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P R E F A C E

During 1979, many of the research groups at the institute have been re-

joicing at seeing new or improved equipment work satisfactorily. The nuclear

physicists, for example, have obtained a highly improved data-collection capa-

city thanks to the CAMAC-PDPll/45 system, which has been gradually debugged

and is now performing quite reliably. An event rate of up to 30.000 events

per second can now be handled without any difficulty. The cyclotron beam -

particularly the 12C-beam - has also become much more stable after a number

of minor technical improvements. These facilities have enabled us to enter

into a promising new area of research, namely the quasi-continuum of Y~rays

emitted before the product nucleus of a compound-nucleus reaction has reached

the yrast line. Information is thereby obtained on the deformation of nuclei

at very high spin values, as well as on band crossings in this domain. (A

typical E^-Ey correlation diagram from such work is displayed on the title

page of this Annual Report.)

Exploratory experiments have been performed on the distributions in mass,

energy and angle of the neutrons and charged particles from 12C induced re-

actions. Also conventional in-beam y-ray spectroscopy in selected areas of

the nuclear table has benefited greatly from the improved facilities. In

most of these projects we have been happy to resume the cooperation with our

friends from other institutes, in Sweden and abroad.

The construction work on the new beam lines has progressed at a some-

what reduced rate, owing to shortage of manpower; priority has been given to

improvements in beam reliability. A test run in the first of the remaining

experimental caves is, however, scheduled for January 1980.

The group participating in the CERN project on high-energy yrays from

the pp-system has contributed to the construction and testing of a 54-module

Nal detector and taken part in the extensive data-collection work. The first

results with the new arrangement will soon be extracted from the data.

The group working in atomic physics, mainly using the beam-foil technique,

have extended their research in two new directions. They have studied to

what extent the components of a simple molecular ion keep influencing each

other when passing through a thin foil. Furthermore, they have used the

118 MeV 12C beam from our cyclotron to look for the emission of electrons of
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very low energy, caused by a Mach shock wave in the target material. Another

phenomenon, also related to the so-called wake potential, is the emission of

"convoy electrons" with the same velocity and direction as the outgoing ion

beam; this has been studied in some detail.

The time-resolved precision spectroscopy group have found additional and

important examples of the resonance collision transfer process, which before

its discovery last year had played havoc with many attempts to measure oscil-

lator strengths reliably. Their new High Frequency Deflection equipment has

come up to their expectations during its first year of operation.

The surface physics division has re-designed their beam-line from the

2 MV van de Graaff generator in order to be able to accommodate a 10 kV ion ac-

celerator which will be delivered next year. The beams from these two machines

will be directed into the same ultra-high-vacuum target chamber, permitting

an in situ study of sputtered layers by the Rutherford backscattering method.

Another interesting type of experiment, where methods from nuclear physics is

applied, is the thickness determination of extremely thin deuterium layers on

a membrane by 3He bombardment. The scope is here to measure diffusion constants

of interest for fusion reactor walls.

In view of what has been said above, the immediate future of the research

at the institute looks promising. Seen in a wide time perspective, however,

we feel great concern regarding the problem of having an up-to-date heavy-ion

accelerator available for nuclear physics research in Sweden.

On 24 April 1979, the physics community of the world received the sad news

of the sudden death of Professor Sven Gosta Nilsson. Since 1976 we have been

benefiting from his work on the Board of the Institute, where his extraordinary

combination of imagination and common sense in handling'practical problems

has been of great value. All of us who had the privilege of meeting him feel

the great loss of a generous and dedicated personality.

Stockholm in December 1979

Jan Blomqvi&t



VII

1. MEMBERS OF THE BOARD

I. BergstrBm

G. Ekspong

A. Engstrom

L. Hulthen

A. Johansson

K.-E. Larsson

Th. Lindblad

R. Lindquist

H. Ryde*

Adjoined memfaeti

J. Blomqvist

N. Johansson

Professor, Director of the Research Institute of Physics

Professor, University of Stockholm (vice-chairman)

Research Engineer, Research Institute of Physics,
representative of the personnel

Professor, Royal Institute of Technology, Stockholm (chairman)

Professor, The Tandem Laboratory, Uppsala

Professor, Institute for Reactor Physics, Royal Institute
of Technology, Stockholm

Docent, Research Institute of Physics, representative of
the personnel

Head of the Univ. Administration, University of Stockholm

Professor, University of Lund

Associate Professor, Joint Director*

Head of Administrative Section

2. RESEARCH PERSONNEL

Director and Division Leaders

I. Bergstrom

J. Blomqvist

W. Forsling

C.J. Herrlander

S. Hultberg

Director**

Head of the Theoretical Physics Division

Head of the Nuclear Chemistry Division

Head of the Accelerator Division

Head of the Instrumentation and Data Handling Division

* As from 1 October; successor of the late Professor S.-G. Nilsson

** On leave up to 1 October (Acting director, J. Blomqvist)



VIII

2 . 1 . RESEARCH STAFF AND GRADUATE STUDENTS

NP: Nuclear physics

SAM: Surface, atomic and molecular physics

OLA: On leave of absence

L. Adiels (NP)
J. Alraberger (NP)
G. Astner (SAM)
H. Atterling (NP)
K.-E. Bergkvist (NP)
I. Bergstrom (NP, SAM)
J. Blomqvist (NP)
M. Braun (SAM)
R. Buchta (SAM)
S. Borg (NP)
P. Carle (NP)
N. Elander (SAM)
B. Emmoth (SAM)
P. Erman (SAM)
W. Forsling (NP)
K. Fransson (NP)
C.J. Herrlander (NP)
L. Hildingsson (NP)
S.A. Hjorth (NP)
S. Hultberg (SAM)
F. Janouch (NP)
A. Johnson (NP)
S. Kallstenius-Hellman (NP)
A. Kerek (NP)
W. Klamra (NP)
A. KSllberg (NP)
M. Larsson (SAM)
L. Liljeby (SAM)
Th. Lindblad (NP)
C.G. Linden (NP)
R. Liotta (NP)
L. Lundin (SAM)
S. Mannervik (SAM)
A. Nilsson (NP)
K.G. Rensfelt (NP)
L. Rydstrom (NP)
Z.P. Sawa (NP)
J. Starker (NP)
E. Toth-Pal (NP)
M. af Ugglas (NP)
P.O. Westlund (NP)
K. Wikstrom (NP)

OLA: CERN

OLA: Oak Ridge

OLA: Oak Ridge

OLA: Bordeaux



IX

2 .2 VISITORS*

D. Andersen (NP)

S.E. Arnell (NP)

S. Bashkin (SAM)

J. Bialkowski (NP)

L. Carlen (NP)

M.-A. Deleplanque (NP)

B. Denne (SAM)

N. Buric (SAM).

L. Engs t röm ( SAM)

B. Fant (NP)

K.-H. Flodkvist (NP)

H.J. Frischkorn (SAM)

L. Funke (NP)

J. Garret (NP)

K.O. Groeneveld (SAM)

V. Helth (NP)

B. Herskind (NP)

P. Kemnitz (NP)

T. Lönnroth (NP)

I. Martinson (SAM)

R. Nirabendu (NP)

J. Nyberg (NP)

H. Ryde (NP)

J. Schader (SAM)

S. Schumann (SAM)

I. Sellin (SAM)

B. Silvestre-Brac (NP)

Ö. Skeppstedt (NP)

F. Stephens (NP)

B. Sundqvist (NP)

E. Veje (SAM)

E. Wallander (NP)

T. Weckström (NP)

L. Westerberg (NP)

J. Whitton (SAM)

Niels_Bohr Institute, Ristf

Chalmers University of Technology, Gothenburg

University of Arizona, Tucson

Institute Badan Jadrowych, Swierk

University of Lund

Institut de Physique Nucléaire, Orsay

University of Lund

University of Belgrade

University of Lund " ~~~'

University of Helsinki

University of Uppsala

J.W. Goethe University, Frankfurt/M

Central Institute of Nuclear Research, Rossendorf

Niels Bohr Institute, Copenhagen

J.W. Goethe University, Frankfurt/M

Niels Bohr Institute, Copenhagen

Niels Bohr Institute, Ris^

Central Institute of Nuclear Research, Rossendorf

Jyväskylä University

University of Lund

University of Lund

Âbo Akademi, Turku

University of Lund

J.W. Goethe University, Frankfurt/M

J.W. Goethe University, Frankfurt/M

Oak Ridge National Laboratory

Institut des Sciences Nucléaires, Grenoble

Chalmers University of Technology, Gothenburg

Lawrence Berkeley Lab., and Risrf

University of Uppsala

H.C. 0rsted Institute, Copenhagen

Chalmers University of Technology, Gothenburg

University of Helsinki

University of Uppsala

H.C. (Srsted Institute, Copenhagen

LUtzd axu onZy v<uito>u who have. 6taye.d fan one. wzek on. longest duning 1979.





XI

3 . RESEARCH REPORTS

3 . 1 SURFACE, ATOMIC AND MOLECULAR PHYSICS

3 . 1 . 1 CURRENT RESEARCH ON SURFACE, ATOMIC AND MOLECULAR (SAM) PHYSICS

AT AFI

(M. Braun, S. Hu l tbe rg and P . Erman) 1

3.1.2 NEW SPECTRA, OSCILLATOR STRENGTHS AND THE DISSOCIATION ENERGY

OF SiH+

(T.A. Carlson, J. Copley, N. fiuric, N. Elander, P. Ennan,

M. Larsson and M. Lyyra) 2

3.1.3 TIME RESOLVED STUDIES OF COLLISIONAL TRANSFER AND RADIATIVE

DECAY OF THE CS A JII STATE

(T.A. Carlson, J. Copley, N. Buric, P. Erman and M. Larsson) . . 6

3.1.4 TIME RESOLVED STUDIES OF THE INTERACTIONS BETWEEN THE A AND B

STATES IN N*

(P. Erman and M. Larsson) 10

3.1.5 LARGE DISTORTIONS IN EARLIER MEASURED TRANSITION PROBABILITIES

OF THE C2 SWAN BANDS CAUSED BY COLLISIONAL TRANSFER EFFECTS

(P. Erman) . 14

3.1.6 A BEAM-FOIL STUDY OF GALLIUM AND THALLIUM

(S. Mannervik and E. Veje) 16

3.1.7 LIFETIMES OF SOME DOUBLY EXCITED LEVELS IN Li I

(S. Mannervik) . 17

3.1.8 LIFETIMES IN Mg I AND Mg II; BEAM-FOIL MEASUREMENTS AND

NUMERICAL COULOMB-APPROXIMATION CALCULATIONS

(L. Liljeby, A. Lindgard, S. Mannervik, E. Veje and

B. Jelenkovic) 20

3.1.9 IN SEARCH OF HEAVY ION INDUCED COLLECTIVE ELECTRON EMISSION

FROM SOLIDS

(G. Astner, R. Didriksson, H.J. Frischkorn, K.O. Groeneveld,

S. Hultberg, P. Hakansson, L. Lundin, R. Ramanujam, J. Schader,

S. Schumann and B. Sundquist) 22

3.1.10 CHARGE EXCHANGE IN PROJECTILE CONTINUUM STATES

(H.F. Beyer, K.O. Groeneveld, S. Hultberg, K. Konig, W. Konig,

L. Liljeby, S. Mannervik, F.W. Rienter, S. Schumann and

I.A. Sellin) 23



XII

3.1.11 A STUDY OF THE SPECTRUM OF BERYLLIUM

(S. Mannervik and I. Martinson) »

3.1.12 QUANTUM BEAT SPECTROSCOPY OF MOLECULAR PROJECTILES

(G. Astner, K.O. Groeneveld, S. Hultberg, L. Lundin,
28S. Mannervik and P.S. Ramanujam)

3.1.13 LIFETIMES FOR EXCITED LEVELS IN Si I - Si IV

(S. Bashkin, G. Astner, S. Mannervik, P.S. Ramanujam,

M. Scofield, S. Huldt and I. Martinson) 29

3.1.14 DEUTERIUM RECOMBINATION ON A STAINLESS STEEL SURFACE MEASURED

BY THE USE OF THE D(3He,p)'tHe REACTION

(M. Braun, B. Emmoth, F.G. Waelbroeck and P. Wienhold) . . . . 32

3.1.15 MOLECULAR LIGHT EMISSION OBSERVED DURING keV ION BOMBARDMENT

OF SOLIDS

(M. Braun and B. Emmoth) 34

3.1.16 MIGRATION AT ELEVATED TEMPERATURES OBSERVED FOB PALLADIUM

COATINGS ON STAINLESS STEEL

(T. Fried, B. Emmoth and M. Braun) 39

3.1.17 ANGULAR DISTRIBUTIONS, SPUTTERING YIELDS AND THE FRACTION OF

SPUTTERED CHARGED PARTICLES DURING Ar+ IMPACT ON TEXTURED

TUNGSTEN

(B. Emmoth and M. Braun) 43

3.1.18 HELIUM INDUCED SURFACE EXFOLIATION OF ALUMINIUM AND THE

CORRELATION BETWEEN FLAKE THICKNESS AND ION ENERGY IN THE

RANGE 10-80 keV

(M. Braun, J.L. Whitton and B. Emmoth) ^5

3.1.19 THIN FILM INVESTIGATIONS AND SPUTTER-ETCHING

(B. Emmoth, M. Braun and K. Bjorkqvist) 48

3.1.20 THE INFLUENCE OF SURFACE MORPHOLOGY ON THE ANGULAR DISTRIBUTION

AND SPUTTERING YIELD OF ARGON BOMBARDED COPPER

(M. Braun, B. Emmoth, W.O. Hofer, U. Littmark and J.L. Whitton) 50

3.2. ATOMIC AND MOLECULAR THEORY

3.2.1. ON THE CALCULATION OF NON-RADIATIVE DECAY CHANNELS IN FREE

DIATOMIC RADICALS AND MOLECULES WITH WEYL'S THEORY

(N. Elander, Erkki Brandas and Michael Hehenberger) 55

3.2.2. ON THE COLLISION-INDUCED DEPOPULATION OF METASTABLE LEVELS IN

DIATOMIC MOLECULES. APPLICATION TO THE SWAN BANDS IN THE C2

RADICAL

(N. Elander) 59



XIII

3.2.3. ON THE PREDISSOCIATION IN THE B 2E STATE OF THE CH RADICAL

(N. Elander, M. Hehenberger and P. Bunker) 61

3.3. NUCLEAR PHYSICS

3.3.1.

3.3.2.

3.3.3.

3.3.4.

3.3.5.

3.3.6.

3.3.7.

3.3.8.

3.3.9.

3.3.10

3.3.11

PRE-EQUILIBRIUM NEUTRONS FROM COMPOUND REACTIONS

(W. Klamra, A. Nilsson and P. Sawa) 66

THE ODD-MASS Zn ISOTOPES REVISITED

(Z.P. Sawa) 68

THREE-QUASIPARTICLE STATES OF THE NUCLEI 85Y, 8 7Y, AND 85Zr

(S.E. Arnell, A. Nilsson, 0. Skeppstedt and E. Wailander) . . . 71

GAMMA-GAMMA CORRELATION STUDIES FOLLOWING COMPOUND NUCLEUS

REACTIONS WITH 118 MeV 12C ON 121*Sn

(0. Andersen, M.A. Deleplanque, J. Garret, B. Herskind,

S.A. Hjorth, A. Johnson, Th. Lindblad, C.-G. Linden and

F.S. Stephens) 73

STRUCTURE OF THE LEVELS IN THE DOUBLY-MAGIC NUCLEUS 'soSnsa

(The ISOLDE Collaboration, CERN; W.-D. Lauppe, H. Lawin,

O.W.B. Schult and K. Sistemich) 75

A 10+ ISOMER IN THE 2PARTICLE - 2H0LE NUCLEUS 132Te

(K. Sistemich, W.D. Lauppe, H. Lawin, F. Schussler, J.P. Bocquet,

E. Monnand and J. Blomqvist) 78

MANY-PARTICLE EXCITATIONS IN ^eCesz AND ^ J C e ^ NUCLEI

(J. Bialkowski, A. Celler, S. Elfstrom, J. Kownacki, Th. Lindblad,

E. Liukkonen, A. Lukko and A. Pakkanen) 80

EXCITED STATES IN 1<tGSm AND llt7Sm

(E. Hammaren, J. Kownacki, Th. Lindblad, E. Liukkonen,

M. Piiparinen, H. Ryde, Z. Sujkowski and V. Paar) 83

THE B(E1)/B(E2) RATIOS FOR TRANSITIONS BETWEEN NEGATIVE AND

POSITIVE-PARITY BANDS IN 1!fBSm AND ltt9Sm

(E. Hammaren, J. Kownacki, Th. Lindblad, E. Liukkonen,

M. Piiparinen, H. Ryde and Z. Sujkowski) 87

. PARTICLE PLUS OCTUPOLE M2/E3 ISOMERS AND HIGH-SPIN PARTICLE-HOLE

STATES IN ll|7Tb AND lltBTb

(R. Broda, M. Behar, P. Kleinheinz, P.J. Daly and J. Blomqvist) 91

A SEARCH FOR HIGH-SPIN ISOMERS IN 11>9Gd

(L. Carlen, L. Hildingsson, S.A. Hjorth, A. Johnson,

P. Kleinheinz, Th. Lindblad, M. Piiparinen, N. Roy and H. Ryde) 93



XIV

3.3.12. EVIDENCE FOR ROTATIONAL STRUCTURE AT HIGH SPINS IN 15*»155Er

(G. Bastin, M.A. Deleplanque, L. Hildingsson, S. Hjorth,

J.P. Husson, A. Johnson, In. Lindblad, N. Perrin, C. Schiick,

F.S. Stephens and J.P. Thibaud) 95

3.3.13. INVESTIGATION OF THE DOUBLY ODD 166Im NUCLEUS

(S. Elfstrom, J. Forsblom, K. Fransson, L. Hildingsson

and W. Klamra) 98

3.3.14. FLUCTUATIONS IN THE "CONTINUUM" Y"RAY SPECTRUM FOLLOWING

THE REACTION 160Gd(26Mg,6n)180Os

(M.A. Deleplanque, P.P. Hubert, C. Roulet, H. Sergolle, B. Fant,

M, Piiparinen, S.A. Hjorth, A. Johnson and Th. Lindblad) . . . 99

3 . 3 . 1 5 . HIGH-SPIN STATES IN 2<MfBi

(T. Lonnroth, B. Fant, K. Frausson, A. KSllberg, K.-A. Pettersson.

and L. Vegh) 101

[Vo.lit-dzad-lU.nz conOilbutionA)

3.3.16. BAND CROSSING AND QUASIPARTICLE EXCITATIONS IN NUCLEI AROUND
80 Kr

(Rossendorf-Leningrad-Stockholm Cooperation) 154

3.3.17. MAGNETIC MOMENTS OF 5/2+[402] AND 7/2+[404] BAND HEADS IN ODD

MASS H7»Hs>Te NUCLEI

(L. Kaubler, H. Prade, U. Hagemann, J. Hiiller, F. Stary and

K.-G. Rensfelt) 155

3.3.18. CONTINUED CONTINUUM STUDIES BY TV-CORRELATION TECHNIQUES

(J. Bialkowski, C.J. Herrlander, L. Hildingsson, A. Johnson,

A. Kerek, W. Klamra, A. Kallberg, J. Kownacki, Th. Lindblad,

C.G. Linden, J. Starker and K. Wikstrom) 159

3.I+. NUCLEAR THEORY

3.4.1. NUCLEAR STRUCTURE AND RELATIVE a-DECAY WIDTH OF 212At WITHIN

THE FRAMEWORK OF THE NUCLEAR FIELD THEORY

(F.A. Janouch and R.J. Liotta) 104

3.4.2. SHELL MODEL CALCULATIONS ON zl2At

(L. Rydstrom and J. Blomqvist) 109

3.4.3. SHELL MODEL CALCULATIONS WITH A BASIS THAT CONTAINS CORRELATED

PAIRS

(J.P. Boisson, B.A. Silvestre-Brac and R.J. Liotta) Ill

3.4.4. MULTI-STEP SHELL-MODEL METHOD: THE NUCLEI 2OI*Pb AND 20ZPb

(C. Pomar and R.J. Liotta) 112



XV

3.A.5. PARTICLE-ROTOR MODEL DESCRIPTION OF ROTATIONAL SPECTRA

(J. Almberger, I. Hamaraoto and G. Leander) 114

3.5. EXOTIC ATOMS

3.5.1. PIONIC 4f •*• 3d TRANSITION IN 181Ta, NATURAL Re, AND 2D9Bi, AND

THE STRONG INTERACTION LEVEL SHIFT AND WIDTH OF THE PIONIC

3d STATE

(Amsterdam-CERN-Kingston-Stockholm Collaboration)

3.5.2. SEARCH FOR BOUND BARYON1UM STATES

(Basel-Karlsruhe-Stockholm-Strasbourg-Tessaloniki Collab.) . .

118

120

3.6. INSTRUMENTATION AND METHODS

3.6.1. THE 225-cm CYCLOTRON

(C.J. Herrlander and K.-G. Rensfelt) 124

3.6.2. A NEW CONTROL SYSTEM REPLACING SEVERAL PUSH-BUTTON PANELS

(S. Egnell, K. Abrahamsson, J. Bjon and J. Starker) 125

3.6.3. STATUS REPORT FOR THE PDP-11/55 COMPUTER

(C.G. Linden and J. Starker) 127

3.6.4. STATUS REPORT FOR THE PDP-11/70 COMPUTER

(N. Elander, S. Kallstenius-Hellman, S. Leontein, C.G. Linden

and J. Starker) 130

3 . 6 . 5 . 16-INPUT MAJORITY LOGIC

(J. Bialkowski, J. Starker and K. Agehed) 132

3.6.6. PATTERN RECOGNITION UNIT

(J. Starker and M. Engstrom) 134

3.6.7. CYCLOTRON-PRODUCED RADIONUCLEIDES FOR CHEMICAL AND MEDICAL

APPLICATIONS

(H. Atterling, A. Bengtsson, W. Forsling, E. Toth-Pal,

M. af Ugglas and P.-O. Westlund) 137

3.6.8. PRODUCTION AND SYNTHESES OF 1^-LABELLED COMPOUNDS

(E. Ehrin, C.J. Herr lander , L. Nilsson, G. P r i n t z , E. Toth-Pal

and M. af Ugglas) 139



- 1 -

3. RESEARCH REPORTS

3.1 SURFACE, ATOMIC AND MOLECULAR PHYSICS

3.1.1. CURRENT RESEARCH ON SURFACE, ATOMIC AND MOLECULAR (SAM) PHYSICS AT AFI

(M. Braun, S. Hultberg and P. Erman)

A considerable portion of the past year at the Surface Physics Division

has been devoted to rearrangements and new constructions of the experimental

facilities. Hence, it will be possible to perform experiments in ultra-high

vacuum with ion beams both from the van de Graaff accelerator and the new

low-energy accelerator connected to a common target chamber. Deuterium per-

meation and surface recombination measurements have been initiated in a sepa-

rate new chamber, also at ultra-high vacuum. These studies, which are done

in cooperation with the Plasma Physics Department at Jiilich, will contribute

to the understanding of plasma-wall interactions in a fusion reactor. Some

of the current sputtering experiments are done within a collaboration pro-

gram between AFI and the 0rsted Institute in Copenhagen. The data handling

system has been improved so that on-line calculations can be done with the

11/70 computer.

The activities in atomic physics have been carried on in various direc-

tions. Lifetimes and spectra have been studied for Li, Be, Mg, Si, Ga and

Tl. We have also continued our studies of molecular effects by investigating

the influence from accompanying charged particles on the quantum beat pat-

tern of neutral atoms, by comparing the results with incoming beams of He

and HeH and varying the foil thickness extensively. A clear molecular ef-

fect was obtained. Another interesting phenomenon which has attracted atten-

tion recently is the appearance of the cusp-shaped peaks obtained for elec-

trons of the same velocity as that of the ions and emitted in the beam direc-

tion (convoy electrons). We have studied the behaviour of such peaks as a

function of target character (carbon foils and several gases), ion charge

and foil tilt angle to investigate the importance of the so-called wake po-

tential and of the role of the surface. The wake potential is the crucial

phenomenon in another series of experiments aiming at investigating electron

density fluctuations induced by heavy ions penetrating solids at high veloci-

ties. This may lead to direct emission of target electrons under angles

governed by the Mach relation for shock waves (shock electrons). At the 400

keV accelerator a magnet with a gas cell and associated equipment (current

sweeping circuitry and gas-flow automatic controller) has recently been set



- 2 -

up and successfully'tested. The experiments briefly mentioned above have

been carried out in cooperation with many scientists visiting the institute

and also during visits of people from AFI to other laboratories (Darmstadt

and Uppsala) (cf. the separate reports below for details). Visiting scien-

tists to the AFI group have been Erling Veje (Copenhagen), Stanley Bashkin

(Tucson), Indrek Martinson (Lund), P.S. Ramanujam (guest researcher on a

grant from the NFR), and Karl-Ontjes Groeneveld (Frankfurt/M - Darmstadt).

Research grants for general and special purposes have been obtained trom the

NFR, Carl-Bertel Nathhorsts Stiftelse and Magnus Bergvalls Stiftelse.

The group studying molecular structure using time resolved precision

spectroscopy based upon the High Frequency Deflection technique has greatly

benefited from the new high-power electron accelerator. This accelerator is

now continuously in use operating at a high level of reliability at target

pressures up to the Torr range, while the present cooling limits the current

output to a few hundred milliamperes. The "old" electron accelerator used

for time-resolved spectroscopy has been moved and put in order for student

laboratory work. The research during 1979 has been mainly concentrated upon

the newly discovered resonant collisional transfer process described in last

year's Annual Report. The continued research this year has strengthened the

general conclusions that this process is very frequent in the simple funda-

mental molecules and occurs in the atmospheres of the earth, the planets

and the late-type stars. During 1978/79 the research work of the group has

been presented in three Ph.D. theses.

3.1.2. NEW SPECTRA, OSCILLATOR STRENGTHS AND THE DISSOCIATION ENERGY OF SiH+

(T.A. Carlson*, J. Copley, N. Buric**, N. Elander, P. Erman, M. Larsson and

M. Lyyra)

The SiH molecule is of considerable astrophysical importance. It was

first observed in laboratory by Douglas and Lutz ' and was the first ion-

molecule discovered in the solar photospheric spectrum by Grevesse and Sauval

So far, five bands of the A ^ - X lI+ transition have been observed, namely

the (0,0), (0,1), (0,2), (1,0) and (1,1) bands.

In order to determine the astrophysically important oscillator strength

accurate lifetime data are needed. However, no lifetime measurements of the

A Estate have thus far been reported. We thus decided to make an exhaustive

time resolved study of the A 1II state using the High Frequency Deflection (HFD)

2)
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3)
technique . A systematic search for unknown bands of the A-X transition

was undextaken, and we were able to identify and analyse the (2,0) and (3,0)

bands. The discovery of these two bands has made possible a more accurate

determination of the dissociation energy of the SiH molecule and the deduc-

tion of improved molecular constants for the AXII state. In order to convert

the measured lifetimes into oscillator strengths, we have calculated Franck-

Condon factors and r-centroids which are to be considered as more accurate

than earlier values.

3M0 3890 A* 3900

FIGURE 1

Klein-Dunham-Morse potential curves
of the A1!! and X 1Z + states in SiH+.

FIGURE 2

Section of the emission spectrum of
SiH showing the SiH+ A-X (2,0) band.

TABLE I Principal molecular constants (in cm"1) of SiH+

Molecular
constants
(cm'1)

B e

a e

Ye

De

Be
we

0)eXe

U)eye

Te

A Ml

5.003

1.020

0.125

2.11 xlO"3

-3 .8 x 10-"

448.39

30.41

0.81

25878.52

XJE+

7.6576

0.2015
7.3X10"11

3.81xlo""

3 x 10"7

2157.15

34.23

-

0
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The (2,0) and '(3,0) bands were analysed and the molecular constants de-

termined using a computational method which fits term values by a least

squares procedure. Data from ref. were also taken into account. The new

principal molecular constants for SiH are listed in Table I.

From the computed term values the A-type doubling, which is a non-adia-

batic Coriolis coupling between the A ^ and X 1E + states, was calculated.

The result, which is plotted in Fig. 3, is quite different from what one

would expect from a comparison with similar molecules like CH+, A1E and BH.

However, taking the extreme shallowness of the A1H state potential curve

(see Fig. 1) into account, the situation is clarified.

FIGURE 3

A-type doubling plotted against
J(J+ 1). The circles denote
v'= 0, the squares v'= 1 and
the triangles v'= 2.

50 J(J*11 150

The fact that we have observed v1 = 3 of A1!! and been able to determine

more accurate molecular constants enables us to determine the dissociation

energy of SiH+, Do° (SiH
+). The values of u)e and uexe from Table I give a

dissociation energy Do (
1II) = 1436 cm"1, which can be considered as an upper

limit for Do (
1II). A lower limit is the observed v'= 3 at 1017 cm"1. If

we adopt the mean of these two limits as a reasonable value, DQ (
1n) should

be 1230 ± 26 cm"1. Taking the correlation between the molecular states and

the separated atoms into account, we conclude that

25970 + 210 cm"1 = 3.22 ± 0.03 eV (1)

The ionization potential of SiH, I(SiH), can be obtained from the relation

I(SiH) = D° (SiH) - D (2)

Using our value for Do° (SiH
+) with I(Si) = 8.15 eV and Do° (SiH)

± 0.0250 eV from Carlson et al. , we obtain

I(SiH) = 8.27+0.06 eV

3.3414±

(3)
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Lifetimes for v' = 0,1,2 and 3 of the A1II state were measured in the

pressure range 0.5-10 mTorr. Special caution was taken to avoid distortions

due to Coulomb repulsion effects. The results are listed in Table II.

TABLE II

Measured lifetimes of the
A1!! state of SiH+.

V*

0

1

2

3

T (ns)

1025 ±80

1150 ± 80

1220 ± 80

1280 +80

The measured lifetimes were used to determine the variation of the elec-

tronic transition moment, Re , within the r-centroid approximation. Conse-

quently we had to perform calculations of Franck-Condon factors and r-centroids

based on the new constants. The deduced variation indicates that Rg should

decrease as

R| (r) = 0.92-0.22 r (4)

where r is the r-centroid.

From this variation we calculated the oscillator strength for the A-X

(0,0) band

foo= (2.4 ±1)x IO-3 (5)

2)
This is a factor of 5 larger than the value from ref. , derived with the

help of fitting line profiles to features in the solar spectrum, a discrepancy

which remains unexplained.

* Oak Ridge National Laboratory, Oak Ridge, Tenn., U.S.A.
** Belgrade University, Belgrade, Yugoslavia
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3.1.3. TIME RESOLVED STUDIES OF COLLISIONAL TRANSFER AND RADIATIVE DECAY

OF THE CS A an STATE

(T.A. Carlson*, J. Copley, N. Duric**, P. Erman and M. Larsson)

Collision induced intersystem crossing or collisional transfer has ear-

lier been experimentally observed to occur in CO between the A1II state and

the low-lying triplet states 1) This process is known to cause distortions

on recorded lifetime data and to yield anomalous behaviour of measured rela-
2)tive intensities when a catalyst gas is added. In the present investigation

similar effects are shown to be present also for the CS A1II-X1E system. In

view of the similarity between the electronic structures of the CS and CO

molecules, and that the singlet-triplet perturbations are even stronger for

CS, collision transfer between the A^II state and the triplet state is suggest-

ed to take place also in the CS molecule. Rough estimates of transfer rates

have been made on the basis of recorded decay curves and shown to be within

the same order of magnitude as was observed for CO.

Recently, a comprehensive set of interaction parameters between the A

state and the triplet states were derived using both former and more lately

derived spectroscopic data and in good agreement with ab initio calculations

Fig. 1 shows an energy level diagram of the vibronic levels for both the A

state and the triplet states (a 3n assigned to the air̂ ir* configuration and

a1 3 E + , e 3Z~ and d3A assigned to the o2ir3ir* configuration).

2)

A'TT a ir a1** e 3 r d'A,

U-

43

1
S-
UJ

40-

39-

5—

4 15

3— —

0—

6 — 10

FIGURE 1
Low-lying levels of the CS molecule.

—io
IE thermal

Figure 2 shows a spectrum of the A-X (0,0) transition recorded using CS

as the target gas. Lifetimes for the v 1= 0,1,2,3,4 and 5 vibrational levels

of the A *H state were measured. Pressure studies were made both by varying

the CS2-pressure and by adding different other gases like He, Ne, Ar, Kr, N 2

and C02. Measurements were performed at different sweep frequencies in

order to follow the decay curves in their tails. Figure 3 shows some of the

recorded decay curves.
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csATr-xr (o.o)
30

FIGURE 2

Section of the CS A-X system.
The irregularities in the
rotational structure origi-
nate from strong perturbations
of various close-lying triplet
states,

2585

FIGURE 3

Decay curves of the CS A-X (0,0) recorded
using the HFD technique at (a) 248 kHz,
(b) at 8.40 kHz sweep frequency, (a) shows
the initial radiative decay with T = 185 ns
and long-lived components which are shown
in more detail in (b). As seen from (b)
the (non-exponential) shape of the long-
lived tail is strongly dependent on the
(CS2) target pressure and on the pressure
of foreign catalyser gases like Kr. This
indicates collisional transfers from at
least two neighbouring triplet levels,
which in the case of inert gas catalysers
increase with their polarizability. The
solid lines represent fits to the experi-
mental points using eq. (2).

FIGURE 4

_ _̂ i_> ^ _ _ j
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If a number of triplet levels Y and Z
are excited by the electron beam, colli-
sions with a foreign atom (molecule) M
might cause a transfer to a neighbouring
A-sta;e level. This leads to an apparent
increase of the population of A which is
observed as a long-lived component of the
associated decay curves as well as to an
increase of the A-X emission intensities.

The experimental situation and results closely resemble recent findings

on the A xn-X lZ system in CO (ref. O . It is thus suggested that the re-

sults also in the CS case are affected by collisional transfer, schematically

shown in Fig. 4.

The electron excitation should populate a great number of the triplet

levels which are closer to the studied A levels than typical thermal energies

(see Fig. 1). Transfers from these triplet levels should explain the long-lived
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tails of Fig. 3b. Since these tails appear as non-exponential, there should

be at least two sequences of triplet state levels, which contribute signifi-

cantly to the transfer. If we assume that the transfers to a given A level

predominantly originate from two levels Y and Z, we get using the notations

in Fig. 4 the rate equation for the population of A catalysed by M

d[A]
dt (1)

where it is assumed that the transfers fcAY[M] and fc^zM are much smaller

than the radiative transition probability Ap^ of A. The solution of eq. (1)

gives the total decay intensity of A:

I(*> = 4 A X K [ A ] O "

feZAtM][Z]0

(2)

k Y A M [ Y ]

A _
AX

-If

ZA
TMT e x p [- ( f ezA [ M ]

where [A]Q etc. denote the initial populations at the time t = 0 when the

exciting electron beam is switched off. The sum of the second and third ex-

ponentials in eq. (2) should represent the tails in Fig. 3b from a point

where the direct decay [aexp(- Apj^t)] has died out. The shapes of the tails

suggest that one of the levels, say Y, has a larger total transfer rate

(feyA*1 ̂ZA^ b u t i-s> o n t n e other hand, weaker populated (tY]Q< [Z]Q). Since

the two exponentials in (2) representing the tails contain as many as six

unknown parameters, only a rough guess of the magnitudes of the rate coeffi-

cients can be made. The solid lines in Fig. 3b show fits to the tails using

(2) and ?CYA
 = 5 x 10~9 c m 3 molecule"1 s"1; kZk = 5 xio"

11 cm3 molecule"1 s"1

(with 4 Y X = 10
5 s"1, A z x = 5X101* s"1, [Y]0/[A]0 = 1, [Z]0/[A]0 = 20). Such

a high value of Y A is not unexpected in view of the similarity to effects in

the A state in CO. The addition of Kr instead of increasing the CS2 pressure

gives an even larger effect. Transfers of similar magnitudes were found for

the higher V1 levels with no discernable trend. The strong influence of
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transfer effects is'here even better demonstrated in separate studies of the

CS A-X emission intensities as a function of pressure of added catalyser

gases.

With the CS2 pressure kept constant at 0.6 mTorr, various catalyser gases

were added at pressures up to 15 mTorr and the emission spectra were recorded.

The band head peak intensities were measured and compared to the intensity

from SI and CI atomic lines. The result for the (0,0) band is displayed in

Fig. 5.

FIGURE 5

Relative intensities of the CS A-X (0,0)
band as a function of the pressure of
various added catalyser gases. The dras-
tic changes which occur already at a few
mTorr catalyser pressure indicate the
presence of strong collisional transfer
effects.

[Ml m Torr

TABLE I

V'

0
1
2
3
4
5

T
for

185
225
220
230
235
255

(ns)
klH

+ 10
± 20
± 20
± 20
± 20
± 20

The main contribution to the observed

large increase in relative intensity with

added catalyst gases originates from the

same collisional transfer processes which

give rise to the long-lived decay components.

The measured lifetimes extrapolated to zero

pressure are listed in Table I.

The lifetimes, together with calculated

Franck-Condon factors and r-centroids and
2)relative intensities found in the literature , were used to convert the

lifetimes to oscillator strengths. The result for the (0,0) transition

foo
 = 1 * 1O~2 was in agreement with earlier determinations ^'.

* Oak Ridge National Laboratory, Oak Ridge, Tenn., U.S.A.
** Belgrade University, Belgrade, Yugoslavia
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3.1.4. TIME RESOLVED STUDIES OF THE INTERACTIONS BETWEEN THE A AND B

STATES IN N^

(P. Erman and M. Larsson)

The N2 ion-molecule is an important component in the earth's atmosphere.

The emission spectrum from % is very intense also at low pressures and many

bands, particularly from the first negative system B 2E U -X
2Eg , have been

extensively studied in the past. It was early recognized that perturbations

are present between the B 2 ! ^ state and the close-lying A 2n u state. These

perturbations manifest themselves as shifts in the energy levels and in the

appearance of extra lines in the spectra. The perturbed levels of the B state

are v = 0,1,3,5,9,13 and the perturber levels of the A state are respectively

v = 10,11,14,17,23,24 and 28.

Even though many lifetime investigations of the B state exist, only few

attempts have been made to measure their dependence on the vibrational and

rotational quantum number. It is well known that perturbations influence

the radiative properties of an excited level. However, earlier attempts to

measure this influence have been performed at low resolution. In order to

understand the origin of the perturbations and to deduce the variation of the

electronic transition moments with internuclear distance, lifetime data re-

corded in high resolution are needed. Thus, we have undertaken a thorough

re-investigation of the time-resolved spectra of the B-X system . From

the lifetime dependence on the vibrational quantum number (see Table I) the

electronic transition moment was determined as

R| (f) = (3.3710.5) - (2.62 ±0.5) f

where f is the r-centroid.

This behaviour is somewhat different from earlier determinations, al-

though the absolute value of R 2 (0,0) = 0.49 (a.u.) is close to the grand

average given in ref. *'.

TABLE I

Average lifetimes of low-lying rotational
levels of various vibrational levels of the
B 2 ! ^ state. Grand average for TV!=Q given
in ref. 2) is 62.5 ns.

v1

0

1

2

3

T(V') ns

A

62.4±0.3

65.0±1.5

70.0±3.0

75.0±5.0

2S

i
t -

2E
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The lifetime measurements for v' =0 and 1 were performed on band-heads,

while for v1= 2 and 3 the bands were blended (Fig. lc) and special caution

had to be taken.

The lifetime dependence on the rotational quantum numbers was measured

at high resolution (0.04 A FWHM) (Fig. 1). It should be observed that the

(0,0) band is overlapped by the (1,1) band (Fig. la), particularly so for

N1= 31 and 32 (in Fig. 1 denoted 30 and 31, which is the N" quantum number).

Lifetime measurements performed at these lines must naturally be distorted

due to blends from (1,1) Ri (12) and the extra line A-X (11,1) 13.5 - 12.5,

respectively. This was not realized in ref. 3)> where it was claimed that

the distortion was due to a perturbation from a ̂ S^ state. The results for

v' = 0 and 1 are plotted in Fig. 3.

29
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40-
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30-
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40^-—

.
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284

30-
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-165

-12.5

v=11
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FIGURE 1

Section of the N2" B-X emission
spectrum recorded at 40 mTorr
N2 pressure. The lines denoted
by X at 3867.64 A, 3869.51 A,
4216.71 A and 4218.78 A are
extra lines, A-X (11,1) 13.5 -
- 12.5, 14.5 - 13.5, A-X (11,2)
13.5 - 12.5 and 14.5 - 13.5,
respectively. The extra lines
occur because of the perturba-
tion from the B state and their
lifetimes depend on the A and B
state lifetimes as well as on
the degree of mixing.

15 14
N; B2I;-X2I;

F, 13 F, R(1.1) F2 12 F, 11 10

29

4190

FIGURE 2

Partial scheme of N2 B
 2Z U

+

levels with close-lying A 2n u

levels which may give rise to
perturbations (dashed lines)
or collisional transfers which
are observed in the time-resolved
spectra.
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FIGURE 3

Lifetimes T of various rotational levels
of the N2

+B state measured using the HFD
technique. For v'= 1 the F2 components,
which are all unperturbed, show essen-
tially no variation with N1, while the
perturbations of the ¥\ components in the
region N1= 12-15 give considerable
lengthenings of x. The circles denote
the T values calculated theoretically.
For v'= 0 a general continuous increase
in x is observed for N'> 24 which is
attributed to collisional transfer effects.
Strong distortions occur at N1= 31 (triangle)
and N'= 32 (cross) due to blending from
(1,1) Ri (12) and the extra line A-X
(11.1), 13.5+12,5, respectively.

The measured lifetimes for v1= 1 follow closely the calculated ones

using term values from ref. ^ ) . For v1= 0 the situation is different in that

the observed lengthening of the lifetime for N1> 24 is unexpected. However,

according to Fig. 2a, many levels from the A2IIustate are lying close in

energy to the levels of the B2EU
+ state. Although perturbations, which obey

several selection rules, occur only in a limited number of cases, collision-

induced transitions (see previous contribution on CS) can still take place

from the A state to the B state. If rotational levels above N'>24 to a large

extent are populated through collisional transfer from the A state, the meas-

used lifetimes of the v1 =0 N'>24 levels would indeed show the behaviour dis-

played in Fig. 3b. There are also examples reported in the literature

from rotational line intensity measurements which reveal a great excess of

population at higher N1 as compared to the expected Boltzmann distributions.

The natural thing would be to make a pressure study on the levels above

Nf> 24. This would be very tedious, however, in view of the low intensity

and high spectral resolution needed to avoid blends.

In addition to the observed X, A, B and D doublet states in N2 arising

from the ground state separated atoms, a number of quartet states could origi-

nate from the same limit. Of particular interest is the ^Z^ state, since

quasi-forbidden emission from this state to the ground state could occur with

measurable intensities. Such an emission system was claimed to occur in the
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FIGURE 4

Sections of the N2 B-X
(0,0) band close to the
head at 3914 A. In the R
branch the corresponding
isotopic ***N ̂ N line is
clearly seen. No line
structure can be observed
towards higher wavelengths
from the head of the lat-
ter system, as demanded
from the possible exist-

k* 2*ence of the
system.

-X 2Z
3906 3314 3915

region of the B-X (0,0) band, with a band-head at 3915 A, close to the band-

head of (0,0), by exciting N2 gas by a 30 keV hydrogen molecular ion beam D.

The deduced molecular constants were close to those of the B 2S U state and

far from ab initio calculated results for the ^Eu state. It has also been

pointed out that the observed lines coincide closely with the isotopic
14*N15N+ B-X (0,0) band.

Figure 4 shows partial scans of the B-X (0,0) system using the HFD tech-

nique. Between the RX11*^ ) lines, displaced about 0.4 A towards longer

wavelengths, is clearly seen another system resembling the 11+N2 B-X (0,0)

band but with about 140 times lower intensity.

We have measured the lifetimes of these weak lines, and if they belonged

to the system ^E^ - X 2Z g they should be in the us range. The result x =

= 62.5 ns agrees within the experimental error with the corresponding R^^N^)

lines.

A detailed scan was performed in the X = 3914 - 3915.5 A region but in

spite of high detection sensitivity, >.o traces of a line structure was found

to the right of the P(11+N15N+) head at 3914.44 A. Bearing the earlier reject-

ed perturbations at v1= 0 N'= 31, 32 in mind, we feel that little experimental

evidence is left for the existence of a ^S^ state.
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3.1.5. LARGE DISTORTIONS IN EARLIER MEASURED TRANSITION PROBABILITIES OF

THE C2 SWAN BANDS CAUSED BY COLLISIONAL TRANSFER EFFECTS

(P. Erman)

The d 3n g-a
 3IIU Swan bands in C2 are dominating features in the spectra

of numerous carbon-containing compounds as well as in spectra from the sun,

late-type stars and comets. In view of all applications in gas dynamics,

combustion and astrophysical processes, the transition probabilities and

oscillator strengths of the Swan bands have been frequently studied at sever-

al laboratories. However, still after some fifteen years of experimental

studies of the radiative lifetime t(d,v=0) the results do not uniquely con-

verge. An earlier high resolution measurement using the HFD technique

gave x(d, v= 0) = 123± 6 .ns which was subsequently confirmed by a laser fluo-
2)

rescence measurement yielding x(d, v=0) = 120±10 ns. All other direct
3-7)

measurements give systematically higher values, in the case of laser
3-5)

pyrolysis techniques " up to six times higher values.

Figure 1 shows levels of other triplet states in C2 in the vicinity of

the d 3IIg state. It follows that in particular the c levels are all fairly

close (of the order of kT) at low vibrational levels v and gradually approach

the d levels with increasing v. At d (v= 6) the energy difference is only a

few cm"l.

30
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•10
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FIGURE 1

Low-lying triplet levels in C2,

FIGURE 2

Long-lived components in the decay of
possible as precursors of collisional the (0,0) C2 Swan band measured at
transfers to the d levels. various pressures p of the C2H2 target

gas. As discussed in the text, these
components most probably originate from
transfer from near-lying c levels.
From their slopes the associated rate
coefficient is found to be
6 • 10"ncm3/s, mol.
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FIGURE 3

The intensity of the (0,0) C2 Swan band nor-
malized to the H3 Balmer line measured at
different pressures [M] of various added
catalyzer gases, He, Ne and Ar, as well as
of the autocatalyzing C2H2 target gas it-
self. The results support those of Fig. 2,
i.e. a strong transfer effect is found
which explains earlier anomalies in estimates
of transition probabilities.

Figure 2 shows repeated recordings of the decay of the (0,0) Swan band

far away from the initial T = 120 ns r?diative decay. The HFD technique has

been applied at various pressures p= 1, 40 and 200 mTorr of the C2H2 target

gas, and a second lifetime component with Ts^ow = 6.0, 3.9 and 1.76 ys, re-

spectively, is found to occur very clearly. The solid lines represent fits

to the theoretical expression (1) (contribution 3.1.3) using

"YA = k
cd

A _ =
cf

[Y]0/[A]0 = 3

6 • 10"ncm3/s,mol

• 1.8 '10s s"1

[z], = 0

(1)

(2)

(3)

(4)

Here the assumption (3) is rather arbitrarily chosen as a kind of "best fit"

to the relative intensities displayed in Fig. 3, while kC(i and EAcf are

solely determined from the straight parts of the decay curves which have

slopes proportional to - (ky^[M] + Ayx)•

An independent proof of the strong influences of collisional transfers

follows from measurements of the intensities of the Swan bands (normalized

to the simultaneously measured intensity of the Balmer Hg line) either for

various pressures of the C2H2 target gas, or with the latter kept at a con-

stant low pressure (0.2 mTorr) and rare gases added as catalyzers. As seen

from the figure, the addition of 70-80 mTorr argon yields a twenty-fold in-

crease of the (0,0) Swan band intensity, while neon and (in particular) helium

has a smaller influence. This dependence upon the polarizability of the

catalyzer is the same as in our earlier studied cases and follows from the in-

clusion of van der Waals forces in transfer processes.

The measured rate coefficient for the discovered c-*d transfer,

k = (6 ±2) • 10~11cm3/s,mol, agrees closely with the rate coefficient for
8)

the X->A transfer in CN and, as follows from Fig. 2, for higher pressures
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the intensity of the associated second decay is high enough to explain the
3-7)

apparent increase of the initial 120 ns decay observed in . On the
ON

other hand, the measurements ' should be essentially free from transfer ef-

fects since very few precursor levels are excited within the band-width

(1,5 A) of the exciting laser beam.
In conclusion, we thus reproduce the result x(C2,d, v=0) = 120 ns

and f(0,0) = (25.3 + 0.9) *10~3, while the discovered c-*d transfer most
3-7)

probably explains the too high X values deduced by the investigators
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3.1.6. A BEAM-FOIL STUDY OF GALLIUM AND THALLIUM

(S. Mannervik and E. Veje)

We have measured the optical spectra in the wavelength region 200-550 nm

from beam-foil excited gallium and thallium in the projectile energy range

100-700 keV for Ga and 200-1000 keV for Tl, using doubly or triply charged

ions accelerated at the 400 kV heavy ion accelerator. In addition, we have

measured decay curves for 8 Ga I terms, 7 Ga III terms, 8 Tl I terms and

8 Tl III terms.

Spectral line intensities for transitions in Ga I-III and Tl I-III have

been taken from the spectrograms and converted to relative level populations

as functions of the projectile velocity. We observe that populations of

levels of the same charge-state in Ga and Tl show the same relative change

with the projectile velocity. This tells us that the relative population of

levels of the same charge state is independent of the projectile velocity,

and also that corresponding levels in Ga and Tl are populated in very similar

ways, independent of the number of electrons in the closed core. We observe

at the same time, that the dependence on projectile energy of the level popu-

lations is different from that of charge-state distributions. This indicates

strong excitation of autoionizing terms, and demonstrates that the level popu-

lation curves have more basic information than the charge-state distributions.
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The level populations as functions of the principal quantum number or

the orbital angular momentum quantum number of the excited level follow the

trends observed by us earlier for light projectiles . The level population

decreases as a power law versus the effective quantum number for levels of

the same Rydberg series, and the population generally increases with the

orbital angular momentum quantum number for levels of the same principal

quantum number. However, there is a preferential excitation of p levels

superimposed on this increase.

In the rather few cases where lifetimes have been measured previously,

our data agree reasonably well with earlier results. However, our results

are systematically shorter. In almost all cases we observe strong cascade

contributions, stressing the importance of measuring the decay curves careful-

ly from immediately after the foil (or preferentially, starting the decay

curve measurement in front of the foil) and to far downstream from the foil.

Our experimental lifetimes agree reasonably well with theoretical results
2)

from the numerical Coulomb approximation , in some cases. In other cases

large disagreements arc observed, even for the cases of one electron outside

a closed shell as Ga III and Tl III. This indicates that the numerical

Coulomb approximation does not work as well for heavy elements as it does for
3)

light ones as, for example, Mg II : the breakdown is most presumably caused

by configuration mixings.
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3.1.7. LIFETIMES OF SOME DOUBLY EXCITED LEVELS IN Li I

(S. Mannervik)

As reported earlier , we have made investigations of the spectrum of

lithium using the beam-foil technique. The purpose of these is to obtain

evidence that can contribute to the solution of the questions concerning

the level schemes of doubly excited Li I (quartets and doublets). In this

work lifetime measurements can be a useful tool to verify assignments of
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TABLE I Lifetimes in lithium

Ttuin&ition

Li I**

Is2p2 "*P -

1s2s3s *S

1s2p2 "P •

1s2s3d **D

1s2p2 "P -

Li I I

3 3P - 4

-

• 1s2p3s "P

- 1s2p3s **P

- 1s2p3d "*D

- 1s2p3d "*D

- 1s2p4d ''D

3S

Wavelength

(A)

3618

4885

2868

5267

2460

3489

4881

Lifetime.

Tki& won

10.4± 0.

10.6± 0.

1.5±0.

1.5±0.

l . l l±0 .

2.29±0.

6 .5±0.

oft uppeA

k

2

4

3

2

06

05

1

Otl

level lm)

isA expeAme-wtk

l l . 8 ± 0 . 2 b

2 .3±0 .4 b

2 . 1 ± 0 . 5 a

2.3±0.5 C

2.9± 0.2 a

7 .0±1 .0 a

6.2±0.7 b

a) Ref. 4 b) Ref. 7 c) Ref. 8

TABLE II Lifetimes for autoionizing levels in lithium determined from
line broadening

Wa.veJLe.ngtk

(A)

2640

3144

Uptime.

Upp&n. level int>)

TkLt, wotik

0.51± 0.02

QtkoA exp.

1.8a

LouoeA Izvet ( IO '^A)

TfbC6 WOflk

7 . 5 ± 0 . 9

6.0±0.4

OtheA &xp.

7.5 ±la

a) Ref. 6
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transitions. For example, transitions that emanate from a common level have

the same lifetime. Therefore, some lifetime measurements have been performed.

The identification of the line at 4885 A, recently found , was confirmed

by the lifetime 10.6 ±0.5 ns. This is equal to the value for 3618 A, which

also emanates from 1s2p3s I*P°. In order to make sure that it was possible to

separate the lifetime for 4885 A from the lifetime of the strong close-lying

Li II line at 4881 A this line was remeasured. Since 4885 A is a strong

cascade level for 1s2s3s ""S, it will give rise to a strong cascade component

in the decay curve of 2934 A (1s2s2p **P - 1s2s3s I*S), which has earlier been
2)

given a primary lifetime of 9.7 ns . However, the cascade situation found

indicates that this value may not be correct. On the other hand, 9.7 ns is

in quite good agreement with the calculations by Weiss 3)

Attempts were also made to confirm the assignments of the D levels by

the 2snd '•D - 2pnd *D° and the 2p2 ̂ P -2p nd V branches. The 2p3d V as a

common upper level for 2868 A and 5267 A was already established by Berry et
4)al. . The present analysis confirms this, but gives a significantly shorter

lifetime. A still greater discrepancy was found for 1s2p P- 1s2p4dT) at

2460 A. The other branch at 5395 A is quite weak and in addition hard to

resolve from the Li II line at 5402 A. However, an attempt to measure it

seems to indicate that the assignment proposed is right, although it is dif-

ficult to determine an accurate value.

To et al. have suggested identifications for the lines at 2640 A,

2994 A and 3489 A. They suggest that 2994 A and 3489 A emanate from a common

level in the doublet system. The line at 3489 A is strong and can easily be

measured and the present value is in quite good agreement with earlier measure-

ments. However, although several attempts were made to measure the lifetime

of 2994 A, it was not possible to get any results, since the line is very weak.

Thus the proposed identifications lack confirmation. Berry et al. have

found a broadening of a line at 3144 A due to autoionization of the lower

level. In the present work, 2640 A was also found to be broadened with a

width corresponding to a lifetime of 7.5 • 10~llf s of the autoionizing level.

To et al. proposed the identification 1s2p2 "*P - 1s2p4s

must be rejected since 1s2p2lfPis not autoionizing.

However, this
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3.1.8. LIFETIMES IN Mg I AND Mg II; BEAM-FOIL MEASUREMENTS AND NUMERICAL

COULOMB-APPROXIMATION CALCULATIONS

(L. Liljeby, A Lindgard*, S. Mannervik, E. Veje* and B. Jelenkovic**)

Lifetime measurements using the beam-foil technique have been made for

10 levels in Mg I and for 11 levels in Mg II. Lifetimes have been.calcu-

lated for the same levels using the Numerical Coulomb-Approximation (NCA)

method, and the results are compared with the experimental data.

The measured lifetimes in Mg II agree rather well with the NCA computa-

tions . From Fig. 1 it is seen, however, for Mg II, that although the NCA

results agree reasonably well with our experimental numbers, there is a tend-

ency that the deviations increase with increasing value of the principal quan-

tum number, the experimental values being smaller than the theoretical ones.

This is surprising, since one might intuitively feel that the (N)CA should

work best for highly excited levels.

3 4 5 6 7

PRINCIPAL QUANTUM NUMBER, n

- 100

FIGURE 1

Experimental and theoretical (NCA) life-
times for some nd 2D and nf 2F terms in
Mg II versus the principal quantum
number n of the excited term.
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TABLE I Lifetimes in Mg II. A comparison of our experimental results
with the NCA calculations. (The agreement between our experimental
values and earlier measurements is generally good.)

{sia.vQlo.nQth

(urn)

292.9

293.7

443.4

280.3

279.1

439.1

353.9

448.1

310.5

266.1

245.0

233.0

3p 2Pi/z -

3p 2P3/2 -

4p 2P -

3s 2S -

3p 2P -

4p 2P -

4p 2P -

3d 2D -

3d 2D -

3d 2D -

3d 2D -

3d 2D -

Ion

4s

4s

6s

3P

3d

5d

6d

4f

5f

6f

7f

8f

2Si/2

2Si / 2

2S

*P

2D

2D

2D

2F

2F

2F

2F

2F

Mean ti^ztimz ofi

Exptnunewt

2.4±

2.5±

10.3±

4.1 +

2.2 +

18.3±

24.3±

4.9±

8.3±

10.8±

15.2±

17.4±

0 .3

0.3

1.0

0 .4

0 .2

1.0

1.0

0 . 3

0 .4

1.0

1.0

3.0

uppei. tojm (n6)

Tkzoky

3.09

3.09

9.20

3.91

2.12

19.2

38.1

4.38

8.27

13.94

21.8

32.0

For the resonance transition in the singlet system of Mg I, there is a

very good agreement between the NCA result, the refined calculations of

and Froese Fischer ' , and experiments. For Mg I the agreement between

the NCA results and those of refs. ' is good also for the 4s and the 4p

terms, in both singlet and triplet systems. Agreements with experiments

for these states are, however, not good in all cases.

For most other lifetimes, the theoretical values do not agree well,

neither with each other nor with experimental values. Especially striking are

the lifetimes of the 5s *S and the 6d ]»3D terms which are very short experi-

mentally, and fairly long theoretically.

The large discrepancies for the 5s XS and 6d l>3D terms do not seem to

come from experimental errors. There are no strong carbon lines in the vicin-

ity of the examined Mg I lines. Also, there are no Mg II lines. For the

analogous Mg II states, for which the intensities were correspondingly low,
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there are no similar disagreements between theory and experiment.

* H.C. 0rsted Institute, Copenhagen, Denmark
** Belgrade University, Belgrade, Yugoslavia
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3.1.9. IN SEARCH OF HEAVY ION INDUCED COLLECTIVE ELECTRON EMISSION FROM

SOLIDS

(G. Astner, R. Didriksson*, H.J. Frischkorn**, K.O. Groeneveld**, S. Hultberg,

P. Hakansson*, L. Lundin, R. Ramanujam. J. Schader**, S. Schumann** and

B. Sundquist*)

Heavy ions penetrating solids at high velocities v (> 10 cm/sec) in-

duce electron density fluctuations behind the actual projectile location.

The fluctuations can be expressed by the wake potential . Theoretical
2)

calculations performed in Frankfurt/M. predict that this leads to direct-

ed emission of electrons from the target which can be observed under an ob-

servation angle 9em- This angle is given by the Mach relation cos 8 e m = vs/v0J

where vs presents the velocity of the Mach shock wave ^'. Possible evidence

for this phenomenon has been reported recently •*) at projectile velocities

vo ~ 7.6 x 10
8 cm/sec in the C-C- collision system. Since this very interest-

ing new phenomenon depends strongly on vo an attempt has been made to observe

such electrons in the same collision system but at much higher velocities

(vo up to 4.5 xlO
9 cm/sec).

Carbon beams both from the Stockholm 225 cm cyclotron and the Uppsala

tandem have been used with energies of 12, 20, 30, 42 and 118 MeV. An elec-

trostatic parallel plate electron energy analyser with a channeltron electron

detector served as electron spectrometer. The details of this instrument
3)are described elsewhere . The energy spectra were recorded of electrons

(0<Ee < 16 eV) emitted from carbon targets under different emission angles

(45° 5 0 <125°).
2)

According to theoretical predictions a structure should be observed

at electron energies EeS 12 eV in the angular distribution centered at 70°



to 90°. The analysis of a large volume of data is in progress.

* The Tandem Accelerator Laboratory, University of Uppsala, Sweden
** Inst. fur Kernphysik der J.W. Goethe Univ., Frankfurt/M., Germany
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3.1.10. CHARGE EXCHANGE IN PROJECTILE CONTINUUM STATES

(H.F. Beyer*, K.O. Groeneveld**, S. Hultberg, K. Konig***, W. Konig***,

L. Liljeby, S. Mannervik, F.W. Richter***, S. Schumann** and I.A. Sellin****)

In the emission of electrons induced by ions one observes, after inter-

action of energetic ions with gas or solid targets, a characteristic peak

near zero degrees in the energy spectra of electrons. Here the velocities
-»• - * •

ve of the electrons and v_ of the projectiles are practically equal. Because

of the pointed shape of the peak it is usually referred to in the literature

as a "cusp". The production mechanism is assumed to depend on charge exchange

processes with continuum states of the projectile . In the interpretation

of experiments with solid targets one possible mechanism is assumed to be as-

sociated with the induction by the projectile of potential wells characteriz-
2 3)

ing the so-called "wake" potential '

Various discrepancies persist, however, between experimental results and

model predictions. To contribute to a better understanding we undertook to

investigate the dependence of the cusp peaks on various parameters, using a

Kr 1 8 + 1.4 MeV/N beam at the UNILAC accelerator. The electrons were analysed
4)in a small magnetic spectrometer developed in Marburg . Energy spectra

were recorded with Ar, Kr and Xe gas targets, as well as angular distributions

with solid carbon targets (9 yg/cm2).

By tilting the foil against the beam direction the cylindrical symmetry

of the set-up is broken, permitting the study of a possible dependence of

the cusp electron emission on surface properties. No such dependence was,

however, detected within the accuracy of the measurements. For the solid

targets we investigated the total cross section for the cusp peak as a func-

tion of the ion charge (1 £ Zeff£ 20). At small Zef£ values a sharper rise

than the predicted Z^ff dependence was found for the cross section while, at
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FIGURE 1

Cusp-electron spectra .

10

08

1 *
ilui

0.4

0.2

4 CUSP - ELECTRONS AT 0 = 0°

I FROM Kr*'8 (IAM«V/U)
f on Ar •

and Kr •

SCO 1400

larger Ze£f values, this rise turned out to be proportional only to about
z

zeff e v e n w n e n correcting for the reduction of the charge state of heavy ions

in the foil.

The measured peak fwhm:s (~ 0.06 eV in the center-of-mass system of Kr

with 1.4 MeV/N) were found to be about 20 % smaller in solid targets com-

pared with gas targets. This constitutes our only indication of additional

collective effects in solids (wake state) which, however, cannot yet be satis-

factorily accounted for by existing theories . No substructure due to low-

energy Auger transitions in the projectiles could be seen here, in the way

found with lighter projectiles J, either for solid or for gas targets. Also,

the flanks of the peaks did not exhibit any characteristic asymmetry. The

yields measured for the cusp peaks from gas targets as a function of the

target Z value Zt (= 18, 36, 54) only showed a weak increase by about a factor

of 2.3 with Zt, as expected theoretically for electron emission with ve ~ vp

and no interaction between the projectile and the emitted electron after the

collision .

For heavy ions, the process of charge exchange with projectile continuum

states competes with direct electron emission at the ionization of the pro-

jectile (A ->-A+(n ) + e~) and also with secondary emission processes (auto-

ionization (A+ra)* + A + ( m + 1 )
 + o o f t h e p r o j e c t i l e. Therefore, a systematic

investigation would require further measurements using different collision

systems.
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3.1.11 A STUDY OF THE SPECTRUM OF BERYLLIUM

(S. Mannervik and I. Martinson*)

It is well-known that the creation of doubly-excited states is favoured

by the beam-foil excitation compared to other light sources. All reported

transitions in the doubly-excited system of beryllium originate from beam-

foil studies. The construction of the level scheme for the non-autoionizing

quartet states in Be II in earlier work has been based on calculations by

Hol«lien and Geltman '. However, recently a number of new calculations of

''S, ̂ P and "*D states have been published

In order to provide more experimental data and to improve the accuracy

of earlier measurements, we have undertaken a new thorough investigation of

the beam-foil spectrum of beryllium. The experiment was performed at the

400 kV accelerator using the same technique for recording spectra as in the

lithium case . The wavelength region covered was 1900 - 5500 A. A measure-

ment of the spectrum below 1900 A would have been desirable to determine

accurate values for the transitions to the 2s2p **P° and the 2p2 ''P level from

higher levels. However, the present work is limited to the region above

1900 A for instrumental reasons.

The spectrum obtained was very intense, and the resolution was good com-

pared to earlier beam-foil spectra. It contained ~ 140 lines. About half of

these lines have not been reported earlier. The spectral lines were fitted

with the computer program EVA. Well-known lines from Be I and Be II were

used for wavelength calibration.

Many of the new lines belong to Be II and Be III. In the work by Johans-

son , using a hollow-cathode discharge, levels up to n= 8 in Be II have been

established. From these term values new transitions, not observed by Johans-

son, can be derived, which in some cases coincide with lines in our spectrum.
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FIGURE 1 Part of the beam-foil spectrum (3150 - 3650 A) recorded at
280 keV. Lines observed earlier are marked in the figure
with charge—state and wavelength.

Also, we have carried out new calculations to extend the Rydberg series up

to n= 10, and could thus identify transitions from 9d 2D and 9f 2F. Several

Be III lines were also found. All transitions observed earlier ' are

present in our spectrum. From the excitation function it is hard to distin-
9)

guish Be III from Be II**. However, Lofstrand gives term values for

n£ X»3L states (n= 2- 8, 1= 0- 2) calculated from the Ritz formulae. Transi-

tions determined from these terms fit to our spectra in several cases. In
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TABLE I Lifetimes of levels belonging to the doubly-excited system of Be II

[HaunJizngth
(A)

1908.9
2273.0
2764.9
3179.9
3405.4
3510.5
3635.8
3995.5
4329.6

Uj$e£une oft uppeA lev&l (MA)

Thi& wotik

1.1O± 0.05
2.02± 0.07
6.65+ 0.21
1.48± 0.05
2.80± 0.17
4.95+ 0.08
0.85± 0.06
2.74± 0.36

11.07± 0.20

Othvi e.xpejUme.nt&

2 .1± 0 . 2 a

a) Ref. 11

the singlet system of Be III we found transitions from levels with the prin-

cipal quantum number n= 5, and in the triplet system as high as n= 6.

In spite of the lack of new data in the VUV region, our measurement has

a lot of lines which can contribute to a better understanding of the level

scheme of the quartet states of Be II**. There are the 2snd "*D - 2pnd **D,

2snp "P - 2pnp "*P, 2sns ̂ S - 2pns ̂ P, and 2snp "p - 2pnp **S series, all con-

verging towards the transition between the series limits 1s2s 3S - 1s2p 3P

at 3721 - 3723 A. Our spectrum revealed a number of unclassified lines in the

region displayed in Fig. 1, where many of these lines would be expected.

Be II** as the origin of these lines is supported by the excitation function

in several cases.

In addition to the spectral scans, some lifetime measurements (see Table

I) were performed, mainly to support the identification work. All lines

classified by Hontzeas et al. as belonging to the doubly-excited system

were recorded.

The analysis of data to construct the upper part of the level scheme,

using theoretical values, closed-loops and lifetimes, is in progress.

* Physics Department, Lund University, Lund, Sweden
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3.1.12. QUANTUM BEAT SPECTROSCOPY OF MOLECULAR PROJECTILES

(G. Astner, K.O. Groeneveld*, S. Hultberg, L. Lundi?., 3. Mannervik and

P.S. Ramanuj am)

In recent years the study of phenomena connected with the break-up in

thin foils of molecular ions has attracted considerable attention (see, e.g.,

ref. and references quoted there). The proximity, within a few Angstroms,

of two or more fragments in solid matter invokes the interplay of the con-

stituents of matter and the energetic correlated fragments and has led to new

possibilities of studying the behaviour of fast particles in matter, molecular

structure and properties of matter itself. Here the foil thickness is of im-

portance since it determines the degree of explosion of the molecule inside

the solid and hence how efficiently the remaining interaction between the

partners will influence features observable outside the solid. An example is

the well-known quantum beat pattern often observed in beam-foil spectroscopy
2)

of neutral atoms

We have studied the influence on such beat patterns from the interaction

of molecular fragments by measuring the relative beat amplitude R of the opti-

cal transitions X = 3889 Â from the 3p 3P state in He I, produced both from

He+ and HeH+ beams (20£E/M$65 keV/N) interacting with carbon foils of dif-

ferent thicknesses d, with d ranging between 1 and 80 Pg/cmz. The normalized

OLC

IO IS

FIGURE 1

The normalized relative
beat amplitude M of the
transition 1s2s 3S -
1s3p 3P (X = 3889 Ä) in
He I, as a function of
the dwell time t in the
target. The exit energy
of the helium atom is
120 keV.
The equation for this
particular data set is
found to be,M(t) = 1 -
. - 0.70 e
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relative beat ampli-'tude M = R(HeH )/R(He ) is found to depend on the projec-

tile dwell time in the target t as M(t) = 1- a exp(-t/x) in the parameter

intervals studied (cf. Fig. 1). The characteristic repulsion time T is

roughly the same, about 20 fs, for all energies studied. However, the inter-

cept parameter a increases with increasing energy. This may be related to

the changing charge fraction (H /H) of the hydrogen partner. Obviously a

charged partner destroys the alignment (and hence the beat pattern) of the

Hel atom much more efficiently than a neutral one.

* Inst. fur Kernphysik der J.W. Goethe University, Frankfurt/M, Germany
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3.1.13. LIFETIMES FOR EXCITED LEVELS IN Si I - Si IV

(S. Bashkin*, G. Astner, S. Mannervik, P,S. Ramanujam, M. Scofield**,

S. Huldt*** and I. Martinson***)

Because of their importance for atomic theory and astrophysics the

f-values and radiative lifetimes have been extensively studied in recent
1 2)

years. Reliable experimental lifetimes, from beam-foil work ' , are avail-

able for many levels in Si II - Si IV. In the case of Si I the previous life-

time information is very limited while there are many measurements of f-values

by means of the emission method. Additional lifetime measurements are needed

to test the accuracy of the emission data and to establish a reliable abso-

lute f-value scale.

Using the 400 kV accelerator we have recorded beam-foil spectra of Si

in the region 2000 - 5000 A. Our sensitivity and spectral resolution were

much better than in the early work of Berry et al. . Several Si I lines

were therefore sufficiently strong to allow decay measurements. In addition,

lifetimes for a number of Si II - Si IV levels were determined.

A spectrum is shown in Fig. 1. The lifetime results for Si I are summa-

rized in Table I. We compare our results with emission * and phase-shift

data ' as well as with recent theoretical values . The latter which

are based on configuration-interaction calculations are essentially confirmed

by the present measurements. One of our decay curves for Si I is shown in

Fig. 2.

In addition, lifetimes for a number of levels in Si II - Si IV have been
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TABLE I Lifetimes of excited levels in Si I
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FIGURE 1 Two sections of a beam-foil spectrum of Si.

measured. In a few cases where the data of Berry et al. * deviated from

theoretical values we have found closer agreement with the latter.
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FIGURE 2 Decay curve for the 3p3 3D° level in Si I.

* University of Arizona, Tucson, Arizona, U.S.A.
** Engineering Science Division, Harwell, England
*** University of Lund, Sweden
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3.1.14. DEUTERIUM RECOMBINATION ON A STAINLESS STEEL SURFACE MEASURED BY

THE USE OF THE D(3He,p)"*He REACTION

(M. Braun, B. Eiranoth, F.G. Waelbroeck* and P. Wienhold*)

Recently studies of surface recombination and permeation of hydrogen or

deuterium in stainless steel have been initiated at this institute. These

processes may play a fundamental role with regard to the recycling mechanism
12)

in today's tokamaks ' , especially in the case where the confinement time

in the plasma is short compared to the plasma pulse length. It has been

shown that hydrogen incident on the primary wall will return to the plasma

region on a time scale in the order of 10"1s . Furthermore, the evolu-

tion rate of hydrogen appears to be limited by diffusion processes and/or

surface recombination rates.

The recombination of two hydrogen atoms to form a molecule in the near-

surface layers can be defined by relating a phenomenological rate constant

kr (molecules • cm /atoms • s) to the quasi-stationary surface concentration

c (atoms/cm ) of hydrogen through the expression :

where v (molecules/s) is the release rate of hydrogen to the gas phase and

S is the area over which the solid-gas hydrogen exchange takes place. There

exist no direct measurements of kr in the literature up to now. The purpose

of this work is to demonstrate a method which makes it possible to determine

k directly. So far we have only preliminary results and the data presented

below should be regarded as tentative ones.

The experimental set-up is seen in Fig. 1. The essential part consists

of two UHV chambers separated by a thin (0.25 mm) 304 stainless steel mem-

brane. The primary side of the membrane is exposed to deuterium gas through

the gas inlet valve. Due to diffusion downstreams in the membrane, the sur-

face of the secondary side will be covered with deuterium. The temperature

of the membrane can be varied up to about 500°C by ohmic heating.

The deuterium gas pressure in the upstream vessel is determined by a

manometer, while the partial pressure at the downstream side of the membrane

is measured by a quadrupole mass analyser (Balzers QMG 311). The rest-gas

pressure in the system without deuterium inlet is in the 10~9 Torr range,

measured by an ion gauge and achieved by a turbomolecular pump and a helium

cryostat.

The surface concentration of deuterium is determined by the D(3He,p)'fHe

reaction. A 700 keV 3He ion beam is directed on to the stainless steel mem-

brane and the emerging protons (« 13 MeV) are recorded with a cooled, 1500 pm
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thick, surface barrier detector. The backscattered beam particles are stopped

by an aluminium absorber about 2 JJm thick in front of the detector. For get-

ting absolute numbers of the deuterium surface concentration, a sample of TaD

with 9.12 at. % of deuterium is used for calibration.

From the preliminary measurements the following data were obtained:

membrane temperature 25O°C

D2 - upstream pressure 500 mbar

D, - downstream pressure before heating of membrane 2.5x10~12 Torr

D - downstream pressure after heating of membrane 1.1*10"J Torr

D- surface concentration 0.018 a t . %

To obtain the permeation flux (vr) one needs to know th'. pumping speed of D2

at the downstream side. This quantity has not been possible to measure yet,

but was estimated to 500 1/s. This gives a permeation flux of 1.7 x 1013 mole-

cules/s. The recombination rate constant kr is obtained from Eq. (1) and is

found to be 5.6 x 10~26 molecules • cm1*/atoms2 • s.

In the high pressure domain one has the relation

•

ion beum
openwes

. „ „ „«. cooledsolid ohmic heating
longauge statedetector / UHVvalve

manometer

gas inlet
valve

v helium to turbomolecutar .
cryostat pump \quadrupole

mass analyzer

FIGURE I Experimental set-up (not to scale).
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where <j> is the permeation flux density, D the diffusion constant, Ks the solu-

b i l i ty constant, p : the upstream pressure, and x0 the membrane thickness.

From an assumed value (cf. ref. -*)) of K = 4.3xlO13 atoms/cm3 • bar1/2 the
s

diffusion constant is found to be 2.5* 10~7 cm2/s. This value is somewhat

higher than normally found in the literature. The results of the measurements

presented above might have been influenced by chemically bound deuterium in a

possible surface oxide layer. Further studies are in progress in order to im-

prove the technique, especially the prehandling of the membrane, and to vary

parameters such as the deuterium concentration, membrane temperature, material,

etc.
* Institut fur Plasmaphysik der Kernforschungsanlage Jiilich, D-517 Jiilich.
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3.1.15. MOLECULAR LIGHT EMISSION OBSERVED DURING keV ION BOMBARDMENT OF SOLIDS

(M. Braun and B. Emmoth)

Continuum photon emission resulting from heavy ion bombardment of solids

has been observed for a number of ion-target combinations. There are at least

three types of continuum radiation originating in the ion-solid interaction

caused by fl) radiative recombination of electrons with trapped holes in the

bulk of the solid, fa) sputtered excited clusters, and c) beam particles

which have been implanted in the target material and subsequently are re-

leased as excited molecules. In this work spectroscopic investigations of

the last two kinds of continuum radiation have been performed.

The target materials studied were Be, C, V, Cu, Zr, Nb, Mo, Ta and W,

which were bombarded by 40 keV Ar+ ions. The ion-induced collision phenomena

were detected by optical means. The initial pressure in the target chamber

was less than 10~7 Pa, and in the case of vacuum ultraviolet photon detection,

the pressure was 10"'* Pa.

The Ar,-continuum

During argon bombardment of a carbon target an intense continuum is ob-

served in the vacuum ultraviolet with a maximum at X 127.1 nm (see Fig. 1).

This continuum is known as the second ultraviolet Ar2-continuum. In our ex-

periment the first continuum is cut off by the. LiF optics.. These continua
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originate from deexcitation of either or both of the lowest excited Ar2

states, 1Zu(0
+), 3& u0 u) and

 3E(0*), to the repulsive state, ll (0+) (ref. 2).

Molecular argon has been observed in widely different experiments, e.g. in
3)

condensed discharges , during a-particle bombardment of liquid and solid
4)Ar , and in stimulated emission in electron-beam excited high-pressure

argon , Recently there have been a few reports on Ar2 molecule production

120 130 X(nm)
FIGURE 1

The second ultraviolet Ar, continuum observed during 40 keV Ar ion bombard-
ment of a carbon target. The rest gas pressure is 10"1* Pa.

during argon bombardment of a solid target

The formation mechanism of the excited Ar2 molecules is not completely

understood at the present time. Experiments at low pressures (p< 1 atm) in

discharges and beam excitation sources indicate that the molecules are formed

in the radiating state in collisions involving one Ar atom first excited to

either of the 3p54s levels (mainly the metastable 3p54s (3/2)2 level) and

two Ar atoms in the ground state . According to Michaelson and Smith

the radiating states of the first and second continua are the vibrational

levels V = 22± 2 and V = 0, respectively, of the same ^(Oj) state, which

has a dissociation limit: 3ps4s(3/2)2 + 3p
6 1S Q. Thonnard and Hurst , who

used a 250 keV pulsed electron beam excitation, propose that a metastable

Ar2 molecule is first formed in a three-body collision involving the

3p54s'(l/2)j level, and this metastable molecule is then transferred to the

radiating state in a new collision process. Another model of processes in a

dense (> 1 atm) excited argon gas is also given by Lorentz 15)
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The radiating molecules in our experiment may be created in a similar

way as in discharges or beam excitations of gaseous, liquid, or solid argon.

However, the continuum radiation, observed immediately after the Ar beam is

turned on, is very weak and the intensity increases slowly during the first

minutes until the intensity becomes constant. When a previously Ar implanted

carbon target is bombarded with another noble gas, e.g. Kr+, the Ar2 radiation

continues for a short time with rapidly decreasing intensity. These observa-

tions indicate that the continuous radiation originates from argon particles

implanted into the carbon target. At the time when the maximum of the im-

plantation profile is reached, the intensity becomes constant, and the implant-

ed Ar atom number density may then be as high as 1021 atoms/cm3 at the surface.

It is therefore likely that the energy of an incoming ion beam will be trans-

ferred through collision cascades to previously implanted argon atoms and

give some of them a backward speed component high enough to reach the surface.

If two atoms at the surface, one in the ground state and the other ex-

cited to one of the two metastable states, 3p54s(3/2)z and 3p
54s'(l/2)0, are

close enough and with a total relative energy lower than the dissociation

energy, they may form a molecule. The radiative lifetimes of these meta-

stable states are about 1 second, and the binding energy released at the mole-

cular formation may be transferred to kinetic energy. However, from the data

presented here, it cannot be concluded whether the molecular formation takes

place at the surface or in front of it.

Other continua

Particularly strong broad band emission is observed when Nb (max intensity at

X 252.7, 274.5, 304.5, 319.2 and 328.5 nm), Mo (max intensity at X 295.8 and

240 280 300 320 340 X(nm)

FIGURE 2 Broad band emission observed during 40 keV Ar ion bombardment
-5of Nb. The rest gas pressure is 10 Pa.
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290 300 310 320 330 340 350 X(nm)

FIGURE 3

Spectrum observed during 40 keV Ar+ ion bombardment of Mo. The rest-gas
pressure is 10~5 Pa.

346.5 nm), V, Zr, W and Ta are bombarded with keV noble-gas ions and the rest-

gas pressure is « 1CT5 Pa. A Nb spectrum is shown in Fig. 2, and one obtained

by bombarding a Mo target is shown in Fig. 3. The observed continua are most

likely due to molecular radiation.

The intensities of the broad band emission are rather independent of the

beam energy in the region 10- 200 keV. When the rest-gas pressure in the tar-

get chamber is below 10"5 Pa, the continua disappear or become very weak for

all the target materials which were studied in this work. We have also found

that the intensity of the broad band features relative to the atomic lines

decreases considerably after a few minutes of ion bombardment of Mo and Nb.

These observations are consistent with results found by Rausch et al. 1 6 \

and indicate that the production of the broad band emission may be related to

the initial presence of an oxide layer, which is subsequently sputtered away.

On the basis of previous measurements and our experimental results we sug-

gest that the observed broad band features originate from deexcitation radia-

tion of excited oxides or possibly homonuclear molecules, which are sputtered

from the metal targets as neutrals. A definite identification is not possible
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480 500 520 X(nm)

FIGURE 4 The Bell band structure observed during ion bombardment of Be.
The rest-gas pressure is 10~5 Pa.

as these molecular spectra are still not known from conventional spectroscopy.

Considering the homonuclear molecules, they may be produced in their excited

states mainly in the presence of the oxygen atoms.

We also bombarded a Be target, detecting the optical emission from sput-

tered excited species. In UHV conditions strong line radiation from Be I

and Be II is observed. When the total pressure in the target chamber is in-

creased to 10"1* - 10~5 Pa, an additional strong BeH band spectrum at about

500 nm is detected as well as the hydrogen Balmer lines. This is shown in

Fig. 4. We explain this effect by the formation of BeH on the target surface

which is sputtered in excited states, either as BeH or H. This is probably

due to the high trapping efficiency of H20 at these pressures. The BeH band

spectrum disappears at elevated target temperatures (400-500 K), indicating a

correlation between the formation of BeH and the trapping of impurities. The

intensity of the Balmer lines behaves in a similar way as the BeH band struc-

ture during annealing.
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3.1.16. MIGRATION AT ELEVATED TEMPERATURES OBSERVED FOR PALLADIUM COATINGS

ON STAINLESS STEEL

(T. Fried, B. Emmoth and M. Braun)

To improve the overall characteristics of the first wall in a fusion

device, the use of stainless steel with a coating of another metal has been

suggested. The advantage of using stainless steel as the basic construction

material is manifold, e.g. a well developed technology and favourable proper-

ties for large scale construction. In this work we have investigated some

fundamental properties of the metallic system palladium on stainless steel at

plausible reactor wall temperatures. Palladium has several advantages in this

context. It is inert to oxidation, and it has a high permeability to hydrogen

and its isotopes. This last property is of interest when considering the par-

ticle balance for hydrogen atoms at the primary wall. Recent investigations,
1 2)

performed by Ali Khan et al. ' , have shown that a palladium coated stain-

less steel sample, exposed to low energy hydrogen particles (< 25 eV), is

subject to a significantly lower degree of surface erosion as compared to an

uncoated sample.

Samples of stainless steel (SS 304: Cr 19 %, Mn 1 %, Fe 71 %, Ni 9 %)

were mechanically polished and degreased with toluene and ethanol. The samples

- 53 -
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FIGURE 1

Backscattering spectrum from a
stainless steel sample, covered
with 100 nm palladium.
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Figure 2

Backscattering spectrum from palladium
covered stainless steel, annealed at
530°C for 10 minutes.

prepared in this way were coated with a thin film of palladium of about 100 nm

thickness. The thickness of each sample was checked by Rutherford backscat-

tering (RBS) techniques prior to the annealing.

The annealing was performed in an oven which had a temperature stability

of ±2 C. The analysis of the annealed samples was carried out by RBS tech-

niques at the Van de Graaff accelerator at this institute.

A typical backscattering spectrum, obtained from an unannealed sample is

shown in Fig. 1. The high energy contribution corresponds to the palladium

film, and the low energy contribution to the steel backing.

By studying the RBS spectra from annealed samples, it was possible to dis

tinguish between two different features of the migration phenomenon.

Fig. 2 shows a spectrum from a sample that has been annealed for 10 min

at 530°C. A new intermediate edge has developed between the steel and the pal-

ladium contributions. This edge is interpreted as originating from metal com-

ponents of the bulk stainless steel having diffused through the entire palla-

dium film, appearing on the outer surface. The relative concentration of

"steel" atoms at the surface of the sample has been determined by comparing

the height of the characteristic edges of steel and palladium and normalizing
3)them to the backscattering cross sections given by Ziegler . The percentages

of "steel" atoms at the surface, obtained at an annealing temperature of

6O7°C, are plotted in Fig. 3 as a function of annealing time. Experiments

were also performed at two lower temperatures, 450 and 530°C. The results were

similar to the 607°C series, but longer annealing time intervals were needed to
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FIGURE 3 FIGURE 4

Relative stainless steel concentra- Backscattering spectrum from palladium
tion at the surfaces of palladium covered with stainless steel,- annealed
coated stainless steel samples, as a at 607°C for 20 minutes,
function of annealing time.

reach the same degree of surface contaminations. In a long time experiment

a sample was annealed at 530°C for 64 hours. In this case, the steel concen-

tration at the surface was found to exceed 70 %.

Chromium migration

Spectra from samples annealed for long time intervals and/or in high

temperatures show an additional feature. This is seen in Fig. 4, which shows

a spectrum from a sample annealed at 607°C for 20 minutes. In this spectrum

a peak superimposed on the intermediate edge originating from the stainless

steel material on the surface has developed. This peak is interpreted as orig-

inating from a very thin layer of excess chromium on the surface.

The spectrum in Fig. 4 has been compared with calculated fpectra, assuming

various depth distributions of the constituents in the system palladium on

stainless steel. Agreement was obtained when one monolayer of chromium atoms

on the surface was assumed, together with steel and palladium distributions

corresponding to those observed in Fig. 2.

The surface density of chromium (p) in the chromium enriched surface

region could be determined from the RBS spectra according to the equation:

p = (atoms/cm ) (1)

where AQT is the area of the chromium peak in the spectrum, Hpd is the height

of the palladium signal due to the palladium surface layer, cP(j is the relative
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FIGURE 5

Surface density of excess chromium
at the surfaces of palladium coated
stainless steel samples, as a func-
tion of annealing time.

concentration of palladium atoms in the surface layer, o P d and aCr are the

scattering cross sections for palladium and chromium, respectively, SE is the

energy per channel in the spectrum, and [e] is the stopping cross section for

alpha particles passing through the compound metal system, which can be deter-

mined by Bragg1s law. The dependence of the surface enrichment of chromium on

the annealing time is shown in Fig. 5.

In an attempt to reduce the diffusion rate, we performed experiments

where a thin layer of metal had been interposed between the steel and the pal-

ladium. Platinum and vanadium were used in two series of experiments, but

neither of these metals did noticeably affect the rate of diffusion.

The results of the investigations indicate that a metallic system consist-

ing of a thin film of palladium on stainless steel will significantly change

its constitution as a result of an elevated temperature environment. To avoid

this problem, it may be necessary to use thick coatings. According to the re-

sults found in this work, a palladium layer of 20 ym on stainless steel that

has been kept at about 600°C for one year will contain about 50 % steel at the

surface. In addition, when using coatings of such thicknesses, other problems

may arise due to poor adhesion and to surface tensions. These effects of course

complicate the use of thin film coatings for improving plasma surface interac-

tion properties in fusion devices. In this respect, one would be in a better

position, could the reactor wall temperature be kept low enough to prevent ex-

tended migration effects and admit reasonably thin film coatings.
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3.1.17. ANGULAR DISTRIBUTIONS, SPUTTERING YIELDS AND THE FRACTION OF

SPUTTERED CHARGED PARTICLES DURING Ar+ IMPACT ON TEXTURED TUNGSTEN

(B. Emmoth and M. Braun)

In the study of angular distributions of sputtered particles, the inter-

est is focused on deviations from the isotropic distribution which should be

obtained for an amorphous target. For the interpretation of such deviations,

detailed knowledge is required concerning the target. In the present work

a polycrystalline tungsten foil was investigated and besides studying angular

distributions by the RBS technique, we also measured the orientation of the

crystallites by X-ray diffraction experiments. From the reflections of the

{200} {110} {211} and 1310} planes the pole figures for the {100} {110} and

{111} planes were calculated. A study of the surface by scanning electron

microscopy (SEM), before and after the irradiation, ensured that there was no

change in the surface topography, at least not on a scale > 200 A. The dis-

tribution measurements were performed under good vacuum conditions, and the

beam densities were such that surface effects, due to impurities, should not

significantly influence the result.

Fig. 1 shows the distribution of sputtered particles with a normal inci-

dence Ar+ beam. The data have been taken with the collector in the rolling

direction (which is the <110> direction of most crystallites. The distribu-

tion is symmetrical about 0° within the measuring accuracy. A peak in the

distribution is found along the normal, the <100> direction of the crystallites.
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FIGURE 1

Angular distribution of tungsten
atoms sputtered by a 40 keV Ar+

beam from a textured tungsten sur-
face. Normal beam incidence.
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As Fig. 1, but with the Ar+ beam
incident at 65° from the surface
normal.
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A sputtering yield of 1.6+0.2 is derived from the curve, assuming cylindri-

cal symmetry. In Fig. 1 there is also an indication that a weaker peak is

present at about 55 degrees, which corresponds to the <111> directions of the

crystallites. The <111> direction is the closest packed direction in a

b.c.c. lattice and is considered to be the most probable focusing direction .

It does not show up very strongly here, perhaps because of the spread in the

crystallites.

Fig. 1 also contains information on the dose influence on the distribu-

tion during prolonged irradiation of one and the same target area. The open

circles represent (O-3.8)xlO16 atoms/cm2 and the filled circles the dose

increment (3.8- 7.4)x 1016 atoms/cm2. The collectors were switched without

breaking the vacuum, and the results indicate that the measurements were made

under stable conditions. The two distributions coincide very well, suggest-

ing proportionality between dose and number of particles sputtered in the in-

vestigated dose region. The sticking factor of the collector, which is as-

sumed to be unity, is probably not affected by increased coverage of the col-

lector as long as the coverage - as in our case - is less than or about

2 3)
one monolayer ' .

Fig. 2 shows the result when the beam angle of incidence was 65 degrees

from the target normal. The distribution is peaked about 9° from the normal.

Sputtering along the <100> direction is still favoured, but part of the mo-

mentum of the beam particles is transferred to the sputtered particles, thus

causing the shift of the peak. No shoulders are present, and the smaller

peak in Fig. 1, which was ascribed to the <111> direction is missing in this

result. Assuming that the distribution is symmetrical around 9°, an integra-

tion over the hemisphere gives a sputtering yield or 6.1±0.7, where the

error is the statistical uncertainty. As a comparison, a cosine curve cor-

responding to the same sputtering yield has been drawn.

An attempt was also made to measure the fraction of charged particles

during sputtering in the <100> direction. The collector was divided at the

top so that the two parts could be kept at different potentials. Without any

potential difference, the angular distribution was similar to the distribu-

tion in Fig. 1, but with -1000 V on one and +1000 V on the other half the

two curves were split up, with more particles collected on the negative part

of the collector. From the difference, the fraction of charged particles

was calculated to be 0.03±0.01. The error has been estimated from the sta-

tistical uncertainties.

REFERENCES

1. J. Feng, Appl. Phys. 36 (1965) 3432.
2. R. Gregg and T.A. Tombrello, Rad. Eff. 35 (1977) 243.
3. B. Emmoth, Th. Fried and M. Braun, J. Nucl. Mat. 76 (1978) 129.



- 45 -

3.1.18 i.^IUM INDUCED SURFACE EXFOLIATION OF ALUMINIUM AND THE CORRELATION

BETWEEN FLAKE THICKNESS AND ION ENERGY IN THE RANGE 10-80 keV

(M. Braun, J.L. Whitton* and B. Emmoth)

The mechanism of helium irradiation induced blistering and flaking on

metal samples has been extensively studied for some time. There are mainly

two different models describing the blistering and flaking processes. One

is the gas driven model, in which the build-up of high helium gas pressure

gives rise to the surface deformation . The other model is based on lat-

eral stresses that are developed during implantation, leading to elastic in-
2)

stability and thereby causing blistering or flaking . Considerable work

has been devoted to determining the relationship between the blister skin
3 4)

thickness (t) and the most probable blister diameter (D) ' . According to

the lateral stress model, one expects the relationship D at 3/ Z, whereas in

the gas pressure model there should be a more linear dependence. Furthermore,

the gas pressure model anticipates the skin thickness to correspond to the

helium implantation range, which might not be the case in the stress model.

Knowledge of the skin thickness might thus be helpful in order to get

deeper information about the mechanism of surface blistering and exfoliation.

In the present work, detailed measurements of flake thickness have been

made on aluminium samples, where surface exfoliation has been induced by

helium irradiation.

FIGURE 1

Measured flake thickness for different
He+ implantation energies in aluminium.
The open circles correspond to the SEM
studies and the filled circles to the
RBS analyses. The solid curve shows
the calculated mean projected range.
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Polycrystalline, electrodeposited and nonannealed aluminium samples of

high purity (99.999 % ) , which had been electropolished, chemically etched

and rinsed, were used in all experiments. The ion bombardments were done by



brane and the emerging protons (w 13 MeV) are recorded with a cooled, 1500 ym
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5)

using a mass analysed He+ beam with energies between 10 and 80 keV. Current

densities in the range 10-80 yA/cm2 were used. The residual gas pressure

in the target chamber was 1x10~7 Pa during the experiments due to the helium

bombardment. The targets could be heated to temperatures between 300 and

850 K.

An -in 4-t-ta method was applied to determine the critical dose for exfolia-

tion or blistering to occur. This was done by using a monochromator into

which a laser beam is reflected from the irradiated spot, taking advantage

of the fact that the intensity of the randomly scattered light increases

as a result of the surface roughening caused by exfoliation or blistering

For each sample the irradiation was stopped when the critical dose for exfo-

liation was obtained.

Two different methods were applied to measure the skin thickness of the

exfoliated flakes, one of which was direct scanning electron microscopy

(SEM) studies of the eroded surface. The second method involved taking a

replica from the bombarded area on a tape containing mainly carbon. The

thickness of the flakes, adhered to the tape, was then analysed by the use

of Rutherford backscattering (RBS) techniques, with 1.8 MeV alpha particles

from a Van de Graaff accelerator.

Figure 1 shows results of the flake thickness measurements for helium

implantation energies between 10 and 80 keV. The open circles correspond

to the SEM studies and the filled circles to the RBS analyses. The solid

curve drawn in Fig. 1 shows the mean projected range calculated for helium

ions in aluminium as a function of implantation energy as given by Ziegler

It is evident from Fig. 1, that the flake thickness measured by SEM in all

cases exceeds the corresponding projected range for the helium ions. As can

be seen from the figure, the flake thickness obtained from the RBS data

agrees better with the predicted implantation range.

The discrepancy between the RBS and the SEM data, is believed to be

due to swelling of the bilium implanted flakes. Recently, swelling has been

observed by Fenske et al. for helium implanted into nickel. It was claimed

that this effect accounts for the observation that the blister skin thickness,

measured by SEM, for low implantation energies is a factor two or more larger

than the calculated projected range, in accordance with the SEM observations

in this work. The reason why the flake thickness, measured by the RBS tech-

nique, agrees with the mean projected range, even in the low energy range,

is probably that this method does not depend on the density of the aluminium

flakes.

By measuring the energy difference derived from the backscattering

spectrum of the aluminium film (AE) and knowing the backscattering stopping



FIGURE 1 Experimental set-up (not to scale).
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FIGURE 2

Showing six or more generations of
exfoliations after helium implanta-
tion in aluminium to a dose of
3xlO18 He+/cm2.

cross section factor for aluminium ([e]) , one can determine the number of

atoms per unit area (Nt) through the expression: Nt=AE/[e] where N is the

atomic density and t the film thickness. Thus the energy lost by the back-

scattered alpha particles depends on the number of target atoms encountered

along the path, and not on the physical length of the path.

By comparing the SEM data with the solid curve in Fig. 1, it is evident

that the absolute contribution from swelling (mean value 100 nm) to the meas-

ured geometrical thicknesses is independent of implantation energy. The rela-

tive contribution of swelling therefore becomes less important with increasing

energy. This is consistent with previous observations, performed by Das et
4)

al. , where it was found that the blister skin thickness considerably ex-

ceeds the implantation range for low energies (< 20 keV) while better agree-

ment is found for higher energies.

Some high dose implantations were also carried out with 30 keV helium

ions. The critical dose for exfoliation to occur for this energy is about

4xlO 1 7 He+/cm2. Fig. 2 shows a severely eroded surface after a bombardment

dose of 3xlO18 He+/cm2. About 5-10 % of the whole irradiated area consisted

of small islands where skin layers had not flaked off. Furthermore, these

areas appear to be limited by grain boundaries. A part of such a boundary

region is shown in Fig. 2, and it is clear that at least six generations of

exfoliations have occurred, and that the flake thicknesses all are the same.

This shows, for the case studied here, that exfoliation is not a transient

phenomenon.

In conclusion, one has to take into account the swelling effect when SEM

studies are used to measure flake or blister skin thicknesses, since the swel-

ling might significantly change the physical thickness for low implantation

energies (<20 keV). If this is taken into consideration, there is no evidence



This continuum is known as the second ultraviolet fti2-tu«iLm»>». —. — -

periment the first continuum is cut off by the. LiF optics.. These continua

in this work that lateral stresses would provide the origin of the exfolia-

tion mechanism, but the work supports the gas pressure model.

* H.C. 0rsted Institute, Copenhagen, Denmark
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3.1.19. THIN FILM INVESTIGATIONS AND SPUTTER-ETCHING

(B. Emmoth, M. Braun and K. Bjorkqvist*)

l-.

In modern semiconductor technology, accelerators are essential tools in

the production process as well as in controlling and testing new construc-

tions. In solving various problems, accelerators with different energies are

needed, froir. eV to MeV energies. The lowest energies are comparable to those

in the deposition of thin films as well as in sputter-etching. Medium keV

energies are useful for the purpose of implantation, while the highest energies

are best suited for the analysis of thin films by means of the Rutherford

backscattering (RBS) technique. At AFI and the Institute of Microelectronics

(KTH) all these accelerators are represented, and a program has been initiated

at AFI in order to study problems in connection with the running program at

KTH. The results from the past year fall into two categories: quantitative

determinations of thin films and studies of parameters of importance for the

sputter-etching technique.

(1.) With the radio-frequency sputtering system at KTH, thin films of silicon

nitride have been produced. Two different gases have been used, argon as in

conventional cases, and nitrogen, in which case the process is called reactive

sputtering. RBS studies have been performed at AFT in order to determine the

film thickness and its composition. Figure 1 shows the energy spectrum ob-

tained with the RBS technique from a target consisting of a silicon backing -

a <111> silicon single crystal - on which a thin film of silicon nitride

has been deposited by rf sputtering with argon. In order to increase the

sensitivity the spectrum was measured in a channeled direction. At about
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15)

- 49 -

ZOOD
. I r . , r , , .

KTH

* 1500

C 1000

soo

I T

100

I I I T I T T I I j I i t

a0° CHANNEL NUMBER

FIGURE 1 Backscattering spectrum from a silicon nitride film deposited
on a silicon backing with argon rf sputtering.

channel number 240 a backscattering peak from argon shows up and it is appar-

ent that the deposited film has a high content of argon gas. Furthermore, the

argon gas is stable at room temperature withi/i the solid. From the spectrum

the thickness of the film has been calculated, w 500 A. A preliminary calcu-

" tion shows that the composition is close to Si3N^ ; possibly the nitrogen

content is a little smaller than 4 N to 3 Si. Fig. 2 shows the result when

the film has been produced using the chemically reactive nitrogen for the de-

position. An excess of nitrogen manifests itself in the increased yield at

about channel 110. The film thickness has been determined and is found to

be w 600 A. The composition is close to SiN2, which means that the result

is a considerable enhancement of the nitrogen content. An important piece

of information in both spectra is that a small amount of oxygen is present

in the films. This indicates that the vacuum conditions in the rf sputtering

system should be improved.

(2.) Sputter-etching is a promising new technique in producing integrated

circuits, but many of the parameters involved are still not well known. We

have studied angular distribution and sputtering yields for keV argon ions

impinging on different targets under ultra-high vacuum (HV) conditions 1\

Recently, measurements on aluminium and silicon oxides have shown that with

the collector method also sputtered oxygen can be measured. Preliminary

measurements show cosine distribution for the oxygen sputtered from an oxide.



of Nb. The rest gas pressure is 10~s Pa.
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FIGURE 2 Backscattering spectrum from a silicon nitride film deposited
on a silicon backing with nitrogen rf sputtering.

The results from a comparison between sputtering yields for the element it-

self and its oxide indicate a difference not to be found in the literature.

However, since a new method is used for these measurements, we postpone the

interpretation until we have collected more data.

* Inst. of Microelectronics, The Royal Institute of Technology, Stockholm
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3.1.20. THE INFLUENCE OF SURFACE MORPHOLOGY ON THE ANGULAR DISTRIBUTION

AND SPUTTERING YIELD OF ARGON BOMBARDED COPPER

(M. Braun, B. Emmoth, W.O. Hofer*, U. Littmark** and J.L. Whitton**)

Froii' die first observation of well defined cones on the initially flat

surfaces of ion-bombarded metals in 1942 ' to the most recent publication 2^

there has been much speculation on the effect of this change of surface mor-

phology on the sputtering yield. When studying this effect, the differential

sputtering yield has to be considered, i.e., the angular distribution of

sputtered particles. Neglecting orientation effects, the distribution is ex-

pected to be close to a cosine curve; thus deviations from such a distribu-

tion are of interest.

It has been shown that a deliberately roughened surface, made e.g. by

sputtering, can increase optical absorption 3 > 4 ) (of importance in solar cell
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technology) and secondary electron emission , and two recent publications '

have indicated that "proper texturing" of a surface could be beneficial in

lowering the surface sputtering (erosion) rate by energetic ions impinging

-on the walls of a controlled fusion reactor. _„_:

We observe the opposite effect, i.e. that covering a surface with regu-

lar pyramids, produced by energetic ion bombardment , has the effect of

increasing the average sputtering yield by 25-30 % and, along low index direc-

tions of preferred ejection, by more than a factor 3.

The pyramid-covered surface we consider, on argon bombarded copper, difr

fers from some of the earlier work in that the pyramids are produced by a

judicious choice of the parameters of bombarding energy (between 20 and_l42-keV),
-ldose rate (> 100 uA cm sec" ) , target temperature (between 50 K and 500 K),

total dose (> 10 1 9 ions cm""2), and particularly the target orientation

( 1 1 3 1 ) . As shown earlier , a suitable choice of parameters makes it

possible to routinely produce pyramid covered surfaces (Fig. la), the indi-

vidual pyramids being regularly facetted (Fig. lb).

FIGURE 1

(a) Scanning electron micrograph of pyramid covered surface produced by
bombarding (11 3 1) Cu with 1* 1019 40 keV Ar ions cm"2. Magnifica-
tion 3.000 x .

(b) A single pyramid showing the crystallographic facetting. Magnifica-
tion 20.000 x .

For the sputtering yield experiment the (11 3 1) surface was prepared

from a large grain 99.999 % pure polycrystalline sample. Part of a 10 mm
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FIGURE 2

Angular distribution of A0 keV Ar
sputtered from (11 3 1) Cu.

FIGURE 3 (flight)

Near-surface contribution to sput-
tering for 40 keV Ar+ ions
a) normal to surface, and
b) parallel with pyramid axis.

19
long (11 3 1) grain was bombarded to a total, dose of 10x 10 40 keV argon

ions cm"2 in order to produce a 'completely pyramid-covered surface. From

this surface the angular distribution was measured by bombarding with a fur-

ther dose of 5*10 1 8 ions* cm"2 and collecting the sputtered copper atoms on
1 'a semi-circular Al foil in the platfe :0311). The angular distribution from

the flat surface was obtained in the same way, but from that part of the same

(11 3 1) grain which had not been pre-bombarded. Scanning electron micro-

scopy of the surfaces before and afket the collections showed the pyramid-

covered surface to be still pyramid-covered while %he initially flat surface

had changed only slightly by developing a few sputter-etch pits.

The collector foils of 99,999 % pure Al were of semi-cylindrical form.

The analysis of the depjj.sĵ ted copper was made by 1.8 MeV He+ Rutherford back-

scattering analysis. >t '•

The angular distributions thus obtained from both flat and pyramid-covered

surfaces are shown in Fig. 2. Two effects are obvious. First the total sput-

tering yield from the pyramid-covered surface is higher than that from the

flat surface. This observation is in qualitative agreement with calculations

- 66 -
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of Littmark and Hofer ' , the quantitative conclusions of which pertain to

facetted surfaces but which may allow qualitative inferences for pyramid-

covered surfaces. A simple geometrical explanation for the 25-30 % increase

in yield from the pyramid-covered surface is suggested and shown in Fig. 3.

If we consider the forward biased energy/disorder distribution of a 40 keV

Ar ion cascade in Cu and assume that Cu particles can be ejected only from

the first 10 A from the surface, then the available volume is higher from

the side of a pyramid ( having half angle of 15°) than from the surface

normal by a factor 2.4. This trend is in reasonable agreement with our ex-

perimental results.

However, the more striking effect seen in Fig. 2 is the enhancement of

preferential ejection from the pyramid-covered surface. Preferential ejection

along low index directions is a well-known phenomenon in sputtering but this

large enhancement due to the pyramid-coversd surface is remarkable.

Although the mechanism responsible is undoubtedly more complicated than

that proposed in Fig. 3, we can again use a simple geometrical argument to,

at least in part, account for this much enhanced preferred ejection. We

consider again the geometry of the beam a) normal to the flat surface and b)

parallel to the axis of a pyramid. The <110> direction is 40° from the (113 1)

(see Fig. 2), and thus the possibility of a focused collision sequence leaving

the (11 3 1) surface is much reduced from that of leaving the side of a pyra-

mid. This is clear if only by virtue of the increased length a focused colli-

sion sequence must have in the former case. Simple trigonometry gives a

ratio of 4 of the probability of particles being ejected from the pyramid

compared to that of the flat surface.

Since only one <110> direction is operative in this geometry, the enhanc-

ed yield can come from only ~3 of the 8 pyramid facets. Those facets con-

tributing to the left-hand side of the angular distribution (Fig. 2) present

too thick a barrier to allow focused collisions to be observed on the right-

hand side of the angular distribution. The real effect, therefore, of this

enhanced ejection can be much greater than observed here. It should, however,
9)

be noted that within the concept of the planar surface barrier model , ejec-

tion along directions near the surface normal is energetically more favour-

able than at large polar angles.
* H.C. 0rsted Institute, Copenhagen, Denmark
** Max Planck Institut fur Plasmaphysik, Garching bei Munchen, W. Germany

REFERENCES

1. A. Gunterschulze and W.V. Tollmien, Z. Phys. 1JL9 (1942) 685.
2. D.M. Mattox and D.J. Sharp, J. of Nucl. Kat'ls. (1979) 115.
3. R.S. Berg and G.J. Kominiak, J. Va. Sci. Technol. L3 (1976) 403.

[Continued . . . )

- 67 -



- 54 -

A. R.B. Stephens and G.D. Cody, Thin Solid Filras 45 (1977) 19.
5. S. Thomas and E.B. Patterson, J. Phys. D3 (1970) 1469.
6. J.F. Ziegler, J.J, Cuomo and J. Roth, Appl. Phys. Letts. jK) (1979) 268.
7. J.L. Whitton, L. Tanovic and J.S. Williams, Appl. of Surf. Sci. jL̂  (1978)

408.
8. U. Littmark and W.O. Hofer, J. Mater. Sci. 13 (1978) 2577.
9. M.W. Thompson, Defects and Radiation Damage in Metals, University Press

(1968).



- 55 -

3 . 2 . ATOMIC AND MOLECULAR THEORY

3 . 2 . 1 . ON THE CALCULATION OF NON-RADIATIVE DECAY CHANNELS IN FREE DIATOMIC

RADICALS AND MOLECULES WITH WEYL'S THEORY

(N. E l a n d e r , Erkki Brandas* and Michae l Hehenberger*)

Fredissociations in diatomic molecules can be considered as a special kind

of spectroscopic perturbations. A predissociated rovibronic bound level is per-

turbed by a level belonging to some vibrational continuum. As in the general

treatment of spectroscopic perturbations, we can distinguish between homogene-

ous and heterogeneous predissociations.

In a homogeneous perturbation the concept of an adiabatic potential energy

curve for each separate electronic state breaks down completely . A descrip-

tion using diabatic potentials and a set of coupled second order differential

equations must be used in order to calculate the energy spectrum. An example

of the failure of the adiabatic description is given in the pilot treatment
2)of the B-X-A accidental predissociation in the CH radical . The calculated

energy levels of the B 2 Z ~ resonances are too high to give rise to the experi-

mentally observed effects. The use of adiabatic potential energy curves in

the treatment of predissociations originating from heterogeneous perturba-

tions is more promising. Bergeman et al. and Smith and Hsu , using a

Frank Condon-approach, have been able to describe some predissociations in OH

and NH. In such an analysis the non-radiative transition probabilities are

described by the overlap integrals between the separate unperturbed levels.

The interaction between the levels is then assumed to be independent of the

internuclear distance and the energy levels are not affected by the perturba-

tion.

In the method proposed here the vibrational equations are coupled by the

interaction matrix element, which is dependent on the internuclear distance,

and the exact solutions are obtained by solving these coupled equations. If

VJJCR) and V22(R) are the diabatic potential energy curves for the two inter-

acting states and VJ2(R) is the coupling potential between states 1 and 2,

the coupled equations describing the perturbed energy spectrum can be written

as:
r 1 i

(R) = V12(R) X2(R)

(1)

v2(R)

f h
- — V22u R V22(R) -E}X2 V12(R)
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Standard methods for solving this kind of second order differential

equations are available in the literature, when both solutions describe bound

levels. When one or both of the separate eigenstates are unbound, the situa-

tion is more complicated. Weyl's theory for second order coupled equations

can, however, be utilized to determine the resonances in these cases.

In one dimension the resonance search in Weyl's theory is carried out

by finding the energy when the real part of the Weyl-Tichmarsch m-function

goes to zero from above with an increasing real part of the energy:

lim Re
E-»-E +0

res

j m(E) J (2)

In the multidimensional case it has been shown that the eigenvalues of

the set of second order differential equations are given by the poles of the

inverted difference of the two log-derivative matrices lMa and IM^ It can be

shown that these poles are related to properties of the function:

Tr{ In <*a-*,,)} (3)

The application that has motivated this work is the A2A-X21I-B E"

interaction in the CH radical
2) This example is, however, by far too com-

plicated to be used as a test case for the method. A good test example is

the strong predissociation in BeH earlier treated with phase shift tech-

niques . This strong predissociation in the B ZII state of BeH and BeD can

be assumed to be caused by a repulsive 2 E + state. Figure 1 shows the poten-

tial energy curves of the involved electronic states. In their analysis of

FIGURE 1

The potential energy curves of
the electronic states used in
describing the predissociation
of the B2II state of the BeH
radical.
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this problem, Lefebvre-Brion and Colin made the Ansatz that the predissocia-

tion could be described by three coupled second order differential equations

representing the interaction between the bound 2It state and a bound and a re-

pulsive 2 E + state. The two states are represented by 2 £ ^ and 2 E + in Fig. 1.

Other examples where this method will be tried to give a description of

the predissociations are found in NH and OH. The predissociation in the OH

A 2 E + w a s studied in detail at this laboratory. It is assumed to be caused

by an interaction between the bound A 2 E + state and a repulsive "*E~ state

(see Fig. 2 ) . The spin-orbit-coupling matrix elements describing this inter-
ns g\

action are given by Kovacs and Gaydon and Kopp . The problem can thus

be solved in a similar fashion by using two sets of coupled differential

equations, one set for the Fj and one for the F 2 component of the
 2 E + state.

The expressions describing the predissociations in the Fj component are given

by:

A'l* O(t»*H('S)

O(JP)+H('S)

FIGURE 2

a) Low-lying electronic states in the OH radical. The circle indicates the
interaction between the bound 2 E + state and the repulsive kZ~ state, causing
the predissociation of the former state.
b) Interaction scheme between a 2 E + and a *E~ state. The Fi component of
the 2 E + state interacts with the Fi and the F3 component of the ''E" state
whereas the F2 component of the

 2Z+ state interacts with the Fz and the Fi,
components of the Z~ state.
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3/2) - (R) =

J + 3/2
72 J (4a)

(4b)

(R)

x(R) y/T+3/T
72J

(4c)

where T(R) is the spin-orbit coupling at the internuclear distance R,

' j(R) is the wave function for the Fj component of the 2 Z + state, xj (R)

is the wave function for the F3 component of the "*E~ state. The variation

of the spin-orbit coupling with the internuclear distance can tentatively be

assumed to be linear. More complicated variations 'Here ab initio data are

used can also be analysed.

Similar procedures can be used to tackle the predissociations observed

in other molecules and radicals. It is our hope that the method outlined here

will become a standard tool in the analysis of non-radiative decay in connec-

tion with time-resolved spectroscopy.

* Quantum Chem. Group, University of Uppsala.
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3.2.2. ON THE COLLISION-INDUCED DEPOPULATION OF METASTABLE LEVELS IN DIATOMIC

MOLECULES. APPLICATION TO THE SWAN BANDS IN THE C2 RADICAL

(N. Elander)

Lifetimes and relative intensities of a number of well-known electronic

states and transitions have recently been found to be strongly dependent on

the presence and pressure of various gases. More precisely, it is found that

the intensity of transitions from certain vibrational levels excited by elec-

tron bombardment in CN, N*, and CS increased with the pressure of Ne, Ar, Kr,

and some other "catalyst" gases. It was further observed that the measured

lifetimes of these levels had a strong second long component that, at higher

"catalyst" gas pressures, dominated the decay curve of the level. The fact

that for the noble gases as catalyst gases the effect was observed to be in-

creasing with the static polarisability of the catalyst gas makes it attractive

to assume that the noble gas atom interacts with the studied molecule via in-

duced dipole-dipole interaction and that, as a result of this interaction, a

nou-radiative transition from a near-lying metastable state takes place. The

studied level is thereby populated and can radiate.

Some attempts have been made to describe the processes responsible for
1-4)

this and similar effects . The results of these studies are, however,

only partly helpful. One cannot decide whether the dipole-dipole interaction

alone is responsible for the studied effects. The above-mentioned theoretical

results are also not totally applicable to the interpretation of the experiments

performed at this laboratory.

The purely radiative lifetime for the v= 0 level of the d 3H state has

been determined to be T = 123±6 ns, using the High Frequency Deflection tech-

nique . This result has later been confirmed by a pulsed dye laser experi-

ment giving T(V= 0) = 120110 ns. Earlier measurements ~ gave system-

atically higher (up to six times) values for the same lifetime. Recent work
12)

at this laboratory shows that the discrepancy between the results reported

in and on .the one hand and those of ' on the other can be attributed

to collisionally-induced transfer to the d3II state. It is proposed that the
g

c 3Z state is depopulated via collisionally-induced non-radiative transitions
U 1 9 \

to near-lying vibrational levels of the d 3Hg state

The arguments for this are obvious. The c3Z* state can only decay via an

allowed transition to the b 3£~ state. This transition should then be found in

the infrared region. It is very likely that the transition probability for

this transition is small, and that the lifetimes for the c-state vibrational

levels are long. This increases the probability for a collisionally-induced

transfer from the c state to the d state. Such a transfer process has already
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been suggested as ah explanation of the intensity alteration in the Swan

bands when observed in emission . It has - for instance, in the (0,0)

band in this transition - been found that the emission from even N levels

has an intensity about 25 % higher than that of the odd N' levels. Selection

rules indicate that only a transition from a 3E U state can cause such an un-

balanced population of the d3ng state. A non-radiative transition from the

c 3E + state is, considering the results described below, the most likely expla-
u 12)

nation of the observed phenomena . It was namely found that the transfer
effects increased with the static polarizability of the catalyst gas.

A theoretical study of the electronic states involved in the C2 Swan

bands has been undertaken. The above-mentioned results offer a particularly

simple and relatively well understood test example for such a study. The

first step in the investigation is to clarify the influence of the catalyst

gas on the potential energy curves of the electronic states close to the

d 3IIB state. Ab initio potential energy curves for these states are computed
13)

with the recently developed MOLECUL Complete Active Space SCF program

These results are then improved by a Cl-calculation for the free molecule.

The influence of the noble catalyst gases is then investigated by a CI cal-

culation based upon the CAS-SCF results and Hartree-Fock noble gas orbitals.

The catalyst atom is placed at various distances from the centre of mass of

the C2 molecule and the potential energy curves are computed. The C2 molecule

being homonuclear has the advantage that only one quadrant in a plane con-

taining the internuclear axis has to be studied.

The results of this work will later be used as input to collision calcu-

lations where we will try to reproduce the effects observed in ref. ^ ) :
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3.2.3. ON THE PREDISSOCIATION IN THE B2Z~ STATE OF THE CH RADICAL

(N. Elander, M, Hehenberger* and P. Bunker**)

The predissociations in the low-lying states of the CH radicals shown

in Fig. 1 have received considerable attention in the literature. Possible

destruction and formation processes for the CH radical in the interstellar

space have been suggested, based on observational and laboratory data. The

predissociation in the B2E~ state is a strong candidate for the major forma-

tion channel at low temperatures. It can be described as a barrier penetra-

tion. The barrier penetration probability of the B 2Z~ resonances above the

ground-state dissociation limit can be calculated if the potential energy

curve is known. The study reported here is concerned with the construction

of the adiabatic potential energy curve for the B2E~ state. The construction

is based on spectroscopic data and the non-radiative transition probabilities
2)

reported by Brzozowski et al. (see Fig. 2).
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FIGURE 1

Adiabatic potential energy curves
for the lowest electronic states
of the CH radical.

FIGURE 2
2)

Experimentally observed lifetimes of
the B2E" [top] and the A2A [bottom) ro-
vibronic levels of the CH radical. The
v= 0, N= 15 levels of the B state are
predissociated. The difference between
the assumed radiative lifetimes
CAJicZe.) and the observed lifetimes
ciAdLe.) are indicated as A(0,15,Fj) and
A(0,15,F2) for the two spin components,
Fx and F2, respectively.
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potentials for the CH isotope molecule
are obtained by adding the electronic
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senting the calculated spin splitting deviate less from a straight line than
the unfilled ones representing the observed spin splitting.

The B 2E~ potential energy curve was constructed from the relative vibronic

term values of the heavier CD isotope and the rovibronic term values for the

CH radical by the Iterative Rydberg Klein method developed at this laboratory1^.

The long-range part of the adiabatic potential was calculated from the afa Initio

data of Miller and Kelly 3 ). The intermediate barrier or quadratic part of the
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The difference between the experi-
mental and the recalculated rovi-
brational term values of the B 2E~
state. The symbols are given to
the left in the figure. Except for
the v= 0, J= 19.5, Fi component and
the v= 1, J=9.5, F2 component levels
all deviations are within 0.15 cm"1.
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potential was constructed with a semi-diabatic transformation procedure based

on the Morse extension of the bound part, an extrapolation to shorter inter-

nuclear distances of the long-range potential and a semi-diabatic mixing po-

tential. The procedure is illustrated in Fig. 3. The parameters in the

semi-adiabatic transformation were chosen to achieve matching between the cal-

culated and the above-mentioned experimental non-radiative transition prob-

abilities 2).

Special concern was given to the calculation of the resonances. As shown

by LeRoy and Bernstein , there is a very elegant way of implementing Cooley's

idea in the search for resonance energies. By employing an Airy function

boundary condition at the outermost classical turning point, a similar "auto-

matic convergence" to the nearest resonance can be achieved. Although this

method is restricted to resonances situated below the top potential barrier,

we found it to yield results which for sharp resonances deviate only insigni-

ficantly from the exact ones. The LeRoy-Bernstein method was thus used in

the iterative procedure, while the final calculation of the resonances was
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done with a program based on Weyl's theory for singular self-adjoint dif-

ferential equations

The experimental non-radiative lifetimes of the v= 1, N= 15, Fi and Fz

components differ by 40±5 ns . In order to explain this difference, the

dependence of the spin-splitting on the internuclear distance was studied

and parametrized. These spin-splitting parameters were determined by experi-

mental term values in the IRK procedure, including the spin-splitting in the

potential. The parameters were thus determined from the splitting in the

bound region and were then extrapolated to larger internuclear distances.

The recalculated and the experimental spin splittings are shown in Fig. 4.

The difference between the calculated and the experimental term values give

the quality of the model potential energy curve. The result is presented in

Fig. 5. Comparing the experimental and. calculated non-radiative transition

probabilities, it was found that the present model was sufficient to repro-
2)

duce the experimental results of Brzozowski et al. . The deviation between

the calculated and the experimental line-widths for some higher rovibronic

levels, observed by Herzberg and Johns in an absorption experiment was in-

significant. This circumstance supports the present model.

The accurate results for the A2A state of Brzozowski et al. gave the

first experimental evidence for a predissociation in this state. Whereas a

lifetime vs. rotational quantum number plot for the A2A v' = 0 vibrational
2)

level shows a normal radiative decay , the plot for the v1= 1 vibrational

level of the same state indicates predissociations. The smooth asymptotical

patterns present for both components of the A2A, v'= 1 level are interpreted

as results of interactions with the XZII ground-state continuum. The plot for

the d-component of the v1 = 1 curve shows a sharp dip at N' = 17- 19 with a

maximum at N1 = 18. Since this dip only appears in the d-component it was as-

sumed that it was the result of an interaction with some energetically close

B 2Z~ resonances via the ground state. To confirm these assumptions the ener-

gies and widths for the B2I~, v = l, N=6-20 resonances were calculated. The

results for N=15-20 are shown in Fig. 6. A formal analysis of the inter-

action matrix makes it obvious that the energies of the B 2Z~ resonances are

too high. If they are pushed down 300 to 400 cm"1, they can easily cause the

observed effect. This deviation between the expected position of the B 2Z~

resonances and the calculated ones is a result of the approximation used. In

the present model the resonances are calculated in a single state approxima-

tion. A more correct treatment of the resonances of the B2E~ state should

besides the present potential energy curve also contain a higher state.

This state is easily included in the diabatic approximation where the present
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adiabatic curve with its barrier is replaced by two crossing curves and an

interaction potential. The effect of this "new" state is to decrease the

energy of the above-mentioned resonances. Work on a diabatic treatment of

this problem is in progress.

* University of Uppsala :
** Herzberg Institute of Astrophysics, Ottawa
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3:t-. NUCLEAR PHYSICS

2 3)

3.3.1. PRE-EQUILIBRIUM NEUTRONS FROM COMPOUND REACTIONS

(W. Klamra, A. Nilsson and P. Sawa)

We consider a compound system of a target of mass A> 50 and a projectile

with bombarding energy =* 10 MeV per nucleon. Most works concerning the bal-

ance of the angular momentum in the exit channel of such a system were based

on the measurements of Y~ray multiplicity alone, assuming furthermore that

the energy is evenly distributed among the particles of the compound system

which renders a statistical description of its particle decay. However, as-

suming an equilibrium in the early stage of particle emission is too great a

truncation of the state. Two observations support this contention:

1) The Y~ray multiplicities My do not increase as the bombarding energy

increases beyond some value, i.e. My saturates '

2) There is frequently an exorbitant number of fast nucleons in the

emission spectra, far in excess of the statistical predictions

In many instances the emitted particles have energies even higher than

the average energy per nucleon in the projectile. Evidently, they carry

away a sizeable amount of angular momentum which must be explicitly taken
2)into account when balancing the total angular momentum . The observable

that bears upon the angular momentum which is carried by the emitted particles

is their angular distribution. There is general consensus that the fore-aft

symmetry around 8 = 90° in the particle distributions is a signature of the

compound nucleus decay, in which a great share of the incoming angular mo-

mentum is left in the residual nucleus to be dissipated in its Y~ray deexci-

tation.

On the other hand, a strong forward-peaking distribution indicates that

the particles are carrying high angular momenta which leaves behind a residu-

al nucleus with a small intrinsic spin, leading to entry states of moderate

spins.

In the few experiments which hitherto wertf dedicated to studies of the

pre-equilibrium (P..E.) processes in H.I. and a-induced compound reactions

the employed bombarding energies were above 15 MeV/nucleon.

Our intent is to study the significance of the P.E. processes also at

lower bombarding energies. To this end we measured the angular distribution

of neutrons from the reactions Cu + a and Ta + a at E = 5 1 MeV and from the
a

reactions Cu + 12C and Ta + 1ZC at E 1 2 = 118 MeV. (All targets infinitely

thick for the incoming beams.)
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FIGURE 1 Ta + a : angular distribution of neutrons of en> 10 MeV at incident

Ea= 51 MeV and of protons of ep= 22 MeV at Ea= 54.8 MeV (from 5)).
FIGURE 2 Cu + 118 MeV 12C : angular distributions of neutrons of indicated

energies en.
FIGURE 3 Cu + 118 MeV 12C : Neutron spectra measured at four angles. The de-

duced temperatures, T, are indicated.
FIGURE 4 Ta + 118 MeV 12C : Neutron spectra measured at three angles. The

deduced temperatures, T, are indicated.
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The neutrons were detected using the T.O.F. method in a 4 12 cm NE 211

scintillator which was positioned at a distance of 1.25 m from the target

at the angles 6 = 18°, 45°, 90° and 118° relative to the direction of the

beam. As monitor was used a Ge(Li) y-ray detector which viewed the target

at the opposite side of the beam.

The results of these measurements are shown in the figures 1,2,3 and

4.

We find in all cases that the angular distributions of fast neutrons

are strongly forward-peaking, which clearly indicates the emission of P.E.-

particles. In fact, the steep increase of neutron intensities in the for-

ward direction is reminiscent of the results of calculations of angular dis-

tributions in the so-called intra-nuclear cascade process, which is consid-

ered for light projectiles with much higher bombarding energy per. nucleon

We conclude that even at the moderate beam energies we have employed

there are indications of large effects on the partition of angular momentum

due to the emission of particles at the pre-equilibrium stage.
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3.3.2 THE ODD-MASS Zn ISOTOPES REVISITED

(Z.P. Sawa)

Recently results have been published from a number of experimental in-

vestigations dealing with the structures of 61»63»65»67Zn. Considering these

comprehensive data we found a couple of striking regularities in the binding

energies of the excited states in these isotopes.

~e._st§j;e.s._of_single-£article character

In the light odd-mass Zn nuclei the shell model orbitals 2p

2pl/2 a n d 1g9/2 o c c u r "* fc^e vicinity of the Fermi surface. Accordingly,
3/2' 2f5/2'
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some of the low-lying states of these nuclei should have predominantly

single-particle (s.p.) character, a supposition that was clearly corrobo-

rated in the early deuteron stripping work

Using the fingerprints of s.p. in levels of 6S»67Zn we now attempt to

identify and to predict similar states in the lighter isotopes, 61»63Zn, in-

formation on which recently became available from the Y~ray spectroscopy

works (using compound reactions) on 63Zn and on JZn from the
58Ni(6Li,t)61Zn transfer reaction .

In order to accomplish this we assume that the differences of the bind-

ing energies of these states in each nucleus are simply linear functions of

the number of neutrons. (We exclude 6 9» 7 1Zn from our considerations because

the shell closure at N=40 heavily distorts this linearity.)

Indeed, as shown in Fig. 1, the excitation energies of the known 3/2",

5/2" and 9/2+ levels in 63Zn fall nicely in lines with those of the corre-

sponding levels in 6 S» 6 7Zn which have a predominantly s.p. character.

In Zn the g.s. has spin 3/2~ but the spins of the excited levels in

this nucleus are not known. Letting the g.s. of Zn follow the linearity

pattern in this plot, we may expect that in 61Zn:

a) the level at 2.40 MeV excitation is the 9/2+ s.p. state, and

b) the 5/2 s.p. level should appear at 0.48 MeV excitation, which

happens to fall in the region of the 12C contamination of the

target in the 58Ni(6Li,t)61Zn-work 6\

Il!2_SHlti2§E£i£le_staies °f negative "garitjr

We may ask the question whether there is any linearity that can be attri-

buted also to the multiparticle (m.p.) states in £ 3» 6 5> 6 7Zn. The experimental

signature of the m.p. states is that they are weakly - if at all - excited

in the particle transfer reactions and that the E2 transition rates, which

are involved in their decay, are enhanced. These characteristics are not

very selective and therefore not very helpful in depicting these states, e.g.,

in compound reactions. Only with this caveat should one consider the sug-

gestion which is indicated in Fig. 2. In this figure is shown a linear de-

pendence of the binding energies of the low-lying 3/2~ and 9/2~ states of

63,65,67Zn> For tnese stateg £ n
 65,67 Z n tnere are indications that they are

m.p. states . In addition, there is the possibility that the low-lying

5/2 m.p. states are similarly in line. However, this would require refuting

the assignment (3/2~, 7/2") to the doublet at 1.065 excitation of 63Zn 3'5\

In fact, the assignment (5/2~, 7/2~) seems compatible, e.g. with the measured

angular distributions and with the yields of the 1065 keV, 872 keV and 414 keV
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FIGURE 1

The binding energies (B.E.) of the states in 61»63»6S>67Zn isotopes plotted
relative to the B.E. of the assumed 5/2" s.p. state in each isotope. The
emerging linearity of the 3/2" and 9/2+ s.p. states is indicated.
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FIGURE 2

The B.E. of the states in 63»65»G7Zn isotopes plotted relative to the B.E.
of the assumed low-lying 3/2" m.p. state in each isotope. The 9/2" states,
which fall in line, are the lowest 9/2" levels in these isotopes. Also
indicated in the figure is the position of the expected 5/2" m.p. state in
63Zn.
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Y-transitions from the doublet . Thus, regarding the appearance of an un-

resolved triplet of levels at 1.065 MeV as an unlikely state of affairs, a

careful experimental reexamination of the decay modes of this doublet is

called for.

REFERENCES

1. D. von Ehrenstein and J.P. Schiffer, Phys. Rev. 164 (1967) 1374.
2. J.F. Bruandet, Tsan Ung Chan, C. Morand, M. Agard, B. Chambron, A. Dauchy,

D. Drain, A. Giorni and F. Glasser, Rapport Annuel 1977, Institut de
Sciences Nucleaires de Grenoble.

3. O.M. Mustaffa, A. Kogan, G.D. Jones, P.R.G. Lornie, T.P. Morrison, H.G.
Price, D.N. Simister, P.J. Twin, and R. Wadsworth, J. Phys. G, Nucl. Phys.
4 (1978) 99.

4. P.A.S. Metford, T. Taylor and J.A. Cameron, Nucl. Phys. A303 (1978) 210.
5. O.M. Mustaffa, L.P. Ekstrom, G.D. Jones, F. Kearns, T.P. Morrison, H.G.

Price, D.N. Simister, P.J. Twin, R. Wadsworth and N.J. Ward, J. Phys. G,
Nucl. Phys. 5. (1979) 1283.

6. C.W. Woods, Nelson Stein and J.W. Sumier, Phys. Rev. C17 (1978) 66.
7. A. Nilsson and Z.P. Sawa, Physica Scripta £ (1974) 83.

3.3.3. THREE-QUASIPARTICLE STATES OF THE NUCLEI 85Y, 87Y, AND 85Zr

(S.E. Arnell*, A. Nilsson, 0. Skeppstedt* and E. Wallander*)

In our current program for investigating neutron-deficient odd Sr and Zr

nuclei we have obtained a considerable amount of information on 85Y and 87Y

as a sort of by-product. However, these nuclei do deserve to be studied for

their own sake, since their structure for intermediate spins (11/2<J< 25/2)

is dominated by the generalized seniority-three states of the configuration

irgg,- ̂ gg/o11 a n d ^Sq/? Vg9/22' resPect^vely» which makes it amenable to rela-

tively simple shell-model calculations.

The two yttrium nucleides were produced by the 8l*»86Sr(a,p2n)85»87Y re-

actions at E = 51 MeV. Identification of the yttrium Y~rays was performed

by studying coincidences between the Ge(Li) detector and an annula. detector

that recorded outgoing charged particles. Almost half of the total reaction

yield from the 86Sr target went into the (a,p2n) channel, whereas for the
8l*Sr target the corresponding figure was above 80 %.

Standard in-beam y-ray spectroscopy was used to obtain the two level

schemes shown in Fig. 1. It is seen that the 13/2+ and 17/2+ levels lie

close to the 2 and 4 levels of the neighbouring even-even nuclei, whereas

the 21/2 levels evidently follow the remarkable rising of the 8+ level that

occurs when passing from N= 48 to N=46. The 25/2+ levels - which represent

maximal alignment of the three gq/2 orbitals - on the other hand fall at
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Tentative level schemes of 8SY
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Yrast cascade of 85Zr, as obtained in
our work. The corresponding cascades
in 81Kr (ref. 8) and 83Sr (ref. 3)
are shown for comparison.
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about the same excitation energy. The 23/2 and 25/2 levels are both very

short-lived (T^/2*1 1 Ps)» in analogy with what is found experimentally and

theoretically 2) fOr the corresponding generalized-seniority-three levels of
91 Mo.
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The nucleus 85Zr has a fairly small production cross section in the
81*Sr+a reaction, only about 10 % of that of esY. Accordingly, we have so

far only been able to follow the yrast cascade up to J= 21/2 (see Fig. 2).

For the 50 keV 9/2+ •*• 7/2+ transition we measui a half-life of 8± 1 ns,

and in the same experiment we found T-,2$l3 ns i the corresponding 35 keV

transition ' in the isotone 83Sr, produced by the 81|Sr(a,aln) reaction.

This means that the B(M1) values are at least 10 times larger than for the

related 7/2+ •*• 9/2+ transitions 4 > 5 ) in the N=47 nuclei 85Sr and 87Zr.

* Chalmers University of Technology, Gothenburg, Sweden
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3.3.4 GAMMA-GAMMA CORRELATION STUDIES FOLLOWING COMPOUND NUCLEUS REACTIONS

WITH 118 MeV 12C ON 12uSn

(0. Andersen*, M.A. Deleplanque*, J. Garret*, B. Herskind*, S.A. Hjorth,

A. Johnson, Th. Lindblad, C.-G. Linden and F.S. Stephens*)

Using the approach described in ref. , we have investigated the yrast-

like decay of the nuclei formed when bombarding 12l*Sn with 118 MeV 12C ions.

These nuclei, essentially 12<>»i29»l30Baf exhib£t a n unresolved "E2-bump" of

stretched E2 collective transitions at about 1 MeV.

The measurement consisted essentially of recording two-dimensional

YY-coincidences using Nal (Tl) detectors and, in a parallel experiment, Ge(Li)

detectors. In order to improve the number of two-dimensional coincidences

four detectors of each kind were used, resulting in a six times higher coinci-

dence rate for each case. Sofar, only the Nal(Tl) data have been analysed.

The original data contain events N.. in the YY-matrix. Some of these

events are "uncorrelated" (e.g. photopeak-Compton coincidences) and should be

removed. This "background" may be approximately calculated from the projec-
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tions of a row and a column, assuming that every observed photon is equally

probably in coincidence with any other photon. This is of course not com-

pletely true, since the projections contain correlated events (i.e. photo-

peak-photopeak coincidences). However, since only about 25 % of the Nal(Tl)

data are photopeak-photopeak events, this method should still show the qualita-

tive features. The correlated spectrum AN. . is then given by

AN.. = N.. - N.. = N.. -
13 1J JJ *0

Z N Z N .
k l k 1 iJ

Z N
lk

(1)
lk

where N. . is the "background" of uncorrelated events.

A colour plot of the correlated two-dimensional coincidence spectrum

AN., is shown on page 1. It is symmetric about the 45° diagonal because the

two independent halves of the matrix have been added to improve the statis-

tics. The negative numbers are due to the subtraction of correlated events

as discussed above.

In the analysis of the correlation spectrum we have assumed that the

excitation energies are given by

23c
L (2)

where E;j the energy of the aligned particles. This means that the E2

transition energies E within a band are (assuming a collective moment of

inertia ? c):

(3)

We may write Ey = (n/23 f,) 41, i.e. the usual form of equation (3) with

the moment of inertia 5 related to 3C through ? f f = (1/(1-j)) ic.

The width of the valley AE in the correlation spectrum is just twice the

energy difference between two subsequent transitions, i.e. if j remains con-

stant within the band

AE = 8 = 16 tf (4)

This means that in the 77 correlation experiments one measures 3 rather

than 3 _£• (Here the width of the valley is measured parallel to any of the

energy axes.) It is easy to see directly from the figure on the title page

of this Annual Report that the width of the valley decreases with increasing

transition energy. An analysis of the data shows that for 500<Ey< 700 keV
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the collective moment of inertia is 34-40 MeV"1, while at 800 keV the cor-

responding value is 75-80 MeV"1, and beyond E,.= 1200 keV we have (23c/n) «

w 64 MeV"1. At Ey w 1100 keV, the intensity along the 45° diagonal is approx-

imately the same as at the adjacent ridges.

This "bridge" across the valley is probably related to the concept of

band crossing. This is inferred as being due to an "upbend" which tends to

fill the valley since two or more adjacent transitions have the same energy.

This is known from other cases where, in the lower spin regions, the bridges

correspond to known band crossings.

* NBI, Ris4, Denmark
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132.
3 . 3 . 5 . STRUCTURE OF THE LEVELS IN THE DOUBLY-MAGIC NUCLEUS 5oSn82

(The ISOLDE C o l l a b o r a t i o n , CERN*; W.-D. Lauppe**, H. Lawin**, O.W.B. Schul t**

and K. Sistemich**)

The doubly magic nucleus 132Sn occupies a unique position between 56Ni

and 208Pb and is thus of considerable theoretical interest. When its first

excited state was identified , the systematics seemed to indicate a 3

spin-parity assignment for this level. Following the observation of a 1.7 ys
2) . 3)

isomeric state at 4847 keV it was pointed out by Dehesa et al. that the

first 2 level also was expected near 4 MeV. In the present paper we present

new experimental data, which allow a spin-parity determination for the first

excited state.

In one experiment performed at the recoil separator JOSEF, at KFA Jiilich,
132Sn was produced from thermal fission of 23SU. Gamma rays following the

4)

depopulation of the 1.7 ys isomer at 4847 keV were observed and the life-

time of the 4415 keV level was determined through delayed y-y coincidences.

The measured time spectra are shown in Fig. 1. The centroid shifts lead to

a half-life of 2.1 ±0.3 ns for the 4415 keV level and to an upper limit of

0.4 ns for the 4041 keV level. The half-life together with the y branching

ratio give transition probabilities of (2.82 + 0.40) • 108 s"1 and (4.7± 1.0) •

• 107 s"1 for the 374 and 4415 keV transitions, respectively.
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FIGURE 1

Time distributions of delayed Y~Y coincidences.
The curves to the left were obtained when the
time-to-amplitude converter was started by
the low-energy event and stopped by the high-
energy event, and vi.ce. vttiAa. for the curves to
the right. The experiment used two Ge(Li) de-
tectors (139 cm3 and 148 cm3). The isotopes
l3l*Te and 136Xe present in our beam provide a
simultaneous measurement of the prompt 4+-*2+->0
cascades 297-1297 and 381-1313, respectively.
The shift of the 299-4041 cascade (cMcleA)
relative to the 374-4041 cascade (both in 132Sn)
and to the references is easily seen.

In a second series of measurements the radioactivity 132In was produced

at the ISOLDE isotope separator at CERN by bombarding a UC2 target at 2000°C

with 600 MeV protons. After mass separation, the activity was collected on a

moving tape that removed the 40 s 132Sn daughter activity and a contamination

of 6.5 d 132Cs. A Si(Li) and a Ge(Li) detector placed at the collector point

recorded the e~ and Y spectra simultaneously and allowed the determination of

the K conversion coefficients of the 299 and 374 keV transitions. The normali-

zation of the electron and y-x&y intensities was based on the 354 keV E2 transi-

tion in 12<tXe.

In a second experiment the high-energy yspectrum was recorded. A summary

of the main experimental results is given in Fig. 2.
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FIGURE 2 High-energy y-rays following the decay of 132In.
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FIGURE 3
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The measured half-life of the 4415 keV transition is three orders of

magnitude too long to permit an E3 assignment but it agrees with an E4 assign-

ment corresponding to a strength of 15.3±3.3 single particle units. An M3

assignment with a strength of 0.20±0.05 s.p.u. is not excluded, and thus

the spin and parity must be either 4 or 3 .

The measured K conversion

coefficients of ctR(299) = ""HT NT3" (ission

= 0.028 ±0.005 and aR(374)
 49 83 \ 1

= 0.020±0.07 are only consistent

with an M1-E2 assignment (see inset

in Fig. 2). The 132 keV transition

(Fig. 3) is known to have multipo-
2 51

larity E2 ' ' and one can therefore

assign a positive parity to all known

levels in 132Sn. The information,

however, does not suffice to fix the

spins of the levels; for the first

excited state, in particular, the

experiment allows the assignments

1,2,3+, of which 2 clearly is the

more plausible.

1 3 2 CProposed level scheme for Sn.

0.2992
(M1.E2)

4.415 4* 2.1 ns
4.351 (3'?J

4.041 2* <0.4nS

TABLE 1 Comparison between the experimental data and the results of the RPA
calculation (set I of the single particle energies was used, cf. 3^)

Leve£

TKanititioYi
pH.obabWLtL&t>

ExpeAimznt

4847 keV

4714 keV

4415 keV

(4351 keV)

4041 keV

T(132 keV) = 4 .08 • 1 0 5 / s

T(374 keV) = 2 .82 • 1 0 8 / s

T(4415keV) = 4 . 7 • 1 0 7 / s

RPA-caJLcu£a£Lon

4820 keV

4704 keV

4529 keV

4470 keV

4090 keV

2.89 • 10 s /s

4.32 • 108/s

3.6 • 107/s

I*

8+

6+

4+

3"

2+

8 + - 6 +

4+ * 2+

4 + - 0 +
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A strong argument for interpreting the isomeric decay as an 8-6-4-2-0

sequence comes from RPA calculations ' . The comparison given in Table 1

shows that not only does the predicted sequence explain all data of this

work, including the absence of certain cross-over transitions, but the calcu-

lation also quantitatively agrees for three measured transition probabilities.

We consider the detailed agreement with the lifetimes a very stringent test

of the assignments, which consequently are the only ones retained in the

decay scheme shown in Fig. 3. ; ;= -'j.- _ '

Finally we note that the high-energy singles yspectrum, illustrated

in Fig. 2, shows a strong line at 4351 keV which decays in the spectra with

a half-life close to that of l32In. 'This transition, which was not observed

in the isomer decay, is a strong candidate for the missing^3 level.

* Participants from Stockholm: A. Kerek and L.-E. De Geer ** KfA Jiilich
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3.3.6. A 10 ISOMER IN THE 2PARTICLE - 2H0LE NUCLEUS 132Te

(K. Sistemich*, W.D. Lauppe*, H. Lawin*, F. Schussler**, J.P. Bocquet**,

E. Monnand** and J. Blomqvist)

132

The nucleus 52Te80 has previously been studied in the g-decay of

Sb. Two ys-isomers were established and successfully interpreted in

terms of two-nucleon configurations (irg7/_)6 and (vd-."1 vh,,,"1)?".

In the present work ' 132Te was produced in fission. Measurements of

y-radiation in the time interval 1-100 ys after fission at the separators

JOSEF and LOHENGRIN have revealed a new isomer with T 1 / 2 = 3.9(3) ys (Fig. 1).

This isomer can be identified with the state (vh,.,,~ ) 1 0 + decaying by a low-

energy (unobserved) E2 transition to the 8+ state of the same configuration.

The observed K X-ray intensity shows that the 10+ •> 8+ transition energy is

less than the K-conversion threshold, AE < 32 keV, while the half-life strongly
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Levels in 132Te populated in
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1) 132P-decay x/ of iazSb
fission (present work)

suggests that the transition energy lies above the L-conversion threshold,

AE>5 keV.

The energy of the 10 state in 132Te can be estimated by a theoretical

argument, illustrated in Fig. 2, which relates states in the 132Sn region to

^ 7~analogous states in the 208Pb region. The (v^/^1 v hii/2^ 7~ a n d

states in 132Te differ by one neutron hole being promoted from the d,,» to

the hi-i/2 orbit, requiring a single-particle excitation energy of 0.334 MeV

as observed in 133Te. The difference between the nucleon-nucleon interaction

energies in the two configurations is estimated to be about 0.478 MeV by com-

paring with the analogous 1 v ii3/2^ 9~ a n d ^vi13/22^12+ l e v e l s i n 2 0 6 p bi3/2 i13/2
and scaling the Pb value by I/A due to the smaller interaction region in Te

compared to Pb. The estimated energy spacing in 132Te, E(10+) - E(7~) =

= 0.812 MeV, agrees remarkably well with the experimental value.

0.334 - x -

I . -, -,
1.925-*-(di'htjJ

133Te 132Te

1.633-y-i1;

0.570 - * ~ ' s

0

207pb

LJ027—T-

206Pb

FIGURE 2 Energies and configurations of related levels in Te and Pb
used to estimate the energy of the 10+ isomer in 132Te.
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The observed half-life corresponds to a neutron effective charge of

e ,_ w 1.4 e, if the initial and final states are assumed to have pure
6ft

vh.. ,I2 configurations. However, the valence proton pair in Te, which is

mostly coupled to 1=0, can be excited to 1=2 in both initial and final

states. This can be viewed as an additional polarization effect analogous

to the virtual excitation of collective quadrupole vibrations, which is re-

sponsible for the effective charge renormalization. The genuine e «(vhi, .„),

after removal of the contribution from low-energy excitations of the valence

proton pair, should be smaller than 1.4 e. The observation of the analogous
Vhll/22^10+~* 8+^ t r a n s i t i o n half-life in 130Sn would directly give this effec-

tive charge.
* Institut fur Kernphysik, KFA Jiilich
** Centre d1Etudes Nucleafres, Grenoble
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3.3.7. MANY-PARTICLE EXCITATIONS IN "gCe,^ AND "JCe^ NUCLEI

(J. Bialkowski*. A. Celler**, S. Elfstrom, J. Kownacki*, Th. Lindblad,

E. Liukkonen***, A. Lukko*** and A. Pakkanen***)

The 138Ba(a,2n) and 138Ba(ct,n) reactions have been used to study the

level structure in the semi-magic llt0Ce82 and in the one-valence-neutron

nucleus llllCe. Preliminary level schemes have previously been reported.

The experiments included measurements of y-ray angular distributions, excita-

tion functions, and yyt-coincidences as well as two-parameter timing measure-

ments [(y-t ) and (e -t. )]. Conversion electron data obtained at the JyvSs-

kyla combined intermediate-image magnetic plus Si(Li) electron spectrometer '

provided a R values for the strong transitions from 130 up to 1900 keV (Fig. 1).

Supplementary lifetime and three-par :ueter yy-coincidence experiments with

higher energy a-particles (32 MeV) have now been performed at the Stockholm

225 cm cyclotron.

The results establish the 1U0Ce level scheme shown in Fig. 2; the com-

prehensive set of data provided spin and in most cases parity assignments

for the levels up to about 4 MeV. Our experiment confirms and gives the loca-
3)

tion of the earlier proposed isomer at 3718 keV. The present measurement

gave its half-life as T 1 / 2 = 26 ±2 ns. The llf0Ce level scheme is still not
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FIGURE 1

Experimental and theoretical K-shell
internal conversion coefficients
measured in the 138Ba(a,n) reaction.

complete since several moderately strong transitions have not yet been placed.

However, the levels shown in the figure are based on firm evidence and are in
4)

agreement in relevant parts with decay data . One can try to interpret the

observed levels using the shell model. Two-particle (hole) excitations within

the fd,. ,„ and Tg7/2 shells provide spins up to 6. The negative parity states

are interpreted as one-particle-one-hole excitations of the irh11 ,„ ̂ s/? 1 anc*

•nhll/2 ifgy/,1 types. The 10* level at 3718 keV is expected to have the con-

figuration T(h,.. /o^iQ+ • V(J~ 2)Q+ [where v(j~2)_+ means the ground-state con-

figuration of 138Ba]. The positive parity levels located between 3 and 4 MeV

may be ascribed to the coupling of the ̂ 67/2 ^5/2 excitations and the known

2+, 4+ and 6+ states in 138Ba.

The energy levels of 1 MCe up to about 2.5 MeV (Fig. 3) resemble partly

the I*°Ce core states and can be interpreted as couplings of the valence neu-

tron to the two-proton core states.

A new isomeric state at 2273.0 keV (19/2~) with a half-life of 2.7 ns

has been found in ll*1Ce. The (19/2 ) state is suggested to decay to the 17/2

state by a 64.8 keV E1 transition, and this in turn decays to the 15/2 state

by a 245.6 keV (M1+ E2) transition. The 592.9 keV (M1+ E2) yray connects

the 15/2+ state with the previously 5' known 13/2+ isomeric state at 1369.7

keV (Txy2 = 5 ns). The 19/2~ level can be identified with the highest spin

stat?, of the configuration (6+ ? f,/-) with a possible admixture of the con-

figuration (3~ 8 i13<2)«
 Tl»e 15/2+ and 17/2* levels may be associated with

the orbital i^/z c o uP i e d to positive parity core states and with the

vf7/2 ^11/2 ^5/2* configuration with different degrees of angular mcmentum

alignment.
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*** University of Jyvaskyia, Finland

REFERENCES

J. Kownacki et al., Jyvaskyia Ann. Rep. 1977, pp. 45 and 47.
M. Luontama et al., Univ. of Jyvaskyia Res. Rep. No. 5 (1978).
G.L. Smith and J.E. Draper, Phys. Rev. Cl_ (1970) 1548.
H.W. Beer et al., Nucl. Phys. A113 (1968) 33.



- 83 -

n El a E?-MI o EI

2755.5-

m a
2*737 S

3

'i

1137.2

I
6622

V

• 17/2* -

-15/2'-

-13/2*=

1

,17/2

1 21/2,19/2

i 19/2.17/2

• —
f 7/2x4
H3CV2 +

•11/2

9/2"

-1/2" VP1/2

•3/2"

7/2"

58Ce83

FIGURE 3 (See p>W.\)iou& con&iibution) Scheme of levels in lklCe observed
in the 138Ba(o,n) reaction.

3.3.5. EXCITED STATES IN ll>6Sm AND llt7Sm

(E. Hammaren*, J. Kownacki**, Th. Lindblad, E. Liukkonen*, M. Piiparinen*,

H. Ryde***, Z. Sujkowski** and V. Paar****)

The and 1 % 6 i 1 % B Nd(sHe,ai) reactions with E = 20-43 MeV

and E3He = 19-27 MeV were used to investigate excited states in the isotopes
ll*6Sm and ^'Sm. The experiments involved measurements of singles y-ray

spectra and conversion electron spectra, Y~ray angular distributions, and

three-parameter (EyEytime) coincidences. From these experiments information

is obtained for states up to Iu = (13+) and I* = 27/2", respectively.

1. The. lk*Sm nuc£eu4
1—3}

The level scheme of ll>6Sm, shown in Fig. 1, is based on previous

findings of various experimental investigations as well as on the results of

the present work. The important features of the level scheme are: (i) a strong

cascade connecting a sequence of states based on the ground state, (ii) a
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FIGURE 1 Level scheme of 11>6Sm.

weaker cascade connecting positive-parity states based on the first excited

6+ level, (iii) a negative-parity band based on the I17 = 3~ (1380.7 keV)
—

level and proceeding up to an 12 state at 4461.5 keV, and (iv) an I
IT

level at 2797.9 keV, which appears to be isomeric as is the case in ^

From the present experiment, the half-life of this state is estimated to T ,^

= 1.0±0.5 ns. Another feature of the ground-state band and the negative-

parity band is the connections via strong E1 transitions, similar to the

features of the heavier Sm isotopes: 1"l8»1'*9»150Sm. The branching ratios

B(E1)/B(E2) for the N= 84 isotones tend to decrease towards Z=64.
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The positive parity levels of 11>6Sm have been described by Heyde and

Br us sard and by Van den Berghe in terms of the coupling of two valenc

neutrons to one, two, and three quadrupole phonon states of the N= 82 core.

A quintet of negative parity states has been calculated by Vogel and Kocbach

for the simultaneous excitation of one quadrupole and one octupole phonon.

For high excitation energy, this vibrational description breaks down, but

states above 3 MeV may be explained in terms of two neutrons outside the

N=82 closed shell as in the case of ^ N d (cf. ref. 8 ^ ) , e.g. the

7)

8 , 9 , 10 , and 11 , and the (iio/2) 10
 an^ 12 configurations or more com-

plicated ones, where four nucleons are involved. However, since some of the

relevant empirical two-nucleon interactions in the neighbouring nuclei are

unknown, the position of some of the calculated states (e.g. I1* = 13+, 12~,

etc.) will be rather uncertain.

From the present calculations within the shell model, it may be concluded

• M1
o E1
o E2

FIGURE 2 Level scheme of U 7Sm.
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that the 2*, 4J and 6* states are fairly well reproduced by the

v(f7y«)T ir(d_ , ~ 2 ) n + configuration. One can also expect correspondence between

the 8+ state observed at 2737.3 keV and the I

hq/2^o+

8+ state arising from the

Q/O^Q+ "V"c/o 'n+ configuration. The negative parity states with spin

I = 5, 7 and 9 are mainly of the v(f 7 / 0 i,, / o) T T(dcy^
2)n+ configuration,

•n " i J |

while the I = 11" state corresponds to the i13/2 )ll" '"(d5/~2Z: C O U~
pling. The 3~ state, finally, can be composed as follows:

a2{Tr(d5/-
2)0+ v(f?/2 i13/2)3-> +

T h e ( hn/2 87/2)3~ c o uP l i n8 s e e m s t o b e o f

less importance because of the "spin-flip" effect.

The validity of the cluster-core coupling scheme was tested and found to

be able to reproduce the ground-state band and the negative parity band. In

particular, this model predicts the 6+ and 8+ states with the strong

E2 (8+ -»• 6+) and mainly M1 (6* -»• 6t) transitions, in agreement with experi-
2 2

ment.

2. The. ll>7Sm nu.cle.ui>
The deexcitation of this final nucleus proceeds (Fig. 2) mainly through

three cascades: (i) a cascade of AI = 2 and Al = 1 transitions forming the

sequence 27/2~ -»• 23/2~ •+ 21/2~ •* 17/2~ •+ 15/2~, (ii) a AI = 2 cascade passing

through an IW = 13/2+ state at 1030.7 keV, and (iii) a cascade of AI = 1

transitions (23/2~ •* 21/2~ •*• 19/2~ -»• 17/2~ -*• 15/2~), which deexcites through

a strong 1180.0 keV, E2 transition to the I7r = ll/2~ state.

When interpreting the nature of the states observed in llt7Sm within the

shell-model approximation, it should be emphasized that only the main configu-

rations were considered. This means that the states connected by the first

(i) cascade are mainly due to the v(f7/2^i
 hg/2 i r ^ ~ 2 ) 0 + a n d 2

the second (ii) series of states are mainly due to the V(f7/2^T *l3/2 ̂ J "

configuration, while the third sequence (iii) is treated as arising mainly

E7/2} h 9/2from the v(f?j2) f5/2 ir(j"2)0+, v(fy/2 i ir(j"2)0+ and/or v(f?
2
2) hg

0

0 couplings.

The cluster-vibration model calculations confirm the shell model configu-

rations mentioned above, and they also give further details of the wave func-

tions. These calculations reproduce the "decoupled-normal" irregularity ob-

served above the l" = 15/2", 1458.2 keV state, as well as the "decoupled"

band based on the 13/2 state.

* University of Jyvaskyla
** Institute of Nuclear Research, Swierk near Warsaw
*** Lund University
**** Institute Rudjer Boskovic, Zagreb
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3.3.9. THE B(E1)/B(E2) RATIOS FOR TRANSITIONS BETWEEN NEGATIVE AND POSITIVE-

PARITY BANDS IN lll8Sm AND llt9Sm+

(E. Hammarën*, J. Kownacki**, Th. Lindblad, E. Liukkonen*, M. Piiparinen*,

H. Ryde*** and Z. Sujkowski**)

The llt6»1'f8Nd(a,xn) and llf8 >15ONd(3He,xn) reactions at Ea = 20-43 MeV

and E3 = 19-27 MeV were used to study excited states in the llt9Sm86 andHe
1!*9Sme7 nucleides and consequently the low-spin odd-parity excitation. The

mixing ratios and multipolarities of the most prominent transitions were de-

duced from the combined evidence of angular distribution and electron conver-

sion data. Spin-parity assignments for most of the levels observed were es-

tablished. In 1<f8Sm the ground state band extending to Iïï = 10+ is predomi-

nantly populated. A negative-parity odd-spin band extending from ï^ = 3"

through 11" was also observed. In ltf9Sm positive-parity levels with spin up

to 25/2 and negative-parity levels with spins up to 21/2 were established.

The emphasis of the experimental findings of this work concerns the

strikingly regular patterns and similarity between the bands observed in
1"9Sm and in the ll<8Sm core nucleus. In order to show this the dexcitation

modes of the negative-parity (AI = 2; 21/2" -*• 17/2" -»• ...) and positive-

parity (AI - 2; 27/2+ •> 23/2+ -»-...) sequences in 1If9Sm are compared in Fig. 1

Smwith the positive- and negative-parity bands in Sm. The bands in

may be explained as due to the maximum alignment coupling of the h_ ,„ neutron

to the quadrupole and quadrupole-octupole bands in the even core, respectively.

The states in these bands form similar though less regular sequences than

those observed in the adjacent nucleide 1S0Sm. The negative-parity band in

this nucleide has similarly been interpreted as due to the coupling of the

octupole phonon to the collective quadrupole excitations. With this assumption,

t Crf. Nad. ?ky&. k m {1979) 7J
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a good quantitative description of the observed energies and the B(EO/B(E2)

branching ratios can be obtained within the framework of the IBA model

For the decay of states within the bands built on excited states in Sm

and 11|9Sm the B(E1)/B(E2) branching ratios are similar: 6.2 and 5.6 in units

of 10"5 b"1 for the decay of the 5~ and 19/2+ states, respectively. The ex-

perimental branching ratios 1.11 and 0.50 for the decay of the 7 and 9

states relative to that of the 5 state in "* Sm can be compared with the

predictions of the IBA model: 0.75 and 0.64, respectively, calculated by
2)

Scholten et al. . Using a Z=64 core, the respective branching ratios for

the decay of 7 and 9 states relative to that of the 5 state are 1.2 and

2.0, respectively. Branching ratios for transitions depopulating states in

the ground state bands may be studied in the same way . Thus similar cal-

culations are presunably valid for the decay of the 21/2 state in Sm and

the 6 state in 8Sm. These experimental branching ratios (in units of

10"5 b"1) are:

B(E1 i

B(E2:

B(E1;

B(E2

; 6+

; 6+

-> 5~)

•* 4 + )

• — * )

9.0

— = 4.5

in

in

The agreement between these ratios must be regarded as being quite good, con-

sidering the uncertainty in the relative intensities. These results thus

support the coupling scheme discussed above.

A number of experimental B(E1)/B(E2) ratios for decays between a negative

parity state and a member of the ground state band is already available 1 »^»^'

Sm.
(a)

1*9.
Sm.

10

0.5

•

*—-w
11/2- 15/21

L"(J

14

•21 -E IJ )

nil-

V

8,149.

Sm

(b)

FIGURE 1 Coupling of h9/2 to core states, (b) Transition energies of the
octupole mode in ll|8Sm and ll|9Sm.



- 89 -

for transitional nuclei. Some transitions in the other direction are also

known. It is interesting to note that a plot of branching ratios versus

proton number for N= 86 isotones displays a remarkable minimum for Z= 64

(Fig. 2). [A similar tendency (cf. refs. U3.4)) is also observed for N = 84

and 88 isotones.] This minimum indicates the importance of the closed proton

core (Z=64) (ref. 5)) for the structure of nuclei in this region.

FIGURE 2

Experimental reduced branching ratios,
B(E1)/B(E2), plotted as a function of
proton number for N = 84 and 86 isotones.
The initial spin values are indicated in
the figure. The experimental points are
taken from the following works: ll>8Sm -
present work, 150Gd - ref. 4),
ref. 1).

150 Dy -

62 64

When applying the IBA model for the N=86 isotones 11|8Sm, 1S0Gd and
152Dy, we have thus tried to simulate this closed proton core by relating

the effective phonon numbers to the Z= 64, N= 82 core instead of the Z= 50,
2)

N= 82 core used in ref. . To be more precise, one should take the proton

and neutron degrees of freedom into account separately. A comparison between

the experimental and calculated energies for llt8Sm relative to the two cores

is also shown in Table 1 together with the parameters resulting from the best

TABLE 1

Comparison between experimental and calculated positive- and negative-parity levels in 14"Sm nucleus

IBA (keV)
Level £,"»(keV) —

Z = 50 Z = 64
Level El" (keV)

IBA (keV)

50 Z = 64

or

4?

8?

0
550

1126
1180
1465
1735
1906
2097
2545

0
544
1073
1177
1348
2081
1906
2896
2737

0
549
1098
1189
1383
2102
1903
2769
2575

3"
5"

7-
9"

ir

1161
1594

2128
2807

3421

1002
1457

2051
2761

3574

1091
1590

2321
3008

10^ 3235 3619

Parameters used in calculations [for definition cf. e.g. refs. 6

Eps

Z = 64 core 0.467
Z = 50 core 0.637

Pairfe,)

-0.052
-0.0216

Ell(aL)

-0.001
0.0055

QQ<*o)

-0.053
-0.031

Ocl

0.00
0.00

Hex

0.00
0.00

K

0.01
0.008

Calculations were performed relative to N = 82, Z = 50 and A' = 82, Z = 64 core nuclei.
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TABLE 2

E2 transition rates (units

B(E2; 22
(

«(E2;2;
fl(E2;2:
B(B2;*r

B(E\;S-
B(E2;5-
«(E1;7"
B(E2;7"
fl(El;9-
fl(E2;9"
fl(El;6+

fl(E2;6*

- 2 , * )

- 3 " )
- 4 + )
- 5 " )
- 8 * )
- 7 " )
- 5 " )

e1 • b1) and fl(El)/fl(E2)
compared with IBA

IBA
Zc,,,. = 50

0.13S
0.0035
0.190
C.359

8.3

6.6

5.0

3.3

' branching ratios (in units 10'sh~
model calculations

Exp.
ref. 7 )

0.089
0.008
0.153
0.248

6.2

6.9

3.0

9.0 •

') in ""Sm.

IBA
Zt0,t = 64

0.(182
O.OOS
0.151
0.197

2.1

2.6

4.3

3.0

* Experimental branching ratios fl(El), fl(E2) are taken from the present work.

fit. The correspondence between the calculated and experimental results

was also studied for the other N=86 isotones 150Gd and 152Dy. Inspection

of those results gives an indication for slightly better agreement when using

the Z= 64 core.

The absolute E2 transition rates calculated for the deexcitation of the

states with known lifetimes in ll*8Sm also show better agreement when as-

suming a Z = 64 core (Table 2).

However, the B(E1)/B(E2) branching ratios do not seem to be better re-

produced when assuming a Z=64'core.

* Dept. of Physics, University of Jyvaskyla
** Institute of Nuclear Research, Swierk near Warsaw
*** Dept. of Physics, University of Lund
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3.3.10 PARTICLE PLUS OCTUPOLE M2/E3 ISOMERS AND HIGH-SPIN PARTICLE-HOLE

STATES IN ll#7Tb AND llt8Tb

(R. Broda*, M. Behar*, P. Kleinheinz*, P.J. Daly** and J. Blomqvist)

The level structures of the N=82 and N=83 nuclei 1W7Tb and ll|8Tb have

been studied by means of (ot,8n) and (a,7n) reactions on 151Eu induced by

68 to 110 MeV a-particles from the Julich cyclotron. Supplementary measure-

ments using the (6Li,3n) and (7Li,3n) reactions on 1"'*Sin were performed at

the University of Koln Tandem accelerator. The experiment included the usual

singles and coincidence y-ray measurements and in addition conversion electron

measurements with an iron-free orange spectrometer. Two isomers were located

in ll>7Tb and one in llj8Tb. The results of the experiment are shown to the

right in Figs. 1 and 2.

The observed high-spin levels have been interpreted, in the shell model

framework, in terms of few-nucleon configurations based on 6ifGd82 as a

fairly stable core. Such a description has previously been shown to give

good results for ll|6Gd and llf7Gd, and should also be useful for the Tb isomers

with an additional proton.

3.79

3.53
3.3S
3.21

3.00

2.62

-17*

16"••»} < n h "
IS" I

14"
• (iih?i/2'.

4856

4334

r^wdsfe ,

———12" nhn/2«'

— — — 11* (9*M 3")

FIGURE 1 Calculated and experimental level schemes of l l | 7Tb.
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MeV

3.80

2.10

27/2* Rtm/jd's/j

—.—15/2* nhn/2«3* 1S/2*

nhu/. "ft"

4456

3839

3421
3332
3140
2992

273*5

2038

1266

Calculation 65^62

FIGURE 2 Calculated and experimental level schemes of u>8Tb.

The 15/2+, 17/2+ levels in 1"7Tb and ll", 12" levels in 11|8Tb are natu-

rally interpreted as members of the multiplets formed by coupling the col-

lective 3 excitation in llt6Gd at 1.58 MeV to the Tb ground states. The

B(E3)'s for the 15/2+ ->• ll/2~ and ll" •+' 9+ transitions are both about 30

Weisskopf units, comparable to the 3~ •*• 0+ transition rate in 1"6Gd.

The large splitting of the 15/2+ and 17/2+ levels in ll|7Tb can be as-

sociated with the large content of the proton h ,, d
5/2* excitation in the

3 state. The Pauli principle acting between the two h....,2 protons in the

intermediate state in Fig. 3 has the effect of increasing the 17/2+ energy

and lowering the 15/2+ energy. In ll|8Tb the picture is complicated by the

presence of the neutron i,,/, single-particle state in the same energy region.

The structure of the ll" state is believed to be

mostly of the type Trhn^ vf ? «2 x 3~, while the 12~

state is more like irh.1/7 vi,,/9.

One would expect the higher-lying yrast states

in llt7Tb and ll<8Tb to be formed by coupling the

ground states to the known 15/9
and

FIGURE 3
Particle-phonon
interaction diagram.

S7/21 s t a t e s i n ll>6Gd with I>3. This cou-

pling generates a group of even-parity states in
Ilf7Tb with spins up to 27/2 and a group of odd-parity

J
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states in 11>8Tb with'" spins up to 17. The energies of these states can be cal-

culated by using single-particle energies and two-nucleon interaction energies,

most of which can be extracted from experimental excitation energies in llt6Gd

and ll>7Gd 1 \ 11>8Dy 2' and ll|GEu . The result of such a calculation is

shown to the left in Figs. 1 and 2.

The overall resemblance between the calculated and experimental level

spectra is encouraging, but the value of the comparison is somewhat limited by

the uncertain experimental spin-parity assignments. At energies above 3.7 MeV

states begin to appear which may be of the character proton 2p2h excitations

built on the ground state configurations. In general, the identification of

configurations becomes more uncertain here, but it is likely that the lowest

high-spin states of this type with IU = 27/2~ in ll|?Tb correspond to the 3839

keV level, and the state with I* = 17+ in 1I>8Tb to the 3713 keV level.

* institut fur Kernphysik, KFA Jiilich
** Purdue University, W. Lafayette
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3.3.11. A SEARCH FOR HIGH-SPIN ISOMERS IN ll>9Gd

(L. Carlen*, L. Hildingsson, S.A. Hjorth, A. Johnson, P. Kleinheinz**,

Th. Lindblad, M. Piiparinen**, N. Roy* and H. Ryde*)

The existence of high-spin isomeric states, predicted for nuclei having

an oblate shape at very high angular momenta, has been revealed for an assem-

blage of nuclei in the region slightly above N= 82 and Z= 64. In these experi-

ments the isomeric states are observed through the measurements of the half-

lives and the multiplicity of the y-rays, while the detailed level structure

and the assignment of the isomers to definite nucleides are not known.

Gadolinium nucleides are of special interest in this connection due to

the indication of shell closure at Z= 64 between the 2d,..2 and
 1tl

1l/2 subshells.

These nuclei are most probably slightly oblate in the ground state, and the

occurrence of low-lying single-particle orbitals with large j-values, as the
x13/2 or^^ta^ f°r ̂ e neutrons and the L.i, orbital for the protons, would

suggest the existence of excited levels with measurable half-lives.

- 1fl7 _
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31/2
4572.4

19/2"

27/2*

25/2*

17/2"

149 rA

64Gd85

FIGURE 1 Proposed level scheme of llt9Gd. The intensities are valid for

a
51 MeV.

In the present study the level structure of ll|9Gd, having three neutrons

outside the closed N= 82 shell, has been investigated. When this work was

initiated, only low-spin states in llf9Gd were known from decay studies.

Self-supporting targets of enriched Sm isotopes have been irradiated

with alpha-particles. In Stockholm, 39-60 MeV alpha-particles were utilized

to initiate (ot,4n) reactions on llf9Sm, while in Jiilich the (a,3n) and (a,5n)

reactions on ll>8Sm and ls0Sm, respectively, have been investigated.

The measurements in Stockholm included excitation function studies, angu-

lar distribution, linear polarization and lifetime measurements, while the

YY~coincidence experiments and also angular distribution and lifetime measure-

ments were performed at Jiilich.

From these studies, a comprehensive level scheme reaching up to spin

31/2 could be constructed (Fig. 1). The lifetime measurements revealed the

existence of an isomeric level with a half-life of 6.2±0.3 ns. This life-

time is associated with the 27/2~ state at 3388 keV. By applying the centroid

' " ' v
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shift method on the time distributions, a half-life at 1.6±0.2 ns was deter-

mined for the 11/2 state at 874 keV.

The linear polarization measurements were performed with one unshielded

Ge(Li) detector acting as scatterer and one Ge(Li) detector shielded with lead

from the target acting as absorber. Together with the results from the angu-

lar distribution measurements, the linear polarization measurements formed

the basis of the assignments of spin and parity.

The configurations of some of the states can be understood in terms of

particle-hole excitations involving single-particle shell-model states utilizing

single-particle energies and two-nucleon interactions as derived from the

studies of nuclei around the Z=64, N=82 1H6Gd nucleus.

* University of Lund, Sweden
** KFA, Jiilich, Germany
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3.3.12. EVIDENCE FOR ROTATIONAL STRUCTURE AT HIGH SPINS IN 151»»i55Er

(G. Bastin**, M.A. Deleplanque*, L. Hildingsscn, S. Hjorth, J.P. Husson*,

A. Johnson, Th. Lindblad, N. Perrin*, C. Schiick**, F.S. Stephens* and

J.P. Thibaud**)

Recently, the level schemes of several nuclei just above the N= 82 shell

have been determined up to very high spins. All these nuclei are character-

ized by an irregular weakly collective yrast band which is heavily populated.

No discrete lines due to transitions above spin 36n are seen, probably because

many parallel cascades are here involved in the Y~ray deexcitation. These

y-rays then form an unresolved "continuum" which can be studied by methods

recently developed. The multiplicity spectra (number of coincident y-vays as

a function of y~ray energy) can indicate if there is a correlation between the

y-ray transition energy and spin and also can locate those Y~ray transitions

coming from the highest spins populated. The multipole spectra (a separate

spectrum for each transition multipole type) can be constructed from the angu-

lar distribution of the continuum yrays. The nuclei around N= 86 are here

studied by applying these methods.

In the present experiment, a selection of the final product nucleus is

made possible by the inclusion of a Ge(Li) detector in the experimental setup.

Besides the Ge(Li) detector, the arrangement consists of two 7.5 cm * 7.5 cm

Nal detectors placed 60 cm from the target, at angles of 0° and 90° with re-

spect to the beam. Both singles [without Ge(Li)] events and Ge(Li) coincident
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events have been recorded, in coincidence with a multiplicity filter, con-

sisting of six Nal counters. All the Nal spectra have been unfolded. The

system 12"*Sn + **°Ar leading to residual nuclei, well known to be rotational

up to the highest spins observed (around 60n), has been compared to the system
ll9Sn + ""Ar leading to the nuclei around N= 86 which are weakly collective

at low spins. The Ar beam has been produced at the ALICE facility at Orsay.

Figure l(a) compares the fourfold singles spectra for the 0° detector

from the 121|Sn and 119Sn targets, normalized to the same exponential tail.

The 16l|Er compound nucleus (mainly l60Er and 159Er products) gives a spectrum

FIGURE 1

(a) Fourfold 0° singles spectra for 121*Sn+ "*°Ar
(170 MeV) system [daAhtd tint) and 119Sn+"0Ar
(183 MeV) system Uo&td tine.).

(b) Experimental spectrum obtained in singles
for the 1 1 9Sn+ l*°Ar system by adding the single
to sixfold 0° + 90° spectra UotLd tint); cal-
culated statistical spectrum [dot-dcu>htd tint].

(c) Spectra for 15*Er Uotid tint) and 155Er
[dot-ddbhtd tint).

(d) Multiplicity spectra for the 121fSn+"°Ar
system [optn •iquatea) and 119Sn+l*0Ar system

(e) Multipole spectra for 121>Sn (119Sn) tar-
gets: stretched quadrupole component, open
iilitzd) diamonds; stretched dipole components,
crosses [ptuU> i )

2 4 6
Ey (MeV)

showing a characteristic rotational bump with a rather flat top up to around

1 MeV and extending up to about 1.6 MeV. The 119Sn+"0Ar case looks very

different, having two very well separated peaks with a pronounced dip at

1 MeV. The low-energy bump has a high intensity and contains the heavily

populated transitions around 700 keV which have been observed as discrete

lines from states with spins up to 36n in l5"Er and 45/2 'h in 155Er. Above

its maximum (around 1.3 MeV), the second bump seems to resemble rather close-

ly the upper edge of the rotational bump observed with the 12l|Sn target.
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This second bump develops very strongly with increasing fold number, which

shows that it contains transitions coming from high spins.

The multiplicity spectra have been obtained from the single to sixfold

summed 0° + 90° spectra, which are approximately independent of the multi-

pole composition of the spectra (Fig. l(d)). The structures of the multipli-

city spectra are quite different. There is, however, a remarkable similarity

in the rise of the multiplicity in the 121*Sn + '"JAr and 119Sn + "*0Ar systems

starting from the highest energy of the yrast region, which suggests a simi-

lar behaviour of these two systems in this region.

The multipole composition of the yray spectrum is deduced from the in-

tensities observed in the 0° and 90° counters, under the assumption of only

stretched dipole and quadrupole radiation. The multipole spectra (sum of

threefold to sixfold) are shown in Fig. l(e). In the rotational case, there

is, as expected, a strong predominance (~ 75 %) of stretched quadrupole

transitions in the yrast region. The most striking feature of the spectrum

from the U 9Sn + lf0Ar case is the very large predominance (80 %) of stretched

quadrupole transitions in the higher-energy bump. The multipole spectra of

the two systems look similar in that energy region. The multipole spectrum

for the low-energy bump is in agreement with the known discrete lines in
15*Er and 155Er.

The Ge(Li) coincidence spectra have been used to look for differences

between 4n and 5n residual products. The heavier product (4n here) has the

higher angular momentum because of the f ractionation of angular momentum.

In Fig. l(c), the 0° spectra are shown in coincidence with the known lines

of the 4n (155Er) and 5n (15*Er) products. The reduction of the high energy

bump in 15l*Er does probably not reflect a difference in the structure of

these nuclei at high spins, but is simply an angular momentum fractionation

effect.

Of the two bumps observed in the 119Sn + 't0Ar system, the lower contains

the previously known transitions extending up to about 1 MeV (and 36n in the

case of 15'vEr).

The properties of the high-energy bump suggest that the erbium nuclei

around N = 86 are strongly collective (very probably rotational) at the high-

est spin values. The maximum spin at the top of the y-ray cascade in the
119Sn+'*0Ar system is calculated from the bombarding energy to be about 60n.

Together with a maximum energy in the bump of 1.6 MeV, this gives a moment

of inertia of 150 MeV"1 which is reasonable for this mass region. Using

this moment of inertia for the 1.1 MeV lower-energy edge of the bump gives

a spin of 40n for this point, which coincides with the end of the observed
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noncollective transitions. Finally, this type of behaviour is suggested

by the similarity in this energy region of both the Y~*ay spectrum and the

multiplicity spectrum to those for the 159>160Er nuclei which have been

shown to be rotational up to the highest spins. Thus there is reasonably

good evidence that the structure of 155Er and 15l*Er nuclei changes from a

spherical or weakly oblate one at spins below ~ 40n to a highly collective

(very likely rotational) one above that spin.

From a comparison with theoretical predictions and from the estimated

moments of inertia, it seems most likely to us that these 151*»155Er nuclei

are prolate with deformations comparable to, or slightly larger than, the

heavier rotational rare-earth nuclei.

A more detailed presentation of this work is found in Phys. Rev. Lett.

43 (1979) 1001.

* I.P.N., Orsay
** C.P.N.S., Orsay

3.3.13. INVESTIGATION OF THE DOUBLY ODD 166Im NUCLEUS

(S. Elfstrom, J. Forsblom *, K. Fransson** L. Hildingsson and W. Klamra)

The rotational bands in the odd-odd 186Im nucleus have been studied by

means of the 165Ho(a,3n)166Im reaction. Measurements of excitation func-

tions, y~ray angular distributions, Y~Y~"At coincidences, and prompt and

delayed y-spectra have been performed. The data are being analysed, and so

far only a tentative level scheme may be presented (Fig. 1). The observed

rotational band seems to be similar to those reported by Diamond et al.

in 160Ho and 162Ho. Thus, the band-head state is suspected to have spin 6

and assignment {p7/2~[523]t + n5/2+[642]+}. The ground state in 166Im has

spin 2 and therefore the 6 state in the rotational band is expected to be

an isomeric state, decaying by low energy y~transitions to the 2 ground

state. In the delayed Y~ray spectrum strong lines with energies 71.5 keV,

73.3 keV, 79.1 keV and 83.6 keV have been observed, which are possible can-

didates for transitions from the isomeric state. The work is in progress.

* University of Helsinki
** University of Stockholm

FIGURE l (See next page)
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FIGURE 1 (See pie.v4.owt> confrUbution)

Tentative part ia l level scheme of
166 Tm.

166
Tm

3 . 3 . 1 4 . FLUCTUATIONS IN THE "CONTINUUM" •y-RAY SPECTRUM FOLLOWING THE

160,REACTION lbUGd(Z8Mg,6n)10U0s

(M.A. Deleplanque*. P.P. Hubert**, C. Roulet*, H. Sergolle*, B. Fant***,

M. Piiparinen****, S.A. Hjorth, A. Johnson and Th. Lindblad)

In the y-decay following heavy ion reactions, introducing large amounts

of angular momentum to the nuclear system, only transitions emitted from

levels with spin I £ 20 fi are in general strong enough to protrude over an

apparently continuous background. This has led to the conclusion that the

y-decay at spin values above spin 20 fi normally is spread over a large number

of parallel decay paths, which are too weak to be observed individually with

normal y-spectroscopic methods.

The number of parallel cascades needed to explain the observed features

has been extensively discussed. In order to investigate once more this crucial

question, the Y-rays emitted when 160Gd has been irradiated with 160 MeV
6Mg ions from the ALICE facility at ORSAY have been recorded in a yy-coinci-

dence experiment using Ge(Li) detectors. One of the Ge(Li) detectors was

surrounded with an Anti-Compton shield in order to suppress scattered events.

Out of a total number of 2 million coincident events, the events in the Compton-
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suppressed channel 'in coincidence with the transitions in the ground band

in l80Os up to spin 14+, have been projected out. This spectrum has then

been unfolded to yield a true photo-peak response and corrected for detector

efficiency.

A mean multiplicity of 24 is deduced from this spectrum which is in

good agreement with what is theoretically expected for an 1GOGd(26Mg,6n) 80Os

reaction at 160 MeV.

The part of the spectrum dominated by the apparently continuous back-

ground, in this case above «675 keV, has been divided into bins about 70 keV

wide. Statistical methods have been applied to estimate the number of paral-

lel cascades needed to explain the intensity and the fluctuations within each

bin.

The deviations from purely statistical intensity fluctuations for the

bins below 1200 keV, i.e. in the region where collective E2 bumps are observed

for nuclei in this mass region, are, when seen together, certainly significant.

Here, a method developed by R.A. Sorensen has been used, which relates

the fluctuations in an observed y-ray spectrum (in addition to those of sta-

tistical origin) to the fluctuations in the primary spectrum, the level densi-

ty, and the experimental resolution. Two extreme philosophies have been

tested concerning the Y-ray intensity distribution among the parallel cascades.

In the first case, a finite number of cascades, having equal intensities,

has been fitted. In the second approach, an infinite number of cascades,

but with exponentially decreasing intensities, has been used. The moment of

inertia has been assumed to be that of a rigid body, meaning that the number

of transitions per 50 keV interval roughly equals the number of parallel cas-

cades .

The two approaches for the intensity distribution lead to about the same

result, meaning that about 8-16 cascades are needed for explaining the ob-

served pattern (90 % of the intensity in the case of an exponential distribu-

tion) . Due to poor statistics in our original spectrum and our assumptions,

such as applying a rigid body moment of inertia from spin 20 "h, these limits

(especially the upper limit) are subject to large uncertainties.

* IPN, Orsay
** CENbG, Bordeaux
*** University of Helsinki, Finland
**** University of Jyvaskyla, Finland
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3.3.15. HIGH-SPIN'"STATES IN 20"*Bi

T. Lonnroth*. B. Fant**, K. Fransson, A. Kallberg, K.-A. Pettersson,

and L. Vegh***)

Currently there is a great interest in "many"-particle shell-model studies

in the lead region (see e.g. refs. 1-3), where the effort mainly concentrates

on two questions:

i) Is it possible to obtain high-spin yrast traps by the MONA effect?
9 0S

ii) How many nucleons can one place outside the core of Pb before

the configuration mixing becomes appreciable?

The present study mainly aims at a check of the second question for the six-

particle states in20UBi as a logical follow-up of the previous thorough

study of 206Bi 3)

Levels in 201*Bi were populated using the reactions 205Tl(a,5n) and
203Tl(a,3n). The experimental information is gathered from excitation func-

tions, angular distributions, half-life measurements, and yy (^-coincidences.

Some y~ray properties are given in Table 1. The level scheme thus found is

presented in Fig. 1.

TABLE 1

Gamma-ray intensities and
A2-coefficients for transitions
assigned to 2OI*Bi.

Ey/keV

20.6
40.6
53.4
93.7

181.8
201.1
367.0
608.1
661.8
736.4
752.1
762.6
810.7
822.9
883.7
888.1
918.3

-
33

3 .8
4 .2
3 ,2

43
61
13
33

100
5 .2

12
1 .3
7,1
6 .8

10

A2

m

-
- .26(5)

~ 0
-.10(10)
- .18(7)
- .19(2)
- .30(3)
- .16(7)
- .05(4)

norm
-.19(4)
+.43(2)
+.49(3)
- .51(2)
+.99(3)

~ 0

*) Not corrected for conversion.

TTV1-3

Inspired by the results of the calculation of the four-nucleon case

(206Bi, ref. 3), we undertook a calculation of this analogous six-body

case TTV in order to understand the underlying physics.
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FIGURE 1

Level scheme of 2OI*Bi. For comparison we give the calculated levels and the
analogous levels from 206Bi (ref. 3). It should be pointed out, however,
that the placing of the 40.6 keV transition above or below the 367 keV one
is not quite unambiguous. The present placing is favoured by yrast-cascade
arguments, since there is evidence for a weak parallel cascade up from the
11" state. Coincidence data do not either contradict the present assignment.

For the shell-model basis of states in 20UBi we chose wave functions of

the type

|1>E |[(2°*Pb 0 V"1

and empirical energies of 203Pb and 209Bi, together with effective interac-

tions from 20BBi(irv~1), as input. It was found that the greatest obstacle

lies in the fact that only few five-neutron-hole configurations in 203Pb are

known, and thus uncertainties arise. The result is, however, rather satisfac-

tory. Calculated wave functions and corresponding energies are given in
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Calculated excitation energies for states in
20l*Bi, The wave functions are of the form
|(20"Pb a v"i)203Pb a T

6+

7+

10"

1 1 "

12"

13"

14"

15"

15"

15+

16+

17+

(0+

(0 +

(0 +

(0 +

(2+

(4+

(4 +

(4+

(5+

(12+

(12+

(12+

8

8

8

8

8

8

a
8

8

a
a

a

Con^lgaKat

5/2-i)5/2-

5/2-1)5/2"

13/2 )l3/2+

13/2 )i3/2+

13/2" )17/2+

13/2-1)21/2+

13/2-1)21/2+

13/2-1)2i/2+

13/2-1)23/2+

5/2-1)29/2-

5/2 )29/2~

5/2 )29/2~

lo

8

8

a
8

8

a

f)

8

8

a
a
8

n

9/2

9/2

912

9/2

9/2

9/2

9/2

9/2

9/2

9/2

9/2

9/2

EneAgy (Mel/)

0.005

0.146

0.829

1.685

1.692

1.984

2.012

2.853

2.888

2.905

3.078

2.897

Table 2. There is reason to believe, as for the analogous case of TTV 3,

ref. 3, that inclusion of non-yrast states in 203Pb would push down states

in the spin region J«10- 15, thus improving the results.

Our study also shows that the spin-parity of the 1 ms isomer is most

probably 17+ and not 16+ as reported in ref. 4. They simply missed the

41 keV transition.

* University of JyvaskylS, Finland
** University of Helsinki, Finland
*** Institute of Nuclear Research, Debrecen, Hungary
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3.4 NUCLEAR THEORY

3.4.1. NUCLEAR STRUCTURE AND RELATIVE a-DECAY WIDTH OF 212At WITHIN THE

FRAMEWORK OF THE NUCLEAR FIELD THEORY

(F.A, Janouch and R.J. Liotta)

The Nuclear Field Theory (NFT) method was applied to the calculation of

the spectrum and a-decay of zl2At.

The nucleus 212At with three protons and one neutron outside the 20GPb

core was described as a two-boson system. The bosons are described by 2p

states in 210Po and p-n states in 2l0Bi.

Spectrum

The matrix elements of the NFT effective Harailtonian W calculated up to

first order are shown in Fig. 1. The free bosons in Fig. l(a) have the TDA

microscopic structure which can be represented by the TDA bubbles of Fig. 2.

Referring to this figure, the exchange of the particle in state 2 with the

particle in state 3 gives rise to the diagram l(b) which therefore represents

the Pauli principle correction (to order I/ft) to the diagram l(a).

In Fig. 3 we present the spectrum of 212At. This spectrum is actually

very similar to the lowest part of the spectrum of 210Bi. One has, however,

to note, that the zeroth order energy of the state 212At(gs) is

- BE(210Po(gs)) - BE(210Bi(gs)) = -17.24 MeV

where BE means binding energy. The calculated value is -16.97 MeV, to be

compared with the experimental value -16.825 MeV. Thus the NFT interaction

(a)
FIGURE 1

Graphical representation of the
matrix element of the NFT effec-
tive interaction up to order 1/fi.
Full lines represent protons, while
dashed lines are neutrons.

FIGURE 2

Structure of the free TDA bosons
of Fig. l(a).
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**:

FIGURE 4

Graphical representation of the
probability amplitude of forming
the a-particle, up to order 1/Q.

FIGURE 3

Calculated spectrum of 212At
(NFT). In comparison, the experi-
mental spectra of 212At (Exp) and
210Bi (ref. 15>) are shown.

K /

(b)

matrix element has the correct sign, although it is about 150 "keV too small.

The energy difference between the states 9~ and 1~ is well reproduced by our

calculation.

^lEl*5_^££SZi 2°?ESHi52D_^i£li_Sl!e shell model

One should expect that the alpha-decay probability calculated in the

frame of our formalism should coincide with the exact shell model results to

lowest order in I/O. To check this point as well as to illustrate the forma-

lism, the probability amplitude Y L = Gj + G2 (see Fig. 4) for the pur« con-

figuration limit was derived.

Introducing the quantities

G = (-]

- 119 -
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one obtains

2(4TT) 3/ 2

X.

I+Xf ~ ~
I L

Jl k1
ji ji Xf

where C(j.) = 1, The first term on the right-hand side of the equation

corresponds to the G2 contribution, while the second term corresponds to Gj.

The shell model value for YT exactly coincides with this expression but with
Lt

1 + -^

Since Si « 5 one finds that our formalism gives within approximately 10 %

the shell model results, as expected. However, since we are only interested

in the relative values of yT» the factor C(jx) cancels out and our relative

alpha-decay rates should coincide with the corresponding shell-model values

in this pure-configuration limit.

The_relatiye_a-decay__rates

In the semiclassical approximation the alpha-decay constant is given

b y

XL = •£" ?L

where yT ^
s tlie alpha-particle formation amplitude as defined by the equation

Li

and P. is the Coulomb penetration factor
Li

kr

r=R0

where Ro is the radius of the daughter nucleus and GT and F are the irregu-
Li LA

lar and regular Coulomb functions, respectively. We calculated these func-

tions using the computer code COU by P.D. Kunz. The penetration factors PT ,
Lt

as is well known, are strongly dependent upon the nuclear radius and excita-

tion energies. Both dependences are rather crucial for our calculations.

The dependence of P on the radius is illustrated in Fig. 5 for the transi-

tion 212At(l~)-»-a+208Bi(7*). Although this dependence would play a major

role in the calculations of the absolute alpha-decay rates, for our relative

rates the dependence of PL on r is rather weak.

_ i on _



Relative a-decay rates

ro

I

TABLE 1

(Quantities Gx and G2 are both to be multiplied by 10~
6)

JAt (I") + a • "'Bi <Xf)

•I

»;
7*

53+

• ;

>;

<;

>:

>3~

L

5

5

3

5

7

5
3

5

3

7

5

5

3

3

5

3

1

3

3

7

5

C l

-3.49

0.00
2.SB

-0.84
1.04

-1.01
1.74

-4.14

-2.21 •

5.17

-1.93

0.50

4.86

-2.24

-2.32
-0.68

-3.39

0.44

3.76

-0.54

-5.90

G2

31.2

5.76
0.07

-9.25
-12.7

13.9
9.11

24.0

2.77

-43.8

28.7

0.38

-9.15

6.33

2.05
0,41

-2.34

-9.56

-38,8

-5.11

6.31

Relative
a-decay

rates

80.90

S.07

0.281

0.875

0.375

0.0014

0.123

0.081

0.0056

0.0062

0.000014

0.066

0.142

0.000063

Exp
Reeder
[131

80.9

17.00±0.5

0.2610.06

0.63*0.06

< 0.4

0.50*0.08

< 0.1

0.2640.03

0.0610.02

0.12*0.03

0.05*0.02

0.04*0.03

0.15*0.01

< 0.02

tap
Frarsson et al

[12]

80.9

14.9+0.6

0.14*0.007

O.57±0.01

< 0.29

0.3910.02

< 0.10

O.047±0.005

< 0.01

0.131*0.006

< 0.01

0.0710.02

0.13*0.006

< 0.02

TABLE

h

3l
4 +
*1

5 3

2
+

J2

4*
*3

<

6 2

_2

L

5

7

5

7

3

5

5

7

5

7

7

9

3

5

7

3

5

7

9

7

9

11

5

7

5

7

7

9

3
5

7

2 1 2 A t (9

G l

0.47
-0.68

1.27
-0.83'

-0.32
-0.02

0.74
-0.57
0.55

-0.80
0.52

-0.68
-0.38

0.63
-0.85
0.26

-0.37
-1.B3

0.97 .
0.53

-0.70 .
0.74
2.13

-1.43

-0.23
0.02

-0.80
1.15
2.16
1.67

-1.43

") - a + "*Bi <»f)

G2

-25.9
-2.95

-43.7
-9.14

1.86

-2(?.B
-11.0

32.9
-29.7

26.7
-42.4
-1.06
20.1

-17.5
6.98

29.9
2.52

42.3
0.81

-0.04
-0.54

0

-48.7
7.01
1.20
1.11

11.7
0.26

70.8
-17.2 .
-1.31

Relative
a-decay
rates

36.9

67.30

0.69

0.17

0.59

0.11

1.17

0.077

0.01

0.000002

0.10

0.53003

0.0002

0.36

Exp.
Kecder

[13]

29.00*0.30

67.30

0.6510.07

0.11+0.03

0.53±O,04

< 0.40

0.61*0.11

0.26iO.U

< 0.02

< 0.02

0.16*0.1

< 0.03

< 0.1

o.iy±o.i2

Exp.
Fransson et al

[12]

30.6i0.5

67.30

0.3510.02

0.07*0.01

0.36*0.08

< 0.15

0.38*0.06

0.13J.U.02

< 0.02

< 0.01

0.052*0.007

< 0.02

< 0.007

0.3610.04

I
I- 1

o
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A typical dependence of YL = (Gj + G 2 )
z on r is also plotted in Fig. 5.

The tremendous dependence of YL on r is somewhat compensated by the corre-

sponding dependence of PL on r. The alpha-decay constant plotted as a func-

tion of r has a distinct maximum around 7.5- 8.0 fm, as is also seen in

Fig. 5.

In our calculations of G: and G2 all possible configuration mixing in
2l2At is automatically taken into account.

FIGURE 5

Coulomb penetration factor PL, forma-
tion probability Yj2 = (G1+G2)

2( *1013)
and their product YL2pL (x 10~8) for
the transition 212At(l") •* 208Bi(7+) +
+ a; L= 7. 1

7.5 8.0 85 9.0 r(lm)

The relative alpha-decay rates calculated within our formalism are

given in tables 1 and 2 and are in reasonable agreement with experimental

data.

Calculations of alpha-decay rates for nuclei with four nucleons outside

the Pb shell (21*p0,
 212Bi and 212Rn) are in progress.
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3.4.2. SHELL MODEL CALCULATIONS ON 212At

(L. Rydstrom and J. Blomqvist)

High-spin states in 212At have recently been studied in experiments at

Stony Brook and Chalk River . The resulting level scheme is shown to the

left in Fig. 1. We have attempted to interpret these results in terms of a

simple shell model description.
212At has three protons and one neutron outside the doubly closed 208Pb

core. The shell model is known to be successful in describing high-spin

states in nuclei near 208Pb. The proton-neutron configurations are, however,

less well studied than the proton-neutron-hole ones.

The calculations were done in different ways for states with seniority

two and four. For the seniority-two states we could use new experimental

information on the neutron i,,y2
 an<^ J15/2 seniority-one states in 211Po ob-

tained by Fant, Lonnroth and Rahkonen * ) . The excitation energies in 212At

were calculated from:

E(TT3V 212At) = ECir3 211At) + E(TT 2V 2 1 1PO) - E(TT2 2 1 0 P O ) + E(uv 210Bi) -

- E(ir 209Bi) - E(v 209Bi) + Eo

Eo = - M(212At) + M(211At) + M(211Po) - M(210Po) + M(210Bi) - M(209Bi)

- M(209Pb) + M(208Pb) = -177±10keV

These calculations gave good agreement with experiment, supporting the

interpretation of Sjoreen et al. that the 9~, 10~, 11+ and 12+ levels

have the configurations t (irhg/2)g/2_ (vgg/2)]g_, t (i*9/2>9/2-
 (vi

Unfortunately there is not enough information on levels in 211Po to suf-

fice for a calculation of the seniority-four states. Instead one has to

rely heavily on what is known from 210Bi. The excitation energies are then:

E(TT3V 212At) = E(7T3 211At) + 3E(TIV 210Bi) - 3E(TT 209Bi) - 2E(V 209Pb) n

+ Eo

Eo = - M(212At) + M(211At) + 3M(210Bi) - 3M(209Bi) - 2M(209Pb) +

+ 2M(208Pb) = -897± l lkeV

With this method we computed several levels of the configurations

V 2 V89/2 an(* ̂ 9/2 V*"9/2 V*"ll/2"
l o w e s t level for each spin as resulting

from diagonalization is shown in Fig. 1. The observed 1~, 13~ and 15~ levels

are interpreted as being mainly of the T h ^ vgg ,2 configuration, but the
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EXPERIMENT THEORY

1938

FIGURE 1 Experimental and theoretical level schemes of At.

results could not explain the left branch or the higher levels in the right

branch of the experimental decay scheme. We have also calculated the energies

of the highest-spin members of the 7rf7/2 V g9/2 and ^ 9 / 2 ^ 1 3 / 2 V g9/2
configurations with I1* = 16 and 19 , respectively. Most likely, these are

both yrast levels, but they have not been observed in the ( L i , 3n) experi-

ment, probably due to weak population. The calculation suggests that the

19 level is isomeric with a half-life of about 10 ys.
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3.4.3. SHELL MODEL CALCULATIONS WITH A BASIS THAT CONTAINS CORRELATED PAIRS

(J.P. Boisson*, B.A. Silvestre-Brac* and R.J. Liotta)

A method to solve the shell-model equations within a basis that contains

correlated pairs of particles was recently presented . This method was

found to be very suitable to make drastic truncations of the basis. At the

same time, the formalism allows us in some cases to solve the shell-model equa-

tions very quickly.

In this work we found that the overcomplete correlated basis {$$}, which

spans the shell-model space, has also the property that the vector H|<j>.> is

in the same space, namely

H l ^ = Z AJJ l ^ (1)
j

where H is the total Hamiltonian of the system. The coefficients A— are

not uniquely defined. One then has the possibility of choosing the matrix A

which best fits the physical problem under consideration, or which makes the

numerical computations fast.

From eq. (1) one finds

<*i|H|«j> = I <4>ilV
Ajk (2)

The interaction matrix elements (2) can then be calculated through the matrix

A and the overlap matrix. With the overlap matrix one can obtain a complete

set of vectors through which one can calculate the wavefunctions 1)

We applied the method to analyse the nuclei 211At and 211Pb. The main

point of this analysis was to find prescriptions to truncate the original

basis keeping the same results as those provided by the shell-model. Since

the method is very efficient, we could also calculate all the states in those

nuclei including all possible basis states. Since in these cases one deals

with only three particles outside the Z08Pb core, the dimension of the complete

basis is never bigger than 150. We found that including only collective

states in the basis was not a good criterion for truncations. Actually, the

best criterion for that purpose was to take the basis elements with zeroth

order energies closest to the energy region under analysis.

* Institut des Sciences Nucleaires, Grenoble, France
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3.4.4. MULTI-STEP'"SHELL-MODEL METHOD:, THE NUCLEI 201|Pb AND 202Pb

(C. Pomar* and R.J. Liotta)

A recurrent theme in nuclear spectroscopy has recently been the inclusion

of collective states in describing nuclear spectra. The main achievement of

models that contain these correlated states in the basis is that with only a

few basis states a rather large amount of experimental data is explained. A

method of this kind was recently proposed which is rather simple and its ap-

plication is therefore not very time-consuming . In this method the matrix

elements of the interaction and those of the overlap among the basis states

are very similar in some cases. Thus the actual computation of both matrices

is performed at the same time and the wavefunctions are readily obtained,

making use of the overlap matrix.

In this work we extended the method given in ref. to analyse four-

and six-particle systems outside closed-shell cores. The basic idea here is

to use the two-particle spectrum components as building blocks to describe

the four-particle system. Once the four-particle spectrum is obtained, we

use this spectrum and that of the two-particle system as building blocks to

describe the six-particle system. We found that the formalism turns out to

be very simple. The equations that describe the six-particle system are

actually simpler than the corresponding equation for the four-particle system.

To check our formalism (and our computer code) we applied it to the 88Sr

region, where there are only two single-particle states and all possible con-

figurations can easily be included. We thus found complete agreement with
2)

the shell-model results of ref. . However, our main purpose is to analyse

the 2OI*Pb and 202Pb spectra and (p,t) reactions . A complete calculation

in this region would be impossible. There would be, for instance, several

hundred 2 states in 20<*Pb and several thousand in 202Pb. Still, we expect

that the lowest states in both nuclei are contained in a rather small sub-

space of the total space spanned by the corresponding correlated basis (which

also spans the shell-model space).

We took the two-particle energies and wave functions from the calculation
4)

by J. Blomqvist which, including six single-particle levels, fits well most

of the experimental data in 206Pb. To calculate 2OI|Pb we took the first 19

states in 206Pb plus the state 6* to build the four-particle basis. Of all

the possible elements of the basis thus formed, we chose for each spin and

parity the first 50 states with lowest zeroth order energy. In this basis

we solved our equations as previously described. We took this rather large

basis because we wanted to have a good description of zok?b to calculate
202Pb.
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TABLE 1 (a) Experimental and theoretical energies (in MeV) and (p,t)
cross-sections (relative to the 208Pb (p,t) 206Pb ;ji ) cross-
section). In (a) only orel(theor.)> 0.003 are given, while
in (b) Orel(theor.)> 0.03. The calculated (experimental)
ground state energies, relative to the 208Pb core, are 28.883
(28.925) MeV for *0l>Pb and 43.983 (44.112) MeV for 202Pb. The
cross-sections were, calculated using the code DWUCK with optical
parameters as in ref. 3). in parenthesis are doubtful experi-
mental data.

20GPb (p,t)

Exp.

or
(0+)

ot

A
K
2|

<

<

<

(57)

(77)

97

E

0.

1.584

1.728

0.899

1.351

1.663

1.958

2.103

1.274

1.563

1.816

2.897

2.808

2.257

2.505

2.257

2.399

2.186

arel

1.74

(0.10)

0.17

0.63

0.015

0.12

0.05

0.015

0.65

0.22

0.05

0.20

0.77

(1.)

0.48

(0.70)

0.11

0.88

201|Pb (J*)

Theory

ot
ot
ot
2t
2t
lX
%X
iX
4t
4t
4t
4t2

et
57
5l

77
i%
97

E

0.

1.561

1.655

0.893

1.446

1.739

1.844

2.156

1.156

1.431

1.781

2.562

2.557

2.233

2.432

2.127

2.381

2.148

arel

1.54

• 0.004

0.28

0.54

0.088

0.005

0.089

0.0074

0.68

0.21

0.18

0.14

0.79

1.26

0.83

0.57

0.054

0.88

To describe 20ZPb we proceeded in the same fashion. We took the states

in Pb as mentioned above plus the 18 experimental states of Table l(a) in

Pb, but in this case we reduced our basis for each spin and parity to the

first 20 elements. In Table 1 we present the calculated spectra. In general,

the agreement with the experimental data is reasonable for Z0"Pb. The worst

states are the 2+, 4 + and 6+. All of them may feel strongly the effect of the

truncation. Yet, other excitations (like particle-hole) may be relevant for
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TABLE 1 (b) (Sec table, caption on top o£ Tablz 1 (a.))

20-Pb (p,t)

Exp.

ot
2t
4t

6t

97
—

E

0.

0.961

1.383

2.747

2.040

-

2.172

-

arel

2.31

0.56

0.48

0.55

1.28 .

-

0.93

- •

202Pb (J17)

Theory

ot
2t
4?

6l8

57
572

92

E

0.

0.884

1.322

2.512

2.093

2.577

1.975

2.273

arel

2.02

0.44

0.65

0.15

0.64

0.49

0.66

0.18

some of the states in 2OI*Pb. In 202Pb our truncation was so drastic that, in

general, only the first states of each spin and parity are rather well ex-

plained. Again here the state 6* is poorly given, but notice that it is the

eighteenth calculated state which has the largest (but still small as com-

pared with the experimental value) two-particle transfer cross-section.

* Dep. de Fisica, C.N.E.A., Buenos Aires, Argentina
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3.4.5. PARTICLE-ROTOR MODEL DESCRIPTION OF ROTATIONAL SPECTRA

(J. Almberger, I. Hamamoto* and G. Leander**)

The present approach to the particle-rotor model is to extract some va-

lence quasiparticle degrees of freedom and to assume that the rest of the

system behaves as an axially symmetric rigid rotor. The Hamiltonian employed

consists of the bare core rotational energy, the single-particle energies
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relative to a fixed Fermi level A and a BCS pair field with a strength para-

meter A, The BCS basis defined by the intrinsic fields can be used in con-

nection with a rotor, in a rotationally invariant formalism, if angular mo-

mentum is projected out by means of the rotational D-functions. In the pre-

sent work formal developments have been made which make it possible, for

the first time, to give a correct treatment of the many-BCS-quasiparticles

plus rotor problem by diagonalization in an appropriately truncated BCS

basis. The convergence is found to be good for the i-io/o valence shell.

In a series of papers the many-BCS-quasiparticles plus rotor model is

developed and applied to phenomena in both even and odd systems. The first

three papers are concerned with band crossings in even and odd nuclei ^
2)

the rotational alignment of odd nucleons and the probing of two-quasi-

particle states by one-particle transfer reactions . In ref. 4) th e model

itself is presented in a more detailed manner, with emphasis on those proper-

ties that are specific relative to earlier work based on the particle-rotor

idea and the BCS approach. The consequences of a rotationally invariant

pairing interaction are to be considered in a forthcoming publication .

200

150

23

100

50

164Er
Experiment

Particle -rotor

0.05 0.10 0.15

FIGURE 1

A back-bending plot for 16lfEr that also shows the continuations of the
ground- and S-bands to high and low spins, respectively. Both the experi-
mental data *•) and the results of a calculation *) within the particle-
rotor model are represented.
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In this context we will only briefly review the aptness of the present

model in describing some experimental spectra in the rare-earth region. For

example, the calculated results shown in the back-bending plot of Fig. 1 are

obtained by an adjustment of the parameters within a reasonable range in

order to describe the levels in the ground and S-bands of 16tfEr. The excita-

tion energies are reproduced with, an r.m.s. deviation of 4 keV, and the gradu-

al upbend in the continuation of the ground band is understood in the calcula-

tion as a second band crossing with a large interaction matrix element. Note

also that the lowest transition in the S-band is not reproduced very accu-

rately, corresponding to the fact that the experimental 12 level is strongly

perturbed by the near-lying y-band.

In Fig. 2 the solid curves show the non-collective aligned angular momen-

turn i deduced from the two experimental positive parity bands of l67Yb ' ,

and the long-dashed curves show the same quantity extracted from a particle-

rotor calculation where all the parameters are adjusted to the neighbouring

even isotopes. The high-frequency part of the favoured band is well repro-

duced up into the up-bend, whose physical origin is quite different from that

of the even-even backbend to which the parameters are fitted. The latter band

crossing is blocked out in 167Yb by the presence of the odd neutron. At low

frequency, however, there appears a large discrepancy between particle-rotor

theory and experiment, reflecting the omnipresent, long-standing but unre-

solved "Coriolis attenuation" anomaly.

A less familiar type of anomalous behaviour is also exhibited by the ex-

perimental unfavoured band. In the analysis underlying Fig. 2, it is found

that the non-collective spin alignment in the i-.o/o shell decreases sharply

"Yb

EXPERIMENT

PARTICLE ROTOR

CRANKING

FIGURE 2

The aligned angular momentum in the two
positive-parity bands of le7Yb after the
ground-band contribution, deduced from
data on the neighbouring even isotopes,
has been subtracted. The short-dashed .
lines are from a cranking calculation ,

0.10 0.20

cu(MeV/h)
0.30
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with increasing frequency. Such behaviour cannot be expected from any con-

ventional model. However, it does result when the Y21 pair field is taken

into account.

In summary, the "down-bending" in the unfavoured band and the "Coriolis

attenuation" at low frequencies indicate that essential components are missing

in the standard formulations of the basic physics.

* Nordita and MIT
** Nordita and Department of Mathematical Physics, University of Lund, Sweden
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3.5 EXOTIC ATOMS

181
3.5.1. PIONIC 4f-»-3d TRANSITION IN lolTa, NATURAL Re, AND Z09Bi, AND THE

STRONG INTERACTION LEVEL SHIFT AND WIDTH OF THE PIONIC 3d STATE

(Amsterdam-CERN-Kingston-Stockholm Collaboration*)

Recently, an experiment was performed at the muon channel of the CERN

Synchrocyclotron (SC), stopping pions in 181Ta and 209Bi targets. Results

on the observed neutron multiplicities after pion capture and their implica-

tions for the capture mechanism were presented in a paper by Beetz et al.

In another paper- the determination of the effective quadrupole moment from

pionic X-rays was reported. In the latter analysis the hyperfine splittings

of the transitions to the 4f level were studied. This is traditionally con-

sidered to be the last observable level of the cascade in these heavy nuclei.

However, the experimental set-up was especially designed to detect weak transi-

tions. This was achieved by replacing the usual LEPS small-volume detectors

by a high-efficiency large-volume diode incorporated into a Compton suppression

system

Our experimental results are shown in Table I and are plotted as a func-

tion of Z in Figs. 1 and 2, together with all available data for £o(3d) and

To(3d).

For the pionic 4f levels, standard optical potentials fit the strong

FIGURE 1

Experimental shift eo of the 3d level with respect to the point nucleus value,
corrected for vacuum polarization, electron screening, and Lamb shift, as a
function of Z.
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FIGURE 2

Experimental strong interaction
width To of the 3d level as a
function of Z.

• CERN

D Prtsfnl work

10 20 30 (0 SO 60 70 SO

TABLE 1 Experimental values

MuCeu*

l 8 2 T a

Re
2 0 9Bi

Tnambi&bon
(feel/)

1002.0±

1059.1 +

1301.3±

energy

1.0

1.0

1.3

£o(3d)
(feel/)

10.2+1.

l l . l i l .

10.611.

0

0

3

To(3d)
(feel/)

17.

16.

25.

7 1 3

8 1 2

4 1 5

.3

.0

. 3

interaction shifts and broadenings quite well. The now observed deeper-lying

3d states in Ta, Re and Bi have shifts and widths that differ by a factor of

two or more from the standard optical potential predictions.

* AFI participant: K. Fransson
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3.5.2. SEARCH FOR BOUND BARYONIUM STATES

(Basel-Karlsruhe-Stockholm-Strasbourg-Tessaloniki Collaboration*)

1 2)In 1976 the collaboration found evidence ' for three hard y-rays

(Ey = 183+7, 216 ±9, 420 ± 17 MeV) from the annihilation in liquid hydrogen

of stopped antiprotons, which were interpreted as electromagnetic transitions

from an atomic state (protonium) to a bound mesonic state (baryonium). The

experimental set-up has now been modified to meet more ambitious require-

ments. They are:

a) Confirmation of the early results with higher confidence levels

(independent measurements).

b) Extension of the Y-ray energy region to lower energies (40 MeV).

c) Lower limits of the widths of the states.

d) Correlation studies of hard Y~rays and annihilation channels

e) Measurements on other few-nucleon systems, such as antiprotonic

deuterium and helium.

During the spring and summer,-data were taken with the system shown in

Fig. 1, where the main improvements are the so-called SECTOR, the TONNE and

the MWPC. The SECTOR is a set of 54 independent Nal prisms which are included

in a frame covering 7 % of 4ir. The TONNE (Tonne is the German word for barrel)

is a cylindrical system consisting of two coaxial detector arrangements for

charged (inner) and neutral (outer) pions. It is used to specify the pion

multiplicity in a certain annihilation channel, i.e. the number of charged

pions Crr1, IT, 96 % of 4TT geometry) and ir° y-rays (TT°, OT, 84 % of 4TT geo-

metry). The multiwire/proportional counter system gives the trajectory of

the incoming p, thus allowing selection of annihilation events occurring in

the inner region of the target. After identification of an incoming p in

the counter telescope, and if a prompt Y-ray is recorded in either the SECTOR

or the cylindrical Nal crystal, the TONNE and the MWPC are read out to magtape.

A high-energetic y-ray entering the sector will deposit its energy via

a shower, which is spread out over many modules. To get the full energy,

nearly all modules have to be summed up. To avoid obliquely incoming y-rays,

charged particles and y-ray pairs from ir°, the energy deposit in the sector

has to be distributed in a plausible topology of modules. In order to cali-

brate the energy response of the SECTOR and to measure the in-beam energy

resolution, pions were stopped in the target. The two main reaction channels

are ir~ + p •*• n + y and ir~ + p -• n + ir° •* n + 2y. The spectra thus obtained

are shown in Fig. 2. The 130 MeV so-called Panofski peak is indispensable

in the energy calibration procedure.
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cr IT

FIGURE 1 An artistic view of the CERN experiment, S-161.

T0,...T3 Telescope scintillators
C Cerenkov counter
TOF Scintillator for time-of-flight
IT Cylindrical scintillation counter, divided into 30 strips
0T Cylindrical y~*ay detector, divided into 30 sections
MWPC Multiwire proportional chambers
Nal 12" x ® 10"
SECTOR Detector consisting of 54 prismatic segments, each with its

own PM tube (part of a "crystal ball")

During a long run, the response variation of each module has to be re-

corded. For that purpose a calibrated light pulser was flushing a fixed

amount of light into the light-guides of the photomultipliers. A typical

time behaviour for one module is shown in Fig. 3. This figure indicates

clearly the main difficulties associated with ths first production run which

included the SECTOR. (It has later been shown that a change of photomulti-

plier anode voltage (positive) and properly constructed bases results in

large time stability improvement.) By making the proper corrections before
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FIGURE 2

A Y~ray spectrum from pion bombard-
ment of hydrogen as recorded by the
SECTOR. The energy is summed over
all the 54 modules.

IM«V)

changes

FIGURE 3

The gain variation of one of
the Nal modules as a function
of operation time. Adjust-
ments of the bias voltage
were done on the 20th and
33rd days. The photomulti-
plier^was exchangei on the
33rd day. To get continuous
correction factors the meas-
ured points were fitted with
a 2n(* order polynomial (arrow
heads). The arrows show an
analytic function fitted to
the measured points.

module 15. low

$0 60
Numbar of day*

adding the spectra, we lose less than 0.5 % resolution in 2 weeks, even though

the gain of the individual modules might scatter as much as 10 %• The first

pp spectrum evaluated in this way will be available in January 1980.

- .L target vessel suitable for deuterium will be installed. In order to im-

prove the definition of the annihilation vertex, the inner part of the TONNE
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will be exchanged by a cylindrical drift chamber array.

- An improved light pulser will be used.

- Measures for a considerably better photomultiplier stability will be taken.

* Participants from AFI: Vhy&icAAt&: I. Bergstrom, K. Fransson,
A. Kerek, L. Adiels

Enginze.HA: k. Engstrom, R. Buchta, J. Hilke
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3.6. INSTRUMENTATION AND METHODS

3.6.1 THE 225-cm CYCLOTRON

(C.J. Herrlander and K.-G. Rensfelt)

Operations and technical improvements

As reported in the 1978 Annual Report, the 225-cm cyclotron was brought

back into operation at the end of June 1978 after the shutdown for connecting

the new experimental hall to the cyclotron area. During 1979 physics experi-

ments have been performed in one of the new experimental caves, and irradia-

tions and nuclear chemistry experiments at target positions inside the cyclo-

tron hall. Improvement and construction work on the accelerator as- well as

on a second beam-line have caused a cut to totally 19 weeks of beam-on time.

TABLE 1 Cyclotron activity during 19 weeks of operation (January through
December 1979).

Beam-on time

In-beam experiments 1323 h

Isotope production 28 h

Stand-by 157 h

Machine tuning and adjustments

Repairs, service and ion-source changes (during 20 weeks)

1508 h

405 h

510 h

2423 h

The upper energy limit for light ions has been pushed to almost 16 MeV/A

(63.5 MeV a-particles) compared to the earlier used maximum energy of about

14 MeV/A. The trimming needed for increasing the energy revealed instabili-

ties in the phase controlling system, when turning on the RF. Also the cool-

ing of some parts in the resonator had to be increased. During the year

140 MeV lljN5+ ions have been made available to the experimentalists.

A short beam-line has been introduced immediately after the first switch-

ing magnet in the cyclotron hall to facilitate the cross-section measurements

made by the nuclear chemistry group.

The production of 11C for nuclear medical studies is requiring protons

for the reaction 1'*N(p,a)laC. Since the physics research program is based on

beams of a-particles and heavier ions, it was found important to make rapid,

remote changes of ion-source gas from helium to hydrogen and back again.

This was achieved by a reconstruction of the gas-handling system, thus allowing
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20 min) to be produced with a minimum disturb-

ance of the physics experiments.

The extraction system has been improved by replacing the old high-voltage

supply with a new one of the Cockcroft-Walton type. The need of a better flex-

ibility and reproducibility in the mechanical adjustment of the extraction

channel has called for a new and more rigid septum. This has been fabricated

and will soon be installed. Also the position monitoring system is being

modernized. During the autumn, sparking in the RF coupling condenser, mainly

due to bad cooling, required repair. The cooling system for this part was,

therefore, improved. Attention has been given to the ion-source manipulating

system and further work is here under way.

The change from the earlier system with one beam-line and one cave to the

much more versatile beam-line system in the new experimental area has caused

a complete redesign of the probe manipulating system as well as of the moni-

toring system for the various measuring points. (See contr. 3.6.2)

As mentioned, the presently working beam-line can only supply one of the

experimental caves. It is anticipated that in the beginning of 1980 another

beam-line will be finished, which will make it possible to deliver beams to

the other caves. Experiments are now being built up in the first of three

caves. When beam is available in this part of the hall, we plan to follow

a more continuous schedule for experiments at the cyclotron.

Working group

The following group of institute personnel participated in the work re-

ported above:

K. Abrahamsson, A. Bengtsson, J. Bjon, A. Blomqvist, S. Borg, S. Egnell,

K. Ehrnsten, A. Englund, A. Engstrom, H. Jardemar, L. Nilsson (from Nov. 5),

G. Printz, J. SjSkvist, and J. Weimer.

3.6.2. A NEW CONTROL SYSTEM REPLACING SEVERAL PUSH-BUTTON PANELS

(S. Egnell, K. Abrahamsson, J. Bjon and J. Starker)

A system for control of position actuators for different types of tar-

gets, video signals, TV-power and illuminators as well as of selection of

voltage measuring points representing magnet currents, dee voltages, position

of ion source, etc., by means of a 3-digit r.iaiber and order buttons has been

built. In this way a great number of push-buttons have been replaced by a

key-board in combination with two arrays of figure displays and a target

status diagram.
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Control ds'jk

Displays
and

Key-board

Ion

Meter

Power supply room

Video
Exchanger

Cyclotron vault
and

Experimental area

[

Wall for general control

DVM

Displays ' Target
and Status

Key-board , Diagram

1
1

TV-cameras

Decoder for
Target Control

Control box
for Pneumatic

Actuators

TV-power and
Illuminators

Targets

Central Uni
and Decode

for DVM

t

— —

Measuring
points

—

The Display and Key-board block consists of a key-board (0-9), five or-

der buttons, one display array which shows the last chosen 3-digit number

(with automatic reset when a following figure key is pressed) and another dis-

play array which indicates the actual measuring point connected to a precision

digital voltmeter (DVM). Such units are placed on the control desk as well as

on the wall for general control.

The target status is indicated on the Target Status Diagram where eight

main lines symbolize eight different beam lines. Each main line, in the dia-

gram, has five blocks corresponding to five target boxes along the beam line

in question. On each of those blocks, four LED's are fitted and the position

of a LED has always a fixed significance. The address XYZ of a "target" has

the following meaning:

X = beam line number

Y = target box number

Z = 1 means a fluorescent screen target

2 slit

3 foil

4 TV-camera
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When a target is actuated, the LED indicates with a 10 Hz flickering

light that the target is in motion and a constant light that it is in beam

position. The LED corresponding to a fluorescent screen target can also show

a 2 Hz flickering light and this means that the target is connected to the

Xon Current Meter. All signals to the Target Status Diagram are prepared for

multiplexed transmission to the data collecting room.

When order has been given to move a target into the beam position, the

Control box for Pneumatic Actuators supplies the corresponding 24 V solenoid

with full voltage for about 100 ms. To save power, the voltage is then re-

duced to about 25 % which is sufficient to keep the solenoid actuated. To

prevent target collisions, in the same target box, links can be connected in

a speci?1 ;nhibit circuit. Local test operations are possible.

Bending and quadrupole magnets along the different beam lines have also

been given 3-digit numbers corresponding to their positions. The numbers 311

and 312, for instance, mean the first pair of quadrupole magnets in the third

beam line. Any desired 3-digit number can be wired up to suit other measuring

points like dee-voltages, deflector parameters, etc.

The logic is built up mainly with Low Power Schottky integrated circuits.

Display arrays have CMOS drivers. The display light intensity follows the

ambient light by means of a photocell.

At present the whole central system is in operation. The video exchanger

is under construction as well as a unit for double control of a number of op-

tional operations like target control from the data collecting room.

3.6.3. STATUS REPORT FOR THE PDP-11/55 COMPUTER

(C.G. Linden and J. Starker)

In January 1979, we finally received properly working CAMAC modules for

the on-line system and in the same month the system was running on-line experi-

ments for the first time.

During these runs a new problem in the system was discovered. Due to con-

flicts on the unibus the processor sometimes stopped and was in a "blocked"

mode even when only the operating system was running in the machine. This
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problem which made '"the experimentalists very unhappy was not satisfactorily

solved until recently (Sept. -79). It was found that the interface for the

VT11 was not working properly. There was also some irregularly appearing

fault in the core memory, which had to be exchanged. One problem which has

not yet been solved satisfactorily is that the VT11 breaks down now and then

due to its poor power supply.

During the first half of 1979, the data acquisition was done by program-

med reading of the ADC's via CAMAC. This mode puts an upper limit of the

counting rate to about 3000 events/sec if a visible display is desired. At

this time up to 10 parameter experiments could be performed.

During the summer 1979, the connection of the ADC's to the computer has

been modified. The Four-ADC interface has been replaced by a new system en-

abling up to 15 parameters to be run in a great number of different configu-

rations. Transfer of data from the ADC's to the memory of the computer is

done in DMA, using only one of the eight available DMA/DMI channels in the

CA11-FN CAMAC interface 1 \

The arrangement is based on information obtained from GSI, Darmstadt,

with modifications necessary for adapting the system to a different type of

CAMAC CRATE

TIMING

UNIT

TRIGGER

DATA READY

RESET

[INHIBIT
I BUSY. DATA REAnv

ADC

ADC

ADC

PATTERN
RECOGNITION
UNIT

ADC

ADAPTER

ADC

ADAPTER

ADC

ADAPTER

8-FOLD

CAMAC ADC

CA11-FP

iPDPn/55
UNIBUS IN

LAM

CA11-FN

UNIBUS OUT

DATAWAY

FIGURE 1 Block diagram of data acquisition system.
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CAMAC-PDP11 interface. We have also introduced some improvements in order

to be able to recognize and discard unwanted events and to avoid the reading

of ADC's which do not contain data. These improvements were achieved by put-

ting some hard-wired intelligence into the Pattern Recognition Unit, PRU (de-

scribed in contribution 3.6.6 in this Ann. Rep.).

The system works in the following way (cf. Fig. 1): A busy-signal from
2)

an ADC triggers the timing unit for a presetable coincidence time. Other

ADC's which send their busy-signal to the timing unit during this time, are

considered to belong to the same event. When the coincidence time has elaps-

ed and at least one of the busy-signals is still present, an inhibit signal

is sent to all ADC's, to block them for new inputs. At the end of the coin-

cidence time a new time interval is started to allow the ADC's to complete

the conversion. Either at the .end of this time interval, or when all ADC's

which were busy have finished their conversion and presented their data ready-

signals to the timing unit, a trigger pulse is produced in the Timing Unit.

This pulse starts the work of the Pattern Recognition Unit. The data ready-

signals are also connected to the PRU through a data word with one specific

bit for each ADC. This pattern is compared with the preloaded patterns in

the PRU. If there is no match, a general reset is produced and the system is

ready to deal with a new event. In a case of a match, the DMA transfer

starts, reading first the pattern word and then, in a predetermined order,

only those ADC's which were busy during the event.

As can b; seen from the block diagram, the non-CAMAC ADC's are interfaced

to CAMAC by ADC adapters . Even multiple CAMAC ADC's may be used in the

system. The problem of varying the sub-addresses, when reading them, is

solved within the PRU.

The system has been in use for a few months and performs very well. The

limit for the data transfer rate is set by the tape recorder and is, for a two-

parameter measurement, ~30000 events/s.

New_hardware:

In order to make possible assembling large programs a new disk was in-

stalled at the beginning of this year. It is a PLESSEY 8 Mbyte drive with

one fix and one removable disk. Towards the system it is working like four

RK05's.

software:

On-line program for up to 8 parameters read from an eight-fold CAMAC
ADC. 2048 channels/ADC; standard display facilities.

BIG8
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84ADC 1-6 ADC's in the 8-fold CAMAC ADC and 2 LABEN ADC's connected to
the four-interface unit. Data from the two LABEN ADC's do not
have to be in coincidence.

84ADCA 1-6 ADC's in the 8-fold CAMAC ADC and 1 LABEN using 13 bits.

84ADCB 1-6 ADC's in the 8-fold CAMAC ADC and 2 LABEN ADC's. Data from the
two LABEN must be in coincidence.

EASMO 1-8 ADC's in the 8-fold CAMAC ADC and up to seven standard ADC's.
Data are read from the ADC's in DMA.

CORBE 1-8 ADC's in the 8-fold CAMAC ADC where all 15 bits are used. Time
and energy from each ADC are stored in the same word. The upper
bits are used for time information (either 128 or 64 channels),
leaving 256 or 512 channels for the energy.

MATRIS Displays number of counts from two pairs of parameters on the VT11
in 32x16 matrices.
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3.6.4. STATUS REPORT FOR THE PDP-11/70 COMPUTER

(N. Elander, S. Kallstenius-Hellman, S. Leontein, C.G. Linden and J. Starker)

Since the CAMAC system at the PDP 11/55 began to work, the 11/70 has

increasingly been used for production runs. The system has worked well with

the exception of the VT11 display, where the transformer has been replaced

twice and the power transistors four times.

During this year the 15 meter unibus to CAMAC was satisfactorily tested

and used in on-line measurements. The lineprinter at TRASK is now also con-

nected to the 11/70. Three multichannel analysers are now able to dump

spectra on the disk, and one more terminal has been added to the system.

Fatu/te ptanb:
Since the analysis of multiparameter events into two-dimensional matrices

needs large "fixed" data areas in the memory, conflicts arise when other pro-

grams are to be run. It is desirable to use as large data areas as possible

in order to minimize the analysing time, which for the moment is ~ 1 hour/tape

if the matrix size is 1024x1024 words and one uses 32 kwords data area. This
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°\

Program name Author

SORTCOBE(SRC) GE

GROGI

ADDSPE

MEAN

UNFOLD

VH

LH

LH

LH

problem can be solved by adding more memory to the machine and having a

special partition for the sorting program. When no sorting is done, this

partition should primarily be used for other large programs, which presently

are impossible to run simultaneously with other programs.

(completed):

Sorting program for any number of parameters; total
number of channels limited by memory size

Calculation of cross sections and spin distributions
for compound reactions

Adds/subtracts two spectra multiplied by constants

Calculates total number of events, mean value and
standard deviation in a spectrum

Calculates the "true" Y~ray spectrum from a spectrum
obtained in a Nal-detector

Plot spectrum on the Versatec printer/plotter

Calculates multiplicity and higher moments from
multi-coincidence experiments

Angular distribution program

Spectrum manipulation program: plot, compress,
add/sub, input from papertape, etc.

Fitting of Gaussian to experimental spectra

Sorting of coincidence data into a matrix on disk

Copies and adds coincidence matrices, sets gates in
the outputs from BIGSORT and SORTCORE

Transmission of data from multi-channel analysers
to the disk at 11/70

Display program for GT41; two spectra can be displayed
and manipulated independently

Least squares fitting, especially for energy calibra-
tion

Produces list files from ASCII files, particularly
useful for those using EDT to read telex encoded
paper tapes.

Directory for magnetic tape

Level energy difference versus Y~energies

Gamma-ray energy relations

PLOTTA

MULTI

AOA8

PLOCO

TOP4

(PLV)

(PLO)

(TOP)

BIGSORT (SOR)

COINC

CAN (1,

SPP

EKAD

LIST

(COI)

,2S3)

(SPP)

(EKA)

(LIS)

TAPEDIR (TDI)

LEVEL

SUMUP

SH

THL

THL

CGL

CGL

CGL

CGL

CGL

GN

CGL

CGL

CGL

KW

KW



corrected for vacuum polarization, electron screening, and Lamb shirt, as a

function of Z.
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6JS KW Calculation of 6J-symbols and U (Jahn) coefficients;
exact results

UndeA development:

ICC

LINK

MULTIMATRIX

TIMEMATRIX

TAURUS

TT

RIA

2DPL0T

256MAT

AK

GE

: CGL

CGL

CGL

CGL

CGL

CGL

CGL

MULTIPLICITY CGL

NIVEAU

KERSTIN

AK A.
GE G.
VH V.
LH L.
SH S.

CGL

KW

Kallberg
Ehrling
Helth
Hildingsson
Hjorth

Interpolation of conversion coefficients

Program for data transfer 11/55 to 11/70

Sorting into ̂  8 matrices at the same time

Sorting of coincidence data into 5 8 matrices depending
on time distribution . "' "- •

Fitting of time distributions in "'singles'-spectra

Editing of data obtained from T0P4

Normalization of y-vay intensities

Two-dimensional plots on the Versatec

Sorting of 256*256 matrix using 64 kword of memory

Sorting of multiplicities

Contour plot

Correlation calculations for deformed nuclei
("Kirsten" in Coral version)

LL L. Liljeby
THL Th. Lindblad
CGL C.G. Linden
GN G. Nordenborg (Graduation work)
KW K. Wikstrom

3.6.5. 16-INPUT MAJORITY LOGIC

(J. Bialkowski*, J. Starker and K. Agehed)

In y~Y energy correlation experiments with many detectors, there is a

need for detecting coincidence events when a given minimum number N of de-

tectors have fired. For that purpose we use the LRS 2340 Coincidence Register

with a specially designed NIM-module (LRS 2340 Adapter). In this application

the Coincidence Register is externally controlled by the adapter and does not

require any command from the Camac Dataway. The adapter controls the resolv-

ing time at the coincidence register and, using the summing output of the
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register, produced <;, = N" and „ 5 N" outputs. A LED indicator is flashed when

the number of coincidence inputs is equal to the selected number N.

The connection of the LRS 2340 coincidence register to its adapter and

the logic scheme of the adapter are presented in Fig. 1 and Fig. 2, respec-

tively. The pulse at the summing outputs (El-8 output and E9-16 output are

connected together), resulting from at least one bit of the register, trig-

gers the timing channel of the adapter and is fed to its amplitude selection

circuit. The gate at the coincidence register is kept open by a DC level

from the adapter. The time resolution of the register is then controlled by

a reset pulse from the adapter and is equal to the sum of the variable delay

of the adapter (30-170 ns), the propagation time through register and adapter,

and additional delay due to external cables. The minimum time resolution for

such a connection is equal to 50 ns. For a time resolution shorter than 50 ns

an external gate signal should be applied.

The amplitude selection circuit allows distinguishing up to a maximum

of nine levels of the input amplitude, representing the contents of the

LRS 2 » 0

OB*

GATE

UK 2340
(OUTER

RESET

G»TE

FIGURE 1

Connection of LRS 2340 Coincidence
Register to its adapter.

•12V
B -

C • "

A • >

C • •

LJ

b-
SHU-W « ,
OUTPUT ERIVER

O W I N G .nd

OUTPUT DRIVER

Tinuv;
CHUMCL

BESET
ourfur COKTROL

FIGURE 2 Logic scheme of LRS 2340 Adapter.

- 147 -
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coincidence register up to nine bits. It is composed of two fast discrimina-

tors for i N and > N thresholds and an anticoincidence circuit. The reference

levels for the discriminators are produced by a current generator It and a

resistor divider R. To be able to resolve up to nine-fold coincidences it was

necessary to increase the dynamic range of the summing output. For that pur-

pose the 50 Ji load resistor was connected to + 5.6 V of the Zener diode ZD1.

The DC level of the summing output is returned back to ground level by means

of the 5.1 V Zener diode ZD2 and the current generator I2. In this way a five

times larger dynamic range was obtained.

Connection of the load resistor to the reference voltage of + 5.6 V does

not influence the operation of the coincidence register. The discriminator

„ i N" output produces a 10 ns wide pulse at the trailing edge at the input

pulse. This pulse is inhibited at the anticoincidence circuit by the stretch-

ed pulse of the „ > N" discriminator output. Output pulses from the anticoinci-

dence circuit trigger the „ = N" adapter outputs through the shaping circuit

and fire the light-emitting diode. The „ £ N" discriminator controls its out-

put pulses through the same type of shaping circuit. The circuit ensures 50ns

duration output pulses with a dead time equal to 1.5 us. This dead time is

useful when output pulses are used to directly control a slow data collecting

process.

All the adapter circuitry is based on the ECL 10000 integrated logic

family, which makes it possible to operate with short input pulses, starting

from 20 ns.

* The Institute of Nuclear Research, Swierk/Warsaw

3.6.6. PATTERN RECOGNITION UNIT

(J. Starker and M. Engstrom)

The Pattern Recognition Unit (PRU) is a part of the new data collection

system at the 225-cm cyclotron (cf. 3.6.3. in this Ann. Rep.). The purpose

of this instrument is:

1. to recognize experimental events by their configuration pattern and

discard undesired events;

2. to make possible DMA transfer of the event pattern and data from dif-

ferent CAMAC modules, in a predetermined order, using only one DMA

channel in the CAMAC-PDP11/55 interface!
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3. to read only CAMAC modules which contain relevant data, in this way

saving space on magtape and time during the experiment and the sub-

sequent processing of the tape.

At the start of data collection up to sixteen event patterns can be

loaded by the program into the Contents Addressable Memory (CAM) of the PRU

(cf. block diagram). By loading a mask register (En. CAM Reg.) certain bits

in the incoming pattern may be excluded from the comparison with the stored

patterns, thus allowing a number of subsets of these patterns to be accepted.

When all ADC's involved in the treatment of the event have completed the

conversion, a trigger is sent from the timing unit to start the work of the

PRU. A pattern word built up of Data Ready signals, with one specific bit

for each ADC, is passed through the input gates to the input of CAM. A com-

parison with the patterns in CAM is performed, and if there is no match, a ge-

neral reset is generated, clearing the PRU, the timing unit and all the ADC's.

If the external pattern is equal to any of the stored patterns, a match

flag is produced and the address of the CAM word, where matching occurred, is

stored in the Match Address Register. The match flag sets the LAM flip-flop

and loads the Shift Register with the external pattern. The most significant

bit of the Shift Register is always set to 1, to be able to distinguish between

pattern and data words, when reading from magtape.

A LAM-signal is sent to CA11-FN (the CAMAC - PDP11/55 DMA interface) if

FRONT PANEL
INPUTS

4-E1T
MATCH ADDRESS

BEGJST& _

'CAMAC
'DATAWAY

SUBADDRESS
LINES

WRITE
LINES
READ
LINE

FIGURE 1 Pattern recognition unit; simplified block diagram.
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LAM is enabled and the series output of the Shift register is one. CA11-FN

responds with a CAMAC command from the DMA channel assigned to the data trans-

fer. The N-signal (station number) of that command is connected to the PRU,

instead of going through the program-controlled interface CA11-FP to the

CAMAC dataway. It enables the Station Number Multiplexor which gives a new

station-number signal ?t one of its sixteen outputs, depending on the state

of the 4-bit counter.

The first CAMAC command always reads the contents of the shift register,

i.e. the pattern word. At the end of the command, the 2MHz oscillator is

started, shifting up the contents of the shift register and counting up the

4-bit counter. This continues until a 1 appears at the series output of the

shift register, signalling that the corresponding ADC should be read. A new

LAM-signal is sent from PRU to the DMA interface, giving rise to the same

CAMAC command as before. But the station number multiplexor, being shifted

in synchronism with the shift register, directs the command to the position

where the actual ADC is situated. Again, at the end of the command, the 2MHz

oscillator is started, and so on until all sixteen positions of the shift re-

gister are shifted through. Then, a general reset is produced, clearing the

whole system and enabling it for next event.

To be able to use in this system multiple CAMAC ADC's (i.e. Ortec AD811)

and still transfer the data by DMA, it is necessary to convert the variable

station number into variable subaddress A(0)-A(7). This is accomplished in

the PRU by an eight-to-three demultiplexor driving the subaddress lines of

the dataway. Data ready signals are not available from this ADC and have to

be simulated by DC-levels. As a consequence of that, they will be read either

they contain data or not, filling the magtape with empty data words. To avoid

this we modified the AD811 and obtained Busy and Data Ready signals from the

individual ADC's.

The PRU may also be used in programmed reading of ADC's. In such a case

the LAM signal starts an interrupt routine, which first reads the match ar.i-

ress register, i.e. the address of the CAM word where match with external pat-

tern took place. Knowing the pattern stored in this specific word is suffi-

cient for the program to read only those ADC's which contain data. This may

speed up the data transfer routine.

The PRU is a triple-width CAMAC unit, the width dictated by the wire-wrap

method used for making the internal connections. The unit is built around an

internal data bus. That simplifies to a great extent transfer of data between

the CAM, the registers, the CAMAC dataway, and the front panel inputs. Special

care has been taken to avoid collisions on the data bus, because transfers can
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be initiated both by CAMAC commands and the trigger from the timing unit,

which are not always correlated.

The PRU cakes a very efficient use of the CA11-FN DMA capacity, leaving

7 of the 8 DMA/DMI channels free for other use. The solution applied in

this unit for reading in different CAMAC stations and subaddresses, without

intervention of the program, is faster than the address scan mode normally

used in such applications.

3.6.7. CYCLOTRON-PRODUCED RADIONUCLEIDES FOR CHEMICAL AND MEDICAL APPLICATIONS

(H. Atterling, A. Bengtsson, W. Forsling, E. Toth-Pal, M. af Ugglas and

P.-O. Westlund)

Requests are often obtained from research groups outside our institute

regarding the possibilities of delivering radioactive material of interest

for special projects. Due to lack of personnel and other resources for such

services, most often the requests have to be declined. In some cases, how-

ever, the participation in joint research projects is of particular interest.

In such projects, personnel from our divisions are cooperating by making

nuclear physical and nuclear chemical investigations. Thus, as reported

earlier , studies on the use of cyclotron-produced, relatively short-

lived radionucleides, such as 1JC, 1 50, 81mKr and 123I have been made at the

institute in cooperation with research groups at the Karolinska Hospital and

the Danderyd Hospital in Stockholm. In some cases this cooperation also in-

cludes the Department of Physics at the University of Stockholm, where an ad-

vanced positron camera has been designed and constructed. Regarding the pro-

duction and synthesis of 11C-labelled molecules, a special report is given

below 6) 15

earlier
2,7)

The synthesis of O-labelled deoxyglucose has been reported

However, the short half-life of 0, 2 minutes, has now proved

to be somewhat too short for the in vivo metabolic studies for which this

nucleide was intended. The work has given some spin-off effects worthy of

further investigations.
81mKr has been produced by the use of the 225-cm cyclotron internal

a-particle beam onto a sodium bromide target. Our efforts have been concen-

trated mainly on improvements in yields and radionucleidic purity, i.e. to

increase the proportion of the desired radionucleide in relation to the total

radioactivity present. Excitation function studies and technical work con-

cerning further gain in quality and quantity of the product are in progress.

™Kr is used at the Danderyd Hospital for lung-diagnostics (ventilation

studies) .
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One of the most useful radionucleides in diagnostics is 1 2 3 I , for which

there is a great demand. Production of this nucleide cannot be resumed at the

institute before equipment for processing strongly radioactive material has

been installed in the cave provided for this purpose in the new experimental

area. In 1979, a special experimental station was built for the study of

excitation functions of interest in this and other cases where no data are

available in the literature at present.

The work carried out during 1979 includes production of some plutonium

in cooperation with the Studsvik Energiteknik AB for a preliminary investiga-

tion in connection with in situ studies of radionucleide migration in granite.

There is also a cooperation going on with the Studsvik science research la-

boratory concerning ISOL-separation of fission products by the use of a spe-

cial type of ion source, earlier designed at AFI .

Early in 1979, a new underground storage room for radioactive material

was finished. It is built in close connection with the nuclear chemistry

laboratory.

In May 1979, the nuclear chemistry division was visited by an interna-

tional group of nuclear chemists. They were members of a committee set up

by the Swedish Natural Science Council for evaluating the status of nuclear

chemistry in Sweden. A report on their work is expected in the near future.
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3.6.8. PRODUCTION AND SYNTHESES OF llC-LABELLED COMPOUNDS

(E. Ehrin*, C.J. Herrlander, L. Nilsson*, G. Printz, E. Toth-Pal and

M. af Ugglas)

Production of the short-lived positron emitter n C (half-life = 20 min)

was resumed in February 1979 and continued throughout the year. The im-

proved gas target reported earlier was used in connection with the 225-cm

cyclotron. The reaction N(p,a) C was induced by protons of energies

chosen between 11.5 and 12.5 MeV.

Molecular hydrogen ions (H2 ) accelerated to 23- 25 MeV were also used

in the bombardments and were found more practical than protons in some cases.

The proton beam intensities varied from 1 yA up to 8 yA resulting in a pro-

duced activity of 50-200 mCi. The activity was trapped as n C 0 2 at the end

of the gas-line system and transported to the Karolinska Pharmacy Laboratory,

where the synthesis work was done. C-tagged glucose was produced by means

of a photosynthesis in a water suspension of green algae (Scenedesmus obtu-

siusculus). Ine purified and sterilized product was then given intravenously

to dogs, and subsequently brain-images of the animals were taken by means

of the positron camera installed in the Neuroradiological Department at the

Karolinska Hospital.

* The Karolinska Pharmacy, Stockholm
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4. SEMINARS 1979

A general seminar is given once a week. At irregular intervals the

subject is of a more general "science and society" type, intended for all the

personnel.

"Science and society" seminars

22/1 J. Hogbom (Stockholm):

26/2 D. Sigurd (Stockholm):

2 3 / 4 G. Siren (Uppsala):

11/6 F. Janouch:

31/8 P. Sawa:

28/9 P. Sawa:

14/12 R. Walstam (Stockholm):

"Radio waves from distant galaxies"

"Solar cells - something for Sweden?"

"Growing energy forests - prospects and

results"

"Physics and universities in China after

the cultural revolution"

"The energy crisis in USA; controlled

nuclear fusion?"

"Accelerators and fusion research"

"Current tendencies and studies in the

field of radiation protection"

General seminars

12/12 (-78) H. Ryde (Lund):

15/1 B. Laurent (Stockholm) :

25/1 T. Bergeman (New York) :

31/1 I. Martinson (Lund):

24/2 J.M. Ziman (Bristol):

27/3 B. Sundqvist (Uppsala)

30/3 F. Janouch:

10/4 P. Sigmund (Odense):

"High-spin isomeric states in post N=82

nuclides"

"On black holes in the universe"

"Bound-bound and bound-free spin-orbit

interactions in diatomic molecules"

"Time-resolved spectroscopy of highly

ionized oxygen and fluorine"

"Is science to be believed?"

"Features of heavy-ion telescopes"

"Yakov Frenkel, life and work"

"Particle penetration through molecular

gases. What can we learn about penetra-

tion through solids?"
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17/4 P. Carle: "Configuration-mixed shell-model calcula-

tions of the o-decay rates of the 1 and

9" states in zl2At"

20/4

21/5

28/5

6/6

13/8

11/9

17/9

10/10

25/10

22/10

S. Andersson (Gothenburg): "Vibrational spectroscopy of adsorbed

atoms and molecules"

L. Nilsson (Uppsala):

V.I. Orlinov (Sofia):

R.M. Lieder (Jiilich) :

Th. Lindblad:

R. Broglia:

"Giant resonances - general aspects and

recent capture experiments"

"Physical model of D.C. reactive sputtering

and some of its applications"

"Investigations of 210-212Po by means of

particle-gamma coincidence techniques"

"Correlation studies of y~rays following
12C-induced reactions"

"Deep inelastic reactions in heavy ion

collisions"

K.O. Groeneveld (Frankfurt/M): "Accelerator-based atomic physics"

G. Leander (Lund):

M.A. Deleplanque (Riso):

E. Liukkonen (JyvSskyla):

5/11 B. Nagel (Stockholm):

"Gamma-ray correlations at high spin

values"

"Gamma-gamma correlations"

"The superconducting cyclotrons at MSU,

East Lansing)

"On the Nobel prize for physics 1979;

the theory of electro-weak interaction -

a first step towards a unification of

the forces of microphysics"

7/11 J. Maier (Basel):

12/11

14/11

21/11

26/11

28/11

C. Nordling (Uppsala):

G. Charpak (CERN):

"Spectroscopic studies of open-shell poly-

atomic cations in the gas phase"

"On synchrotron light sources"

"Nuclear detectors and some of their

applications"

S.M. Polykanov (Copenhagen): "The present status of fission"

K.-H. Maier (Berlin): "The VICKSI accelerator system"

M. Hasinoff (Vancouver): "The TRIUMF cyclotron"
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3/12 G. Belozerskii (Leningrad): "On super-magnetism and its experiment

investigation using the Mossbauer effect"
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"On the treatment of on-line and off-line

data from experiments"

"The rise and fall of the baryon number"
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5. PUBLICATIONS
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"Band crossing in the particle-rotor model"

Phys. Lett. 80B (1979) 153

J. Almberger, I. Hamamoto and G. Leander

"Spin alignment in the particle-rotor and cranking models"

Nordita preprint -79/19

Nucl. Phys. (in press)

J. Almberger, I. Hamamoto, G. Leander and J.O. Rasmussen
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Nordita preprint -79/32

Subm. to Phys. Lett.

J. Almberger, I. Hamamoto and G. Leander

"Many-BCS-quasiparticle effects in rotational spectra"

To be published in Physica Scripta

B. Andresen, S. Hultberg, B. Jelenkovic, L. Liljeby, S. Mannervik and E. Veje

"A study of molecular effects in beam-foil spectroscopy"

Physica Scripta 19 (1979) 335;

J. Physique 40 (1979) Cl-352

B.^Andresen, S. Hultberg, B. Jelenkovic, L. Liljeby, S. Mannervik and E. Veje

"A study of relative level populations in beam-foil excited Li, Be and Mg"

Z. Physik (in press)
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"Lifetimes for excited levels in Sil - SiV"

Physica Scripta (in press)

J.P. Boisson, B. Silvestre-Brac and R.J. Liotta

"A shell-model calculation in terms of correlated subsystems"

J. Physique 40 (1979) L263
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Nucl. Phys. (in press)
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"Helium induced surface exfoliation of aluminium and the correlation between
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J. Nuclear Materials (in press)
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J. Physique 40 (1979) Cl- 10
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"Relative level excitation in beam-foil excited Li and Be"

J. Physique 40 (1979) Cl- 259

T.A. Carlson, N. Buric, P. Erman and M. Larsson

"Collisional transfer to the B state in N2"

Physica Scripta Ĵ (1979) 25

T.A. Carlson, N. fluric, P. Erman and M. Larsson

"New predissociations of the A state in SiH and their use in deriving an

improved value of the dissociation energy"

J. Phys. Bll (1978) 3667

T.A. Carlson, J. Copley, N. Buric, P. Erman and M. Larsson

"Time-resolved studies of collisional transfer to the v' =0-5 levels of the

i•-, A ^ state"

Chemical Physics 42_ (1979) 81

T.A. Carlson, J. Copley, N. fluric, N. Elander, P. Erman, M. Lavsson and
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"The oscillator strengths and the dissociation energy of SiH+ as determined
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Astronomy and Astrophysics (in press)

B. Emmoth

"Photon emission enhancement compared with the sputtering rate during thin

film sputtering"

Thin Solid Films 57 (1979) Lll
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P. Ertnan

"Time resolved spectroscopy of small molecules"

Specialists Progress Reports vol. £ (1979), Chemical Society, London, 1979

P. Erman

"Astrophysical applications of time resolved molecular spectroscopy"

Physica Scripta (in press)

P. Erman

"The influence of collisional transfer effects on measured C2 Swan band

transition probabilities"

Physica Scripta (in press)

P. Erman and M. Larsson

"Time resolved studies of interactions between the A and B states in N2 "

Physica Scripta (in press)

T. Fried, B. Emmoth and M. Braun

"Migration of elevated temperatures observed for palladium coatings on
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J. Nuclear Materials (in press)
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Th. Lindblad and H. Ryde
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Nucl. Phys. A321 (1979) 71

S. Hultberg, L. Liljeby, A. Lindgird, S. Mannervik, S.E. Nielsen and E. Veje

"Population inversion observed for beam-foil excited Znll levels"

Phys. Lett. 69A (1978) 185

S. Hultberg, L. Liljeby, S. Mannervik and E. Veje

"Extraction of lifetimes from beam-foil decay curves"

J. Physique 4£ (1979) Cl-155
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interaction level shift and width of the pionic 3d state"

Submitted to nucl. Phys. A
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Nordita preprint -79/9
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"Lifetimes in Mgl and Mgll; Beam-foil measurements and numerical Coulomb-

approximation calculations"

Fhysica Scripta (in press)

L. Liljeby, S. Mannervik, S. Hultberg and I.A. Sellin

"Coherent electron density distribution oscillations in electron capture by

fast protons in helium"

Z. Physik A288 (1978) 321

R.J. Liotta

"M1 radiation in the yrast cascade"

Physica Scripta (in press)

T. Lonnroth, J. Blomqvist, I. Bergstrom and B. Fant

"High-spin states in 207Bi and the question of three-particle interactions"

Physica Scripts _19 (1979) 233

I. Martinson, L.J. Curtis, S. Huldt, U. Litzen, L. Liljeby, S. Mannervik

and B. Jelenkovic

"Lifetimes for low-lying levels in Znl and Znll"

Physica Scripta 19_ (1979) 17

M. Piiparinen, S. Lunardi, P. Kleinheinz, H. Backe and J. Blomqvist

"High-spin isomers in 151Dy"

Z. Physik A290 (1979) 337

I.A. Sellin, L. Liljeby, S. Mannervik and S. Hultberg

"Observation of mixed-parity electric-dipole oscillations in charge transfer
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Phys. Rev. Letters 42 (1979) 570
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"Evidence for a 10 state in 132Te"
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6. THESES VIII.

V.

VI.

VII.

The following theses, based on work performed at the Institute, have

been presented. The individual papers making up the theses are listed.

CARL GUNNAR LINDEN; HIGH SPIN NEUTRON HOLE STATES W THE LEAD REGION
INVOLVING THE i J 3 / 2 ORBITAL

I. I. ZviQ&tfwm, J. B&omqvi&t, B. Vant, A. ?U.&\)i.ch, C.G. Llndzn,
K.-G. RewA|Se£t, J. SztaAkleA and K. WikA&idm,

E2 Core Polarization by Neutrons in the (ijs/z)"2 Configuration in
20GPb,

Physica Scripta 2 (1971) 11.

II. I. Besigi&iom, J. Ztomqvl6t, A. Tilevidt and C.G. LLndzn,
High Spin Three Neutron Hole States in 205Pb of Configurations

Containing the i13/2 Orbital,

Physica Scripta £ (1973) 5.

III. C.G. Undln, I. %<UiQt>&wm, J. Blomqvl&t, K.-G. RtnAfieJU, H. Szngolle.
and K. WeAtztbeAg,
High Spin States in 205Pb and a Precision Test of the Nuclear Shell

Model for Three Nucleons,

Zeitschrift fUr Physik A277 (1976) 273.

IV. C.G. LLndzn, I. %VuQ&&i6m, J. Stomqviit and C. RouZzt,
On the Yrast Levels in 20UPb,

Zeitschrift fur Physik A284 (1978) 217.

C.G. Lindtn,

A 480 ms Isomeric 29/2" State of the (p i / I 2 ) 0 + f s / I 1 ( i i 3 / I 2 ) i2+

Configuration in Pb,

Zeitschrift fur Physik A280 (1977) 51.

I. BeAgi&wm, J. Blomqvi&t, C.J. HeMZandeJi and C.G. LLndzn,

Evidence for a 3.6 minute Isomeric 12" State of the irhii/jT1

Configuration in 206Tl and Effective Two Particle Interactions,

Zeitschrift fur Physik A278 (1976) 257.

J. Blornqvlit, I . BviQt>th$m, C.J. HeAfULawdnA, C.G. Undzn and K.Wlk&&iom,

Quadrupole Interaction and High Spin States in the Lead Region,

Physical Review Letters 38 (1977) 534.

LEIF

I .

I I .

I I I .

IV.

V.

VI.

VII.

- 161 -
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VIII. Th. LLndbZad and C.G. UndZn,

An On-Line Multichannel Electron Spectrometer with High Transmission,

Nuclear Instruments and Methods 126 (1975) 397.

LEIF LILJEBY: INVESTIGATIONS OF ATOMIC STRUCTURE ANP EXCITATION

MECHANISMS USING FAST ION BEAMS

I. 3. BnomandeA, S. HuZtbeAQ, B. 3zle.nk.ovio., L. LUjzby, S.
A Beam-Foil Study of Lithium,

J. Physique 4£ (1979) Cl-10.

I I . G. tetneJi, L.J. CuAtli, L. Uljzby, S. Mann&wik and I.
A High Precision Beam-Foil Meanlife Measurement of the 1s3p XP Level

in He I ,
Zeitschrift fur Physik A279 (1976) 1.

III. I. UaAtln&on, L.J. CuJvtiA, S. Huldt, U. Ltizen, L. LU.jzby,

S. UaumsJvjik and B. JeJLznkovic.,

Lifetimes for Low-Lying Levels in Zn I and Zn II,

Physica Scripta 19_ (1979) 17.

IV. 3.0. Stovvui, 3n., L. KZ.ymu.nQ, I. MaAtinbon, B. Engman and L. UZje.by,

Lifetime of the 3d4p XP Level in Sc II by Laser Excitation of a Fast

Ionic Beam,

"Beam-Foil Spectroscopy", eds. I.A. Sellin and D.J. Pegg, Plenum Press,

New York and London, 2̂  (1976) 873.

v. G. A&tneA, L.J. CuntU, L. UJLjeby, S. ManneAv^k and 7. UaAtin&on,

Measurements of the n3D1 -n
 3D2(n= 3-8) Fine-Structure Separations

in "*He I by the Beam-Foil Quantum-Beat Method,

Journal of Physics B £ (1976) L345.

VI. J. Btiomand&i, 1. lltjzby and I.A. SeJLUn,

Observation of Zero Field Quantum Beats in Gas-Excited Helium Pro-

jectiles,

Zeitschrift fur Physik A283 (1977) 299.

VII. L. UZjuby, S. Mann&ivik, S. HuJUbeAg and I.A. SeZLin,
Coherent Electron Density Distribution Oscillations in Electron

Capture by Fast Protons in He,

Zeitschrift fur Physik A288 (1978) 321.
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VI I I . I.A. SeJLtLvL, L. Litj&by, S. Wannzfivlk and S. HultbzJig,

Observation of Mixed Parity Electric-Dipole Oscillations in Charge

Transfer to the N= 2 Hydrogen Level by Fast Protons in Gases,

Physical Review Letters 42_ (1979) 570.

IX. B. AndzMen, S. HultbzAq, B. Jzlzncovlt, L. LU.jz.by, S. MannzAvik

and E. l/e/e,
A Study of Relative Level Populations in Beam-Foil Excited Li and Be,

to be published in Physica Scripta.

i
X. S. HultbzJiq, 1. Uljzby, A. LLndgdAd, S. Ua.wn.vwlk, S.E. Hlzl&tn *

and E. Vzjz,
Population Inversion Observed for Beam-Foil Excited Zn II levels,

Physics Letters 69A (1978) 185.

XI. 8. AndnzAzxi, S. HuLtbeJiQ, B. JzZz.nc.oviZ, L. LU.jz.by, S. MannzAvik
and E. V&jz.,
A Study of Molecular Effects in Beam-Foil Spectroscopy,

Physica Scripta 19 (1979) 335.

BIRGER EMMOTHi IONIC IMPACTS ON SOLWS MO SPUTTERING PHENOiMENA

I. M. Bfiaun, B. Emoth and I. Mottoticm,

Optical Radiation Emitted at Heavy-Ion Bombardment of Solids,

Physica Scripta 10 (1974) 133.

II. B. Emmotk, M. Bfuuxn, J. Bfiomandz/i and I. Ma^tcnAon,

Lifetimes of Excited Levels in Cal -Ca III,

Physica Scripta jL2 (1975) 75.

ill. M. Bnaun, B. Emoth and R. Buckta,

Concentration Profiles and Sputtering Yields Measured by Optical

Radiation of Sputtered Particles,

Rad. Eff. 28 (1976) 77.

IV. B. Etmotln., HI. Bnaun and H.P. PalzniuA,

Implantation Profiles and Sputtering Studied by Detecting the

Optical Radiation from Sputtered Particles during Ion Bombardment,

J. Nucl. Mat. 63_ (1976) 482.

V. G.M. Uladznouo and 8. Emmotk,
Low-Temperature Migration of Si into Au/Pt Thin Films on Si Sub-

strates with an Interposed Cr Layer, Investigated by two Methods of

Depth Analysis,

Appl. Phys. Lett. 33 (1978) 754.
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VI. M. Bfiaun and B. Emmoth,
Dose Dependence of the Photon Emission from Sputtered Aluminum Atoms

during Helium Irradiation,

Appl. Phys. Lett. 29 (1976) 545.

VII. M. Bfiaun, J.L. Wkitton and B. Emoth,
Helium Induced Surface Exfoliation of Aluminum and the Correlation

between Flake Thickness and Ion Energy in the Range 10-80 keV,

Ace. by J, Nucl. Mat. (1979) ; ,

i J
VIII. B. Bmoth, Th. ffilzd and M. Bfiaun, '

Angular Distributions of Sputtered Mo and Ag during He+ and Ar+ Ion

Bombardment,

J. Nucl. Mat. 76_ (1978) 129.
IX. B. Emmoth,

Determination of the Fraction of Secondary Charged Particles

Emitted during Ar+ Ion Impact of Tungsten,

to be published.

MARJATTA LYYRA: SPECTROSCOPIC STUDIES OF SOME ATOMIC ANP MOLECULAR
SPECIES WITH PARTICULAR EMPHASIS ON TIME RESOLVEV
TECHNIQUES

I. 0. AppeJLblad, A. LageAqvAAt and M. Lyyfia,
The Spectrum of CuO: Rotational Analysis of a "*E- 2IIi/2 Transition,

Physica Scripta 18 (1978) 137-140.

II. 0. Appe£blad, A. LageJuiVAJit and M. Lyyfia,

The Spectrum of CuO: Rotational Analysis of a Band at 4182 A,

Physica Scripta 20 (1979) 93-97.

III. M. Lyyfia and P.R. Bunfcefc,
The Potential Energy Curve of the B 1IIU State of Na2,

Chem. Phys. Lett. 61̂  (1979) 67.

IV. P. Eman, M. Lyyfia and I. UaJitln&on,
High Resolution Measurements of the z SF° and y 5F° Lifetimes in Neutral

Iron,

Phys. Lett. 49A (1974) 41.

V. J. BizozomkA., P. Efunan, M. Lyytva and Wm. Haydzn-Smith,
Radiative Lifetimes of Resonance Levels in Fel and F II,

Physica Scripta 14 (1976) 48.
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VI. J. ̂ nzozomki, hi. ElandnJi, P. Eman and M. Lyyux,
On the Interstellar Abundance of the CH+ Radical,

Astrophysical Journal 193_ (1974) 741.

VII. T.A. CanJUon, J. Coplzy, N. Qiviic., N. ElandoA, P. Eman, M. Lau&on
and U. Lyytvx,
The Oscillator Strengths and the Dissociation Energy of SiH+ as

Determined from Time Resolved Precision Spectroscopy,

Astronomy and Astrophysics (in press).

VIII. J. BfLzozomkl, P. Eman and M. Lyymt,
Predissociation Rates and Perturbations of the A, B, B1, C, D and F

States in NO Studied Using Time Resolved Spectroscopy,

Physica Scripta l^ (1976) 290.

IX. J. Bfizozova&kl, P. Eman and M. Lyyua,
Precision Estimates of the Predissociation Rates of the OH A 2E +

State (v£ 2),

Physica Scripta ij_ (1978) 507.

NADA ©URIC: LIFETIME MEASUREMENTS OF ATOMIC AND MOLECULAR LEVELS

I. J. Bfwmand&fL, N. QuruJc., P. Eman and M.

Lifetimes of Some Levels in Neutral Carbon, Nitrogen and Oxygen,

Physica Scripta _17 (1978) 119.

II. N. QufUc., P. Eman and M. LaJUion,

The Influence of Collisional Transfers and Perturbations on Measured

A and B State Lifetimes in CN,

Physica Scripta Vol. 18 (1978) 39-46.

III. T.A. CahJUon, N. QivuiL, P. Eman and M. Lau&on,
New Predissociations of the A State in SiH and their Use in Deriving

an Improved Value of the Dissociation Energy,

J. Phys. B: Atom. Molec. Phys., Vol. 11 (1978) 3667.

IV. T.A. CanJLbon, N. QuJuLt, P. Eman and M. Lau&on,
Correlation Between Perturbation and Collisional Transfers in the

A, B, C and b States of CO as Revealed by High Resolution Lifetime

Measurements,

Z. Physik A287 (1978) 123-136.

V. T.A. CanZ&on, N. Vatic, P. Eman and M. LaK&&on,

Collisional Transfer to the B State in N2,

Physica Scripta _19 (1979) 25.
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VI. T.A. CcudUon, J. Copley, W. QUAAC, P. Etaan and M. LaU&on,
Time Resolved Studies of Collisional Transfer and Radiative Decay

of the CS A ^ State,

Chemical Physics 42 (1979) 81-87.

VII. T.A. CoudUon, J. Coplzy, W. fttfccc, W. ElandeA, P. Eman, M. L(VU>6on
avid M. Lyyw,
The Oscillator Strengths and the Dissociation Energy of SiH+ as

Determined from Time Resolved Precision Spectroscopy,

Astron. Astrophys. (in press).
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7. CONFERENCE

OH VERY STABLE NUCLEAR SYSTEMS,

Korno, 26-28 August 1979.

This informal meeting, partly sponsored by the Royal Swedish Academy

of Sciences and the Israel Academy of Sciences and Humanities, was organized

mainly in order to exchange ideas between the vigorous Israeli group of

nuclear theorists working in this field, and Swedish experimentalists and

theorists with similar interests. Also a few physicists from other countries

were among the 30 participants. The main topics of the meeting were as

follows:

M.
N.

I. Tahnl:
P. KX.zLnheA.nz:
I. Kel&on:
P. Amb/tuAteA:
K. SiAtmiohi
A. KeAefc:
P. von
S.-E.
V. VaaJii

J. Bu/ide.:
S. Scklomo:
?.G.
M.fo.

J.
R. Uotta:
E. 0inz6:
I. Ragna/u>&on:

What is new about the He system?

Evidence for shell and subshell closures from system-

atics of binding energies.

The interacting boson model.

The 11>6Gd region.

Dynamic theory of clustering in fission.

Cold fragments in nuclear fission.

News on nuclei in the soSn5o region.
13 2

News on nuclei in the soSns2 region

Interacting boson calculations on the even-even Kr isotopes.

Survey of the neutron-deficient Zr and Sr nuclei.

Triaxial rotor calculations on 75Se and 77Se. A comparison

of the shell model and the cluster model wave functions

of 57Fe.

Analog states in '*2Ca.

Neutron and proton radii in the Ca region.

Doubly-magic deformed nuclei

Many-body aspects of magic nuclei.

Shell model calculations in the lead region.

The multistep shell-model method.

Transition rates in the 160 region.

What has happened to the superheavies?
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POST-PEAP-LINE CONTRIBUTIONS:

3.3.16. BAND CROSSING AND QUASIPARTICLE EXCITATIONS IN NUCLEI AROUND 80Kr

(Rossendorf-Leningrad-Stockholm cooperation*)

The investigation of nuclei in the Kr region has been initiated with

the aim of studying the influence of few-particle excitations on the collec-

tive properties of these transitional nuclei.

Levels in 80Kr were studied in-beam at the cyclotrons in Rossendorf,

Leningrad and Stockholm . Most of the measurements necessary to establish

the level scheme and to determine spin and parity values, such as high-reso-

lution singles Y~ray and conversion electron spectra, excitation functions,

angular distributions, Y~ray linear polarization, ns lifetime measurements

and Y~Y coincidence measurements were performed in the 78Se(a,2n) reaction

by using the 27 MeV a-particle beam of the cyclotron at the ZfK Rossendorf.

In these experiments levels up to angular momenta 12 1i have been observed.

In order to look for higher spin states an additional experiment was carried

out in the 80Se(a,4n) reaction with the 55 MeV a-particle beam of the 225cm

cyclotron in Stockholm. The mean lifetimes of 21 levels of 80Kr have been

measured by Doppler shift methods in the reactions 77Se(a,n) and 65Cu(180,p2n)

with the help of the cyclotron at the Physical-Technical Institute in Lenin-

grad. Furthermore, several lifetimes were extracted from the spectra measured

in the (a,2n) reaction .

All these experiments led to the establishment of 32 levels up to spin

14 and an excitation energy of 6.7 MeV in 80Kr. The B(E2) values of 30-60 W.u.

derived for many transitions indicate strong collectivity, and the establish-

ment of several collective band structures is suggested. On the other hand,

above 2.5 MeV two-quasiparticle (2qp) excitations become important. Thus,

an analysis of the excitation energies was performed on the basis of a semi-
2)

classical approach in the framework of the cranking model. In addition

to 80Kr, also the neighbouring nuclei 77>78'79Kr, 75>77Br and 81Rb were in-

cluded in the analysis.

Two-proton excitations have turned out to be responsible for the observed

band crossing and for most of the negative-parity states in 78'80Kr. Quite

generally the qp excitations were found to influence strongly the pairing

and to stabilize the deformation. In the odd-proton nuclei 81Rb and 77Br

the anomalies within the negative-parity sequence may be interpreted as a

crossing of a 3qp band (which includes the ̂ (gQ/o)2 an(* t n e ^3/2 c o n fis u r a~

tion) and a 3/2~ (1qp) band.
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* Participants from Stockholm: L. Hildingsson, A. Johnson and Th. Lindblad

REFERENCES
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Kiptilij, M.F. Kudojarov, I.Kh. Lemberg, A.A. Pasternack, A.S. Mishin,
L. Hildingsson, A, Johnson and Th. Lindblad, submitted to Nucl. Phys.

2. R. Bengtsson and S. Frauendorf, Nucl. Phys. A314 (1979) 27, NORDITA-
Preprint-78/45 (to be published, Proc. XVI Winter School, Bielsko-Biala,
Poland (1978) p. 551.

3.3.17. MAGNETIC MOMENTS OF 5/2+[402] AND 7/2+[404] BAND HEADS IN ODD MASS

U7>U9Te

(L. Käubier*, H. Prade*, U. Hagemann*, J. Hüller*, F. Stary* and K.-G. Rensfelt)

High-spin states in the nuclei 1 1 7» 1 2 1x e were excited in the reactions
115'119Sn(a,2n)117'121Te, using the naturally pulsed ct-particle beam of the

Rossendorf cyclotron U-120 with the energy of 27.0 MeV, about 90 ns repetition

time Tr and 4 ns pulse width At. The magnetic moments of the 5/2 state in
117Te at 274.4 keV with the half-life Tl/2: 19.1 ns and of the 7/2+ state in
121Te at 443.1 keV with T- ._= 86 ns (Fig. 1) were determined by the time dif-

ferential observation of the perturbed angular distribution (TDPAD). Details
2 3)

of the experimental arrangement have already been described '

Metallic Sn consists at room temperature of an undefined mixture of the

cubic a-phase and the tetragonal $-phase . Therefore, we employed molten,

enriched Sn targets at 570 K (115Sn 50 %, 119Sn 87 % enriched). The targets

have been prepared by melting 115'119Sn on a 100 Um thick tantalum backing in

an inert atmosphere.

Two planar detectors of 5.5 and 10 cm3 volumes were arranged at the

angles of 9 = 45 and 135 degrees with respect to the beam direction, and

the time distributions I(t,9,B) were measured as described in ref. 5;. The

spin rotation patterns for the 5/2 state in 117Te and for the 7/2 state in
121Te are shown in Figs. 2 and 3, respectively.

The Larmor frequencies o^ have been determined by fitting the experimen-

tal points to the analytic expression

R(t,0,B) =
IY(t,45°,B)-I(t,135°,B)

IY(t,45°,B)+I(t,135°,B)
cos (9- + C (1)

where A2 is the angular distribution coefficient and C is a constant.

The procedure of fitting when T.,_ w T, (lzlTe) and TT > T is
i-l I beam " r

described in ref. 3.
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FIGURE 1

Partial level schemes of
U7»i2iT e a c c o r ding to
Hagemann et a l . D .
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FIGURE 2

Normalized time spectra and time-
differential spin precession
spectrum R(t) for the 274.4 keV
transition deexciting the 5/2+

state in U 7Te. The solid line
represents the result of a fit
according to equation (1).
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The results of *the measurements of the magnetic moments and of the life-

times are summarized in Table 1.

TABLE 1 Lifetimes and magnetic moments in i17'121Te.

NucXt.de

u ? T e

121Te

Level

(feel/)

274.4

443.1

f

5/2+

7/2+

T l /2exp
(n&)

19.9±0.4

83+2

u a
^exp

[n.m.)

-0.75+0.05

+0.63±0.07

flR-Z/A

-0 .57 d

+0.86e

+O.77f

n.m.)h

9R=0.24C

-0.70d

+0.696

+0.60f

a Field corrections have been neglected.
b gs

eff =0.7 gs
free.

c Taken from Ref. 6.
d Calculated with the pure 5/2+[402] wave function.
e Calculated with the wave function from Hagemann et al.
f Calculated with the pure 7/2+[404] wave function.
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FIGURE 3

Normalized time distributions
and spin rotation patterns R(t)
for yrays deexciting the 7/2+

and 3/2+ states in 1?1Te.
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A. comparison of the measured magnetic moments (Table 1) of the first

5/2+ and 7/2+ states in 117Xe and 12lTe, respectively, with the single-par-

ticle estimates for a d_,„ and g?<2 neutron shows that these states cannot

be considered as pure single-particle states of spherical character. Even

including extremely different g e values this statement remains valid.
1) 121rHagemann et al. performed a Coriolis calculation for Te, which

very well describes the energies as well as the electromagnetic properties

of the positive parity states. We, therefore, calculated the magnetic moment

of the 7/2 [404] state using the wave function of Hagemann. Table 1 shows

the results obtained for a mixed (76 % contribution of the 7/2 [4041 state)

as well as a pure 7/2 [404] wave function. For g = 0.24 both values agree
+

within the experimental error with the measured value of the 7/2 state in
121Te. The value of g = 0.24 corresponds to the experimental values obtained

+ 6)

for the 2 levels in doubly even Te nuclei . This result confirms the

slightly deformed character (e = 0.15) of the first 7/2 state in 121Te.

Using the same parameter set as Hagemann et al., we also calculated the

levels of 7Te. In this case the chemical potential was lowered by 1 MeV,

and the calculation of the spin-dependent moment of inertia parameter was

based on the 116»118xe core states. As a result of these calculations again

the 7/2 [404] band was found to form the yrast band, in contradiction to the

experiment. Therefore, Table 1 only shows the calculated magnetic moment for

a pure 5/2 [402] state. But even this value reproduces the experimental re-

sult for the first 5/2+ state of 117Te.

Summarizing, the magnetic moments of the first 5/2 and 7/2 states in

Te and Te, respectively, support the interpretation of these states as

AJ= 1 band heads.
* Zentralinstitut fiir Kernforschung Rossendorf, Dresden, DDR
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3.3.18. CONTINUED CONTINUUM STUDIES BY YY-CORRELATION TECHNIQUES

(J. Bialkowski*, C.J. Herrlander, L. Hildingsson, A. Johnson, A. Kerek,

W. Klamra, A. Kallberg, J. Kownacki*, Th. Lindblad, C.G. Linden, J. Starker

and K. Wikstrom)

The YY~c°rrelation experiments described in subsection 3.3.4 have been

continued and extended during November and December. Below, we summarize

some of the results obtained, so far, from the analysis of the data.

The experiments are carried out using six 7.5*7.5 cm Nal(Tl) detectors

and one Ge(Li) detector. The electronic set-up involves a majority coinci-

dence circuit, which requires that at least two of the Nal(Tl) detectors have

fired. If this is the case, an event is defined, and those ADC's correspond-

ing to the seven detectors which have fired (within 2T « 90 ns) are read. A

pulse from the Ge(Li) detector is stored whenever in coincidence with a

NS 2-fold Nal(Tl) event. In addition to this information on the transition

energies, information on the time relative to the beam burst is also obtained

for the accepted Nal(Tl) signals. A fast timing signal is deduced from each

of the six Nal(Tl) detectors and connected to six of the stop inputs of an

eightfold time-to-digital converter (TDC). This TDC is started by an RF signal

from the cyclotron, whenever the two-fold Nal(Tl) coincidence requirement is

fulfilled.

By using six detectors, we increase the statistics by a factor of 15 rela-

tive to a two-detector arrangement. This means that we have a typical singles

counting rate of 5000 cps and a coincidence (N5 2) counting rate of 3000 cps.

About 7 % of the latter events involve more than two Nal(Tl) detectors.

The experiments performed so far can be split into four subprojects.

All involve reactions using 118 MeV 12C and the following targets

(i)

(ii) 121vTe

(iii) 176Yb and 161Dy

(iv) 197Au

The first project is a continuation of that described in subsect. 3.3.4. The

second project aims at a study of the final nucleus 128Ce, which has been

studied in detail up to 1= 16 by means of conventional spectroscopy. The

third project is originally an exploratory investigation to find out whether

the energy resolution of the Nal(Tl) detectors (»7 % at Ey = 661 keV) is

good enough to be used in the rare-earth region, where n2/23 is much smaller

than in the Ba-Ce region. As can be seen from Fig. 1, it is still possible

116Sn, 118Sn, 120Sn, 122Sn
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to resolve the first ridges from each other. In view of this fact we were

encouraged to continue these investigations.

j_ The analysis of the data is still in progress, but some information

available in December 1979 is given in Figs. 1-5. Air data presented in these

figures have been extracted without using the time-information, i.e. only energy

correlations are considered. Analysis including the time with respect to the

beam-burst for each detector is in progress.

The fourth project was carried out at the end of the experimental period

in collaboration with B. Fant (Univ. of Helsinki) and T. Lonnroth (Univ. of

JyvMskyia). An Au target was bombarded in order to find out whether this type

of experiment could be relevant for the investigation of non-rotational nuclei.

* Institute of Nuclear Research, Swierk near Warsaw, Poland
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