erode the good agreement for El and
E0.

In addition to the previous analysis,
multipole decompositions have been car-
ried out in which the fits12 were
constrained by the real photon data of
Saclay17 In this case, the goodness of fit
is indicated by x2 with a single degree
of freedom. Again we conclude that the
fits are best with a reduced E3 transition
radius. These constrained fits, however,
are problematic. The best fit employ-
ing the Saclay data requires clr/c0 = 1.1
for the dipole oscillations with a minimal

" average \ 2 per degree of freedom of 2.3.
The E2/E0 and E3 distributions are more sensitive to excursions in transition
radii in this case, and the E2/E0 strength function (Figure 9d) barely shows
the GQR and GMR resonances which are plain enough even in the 118.4 MeV
spectrum with the dipole contribution subtracted off (open triangles in Figure
6). The problem stems from the fact that the photofission data dominate in the
determination of the B(El) distribution. Although it would seem that the real-

01—

Fig. 10. Extracted E3 strength func-
tions for the conditions listed in Fig.
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160 -

photon-point constraint would greatly improve knowledge of the higher multi-
poles, inaccuracies in the photofission data can make large errors in the extracted
E2 strength. This can be seen by considering how much of the low-q (e,e'f)
spectrum may be accounted for by the giant dipole resonance (see Figure 2).
Relatively small perturbations may exert a large lever arm on the experimental
form factor oJGMott for the remainder. Against this backdrop we note that
whereas the newer (7,f) data from Giessen23 agree well with the older Saclay17

data above 16 MeV, the cross sections below that suggest differences in shape and
magnitude comparable to the differences between the Saclay and Livermore24

measurements (Figure 11). Even though certain choices of form factor lead to
large fractions of the E2 sum rule, we view the results of the constrained fits
with reservation.

Figure 10 shows the
constrained (a) and un-
constrained (b) E3
strength functions ac-
companying Figures 9e
and 9d respectively.
Under all assumptions
concerning the form fac-
tors, peaks at 6, 10, and
14 MeV are observed.
The features at 6 and
14 MeV may reflect
nothing more than the
fission barrier and the
second chance fission
threshold, although the
low energy octupole
resonance which from
systematics should lie at
=5.5 MeV and exhaust

30% of (he E3 EWSoft may contribute to the lower peak. The feature at 10
MeV however has not been observed before. We reiterate that the B(E3) cannot
be directly compared to sum rules since it represents only an upper limit due to
the presence of E4 excitations.

30

Fig. 11. Photofission cross sections.
Dashed: Ref. 24; solid: Ref. 17;
circles: Ref. 23.

Table I. Observed Strengths as Percentages of the EWSR's for Ex < 17.5 MeV.

E0 E2 E3
QRPA18 (87)

(88)
(e,e')n (117-122)
(e,e'f)1

(66) (84)

(38-77)
3.7(8)'rf» 10(45)'')

(e,e'r)<a> (82 ±4)
(80 ± 4)
88 ± 4

28 ± 4 (88) 0.9 ± 0.4
32 ±5(102) 1.0 ±0.4
42 ±4(134) 1.1 ±0.4

1.3
1.5
1.7

6.7 ±1.0
7.9 ±1.2
0.3 ±1.0

24 ±2
29 ±2
27 ±2

(87 ±0.4)
(87 ± 0.4L

18 ±2(52)
35 ±2(103)

1.5 ±0.2(2.2)
1.5 ±0.212.31

10.7 ± 0.4(44)
14.1 ±0.4(50)

31 ±2(101)
26 ± 2[84)_

Values in parentheses indicate total strengths and all other values refer to
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strengths in the fission channel alone. For the present data, the values in
parentheses result from assuming that each multipole fissions with the El fission
probability.
'"'Fit unconstrained by the photofission data. The three rows correspond to
clr/c0 = (1.0,0.9,0.9), (1.0,1.0,0.9), and (1.1,1.0,0.9) respectively. The columns
correspond to ranges of excitation energy: Ex < 17.5, 11 < Ex < 17.5, Ex <
6.5, Ex<\\, and Ex < 17.5 MeV respectively.
' ' 'Fit constrained by the photofission data. The two rows correspond to ctr/c0
— (1.0,1.0,0.9) and (1.1,1.0,0.9) respectively. The columns correspond to ranges
of excitation energy: Ex < 17.5, 12 < Ex < 17.5, Ex < 6.5, Ex < 12, and
Ex < 17.5 MeV respectively.
' c 'El sums are with respect to the isovector El sum rule.
(rf>5.7 < Ex < 7 MeV.
(e)7 <EX<11 MeV.

DISCUSSION

This work presents perhaps the first detailed comparison of a modern the-
oretical calculation of the nuclear response in the continuum region. The QRPA
accounts for the overall shape and magnitude of the spectra at the two lower
values of q. Although not free from model dependence and guidance from theory,
a multipole decomposition of the data indirectly corroborates the long standing
report of an anomalously small E2 fission probability. Our best estimate is that,
if the fission probabilities were identical, the strength obse"ed in the fission
channel below 11 MeV would be no more than a third of the E2 EWS0R. Such a
result might, imply either an anomalously large non-statistical component to the
neutron decay channel, or some dynamic inhibition of fission several MeV above
the barrier. Neither would be easy to understand. A direct measurement of the
neutron decay spectrum might at least help us to decide which mechanism is
responsible.

The 2+ strength near the fission barrier is less well determined. The model
dependent uncertainty here may be somewhat larger yet, since the <ion-collective
states tend to display more complicated radial dependencies in the nuclear
interior. Nevertheless, it is fair to say that for 5.5 < Ex < 6.5 MeV, we observe
2% or less of the EVVSoR in the fission channel for reasonable variations of C[r/co
in the unconstrained fits. This is probably consistent with the value of 3.7%
(for 5.7 < Ex < 7 MeV) from previous (e,e'f) work12, for which a larger value
is expected since their fits did not include E3. It is hard to reconcile with the
value of 6% derived from inclusive electrofission angular distributions27. Beyond
that, little quantitative evidence exists concerning near-barrier 2+ states. An
early (a, a'f) study of fission fragment angular correlations in 238U gave results
consistent with the transition spectrum below 6 MeV containing either (/ , K) =
(2,0) and (2,2) states or (2,0) and (2,1) states28, but reported no B(E2).

The amount of cross section above the high energy tail of the giant dipole
resonance, at 80.3 and 118.4 MeV, is large. Certainly a major component of the
broad yield around Ex = 21 MeV is the AT1 = 1 quadrupole. However, the data
do not extend far enough in excitation energy to permit a strength extraction.

APPENDIX: SUM RULES

The classical energy-weighted sums for electric multipolarities are given by
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Bohr and Mottelson25 as follows:

9*2

S{E0) = -jj-Ze2 < r2 >protjjZe2 < r2

0
1
2
3
4
5

1
7

34.1
1547

.181 X

.686 X

fm2

fm4

105 fm8

106 fm8

2.60 X 10° MeV-fm4

839 MeV-fm2(Ar = 1)
2.59 X 105

3.45 X 107

4.21 X 109

5.11 X 10"

MeV-fm4

MeV-fm8

MeV-fm8

MeV-fm10

S(E\) = M 2 X
4 ^ 1 ) - 2 ^ ^ 2 < r2 X-2 > p r o ( for X > 2

in which M is the proton mass and < r2X~2 >proi is the (2X — 2)th moment
of the nuclear ground state charge distribution. The isoscalar contribution to
these sums is generally taken to be the fraction Z/A of the total28. We have
calculated these sum rules using the deformed ground state charge distribution
measured by Cooper22. Table II lists these results which are used in the present
analysis.

Table II. Energy-Weighted Sum Rules

>p r o ( S(E\)
1.01 X 10" MeV-fm4

1.00 X 105 MeV-fm4

1.33 X 107 MeV-fmfl

1.63 X 10° MeV-fm8

1.98 X 1011 MeV-fm10
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SENdlTIVE SEARCH FOR NEUTRON-ANTINEUTRON TRANSITIONS AT THE ILL REACTOR
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Dipartimento di Fisica "G. Galilei", Universita di Padova, Padova-Italy
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ABSTRACT

A sensitive search for neutron-antineutron transitions in a neutron

beam at the ILL reactor in Grenoble is presented.

Neutrons will be transported under vacuum in a magnetic field free

region. Antineutrons present in the beam, as they come out from the

field free region, will annihilate on a thin Carbon target. The anni-

hilation events will be identified by their characteristic signature

of ^2 GeV energy release in the form of several pions.

Background events are expected to be negligible. In a run of ^300

days we will observe the neutron-antineutron transitions if the oscillat-

ion time is less or equal to 108sec.

MOTIVATIONS

According to the grand unified theories the baryon (B) and lepton (L)

number conservation laws are only approximate : thus i search for break-

down of B conservation appears as one of their most effective experimen-

tal tests . If B is not conserved every proton, as well as every neutron

bound in nuclei, must eventually decay into lighter particles. Conservat-

ion of energy, angular momentum and electric charge require that any

change in the sum of baryon and lepton numbers A(B+L) be an even number,

in any possible decay mode.

The first generation of proton decay experiments measured the limit

r < 0.5~32years at 90% C.L. ^ for the decay rate of the process p -> e++Tr°,

in disagreement with the SU(5) predictions (r ^ 10~(29±2)years).

Consequently the theoretical predictions for nucleon decay processes

are undetermined and all the decay channels are in principle possible.

A conceivable interesting process is the AB=2, AL=O transition ,

which in addition to the decay process

WW -*• pions

may give rise to neutron-antineutron oscillations, characterized by an

oscillation time T , which depends at first order on the corresponding

interaction Hamiltonian H' through

(T ) " 1 = 6m = <n|H'|n> ^ /r -M (1)
osc ' AB=2

where r is the AB=2, AL=O nucleus decay rate, and M is the nucleon

mass.

0094-243X/85/1250871-10 $3.00 Copyright 1985 American Institute of Physics
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Actually the theoretical models leave a rather large incertitude

in the value expected for T o s c. The so-called "left-right symmetric"

models, however, suggest mainly for the neutron oscillation time a

value T O S C - 10
8sec .

Moreover in the quark-lepton picture the simplest term in the

effective Lagrangian that can induce AB=2 processes is "

L ^ M~5(qqq-qqq) + h.c.

and therefore, if neutron-oscillation processes are observed in the

experimentally accessible region up to T O S C ^ 10
8sec or more, this

will open a new physics in the mass range M ^ 1Ol|f1O6GeV.

NEUTRON OSCILLATION PHENOMENOLOGY AND EXPERIMENTAL METHOD

The AB=2 interaction produces a mixing among neutron and antineu-

tron states, so that n and n are no longer "two distinct states", but

belong to "one two state system" whose time evolution (in the c.tn.s.),

assuming CP invariance and neglecting decays, is governed by the equat-

ion

f - -i M « ; * = [-] (2)
dt (tij

with

M 6m"1

M =

6m M

(3)

where the non diagonal terms represent the n J n transition energy,

while the diagonal terms represent the effective neutron and antineu-

tron masses: M = m + V , M = m +V-, m is the neutron(antineutron)

mass, and V , V-, the nuclear and/or electromagnetic potential for neu-

trons and antineutrons in the surrounding medium.

To the eigenstates of eq.(2)

n x = cosG n + senG n n2
 ;- -senG n + cos6 n

belong the masses

where

tg2G = ~ and AE = -kv - V_)AE 2 n n
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The time evolution of a neutron state

n = cosG n-i + senO n 2

is described by the equation (neglecting g decay)

n(t) = cosG n-±e + sen© n2e

and the probability of finding an antineutron component at time t, in

a state that at t = 0 was a pure neutron state, is given by

f 1 2

P(n,t) = | ^ j | sen2 (AM-t) (4)

Eq.(4) shows that the probability P(n,t) oscillates with amplitude

A = (6m/AM)2 and angular frequency to = AM, where

1 ,
AM = - ( m i - m 2) = /6m

2+AE2 .

Since in practice, neutrons are never free, AM is much larger than

6m, and neutron oscillations are strongly suppressed, the probability

P(n,t) going to zero as (6m/AM)2.

However, real neutrons behave as free neutrons for values of t and

AM such that 7

AM-t « 1 (5)

Eq. (5) represents the "quasi free neutron condition": by it P(n,t)

grows as t2, while for t > (AM)"1, P(fi,t) oscillates between (Sm/AM)2

and zero with the angular frequency UJ = AM.

Thus in order to reach an appreciable value for P(n,t) it is impe-

rative to make AE as small as possible.

This condition can be fulfilled primarily using neutron beams pro-

pagating in a region properly evacuated (in order to avoid nuclear in-

teractions) and shielded against any external ma^u^tic field.

Summarizing the above discussion we may conclude that, first, an

experimental search on neutron oscillations requires:

i) a very intense neutron source;

ii) a propagation region free from any kind of interactions.

It has to be noted that, since condition i) is largely satisfied

in the deep underground experiments searching for AB=1 nucleon decays,

the possibility that the same experiments might also detect n-n oscil-

lations in nuclei has been explored , thus allowing a mesurement of

the interesting parameter 6m = (TQS,,)"1.

From proton-decay type experiments one gets T a n n< 2-1O~
3lyears ^,

and this result due to unavoidable background effects appears to be
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the experimental limit of the present generation experiments.

Moreover, as is well known, there are substantial uncertainties

in relating free and bound n-n mixing arising from uncertainty in

the n optical potential.

Furthermore the strength of n t n transitions need not be the

same for neutrons isolated or contained in nuclear matter, and con-

sequently r a n n does not constrain the value of the free neutron oscil-

lation time I".

Following the neutron oscillations assumption, a state initially

composed of pure neutrons should become, within a finite time, a mix-

ture of neutrons and antineutrons. In order to test this hypothesis,

one has to detect the antineutrons bringing them to annihilate in nu-

clear matter.

The antineutron signature will be the typical release of ^2 GeV,

shared by several pions (5 in average) with total momentum p = 0.

Once the "quasi free condition" is satisfied, the constraint

which defines the quality of a neutron-oscillation experiment may be

deduced from eq.(5) as

T = /N'E t = /E'T'E —
fT..,.' *

(6)
V

where: I, the neutron current in n sec"1, depends on the power of the

neutron source; e, the fraction of annihilation events which can be

unambiguously identified, depends on the properties ("quality") of the

detector; t = L/v, is the time in sec of the "quasi free propagation";

v, the neutron velocity in m sec"1; Nt 2, for a given source, depends

upon neutron energy and annihilation target area.

An important peculiarity of n-n oscillation experiment carried out

with neutron beams lies in the fact that the background can be measured

directly. The background is mainly due to neutral cosmic ray interact-

ions that the detector would not be able to discriminate from annihilat-

ion processes. However, the antineutron yield may indeed be suppressed

at will by a maguetic field B applied in the propagation region (see

eq.(4)) leaving the cosmic ray background to be measured separately.

In this type of experiment both

a) gamma rays and fast neutrons from the neutron source, coming along

the moderated neutron beam, and

b) neutrons scattered from the beam at the annihilation target and

neutron capture gamma rays

can give a large radiation flux on the detector.

Although the effects of a) and b) will in general not be such

as to mimick an annihilation interaction, they may strongly reduce the

detection efficiency.

Then, in order to achieve a high antineutron detection efficiency
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minimizing at the same time the neutral cosmic ray background,' the

annihilation target and the detector should satisfy the fallowing re-

quirements: first of all both must be protected by a most effective

shielding and anticoincidence system against cosmic rays, and further

a) the target should be characterized by

i) large annihilation probability for the antineutron component;

ii) low Z material to preserve the characteristic features of the

annihilation events as much as possible;

iii) high transparency to the neutron beam to minimize neutron

scattering and capture;

iv) a total mass as small as possible in order to reduce residual

cosmic ray interactions;

b) the detector should:

i) be large and massive enough to accept and stop as many annihi-

lation products as possible;

ii) allow good energy resolution, particle identification and track

pattern recognition to ensure vertex reconstruction and measure-

ment of the energy emitted from the annihilation event.

EXPERIMENTAL SET-UP FOR THE PROPOSED EXPERIMENT

The proposed experiment is the second part of the long term expe-

riment initiated in 1980 at the ILL reactor in Grenoble: it aims at

measuring i o s c up to (1-5)•10
Bsec.

The experimental set-up sketched in Fig. 1 has been designed tak-

ing into account the results of the first part, of the experiment ,

which was planned as an exploratory search with the definite purpose

of singling out the main factors to emphasize in planning an experi-

ment capable of reaching a significant sensitivity in T Q S C .

^ divergent Ruide

l\\ \ vacuum tube

i \ rr^ r

beam ̂  *-*"

calorimeter

vertex detector

1 ,

i
L
r~

1
—I
1

L
tarEet

1 I

D
Fig. 1 - Quasi free propagation region and magnetic shielding. B= 10"11

gauss will provide 100% n •* n effect; B <v< 10~3 gauss will

suppress it by 20%.
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The proposed experimental set-up consists of

a) a cold neutron beam transported to the experimental area by a

curved guide;

b) a long channel for the quasi free beam propagation;

c) a thin isolated annihilation target;

d) a fine grain detector with high spatial and energy resolution;

e) an efficient cosmic ray shield.

The relevant quantity I'A-e/E has been optimized taking into

account:

i) the neutron beam properties;

ii) the target which should be small enough to keep the final de-

tector dimensions reasonable.

Cold neutrons will be transported to the experimental area by

the new guide H52 ^60 m long, made of several elements with 6x12 cm2

cross-section, arranged on a curve of 5000 m radius. The direct ra-

diations from neutron source will thus be switched off and, at the

same time, the lower energy neutrons selected: the effective neutron

temperature will be reduced to M 5 ° K, corresponding to an average ve-

locity v ^460 m sec"1. The beam intensity will be I = 3.3*1Ol:Ln sec"1.

In order to keep the dimensions of the annihilation target and of

the experimental apparatus within reasonable values, a simple device

is envisaged based on neutron reflection properties within a guide '2.

It consists of a guide with slightly divergent walls. With this

simple device, if 0 is the angle of the neutron trajectory with the

axis of the guide, a reflection at the walls reduces 0 by 26, where S

is the divergence of the walls. So, if Q^n is the divergence of a neu-

tron entering the guide, its divergence at the exit after n reflection,

will be

0 = G. - 2n6.
out in

The required target area A needed to contain the beam will be correspon-

dingly decreased by a considerable factor.

The quasi free propagation region will consist of:

i) a (30-70) m long straight guide, with slightly divergent walls

(3 mrad);

ii) a ^30 m long conical vessel (0 = 1 5 mrad)

where a gas pressure P < 10~6 torr and a residual magnetic field B< 10"''

gauss warrant the quasi free condition.

The average time interval from the last neutron reflection in the

divergent guide to the end of the quasi free propagation region will be

t = (0.1 - 0.15) sec

The target will be placed 2.5 m down-stream of the magnetically
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shielded region where the beam cross-section will be ^70x100 cm (see

Fig. 2).

Fig. 2 - Lego-plot of the neu-

tron beam at the anni-

hilation target.

The target, a Carbon foil ^100 u thick, <|> = 110 cm, M).1 kg weight,

is enough to annihilate the antineutron component with more than 99%

probability and it will scatter only 0.5 per cent of the crossing neu-

trons. It has been evaluated through a Monte Carlo calculation, based

on experimental data, obtained during a test run with an antiproton

beam from the CERN PS, that ^38 per cent of t^e annihilation processes

remain undisturbed in a Carbon nucleus, while for the rest the momentum

unbalance will be in the average Ap = 300 MeV/c and the total TT visible

energy E = 1600 MeV.

Consequently the signature for an annihilation event will be:

i) the interaction vertex inside the target;

ii) a visible energy E - (1500+500) MeV;

iii) a total momentum p < (4OO±4OO) MeV/c.

The detector has been designed in order to have high resolution

for the vertex reconstruction and high probability for detecting and

measuring the energy emitted in the annihilation process.

In order to recognize and measure the annihilation products:

a) the detector is as near as possible to the target;

b) there is as little material as possible between the target and the

detector;

c) the vertex detector is practically immaterial.

A cross sectional view of the detector is shown in Fig. 3.

It is shaped as a box surrounding the target with a solid angle

Afl/4ir - 1. The walls of the box will consist of Limited Streamer Tube

planes and scintillation counter plates, immediately outside the pro-

pagation vessel. The ensemble works as:

i) a charged particle vertex detector: 10 L.S.T. planes and 2 scintil-

lator counter planes in each detector side;

ii) a neutral particle vertex detector: 10 L.S.T. planes in each side
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interleaved with .5 cm AS. plates and with a ^.5 cm Pb plate placed

in front;

iii) a calorimeter able to absorb the whole energy emitted in annihi-

lation processes, consisting of 16 limited streamer tube planes

interleaved with Fe plates of increasing thickness.

A Monte Carlo calculation shows that ^80% of the annihilation pro-

cesses will be fully contained in this ensemble and the vertex recon-

structed to within a few centimeters.

Fig. 3 - Cross sect-

ional view

of the de-

tector.

The experiment will be protected by proper material against cosmic

ray neutrals and by a veto system against charged penetrating particles.

The main characteristics or the planned experiment are summarized

in Table I.

On the basis of the analysis of the cosmic ray background perform-

ed in the previous experiment, less than 1 background event in 108sec
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TABLE I

Neutron Beam

5000 m

/<X>2 - 8.5 A

Propagation Region

1) (3O-7O)m long straight divergent guide

2) 30 m drift vessel

t = (0.10*0.15) sec
Nt 2 = (3.3*7.4)-109n sec2

Annihilation Target

Carbon foil M O O ym thick
Neutron beam cross-section
at the target 70*100 cm2

Vessel ij> = 140 cm

Detector

Limited streamer tube planes and
scintillation counter plates
(5x4 m 2) x 144 tube planes
Good vertex reconstruction
Good energy measurement

All
4w

T

-

N

T

1 ; e - 0.8

Background

< 1/108sec

> ,-10'sec

Sensitivity

(2T5)-10esec
osc
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would be expected. Therefore, the experiment can be run for a year

effective time with negligible background, so as to reach a sensiti-

vity in x o s c up to 2-10
3sec or more.

In this experiment in the minimal configuration one expects ^3

annihilation events per day if T O S C = 10'sec, and still 10 events if
Tosc = IO8sec.
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ABSTRACT

Beta decay of polarized neutrons has been studied with the
superconductive spectrometer PERKEO at the Institut Laue-Langevin.
The energy spectrum of the B-decay asymmetry has been measured for
the first time; from the absolute value of the asymmetry we obtain
a new value for the ratio of weak coupling constants g^/gy, which
is compared to simil?^ data from hyperon decays. The measurement
of further weak interaction parameters from neutron decav is in
progress.

INTRODUCTION

The B-decay of the free neutron is the simplest and most funda-
mental of nuclear B-decays. In neutron decay the weak interaction
of quarks can be studied without the disturbing effects due to nuc-
lear structure. For example, neutron decay is by now the only source
to measure the size of the n/eak axial coupling constant g^, which
determines the strength of the charged axial weak current which
couples an up quark to a down quark*. In nuclei, on the other hand,
gfl is quenched to a value g^ 6 gy, where gy is the weak vector coup-
ling constant.

The actual size of the ratio g/\/9\j is predicted by quark theory
only with low accuracy. The precise determination of g/\/gy from
neutron decay is nonetheless of great theoretical importance, because
it can be compared to similar quantities obtained from the semilep-
tonic decays of the heavier baryons, like the strange hyperonsA., E,
and^ ; this allows to test current ideas on the weak mixing of differ-
ent quark generations.

Equally important, a good knowledge of the weak coupling con-
stants from neutron decay is desirable because they determine the
weak cross sections of other processes with similar Feynman diagrams,
like neutrino-nucleon and weak nucleon-nucleon interactions, which
are important in cosmological models, in solar cycle calculations,
and in neutrino physics in general, and which so far cannot be directly
measured.

W-boson production in the CERN p-p collider may become another
source for g».

0094-243X/85/1250881-08 $3.00 Copyright 1985 American Institute of Physics
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Finally, in the long run, it is desirable to measure other
weak interaction parameters directly from neutron decay, like the
u/eak magnetism form factor, whose value, in the frame-work of electro-
weak theory, is determined solely by the known electromagnetic proper-
ties of the nucleons, and further to set new limits on the scalar,
tensor, and pseudo-scalar contributions to the weak interaction.

POLARIZED NEUTRON DECAY

The weak interaction form factors in neutron decay can be
obtained-̂  from measurements of: i. the neutron half-life; ii. the
various correlation coefficients between electron momentum, anti-
neutrino momentum, and neutron polarization; and iii., for the weak
magnetism form factor, the precise shapes of the S-energy spectra.

When, for instance, the B-decay of polarized neutrons is
studied, the angular and energy distribution of the electrons emitted
is given by

W(E,ft)dEdfi = F(E){1 + b(E) + ̂  PA[l+c(E)]cosS}dEdfi (1)

The statistical shape function, F(E), is a function of 0 kinetic
energy E, approximately given by the expression

F(E) = (EQ-Er (E + me ) /E(E + 2mc
2) . (2)

Here Eo is the 0-endpoint energy, v/c is the electron speed in units
of the speed of light, $ is the emission angle relative to the neutron
polarization P, and A is the electron momentum-neutron polarization-
correlation coefficient, also called G-asymmetry parameter, which
is nonzero because of parity violation. The terms b(E) and c(E)
account for small effects2(~l-2?o at E=E0) both from weak magnetism
and radiative corrections .

A is predicted in V-A theory to depend solely on the ratio
gA/gy. With X = lgA/9yli vue have

A = -2X X ~ 1 ? (3)
1 + 3XZ

Since X turns out to be near unity, measuring A is in general a
good way to determine X.

EARLIER EXPERIMENTS

While the 6-decay of free neutrons is important for weak inter-
action theory, it is, on the other hand, very difficult to study
experimentally. In fact, neutron decay experiments had been going
on for the past thirty five years, and progress was rather slow.
The reasons for this are, first, the small energy release in neutron,
decay, with rather low Q-endpoint energy of some 780 keV, and second,
as a consequence, the rather long neutron half-life of approximately
10 minutes. -,

Due to the long half-life, only one out of 10 neutrons decay
within the active volume of a typical neutron decay apparatus,
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installed at a thermal neutron beam from a nuclear reactor. The
neutron decay experiments are usually performed in a hostile environ-
ment, with many gamma rays penetrating the apparatus, both prompt
and B-delayed, giving rise to signals in the same energy range as
the true 0-events. To suppress background most earlier experiments
used sophisticated proton-electron coincidence techniques; they
therefore suffered from low statistics, and, in addition, had to
rely on Monte Carlo simulations to define the effective beam volume,
the effective solid angles, and the detector efficiencies. Furthermore,
the backscattering probability for low energy G-particles is rather
high and difficult to correct for. For these reasons, the two B-energy
spectra from neutron decay published so far-5'4 were useful only
in the upper half of the G-energy interval, and energy spectra from
polarized neutron decay did not exist at all. - Nevertheless, the
very careful measurements of neutron correlation coefficients ' '
gave mutually consistent results, whereas recent direct measure-
ments4'9'9 of the neutron half-life scatter as much as 1%, with
about l?o individual error bars.

THE SUPERCONDUCTING NEUTRON DECAY SPECTROMETER PERKED

We have developped a neutron decay spectrometer, called PERKEO,
which is installed at the High Flux Reactor of the Institut Laue-
Langevin at Grenoble. The main features of PERKEO are its long decay
length, its large decay volume, the effectively loss-free detection
of the decay electrons over a 4it solid angle, and the complete sup-
pression of electron backscattering effects. The apparatus is instal-
led outside the far end of the long I.L.L. neutron guide hall, where
reactor associated background is very low.

In the first experiment with PERKEO we studied the 0-decay
of polarized neutrons. The count rates achieved are several orders
of magnitude higher than in previous experiments, see table 1. At
the same time, systematic errors are largely suppressed and for
the first time we obtain very clean G-energy spectra from neutron
decay, both polarized and unpolarized.

PERKEO is shown schematically in Fig.l. The principal component
is a 1.7 m long 20 cm diameter superconducting selonoid which produces
a si.5 lesla field along the direction of the neutron beam. Electrons
from neutrons decaying inside the spectrometer move in helical paths
< 1 cm in diameter with axis along magnetic field lines. Four super-
conducting trim coils at either end distort field lines causing

SCINTILLATION
NEUTRON COUNTER~
BEAM

CON

Fig. 1. Schematic layout of PERKEO

TRIM SUPERCONDUCTING
COIL SOLENOID
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electron trajectories to bend away from the neutron beam. The elec-
tron trajectories are finally intercepted by plastic scintillation
counters located at each end of the spectrometer. The magnetic field
strength decreases continuously towards both ends of the spectrometer,
so no electrons can be magnetically trapped. The electron flight
times between the detectors is effectively wjthin the range
7 ns i t S. 300 ns.

Each scintillator is coupled to two photomultipliers and coinci-
dence signals with thresholds below the single photoelectron level
are required to reduce noise. The detectors are calibrated with
various conversion line sources. Fig. 2 shows the typical response.
The observed resolution corresponds to =160 photoelectrons/MeV.

0.4 0.6 0.8
ENERGY (M«V)

Fig. 2. Detector response to various conversion line sources.

The scintillators are large enough so that the total detection
solid angle is 4TT-str within the spectrometer. An electron back-
scattered from a detector is either reflected back by the magnetic
mirror effect or it moves along a field line to the other detector.
Since both detector signals are summed the total electron energy
is recorded. About 1% of the neutron decay events have the measured
electron energy shared in the two detectors. The detector hit first
and thus the initial electron velocity component along the spectro-
meter axis is identified by the timing of the detected signals.

PERKEO is located at the polarized neutron experimental station
PN7 at ILL. The total capture flux into the spectrometer from the PN7
supermirror polarizer is (8 ±3) x lo'sec"1. The beam is collimated
both horizontally and vertically by a 1.8 m long 3 x 3 channel colli-
mator made entirely from sintered 6LiF. The beam cross section thus
defined is 3.8 x 5.6 cm2 at the exit of the spectrometer. No evidence
for a halo on the neutron beam is observed at the 10"-' level. During
measurements of the 6-asymmetry neutrons are longitudinally polarised
and the polarization is switched every 5 sec with a current sheet
spin flipper.
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MEASUREMENTS

Figure 3 is the background subtracted unpalarized G-spectrum
obtained by summing the spectra taken for equal times from each
detector and both neutron polarizations. The solid curve through
the data is a fit to the expected shape including detector resolution.
The total neutron decay count rate is 165 sec" . The relative number
of electrons below threshold is less than li%.

60x10

1=

0 0.2 0.4 0.6 0.8 1.0
Energy (MeV)

figure 3. The G-decay energy spectrum from one run. The solid curve
is a fit to the resolution corrected Fermi shape.

We define the experimental asymmetry as
A J. * X

N / - N / N / - N *
(4)

N, V N2
where the N's are energy spectra for equal times: 1 and 2 refer
to the detector, + and + to the polarization.

From (1) vie have

(5)

The factor of 1/2 is from averaging over the detector solid
angle; f is the spin flip reversal efficiency; and S corrects for
magnetic mirror reflections in the inhomogeneous fields at the end
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of the spectrometer. S is reliably calculated from the known field
distribution, we obtain S = 0.890(15). The energy dependence of A_
is dominated by the factor v/c but the additional factor
(1 + c(E))/(l + b(E)) accounts for the small but not negligible
effect from weak magnetism and radiative corrections.

Figure 4 shows the B-decay asymmetry A Q , whose dependence
onthe 6-particle energy has been measured for the first time. The
data are in accord with the energy dependence expected from the v/c
factor. The theoretical values for b(E) and c(E) are included in
the fit; statistics is not yet good enough to extract them from
the data.

0.12

0.10

0.04

0.021=.

X=l.27

0.2 0.4 0.6
ENERGY (M«V)

0.8

Fig. 4. Experimental 6-ray asymmetry as a function of B-energy,
The curves are expectations for two values of X.

The neutron polarization and spin flip efficiency are determined
to be P = 96.7(7)?; and f = 99.8(3)3; from measurements with a second
supermirror and spin flipper.

From the absolute size of the 0-decay asymmetry we obtain
the value A = -0.118(3) which is corrected for weak magnetism and
radiative effects. The error is half from statistics, half from
systematics, both subject to further improvements. From Eq.3 we
obtain the preliminary result X = 1.27(1). The solid curve in Fig.4
is the prediction for the experimental A3 with X = 1.27; the dashed
curve is the corresponding prediction for X = 1.24 which is the
value suggested in Ref.12.
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Table 1. Count rates and polarizations in various polarized neutron
decay experiments.

Year

1970

1971

1975

1979

1983

Ref.

10

11

6

7

This work

0-counts/hour

N

100

200

420

420

600,000

n-polarization

P

0.870(30)

0.770(20)

0.790(15)

0.733(20)

0.967(7)

Relative Quality

Factor Q °c P2N

1

1.6

3.5

3.0

7,500

Table 2, Summary of recent X-measurements (X = |gfl/g.,|)

Year

1972

1978

1980

1982

1978

1975

1979

1983

1983

Ref.

4

9

8

12

5

6

7

This work
(preliminary)

13

Quantity Measured

Tj,2 = 636.6(9.6)

T1/2 = 607.8(5.4)

Tl/2 = 6 4 9 ( 1 2 )

PDG recomm. value
T1/2 = 641(8)

a = -0.1017(51)

A = -0.113(6)

A = -0.114(5)

A = -0.118(3)

Various hyperon decay para-
meters + Cabbibo hypothesis

X

1.245(11)

1.280 (7)

1.230(14)

1.239 (9)

1.259(17)

1.254(15)*

1.257(12)*

1.270 (9)

1.182(22)**

* the values of X given in refs.6 and 7 include the statistics of
refs. 10 and 11.

**the overall value of X = 1.233(16) given in the abstract of ref.13
includes neutron decay X-values, but only those from the PDG-
recommended half-life measurements, refs.4 and 8. Here we quote
the X-value of ref.13 derived solely from the strange hyperon
decay data.
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Table 2 lists given values of X determined by other recent
experiments. Our value of X is somewhat higher than but consistent
with the value of \ derived from earlier correlation coefficient
measurements. It is several standard deviations higher than the
Particle Data Group recommended value derived from two recent half-life
measurements. There is a clear discrepancy with the X-value derived
from hyperon decays at CERN using Cabbibo's theory. Inclusion of
the third quark generation through the Kobayashi Maskau/a matrix makes
things even worse .

CONCLUSION

We have built a new type of spectrometer in which neutron
decay can be studied with high statistics. At the same time, sources
of systematic errors ate largely suppressed. We have measured clean
G-spectra for both polarized and unpolarized neutron decay, and
derived a new value for the ratio of weak coupling constants ^/y
At present, we continue our measurements on the G-decay asymmetry.
The measurement of other neutron decay parameters is in preparation.

We thank the ILL management and staff for their hospitality.
This work has been supported by the Bundesministerium fur Forschung
und Technologic and the United States Department of Energy.
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ABSTRACT

Spin assignment to nuclear levels can be obtained from
standard in-beam gamma-ray spectroscopy techniques and in the case
of compound nuclear reactions can be complemented by statistical
methods. These are based on a correlation pattern between level
spin and gamma-ray intensities feeding low-lying levels. Thrse
types of intensity and level spin correlations are found suitable
for spin assignment: shapes of the excitation functions, ratio of
intensity at two beam energies or populated in two different reac-
tions, and feeding distributions. Various empirical attempts are
examined and the range of applicability of these methods as well as
the limitations associated with them are given.

INTRODUCTION

Spin assignments to the low-lying levels in medium and heavy
nuclei are generally based on indirect techniques sensitive to
transition multipolarities and the relative spin difference between
nuclear levels. For example, measurements of angular distributions
and correlations, Y-ray linear polarization and electron internal
conversion coefficients, independently or in any combination,
seldom provide an unique spin assignment. In the domain of
compound nuclear reactions, statistical methods can complement
these standard in-beam Y-ray spectroscopy techniques and increase
the potential for reliable spin assignments.

So far no systematic effort has been made to explore the broad
application of the statistical methods of spin assignment or to
provide a "common code of practice". These methods have been
applied to numerous specific cases and were empirical in character,
occasionally supported by systematic tests of the method or detail-
ed model calculations. Furthermore, these methods are not uniform-
ly accepted throughout the research community. A short review of
these methods may clarify some of the problems listed above.

*Research was performed in part under contract DE-AC02-76CH00016
with the U.S. Department of Energy and was also supported by a
NSERC Canada grant.

0094-243X/85/1250889-04 $3.00 Copyright 1985 American Institute of Physics
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The statistical methods are based on: a) the ability to detect
the change in the intensity feeding low-lying levels of interest
due to changes in the average spin of the formation states (the
latter caused by modification of the reaction process), and b) the
statistical process governing the decay of the formation states to
the states of interest. After an extensive literature search,
three basic correlation patterns of level-spin and "f-ray intensi-
ties feeding these levels were found to be reliable spin
indicators.

EXCITATION FUNCTIONS

The shape of the excitation functions has two features, which
are directly spin dependent. The first such feature is that the
excitation function characteristic of a higher spin reaches a maxi-
mum at a higher beam energy. This correlation can be expressed
quantitatively in a functional form. The second feature is that,
when normalized to a weighted average of a group of curves of a
given spin, the excitation functions of higher spin show higher
slope. Although this relation is a qualitative one, the informa-
tion contained in it can be transformed into a quantitative func-
tional dependence using the ratio of intensities method.

The excitation function can be given for the following quanti-
ties associated with the level: "total feeding intensity" usually
measured by summing over all observed processes deexciting a level,
and "side-feeding intensity" measured by subtracting from the total
feeding intensity the intensity due to all observed discrete tran-
sitions populating this level from above. Although the side-feed-
ing is considered to be the closest approximation to the statisti-
cal feeding, the total feeding may also represent an adequate
approximation if a level is fed by several discrete transitions and
if none of them carries a significant amount of the total
intensity.

In (n.n'Y) studies the Y-ray excitation functions of the level
of unknown spin are compared to the empirically determined
standards . In (p,nY) reactions the shape of the function is
compared Co the predictions derived from simple Hauser-Feshbach
calculations . In deuteron, alpha and heavy-ion induced reactions
the slope of these functions is used in a qualitative way and is
usually combined with angular distribution results to provide spin
assignments • . Furthermore, the maxima of these functions can
be used in a quantitative way as spin indicators (see Fig. la).

RATIO OF INTENSITIES

The ratio of level intensity obtained at higher beam energy to
that at the lower one shows a smooth functional dependence, which
is characterized by a higher ratio for higher spin value. A
similar function can be constructed using level intensities
populated in two different reactions and leading to the same
nucleus of interest. Individual "f rays deexciting the same level
must have identical intensity ratios which can be used to test the
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OF THE INITIAL LEVEL , J -

Fig. 1. A) A comparison of the experimental and theoretical
excitation functions for states in Tc populated via (a,nY) reac-
tion (from Ref. 5), B) The dependence of the position of the maxi-
mum in the excitation function on the spin of the initial state.
C) and D) Ratios of photon intensity measured at an a energy of 18
MeV to the one at 14 MeV plotted against the spin value of the
state in which the transition originated.

validity of the decay scheme or to extract the individual intensi-
ties of an unresolved doublet.

The ratio of intensity method has been researched carefully
and is used in (n,Y) resonance capture reactions to study the spins
of the initial as well as final levels . In reactions induced by
p, d, a and Li the ratio of intensities provide quantitative infor-
mation on the spin of the level > > (see also Fig. IB, C, D ) ,
while in the heavy-ion induced reactions it is used only in a
qualitative way.

FEEDING DISTRIBUTION

A fast decrease of the side-feeding intensity with increasing
excitation energy is observed for levels of the same spin. It can
be represented by a smooth function, which in general is separate
for each spin and distinct up to some fixed excitation energy. The
same data can be used in a different way; one can plot level side-
feeding against level spin for a sequence of states. Although this
representation may provide support for the spin assignment already
made, its spin predictive power is limited.

One should note that the feeding distribution pr>-
information independent of the information already em
excitation functions and intensity ratios. The t
derived from absolute cross sections under particular t
conditions, while the other two give a relative change in feeding
intensity caused by modification of the experimental conditions.

This method is used extensively in reactions induced by light
ions, frequently in conjunction with simple Hauser-Feshbach
calculations » . As a method, it is particularly sensitive to

% spin
tn the
jne is
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25MWTh REACTOR ..MARIA"

HEAVY CONCRETE

LEAD

POLYETHYLENE\RnR
PARAFFIN ; B U

BAR1TE STONES

WATER

IRON

- .—•—•—. 1m

Fig. 1

GROUND FLOOR

DETECTORS
1-9 Nal 3x3 inch
10 -P last ic

20x20x0.4 inch.

/ • / / / / / / I / / / / / / / / / / / / / / / / / / /

Fig. la Cross A-A'



895

FigJ Q 2 BLOCK SCHEME OF ELECTRONICS AT TKE fcXPER MENTAL
SET-UP BEAM No6 25MWTH REACTOR ..MARIA"

MAG TAPE DISPLAY*
KEYBOARD

/INCREMENTED \
1 PH SINSIE S P E C I R A I -EVERV 1/2 H
\SCfiLERS /

The block-diagram of e lectronics ia shown in Fig .2 .
A veto detector surrounds the array of Nal cryatals / placed in
a lead-copper shielding / to reject events induced by cosmic rays.
Bach crystal ia viewed by an XP2O2O photomultipliar connected to
the Le Croy ADC 2249A and constant fraction discriminator Polon 150?.
The overall resolving time of the electronics i s below 50 ns/TWHH/
Mai signals within t iae window of 200 na were recorded on tape
ovent-by-event.The single rate of such counter w a s ^ 1 3 / e and
~ 1 2 / a for reactor "ON" and "OFF",reapectively.

DATA ANALYSIS AND RESULTS

For each run fron 20 to 60 hours long the two-gaaaa events
were selected o f f - l ine , ins ide a t iae window of 50 no,and with ga-
•aa energies in the range 350 KeV <E^<5000K*V.The single spectra
for each Hal crystal and the epectrua of energy su« for s ix paira
/1-3i 4-6, 7-9, 1-7, 2-8 and 3-9 / of detectors were reconstructed.
Spectra for a l l the runs have been added after the energy cal ibra-
tion.The coincidence rate above 350 KeV was 0.0018/a with reactor
"ON" .and 0.0017/s with reactor "OFF".

The reactor "OFF" SUM spectrum after the correction for measu-
ring t ine was subtracted froa the reactor MOV"spectrua and the
difference of these spectra ia shown in Fig.3.Experimental data,
have been analyzed for 469.5 hours of l i v e t i»» measurement with
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the reactor "OH" and 346.6 hours with the reactor "OFF".The total
nunber of coincidences for the reactor "OH" - "OFF" and six pairs
of Nal crystals in the energy range 800 KeV<X + K <25OO KeV
is found to be 33 • 67.

ThiB aeans that an expected prompt signal /S^* Ea~2.2 MeV/
originating from axion decays has not been observed in this expe-
riment.The upper limit for the experimental R , "8.5x10" /s at
95% C.L.

After calculations of Hvvversus the Bass of the axion •
according to formulas taken from refs./4,5/ and talcing into accou-
nt the acceptance of our experiment we exclude axion masses sma-
ller than 269 KeV and larger than 285 KeV.The analysis of remain-
ing experimental data will be continued.

We would like to thank the management of Reactor Maria at
Swierk for a permission to run the experiment charge free and the
technical staff of the reactor for the supply of shielding mate-
rials and many important informations about the reactor.We are
also grateful to dr J.B'.alkowslci from Electronics Dept. of the
Institute of Nuclear Research for his help.
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AH INVESTIGATION OF PARITY-NON-CONSERVATION IN THE 10B(n,a) REACTION

F. Stecher-Rasmussen and P.J. Kok
Netherlands Energy Research Foundation
P.O. Box 1, 1755 ZG Petten, The Netherlands

O.N. Ermakov, J.L. Karpikhin, P.A. Krupchitsky, G.A. Lobov
and V.F. Perepelitsa
Institute for Theoretical and Experimental Physics,
Moscow, USSR.

INTRODUCTION

The weak nucleon-nucleon interaction has been studied by an in-
vestigation of the forward-backward asymmetry of the a-particle
emission after capture of longitudinally polarized thermal neutrons
by I0B nuclei:

n + 10B -+ n B ->-7Li +a (a0-transition, intensity 6,1%)

n + 10B + nB*+ 7Li*+ <x (c^-transition, intensity 93,3/0

For this reaction, the emission asymmetry is proportional to F, the
parity-non-conservation factor. F is expected to be of the order of
10"' but enhancement effects might yield an emission asymmetry for
the studied reaction of 10~b-10~6 1 ) .

EXPERIMENTAL

To detect low energy a-particles (E =1.79 MeV, E =1.1*8 MeV) the
a-detector was split up into 12 moduSes each one hiving a thin
(170 ug/cm2) boron film as internal target.
One detector module is shown in fig. 1. On each side of the target
the ionization chamber had two sensitive gaps, B1 and B2 close to
the target and D1 and D2 far from the target. By adjustment of the
pressure of the ionizing gas (argon) a selection of the proper a-
transition was made. The pressure was adjusted in such a way that
the ionization in the B-gaps was caused by both a- and Li-particles
while the D-gaps only were ionized by the a-particles. In this way
the ionization currents in the B-gaps gave an internal check of the
instrumental asymmetry, since the p.n.c. asymmetry for a- and Li-
particles emitted on the same side of the target would have op-
posite signs. For an investigation of very small asymmetries a
continuous symmetry check is a very important feature.

In fig. 2 the positioning of the stack of detector modules in
the polarized beam of thermal neutrons2' from the HFR in Petten is
shown. The neutron polarization was 90$ and the neutron flux
l*x10®s~'. Every T seconds the direction of neutron spin was re-
versed. The value of T (O.85 s for the aj-experiment and 3-28 s
for ao) was determined on the basis of reactor noise analysis in
order to avoid accidental coincidence between T and resonances in
the neutron noise spectrum. Furthermore the longitudinal field was
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Fig.l. A module of (n, a) multiwire ionization chamber.
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Fig. 2. The detector assembly placed at the polarized neutron beam
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reversed three times per day for the dp-measurement and once per
day for aj. As a final control the experiment was repeated with
depolarized neutrons.

RESULTS

The results of the measurements ar; presented in the form

where J.. , 3 are the ionization currents in corresponding gaps
on opposite sides of the target for one spin direction and J^" , J^
the same currents for the reverse spin.

Table of the results (axiQ 6)

ag-transition aj-transition

D-gaps B-gaps D-gaps B-gaps

Polarized -0.5O10.51* 0.01±0.06 0.20±1.50 0.20±0.80
neutrons

Depolar ized -O.61±O.1|2 O.OI4+O.O5 0.7O±3.60 0.50+1.30
neut rons

It follows from the table that no asymmetry effects were observed
neither in the ao- nor in the aj-transition. The upper limits for
the asymmetries at a 90% confidence level are as follows:

ao-transition: 3.3*10-6

ai-transition: 3.3x10"~5

REFERENCES

1. G.A. Lobov, G.V. Danilyan,' Izv. Akad. Nauk SSSR,
vol. 1)1, nr. 8, p. 151*8 (1977).
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PARITY NON-CONSERVATION IN RESONANCE INTERACTION
OF POLARIZED NUCLEONS WITH NUCLEI

G. A. Lobov
Institute for Theoretical and Experimental Physics,

Moscow, USSR

Recently a series of experimental results connected with the
effects of the parity non-conservation in the interaction of reso-
nant neutrons and protons with the nuclei was obtained. P-odd asym-
metries into inelastic scattering cross section of longitudinally
polarized neutrons by the nuclei 81Br, 117Sn and 139La were experi-
mentally investigated in Ref. 1. P-odd asymmetry in the differen-
t i a l cross section of the reaction 19F(p,o)160 for longitudinally
polarized protons with the energy Ep = 670 keV, corresponding to the
resonant states 1+ and 1" of compound nucleus 20Ne was studied in
Ref. 2. These results are shown in Table I . In the th i rd column of
the table o± are the cross sections corresponding to the hel ici t ies
of nucleons ±1.

Table I

Target
nucleus

117Sn

139La

19 F

i ,

0,

Nudeon
energy

op + n i

.33 + 0.01

,75 ± 0.01

670 keV

Q\i

eV

eV

P-odd asymmetry of
(10-3)

A
An

4.5

73

V

a+-a-

± 1.3

± 5

. do+-d<T

da+-do-

cross

o/> +

= 6.6

sections

A

± 2.4

t
The considered processes occur through the high excited resonant
states of compound nuc le i . Assumption about the resonance mechanism
of P-odd ef fects due to the in te rac t ion of nucleons with nuclei un i -
quely defines t he i r energy dependence as well as dependence on
nuclear c h a r a c t e r i s t i c s . ^ Let us suppose that at the energy neigh-
boring to incident pa r t i c l e energy, compound nucleus has resonance
P-state. Then in the absence of any p roh ib i t ion on spins, pa r i t i es
or other quantum numbers the nucleon due to strong in te rac t ion w i l l
be captured in the state of compound nucleus corresponding to th i s
P-resonance. Moreover, le t us assume in the absence of weak
in te rac t i on of the nucleons th i s process is the main one. However,
the weak in te rac t ion among the nucleons of compound nucleus result
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in the fact that the intermediate state is the superposition of P
and S states with the opposite parit ies. P-odd asymmetry into ine-
last ic scattering of longitudinally polarized neutrons by spinless
(for simplicity) nuclei may be written as

A(k ) = 2(£sOO) Re<P| Hw| S> (E-Es + 1 r s ) " i
" 2 ( 1 )

where <P | Hw J S> is the matrix element of weak interaction
Hamiltonian which mixes up resonance P and S states of compound
nucleus, E, Es are the energies of the neutrons and the P-resonance
respectively, Tj is the total width of S-resonance (rs << Es). In
formula (1) i t is assumed that neutron width of S and P-resonances
for a neutron wave number K are reduced by the following equations:

rn( k ) = rn ( A ) , rn( k ) = rn . (-1)3 ( 2 )

s ks p P kp

where ks and kp are the neutron wave numbers corresponding to S and
3-resonances. I f i t is known which S-resonances mix with the P-
resonances, then from An(kp) value and Eqs. (1) and (2) one may
derive the magnitudes of the mixing coefficients

a= <P| Hw| S>/(Ep-Es + l r s ) (3)

and the matrix elements <P | Hw | S>. The last columns in the Table
I I give the results of calculations of | a| and <P I HWJ S> under the
assumption that the S-resonances with maximum rs/(Ep-Es)

2 value mix
with the P-resonance. The parameters grs and Es of these resonances
from Ref. 1 are also l isted here.

Table I I

Nucleus Es(eV) (10"3eV) (10"8eV) (10~|)

8iBr
u?Sn
i^La

101
-29

-48.6

10
5

84

5
20
4

1.
2.

3
5
7

0.
1.

3
4
4

I t is known that the matrix elements of weak interaction between .the
many-particle state of the compound nucleus are hindered'':

<P| Hw| S> = <| Hw| >N"l/2
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where <| HWJ > = 0.1 eV is the single-particle matrix element,
N = u/D = l ( r * 106, a) = 1 MeV is the spacing of the single-particle
levels, 0 = 10 * 100 eV is the spacing between the real levels of
the heavy compound nucleus. P-odd+asymmetry Ap of the differential
cross section for the process 19F(p,a)160 is defined by the rela-
t ion:

Ap • <f > <P | Hw S>(E-ES + i

where 6 is scattering phase difference in S and P-states of proton,
the meaning of the other values is evident.

Using the experimental value Ap from Table I and characteristics
of S and P resonance states of compound nucleus 20Ne from Table I I I

one can find on the basis of (4) the values of matrix(Ref. 2),
element <P
Table I I I )
was used.

Hw) S> and the mixing coeff icient a ( last column of
In that calculation the pure Coulomb's phase shi f t 6

Table I I I

(JP;T) of
compound
nucleus E res

r P r
(keV) (keV) (klv)

<P

( l- ;0) 650 ± 20

(1+;1) 671 ± 1

0.02 200

6 ± 0.7
2.7 x 10-" 0.8

From the results of Tables I I and I I I i t follows that the value of
matrix elements <P | Hw I S> for the process 19F(p,a)160 is greater by
approximately three orders than for neutron scattering processes.
The reasons of i t are the following. In the case of the process
19F(p,o)160 the resonances of compound nucleus 2ONe are strongly
overlapped, whereas in other ones these resonances are considerably
separated. Moreover, mixing of states (1+;1) and ( l" ;0) in 20Ne is
carried out by isovector part of Hw, which is enhanced. The latter
one arises as a result of exchange among nucleons by charged pions.
I t can be noted that intermediate state (1+;1) with account of the
parity and isospin selection rules, in the absence of weak interac-
t ion between the nucleons, doesn't give any contribution in proton
absorption process by nuclei 19F with the successive emission of a-
part icles. The present work has shown that the P-odd effects in
interaction of polarized nucleons with nuclei has the clear-cut
resonance behavior previously predicted in Ref. 3. The effects are
explainable in the frame of the presently used ideas of the weak
interaction of nucleons, and there is no need to introduce any new
parity-violat ing forces (as in Ref. 6). The investigations of
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resonance P-odd effects give important information about the nuclear
structure as well as the structure of weak interaction of nudeons
i n nuclei.
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INVESTIGATION OF P-WAVE NEUTRON RESONANCES NBAi NEUTRON BINDING
ENERGY WITH LASER RADIATION

Yu Run Ho

Physics Department, Zhengzhou University, Honan Province, China

F.C. Khannat and M.A. Lone

Chalk River Nuclear Laboratories, Chalk River, Ontario, Canada

ABSTRACT

Laser-stimulated enhancement of p-wave radiative capture of
low energy neutrons is investigated. The cross sections for such a
process are calculated in second-order perturbation theory and
expressed in terms of the intensity of the laser radiation and the
nuclear matrix elements. Four different intermediate states are
assumed in the calculations. These are: continuous plane wave, con-
tinuous distorted scattering wave, discrete resonances with large p-
wave neutron reduced widths and compound nucleus wave functions,
Numerical estimates show that an appreciable enhancement of the radi-
ative capture will not be observed until the laser electric field
strength reaches a magnitude of 10 to 10 V/cm, depending whether an
s-wave resonance exists simultaneously in the entrance channel.

LASER INDUCED RADIATIVE CAPTURE CROSS SECTIONS

In the presence of a strong laser radiation field, capture of
an incident low-energy s-wave neutron and a low-energy photon can
excite a nearby p-wave resonance. This process can be identified by
comparing the intensities of a primary "pray transition, from a
nuclear capturing state in a low-lying s-wave bound state, in the
presence and absence of the laser field.

We use second-order perturbation theory to calculate the cross
sections. The interaction Hamiltonian consists of two terms: the
first, H^ ', for the electromagnetic field of the nuclear system,
the second, H*-2\ for the laser field interacting with nucleus.
Their matrix elements, for El transition, are

fl I t 3 v ^ R ' f I f 1 ill 't
o

and
i (2)| _ I j

2
where k is the wave number of the y-photon, e = - - e is the neu-

y t A
tron effective charge, R is a normalization radius for the photon
wave function, and e is the electric field vector of the photons.

4 S3.00 Coovrieht WRS Ameriran TnsHfnl-e nf Wivsir.a
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The cross section can be written as

H ( 2 ) U _ R
i f ~ v 2 ( 2 1 + 1 ) m OLM ( u ) IT I E - E + fito I 2 fie K '

where the indices i, t and f designate respectively the initial,
intermediate and final states. The laser photon energy is nu>. The
reader is referred to ref. (2) for nomenclature and explicit expres-
sions for ^ and cfj. In the calculation of the cross section we
have investigated four types of intermedLate-state wave functions.

PLANE WAVE STATES

The wave function of the intermediate state can be written as

, _ ik «r ,,.
C ltQ 1.0)

i I

where x , , is the spin wave function; E = — — n k is the energy

of the intermediate state. For simplicity we make the reasonable
assumptions that

.2 .. .2 NS .2 .2 .. ,2k, » k » k » k » k

where kf, k and k are respectively the wave numbers of final state,

incident neutron and laser photon. Then we get the cross section

_ fiu.l/2|2

(6)

DISTORTED SCATTERING WAVES STATES

The intermediate state wave function has the same form as the
initial state wave function . The results contain four terms cor-
responding to the combinations of background and resonances in the
initial and intermediate states . The results for the background
contribution from the intermediate state are similar to the previous
section. The case of resonances in the intermediate state is dis-
cussed in the next section.

DISCRETE RESONANCES

When discrete p-wave resonances are chosen for the inter-
mediate states, their wave function can be written as
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J'H'_ V rM / E X ' ( e V ) JL' il/2 »J!'j'I

X A'j' "n2 k\' ?'tl r

A'
where r,, is the reduced neutron width and v .,.,(r) is the radial

An x j
wave function defined by an optical model potential between neutron
and the nucleus. We obtain the cross section for the laser induced
valence component through resonant intermediate states (LVR) as

(LVR) _ n r (2J+1) rX'nrA'yf, - ^

(V) 3
where V , , is the valence radiative capture width for resonance \'

A yt

The partial neutron width given by

(9)

can be regarded as the laser induced effective p-wave neutron width
for the resonance \'.

COMPOUND NUCLEUS PROCESS

(V)

Instead of H . in Eq. (8), we substitute r,, , the experi-

mentally determined partial radiative width. Then we get the laser

induced partial radiative capture cross section including compound

nucleus process.

ENHANCEMENT INDUCED BY LASER RADIATION FIELD

We define the laser induced enhancement factor as the ratio of
probability of a p-wave intermediate state excitation via two step
process (capture of low energy s-wave neutron plus capture of a elec-
tric dipole photon from laser) to the probability of a p-wave capture
of the incident neutron itself.

From Eqs. (8) and (9), the enhancement factor induced by the
laser radiation field for the Y~rav transition from the p-wave reson-
ance A.' is
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Vn

where Vyn Is the p-wave neutron width.
Now we estimate the order of magnitude of the quantities given

above. By using the following typical data Ef = 5 MeV, E = 0.024
eV, h'co = 1 eV, A = 100, Z = 42, 1 = 0, Sf = 1, we obtain

(LVB) » 1.0 x 10" 2 7 . 2 ., , .
(V/cm)] (In barns),

and

a(LVR)

5.2 10" (e(V/cm)) ,

10"-° (£(V/cm))

when we ignore the second term in
Eq. (9),

when the second term in Eq. (9)
plays a major role.

These results show that:

1. As the energy E ± nu approaches a p-wave resonance energy, the
cross section will be about 10 times larger than that when
E ± tio) Is far away from any p-wave resonance energy (background).

2. In order to obtain an enhancement for the -ŷ ray transition from a
shallow-bound or low-energy p-wave resonance level to a low-lying
s-wave neutron final state, the required laser electric field
shcjld be greater than 105 to 10 8 V/cm. The lower value 105 V/cm
corresponds to a rarely observed case where a p-wave and an
s-wave resonance energies differ by the laser photon energy.
Since the breakdown threshold for ionization of an ordinary gas
target is of <-he order of 10 V/cm, this implies that an experi-
mental observation of this phenomena may be very difficult.
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NKUTRON EMISSION
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Abstract

Beta-delayed neutron spectroscopy is applied to determine
reaction rates of neutron capture on several neutron rich nuclei.
I he results of these experiments arc ptesented and discussed in the
light of their astrophysical implications. Furthermore, the
experimental possibilities and limits of planned measurements arc
advert ised.

Int roduction

In stellar burning processes at high temperatures Tg i 0.4
and high neutron densities n 3 10 1 8 cm"3 a dynamical r-process
(nii-, n-process ' ) may contribute significantly to the formation
of heavy elements. In this process the reaction path is expected
to be far outside the line of stability and is determined by the
B-decay rates and the rates of neutron capture on radioactive
nuclei. A theoretical model of this process requires therefore a
detailed knowledge of the neutron capture rates involved. These
rates, however, cannot be measured directly yet.

The high level density of most of the medium and high mass
compound nuclei of such reactions allow statistical Hauser-Feshbach
calculations for determining the particular cross sections and
reaction rates . The results, however, depend significantly on the
assumed input parameters, such as level densities, neutron binding
energies, spin and parity of the target and of the compound nuclei.
Without such experimental, information on nuclei far outside the
line of stability, theoretical predictions may not be reliable.
Therefore effort has to be made in determining these parameters.

For nuclei in the r-process path near closed neutron shells
the level densities drop considerably due to the small neutron
binding energies. For such nuclides Hauser-Feshbach calculations
are no longer applicable. Single resonances, besides direct neutron
capture, will determine the capture reaction rates on these nuclei.
In these cases, del ailed nuclear structure information about
possible neutron unbound levels are important to calculate the
resonant contribution of these states to the reaction rate.

High resolution 13-delayed neutron spectroscopy seems to be a
tool to investigate the nuclear structure of neutron rich radio-
active nuclei. In the case of 87Kr it was shown recently - that

0094--243X/85/1250908-04 $3.00 Copyright 1985 American Institute of Physics
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the neutron peaks in the B-delayed neutron spectrum of 87Br
correspond to the same neutron unbound states as were found as
resonances in 86Kr(n,y)87Kr reaction. This proofs the applicability
of B-delayed neutron spectroscopy for yielding indirectly
information on level parameters relevant for neutron capture on far
unstable nuclei.

Experiments

The aim of the experiments was first to investigate the
nuclear structure of high-level density neutron rich nuclei, to
determine experimentally the level density for calculating the
reaction rate by the Hauser-Feshbach method and to proof also its
validity far off the valley of stability.

Secondly, it was searched for single neutron unbound states
in low-level density neutron rich nuclei in the r-process path.
The level parameters of those excited states can be determined by
measuring the different decay channels (n, y ) • From such data one
is able to extract the resonant contribution of these levels to
the reaction rates of the particular neutron capture reaction.

The experiments were performed at different isotope separators
(Isolde, CERN; Ostis, ILL Grenoble; Mafia, Kernchemie Mainz). The
neutron spectra were measured using standard time-of-flight
techniques or applying high resolution 3He-ionisation chambers.
In addition Y-single and YY-coincidence spectra were measured with
Ge(Li)-detectors.

Results

Porhol neutron spprj'um
lo trie ground stole ol SiSr

As example for determining capture rates to high level density
compound nuclei the B-delayed neutron decay of 95Rb was discussed.
By the allowed Gamow-Teller decay of 95Rb (J7r=5/2") to 95Sr
states with J77 - 3/2", 5/2", 7/2" are populated. Neutron unbound

states will decay pre-
dominantly by neutron
emmission to the ground
state (J7]=0+) and the first
excited state (J1I=2+) in
91tSr.7 The states observed
in the ground state neutron
spectrum (Fig.l.) occur
mainly as p-wave resonances
in the neutron capture on
91<Sr. The single resonance
strengths, calculated on
the basis of the Breit-
Wigner formalism, ° yields

in an experimental lower limit (^50%) for

From _he neutron spectra the level density for the 3/2~-levels

0 SB 1000 1!

Neutron energy I kev)

Fig.l. Partial energy spectrum
of B-delayed neutron emmission
to the ground state of 9l*Sr

in 95Sr can be determined to a = (13.0 ± 0.3) MeV-l 7 From this
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experimental number, a reliable value for the level density of the
states not populated can be evaluated. Figure 2 shows the resulting

contributions of synthetic resonances
with particular J77 to the neutron
capture rate. A comparison ot the
total rate with the results of a
Hauser-Feshbach calculation shows
good agreement (Tab.I). Theoretically
derived partial widths °, the experi-
mental level density as well as the
known spins and parities for the
first excited states of the compound
nucleus are the input parameters for
this calculation .

This method is also applied for
determining capture rates on other
neutron rich nuclei such as
96Sr(n,Y)9?Sr and 136Xe(n,Y)137Xe.
Sufficiently high level density is
expected for the respective compound
nuclei. Therefore, using correct
input data, the Hauser-Feshbach
rates should be reliable. Table I
shows the comparison between the
= 30 keV determined in the

103

-

3i
• /fill*

It'111'

-

1/2* '
-

i.o i.5
Tu«E c io9 i j

Fig.2. Resonant contributions
to the rate of 3"Sr(n,Y)95Sr

particular reaction rates at kT
different ways described above.

Table I Evaluated neutron capture reaction rates (mbarn)

Reaction Hauser-Feshbach Breit-Wigner
exp. tot.

Ref .5

86Kr(n,Y)
9"Sr(n,Y)
96Sr(n,Y)

136Xe(n,Y)

e7Kr
95Sr
97Sr
137Xe

4.12

2.71

2.51

1.40

1.30

1.06

0.37

0.10

3.

2 .

2 .

1.

43

33

73

39

4.8 ± 1.2

300

CHRNNEL NUMBER

Fig.3. The B-delayed neutron
spectrum of 50K

As a second example for
a low level density nucleus
the B-delayed neutron decay of
50K will be considered to
derive the neutron capture
rate for lf9Ca(n, y) 50Ca. In an
attempt to explain Ti-isotopic
anomalies in meteoritic
material 9, this rate was
suggested to be considerably
higher, compared to Hauser-
Feshbach predictions. The
ground state of 50K is
suggested 1 0 to have J11 = 0~.
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Therefore^ Gamow-Teller decay will populate J77 = 1 states in S0Ca.
The neutron unbound 1~ states are
expected to determine the neutron
capture rate on ll9Ca (J" = 3/2~) as
s-wave resonances. The R-delayed
neutron spectrum (Fig.3) reveals
the existence of a strong state
at Ex = 6.515 MeV, equivalent to a
(n,Y)-resonance at 155 keV.8

From the spectroscopic results
the neutron width Fn S 7.4 keV and
an upper limit for the y-width
Fy S 45 eV were derived. This
results in an upper limit for the
reaction rate, considerably higher
compared to the Hauser-Feshbach
predictions at high temperatures
T > 0.5 109 as shown in figure 4.

1 (10 K)

Fig.4. Predicted reaction
rates for *9Ca(n,Y)50Ca

Future experiments

It is planned to determine by this technique the rates of
different (n.Y)-reactions on high and low level density nuclei. In
particular, in capture reactions on 1(6K, 1)7'1(8'50Ca and 51Sc single
resonances may determine the reaction rates. The investigation of
these raections may help to understand the isotopic anomalies in
the Ca-Ti region.9
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DIRECT MEASUREMENT OF NATURAL LINE WIDTHS
IN DELAYED-NEUTRON ENERGY SPECTRA*

Robert D. McElroy and David D. Clark
Ward Laboratory, Cornell University, Ithaca, NK 14853

R. L. Gill and A. Piotrowski
Brookhaven National Laboratory, Upton, NY 11973

ABSTRACT

Delayed-neutron spectra of mass-separated fission products from
the TRISTAN facility at Brookhaven are being investigated to develop
systematics of neutron resonances in the 1-100 keV range in neutron-
rich nuclides as a unique experimental basis for testing theoretical
extrapolations of level parameters and neutron cross sections from
stable to very unstable uclides. Aims, methods, and early results
have been described elsewhere. The time-of-flight system yields
resolved peaks, >10 between 3 and 100 keV in Rb-95 and Rb-97.
Natural line widths have been deduced to date for two Rb-95 peaks:
414 + 33 eV for the 14.44 + 0.09 keV resonance and 670 ± 270 eV for
the 20.70 ± 0.13 keV resonance, found by fitting the experimental
data to a Lorentzian convoluted with a calculated system response
function. Similar analysis of further peaks and deduction of level
densities and other parameters await additional data from newly im-
proved apparatus and planned experimental checks of the resolution
calculation by measuring the Br-87 spectrum and comparing it with
known resonance parameters of the Kr-86 + n cross section.

INTRODUCTION

The phenomenon of beta-delayed neutron emission affords unique
empirical clues to neutron cross sections of far-unstable nuclides.
The key point is to exploit the inverse relationship between neutron
emission and absorption by compound-nuclear levels above the neutron
binding energy. Data of sufficient quality and quantity to allow
construction of empirically based cross sections for very neutron-
rich nuclides are of interest for astrophysics and for nuclear
theory. These cross sections may in some cases be dominated by in-
dividual isolated resonances and in others may be viewed as aver-
ages over a number of closely spaced resonances. In either case,
delayed neutron spectra are a unique source of data for nuclides
that are completely inaccessible to direct measurement. The
validity of this approach has been demonstrated recently in an un-
published report by Kratz et al. who applied it in the case of two
precursors: Br-87 and K-50.

*Supported in part by U.S. Department of Energy

0094-243X/85/1250912-04 $3.00 Copyright 1985 American Institute of Physics
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METHOD

The basic experimental method has been described elsewhere.
Briefly, the time-of-flight (TOF) apparatus consists of a plastic
scintillator telescope to detect betas that feed neutron-emitting
levels and a Li-6 glass scintillator to detect the emitted neutrons.
The TOF signal and slow signals from the neutron and thick beta
detectors are digitized and recorded in three-parameter event mode.
The neutron detector pulse height is used to eliminate many of thp
pulses due to gammas, the beta pulse height to measure the beta
energy. In a recent modification, not yet used, two additional
neutron detectors have been added and the electronics modified so
that data can be taken at three times previous rates.

The event mode data are analyzed in straightforward fashion to
eliminate unwanted events such as randoms and energy spectra are
derived. The system response function has been extensively studied
in Monte Carlo and other calculations. With typical flight paths of
50 to 70 cm the FWHM energy resolution is less than 4% below 50 keV.
The calculated response to monoenergetic neutrons is a very clean,
nearly symmetric peak. For a few lines in the spectra the resolu-
tion is sufficient to permit deduction of the natural level width.
The experimental data in the TOF spectrum are fitted to a Lorentzian
of width r convoluted with a system response function composed of a
Gaussian timing curve (2.97-ns FWHM), a trapezoidal contribution
from detector thickness and non-axial path lengths, and an exponen-
tial tail (calculated by Monte Carlo) from multiple scattering in
the neutron scintillator.

The calculated system response function can be quantitatively
checked experimentally by measuring the spectrum of Br-87 and com-
paring the analyzed results with an expected spectrum derived from
the precisely known resonance energies and widths found by Raman et
al. in cross section measurements. (This is the only case in
which it is feasible to compare a delayed neutron spectrum with the
cross section of a stable target nuclide.) We plan such a calibra-
tion of our system when the appropriate ion source is available to
us at TRISTAN.

RESULTS

The principal isotopes that have been suitable for initial
experiments with the TOF system have been the rubidiums, and two
have been studied so far: Rb-95 and Rb-97. Tables of energies and
intensities are attached. In the table for Rb-95 results by Ohm^
are shown; they are taken with a Cuttler-Shalev He-3 gridded ioniza-
tion chamber. The TOF system has better energy resolution in the
range below 100 keV; hence more peaks are apparent. In studies with
a proton recoil spectrometer, Greenwood^ reports peaks at 14.1,
26.4, 47, and 93.3 keV. His results and those of Ohm above 100 keV,
where the TOF system resolution is worsening, are not shown here.

The two cases in which the natural line width has been found
are stated above in the abstract.
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Table I Energies and Intensities of Rb-95 Delayed Neutrons

this work
E (keV)
n

In(rel)
Ohma

En(keV) In(rel)

9.8 ± 0.1b

12.0 ± 0.2
14.44± 0.09
19.7 + 0.2b

24.0 ± 0.23
26.70± 0.13
31.2 ± 0.2
36.3 ± 0.2
38.9 ± 0.24
41.0 + 0.35
45.52+ 0.25
47.68± 0.25
50.75± 0.40
57.0 ± 0.35
60.5 ± 0.4
64.72± 0.32
72.9 ± 0.5b
78.3 ± 0.4
81.7 ± 0.4
86.6 ± 0.5
94.6 + 0.7

7.6 ±
13.7 ±
(100)

7.8 ±
8.7 ±

30.4 ±
8.0 ±
7.5 ±
12.5 ±
7.2 ±
9.6 ±
12.9 ±
8.7 ±
7.6 ±
5.9 ±
13.1 ±
U.6 ±
12.3 ±
10.2 +
7.0 ±

2̂0

3.9
5.1

2.4
4.4
5.8
2.0
2.3
3.3
3.2
2.6
3.1
3.8
2.6
2.8
3.2
3.2
3.6
2.6
3.7

.13.6 ± 1.1 (100)

25.5 + 1.1 28.2 ± 1.6

41.4 ± 1.3 6.4 ± 0.9

72.6 ± 1.5 2.7 ± 0.3

83.5 ±1.2 10.3 ± 0.7

94.2 ± 1.2 15.5 ± 0.9

aRef. 4 BPossibly doublet

Table II Energies and Intensities of Rb-97 Delayed Neutrons

ET1(keV) I (arb)n

4.3 ±
8.9 ±
11.4 ±
14.2 ±
16.8 ±
19.9 +
27.6 ±
31.5 +
38.0 ±
49. ±
53. +
70.0 ±
82.2 ±
107. +

0.15
0.2
0.2
0.2
0.3
0.3
0.3
0.4
0.4
0.5
0.5

2.3
5.5
3.4
3.0
2.4
6.5
5.2
3

± 0.7
± 1.6
+ 1

7 ±

4
1.1
1.0
2.1
1.4
1.1

2.5 + 1.0

13.3 ± 2.4
7.8 ± 1.3
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SUMMARY

Experimental studies of delayed neutron spectra are a unique
source of information on level parameters of nuclides far from the
valley of stability which are of astrophysical and theoretical in-
terest. TOF experiments to date have revealed a number of new peaks
and have permitted deduction of natural line widths for two strong
lines. Future work will exploit the high resolution, clean response
function, and beta-energy sensitivity of the TOF method to derive
level densities and positions of a series of neighboring nuclides
in the fission product region. Level widths, though of interest,
cannot be determined for a large number of case; however, the level
densities expected for neutron-rich nuclides that lie between the
stable valley and the neutron drip line should be readily determined
from experiments of the type presented here.
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ON THE LIMIT RESOLUTION OF A CURVED-CRYSTAL

GAMMA-RAY SPECTROMETER

V.L.AIcxeev, E.K.Leushkin, L.I.Molkanov, V.L.Rumiantsev

Leningrad Nuclear Physics Institute, Gatchina, USSR 188350

ABSTRACT

Superhigh resolution with use of a bent natural quartz crystal has been obtained.

The instrumental line-width at Ey = 176.8889±0.0002 keV was 0.19 s of arc (5.9 eV)

in the 2nd of reflection and 0.20 s of arc (2.5 eV) in the 5th order.

The highest resolution in curved—crystal gamma—ray spectrometers is obtained by

diffracting from the (110) planes of quartz, which does not cause line broadening

because of elastic quasi—mosaic' . J.W.Knowles stales in his review that the

effective mosaic widthCi^ is = 1 s of arc for nearly perfect crystals of natural

quartz. Since the resolution of the best curved—crystal spectrometers is close to this

value, it is concluded that a further improvement of the angular (energy) resolution

with quartz crystals is impossible. This assertion was checked experimentally in the

course of this study.

Measurements were carried out with a modified 4 m Cauchoistype curved—crystal

gamma-ray spectrometer K"K-2'- ' ' . Jhe 3.78 mm thick crystal of natural quartz

reflecting from the (110) planes was prepared using the crystal cutting and adjusting

technique described in the preprint . Steps were taken to reduce the contribution

to the angular width of a line from the geometry and from the residua! aberration of

the crystal area used (50—100 mmi down to •$ 0.2 s of arc.

At IZ;, = 176.8889±0.0002 k. v (from the Pr (n ,y) 1 4 2 Pr reaction) the instrumental

line width was 0.19 s of arc (5.9 eV) in the 2nd order of reflection and 0.20 s of arc

(2.5 eV) in the 5th order, which corresponds to the resolution AE/L of 0.0033^ and

0.001.4?;, respectively. The line shape is shown in the figure.

The findings were analyzed and the instrument parameters optimized for the super-

high resolution using a program developed for the computer BFSM-6. The calculated

line shape agrees well with the experimental one for an effective mosaic width

Wm ^ 0.1 s of arc.

Thus it has been proved experimentally that a substantial increase (by an order of

magnitude) of curved—crystal gamma—ray spectrometers resolving power is possible

using natural quartz crystals.

0094-243X/85/1250916-02 $3.00 Copyright 1985 American Institute of Physics
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CRYSTAL REFLECTIVITY FOR GAMMA RAYS

E. Kaerts and P.H.M. Van Assche
University of Leuven, 3030 Leuven and SCK/CEN, B-2400 Mol Belgium

ABSTRACT

The integral reflectivity of a 3.5 mm thick, bent Si(22O)
crystal was measured. Its energy dependence was found to be

E-0.96±0.04 i n t h e energy range 344-1408 KeV. This result is
discussed and it is shown that the use of these highly perfect
silicon crystals can substantially extend the high energy range
of crystal diffraction spectrometers.

INTRODUCTION

The utility - and the limitations - of a Bent-Crystal Dif-
fraction (BCD) spectrometer depend strongly on the behaviour of
the analyzing crystal. A study of large crystals for a bent-crys-
tal gamma diffractometer by L. Jacobs (1), L. Jacobs and M. Hart
(2) already showed that the use of highly perfect silicon crys-
tals instead of the traditionally used quartz crystals can sub-
stantially improve both spectrometer efficiency and energy reso-
lution. Through its reflectivity behaviour, the crystal also
determines the high energy limit of the spectrometer. With regard
to the favourable energy resolution and precision of highly per-
fect silicon crystals over quartz crystals, it is interesting to
study their influence on the high energy range of BCD spectro-
meters. In practice, the standard can be set by the two bent
quartz crystals as used in the spectrometers at the I.L.L. high
flux reactor in Grenoble (3). For y-energies above 150 KeV
(350 KeV) in the 4 mm (13 mm) case the crystal reflectivity shows
an E~^ energy dependence.

EXPERIMENTAL

The energy dependence of the integral reflectivity of a
3.5 mm thick bent Si(220) crystal was measured using y~transi-
tions following the e/fi+ and p~ ground state decay of both 152Eu
(T 1 / 2 = 13.3 y) and

 151(Eu (T 1 / 2 = 8.8 y ) . Reflectivities of only
those transitions that could be measured in both the diffracted
and the transmitted beam were taken into account. By doing so, no
afterwards corrections for absorption In the crystal had to be
made. A total of ten measuring points between 100 KeV and 1500
KeV was selected.

RESULTS

A relative value for the integral reflectivity was obtained as

where IQ is the intensity in the transmitted beam and the summa-
tion goes over the diffraction profile. Because we only wanted to
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study the energy dependence of the reflectivity, no attempt was
made to reach absolute values. The energy dependence was measured
to be E " o > 9 6 ± 0 * 0 4 in the energy range 344-1408 KeV. The
saturation point of the reflectivity is found to lay around
300 KeV. The obtained integral reflectivity curve is shown in
Fig. 1. The observed behaviour of the integral reflectivity in
this artificial grown crystal brings new insight in theories of
diffraction and of crystal structure, both influencing it.
Indeed, no simple explanation of the observed linearity in the
high energy range can be found in standard diffraction theories
(4). Tn collaboration with the National Bureau of Standards in
Washington and the Institut Laue Langevin in Grenoble a theoreti-
cal explanation will be given later.

DISCUSSION

The saturation point of the crystal reflectivity depends on
the crystal thickness. By thickening the crystal, the saturation
point can be shifted towards higher energies. However, the total
y-diffraction efficiency of a crystal is not only determined by
the crystal reflectivity but also by the absorption of y-radla-
tion passing through the crystal. A comparison between the total
diffraction efficiencies of the two quartz crystals that are used
in the spectrometers at the I.L.L. and our silicon crystal is
shown in Fig. 2. For energies beneath the saturation point, the
theoretical saturation value of 50 % is assumed for the reflec-
tivity. The absorption of y-radiation In the crystal Is taken
into account through the factor exp (-|iT/cos0), with (i the lin-
eair absorption coefficient for the concerned crystal and T the
crystal thickness. Because of the low reflectivity for high ener-
getic (E> 200 KeV) y-rays diffracted by the 4 mm quartz crystal
and the high absorption of low energetic (E < 200 KeV) y-rays in
the 13 mm quartz crystal, it is obvious that a combination of the
two crystals is necessary for a meaningful spectroscopic study of
y-transitions up to an energy of one MeV. The reflectivity be-
haviour of the 3.5 mm silicon crystal - i.e. lineair instead of
quatratlc wavelength dependence - offers the possibility of
scanning the whole energy range from a few tens KeV up to a few
MeV with only one crystal without disturbance due to the absorp-
tion of low energy y-rays. Beside improving the energy resol-
ution, the use of these nearly perfect silicon crystals will also
substantially extend the high energy range of crystal diffraction
spectrometers.

REFERENCES

(1) h. Jacobs, Thesis (Katholieke Unlversiteit Leuven, 1977)
(2) L. Jacobs and M. Hart, Nucl. Instr. and Meth. 143 (1977) 319
(3) H.R. Koch, H.G. Borner, J.A. Pinston, W.F. Davidson, J.

Faudou, R. Roussille and O.W.B. Schult, Nucl. Instr. and
Meth. 175 (1980) 401

(4) W.H. Zachariasen, Theory of X-ray diffraction in crystals
(Dover, New York)



921

ACCURATE DETERMINATION OF GAMMA-RAY
ENERGIES FOR E <_ 2 MeV

E.G. Kessler, Jr., G.L. Greene, and R.D. Deslattes
Center for Basic Standards, National Bureau of Standards

Gaithersburg, Maryland 20S73

H.G. Borner
Institut Laue-Langevin, Grenoble, France

ABSTRACT

A flat crystal spectrometer facility has been established at
the 57 MW reactor at the Institut Laue-Langevin (ILL). The high
flux reactor with the associated source changing facilities produces
the intense capture gamma-rays needed for the high-resolution low-
efficiency spectrometer. Initial measurements of gamma-ray energies
up to 2 MeV from the reaction 35Cl(n,y) have clearly demonstrated
that sub-ppm measurements of intense sources are possible in the 2
to 4 MeV region. Energy values for the 517, 786, 738, 1165, 1951,
1959 keV lines are available with uncertainties of ^ 1 ppm. Three
of these lines (786 + 1165 = 1951) satisfy the sum rule to better
than 1 ppm. Future prospects for high energy capture Y-ray measure-
ments which impact on the neutron mass and the fundamental constants
are briefly discussed.

INTRODUCTION

The goal of the experiment described here is to extend gamma-
ray energy measurements to as high an energy and accuracy as possi-
ble. To achieve this goal a gamma-ray spectrometer developed at
NBS has been coupled to the high flux reactor at the ILL.1 This
new flat crystal facility has been operational for about nine months
and has produced % 1 ppm energy measurements up to E = 2 MeV.

The new facility incorporates the technology which was used to
establish low energy (E < 500 keV) gamma-ray standards.2'3 The mea-
surement scheme is designed to relate in a rigorous way, y-ray ener-
gies to the optical wavelength scale and the Rydberg constant, R^.
Only intense gamma-ray lines can be measured because of the high°°
resolution and low efficiency of the gamma-ray spectrometer.

In the region E > 1 MeV, intense gamma-ray lines are only
available from prompt (n, y) reactions. Thus, the gamma-ray source
must reside within the reactor during measurement. The high flux
(̂  5 x 1011* ncm"2s"1) and existing tangential port with source
changing apparatus at the high flux reactor of the Institut Laue-
Langevin provide a unique facility for this work.1*

MEASUREMENT FACILITY

The measurement scheme which links the gamma-ray and optical

0094-243X/85/1250921-O4 $3.00 Copyright 1985 American Institute of Physics
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regions consists of three distinct steps.2 Only the third step
takes place at the ILL facility. In the first step the lattice
spacing of a particular nearly perfect silicon crystal is compared
to an optical wavelength using simultaneous optical and x-ray inter-
ferometry. In the second step the lattice spacings of other crys-
tals (Si and Ge) are compared to the interferometrically measured
crystal. In the third step, crystals whose lattice spacings have
been determined in step two are used to diffract gamma-rays. The
spectrometer used in this last step is a precision absolute angle
measuring device. Gamma-ray wavelengths are obtained by combining
the lattice spacing and diffraction angle measurements via the Bragg
relation.

The gamma-ray spectrometer is a two axis flat crystal spectrom-
eter whose crystals are used in transmission. The support plate
for the spectrometer rides on rails which permit the instrument to
be removed from the beam when measurements are being made with GAMS
2/3. The spectrometer is approximately 17 m from the source and the
two crystals are separated by 53 cm. Slit collimators are used be-
fore, between, and after the crystals in order to prevent the direct
beam from entering the detector and to reduce background.

Each axis is equipped with a polarization sensitive Michelson
interferometer having an angular sensitivity of 10"9 radians. The
interferometers are absolutely calibrated by requiring the sum of the
external angles of an optical polygon to equal 360 degrees. The cal-
ibration procedure is accurate to better than a 0.1 ppin, but thermal
and temporal drifts require calibration of the interferometers before
and after a measurement.

Three sets of crystals are available for diffracting y-rays -Ge
400, Si 220, and Si 111. The crystals are 5 cm wide x 2.5 cm high x
a few mm thick and are mounted in a manner which minimizes strains.
A study of crystal widths as a function of energy and order clearly
indicates that the perfection of the Ge crystals is superior to that
of the silicon crystals. The Ge crystals have been used for all of
the measurements at ILL to date. The ILL source manipulating appa-
ratus limits the source area to approximately 0.2 x 2.5 cm2. Thus,
only the central few mm of the crystals are used for diffraction.

3GC1 DATA

The source for the 36C1 capture gamma-rays was 1.8 gm of NaCl
contained in a graphite holder 0.25 x 1.3 x 2.5 cm3. The intense
gamma-rays which were measured are the 517, 786, 783, 1165, 1951
and 1959 keV lines. The first order Bragg angles ranged from 0.49
degrees for the 517 keV line to 0.13 degrees for the 1959 keV line.
Gamma-ray intensity profiles are recorded by step scanning the
second crystal in angle while the first crystal is held fixed.

Preliminary data analysis indicates that all energies are
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accurate to approximately 1 ppm except the 1959 keV line for which
only very limited data was recorded. Three of the lines are con-
strained by the level scheme (786 + 1165 = 1951). After correction
of the measured energies for recoil, the Ritz sum rule appears to be
satisfied within the uncertainty. Thus, the ability to accurately
measure energies which differ in magnitude by a factor of three ap-
pears to be demonstrated. Final energy values for these intense
lines are expected to be available in the near future.5

FUTURE DIRECTIONS

The availability of high accuracy, high energy gamma-ray ener-
gies opens a number of interesting experimental possibilities.
These include an improved value of the neutron mass, an alternate
route to the fundamental constants combination N,,h/c and the fine
structure constant a, and the establishment of consistency between
gamma-ray energies based on the wavelength scale and those based
on the mass difference scale.

All of these possibilities involve the deuteron binding energy
which is determined by measuring the (n,p) 2.2 MeV capture y-ray.
This energy currently has an uncertainty of 3 ppm.6 A significant
collection of data in this gamma-ray line has been recorded with the
new flat crystal facility. A value accurate to near 1 ppm is antici-
pated from these measurements.

The measurement of this 2.2 MeV capture gamma-ray presents an
opportunity for an improved determination of the neutron mass. The
relevent relation for the neutron-hydrogen atomic mass difference is
M(n) - M(H) = Ey(2.2 MeV) - M(H2 - D). Because this mass difference
depends on the capture gamma-ray energy and the H2 - D mass doublet
splitting, significant improvements in the neutron mass will only
result if both the capture gamma-ray and the mass doublet splitting
are improved.

To obtain a value for N»h/c, the same precision energy and mass
spectroscopic techniques usea in the neutron mass measurement need
to be re-applied to larger energy intervals. An example of such a
measurement is discussed in detail in Ref. 1. For our purpose here
it is sufficient to remark that measurement of an energy interval
in terms of a wavelength, A, and an atomic mass difference, AM,
leads via the mass-energy conversion relation to the equation
Nflh/c = AMA. Both the wavelength and the mass measurements need to
be improved since the current value of N.h/c has an uncertainty of
^ 0.2 ppm. However, the scientific interest in such a measurement
is high because it provides an independent route to the fine struc-
ture constant.

Energy and mass measurements which contribute to N.h/c also
provide an important link between the wavelength and mass difference
gamma-ray energy scales. The high energy gamma-ray energy scale has
traditionally been based on mass spectroscopic measurements of iso-
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topic mass differences.7'8 The extension of the wavelength measure-
ments into the high energy region and the improvement in the mass
difference measurements should provide gamma-ray energies up to 5
MeV which are significantly more consistent and accurate.
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STUDY OF RADIATIVE CAPTURE GAMMA-RAYS ARISING PROM
NEUTRON INTERACTIONS WITH IRON BARRIERS

R.M.A. Maayouf and A.S. Makarious

Reactor & Neutron Physics Department, NRC,
Atomic Energy Authority, Cairo, Egypt.

ABSTRACT

This work represents the measured data of the
spatial and angular energy distributions of radiative
capture y -rays produced from the interactions of
reactor neutrons with iron barriers of different
thicknesses. The measurements were performed, at
different angles of neutron incidence and emission of
y -rays, using a V -spectrometer with stilbene
scintillator. The measurements show that for barrier's
thickness %. 5 cm, the increase of the angle of neut-
ron incidence (to 70°) decreases the value of the
capture tf -ray flux by 1.2-5 times the value obtained
when the angle of incidence is 0°. The data also show
that the increase in the angle of emission, for barr-
iers £. 5 cm, by 5O°-7O° decrease the capture )> -ray
flux respectively by~ 2-3 times. The emperical formula
describes the present measurements with adequate
accuracy (10-15%)» is also given.

INTRODUCTION

The knowledge of the secondary gamma radiation
characteristics allows, where nuclear facility shields
are concerned, an optimal choice of thickness and
alternation of layers. This is from the point of view
of both the minimum radiation heat generation and the
minimum dose of mixed radiation behind the shield.
The information yielded, from studying gamma rays
emitted from different thicknesses of materials widely
used for radiation shielding, is important both for
studying the production and attenuation of gamma rays
through matter and for calculation and design of reae-g
tor shields1 . Regardless the existing measurements
carried OUJ using reactor neutron beam, are few and
mainly concerned with integral values.

In this work are presented the results of measure-
ments carried out with iron barriers, of different
thicknesses, exposed to a primary neutron beam from
one of the horizontal channels of the ET-RR-1 reactor
and to a beam filtered through boron carbide.
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EXPERIMENTAL DETAILS

Neutrons emitted from one of the horizontal chann-
els of the ET-RR-1 reactor, see Pig. 1, are first
collimated and then incident on the sample with an
angle ©o to the normal. The emitted gamma rays were
detected, using a stilbene s

scintillator. A detailed /
description of the spectro- °
meter and the technique &£%
used for discrimination
against neutrons are given

elsewhere . The measure-
ments were carried out for
iron samples of infinite
diameters and of thickne-

ET-RR-I
collimatafl f
neurrons -

Sample

."̂  .'^Defector
"** COllrmaror

sn'. '•'

380 m
cc'cner

determined by chemical arrangement,
analysis, were 0(5.0% by weight), Si(0.05%),Mn(1.0%),
P(2.0%), and S(0.04%). The space energy distributions
behind iron samples of different thicknesses, were
measured at different angles of incidence ©o and
emission ©; both angles were varied. The sum of the
angles 9O and © was varied for each sample between
50 and 120 degrees. All the experimental runs were
made with the ET-HR-1 reactor operating at full power
(2MW). The measurements were performed with a direct
neutron beam and with the beam filtered through a 1-cm
thick BJi filter positioned at the beam exit. Also a

background measurement was carried out for each run,
by blocking the beam with a lead filter (45 cm length)
placed on the symmetry axis of the neutron beam bet-
ween the beam collimator and the sample.

ANALYSIS OP THti EEEERIMEHi'AL DA7A

The measured pulse amplitude distributions were
transformed to y -energy distributions exactly as des-
cribed in refex'ence °. The contribution due to primary
V -rays, emitted from the ET-HR-1 reactor, in the
measured y -spectra was eliminated by subtracting esti-
mated values of primary 1 -rays spectra from the mea-
sured ones. The estimation of the contribution due to „
primary V -rays was performed as described in reference'.

RESULTS AND DISCUSSION
Some of the radiative capture V -ray spectra,obtain-

ed in the present measurements, emitted from the iron
barriers are represented in Pig. 2. The spectra are for
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different thicknesses, angles of neutron incidence ©0 ,
and angles of V -emission ©. The characteristic capture
V -peaks, at 6.02 and 7»64 MeV, are observed in all the
displayed spectra.

5crr thck
fi0 -a\ B- 70*

10cm thick
e,,-o-,e-7o*

N

ca

ho
t.

Q.

e

10

10°

io"

5 Cfr Ihck

e0- 3c ,e- so*

n P-|

J

Sen- thicK

1 1 i 1 1

5 cm thick

8 . - 7 0 - , S - 3 0 -
5 cm thick

8 • 70', B • 50*

I I l _
I 3 5

y - Energy ( MeV )

Pig. 2. Radiative capture y -ray spectra measured at
different conditions.

The dependencies of the intensity of the observed
r -peaks, deduced from the spectra displayed in Pig.2,
on sample thickness, ©0 and © are represented in Fig.3.
It is noticeable that the increase of the barrier's
thickness from 2-10 cm (at ©o = 0°, © = 70°) decreases
the intensity of the peaks observed at 6.02 and 7.64MeV
respectively by ~ 5 and. 10 times the intensities obser-
ved for a barrier 2 cm thick. The increase of; the angle
of neutron incidence ©o from 5O°-7O°,while the angle ©
is fixed at 50°, decreases the intensity of bhe peaks
observed for 5 cm thick barrier at 6.02 and 7.64 MeV
respectively by ~ 1.6 and 2.6 times the values observed
when ©o = 30°. At an angle ©? = 70°, the increase of
©, up to 50°, decreases the intensity of the peaks emit-
ted, from the 5 cm thick barrier, at 6.02 and 7*64 MeV
respectively by -^1.4 and 3«8 times the values observed
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Fig. 5. The dependencies of
the intensity of the
observed y -peaks.

at 6=0°. Thus, the
oblique incidence of
neutrons on the
shielding barrier in-
fluences the y -ray
flux in a way similar
to an effective in-
crease of the barrier's
thicknesso The angular
distributions of all
the radiative capture
V -ray fluxes,obtain-
ed from the present
measurements, are
displayed in Fig. 4
for different thick-
nesses of the iron
barrier and angles 6O.
The display show the
dependency between
the radiative capture
V -ray flux,at diff-
erent angles of neut-
ron incidence ©? > on
the angle of emission
©.

It was found in the present work, that the angular
distribution of the radiative capture V -ray flux
0(©o » ©»t) can be described by the following empiri-
cal formula :

f A-0*/cos ©o -bt/cos ©I

bt/cos © - at/Cos ©o

Where (X and b depend on the samples composition while
A depends on both the incident neutron beam and barri-
ers thickness t. The solid curves, represented in Pig.
4, are calculated using this formula with the parame-
ters ft =0.0878, b=0.0809 and A=17.42, 8.5 and 3.67 res-
pectively for barrier's thicknesses 2,5 and 10 cm.The
agreement between the trends, calculated from the emp-
irical formula, and the experimental points is rea-
sonable within the accuracy of measurements (10-15%).
It is noticeable that for barrier's thickness ̂.5 cm
the increase of the angle of neutron incidence ©0 (up
to 70°) decreases the value of the capture 9 -flux by
1.2-5 times the value when the angle of incidence is
0°. This seems to be consistent with the results of
calculations reported by Barsov et al.̂ " , where they
found that the increase of angle of incidence (to 60°),
on the iron barrier, decreases the density of the
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capture V -radiation
sources by 1.5-2 times
the value obtained when
the angle of incidence
is 0°. Also one can see
from Pig. 4, that the
measured distributions
are close to the iso-
tropic at least for
angles © < 50°. This
well agrees with the
conclusions given by
Abagjan et al.° ,where
they stated that the
angular distribution
of the secondary y -
radiation flux,behind
the shield of heavy
materials, is slightly
anisotropic (close to
the isotropic at least
for angles ©<6O°).

Angle of emission , 8 (deg I

Fig. 4. The angular distribu-
tions of the capture
1( -ray fluxes measur
ed at different barr-
ier thicknesses and
angles of neutron in-
cidence 8O.
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REPLACEMENT OF THE VESSEL AND BEAMTUBES OF THE HIGH FLUX REACTOR
IN PETTEN

K. Abrahams and F. Stecher-Rasmussen
Netherlands Energy Research Foundation

P.O. Box 1, 1755 ZG PETTEN, The Netherlands

M. J. W. Weel, Video Team JRC, Petten

ABSTRACT

In Petten the Nuclear Structure Group uses neutron radiative
capture as a tool for the study of bound and unbound states.
Neutron rich nuclei provide a testing ground for physical theories
and are relevant for nuclear applications. Moreover, neutron beams
do not heat the target and therefore work with polarised target
nuclei is feasible. In this paper -a slightly modified text of a
video presentation -it will be shown how replacement of the
reactor vessel was involving our group.

INTRODUCTION

The reactor vessel, which is located in the centre of a pool
filled with water, had become brittle in course of 23 years of
operation and had to be replaced. This replacement of the vessel
could only be performed if the experimental hall was cleared and
the beamtubes were removed. We had a unique possibility to upgrade
the neutron beam facilities. In the new configuration for example
the large facility at the previous thermal collumn will be conver-
ted into a twin beam arrangement, where one channel will provide a
beam of filtered neutrons (24 keV) and the other channel a beam of
thermal neutrons. Both beams are optimized to yield very high
neutron flux densities. Further to this new installation the
present beam channels for polarized thermal neutrons will be
upgraded.

It is clear that this project took quite some time spent for
preparation. Many people have been involved in designing, drawing
and planning. As we are not the only users of the reactor we have
to discuss the refitting procedure extensively and you will under-
stand that the time schedule was a point of concern.

The new reactor vessel was still not completely mounted v/hile
an identical copy of the vessel was already available. In case
that one of the vessels is not fulfilling the requirements it is
always possible to take the duplicate. This was done because
hundreds of people are waiting for the reactor to start up again
and it will cost much less tc make a second vessel than to risk
delay.
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REMOVAL AND STORAGE

In October 1983 the old reactor was scrammed for a year and in the
meantime the electronics were removed and the concrete shielding
blocks had to be taken away.

Also in the operation of removvl and storage many people were
involved because this was rather delicate equipment as for example
the nuclear orientation setup (which is unique in the world). With
this setup nuclei in the target can be oriented with their
magnetic moment in interaction with the field generated by a super
conductive magnet- The target is cooled in the large cryostat. The
temperature which can be reached there is of the order of a few
millikelvin in fields up to eight tesla.

This setup was rather compact and easily transportable and
mounted in a special handle to secure it- Also the pumping equip-
ment is rather large, but it is so compactly designed that it does
not have to be demounted before it is removed, which is convenient
because we intend to restart the system in a few uonths. A big
truck was used to carry out the most bulky parts of the shielding.
Main problem during the removal procedure was the weight and
delicacy or the instruments and the radiation background.
While the shielding blocks are removed health physicists con-
trolled the contamination and the radiation level.

Also quite some time was devoted to the removal of the system
which used to polarize neutrons. It was cleared after fifteen
years of intensive use. During the month November 1984 therp were
still many loose ends and these were sad moments for the physi-
cists who saw their ideas and dreams reduced to concrete and steel
again.

The large facility, which replaced the earlier thermal collumn war
most difficult to remove. The removal of the external blocks of
concrete had to be followed by collimator extraction and by
extraction of a large nickel mirror system, which focussed a
thermal neutron beam into an intense beam spot. A lead coffin
housed the mirror system during the shut down time of the reactor.
This large lead container is needed because this system is higly
radioactive, and it will not be disposed off but stored because it
has to be re-installed again. First this coffin was carefully
adjusted to allow extraction of the mirror system and then we
pulled the system into the coffin.
In this way we could remove the system easily although there was a
dose level of hundreds of rems per hour inside the coffin.
Large shielding walls were removed by riding on rolls just as used
by pyramide builders to remove large blocks.

After removal of Lhe external shielding we entered into the
other beamtubes and with a special envelope (a cylinder) the
collimators were extracted in the same method as was done earlier
for the nickel mirror system.
First the envelope was adjusted and then the operator pulled the
beam collimator into the envelope, while health physicists moni-
tored the radiation levels continuously. At the tip of the colli-
mators the dose levels are of the order of a few rem per hour but
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at the place where people worked of course the dose level was a
thousand times less.

Inside the reactor pool the reactor had been disconnected
from the cooling systems in the meantime so that the next step in
the procedure was the removal of the baamtubes. These operations
have been performed under water because the radiation level should
be reduced. The top flange of the reactor was carried out to be
replaced by a wooden dummy flange, because no bolts or loose ends
should trouble the removal procedure. The next step was the remo-
val of all bolts by means of which the vessel was connected to the
bottom of the pool. After this was done it was possible to lift
the vessel in a rather smooth procedure. Two operators on the top
of the vessel were lifting the vessel and moved it under water to
the other side of the pool where it was sliced with a pneumatical-
ly driven saw. It turned out that the aluminium was not at all
radioactive and there even were plans to convert the slices into
sundials to present it to some of our relations. It is very
interesting to note that in some places quite a fraction of the
aluminium was converted into silicium by the neutron radiation.

The most difficult part of the whole operation was the remo-
val of the thermal collumn where the nickel mirror system was
placed. It is much bigger than the reactor vessel Itself and, what
was more troublesome, it was much more radiating (up to thousands
of rems per hour). A special envelope was made for this procedure
and adjusted to extract the thermal collumn. All the work from
then on should be done very carefully planned on a large distance
with a good shielding. Some force had to be applied but not to
much because it turned out that everything moved almost as easily
as more than twent> years ago. After sealing off the whole thing
was rolled out and moved to the waste disposal area.

START OF REFITTING PROCEDURE

Inside the pool, which had he_'n dried, special lead blocks were
placed to protect against radiation from the activated shielding
around the beam ports.

Next the system, which will be replacing the large facility at the
place of the previous thermal collumn, was mounted. This was an
aluminium twin beam construction, which allows a much better
shielding with water, concrete, and steel plates. Large solid
angles are possible as both beams can see one quarter of the whole
reactor vessel and with a specially designed collimator this will
yield a rather background free set of beams with extremely high
intensity. The new reactor vessel came In from the factory in July
1984 and it was placed into the reactor main shielding (the dried
pool) in order to see wether all measures are within tolerances.
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UPGRADING THE BEAM FACILITIES OF THE HIGH FLUX REACTOR IN PETTEN

F, Stecher-Rasmussen
Netherlands Energy Research Foundation ECN,

P.O. Box 1, 1755 ZG Pet ten, The Netherlands.

1. INTRODUCTION

The High Flux Reactor in Petten, which is of the ORR type, is a
light water cooled, Be moderated research reactor operating at 45 MW.
For neutron beam experiments the reactor is provided with radially
positioned horizontal beam tubes, among which 4 was used for nuclear
physics. After 20 years of operation it was decided to upgrade the
reactor by renewing the reactor vessel. The vessel replacement,
which goes on during this conference, offers a unique possibility
for important improvements of the beam facilities.

2. THE TWIN-BEAM LARGE FACILITY

In the new beam configuration the former thermal column will be
conveited into a twin-beam arrangement (fig. 1). Each oE the beams
will face the entire area of one side of the reactor core. In this
way a flux density increase of about a factor 15 with respect to a
standard beam tube can be expected. One channel will be provided
with an iron filter producing a beam of 24 keV neutrons. In the
other channel a focussing system of Ni mirrors ' will be installed
yielding a clean beam of thermal neutrons. Both facilities are
optimized to give high neutron flux densities. In table 1 un-
expected beam parameters can be found.

3. FACILITIES FOR POLARIZED THERMAL NEUTRONS

The Petten group is provided with two facilities for polarized
thermal neutrons. One is used for capture of polarized thermal
neutrons by polarized nuclei. Here the present neutron polarizer, a
Heussler crystal, will be replaced by a polarizing mirror system -.
In this way the flux density will be improved considerably.
Furthermore, the magnetic field of the nuclear polarization instal-
lation will be increased to 8 tesla, thus improving the degree of
nuclear polarization.

In the other facility, which provides polarize.! thermal neu-
trons for capture experiments with unpolarized nuclei, the present
polarizing mirror system will be replaced by a similar system with
better parameters 3, thus improving the beam characteristics.

4. OTHER FILTERS

In addition to the iron filter the fifth neutron beam facility
for nuclear physics will be provided with a scandium filter. In
this way a neutron beam of 2 keV with an estimated flux density of
about 107 s~^.cm~^ will be obtained.

0094-243X/85/1250933-03 $3.00 Copyright 1985 American Institute of Physics
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Fig. I. The twin-beam facility.

Table I. The new parameters of the neutron beams
for nuclear physics at the HFR.

beam
nr.

HB2

HBA

HB7

HBI I

HB12

flux density
(in cm 2.s~ !)

2«]07

io7

4x]07

3*lO7

io7

energy

the rma1
(polarized)

2 keV

thermal
(polarized)

thermal

24 keV

special equipment

nuclear polarization
(T=5 mK, H=8 tesla)

analyser for y~ray
circu'ar polarization

nuclear polarization
(proton scatterer for
neutron polarization)
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(n,Y) RESEARCH IN THE FIFTIES

Bernard B. Kinsey
102 Skyline Drive, Aust in , Texas 78746

ABSTRACT

Neutron research in the f i f t i e s , prompted by atomic energy
development, and with the stimulus of the coming of the national
labora to r ies , created a huge new body of knowledge, new experimental
techniques, and theoret ica l i ns igh t . The capture y-ray work con-
f irmed much of what had been forseen in the t h i r t i e s by P.asetti,
Kikuchi and his associates, Fleischmann, and others. I t started
wi th the use of Compton spectrometers in Russia, and a pair spec-
trometer in Canada, ind la te r adaptions of magnetic spectrometers
wi th coincidence counting methods by Motz, and others. Probably the
most in te res t ing resu l t , not forseen in the t h i r t i e s , was the iden-
t i f i c a t i o n and measurement of e l ec t r i c dipole rad ia t ion . The surge
of experimental e f f o r t which commenced with the f i f t i e s , carr ied on
i n to the 60 's . An attempt w i l l be made to trace i t s inf luence over
the years on the development of research establishments and univer-
s i t ies .

This occasion reminds me of the last time I attended a meeting
at Oak Ridge, when Art Snell, well primed for the occasion, talked
about his experiences in a train out of Paddington Station, in the
company of three Brit ish brigadiers. I am not blessed with such
good fortune, but looking back over the years a lot of very peculiar
things have taken place. But let me f i r s t try to recapture the days
of capture gamma rays, which is what I am supposed to talk about.

I can't quite remember how I got into capture gamma rays. Sent
to Canada during the war along with many others, we had a year or
two in Montreal to prepare for what we were to do at the new Atomic
Energy laboratory at Chalk River. At Montreal we had the use of a
part of the incomplete University of Montreal. The chemists had a
wonderful time there - i f you had any radioactivity you wanted to
dispose of, you just poured i t down the sink. So, after we mover1
out of i t , a good part of the building had to be torn apart to get
i t out. Just imagine the fuss that that would have caused i f done
now! I had had some interest in RaD at the time, and acquired an
instant reputation as the Great Contaminator, after I had got a
whole room contaminated with polonium.

Although the technical methods for the study of gamma rays were
more advanced than they were before the war, what we discovered
after was, to some extent, foreshadowed by the earlier work of
Rasetti, of Fleishnann, and of Kikuchi and his associates in the
1930's. They found (as, with hindsight, one might expect) high
energy gamma rays comparable with the neutron binding energy, spe-
cial ly in the iron region, and many low energy gamma rays of high
intensity. Subsequently, in the 50's, measurements verified these
earlier conclusions, c lar i f ied, and extended them.

94-243X/85/1250939-07 $3.00 Copyright 1985 American Ins t i tu te of Physics
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Following the war, there was considerable development of mag-
netic spectrometers, Nal detectors appeared somewhere around I960;
and at the end of the decade, there were further developments of
magnetic spectrometers in conjunction with coincidence methods, all
very useful for studies of neutron capture gamma rays in particular
energy ranges.

What made all *~hese things possible was the development of
nuclear reactors producing gamma ray sources of strengths unheard of
before the war. One could either use a small source outside the
reactor, activated by a slow neutrt i beam, or a very much larger
and stronger source located at the surface of the reactor or even
within it, with a long clear path to the detector. Bartholomew and
I chose to use the latter with a pair spectrometer for reasons which
are not now very clear to me, possibly because it seemed easier to
make a magnet suitable for a pair spectrometer, than the more
sophisticated developments that were then going on in Russia, pos-
sibly also because we had not bothered sufficiently to estimate what
sort of counting rates we might have expected to get. In fact, had
we done so, we would probably have been shocked into doing something
quite different. Or maybe it was because the method had only just
been invented by McDaniel and walker. Anyway we had four and a half
years together, when everything we exposed to the neutrons in the
reactor produced something interesting. Our method, depending on
pair creation, was capable of surprisingly good resolution, accurate
energy measurements, and even absolui? measurements of intensity.

The Compton spectrometer was developed mainly in Russia. In the
first half of the decade, considerable experience in the use of mag-
netic spectrometers had been usefully applied to the study of radio-
activities, the determination of conversion coefficients, and the
like. The Compton method had distinct advantages over the pair
method, in that the interpretation of intensities was much easier,
the sensitivity of the instrument being much less energy dependent.
Some very high quality work was done by Groshev and his associates.

There were also further interesting applications of magnetic
spectrometers which were employed mostly for low energy studies,
with registration of photoelectrons combined with a cleaning up of
the spectrum oy elimination of Compton electrons by coincidence
methods (e.g., Motz, Alburger, about 1955). At the end of the
decade, methods were found to improve the resolution of Nal
crystals, However, I doubt if anyone in that period had much idea
of the vast improvements which were to come from the use of ger-
manium detectors, which, with their great sensitivity, made possible
detailed studies of resonance emission both for neutrons and for
charged particles.

To me the most interesting thing was the identification of
electric dipole gamma rays, made possible by the shell model which
predicted the parities of the ground state and that of the capturing
state. If you put your mind back to the 30's, with the exception of
a few high energy gamma rays produced by proton reactions, of which
little was known, the only gamma rays of which we had detailed
information were the few produced in radioactive decay, for which
the internal conversion coefficients were known, and the lifetimes
could be inferred from the competition with a-emission. The few
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available were al l exceedingly slow and gave the impression that al l
nuclear transitions would prove to be of second order. Now for the
f i r s t time we had positive identif ication of multipole order, and in
some cases could definitely identify transitions as proceeding from
one specific state to another. And what is more, their transition
probabilities were not so very far off Weisskopf's predictions.

Details of the cascade of gamma rays between excited states has
evaded investigation because of i ts complexity. Quite possible
Coulomb excitation and resonance studies of charged particles have
given more insight into the nuclear processes than capture gamma
r.-.ys.

The 50's saw, i f not the establishment of, possibly the most
f ru i t f u l period in the lives of the government laboratories. The
driving force behind the neutron work in this period, was the need
for nuclear data for reactor development. I t came to i ts fu l l
f ru i t ion , I think, in the 60's. Hence the enormous effort that went
into such things as thermal neutron capture cross sections, cross
sections in the keV region, fast neutron cross sections, inelastic
scattering, and neutron resonances. Much of this effort didn't even
involve nuclear reactors. Would this have happened in the absence
of the drive furnished by the requirements of nuclear power? Almost
certainly not. Remember the neutron-proton scattering and related
subjects ^ke the hydrogen capture cross section? Many of my
generationhad a hand in i t and learned a lot from i t . When we
started during the vnr, no one had a clear notion how to measure a
neutron f lux, thermal or fast (and many in universities haven't a
clue even now). Another example: the keV neutron capture cross sec-
tions and the huge efforts to determine the cross section of gold -
an element (at that time in good supply), very pure, and with the
most convenient activation and resonance properties. A lot of
people now in this room had a hand in that. It took 20 years to
establish the cross section as a function of energy to an accuracy
of even 10 percent.

Undoubtedly none of this essential knowledge would have come
into existence were i t not for tna government laboratories. In the
early 50's they were something new. It wasn't at all clear how long
the national laboratory would last or whether i t would be desirable
for them to continue. Remember Kowarski's Principle? It predated
that marvel of dismal science, the Laffer curve. Kowarski's point
was that a government operated laboratory starts with zero produc-
t ion, w i l l rise to a peak, and then fa l l off as bureaucracy raises
i ts ugly head, f inal ly fa l l ing to zero and becoming negative. The
discussions I remember of i t at Chalk River, in the early 50's,
suggested that the period between the zeros would be 20 years. At
Chalk River, as elsewhere, this brave prognostication came to
nothing, partly because government run laboratories are not neces-
sarily ineff ic ient, but, but l ike others, J^pend very much on who
runs them. Most got off to a good start , uialk River thanks f i r s t
to Crockroft, and then later became a model of how such a place
should be run under 3en Lewis' wise direction.

Since those days the national laboratories have expanded, some
to attain enormous dimensions. Not al l are as interesting places as
they used to be for many have had to yield to pressure to become
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self sufficient by diversification. Some came under pressure to
stop things they were doing. Even Blackett in the 50's - bless his
name - tried to keep the study of air showers out of Harwell, on the
grounds, I suppose, that public money would be better spent in uni-
versities. But it never occurred to him that if he had had his way,
the money spent that way at Harwell very probably would not have
been available to universities. There is much prejudice against the
national laboratories in universities, most of it without foun-
dation. On occasion, when talking about national laboratories, I
have rubbed up ex-colleagues the wrong way. They reacted with an
explosive outburst against them.

In those early days before Chalk River became an independent
entity, it was run from Ottawa by C. J. McKenzie, president of the
National Research Council of Canada, who didn't hesitate to put us
in our place. One very wet morning, before the roads had been
paved, I left home to catch the bus and fell in a pothole up to my
knees. Arriving at the laboratory a little later in a bad temper.
I found a circular on my desk with McKenzie's comments. He said
that he now wanted to remind research workers that they could be had
for two a penny, and wnat was really needed were experienced engi-
neers. Everyone read this memo; it shattered their morale until it
was realized that every word of it was true. Some 25 years later,
Ted Hi neks and I had lunch with McKenzie in the basement of the NRC
building in Ottawa, long after he had retired. After we left him, I
mentioned this incident to Ted, who was at Chalk River at the time.
He didn't remember it, but said that on another occasion he had put
a question to CJ whose reply was so devastating, and yet so
obviously true, that it took his ego five years to recuperate. (He
didn't say what it was!)

About the same time, the spring of 1952 or 53, the American
Scientist published those articles written by a New York psycholo-
gist, in all seriousness, about why people became scientists. In
short, he said that it was usually something going wrong in early
youth. Arguments with father, for example, might result in a deter-
mination to go one better. The articles, of which there were two in
succession, had a profound effect in Chalk River. Years later, at a
conference somewhere, I discussed this with Martin Johns, who was
then chairman of the physics department at McMaster University. He
remembered it well and said that his department made it required
reading for all new graduate students. Such matters weren't impor-
tant, but they rfere stimulating, and helped to keep in check the
innate tendencies to lunacy common to academics.

In those days there was a more productive and free and easy
atmosphere both in universities and in the national laboratories.
Since then it seems to me that academics have become more consciour
of money and much less willing to attempt to do anything without it.
One must admit, though, that without it, it is indeed difficult to
get student help; in this there has been little change over the
years. What is at fault, if anything, is the reluctance of acade-
mics to make measurements themselves without such assistance.

I put it to you that the national laboratories have a success
story to relate not entirely due to the lavish resources available
to their research workers; but more, I think, to the fact that doing
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research was what they were hired to do. In universities academics
are supposed primarily to teach, and secondarily to do research. In
fact the pr ior i t ies are the other way round. And with this con-
fusion are sown the seeds of their decay.

In the 50's none of this was yet visible. Visit ing American
students discussing their work always seemed to me to be more
coherent than Europeans; and likewise visi t ing professors would be
much better acquainted with their subjects. I have the impression
that university professors, since, have gone the way of their
European counterparts, most of whom have ceased to do any experimen-
tal work themselves, preferring to work through students, thereby
following a path of least resistance. So what do these characters
do, for you have to do something. Well, there is teaching, of
course, but i t gets you nowhere. However, professors are inventive:
some get away with doing just nothing, by looking distinguished and
rise in the heirarchy on bogus credentials. Others devise tech-
niques of their own. You can be very highly regarded by your
colleagues i f you pester the dean once a week; i f you don't he wi l l
never hear of you and you wi l l be conveniently forgotten next time
salary increases come around, even i f they are mandated by state
law. Then you can improve your prospects by holding press conferen-
ces, or get your name in the paper. This is called " v i s i b i l i t y , "
another word for personal publicity, a quality now equated with
excellence. Or you might land a defense contract, for which you may
draw a salary in addition to that which you draw from the univer-
s i ty , put a "management fee" in your pocket and become a millionaire
in five years. And for this you don't even have to succeed in your
project, for neither the defense agency nor the university cares a
damn and the universities always work on the assumption that there
is always more public money where the f i r s t lot came from. If you
become wealthy in the process, you wi l l be greatly admired by your
colleagues, for nothing is more admired in academia than money.

Then there is the technique of fast ta lk, which, l ike fast food,
is very popular these days. For this you don't have to be under-
stood, you throw in a technical word here and there, and your
audience wi l l be much impressed even i f they have not understood a
word of i t . An ex-colleague was a specialist in this art . He
embellished i t with the pretense that he was expert in getting
federal grants, for which he was very much admired, though in fact,
while he was at the university, he never raised even one. But, sad
to relate, we lost him partly because he had wangled a leave of
absence under false pretenses, in order to carry on his private
business, and also because someone disclosed that one of the com-
panies of which he was president was involved in manipulations
running afoul of the Securities and Exchange Commission.

There are many other kinds of making do. Some combine a genuine
capacity for research with image making. Why not?

This is not to say that diddling the taxpaper is exclusively
American. A friend in England told me recently about an ingenious
system worked out in a university in southern England, which I have
not seen emulated here. It can be described as an i n i t i a l prepara-
t ion of the ground followed by i n f i l t r a t i on . My friend was in the
position of a member of a board of trustees - they call i t somethirg
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else over there - and at one meeting of the board, a professor came
forward to say that there was a wonderful man in his f i e ld , who
would be wi l l ing to come, i f he were given a top salary. I won't
say what the f ie ld was, apart from suggesting that i t was one of the
less exacting of the least exact sciences, or, shall we say, one of
the more bullworthy sciences. The board agreed; then three months
later, the same guy appeared before them to say that this wonderful
man had agreed to come, and that they need staff to work with him.
This was a l l in a period of great financial stringency, so the board
found this suggestion unwelcome, but agreed to i t nevertheless.
Three months later they came to him again, this time to say that now
that they have this wonderful man coming and having engaged the
staff to work with him, they need space to put them in , and could
they have an extension to the building? My friend asked me: do you
have this sort of thing in the U.S.? Indeed we do, I said, though
nothing quite l ike this one. When public money is squandered, as i t
so often i s , i t is usually done on ten times the scale.

All this makes one wonder where we are going, i f i t is downhill,
i t i s , for stat is t ical reasons, already much too late to put in
reverse. Partly, no doubt, i t is the lust for money, which, for
academics, is no more pathological than i t is for other professions.
And, after a l l , allowance must be made for the fact that most aca-
demics have only just come down from the trees. However, real
scient i f ic and technical jobs are less well paid than administrative
jobs. This is becoming clear here in the popularity of the softer
sciences. In this country we may already be at or near the end of
the road, determined by the large number of universities and the
paucity of people really capable of doing research. Other countries
are up against similar problems. In I ta ly , for example, the end of
the road seems to be where a l l members of a faculty are related to
each other by marriage.

This reminds me of a story told me by a friend who went to Lima,
Peru, on a junket for university presidents. In conversation with
the head of the University of Buenos Ayres, he learned that that
year out of some 40 students in electrical engineering, four were
native Argentines, and the rest were foreigners. Of the to ta l , a
couple were k i l led in r iots, and the rest lef t the country after
getting their degrees. Returning to England, my friend discovered
that at his university there had been only fourteen students gradu-
ating in electrical engineering that year, a l l but one being
foreigners. Shocked to the core, he invited me over to a meeting on
the subject, my job being to talk about the state universities in
the U.S. What I had to say just wasn't believed!

This raises further questions, but let us go back once more to
earl ier times. Put your mind back to the compound theory of nuclear
reactions. When Paul and Clarke drew attention to convincing evi-
dence of direct reactions in 1953, theoreticians leaped aboard the
new band wagon and i t wasn't unti l Allen (from Harwell) went on a
t r i p to the U,S. and called in at MIT that the compound theory was
taken out of the cupboard where i t had got lost. I t had been
demonstrated beyond doubt in Gnoshal's experiment (1950). Allen's
and Ghoshal's work must probably be reckoned as landmarks almost in
the class of the experiments of Rutherford and Marsden. Note that
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they were performed in national laboratories. Could they, would
they have been done i f le f t to the enterprise only of universities?
Or consider the Dubcek effect. This was the results of years of
painstaking photographic plate work at a government Laboratory.
There are now very few institutions which possess such f ac i l i t i e s ,
let alone know how to use them. At my ins t i tu t ion, anyone foolhardy
enough to start such a project would long since have been f i red for
lack of productivity!

Looking back on a l l th is , I wonder to what extent many advances
in physics owe their existence to chance and to what extent many of
our ideas have been corrected by chance occurrences. Most people of
my age must have come across things in the course of their work
which they didn't have time or equipment to examine further and
which didn't f i t into the expected pattern. There is usually the
means available somewhere, for few machines become obsolete. They
are scrapped more often as a result of the drying up of funds. At
McGill, Stewart Foster once remarked to me that after the Berkeley
people had stormed over a f i e ld , l ike a forest f i r e , there would
always be something to be gleaned by thos~ who follow after. I t was
the moderate energy cyclotron he buil t there which was used by Bell
to discover proton radioactivit ies. The similar machine at Harwell,
much v i l i f i e d because i t didn't have the energy to produce mesons,
was used to discover the Taylor-Woods effect, and the Schwinger
scattering of neutrons. With the vastly improved methods of detec-
t ion and registration now available, how many of the accepted prin-
ciples of physics couldn't be reexamined?

I have to f inish somewhere, and I am tempted to mention a propo-
sal recently put forward in Canada for a club for provincial prime
ministers, past, present, fai led, flawed or just moribund. During
the discussions, someone quoted that sage tyrant, Dionysius the
Elder, who said "I f your speech is no more substantive than silence,
then let there be silence."
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CONCLUDING REMARKS

J. E. Lynn

Atomic Energy Research Establishment
Harwell, England

1. INTRODUCTION

This has been the Fifth International Symposium on Capture
Gamma-Ray Spectroscopy and Related Topics. I t has differed in some
ways from i ts predecessors. F i rs t ly , by dropping "neutron1' as the
f i r s t word in the t i t l e i t has achieved a generalization of i ts sub-
ject matter. Thus, gamma-induced reactions appear as a spectroscopic
tool in their own right rather than as an inverse reaction, and heavy-
ion and proton reactions move into the central arena rather than
appearing as related topics. Secondly, "democratic" principles have
been employed in the paper selection, all the members of the
International Advisory Committee, the Program Advisory Committee and
the Program Selection Committee having voted on the choice of proposed
papers to be read at the Symposium.

Yet there has been evidence of some submerged non-democratic
features and I have a feeling that a strong man has been manipulating
this democratic process. For example, I never saw a proposal for the
very last item of the program, and I certainly did not have a vote on
the matter. I f I had, the choice might have been dif ferent.

Thus I have found myself with the task of attempting to summarize
this conference, and I have found that there are some acute d i f -
f i cu l t ies that face the would-be conference summarizer. One is the
matter of nuances and ambiguities in the spoken English language. Has
one really picked up the correct interpretation of a speaker's
remarks? I am reminded of a story relating to Sir Thomas Beecham, the
noted English orchestral conductor. In the days before the Second
World War, when Brit ish railways were the property of private com-
panies, Beecham was travel l ing in a non-smoking compartment when a
lady entered and sat opposite him. Presently she pulled a cigarette
and l ighter from her handbag saying "You don't mind i f I smoke, do
you?" Beecham replied "Madam, i f you smoke I shall be violently
sick." At this the lady said imperiously, "My dear man, you don't seem
to understand; I am one of the directors' wives." Beecham responded
"Madam, that makes no difference. Even i f you were the Director's
only wife, I should s t i r ~je violently sick."*

Another d i f f i cu l ty is the sheer amount of information that is
transmitted (but not necessarily received) in a week of symposium
act iv i ty . There have been 45 invited papers at this meeting, and well
over 80 posters. I t is my impression that during the last several
years the almost universal adoption of the overhead projector has led
to a much increased density of information per presented paper, which

•This story becomes a l i t t l e less ambiguous in i ts written rather than
i ts spoken version, but perhaps i t makes the point more clearly.
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only exacerbates the problem of summarising a meeting. Selection of
material to include in the summary is an acute problem. Even when it
is obvious which item should be selected in a given body of material,
irrational motives allied to shortage of time can lead one to make
wrong decisions. I can illustrate this with another railway story.

At the early period I mentioned in my last anecdote, many British
railway carriages, especially on the branch lines, were arranged as a
series of compartments with no connecting corridor, each compartment
having eight seats. One day a man jumped aboard such a train just as
it was pulling away from the platform and found that in the compart-
ment he had entered seven seats were occupied, and on the eighth, by
the window, obviously enjoying the experience, was a medium-sized
female dog. Its owner was clearly the lady sitting opposite, so uhe
man addressed her, asking if she would remove the dog so that he could
occupy the seat. "Certainly not," she replied tartly, "I have paid
for the dog's ticket, so she has a right to a seat." At this the man
grew angry, opened the window, picked up the dog and threw it out.
The lady was speechless with rage; but another man in the opposite
corner lowered the newspaper he was reading, looked over his spec-
tacles and mildly rebuked the dog ejector. "My dear fellow," he said,
"you have just thrown the wrong bitch out of the window."

One further difficulty in my case* is that I have been unable to
listen to all the invited papers, nor spend much time at the poster
sessions. I have also been unable to spend much time in discussion
with the other delegates so as to distill some kind of synthesis of
views of the most important achievements of this meeting. I must
emphasize therefore that the scheduled heading of this talk in the
program is "Concluding Remarks" and what I am now going to present is
very much a personal impression of this symposium rather than a
balanced summary. But I hope as I proceed that not too many of you
will have cause to mutter, "That fellow has just thrown the wrong
bitch out of the window."

2. CLASSICAL SPECTROSCOPY

At the heart of the conference subject matter is the topic
that might be called "classical spectroscopy," the detailed explora-
tion of energies, transition rates and structure of nuclear state.

I suppose it could be said that this subject had its "classical
age" in the 1950's, and we heard the history of that period delight-
fully described by Bernard Kinsey on Tuesday evening. I would just
like to add one anecdote to that account. Bernard mentioned that he
was known as the "Great Contaminator" when he was at Chalk River. In
his subsequent period at Harwell he could fairly be described as the
"Great Administrator". His major contribution to administration at
that period was the introduction of the round file, to which he con-
signed all communications from the bureaucracy. It was never far from
his feet, under his office desk.

*How I acquired these temporary crutches is a story that I do not wish
to share.
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In this topic of classical spectroscopy there has been renewed
momentum, starting about a decade ago, which might be termed the
"neo-classical" era, resulting from a combination of highly refined
experimental techniques, based on high intensity of sources and extre-
mely high energy resolution, and new theoretical models for
interpreting the wealth of new spectroscopic data. It is impressive
to see at this symposium how this momentum has been maintained.

On the experimental side, there has been a tremendous production
of extensive and precise data. It has been encouraging to see the
ways that experimental groups have combined, pooling together comple-
mentary data. The experimental techniques in (n,y) and (n,electron)
spectroscopy, especially on the Grenoble crystal spectrometers and the
electron spectrometer BILL could hardly have been improved in this
period, as the complexity of raw experimental spectra shown at this
conference have emphasized (especially when irradiation times in the
ILL reactor have allowed daughter nuclides to grow in), but there
seems to me to have been a steady improvement in resolution of (d,p)
and (d,t) meaurements, so that a few keV resolution is now com-
monplace. New methods of using and analyzing the data, as exemplified
by the papers on EO transitions and average resurance capture, have
been developed, and quite new reactions for this field, such as (a,ny)
and (13C,ny) have been drawn in to give fundamentally new information.

The foremost theoretical development has undoubtedly been the
Interacting Boson Approximation model. As it was first set up this
can best be described as a phenomenological model, rather different
from normal phenomenology, which usually rests on an intuitive physical
idea, but, instead, a sophisticated mathematical phenomenology arising
from a very general view-point. By switching on different kinds of
coupling amongst the bosons the overall U{6) symmetry of the system is
broken in different ways, giving rise to the well-known limits
described by the lower symmetry groups U(5), SU(3) and 0(6).

By exploring special details of this rich mathematical formalism
new facets and relationships of the spectroscopic data have been
revealed. In the meantime the basic model has been developed. By the
time of the Grenoble conference, IBM-2, in which separate neutron and
proton boson-pairs are considered, was being rather fully discussed,
and so was the interpretation of the spectra of odd-A nuclides by
means of the IBFM in which the symmetry of the fermion is included.

The new developments reported at this conference include IBM-3,
and supersymmetry (SUSY) which was barely hinted aoout at Grenoble.
Supersymmetry again originates from abstract and general theortical
concepts. As Feng explained, supersymmetry is a theory in search of
experimental manifestation, and in nuclear spectra it appears to have
found its clearest evidence. The experimental evidence was discussed
in some detail for two cases, 19C4>195Pt, corresponding to the 0(6)
reduction of U(6) in the IBM model and i81'.i85y) corresponding to the
SU(3) reduction. The success of SUSY in explaining these pairs of
spectra is indicated by the consistency of the parameters used in
fitting the spectra and transition rates of the two partners in each
case. In the case of the platinum isotopes the paramater sets agree,
but there is a problem in the magnitude of the 0«Q term in the
tungsten case, which may be resolved by demanding consistency in the
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definition of Q in the Hamiltonian and E2 operator. A more stringent
test of SUSY would require the incorporation of the study of seniority
2 states in the next higher isotone, but these will be too mixed with
a dense pattern of other states not describable within the limited
sub-space covered by IBM to allow this extension to be practicable.
Thus within the context of nuclear structure theory, the concept is
perhaps of limited usefulness. Nevertheless, the enthusism among
theorists is high and Paar presented a detailed set of calculations,
culminating in a complete spectrum prediction for a hypernucleus.
This resulted in some pessimism, not to say outright scepticism among
expei :centers about the prospects of verifying such a prediction.

Elliott, in his fine review talk, which clearly delineated the
significance of IBM within the overall picture of nuclear structure
dynamics, also stated that, from a philosophical point of view, the
interpretation of IBM as a collective theory is not interesting. But
from the point of view of interpretation and unification of data
embracing a wide range of collective models the impact of IBM has been
enormous.

Of concern therefore to the experimental physicist, are the rela-
tionships of IBM to physically based pictures of the nucleus. Since
IBM aims to explain the spectra of nuclei traditionally considered to
have motion of collective character, intense interest has focussed on
parallel and differences between these and IBM predictions.
Comparison with the so-called geometrical models was well developed by
the time of the Grenoble conference. For example, in the comparison
of the SU(3) limit with well deformed axially symmetric rotators, the
spectra showed features of direct correspondence but transition
strengths showed some remarkable differences, which further provoked
the question of their detailed relationships. Work on this was well
advanced by the time of the Grenoble symposium, but it is interesting
to see here at Knoxville that there are still valuable insights
appearing. In the work reported by Casten, in which the Q-term of the
Hamiltonian is expressed consistently with the E2 operator of the IBM
as the change from the SU(3) limit to the 0(6) limit is made, thus
allowing the cree parameter x in the E2 operator to act as measure of
this change, v-rious transition strength rates and energy eigenvalue
ratios have been calculated both in the Davydov triaxial rotator model
and the SU(3) ,o 0(6) model. From this comparison an effective Y-
angle of axial distortion in the Davydov equivalent of the IBM can be
obtained, and interpreted as a kind of mean axial asymmetry due to
axial softness in the potential energy of the IBA model. It is
interesting to see that even in the SU(3) limit this mean y-softness
approaches 10°, for a realistic finite number of bosons.

A new region of "uclides to which the 0(6) limit is applicable
was also reported at this conference, as a result of application of
the (a.ny) and 13C,ny) reactions which I mentioned earlier. These
comprise some 10 to 20 nuclei around mass 130. A significant outcome
of the 3-parameter analysis of these spectra is that two of the para-
meters are found very nearly to satisfy a constraint that would be
required by the application of the consistent Q-formalism for the
Hamiltonian and E2-operators, suggesting a deeper physical interpreta-
tion of the 0(6) limit.
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However, the most fundamental interest in the IBM lies in i ts
microscopic basis and work on this topic has been pursued now for a
number of years following the introduction of IBfl-2 with expl ici t
treatment of 2 kinds of s- and d-bosons, identif ied as neutron and
proton. An excellent example of the success of IBM-2 was to be found
among the poster contribuions to this conference. Hamilton and his
colleagues have studied the N--84 isotones of barium, cerium and neody-
mium, the spectra of which can be quite well f i t ted by the SU(5)
vibrational l imit of IBM-1 apart from a 2+ level at about 2 MeV in
each nuclide for which spin assignment, branching ratios and
multipole-mixing ratios of their radiative decay were measured. These
levels can be described as a mixed symmetry state within the vibra-
tional description, and as such can only be encompassed by IBM-2.
Their properties can be well described within this framework.

The remote ancestry of the IBM can probably be traced back to the
classic work of E l l io t t that demonstrated rotational level schemes
inherent in the shell-model, so i t was particularly fascinating at
this conference to hear E l l i o t t ' s exposition of this, topic, revealing
clearly the approximate identif ication of bosons with nucleon pairs,
and the maximum number of bosons as half the valence nucleon number,
and also some of the limitations of the model, such as the small sub-
set of shell-model space i t encloses, and the lack of a Pauli prin-
ciple mechanism for shell closure. The pursuit of this microscopic
understanding has led to the consideration of neutron-proton pairs and
hence the introduction of IBM-3, new, I think, to most of us at this
conference. This allows the application of the IBM to l ight and
medium nuclei, where isospin is required to give fu l l shell-model
descriptions of the states. The quantitative i l lust rat ion of mapping
from the fj/z shell onto IBM-3 was il luminating. The failure of spin
4 states to approximate to pure boson states especially when the maxi-
mum boson number in the shell is small could he attributed to the lack
of a g-boson in the IBM description. This topic was pursued in the
paper by Otsuka, who showed how a unitary transformation between the
d- and g-boson to minimize their coupling could result in an effective
s-d description close to that of the fu l l s, g, d, description.

While the scheme outlined by E l l io t t for deducing the parameters
of the Hamiltonian of the IBM from shell-model calculations with only
a small number of valence nucleons, and then using the IBM thus found
to calculate the collective state properties of nuclei closer to mid-
shell seems a sensible and useful one, I can hardly forebear to com-
ment after listening to Wildenthal's paper that i t seems unnecessary
to apply i t to the sd-shell. Tht success of modern shell-model com-
putations i l lustrated in his paper in describing the properties of al l
the levels up to 6 MeV or so of a wide range of nuclei using a limited
set of universal parameters can only be described as impressive. New
data on the sd-shell continue to accumulate, as classical methods,
such as Doppler-shift attenuation following proton capture yielding
half- l ives and isoscalar E2 transition strengths, continue to be
improved.

At the opposite end of the mass table we have heard about more
rigorous methods to improve models of the higher vibrational levels
that are found in these fu l ly collective spectra, and specifically to
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explain the apparent anharmonicities found in them. While this
multiphonon treatment seemed to have success in explaining the rela-
t ive positions of the low-lying K=0, Jlr= 1" octupole state and much
higher-lying 0+ ?t~te (assumed to be the 2 octupole-phonon state) of
nuclei l ike 222Ra in terms of phonons bui l t up from pairs of quasi-
particles interacting through a monopole pairing force and octupole-
octupole force, an interesting old question was raised from the f loor ;
can these low-lying K¥=0- states be explained alternatively by stable
octupole asymmetry of such nuclei? This is an example of one of those
problems that hangs around, more or less in the subconscious, for
perhaps 20 years or more, never finding a solution, yet posing a
challenge to our sense of fu l ly understanding the subject. In the
meantime our concepts of the possibi l i t ies in this area have been
enlarged by work in a different area, namely that of f iss ion, where
the data imply a wide variety of different nuclear shapes, including
meta-stable octupole asymmetric shapes at highly extended elongations,
which appear to account for the strong vibrational resonances found in
fission cross-sections.

In many ways the development of nuclear structure theories is
s t i l l being outstripped by the amassment of experimental data. As von
Egidy explained complete level schemes are now commonplace for heavy
even nuclides up to 2.5 MeV, for even-odd to 1-3 MeV and odd-odd to
0.8 MeV. In many ways there are advantages in treating such large
bodies of data s ta t i s t i ca l l y . The analyses reported by von Egidy
showed some interesting results. For example, analysis of the level
spacing distr ibution of several even-even nuclides show evidence for
extra quantum numbers other than angular momentum and parity,
suggesting the persistence of perhaps the K quantum number to quite
signif icant excitation energies.

3. HIGHER-EXCITATION ENERGIES

These stat is t ical aspects of the classical spectroscopic region
form a natural link to gamma-ray properties at higher excitation
energies. But conversely there are some detailed spectroscopic
aspects of the higher excitation energy regime that have been par-
t icu lar ly in evidence at this conference because of i ts broader remit
than in the past. I t has been particularly fascinating to hear about
discrete Y-ray emission from very high spin states excited by heavy
ions from the new generation of very high energy tandem accelerators
such as those at Daresbury and Oak Ridge. Although at comparatively
high excitation energies these states are quite close to the yrast
l ine and hence may be capable of detailed spectroscopic interpreta-
t i on . The important developments at Daresbury in very large total
energy y-ray detectors incorporating high resolution elements for
single y-rays are giving us a remarkably complete picture of the
structure o' states with angular momentum as high as 40-60 f i . These
very high spins have a major effect on both single particle motion in
the nucleus and the collective motion, which can be followed by
observing band-crossings and changes in moments of iner t ia . Strong
evidence has been presented that major shape changes occur as the
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angular momentum passes through cr i t i ca l values. In 158Er for example
the nucleus changes from a prolate rotor to a very marked t r iax ia l
shape, while in *52Dy the most deformed nuclear shape of al l (apart
from the fissioning actinides) has been discovered, the high moment of
inert ia for states in the 35-55fi range indicating a prolate defor-
mation parameter e~0.5 (to be compared with normal rare-earth values
of e~0.3).

In few-nucleon systems of course i t is also possible to give
detailed descriptions of the nuclear structure at normal spin values
up to moderately high excitation, and toiiave a reasonable hope of
theoretical interpretation. Thus, relatively fast nucleon and l igh t -
ion capture has i ts part to play in classical spectroscopy, and when
carried out with polarized systems as we have heard described this
week can give valuable information, which does not seem to be comple-
tely accounted for within our current theoretical understanding of
these "simple" systems.

For heavy nuclei the study of primary gamma-rays following slow
and intermediate energy neutron capture has also made an important
contribution to the detailed information on low energy level struc-
ture, especially through the resonance-averaged capture (RAC) tech-
nique, which exploits the stat is t ica l nature of low spin, highly
excited nuclear states. The detailed understanding of stat ist ical
properties of highly excited levels that was accumulated in the
classical period of neutron resonance spectroscopy has enabled the RAC
technique to be refined and sharpened. But this method is also giving
information on the properties of the highly excited i n i t i a l resonance
states. I t was a surprise to many of us, several years ago, when the
f i r s t measurements of Ml transitions from resonances indicated that
they had very appreciable strength relative to El transitions (greater
than 1/10). Kopecky showed us graphs of how the picture has been
f i l l e d in across the mass table, showing that this high relative
strength is quite universal. But the new surprise is how the E2 tran-
sitions are not very weak compared to Ml. Again the ratio is only of
the order of 5 or so, but apparently this high E2 strength can be
explained by application of a Brink type of hypothesis to the E2 giant
resonance.

The RAC technique depends on the non-selectivity, on the average,
of resonances for transitions to f inal states irrespective of the
detailed structure of the f inal state. Two presented papers at this
conference have shown results that throw some doubt on that assumption
in the important rare earth region. Of course in l ighter nuclei i t is
now well-established that selective non-statistical mechanisms
operate. The best-known is the valence-nucleon transi t ion, which for
s-wave neutrons, incorporates important channel and direct effects, a
new presentation of which was given this week. Valance neutron cap-
ture has been known to be significant in the 3s and 3p giant resonance
strength function peaks (that i s , for mass number regions 50-60 and
90-100), but in recent work carried out at Oak Ridge and Los Alamos i t
has been found to be important for very distant l ight nuclides, i . e . ,
the sulphur-isotopes. The observations are of direct capture at ther-
mal neutron energy, which shows a strong correlation with (d.p)
single-particle p-wave strength, but they also indicate that valence
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capture similarly correlated must predominate over stat is t ical com-
pound nucleus mechanisms in the resonances, and this has been
corrobrated in a poster contribution by Allen.

This proven existence of the highly selective valence capture
mechanism suggests that there must be mass bounds for the applicabi-
l i t y of the RAC technique for the determination of J" values of low-
lying states reached by the primary transit ions, and some effort ought
to be made to probe these boundaries. I t also brings up the question
of the general nature of the primary radiation from slow neutron cap-
ture. The stat is t ical description now generally relies on the Brink
hypothesis that i t can be described in terms of the wing of the
Lorentzian form of the giant dipole resonance, but the existence of
valence transitions suggest that, in some mass regions at least, a
more general microscopic description, part ial ly decoupled from the
giant dipole resonance may be applicable. In this connection i t was
interesting to hear Dietrich's and Iachello's theoretical expositions
of the El giant resonance. Von Egidy's stat ist ical analysis of tran-
sitions amongst extensive discrete level series in l ighter nuclei,
indicates the power law of the gamma-ray energy dependence to be ~3,
rather than 4 to 5 expected on the Brink hypothesis. Doubts about use
of the smooth Lorentz form in this excitation energy region also arise
from some of the detailed gamma-ray elastic scattering work we have
seen presented this week, in which, incidentally, the gamma-ray
spectroscopy theme has been inverted to give a technique that provide
precise, monoenergetic gamma-rays from strong neutron capture sources.
I t is not surprising that structure in the 6-10 MeV range occurs for
nuclides in the lead region, as reported by Shahal, but the apparent
strong structure at about 5.5 MeV in 238U reported by Schumacher is
certainly remarkable. One desperately wishes that these gamma-rays
were tunable in energy, so that this phenomenon could be explored in
greater deta i l .

One source of monoensrgetic gamma-rays that is tunable to some
extent is fast-proton capture, and this technique was described by
Smith, with presentation of results on lead that raised the old
question: where is the strength of the expected Ml giant resonance?
Another very interesting example of the use of this technique was to
be found in the poster session. Zhang and Lancman have measured pho-
tofission cross-sections of 232Th in sampled limited energy regions
between 6 and 7 MeV. At lower energies considerable structure with
spacing ~1 keV is revealed; this is probably class-II level structure
associated with the secondary well of the fission barrier and could
give important information on barrier parameters. Side by side with
this poster was one on the photofission cross-section of 232Th
measured with bremsstrahiung and unfolded with great care. This
showed much grosser resonance-structure believed to be associated with
a ter t iary minimum in the fission barrier. While on this topic I
would l ike to mention a problem that I hope might be answered at a
future symposium: the observation of the gamma-ray spectrum for de-
excitation of class-II resonances through the states associated with
the highly deformed secondary wel l .
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4. GIANT RESONANCES

At much higher effect ive excitation energies detailed
spectroscopic descriptions of medium to heavy muclei are not feasible*
The aim is to get a s ta t i s t i ca l description, usually formulated as a
dissolution of basic, simple modes of motion amongst the dense con-
tinuum of compound nuclear states. For gamma-spectroscopy the most
signi f icant of these basic modes are the electromagnetic giant reso-
nances.

At th is conference much has been heard and learned about these
giant resonances, not so much, interest ingly enough, from the t r a d i -
t ional photo-and electron excitation methods as from proton and heavy-
ion capture. I t is impressive to see how experimental techniques,
such as the 72-segment Nal spectrometer on the heavy-ion f a c i l i t y at
ORNL, and sophisticated data analysis methods have been developed to
isolate and enhance effects that are comparatively weak against the
intense background of competing part ic le emission processes. I t was
also encouraging to learn that these incident project i les w i l l be
joined in the not-too-distant future by powerful fast-neutron exci ta-
t ion methods. A foretaste of the quality of t ime-of - f l ight fast
neutron capture measurements expected from the LAMPF/WNR f a c i l i t y at
Los Alamos was demonstrated by the (n.n'y) data taken on the "Mark 1"
version of this source. Since some evidence for the signature of the
isovector E2 giant resonance u t i l i z i ng much weaker neutron sources was
already presented the auguries for the future of this work seem good.

At the same time as we are seeing these important developments in
hadron excitation of the electromagnetic giant resonances, i t is
obvious that electron excitat ion methods are not going to be l e f t
behind. The use of f ission as a signature for excitation of the com-
pond nucleus by electron inelast ic scattering in order to avoid the
background from the elast ic scattering radiative t a i l marKs a s i g n i f i -
cant step forward in these techniques.

So, what have we learned in this area of work at th is symposium?
First of a l l , a major topic of interest has been the revival of
Brink's old idea that an El giant resonance can be bui l t on every
excited state of the nucleus, and th is is similar in energy, strength,
and width to the classical El photo-resonance bui l t on the ground
state. This idea was tested a l i t t l e on a few states of very l igh t
nuclei by means of (p,y) reactions around 1960, but i t has taken
another twenty years or so for i t to be subject to much more extensive
investigation both in mass range and range of excitation energy,
despite the fact that the idea has been incorporated into neutron
resonance capture theory for very many years now. I was part icular ly
intrigued by the results presented by Snover on 12C bombardment of
151*Sm which indicated that the giant dipole resonance prof i le of
radiative transit ions down to excited states t'ven at some 30 MeV exci-
tat ion was close to that of the strongly prolate ground state. That
th is conclusion can be extracted at a l l is so s tar t l ing that I f e l t i t
r ight and proper to be questioned on the conference f loor , and I hope
that considerable ef for t w i l l go into independent confirmation of this
important resul t .
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By contrast, the fusion of nearly symmetric very heavy
projecti le-target systems is reported as giving yields for gamma-ray
de-excitation of the compound nucleus that are unexpectedly high on
the stat is t ical model picture and show l i t t l e or no sign of a giant
dipole resonance prof i le in the gamma-ray strength function. A
possible explanation is that such symmetric fusion leads to very
highly deformed compound systems. In this connection there is some
evidence from the col l is ion of much l ighter nearly symmetric nuclei.
The interpretation of the data on 12C + 12C radiative capture to the
ground state and i ts rotational band suggests that resonances in the
cross-section of this reaction correspond to unusually highly-deformed
states of the 24Mg nucleus. Also, definit ive evidence was reported
for strong radiative transitions to shape-isomeric states. For
example, bombardment of 12C by l s0 leads to strong excitation of the
03+ state at 6.69 MeV in 2 8 Si , a prolate shape isomer, the ground
state of 28Si being oblate.

Some modifications to Brink's original idea have resulted from
al l this experimental work. The most significant is that in l ighter
nuclei at least, for the (p,y) reaction, the integrated strength of
the excited state giant dipole resonance is not independent of the
structure of the state but is proportional to i ts single-particle pro-
ton strength, indicating a direct coupling of this reaction to the
GDR. A simular effect is observed in (He*,y) reactions. Also in
l ight systems there is strong evidence that isospin remains a rather
pure quantum number for states de-exciting through the GDR mechanism.
Another modification of the Brink hypothesis, but an expected one, is
that the width of the dipole resonance increases signif icantly with
excitation energy.

Quite clear effects of the isoscalar E2 giant resonance at 9 MeV
or so have been demonstrated in the (e.e' f) and 170 inlast ic scat-
tering reactions, but this has in turn raised the old problem of why
i t has not been observed in (a .a ' f ) . Clearly very significant selec-
t ion rules operate from this resonance, as witness, in the 170 ine-
last ic scattering experiment, the absence of a branch to the 3"
collective state at 2.6 MeV in 208Pb.

I have already mentioned the signature of the isovector E2 giant
resonance observed in fast neutron capture; this component is so weak
as to be scarcely observable in the total n,y cross-section, or indeed
in certain charge-exchange reactions. This is also true in the photon
scattering cross-section, but again i ts signature has been observed in
the angular distr ibut ion.

Finally, we have heard of the fascinating data described by Evans
Hayward, taking us into a new regime of excitation altogether, on the
excitation by photons of the i nuclear resonance, showing a universal
excitation curve for nucleons in nuclei over the entire mass region,
di f fer ing signif icantly from that of the free nucleon i t se l f .

5. APPLICATIONS

In these times when scient i f ic act iv i ty is increasingly intensive
and increasingly specialized i t is particularly rewarding to seek the
connections of one's own f ie ld with other branches of science and
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technology. Indeed I would go further and say that without these con-
nections, work in a given speciality can become rather s ter i le . I
would also add that in many countries where many expanding scient i f ic
disciplines are competing for funds from non-expanding or even
decreasing financial resources i t is almost imperative to have
interest and encouragement for one's endeavours from colleagues in
other scient i f ic and technological f ie lds. For these reasons, as well
as the sheer interest of the work reported, I was particularly glad to
l isten to some of the papers in the sessions on nuclear astrophysics,
nuclear applications, and related topics that we have had in the last
two days.

In astrophysical theory, some of the charged particle cross-
sections of l ight elements are s t i l l of key importance, and we have
heard of new experimental in i t ia t ives to measure these extremely small
cross-sections at low energies. The importance of neutron capture
cross-sections for establishing the astrophysical mechanisms for
creating the heavier elements, especially by the s-process, is wel l -
known. Accurate measurements of these cross-sections have played a
crucial role in the development of this subject. What has been par-
t icu lar ly well brought-out at this symposium is the importance of our
theoretical understanding of capture reaction and nuclear decay mecha-
nisms, thus allowing reasonably confident estimates of capture cross-
sections and effective half- l ives of excited nuclear states that can
be strongly populated at stel lar temperatures. These theoretical
estimates are making a particularly significant impact in stel lar
chronometry.

The far reaching connections of e-decay properties of nuclides
with other sciences are particularly fascinating. We have heard how
observations and theoretical understanding of nuclear reactions,
resting especially on (P,Y) studies of isovector Ml transitions and
(p,n) excitation of the Gamow-Teller giant resonance, including i ts
low energy fragmentation have led to reliable calculations of the
beta-strength distr ibution in nuclei far from the stabi l i ty l ine.
These in turn, often in alliance with data and estimates of nuclear
capture cross-sections have enabled calculations to be made on effects
ranging from the shut-down decay heat of power-reactors, through the
electron spectrum for the neutrino osci l lat ion experiment at the ILL
reactor, to estimates of the age of the universe and hence to upper
l imits on the neutrino mass. This connection with the very fundamen-
tal properties of particles was neatly rounded out this morning with
the two interesting papers on very d i f f i cu l t experiments to detect
neutron-anti-neutron oscillations and to measure the beta-dacay of
polarised neutrons.

Nuclear power applications of our subject have not been expl i -
c i t l y mentioned at this conference, but some of the work described
here has certainly been motivated by the nuclear data requirement of
this major technology. Thus the work described by Hoff on the level
schemes of the odd-odd actinides can be viewed as a direct application
of the theoretical understanding of nuclei gained by basic studies,
largely in the gamma-spectroscopy f i e l d , to a major improvement of the
nuclear data base for power reactor design. These data can not only
be used for Hauser-Feshbach type calculations of neutron capture
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cross-sections, but have also been used according to a poster contr i -
bution by Gardner et. a l . for calculations of meta-stable states a r i -
sing from nuclear transmutations. The value of such calculations is
emphasized by the fact that the experimental measurement of these
important isomer ratios as a function of neutron energy is an extre-
mely d i f f i cu l t experimental task.

I t seems to me that few people outside of neutron research
circles such as ours are aware of the extent to which neutrons are now
becoming used in non-nuclear industrial applications. The last two
talks of the symposium gave a survey of how neutrons are capable of
great sensit ivity in a host of analytical applications, or al ter-
natively, of how their penetrating power makes them capable of bulk
analysis, in increasingly f lexible ways, in quite remarkable
industrial situations such as the oi l-well bore-hole logging applica-
tion described today. One general comment I would l ike to make is
that as industries of quite different kinds become gradually aware of
the capabilities of nuclear techniques, they take them up apparently
unworried in general about the nuclear apprehensions borne by the
general public. I believe therefore that i t is vi tal for al l of us to
give maximum support and aid to these industrial developments, because
they may well prove to be the back-door route to gaining public accep-
tab i l i t y to nuclear power, and hence vindicate much of our own claims
for public support in carrying out research in this s t i l l fascinating
f ie ld of nuclear structure physics.

Finally, in closing my ta lk , I would l ike to pay my personal t r i -
bute to Dr. Raman, the Symposium Chairman, and his team for the
excellent organization of this meeting. Its success could not have
been achieved without their great devotion and ef for t .
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