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Abstract for Progress Report on Contract No. AT-(40-1)-2408 

The studies of nuclear processes conducted by the Chapel Hill group 

affiliated with the Triangle Universities Nuclear Laboratory (TUNL) have 

continued to emphasize the following topics: I. Proton Beam Experiments; 

II. Polarized Deuteron Beam Experiments; III. Development of Ion Sources, 

Experimental Equipment, and Techniques; IV. Nuclear Theory and Nuclear 

Reaction Analyses; V. Atomic Effects in Nuclear Bombardment. 

The Cyclo-Graaff at TUNL and the 4-MeV Van de Graaff accelerator were 

the primary sources of particle beams. Computations were carried out on the 

computers at TUNL and at the Triangle Universities Computation Center (TUCC). 

Many charged particle and neutron experiments were undertaken jointly 

with groups from Duke University and North Carolina State University. 

The research program has aimed at a better understanding of the spin 

dependence of nuclear interactions revealed in experiments with polarized 

beams. Collisions between charged particles and complex atoms, leading eo 

inner shell ionization, were studied in high resolution over a broad energy 

range. 
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[. Proton Beam Experiments 

A) A Study of the Proton Widths of the Low-lying T = 3/2 States in 4n + 1 

Nuclei (Ikossi, Ludwig, Clegg, Jacobs, Thompson) The lowest T = 3/2 
25 29 33 25 states in "Al, P and CI and the first excited T « 3/2 state in Al 

74 28 32 
were studied by proton scattering from ' Mr, Si and S respectively, 
in our effort to establish the dependence of the T -
forbidden proton elastic widths of these resonances. Both polarized 
proton beams from the T.U.N.L. polarized ion source and unpolarized 

proton beams with high energy resolution were used in this study. 

A method has >• ;en developed for analysing the narrow T = 3/2 resonances 

by searching on the sums of the background amplitudes and the resonance 
parameters at the same time. 

25 24 

1. Al via Mg + p - Cross sections and analyzing power 

excitation functions have been measured over the energy range 5.6 - 6.3 

MeV in 20 kev steps over the broad T = H resonances aad 1 kev steps 

over the T = 3/2 resonances. High-resolution cross section data have 

been taken over the two lower T = 3/2 resonances in 160 eV steps. The 

The description of the background in the neighborhood of the T = 3/2 

resonances is difficult due to the presence of overlapping T » H 

resonances 29 28 
2. P via Si + p . Cross section and analyzing power data 

have been taken in the r«. Ion 5.6 - 5.9 MeV in 10 keV steps with an 

8 keV thick SiO target. Data over the lowest T = 3/2 resonance have 

been taken in 2 keV steps with a polarized beam. In addition high 

resolution data were taken in steps of 160 eV. The target thickness 

for these data was 250 eV and the beam resolution ~ 800 eV. This 

resonance is very well pronounced both in the elastic and first inelastic 
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channel. The estimate of the proton partial width for the elastic 

channel is 290 ± AO eV, in contradiction with previous determinations of 

140 ± 40 eV. 
33 32 

3. CI via S + p . Cross section and analyzing power angular 

distributions have been taken using a ^ S gas target at proton energies 

3.0, 3.4 and 3.9 MeV. The 3.9-MeV off-resonance angular distribution 

was fitted with an optical model to obtain background phase shifts, 

which in turn were used to fit cross section and analyzing power 

excitation-function data taken in the energy region 3.0-3.9 MeV. 

The resonance parameters for the broad T = 1/2 resonances obtained 

from these fits are in very good agreement with results of previous 

work. High-resolution data for the lowest T « 3/2 resonance in ^ 3 J CI at 3.371 MeV proton laboratory energy, taken in 180 keV steps 

with an Sb2S3 300 eV thick target, were fitted using the phase shifts 

and resonance parameters of the T = 1/2 states to describe the 

background. The beam resolution for these data was deduced from 

data taken over the 325 eV wide 55Co resonance at 3.229 MeV proton 

energy. In a different approach phase shifts obtained by fitting an 

angular distribution at 3.355 MeV were used to describe the background. 

The resonance parameters obtained for the T = 3/2 resonance with the 

two methods are in very good agreement and suggest a width of 

92 ± 7 eV (J* = l/2+) , in agreement with earlier work. 

The proton reduced widths extracted from the present data and 

the data of others have exhibited an interesting behavior as a function 
2 of atomic number Z. The widths yp for (4n + 1) nuclei, where n is 

2 2 7+0 3 odd, lie on a line described by the equation Yp - 0.431Z eV, 
2 whereas y for the (4n + 1) nuclei, where n is even, fall 
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on a line of similar slope but displaced below the first by a 
2 2 7+0 1 factor of 6, i.e. yp = 0.068Z ' eV. The general slopes of 

the two lines seem to be consistent with the trend of level density 

in the compound nuclei. The displacement of these lines is 

unexplained at present. 
14 B) Depolarization Measurements in N •+• p Elastic Scattering (Clegg, 

Hardekopf (LASL), Ohlsen (LASL) The Wolfenstein depolarization 
14 

parameter D(0) was measured for N + , elastic scattering tor an 

incident proton energy of 16.15 MeV, A report of this work was made 

at the [Pittsburgh meeting of the American Physical Society in 

November 19/4, and a paper is being prepared for publication. 9 -»•->-C) Analysing Power Angular Distribution Measurements for Be(p,n^ 

(Mack (Duke), Lisowski (Duke), Walter (Duke),Clegg) Seven angular 
9 

distributions of the asymmetry produced in the Be(p,n) reaction have 

been obtained with proton energies from 8 to 15 MeV. The preliminary 

analyzing power angular distributions are similar to polarization 9 -»• 

angular distributions for Be(p,n) but are of smaller magnitude. These 

data were reported at the spring meeting of the American Physical 

Society in Washington. 

D) Transfer Polarization Studies in (p,n) Reactions (Mack (Duke), Lisowski 

(Duke), Walter (Duke), Cingg) Polarization transfer coefficients have 

been deduced from measurements of the outgoing 0°-neutron polarizations 

for the following reactions: 



1. D(p,n)pp 
11 2. B(p,n) 
13 -*• 3. C(p,n) 
9 ->•->. 4. Be(p,n) 

5. Cu(p,n) 

The results for the D(p,n)2p reaction were reported at the 

International Conference on Few Body Problems in Nuclear and Particle 

Physics at Laval University, Quebec, Canada. 9 
Additional data have been taken for Be(p,n). From 10 to 15 MeV 

cross-section angular distributions and 0° yield data were recorded 

using the new beam pulsing and bunching apparatus. It is believed that these 9 ->••»• 

data will be useful in interpreting t.he Be(p,n) polarization transfer 

data. 

II. Polarized Deuteron Beam Experiments 

A) Study of (d,a) Reactions with Polarized Deuterons (Jones, Kaitchuok, 

Ludwig, Jacobs, Clegg) The ^N(d,a)12C and *°Ca(d,ot)38K reactions are 

being studied using vector polarized deuterons at 15 MeV. The cross 

section and vector analyzing power data (for 25°-115°) for the lowest 
12 38 three states of J' C and lowest 5 states of K are being used to 

evaluate the angular momentum values (J, L and S) transferred by the 

particles picked up from the target nucleus. Especially interesting 
14 

fo.- the case of the N target is the question of whether the two 

pick-up particles are tranferrred as a deuteron clutter. The vector 

analyzing powers for these reactions are generally quite oscillatory 

and the measured values as large as 0.6. A preliminary analysis of 
the ^%J(ct,a) reaction shows great sensitivity to the a-particle uS 
optical model parameters. The analysis seems at present to be more 

consistent with a deuteron cluster transfer than with individual 

two-nucleon transfer. 
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Vector and tensor polarized deuteron beams have been used to 

study the 160(d,a)iAN2 3 1 M g V reaction at 7.8 MeV and 10.0 MeV. This 

reaction has been used to calibrate the tensor polarization of the 

deuteron beam in states 1 and 2, since the tensor analyzing powers 

calculated when this state is populated ire independent of beam 

energy, scattering angle and reaction mechanism. The reaction also 

had no vector analyzing power, which makes it useful for determining 

scattering asymmetries due to unwanted causes. A report on this work 

has been presented at the Southeastern Section meeting of the American 

Physical Society. It constituted the Master's degree project of 

Mirhafrl Jones. 
3 

ft) The (d,t) .ind (d, He) Reactions with Polarized Deuterons (Datta, 

Kairchuck, Ludwig, C.legg and Jacobs) This work, involving the comparison 

of vector analyzing power and cross section angular distribution 

when mirror states are populated by the deute^on bombardment of 
10B, i4N and 160,has been published in Nuclear Phvsics A230 (1974) 271. 

This work constituted part of the Ph*D thesis of S. Datta. 

The (d,t) reaction has also been used to investigate the levels 

of ^^Pb via the deuteron bombardment of ^ 7 P b . This target has a 

J n of 1/2 and usually several spin and orbital angular momentum 
206 

values are allowed when each of the states in Pb are populated. 

The vector analyzing power data offer a good way of unraveling the 
spin and parity associated with the neutron transfer in this reaction. 

This information should result in a better picture of the ground 
207 

state wave function of Pb. The data taken corresponded to 10 
206 states in Pb and a preliminary analysis of the angular distributions 
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shows that the reaction is well described by the DWBA theory. This 

work will constitute the Master's thesis of Michele Kaitchuck. 

Other one nucleon pickup reactions studied have involved targets 
40 142 

of Ca and Nd. Work on the latter target was carried on by 

E. J. Ludwig with S. Roman and J. A. R. Griffith at the University of 

Birmingham, England and has resulted in a publication in Nuclear Physics. C) A Study of the (d,^Li) Reaction Using Beams of Vector-polarized 

Deuterons (Ludwig, Jacobs, Kaitchuck, Ikossi, Haglund, and Clegg) 

The (d,^Li) reaction has been studied on targets of ^ B , "^C, and 
X o 

0 at an incident deuteron energy of 16 MeV. Angular distributions 

of the ground-state groups out to laboratory angles between 60° 

and 80° were obtained. Analysis of the data will try to determine 

if the results can be explained by a model of simple a-particle pickup. 209 207 -fr 

D) Study of Isobaric Analog Resonances in Bi via Pb(d,p) and 
207Pb(£,d) Reactions (Tonsfeldt, Clegg, Jacobs, Ludwig, Thompson) Interest 

in these reactions exists because we wish to determine to what extent these 
reactions occur via isospin mixing, particularly in the compound nucleus. 
Excitation functions were taken at lab angles 90°, 110°, 130° and 150° 

at bombarding energies varied between 9.0 and 13.0 MeV in steps of 

50 keV or 100 keV. Strong structure was observed in the present 

(d,p) studies in both cross section and vector analyzing power in the 

vicinity of proton isobaric analog resonances. Angular distributions for ?f)7 
Pb(dyd) were taken at 10.2 and 13.2 MeV to obtain optical model 

parameters. Also ^^Pb(d,d) excitation functions for a and A^ were taken 

with 0.5% statistics to obtain an upper limit on the isospin-mixing 

resonance widths in the deuteron .channel. A paper on the present state 

of this work was given at the Pittsburg Meeting of the American Physical 

Society. 
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E) Neutron Polarization Produced by the Breakup of Polarized Deuterons 
L on D and He (Lisowski (Duke), Byrd (Duke), Clegg and Walter (Duke)) 

v' Polarization transfer coefficients K have been deduced from mea-
y 

surements of the neutron polarization produced by the breakup of purely 
4 o vector-polarized deuterons on D^ and He at a reaction angle 6 = 0 

The results veriry that the polarization transfer coefficient is 

approximately 0.90 of its maximum value. 

These data were reported at the International C' 'Terence on Few-

Body Problems in Nuclear and Particle Physics at Laval University, 

Quebec, Canada. The data will be submitted for publication, 

F> Transfer Polarization Studies of 12C(d,n), 28Si(3,n) and 160(3,n) 

at a Reaction Angle of 6 = 0° (lisowski (Duke) Byrd (Duke), Mack (Duke), 

Clegg, and Walter (Puke)) Previously-reported polarizations produced at 

a reaction angle of 0° were used to deduce final values of polarization 
12 23 ) transfer coefficients for C(d,n) and Si(d,n). Measurements for 

16 2.6 *> 0(d,nQ) and 0(d,n^) have been made from 5 to 15 MeV and show large 
y v' 12 -t ->• K values for the (d,n,) group. The large K^ values for the C(d,n) y x y 28 ->• -v and Si(a,n) were reported at the Atlanta meeting of the American 

16 ->-
Physical Society. The 0(d,n) measurements were reported at the spring 

meeting of the American Physical Society in Washington. 

G) Polarization Transfer at 0° in the D(d,n) Reaction (Lisowski (Duke), 

Busch, Clegg, Walter (Duke)) A paper describing these data has been 

accepted for publication in Nuclear Physics. 

H) Neut:on Scattering Studies Using Polarized Neutrons Produced by Polarized 
Deuteron Beams (Lisowski (Duke), Rhea (Duke), Busch, Clegg, Walter (Duke)) 

3 -*• •*• 3 Results for the He (n,n) He reaction previously obtained are complete 



and were reported at the International Conference on Few-Body 

Problems in Nuclear and Particle Physics at Laval University, Quebec, 

Canada. Work on preparing a report for formal publication is in final 

stages. 
28 29 

I) The Si(d,py) Si Reaction (Clement (Rochester), Boyd (Rochester), 
29 

Gould (NCSU), and Clegg) The low-lying states of Si have been 

investigated by means of proton-y-ray angular correlations resulting 

from the (J,p) reaction, initiated with vector polarized deuterons. 

The TUNL polarized ion source and FN tandem produced the 7.6 MeV 

incident polarized deuteron beam. The y-ray correlations were studied 

with proton detectors near the stripping peaks of the levels studied so 

as to minimize compound-nuclear effects. The levels at excitation 

energies of 2.03, 2.43 and 3.07 MeV are known to have small spectroscopic 

factors, and might thus be expected to contain configurations in their 

wavefunctions having single-particle neutrons coupled to excited-core 

configurations. Analysis of the data includes calculations with 

the code CHUCK to investigate the influence on the data of the two-step 

processes. A report of this work was presented at the spring meeting of 

the American Physical Society in Washington. 

I. Development of Ion Source, Experimental Equipment, and Techniques 

A) Polarized Source Operation (Clegg, Jacobs, Lisowski (Duke), Henneck 

(Duke), Byrd (Duke)) The polarized-ion source has continued to be 

used extensively for experiments since the last report—usually for an 

average of 10 - 15 days/month. Accelerated beams are down somewhat 

from those last reported and are typically 80-120 nA for both protons 

and deuterons. The operation of the source has been accomplished 

with a minimum of maintenance—usually several hours work before 



each accelerator run of 4-8 days. A new polarized source Faraday 

cup has been installed and several new vacuum pumps have been 

purchased and installed. A new temperature regulation circuit 

obtained as surplus property has been installed to regulate the 

temperature of the cesium oven. 

Two papers describing the polarized-ion source hardware have 

appeared since the last report: 1) Nucl. Inst. Meth. 120 (1974 

445. 2) Proceedings of The Second Symposium on Ion Sources and 

the Formation of Ion Beams, Berkeley, Calif., Oct. 22-25, 1974, 

Lawrence Berkeley Laboratory Report LBL-3399, pg. IV-5-1. 

B) Polarized-Triton Source (Hardekopf (LASL), McKibben (LASL), and Clegg) 

The Los Alamos Lamb-shift polarized source for triton beams which was 

designed during the summer of 1972 has been constructed over the past 

two years. During the six-week visit of one of the above participants 

(T3C) to the Los Alamos Laboratory this past summer, final construction 

was completed and beams of polarized protons of up to ~ 320 nA of 

~ 85% beam polarization were obtained. The ion source is now 

installed on the tandem accelerator at Los Alamos. The first 

polarized triton. beams should be available for experiment in May 1975. 

C) Hardware and Software for Tensor Polarization Measurements (Haglund, 

Eastgate, Clegg) The circuitry for remote-controlled rotation of the 

60 cm, diam. scattering chamber was installed in September and has been 

used in several experiments. At present, only manual controls are 

available. However, most of the interface circuit for the DDP-224 

computer has been built, and its completion and installation are 

expected in a few weeks. This will permit complete computer control 

of the chamber rotation, including remote sensing of chamber position. 
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The data acquisition program DMASS is still being used for 

tensor polarization measurements. Current programming efforts 

center around standardizing and optimizing the various vector 

and tensor polarization data acquisition programs used in the 

laboratory. 

D) C.hairoer Construction and Improvements (Ludwig, Jones, Kaitchuck) 

1. Scattering Chamber for (p,n) Cross Section Measurements. A 

scattering chamber has been designed and built to allow (p,n) 

measurements to be made with the neutron spectrometer system. 

The chamber has been designed to be of a minimum mass and to 

have no outgassing from vacuum seals. The chamber also incorporates 

particle detectors for beam monitoring purposes. This chamber will 

be tested at TUNL during the summer 1975 

2. Split Faraday Cup for Beam Centering A Faraday cup , consisting of 

four isolated segments which can be used to separately measure 

and compare beam currents, has been built. This will allow 

a correction signal to be sent to a beam steerer for centering of 

the accelerator beam. The control electronics has also been 

assembled and the cup is ready for testing. 

3. Charged Particle Chamber Remodeling During the past year a 

considerable amount of excitation-function data had been taken 

with detectors set at specified angles. For these experiments 

the angles selected had to be at intervals of 20°. In our newly 

designed chamber plate system, which has recently been installed 

in our scattering chamber, detectors are allowed be be positioned 

at four independent angles both right and left of the incident beam 
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This permits the accumulation of data at angles where resonance 

effects are most pronounced. 

E) Beam Optics Code (Stevenson, Clegg) A linear, matrix - optics computer 

code which will take up to twelve independent lenses and beam 

handling elements chosen from magnetic quadrupoles, magnetic solenoids, 

electrostatic einzel lenses, electrostatic gap lenses of rather 

arbitrary geometry, tandem accelerator tube sections, bending magnets, 

and klystron bunching systems has been written and nearly completely 

debugged. It is written as an interactive code with visual display 

of the beam envelope in the x- and y- planes to be used on the TUNL 

computer system by experimenters who want to design lens systems 

for the injection of ion source beams into the tandem accelerator 

and who need to design systems of lenses to transport the beam from the 

accelerator into the experimental target area. 

F) Investigations of Feasibility of Accelerator Upgrading (Clegg) In the 

fall of 1974 a thorough survey was made of tandem accelerator facilities 

in the United States with an eye for possible major additions or 

improvements to the basic tandem accelerator at TUNL. It was concluded 

that care in drying the accelerator tank gas almost daily and in 

conditioning the beam tubes slowly would allow stable operation at high 

terminal voltages similar to that which could be achieved by wading 

SF, to the insulating ta.ik gas. This extra effort seemed cheap compared o 
with the outlay to add SF^. Also considered was the addition of a 

pelletron charging system to our accelerator, the major advantage 

of which would seem to be greater terminal voltage stability. The 

pelletron system as Installed in the Argonne National Laboratory 

accelerator was the only example of such a changeover in an HVEC 
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Model FN tandem. Here again it was not clear the effort and possible 

trouble was worth the final gain. Instead it was decided that 

modifications, such as the system described below, might achieve 

better energy resolution more cheaply and should be tried first. 

G) Improved High-Resolution System for the Tandem Accelerator (Clegg, 

Ludwig, Wu, with Outlaw, Wells, Bleck, Bilpuch, Lovette, Rummel (Duke) 

and Cairns (McMaster)) The TUNL laboratory has long been noted for 

the high energy resolution measurements (energy resolution AE as small as 200 eV) 

made with Its 3-MV Van de Graaff accelerator. The tandem 

accelerator too has been used for such measurements but here the 

energy resolution has been typically much worse (AE = 600 eV). The 

tandem high-resolution system utilizes the neutral beam emerging 

from the accelerator to provide an error signal to control the target 

voltage and correct for energy fluctuations caused by terminal 

voltage instability-. The main problem associated with this system 

is the problem of focussing and steering the "extra" control beam 

emerging from the accelerator. Not only is this an added complication 

but the polarized beam is not accompanied by a large enough neutral 

control beam to make polarization experiments possible with high energy 

resolution. 

We have begun to design a new feedback to augment the standard 

standard coronal stabilizer system which came with our Van de Graaff. 

At McMaster and Chalk River the high-frequency part of the signal from 

the accelerator control slits is sent back (via a modulated light beam) 

to the accelerator high-voltage terminal to control a bias voltage 

applied to the stripper foils and gas stripper canal. This has 
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considerably reduced the beam energy fluctuations, although no absolute 

measurement of the be<am energy resolution with these systems has been 

made. 

We have decided to install a smilar system j.n the TUNL tandem 

accelerator and have hired E. Cairns from McMaster to help us on this 

one project. The electronics system has been designed within the last 

few weeks, components have been ordered, and parts are being fabricated. 

The 80 foil stripper mechanism from the Wright-Patterson AFB 

accelerator, which was received as surplus property, is being modified 

to insulate the stripper canal and the stripper foils to bias them 

and to correct for terminal voltage ripple. 

H) Pulsed Polarized Beam Studies (Lisowski (Duke), Byrd (Duke) SkubiC 

(Duke), Clegg, Walter (Duke)) The use of the chopper-buncher system 

for the production of pulsed polarized beams has been investigated by 
3 

observing gamma ray and neutron peak widths produced in the D(d,n) He 

reaction. Pulsing and bunching the polarized beam decreases the average 

current on target by about a factor of 10. The principal difficulty 

was one of obtaining a satisfactory beam pick-off timing signal when 

working with nanoampere pulsed beams. The results obtained in our 

preliminary investigation show that polarized beams yielding an average 

target current as low as 6 nA may be successfully pulsed and bunched 

and that neutron time-of-flight peaks of less than 4 ns full width 

at half maximum are currently obtainable. Tuning of the system is 

difficult. This can probably be attributed to the fact that the 

polarized beam is large in diameter and thus is not chopped cleanly 

by the present system. More work on this problem is planned. 



18 

Nuclear Theory and Nuclear Reaction Analyses 

A) Compound Elastic Scattering and Tensor Analyzing Powers (Eastgate, 

Thompson) This is the first investigation made of compound-nucleus 

effects on d elastic-scattering tensor analyzing powers. Analysis 

of thick-target cross sections and vector and tensor 
28 28 

analyzing powers for Si(d,d) Si at mean energy 7.0 MeV has been 

completed. This is described in the Ph.D. thesis of R. J. Eastgate. 

Compound-elastic scattering has important effects in backward-angle 

tensor analyzing powers for (d,d). A report on this work is in 

preparation for the Zurich Polarization Conference. 

B̂  Studies of Deuteron Scattering Potentials (Ramirez, Thompson) Analysis 

of many of the d-induced reactions studied at TUNL requires reliable 

d-scattering potentials. We are calculating d potentials from n and 

p potentials which describe scattering from the same target as for the 

d scattering. The nucleon potentials are averaged over the d internal 

motion. A smooth target-mass parameterization of the potentials and 

analytic approximations to them have been studied in order to provide 

starting parameters for optical-model analyses of (d,d), especially 

for the spin-radial tensor-potential terms. A report for the Zurich 

Polarization Conference is in preparation. 

A modified and improved version of a computer code from the Univ. 

of Wisconsin, Madison, calculates elastic scattering including the full 

spin-radial tensor potential for (d,d). Effects of terms which couple different 

partial waves to the same total angular momentum are large, and show 

that some previous analyses of d tensor polarizations are incorrect, 

C) Total Wave Functions and Fluxes in Elastic Scattering (Olszewski, 

Thompson) Calculation and computer display of total scattering wave 

functions in three-dimensional stereoscopic views is nearing completion. 
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Optimization of computation speed has been achieved. Insight into 

several phenomena in elastic scattering by optical-model potentials, 

both for nucleons and for heavy ions, is being obtained thereby. 

D) Isospin-Consistent DWBA Analyses of Cross Section and Vector Analyzing 
3 

Powers for (d,t) and (d, He) Reactions (Datta. Thompson) 

Analyses have been made for the self-conjugate target nuclei ^ B , ^ N , 
16 32 0 and S leading to mirror states, for d lab energy 15 MeV. A 

1 
modified DWBA formalism , which includes isospin conservation throughout, 

has been used. Isospin-coupling effects are similar to those produced 

by non-locality and finite-range corrections. This work is described 

in the Ph.D. thesis of S. K. Datta. 

1. S. Cotanch and D. Robson, Nucl. Phys. A209, 301 (1973). 

E) Nuclear DWBA Transfer-Reaction Code for Small Computers (Datta, Thompson) 

The DWBA has been coded in FORTRAN for computers with about 10K words 

of core storage, rather than the customary 25K double-precision words 

usually required. The program, which we wrote and debugged on a PDP-15 

computer at Kansas State University, is being adapted to the TUNL DDP-

224 now that the drum storage feature is operative. 

F) Version of a Nuclear Optical-Model Code for Small Computers Designed 

to Run on a PDP-15 (Datta, Thompson, Elliott (Kansas State U.)) This is a 

version of OPTICS (ref. 1) which has been modified to run on a PDP-15 

computer with DEC tape input and storage-oscilloscope display. Heavy-ion 

elastic scattering in an optical-model potential can be readily calculated 

for up to 80 partial waves. This work is published in Computer Physics 

Communications 7, 343 (1974). 

1. R. J. Eastgate, W. J. Thompson and R. A. Hardekopf. Comp. Phyp. Comm. 

5, 69(1973). 
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G) Projectile Size Effects in Quadrupole Deformation Measurements (Eck, 

Elliott (Kansas State U.) and Thompson) The effects of projectile 

size in determining potential shape quadrupole deformation have been 

shown to be such as to keep the deformation length, rather than the 

deformation parameter, independent of projectile size. These results 

have been obtained for targets of ^ M g and ^ S i for projectiles of 

e, n, p, °He, 4He, d, 12C, 1 6 0 and L80, and were reported at the 

Anaheim meeting of the APS. These analyses are being extended to 
12 20 include the target nuclei C and Ne. 

H) Optical-Model and Coupled-Channels Calculations in Quantum Mechanics 

(Doyle, Eck, Weaver (Kansas State U.), and Thompson) Potentials such 

as the optical-model potential are widely used in research but are 

seldom considered in introductory quantum mechanics. Similarly, the 

coupled-channels technique is usually encountered only in complicated 

research-level problems. We hava studied the two-state scattering 

system of two, one-dimensional, square wells solved by the coupled-

channels method. An approximate solution for one state is obtained by 

introducing a suitable optical-model potential. Comparisons of exact 

and approximate solutions are illustrated by the example of the neutron 

strength-function maximum near A=55. This pedagogical research has 

been accepted for publication in American Journal of Physics. As an extension, 

the treatment of friction in quantal systems (for example, heavy-ion 

collisions) and its relation to absorption is being investigated. 

I) Depolarization Mechanisms and the Nucleon Elastic-Scattering Interaction 

(Thompson, Clegg, and Blair (Univ. Washington)*and Sherif (Univ. of 

Alberta)) Interpretation of the depolarization parameter D (occurring 

in the double scattering of polarized nucleons) as differing from unity 
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only because of a spin-spin tern in the nucleon-nucleus optical 

potential has recently been questioned by Blair and Sherif. They 

showed that a major contribution for target nuclei with ground-state 

spin I greater than 1/2 can be a combined effect of spin-orbit and 

quadrupole-moment coupling (LSQ). This is particularly important 

for highly-collective target nuclei. Our calculations for 
9 9 

Be(p,p) Be (1=3/2) with only LSQ substantially explain the available 

D data without any spin-spin terms. Currently, analysis of D for 
14N(p,p) (1=1) is underway and the feasibility of 13C(p,p) (1=1/2) 

measurements, to unambiguously extract the spin-spin term from D data, 

is being studied. 

J) Spin-Orbit Coupling in Heavy-Ion Scattering (Thompson) Heavy-ion, 

spin-orbit coupling has previously been ignored because simple 

kinematic arguments suggest that the strength of the spin-orbit coupling 

would decrease inversely with the projectile mass A. A model of the 

heavy-ion spin-orbit interaction has been derived and the resulting 

elastic-scattering polarisation shown to be probably large (greater 

than 50%) at unergies above the Coclomb barrier. Reports of this work 

were prepared for the Nashville International Conference on Reactions 

Between Complex Nuclei, presented at the Pittsburgh APS Nuclear Division 

meeting, and submitted to Physical Review Letters. A preliminary 

calculation of ^Li spin-orbit potentials which involved the (a + d) 

cluster structure of ^Li predicts vector-analyzing powers about a 

factor of 3 smaller than preliminary experimental results on 
12C(6Li,6Li)12C obtained at Max-Planck Institute, Heidelberg. 
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K) Systematics of Backward-Angle Alpha Elastic Scattering (Eck (Kansas 

State U.), Eberhard, Schiele and Trombik (Univ. of Munich), and Thompson) 

Backward-angle (beyond 90°) cross sections for elastic alpha scattering 

from target nuclei with 32 5 A S 100, for bombarding energies 15 ^ E £ 40 MeV 

have been systematically investigated using all available data. A simple 

quantitative prescription for estimating the degree of backward 

enhancement is given. The enhancement is shown to be 

strongly correlated with (o,n) and (a; a') Q-values, This 

correlation is discussed in terms of the 2,-dependent absorption 

model, and in terms of compound-elastic scattering. 

L) Proton Optical-Model Potential Near the Coulomb Barrier (Eck (Kansas 

State U.), and Thompson) An anomalously rapid energy dependence of 

local optical-model potentitals which describe (p,p) 

near the Coulomb barrier in heavy nuclei has been determined from the 

analysis of elastic-scattering cross section and polarization data. 

The anomalies are related to the replacement of non-local potentials 

by equivalent local potentials. A report of this work has been 

published in Nuclear Physics. 

M) Ericson Fluctuation Theory for Polarized Beams (Haglund, Henneck 

(Univ. of Erlangen, Germany) Thompson) The theory of compound-nucleus 

cross section fluctuations and their analysis by statistical methods 

(Ericson theory) has not been investigated in sufficient detail for 
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our analyses of TUNL vector-polarization, analyzing-power, excitation-

function data for deuteron bombardment. Important questions, from 

the viewpoint of tractable statistical analyses, are whether the 

total-angular momentum compound-nucleus amplitudes are the random 

variables considered, or whether the helicity amplitudes are random, 

or whether the former implies the latter. To resolve these questions 

we have calculated realistic synthetic excitation functions with 

known statistical properties for the amplitudes, then made statistical 

tests for randomness and independence of the resulting observables. 
26 26 

The example Mg(p,p) Mg near 6-MeV p energy shows that spurious 

intermediate structure arises if the data is partly smoothed before 

the statistical analysis is performed. A report on this work is 

in preparation for the Zurich Polarization Conference. 

V. Atomic Effects in Nuclear Bombardment 

A) Experimental (Shafroth, Doyle, Hill (NRL), Jacobs, Madison (Drake), 

Waltner (NCSU) Deslattes (NBS) and Cooper (NBS)) Progress during 

this report period can be divided into several categories: Semiconductor 

detector x-ray studies; NBS flat crystal x-ray spectrometer studies; 

TUNL curved-crystal spectrometer development; and hypersatellite studies. 

In the first category, a paper was published in the Physical Review 

concerning x-ray energies and production cross sections for K and L 

x-rays in Ag and L x-rays in Au arising from 12 to 50-MeV ion 

bombardment. It was found that after applying Coulomb repulsion, binding 

and (Z^/Z^) effects to PWBA calculated cross sections, good agreement 

between experiment and theory was obtained. However, this was not the 

case for L-shell ionization, possibly due to multiple ionization effects. 

The centroids of the Ag K and K and the Lu L , La, and L peaks were t* B a. B Y 



observed to shift to higher values with increased beam energy. 

HFS calculations for the Ag K and K0 lines indicate that the a 6 
observed shifts are probably associated with multiple M-, not L-, 

shell ionization. 

Also during this report period, Au and Bi targets were bombarded 

with protons from 8-15 MeV and the yields of nuclear gamma rays 

arising from (p,n) and (p,2n) reactions as well as K x-rays from 

Hg and Po were observed. In both cases the x-ray yield was larger 

by a factor of two than could be accounted for from internal conversion 

of the nuclear gamma rays. Methods of doing the thick target 

corrections were developed and computer programs were written. 

It appears that stopping power data can be extracted from this 

work, although direct measurements would be better. Preliminary 

results have been reported at APS meetings in Chicago and Washington. 

In the second category, NBS flat crystal studies, a letter has 

been published in Physics Letters on energy shifts versus projectile 

Z for Ti K x-rays and satellites. A full length paper, which will 

include the contents of the letter plus a comparison of data on the 

satellite fractions for the various projectiles used (Z = 1, 2, 3, 6„ and 

versus incident energy with the theoretical model calculations of Hill 

and Merzbacher,is nearing completion. Additional calculations are 

under way at NRL so that comparison with the 0ni- ion data can be made. 

The remaining major project involving the NBS flat-crystal 

spectrometer is to write the paper on L x-rays and satellites 

arising from bombaidment of Ag and Zr with the same projectiles 
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as for Ti and over the same energy range. The data is completely 

analyzed, fits to binomial distributions have made, rather complex 

rearrangement calculations have been carried out and reported on at 

the 1974 Chicago meeting of the APS for Ag and will be reported 

on for Zr at the International conference on the Physics of Electronic 

and Atomic Collisions. It is shown that, after applying 

the rearrangement correction the L and Lol data agree quite well oc p 
as to initial state of multiple ionization. 

In the third category, TUNL curved crystal spectrometer 

development, very pleasing progress has been made. A mounting 

stand has been designed by B. Doyle and constructed in the UNC 

shop. It was then taken to TUNL and placed on a beam line at 

the Cyclo-Graaff. The continuous motor was removed and a stepping 

motor installed. Appropriate circuitry was designed by B. Doyle 

with the guidance of S. Edwards, the electronic technician at TUNL. 

Computer control programs for data taking were written by B. Doyle. 

Preliminary tests were done by fluorescing Ag targets with 

bremsstrahlung x-rays produced by an x-ray tube obtained from AEC 

surplus. Further tests were made using a demountable anode x-ray 

tube built at Chapel Hill. It was found that the best compromise 

between efficiency and resolution was to use 0.015 in, entrance and 

exit slits. We are presently using the spectrometer to record 

L x-ray spectra for elements from Z = 38 - 53, and are very 

pleased with the performance. In addition, a surplus G. E, 

spectro-goniometer has been converted into a double-crystal 

x-ray spectrometer. Preliminary tests at Chapel Hill have been 
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encouraging. A set of high quality (low mosaic spread) Si crystals 

has been loaned to us for use with this instrument by NBS. 

Development of this project will depend on tests with 

these crystals. 

Finally, a report on searches for K^ hypersatellites In Cu and 

neighboring elements has been given at Washington. This work 

which was done at the Institut du Radium in Paris by S. M. Shafroth 

and French coworkers. Using a high-resolution (A/AA « 2000) curved-

crystal spectrometer with a 1 meter radius, in transmission 

(Cauchois geometry), and either photo plates or a Si(Li) detector 
h h 

on the focal circle,peaks were found corresponding to K^ and K^ . 

The identification was based on systematics of hyperstallite shifts 

and intensities. This work is continuing f.n France. 

£) Theory of Ion-Atom Collisions (Merzbacher, J. Wu) During the past 

contract period, up to the beginning of the summer of 1975, the 

theoretical program dealing with ion-atom collisions has operated 

at a reduced level. This has been primarily due to the unavailability 

of funds for a postdoctoral research associate, following the departure 

in June 1974 of D. K. Madison, who joined the faculty of Drake 

University in Des Moines, Iowa. Furthermore, the theoretical 

program lost its most advanced graduate student, K. W. Hill, who 

completed his Ph.D. work and was awarded an NRC Fellowship at the 

Naval Research Laboratory. 

In partial collaboration with G. Basbas at New York University, 

J. Wu and E. Merzbacher carried through a theoretical analysis of 

multiple inner-shell vacancy production. Typically, a collision 
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producing a K shell vacancy may produce simultaneously one or 

more L-shell vacancies. Under these conditions, an L-shell vacancy 

is being produced in a collision with a small impact parameter, and 

the conditional probability for ionizing the L-shell may be close 

to unity, rendering the use of perturbation theory dubious. The 

theoretical analysis which was undertaken did not rely on perturbation 

theory, but showed that a simple picture, consistent with the 

observations which reveal the applicability of a binomial fit to 

the x-ray satellite spectrum, could be justified if correlations 

between the electrons in the target atom are negligible. 

In a continuing effort to avoid perturbation theory, J. Wu 

began exploratory calculations based on an almost fully classical 

theory of inelastic collisions, somewhat similar to the binary 

encounter approach pioneered by Gryzinsky, but more sophisticated 

in including the interaction between the target electron and the 

target nucleus as well as the interaction between the projectile 

and the electron. In analogy to the binary encounter method (BEA), 

this approach vas named the terti encounter approximation (TEA). 

Sample computations, involving direct integration of the equations 

of motion, have been made, and - for certain selected impact 

parameters, collision energies, and initial electron orbits - both 

ionization and electron capture events have been reconstructed. 

However, owing to the singular character of the interactions, the 

numerical work of such calculations is very substantial, and a full 

calculation of total cross sections at various bombarding energies 

would appear forbiddingly expensive in time and money. 
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VI . Other Activities 

Members of the nuclear physics group from Chapel Hill Rfive talks 

at many scientific meetings, lectured widely at seminars and colloqula, 

and participated in several national and International conferences. 

More specifically, S. M. Shafroth was on sabbatical leave at the 

Inst 1 tut du Radium in Paris from June 1, 1975 until January 1, 1975. 

During this time he attended the International Conference on X-ray 

Processes in Matter,in Helsinki, Finland (July 1974} and the Fourth 

international Conference on Atomic Physics in Heidelberg, Germany 

(July 1974). He also gave talks at Harwell in England, Orsay, and 

the Institut du Radium in France, as well as Linz. Austria and 

Frankfurt and Berlin, Germany. 

E. Merzbacher is serving as a member of the Organizing Coosittee 

for the Second International Conference on Inner-Shell Ionization 

Phenomena, to be held in Freiburg in April 1976. He has organized 

and will chair a symposium in inner-shell ionization phenomena at 

the Ninth International Conference on the Physics of Electronic 

and Atomic Collisions (Seattle,July 1975). He has been co-chaifman, 

with B. Crasemann, of a Panel on Accelerator-Related Atomic Physics 

Research, reporting to the NAS-NRC Committee on Atomic and Molecular 

Physics. He presented a colloquium this past year at Georgia State 

University. 

E. Merzbacher and S. M. Shafroth are both associate editors of 

the journal ATOMIC DATA AND NUCLEAR DATA TABLES. 

W. J. Thompson spent one month during the summer 1974 at the 

University of Wisconsin in Madison, presenting a seminar while he was 

there. He also participated in the 2nd International Conference on 

Clustering Phenomena in Nuclei, in College Park, Maryland (April 1975). 
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T. B. Clc-HR spent six weeks during the sumac r 1974 at Los 

Alamos Scientific Laboratory, presenting ;» seminar while there and 

iiiiotlicr later a t McMastcr University In Hamilton, Ontario, Canada. 

IU :ijs<i participated in the 2nd Symposium on Inn Sources and the 

Format inn of Ion Beams, in Berkeley, California (October 1974). He 

• i l s . i w i l l serve a two-year term beginning in April 1975 on the 

I ' m . i r a s f.otnrai tteo of the Division of Nuclcar Physics of the APS. 
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VI I . Publications, Abstracts, Dissertations 

A) Publications in Print 

1. "A Study of Isobaric Analog Resonances in 71Ga", P. G. Ikossi, 

C. E. Busch, T. B. Clegg, E. .1. Ludwig and W. J. Thompson, Nucl. Phys. 

A225 (1974) pp. 481-492. 0R0-2408-85. 

2. "Energy Shifts versus Projectile Z for Ti K^ X rays and 

Satellites", D. H. Madison, K. W. Hill, B. L. Doyle, S. M. Shafroth, 

R. 1). Deslattes, Phys. Letters 48A (1974) 249. ORO-2408-86. 

3. "Theory of Charged Particle Excitation", Don H. Madison and 

F.. Merzbacher, Chap. 1 in Vol. 1 of Inner Shell Processes, B. Crasemann, 

ed. Academic Press, New York 1975. ORO-2408-87. 

4. "Introduction to the Theory of Inner-Shell Ionization", 

"Theories of Inelastic Collisions", "Energy Loss Problems", "Multiple 

Excitation and Other Higher Order Processes", in Heavy Ion Lecture 

Series, Kansas State University, Manhattan 1974. ORO-2408-88. 
41 

5. "Isospin-Forbidden Proton Partial Width in Sc and Similar 

A = 4n + 1 Nuclei", T. A. Trainor, T. B. Clegg, and W. J. Thompson, 

Phys. Rev. Letters 33(1974) 229- 0R0-2408-89. 

6. "Spin-orbit Coupling in Heavy-Ion Scattering", Proc. of 

International Conference on Reactions Between Complex Nuclei (North-

Holland, 1974) p. 14. OR0-2408-90. 

7. "A Version of a Nuclear Optical Model Code for Small Computers 

Designed to Run on a PDP-15", S. K. Datta, D. 0. Elliott, and W. J. 

Thompson, Computer Physics Comm. 2(1974) 343. ORO-2408-91. 

H. "The Proton Optical Model Near the Coulomb Barrier", 

J. S. Eck and W. J. Thompson, Nucl. Phys. A237(1975) 83. ORO-2408-92. 
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9. "The Study of (d,t) and (d,3He) Reactions in Several lp 

Shell Nuclei Using Vector Polarized Deuterons" E. J. Ludwig, 

C. E. Busch, T. B. Clegg, S. K. Datta and A. C. Watkins, Nucl. Phys 

A230C197A) 271. 0R0-2408-93. 

10. Vector Analyzing Power of (d,p) and (d,t) Reactions of 
142Nd at 12.3 MeV" A. K. Basak, J. A . Griffith, M. Irshad, 

O. Karban, E. J. Ludwig, J. M. Nelson and S. Roman, Nucl. Phys, 

A229 (1974) 219-229. ORO-2408-94. 

11. "A Lamb-shift Polarized Ion Source for the TUNL Tandem Accelerator". 
T. B. Clegg, T. A. Trainor, G. A. Bissinger, Nucl. Instr. Meth. 120 
(1974) 445. ORO-2408-95. 

12. "Polarization Transfer in the D(d,n)3He Reaction at 9 = 0°", 
P. W. Lisowski, R. L. Walter, C. E. Busch, and T. B. Clegg, Nucl. 
Phys. A242 (1975) 298. ORO-2408-96. 

13. "An Operational Review of the TUNL Cyclograaff", 

H. W. Newson, E. G. Bilpuch, F. 0. Purser, J. R. Boyce, and 

T. B. Clegg, Nucl. Instr. and Meth. 122 (1974) 99. 0R0-2408-97. 

14. "A Comparison of High Intensity Multiaperture and Single-aperture 

Duoplasmatrons for a Lamb-Shift Polarized Source", T. t*. '''rainor and 

T. B. Clegg, Proc. of Second Symposium on Ion Sources and Formation 

of Ion Beams, Lawrence Berkely Laboratory Report, LBL-3399 (1974) 

P. IV-5. 0R0-2408-98. 

15. "Coulomb Excitation of Atomic Electrons in Heavy Ion-Atom 

Collisions", S. M. Shafroth, Journal of The Franklin Institute 298 

(1974) 333. ORO-2408-99. 



32 

16. "Shifts, Widths, and Intensities of Ti K Sattelites a 
vs Projectile Z and Energy", K. W. Hill, B. !.. Doyle, D. H. Madison, 

S. M. Shafroth, and R. D. Deslattes, International Conference on 

X-ray Processes in Matter, Physica Fennica 9, Supp. 1 (1974) 28. 

OHO-2408-100. 

17. "L Subshell Ionization Probability in U due to 3-14 MeV 

Protons, Internal Conversion, and Photoexcitation", A. W. Waltner, 

J. T. May, K. V. Mani, and S. M. Shafroth, Physica Fennica 9, 

Supp. 1 (1974) 267. ORO-2408-101. 

18. "Silver L X-Ray Sattelites Arising from Heavy Ion Bombardment 

of Silver", B. L. Doyle, K. W. Hill, W. W. Jacobs, S. M. Shafroth, 

J. Wu, and R. D. Deslattes, Fourth International Conference on Atomic 

Physics, Heidelberg, Germany, July 22-26, 1974, pp. 647-650. ORO-2408-102. 

19. "X-ray Production Cross Sections, Intensity Ratios, and 

Centroid Energy Shifts of Ag K and L and Au L X-rays Produced by 
1 60 Beams of 12-50 MeV„ G. Bissinger, P. H. Nettles, S. M. Shafroth 

and A. W. Waltner, Phys. Rev. A10 (1974) 1932. 0R0-2408-103. 

B) Accepted for Publication 

1. "Optical-Model and Coupled-Channels Calculations in Quantum 

Mechanical Scattering", S. D. Doyle, J. S. Eck, W. J. Thompson, and 

0. L. Weaver, (to be published in Am. Jour, of Phys.). 
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2. "Measurements of (d,py) Angular Correlations in ' S with 

Polarized Deuterons", J. D. Hutton, R. D. Ledford, S. Maripuu, 

D. Rickel, N. R. Roberson, C. R. Gould, R. D. Nelson, D. R. Tilley and 

T. B. Clegg, (to be published in Nuclear Physics). 



3 ). "Scattering of Polarized Neutrons from He at 8 and 

12 MeV", I'. W. Lisowski, R. I.. Walter, C. E. Busch, and T. B, Clegg, 

Proc. of Conf. on Few Body Problems in Nuclear and Particle Physics, 

I aval , Quebec, Canada, Aug. 27-30, 19/';. 

4 . "Polarization Transfer in the (d,n) Breakup Reaction on 
7 A 
"II, He, and Ta", R. L. Walter, P. W. Lisowski and T. B. Clegg, Proc. 

of Conf. on Few Body Problems in Nuclear and Particle Physics, Laval, 

Quebec, Canada, Aug. 27-30, 1974. 

5. "Polarization Transfer in the D(p,n) pp Reaction at 0 = 0° 

for Proton Bombarding Energies from 10.5 to 15 MeV", R. L. Walter, 

P. W. Lisowski, R. C. Byrd, and T. B. Clegg, Proc. of Conf. on Few 

Body Problems in Nuclear and Particle Physics, Laval, Quebec, Canada, 

Aug. 27-30, 1974. 3 
6. "Polarization Transfer in the D(d,n) He Reaction at 

0 = 0°", P. W. Lisowski, G. Mack, R. L. Walter, C. E. Busch, and 

T. B. Clegg, Proc. of Conf. on Few Body Problems in Nuclear and Particle 

Physics, Laval, Quebec, Canada, Aug. 27-30, 1974. 

7. "L X Ray Sattelites Arising from Heavy Ion and Photon 

Bombardment of Zirconium", B. L. Doyle, W. W. Jacobs, S. M. Shafroth, 

and J. W. Cooper, Ninth International Conference on The Physics of 

Electronic and Atomic Collisions, Seattle, July 24-30, 1975, 

8. "Spin-Orbit Coupling for 6Li Scattering and ;a + d) Clustering," 

W. J. Thompson, Second International Conference on Clustering 

Phenomena in Nuclei, April 21-25, 1975, College Park, Maryland, 
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