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FOREWORD

The Physics Division Annual Review presents a broad

but necessarily incomplete view of the research activity

within the Division for the year ending March 1980.

At the back of this report a complete list of

publications along with the Divisional roster can he found.
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NUCLEAR PHYSICS RESEARCH

INTRODUCTION

The Physics Division's program in nuclear physics covers a broad
span of activities within that discipline. The object of this research
is to understand the properties of atomic nuclei, their structure. and the
mechanisms of nuclear reactions. Work is carried out under a variety of
subprograis: theory, heavy-ion physics, medium-energy physics and nuclear
research. These categories do not represent a sharp separation between

people-individual scientists often work in several different areas.
This flexibility allows scientific problems to be addressed with a variety
of techniques, rather than limit individual scientist's activities to a

particular subdiscipline.

The Physics Division operates two major accelerators-a much
upgraded and modified FN tandem and the superconducting linac booster
attached to it, the latter still growing, and the 4-MV Dynamitron. The
tandem-linac is used almost entirely for nuclear research by Argonne staff
and university users. Less than 25% of the Dynamitron is used for nuclear

research. A small program in photonuclear research is carried out at the

Chemistry Division's electron linac, and occasionally elsewhere. The
medium-energy program is centered at the Los Alamos Meson Physics Facility.

Highlights

In medium-energyphvsics a new large-acceptance spectrometer was

constructed, tested and used at LAMPF in the first survey experiment of
inclusive inelastic scattering of charged pions from various nuclei,
during the winter of 1980. The analysis of data from the 1979 inclusive
(TI,p) measurement was carried out and partially completed--an analysis of
the proton distributions in the rapidity vs transverse momentum plain
suggests that a multinucleon mechanism may be important in pion absorption.

In heavy-ion physics the superconducting linac booster has evolved
into a useful accelerator for research. Accelerating fields in excess of
10 MV have been used. The experimental area is beginning to take shape
with several beam lines; a large scattering chamber has been commissioned
and a beam station for gamma-ray work has been used extensively. investi-
gation of high spin states near the yrast line has continued, concentrating
on the so-called yrast-trap states, and a new sum- pecLrometer has been
used to study the connection between these states and the continuum. The
resonances in the 24Mg(160,12C)28Si re.. tion nave been pinned down by further
experimental measurements and detailed analysis.

ln charged-particle physics the technique of using the tandem and
magnetic spectrograph for detection of very rare radioisotopes has been
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developed and applied to several problems. The technique has been used to
determine the half-life of 3 2Si (used in dating glaciers) to be a factor of
'%3 shorter than the previously accepted value. Also, the cross section for
the astrophysically interesting 26A1(p,n)2 6Mg(g.s.) reaction was determined.

And in nuclear theory a partly-relativistic few-particle model
including the 7-N, n-N-N, N-N, and N-A channels has been derived as a
truncation of quantum field theory and fitted to data for the pion-nucleon,
pion-deuteron, and nucleon-nucleon systems. The same model has been used
to derive a real optical potential for a distorted-wave impulse approxima-
tion treatment of the pion-nucleus interactions. This DWIA theory has been
combined with the best available nuclear structure information in a variety
of pion-nucleus interactions to show that pions can provide a sensitive probe
into the structure of a wide class of nuclear states. The same model is
being used in coupled-channel calculations to study the mechanism of the pion
double-charge-exchange process.
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I. MEDIUM-ENERGY PHYSICS

INTRODUCTION

One of the basic challenges of medium-energy physics is the develop-
menc of a clear picture of the manner in which pions propagate in nuclear

matter. Since the pion is a basic quantum of the nuclear force, understand-

ing its propagation in nuclei contributes to our understanding of the basic
nature of nuclear forces. Key to such understanding is a comprehensive and

precise experimental description of pion interactions both with complex

nuclei and few nucleon systems. This is a major objective of the ANL
effort in medium-energy physics. Experiments are carried out as a part of a
comprehensive nuclear program, and, because of this perspective, we expect

the pion studies to give us new insights into the nature of nuclear forces.
At the present time, almost all experimental activity is concentrated on

measurements using various pion beams of the Los Alamos Meson Physics
Facility.

In one area of study, the Argonne group focuses on measurements of

"inclusive" spectra of charged particles and neutral pions from charge-
exchange reactions. The most recent measurements are concerned with the

study of the competing reaction processes: absorption and inelastic

scattering. The results indicate that although the dominant absorption mode

mainly involves two nucleons in the very light nuclei, approximately three

nucleons interact in 1 2C and even more in heavier nuclei. For the investiga-

tion of the other major reaction mechanism, inelastic pion scattering,

a comprehensive series of measurements on nuclei ranging from lie to Pb has

begun. These studies make use of the ALAS system, which was constructed

specifically for this program, but can be uscd by all LAM'FF users as a
multipurpose instrument.

High-resolution studies of elastic and inelastic scattering of pions
using the EPICS system are another major component of the program. Studies

of elastic scattering provide information about the average pion-nucl-!s
interaction and about density distributions. Inelastic scattering to low-
lying states of known nuclear structure provides tests and information on
the pion nucleus interaction, which can then be used to interpret data for

high excitation energies. Inelastic pion scattering seems to be particularly
useful for investigating high-spin particle-hole states and elucidating new
nuclear structure.

An understanding of pion-nucleus interactions and nuclear structure
must ultimately be based upon knowledge of pion-nucleon and nucleon-nucleon
interactions. Measurements of deuteron polarization, from both pion and
electron scattering, provide a unique method for selecting among various
models that describe the fundamental interactions. During 1979, the first
successful measurement of tensor polarization in n-d scattering was per-
formed by the Argonne group. The result disagrees with all published
theoretical predictions.

3
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A. STUDY OF PION REACTION MECHANISMS

Our knowledge of how pious propagate inside a nucleus is still very
incomplete. At the present time both major reaction processes, absorption
and inelastic scattering, are still poorly understood. In order to gain
additional information an experiment was carried out during 1979 on the

Low Energy Pion channel at LAMPF to observe the inclusive charged-particle
spectra from r+ and on a series of nuclear targets. Pion kinetic
onergies of 60, 100, 160, and 220 MeV we'e used on targets of 41e, 6 Li, 9 Be,
12', 2 7 A1, Ni, and 181 Pa. Proton spectra were obtained at angles between

3 0 C and 1.500 for proton energies between 40 and 250 MeV, fre:~ olastic-Nal,
1-F telescopes. Integral charged--ion vyields were also cl tained, without

energy measurement. The need to study the complete inelastic pion spectrum
and angular distribution was exhibited in the results of the inclusive single-

Charge exchange (7, ) survey, where the spectra were dominated by the peak
correspond in to charge exchange on quasi free nucleons. The dedii.ed cross
sections suggested that a major fraction of the total cross section should

result from quasifree inelastic pion scattering. The ALAS system has been
constructed so as to study this problem exped itiously. The system also pro-
xides a new capability at LAMPF and is expected to be used in a wide variety
of Cx'pe r i mInts.

a. The 'Two-Nucleon \bsorption Mode on le

R. U. McKoown, S. J. Sanders, J. P. Schif fer, H. E. Jackson, M. Paul,*
J. k. Specht, E. J. Stephenson,- R. P. Redwinc,# nd R. F. Segel)

The proton energy 'pec t ra f ror, the inclusive 4He (, p) reaction

have beun measured as a function o' proton angle for incident T 4. = 100,

160, and 220 MeV. At forward angles, these proton spectra exhibit a broad

prominent peak at the energy corresponding to "quasideuteron" pion absorp-

t ion (a + 2N - 2N). The peak is broadened due to the Fermi motion of the

nucleons. In addition, the angular distribution of this peak (see

Fig. 1-1) is essentially the same as that observed in - absorption on the

deuteron. The proton yield in this peak is 3 0.3 times the deuteron

cross section at all three incident pion energies. When compared to pion

absorption cross sections on 4He, this yield accounts for only about 1/3 of

the measured absorption cross section of 80 mb. 1

*
Hebrew University of Jerusalem, Jerusalem, Israel.

.-

'Indiana University, Bloomington, Indiana.

+Massachusetts Institute of Technology, Cambridge, Massachusetts.

5Northwestern University, Evanston, Illinois.

'H. L. Stadler, Phys. Rev. 96, 496 (1954).

4



I. Aa

He (Ir , p) T =160 MeV
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Fig. I-1. The measured proton
spectra at the indicated
laboratory angles are shown
(solid points) along with
the calculated 2-nucleon
spectra (solid lines) for
Tn+ = 160 MeV. Tie calcu-
latid curves include effects
of binding energy and the
Fermi motion of the nucleons
in 4 He. The absolute yield
is determined by scaling the
proton yield from deuterium
by a factor of 3.
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h. The Number of Nucleons Involved iln Poi on Abso rpt ion

R. D. McKeown, S. .J. Sanders, .1. 1'. Schiff er, H. E. Jackson, M. Paul,*
I. R. Spech1t , E. J. Stephenson, R. P. Redwine, and R. E. Segel

The proton spectra for targets with 12 ; A - 181 for T7 = iLW

160, and 220 MeV have been analyzed. The shi! t in proton energies with angle

may be examined on a contour plot of the invariant eros; sect ion in the

rapidity vs p1 plane (Fil. I-2.). From this ;lot t !w mvcraie number of

nucleons that have part i, :nat ed in absorbing the pion',; momentum and total

energy have been obtained. The effective number of int erat Ling; nucleons,

A r both n+ and inc idint, is found to be 3 for 1 C and increasingly to
181

5.5 )r ITa. These number' are al cons i sti-nt with the ratio of

protons seen in r and indtcee1d react ions.

c. 1'2lusive Pion Scattering

S. J. Sanders, R. D. McKeown, J. P. Schiffer, It. E. Jackson, M. Paul,
J. R. Specht, E. J. Stephenson, R. P. Redwine,+ and R. E. Segel-

The charged pion yields from 1)0-, 160-, and 220-MeV r+ and n~

scattering on targets with 4 _ A < 181 nave been measured over 30* <
_ - lab

150 . A plastic scintillator--Nal AE-F telescope gave good pion identifi-

cation without the energy: being determined. For lab - 300 the inclusive

pion yields are much greater than the elastic cross section and follow the

angular distribution of the quasifree 7-N process. Using the quasifree

T1-N process angular distributions to extrapolate the cross sections to for-

ward angles, the pion inelastic yields are found to scale approximately as
0.5

A (see Fig. 1-3).

If one were to assume that the large back-angle pion yield is from

the quasifree Tr-N process,. there should be a correspondence between the pion

yield and yield of protons at forward angles. A preliminary analysis

indicates that for the 220-MeV 7+ scattering the forward proton }field is

significantly smaller than expected from the quasifree process.

*
Hebrew University of Jerusalem, Jerusalem, Israel.

tIndiana University, Bloomington, Indiana.

+Massachusetts Institute of Technology, Cambridge, Massachusetts.

Northwestern University, Evanston, Tllinois.
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yo

N=143 2
0.6 -

o Z"

0.2 0.4 0.6
y

Fig. 1-2. Contours of the invariant proton cross section the plane of

rapidity [y E tanh-1 (1 )] and (p1), for 220-MeV n~- on Ta. The points
of a given size represent a constant invariant cross section; the
largest points are 1.05 pb/(sr-Me\'2); the smaller ones are 0.8, 0.6
(shown as open circles to guide the eye), 0.4 and 0.2 times this value

in order of decreasing point size. The rapidity (velocity) of the frame
in which the cross section is rist nearly isotropic (y) is indicated
by a dashed line; the contours corresponding to isotroic distributions
of protons in this frame with T = 82 and 122 MeV are shown as solid
lines. The values of rapidity corresponding to the Lorentz frames
where the pion is absorbed on 2, 3, and 4 nucleons are indicated by

arrows. The laboratory angles of observation corresponding to the
different groups of points are also shown.
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CHARGED PION INELASTIC
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Fig. I-3. The inelastic cross sections obtained Dy scaling the quasifree
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ments are plotted as a function of the target mass.
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d. Properties of Pion Single-Charge-Exchange Reactions in Nuclei

T. J. Bowles, ). F. Geesaman, R. J. Holt, H. E. Jackson, R. M. Laszewski,
J. R. Specht, E. J. Stephenson, R. E. Segel,* R. P. Redwine,t M. A.
Yates-Williams,+ and J. Julien+

Pion single-charge-exchange reactions initiated by T+ and Tu beams

have been surveyed on targets ranging from Be to Pb with the use of a back

angle y-ray spectrometer. The beam energy varied from 50 to 150 MeV, and the

TT spectra were recorded at 6 angles frum 250 to 1500. This experiment

was an extension of earlier measurements at T = 100 MV and u = 40 and

1 
TT

1200. The more complete angular distributions determine the total charge-

oxclange cross section.

The evolution of the charge exchange spectra with angle is illus-
16 4

trated in Fig. I-4 for the 0(n IT ) reaction. The similarity of the

100-MeV energy-integrated angular distribution to that of the free nucleon

suggested by the earlier measureme ts is confirmed. However, the energy

spectra require a substantial multistep contribution be present at forward

angles. The observed angular distributio:.s at 50 MeV show large enhancements

at forward angles compared to the free-uncleon distributions, alao indicating

the possible importance of other reactio?.1 mechanisms. Integrated charge-

exchange cross sections are typically 10% of the total reaction cross

section.

e. Fermi-Gas Model for T-Nucleus Inclusive Scattering

R. J. Holt and T.-S. ll. Lee

Data from systematic studies of pion inclusive scattering from nuclei

are becoming available. These data seem to indicate a rquasifree peak,

particularly at forward angles. As a first step toward understanding the

features of these data, we have applied tl- Fermi-gas model to T-nucleus

scattering. The model includes S and P waves in the -N interaction and

off-shell effects. In addition, the effects of N-N correlations were

*
Northwestern University, Evanston, Illinois.

Los Alamos Scientific Laboratory, Los Alamos, New Mexico.

+CEN, Saclay, France.

T. Bowles, D. F. Geesaman, R. J. Holt H. E. Jackson, R. M. Laszewski,

J. R. Specht, L. L. Rutledge, R. E. Segel, R. P. Redwine, and M. A.
Yates-Williams, Phys. Rev. Lett. 40, 97 (1978).
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Fig. I-4. n0 spectra is a function of angle for 100-MeV n+ incident on 160.
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simulated with a finite temperature Fermi gas. This model is currently

16 + U
being applied to the (+ ,n ) reaction which was studied by the ANL

medium energy group.

f. Argonne Largo Acceptance Spectrometer (ALAS)

E. P. Colton,* D. F. Geesaman, R. J. Holt, H. E. Jackson, S. Levenson,f
J. P. Schiffer, J. R. Specht, K. E. Stephenson, B. Zeidman, R. E. Segel,
P. Gram,5 and C. GouldinglS

In collaboration with other groups, Argonne has completed con-

struction of a new utility spectrometer which was placed in operation at

LAMPF during cycle 25 4n the P channel. The properties of this spectrometer

are considerably different than those of existing 1AMPF spectrometers

and were optimized for large acceptance and moderate energy resolution.

The spectrometer, illustrated in Fig. I-5, consists of a quadrupole

doublet followed by a 450 dipole bending magnet, drift spaces are filled

with helium gas to reduce multiple scattering.

The detection system consists of three plastic scintillator arrays

for differential energy loss and time information, and four multiwire

proportional chambers with x and y wire spacings of 0.2 cm.

The wire chambers have individual wire readouts with interfacing
accomplished using the PCOS II system. For a momentum acceptance of

Ap/p = 15%, the solid angle varies over the range 20--25 msr. With the

installation of the helium drift system, the resolution of the spectrometer

is expected to be Ap/p ; 0.5% (fwhm) at 500 MeV/c. The ALAS was designed

for rapid surveys of pion scattering using existing LAMPF beams. It also

offers attractive possibilities for eventual use in coincidence observations

of pions with various reaction products, as well as in surveys of rare

reaction modes such as double charge exchange. The system has been con-

stracted with the expectation that it will be widely used by all LAY PF

experi menters.

*
Accelerator Research Facilities Division, ANL.

tThesis student, University of Chicago, Chicago, Illinois.

Northwestern University, Evanston, Illinois.

5Los Alamos Scientific Laboratory, Los Alamos, New Mexico.

Florida A & M University, Tallahassee, Florida.
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g. The Study of Inclusive Inelastic Pion Scattering Near the A33 Resonance

E. P. Colton,* D. F. Geesaman, R. J. Holt, H. E. Jackson, S. Levenson,t

J. P. Schiffer, J. R. Specht, K. E. Stephenson, B. Zeidman, R. E. Segel,t
P. Gram, and C. Gouldingil

As a part of a continuing program to determine the major features

of pion-nucleus interactions, a comprehensive series of measurements of

inelastic pion scattering has been carried out. Inelastic scattering of n+

from He, 12C. J Ni, and 208Pb was measuLed at the P3 channel at LAMPF

using the Argonne Large Acceptance Pion Spectrometer, which was constructed

specifically for such studies.

Pion momentum spectra were measured at seven scattering angles

between 300 and 150* for incident n energies at 100, 160, and 220 MeV.

At 160 MeV, rr data were also taken on 12C and 208Pb targets. Analysis of

the data is presently underway. These data, in conjunction with the results

of earlier experiments, Ehould provide important information on the distri-

bution of reaction strength in pion reactions, especially on the relation

between scattering and absorption channels. The energy spectra of the

scattered pions will help determine to what extent quasifree processes are

important in determining the character of pion inelastic scattering.

*
Accelerator Research Facilities Division, ANL.

Thesis student, University of Chicago, Chicago, Illinois.

+Northwestern University, Evanston, Illinois.

5Lus Alamos Scientific Laboratory, Los Alamos, New Mexico.

klorida A & M University, Tallahassee, Florida.
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B. BIGH-RESOLUTION STUDIES AND NUCLEAR STRUCTURE

The high-resolution studies of pion elhstic and inelastic scatter-
ing using EPICS are primarily focused upon understanding pion-nuclear inter-

actions in terms of their utility for nuclear structure investigations.
The program has progressed from measurements of elastic and inelastic

scattering which were intended to establish macroscopic behavior in pion-
nuc.ear reactions, e.g., optical-model parameters and collective excitations,
to tests of microscopic models of inelastic scattering to low-lying nuclear

levels with known wave funct ions. Concurrently, the data exhibit strong
excitation of high-lying levels that are interpreted as arising from stretched

particle-hole excitations. Understanding of these data is expected to pro-
vide new information on effective interactions that has not been obtainable

previously.

a._ Scattering_of Pions by Complex Nuclei

D. F. Geesaman, C. Olmer, B. Zeidman, G. S. Blanpied,* G. R. Burleson,*

M. Devereux,* R . L. Boudrie,t C. L. Morris,' 1. A. Thiessen, R. E.
Segel,5 and L. W. Swensonil

Elastic and inelastic scattering of both ;+ and i by 9Be, Si, 58Ni,
208

and Pb has been studied at E = 291 MeV. The experiment was performed

with the EPICS system at LAMPF with an overall system resolution of '600 keV.

Thu angular distributions are generally smooth, showing much less structure

than those previously measured at E = 162 MeV.
71

The elastic scattering data were described using optical potentials

of the Kisslinger form, with parameters fit to the experiment data. Corres-

ponding DWIA calculations for inelastic scattering to states in: 9Be, 2.4

28 58 Pb,
and 6.8 MeV, Si, 1.8, 4.6, and 6.9 MeV, 58Ni, 1.5 and 4.5 MeV, and 208Pb,

2.6 MeV, are in reasonable agreement with the data. This is illustrated in

Fig. 1-6 for the angular distribution of the 9Be states. The deformation

parameters required for the even-eve- targets agree with those obtained from

a similar analysis of the 162-MeV data.l However, a different deformation
*
New Mexico State University, Las Cruces, New Mexico.

University of Colorado, Boulder, Colorado.

Los Alamos Scientific Laboratory, Los Alamos, New Mexico.

'Northwestern University, Evanston, Illinois.

kregon State University, Corvallis, Oregon.

C. Olmer, D. F. Geesaman, B. Zeidman, S. Chakravarti, T.-S. H. Lee, R. L.
Boudrie, R. H. Siemssen, J. F. Amann, C. L. Morris, H. A. Thiessen, G. R.
Burleson, M. J. Devereux, R. E. Segel, and L. W. Swenson, Phys. Rev. C 21,
254 (1980).
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Fig. I-6. Angular distributions for 291-MeV 7 and n- inelastic scattering
to the 2.43-MeV (5/2-) and 6.76-MeV (7/2') states in 9Be. The curves are
the result of macroscopic DWIA calculations with optical potentials fit to
the measured 9Be elastic scattering (solid) and corrected for the large
quadrupole contribution to the elastic scattering (dashed).
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parameter is required for Tr- excitation of the 9Be 7/2-, 6.8-MeV state.

This is interpreted as evidence for the increased importance of single-

particle versus collective components of the nuclear wave functions as the

pion energy changes from the 3,3 resonance energy to %100 MeV above the

resonance energy. Additional efforts utilizing other representations of

the optical model are in progress.

b. Determination of Neutron Radii from Pion Scattering

D. F. Geesaman and B. Zeidman

The strong isospin dependence in pion-nucleon interactions near

resonance implies a selective sensitivity in pion-nucleus scattering.

Analyses of recent high-quality data from ANL and other groups indicate

that, on resonance, root-mean-square neutron radii may be deduced. With a

modified optical model, preliminary results for neutron-proton rms radius

differences obtained from pion scattering are slightly smaller than the n-p

differences deduced from high-energy proton scattering, but are consistent

within the errors.

c. Excitation of High-Spin Particle-Hole States in 28Si
D. F. Geesaman, C. Olner, B. Zeidman, T.-S. H. Lee, R. E. Segel,* L. W.
Swenson,t R. L. Boudrie,+ G. S. Blanpied,5 H. A. Thiessen,+ C. L. Morris,+
and R. E. Anderson+

Inelastic scattering of 162-MeV r+/- by 28Si has been investigated

with the EPICS facility at LAMPF. An overall resolution of 'U270 keV was
achieved. 7 data were taken in 100 steps from 400 to 1100 while TT spectra

were only accumulated at 550 and 800. Among the states seen are the 6 T=0

and T=1 states at excitation energies of 11.58 and 14.36 MeV, respectively.

Angular distributions for these two states, as well as the 9.70 5 state,

are presented in Fig. I-7. The ratio of the cross sections a(T = 0)/a(T = 1)
0.4 +

was measured to be 1.5 0. for Tr and 1.7 0.4 for w~, as compared to

the value 4 expected from DWIA estimates based upon 3,3 resonance dominance.

*
Northwestern University, Evanston, Illinois.

(Oregon State University, Corvallis, Oregon.

+Los Alamos Scientific Laboratory, Los Alamos, New Mexico.

5New Mexico State University, Las Cruces, New Mexico.
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Fig. 1-7. Angular distributions for + (solid dots) and
7~ (open circles) scattering to the 9.70-MeV (5~, T=0),
ll.58-MeV (6 , T=0), and 14.36-MeV (6 , T=1) states in
2 8 Si. The solid lines are the result of microscopic DWIA
calculations, with the overall normalization adjusted to
the experimental data.
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It is not yet clear whether this disagreement is due to the structure at the

6 states, or to a lack of understanding of the reaction mechanism. However,

preliminary data taken at E + = 110 and 226 MeV indicate that the experimental

ratio may be energy dependent. This suggests that a more correct treatment

of the radial sL:1cture of the transition density is required in the calcula-

tions. A proposal to contiLue these studies at another incident energy has

been approved.

d. Inelastic Pion Scattering from 10B, 11B, and 14N

D. F. Geesaman, C. Olmer, B. Zeidman, G. C. Morrison,* G. Blanpied,t

G. R. Burleson," R. L. Boudrie,+ R. E. Segel, R. E. Anderson,+ and

L. W. Swenson |

Elastic and inelastic scattering of 162-MeV pions from 14N was

studied with the EPICS spectrometer at LAMPF. CH2N2 and CH2 targets were

employed at each angle, and the nitrogen spectra were constructed by

subtraction. Many 14N levels between 3 and 24 MeV were observed, but only

an upper limit could be set on the cross section for the 0+ T=1 state at

2.31-MeV excitation. Optical-model and DWIA analyses are in progress.

The angular distributions for most of the states below 10 MeV require L=3

transitions. For the states above 10 MeV, larger L values or spin-flip

transitions seem to be required to fit the experimental angular distributions.

Running time has been approved to continue these measurements with

10B and 11B targets. The experiment is scheduled for the fall of 1980.

e. Three-Nucleon Transfer Reactions on 11B

G. C. Morrison,* D. F. Geesaman, W. Henning, and D. G. Kovar

The three-nucleon transfer reactions induced by 30-MeV 6Li on a 11B
target were st'idied to identify high-spin, 3-particle-l-hole states in A=14

nuclei. Levels in 14N and 14C were observed by detecting the outgoing

tritons and 3He nuclei, respectively, in a Si surface-barrier detector AE-E

telescope. The purpose of the measurements was to compare the states

*
University of Birmingham, Birmingham, England.

New Mexico State University, Las Cruces, New Mexico.

Los Alamos Scientific Laboratory, Los Alamos, New Mexico.

9Northwestern University, Evanston, Illinois.

Uregon State University, Corvallis, Oregon.
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observed in these reactions with those observed in pion inelastic scattering.

These data will also provide an important check on the energy calibration

of the pion data. Several prominent peaks were identified between 8 and 18

MeV excitation energy in 1 4 N. Analysis is underway to compare the 14N and

14C excitation spectra and determine the isospin of the 14N excited states.

f. Excitation of High-Spin Particle-Hole States in T j 0 Nuclei

D. F. Geesaman, C. Olmer, B. Zeidman, R. E. Anderson,* R. L. Boudrie,*

H. A. Thiessen,* R. A. Lindgren,' G. S. Blanpied.+ G. E. Burleson,t
R. F. Segel, and L. W. Swenson I

The use of pion inelastic scattering as a means of locating and

identifying high-spin particle-hole states in T#0 nuclei was proposed.
54 58 88 90 120 208

Targets of Fe, Ni, Sr or Zr, Sn, and Pb will be investlia c a

EPICS. 89Y may also be studied. The initial measurements will b%2:l-:e

both and w~ scattering at sl '0 MeV, the resonance energy. Furt>-r

measurements, at a substantially different energy, will be based:

initial results.

Since high-spin states resulting from the excitation c_ :st_

particle-hole configurations are selectively populated at larne rc.e:-.

transfer, angular distributions consisting of relatively fiw, widely spaced

data points suffice for positive identification of high-spin states. For

T#0 nuclei, these states can arise from either proton or neutron excitation.

Because of (3,3) dominance at resonance, scattering of both + and r-

should distinguish between neutron and proton configurations.

g. Discrete States from Pion Double-Charge-Exchange on Heavy Nuclei

B. Zeidman, D. F. Geesaman, R. J. Holt, E. P. Lolton,r .. R. Specht,
and K. E. Stephenson

A proposal to use the ALAS spectrometer on P in a survey of pion

double-charge exchange (DCE) reactions to discrete states on a wide variety

*
Los Alamos Scientific Laboratory, Los Alamos, New Mexico.

University of Massachusetts, Amherst. Massachusetts.

+New Mexico State University, Las Cruces, New Mexico

Northwestern University, Evanston, Illinois.

1 regon State University, Corvallis, Oregon.

Accelerator Research Facilities Division, ANL.
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of targets was submitted. Based upon theoretical arguments, it is hoped

that the DCE cross section will increase for A , 60 and make it possible to

~8 90 12
use this reaction as a spectroscopic tool. Targets of 58Ni, Zr, 1 2Sn,

208
and 2Pb will be investigated to establish limits or measure cross sections

for transitions to discrete states in the f inal nuclei. The proposal was

approved and running time is expected late in 1980 or in 1981.
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C. POLARIZATION MEASUREMENTS

Interactions between two nucleons, as in the deuteron, are the fun-
damental. building blocks of complex nuclei, while the pion is a prime con-
stituent in the nucleon-nucleon interaction. Pion and electron scattering

by deuterons are therefore basic ways of probing these interactions in a

"simple" system amenable to calculation. The development of a new polarimeter

allowed the first measurement of the tensor polarization of the deuteron in

T-d scattering to be performed. The result shows the need for further

theoretical effort.

a. Measurement of Tensor Polarization and Cross Section for the Reaction

2H~+,,)2Hat 1800

R. J. Holt, J. R. Specht, E. J. Stephenson, K. E. Stephenson, B. 7eidman,
R. L. Burman,* J. S. Frank,* M. J. Leitch,* J. 1. Moses,* M. A. Yates-

Williams,* R. M. Laszewski,f and R. P. Redwine#

Interest in the two-nucleon system has been burgeoning during the

past several years. This has been due largely to the development of

sophisticated three-body analyses of the T-d system, the experimental evi-

dence for dibaryon resonances, and the development of medium energy probes

so that detailed studies can be performed. In addition, the deuteron, being

the simplest nucleus, provides a good "laboratory" for testing ideas of the

T-nucleus reaction mechanisms since the -d system can be solved in an

exact manner rather than the optical potential approaches. Frue pion absorp-

tion which comprises a significant fraction of pion-induced reaction cross

sections has been particularly difficult to incorporate into the theories.

This process is believed to involve predominately two nucleons. Thus, the

deuteron provides the simplest system for the study of pion absorption effects.

The way in which these absorption processes affect the --d elastic scattering
amplitude is difficult to assess from differential cross-section measurements

alone. However, recent theoretical predictions indicate that the absorption

effects should show up most strongly in the polarization observables.

Theoretical predictions of the tensor polarization (t20) are shown in

Fig. I-8.

*
Los Alamos Scientific Laboratory, Los Alamos, New Mexico.

tUniversity of Illinois, Urbana, Illinois.

+Massachusetts Institute of Technology, Cambridge, Massachusetts.

IA. S. Rinat, E. Hammel, Y. Starkand, and A. W. Thomas, Nucl. Phys.
A329, 285 (1979).
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Fig. 1-8. Calculations of t 2 0 with and without absorption, compared with
the present measurement.
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The first measurement of t?0 in 7-d elastic scattering was

performed using a newly-developed high-efficiency deuteron polarimeter and

the LEP channel at LAMPF. The polarimeter which exploits the 3He(d,p) fie
reaction was calibrated using the polarized deuteron beam available at the

Berkeley 88-in. cyclotron. At LAMPF the LEP channel was used for both a

pion channel and a 0 deuteron spectrometer. The result (see Fig. I-8)

of the polarization measurement at T = 140 MeV was found to disagree with

all theoretical predictions. In addition, the cross section at 1800

was measured between T = 60 and 140 MeV.

In a separate feasibility study at LAMPF, it was determined that

an angular distribution of the tensor polarization could be measured. This

is important since the predicted angular dependences are very different at

angles larger than 900 as shown in Fig. 1-8. Preparations are underway

to develop a system to measure the angular dependence of polarization in 7T-d

elastic scattering. It is expected that these measurements will be performed

later this year.

R. J. Iolt, J. R. Specht, E. J. Stephenson, B. Zeidman, R. L. Burman,
J. S. Frank, N. J. Leitch, J. D. Moses, M. A. Yates, R. M. Laszewski, and
R. P. Redwine, Phys. Rev. Lett. 43, 1229 (1979).

b. Deuteron Polarimeter Development

R. J. Holt, J. R. Specht, E. J. Stephenson, K. E. Stephenson, J. S.
Frank,* M. J. Leitch,* and J. D. Moses*

Since the demonstration of feasibility of measuring t20 in 71-d

elastic scattering, a more sophisticated polarimeter is being developed

for these studies. The characteristics of the first polarimeter were high-

-4
efficiency (co = 1.5 x 10 ), relatively large analyzing power (T20 = -0.6)

2
and a wide aperture (,ti80 cm ). The new polarimeter will retain all of these

properties and it will accept lower deuteron energies than before and

provide information about other polarization moments (it 1 , t2 1 , t 2 0 , and

t22). The lower energy cutoff (%26 MeV) will make it possible to extend

the previous measurement to a more forward angle, while the other moments

should provide additional constraints on the theories.

*
Los Alamos Scientific Laboratory, Los Alamos, New Mexico.
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c. Polarizat.ion in e-d E1'ast.ic ScatterinE

R. J. Holt, .1. k. Specht , K. F. Stephenson, B. Zeidman, W. Haeberli,*
W. Bertoz.i., U. Ingham, R. P. Redwine,., M. Schulze,i W. TurchinetzV
R. Galoskie, 1). W. Saylor,+ E. .1, Stephenson, R. L. Burman, fl J. S.
Frank, 1N. J. Leitch, 1 J. ). Moses, O and R. M. Laszewski

It has long been known that e-d elastic cross sections do not

provide a clear distinction between competing N-N potentials. However,

theoretical predict ions, thlus far, have indicated that a measurement of the

tensor polarization t. is sensitive to the potential model. In particular,

t20 is sens it ive to the -wave momentum distribution of the potential while

t21 is closely related to the tensor force strength. Moreover, a measure-

ment of t'. in this reaction would allow one, for the first time, to separate

the monopole, quadrupole, and magnet ic form factors. These measurements were

proposed for the Bates i near accelerat-or. This work is d i.vided into two

phases: (1) low wi t1 q 9 fn2 wh ich can be performed next year after

the TT-d experiment and (2) high q , wi th 6 q2 2 14 fm- 2, which would be

performed ol lowing comply et ion of the beam rec irculator at Bates.

*

University of Wisconsin, Madis on, Wisconsin.

Massach si'tts [nsLitute ()f Technology', Cambr idge, Massachusetts.

+Worcester Polytechnic Institute, Worcester, Massachusetts.

Indiana UtiversiLv, Bloomington, Indiana.

os Alamos Sci(ent i.f ie I,aboratorv, Los Alamos, New Mexico.

University of Ill inois, Urbana, Illinois.

M. J. Moravesik and P. Ghosh, Phys. Rev. Lett. 32, 321 (1974); F. Coester
and A. Ostebee, Phvs. Rev. C 11, 1836 (1975); M. I. lHaftel, L. Mathelitsch,
and 11. F. K. 7.ingl, preprint.
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II. HEAVY-ION RESEARCH AT THE TANDEM AND SUPERCONDUCTING

LINAC ACCELERATORS

INTRODUCTION

The heavy-ion research program at the Argonne Physics Division is

principally aimed at the study of nuclear structure and its manifestation in

heavy-ion induced nuclear reactions. In order to extract information on

nuclear structure, measurements with high precision often need to be per-

formed. With the successful operation of the superconducting linac booster,
such measurements are now carried out at the tandem-linac accelerator over a
wide energy range, extending to energies previously not accessible with high
precision beams.

The investigation of high-spin states near the yralst line has
provided much new information on the behavior of nuclei at high angular

momentum. Argonne work has concentrated on nuclei where high-spin isomers,

the so-called yrast traps, are prevalent. in a number of experiments, nuclei
with a number of yrast traps have been used as a high-spin laboratory. The

studies have focused on extracting the properties of yrast states and on

investigating the connection between these and the continuum states. New

techniques, including a sum-energy spectrometer, were employed in these

studies.

The study of heavy-ion fusion reactions has continued. Additional

measurements were performed to understand the resonance-like structures in

some fusion reactions. Further measurements of the maximum fusion cross

sections confirm its dependence on the nuclear structure characteristics of

the reaction partners involved. Such influence of entrance channel effects

has also been explored in measurements of different systems leading to the

same compound nucleus. First studies with the linac at higher energies

indicate the observation of the fusion cross section limit predicted by the

liquid drop model.

The resonance effects observed previously in the 24Mg(160,12C)28Si
reactions have been further explored through both additional measurements
and a new quantitative method of analysis. The measurements were extended

in energy and angular range and to various exit channels as well as similar

systems. Strong correlations are seen between transitions to some final states.

A method of resonance analysis in terms of a Breit-Wigner term added to a

direct reaction background has been developed and successfully applied to

one of the channels, indicating possibly a more general. class of analyses
that may lead to an understanding of heavy-ion resonances.

Several measurements were performed to investigate the reaction
mechanisms in heavy-ion induced reactions and to map out the distribution of
reaction strength as a function of energy and target-projectile masses.
With the higher energies from the linac booster, we were able to extend
substantially these measurements into energy regions previously not accessible.

25



26 II

We have studied the behavior of the quasi- and deep-inelastic reaction cross
sections as a function of energy for medium-heavy systems, the production of

inclusive alpha-particle yields for 160 beams at energies E/A > 5 MeV/nucleon,
and excitation functions, mass and kinetic energy distributions for heavy-ion

induced fusion-fission reactions.

A major effort during tht past year was directed at the development

of the new target area for the superconducting linac booster. One beam

line with two experimental stations, a general-purpose scattering chamber

and a gamma-ray spectroscopy setup with energy sum and multiplicity detectors

was completed and successfully used in two linac runs. A second beam line

with a large scattering chamber is being completed.
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A. RESONANT STRUCTURES IN HEAVY-ION REACTIONS

The observation of resonance-1_ e structures in quasielastic reac-
tions on sd-shell target nuclei has generated considerable interest in the

underlying nature of such behavior. At Argonne we have performed extensive

studies to explore and understand the strong structures observed in alpha-

transfer reactions in the sd shell. Excitation functions at extreme forward

aqd backward angles and a number of angular distributions were measured for

alpha transfer on 2 4Mg. The distribution of decay strength from the high-
spin resonances in the 4 0Ca compound system was investigated by measuring
a number of reaction channels to various final states. A schematic resonance

analysis, in terms of interfering direct and resonance amplitudes was
developed and applied to the 2 4Mg(160,1 2C)2 8Si data, The calculations suggest
that the data are indeed consistent with an interpretation in terms of a few

relatively strong resonances. Additional measurements using the higher-
energy beams now available from the linac booster were performed to search

for resonant structures in even heavier scattering systems.

a, Resonance Analysis of the 24Mg(160,12C)28Si Reaction

S. J. Sanders, M. Paul, J. Cseh, D. F. Geesaman, W. Henning, D. G. Kovar,
R. Kozub, C. Olmer, and J. P. Schiffer

We have continued our investigations of the strong resonance struc-

tures observed in the 24Mg( 160,12C)28Si reaction.1,2 Sufficient data have

now been accumulated, including 00, 90, and 180 excitation functions,

to attempt a coherent analysis in terms of resonant amplitudes adding to a

direct reaction background smoothly varying with energy. We have performed

such an analysis with resonant amplitudes parameterized by Breit-Wigner

energy dependences. This analysis has shown that the full range of data (both

in angle and energy) can be understood in terms of a limited number of

contributing resonances (see Fig. 11-1). We assign spin assignments to

strong structures in the 0* excitation functions at 27.6 MeV (9 = 20 fi) and

30.8 MeV (k = 23 h). The partial width parameters obtained from this study,

which account for only a small fraction of ' indicate strongly the need
tot 40

to search for correlated structures in other channels sharing the Ca

compound system.

M. Paul, S. J. Sanders, D. F. Geesaman, W. Henning, D. G. Kovar, C.
Olmer, J. P. Schiffer, J. Barrette, and M. J. LeVine, Phys. Rev. C 21,
1802 (1980).

S. J. Sanders, M. Paul, J. Cseh, D. F. Geesaman, W. Henning, D. G.
Kovar, R. Kozub, C. Olmer, and J. P. Schiffer, Phys. Rev. C 21, 1810 (1980).
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Pig. I-1. Excitation functions for the Mg( 0, C) Si (g.s.) reaction at

00 and 1800. The solid and dashed curves are the results of 9 = 20 + 23
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b. Resonance Strength to States at High Excitation Energy in 2 8 Si Populated
Via the 24Mg( 60,1 2C)2 85i* Reaction

S. J. Sanders, D. F. Geesaman, W. Henning, D. G. Kovar, C. Olmer, M. Paul,
and J. P. Schiffer

To establish the distribution of decay strength from the high spin

resonances in the 40Ca compound system, we have measured excitation functions
for a number of the open decay channels. Excitation functions for high-energy

28 24 16 12 28
states in Si populated by the Mg(6 0, C) Si reaction are found to

exhibit resonance behavior which mimics that seen for the ground-state

transition. To supplement these excitation functions, which were measured

over a limited angular range, more complete angular distributions with

100 < 0 < 50 were measured at E = 50.9 MeV and 54.4 MeV. At these
c.m. lab

energies, which correspond to a maximum and a minimum in the excitation

functions. respectively, the integrated yields for the full angular distribu-

tions are found to scale with the excitation functions. An analysis of these

data allows an estimate of the partial decay widths to these excited states.

c. Search for Resonance Behavior in the 2 4Mg( 16 0,2 0Ne) 20Ne Reaction

M. Paul, W. Henning, D. G. Kovar, C. Olmer, S. J. Sanders, and J. P.

Schiffer

We have searched for resonance behavior in the 20Ne + 20Ne,

20Ne + 20Ne (2+, 1.63 MEV), and 20Ne(2+) + 20Ne(2+) outgoing channels

induced by 160 scattering on 24Mg. The mutual 2+ channel is particularly

well matched kinematically. Excitation functions were measured at Flab

= 120 and 200 for 25 MeV < E < 38 MeV. From a preliminary analysis,
c.m. -

there appears to be only slight evidence for structures correlated with those

observed in the 24Mg( 160, 12C)28Si reaction. This analysis is complicated,

however, by the energy dependence of the highly oscillatory angular distribu-

tions. There is a clear need to measure more extensive angular 6istri.bution

at a number of different energies.

d. Elastic Scattering of 3 2S + 24Mg

R. Betts,* B. Back,* W. Henning, and 1. Wolf*

Recent work on 28Si + 28Si elastic scattering has shown resonance-

like behavior in the 90* excitation function. The present experiment was

*
Chemistry Division, ANL.
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performed to provide data for the 32S + 24Mg system, which leads to the

same compound nucleus, and to see if any correlations exist between the two.

Excitation functions for elastic and inelastic scattering to the low-lying

states were measured over an energy range 85 E Elab 32S) s 150 MeV.

Preliminary analysis indicates that the 32S + 2 4Mg cross section for elastic

scattering is considerably smaller than that for 28Si + 28Si and no evidence

is seen for structure of width similar to that in 28Si + 28Si. The origin

of this difference is presently being investigated in terms of coupling of

entrance channel resonances to compound nuclear, inelastic and transfer

degrees of freedom.
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B. FUSION CROSS SECTIONS

Over the past four years a program of measurements has been carried

out in the Argonne Physics Division to explore the systematic trends in the

fusion cross sections of heavy ions. Particular emphasis has been on the

manifestation of nuclear structure effects, as observed in resonance-like

structures and the maximum cross-section values in various systems. These

measurements have now been extended to the heavier systems and in particular

to higher incident energies, provided by the beams from the linac. There
is considerable interest in such measurements over a large range of energies

in order to establish unambiguously the saturation values of the maximum

fusion cross sections and the cross-section limits predicted by liquid-
drop calculations. The first results at the linac are indeed indicative of

the predicted liquid-drop limits.

a. Fusion Cross-Section Behavior for 12C + 24,26 Mg
K. Daneshvar,* D. G. Kovar, and C. N. Davids

Both charged-particle and gamma-ray measurements were performed

to investigate the fusion cross-section behavior for the 12C + 24,26 Mg

systems. The studies were motivated by the observations that the total

fusion cross-section excitation functions for some "a-cluster" light heavv-
12 12 12 16 16 16

ion systems (namely, C + C, C + 0, and 0 + 1 0) exhibit resonance-

like structures, while similar systems with an excess of a nucleon or two

appear smooth.l Of interest is whether such structure persist in heavier

systems. The charged-particle measurements of the evaporation residuals

revealed that the excitation functions of the total fusion cross sections

for 12C + 24Mg show the presence of structures, while that for the 12C + 26Mg

system appears relatively smooth,2 This is shown in Fig. [[-2, where the

total fusion cross sections for the 12C + 2 4,6Mg systems are plotted versus

the center-of-mass energy E .. To further substantiate the presence of
c .m.

the structures, and establish the evaporation channels with which the

structure is associated, y-rav measurements for the .'C + 24Mg system were

performed. In this study, the y rays associated with the evaporation

residues were detected using a Ge(Li) detector and their yields were extracted

*
Thesis student, University of Illinois, Chicago Circle Campus, Chicago,

Illinois.

1D. G. Kovar et al., Phys. Rev. C 20, 1305 (1979).

K. Daneshvar et al., Bull. Am. Phys. Soc. 24, 666 (1979).
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Fig. II-2. The total fusion cross sections )fus from the 12C + 24,26 Mg
systems are plotted versus Ec.m.. The open symbols indicate energies
at which full angular distributions were measured, and the solid
symbols indicate that single angle (elab = 8*) measurements were
made. Relative errors are shown; absolute uncertainties are -5-7%.
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as function of bombarding energy. These measurements, performed in 1250-keV

steps over the energy range 20 < E ( C) < 50 MeV, revealed that prominent
~lab 28 24

structure is present in the y-rav yields a:c ociated with Si and Mg

which correspond to the 2a- and 3a-evaporation channels, respectively.

The Y-ray yields fcr the other evaporation channels were found to have a

smooth energy dependence. These studies show that resonance-like structures

are present in the fusion cross-section excitation function for 12C + 24Mg,
and that with the addition of two neutrons (i.e., 12C + 2Mg) such structure

disappears. Further charged-particle and y-ray measurements to study the

relationship between structure seen in the fusion cross sections and similar

structures observed in various direct reaction channels are planned.

b. The Fusion of 2 4Mg + 24Mg

C. M. Jachcinski, C. N. Davids, 1). F. Geesaman, 1). G. Kovar, C. c)l -r,
M. Paul, S. J. Sanders, and J, L, Yntema

Oscillatory structures have been observed in the excitatio -
12 12 16 12 -a

Lions of total fusion cross sect ions tfor C + ~0, 0 + -, .. -~

9.. 28 9
and at a much weaker 1 evel , t or Si + Si .- We ha\ e stud : I.... -
24 24Mg + '-Mg to search for structure in the excitation funct :: :

system. 'The' evaporation residues resulting from fus io. '.re :

E-E gas-ionization-chamber-silicon surface--harrier deteC.r:

Evaporation residue and elastic scattering angular distr E' r:

measured at Elab = 50 and 64 MeV, and single-angle measurements = .

were performed from F = 50 to 64 MeV in 1-MeV steps. The- genera; :.:: L~lab
dependence of the cross section is in good agreement with the systemat ics

fusion reactions. 'lhe data suggest the p-ss ibi i tv of wtak osc il latory

structures in the excitation function at the );Q lveL I . (Se' Fig. 11-3.)

Gamma-ray measurements are in progress in an effort to pin down the strength

of the oscillations and their exit channel dependent .

D. G. Kovar et al., Phys. Rev. C 20, 1305 (1979).

S. B. Dicenzo et al., Bull. Am. Phys. Soc. 23, 949 (1978).
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c. Influence of the Entrance Channel on the Fusion Process

F. W. Prosser, Jr.,* R. Racca,* C. N. Davids, and 1). G. Kovar

Charged-particle measurements of the total fusion cross-section
15 27 16 26 18 24

behaviors for the systems N + Al, 6 + 2 Mg, and 0 + Mg (which all
49

form the compound nucleus 4Ca) have shown that there are dif ferences in

the energy dependences which have been interpreted as evidence for an

entrance-channel effect. 12 To investigate this we have init ated a series

of y-ray studies in which the y-ray transitions associated with the evaporation

residuals have been measured as function of project ile-target combination aind

bombarding energy. These measurements are sensitive to small differences

in the distribution of fusion strength among the various evaporat ion channelL

and to the presence of possible structure in the energy dependence, and hence

should provide an excellent way of studying an entrance-channel dependence.

Measurements have been performed at five energies over the energy range

< ~60Me fr hesytes16 24,26 18 2430 : E , < 60 MeV for the systems 0 + 4 Mg and 0 + Mg, and the

15 )
results are being analyzed. Future measurements are planned for the N + Al

system, and for the fine step excitation functions for the other systems.

The results of the y-ray studies, together with evaporat ion model calculations,

will hopefully provide information about how the detailed structure of the

projectile and target plays a role in the fusion process.

*
University of Kansas, Lawrence, Kansas.

F. W. Prosser. Jr., R. A. Racca, K. Daneshvar, 1). F. (;eeSamWIun, W. llenning,,

1). G. Kovar, K. E. Rehm, and S. L. Tahor, Phivs. Rev. C 21, 1819 (1980).

S. l. Tabor, 1). F. Geesaman, W. Henning, 1). G. Kovar, K. 1.. Rehm, and
F. W. Prosser, Jr., Phvs. Rev. C 17, 2136 (1978).

d. Fusion of 0 + 24,26M at higher Ener~es

D. C. Kovar, C. .1acheinski, C. N. Davids, 1. 1. Geesaman, :. henning,
and S. .. Sandtrs

Previous measurements of the 160 + 24'2tMg react ions have estab-

lished the fusion cross-section behavior over the en or wvy range .0 _ E (16)
-lab

80 Me\ . I t was I ound that t he fus i on cross sec t ions "sat urate"

f ' 1100 mb) at E { 60 MeV with the cross sect ions for () + 20Mg
uS. Lab

1S. L. Tahor et al., Phys. Rtv. C 17, 2136 (1978).
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10 ' 4
ipprois tetlv .10( m1h I larger tIan those for 1 4 Mg. In the present

stji , t1 intet es t was to ext end the f its io.1 measurements to the higher

Energies obt.ainable with the supet conductin 1 I i inac booster. and to establish

whether d i f e rences between the two systems count ioue to exist arnd whether

the behave i ors are cons i st en t wit h t he pred i c t ins of var ious model s proposed.

Angith1a r d istr ihut ions for lastt ic scatt r ing and the evaporait ion residue

yields were measured at E ( ) equal t1 60, 100 ,lnd '18 MbV I'ing a

gas 10ni Zlt ion COll AL- Si I icon surface barr er deteLtct .1-F telescO)e.

The evapoirat ion residue cross sec. t ions for both systems ''re found to

rema in approxiict ly cons taut in magni it utde ( .100 mb) up to an energtus
of E la 100 MeV and to dec rease at higher energy. The similarity of the

lab
ntagn itudes of the cross sections argues agai nst any strong dependence oa

the struc tlult o tlh nue c i i nvol vii. 'ite decrease of the cross sections

at the highest t enorp I ts nteds Further investigation.

.. Co inC idence McaLurttmtents Between Evaporation Residues and K x Rays in
llcHavy-Ion IndtchtL c complete f'u si on

H. Ernst , . N. l)avids , W. tie inning, and S. .1. Sanders

The study of x ras e mitted in heavv-ion cel i i dons shows some

in t etestinlg it-atures both wi t ' respcct to atomic and to nucltar plysic'.. in

particular, inm. asurements of singles Vields and K x-ray multiplicit.i.es with

coincidence techniques maV j royide a useful tool for dte rmnining absolute

ctmlPWn 1Wue lens rlact ion cross st-c t ions and transit ion mul t ipolarit ies of

hiigh-rnm ltiplicity l e ascades.

16 have started exier iments invest igat ing the Si + 48Ti react ion

at tanId if ene rg ites and th e Si + Ni reaction using the superconducting

I inij(. Pt ti mi nary restilts obtained in the 1 inac experiment are discussed
'60

here. A sell -scupport ing 240 .:g/em Ni target was bombarded with a

17 3-Me\ Si beam. A s inglIs measit'rement of the evaporat ion res i dutes

over the Iulil angular rat'- with a sii icon .E-F tel escop. yields a total

tus io cross s tct i on oh - = 100 minh with an unCe taint.l- i .t ie

evaporat ion residues were clearl\ ident if ied; however, ie individual 1's

were r'oS I vid.

Ii. .J. Karwowski, S. F. Vigdor, W. V. Jacobs, S. Kailas, P. P. Singh,
F. Stiga, and W. 0. iP1oughe, Phys. Re'. lett. 42, 1732 (1979) and refcrenees
the rein.

36



II.Be

The evaporation residue K x rays were observed with an SiLi

detector, which was placed close to the target at 900 to the heam axis.

A 12.7 mm thick lucite absorber reduced the strong yields from the Ni

characteristic x rays. The relative yields of the strongest fusion channels

are estimated as 0.9:1.0:0.7 for Y, Zr, and Nb, respectively. in order

to measure the K-x-ray multiplicity, coincidence s otra were taken between

the AE-E telescope at 60 and the SiLi detector. A t ime spectrum was

generated by start pulses from the SiLi detector and stop pulses from the

E detector, delayed by 180 ns. Gating on the evaporation residues in the

AE-E spectrum, and on the region in the SiLi spectrum which corresponds

to the energies of the fusion product x rays, a def inite peak appears in

the time spec truin (see Fig. 11-4) ; tho position and wi.dth of the t ime peak

agrees well with that calculated from the velocity distribution of the evap-

oration residues. From the coincidence rate and the singles fusion events

in the AL-E telescope, the K-x-ray mul tip] ici ty is derived to be

0.004 0.001. The derived multiple city is nearly three orders of magnitude
Ilower than that measured in heavier sys teams , and in fact agrees wi tl the

value estima ted for the atomic contribution to the K-vacancy production

cross sect ion alone.
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C. HIGH ANGULAR MOMENTUM STATES IN NUCLEI

Our studies have focused on extracting the properties of yrast

states at very high spin and on investigating the connection between these

and the continuum states. In a number of experiments we have used 151,1 5 2 Dy
as a "laboratory" of high spin phenomena, since we have determined the yrast
states in these nuclei to the highest spin to date (I 1 37).

Work on earlier experiments done at Chalk River is being completed

and our present experiments are being conducted using 32S and 34S beams

from the Argonne superconducting linac booster. The y-ray facility is

now essentially complete, with target chambers and detector supports in place.

In addition, a sum spectrometer consisting of two 13-in. x 6-in. Nal

crystals, each segmented into optically separate quadrants, is now operational

and has been used in several experiments.

a. High Spin Structure of 148Dy

T. L. Khoo, B. Haas,* H. R. Andrews,* 0. Hdusser,* P. Taras,* D. Ward,*

C. N. Davids, and 1. Kutschera

This work constitutes part of our systematic studies on the yrast

lines of Dv isotopes as a function of neutron number outside the N=82

closed shell, For 148Dy, which has a closed N=82 shell and 2 protons

outside the Z=64 closed shell, core-excited configurations should occur at

lower spin than in the heavier Dy isotopes w. have studied. The breaking of

the closed shells could result in increased deformability of the core and the

possibility of oblate deformation. The data analysis is still in progress.

The preliminary level scheme shows that the yrast line rises steeply with

spin for 4 states above a (nh 1 1 /2 2 )10+ isomer, but levels off thereafter

up to the maximum observed spin of 20 Ti. It remains to be explored whether

this latter feature indicates the onset of deformation.

b. pectroscopy of High-Spin States in 150Dy

W. Kutschera, I. Ahmad, J. Borggreen, C. N. Davids, T. L. Khoo,
S. LevensonY and R. K. Smither

The level structure of 150Dy has been studied as part of a sys-

tematic investigation of very high spin states found in the neighboring

*
Chalk River Nuclear Laboratories, Chalk River, Ontario, Canada.

tChemistry Division, ANL.

+Thesis student, University of Chicago, Chicago, Illinois.
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151 L5 9 3 34
isotopes ' y, .140-- to 160-MeV S and S beams from the supercon-

1.50
ducting linac have been used to populate high spin states in Dy via the

122 32 120 34
Sn ( S,4n) and -Sn( S,4n) react ions. Extensive y--ray spectroscopy

including excitation function, prompt and delayed f rays, y-y coincidences

and angular distribution measurements have been performed. The resulting
150

level scheme indicates that Dy resembles the simple cascade structure of

15t,152Z
15 y V O u k uO abUL;t. spin 21. Above lhis value, the level scheme becomes

more complex in Dy resulting in different - branches and in a maximum

spin value which is low by about 6-8 units as compared to 151,1521)

In add.i. t ion, no isomers exceeding a 3 us half-life have been found in contrast

to long-lived states of 10-60 ns found in 151,152Dy. These results

nd ica t e that there might. be a considerable structural change taking place

in the ii jhe Ist spin reg.ion toward the more neutron de i ic ent Dy i.sotopes.

-. Very i 1h Spin Yrast States _

T. L. Khoo, R. K. Smither, I. Ahmad,- C. N. Davids, W. Kutschera,
S. Levenson, B. Haasj ,1. R. Andrews, O. Hausse r ,Y 1). Horn, J. F.
Sharpev-Schafer , I, Taras,+ W. 'Trautmann, and 1). Ward+

We have employed an e:'tensive set of y-ray experiments in conjunc-

t ion i it the (3 2S ),u) react ion to complex te our investigation of the yrast

levels of 151Dy wi th spins of up to 71 /2 (Fig. I L-5). The beams have been

provided by the Chalk River MP Tandem and the Argonne superconducting linac.

For I 29/2 the yrast energy increases linearly with I (T + 1), on the

average, with an effective moment of inertia 13% larger than the rigid

sphere value. Comparison of the observed yrast line with that estimated from

a shell model approach suggests an average oblate deformation for I > 29/2

of 0.18 ' 0.08 along the yrast line. This deformation nay be partially

at tr ibuted to the repeated occurrence over a large spin interval along the

\'rast linc Of configurations with maximal or near maximal alignment and the

subsequent core polarization. The occurrence of core-excited yrast states

(7. = 64 and N = 82 are assumed to form the core) for I > 53/2 also plays an

important role in achieving the oblate deformation. Unusually large

*
Chemistry Division, ANL.

Thesis student, University of Chicago, Chicago, Illinois.

Chalk River Nuclear Laboratories, Chalk River, Ontario, Canada.
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population of the high-spin states is observed with 160-MeV S beams;

32
states with I up to 51/2 receive %100% of the ( S,Sn) reaction strength.

152
This phenomenon, also observed in 1Dy, can probably be attributed to a

funneling of the y excitation via collective transitions--as described

in Sec. IL.Cd.

id. Unusual Excitation Functions for the Yrast States in 1Dv and 151Dy

R. K. Smither, 1. Ahmad,* J. Borggreen, P. Chowdhury, P. J. Daly,'
C. L. Dorsj S. R. Faber, 1 T. L. Khoo, W. Kutschera, and J. Wilsont

151 152
The high-spin yrast states in Dv Dy and Dy were investigated

with the reaction 122Sn( S,xny) 151152Dy. The energy of the 34S beam

from the Argonne superconducting linac was varied from 144 MeV to 184 MeV

in six steps. Excitation curves were taken with a Ge(Li) gamma detector,

both in the singles mode and in coincidence with a large Nal sum spec-

trometer that surrounded the target. Figure II-6 shows the population of

yrast states as a function of spin I for the 34S beam energies of 144, 151,

160, 168, and 176 MeV. The relative feeding of these previously determined
1 152

levels~ in Dv as a function of spin and bombarding energy revealed a

normal excitation function for the levels up to the beam energy of 160 MeV

with the relative feeding of the highest spin states Increasing with increas-

ing beam energy. Above this point, an unusual. saturation effect sets in.
34

For E(3 S) L 160 MeV, states with spins of up to 29 t received A90%

of the (3 S,4n)152Dy cross section, with little or no side-feeding

below this spin. The population of states with higher spin did not

increase even at higher bombarding energies (corresponding to higher an-ular

momentum input). In contrast, a monotonic decrease in population with spin

is usually observed in studies on prolate deformed nuclei. The unusual

saturation of the high spin population in 152Dy and the results of our con-

tinuum measurements suggest that continuum E2 transitions funnel the y

de-excitation into the yrast states at I%29 -38 and away from those at

higher spin. A similar behavior in the population of the yrast states of

Chemistry Division, ANL.

Purdue University, West Lafayette, Indiana.

1 T. L. Khoo, R. K. Smither, B. Haas, 0. HMusser, H. R. Andrews, 1). Horn,
and D. Ward, Phys. Rev. Lett. 41, 1027 (1978).
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Fig. II-6. Population of yrast states in 152Dy as a function of spin I
in the reaction 122Sn(3 4 S,4n)152Dy at different bombarding energies.
The population is given in percent of the ground--state feeding.
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151 32
Dv in the S(5n) reaction has also been observed. Further experiments

are planned to establish the details of the link between the yrast line and

the continuum region (see Sec. II.C.f).

152
e. Search for Rotational Structures in Dy

I. Ahmad,* J. Borggreen, P. Chowdhury, P. J. Daly, C. L. Dors, S. R.

Faber, T. L. Khoo, W. Kutschera, R. K. Smither, and J. Wilson"'

Our spectroscopic studies of the yrast lines of 15 1 1 5 2 Dy suggest

that there is a small oblate deformation at high spin. For a sufficiently

large deformation, rotational bands will be built on the multiparticle

configurations of the yrast line. Even if regular strong-coupled bands do

not develop, one might hope to observe the genesis of collective excitations

built upon the intrinsic excitations. The stretched E2 continuum transitions

we have observed at very high spin wovid probably feed the yrast states

through these collective excitations. Using the 124Sn( 32S,4n) and

122Sn( 34S,4n) reactions, we have initiated attempts to search for such

nonyrast states, using Ge-Ge coincidence techniques. Operation in coinci-

dence with a sum spectrometer makes it possible to improve the detection

sensitivity of transitions feeding the yrast states by selecting prompt

transitions and by enhancing y rays in the reaction channel of interest,

viz. 152Dy, The short half-lives of these transitions would lead to

considerable Doppler broadening for the t rays as the evaporation residues

slow in a stopper; to avoid this problem, the residues were recoiled into

vacuum and the y rays observed at forward angles. Analysis of the data is

in progress.

f. Study of Continuum y-Ray Spectra of 151,152Dy

J. Borggreen, I. Ahmad,* P. Chowdhury, T. L. Khoo, W. Kutschera, R. K.
Smither, P. J. Daly,i C. L. Dors,7 S. R. Faber,' and J. Wilsont

We have utilized 150- and 162-MeV 34S beams from the Argonne linac

to populate states in 151,152Dy in an attempt to determine the relationship

between the population of high spin yrast states and the continuum of

y rays feeding these discrete states. We have observed continuum y rays

Chemistry Division, ANL.

Purdue University, West Lafayette, Indiana.
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in a 10-in. ', 12-in. Nal detector (with a 3-in. diameter central collimator)

which were coincident with events in a sum spectrometer. By selecting high

sum energy slices, high angular momentum states are enhanced. With this

enhancement, the NaI spectra exhibit an enhanced yield around 1.4 MeV, well

separated from any known discrete lines. (See Fig. 11-7.) Anisotropy

measurements of this energy region suggest that it consists of many

unresolved stretched quadrupole transitions. These results, together with

the excitation functions for the discrete yrast lines imply that the

de-excitation of high-Z events (k ? 35 th) is not feeding the yrast line

directly via statistical transitions, but is diverted by continuum cascades

of E2 character, and only reaches the yrast line at Q 25-30 ih. The fact

that the mean energy of the "bump" remains fairly constant over a large

range of incoming k values implies a moment of inertia which seems to in-

crease linearly with spin.

The observed E2 continuum transitions are probably from deformed

collective bands which emerge at only high spin (and possibly only at high

excitation above the yrast line). An experiment to establish the collectivity

of these transitions by lifetime measurements will be very important and

will be undertaken.

g. Study of High-Spin Isomers in 152Er

J. Borggreen I. Ahmad,* P. Chowdhury, P. J. Daly,) C. L. Dors,*
S. R. Faber, T. L. Khoo, W. Kutschera, R. K. Smither, and J. Wilsont

Recent measurements by the Copenhagen-GSI collaboration revealed

an island of high-spin isomers at 82 < N < 86 and Z < 68. One of these

isomers--in 152Er-exhibits an excitation energy as high as %13 MeV and

may have a spin of %35 h. Theoretical studies point out that spherical

nuclei in this region may undergo major shape change above spin %40 t1,

becoming distinctly oblate with an axis ratio of 2:3, and that some of the

configurations associated with this shape may be isomeric.

The reaction 122Te( 34S,4n)152Er at 165 MeV was used in an attempt

to populate the isome.. Delayed y lines below a 30 ns isomer at ti9-MeV

excitation energy are clearly observed and agree with the observations made

*
Chemistry Division, ANL,

Purdue University, West Lafa;ette Indiana.
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by other groups. We have delayed y lines which feed this isomer and which

may decay from the 5 ns isomer at 13 MeV. Sorting of the data stored on

tape is not finished, the main purpose being to build a decay scheme and

to measure spectra of the "expected" band feeding the 5 ns isomer.
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1. REACTION MECHANISMS AND DISTRIBUTION OF REACTION STRENGTHS

The study of heavy-ion induced reaction mechanisms and the distribu-

tion of reaction strengths has been an ongoing program at the Argonne Physics

Division for a number of years. In the past year these studies have been

continued by a selective study of single-nucleon transfer near the Coulomb

barrier and by a number of measurements at higher energy with beams from

the 1inac. These initial studies at the linac have concentrated on the

distribution of ciuasielastic and strongly-damped reaction strengths as a
function of incident energy for medium-heavy systems, a study of the in-
clusive alplia-particle production of incident 160 ions at energies E/A 5
MeV/nucleon and measurements of fusion-fission excitation functions and their
mass and kinetic energy distributions.

48 12,
a. Single-Nucleon Transfer Reactions Induced on Ca by C Beams at

S (-2C) = 45 MeV

Petersen,* k. Ascui tto,* 1). G. Kovar, S. J. Sanders, W. Ilenning, and
M. Paul

48 12 11 49) 48 12' 13 47
Tb.h Ca( C Ii) fSc and Ca(. C, C) Ca transfer reactions

lead inc to low-ly ing states in the final nuclei were stud ied at Elb( C)

45 MeV to investigate the reaction mechanism. Studies have shown that

trans t er reaction.; in this mass and energy range cannot, in general, he

well described by conventional DBA calculations. Recent ly, an ef f ective

Q-val ne mode] has been proposed which was able t o reproduce the angular

distribution beLiavi0 rs observed in single-nucleon transfer induced by 160

on 48Ca. In the present study, we investigated whether the model can

successfully describe the results observed in the population of the same

final states in transfer reactions induced by another projectile (i.e.,
12 12 11 12 13

C). Angular distributions for the ( C, B) and ( C, C) transfers were

measured using the ANL split-pole magnetic spectrograph with a gas ionization

chamber-proportional counter focal plane detector, Shown in Fig. II-8 are

the angular distributions obtained for transfers to sint;',-particle (1-hole)

states in the final nucleus with the outgoing projectile in the ground state

and in an excited state, The solid curves shown are conventional DWBA

calculations performed with the code PTOLEMY when the spectroscopic factors

obtained from light particle studies are used to give the absolute

*
Yale University, New Haven, Connecticut.

D. G. Kovar et al., Phys. Rev. C 17, 83 (1978).
2
E. A. Seglie et al., Phys. Rev. Lett. 42, 956 (1979).
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normalization. As can be seen, the calculations poorly reproduce the

experimentally observed angular distributions. The dotted curves represent

the predictions of. the effective Q-value model; while the agreement is better,

the behavior at forward angles is still not well reproduced. Further

investigations are underway to study dependence of the predictions on the

optical model parameters used.

b. Reaction Studies of 32+ 405,8C

1). F. Geesaman, W. Henning, 1. G. Kovar, M. Paul, S. J. Sanders, J. P.
Scliiffer, B. B. Back,* C. Jachcinski , and C. olmner

32 40 48
The interaction of a S beam with targets of Ca and Ca was

studied at Lncident energies of 143, 170, 198, and 230 >1eV. The aim is to

measure the cross section of quasielastic and deep-inelastic reaction

products over a bombarding energy range that extends from near the Coulomb

barrier to well above it. Of particular interest is whether nuclear

structure effects become evident in a comparison between the two target

nuclei, which differ by a fully filled f7/2 neutron shell.

Angular distributions of the quasielastic and deeply-inelastic

react ion products were mea-;ured with a LE-E surface barrier detector

telescope. The cross sections are presently being evaluated. One feature

that persists; to the higLest incident energy is the strong odd-even

dependence in charge transfer for 40Ca as compared to 48Ca, as evidenced

in Fig, 11-9 for an energy spectrum slice that corresponds to rather

negative ( -70 MeV) Q value. This odd-even staggering parallels that

of ground-state Q values; it is not yet clear whether it reflects properties

of the statistical decay following the reactions or indeed reveals some

entrance channel dependence.

c. Reaction Studies of Si + 24Mg
W. Henning, C. Olmer, M. Paul, and S. J. Sanders

16
Our resonance studies of 0 induced alpha transfer reactions on

24 Mg targets suggest the existence of relatively narrow, high-spin resonances

*

Chemistry Division, ANL.

t Indiana University, Bloomington, Indiana.

+Hebrew University of Jerusalem, Jerusalem, Israel.

50



II.Db

40f-

201-

'-'I

0

230 MeV 3S

eLAB 150

40Ca + 3S

Qgs(MeV)

-10

-5

0

C

* 40Ca

- \ 4 8Ca

0 1 2 3 4 5 6 AZ

Mg Si

0 S

Ne

Ar
Ca

i I I I

S

j 'lii

Mg

Ne
0

I I ' I

'i

S

Ar Ca

40 80 120
CHANNEL NUMBER

160

Fig. II-9. Odd-even dependence in charge transfer for 40Ca as compared to
4 8 Ca as seen in an energy slice corresponding to Q z -70 MeV.

300

2001

100
0
-J

F-
Lu

0

60
C

V

51

48 Ca+ 32S



IIDc ,d

at high excitation energy in the 40Ca compound nucleus. With a 170-MeV
28 Si beam from the linac we have attempted to further verify the existence

of such states Ln the continuum by direct transfer of an 160 cluster onto

the 24Mg target nucleus in the reaction 24Mg( 28Si 12C)40Ca. While we

observe considerable 12C strength to excitation energies in Ca near

the expected resonances, no clear structures have yet been identified. For

momentum matching reasons it is desirable to perform these measurements at

even higher incident energy, which will become possible with the beams from

the linac in the near future.

d. Study of the Inclusive Alpha-Particle Yields Produced in the 160 + 40Ca
Reaction

1). G. Kovar, C. N. Davids, D. F. Geesaman, M. Paul, F. W. Prosser, Jr.,*
R, Racca,* S. J, Sanders, and B. Zeidman

Recent studies of light heavy-ion induced reactions (10 < A pro < 20)

at eneries L/A 5 1eV/nucleon indicate that the emission of energetic

light particles (e.g., protons and alpha particles) plays an important role

in the react ion mechanism associated with the fusion and deep-inelastic

processLs. In previous studies at ANL, the distribut ion of total reaction

strength as a (unction of bombarding energy for the 160 + 40Ca system has
been established over the energy range 40 Elab (160) < 214 MeV, and it was

of interest to investigate whether the light particle data together with the

previous results might provide an insight into the react ion mechanism. In

this investigation, the inclusive alpha-particle yields were measured at
16

F ab( 0) = 128 MeV with beams from the linac booster. Using a conventional

sil icon surface barrier AE-E detector telescope, the alpha particles were

identified and their angular distributions measured over an angular range

3 - clab 1500. The alpha-particle energy spectra at forward angles

showed fields up to a laboratory energy of 60 MeV, well above the energies

expected from a compound nucleus evaporation process and indicative of a

direct or pre-equilibrium process. At present, these results are being

analyzed.

*
University of Kansas, Lawrence, Kansas.

S. E. Vigdor, D. G. Kovar, P. Sperr, J. Mahoney, A. Menchaca-Rocha,
C. Olmer, and M. S. Zisman, Phys. Rev. C 20, 2147 (1979).
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Further studies are now planned to establish the inclusive alpha-

particle yields as function of bombarding energy and to measure the alpha-

particle fusion residue coincidences.

e. Heavy-Ion Induced Fusion-Fission

B. Back,* R. Betts,* W. Henning, J. M. Lebowitz," A. Mignereyj and
K. Wolf*

Fission cross sections for the S + 144,150,152,154Sm systems

have been measured from threshold to 230 MeV. The data for 32S + 154Sm

are shown in Fig. II-10. At energies near threshold, the cross sections

for the different isotopes show significant differences as illustrated in

the inset, whereas at higher energies, their behavior is quite similar.

The results near threshold are similar to those observed in measurements

of the fusion of 160 + Sm, namely, the lighter-mass spherical isotopes

have the smaller cross sections, an effect which can be traced to the

influence of deformation on the interaction barrier. The interest in the

present results stems from the implication that these deformation effects

persist even at the higher angular momenta (%20 t) of the fission threshold.

Further detailed analysis of the higher energy data will enable a mapping

of the fission probability as a function of angular momentum and provide

a detailed test of liquid drop model predictions of fission barriers at

high angular momentum.

f. Fission Mass and Kinetic Energy Distributions of Pt Isotopes Formed by
Heavy-Ion Fusion Reactions

B. Glagola,* B. B. Back,* R. R. Betts,* K. E. Wolf,* W. Henning,
A. C. Mignerey, and J. M. Lebowitzt

Fission properties of Pt nuclei populated in 160 170Yb and
32S + 144, 1 5 0 ,1 5 2 ,1 54Sm fusion reactions have been studied at the Argonne

superconducting linac. Beam energies have been matched in the 160 + 170Yb

and 3S + 154Sm reactions to produce the 186Pt compound system at identical
*

excitation energies in the range from E = 55-100 MeV in order to separate

*
Chemistry Division, ANL.

Brooklyn College, Brooklyn, New York.

+University of Maryland, College Park, Maryland.
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the effects of excitation energy and angular momentum on the fission prop-

erties. Fission kinetic energies show a weak dependence on the excitation

of the fissioning system, but are not affected by angular momentum. The

final analysis is underway.
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III. CHARGED-PARTICLE RESEARCH

INTRODUCTION

This program encompasses a broad range of studies centered about

the Dynamitron and Tandem Van de Graaff accelerators in the Physics
Division. These include studies of nuclear reactions of potential interest
in thermonuclear energy generation, the A dependence of Coulomb displacement

energies in f 7 /2-shell nuclei, properties of isotopes of interest to

explosive nucleosynthesis, laser spectroscopy of radioactive ions, acceler-

ator mass spectrometry, fundamental aspects of weak interactions as

evidenced in nuclear-decay processes, and parity violation in specific
nuclear levels induced by neutral weak currents.

The charged-particle research program in the Physics Division is
carried out by a number of researchers in the Division. A very substantial

interaction with researchers in the university community is also involved.

The charged-particle research uses both the Dynamitron (25% of available

time) and the FN Tandem accelerator (25% of available time).
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A. CHARGED-PARTICLE RESEARCH AT THE DYNAMITRON

This program has two principal components. One is primarily con-

cerned with the study of various properties of the weak interaction at low

energies in light nuclei. The major effort at present is to measure the
presence of the neutral current (predicted by the renormalizable electro-weak
theory) in the hadron-hadron interaction via the detection of parity viola-

tion in 1 0 B. A major emphasis over the next two years will be the further
investigation of the symmetries of the hadronic weak current through model-

independent studies of beta decay properties in light nuclei. This will
include tests of CVC in A = 12 (beta spectrum shape measurements) and
A = 8 [4 1-Ie(a,,1) measurement]. Another subject of interest is the presence

of meson exchange corrections to the nuclear weak current, particularly the
axial vector current. One measurement [16N(0-) 160(0+) , decay] is
currently planned to study this effect. The second component is the ongoing
investigation of exothermic reactions with light nuclei at energies below

a few MeV. The reactions to be studied are selected on the basis of their
interest to nuclz: r physics, astrophysics, and/or their potential use in
fusion energy. For example, absolute cross sections for two reactions basic
to a possible 6 Li-H fuel cycle have recently been measured. An experiment
to measure the very small low-energy cross section of the 4 He( 3 He,y) 7Be
reaction-of current importance in nuclear astrophysics-is being planned.

1. WEAK INTERACTIONS

a. Parity Violation in the 5.l1-MeV J=2 Doublet of 10B

C. A. Gagliardi,* S. J. Freedman,t T. J. Bowles, A. R. Davis,+ G. T.
Garvey, R. D. McKeown, B. Myslek-Laurikainen, and R. G. H. Robertson

Since the discovery of the neutral weak current, there has been a

great deal of experimental interest in defining its nature. To date,

all of the semileptonic results are well described by the SU(2)xU(1)

gauge theory of Weinberg-Salam with mixing angle sin20 % 0.2-0.25.
w

Meanwhile, studies of the purely hadronic neutral current have been more

ambiguous.

The only method available for studying the hadronic weak current is

to measure parity-violating effects. Thus, it is natural to describe

it in terms of parity-violating amplitudes of definite isospin. When CP

*

Graduate student, Princeton University, Princeton, New Jersey.

(Stanford University, Stanford, California.

+Thesis student, University of Chicago, Chicago, Illinois.
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invariance is included, one finds that only the AT=1 component can have

a one-pion exchange contribution.

The "T=0 and 2 currents arise from the exchange of multiple pions

and heavier mesons, causing the associated parity-violating forces to have

much shorter range, This makes results of calculations of the AT=O and

AT=2 effects highly model dependent because they depend on the repulsive

core of the nucleonrnucleon force which is only poorly understood.

In addition to the fact that the AT=1 case is unencumbered by

these theoretical uncertainties, the Cabibbo (charged) current contribution
2

for AT = 1 is suppressed by a factor sin 0 relative to the neutral current.
c

It is thus natural to attempt to observe the neutral weak current by studying

cases of pure AT=1 parity violation,

Despite intensive efforts, previous experiments to measure pure

AT=1 parity violation have merely set an upper limit on the size of the

effect, We have undertaken a study of AT=1 parity violation in 10B by

measuring mixing between the 2 T=1 state at 5,16 MeV and the 2 T=0 state

+ 6 + 10
at 5,11 MeV, The 2 T=1 state is produced via the Li(a,y) B reaction,

using a 1.2--MeV a beam from the Argonne Dynamitron. The total cross section

is given by

a = Qo(1 + P + FP ),
zz z

where the z axis is along the a-beam direction. The quantity of interest

is F, the helicity dependence of the rate.

The polarized Li target for the experiment is complete. An intense

6 Li atomic beam is produced by an oven with a large bore orifice. The

oven holds 700 gm of 6Li and is capable of running l week at 850C without

refilling. The beam is collimated and then polarized using a pair of

large gap (1.2 cm diameter), high field (12.5 kG) sextupole magnets.

Figure III-1 shows this part of the apparatus. The atomic polarization is

converted to nuclear polarization using a weak-field rf-transition unit.

Atomic beam fluxes of > 2 x 1016 atoms/cm 2-sec and nuclear polarizations

of -0.6 have been observed. The Li impinges on a hot (%1100*C) oxidized

tungsten surface in a holding field. The sitting time is such as to

provide a monolayer target to a 50-100-A a beam with almost no depolariza-

tion. Subsequent Y decays are observed using a cylindrical NaI detector

with a solid angle close to 47.
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r

Fig. III-1. View of the Li atomic beam apparatus with the vacuum chamber

top removed. On the right are the lithium and radiation shields for the
oven. On the left are the sextupole magnets which polarize and focus the
atomic beam.

The atomic beam will be moved to the Dynamitron in June 1980 and
6 ! 10

data taking for the Li(,j) B reaction should begin in August 1980.

b. Search for Neutral Currents in 6Li

R. G. H. Robertson, T. J. Bowles, P. Dyer,* R. C. Melin,* A. B.

McDonald,t G. C. Ball,t W. G. Davies, and E. D. Earle'

The a-d breakup of the 0+ T=1 state at 3.56 MeV in Li is forbidden

by both parity and isospin conservation. If the decay occurs, it signifies

the presence of a 0 T=0 component. Admixture of such a component is greatly

inhibited if only conventional charged weak currents exist, but may not be

*
Michigan State University, East Lansing, Michigan.

tAECL, Chalk River Nuclear Laboratories, Chalk River, Ontario, Canada.
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suppressed if there is in addition a hadronic weak neutral current of the

type postulated by Weinberg and Salam.

The decay is being measured via the inverse reaction 2H(a,y)6Li

using a QDDD spectrometer and stopping gas proportional counter to identify

the recoiling 6Li ions at 00. The target is a supersonic deuterium gas

jet. In an initial experiment at Chalk River, an upper limit on the parity-

violating alpha width two orders of magnitude lower than the best previous

experiment was achieved. It is expected that, if the experiment is continued

for one month's running time, a significant upper limit on the neutral

current "enhancement" could be obtained.

16 - 16 +
c. N(0 ) -+ 0(0 ) Beta Decay

R. 1. McKeown, G. T. Garvey, C. A. Gagliardi,* and S. J. Freedman

The 0 state at 120 keV in 16N predominantly gamma decays to the 2
-6

gr:;nd state, but has a very small (t3 x 10-6) branch in, ratio for decay
16 - 16

to the 0 ground state. The inverse muon capture rate (.'. ) for + 0

SN(0~) + v has been measured to -10% accuracy. The only successful

meas1lreLment o; thi beta decay rate ( ) resulted in a value with -25%

accuracy.

The ratio /.' has been the subject of much recent theoretical

interest. There are three basic issues involved in the interpretation of

. /' ; (a) the contribution of meson exchange currents, (b) the value of

gi(pseudoscalar form factor in the nucleon weak current) in nuclear matter,
2

and (c) the q dependence of form factors in the elementary particle

approach. The theoretical investigations indicate that a more accurate

measurement of . would be very useful.

The availability of intense deuteron beams from the Dynamitron
b15

[ N is formed via the N(d,p) reaction] enables a measurement of A

with higher statistical accuracy. Several target designs are under consider-

ation, and a preliminary run is planned to further assess the feasibility

of the measurement.

*
Graduate student, Princeton University, Princeton, New Jersey.

Stanford University, Stanford, California.
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d. Measurement of the T=2 Level in 24Al
R. G. H. Robertson, T. J. Bowles, A. G. Ledebuhr,* and ,. Harwood*

A cryogenic (liquid-nitrogen cooled) helium jet system has been

constructed and used at Michigan State University to observe the highly

poo -ih241
proton-rich nu:I us 24Si (also recently observed at Berkeley1 ). A precise

measurement of the energy of 1-delayed protons from the T=2 state in the

daughter 4Al has yielded a test of the isobaric multiplet mass equation as

stringent as any made, Unlv in mass 9 has this level of accuracy been

obtainCd, and there a substantial deviation from the quadratic IMME is found.

In mass , however, t here is no indication of significant disagreement with

the equation.

2. CROSS SECTIONS-ASTROPHYSICS

6 3 4
a-. :s Sections for the Li(p, He) He Reaction at Low Energies

A. i. Elwyn, R. E. Holland, C. N. havids, I.. Mever-Schutzmeister,
F. P. Moor ing, and W. J. Ray, Jr.

As part of our continuing program to measure absolute cross

sections for the reaction of light ions with 6Li at low energies, we have

completed the study of the 6Li(p, He) He reaction, and a paper has recently

appeared in the Physical Review. Differential and total cross sections at

proton energies between 0.14 and 3.0 MeV have been obtained, and the

results comprise a consistent set of data over an energy range of interest

to studies of nuclear structure in the mass 7 system, as well as to applica-

tions for fusion reactions based on the use of advanced fuels.

Further study of light-ion interactions with 6Li will concentrate

on completing experiments on the determination of the cross sections for

elastic deuteron scattering. Elastic scattering measurements involving

protons, 'He, and a particles, which are of interest to fusion-energy

applications, will be considered. At the same time other low-energy light-

ion reactions that offer the possibility of illuminating certain specific

aspects of nuclear structure or nuclear astrophysics are being planned.
*
Michigan State University, East Lansing, Michigan.

J. Aysto, D. M. Moltz. M. D. Cable, R. D. von Dincklage, R. F. Parry,
J. M. Wouters, and Joseph Cerny, Phys. Lett. 82B, 43 (1979).

A. J. Elwyn, R. E. Holland, C. N. Davids, L. Meyer-Schutzmeister, F. P.
Mooring, and W. Ray, Jr., Phys. Rev. C 20, 1984 (1979).
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b. The 6 3He,p) Reaction at Low Energy

R. E. Holland, A. J. Elwyn, C. N. Davids, F. P. Mooring, J. E. Monahan,
and W. J. Ray, Jr.

Nuclear reactions of 3He with 6Li are important contributors to

thermonuclear reaction rates associated with the p-6 Li advanced fuel

cycle. We have recently completed cross-section measurements for

3He + 6i - 24 He + p reactions at energies between 0.5 and 1.85 MeV.

Pulsed 3He beams from the Dynamitron accelerator along with time-of-flight

techniques were used to study separately the yields for outgoing protons,

, particles, and in some instances, deuterons. Differential and total

cross sections for the protons associated with the ground, 2.94-, 16.63-,

and 16.92-MeV states in Be, as well as for the underlying continuum protons

that arise from various 3-body breakup mechanisms, were obtained to absolute

accuracies of between 10 and 20%. The total cross sections, which are plotted

in Fig. Ill-2, represent a much more complete and systematic determination

of cross sections in the energy region below 2 MeV than do previously

published measurements. Thermonuclear reaction rates calculated from the

measured cross sections suggest that the total reactivity in the p-bLi

fuel cycle may be considerably larger than previous studies have indicated.

c. He( 3He,y) Be and the Solar Neutrino Problem

B. W. Filippone,* C. N. Davids, A. J. Elwyn, and R. E. R-liand

A new experiment is under way to measure the total cross section

for radiative capture of He on He. The rate of this reaction appears to

be one of the weakest links in the chain of nuclear reactions postulated to

take place in the center of the sun. Observations of the weakly interacting

neutrinos emanating from the sun probe these nuclear reactions in the solar

interior. Experimental measurements and theoretical calculations of the

neutrino rate currently differ by a factor of three. There are indications

that low-energy extrapolations of nuclear cross sections [particularly for

the He( He,y) Be reaction] may be at fault. This is the motivation for

the present experiment.

While previous studies of this reaction have used the capture rays

to determine the cross section, we intend to use an independent method:

*
Thesis student, University of Chicago, Chicago, illinois.
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1 .11-2. Total cross sections for the reaction Li( lHe,p) to states in 8Be
an(! to the "continuum." The "continuum" cross section represents contri-
butions from simultaneous three-body breakup as well as decay through

511 and a possible state in 8Be at 11.4 MeV. (None of these processes
gives rise to readily identifiable peaks.) The relative errors of these

cross sections are shown by the vertical error bars when the relative

errors are larger than the symbol on the figure. Total errors include

an additional contribution of between 8 and 15 percent for estimated

systematic errors.
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counting the recoiling of BE. This is to be accomplished by catching the

recoils in a foil and observing the , rays following electron capture

decay of the Be (half-life = 53 days) in a low background counting station.

A windowless supersonic jet He target is under construction, to be used in

conjunction with the 4-MV Dynamitron accelerator for this study.

Using the 6Li(d,n) Be reaction, which has a very large cross section,

preliminary measurements have been made on the ability of certain foils to

retain the Be. These indicate that water-cooled Au catcher foils can hold

the Be even under heavy bombardment. We are also continuing investigation

of low background systems for improved sensitivity.

3. FURTHER ATTEMPTS TO SEARCH FOR STABLE FRACTIONALLY-CHARGED
PARTICLES IN GASES

A. R. Davis,* W. Kutschera, S. M. Levenson, * R. D. McKeown,
F. P. Mooring, and J. P. Schiffer

In view of continuing reports from Stanford University on t:e
1 1

observation of fractional (+ 7 e and - -T e) charges on superconducting N:

spheres, we have attempted to extend earlier Argonne searches, in whyc:

such charges were seen, We attempted to sample various gases (He, N,, an'

02) by accelerating any charged particles in these gases in the Dynamitron,

allowing them to pass through a thin foil (to dissociate complex molecules

that could cause difficulties), then analyzing them in a purely electrostatic

system, and finally measuring the energy of such particles in a semiconductor

detector. This technique had been used previously at Argonne to set limits

on the concentration of + 3 e particles in Nb, W, and Fe metal. The

experiment was unsuccessful, because of difficulties in the initial extraction

of charged particles. The normal rf ion source for gases was used but with

the rf power turned off, However, the extraction field in an rf ion source

depends critically on the configuration taken on by the plasma induced by

the rf discharge and shaped by the dc probe voltage. In the absence of

such a discharge, the extraction efficiency from an rf bottle is likely to be

very substantially reduced, and without major modification the method is not

likely to be reliable for setting limits on fractional charges in gases.

*
Thesis student, University of Chicago, Chicago, Illinois.
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B. CHARGED-PARTICLE RESEARCH AT THE TANDEM ACCELERATOR

Two new areas of investigation have recently been initiated at the

tandem. One is the laser spectroscopy of radioactive atoms (in collaboration

with researchers from the University of Minnesota and Iowa State University).

The second is an application of techniques of accelerator mass spectrometry

for radioisotope dating and other nuclear physics measurements. The study
of nuclei far from stability is proceeding. This program has concentrated
on the product ion and study of isotopes of interest to explosive nucleo-
synthesis. Both proton- and neutron-rich isotopes near iron have been
investigated. Masses, f:--decay rates, and spectroscopic information have
been obtained for a large number of nuclides using H- and i-ray spectroscopy.
Also cont inuing is the study of low-lying levels of the proton-rich T=2
nuclei. in the 2p-lf shell. When compared with the neutron-rich member of
the multiplet, interesting state-dependent Coulomb-energy shifts are seen
in these spectra.

1. f, NUCLEI
7/2

a. Gamma_-Ray Studies in 5V

S. A. Gronemever,* L. Meyer-Schtitzmeister, G. Hardie, and A. J. Elwyn

We have been studying the A dependence of Coulomb displacement

energies in f7/2-shell nuclei. In particular we have determined these

energies by comparing the level structure of T='9 mirror pairs. As part of

this program an intensive investigation of 45V was made since its mirror,

5T, is well known. The ganuna decay of 45V was investigated using the

40Ca( Li.,2n) 45V react ion with Li beams in the energy range 14-16 MeV.

Prompt and del ayed neutron-gamma and gamma-gamma coincidences were measured.

The following level scheme has been established: 7/2~(g.s.), 5/2~(56.4 keV),

3/2 (57.2 keV), 3/2 (386.1 keV), 5/2 (796.8 keV), and 7/2 (1273 keV).

In addition, half-lives were measured for the 5/2 state at 56.4 keV(<4.2

nsec) and the 3/2 state at 57.2 keV (430 1 80 nsec). Cc-,,arison of the
45 4

V level structure with that of its mirror nucleus, 45'fi, permitted the

extract ion of Coulomb displacement energies for both natural and unnatural

parity states in the A=45 system. A paper with the above title has been

publ ished.

*
Thesis student, Washington University, St. Louis, Missouri.

S. A. Gronemeyer, L. Meyer-Schtitzmeister, A. J. Elwyn, and G. Hardie,
Phys. Rev. C 21, 1290 (1980).
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b. The Beta Decay of 45V

G. Hardie, S. A. Gronemeyer,* L. Meyer-SchUtzmeister, A. J. Elwyn, and
C. N. Davids

As part of our investigation of 45V, we have attempted to study

its superallowed beta decay to the ground state of 45Ti (45V_45Ti form a

T= pair). A measurement of the half-life for this decay would permit the

extraction of the Gamow-Teller (GT) matrix element which is of interest

since it is sensitive to the nucleon configurations of the states involved.

Since mirror nuclei often decay strongly to excited states in the daughter

nuclei, we also searched for a GT branch to the 5/2 state (E = A0 keV) in
45 .,ix

Ti. The latter investigation was conducted using the 4 0 Ca(7Li,2n)

reaction, which is the process most suitable for studying the level structure

of 45V. It was possible to set an upper limit of about 12% on a branch to

the 5/2- state.

The ( Li,2n) reaction unfortunately could not be used to measure

the beta-decay half-life of 45V because of the possibility of producing 46V

which has a beta end-point energy very close to that of 45V. Hence we were

forced to use the 40Ca(6 Li,n) reaction which produces 45V with a cross section

even lower than the 40Ca( Li,2n) reaction. Our preliminary experiments

yield a half-life of 410 50 msec which yields IMGTI = 0.79 4 0.10. This

matrix element is substantially smaller than the single-particle value

(IMGT = 1.134) indicating significant configuration mixing in the f7/2
ground state. Because of various uncertainties in the measurements, any

conclusions must be considered highly tentative.

c. Coulomb Shifts of T=- Mirror Nuclei in the f7/2 Shell

L. Meyer-SchUtzmeister, G. Hardie, S. A. Gronemeyer,* and A. J. Flwyn

In continuation of our program in which T= mirror nuclei in the f7 /2
shell are studied, we have observed that the Coulomb shifts, AE , exhibit

a linear A dependence for the natural parity states 7/2 and 5/2, while the

unnatural parity states with spins 3/2 , 5/2 , and 7/2 show a more complica-

ted A dependence. The 3/2 states, for example, have AE values which are
C

larger than those of the 7/2 states by 163, 189, and 213 keV for A = 43,

47, 51 (A = 4n + 3 series nuclei), respectively; but for A = 41 and 45

(A = 4n + 1), the differences are only 86 and 56 keV, respectively.
*
Thesis student, Washington University, St. Louis, Missouri.
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For both mass series the 3/2 states are formed by promoting a d3/2 nucleon

into the f7/2 shell, but in case of 4n + 3 series nuclei, this promotion

7/2 r +
results in a (f7 /) core with T = 0, J = 0 , while in the 4n + 1 series

4m+2 T. +
a (f ) core with T = 1, J = 0 is produced. Thus, each member of the

mirror pair exhibits either d3/2-proton or d3/2-neutron promotion in the

4n + 3 series, while each member of the 4n + 1 series shows promotion of both

components. On the basis of these assumptions the Coulomb interaction e

of a d3/2 proton hole with an f7/2 proton can be derived for each mirror

pair in both mass series from the measured AE values. The deduced e
c

values increase smoothly (within experimental error) from -290 keV for A = 51

to -190 for A = 41. Although this change of r is not yet understood, it is

consistent wit h the assumption that the f7/2 charge radius increases slightly

with A.

2. STUDY OF RADIOACTIVE NUCLEI

+ 67
a. The B Decay of As

M. J. Murphy,* C. N. Davids, and E. B. Norman*

We have completed a study of the new isotope 33As (T 1 / 2 = 42.5 1.2
58 14 67

s). It was produced via the reaction Ni( N,an) As. Singles y, and y-y

and :+--y coincidences were used to obtain the half-life, decay scheme,

and mass excess. The observed log ft values, in conjunction with the

known spins of six states in the daughter 67Ge fed in the + decay, constrain

the ground-state spin of 67As to be 3/2 or 5/2~. The decay scheme obtained

for 67As is shown in Fig. III-3. Figure III-4 shows the spectrum in

coincidence with the 120.8 and 243.6-keV y rays that was used to obtain
67

the total decay energy QEC for As. This number and the mass excess of
6 7 Ge recently measured in this laboratory yields a value of -56.65 0.10

MeV for the 67As mass excess. When compared to various mass predictions,

this result is in better agreement with those based on shell-model systematics

than with liquid drop models.

The spins of the odd-A As isotopes for A > 73 are all 3/2, while

both 71As and 69As have spin 5/2~. Since the pairing of 2 f5/2 protons is

most likely responsible for the 3/2 spin of the heavier isotopes, the fact
*
Thesis student, University of Chicago, Chicago, Illinois.
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Fig. 11.I-4. L spectrum in co incidence with 243.6- and 120.8-keV y rays
from 6 7As decay.

that the lighter isotopes have spin 5/2 indicates a weakening of this effect

as neutron number decreases. This strongly suggests a spin of 5/2 for 67As,
but the data do not allow a clear choice between 5/2 or 3/2.

b._ The Structure of 67Ge and Its Relationship to Other if-2p Shell Nuclei

M. J. Murphy* and C. N. Davids

A detailed investigation, via gamma--ray spectroscopy, of the level

structure and gamma decay of 67Ge has been completed. Thirty-five excited

states have been identified, and spin assignments have been made to the

ground state ('z) and six excited states on the basis of gamma-ray angular

distributions and y-y directional correlations. These measurements also

provided E2/Mi mixing ratios for seven gamma transitions. Table TII-I gives
67

the mixing ratios and the Ge level scheme is shown in Fig. III-5.

*
Thesis student, University of Chicago, Chicago, Illinois.
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TABLE III-I. The 67Ge spins and multipole mixing ratios, from the
combined results of the angular distributions and directional correlations.

* *
E E. E I. I Multipolarity 6
Yf f

104.4 122.7 18.2 3/2 5/2 Ml/E2 >4

120.8 243.6 122.7 3/2 3/2 Ml/E2 <-4.9

122.7 122.7 0 3/2 1/2 Ml/E2 0-0.18
-0.18

+.7+0.4
-0.6

243.6 243.6 0 3/2 1/2 Ml/E2 0.04+0.16
-0.16

7+0.6
-1.0

589.0 711.3 122.7 5/2 3/2 Ml/E2 -1.1+0.6
-2.3

734.0 752.2 18.2 9/2+ 5/2 M2 . .

897.5 1019.9 122.7 5/2 3/2 Ml/E2 -0.95+0.85
El/M2 -2.45

The newly-determined characteristics of the lowest excited states

of 67Ge, when compared to the corresponding level schemes for 63,65Ni,
65,67Zn, and 69Ge, indicate that all six nuclei share a common structure

at low excitation. It has been suggested that, e.g., 69Ge excited states

consist of an f5/2 or g9/2 neutron weakly coupled to vibrational states of

68 Ge. However, the absence of any correlation between the ground-state

deformation of 6567'69 Zn and that of their core nuclei 64,66,68Zn argues

against an interpretation of these odd-A Ni, Zn, and Ge isotopes as single

neutrons coupled to vibrational and/or deformed cores. The deformations

are shown in Fig. III-6. The data are instead consistent with shell effects

arising from the reconfiguration of several valence neutrons coupled to a

deformed core.
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c. Helium-.Jet Recoil Transfer System

C. N. Davids, D. F. Geesaman, W. Kutschera, M. J. Murphy,* and

B. Filippone*

Chemical effects have been observed in the transfer of radioactive

nuclides through a capillary by helium gas. A small amount of water vapor is

normally added to the helium to promote the formation of large clusters

under the action of the accelerator beam. The radioactive nuclei recoiling

from the target into the helium are stopped and are thought to attach to

clusters which aie then swept through the capillary. It was noticed that

following the bombardment of 58Ni by 48-MeV 160 ions, the intensity of

radioactive 72Br observed at the capillary end on a paper collector was ,uch

less than that expected from previous results using a rabbit system.

It was thought that the majority of the bromine was not being attached

to clusters; instead, it was somehow becoming volatile and being pumped

away with the helium. To test this hypothesis a filter consisting of 3pi-pore

size filter paper was installed in the capillary between the target and the

detector station. No radioactivities at all were delivered to Ehe detector

station, indicating that the clusters were being held up in the filter. A

small tube containing activated charcoal was then placed in the capillary

after t'ie filter, with a detector adjoining it. A high intensity of 72Br

decay y rays was immediately observed. Figure III-7 shows the spectrum

obtained. This indicates that the volatile Br activities were passing through

the filter and subsequently being trapped by charcoal. The possible form of

this activity is HBr, with the hydrogen coming from decomposed water molecules.

Further development of this technique to separate volatile species

is expected in the coming year.

d. Decay of mBr

C. N. Davids, D. F. Geesaman, W. Kutschera, and M. J. Murphy*

An isomer with a half-life of 10.9 4 0.1 s has been observed in

the k' decay of 72 Br. Identification of this isomer, which decays by

emission of a 101.0 + 0.4 keV y ray, and by positron emission, was confirmed

by separating bromine isotcnes in the helium-jet recoil transport system.

Conversion electron measurements show that the 101-keV y ray is an E2

transition. The yield of delayed y rays following the positron decay indicates
*
Thesis student, University of Chicago, Chicago, Illinois.
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that the isomer feeds states of spin (1 and 2 in the daughter nucleus 72Se.
Based on the log ft values observed, the isomer thus has spin 1. A decay

scheme is shown in Fig. 11-8.

Further woi k is necessary in orJer to understand the large inhibition

observed for the 101-keV transition rate.

e. Laser Spectroscopv of Radioactive Atoms

C. N. Davids, G. Greenlees,* and D. Lewis7

The aim of th is new project is the measurement of isotope shifts

and hyperfine structure of optical transitions in the atomic spectra of

radioactive atoms. Such measurements on a series of isotopes yield detailed

information about the changes in the radial behavior of the nucl1 ar charge

distribution between isotopes, and allow accurate determinat ion of nuclear

electric and magnetic moments.

To obtain Doppler-free f l orescence spectra with the bifgh-resolution

tunable CW dye laser, it has usually been the pract ict to put the species

uiir study in a highly-collimated atomic heam. Since tlis is impractical

for short-- 1. i ved radioact i,.,e isotope,, the experiments planned for the heavy-

ion booster wi 1 ut ilize a pure hei inm--jet recoil t ransfur system cooled to

I iquid n itrogen temperature. The cool ing wi 1.1 allow free atoms to be trans-

po. ted through the capillary to the .laser interaction chamber.

The t i rst imasuremen ts n c planned on neut ron-def i c ient barium

isotopes, to be produced via the Sn( 1C,xn) Ba reactions. Cur reu tlv the

cryogenic hel ium jet system is under design at ANt., and t h- laser system

is being assembl..d at Iowa State University, A new laboratory will be

buiit at ANL for the measurements.

f. Nuclear Sst imatics and the Gravitational Colla>se of Stars

Mart: in .J. Mn rphy+

Tho gross nu lear sv temat ic s derive d I rum studies of exot ic,

F-uns tal l e nuclei play a fundamental role in models of the gravitational

collapse of massive stars. As part of an invest igat ion of this subj cct, a

University of Minnesota, Minnia p0 ls , Mi innesota.

Towa State University, Ames, iowa.

'I'hiesis stUident , University ol Chicago, Chicago, Illinois.
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calculation has been made of the equation of state for the core of such a

star as it rapidly contracts toward nuclear density. During this phase

the core comprises free nucleons and discrete nuclei up to Z 35. It has

been shown that through electron capture the core can evolve neutron-rich

nuclei as far as the edge of the line of stability, and possibly beyond this

point in the presence of degenerate neutrons. It has also been found that

the nuclei are not compressed, nor does their partition of states begin to

involve contributions from the continuum, until nuclear density is reached.

Nuclear excitation reduces the adiabatic index of the gas, with its greatest

effect occurring at temperatures between 1 and 5 MeV. Throughout the rapid

(prenuclear density) phase of collapse, the core composition is dominated by

bound nuclei, and its adiabatic index remains <4/3. Therefore the star

will not "bounce back" from its infall during this period.

3. ACCELERATOR MASS SPECTROMETRY

The highly sensitive technique of identifying and counting
individual ions in an accelerator beam, recently developed for radioisotope
dating, can be conveniently used to determine nuclear quantities of interest
when their measurement involves very low radioisotope concentrations. At
Argonne, measurements of this type are performed using a spectrometer system
with the following major components: an inverted Cs-beam sputter source,
the Argonne 9-MV FN tandem accelerator anu an Enge split--pole magnetic
spectrograph equipped with an ionization-type focal plane detector
(Fig, III-9),

First the technique was developed by measuring radioisotope-to-
stable isotope ratios in the range of 10-8 to 10- 4 for samples of known

radioisotope content,1 including 1 4C(T1 /2 = 5730 yr), 2 6 A1(7.2 x 105 yr),
32Si(60-710 yr), and 3 6C1(3.1 x 105 yr). The accelerator values agreed in
general within 10-15% with the expected ratio values. The technique has

now been applied to measure the half-life of 3 2 Si and cross sections of the
26Mg(p,n) 2 6gAl (7.2 x 105 yr) reaction near threshold. In a first experi-
ment the method has been recently extended to include the superconducting

linac.

W. Kutschera, W. Henning, M. Paul, E. J. Stephenson, and J. L. Yntema,
Radiocarbon (in press).
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a. Measurement of the 3Si Half-Life

W. Kutschera, W. Henning, M. Paul, R. K. Smither, E. J. Stephenson,
J. L. Yntema, D. E. Alburger,* J. B. Cumming,* and G. Harbottle*

In the past, various indirect methods of determining the half-

life of 32Si yielded values in the range from 60 to 710 yr, with a most

probable value around 300 yr. We have measured the half-life via the

relation

N

1/2 dN/dt 'n 2,

where N, the number of 32Si nuclei in a sample material prepared through the

30 32
Si(t,p) Si reaction, was measured by accelerator mass spectrometry and

dN/dt, the -disintegration rate, was measured by liquid scintillation

technique. Figures 111-10 and Il11-1 illustrate the separation of 32Si ions

from a strong omnipresent 3 2 S background. From a 3 2 Si/Si ratio of (2.82

! 0.50) x 10-8 and a specific , activity of 8250 i 500 dpm/mg Si, the half-

life of 32Si was found to be T1/2 = 96 4 18 yr, considerably shorter than the

previously accepted value of approximately 300 yr. We expect that this new

value will influence for example results of cosmic-ray flux studies of

cosmogenic 32Si in terrestrial, meteoritic and lunar material.

b. Cross Sections of the 26Mg(p,n)26gAl (7.2 x 105 yr) Reaction

M. Paul, W. Henning, W. Kutschera, E. J. Stephenson, and J. L. Yntema

The production of primordial 26Al has recently gained great

interest, since an excess of its decay product 26Mg was found in certain

inclusions of the Allende meteorite,1 which suggests that 26Al was present

in early condensates of the solar system. Prediction for the primordial
26Al concentration in stellar matter depends among other things on the

nuclear cross sections of the relevant reactions. A poorly known reaction

in this context is 26gAl(n,p)26Mg, which can be studied via the inverse

reaction 2 6Mg(pn)26gAl. We have measured cross sections of this reaction

in the astrophysically interesting energy range E = 5.0-6.7 MeV.
c.in.

*
Brookhaven National Laboratory, Upton, New York.

1T. Lee, D. A. Papanastassion, and G. J. Wasserburg, Astrophys. J. 211,
L107 (1977).
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Fig. III-10. Position spectra measured in the focal plane detector of the

split-pole spectrograph for 80-MeV 3 2S and 3 2 Si ions incident on a

1.5 mg/cm2 thick Al foil stack in the spectrograph target chamber (see
Fig. ITI-9). (a) Full spectrum at 6lab = 20; (b) partially blocked

spectrum at 00; and (c) fraction of the ions from spectrum (b) gated
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A1/2Al ratios in the range of 10- to 10-11 have been measured from

irradiated and chemically processed 26Mg samples yielding the following

cross sections as a function of center-of-mass energies: 7.5 2.4 mb

(5.0 0.1 MeV), 37.3 6.3 (5.5 0.1). 28.2 4.5 (6.0 0.1), 42.6

6.9 (6.4 t 0.1), 65.2 9.4 (6.7 0.1). Figure III-12 illustrates the

clear separation of 26Al ions from background peaks of 26Mg and 27Al ions

in the spectrograph focal plane detector. The measured cross sections

support recent calculations of stellar reaction rates of the 26Mg(p,n)26gAl

reaction, where theoretical cross-section values were used.

2J. ]). King, Astrophys. J. 230, 558 (1979).

c. Use of the Linac for Radioisotope Detection

W. Henning, W. Kutschera, R. K. Smither, and J. ? Yntema

In the technique of high-sensitivity i: ^e detection with
heavy-ion accelerators, one makes use among other things of the energy-loss

dependence of high-energy ions on the nuclear charge Z. Since the energy-

loss difference between Z's increases with energy (see Fig. III-13), it is

suggestive to use the linac for such measurements. The major difficulty

that arises is the phase stability between injected beam pulses and the linac

acceleration field, which is normally assured by a phase-lock system which

senses the actual beam arrival time. In the present measurements, we

attempted to accelerate and identify ions of the radioisotope Si studied

previously at the tandem, with only a few picoamperes background beam from

the omnipresent S isobar. We found that the adjusted phase-lock system
32 14+

ran stably on currents of 10 pA S

The 32Si ions were separated from 32S through an energy range

measurement at a beam energy of 230 MeV. In Fig. II1-13, we plot the

normalized yield for events detected in a AE-E Si surface barrier detector

telescope (5 p, 100 U) at 00 behind a gold absorber of variable thickness.

The yield is normalized to the 32S background beam. An excess of ions is

transmitted through the thickest Au absorber when the beam originates from

a sample in the tandem sputter source that contains 32Si. The AE signals

fcr these events are consistent with those expected for 32Si.
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Fig. III-12. Two-dimensional spectra of the total energy Etotal vs differ-
ential energy loss AE measured in the split-pole magnetic spectrograph.
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counts are observed for the nonirradiated sample #6. The inserts to the
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IV. NEUTRON AND PHOTONUCLEAR PHYSICS

INTRODUCTION

The Argonne neutron-physics program has traditionally included

measurements of the fundamental properties of the neutron. An experiment

to measure the electric dipole moment of the neutron using stored nltracold
neutrons has been undertaken. It is hoped that a sensitivity cr around

1 10-25 e-cm will be attained by the end of 1981. This will provide a
test of the Weinberg-Salam standard model in the gauge theory o Wel-
interactions.

The photoneutron research program at Argonne is centered around
studies of non-El giant resonances in nuclei, basic reaction mechanisms in
light nuclei and fundamental properties of the deuteron. The importance of
the photoneutron method lies in its ability to reach regions of excitation
in nuclei which are inaccessible by other traditional neutron-induced reac-

tions. Much of the effort during this year was devoted to the completion

and testing of a new multidirectional electron beam transport system.

This new system not only permits more accurate spin assignment s of reson-
ances, but also enables an accurate measurement of the relative angiulai
distribution for the photodisintegration of the deuteron. Some of our effort
has also involved the study of the systematic errors one encounters when
performing such accurate angular distribution measurements. In addition,
we have completed an exhaustive search for the MI giant resonance in 2 0 8 Ph
below 8.4 MeV. This study employed the extended neutron flight paths.

Another area of the p:iotonuclear program involves photon scattering
from medium- and heavy-weight nuclei. Observations of inelastic photon
scattering from vibrational nuclei provide information about the coupling

between two collective modes of nuclear excitation. These studies are
performed in collaboration with the University of Illinois. This research
makes use of the photon monochromator associated with the MUSh.-lI electron
microtron at the University of Illinois and high-resolut ion Na 1(T1)
spectrometers which were developed at Argonne. During the year we have

observed elastic and inelastic photon scattering trom a broad range of nuclei.
These results should provide a stringent test of the dynamic collective
model.
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A. NEUTRON RESEARCH

a. Measurement of the Electric Dipole Moment of the Neutron

V. i'. Krohn, G. R. Rlgo, J. M. Carpenter,* T. 0. Brun,* T. W. Dombeck,t
J. W. Lynn,f and S. A. Werner

The object of this new project. is to measure the electric dipole

moment (EI)M) of the neutron using stored ultracold neutrons (UCN). The

FDM of the neutron, because it can be measured with such great sensitivity,

has provided a useful challenge to fundamental particle theories. It has

been instrumental in disposing of about 15 of these and at the moment is

on the edge of testing the very successful Weinberg-Salam gauge theory of

the weak interact ion. In the currentlV popular model, which gives CP

tionconst.ervation, the I)M is calculated as 1.6 x 10 24 e-cm [S. Weinberg,

Phvs. !e:L. Lett. 37, 657 (1976)]. The present measurements give an upper

limit at that value.

The sensitivity of the measurement to the length of time neutrons

spend in the measuring apparatus makes the use of UCN stored in containers

an attractive possibility for this measurement. These neutrons have

velocities lower than 7 m/s and are totally reflected at all angles by the

container walls, lhey can be stored for 100 seconds or more. By using a

shut ter on the container, opened only when the source is on, a pulsed source

of CCN can give as large a number of stored neutrons as a steady state source

with a flux equal to the peak flux of the pulsed source. Argonne has such

a source in the IPNS project (.ING-P') and UCN have been produced at that

facility by reflection of 400 m/s neutrons from a package of synthetic mica
I

crystals on a 230 m/s rotor synchronized to the pulses from the source.

Figure IV-I shows one velocity component of the reflected neutrons.

About 70! of the neutrons below 7 m/E in the figure are UCN. The measured

Slux of UCN suggests that when the pulsed source now under construction

(I'NS-1) becomes available, it will give a contained density of UCN that

*
Solid State Science Division, ANL.

University of Maryland, College Park, Maryland.

tUniversitv of Missouri, Columbia, Missouri.

'. 0. Brun, J. M. Carpenter, V. F. Krohn, G. R. Ringo, J. W. Cronin,
1'. W. Dombeck, .1. W. .ynn, and S. A. Werner, Phys. Lett. 75A, 223 (1980).
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Fig. IV-1. The reflected neutron spectrum for the velocity component toward

a counter placed at the end of a guide tube 30 cm from the crystal is
shown. The velocities were determined by time of flight. The counter had
an aluminum window which reflected neutrons below 3.2 m/s. The dashed
curve is a Monte Carlo calculation which took into account the counter
efficiency and the experimental arrangement.
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will le competitive with the high-flux reactor at Grenoble where another

EDM measurement is planned.

The UCN will be stored in a container which will be located in a

combined magnetic and electric field and the precession rate will be

measured with the elrcctric f ield parallel and antiparallel to the magnetic.

If a density of more than 3 UCN/cc can be achieved, and this appears quite

possible, the arcuraV of tLe EDM measurement will be improved from the

present 1.6 - 10-24 e--cm to about 1 - 10 U-cm. In all probability, this

will require the further sumi t-ion of some s igni F i cant sources of sys-

tema tic errors below the level that were tolerable in the present measure-

ments (e.g., leakage currents from the electric field plates).

This experiment involves a sizable colliboration with university

se i en ti s t s

b. Energy Levels in 155Sm
R. 1K. Smither, K. Schreckenbach,* 11. G. Bbrner,* W. F. Davidson,*
T. von Eidy,* D. D. Warner,* R. F. Casten,' M. L. Stelts,t and A. 1.
Namnenson

Additional average resonance neutron capture (ARC) experiments

were performed oi the 15S 155Sm rem t ion with the filtered beam

fac ii. it y at the Brookhaven IIVBK reactor us ing neutron beams with energies

of 2 ke and 24 keV. these new ARC data were combined with data taken

earl ier at Argonne and at Grenoble on both ARC and thermal neutron capture

exjvriments on the high-energy primary transitions and conversion electron

and crystal diffract on data on the low-energy portion of the (n,v) and (n,- )

spectra, to ext end the level scheme (If Sm up to 2-MeY exc itat ion. The

level scheme (set Fic. IV- ) is interpreted in terms of the Nilsson model

with some Coriolis mixing and AN=2 coupling. Five negative parity and six

positive parity bands have been identified and the model explains the level
15 1 55scheme of 155 Sm qjui to well. It is hoped that our understanding of the Sm

level scheme will suggest an approach to the analysis of the ' vel schemes

of 1 Sm and 151S, and ssibly 49Sm. The level scheme undergoes dramatic

changes in this region suggesting rather large changes in the nuclear

structure.

*
Institute Laue-L.angev iii, Grenoble, France.

Brookhaven Nat .onal Laboratory, Upton, New York.

+Naval Research laboratory, Washington, D.C.
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B. PHOTONUCLEAR PHYSICS

a. Photon Scattering by the Giant Dipole Resonance in Medium Weight Nuclei

T. J. Bowles, R. J. Holt, H. E. Jackson, R. M. Laszewski,* R. D.
McKeown, A. M. Nathan,* J. R. Specht, and R. Starr*

Photon scattering is one of the most unambiguous and revealing

reactions for the study of the properties of the giant dipole resonance

(GDR). The intensity of the inelastic scattering provides a sensitive

measure of the extent to which the GDR is coupled to other degrees of freedom

such as collective surface and rotational excitations. We have studied the

elastic and inelastic photon scattering for a series of targets ranging from

Ar Lo 96Mo, in an experiment in which the incident photon energy is

measured and the elastic and inelastic scattering are resolved. The energy

of the incident photon was determined with a resolution of 100--200 keV

by using the tagged bremsstrahlung beam generated at the University of

Illinois MUSL-II superconducting microtron. Scattered photons were observed

in a large volume NaI(Tl) spectrometer with an energy resolution %500 keV

over the photon range 15-22 MeV. Figure TV-3 shows the differential

cross sections measured at 120' for elastic and inelastic scattering to the

first excited state in 60Ni. Within statistics the inelastic scattering is

described by a constant branching ratio of 0.15 relative to the elastic

component. In order to avoid the complication in interpretation of this

quantity posed by the interference of Thomson scattering with the elastic

resonance scattering, we have analyzed our data by fitting it to the scatter-

ing cross section for a GDR consisting of two Lorentzians. The solid curves

of Fig. IV-3 are best fits to the data. The resonance parameters obtained

from the fit to the elastic scattering are in fair agreement with values

reported in the literature. The inelastic scattering is fit by branching

ratios, I /IF , of 0.3 and 0.15 for the upper and lower energy Lorentzians,r52 56 92
respectively. Similar data have been obtained for Cr, Fe, Mo, and

Mo. The dynamic collective model is currently being applied to those

nuclei.

*
University of Illinois, Urbana, Illinois.
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b. Photodisintegration of the Deuteron

R. J. Bolt, H. E. Jackson, R. D. McKeown, J. R. Specht, and K. E.

Stephenson

The deuteron is the simplest nuclear system for the study of the

meson exchange and virtual isobar affects. Theoretical predictions indicate

that the angular distribution of photoneutrons near threshold should be

sensitive to final state interactions and momentum dependent effects in the

N-N potential. Furthermore, the measurements at Mainz of the D(y,p)

reaction at 00 were in disagreement with all theoretical predictions at

moderate photon energies. Thus, it is essential to have accurate measure-

ments of the angular distribution of photoneutrons from the D(y,n) reaction

from threshold to 20 MeV.

(i) Aglar Dis tr ibu tions

Plans are underway to make relative angular distribution measure-

ments at 450, 900, 1350, and 155* from threshold to E L 20 MeV. These
Y

measurements will exploit the newly constructed multidirectional electron

beam transport system. Iii addition, elements for the 1550 beam line are

under construction. In order to ensure that the desired accuracy (<3%) is

achieved, a number of preliminary experiments have been carried out to study

the magi i tude of systematic errors. In particular, the problem of multiple

neutron scattering in the target was studied in great detail. Measurements

of the angular distributions are expected to be performed later this year.

(ii) The D(y,n)H Reaction

Theoretical studies indicate that this reaction is particularly

sensitive to meson-exch ange effects in the N-N potential. Previous measure-

ments of this kind typically have been of relatively low statistical

accuracy, and thus, have not provided a conclusive test of the theoretical

predict ions. With the intense-pulsed bremsstrahlung source available at the

AN. high-current electron linac and with the development of high-efficiency

neutron polarimeters, we plan to measure the photoneutron polarization from

this reaction with high accuracy. Design of the polarimeters is underway.

These measurements are expected to proceed after the angular distributions

have been studied.

R. J. hughes, A, Zieger, H. WUffler, and B. Ziegler, Nucl. Phys. A267,
329 (1976).
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c. Photoneutron Studies of El, Ml, and E2 Excitations in 13C

R. J. Holt, R. M. Laszewski, H. E. Jackson, J. E. Monahan, and J. R.

Specht

Photoneutron spectra for the 13C(y,n0 )12C reaction were observed

over the energy region 6.5 to 9.3 MeV at angles of 900 and 135*. The

photoneutron measurements were analyzed in terms of a multilevel R-matrix

formalism. The 12C(n,n)12C reaction channel was explicitly included in this

analysis. The effects of potential capture were directly observed in the

photoneutron spectra. The ground-state radiative widths FYO for resonances

in this energy region were deduced from the R-matrix interpretation of the

results. In Table IV-I the deduced P are compared with the theoretical

predictions of Barker,1 Jger et al., Kissener et al., and Kurath.4

The weak-coupling model of Barker is in good agreement with the results of

the experiment for the El excitations at 7.69 and 8.19 MeV. Weak coupling

models have been successful in describing the neutron widths of those

resonances. However, it is surprising that the more detailed calculations of

Jager et al. and Kissener et al. are in disagreement with the present

results.

TABLE IV-I. Comparison of the ground-state radiative widths with
theoretical predictions.

E M Present F (eV)

(MeV) experiment Barker Jfger et al. Kissener Kurath
et al.

7.56 E2 0.11 0.015 . . . . . . . . . 0.18

7.69 El 0.6 0.1 0.71 0.60 1.54 1 3 78a

8.19 El 7.0 { 0.9 5.49 0.53 0.89

8.89 M1 5.4 0.5 . . . . . . 6.13 13.87- 14.78

aOnly the integrated strength from both El excitations is quoted.

1F. C. Barker, Nucl. Phys. 28, 96 (1961).

H. U. Jager, H. R. Kissener, and R. A. Eramzhian, Nucl. Phys. A171, 16
(1971).

3 H. R. Kissener, A. Asward, R. A. Eramzhian, and H. U. Jiger, Nucl. Phys.
A219, 601 (1974).

4S. Cohen and D. Kurath, Nucl. Phys. 73, 1 (1956); D. Kurath, private
communication.
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d. Doorway Resonances in 29Si

R. J. Holt, H. E. Jackson, ,nd J. R. Specht

Since the discovery of doorway states in 29Si, the theoretical.

advances in describing the 28Si+n system have become more sophisticated.

In the most recent theory the 28Si(n,y) 29Si reaction was described within

the formalism of Boridy and Mahaux by constructing particle-vibration basis

states. These theories indicate that there may be a substantial amount of

radiative strength for doorway resonances above the present experimental

observations.

New (y,n) work will be performed which makes use of the 25-m

neutron flight paths and the newly installed mulidirectional electron

transport system. A 29Si0 2 quartz sample is currently being fabricated

for this work.

e, isospin Splitting of the Giant Dipole Resonance in 60Ni

T. J. Bowles, R. J. Holt, H. E. Jackson, R. D. McKeown, A. M. Nathan,*
and J. R. Specht

The question of isospin splitting of the giant dipole resonance

in non-self-conjugate nuclei has long been an issue in photonuclear physics.

Although there are a number of theoretical calculations which predict the

amount of splitting and the relative strength of the two components T< and

T , the experimental information is very sketchy.

The photoneutron reaction is a selective probe for isospin splitting.

For example, in a (y,no) reaction only photoneutrons from the T component

are allowed by the isospin selection rules; whereas in (p,y) reactions both

components can be excited.

In the present work we have observed the cross section at 900 for

the 60Ni(y,n0)59Ni reaction for the first time. The 25-m flight paths and

high current pico-pulse made it possible to achieve sufficient energy

resolution to identify ground-state photoneutron transitions. The first

results indicate only one broad peak in the (y,n0 ) cross section which is

consistent with isospin splitting of the giant dipole resonance.

*
Univerity of illinois, Urbana, Illinois.
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f. High-Resolution Photoneutron Study of El and M1 Transitions in 208Pb

R. J. Holt, H. E. Jackson, R. M. Laszewski, and J. R. Specht

The photoneutron cross section of 208Pb was observed using a very

high resolution time-of-flight spectrometer. The cross sections were

observed in the photoneutron energy range 16 to 1000 keV and at reaction

angles of 900 and 135*. The deduced ground-state radiative width, were

calibrated to the well-known 2H(y,n)1H reaction cross section. The 7.99-MeV

resonance, previously believed to be an M1 excitation, is shown to be an

El resonance. Current progress in the search for the collective M1 resonance

in 208Pb and recent theoretical predictions of the properties of the giant

M1 resonance are reviewed. Finally, the present high-resolution observations1

in conjunction with previous photoneutron polarization measurements were

employed in order to deduce the s-d wave admixtures for eight El excitations.

R. J. Holt, H. E. Jackson, R. M. Laszewski, and J. R. Specht, Phys. Rev. C
20, 93 (1979).

g. Scattering-Matrix Elements for Nuclear Reactions Involving Photons

J. E. Monahan, R. J. Holt. and R. M. Laszewski

The transformation of scattering-matrix elements from a representa-

tion appropriate for particle channels to one that describe, photon channels

is rederived.1 Previous derivations have ignored an ambiguity in the

relative phase if the vector potential for magnetic and electric multipole

radiation. The resultant ambiguity in the S-matrix transformation seems to

be a source of confusion about the relative phases of the various terms that

contribute to the polarization of particles produced in photonuclear

reactions.

J. E. Monahan, R. J. Holt, and R. 1. Laszewski, Phys. Rev. C 20, 389

(1979).

h. R-Matrix Analysis of the 6Li+n System Below 4 MeV

R. J. Holt, P. T. Guenther,* A. B. Smith,* and J. F. Whalen*

This work was performed in collaboration with the Applied Physics

Division. The neutron total and differential cross sections were measured

*
Applied Physics Division, ANL.
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below 4 MeV using the ANL fast neutron generator. This is the first systematic

measurement of the differential cross section for the 6 Li(n,n)6 Li reaction

in the MeV region. The absence of definite resonances above 500 keV and the

relatively large number of open reaction channels renders the Li+n system

difficult to interpret in terms of a multichannel R-matrix theory.

Nevertheless, efforts are in progress to understand the reaction mechanisms

for this system.

i. Neutron Interactions with Carbon-12 in the Few-MeV Region

A. B. Smith,* R. J. Iolt, and J. F. Whalen*

This work was performed in collaboration with the Applied Physics

Division. Neutron total cross sections of natural carbon are deduced from

the observed transmission of approximately monoenergetic neutrons through

carbon samples of various thicknesses. The measurements extend from %0.1

to 4.5 MeV, with resolutions of 'u2 to I0C keV. Neutron differential

elastic scattering cross sections of natural carbon are measured from 1.5 to

4.0 MeV at incident neutron energy intervals of <100 keV, over an angular

range of 't20 to 160 deg and with energy resolutions of 20 to 50 keV. The

experimental results are interpreted in terms of a multilevel R-function

ana.LysiS. Results are compared with measured and evaluated neutron total

and scattering cross sections and with scattered neutron polarization data

repe1 ted in the literature, The present work suggests that the observed

neutron total and scattering cross sections of carbon are physically con-

sistent and suitable for use as a reference standard in experimental studies

of neutron processes. The R-function interpretation provides a convenient

description of neutron total and scattering cross sections of carbon as a

function of both angle and energy.

*
Applied Physics Division, ANL.

A. Smith, R. Holt, and J. Whalen, Nucl. Sci. Eng. 70, 281 (1979).
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V. THEORETICAL PHYSICS

INTRODUCTION

The nuclear theory program deals with the properties of nuclei and

with the reactions and interactions between nuclei and a variety of projec-

tiles. Our main areas of concentration are the following.

A. Heavy-ion direct reactions at nonrelativistic energies.

B. Nuclear shell theory and nuclear structure.

C. Nuclear matter and nuclear forces.

D. Intermediate-energy physics and pion-nucleus interactions.

E. High-energy collisions of heavy ions.

Recent progress and plans for future work in these five main

areas of concentration and a summary of other theoretical studies currently

in progress or recently completed are presented below.

V
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A. HEAVY-10N DI[IC -REACTION TH RY

In heavy-ion collisions at moderate energies, several states in both

the project ile and target may be exci ted. The exc i tat ion amplitudes and the

couplings between exc i ted states are usual lv too strong to be properly

accounted for hv DWBA calculations. Coupled-channels calculations for such
systems are quite difficult because of the large number of coupled equations

that results from the partial-wave decomposition of a few channels. For

example, a system consisting of two 0+ nuclei, one with an excited 2+ state

and the other with ?+, 3-, and states results in 76 coupled equations for
each value of the tonal angular momentum. In addition, for collisions in-
volving nuclei such as Ca and a rare earth, with a bombarding energy of several

hundred MeV, the wavelength will be 0.j iIm or less, so that small stepsizes
are necessary. Coulomb coupling is important at distances of up to several
hundred Fermi.

Such inelastic scattering processes do, however, offer the

possibility of probing nuclear structure. Both Coulomb and nuclear excitation

are important, and the interference between them can be sensitive to the
details of the nuclear structure models assumed in the analysis. Second-order

transitions are important in the mutual excitation of both the projectile

and target; the required matrix elements are also dependent on the nuclear

models used. Thus it is desirable to be able to carry out detailed, accurate

quantum-mechanical calculations for heavy-ion inelastic scatt:,rini in which

low-lving states in both tie projec(tile and target are populated.

At Argonne we have developed a program that will allow us to do such

calculations. We are now beginning to apply the program to the analysis of

inelastic scattering data.

a. heavy-- Ion Coupled-Channels Calculatiorcs-Computational lechn iques

M. '.'wfarlane, S. C. Pieper, and .!. J. Rhoades-Brown

As was descr ibcd in last ., r's report , sequent ial itera t ion with

Pade ipproximants is an efficient rtt hod for heavy-ion coupled-channels

calculat ions. We have compared this method with a variety of Aiternative

iterat ive techniques-the method of moment., the Born series ( iso with

Pade approximant s ), :ind Austern's variant of Sasaikawa i terat ion. We conc lude

that Pade-accelei "it.J -,;uent i.al iteration is the most rapidly conV\rgent

method for heavy- 1.' n calculat ions and we will use it in our coupled-channels

extension of Ptolemy. Papers describing this study and tw computation of

coupled-channels Coulomb wave fu inct ions have been publ i -;hed.

'. Rhoades-KBown, 11. hI. Mactarlane , and Steven C. Pieper, Phvs. Rev.

C 21, 2''1 and 24 i( (1980).
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The computer program Pto.leIny makes use ol the smooth angular-

momentum dependence of DWBA scatteri ng- ample i tudes by comput ing these

amplitudes at widely-spaced values of 1. and using int. rpolation. Heavy-ion

coupled-channels amplitudes have a very similar dependonc- on angular

momentum and we have extended the techniques previously dLve loped to the

coupled-channels cal culat ions. The method used for DWBA inelast it' amp] i tudos

can be applied directly to .;o coupled-charnel s iHelastic ampl i tudes;

however, the extrapolation of the coupled-channels elastic aimpliitude

requires a method that accounts for the removal of flux from the elast ic

channel. We have developed such a method and test-d it in a variety of

calculations. By using Lnese methods, it is possible to obtain cross

sections with 1% accuracy for reactions to which thousands of part ial waves

contribute, with the explicit computation of amplitudes for only a few dozen

partial waves.

b. Pt\oley, A Computer Program for Heavv- Ion Direct Reactions.

Coteled-Channels Extension

M. H. Macfarlane, S. C. Pieper, and M. .1. Rhoades-Brown

We have started writing the nI cessarv extension of Ptolemy to allow

coupled-channels calculations of heavy-ion inelastic scattering. The three

techniques descr i bed in Sec. a will all be i lC uded . The program has been

designed to permit the use of a variety of models (rotational, vibrational,

microscopic) for the channel-coupl ing form factors. For the moment we are

concentrating on first- and second-ordIr rotational coup ing. As in earli er

development of PtolemV, much of fort has bt ni put into developing an input

format that is flexible and easy to us.

c. Ptolemy; A Computer Program for Heavy-_Ion D)irect reactions.

.ighr-Ion Extension

R. P. Goddard,* M. H. Macfarlane, and S. C. Pieper

Work begun in the previous year on a l ight-ion ext c ns ion of

Ptol erw has been completed. The program 1'tol emv can now Cv'a I ua t , spin

observables in elastic scattering and in transfer react ion ; us inQ finite-

range DWBA. Arbitrary spin-dependent and tensor optical potent ial may be

used in elastic and transfer calculations.
*
tnlverslty of Wisconsin, Madison, Wisconsin.
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B. NUCLEA SHEll. THEORY AND NUCLEb _ STRUCTURE

The btst available nuclear wave functions, in particular those of
the many-particle shell model, have been used to illuminate various aspects
of nuclear levels, transitions and interactions. We have placed particular

stress on the properties of light nuclei (A < 50) and on the interactions of

intermediate-energy pions with such nuclei.

a. Par itv-Changing Excitations of light Nuclei in (')Scattering

T.-S. H. Lee and D. Kurath

Calculations of inelastic pion-nucleus cross sections with the

distorted wave impil se approx imat ion have been ext ended to treat exc itation

of states having parity opposite to that of the ground stite, a subject of

much current experimental interest. The input nuclear transit ion dens i t %

is obtained from shell-model calculations wherein opposite-parity states are

t related in a space obtained by promoting a single nucleon to the next

oscill ate r level in all possible ways;. Treatment of several nuclei in the

upper 1p shell indicates that disf inct ikr lnillar distributions are obtained

which are determined by the orbital (L) and spin (S) values of the transition

density. Furthermore marked difterences between + and - scattering are

produced by the sensitivity of pions to whether the excitations are pre-

dominantiv of neutron or proton nature. A striking xample is the excitation

of a 9/2 state in 13C in which the predicted cross sect ions favor scattering

by a factor of 9 over scattering, in agreement with recent experimental

resuI ts. 13 C
resl ts. (See 1 i g. V-i.) Calculations for C have been completed, and

nearby nuclei such as 14N will be studi id to look for unusual features due

to nuclear structure which should be evident in recently-measured data.

b. Nuclear Effectof Par i t v iola ting Interaction

W. P. Teeters* and I). Kurath

in connect ion with a pending experiment to measure the effect of

the pat its violat ing term from weak interactions in 10B, we have calculated

the expe ted size of the mixing term I or the relevant states. These are

.1=2 states differ ing in isospin as well as parity. We have made shell-

mode l calcu lat inns to test t le stability of the wave functions to the

*
Chiicago State UniversIty, Clhica'go, 111 ino is.
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nuclear model, and estimated the parity-mixing matrix-element for a one--

body approximation of the parity-violating interaction. The size of matrix

element obtained is encouraging for the prospects of the experiment.

However, we plan to calculate the effect using a two-body approximation

for the parity-violating interaction, which should give a more reliable

resul t.

c. Workshop in Nuclear Structure Physics

D. Kurath

A summer workshop on theoretical nuclear structure was held at

Gull Lake, Michigan from August 27 to September 7, 1979. About 55 graduate

students and postdoctoral researchers attended. Six major lecturers

incItided the co-organizers, G. Bertsch of Michigan State University and

D. Kuriath of Argonne. Lecture notes were published by Springer-Verlag.

54
d. 8 :ti tes in Fe

R. u. Lawson, T.-S. 1. Lee, and W. D. Teeters*

Recent electron-; cattering measurements indicate that four T=1

8 states ranging in energy from 8.3 MeV to 10.7 MeV and one T=2 8 state
54

(at 13. 1eV) ariL strongly excited in Fe and carry most of the M8 sum

rule strength. A shell-model calculation has been carried out in which it
54 14

i, assumed that the ground state of Fe is described by (f )
/21=0,T'=1

and the 8 states by [g 1 (f )13 - If one takes the
9/2, 1 /2 7/2 .JT I=8 , ff

(f 7/2) interaction energies from 54 Co and the (g9 /2f7/2) matrix elements

from the True-Schiffer central potential, the calculated spectra and their

M8 st rengths are in qualitative agreement with experiment. Furthermore,

in the absence of any (g9/2f7/2) interaction the configuration [g9/2,1/2

( 7/2) 7/ 2 T= 8,1 (wh ich corresponds to pure neut ron exci tat ion) will lie
13

about 4.) MeV low (g9/2, 1/2 (1 7/2 7/2 T=J 8,1. Consequently the yrast

8 state is expected to be mainiiithe former conf iguration and hence to be

mainly neut ron excitation. Thus it would be expected to show up approxi-

Watelv nine t imes more strongly in scattering than in n+. When the

she I 1-model wave fouct ions are used, the predicted ratio R = ( n )/o (n)

34 at 80" and the o (r ) scat t er ing has a magnitude of -0.06 mb/sr.

Ch icago State University, Chicago, I11 inois.
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It is also found that the calculated ratio R for the higher 8 states are
i7

distinctively different from each other. Thus because of the strong isospin

dependence of the pion-nucleon interaction, measurements of R and the

absolute cross section will give important nuclear structure information.

e. The Microscopic Structure and Group Theory of the Interacting Boson

Model

Harry J. Lipkin

Possible composite models for the bosons in the IhM are investi-

gated, using groups smaller than SU(6) which have six dimensional representa-

tions. The two candidates are SU(3) and SU(4) which describe composite

models made from pairs of spin-one bosons and spin-3/2 fermions, respectively.

The SU(4) model is the fermion pair model proposed by Ginocchiu, who obtains

sets of states in one-to-one correspondence with the states of the SU(6)

IBM classification even though there is no SU (6) group in the .11(4) model.

This correspondence is investigated in detail, and it is shown 'iat the

states in the Ginocchio model filling a fermion major shell with nk states

include all states analogous to those in the LBM for n bosons with n ; nk'

The states for n nk in the fermion model are then determined by particle-

hole symmetry. The concept of seniority plays a crucial role in this

analysis; three kinds of seniority numbers can be defined which are related

to Casimir operators of groups appearing in the chains used to classify

the states. The three seniorities can be defined in both models, but only

two of them are described by the same group in both models. The third

seniority is described by different groups, SU(5) in the boson model and

quasispin Sp(2) in the fermion model, but the seniority numbers defined in

both cases have the same values and the same physical meaning.

f. Reaction 15N(t,p)17N

H. T. Fortune,* G. E. Moore,* L. Bland,* M. E. (obern,* S. Mordechai,*
R. Middleton,* and R. D. Lawson

Properties of the low-lying states of 17N observed in the 15N(t,p)17N

reaction have been studied. Belcv 4.5 MeV seven states have been observed

with strengths that would be expected when two (sd)--shel l neutrons are

added to 15N. The energies of these negative parity states have been

calculated using the {(rp1/2) 
1 (vd5/2, vl/2, vd3/) 2} model space (with at

*
University of Pennsylvania, Philadelphia, Pennsylvania.

105



106 V.Bf

most one neutron in d3 /2 ) and th theoretical predictions are in qualitative

agreement with the positions of observed states. In addition, states of

17N known to have positive parity are also weakly populated in this reaction.

It is shown that some of the observed excitation energies can be understood

on the basis of the three-particle I(sd) 3, two-hole [(p 1 /2 -2 ] weak

coupling model.
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C. NUCLEAR MATTER AND NUCLEAR FORCES

The microscopic theory of nuclei as systems of interacting nucleons

rests on our ability to determine adequate nucleon-nucleon potentials.

Homogeneous nuclear matter is an important testing ground because the

theory is mathematically well defined and its consequences are sensitive to

features of the potentials that do not affect the observable properties of

two-nucleon systems. For any density, the energy per particle can be

calculated exactly from the amplitude S2 for the excitation of two particles

out of the Fermi sea, which must be obtained from the many-body Schrodinger

equation (coupled cluster equations) in a reliable approximation. The

Bethe-Goldstone equation yields the lowest order Brueckner approximation

for S2. The Brueckner-Bethe scheme ("hole-line expansion") is designed to
produce systematic corrections. The validity of the approximation depends

on features of the potential and must be established by numerical tests.
These tests include various internal consistency checks and comparison with

variational calculations. The lowest-order Brueckner approximation is
always inadequate even for purposes of a rough orientation. So far all
tests indicate that inclusion of the three-hole-line corrections gives a

reasonable approximation. At present we can calculate the two-hole-line

term accurately, the three-hole-line term with about 10/' accuracy, and the
four-hole-line term within a factor of 2. The saturation point for an

assumed two-body potential can be located within an uncertainty of order
0.1 fm 1 in Fermi momentum and 2 MeV in binding energy. More accurate
calculations are desirable, but the present accuracy is good enough to
obtain physically interesting results.

During this year we have applied the Brueckner-Bethe hole-line

expansion to the full Reid potential. This is the first time that an

adequate nuclear-matter calculation has been done for a two-body potential

that fits the scattering data. We have further checked th( validity of the

hole-line expansion by comparing its results with those of a different but
equally plausible truncation of the coupled-cluster equations. Also, the

variational method has been further developed by anplying the Fermi-
hypernetted-chain method to the electron fluid.

During the coming year we plan to make calculat ions for more poten-

tials that fit the scattering data, e.g., the Paris and Bonn potentials.

If, as expected, no potential can account for the saturation properties of

nuclear matter, we will modify the calculations to include virtual delta

particles in the two- and three-body terms. We also expect to further test

the validity of the method by doing calculations with different choices of

single-particle spectra.

The calculations of three-hole-line correct ions to S2 are, at present,
quite time consuming. In view of the inadequacy of the Bethe-Goldstone

equation, it is important to invent a simple equation for S 2 that includes

the main effects of the three-hole-line corrections. We are now in a

position to pursue this goal since we can calculate the quantities to be

approximated.
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a. Nuclear-Matter Calculation Using the Reid Potential

B. D. Day

The Reid potential gives a good account of nucleon-nucleon scatter-

ing and deuteron properties, and it is important to know what it predicts

for the saturation point of nuclear matter. The published Reid potential

is defined only in two-body partial v-ves with J < 2, but individual

higher partial waves can give substantial contributions to the binding energy

of nuclear matter. In these partial waves we used unpublishtv potentials

of Reid that are consistent with empirically-determined phase shifts and

reduce to the one-pion-exchange potential at long range. The resulting

potential was used in a detailed nuclear-matter calculation including

two-, three-, and four-hole-line terms. Because of cancellation among

different partial waves, the contribution to the binding energy per nucleon

from the potential in higher partial waves was only about 1 MeV. The
-l

saturation point occurred at k = 1.52 0.1 fm and -17.0 2 MeV (the
F -

empirical saturation point is at 1.36 } 0.08 fm and -16 1 MeV).

Zalolitzky's calculations of light nuclei and earlier less accurate nuclear-

matter calculations lead us to suspect thac the correct empirical saturation

point will not be obtained for any realistic two-body potential. If

this expectation is confirmed by further calculations, we must conclude

either that three-body forces are required in any model of the nucleus as

a system of point nucleons or that other degrees of freedom must be included.

b. Numerical Comparison Between the Hole-Line Expansion and the Coupled-
Cluster Equations

B. D. Day and J. G. Zabolitzky

The Brueckner-Bethe hole-line expansion is equivalent to a certain

truncation of the coupled-cluster equations: The nth order calculation

[denoted BB(n)] includes all diagrams with 2, 3, . . . n hole lines. All

tests so far confirm the validity of this method. The Bochum truncation of

the coupled-cluster equations is based on the same intuitive ideas but

implies a different grouping of diagrams. The n-body calculation in this

scheme [denoted CC(n)] includes all n-hole-line diagrams, but in addition

certain classes of diagrams are summed to infinite order in the number of

hole lines. At present we do not know which of these two schemes is more
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accurate. Therefore, if the two schemes were to give substantially

different numerical results, this would imply substantial uncertainty in

present nuclear-matter calculations. Using the results of the BB(4)

calculations that were carried out earlier for the v6 (Reid) potential,

we have estimated the results of CC(n) calculations for n = 2, 3, 4. In

each order the BB(n) and CC(n) results differ by less than the expected

uncertainty in either. This result is reassuring and gives additional

evidence for the validity of the Brueckner-Bethe method. A paper describing

this work is being prepared.

c. Hypernetted-Chain Euler-Lagrange Equations and the Electron Fluid

J. G. Zabolitzky

The Fermi hypernetted-chain approximation for variational calcula-

tions has previously been applied to nuclear and neutron matter and to

liquid He, systems in which short-range correlations are dominant. It is

therefore of great interest to apply it to the electron liquid, which is a

benchmark sy, tem for any method purporting to treat long-range correlations

properly. This has been done, using the suggestion of Lado that the

modulus squared of the Fermi-gas Slater determinant be approximated by an

appropriate Jastrow product of two-body functions. This is a tremendous

simplification because it reduces the Fermi hypernetted-chain equations to

the same form as those for bosons.

The resulting Euler-Lagrange variational equations have been

solved to obtain least upper bounds to the ground-state energy over a large

range of density and spin polarization. The resulting approximate distribu-

tion and structure functions satisfy certain exact relationships in the

high- and low-density limits, as well as in the long wavelength limit at any

density. The calculated energies are in excellent agre-ment with both

coupled-cluster perturbational and Monte-Carlo calculations. Hence this

version of the Fermi-hypernetted chain method gives an excellent descrip-

tion of the electron liquid. The method also properly treats both short-

and long-range correlations simultaneously, which has long been an unsolved

problem in the Fermi-hypernetted-chain method. A paper describing this

work has been submitted to Physical Review B.
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d. Nucleon-Nucleon "Potentials" and Two-Body Hamiltonians

F. Coester

The physical significance of nucleon-nucleon "potentials" depends

on their relation to the two-nucleon mass operator. These relations are

examined for phenomenological potentials. Momentum-space Bethe-Salpeter

amplitudes with one particle on the mass shell approximate "half-off-shell"

T matrices defined in the framework of the Haag-Ruelle theory. This implies

a relation between "potentials" derived from a Bethe-Salpeter equation and

effective two-body mass operators. An invited paper was presented at the

"Topical Meeting on the Meson Theory of Nuclear Forces and Nuclear Matter,"

Bad Honnef, West Ge::many, June 12-14, 1979.1

The Meson Theory of Nuclear Forces and Nuclear Matter (Proceedings of
the Conference, Bad Honnef, Germany, 12-44 June 1979), ed. by D. Schtte,
K. Holinde, and K. Bleuler (Bibliographisches Institut, Zurich, 1980),
I. 1.5.5.
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D. INTERMEDIATE ENERGY PHYSICS

Traditional nuclear theory assumes that nuclei can be treated as
a collection of nucleons with the effects of other degrees of freedom

absorbed in the phenomenological Hamiltonian. Pion-nucleus reactions

are expected to probe the nuclear structure so described. Thus a desirable

theoretical framework is a straightforward extension of conventional nuclear

theory to include pions. The interactions should then allow pion production

and absorption without modifying the single nucleon states. We have shown
for the NNnr system that such models can be fully relativistic. Substantial

simplifications result when the baryons move with nonrelativistic velocities.

We have studied inelastic pion-nucleus scattering with a hybrid

model. The transition matrix elements or the effective l--nucleus potential

are calculated in the impulse approximation using off-energy shell '-nucleon

scattering amplitudes and shell-model wave functions. The diagonal matrix

element of the effective potential is determined empirically by fitting to

elastic scattering data. This model has proved quite useful in the

interpretation of inelastic scattering data.

a. Canonical Scattering Theory for Relativistic Particles

F. Coester

A multichannel relativistic scattering theory can be formulated in

a manner similar to the nonrelativistic multichannel theory. The problems

of existence and completeness of wave operators are formally the same.

Poincare invariance and cluster separability of the S operator impose non-

trivial restrictions. The solutions were reviewed in an invited talk at

the "Conference on Mathematical Methods and Applications of Scattering

Theory," 21-25 May 1979 at Catholic University. The proceedings were

published.1

'Mathematical Methods and Applications of Scattering Theory (Proceedings

of a Conference, Washington, D.C., 21-25 May 1979), ed. by J. A. DeSanto,
A. W. Saenz, and W. W. Zpchary (Springer-Verlag, Berlin-Heidelberg-New York,
1980), p. 190.

b. Phenomenological Relativistic Quantum Mechanics of__the NNn System1

M. Betz and F. Coester

We have provided the theoretical basis for a class of models with

the following features. The elementary degrees of freedom are the nucleon N,

the isobar A, and the pion r. The elementary nucleon and pion are also physical.

1Phys. Rev. C 21, 2505 (1980).
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The \ is unstable. The interactions are introduced in the invariant mass

operators. The basic ingredient; are (1) a TN interaction VNn which is

a vertex nN - A in the resonant (3,3) partial wave and a direct two-body

interaction in the other partial waves, (2) a nucleon-nucleon interaction

vNN acting in the 3-body NNn partial wave designed to fit nucleon-nucleon

scattering below the pion threshold, and (3) a two-body interaction V 0 in

the NN and NA channels which has transition matrix elements NN - NA.

c. Construction of an NNr Model

M. Betz and T.-S. H. Lee

We have constructed a concrete ,yodel of the type described above

(Sec. V.Db) by the following procedure. In order to simplify the calculations

all two-body interactions are parameturized in each partial wave by a low-

rank separable kernel. The parameters in vNr and vNN are first determined

to fit scattering data for E < 300 le"' and E - 300 MeV. The parameters of

V;, were then determined by fitting to NN phaso shifts for energies up to

800 MeV. Good f its to Arndt's phase shifts have been obtained for all

partial waves with ' ' 4. With all parameters so determined, we have

calculated cross sections bor Tid elastic scattering and for the reaction

d - pp. The results agree well with the available data in the energy region

near the resonance. The result ts are quite sensit ive to a proper treatment

of the interactions in the three-body channels. Preliminary results for Tid

polarization cross sections are encouraging. We plan to test and refine

this model by further study of pion production in proton-proton collisions

and id polarization cross sections.

d. A DWIA Model for Microscopic Analyses of Pion-Nucleus Inelastic
Scatter ina

T.-S. H. Lee

Recent studies of pion-nucleus reactions have indicated that the

excitation of nuclear states by pions can be adequately described in the

impulse approximation. In this simple picture, pions can be used to probe

the relative strengths of neutron and proton excitations. This is attri-

buted to the fact that the TT p(rr n) interact ion is 9 times stronger than the

1i n(; p) interaction. Based on the impulse approximation, we have developed
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a DWIA program to relate the structure of nuclear excited states to (r',')

cross sections. Since true pion-absorption by nuclei is not well understood,

our present analyses rely on phenomenological optical potentials which are

determined by fitting the elastic scattering cross sections. However,

the excitations of nuclear states by pins are expressed microscopically

in terms of the known elementary TiN interactions and nuclear transition form

factors. The model has been tested extensively in the region where the

nuclear transition form factors are known accurately, and has been found to

be valid in the energy region near the (3,3) resonance. The model has then

been used to explore in great detail the structure of several Jp-shell

nuclei, 180 and many heavier nuclei. These results will be described

separately in the Secs. V.De and V.Df . We plan to improve the model to

also describe the (n.,1') scattering at energies beyond the resonance region.

e. Inelastic Pion Scattering from 18

T.-S. H. Lee and R. D. Lawson

The inelastic scattering of 164-MeV pions from 18)i - stId id using

the distorted wave impulse ar-)-oximation in momentum space. F!ie sens it vi ty

of the predictions to various shell-model descriptions of the vrast 2+

state is examined in detail. The excitation of the triplet of states

(4O, 02, 22) near 3.7 MeV and the (31, 03, 23) triplet at about 5.2 MeV

are also investigated within the context of the shell model. In order to

explain the scattering to natural parity states [those with angular momentum

J and parity (-1) ], one must enhance the theoretical results by about the

same factor as needed to explain the B(EJ; 0 - .) transit ion rates obtained

from electromagnetic excitation. The results of these caIIulat ions,

together with similar ones for lp-shell nuclei, show that the DWA tan provide

an adequate explanation of the experimental data provided one uses "real istic"

shell-model form factors (i.e., ones that fit other nuc 1ca r data). Thus

inelastic pion scattering in this energy regime, analyzed in term, of the

DWIA, can be used to extract nuclear structure information.
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f. Studies of Pion-Nucleus Iouble-Charge-Exchange (n ,T ) Reactions

S. Chakravart i,* T.-S. H. Lee, (uang-Lie Li, and Chu-usia I.

The characteristic feature of the pion-nucleu double-charge-

exchange (DCE) react ion is that at least two nucleons are involved in the

underlying reaction mechanism. The DCE reaction is therefore expected to

be very ust. f il for study i ng two-nuclicon ce rrclat i ens inside nuc i . In the

impulse approximat ion, the DCY mechanism i,: made up of two elementary rn

single-charge-exchanme scatterings mediated by intermediate states of
n

the nucleus with (Z+1) protons and (N-1) neut rons. We are studying the DCE

reactions based on two differ. ut models. In the first model, it is assumed

that the momentum transfer in each si ngle-charge-exclange process is small

and hence only very few Iow-lying intermediate states contribute to the

DCL mechanism. This model has been cast into a coupled-channel calculat ion
9 + - 9

by Chakravarti. Calculations for the DCE reaction Be(TT ,r ) C(g.s.)

have been comp I et td vsing the wave functions of Cohen and Kurath . It is

found that the calculated cross sections are sensitive to the detailed

structure of the intermediate states. Compared with the avail able tentative

data, tihe calculated d i f erential cross sect ions agree reasonal v well in

magnitude but not in shape. A paper describing this stud, is being pre-

pared by Chakravarti and Lee. The second model assumes that the momentum

transfer in each single-charge--exchange process can be very large and hence

all intermediate states contribute to the DCF mechanism. By using the clo-

sure approximation to sum the intermediate nuclear states, the model

relates the DCI cross sections to the two--bodv transition densities between

the initial and final nuclear states. Calculate ions are also hoing done for

the target nucleus Be. Oui main focus now is to determine the validity

of these two models in various energy regions where the experimental

data are available.

*
Thiesis sti.dent, 'n iversity of Chicago, Chicago, IllInols.

.Y
State 1In i vvrs i tv of New York, S tony: Brook, New York.
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F. MICROSCOPIC CALCULATIONS OF [I ICI-ENERGY C01 L1 SONS OF HEAVY IONS

The study of heavy-ion collisions at energies greater than about
100 MeV/nucleon seems the only way of obtaining information about the

properties of nuclear matter at high densities and temperatures and about

possible new states of nuclear matter. Because of the relatively large mean

free path and associated large nonequilibrium phenomena, an adequl te

description of such collisions must in general be a microscopic onrt. We
initiated and are continuing (with A. D. Macellar) classical equations-of-
motion (CEOM) calculations of high-energy heavy-ion (HE--T) collisions for
laboratory energies from about 100 MeV to about 1 GeV/nucleon (Refs. 1-3).
The CEOM method is a completely microscopic but classical approach whose
essence is the calculation of all nucleon trajectories using a two-body

potential between all pairs of nucleons. The uniciue feature of this
approach is that it includes finite-range interaction effects (in particular
potential-energy effects) for realistic potentials and hence does not assume
that nuclear matter is a dilute fluid as do tie boltzminn-e-quation/ca cade
calculations.

1A. R. Bodmer and C. N. Panos, Phys. Rev. C 15, :<' (1977).

A. R. Bodmer, in Proceed ings of the Top ica1 C n'r nrnce or ;?i"avy- Ion
Collisions, Fall Creek Fall s State Park, Pikev ille, Tennessee , 1 3-17 June

1977, organized by E. C. Halbert et al. 'Oak Ridge National 1ahoratory,
1977), CONF-770602, P. 309.

1 A. R. Bodmer, in Proceedings of the Svmpos I m -I nativistst. ic Heavy Ion
Research, GS1 Darmstadt, 7-10 March 1978, edited by K. Bock and R. Stock
(Gesellschaft fur Schwerionenforschun ,, Darmstadt, 197;) ) Si1'- -78.

Vol. 2, p. 347.

a. Classical-Equat ions of Motion Calculations of Nith-lnery_ Heavy-Ion
Collisions

A. R. Bodmer, C. N. Panos,* and A. D. MacKellar'

A paper with the above title has been publish, 2. !n it we present

and discuss results obtained with nonrelat ivistic CEO>' ,i ciilat ions for

equal-mass projectile and target nuclei with A = A 20 (Ne + Ne) at

laboratory energies/nucleon of E = 117, 400 and 800 MeV and at 400 MeV

for AP = AT = 40 (Ca + Ca). A stat ie 2-body potential Vst with a reasonable

repulsive core and attractive tail is used. V has been fit ted by

classical 2-body calculations to ,(2)-the sin 2 r we i ghted isosp in-averaved

*
Thesis student, Ulniversity of Illinois, Chicago Circle Campus, (Hicago,

Illinois. Now with the Physics Department, Ini vers itV of IoIntina,
loannina, Greece.

University of Kentucky, L.exington, Kentu, ky.

A. R. Bodmer, C. N. Panos, and A. 1. Macel lar, Phys. Rev. C22, 1025 (1980).
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nucleon-nucleon differential rro-s section. For AY = AT = 20 we also

use a scattering equivalent momentum-dependent potential V . V and
tr st

Vtr give identical 2-body scattering but are not equivalent for many-body

scattering and are used to test for finite-range interaction effects in

heavy-ion collisions.

The evolution of central collisions is discussed in detail. For

these multiple scattering is large, leading to high momentum components.

Dissipation quite generally is larger at lower energies and is appreciable

during the f inal expansion phase of central coll isions giving approximately

thermal ized distribut ions at the lower E . A peak at approximately the same

momentum at al i angles develops in the momentum distribution near the

beginning at the expansion and changes roughly in step with the potential

energy; for AP = AT 20 at 800 MeV the peak persists to the final distribu-

t ions. There are appreciable di fferences in the densities, potent ial energies

and di;tributions between V and V during the strong inttraction stage.
s t t r

However, the final distributions are not significantly different even for

AP = AT = 20 at 800 MeV. For AP = A = 40 at 400 MeV a transverse peaking

develops in the momentum distribution suggestive of collective effects.

Noncentral collisions show typical nonequilibrium features and for larger

impact parameters the final distributions show a strong single scattering

component . This is true alse of the impact parameter averaged distributions

which are in fair agreement with experiment.

A partial test of thermal models, made by following selected groups

of nucleons, indicates the qual i tat ive validity of these models for central

collisions, cons istent with the large degree of thermal ization found for :he

momentum distribution-. For an impact. parameter equal to the nuclear radius

('lily tile fi reball model is tested and not unexpectedly is found to be

inadequn te. The outer "spectator" nucleons are only slightly affected,

consist inlt with thermal models; however, there is quite appreciable momentum

transfer to their inner "spectator" nucleons.

V .EFa
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b. A New Kinetic Equation Description and Extensions of the CEOM Calculations

to Include Pauli Blocking Effects

A. R. Bodmer, C. N. Panos,* and A. D. MacKellar

Tie results of our CEOM calculations, discussed above, have suggested

a plausible description in terms, on the one hand, of "collisions" due to the

short-range repulsive core of the 2-body potential and, on the other hand,

of potential-energy effects from the average single-particle potential due

to the long-range attractive part of the 2-body potential. Corresponding

to such a separation of the 2-body potential, one obtains a kinetic equation

for which the collision term (of the Enskog type) depends only on the short-

range part of the potential and where the long-range part enters through a

Vlasov-type one-body term. In particular, this separation can plausibly

account for the simultaneous occurrence of multiple scattering together

with the distinctive potential-energy effects which we find in our CEOM

calculations. This separation has also suggested a way of including

Pauli-blocking effects in the CEOM calculations. Changes of momentum

violating the exclusion principle are assumed to occur predominantly via

the "collisions" due to the repulsive core and can be allowed for as in

cascade calculations. The long-range attraction, if adequately representable

through an average single-particle potential, would on t i a'.'erage preserve

the single-particle phase-space density and hence be compatible with the

exclusion principle if the initial density is properly chosen. Although

such an approach cannot achieve a fully-consistent synthesis of Pauli

and interaction effects, it provides a reasonable way to include the former

into the CEOM calculations. Such an extension of these calculations is

of importance in providing a reasonable microscopic approach valid down to

lower energies (50-200 MeV/nucleon), where there is so far no available

microscopic approach.

c. Other Improvements and _Extensions ot the - calculationsos

A. R. Bodmer, C. N. IPanos,* and A. 1). MacKellar*

More general momentum-dependent potent ials, depLndent on both the

relative radial and angular momentum, are being considlrtd in order to obtain

Thesis student, University of Illinois, Chicago Circle Campus, Chicago,
Illinois.

University of Kentucky, Lexington, Kentucky.
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better fits to the nucleon-nucleon scattering data and as an aid in obtaining

more realistic position distributions for the initial nuclei. The use of

auxiliary time-dependent single-particle potentials to obtain improved

distributions and reduce the e fect of evaporation has been further studied.

Some further developments have been made of trajectory and analysis

programs for relativistic calculationF to 0(v /c).
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F. OTHER THEORETICAL PHYSICS

a. Quantum Beats of Recoil-Free Gamma Radiation

J. E. Monahan and G. J. Perlow

The theory of the transmission of frequency-modulated recoil-free

gamma rays through a resonant absorber was described in a previous report.

The transmitted intensity I(w-w',t) is derived as a function of laboratory

time t and of the difference (w-w) between the actual frequency of the source

and that of the absorber resonance. For fixed values of w-', the intensity

exhibits interference between different frequency components when considered

as a function of t. The harmonic content of this beat phenomenon is

sensitive to the value of o-o' and can be used for the precise measurement

of small energy shifts. These results have been published. 1' 2

The intensity 1(w-w',t) is given in terms of an alternating series

in power of the thickness of the absorber. This suggests that the higher-

crder terms in the series may be due to thickness-broadening of the resonant

line shapes. If so, it should be possible to use the thin-absorber approxi-

mation to I and alter the parameters which describe the line shape to obtain

a phenomenological fit in the case of a thick absorber. (This is the approach

used in ordinary Mossbauer spectroscopy.) A computer code has been written

to test this possibility.

We have also generalized the theory to the case of multiple reson-

ances in the absorber. Very complex interference effects are predicted for

the transmitted intensity in this case. It remains to determine whether the

quantam-beat method will prove useful in the resolution of closely-spaced

lines.

J. E. Monahan and G. J. Perlow, Phvs. Rev. A 20, 1499 (1979).

G. J. Perlow, J. E. Monahan, and W. Potzel, Suppl. J. Phys. (Paris) 41,
C1-85 (1980).

b. Angular Distributions in Photoelectron-Photoion Coincidence Spectroscopy

J. E. Monahan and J. H. D. Eland

In photodissociative spectroscopy the anisotropy of the velocity

vectors of the dissociated ion fragments are measured. This anisotropy

depends on the angle 0 between the transition dipole moment and the direction
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of emission of the fragment. These simple distributions must be corrected

for the effects of rotation (before dissociation) and of finite dissociation

velocities to obtain the observed distributions. For fixed wavelength

photoelectron-photoion coincidence spectroscopy, where the photoions

are detected in coincidence with photoelectrons of known energy, these

corrections have not been considered previously. We have derived corrections

for rotational effects for initial distributions of the form Xacosn0

c. Nuclear Mass Relations

J. E. Monahan

The derivation of a set of nuclear mass relations M.(N,Z), j = 1,

2, - - -, based on the condition that the number of n-n, p-p, and n-p

interactions must cancel in each relation, has been described in previous

reports. It is possible to show that this set exhausts all mass relations of

this type in the sense that all such relations give predictions that are

linear combinations of those contained in the set. We have also investigated

the statistical correlation between these relations and find that the cor ela-

tion coefficient p.. is, for all practical purposes, independent of i and j

and is equal to +0.5. Thus, if the estimate of a given nuclear mass M(N,Z)

is taken to be the arithmetic mean of the predictions given by K members of

the above-mentioned set, the variance of N(N,Z) is 0.5 V (1 + 1/K), where V

is the variance associated with a single prediction. An invited paper on this

subject was presented at the "Sixth International Conference on Atomic

Masses," Michigan State University, September 18-21, 1979.l

'Atomic Masses and Fundamental Constants 6 (Proceedings of the 6th

International Conference on Atomic Masses, East Lansing, Michigan, 18-21
September 1979), ed. by J. A. Nolen, Jr. and W. Benenson (Plenum, New York,
1980), p. 151.
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VI. THE SUPERCONDUCTING LINAC

R. Benaroya, L. M. Bollinger, R. C. Pardo, K. W. Shepard, J. Aron,
** **

B. E. Clifft, K. W. Johnson, P. Markovich, and J. M. Nixon

INTRODUCTION

The Superconducting Linac Project has two main components, both

of which are developmental in nature. One is the specific task of design-

ing, building, and testing a small superconducting linac to serve as an

energy booster for heavy ions from the FN tandem electrostatic accelerator.

The second, more general part, consists of investigations of various

aspects of superconducting rf technology. Although most of these inves-

tigations are now aimed at the immediate needs of the booster, many of

them are of fairly general interest for accelerator technology.

Both parts of the Superconducting Linac Project are jointly

supported and administered by the Chemistry and Physics Divisions.

*
Chemistry Division, ANL.
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A. HEAVY-10N ENERGY BOOSTER

The booster project, started in mid-1975, is concerned with the
design, construction, installation, and testing of a small superconducting

linear accelerator (linac) to serve as an energy booster for heavy-ion

beams from the FN tandem accelerator. The principal objectives of the project
are to develop a new accelerator technology and to build the prototype for
a heavy-ion energy booster that can be used to upgrade the performance of
any tandem accelerator. The overall design is highly modular in character
in order to provide maximum flexibil ity for future modifications and/or
improvements. Twelve resonators of the planned 24-resonator system were
in place in March 1980, and the remaining resonators will be completed and
installed during 1980--81.

By the end of the present reporting period, the booster was
being used routinely (but not continuously) to provide beams for nuclear-
physics research. This operational experience is summarized in Chap. VII
of this document.

1. MAIN FEATURES OF THE DESIGN

A schematic representation of the booster as it is expected to be

at compl]etion is shown in 'ig. VT-l. The heart of the system is the

split-ring resonator, a three-gap structure made of superconducting niobium.

Superconducting solenoids at frequent. intervals confine the radial excur-

sions of the beam. The basic accelerating section of the linac consists

of a linear array of these resonators and solenoids within a cryostat that

can be isolated from the others both with respect to vacuum and cryogenics.

ANL SUPERCONDUCTING LINAC

A 8 C 0

a-- I - --- ----------------'1 Ul U1 t l~U.la J f -1 t > 11-3 1 1~~11~ f r =- .~f~~l o -~U~L c _~l~e
l~~~~ ~ ~ ~ 11P1 T l.U 1- ' ..1- >r = L~..ll . "= l J J :1 .~ " 'J t r~ ~Ju' J J-

SETRIPPHR -SOLENOID -- -SPLIT-RING
HEAT SHIE L RESONATOR

--- VACUUM WAL L 0 I meter

Fig. VI-l . Schematic representation of the planned heavy-ion booster.

Sections C and 1) are installed and in use in March 1980.

For more detail, see the Proposal for ATLAS and its Addendum, obtainable
from the Physics Division, Argonne National Laboratory (1978).
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The booster makes use of resonators that have two lengths. One

type is 35.6 cm long and is optimized for a projectile velocity E v/c

= 0.105 (sections C and D). A second type is 20.3 cm long and is optimized

for S = 0.060 (sections A and B). The resonators are cooled to a temperature

of 4.7*K by forced-flow, two-phase helium from a refrigeration system.

The total rf power required for the booster is only 3.6 kW.

This is to be compared with a need for about 2 MW of rf power for an

equivalent room-temperature linac. The control of the linac as a whole is

accomplished with the assistance of a dedicated small computer. This

approach allows rapid tuneup of the accelerator.

For ions in the lower half of the periodic table, the final 4-section

booster is expected to provide beam energies that are equivalent to those

from a very large (%30-MV terminal) tandem. A sophisticated beam-bunching

system allows the beam out of the linac to have the same good quality as

the beam from the tandem. The beam energy can be varied easily by changing

the phase and/or amplitude of the last resonator.

2. STATUS OF THE PROJECT

The heavy-ion booster has been a working reality throughout the

year ending in March 1980. A total of 12 high- resonators are installed
in sections C and D, and these are used regularly to accelerate beams for
the nuclear research program. The layout of the system in March 1980 is
shown in Fig. VI-2.

High-Q Resonators

Twelve resonators of good quality are installed but, because of a

minor failure in a control line, only eleven have been used regularly.

The maximum field gradient for individual resonators is typically 4.0 MV/m,

when tested in the off-line cryostat, but the useful fields now obtainable

in the beam-line cryostats are about 3.0 MXV/m, on the average.

Low-S Resonators

A single low-S resonator was temporarily mounted in cryostat C and

used for a period of many weeks to accelerate a beam. It operated at a
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Fig. VI-2. Layout of the booster.
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field gradient of 4.0 MV/m during much of this time. Four other low-

resonators are nearing completion.

Cryostats

Cryostats C and D are being used on the beam line. Cryostat A

is being modified to accept four low-S resonators. The final unit,

cryostat B, is being fabricated in the shop.

Helium Refrigeration and Distribution System

The helium system has been fully functional since mid-1978.

However, the present 95-W refrigerator is inadequate for the needs of the

complete booster. Consequently, a second refrigerator (a CTI-2800) has

been ordered and will be installed in late 1980.

rf Control System

The rf-control system consists of two major parts: a local,

hard-wired control unit for each resonator and a computer-based system to

monitor and control the system as a whole. The hard-wired circuitry was

refined steadily throughout the past year, and no further changes are foreseen.

The computer-based control system is functional but is still being

improved. The computer can now set both the amplitudes and phases of

resonators, either individually or in response to a users request for a

particular beam energy. Several years of additional effort are required

before computer control will be refined in all respects.

3. NEAR-TERM PLANS

During the remainder of 1980, the booster will continue to be

operated, now with the primary, objective of providing useful beams for

nuclear-physics experiments. The accelerator will be operated about 407

of the time, with the periods between operation being used to install new

components and to improve performance. This projected schedule is summarized

by Fig. VI-3.

As may be seen from the figure, a large number of major accelerator

improvements are planned for the near future. These include: (a) the
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installation of a beam rebuncher, (b) the installation of section A, with

4 low-b resonators, and (c) the installation of the new helium refrigerator.

By the end of 1980 the booster will be an excellent accelerator in all

respects.
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B. INVESTIGATIONS OF SUPERCONDUCTING LINAC TECHNOLOGY

This research program, carried out jointly by the Chemistry and

Physics Divisions, is concerned with investigations of the general aspects

of applications of superconducting technology to the acceleration of heavy
ions. Most of the recent activities have been related to the development

of an accelerating structure of the spi it-ring type made of niobium.

Investigations of this type will continue, but the program will gradually

be broadened to include developmental work on other aspects of accelerator

technology, including the development of qupercondUct ing magnets for use
in bending and analyz ing heavy-ion beams.

1. LOW-: RESONATOR

Sections A and B ot the heavv-ion booster require a type of

resonator designed to give optimum nccel trrt ion for i,)ns with a relative

velocity C = 0.06. The design of a low-: resonator of this kind was

started in 1978, and the fabrication of tihe prototype was completed in late

December 1978. During 1979, the first unit was fully and successfully

tested, and the fabrication of 6 additional low-L3 resonators was started.

The first of these to be completed was transferred to Florida State University

for use as a beam buncher.

By the end of the present reporting per iod, the design of the

low-c resonator has proven to be successful in all respects. In part icular,

several units have been operated at accelerating fields well above 4 M\/m

in of t-line tests; and one unit was operated on-line for a period of many

weeks at 4.0 MV/m and a power dissipation of 4 W. In all important respects

the performance of the low-: design is similar to that of the high-: design.

2. RESONATOR PERFORMANCE

Investigations aimed at understanding and pushing back the 1 imita-

tions on resonator performance are proceeding and are likely to extend over

the next f ew years. Dur ing 1979, the emphas is has been on (1) the develop-

ment of techniques for conditioning superconducting resonators and (2) the

study of the stability of resonator performance, especially under beam-line

conditions. These topics are, of course, closely related.

The princ[pal advance during the past year has been the demonstra-

tion that resonator performance is improved signi f icantly by outgassing the
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resonators thoroughly prior to cool down. Because of the presence of an

indium seal on the resonators, the outgassing temperature must be limited

to only about 100*C. Nevertheless, it is found that baking the resonators

for two days at this modest temperature provides marked improvements in two

respects: (1) it is much easier to burn through the low-field multipacting

barriers that are usually present when a resonator is first put into opera-

tion and (2) once conditioned, resonator operation is more stable and the

operating time available before the unit needs to be conditioned again is

much longer. Thus, although the degassing process does not increase the

maximum accelerating field, the overall quality of the operation is improved

significantly.

The maximum accelerating field continues to be limited by electron

loading in which the resonator Q drops rapidly with increasing field. Since

this limit can be increased by pulsing a resonator for a long period of time

with a 400-W rf amplifier, it seems likely that the speed and perhaps the

range of conditioning can be increased by pulsed operation with a more

powerful amplifier. A 1500-W amplifier is being acquired to test this idea.

By now we have many thousands of hours of experience with the on-line

operation of many resonators, and this is providing quantitative data on

performance characteristics. Typically, a resonator can be conditioned

off-line to operate at an accelerating field of 4.0 MV/m for a power

dissipation of 4 watts. When put on line, most units cannot be conditioned

to such a high value, but more typically to 3.6 MV/m, probably because

the fixed input probe used on line does not allow enough rf power to be

absorbed.

The long-term stability of units operated on line is somewhat

variable and is not well understood. Some units continue to operate at

their original high fields for periods of weeks, whereas others decondition

toward operation at a somewhat lower level within a few days. Such decon-

ditioned units must then be restored, typically by filling the units with

helium gas at a pressur in the range 10-5 to 10-4 torr and operating at

as high a field as can be sustained. This "helium conditioning" procedure

typically required about half an hour.

The limit to which a resonator can be conditioned may also vary

with time in ways that are not well understood. For example, the limiting

fields of five of the six resonators in section C have been unchanged since
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they were installed in January 1979, even though the cryostat has been warmed

up and exposed to air several times. The sixth resonator, by contrast,

experienced a sudden and unexplained drop of about 20 percent in its maximum

accelerating field.

When all factors that limit performance are taken into account, at

the present stage of development the average accelerating voltage that is

available for long-tern, reliable operation is about 2.9 MV/m. The average

can be pushed somewhat higher than this by vigorous conditioning, but

frequent breakdown must then be expected. pushingg the average field to the

level of 4 MV/m, which is considered a i tal istic goal, is not expected to

be achieved by any single breakthrough in technology but rather by the

painstaking removal of numerous small problems. Obviously, this will take

time.

3. i'A-i TINFR

1tie last tuner oI tic i vsonators is a vel t age-controlled reactance

(VCX) consisting of a parallel-plate condenser that can be shorted out

by a PIN-diode switch. During full-power operat ion, the VCX must carry

about 6 kW of reactive power, a very demanding requirement for the PIN

diodes. In the original conf iguration, six diodes operating in parallel

were able to function well for long. periods of time, but occasionally one

would fail, thus seriously shortening the lifetimes of the remainder. This

problem has now been effectively removed by modifying the VCX to have

10 diodes in parallel.

4. RF-PHASE CONTROL

When the booster was f irst put into operat ion (1978), the fast

tuner VCX did not have enough tuning capacity to control the phase under

all circumstances. For example, a momentary breakdown of a resonator could

cause mechanical vibrations which in turn induced rf frequency variations

too large to control. Because of the large mechanical Q of a cold resonator,

such vibrat ions typically caused the resonator to go out of lock for about

a minute.
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The phase-control problem has now been solved by using electro-

mechanical coupling in the resonator to dampen mechanical motion. The

dampening is induced by using the phase-error signal to modulate the rf

amplitude, an old idea applied now in two stages:

(a) When the resonator is in lock, the applied amplitude modulation

is very small (<0.01%), large enough to provide some dampening but small

enough to preserve the beam quality; whereas

(b) when the resonator is out of lock, the amplitude modulation is

made strong enough (%3%) to bring the system back into lock in a few

seconds.

When combined with the original VCX, this scheme works so well that

resonators rarely go out of lock and then only briefly. The new control

feature is now being used routinely for operation of the booster resonators.

5. ENERGY-MEASUREMENT SYSTEM

From the inception of the linac project, it was planned that

time-of-flight methods would be emphasized and, in particular, ion-flight

time would be used to monitor and to measure beam energy. However, for

lack of funds, it has been necessary to delay the implementation of this

idea and, as a result, we do not yet have a convenient and/or accurate way

to measure the beam energy from the booster.

During 1979, the design and construction of a beam-energy-measurement

system was started. The key element of the system is a time-of-arrival

detector consisting of a helix resonator excited by the beam. The phase

of the induced oscillation indicates the arrival time of the train of beam

pulses, and the difference in the phases of two detectors located along the

beam line gives a measure of the beam velocity.

The new energy-measurement system will make use of the same

techniques used for the phase detector of the bunching system, which has been

described in detail elsewhere.1
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C. PROPOSAL FOR ATLAS

The Argonne Tandem-Linac Accelerator System (ATLAS) is a proposed

heavy-ion accelerator) to be formed by enlarging the booster and by adding

a large new target area, as shown in Fig. VI-4. The resulting system,

consisting of the existing tandem and a 7-section linac, will have a per-

formance that is approximately equivalent to that of a 50-MV tandem with

two strippers.

ATLAS is aimed squarely at the needs of precision nuclear-structure

physics, providing beam energies up to 25 MeV/A, easy energy variability,

and beams of exceptionally good quality. The short-pulse character of the

beam will be emphasized so as to maximize its usefulness for time-of-flight

and other timing measurements. An unusual feature of the facility is the

capability of providing beams simultaneously for two independent experiments

without a loss of intensity to either.

The ATLAS proposal was reviewed by the Facilities Subcommittee of

the DUE/NSF Nuclear Science Advisory Committee (NUSAC) in March 1979,

following which the parent committee strongly recommended that the project

be Funded. Subsequently, the project was originally in the President's Budget

for fiscal year 1981 but was eliminated as part of the wave of cost reduction

carried out by Congress during the early spring of 1980.

The ATLAS project is being resubmitted for funding in FY 1982.

Since the technology involved is now in routine use at the booster and since

the booster is demonstrating regularly the unique research capabilities of

the technology, the ATLAS proposal is on an even firmer basis now than it

was originally.

VI. C



TARGE T A REA III

(3200 f 2 )

. . ,REBUNCHER

f ENERGY Q

ANALYZER

k UTILITY

BEAM - ROOM +,DATA

- DIAGNOSTICS ROOM

A...A .A..RE-TAG T AR A

-
LAB

Fig. VI-4. Layout of the proposed ATLAS facility.



134



VII 135

VII. ACCELERATOR OPERATIONS

INTRODUCTION

This section is concerned with the operation of both the tandem-
linac system and the Dynamitron, two accelerators that are used for entirely
different research. Developmental activities associated with the tandem
and the Dynamitron are also treated here, but developmental activities
associated with the superconducting linac are covered separately in Sec. VI,
because this work is a program of technology development in its own right.
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A. OPERATION OF THE TANDEM-LINAC ACCELERATOR

The tandem-linac accelerator system provides beams of nuclear
projectiles for research in several areas of nuclear physics and occasionally
in other areas of science. The accelerator consists of a 9-MV tandem and a
partially completed superconducting--linac energy booster. Because of the

modular nature of the linac, it can be used effectively to accelerate ion
beams before it is completed. In March 1980, the performance of the tandem-

linac system is, for ions with mass A 40, equivalent to that of a
stand-alone tandem with a terminal voltage of about 16.8 MV. During the

past year, about 40% of the running time was scheduled for operation of
the tandem-linac system and the remainder of the time for use of the tandem
alone or for accelerator development. The present status of the booster
and its technology are discussed in Sec. VI.

1. RECENT ()IPERATIN(; EXPERIENCE FOR THE TANDEM

P. K. Denliarror , C. E. Heath, F. H. Munson, Jr., and J. L. Yntema

During 1979, the t andem opera ted con a seven day/week schedule,

except for a three-month period when a five day/week schedule was used

in order to expedite beam--line installations. During the period 1 January

1979 through 31 December 1979, the tandem operated 5763 hours. Beams of
6 7 12 13 14 .14 16 24 26 28 32

protons, helium, Li, Li, C, C, C, N, 0, Mg, Al, Si, Si,
32 '34 40 58 60 .S, S, Ca, N i, NJ were accelerated Fur the experimental program

91% of the scheduled beam time; 97 of the beam time was used for tandem

development and accelerator condi t ion ing.

The tandem operates for long per ods of time with voltages in

excess of 8.5 MV and w ith except ional stabi 1 ity . It is proving to be an

excellent injector of the linac.

2. OPERATION OF '1111 SUPERCONDUCTING LINAC

R. Benaroya, I.. M. Boll inger, R. C. Pardo, and K. W. Shepard

Du r ing 19/9, the linac was used to accelerate heavy-ion beams

during three long periods of operation: 6 weeks in March-April, 4 weeks

in June-July, and 8 weeks in October-December, a total of 18 weeks.

About 24 weeks of operat i1on are planned I or 1980. Additional information

about the operate ing schedule is iivein by Fig,. VI-3 of the preceding chapter.
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The ions and maximum beam energies accelerated to date (March 1980)

are the following: 160 at 140 MeV, 28Si at 166 MeV, 32S at 232 MeV, and

S at 196 MeV. This performance is approximately equivalent to that of

a 16.8-MV tandem with two strippers. The upper energy limits are being

increased steadily by adding more resonators. Also, the present limit of

about A < 40 on the mass for effective acceleration (set by the length of

the high-3 resonators now in use) will soon be extended by adding several

shorter resonators.

Overall, the booster is proving to have the versatility, reliability,

and usefulness that were expected of it.

3. UPGRADING OF THE TANDEM

P. J. Billquist, P. K. DenHartog, C. E. Heath,
F. H. Munson, Jr., and J. L. Yntema

During 1979, no major modifications to the accelerator were made.

Rather, the effort was devoted to various refinements, some of which are

detailed below.

a. Ion Sources

The injection system has three ion-source positions. One position

is occupied by the direct-extraction duoplasmatron, the second by the

Li-exchange source, and the third is the 150-kV injection system occupied

by the Florida State type of sputter source, which is used to provide

a beam for injection into the linac.

A temporary experimental off-line test stand has been assembled

and put into operation, and design work on a permanent test facility has

been completed. The test stand has been used (1) to test sputtering sources

prior to installation on the tandem injection system, (2) to test design

modifications intended to improve source characteristics (emittance and

intensity), (3) to test various surface conditions in order to establish

the best combination of sputtering coefficient and Cs dwelling time, and

(4) to modify the source optics. The test stand has also been used to

obtain experience with an Aarhus-type source and to modify this source to

improve its reliability.
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Improved power supplies and control circuits for the ion-source

system have been built and brought into operation. This apparatus allows

control of the source parameters both at the source and from the control

room and has resulted in a considerable improvement in the overall perfor-

mance of the tandem.

Our proficiency in using small quantities of material in the

ion source has improved substantially in the past year. For example,

a pellet of only 100 mg of isotopically enriched 64Ni mixed with either
64 10+

high-purity Al or Zn yields an analyzed beam of about 0.5 pA of Ni .

Similarly, a small pellet pressed from FeS in which the sulfur is 4% 34S
34 8

yields an analyzed beam of 0.2 pA of S

b. Development of the Terminal

A number of tasks designed to enhance the capabilities of the

terminal have been undertaken.

The all-metal valves installed in the terminal in late 1978 have

worked well. The valves have been operated more than 25 times without any

apparent damage to the valve seats. The successful operation of these

valves has made it unnecessary to bake the accelerator tubes during the

past year. Apart from the potential danger to the accelerator tube, baking

involves a time loss of at least four days for every bake-out operation.

The remote-control system for the gas inlet of a short stripper

canal has been completed.

Tests on fiber optic lines to the terminal and survival tests on

electronic components both at the base of the accelerator and in the terminal

were completed.

The ion pump in the terminal was placed in operation, with a

remote readout of the terminal pressure. Terminal pumping has resulted in an

improvement by a factor of 40 in the terminal vacuum under static conditions.

A multiplexer to minimize the number of fiber-optic cables running

along the column has been constructed, and an improved control system for

the foil changer is being designed.
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c. Stripping Foils

The performance of several kinds of carbon stripping foils in

the tandem terminal has been studied by measuring the foil lifetimes,

beam transmission and, in some cases, energy straggling. Normal carbon

foils and special foils made by several groups (University of Arizona,

ORNL, and NSF-Harwell) were compared.

The lifetimes of some of the special foils were considerably

longer than normal, but the energy straggling for some of these was so

large that the foils were not useful as strippers. For all of the longer-

lived foils, the tandem transmission for heavy ions decreased with time.

The rate of decrease in transmission increases with the atomic number of

the ion beam. Experiments are in progress to establish the cause of the

decrease of transmission and to eliminate it, if possible.

d. Energy-Loss Straggling in Thin Carbon Stripper Foils

W. Henning, P. K. DenHartog, and J. L. Yntema

The energy-loss straggling in thin carbon stripper foils (2 to

30 pg/cm 2) was measured by a high-resolution time-of-flight method in which

the tandem-linac picosecond beam-bunching system is used. This work is of

interest because energy-loss straggling in stripper foils largely determines

the longitudinal phase space AEAt of the linac beam.

In our straggling measurements, the tandem-linac system was

operated with either the linac turned off, thus providing for a 17 m

flightpath between the buncher and detector, or with the last resonator

operating as a rebuncher 4 m before the target, in order to determine the

time resolution of the detector system. Bunched 160 and 32S beam pulses

were focused onto a gold target behind the linac, and the time distribution

was measured by detecting scattered ions in a Si surface-barrier detector.

Examples of data are given in Fig. VII-l. Here the inner curve is the

system resolution, as measured with the short flightpath for a 50-MeV
16 2
0 beam, and the outer curve is the time distribution for a 5-ug/cm

foil that is specially prepared for extra-long lifetime, as measured with

the full flight path. The corresponding energy spread is determined from

the measured time width.
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4. INSTALLATION AND IMPROVEMENT OF THE BOOSTER

*
R. Benaroya, L. M. Bollinger, R. C. Pardo, K. W. Shepard, J. Aron,

B. E. Clifft,* K. W. Johnson,* P. Markovich,* and J. M. Nixon*

The main report on the linac is given in Sec. VI.

a. Linac Section A

The installation of additional major parts of the booster is

proceeding steadily during those periods of time when the booster is not

being operated. A principal addition planned for 1980 is linac section A,

which will have four low-6 resonators. These resonators will extend the

mass range for effective acceleration up to the nickel ions, at least.

b. Linac Section B

The construction of linac section B and its associated cryogenic

equipment has started. Resonators and the cryostat are under construction,

and the helium refrigerator needed to cool the accelerator section his been

ordered.

The new refrigerator, which will be installed in late 1980, has a

cooling capacity of about 200 watts initially and an ultimate capacity of

at least 275 watts, when a third compressor is added. The new refrigerator

will operate in parallel with the present 95-watt refrigerator. The added

cooling capacity will have an immediate benefit for the booster, whose

accelerating power is now limited somewhat by the available cooling

capacity.

c. Beam Rebuncher

A superconducting resonator designed to rebunch or to debunch

the beam from the booster will be installed on the output beam line in

April 1980. This addition will greatly enhance the research capability

of the accelerator system by allowing its short-pulse characteristic to be

used to full advantage.

*
Chemistry Division, ANL.
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d. LinacTuninj

One of the greatest limitations connected with the use of the booster

has been the fact that the technique used to tune the resonators, although

effective, has been rather time consuming. As a result, we have tried to

minimize the number of times that the linac is tuned, and this has often

led to operation of the accelerator system under less than optimum conditions.

A new tuning system designed to eliminate this problem is under construction.

With this system we expect to be able to tune a resonator in a minute or

two, a short enough time to allow operating conditions always to be

optimized to the experimental needs.

e. Measurement of Beam Ener gy

Another operating problem has been that, until now, we have had

no way to measure the beam energy accurately. An experimental system

designed to measure the energy by means of a time-of-flight technique is under

development and will be in operation by late 1980. It is expected to measure

the beam energy continuously and nondestructively with an accuracy of a few

parts per 104. This capability will enhance immensely the overall quality

of the operation of the accelerator.

5. EXPERIMENTAL SYSTEM ASSOCIATED WITH THE HEAVY-ION BOOSTER

The system of experimental apparatus for use with the beam from
the booster began to take form during 1979. None of the major pieces of
equipment have been completed, but several are far enough along to be useful
for research by the end of this reporting period (March 1980). The experi-
mental system will be developed steadily throughout 1980.

The small target room being used for research with the booster
beam will be expanded by about 900 ft 2 in early 1981. This added space
will greatly increase the usefulness of the research area, which is
extremely crowded now, as seen in Fig. VII-2.
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a. Installation of Beam Lines in the Linac Experimental Area

D. G. Kovar, W. F. Evans, J. W. Lamka, J. N. Worthington, J. J. Bicek,
and C. E. Bolduc

During 1979, much progress was made in completing the experimental

area associated with the superconducting linac booster. The zero-degree

beam line, which has two experimental stations (an 18-in, scattering chamber

and a gamma-ray station), was completed in time for the October-December (1979)

linac running period. The 19-degree beam line to the new 65-in. scattering

chamber was installed in March 1980. Shown in Fig. VII-2 is a photograph

of the linac experimental area taken in April 1980. The 65-in. scattering

chamber was used in experimental measurements during the linac running

period in March 1980, as were the experimental stations on the zero-degree

beam line. Designs for the spectrograph beam line have been completed and

most components have been purchased. This beam line is expected to be

installed and the Enge split-pole magnetic spectrograph made operational in

early 1981.

b. 65-in. Scattering Chamber in the New Target Area

W. Henning, D. G. Kovar, and J. N. Worthington

The 65-in. stainless-steel general-purpose scattering chamber

in the linac annex (see Fig. VII-3) has been put into operation and used

successfully in experiments with beams from the superconducting linac.

Absolute fusion cross-section measurements at forward angles have made use

of the high angular precision which is a result of the direct-drive, direct-

readout scheme of the angular motion of the detector rings. At present,

3 detector rings have been installed, with the fourth planned for installation

later this year. The auxiliary target position near the entrance port has

been very useful in coincidence measurements between x rays and fusion

evaporation residues. Improvements in detector mounts, collimator system,

pumping speed and remote control via microprocessor are now underway. The

scattering chamber is expected to be heavily used in time-of-flight measure-

ments after installation of the superconducting rebuncher, which is scheduled

for the late spring of 1980.
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Fig. VII-3. 65-in, scattering chamber.

C. Split-Pole Magnetic Spectrograph in the Linac Experimental Area

D. G. Kovar and J. R. Erskine

The Enge split-pole magnetic spectrograph from the ANL cyclotron

was installed in its position in the experimental area associated with the

linac booster in early 1979. Designs for the spectrograph beam line are

in their final stages and most of the components have been purchased. It

is now planned that the beam line will be installed and the spectrograph

made operational by early 1981. The spectrograph will be activated without

major redesign (at this time) of the existing system.

145

'-O



VII.A5d,e

d. Improvements on the Focal-Plane Detector System for the Magnetic

Spectrograph
*

D. G. Kovar, J. C. Stoltzfus, S. J. Sanders, J. E. Kulaga, and M. Paul

Work was completed in 1979 on an effort to use two position

measurements by the focal-plane detector of the ANL split-pole magnetic

spectrograph to establish the trajectory of a detected particle. In

particular, suitable computer programming, together with a calibration

technique, was developed to obtain angle information from the trajectories

established by the position measurements. In its present mode, the angle

information is used to correct for angle effects in the measured differ-

ential energy losses AE and in the total Etotal both corrections can make

significant improvements in the identification of mass and charge Z. More

powerful, however, is the ability to make multiangle measurements and to

construct virtual focal planes appropriate for the various reaction products

so as to obtain high-resolution spectra for each. With the identification

of the trajectories, it is now possible to correct for the differences in

path lengths and hence flight times. We plan to use this capability in

making time-of-flight measurements with the beams from the linac booster.

*
Beloit College, Beloit, Wisconsin.

J. R. Erskine, T. H1. Braid, and J. C. Stoltzfus, Nucl. Instrum. Methods

135, 67 (1976).

e. y-Ray Sum Spectrometer

T. L. Khoo, S. Levenson,* I. Ahmad,t J. Borggreen, P. Chowdhury, S. R.
Faber,+ and R. K. Smither

A sum spectrometer for measuring the total y energy released in a

reaction has been constructed. The sum energy makes it possible to differen-

tiate between reaction channels and also to select states with different

angular momentum origin. The spectrometer has already been used with

success in several experiments (see Sec. II.C, high Angular Momentum States

in Nuclei).

*
Thesis student, University of Chicago, Chicago, Illinois.

iChemistry Division, ANL.

Purdue University, W. Lafayette, Indiana.
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The spectrometer consists of two independent 13-in. x 6-in. Nal

crystals, each segmented into four optically separate quadrants. Bores of

1 -in. i.d. axially and 3-in. i.d. along a diameter allow for entrance

and exit of the beam and viewing of the target by two or more Ge(Li)

detectors. The detectors are supported in a manner which makes it very

easy to vary their distance and angle with respect to the target.

A stabilization system based on an LED coupled to the photomulti-

pliers via optic fibers will soon be implemented; control of the high

voltage supply by CAMAC will also be part of the stabilization system.

Hardware and software refinements in data acquisition with the sum spec-

trometer will also be made.

f. y-Ray Facility

R. K. Smither, T. L. Khoo, I. Ahmad,* J. Borggreen, W. Kutschera, an-l
J. N. Worthington

The y-ray facility is now fully operational. The beam line, beam

diagnostics, pumps, apertures, target chambers, and detector holders have

been installed and used in several experiments already. Three target

chambers are available, all of which iit inside the NaI sum spectrometer;

with one of these chambers, the beam can be dumped downstream of the target.

The detector support system revolves around a steel post anchored

to the floor beneath the target position. Two Ge(Li) detector holders pivot

around this post, allowing accurate angular and radial positioning. The

two NaI crystals of the sum-spectrometer crystals slide independently on

two Thompson rods, which are attached to a secondary post which revolves

within the main support post. Thus the radial positions and horizontal

orientation of the crystals are controlled with extreme ease. In the design,

care has been taken to keep the mass around the target chamber to a minimum

in order to minimize scattering of y rays and neutrons.

Supports for a second pair of Ge(Li) detectors and two large

10-in. x 12-in. Nal crystals will soon be added. In addition, a new chamber

capable of holding particle detectors inside the sum spectrometer will be

designed. Planning is also underway for an electron spectrometer consisting

*
Chemistry Division, ANL.
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of a lens to focus electrons onto a Si(Li) detector, a five-crystal intrinsic

Ge polarimeter, and an anti-Compton shield for Ge(Li) detectors.

g. Nuclear Target Making and Development

G. E. Thomas

The Physics Division has a facility which produces very thin targets

for experiments at the Tandem and Dynamitron accelerators, for experiments

of other members of the Division, and any other division at the Laboratory

needing this service.

This year, the target-making facility produced more than 1000

targets, as in the past, varying in thickness from a few monolayers to several

mg/cm . The different element isotopes or compounds evaporated, rolled,
. .l0,ll,nat. 40,42,44,48

anodized, or oxidized included Al, Au, Al20 B, Ca,

CaF2, 65Cu, deuterated poly, 6,nat.LiF, 2 4 ,25,2 6Mg, MgO, NaCl, 143Nd,
58 natNi, Pb, Pt Rn 144,149,150,152,154 120,122,124 122

'NPPRSm, Sn, Te,
46,nat.Ti, V, 170Yb, Zn, and pellets of K232,nat'SiF6 using either high

purity Al or Zn as a binder.

Targets consisting of several layers of different thin targets

placed together to produce one composite target have been made for different

experiments.

A technique has been developed to routinely produce the previously

difficult self-supporting 50 hg/cm2 10,11,nat. B targets.

Experiments now usually demand higher purity targets than in the

past. As a result, we have performed experiments to determine the optimum

evaporation parameters to produce the purest targets.

6. OUTSIDE USERS OF THE TANDEM-LINAC ACCELERATOR SYSTEM

Outside users have played an important role in research at the
tandem since its original installation in 1962. Now, with the advent
of the superconducting heavy-ion energy booster, new groups have begun
to use the accel-rator system. In addition, a group from Florida State
University is getting seriously involved in the use of our superconducting-
linac technology.
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University Use of the Tandem As a Stand-Alone Accelerator

The development of the superconducting linac as an ion-energy

booster and its use as a source of energetic heavy ions for experiments

consumed a large fraction of the tandem time during calendar year 1979.

Nevertheless, many scientists from outside institutions have continued to

use the tandem alone in their research programs. During the year, fifteen

investigators from eleven institutions came to Argonne to use the tandem.

Most of these efforts are collaborations, though this is a matter of

convenience, not policy.

Outside users worked on experiments that represent 27% of the tota3

research time scheduled on the tandem. A list of those institutions from

which visiting scientists came in 1979 is given below. Included in the list

are the names of the visiting scientists, their Argonne collaborators

(enclosed in parentheses), and the title of the research done. All university

use of the tandem is included here-not only heavy-ion research.

(1) Beloit College
Development of a Focal-Plane Charged-Particle Detector for the
Split-Pole Spectrometer

J. C. Stoltzfus, (D. G. Kovar, M. Paul, and S. J. Sanders)

(2) University of Birmingham, England
Three Nucleon Transfer Reactions on 11B

G. C. Morrison, (D. F. Geesaman, W. F. Henning, D. G. Kovar,
C. Olmer, and B. Zeidman)

(3) University of California, Berkeley
A Determination of the Mass of 1 0 6 In

J. Aysto, (C. N. Davids, and B. Filippone)

(4) University of Chicago
Two- and Three-Electron Spectra of Chlorine

R. DeSerio, (H. G. Berry, and T. J. Gay)

(5) University of Kansas
Study of y-Ray Yields for the 16,180 + 2 4 ,2 6Mg Reactions

F. W. Prosser, Jr., R. Racca, (C. N. Davids, and D. G. Kovar)

(6) University of Michigan
A Determination of Hydrogen-Depth Profiles in Metals by Using Heavy
Ionic Probes

A. Hanson, D. Vincent, (C. N. Davids, and M. J. Murphy)

(7) Northwestern University
A Study of the Properties of the Giant Dipole Resonance by Radiative
Capture of Alpha Particles

R. E. Segel, J. V. Maher,t and (L. Meyer-Schitzmeister)

tUniversity of Pittsburg,, Pittsburgh, Pennsylvania.
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(8) University of Pittsburgh
A Study of the Properties of the Giant Dipole Resonance by Radiative

Capture of Alpha Particles

J. V. Maher, R. E. Segel,' and (L. Meyer-Schutzmeister)

(9) Purdue University
A Study of the Properties and Calibration of a Counter System for

High-Energy Physics
R. P. Scharenberg, A. S. Hirsch, and B. C. Stringfellow

(10) Western Michigan University

Gamma-Ray Studies in 4 5 V
G. Hardie, (A. J. Elwyn, S. A. Gronemeyer, and L. Meyer-

Schutzmeister)

The Beta Decay of 45V

G. Hardie, (A. J. Elwyn, S. A. Gronemeyer, and L. Meyer-
Schtzmeister)

(11) Yale University 12 48
Single-Nucleon Transfer Reactions Induced by C on Ca at 45 MeV

R. Peterson, (W. F. Henning, D. G. Kovar, M. Paul, and
S. J. Sanders)

Resident Graduate Student Program

The Resident Graduate Student Program continues to appeal to aspiring

doctoral candidates. During the year four students finished their thesis

research and have taken other jobs. Students participated in experiments

which used 39% of the time allotted for physical research. The following

is a list of students participating in the Resident Graduate Student Program

who did research at the tandem during the past year. Their home institutions

and local advisors are also given. Those who received their doctoral degree

during the year are indicated by an asterisk.

(1) K. Daneshvar,* University of Illinois, Chicago Circle
D. G. Kovar, adv.

(2) A. R. Davis, University of Chicago
J. P. Schiffer, adv.

(3) B. Filippone, University of Chicago
C. H. Davids, adv.

(4) S. A. Gronemeyer,* Washington University
L. Meyer-Schutzmeister, adv.

(5) S. M. Levenson, University of Chicago
J. P. Schiffer, adv.

(6) M. J. Murphy,* University of Chicago
C. N. Davids, adv.

(Northwestern University, Evanston, Illinois.
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University Participation in Linac Experiments

Although the beams from the superconducting linac booster have been

available for experiments only on an occasional basis (total of 18 weeks),

the facility is already being used by outside users. In particular, the

group of P. J. Daly at Purdue University is engaged in a very active collab-

oration in which several graduate students come regularly to Argonne and one

postdoctoral research associate, supported by Purdue, is resident here.

As the booster becomes operational on a more regular basis, the participation

of university users is expected to increase, and we shall encourage this.

A list of institutions from which visiting scientists came in the

past year follows. Included in the list are the names of their Argonne

collaborators, enclosed in parentheses, and the title of the research done.

University of Kansas
Measurement of the Inclusive Alpha-Particle Yields Produced in
160 + 4 0Ca at Elab(160) = 120 MeV

F. W. Prosser and R. Racca (D. G. Kovar, C. N. Davids, D. F.
Geesaman, M. Paul, and S. J. Sanders)

University of Maryland
160, 32S Induced Fission on Rare Earth Targets

A. Mignerey and J. M. Lebowitzt (B. B. Back, R. R. Betts,
W. Henning, and K. Wolf+)

Purdue University
Study of High Angular Momentum States in Nuclei by Gamma Spec-
troscopy

P. J. Daly, C. L. Dors, S. R. Faber, and J. Wilson (I. Ahmad,*
J. Borggreen, P. Chowdhury, C. N. Davids, T. L. Khoo,
W. Kutschera, S. Levenson, and R. K. Smither)

t
Brooklyn College, Brooklyn, New York.

+Chemistry Division, A14L.
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B. DYNAMITRON OPERATIONS

The Physics Division operates a high-current 4.5-MV Dynamitron
accelerator which has unique capability as a source of ionized beams of

most atoms and many molecules. Among the unusual facilities associated with

the Dynamitron are (1) a beam line capable of providing "supercollimated"
ion beams permitting angular measurements to accuracies of 0.005 degree,
(2) a beam-foil measurement system capable of measuring lifetimes of a

few picoseconds, (3) an experimental system dedicated to measuring absolute

nuclear cross sections at low energy, (4) a precise angular-correlation system

for weak-interaction studies, and (5) a simultaneous irradiation system

by which heavy ions from the Dynamitron and helium ions from a 2-MV Van de

Graaff accelerator are focused on the same target. An advanced PDP-ll/45

computer system is used for on-line data analysis and for the control of

experimental systems.
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1. OPERATIONAL EXPERIENCE OF THE DYNAMITRON

A. J. Elwyn, F. P. Mooring, R. L. Amrein, and A. E. Ruthenberg

The Dynamitron continued to perform well during the past year. The

normal operating schedule was twenty-four hours a day, five days a week.

Very little running was done on weekends during calendar year 1979.

During the year the accelerator was staffed a total of 5934 hours.

Of this time 5451 hours (92%) were scheduled for experimental research

during which a beam was provided to the experimenters 86% of the time.

Machine preparation time used up 4% of the scheduled research time and

machine malfunctions the remaining 10%. Scheduled accelerator improvements

and modifications used a total of 459 hours or 8% of the total available time.

The great versatility of the Dynamitron continued to be exploited

by the research staff. Ion currents on target varied from less than a

nanoampere to about 25 microamperes with the ion energies ranging from 0.35

MeV to 3.7 MeV. A wide range of both atomic and molecular ions were de-

livered on target. They included 111+, (1H^)+, 2H+, 11e+, ("He)+, "He ,+

4He++, (4HeH)+, 7Li+, 12C+, (12C 1H)+, 11N+, 160+, (1601 H)+, ( 101 H.,)+,

20Ne+, (12C21H3), (12rC160)+, (14N2)+ 2C31H3)+, 40Ar+, 40Ar ++ 5 'Cr+

56Fe+, 58Ni+, 84Kr+, 132Xe+.

During the year a total of 59 investigators used the Dynamitron in

some phase of their experimental research. Of these, 23 were from the

Physics Division, 20 were from other Argonne research divisions, 10 were

outside users (not temporary appointees) from other research facilities,

and 6 were members of the Resident Graduate Student Program. Of the scheduled

time, 69% went to members of the Physics Division, 19% to other Argonne

divisions, and 12% was exclusively assigned to outside users. However,

outside users collaborated in experiments that used 30% of the total avail-

able time, and participants in the Resident Graduate Student Program worked

on experiments that used 29% of the time.

No major difficulty--mechanical or electrical--occurred during the

past year to significantly hamper experimental activity at the facility.

Most maintenance work was of a normal routine nature, In order to forestall

any serious arc damage of the sort that occurred about a year ago (described

in last year's report), the machine was opened up for about a week during the

summer so that the Plexiglas mainframe could be examined in detail. All parts
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mounted on the frame including the rectifiers were removed, and the frame

was thoroughly inspected and cleaned. Minor spark damage was repaired.

Subsequent machine operation up to a voltage near 3.7 MeV has proved to be

relatively spark free.

The on-line IMSAI 8080 microcomputer has been operated routinely

for mass scans and, in a limited manner, for the logging of various accel-

erator parameters read off the control panel of the machine. The use of the

computer to record routinely these parameters (rather than have the operators

manually write down the numbers in a log book) is expected to be initiated

during the present year. The fiber-optics light-link system for monitoring

the accelerator parameters within the high-voltage terminal, designed by

National Electrostatic Corp., should be delivered shortly, and installation

and testing will be started.

During the past year, a program to develop ion sources for the

acceleration of beams of Li, Be, and B as well as their hydrides, was

initiated. Up to now only limited success has been obtained. By employing

a thermionic emission source based on a successful design in operation at the

University of Lyon, in France, analyzed Li beams of up to 2 vamp have

been accelerated. However, no lithium hydride ions have as yet been

identified. Further development will continue during the present fiscal year.

The ion-source test bench was utilized to obtain 0.2 to 0.3 camps of He

ions from an rf ion source coupled to a mass selector. It is hoped that with

further development larger currents of doubly-charged 3He and 4He ions can

be obtained.

Because of the research needs of the two major atomic physics

experimental-group users of the Dynamitron, a project has been initiated

to upgrade the energy of the accelerator to the vicinity of 5 MV. The

following changes have been proposed and are starting to be implemented:

(1) The pressure of the SF6 insulating gas in the pressure vessel will be

increased from 90 psig to 135 psig. A new storage tank to be connected

in series with the present one will be located outside in the area near the

shield wall. (2) An SF6 on-line gas purifier will be bought and installed

via connecting pipes to the pressure vessel. Future modifications to the

present antiquated gas-handling system are being considered. (3) New single-

piece Plexiglas supporting-frame members have been ordered to replace the present

154



VII.Bi;2

deteriorating jointed members. (4) A new toroidal coil assembly frame has

been ordered to provide adequate high-power operation at 5 AV. Rebuilding

the transformer using the pie-shaped coils in our possession will be done

here. (5) It is not yet known whether new solid-state rectifiers will be

necessary for the higher-voltage operation, although it is expected that

a modification to the present rectifier configuration may be needed.

Dr. Alexander Langsdorf, who is the person most responsible for the

excellent past performance of the Dvnamitron and who is now retired from the

Physics Division, has agreed to serve as a consultant on this project.

The radiation monitoring and interlock system on the accelerator is

presently undergoing modification in order to adhere more losely than in the

past to guidelines set up by the Occupational Health and Safety Division.

The system consists of two principal components: (1) Electronic and mechan-

ical hardware to provide safety information to personnel and to remove the

accelerator beam from an area in the event of unsafe conditions. (2) Admin-

istrative controls to provide assurance that appropriate startup procedures

are used, the bypassing of the safety hardware is conducted in a safe manner,

and that all personnel are made aware of the proper safety regulations.

The administrative controls are now in effect and modifications to the

existing hardware are in the process of being implemented.

2. UNIVERSITY USE OF THE DYNAMIC TRON

F. P. Mooring, A. J. Elwyn, and R. L. Amrein

During calendar year 1979 scientists from outside the laboratory

continued to use the Dynamitron and its associated facilities in their research

programs. Some came for only a single experiment but must have ongoing

programs based on the availability of the accelerator to them. As in the

past most of the visiting scientists collaboratd ,ith local investigators,

but a few worked independently. The choice i: ; e 0 m1 e by the outs ide user.

During the year eleven scientists came from six outside institu-

tions. Of the total time scheduled for experiments, 30? was allotte,' to

groups which included visitors from other laboratories. A list of those

institutions for which time on the Dynamitron was scheduled during 1979 is

given below. The list includes the name of the institution, the title of
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the research done, and the names of the principal investigators. The names

of local collaborators are enclosed in parentheses.

(1) University of Chicago

Heavy Ion Beam Foil Spectroscopy

R. DeSerio, (H. G. Berry, R. Brooks, T. J. Gay, and W. J.
Ray)

(2) University of Illinois
A Study of the Rate Dependence of Gain Shifts of Large Nal Crystals

A. M. Nathan, (T. J. Bowles, C. Gagliardi, and R. D.

McKeown)

(3) Los Alamos Scientific Laboratory

A Study of the Time Spectrum of the Ion Beam from the Dynamitron

T. J. Bowles, S. J. Freedman,* (A. R. Davis, C. Gagliardi,
G. T. Garvey, R. D. McKeown, and B. Myslek-Laurikainen)

(4) Marquette University

Radiation Damage of Covalent Crystal Structures
L. Cartz, R. Fournelle, A. Gowda, F. G. Karioris, C. H. Ma,
K. Ramasami, and G. Sarkar

(5) Stanford University

A Study of the Time Spectrum of the Ion Beam from the Dynamitron

S. J. Freedman, T. J. Bowles,' (A. R. Davis, C. Gagliardi,
G. T. Garvey, R. P. McKeown, and B. Myslek-Laurikainen)

Five meMbers of the Resident Graduate Student Program made use of

the Dynamitron during the past year. Alt, other they participated in experi-

ments which used 29% of the scheduled time. Three performed a principal

part of their thesis project at the accelerator. Those using the machine

during the year are listed below, together with their home institution and

their local thesis advisor. Those who completed their thesis research

during the year are indicated by a dagger.

(1) C. A. Gagliardi, Princeton University
G. T. Garvey, adv.

(2) T. J. Gay, University of Chicago
H. G. Berry, adv.

(3) A. R. Davis, University of Chicago
J. P. Schiffer, adv.

(4) S. Levenson, University of Chicago
J. P. Schiffer, adv.

(5) R. 1). McKeown, Princeton University
G. T. Garvey, adv.

*
From another outside inst itut ion.

156



VIII

VIII. GeV ELECTRON MICROTRON

INTRODUCTION

A strong consensus has developed recently in the nuclear physics
community that research with electromagnetic probes in the 1-2 GeV range

generated by a high current 100% duty factor electron accelerator repre-
sents an exciting new frontier. Because of this rapidly growing interest,
a design group of 5 ANL physicists and accelerator specialists recently
reviewed developments in accelerator technology and developed conceptual
designs for technical evaluation and subsequent cost analysis. Exploratory
designs were developed for two concepts, the linac-stretcher r ing and a
modified microtron system. These were used to make a critical comparison
of the two conceptual designs along with an improved microtron design,
the double-sided microtron. The results are presented in TibLe VIII-I.
The "double-sided" microtron shows promise for development into a substan-
tially less expensive facility than a linac-ring system, but its technical
feasibility remains to be established. The potential savings in capital
cost are large for the microtron system, perhaps $10 million. They dictate

that in the absence of a major technical limitation the douibli-sided
microtron is the preferred design.

One of the major technical questions is whether magnet i: guide

fields of the requisite stability and precision are attainable in a ]-2 GeV
accelerator. To resolve this question we are carrying out an engineering
study and design of the basic segment magnet for a 2-GeV double-s ided
microtron. Because of the strong vertical defocusing frces present at
orbit entry and exit from a magnet of typical design, it is necessary to

configure and determine the fringe fields accuraAly and establish a system
of additional focusing elements which will ensure orbit stability and high
beam transmission. A detailed design of an appropriate segment magnet is

planned to be followed by construct ion of a prototype of the port ion of a
segment magnet corresponding to the fields traversed in th. first 6 turns of
beam operation in a 2-GeV accelerator, i.e., 50-300 Mlel. Field measurements
will be made and compared with assumptions used in the pirl iminary design
studies. Pending confirmation of orbit stabil ity, a complete prototype will

be constructed. Orbit calculations and beam breakup anal s is based on the
measured field configurations will also be carried out.

In the course of the preliminary study of possible technical

alternatives for the design of a GeV electron accelerator, several questions
were raised which could be addressed in specific short research and develop-

ment projects. Although the decision was made to pursue the microtron design,
it is important that these questions be answered in order that the relative
technical merit of the various alternatives be clearly established. These
projects will be completed in 1980.

157



U,

TABLE VIIi-r. Comparison of accelerator designs.

Characteristic

Beam quality, LE/E emittance

Beam current blowup limit

Multiple beam capability

Multiple beam energies

Capital cost

Power, AC (2-GeV operation)

Scaling law, capital cost
(leading term)

Flexibility of design for

increased energy

Linac ring

>10-3

'0.2 , mm-mr

,600 1:amp

yes

no

$25M3

6.4 Mw

El

excellent

Microtron

10-4

,0.1 n mm-mr

,100-500 ramp
(computer study)

with external beam splitter

to be studied

S20M9

4.2 Mw

, E3

poo

*

Bicyclotron

%10~4

'0.1 n mm-mr

100-500 10amp
(computer study)

with external beam splitter

to be studied

$15.6M

4.2 Mw

tE3

r underdesign of magnet and

linac required

*
Double-sided microtron.
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a. Study of Beam Breakup in SLAC Type Linear Accelerators

Current conceptual designs for 2-GeV linac-stretcher ring systems

are severely limited by the maximum duty factor attainable with SLAC type

S-band klystrons. This long duty factor is required because of the limited

instantaneous currents which can be accelerated in SLAC type structures

without beam breakup. If the current limit can be increased by a factor of

two, use of existing klystron designs at moderate cost will be possible.

A design study to optimize the current SLAC s-band cavity structure for

a 2-GeV design is underway. Detailed calculations of beam dynamics,

possible focusing systems, and resulting current thresholds for beam breakup

are being carried out.

b. Design Study, Bicyclotron

Recently a new magnet configuration called the "bicyclotron" has

been proposed to avoid the massive and expensive return magnets which

characterize the usual microtron design for 1-2-GeV electron accelerators.

The bicyclotron system is characterized by strong vertical defocusing forces

generated by the large slant angle at which the beam enters and leaves the

segment magnets. We are studying possible schemes for compensating for

these defocusing forces, by computer analysis of various configurations of

segment magnets and quadrupole focusing elements. Possible more complex

field variations in the segment magnets are also studied, as well as detailed

predictions of beam size and emittance.

c. Microtron Beam Blowup

One of the unknown limits on performance of c.w. 1--2 GeV electron

microtrons is imposed by the onset of cumulative beam blowup generated during

multiturn passage through an rf accelerating cavity. Preliminary calcula-

tions for simple conceptual designs have suggested that the threshold for

such blowup is circulating currents in the low 100 lamp range. No experi-

mental verification has been possible to date. The threshold will be a

sensitive function of the configuration of focusing elements in the orbit

geometry. We are studying by orbit analysis the expected properties of

beams in the 1--2 GeV for several possible configurations of magnet and
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focusing elements. The particular objective is to establish limits expected

due to beam blowup,

d. Transient Response of Standing-Wave rf Structures

To date conceptual designs of linac-stretcher ring systems for ob-

taining 2-GeV c.w. beams have employed only conventional SLAC type disk-

loaded wave guides. However, because of their much higher shunt impedance,

standing wave accelerating structures functioning in a pulsed mode as

injectors into a stretcher ring may result in a more efficient c.w. accel-

erator. Preliminary estimates indicate substantial savings in capital and

operating cost are possible. The major uncertainty in their performance is

their transient response to an injected electron beam and the attendant

energy spread. Calculations )- 'transient response of somewhat idealized

systems are in progress, and possibilities of measurements on prototype

systems in collaboration with CRNL-LASL scientists are under discussion.

Microtron Development

During the remainder of 1980, efforts will concentrate on the design

and fabrication of a prototype of the segment magnet for a 2-GeV double-sided

microtron. Because of the character of the magnet, the project can naturally

proceed in two successive phases. The first will consist of design, fabri-

cation, and field measurements of that portion of the magnet containing orbits

in the range 30-300 MeV. During this period an engineering and design study

will determine fabrication costs for both the partial and full magnets.

Assembly of the partial magnet will begin. It is anticipated that this phase

of the magnet study will require ti9 months.

Testing of the partial prototype magnet will be completed during

1981. Field measurements will be made with a precision of 0.1% and spatial

resolution of 0.5 mm. The results will be compared with the assumptions

used in the preliminary bicyclotron design study. Pending confirmation of

orbit stability, a complete prototype will then be constructed, During this

period, we will also continue to examine the technical and scientific

requirements for all aspects of a 2-GeV accelerator facility.

By 1982 a critical decision point is anticipated on the optimum

design for a 2-GeV electron accelerator. Magnet studies at ANL will have
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been completed. Studies of possible rf accelerating structures at LASL.

will have reached a definitive stage and limits on electron beam breakup

thresholds will have been established in the 170-MeV microtron system

under construction at the National Bureau of Standards. We plan to develop

a detailed microtron design with complete cost and time schedule in 1982.
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EXPERIMENTAL ATOMIC AND MOLECULAR PHYSICS RESEARCH

INTRODUCTION

The Atomic Physics research in the Physics Division consists of five

ongoing experimental programs as follows:

A. Dissociation and Other Interactions of Energetic Molecular Ions in Solid

and Gaseous Targets (D. S. Gemmell)

B. Beam-Foil Research and Collision Dynamics of Heavy Ions (H. G. Berry)

C. Photoionization-Photoelectron Research (J. Berkowitz)

D. Spectroscopy of Free Atoms and Molecules: High Precision Laser-rf

Double-Resonance Spectroscopy with Atomic and Molecular Beams

(W. J. Childs, L. S. Goodman, S. A. Lee)

E. Mossbauer Effect Research (G. J. Perlow)



IX.A

IX. EXPERIMENTAL ATOMIC AND MOLECULAR PHYSICS

A. DISSOCIATION AND OTHER INTERACTIONS OF ENERGETIC MOLECULAR IONS IN
SOLID AND GASEOUS TARGETS

Electrostatic accelerators can produce a rich spectrum of molecular-
ion species (see, for example, Fig. IX-]). At the 4-MV Dvnamitron in the

Physics Division, tightly collimated beams of molecular ions with energies

variable in the range 0.5-4.0 MeV are directed onto thin (L100-E) foil or
gas targets. The distributions in energy and angle are measured with high

resolution (%0.005* and '3OO eV) for the resultant collisionally-induced

dissociation fragments. The two major aims of the work are (a) a general

study of the interactions of fast ions with matter, but with emphasis on

those aspects unique to the use of molecular-ion projectiles and (b) a

study of the structures of the incident molecular ions. Th(-se two aspects

of the work are mutually interdependent. In order to derive structure

information about a given molecular ion, one needs to know details about the
way the dissociation fragments collectively interact with the target in which

the dissociation occurs. Similarly, a knowledge of the structure of the inci-

dent molecular ions is important in understanding the physics of their
interactions with the target. We have there ore begun our work with careful

studies involving beams of the simplest and relatively well understood diatomic

molecular ions (H 2 , HeH , etc.). Even with these, several new and interesting
phenomena have been encountered (e.g., the interactions between the molecular

constituents and the polarization oscillations that thev induce in a solia

target, the marked differences in dissociations induced in gases as compared
with those in foils, the anomalously high transmission of some molecular ions

through foils and the apparent absence of any transmission in other cases).

As our understanding of these phenomena develops, we pian to go on to

studies involving more complex projectiles.

In 1979 we completed extensive modifications (begun in 1978) to

our beam line at the Dynamitron accelerator. These modifications now permit

measurements in which two or more fragments from a dissociating molecular
projectile can be detected in coincidence. in addition to measuring the

energies and directions of emission of these fragments, we also obtain precise

information on their charge states and their times of flight from the target.

This type of measurement greatly improves the accuracy with which the
stereochemical structures of fast molecular projectiles can be determined.
During 1979 we have calibrated the apparatus using a 3.6-MeV lKr+ beam and have
successfully tested it with coincidence measurements on simple diatomic
projectiles. A start has also been made on structure determinations for

some triatomic species (H3+, CH2+, NH 2+, OH 2+).

The year 1979 also saw the first measurements in a collaborative
experiment involving Argonne National Laboratory and the Universities of
Bonn and Cologne. This work uses a 28-MeV H2+ beam from the University of
Bonn cyclotron to study polarization wake forces extending over several

plasma oscillation periods.
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Recent measurements at the Dvnamitron together with computer

calculations have given rise to a quantitative understanding of the "trans-

mission" of H 2 + ions through foils. Work with N2+ and N+ beams has led to
the discovery of new phenomena seen in the charge-state dependence of multiple-

scattering distributions.

On August 20-21, 1979 Argonne hosted an informal workshop on

"Physics with Fast Molecular-Ion Beams."

a. Modifications to the Apparatus

D. S. Gemmell, P. J. Cooney, E. P. Kanter, and B. J. Zabransky

To permit coincidence experiments, extensive modifications have

been made to the beam-line downstream from the target chamber. Ion fragments

emerging from the target now enter a 20-in. diameter magnetically shielded

stainless-steel flight tube followed by a 20-in. gate valve and a vacuum

manifold that houses two movable and tightly colligated detectors. Our

electrostatic analyzer is coupled to the rear of this chamber. The two mov-

able detectors are remotely controlled via a microcomputer slaved to the

on-line PDP-ll/45 data-acquisition computer and can be positioned to an

accuracy of about 0.001 in. anywhere on a 20-in. diam. circular area that

subtends an angle of 100 mrad at the target position. A commercial color

TV has been interfaced (also via a microcomputer) to the PDP-l/45 to permit

a graphics display of the relative positions of the detectors and of the

various ion fragments emerging from the target.

In January 1979 the entire apparatus was calibrated using a 3.6-

MeV beam of Kr+ ions. This was followed by successful tests with coin-

cidence measurements using dissociating diatomic projectiles (H2+, HeH , OH+,

etc.). The apparatus performed with the expected angular and energy resolu-

tions and with a time resolution (using Si surface-barrier detectors) of

1.3 nsec for 1.5-MeV protons and 6.3 nsec for 0.2-MeV protons.

b. Molecular-Ion Structure Determinations

D. S. Gemmell, P. J. Cooney, E. P. Kanter, and B. J. Zabransky

(i) Measurements on Single Dissociation Fragments

Following our previously reported measurements on the ions H3+'

CO2 and N20 , we have studied the series of ionic projectiles CH

(n = 0--4). From the systematic trends of the foil-induced Coulomb explosion
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spectra (all obtained at the same projectile velocity--corresponding to 200

keV/nucleon) (see Fig. IX-2), we have obtained qualitative information on

the structures of these species. In particular, the series displays a

narrowing of the angular and energy widths obtained for the carbon ions as

protons are symmetrically added thereby providing a focusing effect. Because

of the Jahn-Teller distortion, these widths are dramatically increased in

the case of CHI projectiles. We believe this to be the first experimental

demonstration of the Jahn-'eller distortion of the methane ion.

As a further example of the technique we have made measurements on

the C2+ fragments arising from 3.6-MeV C3H3+ ions dissociating in a thin-foil

target and have demonstrated that the carbons sit on the corners of an

approximately equilateral triangle. That is, the beam consists of cyclo-

propenyl and not propargyl (linear in carbon) ions.

(ii) Coincidence Measurements

The structures of most polyatomic molecular-ion projectiles can be

determined much more precisely if spatial and temporal coincidences can be

recorded for two or more dissociation fragments from a given projectile.

We are now able to measure double or triple coincidences and to record

simultaneously precise information on angles of emission, fragment charge

states, energies, and flight times from the target.

Some preliminary results have been obtained for the dihydride ions

C12+, NH2 , and 0112 (of these only OH2 has had its structure determined

by traditional photon techniques). We have measured spatial scans of the

proton-proton coincidence rate for the foil-induced dissociation of these

ions. Various combinations of post-deflector and electrostatic analyzer

voltage settings were chosen in order to study different subsets of the

incident projectile orientations. The most extensive measurements were

for 3.6-MeV OH , where we derived values of 110 20 and 1.0 4 0.04 A for

the 0-H bond length and the H-O-H bond angle, respectively. These values
0

agree with the values of 110.50 and 0.999 A derived from optical measurements.

We expect that a more detailed analysis, properly taking into account wake

effects and multiple scattering, will result in a significant improvement

in the level of accuracy.

Although foil-induced dissociation has the virtue that essentially

every incident projectile dissociates violently into individual highly charged
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monatomic ions, there are complications in the data analysis where one must

take into account wake effects, target thickness, charge-state distributions,

and multiple scattering. These problems do not arise if one uses a dilute

gas target in which single collisions predominate. With gas targets, however,

there is a problem in that most of the dissociations proceed through weak

Coulomb explosions between ions having low charges. Also, the product

fragments frequently include diatomic and polyatomic species. Thus the foil-

induced and gas-induced dissociations tend to give complementary information

and in the study of any given projectile, it is desirable to use both types

of target.

We have begun triple coincidence measurements, e.g., on the pair

of protons and the N3+ fragments arising from the dissociation of 3.6-MeV

NH2 ions in a dilute Ar gas jet. Although the triple coincidence counting

rates are low, the data are very clean and the analysis -s greatly simplified

as compared with the results obtained with foil targets.

There are now several obvious refinements to be implemented (e.g.,

in the data analysis and in taking into account the time-of-flight information)

that will permit considerably improved precision in the technique.

c. "Transmission' of Fast H2 -ns Through Foils

D. S. Gemmell, P. J. Cooney, F. P. Kanter, T. Plesser, N. Cue,* J.-C.
Poizat,t and J. Remillieux t

-3 -10 +
The small but definite fraction ('10 to 10 ) of H2+ ions that

+2
emerge undissociated from a carbon foil bombarded with an H2 beam has been

studied further. We have shown in a 2-foil experiment that 1-MeV H ions
2

transmitted through a 330-A carbon foil have a significantly larger average

internuclear separation than do the initial projectiles. This was demonstrated

by measuring the Coulomb explosion of the transmitted H when they dissocia-2
ted in a second foil downstream from the first.

We have developed a model for the transmission of 12 that quantita-

tively reproduces both the transmitted fraction (as a function of velocity

and foil thickness) and the distribution of internuclear separations in the

transmitted ions. The model assumes stripping of the electron from H 2 upon

entrance to the foil, followed by a Coulomb explosion and then electron capture

State University of New York -t Alhany, New York.

U'n ivers i tv of Lyon, Lyon, France.
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at the foil exit. Multiple scattering in the foil plays a central role in

this process.

d. Coulomb Explosion of N+
2-

D. S. Gemmell, I. Plesser, and B. J. Zabransky.

We have measured joint energy and angle distributions for nitrogen

ions emerging from the foil-induced dissociation of 2-MeV and 3-MeV N 2

beams. The corresponding "ring patterns" display pronounced variations in

shape for different emerging nitrogen ionic charge states. We are currently

attempting to account theoretically for these variations. The N2 projectile

was chosen for study as a fairly simple example of a molecular ion containing

two "heavy" atoms. An understanding of such projectiles is necessary in order

to extend our molecular-ion structure studies to more complex species

containing two or more heavy atoms (C2H3 , HNO , etc.).

2+
Experiments were performed measuring coincidences between N and

Nn+ (n = 0-4) to see if there exists any dependence of the charge-state

correlation upon the orientation of the incident 3-MeV N2 ions. None was

found. If this absence of an orientation dependence of charge-state correla-

tions turns out to be true in general, it will greatly simplify the determina-

tion of structures of molecular ions by Coulomb-explosion techniques.

e. Charge-State Dependence of Multiple Scattering

D. S. Gemmell, P. J. Cooney, E. P. Kanter, I. Plesser, and B. J. Zahransky

To understand the foil-induced Coulomb explosion of N2 and other

molecular ions containing heavy atoms, it is essential to have detailed

knowledge about the multiple scattering, stopping power, charge-state distri-

butions, etc. of the corresponding monatomic fragments. We have therefore

begun such measurements with the monatomic projectiles C , N , 0 and Ne

and have determined the dependences of the multiple-scattering distributions

and energy losses upon such factors as beam velocity, exiting ionic charge

state, foil type and foil thickness. We have discovered a striking and not

previously reported dependence of the width of the multiple scattering

distribution upon the exiting ionic charge state. For the highest charge

states this width can be as much as a factor of 5 larger than it is for the

most probable charge states. We are developing a promising model for this
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phenomenon in terms of the production of ions with K-shell vacancies created

in hard collisions with foil atoms.

f. Anomalous Alpha-Particle Backscattering

D. S. Gemmell, P. J. Cooney, E. P. Kanter, P. P. Pronko,* and B. J.

Zabransky

A group at ORNL recently y reported the anomalously high yield of 1-

MeV a particles backscattered at 1800 from several metal targets. We sought

to verity this effect using the high angular resolution of our apparatus

and a magnetic field to allow us to examine the backscattering at exactly

1800 . No of fect was found al though there were some fluctuat ions in vield

that were demonstrably due to planar channeling in microcrystals in the

targets.

g. Probing the "Wak:" of a Swif t lon _in Matter

D. S. Gemmell , G. Krsing,' (;. Kumbartzki,' and W. J. Plietsch#

The polarizat ion "wake" of a swift ion in matter was studied in a

2-foi 1 experiment usinc the University of Bonn cyclotron. A thin carbon foil.

was used as a stripper for a 28-MeV H, beam. This served to initiate a

Coulomb explosion between the two protons in each H, projectile. After a

variable flight path ( 10 to 100 microns) which determined the separation of
the two protons, they entered an Al foil where the wake interact ion took

place. This interaction was investigated via the 00 proton momentum spectrum

observed downstream using a magnet ic spectrograph. The resul ts conf irm (for

the first time) the existence of a wake-force interaction over large distances

(several hundred angstroms).

h. Workshop on "Phys ics with Fast Molecular-Ion Beams"

organized by D. S. Gemmell, P. .1. Cooney, E. P. Kanter, and B. J. Zabransky

This informal workshop took place in the Argonne Physics Division

on August 20-21, 1979. There were 35 attendees from 9 different countries.

*
Materials Science Division, ANL.

University of Bonn, Bonn, Germany.

Un ive rs .i ty of Col ogne, Cologne, Ge rmany.
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The workshop focused on current work on such topics as molecular-ion dissocia-

tion and transmission, "wake" effects, ion charge states, cluster stopping

powers, beam-foil spectroscopy and electron-emission studies with molecular-

ion beams, molecular-ion structure determinations, etc.

A Proceedings (ANL/PHY-79-3) was published in October 1979.
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B. BEAM-FOIL RESEARCH AND COLLISION DYNAMICS OF HEAVY IONS

Our present fast ion-beam atomic physics program consists of tour

major parts, two of which are investigations in atomic structure, and two

of which involve collision physics. Part (1) involves work mainly at the

Argonne Tandem accelerator, Parts (2) and (3) involve the Argonne Dynamitron
accelerator, while Part (4) involves two small accelerators at the Accelerator
Research Facilities Division.

(1) Atomic Structure of Highly Stripped Few-Electron Ions. This
work provides tests of ab iniLio relativistic and quantum electrodynamic

calculations. We have recently completed initial measurements of the
2s3S -2p 3 P transitions of helium-like Si, S and C1 in a collaboration with
A. E. Livingston at the UniversiLv of Notre Dame. These results provide
the most accurate tests of QED for these Z ions. We have developed a
position-sensitive detector technique to multiplex the observed spectra,
which provides an improvement in data collection time of 10 to 100.

Our l/Z expansion calculations of the 2s-2p transition energy in

the ]JI-like sequence have provided accurate comparisons with experiment
up to Z = 28, and suggest that many-electron effects on the one-electron
QEi correct ions are below the 0.3Z" level.

(2) Atomic Structure of Heavy _ons. Further identifications in the
KrV.IlI spectrum have been made, mainly between high angular momentum levels.
These results improve our previous core polarizabi.ity estimates and should
give a more accurate value of the ionization potential..

Identificat ion work on the spectrum of KrVII has begun. 'ihe

homologous spectra of 6 and 7 times ionized Ne and Ar are being studied in
parallel. Better understanding, particularly of the yrast transitions, of
these spectra is providing internal calibration lines in heam-foil spectra.

(3) Foil Interaction with Fast Ions. We have completed our study of
the beam-energy dependence of the alignment of several neutral helium
states. This work, together with our study of the temperature dependence
of the al ignment , and effects of neighboring nuclei. on the atom emerging
from the foii, is helping us to develop a model of the final surface
interaction in terms of the secondary electron flux and the dipole inter-
action between the solid and the moving ion. An ultrahigh vacuum chamber
wi th in situ foil evaporation has been constructed and will be used to study
material dependences.

(4) Ion-Ion Charge Exchange Cross Sections. Low-energy symmetric
charge changing collisions have recently become relevant to the inertial
fusion program; such cross sections determine the limit of storage times
and beam-transport properties of GeV energy ions used to impinge on the
fusion producing pellet. Theoretical work on these cross sections at low
energies (less than 10 keV/nucleon) is in a primitive stage: cross sections
are determined from molecular level crossings which define the radius of
interaction and hence do not predict the energy dependence. Our experiment
involves a double accelerator design with two charged ion beams intersecting
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at 900 with center-of-mass energies of 30 to 150 keV. Electrostatic analysis

after the collision beam allows us to determine the charge states of the
interaction products.

a. Excitation of Hydrogen by a Thin Carbon Foil

R. L. Brooks, H. G. Berry, T. J. Gay,* and R. DeSerio*

Continuing our observations of coherence of opposite parity states

(e.g., 2s -2p states) produced in thin foil excitation of hydrogen (thesis

work of G. Gabrielse, 1979), we have observed its variation for molecular ion

(H 2 and H ) impact. The coherence disappears when a neighboring proton

is within a few atomic diameters at the exit foil surface. These results

help to set a distance estimate on the foil-hydrogen interaction. The

mixing of the 2s and 2p states occurs for quite large internuclear separa-

tions up to 50 a.u. for both H and H. initial projectiles.
2 3

b. Temperature Dependence of Alignment Production by Beam-Foil Impact

T. J. Gay* and H. G. Berry

We have completed our detailed observations of the foil temperature

variations of the alignment of the Hel 3p P state produced in carbon foil

excitation. We believe the effect is predominantly due to changes in

the secondary electron fluxes which we have verified vary strongly with foil

temperature. The alignment variation is found to be a general effect for all

helium excited states. The temperature dependence of the alignment is found

to modulate as a function of the projectile velocity for the 3p P state, but

3 1 3
modulations are observed for other Hel states (3p P, 3d ''D).

This work constitutes part of T. J. Gay's Ph. D. thes i s .

c. Energy Dependence of Alignment Production

T. J. Gay* and H. G. Berry

We have measured the beam-energy dependence of the alignment produc-

tion of the four HeI excited states, 31'3P, 31,31), using carbon foil excitation

between 20 keV and 1 MeV. The results test some preliminary stark effect

theoretical models of the beam-foil interaction. We show that the velocity

dependences of the alignments observed for the above 4 states do not agree

*
Thesis student, Uni versi ty of Chicago, Chicago, l1iinois.
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with stark effect mixing of the n = 3 levels by a final surface electric

field. More significant comparisons have been made with alignment production

observed fast ion-atom collisions. In Fig. IX-3 we compare the 5016 A

polarization with theory (Born and distorted wave) and with other collisions.

This work has involved collaborations with R. M. Schectman at the University

of Toledo and R. Hight and 1). Burns at the University of Nebraska.

d. Molecular Effects in the Light Yields of Beam-F2 o i 1 Coll isions

T. J. Gay* and IL. G. Berry

As for hydrogen (1), we find strong molecular effects in the Light

yield from lie excited states after beam foil excitation using Hell molecules.

As well as large changes in the al ignment, variations of factors up to 5

also occur in the total light yields from different excited states. A

preliminary model of the effect has been suggested which incorporates the

final state surface/ion interaction plus a longer range molicuilar interaction.

The latter is sensitive to long-range level crossings and provides a possi-

bility to study very low-energy ion-ion interactions. In an initial publi ia-

tionl we have proposed a final surface de-exci tat ion mechanism which is

reduced in the presence of a neighboring projectile ion. In Fig. iX-4

the variations of light yield with final surface internuclear separation,

we show their sensitivity to the final atomic state, probably due to long-

range molecular level crossings in the IHeH molecular ion.

This work constitutes part of T. J. Gay's Ph.D. thesis.

*
Thesis student, University of Chicago, Chicago, Illincis.

T. J. Gay and H. G. Berry, J. Phys. B 13, L199 (1980).

e. Lamb Shift and Fine Structure of n = 2 in Helium-like Chlorine, Sulfur,

and Silicon

R. DeSerio,* hi. G. Berry, R. L. Brooks, A. E. Livingston, 1 .. A.
Poirier,t and S. Hinterlongt

We have measured the wavelengths of the 2s3S-2p P transitions in

ClXVI, SXV, and SiXIII at the Notre Dame tandem facility. The preliminary

results show good agreement with our earlier ClXVI work, and future high

*
Thesis student, University of Chicago, Chicago, Illinois.

+University of Notre Dame, Notre Dame, Indiana.
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TAL-Xl Eege 3 3TABLE IX-1. Energies (in cm ) of 2s S- 2p P transitions in helium-
like silicon, sulfur, and chlorine.

3 3 3 3
s -P S8- P
1 2 1 0

Z Experiment Theory QED Experiment Theory QED

14 122745(15)a 122721 -499 113790(25)a 11.3771 -530

122775( 6 0)b 113856(90)')

16 148480(20)a 148470 -794 132200(40)' 132169 -846

17 162920(25)a 162893 -979 141672(13)c 141558 -1045

162913(6)a

Our work at the Notre Dame Tandem.

Silver et al. at the Oxford Tandem.

c
Our work at the Argonne Tandem.

precision work is expected to greatly improve our results. The measurements

already test relativistic theory and quantum electrodynamics at the 1% level

of the Lamb shift. Our results are shown in Table IX-I, compared with our own

Z expansion calculations, the QED calculations summarized by Mohr, and one

other recent experiment on Si at the Oxford University Tandem accelerator.

This work constitutes part of R. DeSerio's and S. Hinterlong's

Ph.D. theses.

f. Spectroscopy of Few-Electron Ions

H. C. Berry, R. DeSerio,* R. L. Brooks, and K. T. Chengt

We have calculated the energy of the resonance 2s-2p transition of

lithium-like ions using two ab initio techniques and compared witi. experi-

mental results for Z = 3-28. We conclude that many-electron effects on the

one-electron quantum-electrodynamic corrections are negligible to present

*

Thesis studenL, University of Chicago, Chicago, Illinois.

{Radiological and Environmental Research Division, ANI.
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experimental accuracy. Extensions of the theory to all first row atoms (up

to 9 electrons) are being considered.

This work constitutes part of R. DeSerio's Ph.D. thesis.

g. Yrast Transitions in Highly Stripped Ions

R. L. Brooks, 1-. G. Berry, R. DeSerio,* and L. J. Curtist

An outgrowth of our work both on KrVIll [Sec. VIII.B.g of last

year's Annual Review (ANL-79-40)] and on two-electron chlorine is our

present investigation of high angular momentum transitions between highly

excited n states. Many of these transitions occur in the beam-foil excited

spectra, and can be used as calibration lines for almost all such spectra.

For simple closed cores, our observations fit a simple polarization theory,

but other systems with open cores do not. We have made observations on

homologous systems of Ne, Ar and Kr at Dynamitron beam energies. The

analysis also leads to accurate ionization potentials of the ions observed.

11. Charge-Changing Cross Sections of Xe on Xe

H. G. Berry, R. 1,. Brooks, J. Hardis,* and M. Mazarakis#

A double accelerator system providing 20-100-keV singly-charged

ions from each source has been built. Both systems incorporate magnetic

quadrupole focusing and magnetic dipole momentum analysis to provide Xe

ion beams on target at ultrahigh vacuum of 10-9 torr. Upgrading of the beam

geometry is in progress. Beams were produced on target in November 1979,

but present beam densities are too low. A charge analysis system after one

beam allows us to measure XeO, Xe +, and Xe2+ fractions, and thus obtain

the total charge exchange and ionization cross sections for Xe on Xe+.

This program should be completed in 1980.

Thesis student, University of Chicago, Chicago, Illinois.

;University of Toledo, Toledo, Ohio.

+Accelerator Research Facilities Division, ANL.
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C. PHOTOIONIZATION-PHOTOELECTRON RESEARCH

Our photoionization research program is aimed at understanding the

basic processes of interaction of light with molecules, the electronic

structures of molecules and molecular ions, and the reactions of molecular
ions, both unimolecular and bimolecular. The processes and species we study

are implicated in a wide range of chemical reactions, and are of special

importance in outer planetary atmospheres and in interstellar clouds. Our
work also provides fruitful tests for theories of electronic structure,
which help in the evaluation of widely applicable models for multielectron
systems. Most of this work is of a fundamental nature, but we al so use the
precise methods developed here to determine thermochemical quantIties (heats
of formation and ionization potentials) directly relevant in, e.g., reactions
with ozone in the stratosphere and possible side react ions in a magneto-
hydrodynamic generator. Our experimental studies utilize five pieces of
apparatus-two photoionization mass spectrometers and three photoelectron
energy analyzers-each with special features.

(1) A three-meter normal- incidence vacuum-ultraviolet monochromator
combined with a quadrupole mass spectrometer. This apparatus is capable of
the highest resolution currently achieved in photoionization studies. It is
also convenient for investigations of wavelength-dependent photoelectron
spectra.

(2) A one-meter normal--incidence VUV monochromator mated with a
magnetic-sector mass spectrometer. This apparatus has higher mass resolution,
is less discriminatory in relative ion-yv eld measurements, and can be used

to study metastable ions. Higher intensity for weak signals can also be

achieved.

(3) Two cylindrical-mirror photoelectron-energy analyzers, which

accept a large solid angle of photoelectrons, close to the "magic angle" of
54 44'. One has been extensively used for the determination of the photo-
electron spectra of high-temperature species in molecular beams, and the

other has recently been mated with the three-meter monochromator for studies
of photoelectron spectra as a function of wavelength.

(4) A hemispherical electron-energy analyzer incorporated in a
chamber which permits one to rotate the analyzer over a substantial fraction
of 47. This device is intended for angular-distribution measurements, and
also enables us to study very-high-temperature spec ies.

An ArF excimer laser has recently been acquired, and will soon be
used in studies of multiphoton ionization and as a tool for the preparation
of short-lived intermediates.

The measurement of photoelectron spectra of involatile materials
has concentrated this year on higher temperature vapors. A double-oven
apparatus has enabled us to sort out the photoelectron spectra of lithium
halide monomers and dimers. The vapors of AgCl, Agir , and Agl were invest i-
gated, and clear spectra of the diatomic species were obltained. calCulations
by the XctgDVM technique provided a very satisfactory interpretation, dis-
tiaguishing the valence halogen and inner Ag 4d-- 1 i ke orb ita ils . Compar i sons
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were made witlh CuC, whicli ha been [ound to exhibit unusual conductivity
pro pert ies.

The vapor above AgT produced a substantial fraction of atomic iodine.

The relative intensities of the fine structure components of I+ produced by
photoionization were quantitatively described by an irreducible tensor angular

momentum coupling scheme, which also rationalized earlier data on atomic

chlorine and bromine. We consider this a breakthrough in thf understanding

of partial cross sections in the ionization of open-shell atoms. Further

experimental work is underway on other open-shell configurations.

The high-temperature oven has subsequently been used for variable

wavelength plotoionization mass spectrometry. 'Lithium chloride vapors were

analyzed. The ionization potentials of LiCl and Li 2 C12 determined by
photoelectron spectroscopy were confirmed, and a value for Li 3 Cl 3 was

obtained. The sequence of ionization energies of alkali halide clusters
was examined by X( -DVM calculations, :mnd by a variety of ionic model calcu-

lations. A better understanding of the structures and stabilities of

M2X+, M2X2+, 113X2+, M13X3+, and M t as thereby obtained, as well as i or
neutral MX, M2X2, M3X3, and M4X4 .

More recently, we have obtained variable wavelength spectra of atomic

iodi ne and atomic tellurium. These spectra are quite compl i.cated, with
autoionization stru [ctres from many Rydberg series.

Variable wavelength photoelectron spectra were obtained on 02, N 2 0,
and CS 2 , using a 3-meter monochromator and cyl indrical mirror analyzer.

A search was conducted for doubly-ionized speciess produced by

photoionizati.on at 584 A and 304 A in a large range o F molecular compounds,
using a time-of- flight mass spectrometer.

a. Photoelectron -Spectroscopy of Lithium Halide Monomers and Dimers

J. Berkowitz, C. H. Batson, and G. L. Goodman

The He (I) ph1o tool ec tron spectra of "pure" monomers and dimers of

the lithirum halides have been obtained by using a double-oven technique to

vary the dimer :monomer ratio A representative set of spectra for lithium

iodide is shown in Fig. IX-5. Th'i liLh ium halide monomer spectra conform

n i.cely to a model based on spin -orbit and ligand field interactLions previous-

ly introduced. Thie first ionization potentials of the dimers are in each

case higher than in the correspond ing monomers. These conclusions are also

deduced in Ohis paper by ionic model. calculations and molecular calculations

of the X type, using the discrete variational method. The X calculations

enable us to assign tentatively the dimer valence bands. These calculations

have been extended to t:riner and totramer structures and indicate an osc illa-

tion in the f irst: ionizl t ion poItent ill in Wt Scri Os encompassing monomer
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Fig. IX-5. (a) He (I) photoelectron spectrum
of LiI without superheating, T - 800*K.
(b) He (I) photoelectron spectrum of LiI

with superheating, T = 800*K. (c) Pure
monomer LiI spectrum, obtained by subtract-

ing (a) from (b), after background sub-
traction and normalization at dimer band.

(d) A spectrum with 50% of the monomer
subtracted, to demonstrate the effect of

reduction on the various peaks. (e) Pure

dimer (Li2I2 ) spectrum, obtained by sub-
tracting (c) from (a), after normalization
at monomer band.
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through tetramer. Some experimental verification exists up to trimer.

The oscillatory behavior is also obtained in a crude ionic model calculation.

An experimental method using photoionization mass spectrometry is suggested

for the study of large clusters and is tested for Na2 I2'

b. Partial Cross Sections in the Photoionizationof Open-Shell Atoms

J. Berkowitz and G. L. Goodman

Both the photoelectron spectra (partial cross sections) and the

plotoionization spectra including resonances now seem to be well underscood

for closed shell systems. The recent application of the relativistic random

phase approximation (RRPA) to the noble gases provides a particularly

satisfying ag -eement between theory and experiment. Open-shell atoms, which

constitute the bulk of the p riodic table, are much more difficult, both

experimentally and theoretically. Little experimental information exists,

since these atomic species are much more difficult to generate. The attempt"

at theory thus far are i nodctua t(.

We have rcc ut-ly obtained the lie I photoelectron spectrum of atomic

iodine from a thermal source (Agi), which generates a substantial. ab,, :ance

of atomic iodine in the ground (P, ) state. The sharp atomic iodine peaks
3/2

can be readily seen above the broad 2r structure due to AgI vapors In

Fig. IX-6. The relat ive intus i ties of atomic iodine peaks were compared

with recent data on CI; and ir. The major difference is an inversion in the

relative intensities of P and S. between C1 and I. An intermediate

coupling angular momentum treatment, combined with spectroscopic mixing

parameters, reproduces this inversion quantitatively, and, in addition,

adequately describes tihe entire intensity pattern for all three halogens.

A summary of experimental and calculated relative intensities is given in

Table IX-11. The strong implicit ion is that angular factors and mixing

parameters are the dom[intt features in determining relative intensities,

and radial integrals and "anisotropic electron-ion interactions" are much

less important, over a small energy range.

We feel that this model should be a good starting point for

ab initio calculations of partial cross sections and anisotrop" parameters.

We have extended these calculat ions to several other open-shell

cases, including p and p systems. We are currently trying to develop

a source that will geneiate a p4 atom to test this theory.
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Fig. IX-6. He I photoelectron spectrum of atomic iodine, generated by
vaporizing silver iodide at T i 1000*K. Background structure consists
of various silver iodide and 12 bands.
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TABLE IX-1. Comparison
intensities of final states in die

CI

Expt.

3P2 0.540
2

3P01

3 S)
PIs

0.238

0.0 32

0.437

0. t

Calc.

0.048

().435

0.08h

of measured and calculated relative
~liotoionization of halogen atoms.

Br

Expt. Calc.b

0.563

0.287

1.034

0.399

0.05 1

0.604

0.200

0.067

0.395

0.066

Expt.b Calc.b

0.566

0.190

0.e95

0.447

0.035

0.636

0.200

0.097

0.364

0.037

a

104
b

Pat m K v imura, T. Yama7aki, and Y. Achiha, Chem. Pliys. Lett. 58,
(1978) .

Present result s.

c. Photoelectron Spectroscopy of Agiil , \gBr, and AgI Vapors

J. Berkowi tz, C. H. Batson, and G. I.. Goodman

l1, 1 photo cI - t ron ,pe,t rai of AgC1 , AgBr, and AgI vapors have been

obtiil'd which differ signit icant I v from earl ir work. In each instance,
the characterist is t,"I tures of the diatomic molecule are prominent. The

spectral feature s ,prrat

p-1 i ke, and a deeper re)i

is split by spin-orbit an

frc m the .xpo r mental dat

type have been per formed

the agree verv wel l wit h

calculations of this tvpl

Unlike the AgX speci. -, t

d and halogen p orbi t.ils

. into a valncI region, predominantly halogen

on, predomin.ntlv of Ag 4d character. The latter

nd li '.ilnd t ite d interact ions, which are parameteti

a. Relat ivist i calculat ions of the X -fnM-SCC

for these species. At the transition state It "1

the experiment al peak posit ions. Nonrelat ivist i

have been performed for CuIl and cvcl ic Cu. C.
3 3

he CuT I and Cu (1 exhibit strong mixing of metal

for the uppermost occup ied orbital , and other Cu

3d-like or!:it.ils above the Cl i1- ike orbitals. It is suggested that the

zed

C
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occurrence of Cu 3d orbitals in the valence region may play a role in the

anomalous diamagnetic signal and large conductivity changes of CuCl condensed

from the vapor.

d. Photoionization of Lithium Halide Vapors: The Structure and Stability of
Alkali Halide Molecules and Ions

J. Berkowitz, G. L. Goodman, and C. H. Batson

The double-oven approach, combined with photoelectron spectroscopy

(PES), enabled us to deduce the photoelectron spectra of lithium halide

monomers and dimers. The dimers were fond to have substantially higher

(ca. 1 eV) first ionization potentials than the monomers. Extension of this

research to higher clusters requires mass analysis. We have performed a

photoionization mass spectrometric study of lithium chloride vapor, which

contains ca. 5% trimer. This experiment confirms the earlier PES results

on monomer and dimer, and yields a value for trimmer which is very nearly the

same as the dimer.

Quantum mechanical calculations on these larger clusters are sparse.

A Hartree-Fock calculation on Li F predicts that trimer has a higher (ca.
n n

0.45 eV) I.P. than dimer. Our own X calculations indicate a slightly

lower I.P. for trimer than dimer, for both LiC1 and LiF. Further work is

necessary to achieve our ultimate goal of bridging the range from uiatomic

molecule to bulk microcrystal for this property.

In the course of this work we have examined 5 different ionic

models in order to test their ability to predict energies of formation,

ionization potentials and geometric structures for the neutral alkali

halide clusters and their ions.

Although the more sophisticated of these (Brumer-harplus and

Rothberg models) predicted the stability and geometry of the neutral clusters

adequately, they seemed to be much poorer for the ions. A particular point

of focus is the structure of the triatomic ions MIX+. They are known experi-

mentally to be highly stable, but their structures (bent or linear) are

unknown. Some of the ionic models predict predominantly linear structure

for this class of alkali halide ions, others predominantly bent. We are

currently planning an experiment (in collaboration with D. S. Gemmell) to

determine these geometries.
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e. Photoionization of Open- hell Atoms

J. Berkowitz, G. L. Goodman, ard C. H. Batson

We had earlier (Sec. IX.C.b) described the need for more data on

the photoionization of open-shll. atoms. We have now used the vaporization

of Agi as a source of atomic iodine and obtained a variable wavelength photo-
0

ionizat ion spectrum, at a resolution of (."28 A. Rydberg series were

analvzcd, and dif fered slightly in some convergence limits from those obtained

by photographic absorpt ion. The shapes of the resonances varied, the most

prominent beuirg d- like Rydberg series with profiles that indicated a

relatively small q , indicating, a Iarg interaction between the Rydberg states

and the continluem.

We have also t ound two the 1ma sources 10or atomic tellurium. The

first provided sat i ac= t or! phlot i: n i :a t ion spectra from ioni zat ion threshold

to 1070 A. Heever, tis source still had a large molecular (Te 2 ) component

which prevented us from studying the region below 1070 A because the

process

Te, 4 h -Te + 'Ie + e

began to contribute at that energy.

Tie second source has a much lower molecular component, and has
0

enabled us to c.'tend this stdi'I to ,670 A. Autoionizing Rvdberg series

converging to 2!) ., and P3 2 states of To are readily observed

(corresponding to the. -xcitat ion of a valence 5p electron) but no series

is evident which would ha;..1 a s its convergence limit. In addition,

we can observe the ii rst 1ew members et a series corresponding to the

excitation o: an electron trom the inner ;s orbital.

Ti'I study is neat lv comply te . When co-hined with our exi ' ing

high-resolution Xe spec trn;:, we can compare the photoionization behavior

of the 5p , 5p , and )p atomic systems. In this set, the radial wave

functions should not dit t er great I V , and the major factor responsible for

the increasing e, a;1 ex it V should be the angular momentum coupling.

Tir:s study also has relevance to a scheme currently under investi-

gation as a potent ial laser system for laser fusion. Some atoms of Group VI

(0, S, Se, Te) when generated in the excited 1So state by molecular photo-

dissociation arc expected to exhibit laser action. A possibly major loss

mechanism is atrt o ion i zdrt ion. A know edge of the energy levels of the

IX.Ce
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autoionizing states, and their strengths, should provide a useful test for

theories attempting to model this process, even though the initial state

for the present study is the 3P 2 ground state. Our success in developing an

atomic Te source gives us some hope of obtaining the photoelectron spectrum

of atomic tellurium, thereby enabling us to test the irreducible tensor

analysis (see Sec. IX.C.b) on a p configuration.

f. Fixed-Energy Photoelectron Spectroscopy

J. H. D. Eland

Two forms of molecular ultraviolet photoelectron spectroscopy are

in current use: fixed wavelength photoelectron spectroscopy (PES) and

threshold electron photoelectron spectroscopy (TPES). In PES light of

fixed wavelength is used and the spectrum of ionic states is scanned using

an electron energy analyzer to detect electrons of different energies. In

TPES the electron energy accepted by the analyzer is fixed at zero, and the

spectrum is scanned by varying the incident wavelength. Differences between

photoelectron spectra and threshold photoelectron spectra of the same

molecule arise because the threshold electron emission process proceeds

not only through direct, vertical ionizing transitions, but also through

dutoionization from Rydberg states or shape resonances encountered as the

wavelength is varied. In fixed wavelength PES, by contrast, choice of a

short \f. normally ensures that vertical processes predominate, and the
fix

final ionic states can be clearly identified. In TPES many more states of

Lhe ions can be located, since they can be reached by nonvertical processes,

but their relative intensities are hard to interpret, and they often form

continua.

By scanning the exciting wavelength and accepting electrons of a

fixed, nonzero energy, one can combine advantages of both techniques. A

description of this technique has been accepted for publication in

J. Chem. Phys.

189



IX.Cg,h

g. Mass Spectra and Doadly Charged Ions in Photoionization at 30.4 nm and

58.4 nm

Bilin P. Tsai* and Jo'3n H. D. Eland

Doubly charged ion abundances and photoionization mass spectra

produced by He Ia and He 11i were measured for molecules from several classes

of compounds. 'More doubly charged ions relative to singly charged ions are

produced by photon impact than by electron impact at the same energy, the

contrast being most marked for small polyatomic molecules. Lifetimes of

2+ 2+ 2 2
dauoly charged 4ons were measured for CO?+, COS , CS2 , and Di . It is

concluded that at 30.4 nm initial double ionization is a substantial fraction

of total ionizatiun for all large molecules, and must appear in the photo-

electron spectra.

h. Vibrational Livel Populations in the Autoionization of Oxygen

J. H. D. Eland

Autolonizat ion from the I and 1' resonance series of C2 has been

reexamined using high resolution for photons and electrons. Photoelectron

spectra on the resonances are predicted from the upper potential energy

surface parameters and photoionization yield curve alone, without reference

to the uncertain line shapes and widths. Bond lengths are determined as

1.370 " 0.005 A in I acid 1.380 0.005 in 1' of 0.

2

*
University of Minnesota, Mi nneapoi is, Minnesota.
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D. SPECTROSCOPY OF FREE ATOMS AND MOLECULES:
HIGH-PRECISION LASER-rf DOUBLE-RESONANCE
SPECTROSCOPY WITH ATOMIC AND MOLECULAR

BEAMS

In the past year, the high precison and high sensitivity of the
laser-rf double-resonance technique has been applied to make measurements of
(a) the electric quadrupole moment of the exceedingly rare (0.09% abundant)
isotope 1 3 8La, (b) the hyperfine structure of a large number of metastable
atomic states of Pr I, and (c) the rotational dependence of the spin-
rotation and hyperfine interactions in CaF.

When the experimental and theoretical work on Pr is complete, we
expect to achieve a systematic understanding of the hfs of all the low-lying
levels of this atom in terms of a small number of radial parameters that can
be compared directly with ab initio calculations.

The CaF measurements comprise the first systematic investigation

in any molecule of the dependence of the spin-rotational and hyperfine
interactions on the rotational quantum number N. This work opens up a
new area of research that will include investigations of molecules of
interest both to energy research scientists and to astrophysicists.

In addition to the measurements described below, some effort was

put into upgrading our apparatus. The most notable improvement was the con-

struction of an interferometric "lambda-meter" which measures the wavelength
of our tunable laser to 0.01 A by comparison with a He-Ne standard using
fringe-counting techniques. The a meter was essential for the molecular

work.

a. Measurement of the 1 38 ,1 3 9La Nuclear Electric-Quadrupole Moment Ratio

W. J. Childs and L. S. Goodman

Although the NMR technique nas been used to obtain a high-precision

meat-rement of the 0.09% abundant 138La nuclear magnetic-dipole moment by

comparison with 139La, only a rough value could be obtained for the electric-

quadrupole moment ratio. In addition, the techniques of optical spectros-

copy, including high-resolution tunable lasers, have not had sufficiently high

resolution for this purpose because of the small size of the cuadrupole

effects. The laser-rf double-resonance technique was therefore used to

measure two hfs intervals in the 138La atomic ground term 5d6s2 2D to

1 ppm. From these measurements and previously known high-precision data on the

hfs splittings of 139La, it was possible to obtain the result1 '2

1W. J. Childs and L. S. Goodman, Phys. Rev. A 20, 1922 (1979).

L. S. Goodman and W. J. Childs, Symposium on Atomic Spectroscopy (SAS - 79),
Tucson, Arizona, 10-14 September 1979, organized by J. 0. Stoner, Jt.

(University of Arizona, 1979), p. 166.
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Fig. IX-7. (a) Laser fluorescence spectrum of the La I lines A5930.62 and .5930.68. All of the hfs compo-
nents shown are understood quantitatively and arise from the 99.91% abundant 13 9 La, for which I = 7/2.
(b) The same spectral region shown in (a), but with a much stronger atomic beam. Two weak peaks due
to hfs in the 0.09% abundant, odd-odd isotope 138 La (I = 5) can be seen. The laser-rf double-resonance
spectroscopy described was performed on these two peaks.
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138
Q(8La) = +2.27 0.04,

139
Q( La)

in which the uncertainty is not experimental but arises from lack of know-

ledge of a possible hyperfine anomaly. From the accepted value for Q( 139La),

we therefore obtain the result

138 -24 2
Q( La) = +0.50 0.07 x 10 cm

for this exceedingly rare, stable odd-odd isotope with I = 5.

The appearance of the very weak 138La fluorescence signals used

in making the double-resonance measurements can be seen in Fig. IX-7.

The success of the experiment illustrates well the sensitivity of this

powerful new technique.

b. Precision Measurement of hfs of Many Low Atomic Levels of Pr I

W. J. Childs, L. S. Goodman, and H. Crosswhite*

The purpose of this experiment is to achieve a systematic under-

standing of the hfs of all low-lying levels of a single atom in terms of a

limited number of parameters, and then to compare their values with ab initio

calculations. Praseodymium was selected primarily because of the very

large number of excited levels that lie low enough to be populated in an

atomic beam. High-precision results have so far been obtained for 17 levels

of both parities. It is hoped that measurements can be made for an additional

10 or more levels, but this will depend on the accuracy of the existing

classification of the extremely complex optical spectrum, and our work is

casting serious doubt on some of this earlier work.

For the interpretation, iterative least-squares fits of the eigen-

values of the multiconfiguration energy matrices to the observed fine-

structure levels have been carried out to obtain the necessary eigenvectors.

Expectation values for the hfs constants of the levels of interest were then

evaluated from these eigenvectors in terms of the appropriate hfs radial

integrals. These were in turn varied as parameters to obtain least-squares

fits to the measured hfs constants. The results so far obtained show good

self-consistency, but could profit very much from data on additional levels.

As mentioned above, however, the possibility of obtaining such additional

*
Consultant to Physics Division.
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data depends, in turn, on the existing classification of the spectrum.

A computer program is being written to make corrections for the effects of

second-order hfs interactions between each state of interest and all the

others, including many not yet observed.

An initial report on this work was presented at the Symposium on

Atomic Spectroscopy held in Tucson, Arizona in September 1.979. Work on the

project is continuing.

W. J. Childs, L. S. Goodman, S. A. Lee, and H. Crosswhite, Symposium on

Atomic Spectroscopy (SAS - 79), Tucson, Arizona, 10-14 September 1979,
organized by J. 0. Stoner, Jr. (University of Arizona, 1979), p. 168.

c. Rotational Dependence of the Shin-Rotation and Hyperfine Interactions in

CaF

W. J. Childs and L. S. Goodman

The molecular-beam, laser-rf, double-resonance technique has been

used to make the first systematic investigation in any molecule of the

dependence of the spin-rotational and hyperfine interactions on the rotational

quantum number N. The CaF results) have been accepted for publication in

both Physical Review Letters and Physical Review A. The relevant energy

splittings were determined to 1 kHz, a precision several thousand times

better than the best previous work (1978). The results show strong N

dependences for both interactions, and allow evaluation of the detailed N

dependence of the parameters in the Hamiltonian for the first time. Although

the effects had not been explicitly predicted previously, they are in good

agreement with the basic theory, and show the need for more sophisticated

ab initio calculations.

The N dependence found for the spin-rotation interaction is shown

in Fig. IX-8(a); the best previous determination (1978) was 39 6 MHz,

and no N dependence could be seen. The corresponding results for the average

hyperfine splitting are shown in Fig. IX-8(b); earlier studies have not had

sufficient resolution to observe the hyperfine splittings.

W. J. Childs and L. S. Goodman, Bull. Am. Phys. Soc. 25, 13 (1980).
2

W. J. Childs and L. S. Goodman, Phys. Rev. Lett. 44, 316 (1980)

3W. J. Childs and L. S. Goodman, Phys. Rev. A, accepted for publication,
1980.
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The success of the work suggests numerous other experiments to

take full advantage of the powerful new technique to study further details

of the structure of small molecules. The first such experiment to be carried

out will be to extend the CaF study from the lowest (v" = 0) vibrational

level of the 211/2 molecular ground state to higher vibrational levels,

thereby allowing evaluation of the vibrational dependence of the spin-

rotation and hfs interactions. Beyond that, we plan to make analogous

studies of a diatomic molecule whose ground state has some orbital angular

momentum in order to analyze details of the angular momentum couplings

involved.
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E. MOSSBAUER EFFECT RESEARCH

The effort during the last year has been almost entirely on the

study of gamma-ray quantum beats and their applications. When a source of

recoil-free gamma radiation is caused to mechanically vibrate with a period
that is short compared to the lifetime of the nuclear state whose decay

produced the gamma ray, the radiation is frequency modulated. The frequency-

modulated quanta contain the original gamma-ray frequency and a set of "side-

bands." These are frequency components spaced higher and lower in frequency

by the mechanical vibration frequency. If this radiation passes through a

resonant absorber and is then counted, the counting rate is observed to be
time dependent. The time dependence can be studied by examining its

frequency structure. The Fourier components of the spectrum of counts-vs-

time have ratios which are sensitive to the energy displacement of the source

and absorber resonances. This is the basis of the applications of the
quantum beats made to date.

During 1979, progress was made on (1) the theory of the process,
(2) a test of the sensitivity of the quantum beats method for the measure-
ment of small shifts, by measuring the second-order Doppler shift in a

Be-Fe absorber when its temperature was varied, (3) a measurement of the

dependence of an isomer shift on a magnetic field, and (4) an investigation

of frequency modulation techniques.

a. A Theoretical Description of Quantum Beats of Recoil-Free Gamma Radiation

J. E. Monahan and G. J. Perlow

The theory treats the photon amplitude semiclassically and the

absorption as an optical process in a resonant medium. The transmitted

intensity is obtained as a function of the difference between the unperturbed

frequency of the vibrating source and the resonant frequency of the absorber,

and of the laboratory time too. This intensity L(w 0-w,t) is used to

calculate various observable properties, such as the harmonic composition

of the intensity spectrum. and the prominent dispersion phenomenon observed

in velocity spectra when the counting rate is restricted to events from some

subinterval of the vibration cycle.

1. E. Monahan and G. J. Perlow, Phys. Rev. A 20, 1499 (1979).

b. Measurement of the Second-Order Doppler Shift in Beryllium Doped with Iron

by the Method of Harmonic Ratio of Gamma-Ray quantum Beats

W. Potzel, G. J. Perlow, and J. E. Monahan

When a solid is heated, the thermal motion results in a relativistic

shift toward lower energies of the energy of a nuclear resonance. The -ffect
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has been well studied in Fe-Be by ordinary M6ssbauer spectroscopy, where it

is readily seen for temperature changes of 50-100C. Wet have used the

substance in a temperature controlled enclosure and have been able-to resolve

changes of 2 C. A time spectrum was obtained at each of 9 temperatures,

spaced about 10C apart. Each spectrum was analyzed by a computer program

that fitted the spectrum to a Fourier series truncated to six terms. The

ratio of the amplitudes of the fundamental to the second harmonic is the

quantity that is sensitive to energy shift. This quantity when plotted vs

temperature lay on a straight line, whose slope was Jetermined. This could

then be compared to a calibration in which the absorber at constant tempera-

ture was moved at various velocities. The results were in good agreement

with the earlier measurements, and served to demonstrate the power of the

method.

G. J. Perlow, J. E. Monahan, and W. Potzel, Suppl. J. Phys. (Paris) 4_,
C1-85 (1980).

c. Measurement of Magnetic Field Dependent Isomer Shifts

L. E. Campbell and G. J. Perlow

When a magnetic field is applied to a source of 57Co doped into

copper, the effect on the M6ssbauer spectrum is to split an originally single

line spectrum into a six-line Zeeman multiplet. No shift in energy would be

expected between the original line position and the center of the split

spectrum in the simplest description of a bare 57Fe (resulting from the
57Co-57Fe decay) nucleus in a field. However, the field also acts on the

electrons of the copper matrix, and conceivably can result in a change

in electron density at the iron nucleus. This produces a net shift. Other

causes of a shift are also possible. A proper understanding of the phenomena

can lead to additional. understanding of the interaction of an impurity ion

with a host metal.

An experiment was performed by use of the quantum-beat technique.

The results show a shift of 6 ;m/sec in a field of 15.3 kG. The possibility

that the result is an artifact caused by the split spectrum is not completely

ruled out and requires further experimentation.
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d. Investigation of Frequency Modulation Techniques

L. E. Campbell, G. J. Perlow, and H. E. Stanton

The traditional method for producing a frequency modulated recoil-

free y-ray source has been to vibrate the source foil by a piezo-electric

crystal to which it has been cemented. When this is done, it is found that

there is not a unique value of modulation index and/or vibrational plase

over the dimensions of the source volume. This has a deleterious effect

on the efficiency for producing quantum beats. To improve the situation,

a technique common to ultrasonic measurements was tried, in which a fluid

transmits the ultrasonic signal between the piezo crystal and the source

foil. The spectrum modulation irdices greatly narrowed. Work is

cont inuing.
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APPLIED PHYSICS

INTRODUCTION

Although the main business of the Physics Division is basic
research, we are also conducting a research program that is dedicated

primarily to applied research goals. This involves the Interaction of
Energetic Particles with Solids (M. Kaminsky). This applied research is
carried out in conjunction with the basic research studies from which it

evolved.
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X. APPLIED PHYSICS

INTERACTION OF ENERGETIC PARTICLES WITH SOLIDS

This research project is designed to study specific atomic and

molecular phenomena that occur when energetic ions (keV-MeV range) interact

with both bulk and surfaces of solids. Particularly, fundamental studies of

the mechanisms underlying (a) the release of atomic and molecular species

from solid surfaces, and (b) the changes in the surface topography and in the

microstructure of the implant region under energetic-particle impact are

being conducted.

One main goal of these studies is to determine how well-characterized

surface regions of lattices with (1) a defined low degree of lattice damage

and low gas content, or with (2) a high degree of lattice damage and high
gas content caused by trapping of incident ions (e.g., H+, D+, 4 He+) will
affect the basic mechanisms of such fundamental atomic processes as ion/atom
reflection, secondary ion and electron emission, atom/molecule release by
sputtering, and energy-loss mechanisms and charge states of particles

penetrating through a lattice. Information of this type is practically

nonexistent for light-ion bombardment of solids. However, such information

is of significant importance for (a) a better understanding of atomic colli-

sion processes, (b) analysis of older data which slowed significant scatter

and may have beeu influenced by lattice damage and incident-ion trapping,
and (c) for such practical applications as fusion-plasma-impurity control
and accelerator technology.

Furthermore, we ore conducting studies in direct support of the

national fusion-power development program (supported by OFE/DOE and Princeton

University). These studies have the following four goals: (1) To identify

and develop a sufficient understanding of the processes leading to plasma

contaminant release, surface damage and erosion of candidate beam dump,
beam limiter and first-wall materials in order to allow the selection of
optimum designs. (2) To generate data on plasma contaminant release yields

and the degree of surface damage and erosion of low-Z coatings and mediu;n-Z
claddings under irradiation conditions that will be meaningful for an assess-
ment of their use for vacuum vessels, armor plates, beam limiters and

calorimeters in both near-term and long-term machines. (3) To search for
solutions for the control and reduction of plasma contaminant release and
surface damage and erosion processes. (4) To conduct cooperative studies

with major plasma laboratories in the USA and abroad in order to help in the
identification of some of the major sources for, and types of plasma con-
taminants and surface erosion in existing plasma devices and in the next
generation of devices. Some work in pursuit of these goals was carried out
with Princeton's Plasma Physics Laboratory, Lawrence Livermore Laboratory
and with the Kurchatov Institute in Moscow.

Finally, experiments will be designed for a search of molecular
ions formed by the simultaneous interaction of two independent ion beams

X
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(e.g., H and D in the 10-keV-100-keV range) with solid films. Transmission
and backscattering using both monocrystalline and polycrystalline films,
will be studied.

The experiments are carried out with well-characterized surfaces

of solids which are studied with scanning electron microscopy, transmission

electron microscopy, and scanning Auger spectroscopy. The irradiations are

being carried out with three different facilities.

One facility is a recently completed (1977) novel accelerator

system which produces two ion beams simultaneously , and merges them on the
same beam axis before permitting them to interact with solid targets at a

chosen angle of incidence. This system allows (1) in situ sputtering-yield

determination under ultrahigh-vacuum conditions, (2) a search for the forma-

tion of molecular species formed by the simultaneous interaction of ions of

two different species (e.g., H+, D+) with solids, and (3) a search for
interactive surface effects on the release of target particles and on

target surface damage and erosion.

The second facility consists of a low-energy ion accelerator

(1 keV to 15 keV). This system allows in situ determination for low ion
energies under ultrahigh-vacuum conditions. Calibrated sputter-depth

profiling will be used to determine the sputter deposits in situ. The
third facility, upgraded during 1977/78, produced high current densities of
mass analy -ed ions (,10 mA/cm2) in the 10-keV to 120-keV energy range and
allows target irradiation in the ultrahigh-vacuum range.

1. A TECHNIQUE FOR DETERMINING THE DEPTH DISTRIBUTION OF CAVITIES
IN He-IRRADIATED NICKEL

*
G. Fenske, S. K. Das, and M. Kaminsky

In order to facilitate the experimental search for evidence of

helium bubble coalescence at higher implant doses (>1021 ions/m2) as a

function of implant depth, it was necessary to improve a sample sectioning

technique, which allows one to view (with TEM) the entire bubble 0'"epth

distribution from a single specimen. The major difficulty to overcome is

the tendency of etchants (and electropolishing agents) to preferentially

remove material from heavily ion-damaged regions. The sectioning technique

which we developed involved several steps, such as plating, spark cutting,

mechanical polishing, electropolishing, and ion milling. The application of

this technique allows one to determine the depth distribution of cavities

*
Thesis student, University of Illinois, Urbana, Illinois.
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0

with a high accuracy (%50 to 100 A). Major details of the technique were

published in Ref. 1.

1G. Fenske, S. K. Das, and M. Kaminsky, J. Nucl. Mater. 80, 373 (1979).

2. EVIDENCE FOR THE COALESCENCE OF CAVITIES IN NICKEL IRRADIATED WITH
500-keV 4He+ IONS

George Fenske, Santosh K. Das, Manfred Kaminsky, and George Miley

Studies of the depth distributions of dislocations and cavities

(voids or bubbles) in ion irradiated metals are of great importance for an

understanding of the blistering mechanisms. Different blistering models

have been proposed, of which some invoke the coalescence of bubbles and the

buildup of internal gas pressure as a precursor to blister appearance, while

others do not. For example, some of the models based on the buildup of

internal gas pressure consider the coalescence of gas bubbles as the main

driving force for blister appearance, whereas the models based on the

integral lateral stresses do not. It is the main goal of these studies to

search for evidence for bubble coalescence in nickel irradiated at 500*C with

500-keV 4He+ ions. Specifically, we want to determine at which implant depth

and dose range helium bubble coalescence can be observed. The transverse

sectioning technique described in Ref. 1 was used for the study of the

entire depth distribution of bubbles from a single specimen.

Figure X-1(A) shows a typical bright-field micrograph of the

cavity microstructure of a nickel foil implanted with 500-keV 4He+ ions at

500*C to a dose of 1 x 1021 ions/m2. The interface between the plating and

the implanted region is clearly seen in this figure together with the

cavities. A cavity-deruded zone near the bombarded surface extending to a

depth of 0.15 to 0.2 pm can be seen. Figure X-1(B) shows a bright-field

micrograph of the cavity microstructure near the peak-swelling depth of a

sample implanted with a 500-keV 4He+ at 500*C to a dose of 1 x 1022 ions/m2

*
Thesis student, University of Illinois, Urbana, Illinois.

University of Illinois, Urbana, Illinois.

G. Fenske, S. K. Das, and M. Kaminsky, J. Nucl. Mater. 80, 373 (1979).
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500-keV 4He on Ni
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Fig. X-1. The cavity microstructure of nickel irradiated with 500-keV 4He+
ions at 500*C to (a) a dose of 1 x 1021 ions/m2 , and (b) a dose of
1 x 1022 ions/m2 (cavity structure here seen near the peak swelling
depth).

.r



X.2

The morphology changes drastically from a high density, small cavity-size

microstructure to a low density, large cavity-size microstructure as the

implant depth is increased from '0.9 Jm to t.il um. "rom micrographs of

near-surface regions it was determined that the width of the cavity-denuded

zone decreased to less than 50 nm.

Figures X-2(a) and X-2(b) show quantitative results on the variations

in the average cavity-diameter and number density, and in the swelling due

to cavities as a function of depth for nickel implanted with 500-keV 4He+

ions at 500C to doses of 1 x 1021 and 1 x 1022 ions/m2, respectively.

Previous results have shown that at 2 x 1019 ions/m2, the average diameter

is nearly independent of the implant depth. However, as the dose was in-

creased above 2 x 10 ions/m2 , the average diameter was no longer independent

of depth. Near the surface, the cavities were large; further in, they

gradually decreased in size with increasing implant depths.

In contrast, the sample irradiated to 1 x 1022 ions/m2 has a

maximum number density at depths considerably shallower (i.e., at %0.8 Jm)

than the location of the peak in the volume swelling. Indeed, the density

decreases beyond x,0.8 om, reaches a minimum value near the maximum swelling

depth, then increases at deeper depths and eventually drops to zero at the

end of the swelling profile, a trend which lies outside statistical errors.

The solid and dashed curves in Figs. X-2(a) and X-2(b) show the depth

distributions of the energy deposited into displacing lattice atoms by

nuclear collisions, and the projected range, respectively.

These were calculated using Brice's computer programs: COREL,

RASE, and DAMG2 with theoretical LSS electronic stopping.3'4 Comparing the

swelling profiles in Figs. X-2(a) and (b), it is seen that the maximum

swelling occurs at depths -pproximately 107 deeper than the peak in the

projected-range profile.

Figure X-3 shows the average cavity-diameter, number density, and

volume swelling at the maximum-swelling depths as functions of the total

implant dose for nickel implanted with 500-keV 4He ions at 500*C in the dose

2. Fenske, S. K. Das, and M. Kaminsky, J. Nucl. Mater. 85 & 86, 707
(1979).

3D. K. Brice, Ion Implantation Range and Energy Deposition Codes COREL,
RASE4, and DAMG2, SAND 75-0622 (1977).

J. Lindaard and M. Scharff, Phys. Rev. 124, 128 (1961).
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range from 2 x 1019 to 1 x 1022 ions/m2 . It is seen that up to 1 x 1021

ions/m2, the cavity size remains relatively constant, while the swelling

and number density increase with increasing dose. Beyond 1 x 1021 ions/m2

the number density at the peak-swelling depths decreases with increasing

dose, with corresponding increases in the average size of the cavity.

In conclusion, the reduction in the cavity density and the con-

current increase in the cavity size beyond a certain dose at the maximum-

swelling depth can be interpreted as direct evidence of coalescence. An

estimate indicates that a sufficient quantity of helium is available to

generate helium pressures that fracture the load-bearing cross section.

As such, these results demonstrate that the deformation process predicted

in coalescence models is feasible. More detailed discussions of the

results can be found in Ref. 5

5 G. Fenske, S. K. Das, M. Kaminsky, and G. Miley, Nucl. Instrum. Methods
170, 465 (1980).

3. SURFACE EFFECTS INDUCED BY SIMULATED PLASMAS

a. Deuterium and Helium Ion Irradiation Effects on TiB2 Coatings

S. K. Das and M. Kaminsky

Coatings of low atomic number Z materials are being considered for

use on first walls, limiters and armor plates of controlled thermonuclear

fusion devices. Use of low Z coatings is desirable because the release of

plasma contaminants with high Z from first wall components in plasma devices

can cause significant increases in plasma resistivity and in plasma power

losses owing to electromagnetic radiations. This in turn can prevent the

ignition of fusion reactions at sufficiently high impurity concentrations.

Titanium diboride, TiB 2, is one of the candidate coating materials being

considered for applications in fusion device components. It can be readily

chemically vapor deposited on many substrate materials (e.g., stainless

steel, Kovar, copper, molybdenum and graphite) and has low to moderate Z

constituents (Z = 5 and 22). In order to evaluate the suitability of TiB2

coatings for first wall, limiter and armor plate applications, it is impor-

tant to determine" the effects of D and He+ bombardment on these coatings.
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The surface damage and erosion of chemically vapor deposited TiB2
coatings and commercial grade titanium, caused by 5- to 120-keV D and

He ion irradiations for different doses at room temperature, have been

studied for the "as-deposited" coatings and for coating surfaces that were

mechanically polished prior to irradiation. Figure X-4 illustrates some

typical results obtained for "as-deposited" TiB2 coatings [Figs. X-4(A),

(D)], for polished TiB2 coatings [Figs. X-4(B), (E)] and for polished Ti
4 +

metal before and after irradiation with 100-keV He ions to a dose of

3.1 x 1018 ion/cm at room temperature. One can readily notice that the

surface erosion due to blister exfoliation and flaking is much more severe

for the polished TiB2 coatings and the Ti metal than for the "as-deposited"

TiB2 coating. A quantitative estimate of the erosion yield (number of TiB 2

molecules released per incident ion) for the polished TiB2 coatings gives

a value of about 0.35 0.1 (molecules/ion) while the value for the

"as-deposited" TiB2 coating is more than two orders of magnitude smaller.

This significant difference in yield values can in part be understood by

the retardation of blister growth on rough surfaces with small size grains

(as is the case for the "as-deposited" TiB2 coating). Figure X-5 shows

scanning electron micrographs of polished TiB2 surfaces irradiated with 5-,
4 + +

10-, 15-, 20-, and 100-keV He [Figs. X-5(A)--5(E)] and D ions

[Figs. X-5(F)--5(K)]. Here one notices that the average blister diameter

for both D+ and He+ increases with increasing ion energy, a trend which can

be explained by our "gas pressure" blistering model.1,2 Furthermore,

for a given energy in this range (10-100 keV), the blister diameter for D+

irradiation is larger than for 4He irradiation. This is related in part

to the greater depth of penetration of deuterons than for helium ions at a

given energy, and more important, to the lower permeation rate for deuterium

than for helium in ceramic materials such as TiB2. Figure X-6 illustrates

such differences in the blister diameters for the case of 15-keV D and

He ion irradiation of polished TiB2 surfaces. For more details regarding

the results, see Refs. 3 and 4.

M. Kaminsky and S. K. Das, The Physics of Ionized Gases, edited by R. K.
Janev (Institute of Physics, Beograd, Yugoslavia, 1979), p. 401.

S. K. Das and M. Kaminsky, Advances in Chemistry series 158, 112 (1976).

3M. Kaminsky and S. K. Das, J. Nucl. Mater. 85 & 86, 1095 (1979).

S. K. Das and M. Kaminsky, Thin Solid Films 63, 269 (1979).
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b. Carbon Coatings for Fusion Applications
* * *

S. K. Das, M. Kaminsky, L. H. Rovner, J. Chin, and K. Chen

The use of low atomic number, Z, materials such as carbon for

protective coatings of first walls and first wall components has been con-

sidered desirable to reduce plasma contamination with high-Z materials.

Furthermore, a coating process adaptable to application in situ would have

the special advantage of eliminating any need for reactor disassembly to

rLpair or refurbish the coating.

We have investigated a deposition process involving the discharge

activated deposition of carbon coatings from methane at about 1 Pa pressure.

A coating of thickness 10 um on copper has survived 1000 cycles of pulsed

thermal heating at 37 MW m-2 with only minor flakin;. The surface damage

of similar coatings on stainless steel surfaces has been investigated

for irradiation with 20-, 40-, 60-, and 120-keV D+ and lie+ ions at ambient

temperature. Scanning electron microscopy of irradiated surfaces revealed

no significant surface damage for either D or He irradiation with energies
22 22 . -2

of 40 and 60 key for doses of 4 x 10 and 8.1 x 10 ions in , respect ively,

as illustrated in Figs. X-7 and X-8. For 120-keV D+ and He+ irradiations for

a dose of 22 x 1023 ions m-2, surface damage in the form of ridges was

observed. A comparison of the results for carbon coatings with thost

obtained for ATJ graphite reveals that this type of graphite shows surface

damage for all irrauiations performed, while the carbon coating appears to

be more resistant to damage for many of these irradiations. These results

reflect favorably on the possible use of these coatings on various components

in the plasma chamber of a fusion reactor. More details regarding the results

can be found in Refs. 1 and 2,

*
General Atomic Company, San Diego, California.

S. K. Das, M. Kaminsky, J. Chin, K. Y. Chen, and L. H. Rovner, Thin
Solid Films 63, 227 (1979).

M. Kaminsky and S. K. Das, .. Nucl. Mater. 85 & 86, 1095 (1979).
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c. Cladded Materials for Fusion Applications

M. Kaminsky

This program was initiated during the first quarter of 1979.

The effort is being conducted in support of Princeton University's Tokamak

Fusion Test Reactor and is directed toward the following main goals:

(1) Develop cladded materials for the protection of a first wall ("Armor

Plates") against a single fault condition of a plasma-neutral beam

system resulting in a single radiation pulse of high power deposition

(-,8 kW/cm) for a pulse length of probably less than 0.1 sec (actual

pulse len ,th not yet established).

(2) Develop cladded materials for fixed and movable limiters, which will

be exposed to repeated radiation pulses (1.0 sec pulse length, 300 sec

pulse repetition period-recently, the desired pulse length was

increased to 1.5 sec) with power densities of 1 to 4 kW/cm2 under

normal operating conditions.

(3) Develop claddings for the armor plate and limiter applications mentioned

above, with materials which have low to medium atomic number (Z), and

exhibit good adhesion, adequate heat shock resistance, acceptable

thermal cycling fatigue life (for limiter applications), low outgassing

rates at operating temperature, low vapor pressure at operating

temperature, low sputtering yield:, low surface erosion yields (e.g.,

erosion by blister exfoliation, chemical erosion processes, sputtering),

and acceptable hydrogen isotope recycling characteristics.

Ieasibil ity tests of our explosion cladded samples of 0.12 in.

thick Nb on 0.5 in. thick OFIC copper with respect to heat shock resistance

were conducted at PPPI. (M. Ulrickson) and at Berkeley (R. Pyle and K.

Berkner). At PPPL the samples did withstand a 0.5 sec pulse of electrons

with a power deposition of 6.5 kW/cm , a very encouraging result. Similarly,

the results at Berkeley, conducted with a 100-keV HO beam pulse of 0.5 sec

(at 75 sec pulse rep. rate) to a power deposition of 1.4 kW/cm also yielded

very encouraging, results. Therefore, the development program for cladded

materials was started. Initially, two laminar claddings are being developed

to provide protection against repetitive pulses with power densities of

2 to 4 kW/cm2 for a pulse length of 1.5 sec and a pulse repetitive time of

300 sec. Heat transfer calculations indicate that 0.020 in. thick Ti or V

218



X.3c 219

sheets cladded on 0.5 in. thick OFHC copper plates may handle such repeti-

tive power depositions. Therefore, such explosively bonded Ti/Cu and V/Cu

samples were prepared successfully, and are, at the present, being

characterized and tested.
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PUBLICATIONS FROM 1 APRIL 1979 THROUGH 31 MARCH 1980

The list of "journal articles and book chapters," is classified by
topic; the arrangement is approximately that followed in the Table of
Contents of this Annual Review. The "reports at meetings" include abstracts,
summaries, and full texts in volumes of proceedings; they are listed
chronologically.

A. BOOKS

1. PHOTOABSORPTION, PHOTOIONIZATION, AND PHOTOELECTRON SPECTROSCOPY
Joseph Berkowitz

Academic Press, Inc., New York, New York, 1979

2. NUCLEAR SPECTROSCOPY (Proceedings of the Workshop, Gull Lake, Michigan,
27 August-7 September 1979)

edited by G. F. Bertsch* and D. Kurath
Springer-Verlag, Berlin-Heidelberg, 1980

3. PROCEEDINGS OF THE WORKSHOP ON SPUTTERING CAUSED BY PLASMA (NEUTRAL
BEAM) SURFACE INTERACTION, Argonne National Laboratory, Argonne,
Illinois, 9-10 July 1979, CONF-790775

edited by J. N. Smith, Jr.4 and M. Kaminsky
National Technical Information Service, Springfield, Virginia,
1980

B. PUBLISHED JOURNAL ARTICLES AND BOOK CHAPTERS

1. MEASUREMENT OF TENSOR POLARIZATION AND CROSS SECTION FOR THE REACTION
2H(n+,n+)2H AT 1800

R. J. Holt, 4. R. Specht, E J. Stephenson, B. Zeidman, R. L. Bu man,
J. S. Frank, M. J. Leitch, J. D. Tses,+ M. A. Yates-Williams,
R. M. Laszewski, and R. P. Redwine I

Phys. Rev. Lett. 43, 1229-1232 (22 October 1979)

*
Michigan State University, East Lansing, Michigan.

General Atomic Co., San Diego, California.

Los Alamos Scientific Laboratory, Los Alamos, New Mexico.

University of Illinois, Urbana, Illinois.

IMassachusetts Institute of Technology, Cambridge, Massachusetts.
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2. ELASTIC AND INELASTIC SCATTERING OF 162 MeV PIONS BY 28 58Ni AND 208Pb
C. Olmer, D. F. Geesaman, B. Zeidman, S. Chakravarti, T.-S. H. Lee,
R. L. Boudrie,* R. H. Siemssen,t J. F. Amann,+ C. L. Morris,+ H. A.
Thiessen,+ G. R. Burleson, M. J. Devereux,5 R. E. Segelj| and L. W.

Swenson
Phys. Rev. C 21, 254-271 (January 1980)

3. EXCITATION OF HIGH-SPIN PARTICLE-HOLE STATES IN 28Si BY PION INELASTIC
SCATTERING

C. Olmer, B. Zeidman, D. F. Geesaman, T.-S. H. Lee, R. E. Segel,I|
L. W. Swenson,I R. L. Boudrie,* G. S.Blanpied, H. A. Thiessen,;
C. L. Morris,+ and R. E. Anderson+

Phys. Rev. Lett. 43, 612-615 (27 August 1979)
Erratum: Phys. Rev. Lett. 43, 1137 (8 October 1979)

4. 160 SCATTERING FROM THE EVEN-A Mg AND Si ISOTOPES
H. T. Fortune, A. Richter, R. H. Siemssen, and J. L. Yntema

Phys. Rev. C 20, 648-654 (August 1979)

5. HYBRID FOCAL PLANE DETECTORS FOR HEAVY IONS
H. W. Fulbright** and J. R. Erskine

Nucl. Instrum. Methods 162, 355-370 (1-15 June 1979)
+ Chap. VII in Detectors in Nuclear Science, edited by
D. Allan Bromley (North-Holland, 1979), pp. 355-370 [Reprinted
from Nucl. Instrum. Methods 162, 355 (1979)]

6. SYSTEMATICS OF CARBON- AND OXYGEN-INDUCED FUSION ON NUCLEI WITH
12 - A < 19

D. G. Kovar, D. F. Geesaman, T. H. Braid, Y. Eisen, W. Henning,
1. R. Ophel, M. Paul, K. E. Rehm, S. J. Sanders, P. Sperr, J. P.
Schiffer, S. L. Tabor, S. Vigdor, B. Zeidman, and F. W. Prosser, Jr.

Phys. Rev. C 20, 1305-1331 (October 1979)

7. ENERGY DEPENDENCE OF THE FUSION AND ELASTIC SCATTERING OF 160 + 40Ca
S. E. Vigdor, D. G. Kovar, P. Sperr, J. Mahoney,tt A. Menchaca-Rocha,tt
C. Olmer,tt and M. S. Zismantt

Phys. Rev. C 20, 2147-2169 (December 1979)

*
University of Colorado, Boulder, Colorado and Los Alamos Scientific

Laboratory, Los Alamos, New Mexico.

tKernfysisch Vernsneller Institute, Groningen, Netherlands.

+Los Alamos Scientific Laboratory, Los Alamos, New Mexico.

New Mexico State University, Las Cruces, New Mexico.

'Northwestern University, Evanston, Illinois.

Oregon State University, Corvallis, Oregon.
**

University of Rochester, Rochester, New York.

IlLawrence Berkeley Laboratory, Berkeley, California.
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8. SUPERALLOWED FERMI DECAY OF 62Ga
C. N. Davids, C. A. Gagliardi, M. J. Murphy, and E. B. Norman

Phys. Rev. C 19, 1463-1466 (April 1979)

9. CROSS SECTIONS FOR THE 6Li(p,3He) He REACTION AT ENERGIES BETWEEN 0.1
AND 3.0 MeV

A. J. Elwyn, R. E. Holland, C. N. Davids, L. Meyer-Schutzmeister,
F. P. Mooring, and W. Ray, Jr.

Phys. Rev. C 20, 1984-1992 (December 1979)

10. d + 6Li REACTIONS AT LOW ENERGY
A. J. Elwyn and J. E. Monahan

Phys. Rev. C 19, 2114-2120 (June 1979)

11. NUCLEAR TRACK EMULSIONS
J. R. Erskine

Nucl. Instrum. Methods 162, 371-378 (1-15 June 1979)
+ Chap. VIII in Detectors in Nuclear Science, edited by
D. Allan Bromley (North-Holland, 1979), pp. 371-378 [Reprinted
from Nucl. Instrum. Methods 162, 371 (1979)]

12. REACTION 15N(t,p)17N
H. T. Fortune,* G. E. Moore,* L. Bland,* M. E. Cobern,* S. Mordechai,*
R. Middleton,* and R. D. Lawson

Phys. Rev. C 20, 1228-1235 (October 1979)

13. SINGLE PARTICLE NATURE OF THE YRAST LINE AT HIGH ANGULAR MOMENTUM IN
152Dy

B. Haas,t H. R. Andrews,t 0. Hausser,t D. Horn,t J. F. Sharpey-Schafer,t
P. Taras,t W. Trautmann,t D. Ward,t T. L. Khoo, and R. K. Smither

Phys. Lett. 84B, 178-181 (18 June 1979)

14. THE EQUATION OF STATE NEAR S EQUILIBRIUM FOR A COLLAPSING STELLAR CORE
Martin J. Murphy

Astrophys. J. Suppl. Ser. 42, 385-420 (March 1980)
+ Ph.D. Thesis, University of Chicago, 1979

15. MEASUREMENT OF ULTRACOLD NEUTRONS PRODUCED BY USING DOPPLER-SHIFTED
BRAGG REFLECTION AT A PULSED-NEUTRON SOURCE

T. 0. Brun,+ J. M. Carpenter, V. E. Krohn, G. R. Ringo, J. W. Cronin,||
T. W. Dombeck,$ J. W. Lynn, and S. A. Werner**

Phys. Lett. 75A, 223-224 (7 January 1980)

*
University of Pennsylvania, Philadelphia, Pennsylvania.

Chalk River Nuclear Laboratories, Chalk River, Ontario, Canada.

+Solid State Science Division, ANL.

9Intense Pulsed Neutron Source Program Division, ANL.

"University of Chicago, Chicago, Illinois

University of Maryland, College Park, Maryland.
**
University of Missouri, Columbia, Missouri.
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16. PRODUCTION OF ULTRA-COLD NEUTRONS USING DOPPLER-SHIFTED BRAGG SCATTER-
ING AND AN INTENSE PULSED NEUTRON SPALLATION SOURCE

T. W. Dombeck,* J. W. Lynn,* S. A. Werner,t T. Brun,t J. Carpenter,+

V. Krohn, and R. Ringo
Nucl. Instrum. Methods 165, 139-155 (1979)

17. HIGH-RESOLUTION PHOTONEJTRON STUDY OF El AND M1 TRANSITIONS IN 208Pb
R. J. Holt, H. E. Jackson, R. M. Laszewski, and J. R. Specht

I'hys. Rev. C 20, 93-114 (July 1979)

18. COHERENT-STATE MULTIPOLE MOMENTS IN EIECTRON-HYDROGEN IMPACT EXCITATION
Yehuda B. Band

Phys. Rev. A 19, 1906-1920 (May 1979)

19. COUPLED-CHANNELS CALCULATIONS OF INTERMEDIATE ENERGY r -13C INELASTIC
SCATTERING AND CHARGE EXCHANGE

Soumya Chakravarti

Phys. Lett. 90B, 350-353 (10 March 1980)
+ Ph.D. Thesis, University of Chicago, 1980

20. SINGULARITIES IN QUANTUM FIELD THEORY
M. Danos and J. Rafelski

Nuovo Cimento 49A, 326-367 (1 February 1979)

21. ELECTROMAGNETIC POTENTIAL IN THOMAS-FERMI-DIRAC ATOMS
E. K. U. Gross and Johann Rafelski

Phys. Rev. A 20, 44-47 (July 1979)

22. INTERPRETIVE MODEL FOR 10B
D. Kurath

Nucl. Phys. A317, 175-182 (2 April 1979)

23. ISOSPIN MIXING IN 19F
R. D. Lawson

Phys. Rev. C 20, 842-844 (August 1979)

24. NUCLEAR CHARGE DEPENDENT INTERACTIONS IN THE lp SHELL
R. D. Lawson

Phys. Rev. C 19, 2359-2368 (June 1979)

25. INELASTIC PION SCATTERING FOR lp-SHELL TARGETS
T.-S. H. Lee and D. Kurath

Phys. Rev. C 21, 293-305 (January 1980)

*

University of Maryland, College Park, Maryland.

University of Missouri, Columbia, Missouri.

+Solid State Science Division, ANL.

National Bureau of Standards, Washington, D.C.
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26. INELASTIC PION SCATTERING FROM 180
T.-S. H. Lee and R. D. Lawson

Phys. Rev. C 21, 679-690 (February 1980)

27. DO BOUND COLOR-OCTET STATES OF LIBERATED QUARKS EXIST?
Harry J. Lipkin

Phys. Rev. D 21, 850-852 (1 February 1980)

28. MAGNETIC MOMENTS OF QUARKS, LEPTONS, AND HADRONS: A SERIOUS DIFFICULTY
FOR COMPOSITE MODELS

Harry J. Lipkin
Phys. Lett. 89B, 358-362 (28 January 1980)

29. TROUBLES WITH NONLEPTONIC CHARM DECAYS
Harry J. Lipkin

Phys. Rev. Lett. 44, 710-712 (17 March 1980)

30. CORRECTION TO THE TABLE OF DIFFERENTIAL POLARIZATION COEFFICIENTS FOR
(GAMMA, PARTICLE) REACTIONS

J. E. Monahan, R. J. Holt, and R. M. Laszewski
At. Data Nucl. Data Tables 23, 97-98 (1979)

31. SCATTERING-MATRIX ELEMENTS FOR NUCLEAR REACTIONS INVOLVING PHOTONS
J. E. Monahan, R. J. Holt, and R. M. Laszewski

Phys. Rev. C 20, 389-392 (July 1979)

32. THEORETICAL DESCRIPTION OF QUANTUM BEATS OF RECOIL-FREE y RADIATION
J. E. Monahan and G. J. Perlow

Phys. Rev. A 20, 1499-1510 (October 1979)

33. ROTATIONAL DISTRIBUTIONS FROM PHOTODISSOCIATIONS. I. LINEAR TRIATOMIC
MOLECULES

Michael D. Morse,* Karl F. Freed,* and Yehuda B. Band
J. Chem. Phys. 70, 3604-3619 (15 April 1979)

34. ROTATIONAL DISTRIBUTIONS FROM PHOTODISSOCIATION: II. RESULTS FOR
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44. PERFURMANCE OF SPLIT-RING SUPIERCONDUCTING rf RESONATORS
K. W. Shepard, P. Markovich,l R. Benaroya, and L. M. Bollinger

Bull. Am. Phys. Soc. 24, 669 (April 1979)

45. ASYMPTOTIC DEUTERON D-STATE DETERMINAT [ON FROM T2 2 MEASUREMENTS
IN d + p ELASTIC SCATTERING

E. J. Stephenson, H. E. Conzett,** P. von Rossen,** F.

Hinterberger, 1 and F. Seilor+#

Bull. Am. Phys. Soc. 24, 569 (April 1979)

Radiation Research (Proceedings of the Sixth International Congress of
Radiation Research, Tokyo, Japan, 13-19 May 1979), edited by S. Okada,
M. Imamura, T. Terashima, and II. Yamaguchi (University of Tokyo, Japan, 1979)

46. INTERACTIONS OF FAST MOLECULAR IONS WITH MATTER
D. S. Gemmell

pp. 132-144

*
Florida State University, Tallahassee, Florida.

University of Georgia, Athens, Georgia.

University of Massachusetts, Amherst, Massachusetts.

8Indiana University, Bloomington, Indiana.

"Los Alamos Scientific Laboratory, Los Alamos, New Mexico.

Chemistry Division, ANL.
**

Lawrence Berkeley Laboratory, Berkeley, California.

ttUniversity of Bonn, Bonn, Germany.

TUniversity of Basel, Basel, Switzerland.
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Publications

Topical Conference on Computerized Data-Acquisition Systems in Particle
and Nuclear Physics, Santa Fe, New Mexico, 14-17 May 1979

47. THE SUPPORT OF MULTIPLE DATA STREAMS IN A DYNAMICALLY CONFIGURED
SOFTWARE SYSTEM

Joseph E. Kulaga and John W. Tippie*
IEEE Trans. Nucl. Sci. NS-26(4), 4489-4493 (August 1979)
+ Program of the Conference, Abstract 16-D1

48. DESIGN CONSIDERATIONS FOR A MULTIPROCESSOR BASED DATA ACQUISITION
SYSTEM

John W. Tippie* and Joseph E. Kulaga
IEEE Trans. Nucl. Sci. NS-26(4), 4548-4551 (August 1979)
+ Program of the Conference, Abstract 22-E2

Spring Meeting of the Solid State and Atomic Physics Section of the Danish
Physical Society, Middelfart, Denmark, 28-29 May 1979 (Danish Physical
Society, 1979)

49. LASER-rf DOUBLE-RESONANCE SPECTROSCOPY: APPLICATIONS FOR
ATOMIC-STRUCTURE ANALYSIS AND NUCLEAR MOMENTS

W. J. Childs, 0. Poulsen, and L. S. Goodman
p. 24

Summary of the Proceedings of the Workshop on Future Directions in Nuclear
Physics Research, Boulder, Colorado, 30 May-2 June 1979

50. NUCLEAR SPECTROSCOPY
D. F. Geesaman

pp. 53-58

51. HEAVY-ION REACTIONS AT ENERGIES UP TO A FEW TENS OF MeV/NUCLEON
W. Henning

pp. 38-42

27th Annual Conference on Mass Spectrometry and Allied Topics, Seattle,
Washington, 3-8 June 1979

52. PHOTOELECTRON SPECTROSCOPY OF PHTHALOCYANINE VAPORS
J. Berkowitz

Proceedings, edited by A. G. Harrison (American
Society for Mass Spectrometry, 1979), pp. 96-97
+ Program of the Conference, p. 44

53. PES OF HIGHER TEMPERATURE VAPORS
J. Berkowitz and C. H. Batson

Proceedings, pp. 58-59
+ Program of the Conference, p. 34

54. ANGULAR DISTRIBUTIONS IN MOLECULAR ION DISSOCIATIONS OBSERVED
BY PHOTOELECTRON-PHOTOION COINCIDENCE SPECTROSCOPY

J. H. D. Eland
Proceedings, pp. 322-323
+ Program of the Conference, p. 91

*
Applied Mathematics Division, ANL.
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Publications

Mass Spectrometry and Allied Topics, Seattle, June 1979 (contd.)

55. PHOTOELECTRON SPECTRA OF TRINUCLEAR METAL CLUSTER COMPLEXES
William C. Trogler* and J. Berkowitz

Proceedings, pp. 163-164
+ Program of the Conference, p. 58

International Conference on Nuclear Physics with Electromagnetic Interactions,

Mainz, Germany, 5-9 June 1979 (Institut fur Kernphysik, Johannes Gutenberg-

UniversitUt, Mainz, W. Germany, 1979)

56. PHOTON SCATTERING BY THE GTANT DIPOLE RESONANCE IN MEDIUM WEIGHT
NUCLEI

T. J. Bowles, R. J. Holt, H. E. Jackson, R. M. Laszewski,t

R. D. McKeown, A. M. Nathan,T J. R. Specht, and R. Starrt

Abstracts of Contributed Papers, p. 4.5

57. HIGH RESOLUTION PHOTONEUTRON STUDY OF El AND M1 EXCITATIONS IN
2 0 8 Pb

R. J. Holt, H. E. Jackson, R. N. Laszewski, and J. R. Specht

Abstracts of Contributed Papers, p. 4.12

58. ALPHA PARTICLE CAPTURE THROUGH THE GIANT ELECTRIC RESONANCES IN
5 8 Ni AND 9 0 Zr

L. Meyer-Schtzmeister and R. E. Segel*
Abstracts of Contributed Papers, p. 5.9

Laser Spectroscopy IV (Proceedings of the Fourth International Conference,
Rottach-Egern, Germany, 1.1-15 June 1979), edited by H. Walther and K. W.
Rothe (Springer-Verlag, Berlin/Heidelberg, 1979)

59. LASER-rf DOUBLE-RESONANCE SPECTROSCOPY
W. J. Childs, L. S. Goodman, and 0. Poulsen

pp. 566-572

Proceedings of the Workshop on Sputtering Caused by Plasma (Neutral Beam)
Surface Interaction, Argonne National Laboratory, Argonne, Illinois, 9-10
July 1979, edited by J. N. Smith, Jr. and M. Kaminsky (National Technical
Information Service, Springfield, Va., 1980), CONF-790775

60. ANGULAR DISTRIBUTION OF SPUTTERED PARTICLES
M. Kaminsky

pp. 10-1-10-8

61. NEUTRON SPUTTERING
M. Kaminsky

pp. 13-1-13-7

*

Northwestern University, Evanston, Illinois.

University of Illinois, Urbana, Illinois.
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Publications

Eleventh EGAS (European Group for Atomic Spectroscopy) Conference, Paris-

Orsay, France, 10-13 July 1979, Summaries of Contributions (European

Physical Society, 1979)

62. LASER-rf DOUBLE-RESONANCE STUDIES OF ATOMIC STRUCTURES AND
NUCLEAR MOMENTS IN URANIUM

W. J. Childs, 0. Poulsen, and L. S. Goodman
p. 51

Proceedings of the Symposium on Heavy Ion Physics from 10 to 200 MeV/AMU,
Brookhaven National Laboratory, Upton, New York, 16-20 July 1979, edited by
J. Barrette and P. D. Bond (National Technical Information Service,
Springfield, Va., 1979), Brookhaven National Laboratory Report BNL-51115

63. HEAVY-ION-LINAC POST-ACCELERATORS
Lowell M. Bollinger

Vol. 2, pp. 589-625

64. QUASIELASTIC REACTIONS
W. Henning

Vol. 1, pp. 445-470

65. HEAVY-ION DIRECT-REACTION MECHANISMS-THE SPECTROSCOPIC APPROACH
Malcolm H. Macfarlane

Vol. 2, pp. 673-711

Atomic Collisions in Solids (Proceedings of the 8th International Conference

on Atomic Collisions in Solids, Hamilton, Canada, 13-17 August 1979), edited
by D. P. Jackson, J. E. Robinson, and D. A. Thompson (North-Holland,
Amsterdam, 1980)

66. NEUTRAL HYDROGEN FROM THE FOIL-INDUCED DISSOCIATION OF 4HeH
3HeH+, AND H

Patrick J. Cooney, Donald S. Gemmell, Elliot P. Kanter,
Werner J. Pietsch, and Bruce J. Zabransky

Nucl. Instrum. Methods 170, 73-77 (1980)
+ Atomic Collisions in Solids (Proceedings of the
Conference), pp. 73-77 [Reprinted from Nucl. Instrum.

Methods 170, 73-77 (1980)]

67. EVIDENCE FOR THE COALESCENCE OF CAVITIES IN NICKEL IRRADIATED
WITH 500-keV 4He+ IONS

George Fenske, Santosh K. Das, Manfred Kaminsky, and
George Miley*

Nucl. Instrum. Methods 170, 465-470 (1980)
+ Atomic Collisions in Solids, pp. 465-470 [Reprinted
from Nucl. Instrum. Methods 170, 465-470 (1980)]

68. THE COLLISION INDUCED FRAGMENTATION OF FAST MOLECULAR IONS IN
SOLIDS AND GASES

Dcnald S. Gemmell
Nucl. Instrum. Methods 170, 41-56 (1980)
+ Atomic Collisions in Solids, pp. 41-56 [Reprinted
from Nucl. Instrum. Methods 170, 41-56 (1980)]

*
University of Illinois, Urbana, Illinois.
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Publications

Atomic Collisions in Solids, Hamilton, August 1979 (contd.)

69. DETERMINATION OF MOLECULAR-ION STRUCTURES THROUGH STUDIES OF THE
COLLISIONALLY INDUCED DISSOCTATION OF 'AST (MeV) MOLECULAR IONS

Donald S. Gemmell, Patrick J. Cooney, and Elliot P. Kanter

Nucl. Instrum. Methods 170, 81-85 (1980)

+ Atomic Collisions in Solids, pp. 81-85 [Reprinted
from Nucl. Instrum. Methods 170, 81-85 (1980)]

70. EXPERIMENTAL CONFIRMATION OF THE JAHN-TELLER DISTORTION OF CH4
Donald S. Geinmell, Elliot P. Kanter, and Werner J. Pietsch

Nucl. TIr1trLm. Methods 170, 79-80 (1980)
+ Atomic Collisions in Solids, pp. 79-80 [Reprinted
from Nucl. Instrum. Methods 170, 79-80 (1980)]

71. MEASUREMENT OF THE DISTRIBUTIONS OF INTERNUCLEAR SEPARATIONS IN
3.0-MeV H+ AND 3.63-MeV HeH+ BEAMS

Elliot P. Kanter, Patrick J. Cooney, Donald S. Gemmell,
Zeev Vager, Werner J. Pietsch, and Bruce J. Zabranskv

Nucl. Instrum. Methods 170, 87-91 (1980)
+ Atomic Collisions in Solids, pp. 87-91 [Reprinted
from Nucl. Instrum. Methods 170, 87-91 (1980)]

/2. THE TRANSMISSION OF FAST MOLECULAR IONS THROUGH THIN FOILS
Werner J. Pietsch, Donald S. Gemmell, Patrick J. Cooney,
Elliot P. Kanter, Dieter Kurath, Anthony J. Ratkowski, Zeev

Vager, and Bruce J. Zabransky

Nucl. Instrum. Methods 170, 61-66 (1980)
+ Atomic Collisions in Solids, pp. 61-66 [Reprinted
from Nucl. Instrum. Methods 170, 61-66 (1980)]

8th International Conference on High Energy Physics and Nuclear Structure,
Vancouver, Canada, 13-17 August 1979

73. PROPERTIES OF PION SINGLE CHARGE EXCHANGE REACTIONS IN NUCLEI
T. J. Bowles, D. F. Geesaman, R. J. Holt, H. E. Jackson,
R. M. Laszewski, J. R. Specht, E. J. Stephenson, R. E. Segel,*
R. P. Redwine,t M. A. Yates-Williams,' and J. Julien+

Abstracts of Contributed Papers, edited by D. F.

Measday (University of British Columbia, Vancouver,
1979), p. 42

74. OBSERVATION OF THE CROSS SECTION AND TENSOR POLARIZATION IN 7T-d
ELASTIC SCATTERING AT 1800

R. J. Holt, J. R. Specht, E. J. Stephenson, B. Zeidman, R. L.
Burman,t J. S. Frank, M. J. Leitch, J. D. Moses,. M. A. Yates-
Williams,t R. M. Laszewski, and R. P. Redwinel

Abstracts of Contributed Papers, p. 3
*
Northwestern University, Evanston, Illinois.

Los Alamos Scientific Laboratory, Los Alamos, New Mexico.

C.E.N., Saclay, France.

University of Illinois, Urbana, Illinois.

(Massachusetts Institute of Technology, Cambridge, Massachusetts.
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Publications

High Energy Physics and Nuclear Structure, Vancouver, August 1979 (contd.)

75. PION REACTION MODES ON NUCLEI
J. P. Schiffer

Nucl. Phys. A335, 339-352 (18 February 1980)
+ High Energy Physics and Nuclear Structure (Proceedings
of the Conference), edited by D. F. Measday and A. W.
Thomas (North-Holland, Amsterdam, 1980), pp. 339-352
[Reprinted from Nucl. Phys. A335, 339-352 (1980)]

76. PION INELASTIC SCATTERING TO 6- STATES IN 28Si
B. Zeidman, C. Olmer, T. S. H. Lee, D. F. Geesaman, R. E.
Segel,* L. W. Swenson,t R. Anderson,# R. L. Boudrie,#
C. L. Morris,+ H. A. Thiessen,+ and G. S. Blanpied

Abstracts of Contributed Papers, p. 37

Proceedings of the Workshop on Physics with Fast Molecular-Ion Beams,
Argonne National Laboratory, Argonne, Illinois, 20-21 August 1979, edited by
D. S. Gemmell, Physics Division Informal Report ANL/PHY-79-3 (August 1979)

77. OPTICAL MEASUREMENTS OF MOLECULAR DISSOCIATION BY THIN FOILS
H. G. Berry

pp. 259-267

78. RECENT WORK WITH FAST MOLECULAR-ION BEAMS AT ARGONNE NATIONAL
LABORATORY

P. J. Cooney, D. S. Gemmell, K.-O. Groeneveld, E. P. Kanter,
W. J. Pietsch, Z. Vager, and B. J. Zabransky

pp. 53-85

79. OPTICAL OBSERVATIONS OF MOLECULAR DISSOCIATION IN THIN FOILS
T. J. Gay and H. G. Berry

pp. 279-289

80. PROBING THE WAKE OF A SWIFT ION IN MATTER
W. J. Pietsch,i G. Kr6sing, C. Kumbartzki,T and D. S. Gemmell

pp. 179--192

Nuclear Spectroscopy (Proceedings of the Workshop, Gull Lake, Michigan,

27 August-7 September 1979), edited by G. F. Bertsch and D. Kurath (Springer-
Verlag, Berlin-Heidelberg, 1980)

81. THE NUCLEAR SHELL MODEL
D. Kurath

pp. 45-68

*
Northwestern University, Evanston, Illinois.

Oregon State University, Corvallis, Oregon.

+Los Alamos Scientific Laboratory, Los Alamos, New Mexico.

New Mexico State University, Las Cruces, New Mexico.

IlUniversity of Cologne, Cologne, Germany.

University of Bonn, Bonn, Germany.

241



Publications

XIV European congresss oil Molt-cu l a r Sec t roscopy-, I rankfurt /Main, Germany,
3-7 September 1979

82. THE STRUCTURE OF MOLECULAR IONS STUDIED WITH FAST (MeV) HEAVY
PROJECTILES

K. 0. Groeneveld,* 1'. 1. Frischkorn,* S. Schumann,* D. S.
Gemmell, P. 1. Cooney, E. P. Kanter, and W. J. Pietsch

J. Mo. Structure 60, 85-88 (19h))

Symposium on Atomic Sp:,t rosc>pv (SAS - 79), Tucson, Arizona, 10-14 September

1979, organized by J. u. Stoner, Ir. (University of Arizona, 1979)

81. Iffs OF MANY LOW A1" I LEVELS OF 41Pr BY I ASER- r f DOUBLE
R ESONANCE

W. J. Childs, L. S. Goodman, S. A. Let., and H. (rosswhi tw
pp. 168-169

84. WAVELENGTHS AND TRANSITION PROBABILITIES IN SIX- AND SEVEN-
TIMES IONIZED KRYPTON

L. J. Currtis,# A. E. Livingston, R. M. Schectman, and 11. G.
Berry

p. 74

85. WAVELENGTHS AND FINE STRUCTURE OF THE 2 s- 2 p TRANSITIONS [N 'P40-
AND THREE-ELECTRON IONS

R. DeSerio, H. G. Berry, and A. E. Livingston

p. 101

86. DESTRUCTION OF MOLECULAR BEAN--FOIL COLLIS:0 N INDUCED ALIGNMENT
T. J. Gay and H. C. Berry

p. 3

87. 138,1 3 9 La NUCLEAR ELECTRTC-QUADRUPOLE MOMENT RATIO BY LASER-rf
DOUBLE RESONANCE

L. S. Goodman and W. J. Childs

pp. 166-167

International Conference on MUssbauer Spectroscopy, Portoroz, Yugoslavia,
10-14 September 1979

88. QUANTUM BEATS OF RECOIL-FREE y RADIATION
G. J. Perlow, J. E. Monahan, and W. Potzel-

Suppl. J. Phys. (Paris) 41, C1-85-93 (1980)

*
Instit'it f::r Kernphysik, .1. W. Goethe-Universit't, Frankfurt, Germany.

University of Kion, iKoln, Germany.

University of Toledo, Toledo, Ohio.

Technical University, Munich, Germany.
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Publications

Proceedings of the 1979 Linear Accelerator Conference, Mantuak, New York,
10-14 September 1979, edited by R. L. Witkover (Brookhaven National
Laboratory, Upton, New York, 1980), Brookhaven National Laboratory Report

BNL-51134

89. STATUS OF THE ARGONNE SUPERCONDUCTING-LINAC HEAVY-ION ENERGY
BOOSTER

J. Aron,* R. Benaroya, L. M. Bollinger, B. E. Clifft,*
W. Henning, K. W. Johnson,* J. M. Nixon,* P. Markovich,* and
K. W. Shepard

pp. 104-108

Division of Nuclear Physics, American Physical Society, Knoxville,
Tennessee, 18-20 October 1979

90. INCLUSIVE PION SINGLE CHARGE EXCHANGE REACTIONS IN NUCLEI
H. E. Jackson

Bull. Am. Phys. Soc. 24, 824 (September 1979)

91. SAMPLING METHODS FOR THE MONTE CARLO CALCULATIONS OF MODEL
NUCLEAR MATTER

M. H. Kalos, B. D. Day, and J. G. Zabolitzky
Bull. Am. Phys. Soc. 24, 849 (September 1979)

Division of Electron and Atomic Physics, American Physical Society, Houston,

Texas, 10-12 December 1979

92. ORIENTATION-DEPENDENT ELECTRON CAPTURE FOLLOWING THE FOIL-
INDUCED DISSOCIATION OF SWIFT MOLECULAR IONS

P. J. Cooney, D. S. Gemmell, and E. P. Kanter
Bull. Am. Phys. Soc. 24, 1200 (November 1979)

93. WAVELENGTHS AND TRANSITION PROBABILITIES IN SIX- AND SEVEN-TIMES
IONIZED KRYPTON

L. J. Curtis,+ A. E. Livingston, R. M. Schectman,+ and H. G.

Berry

Bull. Am. Phvs. Soc. 24, 1204 (November 1979)

94. WAVELENGTHS AND FINE STRUCTURE OF 2s-2p TRANSITIONS IN TWO- AND
THREE-ELECTRON TONS

A. E. Livingston, H. G. Berry, R. R. DeSerio, S. J. Hinterlong,
and J. A. Poirier

Bull. Am. Phys. Soc. 24, 1191 (November 1979)

*
Chemistry Division, ANL.

New York University, New York, New York.

+University of Toledo, Toledo, Ohio.

University of Notre Dame, Notre Dame, Indiana.
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Publications

American Phvsical Society, Chicago, Illinois, 21-24 January 1980

95. HIGH-PRECISION LASER-rf DOUBLE-RESONANCE SPECTROSCOPY OF THE 2F
GROUND STATE OF CaF

W. J. Childs and L. S. Goodman
Bull. Am. Phys. Soc. 25, 13 (January 1980)

96. AN 11-SECOND ISOMER IN Br
C. N. Davids, D. F. Geesaman, M. J. Murphy, E. B. Norman,
and S. L. Tabor

Bull. Am. Phvs. Soc. 25, 46-47 (January 1980)

97. CROSS SECTIONS FOR THE Li( He,p)2rt REACTION AT LOW ENERGIES
A. J. Elwyn, R. F. Holland, C. N. Davids, F. P. Mooring,

J. F. Monahan, and W. J. Ray
Bull. Am. Phys. Soc. 25, 47 (January 1980)

98. SCATTERING OF 291-MeV PIONS BY NUCLEI
D. F. G(tsaman, C. Olmer, B. Zeidman, R. L. Boudrie,* 11. A.
Thiesseni, >1. Devereux, j G. L. Blanpied,j G. R. Burleson,
L. W. Swenson, and R. E. Segeli

Bull. Am. Phvs. Soc. 25, 47 (January 1980)

?2+
99. SP1N-ROTATIONAL AND HYPERFINE STRUCTURE IN THE 2 GROUND STATE

OF CaF
C. L. Goodman

Bull. Am. Phvs. Soc. 25, 13 (January 1980)

100. THE STATE OF THE MEASUREMENT OF THE ELECTRIC DIPOLE MOMENT OF THE
NEUTRON

G. R. Ringo

Bull. Am. Phys. Soc. 25, 27 (January 1980)

101. NUCLEAR DENSITY INFORMATION FROM PION SCATTERING
B. Zeidman

Bull. Am. Phvs. Soc. 25, 22 (January 1980)

American Physical Society, New York, New York, 24-28 March 1980

102. STEREOCIHEMICAL STRUCTURES OF MOLECULAR IONS DETERMINED THROUGH
"COULOMB EXPLOSION" TECHNIQUES WITH FAST (MeV) MOLECULAR-TON
B FAN S

D . S . : mmc11

Bull. Am. Phys. Soc. 25, 425-426 (March 1980)

103. MODIFICATION OF SURFACES FOR CONTROL OF PLASMA IMPURITY RELEASE
AND SURFACE EROSION

M. S. Kaminskv

Bull. Am. Phys. Soc. 25, 423 (March 1980)

*
University of Colorado, Boulder, Colorado.

Los Alamos Scientific Laboratory, Los Alamos, New Mexico.

tNew Mexico State University, Las Cruces, New Mexico.

'Oregon State University, Corvallis, Oregon.

Northwestern University, Evanston, Illinois.
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Publications

D. PHYSICS DIVISION REPORTS

1. STUDY OF A NATIONAL 2 GeV CONTINUOUS BEAM ELECTRON ACCELERATOR
Y. Cho,* R. J. Holt, H. E. Jackson, T. K. Khoe,* and G. S. Mavrogenest

Physics Division Informal Report ANL-PHY-79-2 (October 1979)

2. PROCEEDINGS OF THE WORKSHOP ON PHYSICS WITH FAST MOLECULAR-ION BEAMS,
Argonne National Laboratory, Argonne, Illinois, 20-21 August 1979

edited by D. S. Gemmell
Physics Division Informal Report ANL/PHY-79-3 (August 1979)

3. PROCEEDINGS OF THE SYMPOSIUM ON HIGH-SPIN PHENOMENA IN NUCLEI,
Argonne National Laboratory, Argonne, Illinois, 15-17 March 1979

organized by W. Henning, T. L. Khoo, D. Kurath, and J. P. Schiffer
Physics Division Informal Report ANL/PHY-79-4 (October 1979)

4. COMPUTER SIMULATION OF ION ORBITS IN THE ARGONNE SUPERCONDUCTING HEAVY-
ION LINAC (TEST VERSION)

Murray Peshkin
Physics Division Informal Report ANL-PHY-79-1 (May 1979)

E. PATENT

FOCAL-SURFACE DETECTOR FOR HEAVY IONS
John R. Erskine, Thomas H. Braid,+ and Joseph C. Stoltzfus

U.S. Patent No. 4,150,290 (17 April 1979)

*
Accelerator Research Facilities Division, ANL.

Chemistry Division, ANL.

+Reactor Analysis and Safety Division, ANL.

Beloit College, Beloit, Wisconsin.
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Staff

STAFF MEMBERS OF THE PHYSICS DIVISION

Listed below are the permanent staff of the Physics Division for
the year ending 31 March 1980. The program heading indicates only the
individual's current primary activity.

EXPERIMENTAL NUCLEAR PHYSICS

Scienti fic Staff

Lowell M. Bollinger, Ph.D., Cornell University, 1951

Cary N. Davids, Ph.D., California Institute of Technology, 1967

Alexander J. Elwyn, Ph.D., Washington University, 1956

John R. Erskine, Ph.D., University of Notre Dame, 1960

Donald F. Geesaman, Ph.D., State University of New York, Stony Brook, 1976

Walter Henning, Ph.D., Technical University, Munich, 1968

Robert E. Holland, Ph.D., University of Iowa, 1950

Roy J. Holt, Ph.D., Yale University, 1972

Harold E. Jackson, Jr., Ph.D., Cornell University, 1959

Teng Lek Khoo, Ph.D., McMaster University, 1972

Dennis G. Kovar, Ph.D., Yale University, 1971

Victor E. Krohn, Ph.D., Case Western Reserve University, 1952

Alexander Langsdorf, Jr., ti .D., Massachusetts Institute of Technology, 1937

John J. Livingood, Ph.D., Princeton University, 1929

Robert D. McKeown, Ph.D., Princeton University, 1979
**
Luise Meyer-Schtzmeister, Ph.D., Technical University of Berlin, 1943

In charge of Superconducting Linac Project.

Full time at Argonne. Also Senior Visiting Research Associate at the
Fnrico Fermi Institute, University of Chicago through September 1979.

In charge of Dynamitron accelerator operations.

Temporarily at D.O.E. Headquarters, Washington, D.C. (December 1977-
December 1979).

Retired-consultant.
**

Temporarily assigned to Max Planck Institute, Heidelberg, Germany
(October 1979-September 1980).
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Staff

Richard C. Pardo, Ph.D., University of Texas, 1976

G. Roy Ringo, Ph.D., University of Chicago, 1940

fJohn P. Schiffer, Ph.D., Yale University, 1954

Kenneth W. Shepard, Ph.D., Stanford University, 1970

Robert K. Smither, Ph.D., Yale University, 1956

+J. L. Yntema, Ph.D., Free University of Amsterdam, 1952

Benjamin Zeidman, Ph.D., Washington University, 1957

Technical and Engineering Staff

Ralph Benaroya

John J. Bicek

Patric K. Den Hartog

William F. Evans

Joseph E. Kulaga
*
James W. Lamka

James R. Specht

James L. Stadelmann

George E. Thomas, Jr.

James N. Worthington

THEORETICAL PHYSICS

Scientific Staff

Arnold R. Bodmer, Ph.D., Manchester University, 1953

Fritz Coester, Ph.D., University of Zurich, 1944

Benjamin Day, Ph.D., Cornell University, 1963

Dieter Kurath, Ph.D., University of Chicago, 1951

Robert D. Lawson, Ph.D., Stanford University, 1953

*
No longer at Argonne as of 31 March 1980.

(Director of the Physics Division; Associate Director through September
1979. Joint appointment with the University of Chicago.

+In charge of Tandem accelerator operations.

Joint appointment with the University of Illinois, Chicago Circle Campus.
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Staff

Tsung-Shung Harry Lee, Ph.D., University of Pittsburgh, 1973

Malcolm H. Macfarlane, Ph.D., University of Rochester, 1959

James E. Monahan, Ph.D., St. Louis University, 1953

+Murray Peshkin, Ph.D., Cornell University, 1951

Steven C. Pieper, Ph.D., University of Illinois, 1970

EXPERIMENTAL ATOMIC AND MOLECULAR PHYSICS

Scientific Staff

Joseph Berkowitz, Ph.D., Harvard University, 1955

H. Gordon Berry, Ph.D., University of Wisconsin, 1967

William J. Childs, Ph.D., University of Michigan, 1956
*
Santosh K. Das, Ph.D., University of California, 1971

*
John H. D. Eland, D. Phil., Oxford University, 1966

Donald S. Gemmell, Ph.D., Australian National University, 1960

ILeonard S. Goodman, Ph.D., University of Chicago, 1952

Manfred S. Kaminsky, Ph.D., University of Marburg, 1957
*
Siu Au Lee, Ph.D., Stanford University, 1976

Gilbert J. Perlow, Ph.D., University of Chicago, 1940

Stanley L. Ruby, B.A., Columbia University, 1947

Technical and Engineering Staff

Charles H. Batson

John A. Dalman

Robert W. Nielsen

Walter J. Ray

Bruce J. Zabransky

*

No longer at Argonne as of 31 March 1980.

Joint appointment with the University of Chicago.

+Deputy Director of the Physics Division; Acting Director through
September 1979.

Joint appointment with the University of Chicago through Sept'mber 1979.

IAssistant Director of the Physics Division through September 1979.

1Joint appointment as Editor of the Applied Physics Letters.
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ADMINISTRATIVE STAFF

Albert J. Hatch, N.S., University of Illinois, 1947

F. Paul Mooring, Ph.D., University of Wisconsin, 1951

From 1 April 1979 through 31 March 1980 there were 40 temporary
staff members and visitors (including 17 postdoctoral appointees), 13
graduate students, and 6 undergraduates. These temporary appointments in

the Physics Division are listed below.

TEMPORARY APPOINTMENTS

Postdoctoral Appointees

Michel E. Betz (from Massachusetts Institute of Technology, Cambridge,
Massachusetts): Effects of the A-isobar decay width on the properties

of nucleon-nucleon scattering and nuclear matter. (September 1977-

November 1979)

Thomas .1. Bowles (from Princeton University, Princeton, New Jersey):
Investigation of weak neutral currents in nuclei; study of inclusive

pion single charge exchange photonuclear physics; development of NaI
detectors; study of charge dependent effects. (October 1976-
July 1979)

Robert L. Brooks (from University of Alberta, Alberta, Canada): Fast ion

spectroscopy. (August 1979- )

Partha Chowdhury (from State University of New York, Stony Brook, New York):
Studies of high-spin states of nuclei. (November 1979- )

Hartmut J. H. Ernst (Technical University of Munich, Munich, Germany):
Heavy-ion reaction studies. (Alexander v. Humboldt Foundation
Fellowship.) (January 1980- )

Christopher M. Jachcinski (from State University of New York, Stony Brook,
New York): Heavy-ion reactions: particularly, 160 + 2 4 , 2 6 Mg and
2 4Mg + 2 4Mg fusion. (October 1979- )

1 Assistant Director of the Physics Division.
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Elliot P. Kanter (from Rutgers University, New Brunswick, New Jersey):
Study of the interaction of fast molecular ion beams with matter.
(September 1977-August 1979)

Raymond E. Kutina (from University of Toronto, Toronto, Canada):
Photoionization of free radicals. (March 1980- )

Siu-Kwong Lam (from University of Windsor, Canada): Surface studies by
means of Auger spectroscopy and other probes. (November 1976-
December 1979)

Padma Marikar (from University of Birmingham, Birmingham, England):
Development of cladding materials for the fusion reactors; surface
erosion studies. (May 1979-December 1979)

Catherine Olmer (from Lawrence Berkeley Laboratory, Berkeley, California):
Research in nuclear physics concerning nature of reaction mechanisms
and structure of nuclei. (August 1977-August 1979)

Michael Paul (from Hebrew University of Jerusalem, Israel): Study of
resonances in heavy-ion reactions. (August 1977-September 1979)

Mark J. Rhoades-Brown (from University of Surrey, England): Heavy-ion
direct reaction studies with particular emphasis on developing mathe-
matical techniques to enable large scale coupled-channel calculations
to be carried out. (October 1977- )

Stephen J. Sanders (from Yale University, New Haven, Connecticut):
Experimental medium-energy and heavy-ion physics research.
(September 1977- )

Edward J. Stephenson (from Lawrence Berkeley Laboratory, Berkeley,
California): Medium-energy physics experiments and related activities.
(February 1978-August 1979)

Kenneth E. Stephenson (from University of Wisconsin, Madison, Wisconsin):
Pion-nucleus reaction mechanisms. (September 1979- )

Owen K.-T. Wu (from University of Illinois, Urbana, Illinois): Surface
studies with SEM, SIM, and SAM techniques. (April 1979-August 1979)

Long-Term Visitors (at Argonne more than 4 months)

J~rn Borggreen (Niels Bohr Institute, Copenhagen, Denmark): Gamma-ray
studies at the ANL superconducting linac. (August 1979- )

Patrick J. Cooney (Middlebury College, Middlebury, Vermont): Interaction
of swift molecular-ion beams with matter. (July 1978-August 1979)

Walter Kutschera (Technical University of Munich, Munich, Germany):
Nuclear research and accelerator development. (August 1978- )
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*
Harry J. Lipkin (Weizmann Institute of Science, Rehovot, Israel):

Theoretical nuclear and particle physics. (June 1979- )

Bogumila Myslek-Laurikainen (Institute of Nuclear Research, Swierk,
Poland): Parity violation in the 5.1-MeV J=2 doublet of 10B.

(December 1978-- )

Itzhak Plesser (Weizmann Institute of Science, Rehovot, Israel):

Interaction of fast molecular ions with solid target: (1) molecular

structure gained through this interaction; (2) various aspects of the

interaction itself-wake, multiple scattering, transmission, etc.

(August 1979- )

R. G. Hamish Robertson (Michigan State University, East Lansing, Michigan):
Experimental studies of parity violation in 10B and 6 Li.

(January 1980- )

Resident Graduate Students

Lambros Arnellos (University of Illinois, Chicago Circle Campus, Chicago,
Illinois): Calculations of high-energy heavy-ion collisions.
(June 1979-- )

Soumya Chakravarti (University of Chicago, Chicago, Illinois): Theoretical
study of pion-nucleus interactions based on distorted-wave and

coupled-channels impulse approximation. (September 1975-November 1979)
Ph.D., University of Chicago, 1980

Kasra Daneshvar (University of Illinois, Chicago Circle Campus, Chicago,
Illinois): Study of fusion reaction mechanisms for several heavy-ion
systems. (October 1975--October 1979) Ph.D., University of Illinois,
1979

Alexandra R. Davis (University of Chicago, Chicago, Illinois): Heavy-ion
research. (January 1979-- )

Bradley W. Filippone (University of Chicago, Chicago, Illinois):
Experimental nuclear astrophysics. (June 1979- )

Carl A. Gagliardi (Princeton University, Princeton, New Jersey):
Weak interactions in nuclear physics. (July 1977-- )

Timothy J. Gay (University of Chicago, Chicago, Illinois): Polarization
effects in the beam-foil interaction. (April 1978- )

Suzanne A. Gronemeyer (Washington University, St. Louis, Missouri):
Nuclear properties of 4 5 V. (January 1977-September 1979)
Ph.D., Washington University, 1979

*
Joint appointment with the Fermi National Accelerator Laboratory.
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Jonathan E. Hardis (University of Chicago, Chicago, Illinois): Ion-ion
and ion-atom collisions. (October 1979- )

Samuel M. Levenson (University of Chicago, Chicago, Illinois): Nuclear
physics research. (January 1979- )

Martin J. Murphy (University of Chicago, Chicago, Illinois): Experimental
nuclear physics. (January 1976-November 1979) Ph.D., University of
Chicago, 1979

Short-Term Visitors (at Argonne less than 4 months during the year)

Larry E. Campbell (Hobart & William Smith Colleges, Geneva, New York):
Further development of Mossbauer quantum beats technique; Xe-fluorine
compounds intercalated in graphite. (June 1979-August 1979)

Domenico Delli Carpini (Fordham College, Bronx, New York). Undergraduate
student. (January 1980- )

Richard 1. Chamberlin, Jr. (Illinois Institute of Technology, Chicago,
Illinois). Undergraduate student.

Tsewei Chen (Northwestern University, Evanston, Illinois): Nuclear physics.
Graduate student.

John W. Clark (Washington University, St. Louis, Missouri): Applications
of the variational method and the method of correlated basis functions
to problems in nuclear matter theory; comparison with results from
other approaches. (August 1979)

Thomas W. Dombeck (University of Maryland, College Park, Maryland):
Electric dipole moment of the neutron.

Anita L. Glover (Longwood College, Farmville, Virginia). Undergraduate
student. (January 1979-April 1979)

Robert P. Goddard (University of Wisconsin, Madison, Wisconsin): Light
ion extension of the DWBA program PTOLEMY.

Gerald Hardie (Western Michigan University, Kalamazoo, Michigan):
Studies of T= mirror nuclei in the f7/2 shell. (June 1979-July 1979)

Shimon A. Levit (Weizmann Institute of Science, Rehovot, Israel):
Nuclear many-body theory. (July 1979-August 1979)

A. Eugene Livingston (University of Notre Dame, Notre Dame, Indiana):
Beam-foil spectroscopy of neutral and ionized atoms.

Jeffrey W. Lynn (University of Maryland, College Park, Maryland):
Electric dipole moment of the neutron.

George C. Morrison (University of Birmingham, Birmingham, England):
Analysis of 7+/- scattering on 1 4 N; heavy-ion experiments on tandem.
(July 1979-September 1979)
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Kenneth J. Moy (Illinois Institute of Technology, Chicago, Illinois):
Experimental study of the sputtering yields and the surface damage of
TiB2 coatings under D+ and He+ ion bombardment. Graduate student.
(May 1979-August 1979)

William 0. Perkins (North Carolina State University, Raleigh, North
Carolina). Undergraduate student.

Ludwig F. Rohrer (University of Munich, Munich, Germany): Development

of control and metering systems for the FN Tandem accelerator.

(October 1979-November 1979)

Patrick G. Santangelo (Loyola University, Chicago, Illinois). Undergraduate

student. (June 1979-August 1979)

Ralph E. Segel (Northwestern University, Evanston, Illinois): Nuclear

physics research.

William 1. Teeters (Chicago State University, Chicago, Illinois):

Nuclear shell theory.

William C. Trogler (Northwestern University, Evanston, Illinois):
Photoelectron spectroscopy of metal cluster complexes.

Bilin P. Tsai (University of Minnesota, Duluth, Minnesota): Laser
ioni zation spectroscopy. (March 1979---May 1979)

John G. Zabolitzky (Ruhr University, Bochum, Germany): Convergence
properties of hole-line and coupled-cluster expansions.
(July 1979-August 1979)

Paul R. Zschack (Illinois Institute of Technology, Chicago, Illinois).
Undergraduate student.
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