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INTRODUCTION

This annual report cescribes the scientific
rescarch carried out within the Nuciear Science
Cyvrstun {NSD) during tre pericd between July 1,
1979 and June 30. 1980. The principal objective
af the divisien continues to be tae experien®al
and ttocretical investigation of the interar-
tions uof heavy ions wiih target nuciei. comple-
mented witk programs in light icr nuclear
science, in nuclear data coopilations, and in
advanced irstryrentation cdeveropment.

Directly affiliate¢ with the division during
this perioc were 5 faculty senior scientists, 16
staff senicr scientists, 22 staff scientists,

3 divisional fellows, 15 post-doctoral fellows, 21
graduate students, 4€ visitors {the majority

from 12 foreign countriec), and 248 tecknical,
administrative and clerical support staff. The
FY 1580 operating budget wa. $3,1€3,000. Ninety-
four ourngi articles and reports were published
by divisien cerbers, and three Ph.D. degrees were
awarded (o tuclear Science Division students.

During this period there ha.e peen some pro-
gressive (hanges in the divisicn. Two Assistant
Division Heads were appointed: Michael Zisman
oversees the planning anu development of the
division's many equipment, computer, and instru-
mentation prcjects while Janis Dairiki‘s respon-
sibilities lie in the general area of scientific
agministraticen., There have also been some wel-
come staff additions:

Howe! Pugh has joined the NSD staff as the
Scientific Director of the Bevalac. He was
previously Head of the Muclear Science Sec-
tion at the National S:ience Foundation.
Because of his responsibility for the
resea-ch program at the Bevalac, which cuts
across LBL division lines, and as co-
chairman (with Tom Elioff} of the VENUS
Planning Committee, he plays an important
liaison role. 1n addition, he has joined
with Andres Sandoval, Lee Schroeder and
Reinhard Stock {GSI) in a program of -ela-
tivist!. heavy ion research.

Robert Stokstad has come from Oak Ridge
Mational Laboratory to become co-leader of
the Harvey-Stokstad group at the B8-Inch
lyciotron where he is pursuing a program to
study heavy ion reaction mechanisms in the
‘ntermediate energy region (10-20 Me¥/amu).

With these gains there was also & lass:
Davio Scott left LBL to accept a Hannah Chair of
Physics and Chemistry at Michigan State Univer-
sity.

During this period a number of awards and
»cnors were bestowed upon NSD scientists:

Arthur Poskanzer received the 1980 American
Chewical Society Award in Nuclear Chemistry
at the Society’s Houston meeting, March
24-28, "...for his pioneering use of high-
energy nuclear reactions to produce light
nuclei far from beta stability and for his
experimental comtributfons to the under-
standing of the mechanisa of nuclear reac-
tions induced .y protom. and heavy iuns of
relativistic energy.” A one-day syoposium
on Wigh Energy Reactions and Wuclel Far From
Stability mas organized in Art’s honor by
Earl ryce, LBL Deputy Director.

Dick Diamond and Frank Stephens were avarded
the 1980 Tom ¥. Bonner Prize in Nuclear
Physics, sponscred by the American Physical
Society. The awgrd, pre-ented at the Wash-
fngtcn A?S meeting in April, has a citation
that rec ,, "Treir studies of mltiple Cou-
lont excitztions witk heavy fons, of multi-
ple gamma-ray cascades. and of the effects
of the Coriolis coupling in rotational
spectra are important ingredients in our
understanding of rapidly rotating nuclei.”

Bernard G. Harvey became Chairman of the
Division of Nuclear Physics of the Amerfcan
Physical Society in April for a one-year
term, having been elected to serve as Vice-
Chafrman for a year in April 1979. He also
received an honorary degree from the Univer-
sity of Science and Medicine in Grenoble,
France on Gctober 26, 1979,

Glenn T. Seaborg was awarded an L.H.D.
degree from Augustana College in Rock
Island, I1Tinois on May 25, 1980.

NSD mepbers Bill1 Myers, Jorgen Randrup, and
Gary Kestfall crganized the first Winter Work-
shop on Nuclear Dynamics held at Granlibakken,
March 17-21. This successful conference was a
stimslating blend of physics {with emphasis on
the macroscopic aspects of nuclear collisjons),
sparkling snow, and fresh mountain air.

The division continues 1o operate the 88
Inch Cyclotron as a kajor research facility that
also supports a strong outsice user program.
Both the SuperHILAC and Bevalac accelerators,
operated as national facilities oy LE_'s Accele-
rator and Fusion Research Divisicn, are also
important to NSD experimentalists. Domestic and
fureign cooperative effarts are underway at all
three accelerators; in particular, major collab-
orations with our German and Japanese colleagues
continue to flourish at the Bevalac. 1n May the
division hoste¢ a delegation from the Pecple’s
Republic of China; discussions oxplored possible
collaborative research projects.



The next few years promise exciting advances
in heavy fon physics. High energy uranfum
beams, socn to be available at Lol for the firs:
time dnywhere, will open up & new area of heavy-
fon research with the study of nuclear systems
of high charge and mass under condit.ons of
extremely high dersfity and temperature. An
Electran Beam fon Source (EBIS), currently under
study, would significantly extend the
performance of the 68 Inch (yclotron for mediun
mass fons in the 1G-30 KeV/amu range. Fusion-
type reactions wili continue to be pursuved in
the search for the elusive superteavy elements.
Knowledge of particle-creation effects fn the

ruc lear equation of state under Comditrions of
extreme miclear densities will Be scught at tre
Bevalac. Suc. experinemts and olhers plasmed in
the divisfon will be of sudstantially frcredsed
technical umd conceptual compleaity. They wnil
be afided by strong fateractions with the diwh-
siom's muclear theorists and bty the fimcreased
offort devoted to develogpmenmt of soph'sticated
detectors and data amalysts systems.

Joseph Cormy
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EXOTIC NUCLEI AND NUCLEAR REACTIONS

Joseph Carny
A Bee* H Thweven,
M Catle® 3 Wouters®
a Pariy*

For a number of years this group has been
actively explo ing tie properties of nuclei near
the 1imits of nucleon stability. Trese fnvesti-
gations test the various thecretical models used
to predict the ground state masses and level
schemes of exotic 1ight nuclei and permit one to
search for new r-dfoactive decay modes. such as
airc.” proton radipactivity or the still unob-
sev 1 two-proton radicactivity. Techniques for
ob ving the products of very low yield redc-
<ions have been developed. The studies pri-
marily concarn the lighter elements, since one
expects to reach the onset of general muclear
instability first 1n this region, and particu-
Tarly among the neutrca-deficient nuclides.

Current research at the 88 lach {yclotron
focuses on er ayino the on-line mass separator

RAMA (for Reccil “r1om Mass Analyzer' in the
study of exr.” = -lei fer from the valley of
beta-stab1) -»  ~*MA employs a helium-jet to

transport rac'. . *iv- nuclides fram the target
area to a hollum  ircde ion source: following
extraction and megnetic analysis, the mass of
interest is collected ert-er on carben foils in
the focal plane {for beta-celayed proton
studies) or on 2 tape transport system (for beta
and v-ray studies). Witn RAMA, one rmore (previ-
ously unkngwn) T; = -2 beta-delayed proton
emitter, S9Ca{Ty;p> 100 ms). has been dis-
covered (cgmplementing the i covery of the
decays of Mg and €3Si reported last year),
thereby completing the heaviest :suspin quirtet
possible with established technigues and <tarle
targets. Excellent agreement 1s observed °n
this heavy mass system with the predictions of
the isobaric multiplet mass equation. Future
studies are plennec on both neliron-def :ient
and neutron-excess light sctopes.

Another part of the program in studying
nuclet far from stabitity fs the inftiation of 2
serfes of experiments to determine total decay
energies of isotopes I&’sm vicinity of the
doubly magic mucleus n. MKass excess
ceterminations for nuclides in this reglon
should highlight the influence of the closed
shells on uw decay energie; and establish
whether such proton-rich magic muclei follow tre
sale @155 systesstics as do those ruclei nearer
stahility. The decays of 103-1061n nave been
ﬁsened following their ﬂcduction vl: 1}0 Me¥

N on Mo targets and on-line mps: ysis.
The simple decay schemes for "’-"-T“rl‘: have
permitted the determination of their mass-
excesses for comparison with various theorfes of
the mass surface.

In previcus work in nuclear reactions this
group has cbserved the nuclear structure of
light nuclei via i tro-nucleoa pickup (p,t)
and (p. “He) reactiors. Currently, they are
developing techniques to detect. under optimum
conditions, untound resonant states 2s nuclear
reaction procucts. An example is the observa-
tion of the unbouno system ‘He; its successful
detection permits such lels';e-e s 25 two-
neutron stripping via the (e, <He) reac-
tion wh ch has led tc the cbservation of the
nrever.ntial pepulation of states with (dglzl;"
and ('7/3)g character. Recent studies have
utilized this technique in the investigation of
scattering and transfer reactions induced by
heavy ions in which transitions to specific,
unoound, cxcited states of the outgoing heavy
ion can pe cbserved.
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HEAVY ION REACTIONS

8 G Harvey and A G Stekstad

J Mahoney
M J Murphy
W D Rac

Tris new research group continues the study
of heavy ion reactions that we; begun by its
predecessors (Harvey, Hendrie, Scott] at t.e 88
Inch Cyclotron.

The foundation of much of the current and
proposed work rests on the surprising discovery
of Scott et al. that the heavy fon fragmentation
process sets in very rapidly betweer 10 and 20
MeV/A. Alreacdy at 20 MeV/A, cross sections and
momenium widths are close to thefr valuves at 2
GeV/A. From these and subsequeont results, it is
clear that the physics of peripheral collisions
is remarkably similar at these two energies. As
Scott emphasized in his ICNP lecture, high
energy heavy fon physics begins at 15 MeV/A.

This group's research program is designed ta
look for additiona) similarities and to try to
understand why 15 HeV/A is such an important
frontier. [Experiments at ORNL and the Bewalac
shomfg that the reaction cross section cp for
the 12 + 12 system rises rapidly just
above the Coulomb barrier but becomes much lower
at Bevalac energies. De Vries interprets ths
observation in terms of the nucteon-nucleon
cross sections, which also drop. The group has
recently measured -g at energies intermediate
between the ORNL and Bevalac points and the
preliminary results dc indeed confirm that cp
reaches a maximum and then falls off. The peak
value seems to fall in the critical region
arpund 15 Ke¥/A. Is this indeed due to the
increasing role of nucleon-nucleon collisions
1hat replaces the nuclear mean field description”

Experiments and theoretical work by
HWilczynski et al. draw attention to the impor-
tance of the critical angular momentun in deter-
mining whether nucleon transfers or frageenta-
tion wil) occur in perighera}uagllisions. ¥hen
applied to the system 16g + b that was
studied by Scott et al., the Wilczynski criter-
jon predicts that fragmentation will start at IS
MeV/A, exactly as observed. The Harvey/Stokstad
group hai studied ghe wﬁcham‘sn for Eragllentr
tion of 160 into 14C + dKe using a leg

A Legram Sadiay France
J Cole Greroble France

target and oxygen encrgies of 8.5 and 20 Me\.
They finé that even at 2C MeV/A fragmentatioa
ogcurs precominately by inelastic excitation of
199 to o-decaying states between 10 and 20
MeY/A and not by a direct single-step process.
fhus, the transition from inelastic excitation
(i.e., resonant fragrentation] to pronpt frag-
mentation appears §n th.s case to occur at dom-
barding energies above 20 MNeV/A.

1o order to get a sore complete picture of
heavy iop reactions ir the internegiate energy
region. they have begur to use a small streamer
chamber to weasure the yultiplicity of charced
fragments in coinciderce with an icentified
forward-going particle. If the streamer chasber
proves to be as useful as eapected, further
experiments w311 be planned with a more elabor-
ate trigger system, perhaps using »-reys to
identify the residual target fragments.

A simple semi-classical model of massive
transfer (or incomplete fusion) reacticns can te
used to calculate the exitation encrgy anc
angular momentum of the Tinal nucleus. It has
been very successful in predicting the .-ray
mulZiplicities that are measured in coincicence
with quasi-elastic fragments. The mode! pre-
dicts that massive transfer reactrons widl popu-
late final states in a narrow Dand of eacitation
energy and angular mowentum. This is 1n shargp
contrast with the (H.]. xn} coeplete fusion reac-
tions that are being used to produce kigt-<-in
states. In these reactions, all angular romenta
are formed froc zerp t0 2 maxirwo value. High-
spin spectrascopy would benefit enorotusly by
the use of reactions that produce 3 narvow
region of angular momenta centered around a
value *hat can be predicted anc varied ty
changing the beam energy and the reaction. Con-
sequently, this group plans to make futher
experimental tests of the sewi-classical model
to test its predictive power. in orcer to reach
really high cpins, they will eventuali, recutre
beams of heavier ions such as Ar, Kr, anc Xc at
10-20 MeV/A. These will become available frorm
advanced ion sources.



NUCLEAR STRUCTURE

R M. Dramond and f S Stephens

D Lebeck

H Kiuge. Hahn Meitner Institute,
Berhn, West Germany

H. Lindeberger

% =hih, Shanghai, Institute. of Nuclear Rescarch,

Shanghai, China

The aim of this group is to study and under-
stand some of the important asgects of nuclear
structure and, particularly at the present time,
the changes that occur with increases in angular
rngmentum. The¥ se beams of very heavy ions
{4GAr through 208pb} vrom the SuperHILAC and
of smaller ions {%He through *0Ar) from the
BB Inch Cyclotron. They exploit the particular
properties of heavy ions, namely, their Targe
nuclear charge, the targe recoil velocities of
the composite system, and the high spin of the
composite system.

Th? high nuclear charge makes the heaviest
ons (136xe and 20Bpp) especially suitable

for Coulomb excitation studies. States with
spins up to 30 1 can be cxcited by multiple
excitations. The large recoil velocities given
to product nuclei under heavy-ion bombardment

The Nuelear Structurc row 's swr

I Shuck, E. ines, piud S St

J O Newton Aystralian National Unieraty
“anberra Austraiig
C Srhuk CSNSA Otsav Framce

makes heavy-ion projectiles the choice for
deteraﬂning 1ifetines by Doppler-shift sethods
(10-10 ¢ 10-14 seconds), for g-factor mea-
suremants, ard for a variety of other techniques
requiring implantation of the receiling nuclei
in special materials.

The high angular momentus imparted in heavy-
ion fusion reactions leads to nuclei fn sgin
states greater than &0 h. Studies of the de-
excitatior of these states by continuum y-rays
gives information about the moment of inertia
and the shape of these ruclei as a *unction of
spin. In certain cases [non-rotziional nucleil,
discrete states may be sees ur to spins of
36-37 h. 3uch studies comprise one of the most
exciting fields iu recent nuclear structure
research.
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POLARIZATION PHENOMENA N NUCLEAR PHYSICS

H E Conzett
R M Larmer P won Rossen.
University of Bonn. Vest Germany
This group's research uses the polarized nature: (1) They have prepared a longitudi-

beams from the 88 Inch Cyclotron, and it is con-
cerned with spin-polarization effects in nuclear
scattering and reaction. It particularly ad-
dresses such fundarzntal questions as parity
violation by the weak interartion componenti ir
Pp scattering, time-reversal invariance in
reactions, charge symmetry of the nucleon-
nucleon interaction, and the three nucleon
problem.

They have essertially completed a program to
measure the various polarization observables in
p+d scattering for comparison with exact three-
nucleon calculations. With the exception of the
tensor analyzing powers, the agreement between
experiment and theory was perfect. An improve-
ment in the input nucleon-nucleon tensor poten~
tial and the inclusion of an F-wave interaction
in calculations (by Doleschall) have now
resulted in good agreement with the measured
tensor analyzing powers as well. Thus, the
exact three-nucleon calculations, with the known
nucleon-nucleon input Tnteractions, are now most
successful in reproducting the three-nucleen
experimental results.

From accurate measurements of the cross sec-
tion and tensor analyzing powers in dp scatter-
ing at 35 and 45 MeV, they have determined, in a
model-independent analysis, an accurate value
for an important deuteron D-state parameter.
This paramenter, the asymptotic D- to S-state
ratio of the deuteron wave function has been
deiermined to an accuracy of ¥« This result
hzs significant impact in several areas. [t
establishes constraints on the nucleon-
rucleon intermedite and long range tensor force,
and, thus, on the various nucleon-nucieon poten-
tial models, both the phenomenological and the
modern meson-exchange types. These constraints
are also important ir exact caiculations of the
triton binding energy and in the determination
of the saturation properties of nuclear matter,
both of which are very sensitive to the deuteron
D-state probabiiity.

A most jmportant feature of polarization
effects is that they often display uniquely the
operation of a basic symmetry property of the
nuclear interaction. They are pursuing several
fundamentally important experiments of this

nally polarized praton beam and the cxperimental
apparatus for a major experiment on the basic
nucleon-nucieon interiction, i.e., a determina-
tion of the weak interaction parity non-
conserving part of this interaction from 2 mea-
surement of the longitudinal anaylzing-power
component in Pp scattering at 50 MeY.
Calculations predict a maximum value (3 x 10-7)
at 50 MeY, and theirs is one of the three exist-
ing polarized-beam facilities in the world with
the capability to do the experiment at that
energy. (2) They have been engaged in a col-
laborative experiment at TRIUMF to determine the
level of validity of charge symsetry in the
nucleon-nucleon interaction, which implies an
equality of the neutron and proton polarizations
in np scattering. The experiment is msigned to
check this equality tc an accuracy of 10-°.

One experimental run has taken place in pp scat-
tering which verifies that this accuracy is
possible. (3) They have started a collabora-
tive experiment with a group from Laval Univer-
sfty to test the principle of time-reversal
invariance in nuclear reactions. This principle
results in the polarization-analyz. g power
equality, f.e., the polarization in a reaction
A(T,0)8 is equa. to the analyzing power in the
inverse reaction with polarized projectile
8{b,alA. Polarizations have been measured at
Laval in several (“He,p) reactions, and
measurements have begun here of the analyzing
powers in tue Corresponding (p, “He) inverse
reactions. Previous checks of time-reversal
invariance i1 nuclear reactions have been
Timited to tests in elastic proton scattering.

In the future work they plan to continue to
focus on experiments with polarized particles
which examine the operaticn of the basic symme-
tries of the nuclear interaction, i.e., parity
conservation in Pp scattering, charge symmetry
in np scattering, and time-reversal invsriance
in muclear reactions. The increased polarized
beam intensities of 2-3 microamperes, to be
provided by our FY 1980 Accelerator Improvement
Froject, will be particularly important for
these experiments which demand high statistical
accuracy and overall precision. They will also
continue studies of the consequences n¥ particle
identity and charge symmetry in nuclear
reactions.



SPIN, ISOSPIN AND ENERGY FLUCTUATION N HEAVY ION REACTIONS

L G Moretto

J Hunter
R J McDounald
D J Morm_ay
L G Sobotha*

During the last several years this group has
been investigating the short-Tived dinuclear
system, or intermediate complex, which is formed
in heavy fon collisions. The short lifetime of
this dinuclear system aliiws one to classify its
excited collective modes in terms of their
relaxation times. From short to long they are:
neutron to proton ratio, emergy dampiny, angular
momentum transfer, and the mass asymmetry degree
of freedom. Associated with each of these equi-
libration processes are quantal or classical
fluctuations. These fluctuations can be mea-
sured and general conclusions <ap be drawn about
either the equilibrium distribution and/or the
equilibration process. Recently, the group has
focused its theoretical and experimental atten-
tions on spin, isospin and energy fluctuations.
Information on spin fluctuations is contained in
the y-ray and a-particle angular distributions
arising from the decay of one or both of the
primary reaction products. For very asymmetric
systems, energy fluctuations greatly enhance the
statistical emission of fast light particles
from deep-inelastic processes. Isospin fluctu-
ations are asscciated with a variety of giant
isovector mocdes and can be studied by means of
isobaric charge distributions.

THE TRANSFER, ALIGNMENT AND PARTITIONING OF
ANGULAR MOMENTUM WITHIN THE DINUCLEAR SYSTEM

tiementary dynamical considerations suggest
that the angular momentum transferred to the
reaction products should be perpendicular to the
reaction pline. ‘wowrver, thermodynamical consi-
derations also suggest that some amount of angu-
lar momentum misalignment should arise from the
excitation of angular momentum bearing collec-
tive mdes of the intermediate complex. For a
system of two touching spheres ir the equili-
brium statistical limit, these modes have been
identified as bending, twisting, tilting and
wriggling. For this simple sysiem, the second
moments of the fragment spins and the spin
depolarization have been calculated. If the
fragment angular momentum is carried away maialy
by stretched E2 transitions, one can learn about
the degree of misalignment by measuring the out-
of-plane angular gistribution of the y rays. In
a study of the 169Hg + 165Ho system at 8.5
MeV/A, a very strong correlation between the y
anisotropy and the reacticn Q-value was observed
which indirited a rapid buﬂdup of aligned spin
in the qua "-elastic region and a decrease in
the aligned cornponent at very large Q-values. A
quant :tan ve comparison of the data with model
calculations indicates that the spin depolari-
zation introduced by the angular momentum bear-
ing collective modes is the primary cause of the
fall of the anisotropy at large Q-values.

A ) Pacheco”
G J Wornak
C C Hsu. Beyng
Peoples Repulihc ot China

The out-of-plane anguldr distribution of a
particles emitted by deep-inelastic frageents
can be used to investigate the partitioning of
angular momentus within the dinuclear system.
This can be done because in certain kinematic
regions only 1ight particles emitted from the
target-like nucleus are observed and the out-of-
plane distribution of these light particles is
sensitive to the spin of the emitter nucleu:.
In addition, the sue of the spins o¥ both frag-
ments can be determined from '-ay mltigﬂcity
measurements. For the 664-Mey Y3Kr + P2
system, the group has determined that for fully
damped event< the {ntrinsic spin of the dinu-
clear ccaplex is partitioned between the two
product fragments as one would expect for rigid
rotation of an intermediate complex consisting
of substantially deformed spheroids.

ENERGY FLUCTUATIONS

Light pariicles with velocities subsian-
tially greater than the beam velocity have been
reported in inclusive measurements of heavy ion
reactions. The production mechaniso of such
fast particles has been a lively subject of dfs-
cussion and the data have been interpreted as
evidence for "hot spots” and "PEP jets.” The
grouE has recently studied proton emission from
the 20Ne + PAYCy System at 12.5 MeV/A.

Although simple evaporation calculations under-
predict the intensity of fast protons, including
statistical fluctuations in the equilibrated
excitation energy gives the correct spectral
shape of the fast protons. For this asymmetric
system, fluctuations ir the partitioning of tne
exitation energy of the dinilear complex can
produce a substantial increase in the excitation
energy of the Ne-like fragments. The resulting
higher temperature gives rise to protons with
velocities coaparable to that of the beam which,
when coupled to the velocity of the projectile-
Tike fragment, yield values of up to twice the
bear velocity in the lab system.

1S0SPIN FLUCTUATIONS

Recently, the group has suggested that the
isobaric charge distributions carry information
regarding giant 1sovecter modes in the interme-
diate complex. The group investigated the role
of the higher order isovector modes in the
exactly solvable problem of a cylinder split at
various asymmetries. The role of the higher
isovector mul tipoles becomes more ané more
important as the asymmetry increases. While the
cylinder model is much too schematic to be
realistic, it points to the mass asymmetry and
to the higher isovector modes as essential com-
ponents of a comprehensive theory.


http://Wo.rn.dk

.. Wosnieck with the scattering chamber and garma-ecnisoreoy.
to-Digmond-Stephens collaboration.
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HEAVY ELEMENT RESEARCH

A. Ghuorso and J. M. Nitschke

M. J. Nuinua

L. P. Somerville
Yashita

K. Hulet. LLNL

. W. Lougheed. LLNL

The Heavy Element Research group studies the
synthesis of new elements and isotopes and
investigates their radicactive and chemical pro-
perties. An important adjunct to this effort is
training students in advanced methods and tech-
niques of experimental nuclear physics. The
group conducts experiments at the 88 Inch Cyclo-
tron and the SuperHILAC, and is collaboraing
with other American laboratories in experiments
at GS! Germany. Research at the 88 Inch Cyclo-
tron has focused on the synthesis of neutron-
rich actinjde isptopes_with very hpavy targets
r534pu, Mcm. zsssk. 24§Cf. and i’gtejs') and high
intensity light ion beams. These reactions do
not necessarily proceed according to the classi-
cal concept of compound nucleus reactions with
the subsequent evaporation of a few neutrons or
a-particles. To gain a better understanding of
the reaction mechanisms involved it has included
the study of wransfer reactions in its program.
The identification of the reaction products is
predominantly achieved through their character-
istic o-particie decay but in some cases unfque
features of fission decay have given important
clues as to the nature of the reaction mecha-
nisms involved. The instrument most useful for
the study of the spontaneous fission (SF) decay
properties of short-lived isotopes has been the
MG system, which has been used in paricular for
a systematic investigation of the SF properties
of Fm isotopes.

The discovery of several new SF enitters in
the neutron rich actinide region was made pos-
sible through the development of an instrument
that is capable of reducing the background of
unwanted long-lived SF emitters by several
orders of magnitude compared to previous experi-
ments. This instrument is able to detect SF
emitters with ms half-lives that are formed with
sub-nanobarn cross sections, and it will evs u-
ally allow searches for exotic nuclei like Rf
which is a key nurleus for the understanding of
shell effects in the SF process of heavy
elements.

The group's efforts at the SuperHILAC are
directed towards the use of complete fusion
reactions to produce and analyze new elements
and isotopes with half-lives as short as 1 us.
For this purpose it has been successful in
bringing on line a gas-filled magnetic spectro-
meter {SASSY) after a necessarily protracted
development period. This system has «n accep-
tance angle of about two degrees in the beam
direction and has proved able to completely sup-
press the bomberding particles in most cases of
interest. The heavy recoils are brought to a
focus four meters downstream from the target at

J. F. Wild, LLNL

D. C. Hoftman. LASL

M. Lewro. University of Helsinki,
Fniand

a focal plane where two types of detectors have
been used, either solid state recoil/alpha/fis-
sion detectors or recoil-detacting gaseous foni-
2ation chambers. Two avalanche counters with
extremely thin windows fntercept the recofl path
to provide START/STOP signals for valocity (TOF)
seasurements.

Using a soljr state detector array and parz-
stic beams of ““Ar and *°Fe from the Super-
HILAC short-1ived alpha radicactive species from
Fo to Ac have been produced. Several nes
neutron-deficient isotopes of Po and At have
been discovered with SASSY using this technique.
With a multiple grid chamber as the detector an
unexpected, cmﬂcaud iructure in the TOF
spectra when {/3Lu and 174¥b are bombarded
by "Ar ions was Egll_nd. This structure does
not appear with 1o51e bombhardments, only the
compound nucleys spectrum befng observed. The
analyses of %these reactfons have not yet been
completed, so there is ro explanation for the
phen-aenon as yet.

It appears that SASSY has now been developed
to the point at which one more definitive search
for superheavy elesents can be made, this time
down to half-lives as short as a fraction of a
ltit:msec:gng‘E Early _§n 1981 it is planned to
bombard Z%8Cm with a fons because it
still appears from theroretfcal consfderations
that this is the best reaction to try.

A program of a somcwhat different nature is
being pursued with the SuperHILAC on-line iso-
tope separator. The scope of research is not
1imited to the fnvestigation of the heaviest
elements or the use of complete fusion reac-
tions, but spans the whole range of the periodic
table. The reaction mechanisms utilized for the
production of isotopes far from the line of beta
stability include beside complete fusion, deep
inelastic collisions and multi-nucleon exchange
reactions.

Several aspects of the separator are still
under development, in particular the detection
system; but it is expected that in a year's time
on-line B-y-spectroscopy will be possibie in
addition to the present particle detection. The
measured efficiencies and separation times are
sufficient to study isotopes with kalf-Tives as
short as one second and production cross sec-
tions below 1 mb.

A final aspect of their research concerns
the study of heavy and superheavy eiements in
deep inelastic reactions. For this purpose they
nave undertaken a collaborative experiment with



LLNL, URNL, and GSI o bombard 248Cm targets
with high intensity
U, the yield with
98Cm targets for the production of heav

des was enhanced by a factor of 10° to

This enhancement, however, was not suf-

J.M. Nitschke and L.

ficient to discover superheavy elements. In the
future the studies of the deep inelastic reac-
tion mechanism and the pmcesz gf nuclear diffu-
sfon will be continued using 239y and other
heavy fon b from the SuperHILAC with targets
as heavy asemts and th—..




SUPERHEAVY ELEMENT INTERLABORATORY CHEMISTRY (SHEIKS)

G. T Seaborg
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Sweden M. Nurmia Peoples Republic of China
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This group uses all three of the LBL accel-
erators to identify and characterize new ele-
ments and isotopes, to study nmuclear reaction
mechanisms, to study the chemical properties of
rare known elements. and to train students in
modern radiochemical techniques. Currently its
reasearch is focused toward (1) the synthesis
and ident’fication of new isotopes and elements
in the aciinide and transactinide region, along
with attempts to synthesize superheavy elements,
{2) the study of low energy heavy ion reactfon
mechanisins potentially useful in the synthesis
of new elements and isotopes such as massive
transfer, compiete fusion and deep inelastic
scattering, {3) the characterization of the
mechanisms operating in intermediate energy
(10-100 MeV/A} and relativistic { - 250 MeV/A)
heavy ion reactions through studies of the tar-
get fragment yields, energies, angular distribu-
tions, etc.

With Yight {A < 25) heavy-ion reaction
studies at the 88 Inch Cyclotron, the primary
emphasis has been on the use of “transfer” reac-
tions to produce heavy actinides and the study
of the mechanism of these reactions. Prelimi-
nary studies have indicated suprisingly large
probabilities for the synthesis of all the
nuclear species ranging in mass from the target
mass to that of the compound nucleus. The group
is systematically exploring these reactions by
studying the variation of product yields, ener-
gies, angular distributions, etc., with projec-
tile and target mass end energy.

Members of the group have also used the 88
Inch Cyclotron, the low-energy beam line at the
Bevalac and the SC synchrotron at CERN to study

the transition between low enerqy and high
enerqy heavy ion reaction mechanisms. In parti-
cular, they are concerned with studies of the
target fragment yfelds, energies and angular
distributions in light fon-heavy target reac-
tions. Preliminary results show large drasatic
changes in the product yield distributfons at
projectile energies ~40 MeV/A.

Research at the SuperHILAC has been directed
at the use of deep fnelastic transfer processes
to produce new isotopes or elements, and obtain
an understanding of the mechanisms involved.
Efforts have been concentrated on the reaction
of the heaviest RFOJEC§ es (Kr, Xe) with very
heavy targets (Z¥py, 2%8Cm). Future work
wilhésvolve the use of heavier projectiles such
as . Current results seem to indicate no
significant advantage in the use of Kr gr Xe
projectiles as compared to the use of 48ca and
other lighter jons in these synthesis studfes.

Research on target fragmentation at the
Bevalac has shown that (1) the target fragment
ylelds have been measured in the interaction of
relativistic heavy ions {RHI's) and ave in good
agreement with the predictions of current models
of RHI interactions {such as the firestreak,
intranuclear cascade), {2) the target fragment
energies, momenta, etc., exceed those of frag-
ments from relativistic p-nucleus collisions and
are not well described by current models of
these interactions, (3) there are indications of
sidewise peaked fragment angular distributions
in some of these reactions, suggesting compres-
sion of nuclear matter in the KHI-interaction.
Futher work in this area will be concentrated in
{2} and (3).
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HIGH ENERGY NUCLEAR COLLISIONS

A M Poskanger and H H Gutivod GS!

A Baden*

H Loehner Uniwersity of Marbury

M Mawsr Umiversity of Marburg
J Meneses

J Peter Otsay Trance

H Ritter GSY

The work of this group is directed to the
study of crntral collisions of relativisuic
heavy ions with the aim of learning aLout
nuclear matter at high temperature and density.
The group i5 a cortinuing collaboration between
GSI, the University of Marburg, and LEL. An
experimert was performed together with a nuclear
chemistry group from the Argonne National Lab-
oratory and, in addition, there were two visi-
tors from the Kurchatov Institute of Moscow.

In the year bifore this, both a af-E tele-
scope of silicon and thick germanium detectors
and a gas aE-sil<con E telescope were used in
conjurction with an 80-counter mul tiplicity
array. All the single particle inclusive p, d,
and t data have been published and also some
multiplicity selected p and +* data. The
heavy fragment results, together with their cor-
relations with the fast fragments, have been
published. The remainder of the »* data is
ready for putlication.

This year another eaperiment was performed
to study the correlations between slow and fast
fragments. For the slow fragments an array of
40 detectors, consisting of silicon counters,
gas aE counters, and avelanche counters, was
used. For the fast fragments the 80-counter
multiplicity ar-ay plus a new piece of equip-
ment, the Plastic wWall, were used. This year A.
Poskanzer was on leave at CERN and performed
various experiments with the ISCLDE group on
exotic light nuclei and also rressureﬂ yields
from the reaction of 80 MeV/A 1¢C jons with
uranium. The future work at LBL will be cen-
tered exclusively around the combination of the
Plastic 8all with the Plastic Wall. This is an
attempt to make a much more exclusive measure-
ment of realtivistic heavy ion interactions to
search for collective phenomena.

p. d, ANO t

Inclusive energy spectra of protons, deu-
terons, and tritons were measured with a tele-
scope of silicon and germanium detectors at
kinetic energies up to 200, 250 and 300 Mev,
respectively. Fifteen sets of data were taken
using projecti'le; ranging from protons to 0ar
on targets from 71 to 238y at bombarding
energies from 240 MeV/nucleon to 2.1 GeV/
nucleon. An estimation of the sum of nucleonic
charge emitted as protons plus composite p;rti-
cles was obtained as a function of energy in the
interval from 15 MeV/nucleon to 200 MeV/
nucleon. For low energy fragments at foward

Stettzee GS1
Stock GSI
Warach
Wed GSI
Wweman GSI
Wol ANL

RIT»PII

angles che protons account for only 25'¢cf the
nucleonic charges. Comparisons of sowe cases
with firestreak, cascade, and fluid dynsmics
models were made. In addition, associated
charged particle muitiplicities and azimuthal
correlations were measured with an 8)-counter
array of plustic scintillators. It was found
that the assocfated sulticlicitizs were a smooth
function of the total kinetic erergr of the
projectile.

CORRELAT I0NS BETWEEN SLOW AMD FAST FRAGMENTS

Analysis has finished on earlier Bevalac
measurements of Jow enerqy heavy ‘ragments and
fission Fragments in coincidence with fast light
particles. These measurements were madg with a
variety of prajectiles from protons to <One
and a range of bo.barding energies from 0.4
GeV¥/n to 2.1 Ged/2 cn three target< (Jranium,
gold and silver}. Some of the results of this
work include charged particle multiplicity
distributions that show fission fragments from
realtivistic nuclear collisions are predominatly
produced in low multiplicity events. There fs,
however, a component with high multiplicities
indicating that even in viclent reactions binary
fragments are produced. It was also found that
Tow-2 fragoents are associated only with events
of high multiplicity. Another feature observed
in the data was the anomalously low apparent
Coulomb barrier encountered by emitted fragments
from interactions with both light and heavier
projectiles. This lowered apparent Coulomd
barrier appears to drop with increa ing incident
kinetic energy.

This experimental program he heen expanded
with additions of equipment and personnel. The
apparatus is now composed of four ion chamber-
silicon telescopes plus two large ares sfilicon
arrays. Two avalanche detectors used in
conjunction with the silicon arrays and two of
the ion chamber-silicon telescopes provide TOF
information for mass identification of the
fragsents. The Plastic kall, later to be used
with the Plastic Ball, has been added to the
setup to measure coincident fast particles
scattered inta the foward cone between 2" anc
8°. A mulziph<ity array of B0 scintillator
paddles provides coincident fast particle
counting over the full solid angle from 3° to
90°.

For the future, the scattering chamber and
myttiplicity array of scintillators will be
resoved from the Bevalac to make way for the



Plastic Ball, it fs under consiceration,
however, to move this apparatus to the Ferwmi
laboratory where high enerqy protcn nucleus
interactons can be studied to augment our work
with heavy fons a* the Bevalac.

PLASTIC BALL

The major future project ef the collabora-
tion with GS1 and the University of Marburg is
the Plastic Ball. Bevalac research has passed
from the stage where one was sdtisfied to
measure one particle from each event to & “tage
where one would Iite to measure all the charged
pa~ticles from each event in orcer to look for
the vcllective effrcts. The Plastic Ball will
cover 94°;of 4+ -.th Bl5 wodules, each
consisting nf a CaFy sE detector and a
plastic scintillator E detector. The two
scintillators are observed by ike same photomul-
tiplier tube and the signals are separated
electronically by taking advantage of treir
differert decay characteristics. In asdftior

positive picns will be identified by their »*

- ' - ¢® decay 25 has bdeen done previ-

ously. The s~all forware angle regicn will be
covered Dy the Plastic W)l placed & m Cown-
stream. The wall comsists of 176 plastic
scinrtillaters and will idemtify particles by
their time of flight ano energy loss.

It is espected that the first configuration
of the Plastic Fall/uall system will be com-
pleted before FY 198] and that the first round
of experiments wsing this facility will be tn
operation during the FY 1561-82 period. The
tirst eaperinment for this eppdratus will Pe &
seasurement of excitaticn functioms for charyed
particle multiplicities ane treir correlstions,
where for each_eseny 211 the charged particles
', p. @, t. ) are tdenmtified in
*he B0 as to their mass, charge, enerqy and
iac:teri gles @ and #. The targets will be

b and the projectiles uill be
120 300 0pr witn energies ranging from 100
Mev¥/n to 1000 Me¥/n.




RELATIVISTIC HEAVY ION PHYSICS
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Tnis group initiated some of the first heavy
jon experiments at the Bevatron/Bevalac to
explore the phenomenon of projectile fragmeata-
tion, i.e., the break-up of heavy ion beam
projectiles from collisions with target nuclei,
in which the fragments of the incident nucleus
are charecterized by their near-bec velocities
and small production angles. The jy-oup's early
works were concerncd with the systematics of the
projectile fragment production cross sections,
the longitudindl and transverse somentuym
distributions, total reaction cress sec%ions,
fragmentation mechanisms, etc. The immediate
results of these parly experiments were the
concepts of “limiting fragmentation™ and
“factorization™ which were found to be relevant
to heavy ion collisions. Use of these concepts
led to a great simplification in the ordering of
cross section data and are the bases for
estimating isotope production cross sections in
any target material.

Other direct consequences of the projectile
fragmentation experiments were (1} the immediate
application of the cross sections to cosmic-ray
studies, (2) the realization that the Boltzman
distribution for high energy reactions should
have the form\ ® exp(- E/kt} rather than
E exp(-E/kT), as clearly demonstrated by the
Gaussiar-shaped lYongitudinal womentum distribu-
tions of projectile fragments, {3) facterization
is strongly violated for high-Z targets, where
the Weizsdcker-Williams virtual-photon field
induces photodisintegration of the projectile
via the giant dipole resonance, {4) the “frag-
mentation mode!™ explains well fragmentation
reactions and (5) practical app.ications of the
fragmentation mechaniﬂn led to the development
of isotopic beams of ‘1C for biomedical appli-
cations, the develgpment and calibration of
cosmic-ray heavy-ion detectors, and recently,
projectile fragmentatior was employed suc-
cessfully in searches for new neutron-rich
isotopes using 40Ar and 48Ca beams.

ACCOMPLISHMENTS AND QUTLOOK

The group's Bevalac experiments during this
fiscal year have marked the beginning of 2
series of second-generation experiments on
projectile fragmentation. These experiments
include (') the interaction properties of
secondary, tertiary and later 9engration of
projectile fragments of 2 A GeV 160 and 6Fe
beam nuclei, (2) the observation of erhanced
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goduction crass sections for 1y, 175 ana

€0 from tne fragmentation of 180 in kigh-Z
targets, indicative of the photoeacitation (via
the ¥eizsacker-Williams effect) an¢ the uni
decay of the giant resonance states of the
projectile nucleus, and (3) the production and
identi fication cf 3 new neutron-rich isotopes.
Ir addition, the fsctopic compositicr of cosmic
ra) heavy nuclei s being fnvestigated in »
satellite eaperiment supported by NASA.
Expanced ciscussions of these activities are
presented Lelow.

Interaction Properties of 160 and S6Fe at
Bevalac Energles

The interactfon properties of relativistic
projectile fragrents are teing investigated in
cooperation with B. Judek. National Research
Council of Canada, and E. Ganssduge. University
of Marturg, West Germany. "o date, s"me 1500

xtra-nuglear cascace induced by - 2 A GeY

60 :nd >6Fe beams in muclear research
emulsions have been followed thrcush all gener-
ations involving fragments Z > 3 in order to
cbtain estioates of the reacticn rean-free paths
(efp) of projectile fragments in the Cifferent
generations. The resul's of tre experiment show
that the mfp’s cf later generations of fragsents
are significantly shorter than thcse of
“primary” accelerator beams of the same charge,
an effect that is interpretable uncer the
simplest assumption that a smell (- €4 frac-
tion of the fragoents interact with a ofg

- 2.5 o, independent of charge of the frag-
ment.  Such a ofp corresponds to 3 cross section
5-10 times larger than georetric for the frag-
wents considered. The extent of these differ-
ences between the efp's of the primary and
secondary {and later generation) fragoents
cannot be explained within the frapework cf
conventional ruclear physics.

This observatio- of anomalous fragment
nuclei is surprising = that they (1} 2re pro-
duced at beam energies as low as 2 A GeV¥ in
relatively peripheral colligicns and 12) have
lifetimes as long as ~ i0-1! sec. Of higk-
est priority is to pu- .ue further experimen-
tation on this nex effect to elucidate (1) its
dependence on the order of generaticn in the
extra-nuclear cascade, (2} the semi-inclusive
properties of the ccllision parameters fc-
production and subsequent interactior of the
anomalous component, and {3} to investioate the



litetime of the state(s}. A complex of expo-
sures of emulsions to a varfety of Bevalac beams
was recently approves by the PAC and carried out
in July 1980.

Concurrently other features of relativistic
heavy ion fragmentation, already under study--
especially angular correlations of projectile
fragments and their multiplicity distributions--
are being investigated with consideradbly better
statistics than have hitherto been possible.

Coulomb Dissociation of Projectile Nuclei

The effect of the electrm?netic inter-
action on the fragmentation of 185 neam muclei
at 1.7 A GeV is being investigated in collabo-
ration with B.L. Berman (LLNL}. The electro-
magnetic contribution to the single proton and
the one- and two-neutron removal fragmentation
cross sections have been determined and they
agree with calculaticns based on virtual-photon
theory, given the minimum fmpact parameter
deduged from the Coulomd dissoctation of 12¢
and .

There are two overall results of this exper-
iment. First, the process that ¢-hances certain
fragmentation cross sections on high-2 targets
jc clearly identified as ¢ ectramajretic in
origin. The quantity that is measured is the
integrated virtual-photon-weighted photonuclear
dissoriation cross section. Second, becjuse the
physics of this process is understood, one can
use the relativistic heavy ion technique, devel-
oped here to study the photonuclear cross
sections ard branch g ratios of a variety of
stable and unstable beam particles, thereby
expanding greatly experimental data on photo-
nuclear processes. Such information on unstable
nuclei is impossible to obtain by conventional
methods .

With the verification of the Coulomb-field
induced excitation and decay of 180, an
Txperimeﬁ to study the specific reaction

0(v,p)*3N by use of HISS is under
preparation. In this experiment, the group
1‘5"““ to detect and momentum-analyze both the

N (and Tgssibly any de-excitation y-rays
from the 9N} and proton in crder to geuarline
the photoexcitation energies of the 190
nucleus to about 1-2 Me¥ accuracy. The experi-
went will determine the virtuai photon-weighted
cross section for the :60(v,p) 15N reaction
and will algo verify the role played by excited
f ates of 19N in the photodissociation of

0, the only nucleus for which such informa-
tion is available.

The possiblitity of extending these measure-
ments to g-unstable nucle’ is intriguing,
particularly the extension ta isobars of the
stable oxygen isotopes (mass 16, 17 and 18).
From both the photonuciear and electron scat-
tering work done on thes: nuclei, it is cleer
that isospin considerations play a major role in
our understanding of their structure, and their
unstable isabars cannot be studied by conven-
tional techniques.

Production of Meutron-Rich Kuclides

In this experiment, done in collaboration
with other groups from LBL, Michigan State
University, and the U.S. Maval Research Labor:-
tory, the ylelds of neutron-rich prajectile
frageents were sured at 0° for the mﬁum
of 0.212 A GeY a fons on an 890 mg Cm™
Be urge:. The fl;st experimental evii&nce for

rticl ity of fourteen nuc s
g:ir"“" 55‘ 1 Mol sl | o Py
» i.‘!nd A5C1. The existence of 3si, 40p,
and 41,45 w5 also confirmed.

Clearly established by this experiment is
the fact that the fragmentation of high energy
nuclei is a practical means for the production
of nuctei far from stability. Observaticns of
such nuclef are useful for mabking quantitative
tests of mass formulae, for studies of micro-
scopic level structure, and for elucidation of
production mechanises.

Coswic Ray Heavy Nuclef

Data fros the LBL {(Heckman/Greiner)-Samuel
Silver Space Sciences Laboratory (K. Miedenbeck)
fnstrument aboard the ISEE-3 spacec-aft has
continued to be of high quality {launch Cate
August 12, 1978} and are baing used to fnvesti-
gate the isotopic campriition of galactic cosmic
rays. The spaceflight instrument used for this
experiment, which was fully calibrated with
Bevalac beams, is the outgrowth of cur inter-
related cosmic ray and Eevalac research.

After 1 one-yedr accumulation of data, suf-
ficient statistics have been obtained on the
rare e isotope to permit the determination
of a definitive cosmic-ray 2ge. Rlso, fron
measurements of cosmic-ray carbon, nitrogen anc
oxygen nuclei the group has concluded that the
cosmic-ray source abundances dc not ccnuig(a
Jyree ovprabundance of the rare_isotopes 13¢,
179 and 18p. Tre abumcance of 15k 1
consistent xith a sclar-like conpcsition,
althouah a /N ratio subsianzially greater
than the solar system value of C.304 i, permit-
ted by the date. Furthermore. conventional
propagation mocels adequately cescribe the
observec abundances of the (W@ isotopes. In
contrast to these results, they fing for the
composition of Ne_in the local interplanetary
3pace, ghe ratios 22ue/20e = 0.64 - 0.C7 ang

Ne/20Ne < C.36. These observations are
im:onsiiten with 2 solar-like composition, for
which 22Ne/20Ke = 0.122.

The successful og>ration of the LBL-SSL
instrument ano, indeed, the ISEE-3 satellite
itself, has led to an extension of this program
beyond that originally planned by NASA. The
plan here is to continue studies on the isotopic
composition of nuclei through F=, a progras that
will necessarily require cross section informa-
tion obtained from Fevalac experiments to inter-
pret the data in terms of cosmic-ray Sources and
progagation mechanisms.
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BEVALAC RESEARCH

K 33 Pugh,
L S Schioeder

TASS

J Geaga

A Koontz

R Treuhatt”

J W Hamns, GS1. Darmstodt,
West Germany

J Engelage® . Lows:ana State
University

P N Kirk. Louwisiana State
Un:versiy

C Ruiz. Louisiana State
University

G foche Clermont Ferrand. France

Ouring 1980 this new group was formed from
two smaller groups to respond to the common
interests of the members in studying nuclear
collisions at Bevalac energies. The research of
the group is in two areas, presently associated
with the LBL streamer chamber and with the
newly-cperating Two-Arm Spectrometer System
{TASS). MWith the use of both visual and purely
electronic techniques a broad range of experi-
ments from exploratory to follow-up of specific
predictions are being undertaken. Both the TASS
and Streamer Chamber research are conducted in
collaboration with outside researchers.

TASS

The Two-Arm Spectrometer System {TASS) con-
sists of two fully rotatable magnets, with
accompanying wire chambers ard scintillation
hodoscopes for particle detectfon and identifira-
tion. The first experiment on TASS, a ccllabora-
tive LBL and louisiana State University effort,
was run in July 1980.

The first experiment (444r), a follow-up of
an earlier experiment (351H) on particle produc-
tion (+*,p,d,t) at 180°, involved measuring
the angular and momentum correlations between
high energy particles {+*,p,d) emitted in the
forward and backward hemispheres. The majority *
of the running involved 2.1 eV proton-carbor
interactions. Particle producticn 2t backvard
angles is of considerab’e interest since it is

either strictly forbidZen (e.g.,nucleon scattering)

or severely constrained {e.g., pion production,
where p"nal 300 Ke¥/c) in “free”

N-N cotlisions. Thus, the observation of
correlations between forward and backwarcd
particle particle emission provides a too? to
probe possible exotic or cooperative production
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mechanisms, that is, study the short-range
behavior of nucieons in nuclear matter. The
data are being analyze¢, with particular
attention being given to that portion of the
data that is seasitive to the ixcident proton
scattering from two or more nucleon correlatfons
in the target nucleus. These correlation
studies will be continued in early 1981 with a
proton beam, and for comparison, with a heavier
beam such as carbon.

Future directions with TASS will involve
measurements of s and sN correlatfons to
ascertain the contributions of both meson and
baryon resonances to the pion spectrum observed
in heavy-ion collisions. Also correlations
between particles emitted at large p .- will be
studied to probe features of A-A centrzl col-
lisions. Fina'ly, we feel that a study of
di-lepton production (e*e~ or ,*u~
wight be a very sensitive test of whether exotic
states of nuclear mitter are being formed in
central collisions. Being weakly interacting,
the leptons will not suffer the large attenu-
ation that pions, nucleons, and to some extent
kaons experieace in *raversing the muclear
wediun from their creation point in the colli-
sion process. The group presently hopes to
conduct such a search starting early in 1962.

STREAMER CHAMBER

This already active group has been formally
established as an independent sub-effort this
year, both by GS! and LBL, to coincide with an
expansion of activity and support. 1n addition,
the groups of K. Wolf at Argonne and A. Dacal at
the University of Mexico have made major new
commitments to this effort. The University of



Arizona group of T. Bowen will be fnvolved in
our future program on strange baryor production.

Recent work by the group has included the
following experiments.

401H. Study of the multiplicity of charged
pions produced in Ar + KC) central collisions to
obtain an estimate of the space and time extent
of the source emitting the pions by interfero-
metry technigues. In addition, the regatively
charged pfon mul tiplicity excitation function
has been obtained for bombarding encrgies from
0.4-1.8 GeV/n (see Phys. Rev. Lett. 45, 874
(1980)). This type of data can be used to test
various models of central collisions such as
hydrodynamic, cascade, thermal, etc. The group
fs also investigating the yields of \ hyperons
by observing their decays {appearance of "vee"
shuped tracks} in the streamer chamber. At 1.8
GeV/n the large statistics central collision
running has provided a sample of about 60 \''s,
enough to extract their production cross-section
as well as gross features of thelir somentum and
angular distributions.

400H. This experiment used a 2.1 GeV proton
beam with the streamer chamber being triggered
on a backward going \or p. This work, which
complements the backward particle production
studies on TASS, provides a more exclusive look
at the production mechanisms responsible for
backward particle emission. An early indication
from this study is that a large sample (-
of the events with a backward particle have an
associated pion, suggesting that simple N-N
quasi-elastic scattering is not the dominant
mechanism at these energfes.

In 1981 the group will conduct a new experi-
sent (564H) using a 2.1 GeV/n #0Ca beam to
study strange particl: (particular,, V')
production in both th2 inelastic and central
collision modes. There are plans for a high
statistics run of 50-100 Kk pictures. Data from
this experiment will élso be used to provide a
more detailed study of negative pions. An
experiment (557H) looking at the reaction mech-
anisms of - 100 MeV/n Ar beams on various
targets is scheduled for early 1981. During
1981, the group will start a program of up-
grading the streamer chamber at LBL that will
include the following:

{1) Replacement of the present camera
system by image intensifier cameras, and testing
digital image processing.

(2) Investigation of the operating charac-
teristics and possible limitations of the
chamber when exposed to beams heavier than Ar,
in anticipation of the heavy beams available
after the Bevalac upgrading.

(2) Determination of the limit in a single
event of multiple tracks that can be success-
fully studied in the chamber.

(4) Surrounding the chamber with detectors
{e.9., scintillators or solid state countors)
to improve particle identification. This will
mark the beginning of use of the streamer cham-
ber in a hybrid configuration.

{5) Reactivation of the PEPR semi-automatic
measuring facility of the University of Heidel-
berg, and with this to start proton measuresent
and «* - p dscrimination.

uginz z legk Jdetestor
o the gtpeaver chamber.

E. Stock and A. Sandew.
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G. Roche, on leave frrin Clermont-Ferrand for
adjuste the oscilloscope wiile U.C. Berkelcy ¢
prepares to write down the ealibration data.
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STUDY OF CENTRAL COLLISIONS

H. Stewnes and S. Nagameya

QO Chamberlain, LBL-UC Berkeley

H Hamagaki, INS, University of Tokyo
S. Kadota, INS. University of Tokyo

R Lombard. CEN de Saclay

Y Miake, Osaka University

The main research objective of this group is
to study reaction mechanisms in nuclear colli-
sions at high energies by measuring the spectra
of light fragments and their mutual correlations
over a wide range of fragment energies and
emission angies.

In Experiment 299H the inclusive_spectra of
Rions, protons, deuterons, tritons, “He, and
He, as well as two-proton correlations and
the spectra of light fragments at high event
multiplicities, have been measured. These data,
combined with the proton-nucleus data measured
by the group, have been used to study reaction
mechanisms, especially those responsible for
central collisions.

The mean free path of protons inside the
nucleus was evaluated from the proton-nucleus
data. Composite particle emission turned out to
be consistent with the coalescence mode) from
which interaction radii of heavy-ior collisions
were estimated. From the observed mean free
path and interaction radius one learns that
heavy~ion collisions, involve both single
nucleon-nucleon collisions and multiple
~dcleon-nucleon collisions. The fraction of
each of these processes was studied in restric-
ted kinematical regions in the two-proton
correlation experiment and over a wider kine-
matical region by analyzing the proton spectra
of high-multiplicity events. The group alsa
looked for but did not find evidence for shock-
like behavior or other startling new features in
either the two-particle corrlelation data or the
high miltiplicity events.

In Experiment 471H kaon production has been
measured. The data-taking for 2.1 GeV/A Ne, 2.1
GeV protons and for 4.8 GeY protons had been com-
pieted. Cross sections predicted on the basis

€. Moelles. Frese Universitat Berlin

S. Schnetzet

G Shapwo, LEL UC Betkeley

Y. Shuda. INS, University of Tokyo

1. Tamshata, INS. Unwversity of Tokyo

of thermal models exceed the observations by
factors of 10 or more. Futher data analysis is
still in progress.

Another experimental program, which is in
the process of taking data, fs Experiment 472H,
in which two-particle correlations are studied
in detaf] over a wider kinematical regfon than
was possible in the previous experiment. A new
detector system has been fnstalied. It consists
of {1) a beam counter bias on high-event sul ti-
plicity, (2) four sets of time-of-flight
counters to cover forward angles, (3) 18 sets of
aE-E counter telescopes to cover backward
angles. Some data have already been obtained
with this system but the major data run is now
scheduled for January 1981.

Tn Experiment 493H a preliminary study of
delaved-particle emission in heavy-ion collisions
will be done by using rf-bunched Bevalac beams.
Beam time will be scheduled sometize in 1981.

In FY 1981 another main activity of the
group will be Experiment 512H, in which frag-
ments with very large transverse somenta and
their mutual correlations will be measured using
the HISS magnetic spectrometer. To carry out
these studies they plan to install 5 sets of
3-dimensional multiwive proportional chambers
and 30 sets of time-of-flight and dE/dx
detectors. Most of this hardware construction
will be conducted under the Institute for
Nuclear Study, Universits of Tokyo-LBL
Col.aboration Program.

In the future the group intends to undertake
an experimental program to learn more about the
production of excited baryonic states and the
sutual interactions between these excited
baryons, using a large solid-angle device.



Apparatus for two-particle correlation measurements in high-energy nuclear
cellisions being performed by a collaboration LBL and INS (Universitu of
Tokyo). On the lejt are S. Kadota, I. Taninata, and in fror:, ¥. Miake.

ers (left to right) are M. Echard, R. Lombard, S. Schmetzer, and
ouy Ceaders, S. Nagamiya and H. Steiner.




HEAVY ION STUDIES/PION STUDIES

K. M. Crowe and J. O Rasmussen

J A Bistrich
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K A. fFrankel
C J Martoft
D. L. Mutpy*
J. P Sullwan*

The Berkeley research activities of this
group center mainly around the study of charged
pions produced in high-energy heavy-ion colli-
sions at the Bevalac. The technical approach
involves a large (~ 1.5 meter Tong) magnetic
spectrometer {JANUS) and combinations of fast
scintillators and wire chambers interfaced with
computer data systems. One major part oi their
work is the determination of the cross sections
(with an exploration of the angular dependence)
for pion production in heavy-ion reactions. The
existence of both positively and negatively
charged pions facilitates determinaticns of
simple Coulomb effects and therefore the charge
density evolution in heavy jon collisions by
observation of the »*/+~ ratio as a function
of pion energy, bombarding enerqy, and targei~
projectile charges. In fact they have found
that pions produced with Tow energy in the
projectile frame have large ~/»* ratios due
to the Coulomb fields of the fragments. Syste-
matic observations of the sharp anomaly are
being made to compare with various models for
production. The effects due to esgteric mecha-
nisms, i.e., condensates, etc., are expected to
modify the conventional modes, and these pheno-
mena are being explored.

They are also studying the Broduchon cross
section for low-energy »~ and x 90° in
the center of mass, where an enhancement in the
«* production has been observed. They want to
ascertain that this 90° peak does disappear at
low energy and to attempt to measure the thres-
hold for its appearance. They have undertaken
thick target studies in order to evaluate the
practicality of heavy-ior production of useful
=~ beams.

The second major part of their work is an
experiment to look at the Hanbury-Brown-Twiss
effect for 1ike charged pions made by heavy-ion
collisions in events where many pions are pro-
duced. They look at the production of a pair of
closely related pions +,+ or -,- at the lab
angle 40°. In the past ten years, such exotic
phenomena as pion condensation, pionic lasing
and quark matter have been predicted as possible
for nuclear matter in a heavy-ion collision.
Gyulassy, Koonin and others have pointed out
that one possible way to see the effect of pion
instablilities in heavy-ion collisjons is to
took for the correlation of like pions in the
situation when the relative momentum is extrap~
plated to zero.

. B t
*Craduaie atwives

D3I NI FVR Jons

0. Hastwmoto, INS
Tokyo

M. Koke, INS,
Tokyo

J. Peter, Orsay.
France

J. Quebent, University of
Bordeaux. France

P. Truoll. SIN, Zunch

More quantiteti vely, one studies the corre-
Tation function Cal{ks<-ku) for m pions.
For the case of two pfons, ﬁ(l k) =0 for
coherent sources. Highly coherent pions will
have a different distribution in relative
momenta than that expected for chaotically
produced pions, and the range of coherence
depends on the size of the {nteraction region.
This technique of pion interferometr; has been
employed to weasure the size and lifetime of the
Rion source formed in the collision of 1.8 Ge¥/A
Ar + KC1. The values obtained provide
useful constraints on models detailing the pion
production mechanfism. The Bose-Einstein
enhancement for low relative momentus was
observed.

Future wock that this group intends to
pursue will utiiize the experimental techniques
and apparatus that they have built.
availability of Bevalac beams of the heavier
elemnts {Au, Pb, or U} will call for new pion
spectroscopic measurements to search for
evidence of highly compressed nuclear matter
effects, such as pton condensation, quark
matter, etc. The =*/+~ ratios -111 again be
exp'loited for heavier beams to measure the
dynamic charge evolution in relativistic heavy-
ion collisions.

Studies of several rew areas of research are
being considere¢ for work to exploit the Beva-
lac. Among them are the following topics:
measurement of deuteron ground state to excited
state (virtual) ratio as a probe of spin corre-
lations associated with pion condensation, and
the study of strange particle production.

Kamae and Fujita, Jaffe, Kerman, and Chin
have suggested that the system of six quarks
including two strange quarks may be exception-
ally stable with binding energy of order 80 MeV
or greater. The reduction in decay channels may
produce significantly different objects, includ-
ing tightly bound di-lambda, and hyperstrange
quark matter.

As a first step in searching for exotic
strange fragments the group plans to develop a
malti purpose K* trigger. Such a trigger might
be used in a streamer chamber coliaboration to
study strange particle production. The sulti-~
purpose k* trigger may alco find application
in JANUS nr HISS spectrometer experiments.



After the completion of the scheduled
upgrading of the Bevalac to accelerate essen-
tially any element, they plan to undertake a new
type of experiment, the coherent resanance
Coulomb excitation of the 14 keV trang’tion {of
wide usage in Mossbauer effect) in a
beam. This would be a collaboration with Y.
Okorokov of the U.S.S.R. and C. Moak of Oak
Ridge.

They intend to use partially stripped S6Fe
beams at lower Bevalac energies to study atomic
processes. These are of considerable interest
in their own right {see earlier Bevalac studfes
of Raisbeck, Crawford, et al.) and also lay the

groundwork for the special single-crystal
resonance excitation experiment with 5/Fe
beams mentioned in the preceding paragraph.

Yarious members of the group are involved in
collaborative work centered at other labora-
torfes: plon or mor experiments at LAMPF;
theoretical studies on muon fission with col-
Jaborators in China; theoretical nuclear studies
by the Classical Limit S-Matrix Hethod with
collabarators at the University of Tennessee,
Brazil, and Kuwait; and hybrid plastic and
esIsion studies of relativistic hewvy fons with
callaborators in Nagoya and Cairc.

The two-reter wire charbers
spectrometer used for o=y
e.rper-ments at the Bevalac.
comeetor toards is E. Yoo
physties aseistant workivg i
Ragrmueger: Group.
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NUCLEUS-NUCLEUS COLLISIONS

P. B. Prce

S. P. Ahlen

E. K. Shik

M. Solarz

J. D. Stevenson
G. Tarle

M. Budiansky*
K. Kingshita“

T. Liss*

A11 of this group's offices and equipment
are located in Birge Hall on the UCB campus,
which mikes it easy to attract new students, but
restricts to some extent intaraction with
Nuclear Science Division staff. Current research
falls into the following three principal areas:

1. Relativistic heavy ion research (DOE

support):
a. Production of heavy fragee  ts, including
exotic neutron-rich nuclides near the
dripline.

b. Production of high-energy gamma rays.

c. Search for Lee-Wick matter.

d. High-order effects in electrodynamics of
siowing heavy ions.

e. Response of various detectors to heavy
fons, and development of new detectors.

f. Hadron calorimetry for nucleus-nucleus
collisions.

2. Search for highly ionizing particles in
e*e~ annihilation {PEP-2 experiment,
supported by NSF}:

3. Cosmic ray astrophysics (NASA support):

2. Relative abundances of isotopes of very
heavy cosmic rays.

b. Abundances of cosmic rays in the
vicinity of uranjum and beyond.

c. Design of future, large-area detectors
for long-duration space exposures.

d. Study of highly ionizing particles with

Acpaduate students
+Undergraduate students

J. Musser*
M. Salamon®
M. Tincknel®
S. Lewnt

K. Martin®

J. Martis ?
H. Nelson?
J. Zelinsky ?

anopgjously long interaction lengths at
mountain altitudes.

Drs. Ahlen, Stevenson, and Tarle play a
major role fn conceiving new experiments and in
training students. There is a great deal of
overlap among the various projects. Detectors
devised to solve one problem frequently make
possible part or all of the solution of another
probtem. A result obtained with p'-stic
det:ctors may stimulate the construction of an
elrctronic system to do a second-generation
e.periment. Expertise gained in resolving
+sotopes in a hallon-borne cosmic ray experiment
may be used at PEP or the next-generation
neutron-rich muclide experiment. 1In all these
projects, both post-graduate and pre-graduate
students play an active part.

Among the experiments planned for the next
two years at the Bevaljc are a high-energy gamsa
ray experiment with 10¢ higher collecting
power; detectfon of many new nuclides deline-
ating the neutron dripline; hadron calorimetry
with large solid angle; search for Lee-Wick
matter in U-U collisions; measurement of
higher-order electrodynamics in dE/dx and
Cerenkov radf.tion by ions up to U; and
determinaticn of the response of plastic track
detectors to relativistic fons up to U (the
latter being of crucial importance for the proof
that cosmic rays come from freshly synthesized
supernova debris).
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NUCLEAR THEORY

N K Glendenming
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There are three general themes in the
research of the theory group. One of these
works close to the boundary between nuclear,
particle and astrophysics, and includes the
study of hadronic matter at extreme densities
and the search for phase transitions. The next
{s an investigation of the properties of
ordinary nuclei treated as a system of relati-
vistic interacting fields. The third concerns
nuclear collisions from the Coulomb barrier to
Bevalac energies.

.'ADRONIC AND QUARK MATTER

Several lines of investigation are being
pursued. The first, appropriate to an inter-
mediate range of densities from norwal up to a
few times norma] density, employs a relativistic
Lagrangian field theory to describe nuclear
matter. In this density range, the nuclear
forces can be regarded as arising through the
exchange of the mesons having various spin and
isospin quantum members. This theory has been
formulated and solved for symmetric nuclear
matter with particular emphasis on the possible
phase transition to the so called pion condensed
state. For the first time, this such discussed
state of matter has been shown to be compatible
with the constraints imposed on the theury by
*he bulk properties of normal ruclei. (he
constraints severely limit the magnitude of the
condesate energy, although the amplitude of the
spin-isospin density wave to which it corres-
ponds attains almost its maximum possible
value. This work is being extended to finite
temperature and preliminary work suggests two
very interesting phenomena. Although of minor
importance at zero termperature, the pion
condensate creates a density isomer above a
critical temperature of a few Me¥. Secondly the
pressure in the condensed state is not iso-
tropic, but is greater along the direction of
the spin-isospin lattice. This is very
encouraging for it implies that dense matter in
which a condensate has been induced would
disassemble, in bulk, preferentially along this
direction. Asymmetric matter or neutron star
matter is currently being formulated. The rho
meson has to be introduced because of the asym-
metry, and accounts in part for the symmetry
energy. Techmically, this is a considerably
more complicated problem.

The other research in this catergory inves-
tigates quantum chromodynamics in a one dimen-
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sional model. The success of this project so
far is that the theory has been demomstrated to
lead to quark confinement. Currently a quark
matter state of the theory is being sought.

RELATIVISTIC FIELD THEORY OF MUCLE!

This research, 1ike that described above, is
a relativistic interacting field theory. In
this case the field equations are sclved for
finite nuclei. The theory has so far been
demonstrated to account successfully for
saturation, the spin-orbit interaction,
single-particle levels, charge distributions,
\-hyper nuclei, the level density paraseter for
finite nuclei, and the energy dependence of the
optical potential. The theory also makes a
prediction for the anti-nucleon nucleus optical
potential, which turns out to have a greater
range than the nuclear optical potential. The
spin-orbit interaction is introduced phenomen-
ologically in the usual Schroedinger description
of nuclear physics but in this theory arises
naturally as a relativistic effect. Particular
attention is being focused on whether there are
other muclear properties that specifically
require relativity.

NUCLEAR COLLISIONS FROM THE COULOMB BARRIER TO
BEYALAC ENERGIES

A large number ana diversity of projects are
underway in this area, including the development
a new type of dynamic large-scale shape evolu-
tions (with applications to the production of
super-heavy nuclei); progress toward the
unification of tramsport-type theories of
nuclear collisions through the use of para-
meterless “proximity”™ expressions for the
transport coefficients (analogous to the
proximity force and proximity friction); the
detailed study of the time-dependence of the
charge-equilibration degree of freedom in
fission and nucleus-nucleus collisions; and the
refinement and application of TDHF methods to
(resonant) nuclear collisions. In the high
energy region, the research includes the study
of the role of non-equilibrated dynamics via
cascade simulation, the analysis of s« =
correlations and pp correlations; theory of the
composite fragment production, dynamics of pion
and kaon production; role of final state inter-
actions such as Coulomb. These topics are
described in more detail.
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Futher progress has been made n develaping
and applying a new macroscopic theory of nuclear
dynamics in which the nuclear shape evolution is
largely dominated by dissipation [of the “one-
body” type). A global survey of different types
of nucleus-nucleus reactions that follow from
this theory is under way. In addition to
criteria for corpound-nucleus and deep-inelastic
processes 3 new type of reaction emerges {rom
such studies, probably to be identified with
fast-fission or quasi-fission processes sugges-
ted by recent experiments. The theory has also
been applied to estimating the optisum reactions
for producing super-heavy elements.

A theory has been developed fer the effect
of nucleon transfer on the dynamics of the
dinuclear compliex formed in a damped nuclear
collision. Some hitherto puzzling features of
the experimental data appear now to be well
understood on this basis. This theory, together
with the above mentioned shape dynamics, form a
useful reference model for the dynamical evolu-
tion of a damped auclear collision and its
numberical implementation has already proved
successful in the data analysis. The validity
of the Fokker-Planck treatment of transport in
nuclear collisions is being explored by per-
forming a direct dynamical simulation of the
individua) nuclieon transfers.

Various studies relating to the role of
giant modes in the dinuclear complex have been
carried out. For damped collisions, the charge
asymmetry has been treated as a collective
quantal mode analogous to the Giant Dipole mode
in spherical nuclei. [n this connection,
separate studies have been made of the inclusion
of damping effects into the time-dependent
Schrodinger equation. The quantal treatment of
the collective charge-asymmetry mode has been
incorporated into the dynamical collision model
mentioned above, allowing reasonably realistic
calculations to be mace. For the case of
fission, the dependence af the charge dispersian
on the dynamical trajectory has been examined.

A separate study has shown that isovector modes
of higher multipolarity can be important for the
charge distribution in damped collisions.
Progress on the charge distribution in static
nuclei has been made within the Droplet Model.

The current low-energy program also includes
studies within the Hartree-Fock approximation.
The possibility of exciting high-1ying modes in
nuclear collisions has been studied in TDRF. A
search for periodic TDHF solutions has been
carried out; a general numerical code has been
developed and applied to monopole vibritions of
magic nuclei. The use of TDHF codes witi: an
imaginary time for solving the static problems
has also been explered.

The theoretical pursuit of problems relating
to the Bevalac has been continued over a broad

front. The dynamics of relativistic nuclear
collisions has been studied within the frarmework
of conventional multiple-collision cascade
models. These studies are providing useful in-
sight into the equilibration process and permit
the test of various idealized treatments. One
current project is the study of proton-proton
correlations. A special aspect here is whether
critical scattering phenomen: wight manifest
themselves in the correlation function via the
e of the el ry cross section on
the nuclear medium. These studies are to be
extended to pion-proton correlations as well.

fatensive nheoretical developcent on r s”
correlations has been cocpleted. The goal
here is to test for coherent pion fields pro-
duced in nuclear collisions. lNurerical calcu-
lations of the role of Couloch final state
interactions have been corpleted. The recent
data on ="+ correlations are now being analyzed
in light of these calculations.

A first calculation of haon production in
relativistic nuclear collisions has been made in
a multiple-collisfon cascade model. Kaons are
produced in relatively violent nucleon-nuclioon
collisfons {above 1.6 GeV) and have a sma)l
interaction cross section so that once produced
they are 1ikely to leave the interaction zone
rather unperturbed. Kaons are theret'cre
particularly suitable tor probing the early
collicion stage where the highest d:gree of
compre ssion and excitation occurs. Futher work
on kaon oroduction is anticipated when the
analysis ‘f a recent experiment is completed.

Recent interest has focused on the emy.frical
square law of deuteron production. A new line
of attack on the problem based ~~ a micro-
canonical ensemble approach has begun that will
complement the previous’y developed macro-
canonical chemical-thermal equilibrium models.

The effect of Coulomb interactions on the
+=/+* and n/p ratio has been calculated.
In addition the question of s* focusing has
been analyzed. The simple analytical formulas
that have been > rived compliment the numerical
studies at other laboratories. The hope in this
time of research is to use the well understood
Coulomb interactions to gain insight into the
dynamics of nuclear collisions.

A current topic under investigation is why
there are so few pions produced in nucle-r
collisions. Statistical models systematically
predict twice the observed number of pions. Yet
temperatures predicted are correct. There is an
energy balance problem to be solved. Does tvis
mean wore transpare-cy in nuclear collisions
than we expect ?
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HEAVY ION SPECTROMETER SYSTEM (HISS) GROUP A

D € Grewer
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£ Biener B C Space Scwnces

HISS Group A was formed this year to spear-
head the experimental program at the Heawy lon
Spectrometer System. The msjor effort tn 1980
has been to direct construction of RISS, develop
and coordinate the first five experiments to be
performed a4t HISS, and to oversee design and
construction of the Phase 1 detector system to
be used in these experiments,

The HISS facility will be on the air by the
end of FY 1980. The numercus dttendant &iffi-
culties in getting this large project moving
have been overcome 1n this year. The group ha¢
been responsible for overseeing the constru_cion
of the dipole, experimental housing and beam
tines. They have been directly responsible for
the computer system anc beam line diagnostics.
The design and construction of the Phase !
detectors for HISS has been 2 cooperative effort
between the groups that will perform the first
five HISS experiments; the HISS Group has played
a major role in forming and encouraging this
collaboration. “he thirty-five people invelved
consist of twenty-five physicists, 50, outside
users, ond represent eight institutinng.

The first five experiments on HINS will be
performed betw »en October 1980 and Junme 1981.
It is hoped t.at it will be possible to perform
these experiments {totaling 750 hours of Bevalac
time} before the shutdown for the Bevalac
improvement project. These five experiments
could not be done without HISS; all resauire the
large magnetic volume and solid angle that HISS
provides to make multi-particle measu --ents.
These long-awaited mul tipartica! measurements
will provide the irformation necessary to probe
the underlying assumptiors of presently avail-
able interaction mudels and bring us closer to
our understanding of the reaction mechanism and
its time evolution.

During FY 1980 this group has also performed
numerous service, for the laboratory. They hove
provided the management for the Division effort
to develop general purpose software for Bevalac
users. In t"is area a system has been put
together at low cost from borrowed pieces and is
proving itself indispensable to a growing number
of experimenters. They assisted the Accelerator
Division and many Bevalac users in the nvepa: -
ation of new beam lines and in the determinecion
of the characteristics of these lines. Thry
also support an active outside user program and
several times a year special runs for short
exposures (emulsions, plastics, etc.] and NASA
calibrations are handled by this group on the 0°
spectrometer in Beam 40.

H Ceawtod. U € Space Scences
Laboeatosy

C McPxland U C Space Scmnces
Laboratory

In this group’s esperimental program during
FY 1980, data collection and analysis was com-
pleted on Bevalic esperiment 350H. This
experiment is a detailed examination of the
photodisintegration of in the photon
fields of heavy targets. Earlier experiments
had indicated thag there is an enhacement
proportional to Z¢ of the target in the
nucleon remova) which could be attridbuted to
Coulomb effects. By using this assumption
cauld be strongly verified becaui: of precise
|~ T,
mledgb of }Isumphoton ina-lcef disinteg gtions

O(vp) v.n) 170 ana I8gt, 2n)"1
Preli-im analysii indeed shows and ertanced
€0 which gives the

rate for 180(, 27)
proper increase with target charge. This work
was done in (ollaboration with H. Heckman (LEL)
and B. Berman (LLNL).

Iu another experiment this year the advan-
tage of using relativistic heavy jons to
investigate the limits of stability of nuclear
matter was clearly demonstrated by the discovery
of 14 new isotopes within the space of a few
hours. The experi-en!e;as quite simple; it
involved fragmenting 2, tken dispersing and
indentifying the fragments. (This work was done
in collaboration with the Scott-Symons group of
LBL]. Fragment identification was made using
the solid state detectica technique which the
group developed for -atellite use.

In FY 1581 the Pinase i HISS experiments
be; in. The HISS Group will carry out tnree of
the five experiments that will be completed
within this period. These experiments each
exploit the same basic method: the examination
of exclusive or near-exclusive final states of
the projectile fragments.

The first experiment at HISS will 0-: an
examination of the exclusive states of 12C
fragmentation {exp. SI3H). The reictivistic
energies provide kinematic focusing of
projectile fragments, allowirng measurement of
branching ratios to states totaling - 40 of
the nuclear fragmentation channels with the
relatively small HISS Phase 1 detectors. On an
cevent-by-event basis the hypothesized excitation
stage of the reaction will be reconstructed.
This stage, unlike the evaporation stage, has
properties such as excitation energy, mass
ratios and momentum distributions that are
clearly predicted by the available models and
will allow us for the first time to distinguish
between the various reaction models.

This powerful analysis method will also be



applied at HISS to the fragmentation of 56Fe

in experiment S16H, were the primary goal will
be a search for abnormal states. Possible
sfgnatures for such states are (1} structure in
the invariant mass spectrum, {2) correlations
in fragment emission, (3} planer emission, of
fragments, and (4) short-lived states, all of
which can be investigated for the first time
with HISS.

An ad¢itional goal of this group s to
provide HISS users with the documentation and
advice necessary to allow efficient use of the
facility. They will be supplementing the
available software tools and keeping the cosmon-
use detector arrays in operating condition.
They also expect to continue to cooperate with
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the Acceleration Division to ensure smpoth
operation of the eaperimntal program as well as
continuing support for outside users (KASA} in
Beam 40.

In 1981 a fraction of their time will de
spent in designing and prototyping the Phase 11
detector systea for HISS. In particular, the
schedule calls for extensive prototype tests of
the energy flow calorimeter in FY 1981. Ezperi-
ence gafned in the Phase I experiments will
futher suppart an optimum design for the Phase
11 detectors. The twing is excellent as the

shutdown for the Bewvalac vacuun improvesent
project will allow them to ensure that tne Phase
Il detectors are suitable for the high charge
available from the upgraded Bevalac.




NUCLEAR ELECTRONICS
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This group specializes in the development of
detectors and associated electronics for nuclear
science. It is also involved in the development
of improved data acquisition and reduction sys-
tems based on Mod Comp IV and Classic computer
systems.

The bulk of the detector work centers on
semiconductor detectors {both silicon and ger-
maniym). At the base of the germanium detector
work is the high-purity germanium materials
program. This program has made unique contri-
butions to the development of high-purity
germanium for radiatior detectors and to the
understanding of purification processes and of
the role of defects in germanium. Of particular
recent importance has been the discovery of the
role of hydrogen and its association with crys-
tal defects and with impurities such as carbon
and silicon. The extreme purity of the
germanium (1017, provides a unique environment
for studies of such interactions and the results
achieved are of considerable interest in solar
cell proce<stng where hydrogen can play an
important part in the electrical bzhavior of
amorphous layers.

Another focus of the germanium detector
program is on studies of radiation damage and
araealing of damige in high-purity detectors.
This work is of particular importance in the
application of multi-detector telescopes for
Tong-range particle identification and spectro-
scopy. In these experiments the detectors are
severely damaged, and the practicality of the
method rests on the abili.y to conveniently
repair the damage {preferably in situ). This
type of experiment also demands reliable
detectors, exhibiting only very thin dead layers
in both contacts. An amorphous germanimum
ctating has been developed to provide surface
protection for such detectors, and it has
deronstrated its ability to provide surface
protection. The group has also developed thin
ion-implanted contacts (both p and n type) and
is continuing work to improve these contacts.

An outgrowth of this research and develop-
ment program has been the provision of special-
ized germanium detectors and germanium detector
telescopes that are the basis for experiments in
several laboratories in the United States and
Europe. Faor example, mich of the work at the
University of Indiana Cyclotron uses mul ti-
detector telescopes supplied by this group.

The silicon detector program covers the
complete range of detectors but has recently

focused on very larye area detectors {up to ? cm
diameter) of unfform thickness (~ 10 ,m in §
m) and with very thin dead layers. These
detectors are used at the Bevalac, in space
experiments measuring the isotopic compocition
of cosmic rays and in many laboratories in the
United States and Europe. The work has recently
been expanded to producing position-sensitive
versions of these large ares detectors, and work
is contimuing in this direction.

A significant interest is developing in the
fabrication of Jarge position-sensitive silicon
detector arvays for &» detection of the products
of high-energy particle reactions. The resolu-
tion of gas detectors is limited to > 100 .m
while that of semiconductor detectors can, in
principle, be auch smaller. This ioprovement in
resolution can be reflected in & smiller 4s
detector assembly and a large reduction in the
cost of the whole detector systes. Our detector
capability will be used in the future to explore
some of the possidlities in this ares.

The work on signal processing for detectors
is substantially smailer now than it was a few
years ago. The group has been responsible in
the past for mny of the processing methods and
harduare design now in Common use. Work con-
tinves on special processing techaiques such as
gated-integrators to improve resolution at high-
counting rates. MNork on pulsed-reset preampli-
fiers for high-rate system and particularly for
work on pulsed mechines is also presently being
carried out. The group expects to be working in
the next two years on the applicaetion of CMOS
and WMOS switching devices to simplify and
improve the snalog/digital part of our data
acquisition systems. This work will include
development of analog multiplexers, very fast
ADCs and cheap sul tichannel ADCs.

The present digital work is aimed mainly
toward the development of a highly interactive
data sorting system that uses specialized hard-
ware associated with Mod Comp Classic computer
system. It is expected that this work will
resylt in a throughput for typical experimental
data that is between 10 and 100 tiwes that of
conventional systems of similar cost. The
savings arise mainly from the provision of
wul tiple programmable sorting and arithmetic
modules and from comptex hardware to handle
random demands cn memory and processors in an
efficient way. This program is expecied to
continve intensively for the next three years
with demoastrations of portions of the system in
mid-1981 and completion of the whole Ssystem in
1982 or 1983.
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The group z'zo provides much of the special- experimental groups sbout new experiments or
ized maintenance and design effort for experi- proposed instruments, the proposed crystal or
ments in the Nuclear Science Bivision. Consio- Yiquid-aenon Ball being an example that will

erable time is spent in consultation with involve much design effort by the group.




ISOTOPES PROJECT
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This group compiles and evaluates nuclear
structure and decay data and develops compila-
tion mthodology. The majority of effort is
directed to the evaluation of experimental data,
based on knowledge of the experimental methods,
of the experimenters themselves, and of the
relationships and constraints imposed upon the
data by nuclear theory and systematics. Con-
siderable effort is also devoted to the selec-
tion and prescaiation of data in formats most
convenient for users.

The Isotopes Project coordinates its nuclear
data evaluation effort with those of other data
centers via national and interpational nuclear
data networks. The group is currently responsi-
ble for the evaluation of mass chains A =
146-152 and A = 163-194; all evaluated data are
entered inta the international Cvaluated Nuclear
Structure Data File (ENSOF) and are published in
Nuclear Data Sheets.

During the past year the evaluation of
nuclear-structure data for all nuclei with mass
A = 163 has been published.’ The mass A = 191
eviyation has been reviewed and accepted for
publication, and the mass A = 193 evaluation has
been submitted for review. Evaluations of four
additional mass chains (A = 188, 189, 190, and
192) are nearing completion. Those for masses
A = 169, 174, 185, 1B1, 16B, 17 and 171 will be
started in 1981.

In ad¢ition to the evaluation effort, the
Isotopes Project will produce, on behalf of the
U.S. Nuclea~ Data Network (NDN}, a "Radicac-
tivity Handbook" for applied users. The purpose
of the handbook is to provide a ccrcilation of
recommended decay data that is detailed enough
tor use in sophisticated applizations, byt that
is organized clearly so as to be usable in
simple routine applications. The handbook will
be produced at four-year intervals, beginning in
1982. Recommended decay data will be taken from
the current version of ENSOF, with no furtker
updating. Additional calculations and evalua-
tion will be done to provide recommended data on
atomic radiations and conversion electrons.
Each mass chain will be referencad to the most
recent evaluation in Nuclear Data Shects. as the
source for futher details and references to the
original papers.

Copies of a "Handhook Sample”? illustrat-
ing the co.tents and format proposed by the
group were distributed to the other data centers
for their comments and approval. Additional
copies {and a two-page questionnaire requesting
specific comments on the proposed format) were
also sent to about 5000 members of several
professional societies, including the nuclear

C M Lederer
V S Shuky

divisions of both the American Physical Society
and the American Chemical Society and four
divisions of the American Muclear Society. A
further mailing of abovt 900 was handled by the
Hational Nuclear Data lenter (BNL). Additional
suggestions and comments on the format were
obtained from the IAEA Advisory Group on Nuclear
Structure and Decay Data during its Yienna
reeting in April 1980.

Sivce putlication of the Table of lsotopesd
in 1978, continued development of data handling
techniques has been directed to support the
orjectives of the KON, espec*ally the handbook
froduction and the evaluation effort.

Work has begun on the computer codes needed
to produc - the handbook; this involves retrieval
of the desir=d data from ENSDF and their presen-
tatfon in the finsl publication formats. The
first step involves modification of the data in
ENSDF so that each decay data set wili contain
the “"best™ values for y-ray and level proper-
ties, independent of the decay parent. Won-
uniformities and holes in the ENSOF data are
being corrected as work proceeds. The existing
level-scheme graph®cs prograa {used for the
Table of Isotopes) is being modified to handle
data fn ENSDF formats.

Prograsming tools to aid the evaluation
effort have also been developed. The physics
analysis programs, written by the Nuclear Data
Project (ORNL} for data in ENSOF formats, have
been adapted and extended fnto an interactive
package for use on the CDC-7600 computer. The
resul ting PACK program enables ismediate calcu-
lation of quantities such as internal conversion
coefficients, energy fits, and log ft values and
level feedings in radicactive decay. It also
permits manipulation of the data to give, for
example, energy-ordered y-ray listings and to
allow on-line editing. As a further aid in the
evaluation effort, programs have been developed
for the TI-59 calculator to permit desk-top
calculation of log ft values, rotational band
parameters, and Weisskopf photon half-Tives.

The seventh edition of the Table of Iso-
topes, published in 1978, continues to be the
most up-to-date general reference source avail-
able for nuclear data. Sales of the seventh
edition through January 1980 total 5101 copies
{2371 clothbound and 2730 paperback). The
Kuclear Wallet Cards,4 produced in 1979 by the
Isotopes Project on behalf of the NDN, have
proved to be very popular; about 6500 copies
have been distributed.

The Isotopes Project also compiles and
publishes every 3-8 years the Table of Nuclear



Moments, the only such table maintained on a
continuing basis. The most recent version was
published ~s an appendix to the Table of
Isotopes. Work will begin in 1981 on th2 fifth
edition. Like previous editions it will be a
compretensive compilatic~ of uclear magnetic
and quadrupole moments. New features will be
the inclusion of “adopted" or "recomsended”
values, the addition of values for higher-order
nuclear moments and the inclusjon of the magni-
tudes of such non-uniform corrections as those
due to the Knight shift.

During the past year the database prepared
for the Index of the Table of Isotopes was
modi fied gnd expanded to produce the Table of
Nuclides.® 1n addition, the Table of Isotopes
level-scheme file has been restructured into a
searchable database. It is the most un-to-date
file of nuclear structure data aiig van readily
be used for horizontal compilations and
systematic studies of nuclear properties.

The Project also maintains a library
containing comprehensive data files and the
major nuclear physics jourmals.
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SUPERHILAC RESEARCH

R M. Diamond and M. S. Zisman

The SuperHILAC is one of two LBL accelera-
tors (the other being the Bevalac) designated as
national facilities. This means that a substan-
tia) portion of the research, more than 507 .s
performed by outside users. At present, this
research can be divided into five major cate-
gories: nuclear reactions (593, nuclear
structure [14%}, exotic nuclei (1177}, atomic
physics {159, and biomedicine (179). The first
three of these categories correspond to research
sponsored by the Nuclear Science Divisfon, while
the latter two are sponsored mainly by other LBL
divisions.

Research in nuclear reactions, the most
heavily used area, primarily involves study of
the deeply inelastic scattering {DIS) process.
The questions that are being addressed are:

What are the mechanisms ard time scales for the
equilibration of verious nuclear degrees of
freedom in DIS? Wha¢ are the magnituce and
alignment of the angular momentum transferred to
the target-like and projectile-like fragment in
DIS? What are the time scales and mechanisms
for the emission of light charged particles
{protons, alphas, etc.) and neutrons” In
addition, the field of heavy ion induced fusion
reactions is also under in estigation. The
questions to be answered here are related to
limitations to the fusion process and details of
the competition between complete and incomplete
fusion.

The nuclear structure program at the Super-
HILAC involves mainly the study of Coulomb
excitation reactions. Because of our unique (in
the U.S.) ability to Yrgduce bgans of very heavy
Br jectiles, such as Ho, and

b, these experiments are well suited to
the SuperBILAC. By Coulomb-exciting nuclei up
to very high spin states, a great deal can be
learned about B(E2) values of collective
excitations. Other areas under study involve
the use of heavy beams to measure g-factors of
high spin states with transient field techni-
ques This work populates MQE sp!n tates via
fg “inpverse" reaction such as 285j(13 %e,4n)

8Er. The high recoil velocity in such a
reactwn greatly enhances the transient field
effect and also allows the implantation of the
recoil ions into a non-perturbing medium in
times as short as 0.5 psec.

Investigation of exotic nuclei involves two
different experimental techniques. The first
technique utilizes radiochemical investigations
of various heavy ion reaction products. Heavy
targets are irradiated with high intensity heavy
beams from the SuperHILAC and then chemically
separated and counted offline. Although the
vltimate goal of the program is to synthesize

superheavy elements, exploration of the reaction
mechanisms of heavy projectiles with heavy
targets {s also ewmphasized, since {t will lead
to better kiowledge about the stability of very
heavy nuclei and provide important tests of
nuclear structure models in this mass region. A
second technique, suitable for half-lives as
short as 1 usec, involves use of a spectrometor
called SASSY {Small Angle Separator System).
“he device consists of a2 gas-filled dipole
sagnet, a quadrupole doublet fer refocusing the
recoil products, and two avalanche c:tectors for
time-of-flight measurements. Because of the
very different magnetic rigidities of beam
particles 7qd recoil fons as they pass through
the spectrmeter, it is possible to collect
recoil products at 0° while éuppressing the beam
particles by as much as 10-1 Various
faroet-p tﬂ combinations such as 248(m +
3 and Ge are being looked at,
since these are predicted theoretically to lead
to formation of compound nuclei near the
superheavy island of stability.

In the next few years, there are plans to
expand our experimental facilities in several
areas. For one thing, a new area for gasma-ray
experiments is planned. This new beam line, in
the North Cave area, will relieve some of the
overcrowding in the present Coulex area and also
provide space for any user with a large experi-
mental apparatus {which is difficult to accomo-
date in any of the existing caves). A second
planned expansion, already well underway,
involves construction of an on-1ine isotope
separator for the study of exotic nuclefi. The
device will employ an ion source to ionize
recoil atoms and an extraction system to
accelerate these fons into a 180° spectrometer.
{Details may be found in the article by J.M.
Nitschke in this annual report.) It fs hoped
that this device will become an outside user
facility and a tape transport sysiem is being
planned that will allow low backgrourd beta- and
gamma-spectroscopy of the mass-separated recoil
products. A new scattering chamber will be
added for the nuclear reaction program along
with various special detection systems such as
large-area position sensitive avalanche detec-
tors {for fast timing} and one or more large-
area total energy fonization chambers (such as a
Bragg curve spectrometer, designed at LBL, or a
Sann chamber, designed in Germany). These new
devices will allow the nuclear reaction groups
the ability to take full advantage of the
proposed SuperHlLAC beam buncher, now under
development by the LBL Accelerator and Fusion
Research Division, which is expected to provide
beam bunches as narrow as 200-3D0 psec FWHM in
selected target areas.



39

Start of an experimental setup in the SuperHILAC ue.
chamber. Showom are D. Logan (left) from Caraegie-Ye
M. Zisman, LBL SuperBILAC users liaison. The device mownted
chamber is a detector arm tha: allows measurements to e made out ¢ i
reaction plane.




88 INCH CYCLOTRON OPERATIONS

R. A. Gough and D. . Clark
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The 88 Inch Cyclotron, operated by the
Nuclear Science Division, provides a large
fraction of the beam time that is used by LBL
scientists., Variable emergy, high resolution
beams from hydrogen through argon are produced
and used for studies of nuclear structure and
nuclear reaction mechanisms. The 88 Inch
Cyclotron is also the laboratory's major source
of medical isotopes and tts only source of
polarized proton and deuteron beams.

The large energy constant, K, recently
increased to 160, Bermits the acceleration of
jons as heavy as Dar to energies useful for
nuclear physics. The lighter heavy ions reach
energies up to 30 MeV/A . The cyclotron and its
almost identical twin at Texas ASM remain the
only sources in the world of variable energy
heavy ions in the important region around and
above 15 MeV¥/A where low-energy nuclear phenom-
ena disappear very suddenly.

These beams, as well as the potarized proton
beams, are extensively used by outside groups
from many institutions in the U.S. and abroad.
In recent years, about 25% of the operating time
has been taken ug bv outside users, almost as
many hours per year as they receive at Super-
HILAC. Proposals are made by letter and are
informally reviewed by two outside consultants.
Approval can be made within twt weeks and the
expr-nent can be scheduled within two weeks
zhereafter. This economical and ilexible system
is much appreciated by the users.

The past year has seen substantial progress
in the completion of accelerator improvement
projects, especially by the raising of the main
magnetic field to K = 160 and by the first
successful operation of the external PIG heavy
ion source. These and other improvements are
described in the report that follows.

The rapid increase in electric power rates
in 1980 has had an impact upon present and
future operation by diverting funds that were
needed for engineering and technical support.
Although the impact is not immediately apparent,
in the future it will seriously slow the
completion of ongoing improvement projects and
the design stages of new ones. A serious
problem for the future will be the allocation of
resources between present operations and future
development.

OPERATIONS

In the year ending June 30, 1980, the
cyclotron was scheduled for 20 eight-hour shifts
per week for experiments in nuclear science,
isotope production and machine development. One

A Lam
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eight-hour period per week was scheduled for
routine maintenance. In addition there were
five weeks of shutdown for general maintenance,
machine improvements and betause of budgetary
restrictions. Accelerator time distribution is
shown in Table 1. The list of beams available
is showm in Table 2, while Fig. 1 shows the
particle distribution of 1ight and heavy fon
beams over the past 12 years. The ratio of
heavy fon to 1ight fon beam time has stabilized
at 2:1 in the last several years.

As previously mentioned, the cyclotron mag-
netic field was increased to increase the energy
or K value from 140 to 160. A design study was
done of the main and trimming coils to determine
that they would tolerate the increased mechan-
ical forces and dissipate the aditional heat
generated by the greater current. The main coil
power supply was revised and a 25 ¥, 3250 A
booster powsr supply was added in late August
1879. The electrical cables from the power
supplies to the magnet were replaced with higher
current cables. The whole system was checked
out in Spring 1980. The current has bven run up
to 3250 A for an extended period with all
electrical components working within the design
ratings. 4 new regulator was designed and
installed to tmprove regulation and reliabil-
ity. Beam ©:sts of acceleration and eatraction
were done usfga laig smagnet currents up to 3230
A. Beams of C3*, €5* and 0% were extrac-
ted at K values ranging up to approximately 160
for C?*. Some changes had to be made in the
calculated trim coil settings to obtain beam
extraction for the highest energy C%* beams
due to slight errors in extrapolation of
measured magnetic fields to these higher levels.

A 750 kVA capcitor bank and its associated
switching circuitry were installed to bring the
full load power factor from 60*cto about 857
This modification has cut down about 157 of
reactive current in the 1o0ad center and has
~educed the heating of the transformer
considerably.

A new 3648 rf power tube was installed in
January 1980. A smaller diameter water sepa-
rator was used in the anode cooling circuit.
This modification has greatly reduced the number
of flushings required. New regulators have been
installed to replace the old tube type regula-
tors in the defelector supplies and as a result
of this improvement the ac ripple has been
reduced by a factor of at least 50 and the
reliability of the system has been greatly
improved.

The polarized ion-source weak-field and
intermediate-field oscillators have been



modi fied so that they can be remotely turned on
or off by a control signal from the counting
area. A regulator circuit has also been added
to the screen power supply to stablize the 331
MHz or 468 MHz power output. To stabilize the
position of the polarized beam on target, a set
of low inductance steering magnets and a set of
high current driving amplifiers have been
designed and installed in the vault for Cave §
beam centering feedback control. This system
has greatly stablized the beam on target in
spite of fluctuations on the deflector and dee
vol tages.

An order was placed for a new jonizer for
the polarized ion source. Installation will be
made early in 1981 when it is anticipated that
the factor of 10 increase in the intensity of
polarized beams will be obtained.

A1l components of the new external PIG fon
source and beam line have been completed,
installed and aligned. The system has been used
to inject heavy ions into the cyclotron and
external accelerated beams have been obtained.
Futher testing is required to maximize the over-
aln efficiency from source to extracted beam. A
new cryopumping unit has been purchased for this
system and will be installed when preliminary
testing is complete.

Design work is continuing on a passive mag-
netic deflectior channel that will previde ra-
dia) focusing for all beams and greater deflec-
tion strength for the higher K, high charge/mass
beams; it will replace the third element in the
present electrostatic deflector. Studies have
included magnetic design af the channel and
orbit tracking of phase space ellipses through
the channel. This is a cooperative project with
the Cyclotron Institute at Texas AsM University,
where Don May is carrying out the orbit tracking
studies. Mechanical design of the channel will
begin later in 1980.

A second cryopump on the cyclotron accelera-
tion chamber was connected to its compressor,
given a thorough leak check and is now in the
final stages of debugging. The unit will pro-
vide an additional 10,000 liters per second
pumping speed in the dee tank. Full operation
is expected later in 1980.

A project was begun i; 1976 to systematize
the pradiction of cyciotron set-up parameters
for any requested new ion and energy and provide
them on a single sheet to the cyclotron opera-
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tors. It was completed this year by adding the
capability to store values of the currents in
the 17 trim coils. The task of entering values
for these coils for some 400 reference beams up
to K = 160 will be completed in 1980. This was
implemented by the recent acquisition of a dual
floppy disk drive for the PET computer.

Planning is underway for an advanced heavy
fon source for the cyclotron. The gsal is to
provide useful beam intesities or 109101
particles/sec on target with energivs of 2-3
times those of present heavy ion beaws with
masses between nitrogen and xenon at values up
to 40 MeV/u for the lower masses. The two
leading candidates for sources are the Electron
Beam Ion Source (EBIS) and the Electron Cyclo-
tron Resonance (ECR) source. The EBI1S uses a
well collimated electron beam on a solenoid axis
in high "‘ﬂ" toslrochce very high charge
states {(Ari®* Kkr3%)_ 1t is a pulsed
device whose duty factor can be 10-50°.. The ECR
source uses a microwave-generated plasma with
magnetic mirror confinement to produce high
charge states. It gives higher intensities at
the lower charge states than EBIS, but lower
intensities at the highest charge states. Our
choice is the EB1S because its higher charge
states provide a greater energy range for the
cyclotron.

Research and development to build a test
bench EBIS was begun in January 1980, under the
direction of the plasma iroup in the LBL Accele-
rator Divisfon. The goal is to reproduce the
high electron beam densities observed by the
Orsay group. This will require careful align-
ment of the electron gun and magnet system, and
high vacuum technology. To use existing
hardware as far as possible, it will use an
electron gun on loan from the Cyclotron
Institute, Texas AsM University. A normal
conducting coil system, using three 16-inch
inside diameter coils, will be used to generate
a 10 kG field on the axis of the 50 cm long
source. A series of 1ron "homogenizing rings”
inside the coils will provide a straight mag-
netic axis. A vacuum chamber and drift tube
system will each be independently adjustable in
position transverse to the axis. A time-of-
flight mass analyzer will be designed and built
for the system by R. Kenefick of Texas AsM.
This test bench will give valuable information
on the requirements for high charge state
production, which will be used to design the
final -ource to be installed on the axial
injection system of the cyclotron.
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Table 1. 88 Inch Cyclotron time distribution including total
calendar time except holidays (7/79-6/80).
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Table 2. 88 Inch Cyclotron beam 1ist, July 1980.
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BEVALAC OPERATIONS AND RESEARCH

H G Pughand G D Wearta

The Bevalac, operated by the Accelerator and
Fusion Research Division's Acceferator Opera-
tions Group headed by R.J. Force, provides beams
of heavy ions from 50 MeV/amu to 2.1 GeV/amu and
is available approximately 2000 hours per year
for nuclear scfence experiments

Currently active experiments in nuclear
science involve outcide users f-om 20 U.S.
institutions and from 17 foreign groups. Major
international collaborations exist with GSI
Darmstadt, . Germany; INS Tokye, Japan: and
UNAM, Mexico. In addition there is a collab-
orative program with the Kurchatov Institute,
U.S.5.R.

Experiments are approved by a Program Ad-
visory Committee of the following people:
H. Feshbach, MIT, Chariman; S. Koonin, Caltech;
J.P. Schiffer, ANL; R. Stock, GSI, W. Germany:
W.A. Wenzel, LBL: T. Yamazaki, University of
Tokayo, Japan; and ex officio members.

A Users' Association Executive Committee
conducts monthly telephone conferences with
local management. HNuclear science representa-
tives on the committee are R.T. Poe, U
Riverside, chairman-elect, and K.L. Kolf, ANL.
In conjuction with the annual meeting of the
Users' Association, in February 1980, three
worasnops were held, on “Experiments Detecting
digh Energy Photons or Electrons,” “Lowm Energy
Experiments,” and “Experiments Using Visual
Techniques," as well as discussions concerning
progress on HISS and planning for VENUS.

In addition to the annual Users’ Association
meeting and the semiannual meetings of the
Program / .visory Committee, it has become a
tradition to hold a major workshop every two
years, such as the Ist Workshop on Ultra-
Relativistic Nuclear Collisions, held in 1979,
and the Sth High Energy Heavy lon Summer Study,
planned for May 18-22, 1931. These worksheps
are plann d in conjunction with GSI Darmstadt,
who have recently hosted similar workshops in
the alternate years.

The major facilities at the Bevalac include
the Streamer Chamber, the Zero-Degree Spectro-
meter {3eam 40}, the Low Energy Beam Line, and
several magnetic spectrometer systems in Beam
30. Almost ready to operate are the GSI Plastic
Bal1/Wall system involving over 1000 difforent
detector telescopes and the HISS system, which
consists of a 2 meter diameter, 1 meter gap
superconducting spectrometer with a 3 tesla

field. Both of these systems arc expected to
take daia during the 1981 running period.

An electronics pool is maintained for users.
The Bevalac Software Group. led by Chuck
KcPariand and Everett Harvey, coordinates stan-
dardized experimental software.

The past year has been one of continved
development of new heams lines and rearrangement
of the experimental area in preparation for
H1SS. The Low Energy Beam Line was used for
several experiments and will de further improved
in 1980 under the direction of David Hendrie.
Improvements will include instaliation of a
large scatter chamter on loan from the Univer-

s ty of Maryland. In Beam 30 the Two-Armed
Magnetic Spectrometer system [TASS) was
installed and used for experfoents. Mackine
develoyment incluged operation with a single
wotor-generitor to save electric power and
testing a "mezzanine” mode of operatfon that
should permit prime beam sharing petween
biomedical and nuclear science B::s during the
daytime shifts. A radioactive beam was
develaped and used for biomedical work.

Upgrading of the Bevalac to provide intcnse
beams cf heavier particles {uranium capebility)
is now underwdy and is espected to be cowpleted
during a shutdown for the ‘atter half of 1981.

The research program during the past year has
be characterized by a close interaction between
theory and experiment. Ihe striking «~/+°
ratio near projetile veloCity drew attenticn to
the strong effect< af tre nuclear -harge under
some circumstdnces. The large n-p ratio ob-
served in inclusive spectra presented a puzzle
until it was recogrized that the iight particle
stable nuclei ewmitted in cailisions have Jow
isospin and thus deplete the sugply of neutrons
and protons about equally, magnifying the n-p
ratio among those nucleons left unbound. The
streamer chamber provided a quantity of syste-
matic data on multipion production, while
“bounce-off” mwltiparticle correlation may be
the first clear hydrodynasical effect to the
identified at the Bevalac.

A1) of the above observations are character-
ized by a close relationship to theoretical
calculations and provicde c-itical tests for some
theories. On the other hand, the obse vation of
anomalous behavior of pruje:tile fragment mean
free paths is a major puzzle and will require
futher experimental work to provide clues for
its interpretation.
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VENUS PLANNING

H G Pughand T Ehoff

A committee was formed in December 1979,
under the present co-chairmanship of the above,
with the following (condensed) charge: “VENUS
is an acronym which describes a proposed major
accelerator for the Laboratory. While the nam:
is associated with a specific design, the
parameters of the accelerator have not been
frozen and will depend on the scientific program
to be cxecuted with it ... the VERUS Planning
Committee wil) conduct further study of the
options available, in consultation with the full
spectrum of potential users of such an accele-
rator ..." The membership, consisting origin-
ally of the co-chafrmen and Miklos Gyulassy, Lee
Schroeder, James Symons, Christoph Leeman and
Frank Selph, with Joseph Cerny, Hermann Grunder,
and Norman Glendenning as ex officio members,
was subsequently expanded to include Bernard
Harvey and Jorgen Randrup.

ACTIVITIES

A circular requesting suggestions, comments,
and help was widely circulated and responses
were received from over 100 people from outside
the Laboratory. Interest was expressed in
research programs related to atomic physics,
astrophysics, and biomedicine. Taking into
account these responses and after an intensive
reexamination of the proposed scientific program
the committee arrived at some preliminary
conclusions, which have ben presented at a
variety of meetings inside and outside the
Laboratory.

The proposal basically covers three regions
of heavy ion physics. One is the domain of
colliding beams, for which the design energy of
20 Ge¥/amu against 20 Ge¥/amu is reconfirmed by
the committee as being close to an ideal
choice. interactions in this energy region will
be dominated by particle creation and will
require quantum chromodynamics for their ces-
cription. Secondly, the maximum energy of 20
Ge¥/amu for the fixed target capability is
considered necessary to explore the full range
of possibilities of nuclear phase transitions

Table 1.

invol ving rearrangements of the quarks present
in the target and/or projectile as opposed to
conglomerates of created quarks. In addition
the region up to 20 GeV/amu covers a range of
jnteresting particle creation thresholds.
Thirdly, the lower end of the fixed-target
range, below a few hundred MeV/amu, fs the
natural region for evolution of programs at the
68 Inch Cyclotron and the SuperHILAC. The
committee considered that in view of the varfety
of the interesting phenomema to be anticipated
in the region of 10-40 MeV/amu and the presence
in that region cf significant energies such as
the Fermi enerqy and the energy corresponding to
the velocity of sound in nuclear matter, it
would be desirable to extend the lowest energy
of the accelerator down to 10 MeV/amu if
possible.

On the technical side, the committee examined
some of the practical desirabilitfes for the
accelerator. The flexibility of the design for
mul tiple beams and independent varfation of thea
was mich appreciated, and it was concluded that
three independent fixed-target beams should be
sisultaneously operable, and three intersection
regfons for the colliding beam capability. How-
ever, the fact that the colliding beams and
fixed target operation are mutually exclusfve in
this design is a disadvantage for the low energy
segment of the research program. To address
this prablem, and alse the above mentioned
cesirability of extending the energy range
downwards, futher designs are being investi-
gated, including boosters, subsidiary rings, and
the existing LBL accelerators in a variety of
configu-ations. Current objectives are listed
in Table 1.

PROSPECTS

In July-August 1979 the DOE/NSF Muclear
Science Advisory Committee, chaired by Professor
Herman Feshbach, held a major long range plan-
ning study and projected national construction
and operating budgets for the coming decade.

The Advisory Committee stated that 3100 million

Current objectives for VENUS design.

Fixed target mode

Col1iding beam mode

Praton capability

1D MeV/amu to 20 Ge¥/amu:
independently variable in ion,
energy, duty factor, and intensity.

3 beams

2 GeV/amu to 20 Ge¥/amu {1 TeV/amu
fixed target equivalent):
intersection regions.

50 GeY fixed target or colliding
beam (5 Te¥/amu fixed target
equivalent)




projects such as VENUS, or a kaon-antfproton
facility, would require funds supplemental to
those projected for the national base program,
and would have to “be justified separately as
required by important national goals, requiring
special constructon allocations, and ... sub-
stantial (additional) operating costs.” The
Advisory Committee recommended that research and
development be conducted on such facilitfes,
noting, “It is essentfal in al) these cases that
the R&D is not confined only to accelerator and
other technical developments. A serious fnves-
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tigation into the scientific case ... must be
wounted .... Scientfic feasibility, that is, the
demonstration that one will be able to obtain
results, s equally essential.”

These considerations form the basis of
current LBL plamning for VENUS. We look foward
to adoption by the governsent of the Advisory
Committee’s Long Range Plan and to the
opportunfty to compete for the supplesentary
construction funds that would be needed.



PART 2. PROGRESS REPORTS
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A. NUCLEAR STRUCTURE

NUCLEI AT HIGH ANGULAR MOMENTUM*

R M Diamond and F S Stephens

Nuclei have some of the classical properties
of liquid drops, as attested by the success of
the liquid-drop model, but are finite quantal
systems. This imposes certain restrictions on
their rotation. In addition, there is a compe-
tition between the single-particle motion and a
collective rotation to carry angular momentum
most efficiently. This interplay Lkecomes
increasingly important at high spin where a
compromise between the two limitirg situations
appears to occur, That is, at lower spins we
may observe in well-deformed nuclei relatively
pure collective rotation that follows the
geometrical relationships very well, or we may
find in nuclei near closed shells that the shell
model does an excellent job in explaining states
up to several MeY in excitation and carrying
tens of units of angular womentum. But at spins
above -40 h, nuclei seem to have some charac-
teristics from each of these 1imiting cases, and
it is of interest to undar<tand this compromise.

An important nuclear parameter whose
behavior it is necessary to understand is the
moment of inertia. The cranking-model calcu-
Tations of Inglis give the rigid-body value,
which is 2-3 times too large for the ground-
states of real nuclei. Now it is understood
that this is mainly due to the neglect of the
pairing correlations. With an increase in spin,
these correlations are recduced {Coriolis anti-
pairing), leading to a rise in the moment of
inertia towards the rigid-tody value. The
suddent increase in the moment of inertia
observed in some rare-earth nuclei between spins
14-20 h {backbending) in 1971 is now recognized
ta be due usually to the crossing of the ground
band by an excited band with two unpaired but

aligned high-j particles. The aligned single-
particle angular momentum allows the collective
spin of this band te be reduced over that of the
ground band for the same total angular momen-
twa. in fact, this skaring of angular mosentum
between the collective and single-particle
motions appears to be the most efficient way of
carrying angular mosentum in deformed nuclei
above spins of arcund 20 P: at still higher
spin, bands with still more al _ned particles
appear to become lowest fn energy. For scwe
nuclei, theory precdicts that there shoyld te a
very marked backbend above spin 50-C0 h caused
partly by the rapid stretching of nuclei at
these spins, a5 suggested by the liquid-drop
modei, and partly by the large shell effect at
such spins Favoring a prolate nucleus with axes
in the ratio of 2:1.

A new technique for studying high-spin
states involves determining the y-ray energy
correlations obtained with pairs of »-ray
cetectors. The resulting v-v ccrrelation
¢iagrams or contour plots, after subtraction of
the uncorrelated events {mainly Compton-
scattered events in one or both detectors) show
structure extending well above transition
energies of 1 MeV. In well-deformed nuclei
there is a valley along the diagonal,
corresponding to tke fact that in a pure
rotational nucleus each transition has a
different energy and soin. In rare-earth nuclei
the first backbanc shows up clearly as a bricge
across the valiey at 500-600 ke¥, and there is
evidence for a second one at higher energy, ang
then more bridges at s7°11 higher energies. It
is clear that 2 whole nex spectroscepy of
high-spin states is developing.

CORRELATION STUDIES OF ROTATIONAL BEHAVIOR
AT VERY HIGH ANGULAR MOMENTUM*

M A D e.F.S. S

. 0 And . J D Gartet1, B Herskind

R. M Diwamond, C Ellegaard. D. B Fossan, D L. Hilis, H Kiluge. M. Neiman, C P Roulet. S Shih.

and R S Simon

Nuclear structure studies, based an the
analysis of y-rays, are limited at the present
time to spins below ~ 70 A in the mass region
around A=160, since for higher spins the com-
pound nucleus fission prior to y-ray emission.
For the deformed rare earth region, detailed
spectroscopic measurements extend now

up to @ spin 30 h, above which the y-ray spec-
trum can no tonger be resolved. Many measure-
ments have shown that thi: “continuum®™ y-ray
spectrum consists of an exponentially decreasing
high-energy tail composed of statistical y-rays
which cool the nucleus toward the yrast lime,
and a Tower-energy bump extending up to 1.5-1.8



MeV depending on the nucleus. This bump is
formed by "yrast-like" y-rays which deexcite the
nucleus through many pathways roughly parallel
to the yrast line, and which remove the angular
momentum of the system. This yrast-like cascade
contains nuclear structure information, and in
deformed nuclei, it is dominated by stretched E2
rotational transitions, whose energies are cor-
related. The correlations can be studied in
some detail, even in an unresolved spectrum, by
a method which isolates correlated events from
an uncorrelated tackground. Although these
events cannot isolate individual rotational
sands, they are sensitive to certain features,
in particular the single-particle angular-
momentum alignment, Shared by many bands.

The measurement was performed at “he 88 lach
Cyclotron. It consisted essentially of y-y
coincidences, but four Ge(Li) detectors were
used simultaneously, which gave six times the
coincidence rate of one pair.

We have studied the deexcitation of the
164 cgmpound system from the reaction of
1285n 4 40ar st 185 Me¥ %0Ar energy. A
background of “uncorrelatod” events was sub-
tracted from the y-+ matrix of 40 million events.

A contour plot of the correlated two-
dimensional coincidence spectrum is shown in
Fig. 1. It is symmetric about the 45° diag-
onal because the twe indcpendent halves of the
aNj; matrix have been added to improve the
statistics. In the Tow-energy region {up to E =1
MeV), there is an absence of counts along the
diagonal, which produces a valley. This valley
reflects the absence of y-ray transitions
having the same energy, which is a property of a
rotational dand with a constant moment-of-
inertia. Fig. 1 shows that the valley car be

Fig. 1. The contour

Correlated y-ray spectrum.
Tevels are statistically significant up to ~

1.2 MeV along the diagonal. (XBL B03-481)

ORI cars

seen up to 1250 keV¥, although it is largely
filled beyond about 1 MeY and even completely in
sore locations.

The width of this valley measures a "collec-
tive™ moment-of-inertia, .#, and can be combined
with sopp to determine the aligned angular
momentum, jp- Previous measurements of
moment-of-inertia at high spins have always
measured sq¢¢ and found it to be near the
rigid-body value. It appears that s must be
significantly lower if j, is large, which
sfirply reflects the fact that single particles
cannot contribute fully both to the aligned
angular momentum and to the collective moment-
of-inertia. Data of the present type are not
easy to interpret quantitatively along this
Tine, but seem generally consistent with these
ideas.

The observed filling of the valley in the
high energy region {>} Me¥) probably implies
many band crossings. It is clear frea Fig. 1
that there are frregularities in the valley
{“bridges”) and also along the ridges ("gaps”).
Trere are only a limited number cf these, at
least discernable within the present statis-
tics. In the lower spin region, the bridges
correspon. “~ known band crossings. This has
been establishe. “rom the detailed spectro-
scopic studies of many nuclei in this region.
These band crossings occur at specific rota-
tional frequencies (Ru = E,/2) which depend,
in a given nucleus, only on which orbitals are
crossing. A given orbital crossing can occur in
many bands differing in the rest of the config-
uration, and thus produce a feature in the cor-
relation spectrum even though one cannot resolve
individual bands. For example, the known first
backbend in the 160Er region (at #iu = 0.3 MeY)
corresponds to the crossing of a 2-quasi-
particle f1372 neutron state with the vacuum
{ground band{. and the second backbend {at
hu = 0.4] MeV) involves a 2-quasi-particle
hyjj2 proton configuraticn crossing the
vacuum. Both of these crossings can be invelved
in many bands and produce readily observable
bridges in Fig. 1 at E, = 0.6 and 0.82 MeV,
respectively.

In the high energy region {where pairing
correlations probably no longer exist) one
expects crossings with large angular momentum
transfer due to only a few strongly aligned
configurations based on the high-j orbitals. If
these configurations are filled at high rota-
tional frequencies, they will experience a band
crossing {as the frequency decreases during the
deexcitation of the nucleus) and empty at a2
characteristics orbital-crossing frequency
irrespective of the rest of the state configur-
ation. We propose that these characteristic
frequencies are related to those where the few
bridges and gaps are cobserved in Fig, 1.

Footnute and References

*Condensed from Phys. Rev. Lett. 45, 172 {1980).
1. 0. Andersen, J. D. Garrett, G. B. Hagemann,

B. Herskind, D. L. Hillis, and L. L. Riedinger,
Phys. Rev. Lett. 43, 687 (1979}.
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LINEAR POLARIZATION AND ANGULAR CORRELATION
OF CONTINUUM y-RAYS

H. Hubel.* R. M. D: F. S,

B.+ ' and R. Baver'

Tre investigation of very high spin states
(I = 30-70) fnvolves studies of continuum y-ray
spectra emitted in heavy-fon compound-nucleus
reactions. If sufficient angular momentum is
brought into the nucleus there exists a broad
structure in the spectra around ~ 1.2 MeY (the
"yrast bump") which is mainly composed of highly
collective stretched E2 transitions. At higher
energies where the spectrum falls exponentially
witl energy {the statistical cascade) the radia-

tion is probably mainly stretched and non-
stretched El. At encrgies below the E2-bump
there appears a dipole component which varies fn
intensity depending on the properties of the
norticular system. An important question fs
whether this dipole contribution to the
continuum spectrus is mainly electric or mag-
netic in character. 1f M1 it probably origi-
nates in collective phenomena, whereas El's
would 1ikely indicate statistical processes.
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Fig. 1. (a)

Multipole spectra for stretched

quadrupole and dipole components from angular
correlation measurements.
{b) Linear ?olarization asymmetry double

HU80%)  N19°)
i Wi~y

ratios A = W30y

from measure-

ments at e = 90° ard 0* to the beam direction

{direct experimental points).

(c} Linear

polarization asymme.ry double ratios A after
unfolding (w), and calculations for pure
stretched M1, E1, and E2 (solid curves) anJ for
a mixture of the E2 and MI components of the
decay {dashed curve) with the L =2 and L = 1
amounts taken from the upper part of the figure.

(XBL B07-10661}



We have measured the angular correlation and
the Hjnear polarization of continuum y-ﬁﬁ;din
twi Ar jpduced reactions.  The T
g, 188ie ang 122 Fa g 1% S
done with 170 MeV 30Ar beams from the LBL B8
Inch Cyclotron. The experimental results of the
Tinear polarization experiment are shown in the
center part of Fig. 1. (Fm: eachNS?ol.u,aV interval

: - N1(%0°) 1 h
the double ratio A N(30%) N (0%} of the
vertical (N1) and horizontal (N ") coincidence
counting rates measured at @ = 90" and 0" to the
team is plotted.

For a number of reasons we have restricted
the further analysis to stretched dipole and E2
transitions, and have considered pure transi-
tions only; the results from the angular
correlation experiments are shown in the upper
part of Fag. 1. Below ~ 1.5 MeV, the spectrum
of the 16%Er* compound system consists of
80-90%¢ quacrupole transitions. For the 50g6=
compound system there is - 80‘¢quadrupole
radiation in the bump at 1.5 MeV; at Tower
energies, however, the dipcle transitions become
more prominent, even dominant (85'¢L = 1 at 0.5
MeV). The amounts of stretched dipole and
quadrupole radiation were then used in the
analysis of the linear polarization experiments
to determine the electric or magnetic character
of the dipole component. The result is that it
appears to be predominantly M1 between 1.6 and
0.5 MeV, and likely at still lower energies.
The dashed curves in the lower part of Fig. 2
are the linear polarization asym- metry ratios

calculated under the assumption of 100t/ M1 for
the dipole component in the spectrum.

Qur angular corrleation and linear polari-
zation data, as well as thpse of Vivien et
al.l and Trautmann et al.,2 show that the
main features of the investigated cases are
thefollowing: {1) The dominant fraction --
between 0% (for nuclei near closed shells) and
80% for deformed nuclei -- of the radiation
consists of stretched E2 transitions. This
component reaches 90'¢ in the region of the E2
bump for deformed nuclei.

{2) The remaining part of the radiation at
Tow energies and up to the E2 bump is comcased
of stretched Ml transitions in good rotors, and
is preduminatly M1 with some E1 transitions
admixed in nuclei near closed shell.

Footnotes and References
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THE DIPOLE COMPONENT iN THE YRAST CASCADE AND THE
MULTIPLICITY OF STATISTICAL y RAYS*

S H Sie. R M. Diamond. J. O. Newton and J. R Leigh

It had been observed that for E, < 0.4 Mev,
the nature of the continuum y rays in a number
of deformed nuclei changed from being predomi-
nantly stretched E2 to predominantly dipole. The
principal objective of the present measurements
was to further study this Tgpole cgmponeng. The
rfactions gsed were 149gn( 0,3n)1 2YI), 1505,
(180,an}163Yb, 1845167, 4n)166p, 122¢0(169
4n)124ce and 110pg(160,4n)122xe induced by 160
beams from the 14 UD Pelletron at the ANU. The
v rays were detected in a movable 7.6 x 7.6 cm
NaI{Tl) or Ge(Li)} detector in coincidence with a
fixed Ge(Li) detector. The movable detectors
were set alternately at 0° and 90° with respect
to the beam direction. The unfolded continuum
y-ray spectra are shown in Fig. 1. In the sum-
med spectra {0° + 2 x 90°), which are essenti-
ally proportional to the isotropic spectra, the
main features of the continuum cascades can be
readily seen, namely, the exponentially falling
statistical tail and the yrast bump.

The number of y rays with E, > 1.9 MeV is
related to the number of statistical v rays,

though the actual relationship Jepends on the
shape of the spectrum below 1.9 Me¥. This
quantity is shown plotted against My in Fig.
2, where it is apparent that there is a corre-
lation between By and M(>1.9); for each _
reaction the latter quantity increases with My.

The quantity 2[N(E,)g° - N(E,)og°] is
proportional to the value of A2 and is shown
for the various cases in Fig. 1. Data obtained
at the higher bombarding energy show in all
cases a pronounced bump with positive Az,
attributable to the yrast cascade. For the
strongly deformed Yb nuclei this bump has A
0.25, in accordance with the value expected for
the stretched E2 transitions thought to consti-
tut? the main part of the yrast cascade for such
nuclei.

A1l the cases also show a smaller bump at
lower energies than the main quadrupole bump and
separated from it by a small dip. This bump has
@ negative Az and thus is probably a dipole
camponent.



“gnt "0, 4n) Co Tpa("0,4m xe
B MY LLvey TS
ozi 2(d-90Y

X .
o er{in&;..-am- 1@ Mg
f

-02

o9 o' (25907

N,/40 key

“Sml 0,301 Y8 T TSt ‘040 VS

"""""anf‘ J‘-\'—n’-‘N\’.‘"’"e_

ke-1 4

E4(MeV}

Fig. 1. Angle-integrated y-ray spectra obtained by unfolding the
continuum pulse-height spectra are shown in the lower parts of the
figure. The curves were galculated from the model described in the

text. A function Ede-

was assumed for the shape of the statis-

tical spectrum. The upper parts of the figure show the 2(0°-90°) spectra
which, when normalized, approximate the Ap coefficients of the angular
correlations. The calculated lines correspond to Az = -0.6 and -0.4

for the “dipole" compenent and A =

The spectra in Fig. 1 can be discussed in
terms of a simple medel! in which the yrast
cascade is assumed to originate from decay
through collective rotational bands roughly
parallel to the yrast line. This cascade is

approximated by decay through a single "average”

deformation-aligned band, and the dipole com-
ponent arises from the I =1 - 1 transitions.
The relative intensities of these to the cross-
over transitions and the £E2/Ml amplitude_mixing
ratios & are proportional tc (gx - gR) K¢/Qq
and Qy/{gx - 9p), respectively. The

results o,f( the calculations e shown by the
full lipes in Fig. 1.

In summary it can be said that a component
with negative Az, and hence presumably dJipole,
with average E about half of that for the main
yrast bump, does occur in all four final nuclei,
even though two are only weakly deformed and
possibly triaxial. It suggests that the
low-energy dipole component may be a fairly
general phenomenon since it has now been

0.25 for the quadrupole components.

{XBL 807-10662)

observed in Xe, Ce, Yb and W nuclei. The
realtive magnitudes of the dipole and quadrupole
components of the yrast cascade do appear to
vary from case to case, which suggests that
nuclear structure information on the states well
above the yrast line may be derived from their
study-

The measurements also suggest that the mul-
tiplicity of the statistical cascade Mg
increases with increasing angular momentum input
(Fig- 2). This can be explained as arising from
a corresponding increase in average excitation
energy for gamma emission above the yrast line,
and calculations with the evaporation code
GROGIZ do show agreement with this expectation.
The change in the number of statistical r rays
with increasing bombarding energy or angular
momentum input depends on the relative rate of
increase of the excitation energy and the yrast
line with spin; the results might be different
in a light nucleus.
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E1 TRANSITION PROBABILITIES FROMK™ = 0 AND K" = 1 OF #**Py*
C. Michael Lederer

An_experimental study of 238Np a- decay
and Cm a decay has revealed previously
unobserved transitions, established new multi-
polarity assignments and mixing ratios based on
measured internal conversion coefficients, and
improved the accuracy of the relative y-rax
intensities. Much of the information on &2cp
« decay is new; the a-decay hindrance factors
and conclusions based on them will be reported
elsewhere.

A new method is developed for analysis of
the y-ray branching from the K™ =1- band, in
which the interband E2 transition rates to the
K™ = 0~ band are calculated from a mixing
model and used to estimate the rates of

competing E1 transitions. The model also yields
estimated El transition rates from the K™ =

0- band. In Pu, El transitions to the
ground state from either octupole-vibrational
band have half-lives on the order of 5 ps,
corresponding to hindrance factors around

10%. Although the required data are absent or
less precise for other heavy nuclei, estjmates
can be made for five of them including u,
for which the model agrees with a direct
measurement of highly retarded El transition
probabilities from the 0~ band. Table 1
sunmarizes the results of the calculations. A
description of them and a discussion of the
limitations of the model are included in the
full paper.



Table 1. Estimated El transition probabilities
from octupole-vibrational states of heavy nuclei.

4 By direct comparison with intraband £2
transitions.

b Geometric mean of_17 x 103 for the K1* =
11- state, 4.5 x 103 for the 12- state.

€ For the 11~ state. y-ray branching from

i :ei55k°,_l_’f . the 13- state is inconsistent with the model.
indrance Factor d 15 -
Nucleus K =0 K =1 st:::m‘zﬂ;e measured hatf-lTife for the 01
€ Approximate value: Eranching from the 11-,
224, 2x 1042 12=, and 13- states yield values that vary
by two
2307y, 4 x 103 9x103b orders of magnitude. (The data for 238y are
y 6 ¢ suspect. )
236 4.5 0 .
ey x1 3.1 %10 Footnote and References
7d ToTTTrTrTrmTrrt
Z.2x10 * Condensed from reference (1}.
238, ~105 ~107 € 1. C. Michael Lederer, to be submitted to Phys.
U 10 Rev. (1982).
1.5 4 . 4
23y x 10 4-3x10 2. C. M. Lederer, J.M. Jaklevic, and S.G.
Prussin, Nucl. Phys. A135, 36 (1969).
OBSERVATION OF THE DECAY OF THE T, = - 2 NUCLEUS **Cat

M. D. Cable, J. Aysté." " R. F. Parry, J. M. Wouters, and J. Cemy

The g*-delayed proton decay of 36ca has
been observed. From the energy of the proton
group, it was possible to dedgge the mass of the
Towest T =2 excited state in “°K {See Fig.

1). Measurement of this mass completed the mass
36 isospin quintet.

The masses of analog states in an isospin
mul tiplet are given in first order by:

M{A,T,T,) = a(A,T) + b(A,T)T, + c(A,T)T?
This Isobaric Multiplet Mass Equation (IMME
arises via first order perturbation theory from
the assumptions that the wave functions of the
members of an isospin multiplet are identical
and that only two body forces are responsible
for charge dependent effects in auclei. Possi-
ble deviations from this quadratic form can be
due to higher order Coulomb or other charge
dependent effects as well as to various isospin
mixing effects. These deviations are generall
represented by the additional terms d(A,T} - T3
and e(A,T) -« T7 and can only be studied with
jsospin multiplets having T2 3/2.

In general, extensive studies of isospin
quartets and more recently quintets, have shown
excellent agreement with the quadratic form of
the IMME. Persistent deviations have been ob-
served, hawever, in the mass & and mass 9 mul ti-~
plets. These multiplets have members which are
unbound to narticle decay, so it is af interest
to study higher mass multiplets in which all
members are bound to isospin-allowed particle
decay. The mass 36 quintet is, to date, the
highest mass quintet that has been completed.

36Ca was produced with the 40Ca(3He,u3n)35Ca
reaction at 95 MeV. Because of the simultaneous
production of other strong s*-delayed proton
emitters, the on-line mass separator, RAMA, was

used to isalate the mass 36 nug&e:i from the
other reaction products. The a experiment
was mace exceptionally difficull both by the
expected lTow yield of the reaction and by
possible interference by s* delayed protons
fgon 36K, Fortunately, a detailed study of
6K by Eskola et al.l was available. With
the RAMA jon source operating in a mods that
enhanced alkali metal production, the 6K
groups were observed. Operation of the ion
source in a mode that enchanced Ca ionization

prodgg;d a new group that was not observed in
the studies. This group, at an energy of
1G 985 0%1:2) 1,,,~100ms

4 258 QNT:=2'
S

+ // i
2850 w2t p
1666 3/2'/
55["
00 2¢ =342 ms

"i72

Fig. 1. A proposed decay scheme for 36ca.
(XBL 793-910)
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Table 1. Properties of the A = 36 isobaric quintet and
coefficients of the IMME.
Nucleus T Mass excess Ex
[Mev] [Mev]

3ca -2 - €.490 +0.00 0
g -1 -13.168 £0.022 4.258 +0.023
36ar 0 -16.3795 +0.0022 10.8518 + 0.0022
36c) +1 -25.2229 +£0.0013 4.2989 +0.0013
365 +2 -30.6659 £0.0015 0
Coefficients for the IME: M=a+b T, +c - T2+d-Tlve-1d

a b c d e xs fa)
-19.3795(20)  -6.0437{37) 0.2003{16) - - 1.90
-19.3801{22)  -6.0446(40) C.2030{46) -0.0011{17) 3.42
-13.3795(22)  -6.0434(74) 0.1997{92) -- 001014}  3.80
-19.3795(22)  -6.018(15) 0.177(15)  -0.0097(50} o .0075(41} -

(a)  Reduced X2 = X2/y.

2519 21 ke',
5 decay of the 0%,
6c

= 2 ground state of
a to the 0%, T =

2 state in its daughter,
followed by proton emission. This energy,
together with the mass of °2Ar, yields a value
of -13,168 22 keY for the mass excess of the
= 2 state in %K.

Table 1 shows the results of fitting the
mass 36 datu with possible forms of the IMME.
The best fit to the data is seen to be the
quadratic IMME. Four parameter fits result in
d or e coefficent consistent gwth zerg. More
precise measurements of the 36Ca and 30k
points are necessary to determine any possible

we attnbute to the super-allowed

significance of the non-zero d and e coeffi-
cients found in the five paramenter fit.
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Helsinki, Finland; to be published in Nucl.
Phys. 1980.
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BETA ENDPOINT MEASUREMENTS OF '°%In AND *®n

J. Wouters. J Aysto,

In a continuing series of experimentsl to
determine beta endpomag we hav ow measured
fhg beta endpoint of 1051, and . The

In beta endpoint of 3.88 & 90550 NeV is a
new measurement while that of In, 4.08X
0.250 MeV is a corroboration of a prgvious
measurement by G. Lhersonneau et al.c Com-
parison of these measurements with the various

" M. Cable. P. Haustein, *

R. Parry and J. Cerny

mass formula predictions enables the observation
of any effects on the mass surface due to the
nearby double shell closure.

The beta endpoint measurements were
conducted using the RAMA mass separator system
together with standard s*-y coincidence
techniques for data collection. Preliminary
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Fig. 1. Fermi Kurie plot and partial decay
scheme for In. Beta-branching ratios were

detemined from the y-spectrum in coincidence
with potitrons. {XBL 799-2801)

results, ncluding a detailed description of the
techniques used, were reported at the €th
International Conferenge on Atomic Masses and
Fundamental Constants.” We have since

repeated the experiments with the following
refinements. The beta-telescope was calibrated
with the endpoints Sg the strongest allowed
decay, pranches of 123s (3.410 X 0.122 MeV),

nd 124cs (4.574 * 0.150 NgV) produced in

4N on Cd at 110 MeV, and SCRb (4.069%

Table 1.

o
w

9,025 Kev), pp (1.837 £ 0.042 Hev), and
Rb (3.!1:?.27 eV} YB uced in 198 on Zn
at 150 Hev. 10515 an In were produced
by bu-ggrding 1 mg/cm® natural Mo and sepa-
rated %Mo targets, respectively, with 110 MeY
1N jons. The data were collected using
hardwire coincidences beiween the beta-telescope
detectors and the gamma detector and analyzed
using software gates on known y-rayc of the
daughter nucleus to project out a single
component beta spectrum.

The resulting beta spectra were anlayzed two
ways. The spectra were plotted in Fermi-Kurie
form using a ~omputer cude that also corrects
for the response function of the beta detector.
Linear least squares fits of the resulting
spectrum determined the endpoints (See Fig. 1}.
Secondly the spectra were analyzed using the
shage function fitting technique of Davids et
al.

A sumr{ gf our measurements and the mass
excesses of 1091n and 1030 are presented in
Table 1. Deviations of the experimental values
from a semiempirical shell model formula by
Liran and Zeldes, and from a garvey-Kelson
transverse equation are given® for compari-
son. In the main, these predicted masses agree
fairly well with the experimental measurements.
An_interesting disagreement of -1.0 MeV of the

In mass excess from the Liran-Zeldes
calculations is inconsistent with the good
agreement of their approach in predicting the
other experimentally known In mass excesses.
Further systematic studies are required to
understand both this behavior and whether it
might have any possible relationship with the
nedrby double shell closure.

Summary of Qpc determinations and cemparison

to different mass predictiens.

Nuclide Decay Energy [MeV] Mass excess a=Me(Exp) - Me(theory)S
This werk Literature [Mev] L-Z [MeV] G-K

1031p 5.56£0.35 6.8%0.52  -75,04%0.38 -1.00 -0.61

1051, 5.1240.130 -79,2240.13 0.24 0.55

tPermanent address: University of Jyvaskyla,

Finland.

{Permanent address: Brookhaven National
Laboratory, Upton, NY.
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B. NUCLEAR REACTIONS AND SCATTERING

Microscopic

TEST OF PARITY CONSERVATION IN pp SCATTERING AT 46 MeV*

P von Rossen. " U

it has been calculated! that the parity
non-conserving weak-interaction part of the
nucleon-nucleon interaction should result in a
non-zero value of the longitudinal analyzing-
power Ay in p-p scattering. A, is given by

Az = (17 Pz Mt - " Wlo*e -7)
where p; is the beam polarization and
«*{c") is the cross section for incident
protons of positive (negative) helicity. The
:.lculations predict A; to have a broad maxi-
mum near 50 MeY with a value of at nost a few
times 10-/. Thus, extreme care ans precision
are required in order to reduce the experimental
error to such a level.

The present experiment is done with a 50-Me¥
polarized proton beam fram the 88 Inch Cyclo-
tron. Since the polarization direction is
provided by the megnetic field, the beam from
the cyclotron has only transverse (verticall
polarization. As shown in Fig. 1, a solenoidal

von Rossen.” andH E Conzent

Fig. 1. The beam line and the experimental
set-up. 0, quadrupole magnets; FS, fast
steering magnets; 5SS, slow steering magnets;
(M, centering magnets; MB, bending magnet: MC,
monitor chamber; POS, beam position sensors;
PAT, target-detector assembly. (XBL B011-3901)

Table 1. Summary of errors and results.

Contribution 19 error
)

Systematic effect Value in p; A; (x10

(1) Intensity modulation
(It - 171+ 1)

(2} Position modulation

axt - x>
1 1

<t -y
.Yl Yy

@t - x>
z

et -y
Y27

(3

Emittance modulation
s0/0

(8) Transverse polarization
components

(5) Electronic asymmetry

-1.3(3) x 10-7 c.22
-0.03(4) x 109w 0.2

-0.2(1) x 10°2.m 0.2

0.4(2) x 10-2um 0.2
1.6(4) x 10-%um 0.2
-10-3 0.5
1.0
0.3

measured ];:uﬁ |A, with statistical error (-1.0 '71.2) x 10-7

1Pz [Ay wit

combined errors (-1.0 ~ 1.8) x 10~

2]nclides estimate for a-decay asymmetry.



wagnetic field is used to precess the spin axis
90° into the horizontal plane, after which a
dipole magnet bends the beam through an angle of
47.7° and precesses the spin axis into the beam
direction, Thus, spin-reversal at the ion
sgurce resuits in proton helicity reversal at
the target.

Since integrated scattering rates of 109
to 1010 per second are obtajmable, it is not
difficult to ach;eve a statistical accuracy at
the level of 10-/. The severe challenge is ta
reduce the systematic effects, uhich provide
false asymmetries, to a comparable Tevel. The
systematic errors arise fram coherent changes of
the beam properties with spin reversal. Two
beam-position sensing eifements, consisting of
secondary electren menitors in a quadrant
geometry, are used both te monitor and control
the beam in position and angle through the
target. Improvements have been made on the
nolarized ion source and on the cyclotron in
order to minimize instabilities which affect the
ultimate accuracy ohtainable with our experi-
mental apparatus.

In contrast with the approach used by the
Zurich group, our design is lo ~ontrol the
coherent team mogulationt. to such an extent that
the remaining effects are not influencing the
measured asymmetry in a signficant way. The
success of this apprach is seen in Table 1,
where our coherent beam position and intensity
modulation amplitudes are two o three orders of
magnitude smaller than those of Ref. 2.

Our present results, which are summarized in
Table 1, were achieved in 3-4 days of data
acquisition. The measured asymmetry is

o= lpyJhz = {-1% 1.8) x 1077,

which, with 2 value of p, = 0.80 gives the
result

Az = {-1.3 - 2.3} x 107

The listed error is the root square sum of the
statistical and systesatic errors. The main
contributions to total error are the statistical
error and the systematic error due to transverse
polarization components. These both cam be
reduced substantially when a new fonizer for the
polarized {on source is fastalled in a few
months. A factor of ten increase in the
polarized beam intensity s anticipated.
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CONCERNING TESTS OF TIME REVERSAL INVARIANCE VIA
THE POLARIZATION-ANALYZING POWER EQUALITY*

Homer E. Conzett

1t has long been established that time
reversal invariance (TRI)} iz a sufficient
conditicn for the general polarization-analyzing
power equality.! That is, the polarization
{P} of an outgoing particle from a {binary)
nuclear reaction is equal to the analyzing-power
{A) for those polarized particles incident in
the inverse reaction. Since efastic scattering
js its own inverse process, it has been used in
essentially all of the tests of TRI that use the
pelarization-anaiyzing power equality.

in particular, the wost ﬁnsitive test by
this method_was made on p + !°C elastic
scattering. It is necessary to scatter from

a nucleus with a non-zero spin value, because
otherwise parity conservation alone ensures thit
P = A. By making the measurements for 13C
relative to 2C, it was not necessary to
measure either the absolute beam potarization ar
the absolute analyzing power, and the result
that P = A to T 2.5 was achieved.

As is shown in Ref. 2, the P-A difference is
given by

P{e} - Ale) = {c"*{e}--*"[e}}/clo} )
re

whe
s{e) = {c**{o) + c*-(8) + c~H(B) + -""(8))/2
and o~*(p) is the cross section For the scat-
tering of a proton from an initial negative spin
state to a2 final po?tive spin state. Using the
Madison convention, the positive (+y) direc-
tion is up for a proton scattered to the left in
the herizontal plane. Since the time-reversed
process of o~¥(8) is c{p)*, eq. (1) becomes
P{e) - Ale) = D if the strong interaction is
invariant under time reversal. Thus, the ref. 2
result for thf elastic scattering of 32.9-MeV
protons from L3C at o = 60" was interpreted
as satisfying TRI within the = 2.5¢accuracy of
the experiment.

1t is clear, however, from eg. {1} that
another reason for P(a) - A{e) = U could be the
very small values of the individval spin-flip
probabilities, even if they were not equal as
required by TRI. And, 7t 75 now Known from
measurements of the depolarization in elastic
p-nucleuys scattering that this is, indeed, the




case.4 Since the depolarization parameter is
given by

D(e) =1 - 25(e) (2)
with the (total} spin-flip probability
S{e) = {o*~(8}+c"*(8)/20(8) 3

measurements of D(e) provide determinations of
S{e). It is now possible to estimate a value of
s{e) in p - 13 scattering at 32.9-MeY and

8“ = 60° from determinations of D{s) in p -

Be scattering at 25 MeV. That is, for the
samof gR, with q the momentum transfer and R =
roh / , _the nuclear radius, one has D = 0.94
£0.02.5 1 take this to be the lower 1imit of
D(32.9 Mev, ¢ = 60°) for p - 3 scatter-
ing, since the quadrupole spin-flip mechanisn’
1s not avﬂlalﬂe here because of the spin-1/2

value of Thus,
25 < 0.06. {4)
Assume now that
ot = 2077, (5)

which would be a clear and substantial breaking
of TRI. From egns. (1), (3), [(4), and (5) it
follows that even then

|p-Al < o0.02, (6)
which is smaller than the experimental error.
Hence, the experiment did not provide a test of
time reversal invariance.

It is immediately obvious from this discus-
sion that tests of TRI using the polarization-
analyzing power equality should be made through
measurements in a reaction and its inverse where
tlie spin-flip probability is expected or known
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to be large. Such seasurements are ynsent&y
undervay in a Laval-8erkeley collaboration.

1 am grateful to H. S. Sherif_for the
suggestion to estimate D in p - 13C scattering
from the p - resul ts.
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TEST OF CHARGE SYMMETRY IN n-p SCATTERING

G. Greeniaus,* G. A. Moss,* G. Ray.* H. Coombes.* R. Abe:q.’

N. E. Davison,' W. T. H. van Oers, ! and H. E. Conzett

An experiment has been proposed to TRIUMF to
investigate the isospin-mixing charge-symmetry
breaking {CSB) component in the n-p inter-
action. The experiment will measure the dif-
ference aA between the neutron and proton
analyzing power Ap and Ap in n-p elastic
scattering at 500 MeV. Besigned as a null-
measurement requiring no accurately known
polarisation standards, the experiment will
determine the difference in angle at which Ap
and Ap cross through zero. It will provide an
unambiguous test for the existence of CSR
effects to the level of aA = 0.001, correspond-
ing to a laboratory angle difference at zero
crossing of = 0.05°.

During the summer of 1979 a test measurement
of the p-p analyzing power crossover was made.
This test was undertaken to provide some firm
evidence that a precision comparable to the
desired n-p experiment could be obtained, and to
yield quantitative estimates of potential back-
ground. A polarized proton beam was incident on
a CHp target. Protons were detected in coin-
cidence in symmetric multiwire proportional
chamber {MWPC} counter telescopes having central
1ab angles of 41.65°. The MWPC's allowed track
reconstruction to be made. The Nal detectors
were sufficiently thick to stop the p-p elastic
protons that entered them. Figure 1 shows .ie
coincidence yield as a funciion of the opening
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e angle between the coincident protons. When

appropriate cuts are made, the C{p,2p} events

are reduced by at least a factor of 7 relative

to the p-p elastic events. The p-p scattering

asymmetry observed for 5 consecutive runs and
EL averaged for the left and right telescopes is

shown in Fig. 2. The bins are 0.1083° wide {lab

angle). The fit yields a crossover at bin
100.15 - 0.85. The expected value is at bin
100. The error is purely statistical. The five
runs vepresent about 25¢¢ of the data for the
thick target. Systematic errors in geometry are

ol

A V., (b} probably less than 0.05° at this stage oi the
traze) analysis. These results are summarized in Table
3 J 1.
[t S Footnotes
¢ 128 256 Y] _

*Physics Department, University of Alberta,
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tPhysics Department, Univeristy of Manitoba,
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Fig. 1.
Table 1.

p-p experiment n-p exreriment

at 500 Mev

Quasi-elastic scattering

background «}r probably < )¢

Background asymmetry Small and similar Probably as rfavorable

Effect of background
on crossover

to free p-p

88g < 0.005°
pessimistically

as the p-p case

Probably similar to
the p-p case.

p-p experiment
at 500 MeY

n-p experiment

Crossover determination
for 5 run sample.

0o = 41.64°  0.09°

x2 = 85.74/79 d.f.

dP(a)
-0.024
detab




ANALYSIS OF *He + *He ELASTIC SCATTERING BETWEEN
18 and 70 MeV WITH THE RESONATING GROUP METHOD OF
BROWN AND TANG*

A D.Bacher,' H. E. Conzett. R de Sini

The elastic scattering of 3He by 4He has
geen well described at least for low energy
He particles by The resonating-group method
of Brown and Tang® in the one-channel approxi-
mation. Indeed phase-shifts calculated by this
method have been found in good agreement with
those detem;ned from typical phenomenological
analysis of SHe + %He elastic scattering
at least up to E = 31.5 Me¥ {ref. 2), The
purpose of this exﬁeriment was to obtain data at
higher energies to provide an ex%ensive compari-
son with the resonating-group formalism which a
priori should be less successful since an in-
creasing number of reaction channels are ex-
pected to open as the energy increases. Another
purpose of this experiment was to investigate
the possible existence of_high lying excited
states of ‘Be. A recent e + %He elastic
scattering for incident He particles between
27 and 43 MeV has indeed shown that the
resonating-group method describes the datg only
in a rather general quantitative fashion.

“ He«‘He

T ST @
o

6-634

R = maximum

O B) (mb/sr)

*e encroy {Mev)

Fig. 1. (XBL 698-1242)

‘F.G. ini' and T A. T

In this faper we present the differential
cross-section of the “He + “He elastic scai-
tering at certain angles and for 44 energies
between 18 zpd 70 Me¥. The range of excitation
energies of ‘Be covered is between 11.8 and
41.5 MeV. Most of the low-lying states ig /Be
ilave al rr:ady been observed in low energy “He +
He elactic scattering. Forf - 4 only f~wa!|e'
phase shifts show resonance structure for E(-He)
- 8 MeV corresponding to the 4.57 Ke¥ (7/2°},
the broad 6.73 He; (5/2-) and the 9.27 MeY
(7/2-) states in ‘Be {refs. 2,5). The 7.21
MeV (5/2°) level has not been seen in elastic
scattering. Besides these levels and states at
9.9 MeY (3/2°) and 11.01 MeV (3/2-) which
haxe been obtained thrq}gh various reactions,

2.8 no other levels in ‘Be hgve yet been

clearly assigned. Recent]ly * however a broad
resonance structure at E{-He} = 34 MeV has

been seen in rough agreement with the
resonating-group p;erlicl.ion.6 Resonating-
graup calculations’ employing anf -dependent
phenomenological imaginary potential reproduce
the cross-section data over a wide range of
energy and predict a broad { =2 tevel at 11.6
HeV and both £ = 4 and § = 5 levels near 25 HeV
excitation. 1n this paper we will compare the
resonating-group calculations with the excita-
tion function obtained at some particular
angles, such as the zeros or maxima of the
Lengendre polynomials which contribute to the
partial wave expansion. Since we are dealing
with a spin 1/2 particle elastically scattered
on a spin zero target it is important to recall
that for any level of given spin and parity only
one partial wave contributes. We observe indeec
marked changes in the shape of the angular
distribution which are best reflected, as we
shall see, in the behavior of the excitation
functions. Figure ! presents the excitation
function at two angles corresponding to zeros or
maxima of the Legendre polynomials which are
compared to the resonating-group calculations.
This figure shows the behavior at 38.5° (P3=

0, Ps = maximum) and & = 63.4° (P3 = maxi-

mum) compared to the resonating-group calcula-
tions. The increase in the cross-section in the
upper one suggests that the / = 5 wave could be
involved, however the slow decrease in the lower
one rules out the possibility of a significant
contribution from the f = 3 wave.

In conclusion, we can say that the resonating-
group predictions follow jenerally the beshavior
of the excitation functions, at least for che
shape of these functions. These calculations
are also in relatively good agreement with the
phase-shift with the exception of the p-wave
81. From our amalysis and experiment, we can
suggest the existence of a possible { = 1 level
around 20-30 MeV and most certainly broad £ = 4
and £ = 5 levels above 30 MeV in agreement with



recent theoretical calculations. The resonating-
group method describes the “He + “He elastic
scattering for °He energies between 18 and 70
MeY only 1n a rather general qualitanve
fashion. 3ar12ation measurements gsmg either
a polarized “He beam or a polarized

target will provide the possibility of a
complete and unique phenomenological analysis of
the scatltering data, especially when the
polarization data will be extended to higher
energies.
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FROM TRANSFER TO FRAGMENTATION*

Bernard G. Harvey

Studies of the system 16p + 208ph seem
to indicate that quasi-elastic fragments of the
projectite {those with beam velocity) are pro-
duced by fragmentation at energies greater than
about 20 MeV/A but by a different mechanism
{probfbly m. " ti-nucleon transfer) at low ener-
gies.* The change in mechanism appears to
occur rather abruptly in the region of 15 Me¥/A.

Semiclassical calculations based on the
matching conditions for momentgm and angular
momentum in transfer reactionsc predict that
the transfer cross section will be greatest when
the ejectile retains almost the projectile
velocity, and that the angular momentum of the
heavy nucleus will be mvR/K, where m is the
transferred mass, v is the relative velocity of
projectile and target nucleus and R is the
radius of the final nuclus. Measurements of the
average y-ray multiplicity <M,> in coincidence
with quasi-elastic fragments shw that <M >
is indeed proportional to m and v at energies up
to 10 MeV/A, but not at higher energies.

At some vatue of v, the angular momentum of
m around the core must become so great that the
“transferred" nucleons cannot remain bound long
enough for their angular momentum and energy to
be taken up by the whole system. At this point,
some or all of the transferred mass will
presumably be promptly re-emitted, carrying away
a substantial part of the angular momentum and
excitation energy.

Figure 1 shows semiclassical transfer calcu-
lations of the angular momentum of the final
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60 B
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Fig. 1. Semiclassical calcul:tion of angular
momentum as a function of mass transferred.
(XBL 808-1631)
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heavy nucleus in the 169 + 208pp, system as a T T LN
function of the mass of the observed quasi- 315 Mev
elastic fragment. The dashed line shows the
critical angular momentum fc ¢ from the
Wilczynski semi-empirical systematics.® For
Ej6y 0f 140 Me¥, the anqular momentum of the
fingl heavy nucleus is always below (pjt, and
transfer is not limited by this criterion. At
E of 315 MeY, only one or two nucleons

cég be transferred before the angular momentum 225Mev
exceeds fcrit. At Ejgy of 226 MeV (14 4
Me¥/A), as many as six nucleons can be
transferred before the angular mcmentum exceeds

(MeV)
<} N
Q [=]
1] 1]
) ol

®
o
!

fcrite It is therefore at about this beam 60 i
energy that transfer reactions should begin to r-
give way to the fragmentation mechanism.
1t is inst ive to Took also at th 4 -
t is iastructive also e 0] 140MeV

Excitation energy

excitation energy Eox of the final nucleus.
Figure 2 shows Egy as 2 function of the mass
of the observed quasi-elastic fragment for the
same three beam energies. The slopes of the
Tines correspond to the excitation emergy per 160 +208py,
transferred nucleon, Egx/m. When that

quantity exceeds the binding energy per nucleon, 1 [ I
it seems 1ikely that prompt re-emission will o 4 8 12 16
occur. At the three beam energies shown in Fig. Frogment moss
2, the excitation energies per nucleon are

respectively 4.3, 9.0, and 14 Me¥. This result

suggests again that true transfer should cease

N
Q
1
—

(o]

in the vicinity of 14 MeV/A. Fig. 2. Semiclassical calculation of excitation
. . energy as a function of mass transferred.
Further experiments are required to sort out {XBL 808-1632)

the relative importance of the excitation energy
and of the angular momentum in determining where

transfer changfa over into fragmentation. At 1. C. K. Gelbke et al., Phys. Rep. 42, 312
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criteria suggest that this will occur at about
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MOLECULAR RESONANCES AND THE PRODUCTION OF FAST o-PARTICLES
IN THE REACTION OF "0 WITH *2 *3C NUCLEH*

W. D. Rae, R. G. Stokstad, B. G. Harvey, A. Dacal,’'

R. Legrain,® J. Mahoney, M. J. Murphy, and T. J. M Symons

Recently Nagatani et al.l presented experi- g-s.,% so for the 160 + 12¢ system an
mental results that suggest the direct Eopu]a- expermment in which carbon jons are detected in
tion of molecular resonanis sfates by 1 E coincidence with o-particles could be expected
transfer in the reaction 12C(160,4) at 59

i:g irclyde events rrom the decay of a resonant
C

= 145 MeV. The inclusive spectra presented in + 120 final state. To this end the

Ref. 1 show structure in the yield of fast following experiments were performed:
a-particles on top of a large underlying

continuum. In contrast, these structures are A beam of 140-Mev 160%* from the LBL 88
not observed in_the sin?ges a-cpectra obtained inch %yc'lutron was used to bombard ? 620
by bombarding 13C with 3

0. The hHher sg/cmé natural carhgn target and a
energy resonances observed in the 12C + 12/¢ targst of 285 ug/cmé thickness enriched to 95
system are estimated to havs Targe par%ia] in 13C. Alpha partic]gs were_gdetected in 2
widths for decay into the 12 g.s. + 12 ¢ AE-E telescope while 12C and 13C jons were



detected in either a second aE-E telescope or in

the QSD magentic spectrometer.

Data were taken at 22 angle pairs fg(\:iering
7.5° to 30° in the laboratory for the
telescope and -4° to -18° for the a telescope.
Figure 1 shows typical spe:ira obtained using
the two telescopes and the 12C target. Only
events in which al) three particles emerged in
their ground states {Q = -7.16 MeV} are shown.
Analysis of all the data showed that the
dominant peaks are not constant in E, or E.

of discrete a-unbound states of the 160
projectile followed by their decay.

For a comparison of reactions with 12¢ and
13¢ targets we used the magnetic spectroseter
to detect the carbon ions. F:gure compares
}“v’picaI spectra obtained with the 12¢ an?

C targets. The Q-value spectra for a- 2c
coincidences and the energy spectra of the
a-particles show similar structures. Analysis
of data taken at different ang]es showed that
the coincident yield of o +

C is domnatig
as a function of e1thgr o, or ec. Also 0*

shown in Fig. 1 are J60% excitation spectra.
The energies of the peaks in these sgactra are
found to be independent of both e, and ec,
and the relative angles e,-ec- On the basis
of these results we conclude that the coinci-

by the excitation and subsequent decH
;chardless of whether the target is '¢C o

Differences between the data from 12¢ and
13 targets “gye observed in the colncident

dence data are dominated by inelastic excitation yeild of a + 1°C (Figs. 1(c) and (d}}. This
12
12116412~ Y12 C-a -
0 C(*0,%Ca) “C coincidences E|gp=140Mev
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Fig. 1. Coincident counts vs E;, Ec and Eygq, are shown in
columns 1-3. Each row shows a different pa19 of detector angles.
(XBL 806-3394}
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12 13 was explained by the respective Q-values for
180-{)0'%8' goggrgg neutron pick up by the projectile. Another
500 el . A di fference, the larger relative cross-section
q) Q Spec'rum b) @ Spectrum Q= for the erguction of coincident fast a parti-
400k Q:-7i6 | 3 -7i6 cles by a 1¢C target, (Figs. 1(g) and {h}}, is
L.t Mev not understood at this time.
3001 The irclusive alpha spectra of Ref. 1 sug-
200+ gsst the population of hIghly excited states in
Q=-..56 Mg, and this has beig tﬁpreted in_terms
I Mev of resonances in the 1¢C + 1¢C system. 1
100 The preseﬁ cm idence experiments do not
. reveal a *¢C + c final state interaction.
Ot —r - The possibility exists that the small diffﬁ-
¢l Q@ Spectrum ences nﬁerved in the coincidence data on 1<C
401+ and on '°C might account for the abﬁnci of
3 ES structure in the o singles data on
o 30k a Alternatively, (1) the resongn fakup of the
z projectile might obscure a *¢C + anter-
Z oot action, or (2} the states formed m Ea
< 9= -263 have a small width for decay inte 12¢ + 1
T "
| J.m:':hmj
@ OoL. o
w - — v ey Footnotes and References
a 120 e)Ea ‘?pechum ] L) Ea Spec'vum
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Fig. 2. A comparison of the co1nc1den§e data
ohtained in 1°0 induced reactions on C and

C at 8, = -14.5° and g = 10°.
(XBL 806-3395)

'3C* PRODUCTION IN THE 187 MeV '2C + 2°°Fh REACTION

A.N. Bice, A. C. Shotter' and Joseph Cerny

The reaction mechanisms involved in the targets. In general, these studie; seem to
produstion of fast light parhcles and indicate that the process of projectile
projectile like fragments in the interaction of excitation and decay is of relatively minor
very assymetric systems are currently under importance in explaining the observed inclusive
extensive study. Several single particle yield of beam velocity particles. Indeed, it
inclusive, Tngu]ar correlation and particle-y recently has been suggested by Wu and Lee
experiments! have been performed with 10-20 that the mechanism of incomplete fusion

MeV/nucleon B, C, N, and O beams on heavy following projectile fragmentation must be a



dominant process in complex projectile induced
rsact'l ngp A recent investigationt of the

C + b system at 187 MeV found that the
process of profsctﬂe excitation and subsequent
decay (in the 1cC*, o + 8ge channe]) contri-
butes significantly to inclusive BBe measure-
ments. Presented here is data for another
§rong se uential breakup channel &P the

Be transition from the 20 b(lzc

130*) 20 Pb(g.s.) reaction at 187 MeV.

Th1s atudy was performed by bombarding a 1.4
mg/em 20Bph target with % 187 Mev 12¢

beam. The production of 3c*,q + 9e was
observed by detecting the decay products in
coincidence with a two telescope system.
Further experimental details of this detection
system may be found elsewhere.

Coincidence between o and %Be reaction
products were measured between 13° and 30° i
the Taboratgry system. The summed energy spec-
tra of a + “Be fragments at all angles are
dominated by a single transition that is kine-
mam'cisﬂy consistent with a nsutrcn pickup by
the 1¢C projectile 'leavmg Pb in its
ground state and an excited 1°C product, which
then decays into a + YBe fragments. This
interpretation is further supportec by the
observed a - 7Be relative energies of ~ 1.2
and ~2.7 MeV, which is c]gse to the relative
energies expected for a 13C nucleus excited to
the first two groups of alpha decaying states
above the o + 7Be breakup threshold. Our
detection system ge8metry did not allow clear
observation of a - “Be relative energies above
2.7 MeV.

Figure 1 shows the measured o + %Be yield
(for the 207pp (g.s.) transition) versus the
laboratory angle of the two te'lesigpe etect‘non
system. As was observed in the (
reaction channel the o + 9ge productwn peaks
near i:he frazmg angle {~ 20°). The shape of
the (12, I3cx) angular distributions were
interpretab]e in terms of a peripheral reaction
mechanism.

The observation of a strong neutron pickup
channel to states unbound with respect to alpha
decay suggests that direct nucleon transfer to
unbound levels, in general, cculd strongly
influence single artué gpmclusive measure-
ments. For the ! 08pb reaction it has
been found that the sequential breakup process
can significantly gffect other reaction channels
such as mglusive Be measurer<rts. From the
observed 13¢%, o + JBe transitions we have

70

208,

Pb{%C C T Ph (g5
— 0, . tas 9Be
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Fig. 1. The reiative yield of 13(% q + e

production for a~7Be relative energies less
than ~ 3 MeV. Trangitions from two groups of
excited state; of 13¢ contibute to the
observed o + “Be coincident yield.
(XBL 808-1755)

estimated that ~ 10-15¢ pf the nea: beam
velocity “Be inclusive cross section comes
from this neutron transfer and subsequent decay
chanrel .

Clearly, further investigations of sequen-
tial breakup and direct nuclieon transfer reac-
tions producing unbound ocutgoing systems are
necessary before a cimplete understanding of
fast particle production can be achieved.
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180 - '2C ELASTIC SCATTERING AND TOTAL REACTION CROSS SECTION
ATE, =60, 93 and 135 MeV.

M. E. Brandan,* A. Dacal,* . Galinda,* A. Menchaca-Rocha. *

8 G. Harvey, R. Legrain, J. Mahoney, M. Murphy, W. D. M. Rae, and T. J. M. Symans

Angular distributions hgve been measured for
{,he elastic scattering of 160 from 12C at
60 energies of 140,218 and 315 MeV for angles
up to 46° c.m. The data were analyzed in terms
of a six-parameter W-S optical potential. The
determination of the optical parameters at each
energy showed the ambiguities already known for
heavy fons. The real part is well determined
only between ~ 6.6 and 7.4 fm., this sensitive
radial region being the same for the three ener-
gies. Figure 1 shows the data with a represen-
tative optical mode) fit.

Some of the ambiguities disappeared when the
three sets of data were analyzed simul taneously
assuming an energy-independent potential. _The
quality of the fits however, was poorer, X</N
being 2 to 5 times larger than the best individ-
ual fit at each energy.
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Fig. 1. (XBL B09-1841)

Total reaction cross sections og(E) were
obtained from the optical mode! analysis of the
elastic data. Since the parameters are not
uniquely detemined it is not possible to
unambiguously derive a value for og- An
averaging procedure was followed, based on the
strong correlation that was found between cp
and the imaginary diffuseness aj. Figure 2
presents the values of og(E) with uncertain-
ties calculated from the statistical distribu-
tion of op values corresponding to different
d). The data show that op(E) does not
simply level off and stay at the geometrical
value (= 1.39 b) but they are consistent, within
the urcertaipities, with parameter-free
calculations] {solid 1ine) based on
nucleon-nucleon data, which show increased
nuclear transparsncy in heavy-ion reactions at
medium energies.
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+ %5i ELASTIC SCATTERING

M S. Zisman, J. G. Cramer.” B. M DeVrnes,' D A. Goldberg.’ and A Seamster*

As a continuation of our previous studies of
high energy e'l9stic Egattering, we have now
tooked af the ‘Li + <9Si system at 140.7 MeV
using @ /Li{3+) beam from the LBL 88 Inch
Cyclotron. Based on our earlier work,l it is
known that SLi exhibits behgvior similar to
that of light ions such as %He. For example,
the high energy 5Li elastic data show evidence
for a back angle enhancement due to nuclear
rainbow scattering, and global fits indicate the
need for markedly energy dependent potentials.
In contrast, fgr heavier projectiles fush as

e, 12C, or 160 there is no evidencels
for nuclear rainbow scattering at high energies,
and it is possible to find energy-independent
optical potentials that fit the data over a very
wide energy range.

Because ’Li shares many properties in
common with °Li and “Be (such as having a
small binding energy and a non-zero spin),
comparison of the present results with those
from Refs. 1 and 2 might ultimately be expected
to shed some light on whether the "transition”
in elastic scattering properties outlined above
depends primarily on these features. In
addition, Satchler and Love® found in thg'ir
globs'l folding model analysis that both ®Li
and “Be are anomalous in the sense of
rejuiring a substantial renormalization of the
real potential (N ~ 0.5} to fit existing
data. On the other hand, existing Tow energy
Li elastic scattering data on various_targets
do not appear to show such an anomaly.” Thus,
it is very interesting to compare the real
potential derived from the presept /Li + 2Bsi
data with the high energy SLi + 28Si potentials
1,2 obtained previously.

Figure 1 shows our preliminary Tei+
28gj elastic scattering angular distribution
at E ap = 140.7 MeV, along with optical model
calculations employing both a deep {Vy ~ 150
MeV) and a shallow (Vg ~ 15 MeV) Woods-Saxon
real potential. As can be seen, the back angle

data appear to show evidence for rainbow enhance-

ment. This feature can be fully reproduced with
a deep potential, but is only approximately
reproduced when a shallow potential is used. In
contrast to the difference between 6Li and

Li reported by Satchler and Love,” we find
that the real gotent'ials required to fit high
energy “Li + 31‘ data {Ref. 1) and the

present ‘Li + 2857 data are very similar.

One consequence of this similarily of the real
potentials is that the fusion barriers that they
predict are nearly the same. Interestingly, the
values obtained for both systems agree rather
well with predictions based on the systematics
of Yaz and Alexander.

As regards the imaginary potential for the
7.7 + 2857 system, our preliminary analysis
indicates that it is considerably less diffuse
than that required to fit the high energy °Li

+ 28si datal anc iooks more like the sort of
imaginary potsntial found? in fits to low
energy Li + 2Bsi data. This suggests that
whatever process causes the long tail on the
Li imginar,y potential is less important in
the case of ‘Li scattering. Insofar ss
breakup is the most &ikely c,ndidate, 23 the
differences between °Li and L1 would
presumably be related to the different separa-
yion energies (1.47 Me¥ fur 6Li, 2.47 MeV for
Li) for the two ions. Firm conclusions on
this point necessarily await more data as well
as more detailed analysis of the present data.

! 7Ll + 2BSI

Eigstic scatterng
140.7 Mev

E v\'\ f\iﬁ?‘c

—— Deep potenhal
--=-+ Shallow potential

9 20 B
6, o (deq)

Fig. 1. 7Li + 283§ elastic scattering angu-
lar distribution at E ap = 140.7 MeV. The
solid curve represents an optical model calcula-
tion employing a deep Woods-Saxon real poten-
tial {Vg ~ 150 MeV) and the dashed curve
represents a calculation using a shallow real
calculation potential (Vg = 15 MeV).

{XBL 808-1664}
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THE QUASIELASTIC BREAKUP '?C—~a*Be at 132 MeV AND 187 MeV

A_C. Shotter.*

In the last few years there has been
increased interest in breakup reactions of 1ight
jons scattered from nuclei. Such reactions are
of interest in their own right but 1t is also
important to understand the breakup mechanism
since it can have an influence on other reaction
channels. In the case of light ions, it is
normal to consider only a direct breakup pro-
cess, i.e., a rapid fragmentation of the pro_]ec-
tile at the nuclear surface. However, it is
also pussible for the breakup to occur following
excitation of the projectile to discrete states
that are above the corresponding breakup thresh-
olds. We have undertaken an experiment designed
to study the breakup_characteristics of 132 and
187 MeV 2C jons on b, in which it is
found that for quasi-elastic events in which the
relative energy between the fragmerts is below
2.3 MeV, the breaku? proceeds primarily through
discrete states of

The experiment was performed using 12C
beams produced by the 88 énch Cyclotron. The
only breakup channel of L E abgve 7.37 Mey,
and below 15.96 MeY, js 1 Be + a; these
breakup fragments are confmed to a cone of an
angutar width that is determined by their rela-
tive energy, ¢, and the laboratory energy of the
excited projectile, E, Maximum efficiency for
the detection of the *€C* breakup fragments
was achieved by constructing two aE x E tele-
scopes in close vertical geometry, with one
telescope above and the other below the reaction
plane. These telescopes consisted of pairs of
aE and E detectors manufactured on the same
silicon wafer such that the minimum vertical
angular separation of the telescopes was 1.57.
Reject detectors placed behind the E detectors
were employed to veto high energy events.

The di ffgrentwl cro s sections for the
breakup of 12¢ into the Be + o channel, for
which the target remains unigcited, is shown in
Fig. 1 for 132 and 187 MeV 1¢C enpergies. The
grazmg ang]e for these two reactions are 32°
20°. It is seen that the exper'lmentaI angular
distributions are at a maximum near these
angles. The shape of these distributions are

A N 8icc and Joseph Cerny

1 jmilar to_gther surface reactions such as
30@»?155 i5(1) z8’Pb, u:ich supports the

interpretation that the breakup reaction is a
peripheral phenomenon.

An investigation of the breakup cross sec-
tion wita incident energy should provide valu-
able data for testing various breakup theories,
and compiementary data for incomplete fusion
reactions.!

208pp, ! c'zc (7.6 Mev)*®Pb(g.s.;

/{5{\%‘ ‘a+aBe(g‘s.1

o
-2

5.0}
I A R |
EPNE
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N \
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Fig. 1. _The sur d differential cross section
for the Zostmig Be)Z[’BPb {g.5.}
reaction at 132 and 187 MeV. (XBL 809-1906)
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FUSION CROSS SECTIONS DERIVED FROM OPTICAL POTENTIALS

In recent years defayed studies of heavy
jon elastic scattengg and also fusion
excitation functions have appeared in the
Titerature. One interesting questicn which
these data allow us to investigte is whether or
not the optical potentials obtained from fits to
elastic scattering data are also capable of

M. S. Zisman

reproducing the measured fusion excitation
function for the same system. This quest'ign has
been add{gssed reviously by Vigdor et al.

for the Ca system. They were

successful in simul taneously fitting both the
fusion excitation function data and the elastic
scattering data at one energy (55.6 MeV) with a



single real potential. However, this potential
was incapable of providing good fits to the
higher energy elastic scattering data {extending
up to 214.1 MeY).

In the present study a somewhat different
approach is usea, namely to emphasize the high
energy elastic data in the fit procedure. It
turns out For most light heavy ion systems that
the high energy elastic data are sensitive to a
rather broad radial range, and that this r}gion
of sensitivity extends well inside of the
fusion barrier.é Thus, insofar as there is a
single interaction potential between the Tons
which determines both elatic scattering and
fusfon, it is the high energy elastic data which
are sensitive to that region of the potential
which is important for 1ow enerqy fusion data.

Examples of ophcal mdg] htg to the
elastic scattering in the 160 + 28si system,
utilizing both a Woods-Saxon (WS) and a
proximity radial form are shown in Fig. 1.
Fusion cross sections were calculated for each
of the potentials shown in Fig. 1 using various
friction-free models. The first involves a
simple sharp cutoff &SCO] rnudel in which

oflE) = ma8{fcp *+ 1)€, where J o, is

the highest partial wave for which the maximum

de o, foeq’ foe 33,503,304 8 MeV data
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Fig. 1. 0pt1ca1 rncds] fits to the elastic

scattering of 1 8si at several
taboratory energies. The solid lines correspond
to a Woods-Saxon parametrization of the real
potential and the dashed lines to a proximity
form for the real potential.
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Fig. 2, Predicted fusion cross sections “or the
160 + 2Bsi system based on the WS potentfal

shown in Fig. 1. The solid curve represents a

sharp cutoff calculation while the dashed curve
represents a caiculation including Hill-Kheeler
parrier penetration effects. (XBL 803-518)

in the real potentfal (nuclear + Coulomb +
centrifugal) is below energy E. In addition,
calculations including barrier penetrability
have been Herfor-ed using the Hill-Wheeler
expression® for passage through a parabolic
barrier. 1n both c2ses the barrier height and
position for each partial wave were determined
by explicitly differentiating the appropriate
optical potential.

Shown in Fig. 2 are calculated fusion cross
sections for the + 285i system using the
WS potential from Fig. 1. The solid points and
crosses represent measured fusion data from Ref.
5. As can be seen, the agreement is quite gord
and indicates that for this system it is possi-
ble to find a single interaction potential which
simul taneously reproduces both elastic scatter-
ing and fusion data. Similar studies have been
performed for the 160 + 27a1 and 160 +

0Ca systems with comparably good results.
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ANALYZING POWERS OF *Hef{5,p) *He ELASTIC SCATTERING
BETWEEN 30 AND 50 MeV”

J Birchall’ asndW T H van Oers”

H E Conzett. P von Rossen® and R M Lanmer

J Watson.* R E Brown

In a recent phase-shift analysisl of
g-3He s.attering data unusual bekaviour of the
Sg» P, and IDy phases was observed in the
energy range between 20 and S0 MeV. With a view
to enlarging the data base and to obtain
improved phass parameters, we have made measure-
ments of the “He(P,p) “He anmalyzing powers
at laboratory angles between 20° and 160° at
proton energies of 32.4, 35.1, 37.6, 40.1, 45.0,
47.6 and 49.6 MeY. These angular distributions
complement those¢ at 21.4, 24.8, 27.3, and
30.1 MeV and differential cross section” and
total reaction cross-section daja” as well as
data obtained with a polarised ~He target.5

The polarised proton beam from the 88 Inch
Cyclotron of the Lawrence Berkeley Laboratory
was transported to a gas cell containing “He
gas at pressures between 1 and 2 atmospheres.
Beam currents on target were varied between 10
nA and 100 nA while the beam polarization was
typically 0.8.

The gas target was contained in a scattering
chamber, at the entrance and exit of which
coliimation slits were fitted. Current falling
on the left and right components of these slits
was ronitored and beam transport parameters
adjusted to ensure that these currcats were
equalised. In the first series of rumns (at
32.4, 35.1, 37.6, 40.1 MeV) these adjustments
were made by hand. An automatic contrel system
was installed for subsequent runs.

The scattering chamber contained arrays of
detectors placed symmetrically at either side of
the beam. Four detector systems in the first
and two in the second series of runs were used.

An absorber wheel downstream of the scatter-
ing chamber was used to reduce the beam energy
to that appropriate for the beam polarimeter.
The polarimeter was immediately downstream from
the absorber wheel. One detector system at
either side of the beam detected protons
elastically scattered from the polarisation
analyser, which was *He gas for the first and
a 1e¢ foil fgr the second set of measure-
ments. The “He and '¢C analyzing powers
were taken from the data of Bacher et al.b and
Kato et al.

Beam was collected in a Faraday cup and
charge integrated. The beam polarisation was
reversed at the source a few times per second on
the basis of equel Faraday cup charge per spin
state.

The results of the measurements are shown in
Fig. 1. Corrections for finite geometry were
very small (usually less than 0.001) and have

been incorporated into the data only at 32.4 and
35.1 MeV. The statistical error bars when not
shown are smalier than the size of the dots.
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Fig. 1. Analyziag powers A‘y for 3He(ﬂ‘.D)
He between 30 and 50 MeV. “The curves are to
guide the eye. {X8L 8011-3900)
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ROTATIONAL ENERGY EXPRESSIONS AND LEAST-SQUARES FITTING OF
BACKBENDERS AND SIMILAR NUCLE!*

J. O Rasmussen, M. W. Guidry." T E Ward.® C Castaneda.’ L. K. Peker.** € Leber. ' and J. H. Hammiton* ¥

With the increasing knowledge of states near
the yrast line in deformed even-even nuclei, it
appears that irregularities in spacings (back-
bending or upbending) may be associated with
band crossing. The band that crosses the ground
band (g-band) at sy critical spip I¢ will
here be referred tu as the S-“and {for “super-
band" or "Stuckhelm band"). The band-mixing
picture has been invoked in numerous studies.

Stephens et a2 especinlly have advanced
the picture that the S-band involves the
decoupling of a pair of particles in a high-j
orbital to a resvitant Jp = 2j - 1 angular
momentum, to which the core anguiar momentum
adds in stretched fashion to yield the resultant
spin I. In its purest form the decoupled S-band
should show a band-head spin of Jp (=2§ - 1}
and energies of

2
Es(D) = Eg + P R(R + 1),
295 )

with

R= TI-4dp. (2)
The limiting case of two bands, degenerate in
the absence of Coriolis interaction, has a

simple analytical solution.

Consider the case of a deformed even-even
nucleus with neutrcn chemical potential between
t2and @ + 1 orbitals of high j. We suppose that
the i33/2 Peutrons play the major role in the
backbending phenomenon and that essantial

features are dominated by the two nearest-lying
11372 orbitals. From these orbitals we can
generate an excited !* band and an excited
0* band that involve, respectively, procotion
of one and two nucleons across the Fermf surface
from > to J2+ 1>. To avold spurious O
states we treat the probics 1n a particle, not
quasiparticle, representation. The three bands
{including ground 0%) will interact via
pairing and Coriolis interactions. The physical
nature we postulate for the important bands
allows us to treat them by successive 2 x 2
diagoﬂaﬁzations. If we approximate fhe uaper K
= 0%*, and K = 1% bands as degenerate
before Coriolis interaction, we get simple
energy solutions with maximal 50:50 state mixing,
W] = Eg + AI(T + 1) = Heop,, (3}
where A = £2/29, the rotational constant, and
the Coriolis matrix element is Heop, = 2ALi(j
+ 1) -nf + DIVZENT + 1) - o(d + 1)}/,
Taking the lower {minus) sign we have our
approximate expression for the superband
energies in the absence of mixing with the
ground band.

In the Timit of Tow @ we get the “"decoupled
band" expression of eq. {2). This is the
idealized Stephens decoupling Timit.

Having derived a simple analytical expres-
sion for S-band ensrgies, we now wish to intro-
duce mixing with the ground band. The mixing
matrix elements with the ground band should
consist of {a) spin-independent terms coupling



th 0* components and comng from pairing force
and j) * jz recoil and {b) of Corjolis

7

In cur mode! sharp backbending requires that
the two large mixing terms nearly cancel at the

virtual band crossing. The spin-independent
term we believe arises from the pairing
interaction coupling to the K = 0*' component
of the S-band wave function, and the other term
is Coriolis coupling to the K = 1* component.

terms with the K = 1 component having the spin
dependenceV/I(1 + 1). HWe shall constrain the
Coriolis term to have the same <+ 11j, 0>
matrix element as in the unmixed S-band
expression. The spin-independent term will be a
variable to be determined by fitting.

Table 1 gives a sample of least square fits
obtainable with six free parameters.

Table 1. Some experimental and fitted transition energies for cases
where data exist in both crossing bands on either side of
the crossing point?
" "y b a1 ]
1A 1A
JELReV) HE ReV) tE (kW) 1K keV) W, kel

2 0 914 s w23 1240 416
4 2 208 1 22 21 2613 ho Und
6 4 sy Y 178 3 T )
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2The convention above is that the lowest level of a given spin
(yrast) is unprimed and the next level of a given spin is primed.

Footnotes and References

il Department of Physics and Astronomy,
Yanderbiit University, Nashville, TN 37240

*Condensed from Ref. 2

tPhysics Jepartment, University of Tennessee,
Knoxville, TN 37916 1. It may be rationalized that retention in the
zeroth order Hamiltonian of the diagonal matrix

f1ndiana University Cyclotron Facility, Bloom-
ington, IN 47401

§Physics Department, University of California,
Davis, CA 95616

**Datz Group, Brookhaven Mational Laboratory,
Upton, NY 11873

tt American Public Power Association, 2600
Virginia Avenue, NW Washington, DC 20037

elements of pairing could make the 0*' band
degenerate with the 1*.

2. J. 0. Rasmssen, M. ¥. Guidry, T. E. Ward,
C. Castenada, L. K. Peker, E. Leber, and J. H.
}(iamil;:on, Nuclear Physics, A332, pp. B2-94
1979).

3. F. 3. Stephens and R. 5. Simon, Nucl. Phys.
Al38, p. 25 (1972).



78

THEORETICAL ROTATIUNAL SIGNATURES FOR NEUTRON PICKUP REACTIONS
TO liy3,2)* BANDS*

J. Almberger, ' | Hamamoto.’ G Leander.® and J. O Rasmussen

He show with the particle-rotor model that
non-yrast low-spin states, which are struc-
turally related to the rotation-aligned (i13/zl2
tand causing backbending at higher spins, can be
populated selectively by means of 1 = 6 neutron
pickup from an odd-reutron target with T"
appropriate ground-state configuration.

We suggest that lower-spin states with
relatively large_spin alignment can be located
selectively by (“He, a) reactions on even-odd
target nuciesf having the odd nfg ron in an
i13/2 state, i.e. Dy 5/2%, Er
7/2%, 1794f 972*. The value of performing
such exgeriments has been pointed out
earliert, and experimenta)l work is now in
progressj. These large- O neutron-transfer
reactions are known to favor high-j orbitals, in
contrast to (d,p) and (d,t), where tower-j
orbitals are favored.

We used the parameters of the "ij3/2
model" as employed in Ref. 4. The results are
simmarized in Figs. 1 and 2.
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Fig. 1. Spectroscopic factors calculated from

the particle-rotor mode! for I = 6 and 8. The
Fermi level A is varied through eleven values in
a MeV range around the 1) = 5/2 orbital, whose
position on the abscissa is arbitrarily set to
0.5 MeV., The states with an excitation energy
between 2.0 and 2.7 MeV above the calculated I =
0 ground states are marked by dots. The spec-
troscopic factor is indicated by the length of
the horizontal bar on each dot.

o8
8/ w1ty
¥y —
13
*
s H
ar
| ]
. .
° i i
os
L2 BRI
ve ! ¢
os N
i 7
s ) [
' i
a2 . "y .
; R
a N [ 9
o i i L\i'l L)
[ t ?
E. (Mev)
Fig. 2. Theoretical rotational signatures for

11372 neutron pickup  The results for spin 6
and B from fig. 2 at » = ip and ig are
displayed again in the lower and upper parts of
the figure, respectively. In addition the
states of the ground band and states with spin
4, 5, 7 and 9 are included. The lower g{ot
might be approximately relevant for a 1Plpy
target. For x» = 17 there are three spin-
aligned states, closely spaced at an enerqgy
which the present calculation may be predicting
somewhat inaccurately, which have as large spec-
troscopic factors as the [ = 6 member of the
ground band.
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SURFACE STRUCTURE OF JEFORMED NUCLElI BY RADIAL
AND AMGULAR LOCALIZATION IN HEAVY ION SCATTERING*

A. E. Neese, ! M. W. Guidry, ' R. Donangelo, ? and J. O. Rasmussen

The development of thf classical-1imit
S-matrix (CLSM} formalism' has made tractable
the analysis of inelastic scattering data for
heavy-ion systems and has provided simple and
accurate semiclassical models for the excitation
mechanism. These calculations’ demonstrate

that (1) because both Coulomb and nuclear forces
contribute to the excitation, scattering in this
region should probe both charge and mass para-
meters; {2) at energies below the barrier a
relatively clean separation can be made between
the effects of the real and imaginary parts of
the potential; (3) the short wavelength of the
heavy-ion system implies radial localization;
(4) the large transfer of angular momentum to
the target nucleus implies localization in the
orientation of the deformed rotor.

In Fig. 1 we show excitation functions for
the system 40ar + 160Gd in the range Ejap
= 100-160 MeV. Assuming the 1 MeV contour
defines a surface which is generated Y} deform-
ing a sharp charge radius ro = 1.2 A 3fm and
assuming a spherical projectile, we deduce that
82 ~ 0.34 and 84 ~ 0.03, in reasonable
agreement with other determinations of these
quantities {e.g., Ref. 3)}. However, we believe
the potential contours shown in Fig. 2 are more
fundamental than such model-dependent parameters
and provide a direct method of comparing
theoretical deformed potentials (e.g., folded or
proximity) with a minimum of a priori
assumption. For instance, a Eégormea folded
potencial can be tested by its ability to
reproduce the potential contours of Fig. 2
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Excitation functions for various states
in the ground band of 0Gd excitad by “YAr pro-
jectiles scattered at e1ap ~ 170°. The lines
represent fits by our theory. Below ~ 135 MeV
the excitation is purely Coulomb.
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Fig. 2. The deformed ion-ion potential con-

tours.

Figs. {a)-{c) represent the contribution

of each state, and fig. (d) is the :omposite

nuclear potential energy surface for the ion-ion
Each radial unit is 2 fm.
solid lines are spherical harmonic representa-

interaction.

tions of each contour.
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without including the folded potential
explicitly in the scattering calculation. We
may expect that results such as those in Fig. 2
will encourage the extension of folded and
proximity potentials to include an adequate
treatment of deformed systems. Such a program
has recently been initfated by Rgndrup and
Vaagen for proximity potentials.
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GIANT RESONANCE POLARIZATION TERMS IN
THE NUCLEUS-NUCLEUS POTENTIAL*

J. 0. Rasmussen, P. Méller,' M. Guidry, * and R. Neese'®

Effective polarization potentials for
adiabatic Coulomb coupling to giant resomances
are derived for heavy-ion collisions {see Table
1). The isovector giant dipole resonance and
isoscalar giant quadrupole resonance are found
to cogtrlbute at, raﬁtige terms varying as
772752/r% and 2727,%/r5 respectively to the
effective nucleus-nucleus potential. Because of
the strong Z-dependence these terms become
significant in the collision of very heavy ions,
dominating the far tail of the ion-ion poten-
tial. Ana1ys1’3 of a rgcently determined surface
potential for *0Ar + 180gd suggests the

presence of such Bg;ariz on terms. We calcu-
late that for a 20%pp + b colliston the
adiabatic polarization potential erceeds the
real nuclear jon-ion potential estimated by the
proximity theorem for csnter—of-nass separation
distances r > 1.4 (A)L/3 4 A,173), Furthermore,
at the point where the polarization and nuclear
potentials become equal -Vpqg) may be 2-3 MeV
for very heavy systems {see Fig. 1). Therefore
the adiabatic polarization represents a mea-ur-
able effect that may be expected to play a
significant role for heavy-ion reactions in
which discrete final states are observed.

Table 1. Polarization potential at grazing distance 1.6 (ﬁ;-" + Ain) fm.

Projectile Target R(Fm) Yypr(Me¥) ¥s5gp (Me¥)
G-Dipole G-8uadrupole
gg“' ggc" 10.9 0.040 0.011
]’;BOce 13.8 0.129
g(z)BPb 15.0 0.182
238, 15.4 0.203
92
ggxr 1406& 15.4 0.311
208py, 16.5 0.453
238y 17.0 0.511
208 208py, 19.0 1.230 0.237
238y 19.4 1,408
238y 238y 19.8 1.607 0.307
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Fig. 1. Calculated polarization potentials
{giant modes) for the system of two b

nuclei and comparison to the nuclear proximity
potential. Note that by this estimate the
polarization poteriial may reach several Me¥
before being masked by the real nuclear
potential. {XBL 7910-12119)
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2. Macroscopic

PRODUCTION OF HEAVY ACTINIDES FROM INTERACTIONS OF
0 and '*0 with **Cm

Diana Lee. Barbara Jacak, Matti Nurmia, Cheng Ouc, Glenn T. Seaborg
and
Darteane C. Hoffman*

The transfor of many nucleons from heavy-ion |04 LU E S S SO R St S S St B p |
projectiles to target nuclei is a phenomenon i 18, 248
that has been known for some time. A variety of F Go' O+ Cm 8k A:goj
techniques has been used to measure details of a'’"0
the product kinetic erfergies and angular distri- I~ cf U:go .
butions. Hahp_et al.! Lave invegtjgated the a'8o
reactions of 1ZC with 2gglm and EHU 103}~ / €5 0160 ]
Teading to 23%CF and 85¢F. More recently, | / S 0
considerable attention has been devoted to the S ¢ "0 1
production of actinides andzgossible superheavy B Fmo:go

elements by bombardment of 8y and 2 her
heavy targets with very heavy ions (*°Ca,
BEer” lgﬁie, 238y). However{ no compre- I~ 4
hensive measurements have been made of actinide
yields between target and compound nucleus for
systems involving heavy actinide targets gnd
2’ utron-rich lighter heavy ions such as 189 or
Ne. In the current work we have used radio-
chemical separation techniques to isolate and
measure yieldg of isotopes of Bk Ehrough Ne
produced in 180 bombardments of 2 8Cm.” One
of the most dramatic results is that isotopes of
all these elements are formed in relatively high 00
yields :omggred to those ogigrved for bombard- 0%
ment with 90Kkr, 136xe, or  ions. In
on-line experiments we have previously detec- +
}—

[e3
™

3
]

Cross section {ub)

ted? and measured the properties of a 1.5-sec

gggntaneous fission activity that is probably
Fm, the most neutrgn-rir.h nuniéide kriown , ol b L

from bombardment af 248cy with f()t;ons. n 246 250 254 258

order to assess the importance o e extra pair

of neutrons in lgo, we have also measured Mass number

§i§1ds of the same elements for bombarcment of

48Cm with 100,

In these experiments a target of 248Caf .

containing 924 wg/cmé_of 3"gmngwas bombardeg Fig. 1. Yields of the heavy actinides from
with 95-MeV 180 and 160 icns. The recoiling {3-mev bombardreats of 248Cm with 103 and
products were caught in a 2 mg/cm® gold foil 0. (XBL 811-3579)
which was subsequently dissolved for radio-
chemical processing. After preliminary pro-
cessing, the individual actinides were separated
by elution from a cation exchange resin column
with hot alpha-ammonium isobutyrate. {The A e
overall chemical yield was 80"a) The resulting neutron excess of the projectile. The yield
actinide fractions were assayed by standard curves also appear to be rather symetric and do
fission counting, and alpha and gamma fBe“m‘ not drop o_ff sharply on the neutron-rich side.
Tgtry. The yields dﬁgrmined for the 90 and The peak yields are relatively large, ranging

0 bombardments of Cm are shown in Fig. from a few mb for the Bk and Cf to a few ub for
1. They were calculated assuming all recsiling Fm. This is to be compared with peak yields of
actinides escaped from the target (6.5 mm diam.) about a b to a few tenths of g ub, for exampie,
and were caught in the gold catcher Foil (19.5 in the 136%e bombardment of 248Cm. In gen-

mm diam) which was about 3 mm from the target.

mass~yield curves for each element are shifted
to thg neutron-rich fide by about 2 mass units
for 180 relative to 100, reflecting the

eral, thg maxima of the yigld curves are smaller
for the 180 than for the 190 bombardments,
but the yields of neutron-rich products are much

Comparison of the results for 180 with y
higher. These “transfer-type" reactions may

those for 100 show that the maxima of the



offer a method for making new neutron-iich
isotopes for study that have not previously been
available to us. We %lsu propgse to similarly
study reactions with ¢ONe and 22Ne and

compare the results with predictions based on
various mechanisms such as transfer, deep
inelastic, and incomplete fusion reactions.
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ADDITIONAL EVIDENCE FOR THE PRODUCTION OF 2**Fm IN THE BOMBARDMENT
OF 2**Cm with *0

D. C. Hoftman, " 2. Lee. A. Ghiorso, M. J. Nurmia and J M. Nitschke

We used the MG fission-fragment spectroscopy
system to make more precise measuirements on the
1.5-second spontaneous-fission ggtivity that we
had tentatively identified as 299Fm.l

The actlvit{ was again Eroduced hy bombard-
ing a 490 ug{gm target of 48em with 95-MeV
(in target) 180 ions from the LBL 83 Inch
Cyclotron. The recoil nuclei were stopped in
helium seeded with NaC1 aerosol and transferred
through a capillary to the MG system where they
vere deposited on collection foils mounted on an
80-position fiberglass wheel. The wheel was
stepped everv two seconds to bring the foils
successivley between four pairs of solid-state
detectors for the recording of coincident
fission fragments.

By replacing the wheel with a new one con-
taining 80 cTean foils every 40 minutes we were
gg%e to reduce the buildup of the 2.7-hour

Fm to such a low level that its contribu-
tion in the first crystal pair during the first
tro seconds of observation was only 4= No
attempt was made to subtract this background
from the energy spectra.

We again found the mass-yield distribution
to be narrowly symmetrical. The half-life of
the activity was determined to be 1.5 * 0.1
seconds, in agreement with the yalue of 1.5%
0.2 seconds measured by H9ffrnan‘ for pure

Fm produced via the 25/Fm (t,p} reaction.

The pre-neutron-emission total kinetic
energy {TKE) spectrum for 542 pairs of coinci-
dent fission fragments observed in the first
detector pair is shown in Fig. 1. The average
TKE was found to be 233 HMeV, in close agreement
with the Elg;t Brobab'le TKE of 242 MeV measured
for pure Fme.

The close agreement of the measured half-
Tife and TKE with those of 259Fm would of
course Eggport the identification of the activ-
ity as Fm. However, we feel that further

SF per 4 Mev

Oleé

180 200 220 240 260 280 300
Pre-neutron TKE (MeV}

160

Fig. 1. The distribution of pre-neutron-
emission total kinetic energies of 542 pairs of
coincident fission fragments observed in the
first detector pair. The average TKE is 233 MeV.
(XBL 807-1547)

measurements are in order before a positive
assignment is made; in particular, more informa-
tion is needed about the (1.89 * 0.88) sscond
fission activity Rbserved b{ Bemis et al~ in
bombardments of 2%9CF with 15N and ascribed

by them to a Sggntaneous-fission branching in
the dec:y of Ha.
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MAXIMUM LIKELIHOOD ANALYSIS OF NEW
SHORT-LIVED SPONTANEOUS FISSION ACTIVITIES

L. P Somesville, R C. Eggers. M. E. Leino, J. M. Nitschke, A. Ghiorso, M. J. Nurmia

In the last annual repo.-t] we discussui
the observation of several spontaneous fission
(SF) activities with half-lives of 19 ms, 54 ms,
1.4s, and 4.8s, produced in the reactions IBU +
2i8cm, 180 + Z48m, Yo+ 23k, ana 13 + Z3k
and drtected using the recoil tape transport
system. The half-lives were determined by least
mean squares (LMS) analysis.

Shortcomings of half-1ife analysis using any
of several LNS codes became apparent when deal-
ing with few events. Therefore, a maximum Jike-
lihood (ML) computer code was written which
could accommodate up to five components, in con-
trast to Ref. 2, which could accommodate only
one variable component. This ML code makes use
of the decay time t; of each nucleus in deter-
mining the decay constants ij and amounts A;
of each component j; it maximizes the 1ikelihood
function

n m i oAt
t= 1 ( z A.e“j‘i/ = A‘A-_/-e J dt)
i=1 V=11 j=1 33

i =
where the integral extends over the time of ob-
servation. This extracts the maximum amount of
information from the data.

A comparison of ML and LMS analyses of the
same sets of experimental data revealed that the
hal f-1ives determined by the ML code were as
much as ten per cent longer than the LMS
values. Therefore, it was decided to test the
ML code using computer-generated artificial data
for which the half-life was fixed. Assuming a
23.3 ms half-life, 157 sets of 645 decay times
with Poisson statistical fluctuations were
generated. These event times were then analyzed
with the ML code to determine the apparent
half-life. The distribution of half-lives, as
shown in Fig. 1 has a mean value of 23.3 ms
which is in agreement with the 23.3 ms half-1ife
assumed in generating the data. A similar test
of 28 sets of 645 decay times plus background
again showed that the ML code was able to
reproduce the assumed half-life.

Having been thoroughly tested, the ML code
was used to analyze the results of several
experiments. Table 1 lists the half-lives of
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Fig. 1. Distribution of half-lives determined
by the maximum Tikelihood code for 157 sets of
645 decay times, computer generated by assuming
a 23.3 ms half-Tife and Poisson statistical
fluctuations. (~BL 807-1389)

the observed SF activities in ms and the projec-
tile energies in MeV as T1,2(E) determined_by
the il c?de for experiments using the drum

and tape systems.

With the ML analysis it now appears that a 20-24
ms SF activity was produced iu the reactions
78-86 Mey 15N + 2498k ang 92 Mev 160 +

288¢m; also for 83-100 Mev ISN + 2898k ang

109 Mey 180 + 248Cm 5 15-17 ms SF activity

was produced. However, on the basis of the
available statistics we cannot distinguish
between the 15-17 ms SF activity being a pure
activity or the result of a small admixture of a
short-lived compcient of ~ § ms with a 20-24

ms SF activity. These data alone do not allow
us to make definite isotopic assignments, due to
the non-specific nature of the fission process.
But these results, together with the excitation
function data of Refs. 1 and 3, are now not
;gaonsistent with the possible assignment of
104Rf 1o the 20-24 ms SF activity and another
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Table 1

reaction system
15y + 249p, drum
tape
16p + 248¢y tape
18p + 248¢ tape

C t1 C t 2

23 % 2(78,82,86, 15 4 (88,100}

21 1(92)
16.7 * 1.5 (109), 53 = 4 (89)

SF activity with Z < 104, (e.g., 28LLr) to the
15-17 ms SF activity. An Sss1gnmen% of the
50-55 ms SF activity to 18,_Rf would be consis-
tent with our data.
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EXOTIC REACTIONS IN THE BOMBARDMENT OF 2°°Pb by '*Q

A. Ghiorso, R. M. McFarland, M. Leino and S. Yashita

In the reaction 298cm + 180 we have pro-
duced’ a 1.5 sec spontaneous fission activity
with a 15 nb cross section. Within experimental
error it demonstrates the same characteristics,
symmetric fission, total kinetic Sgsrgy, and
hal f-1ife, as the known? nuclide
this assignment is correct it suggests the
intriguing reaction mechfmsm in which the 18p
projectile transfers a 1iBe nucleus to the
target with minimal kinetic energy loss.

To test_this hypothesis we have bombarded
208pp with 180 at the 88 Inch Cﬁ;otroﬂ and
sought the equivalent product, This
nuclide decays by the sequence:

2%y o 215, e 2llpy __ 8" ?llp;

3.96 5 T78ms~ F®Im 75w 220,

The reaction recoils were stopped near the tar-
get in helium and the atoms conducted quickly
into a metal sphere of 5-inch diameter with a
gas flow rate of about 10 cmd/sec. An insu-
lated plate charged at -600 Y was placed at the
Eff of the sphere to collect the granddaugher

Pb ions generated by the alpha decay of the
precursors.

Directly produced alpha actwwt]ef that
i?gld interfere with the search for 21pb from

Rn were removed with both a 3-micron filter
and a coaxial electrostatic precipitator in the
line connecting the target chamber to the sphere.
We measured ths efficiency of the systET by
using a thin 223Ra source to generate

at a known rate into the target chamber, and
found it to be nearly 100%. After each bom-
bardment of 0.5 to 1 hour the collector plate
was removed and ana'l_ysﬁi for the distinctive
alpha part'n%'les from Bi in secular equili-
brium with

A small number of preliminary bombardments
have been made at 110 MeV. The only alpha
activ;H observed on the collector plate was
from Bi and decayed with about a half-hour
half-1ife, a% a rate correspondirg to a cross
section for 219Rn of roughly 10 nb. Further
bombardments are planned at di fferent energies.

Using the same target we have also detected
re: made via the mechanism

208Ph(lgo aLnEMF This nuclide

decays by the sequence:

220, o 216 212, . o 367
Fr 77T s AtO I ms Bi 0.5 m
o
(644

Po a0.3:s

The experiments were set up to milk alpha
recoils from the decaying 220Fr ang dgfsct the
ﬂ ha radiations from the 60.5 m duo Bi —=

Po*



The francium atoms were stopped in helium
ioaded with NaCl aerosol and tramsferred via
helium jet to catcher plates in vacuum. The
plates were mounted on an 80-step wheel that
moved one step every 28 seconds. Secondary
alpha-recoil catchers were mounted next to the
first ten plates following the helium jet.
After one cycle of the wheel these catchers were
removsd and anal{ged for the alpha radiations
from 212Bi and 212po with a set of 10 Si-Au
detectors.

Only one experiment has been tried so far,
but it indicateg that 22UFr is produced. Some
42 events from ¢12Bi/212po decaying with a
half-1ife of about an hour were observed in the
first four secondary catchers. The amount of
activity in each foil successively decreased
S%éistent with the half-minute half-life of

r.

If we assume that the 220Fr gas jet yield
was 50°¢ and that 50°7of the alpha-recoiling
daug’ ters were collected, then the cross section
for the reaction zong (180,§LI)2§0Fr is
rouchly 0.3 microbarns at 110 MeV.

We calculated optimum Q-values and optimum
excitation energies for these bombardmerts to
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see if the 2%8Cm experiments energriical.y
fagred the “l1Be” transfer more than the
208pp experiments did. This preliminary
calculation includes only Coulomb and regm‘]
effects on the trajectory of the system.

From Table 1, no great difference between
these bombardments is immediately obvious that
would explain the contradictory experimental
results by Qopy considerations alone. More
thorough calcufations will be done that will
include nuclear and centrifugal contributions to
Qopt and, more importantly, that will consider
transfer amplitudes and de-excitation survival
probabilities of the heavy products.

The Qgpt calculations for the 180 +
208pp, system show that at Jower in‘tial kin-
etic energies, f;ound 80 MeV {(c.m.s.), ~Qopt.
is 43 Mev for 219 production. This is too
}%Fto overcome the -Qgg of 48.1 MeV. For

r production, -Qgpt is 52 Mey, higher
than the -Q g of 48.Y MeV. This suggests that
220p ihoulﬂ be produced at lower energies
with 219n beginning to show up at higher
energies. Our planned measurement of the excita-
tion functions of these reactions should shed
light on these estimates.

Table 1

System Praducts E}.gg(expt) Qgq Qopt £a

(MeV)  (MeV)  (MeV)
(MeV)

189 + 248¢p, 259 + 7ge 95 -42.7  -47.4 4.7
260mg 3 + 65 -44.2 -57.8 13.6

189 + 208pp 219y + 7ge 110 -47.1 -53.7 6.6
220F, + 6y -48.1  -65.7 17.6

2proplet model? mass used
bimaginary nucieus
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ACTINIDE PRODUCTION FROM THE REACTION OF '>*Xe with 2**Cm

K J. Moody, D. Lee, R. Welch, B. V. Jacak. R. M. McFarland, P. L. McGaughey. M. J Nurma,
M. Perry. G. 7. Seaborg, R. W. Lougheed," P. A. Baisden.® and €. K. Huler*

We have measured the production cross-
sections for many of the aﬁ:&'nide nucngs
formed by the reaction of Xe with Cm,
at a projectile energy between 865 MeY and 795
Me¥ (1.2 to 1.1 times the Coulomb barrier).
These are plotted in Fig. 1 as a function of the
product mass number. The trans-target (Z
greater than 96) cross-sections for a given
element show peaks in the curves at slightly
lower mass numbers compared with those miasured
for thi 5am§ element in the reaction of *YCa
with €38Cm.1 An extrapolation of the sub-
target (2 .]4855 than 93& cross-sections indicates
that the 136xe plus 248cn reaction may pro-
vide a viable method for the production and
identification of new neutron-rich Pu and Am
isotopes.

This set of data was obtained from two
irradiati%ug at the SuperHILAC, where a beam of
1130 MeY Xe was delivered to our recently
constructed actinide target facility4. The
beam was focused through a 5-mm collimator,
after which it passed through a tnin Havar iso-
lation foil and a 2.6 mg/cm¢ beryilium target
backing bsforc iériking a target consisting of
2.1 mg/cm 2380, which was present as
the fluoride. Recoil nuclei were collected with
a conical catcher foil between the laboartory
angles of 15° and 75° with respect to the beam
direction, No catcher foil geometry corrections
have been applied in calculating the cross-
sections summarized in Fig. 1.

During the first irradiation of 18 hours an
average beam current of 300 electrical nanoam-
peres passed through the target. The gold
catcher foil was dissolved in aqua regia and the
resulting solution was passed through an anion
exchange column {Dowex-1 resin). The trans-
plutonium elements were eluted from the column
with concentrated HC1, while the lighter acti-
nide elements remained on the resin. The
concentrated HC1 sclution containing the heavy
actinides was evaporated to dryness, after which
the activity was dissolved in a small volume of
dilute HCl and )oaded onto a cation-exchange
column (Dowex-50x12} at an elevated tempera-
ture. The actinides from Cf to Md were sepa-
rated from each other by elution with a low pH
a-hydroxyisobutyrate solution. The column was
then stripped, giving a solution containing Am,
Cm and Bk, which was passed through a cation-
exchange column in saturated HC1 to separate the
actinides from lanthanide contaminants. The
original anion-exchange column was stripped of
the elements from Pa to Pu, which were further
processed to remove any fission products. The
chemical fractions containing Lf to Md were
counted to detect alpha and spontaneous fission
activities, using a pulse-height analyzer, for a
period of over one-half year with Si surface-
barrier detectors. The other fractions were
counted to detect gamma-ray emitting activities,

with Ge{Li) detectors, for up to several weeks.
The production cross-sections were obtained from
decay curve analysis of the observed activities.

A second irradiation of 30 minutes duration,
with an average beam current of 180 electrical
nanocamperes, was performeg ;o ascerﬂgn the
yield of the short-lived 47 pm and Am
{two isomers). The aluminum catcher foil was
dissolved in concentrated NaOH, and Am was
co-precipitated with La(OH)3. The precipitate
was dissolved in HND3, Am{II1} was oxidized to
Am(Y1}, and LaF3 was precipitated to remove
the lanthanides from solution. Am(Yl) was then
reduced to Am{111), which was co-precipitated
with LaF3 in a second step. The insoluble
product was ready for counting of the gamma-ray
activities within 40 minutes after the end of
bombardment.
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Fig. 1. Production cross-sections vs. product mass

numbers from the reaction of 136 Xe with 248cm,
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Comparison of the trans-targgt cross-
gzgtions from the reaction of 13%Xe an

C1£|4§ith those from the reaction of 98Ca
and Cm, at an energy of 1.1 to 1.0 times
the Coulomb barrier, shows that for products
near the target the distributions of cross-
sections as a function of mass number for a
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given element are very similar for the two Footnote and References
reacﬂgns. As 7 increases, the distribution for Tt
the 136%e pus 248Cm reaction seems to shift *Lawrence Livermore Laberatory, Liversore, Ca.
to lighter mass. This shift is about one mass 94550
unit in the distrirution of Fm isotopes. The
peak cross-sections remain rcughly equal 1n 1. E. K. Hulet et al., Phys. Rev. lett. 39, 385
magnitude for the two reactions. Examinations (1977).
of the cross-sections for the production of Pu
and Am isotopes indicates that thes 055~ 2. K. J. Moody, M. J. KRurmia and G. T. Seaborg,
Esgtions for the unknown nuclides Pu and in this Annual Report.

'Am should be on the order of tenths of
millibarns and millibarns, respectively.

PRODUCTION OF '**At IN THE BOMBARDMENT OF '*'Pr WITH *‘Fe

S Yashita. M Leinu.* and A Ghiorse

The availability of rather neutron-deficient known nuclide 19087 (6.45 Mev alpha emitter
heavy projectiles such as 6Fe, together with with a 5.4 <ec halflife} has the observed char-
the development of a fast on-line mass separator acteristics,; we assigned the 7.2] MeV alpha
system, enable us to produce and detect new activity to 4at, the mother of 19085, The
neutron-deficient isotopes in the At region. decay scheme is as follows:

We bombarded a 0.6 mg/cm? 141pr target
at the SurerMILAC with boFe particles af 194 2,2 Hebo 190g; £:43 Me¥a 186y,
energies from 243 MeY to 275 MeY. After the s
separation of the beam by the helium-filled This assrgnment is further supported by the
SASSY mass separator magnet the fusion recoil results of a calculacion with the neutron
products were focused by quadrupole magnets and evaporation code JORPLEZ which predicts that
passed through a pair of position scnsitive f f crggs se:t]ga for the reaction
counters to get time of flight information. 41p(36Fe 3n)1%%At has its maximum at 256
Finally the recoil nuclei were implanted in an Me¥ bombarding energy. Our experimental excita-
array of 10 silicon surface barrier detectors tion function for this new activity has a
that were used to detect their subsequent alpha maximum at 258 MeV with 15 MeY FWHM. The cross
decay. secticn is of the order of 1 ub.

In this bombardment an unknown 7.21 MeV Footnote and Refere.ces
alpha activity with a 0.2 sec halflife was
found. We searched for the possible alpha *0n leave from University of Helsinki, Finland
decays of daughter nuclei within 10 seconds fol-

Towing the detection of a 7.21 MeV alpha parti- 1. Y. Le Beyec, Lefort, J. Livet, N.

cle. As a result, 6.45 MeY alpha particles with Porile, A. Snvo’la, Phys. Rev cs, 1091 (1974)
a halflife of 5 2 sec were found to be corre-

lated with the 7.21 MeY alpha particles. The 2. J. Alonso, Gmelins Handbuch der anorga-
probability that this correlation is accidental nischen Chemie, Erganzungswerk, 7b Al, II,
was estimated to be less than 0.000i. Since the Springer Verlag, Berlin {1974)

PRODUCTION OF '*2Po IN THE REACTION S¢FE + 4% '*2Ce

M. Leino.* S. Yashita, and A. Ghiorso

The recoil spectrometer system SASSY at the recoil energy of the products as well as the
SuperHILAC has been used to tudy ths xsmn 2lpha decay energies of alpha-active nuclei
products from the reaction > Fe + 140,1 produced. 1In a set of earlier runs which have
315 ug/cm2 target was prepared b_! evaporating been used as comparison, the time of flight of
natural cerium onto a 2.05 mg/cm¢ Havar foil. the recoil products between two gas counters was

The reaction products recoiling from the thin measured also. The time of fiight and the
target were separated from the primary beam in energy of the recoil products are useful in
the SASSY magnet. An array of 10 Si surface discriminating against recoil nuclei that are
barrier detectors Sach of which had an active not complete fusion products, but still fiy
area of 12 x 27 mmé was used for measuring the through SASSY. In order to measure the



excitation functions for different xn products,
six bombardments approximately equidistant in
energy ranging from 241 MeV to 274 MeV were made.

In the measured aipha-spectra there was a
continuous background, probably produced by
{n,a)-reactions and recoiling (filling gas) He-
nuclei, which are below the threskold to produce
a signal in the gas counters. This backgrcund
is created when the beam is on. In the final
analysis only alpha events outside the beam
pulses were accepted, and the resulting alpha-
spectra were practically background-free. The
FWHM of the alpha peaks was approximately 50
ke¥. The halflife of an alpha activity was
determined in the following way: For each alpha
particle of a given energy the recoil event in
the same detector that had the expected recoil
energy (and velocity, if measured) and that
preceded it and was closest in time to the alpha
particle was chosea as its probable emitter.
Thus the averace counting rat2 in each detector
de‘ermines an upper limit for the halflife that
can be measured. The distortions in the decay
curves caused by the choice of a wrong recoil
nucleus as the emitter of the alpha particle
have been corrected in determining the halflives
in this work. Since the daughters of the light
Po isotopes produced by alpha decay have small
alpha decay tranches {3.3 or less) it has not
been possible to observe mother-daughter or
longer delay chains. The assignment of the
observed activities is based on the measured
excitation functions and on half-life and alpha
enerny predictions and systematics.

In this work the previously known isotopes
193-196py were observed. In addition about

ae

lggo alpha decays from an activity assigned to
192po were measured. Assuming a 107 7effici-
ency for the observation of the alpha decay of =»
fusion product in SASSY, the peak production
crogs sectisn for 192pg in the reaction 6Fe

+ 180ce—192pg + 4n is of the order of 10ub.
The measured alpha energy is 7.17 = 0.02 Me¥ and
the halflife is 34 ~ 3 ms. Of the mass tables
published in Ref. 1 the systematics of Liran and
Zeldes seem to reproduce the experimental trend
of the alpha energies of the light Po nuclei
most closely. The prediction o{‘ iran and
Zeldes for the alpha energy of 9o is 7.45
MeY, but from the discrepancy between the pra-
dicted and experimental alpha emergies for neiyi.-
boring Po isotcpes it can be ectimated that this
value is too high by ~ 200-230 kevV. The extra-
polation of the alpha half'li;s systematics of
known light Po jsotopes to Po gives a half-
life of the order of 50 ms. The Taagepera-
Nurmia predici;gn is 30 ms. The alpha energy
measured for Po in this work differs signi-
ficantly frg- the value of 7.12 MeV published
previcusly.

Footnote and References
*On leave from University of Helsink, Finland

1. S. Maripuu (Ed.)} Atomic Data and Nucl. Data
Table' 17, Nos. 5-6 (1976).

2. 5. Della Negra, B. Lagarde, and Y. 'e Beyec,
J. de Phys. Lett. 38, 393 (1977).

CHARGED PARTICLE EMISSION FROM '**Hg COMPOUND NUCLEI:
ENERGY AND SPIN DEPENDENCE OF FISSION-EVAPGRATION COMPETITION

M. Rajagopalan, * D. Logan,® J. W. Ball.” M. Kaplan.’' H Delagrange.® M. f Rivet. *
J. M. Alexander,* t. C. Vaz,* and M. S. Zisman

Reactions between complex nuclei often give
rise to intermediate transition systems with
very high spins and excitation energies. For
lighter projectile-target combinations this is
evidenced by statistically equilibrated compound
nuclei. Here the cross section measurements of
evaporative H/He emission, fission, and fusion
residues make possible the improvement of our
understanding of nuclear de-excitation and the
testing of equilibrium theory. To this end
twelve reactions, indicated in Table 1, were
ﬁxdied. All lead to the compound system

Hg, over the ex itaf‘?on energy rangs of 57
to 195 Mev. The 1c, I9F and 125 Mev 20Ne
beams were supplied by the 8 Inch Cyclotren and
the remaining beams by the SuperHILAC. Fission
and evaporation residues were detected by a gas
ionization chamber and H/He by solid state
telescopes (45um, 500 um, 5 mm Si detectors}.
Coincidences were also measured between fission
and H/He.

In all cases the evaporative component of
H/He emission was indicated by center of mass
angular distributions which showed backward
angle peaking. Morever, there were several
factors suggesting that evaporation occurred
prior to scission. For example, with the
lighter projectile systems the coincidence
measurements set an upper limit of 5% on the
fraction of H/He in coincidence with fission,
Also, for these and the remaining systems there
were three additional points: (i} The shapes of
the singles spectra were much narrower than
those expected from fiision fragment evapo-
ration. (2} The high *e to lH ratio { -

0.6) indicated unrealistically high spins of
fission parentage. ({3) The coincident H/He
energy spectra did not exhibit the kinematic
shifts expected of evaporation from the moving
fission fragments.



Table 1. Expesimental Results for 19%ig Compound Meclet
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The identity of fission products mas univer- spin. As ts evident, the probability for He

sally unambiguous at angles near 90° in the cen-
ter of mass and c:~o:§ sections were estimated as
do/di} .. (90°) x 20¢ with the assumption

that the angular distribution goes as 1/sin &
The identity of the fusion residues, however,
suffered in most Systems from possibli Sontri—
butions from incocplete fusfon paths.:»

Because of detector energy thresholds this was
mainly true for the systems involving the
heavier, more energetic projectiles.

Shown in Table 1 are the cross sections and
cumulative decay fractions for the systems indi~
cated. The Tatter quantities were calculated as
the ratio of the emission cross section in ques-
tion to that of the complete fusion cross sec-
tion. Also listed are the critical angular
momenta, computed under the sharp cutoff model,
for fusfon (f.pjy) and for evaporation residue
survival (£o,). Mot 1isted here, but illus-
trated in Fig. 1, are comulative alpha decay
fractions for intermediate regions of spin
spanning the range between f.pjy values from
different entrance channels, but with the same
excitation energy.

Figure 1 illustrates the behavior of %ie
emission and evaporation resicue (ER) survival
as a function of excitation energy and average

exission {and # also) increase rapidly with E*
while decreasing slowly with spin. This fs true
even for spins at or greater than that at which
the liquic drop model predicts a zero fission
barrier (-80%).

S| in Fig. 2 is the iLzhavior of fop

{oer/+x%) as a function of E* and Z.pyt
for the present systaw as v:ﬂ as several others
repcrted in the literature. To a first
approxisation, the statistical Boltzmann model
predicts that fo, should remain equal to

rit Until near the point at which the fis-
sion barrier approaches the neutron separation
energy and thereafter level off as the barrier
continues to decrease. However, what is
observed for all systems above is that there
.’ypurs to be a distinct secondary rise at large
erit and/or E* values.

It is certainly clear that part or all of
this trend may ne accounted for by extensive
pre-equilibrive patmays to the ER products.
Ho:-ever there is also a strong suggestion that
the surprisingly large Hi/He emission is directl;
responsible for the fusfon survival even at
spins for which the fission barrier approaches
zero. In either case, to retain the validity of
the statistical mdel at high E* andfor J the



existing framework must be adjusted to allow for
both avenues. While great flexibilfity is pos-
sible by fncorporating energy- and exit-

channel -dependent level densities, 1t is
possidble that the large calculated nusber of
decay channels for fission may be {rreconcil-
able with the exyerimental observations of large
H/He evaporation probability at high E* and J.
These results may thus be reflecting an evolu-
tion of competition between evaporation and
fission away from pure phase space models at
Yower energies to mechanisms that cal) for the
inctusion of reaction dynamics.
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Fig. 1. Cumulative &cax"fractions for evapo-
ration residues {2) and “He (b) vs average
spin. The letters represent points from Table 1
from the various reactions as shown in Fig. 2.
The high-spin zones are shown as: 0, BO MeV; 4,
98 MeVii, 142 Mev; O, 194 MeV. The nearly
vertical arrows for %He crudely reprcsent
evaporation probabilities for ac? eparate step
in the evaporation cascade. For g*, E* =
194 McV, J = 56, one might guess for the first
four evaporation steps that aJ= 2 and af*= 12
for the neutron emission that is expected to
dominate. Therefore the summed e
evaporation probab.iity 1s=0.81 - 0.25 = 0.56
or for each individual step P, =0.l4.
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COMPARISON OF SPECTRA FOR DEEP-INELASTIC
AND COMPOUND NUCLEUS REACTIONS®

R. J. McDoneld, G. J. Woznisk, A. J. Pacheco, | C. C. Hsu,* D. J. Morri: LG

LG. M

C. Schuck,’ S. Shih.! H, Kwuge, T . S. Stephens and R. M. Diamond

Recent studies of the continuum y-ray spec-
tra following compound nucleus {CW) formation
have been valuable in understanding nuclear
structure at high spin. One naturally asks
whether this information msy be applied to other
energy and angular momentum regimes, for exam-
ple, deep inelastic (DI) reactions.

Important characteristics of continuum y-ray
spectra from rotational nuclei formed in the (M
reactic; are the following: a “bump® at about
1.0 Me¥ formed by the stretched E2 yrast and
yrast-like transitfons, where the high-energy
edge is observed to move to higher energies as
spin increases, and an fsotropiv “statfstical
tail" extending to several Me¥. The “bump”
structure is quite evident for rotational
nuclef, but becomes less pronounced for products
near closad shells.

Figure 1(2) illustrates the general features
of in-plane and t uf-ﬂgce y-ray spectra from
the DI reaction! Hn + Ho at 8.5 MeV/A.

The spectral shapes are similar to those ob-
served 1n CN reactions and display the charac-
teristic “E2 bump® at about 0.6-1.2 Me¥. A
comparison of these two Spectra showe {hat the
bump 1s more pronounced in-plane where the
angular distribution for stretched E2 transi-
tions peaks. Aiso evident is the statistical
tail, extending to several MeV, and isotropic
within experimental uncertainties.

In-plane y-ray spectra, normalized so that
the integral of each curve is equal to the
average number of y-rays emitted, di >, are
shown in Fig. 1(b) for several ¢-valw: regions.
The upper edge of the E2 bump moves to higher
energy as Q increases through the quasf-elastic
{QE} region (-~ 0-150 Me¥) and stabilizes in
the DI region {~ 150 to 400 Me¥). This
effect, having the same spectral shapes for the
regions 148<0Q<191 MeV and 233<Q<276 MeY, indi-
cates that the spin transfer is saturating.
v-multiplicity data (not shown) verifies this
effect. The upper edge of the E2 bump moves
from about 0.7 MeV to 2.0 MeV as ( changes from
zero to 150 MeV. Over this same range of Q,
<M >, changes from ~ 5 to 30. This is
consistent with the findings for rotational
nuclei whre E = |.

The statistical tail has nearly the same
slope for each spectrum. One can estimate the
number of statistical transitions in each spec-
trum by fitting a function:

F(E,) > EZEXP(-E,/T)

where T 15 an effective nuclear temperature, and
is taken here as 0.6 MeY¥. Upon doing this, we
obtain a somewhat varying number ot statisticai
transitions as a function of Q bin, going from
0.9 to 2.1 to 3.3 to 3.3 for the four { regions
shown.
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Fig. 1 (a) In- and out-of-plane y-ray pulse-
height spectra assocfated with reaction products
having a ¢ = -140 MeV. (b} In-plane y-ray spec-
tra for several Q-value bins.

{XBL 806-1134a)

In sussary, the general characteristics of
the cor.tinuum y-ray spectra for rotatfomal
nuclel formed by DI reactions are similar to
those formed by IN reactions. rhis similarity
opens the door to significant new experiments in
DI reactions using the same techniques that have
proven so valuable for CN reacrions.

Footnates
*Condensed, in part, from LBL-11057, 6. J.
Wozniak, et al., Phys. Rev. Lett. 45, 1081,
{1980
Permanent addresses:
tComision Maciona) de Energia Atowica, Argentima
fInstitute of Atomic Energy, Beijing, Chinc
§C. S. N. S. M., Orsay, France
iShanghai Institute of Nuclear research, China

YiHahn-Meitner Institute, Berlin, Germany
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SYNTHESIS OF HEAVY AND SUPER HEAVY ELEMENTS IN THE DEEFLY
WINELASTIC COLLISION OF **%) WATH ***Cm

J. Michael Nitschke, W. Bruchie,* H. Gaggeler,” S.V. Krsw.® M. Schadel,® K. Summerer.
G. Wirth,® E. K. Hulet, ' R. W. I.oughood'A Ghiorso, I!.LHohn.'F L. Ferguson, !

This is a preliminary report about an
attempt to produce super heavy elements (SHE)
and to study the yleld of a:tigjaﬁs in deeply
H astic collisions (DIC) of

Cm metal uaaﬁs 4t7 lg/cnz thick were
bombarded with jons from the Unflac,
Darmstadt (West Germany). The target thickness
was sufficient to degrade the beam energy from
7.5 MeV/A to below the interaction barrier. An
unexpected experimental di fficulty was encoun-
tered when the targets failed at totﬂ inte-
grated beam currents of about § - 10°% U
fons, a factor 100 below the expected value.
Nevertheless two experiments were carried out as
planned albeit with reduced sensitivity: target
recoils were stopped in (1) copper catchers and

Y and G.

chemically separated, and (2) in Kr gas and ana-
1yzed for volatile, noble SHE's.

The results for the heaviest actinides
observed in the chemistry experiment are shown

Fig. 1 m?ether !gﬂl previous results from
a (Ref, 1) and 136y (Ref 2) bmra-
ments of targets -ld

{Ref. 3) for comparison. SHE s were not ob-
served in either experiment with a cross section
1imit of less than 1 nb for half 1ives between 1
and 100 days. Cross section predictions by

Riedel et al., using a diffusion model are of
the same order of sagnitude.

Several observations can be made with regard

to the data shown in Fig. I:
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Fig. 1. Crosi ale’ctigga for the formation of the heaviest actinides in
the re‘:ction 36y + Cm at < 7.5 MeV/A. Other reactions for
comparison.

The curves are drawn to guide tie eye.
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{1) The cross sections for the formatfon of
the heaviest actinides asg about 3 orders of
ﬁﬂgitude higher in the ombardeent of a

m target compared to a target.

This is obviously due to the fact that the
nuclear di ffusion is strongly dependent on sl.

(2) An 1ntercmpar1§8n of different pro-
jectfles on the same 248cy target however

shows much smaller effects: The peak croig
sections are gnly a fagtor 3 higher for <38
compared to a and Xe projectiles. In

the case of Es actually no difference in cross
sections between the three fons can be found
within the experimental erros. A slight shift
in the centroid g; the mass distribution can be
observed in the 238y case, which could be
caused by a lower excitation energy of the
products due to the heavier rea:tiosssartner
and/or the larger N/Z ratio of the U
projectile.

{3) From the point of view of producing neu-
tron rich unknown isotopes of the heaviest ele-
ments, the centroid shift is disappointingly
small in particular for Fm where the most

neutrop rich tributfon is actyall afned
with ggCa + Zﬂém and not with 55&1 { suC-

{4) The U and Cm data shown in Fig. 1 are
compatible with the following assumptions: a)
The heavy fragments are formed in statistical

equilibrium, and b) the average excitation
energy s about 45 MeV corresponding to the
evaporation of about four neutrons.

{5) In this picture the centroid for the No
mass distribution should be around A = 259.4 and
preliminary ca‘lculutlggs show a peak cross sec-
tion of about 3 - 107 . A_gfailar calcu-
lation gives § - 10-34 for 287114,

If therefore a one hundred fold increase in
beam integral /sensftivity can be obtained ir the
future a reasonable chance still exists for the
production of SHE's.

Footnotes and References
*GS1, Darmstadt (Germany)
1 Lawrence Livermore National Laboratory
{0ak Ridge Mational Laboratory
§ University of Maiz (Germany)

1. E. K. Hulet, et al., Phys. Rev. Lett. 39,
385 (1977).

2. K. J. Moody, this annual report.

3. M. Schidel, et al., Phys. Rev. Lett. 41, 469
(1978). -

CHARGE DISTRIBUTIONS FOR THE *Kr + '*'La SYSTEM*

P Dyer.' M. P. Webb.® R J Puigh,'R Vandenbosch,! T. D. Thomas,* and M. § Zisman

The Kr + La cross sectioins at 6 to B MeV/A
exhidbit interesting featuresl,Z that indicate
reaction mechanisms intermediate between those
for Yighter systems, where fusion is important,
and those for heavier systems, where the Coulomb
barrfer is so high that 1ittle fnterpenetration
of the projectile and target ever accurs. The
picture of the Kr + La reaction that has evolved
is one in which high-partial-wave projectiles
are scattered to relatively large angles, inter-
acting little with the target. Projectiles of
smaller impact parameters, on the other hand,
interact for increasingly longer times, with
increasing overlap of nuclear matter; the com-
bined camplex rotates toward more forward
angles, with possible rotation past 0°.

in a previous paper.z we have presented
di fferential cross sections as a function of
angle and energy loss, integrated over all reac-
tion product nuciear charges. [In this paper we
present the Z-dependence of the cross sections,
in order to study the mass transfer mechanism,
and in particular to study the correlation
between enerqy loss and mass transfer. One of
the primary interests in this work is to study
the widths of the 7 distributions vs evcrgy
loss, as a function of scattering angle and
particularly as a function of bombarding

energy. Distributions in Z were generated from
two-dimensional Q-value vs Z data by integrating
over Q-value bins 25 MeV wide. An example of
the’.s_e distributions for 31° at 610 MeV, is given
in Fig. 1.

An important mechanisa for energy dissipa-
tion in peripheral collisfons of heavy fons is
nucleon exchange. 1f the excitation energfes of
the nuclei are modest so that the nucleon sean
free path is comparable to the dimension of the
system, then the energy transfer associated with
exchange can be treated as a one-body interac-
tion in which the exchanged nucleon’'s share of
the relative kinetic energy of the two ions at
the time of exchange is converted into excita-
tion energy. Although Fersi motion and Pauli
blocking are neglected in the simplest form of
the exchange model, Rand has recently
extended the model to include both of these
effects.

If we compare our data with the extended ex-
change model, we would expect the rate Yf energy
loss per exchange to vary as (B EfEpg)i/2,
where Eg is the Fermi energy and E.qa) is the
available kinetic energy at the time of ex-
change. Our data are plotted ¥n Fig. 2 as a
function of this quantity, with Ef = 40 MeV.



The full and dashed curves give the absolute
slopes expected from the extended exchange

model with K = %g and with N = [;]2 oi.

We note that with this new mode]l the data for the
two bombarding energies 1ie on the same curve, and
that the s'!opx Ef the curve is conststent with the
model of N + The agreement between experi-
ment and theoPy“suggests that the msjor mecha-
nism for energy dissipation is in fact nucleon
exchange. This conc'lusian fs in contrast to

that of previous studies® in which the effect

of the exclusfon principle was not taken into
account,
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Charge distributions for different
energy losses at 8 = 31° and | = 610 MeV.
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Fig. 2. Dependence of the rate of energy loss

per exchange as a function of the square root of
the prodict of the ralative available energy per
nucleon and the Fermi energy, Ef = 40 MeV.
The full and dashed curves give the expected
behavior from the exchange model for two
assumptions about the relation between the
number of exchanged particles and the charge
distributfon variances. The absolute value ofz
the ordinate {s for the assumption N = (A/Z)vl
Rather than replotting all the experimental data
points for the assumption N = (A72)2 o2, the theo-
retical prediction has been scaled appropriately.
(XBL 808-1555)
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FAST PAATICLE EMISSION IN THE DEEP INELASTIC REACTION
netCu + 2*Ne AT 12.8 MeV/NUCLEON"

A. P. Schmitt,’ G. J. Wozniak, G. U. Rattazzi,

1.% and L. G. M

G. J. Math 'R. A&

Fast protons (1-2.4 times the beam velocity)
have been observed from €~ deep-inelastic reac-
tion MtCy + ONe at 12.6 MeV/A. Similar
proton spectral shapes are seen fn both singles
and coincidence. The most energetic protons are
associated with partially relaxed processes
rather than the most peripheral reactfons. The
angular correlations exhibit a strong peak near
0° for proton energies greater than 15 MeV.
This correlation can be explained by evaporation
calculations that take account of the steep
forward-peaked angular distribution of the
projectile-1ike fragments and evaporation-
recoil effects.

In Fig. 1 proton lab energy spectra are
shown for two Z-bins (ep, = +14°). We have
attempted to understand {hese spfctra‘l shapes in
terms of equilibrium evaporation! and have
assumed that after the deep-inelastic collision
the excited fragments undergo sequential decay.
For the measured lab angle, atomic number and
mean kinetic energy of the projectile-like
fragment, the total excitation energy of both
fragments was calculated from two-body kine-
matics, Assuming that the average excitation
energy divides according to the fragment masses,
the proton yield was then calculated in the
moving frame using simple evaporation theory.l
This yield was then transformed into the lab
frame and the contributions from projectile and
target emission were summed. The calculated
spectra are in reasonable agreement with the
data up to about 30 MeV [see dashed curves in
Fig. 1). Since the high energy portions of the
calculated spectra are due to emission from the
projectile-1ike fragment, the failure of the
calculations in this region can be attributed to
a deficiency in the excitation energy of the
projectile-1ike fragment. Trivially, increasing
its share of the excitation energy would
increase the yield of high-energy protons but
would also simultaneously destroy the agreement
with the angular distibutions.

This difficulty can be overcn!e by con-
sidering the thermal fluctuationsé in the
division of the excitation energy, E*, between
the fragments which have been neglected so far.
To evaluate this effect, we have calculated
energy spectra for various divisions of E* and
have fulded them with a Gaussian probability

distribution

* L .

P(E)) = exp [-(E]-E] oq)2/202) .
On purely statistical grounds, a value for o of
10_MeV fs predicted from the expressfon of =
213:}.:2/(.1 + a5}, where T is the temperature
of fntermediate complex and a) and a
are the level density parameters of the
fragments {see Ref. 2 for a derivation). While
the calculations with (solid lines) and without
(dashed lines) fluctuations are essentially
identical at low energies (see Fig. 1), the
incorporation of fluctuations produces a dra-
mtic increase in the number of high energy
protons. Including fluctuations in the calcula-
tions clearly reproduces the experimental proton
energy spectra.
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Fig. 1. Proton-energy spectra detected in a
colinear geometry with Z = 6-7 (circles) and Z =
8-9 (squares}. The curves are the predicted
spectral shapes from a simple evaporation model
with o = 10 MeV (solid 1ines) and with o = 0
(dashed 1ines) (XBL 806-1322)
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THE REACTION OF *Ne WITH '*'Ta at 50 MsV/A

D J. i G. J.

. L. W. Ri

C. C. Hsu. R. ). McDonald and L. G. Morstio

As part of a systematic study of angylar
momentum transfer in heavy-ion retgi,ion
report here some results for the Ta(“MNe, ¥)X
system at 50 MeV/A. These data represent the
high-energy end of a study that spans the region
from 2 few to a few tens of MeV per nucleon.

A ~ 50 MeV/A 208e beam was extracted
from the Bevalac and delivered to the LESL
scattering chamber. After interaction in a
100-mg/cm® tantalum target, projectile-like
products were identified in either of two
identical Si-telescopes. These telescopes
consisted of a 250-ym Si surface barrier (aE)
followed by two S-mm Li-drifted Si detectors {E
and E-reject}. A1l 1ight products, except
protons znd alphas, stopped in the first two
elements of the telescopes. Prompt gamma rays
and their time distribution were measured in

1000 — T T

r Oxygen 5O MeV/A 1

800 -

- i —

coo .

s L ]

QD (— —

N _
[:*)

g w00k ) T

w I 4

- 95" a-Gos”” ad :

200 |- dzo/dEdQ(abifmry) —

S T S S

o 20 30

LaB
63

Fig. 1. A MWilczynski diagram is shown for the
oxygen products. {XBL 808-1553})

coincidence with any valid telescope event in an
array of eight 3 x 3-in. (Nal{T1) detectors.

The Nai(T1) detectors were placed outside the
scattering chamber, at 45° out-of-plane to the
telescopes.

The projectile-1ike prodcts were measured
from B° to 24" in the lab system. This covered
the angular region from just behind the classi-
cal grazing angle, ey = 6°, to the point where
only Z = 1 and 2 pi cts were observed at a low
rate. In Fig. 1 we show the Wilczynski diagram
for oxygen products. Even though there is a
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Fig. 2. The energy spectra and the average
gamma-ray multiplicity as a functicn of particlz
ener?y are shown for the even Z products in (B)
and (A}, respectively. {XBL B0B-1549)



relatively %h threshold for detecting the
oxygens {~ MeY) one can see that the cross
section 1s dominated by a peak slightly below
the projectile velocity. Additional measure-
ments inside @g are desirable to deterwine {f
the lower enerdy oxygen products restit from
orbiting through 0°.

The measured values of the average gamsm-ray
multiplicity <M,> and the corresponding energy
spectra at 8° are shown in Fig. 2 for the even 2
products. Two features of the <u,(> distribu-
tions are fmmediately apparent: (&) the values
of the mltiplicity are rather low, never
exceeding ~ 20 and (b} the slope of the muitf-
plicity with energy loss for each exit channel
is rather small. The observations indicate that
the transfer of orbital angular womentum fnto
intrinsic spin and then into gamma-ray sultipii-
c¢ity is not characterized by only two large

fragwents in th exit channel. There are two
obvious stages where this breskdown may be
cccurring. 1f the target-l1ike residue is not
able to hold the excitation energy and angular
moaentua fmparted to it, then sequentfal fission
would convert intrimsic spin back into orbital
motfon. Similarly, if the projectile undergoes
frageentation without transfer-induced transport
of angular momentum, then the initfal orbital
sotfon would be contafned in the arbital moticn
of projectile fragments. Further experiments in
which we plan to differentiate between these two
processes are anticipated in the next operating
period.

Reference

1. Cf. L. W. Richardson et al, in this annuai
report.

EVIDENCE FOR THE ONSET OF PROJECTILE FRAGMENTATION
N PFRIPHERAL COLLISIONS OF ™Ns + '*'T2

L. W. Rich G.J.

D. J. M

C. C. Hsu and L. G. Moretto

The evolution with energy of heavy ion reac-
tions in the bombarding energy range of 5 to 20
MeV/A has recently become a subject of consid-
erable investigation. Several theories predict
an onset of {ragnentaﬁon-like phenomena at 15
to 20 MeV/A.' In an effort to gain an under-
standing of the reactfon mechanisk in this
region we have undertaken a study of the enerqy
dependence of the angular momerntum transfer.

We have measured the continuum camma ray
md-;l‘ﬁ pligity <M,> for peripheral collisfons of
20§e + 18172 over a wide range of oraje-tile
energies. The intrinsic angular ._sentus of the
fragments may be extracted for this system from
the <M.> data since the heavy frageents pro-
cuced in this reaction are good rotational
nuclei known to decay predominantly through
stretched quadrupole {E2) y-ray cascades.
Furthermore due to the large mass asymetry of
the system almost all of the angular momentum
will reside in the heavy fragment.

The events of interest are those where the
y-rays are in coincfdence with the prajectile-
Tike fragments which are moving at near beam
velocity. For these events the source of
momentum transfer to the target and hence <M,>
must come frum the irnteraction of the missing
portion of the prajectile with the target.
Figure 1 shows <M,> for near beam velocity
fragments (which cerrespond closely to the peak
in the differential cross section) at four
bombarding energies 7.6, 9.9, 16.7, and 21.9
MaV/h. We see for example at 7.6 MeV/A a Tinear
increase in the angular momentum with captured
mass as_expected for these massive transfer
events.¢ The solid 1ines are computed from

semiclassical matching conditions leading to
constraint on the angular momentum transfer alf,

sl = mvR/h hence <H,> = mvR/2H

where <M > 1Is the average y-ray mulitiplicity
for the collision of two muclei at relative
velocity v leading to a transfer of mass m from
one to another at radius R, which we take to be
the half density matter radius of the residual
heavy mucleus.

¥We see from Fig. 1 that for bombarding ener-
gies up to 10 MeV/A, > and thus the angular
momentum transfer is in proportional to the
mass and increases Tinearly with the velocity.
Above 10 MeV/A the angular momentum no longer
increases with velocity but decreases slightly.
A possible explanation for this change in the
dependence of <M> might be a loss of trans-
ferred spin to orbital motion via sequentfal
fission of the target-like fragment. However,
sequential fission is not very likely over the
range of spin and excitation energy involved and
ore is forced to consider an Iiternmative
mechanism.

Ne interpret the change in the dependence of
<M,> as evidence for a change in the reactfon
mechanism from one similar to massive transfer
to proi'ectﬂe fragmentation. As indicated by
Harvey® this may be thought of in terms of a
simple mocel of 1imiting angular momentum. The
dashed lines in Fig. 1 indicate the critical
angular momentum £cpj¢ for each exit channel
calculated from the semi-empirical formula of
Wilczynski.® We see from the figure that for
bombarding energies below 10 MeY¥/A mass transfar
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leads to fina) states below fcrit. Above 17
HeV/A mass transfer leads to unbound states
above foyit. in which case none of the pro-
Jectile is captured. For these fragmentation
types of events one might indeed expect >

to decrease with increasing energy simce
angular somentum transfer here my be considered
ta arise from an impulsive force and hence must
decrease in a menner which is inversely
proportional to the velocity.
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LIGHT PARTICLE EMISSION AS A PROBE OF THE ROTATIONAL
DEGREES OF FREEDOM IN DEEP-INELASTIC COLLISIONS

L. G. Sobotka, C. C. Hsu. G. J. Wormak, G. U. Rattazn,
R. J. McDonald, A. J. Pacheco and L. G. Moretto

A promising method for the study of the
transfer of orbital angular momentum into the
intrinsic spins of the product nuclei in deep
inelastic collisions is the sequential emission
of light particles. In a manner similar to
seguential fission, the width of the out-of-
plane light particle angular distribution
depends on the spin of the emitter. The use-
fulness of this technique depends primarily on
two factors, the ability of obtaining out-of-
plane distibutions of particles emitted from
Just one of the fragments and sufficient sensi-
tivity of the distributions te the spin of the
emitter to enable accurate spin determination.

Recently R. Babinet et al.l have shown,
for the system 280 MeV 40Ar + 58Ni, that by
use of coincidence techniques and proper selec-
tion of the reaction system and detection angles
one is able to study the out-of-plane distri-
bution of light particles emitted from an indi-
vidual fragment. For the substantially heavier
system 664 MeV 34kr + M2tAg we have used the
same techniques to study alpha-particle emission
from the target-like fragment. We find that the
contamination due to 1ight particles emitted
from the projectile-like fragment to be quite
small.

The compatibility of out-of-plane Tight
particle measurements and gamma mul tiplicity
techniques allows one to test the sensitivity of
the light particle distibutions to the spin of
the emitter. [n the mass region covered by the
present study, the gamma mutiplicity is approxi-
-atel‘! proportional to the sum of the fragments'
spin.¢ Thus the requirement cf an increasing
number of y-rays to be in coincidence with the
Z-a events should bias the fragments' spin dis-
tribution towards larger values. This selection
should result in a greater focusing of the angu-
lar distribution into the reaction plane. The
energy integrated out-of-plane a-distributions
in the rest frame of the emitter are shown in
the figure without {a) and with (b} the require-
ment of two or mare coincident v-rays. The dis-
tributions without any coincident y-ray require-
ment are expressed in terms of di fferential
myltiplicity.© As expected the angular dis-
tributions associated with the high y-ray
multiplicity events display a larger anisotropy
than those without the gamma-ray requirement.
The arisotropies, quantitatively expressed by
the into out-of-plane ratios, indicate the
sensitivity of the a-particle distributions to
the spin of the emitting nucleus. Also seen in
this figure 1s a significant sharpening of the
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Fig. 1. Alpha-particle angular dictibutions for
several Z-bins as a function of out-of-plane
angle. The Z bins are 3 Z-values wide and are
indicated by the median Z-valve. In section 1}
there is no coincident y-ray requirement while
in b) there are 2 or more coincident yrays. The
curves in section b) are normalized at 90" to
those in a) for the same Z bin. (XBL 807-3459)

angular distributions as the size of the emitter
Increases. This is an irdication of the depen-
dence of the fragments' spin on the mass asys-
metry of the exit channel.
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EVIDENCE FOR RIGID ROTATION AND LARGE DEFORMATIONS
IN THE DEEP-INELASTIC REACTION 664 MeV *Kr + MiAg®

L. G. Sobotka, L. C. Hsu, G. J. Woznak. G. U. Ramnazzi,
R. 2. McDonald, A. J. Pacheco and L. G. Morerio

A prominent feature of deep-inelastic reac-
tions is the conversion of orbital angular
momentum into the intrinsic spins of the two-
product nuclei. We have simultaneously measured
both the gamma-ray multiplicity, M,, and the

sequential emfssion of alpha particles from one
of the fragments to investigate this process.
Since the out-of-plane angular distributions can
yield the spin of an individual fragment and

M, provides information on the sum of the
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at B84 spirz of both fragweats, the combisatiom is &
"%'Ag +>7Kr (664 Mev) pouerful tool for llvesiignilg the partitioning
of mmgular mowenton within the Jissciear cowplex

200} o) 4 as wel) as a cross check os both methods.
— .
~— C/A A 10174 state telescope was used to detect
S~ the Kr-1ike fr.gaiat, while an out-of-plase arc
< 150 ~1.0] with four 1igAL pari‘cle telescoves wis posi-
- - tioned alomg the recofl direction to detect
= _\\ :\DM particles e;:mud from the u‘;:et-llle
=~ | raguent. Seven tectors abow reac-
o 7T ~~L7 7  tion plase were wsed to obtain M, data. Using
br} 22 tu~-body kinemetics, heavy-ioa a-particle cofn-
] cident evenats were reconstructed sad traasformed
w into the rest frawe of the wndetected Ag-like

50 entter. The resultins out-of-plase distribu-

tions exhibit large smisctropfes as the size of
the ewitter facreases. Trese data are wsed to

extract the fnmt sptn by means of 3 statis-
tical model.

The fragment Limetic emergies were wsed to
estimate the deformation of the dimuclear com-
ple. at the time of scission. 1If ose compares
the data to a calculation including Duth the
coulosb and centrifugal terms im o spheroid-
spherofd mode), part a of figure, a ratfc of
axes of ~ 2 5 indicated. The spins extracted
from the o-distributions, part b, show the first
clear evidence for rigid rotation in this mass
region and corroborate the claim cf large cefor-
mstions. In the third vart of the figure the
F N R sum of the spins extracted from both the M,
| <) ~. data and the o-distibutions is shomn. The

e agreesent s quite good, thus sdding credibility
E b 10 to the picture of the deep-inelastic cowplex a3
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Fig. 1 (a). Center of mass fragment emergies
after evaporation carrections 25 a functfon of
the charge of the light fragment. Horfzontal
bars indicaie the uncertainty in the primary
charge {before evaporation} af th2 light frag-
ment. Solid lines are cailculations for two
sphergids in cantact a.d are lapeled by the
ratio of axes. The broken line is for spheres.

{b) Spin of the heavy fragment extracted from
the out-of-plane distributions. Calculations
for rolling and rigid rotation of spheroids are
indicated.

{c) Sum of the spins of the deep-inelastic
fragments as determined hy out-of-plane
a-distributions (closed} and M, {open).

(XBL 807-3458)
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THE RISE AND FALL OF THE SPIN ALIGNMENT IN UEEP-INELASTIC REACTIONS*

G. 3. Womisk. R. J. McDonald. A_ 3. Pacheco.® C. C Hmu *
0.3 isey. L. G. S LG M

and
S Shih,% C. Schixck,! R. M. Dismond, H. Kiuge.* F. 5. Siephens

Both the magnitude and alignment of ff!ﬂ.’,‘ Ve “-tarpret these data af:onlng 10 the
fergd angular somentum in the reaction equilibrivm statistical mndel? of “oretto and
+ 1634y at B.5 MeV/A have been measvred as a Schaftt which postulates a primiry depolariza-
function of U-value via centinus v-ray multi- tion mechonise caited by thermal excitatiom of
plicity and anisotropy techniques. This sym- sagular-aomentum-bearing collective modes. Fig-
wetric system was chosen since (1) large amounts ure 2 shows & solid Vine {curve 1) for the sodel
of angular momentum can be transferred to frag- cilculation compared to the data. To give a
went spin, {2) Ho nuclel are good rotors and feeling for the fmportance of varfous comtribu-
thus emit y-spectra enriched in strelched E2 tions, the same calculation s showm with mo
transftiors, and (3) symmetry in the entrance corrections for neutrom evaporation (curve 2},
channel allows us to study spin transfer and no statis.dzal transitions /curve 3), and m
alignment over a broad range of Q-values. primary thermsl depolarization {curve 4). A
comparison clearly shows that the sost important
Data are shown in Fig. 1. Throughout the effect is the thermilly-induced misal igament,
quasi-elestic region (-100 Me¥ < Q < 0}, both indicating that the decrease of sligament s
the zpin transfer {circles) and the anisotropy inherert to the deep-imelastic process ftself.
(squares) fncredse. The anisotropy pedks before
tte spin transfer saturates and then declines to
necr unity at large Q-values. 7F T T T
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Q (MeV) This gives rise to the following picture of
angular momentum transfer and spin aligneent in
the deep-inelastic reaction process: in the
quisi-elastic region, the transferred spin
increases rapidly with §-value whereas the ther-
mlly wisaligned component increases more slow-

Fig. 1. Fragment spin {circles} deduced from ly. Thus, the aligned camponent dominates and
y-multiplicity. Patio of in-plane/ Ly-ray the transferred angular mmentum is nearly per-
yialds (anisotrony) (squares) for the regfon 0.6 pendicular to the reaction plane, giving a large

MeV < E, < 1.2 FeV. (x> 36-1214a) anisotropy. However, across the deep inelastic



region, the transferred spia ssturates while the
thermal components incraise to become an ever
larger fraction of the total angular momentum.
Thus, the alignment decreases and the anisotregy
plummets.

footnotes and Refersnces

*Condensed from LBL-11057, G. J. Yozn{ak et al.,
Phys. Rev. Lett. 45, 1081, (1980)

tComiston Nacional De Energfa Atomfca, Argentina
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§Shanghal Institute of Nuclear Qesearch, Chima.

nC. S. W. 5. M., Orsay, Framce.
AHahn-Neitaer Imstitute, leﬂln.. Germany,

1. L. G Moretto and R. P. Schuitt, Phyc Rev
€21 204 (1990},

AN EXCITATION FUNCTION STUDY OF THE CONTINUUM y-RAY MULTIPLICITY
N HEAVY 10N REACTIONS FROM 7 TO 22 MeV/A

L. W. Richardson. G. J. Waznisk, D. ). Mornesey
C. C. Hau and L. G. Marstto

Over the last decade a considerable body of

saximum saquler mpmcstun t-‘ available in the

knowledge concerning nuclear reaction mechanisms entrance channel for the rding energies
in heavy fon collisons has developed.! How- {nvestigated.
ever, relatively 1ittle is known sbout the
energy deperdence : f such mechanfses. Table 1
For bombarding energies below 10 MeV/A the
nusber of y-rays emitted fn heavy jon reactions Eygp Me¥ /8 Loax
hes been shown to correljte strongly with trans-
fcrred anguler momentum.< We have investigated
the dependence of the y-ray multiplicity <X > 152 1.9 a3
and of the energy and chasa: traﬁ er in 198 2.3 110
peripheral collisions of {Qle Ta from 7 313 3.% 169
t 72 MeV/A. 48 5.2 203
Tabie 1 shows the -atio of the projectile
kinetic energy 10 the Coulomd barrier and the -l
v 1000 m" nTn 20
y OMewAlv, 1T o IBT7Mev/A
gool E 116
| Vs - Al Ves
600} | Y {r2
400+ : {8
§200~ 14 A
3 K
u: g 0 V. Vv 76MeV/A v, v, 21.9MeV/A :,
A 800 Vea | ~ Voo ] 13
600} | 12
qoo n % L ; o n
200} }’_,.r‘r 14
I % A TR R

Q

[ { 0
O 50 100 150 200 O 100 200 300 400 500

Kinetic energy (MeV)
2
Fig. 1. %{'" arbitrary units {(solid lines} and M> {dashed
lines) as @ function of the lab energy for the carbon fsotopes.

(XBL BOS-1700A)



At the higher bombarding enercies we see that
there 1s available a very large amount of emergy
and angular momentus that may be tramsferred to
the reaction fragments. Im such a violeat col-
1ision it may certainly be possible to achieve
the 1imit of excitatfon emergy and aagular mo-
mentum at which the target mucleus may survive.

The energy spectra of the carbon {sotopes at
near grazing angles for the four bombarding
cnergies are shown in Fig. 1. The lab energy
Vp corresponding to a final fragment velocity
equal to the initfa) projectile velocity, the
lab energy Vo corresponding to final fragments
with the exit channe) Coulomb energy, and the
lab energy Vg o, corresponding to the ground
state energy o? a4 reaction leading to & two-body
final state are indicated.

As can be observed, the energy spectra are
typically broad, bell shaped and dowminated by
the quasi-elastic zzamponent at all bombarding
energies for near grazing angles. The difter-
ential cross section his & maxi{mum at neidr besm
velocity and extends down to the Coulosb energy.

The y-ray sl tiplicity dlr funcurrected
for particle emission) at esch bi.oarding energy
i5 &1s0 showm fn Fig. 1. > acreases

the quasi-elastic region with decressing
fragment energy (or increasing two-bogy total
kinetic energy loss, TREL). The mmximmm <>
valwe is observed to ciange 1ittle with bom-
bsréing energy and moves to higher enit channel
energies with increasing projeciile kinetic
eneryy.

Further work is ia progress to understand
the varying degrees of faporiance of mass tramns-
fer and particle emission (both equilibriwm and
non-equilibrium) on the sngular mementum trans-
fer as a function of prajectile kinetic energy.

Footnotes ano References
1. D. K. Scott, LB\-7727.

2. R Degimbart, et al., Phys. Rev. Lett. 4),
135¢ (197%)

A COMPARNSON OF THE ALIGNMENT PARAMETER P
mmmmmmmmm

A 3 Pachecu." R J McDonala, G J Wornak. and L G Maorelio

The magnitude and alignment of transferred
angultar momentum in deep-fnelastic (DI} colli-
sions provide useful {nformatiom which aids Sn
understanding the reaction meckanisa. Angular
distributions of y-rays, sequeatial fission
fragments, or Jight charged particles have
proven to be usefyl techniquds in detersining
spin and alignmeni. Thece all include measure-
ment of frageent decay following the primary
reaction, and thus require extraction of the
primary reaction wisalignment from secondary
data. Agreement {or lack thereof) among these
methods is a subject of current comcern.

Using continuum y-ray sultiplicity and ani-
sotropy techniques. we have extracted the frag-
-ggt spin gnd its alignment from the reaction
165Ho + 165Ho at 8.5 MeV¥/A (Ref. 1). Align-
ment is descrihed by the parameter Py,
defined as:

235
P =—z - 172
L 28 ¢
where I, is the aligned compenc~* of the spin
I and <f§> is its mean squared valve. We note
that Py, cannot be measured directly, but must
be extracted from the data via some wodel. We
utilize a statistical equilibrium theory (Ref.
2) for the case of two equal touching spheres.

The model predicts a distribution function given
by:

22 - ap?

P11 ,1) = Exp - 2 "12‘
ryz 22 2 2.2
x y z
and
L mol mol 5ol = s T

where fis the moment of inertia for one of the
two spheres and T is the nuclear temperature.
Pzz becomes:

2a 7. 2 2.t

P2z = I X __;

2(dl> to * y * 011

where o2, o2 and oZ are the standard devi-
ations Tn X, ¥, and z components of the spin
I. In extracting an “experimental” Py, we
adjusted o2 to fit the anisotropy data rather
than using its theoretical value. The aligned
component <I;> is calculated under the assump-
tion that the spin I (extracted from the y-ray
mltiplicity) fs obtained from:

< =f1 P(1e, Iy, 1) diy dly dl;



Finally, since the information carrfed by the
y-rays applies to the state of the fragments
after neutron emission, we have corrected ow
data to expected values prior to meutron emis-
sion (Ref 3). In this way we have extracted an
“experimental® P, from our data {circles) as
shown in Fig. 1.

Results “rom the angular distributio= of
sequential fission fragments from the experiment
U + Kr {Ref. 4) 1re derived assuming & distri-
bution in which oS = 0, i.e., considering oaly
flucturtions in l’phne perpendicular to the
recoil direction (Ref. 4). ke note, here again,
the lndel dependency of “experimental” P
data. glve transformed this data, mgining
the same o¢/<I, > » {nto new points to
include all tlm-e slps {triangies). These
systems havz approximately the same tota! mass,
but the entrance chanmne] mass asymmetry di ffers
significantly. In spite of this difference, the
two sets of data are very similar and show sbout
the same degree of lllqn-nt. Also, ’ ::e‘l
calculation (Ref. 21 for
data {solid Virs) ysing o --17 is a reason-
able fit to botr ~ets of data. From this we
conclude that both reactions are yielding com-
parable values for Py,

Footnotes and Referemces

*Permanent address: Comisfon Nacional de Ener-
gia Atomica, Argentina.

1. G. J. Wozniak et al., Phys. lev. Lett. 45,
1981 (1960).

2. L. G. Moretto and R. P. Schaitt. Phys. Rov.
c21, 204 (1980)

3. S. K. Blau and L. G. Moretio. LBL-10926 (to
be published)

4. R. J. Puigh et al. Phys. Lett. 868, 24 (1979)
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Fig. 1. Excracted Py, for 16540 o 165y,
(circles) and U + Ir!ftrlagles) compared to &
mode] calculation [solid Yine). See text for
details. {XBL 808-1712)



C. RELATIVISTIC HEAVY IONS

1. Prejectile and Target Fragmeniation

EMISSION OF HIGH-ENERGY CAMMA RAYS FROM RELATIVISTIC
HEAVY-1ON COLLISIONS

M. P. Budisnsky, S. 7. Ahien.* G. Tarle.* P. 8. Price”

There are several pos:ible sources of high-
energy (E > 10 MeV) gamma rays from relativis-
tic, heavy-ion collisions; very little is known
about their relative production rates. MWe are
partfcularly interested in the following
sources: (1) Bremsstrahlung: Our calculatfons
indfcate thet the amount Of bremsstrahlung
emitted fs a sensftive function of the dynamics
of the collision. (2) Photons from »" decay:
This s the main source o RS In energy
range of interest. (3) a(1236) decay: This
resonance decays via Ny about U.5=of the time.
The resulting photons, peaked around 260 MeV,
may be visible above the background produced by
»" decays.

In the past year we have designed and built
a gamma-ray detector for use at the Bevalac. A
preliminary model was tested at the LLL Eleciron
Linac in July 1979, and construction of a
revised)version was compiete in April 1980. !See
Fig. 1.

Photon |
T
C Ck 1
Al A2 Leod
Glass

Schematic dizgram of gasma-ray detector.

Ffg. 1.
(XBL 808-1665}

8y using state-of-the-art phototubes with
high quantum efficiency and excellent Tight
collection, we have achieved good energy
resolution. The prodblem of neutron rejection
was given spacial consideration in the design.
A photon from a collisfon 1..<t passes through
Al and A2, which are anti-coincidence scintil-
lator paddles to reject charged particles. The
photon then interacts in converter C, a thin
lead sheet, to produce an electron-pesitron
pafr. The electron and positron produce signals
in S, a scintillator, and Tk, a plastic Cerenkov
detector, and then depasit thefr energy in
approximately 13 radiation lengths of lead
glass. MNeutron rejection is provided by

analyzing the signals in S and Ck: {in order to
acept an ¢vent we require signals in these
detectors that correspond to twe relativistic,
singly-charged particles. Analysis of the
shoser development in the lead-glass blocks
provides further meutron rejection. Not shown
are the target, and two detectors in the beam
path that form a central-collision trigger.

In June 1980, Reasy! -ray spectra
g ccllislans of on b, *Ar on
b, and *UAr on . Figure 2 shows

the distribution of events in he 5-Ck plane for
one of our runs; we can cleanly separate the
desired pair-conversion events. UWhen this cut
is applied to the rav data, a psak is readily
apparent at a position that roughly corresponds
to the emergy of the »° decay peak. Further
analysis, and any conclusions about bremsstran-
lung or 4 decays, sust msait the results of 2
later caifbration run at the LLL Linec.

| Two porticie evenss
(000!
o P
_5_;‘500. ; \/

o 9]

One partcle events
O
s} 500 1000 1500
Signal in Ck
Fig. 2. S vs Ck event distribuvion. Contotra

are drawn at 29 56= 75z, and 100 of peak.
{XBL 808-1666)

Footnote

*Also at Space Sciences Laboratory.
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PHON PRODUCTION AND CHANGED-PARTICLE MULTICLICITY SELECTION
IN RELATIVISTIC NUCLEAR COLLISIONS *

K. L. Woit, ' H. H. Gutbrod, W. G. Meves, A. M. Poskanzer, A. Sandoval,
R. Stock. J. Gossent, ? C. H. King, G. King, Nguysen Van Sen.? and G. D. Westias

T T T T

Spectrum of positive pions witn energles of ]

- 95_MeV were measured for high energy proton, 5k ' 18 Jr T

‘{ge, e a3, %Ay Dompgrdeents og fargets of s 05 Geunt e S
‘°Ca 7,109g, 1978y, and 2

Sf- Ge ringe telescope was used to identlfy
charged pions by dE/dx and stopped +* were
tagged with the subsequent muon cccay. In all,
results for fourteen target-projectile
combinations zre presented to stucy the depen-
dence of pion emission patterns on the bombard-
fng energy (from 240 MeV/nucleon to 2.1 GeV/ 2
hucleon} and on the target and the projectile 0% 3
masses. In addition, assotiated charged- &
particle mltiplicities were measured in an , ke
80-paddle array of plastic scintillators, and 'l
used to make fmpact parameter restrictions on : L L PR 3
the pion-inciusive data. i 05 [4 05 0

road strus ures occur in the +* spectra

for “MNe- and *YAr- tnduced reactions at the

highest bomharding energies. Examples in Fig, 1 21 GeviadOnes 238y —— o
Ee of contours of constant crass section (1/p) v-33-80
d2o/dfdE as a function of perpendicular pion

momentum and "M""gaﬁ for 1.05 and 2.1

Ge¥/nucleon 2 seiected on high

in
T

charged-particle mul tiplicity, 1.e., central and

near-central collisfons. Many features of the < /\/u
«* emission patterns can be explained in terms £

of the decay of isobars produced in nucleon- = o8
nucleon collisfons, along with Coulomb repulsion <
from the spectator and participant matter. The od

results of more quantitative cross section com-

pnrisons of 1ight projectile (p,a) with heavy- —_\

ion »* production are explained in terms of 114

isobar-nucleorn interactions 1n excited muclear F -

matter. 13 3% % a5 0
Footnotes v

*Work performed under the auspices of the Office Fig. 1. (XBL 808-11330)

of Basic Energy Sciences, Divisfosn of Nuclear

Physics, U.S. Department of Ecergy and by the

Bundesmins terfum fur Forschung and Technologie,

West Germany. | Present address: OPhN/ME, CEW Saclay, 91190
Gif-sur-Yvette, France.

tPresent address: Argonne Nation2! Laboratory,

Argonne, I1lincis 60439. § Present address: ISN, 38044 Grenoble, France.
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PROTON TUNGSTEN REACTIONS AT 400 GeV*

J. Cincheza, ' J. Cohan,’ A. Marin, ! T. Visky, T E. Friediander, A_ J. Herz.?

We present results from studies of p-W
reactfons in thin tungsten wires embedded in
emulsion by means of a new me*hod for {atro-
ducing well-defined targets into nuclear
emuisions. The wires, mounted on a square
frame, were introduced in the median plane
between one 300 um nuclear K5 esulsion pellicle
and one 300 um emulsfon on yilass by lamimating
the two emilsions using & lawmination solution
consistfng of a mixture of ethyl alcohol &nd
water (Fig. 1).
with 400 GeY protons at FNAL.
parallel to the emulsion surface and perpen-
dicular to the wires.
470 p-¥ events.

.25¢Hy

8. 3 B. Li f1. 0 $ E. $and B. A ]
5 | B Y T T T
(7] = -
n§ -
<
£ -
]
The emulstons were frradiited i op-¥ 406y
The beam was wr YR YU TN
In 211 we have studied . 1 L ! 1 I T |
The results show that: 1 2 3 3 s 3 7
LA ARL2TY
Fig. 2. Mean pion multiplicity vs. number of

ke

WIRES OF

i TUNGSTEN

G=021n

Fig. 1. Geometry of the wire-lpaded emulsion
plate. (XxBL 808-10919)

1) The mean multiplicities of black, grey
and shower track particles in p-W reactions are
N> = 11.5 * 0.4, Ng> = 5.2 0.2, <ng>
= 20.0 10.6.

2) The scalea miltiplicity distribution in
p-W reacticns deviates from that observed in p-p
reactions.

3) The mean number of grey prong pars}gles
(recoiling protons) is proportional to A%/3.

encounters viMy) for emision and W nucledt,
and <v>, the calculated mumber of effective
target nucleors. {XBL 803-10917}

4) The mean number of evaporated particles
{black particles) for a given number of recotl-
ing protons {s A-dependent.

¢} The Ng distribution provides strony
evidence thal N, is a measure of the number of
collisions fns{de the nucleus.

3) The relationship between <ng> and <Np>
is A deprsdent.

7) The pion production mainly depends on the
longitudinal thickness of muclear matter (1i.e.,
the number of encounters, v} and not on the
target mass itself (Fig. 2).

Footnotes
*Condensed from Nuclear Physics B, 158, 280, 1979.

tCentral Institute Tor Physics, Bucharest,
Roumania

} cern, Geneva, switzerland
§NORD1TA, Copenhagen, Denmark

University of Lund, Lund, Sweden



Doubly di fferential cross sections for
production of positive pfons (20 Mev <
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LOW-ENERGY PION PRODUCTION WITH 800 MeV/N 20Ns*

J. Chibe, ' K. Nakel, ! |. Tanihets,*S.

b <

H. J. lng and . O M

100 MeY) in bombardsent of 20Me on NaF, Cu and
Pb targets at 800 MeV/M have been measured with

a range telescope.

showed that the angular distribution of low-
energy pions in the nucleon-mucleon ceater of

(™3 "
o1 ---
af .
> g
gﬂl _.".""
2
s
£ «
au .t * .
:E )
v
o] T "._
.
af ., &
.
t
N L
T (v

Fig. 1. Doubly dif
with the 80O MeY/N

{ﬁ- (wh/er/ aV)

(See Fig. 1.) The results

mass 'lf-'- < 50 Me¥) {sotropic, even %0°

peaking at ~ 15 Me¥ c.m. The intermediate-energy
plons (50 < TC-B-< 300 MeY) were forward and
backward pund. reflecting the fndividual
nucleon-mecleon pmcess in the 1sobar model of
production.

T

o-}

TE® (Mev) T vy

rential cross sections for positive pion production
e beam on (a) NaF, (b} Cu, and .c) Pb

targets
respectively. The errors are only statistical ones. (X8L 7812-14102)

Footnotes and Reference

*Condensed from LBL-8699 and Ref. 1.

tDepartment of Physics, University of Tokyo,

Tokyo, Japan

fl.aboramry for Nuclear Studies, Osaka Unfversity,
Osaka, Japan

1. J. Chiba, K. Makat, 1. Tanihata, S. Iagnija.
H. Bowman, 3. !ngerso'll and J. 0. Rasmy
Phys. Rev. C, 20 (4), pp. 1332-1339 (October 1979).



110

LOW-ENERGY PION PRODUCTION AT ZERO DEGREES IN NUCLEUS-NUCLEUS COLUISIONS *

J. A. Bistirhich, H. R. Bowman, K. M. Crowe. K. A. Franke!, O. Hashimoto, ! J. G. ingersoll,
J. Jansen, M. Koike.t C. 3. Mastoff. J. Miller, 2 D. L. Murphy. J. Peter,$ J. O. Rasmussen,
J. P. Sulliven, W. A. Zaic, W. Benenson,f G. M. Crawley.! E. Kestry.l 5. A_ Nolen, Jr. 1 ). Quebest, Y
M. Sasa0,** and T. Ward'!

As part of a study of Yow energy charged
pion production in collisians of nuclei with
energles around the free npucleon pion production
threshold {290 MeV per nucleon bosbarding
energy), a large ratio of inclusive »~ to «*
cross sectfons has been observed for pions with
the velocity near that of the incident projec-
tile (i.e., 60 MeY pions for a 400 MeV per
nucleon beam). Isospin symmetry suggests that
that the += and «* ratfo should be wmity for
isospin-symmetric nuclei. However, Coulcmb
interactions between pions and fragments of the
projectile result {n a large excess of negative
pions wlth velocities near that of the prajec~
tite.ls

Data from an early version of the 180 degree
magretic spectrometer used to collect the data

are shown in Fig. 1, which plots invarfant cross
section versus plon kinetic energy in the lab
for varfous meon beam energies incident on MaF,
Cu, and It targets. An improved version of this
spectrometer, which used two sulti-wire propor-
tiona) counters (MWPC's) Inside the magnet, was
used to expand, verify and faprove the criginal
set of cata. The peak in the inclusive »~
cross section has now been observed for neon
beam energies from 140 MeV/nuclecn, which is
well below the free nucleon pisn producticn
threshold, up to 670 Me¥/muclecn. The peak has
also been observed with a 557 He¥/nucleon Argon
beaw. The peak in the «+~ cross section is, in
general, sharpest for heavier beams and 1ighter
targets, which strongly suggests that it is
assocfated with spectator fragments.

10,
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Footnotes and References

*Partially condensed from Phys. Rev. Lett. 43,
683 (1979), with effective in-target beam ener-
gies corrected from 125 to 80 MeV per mucleon,
150 to 110, 200 to 164, 250 to 219, and 400 to
383. cf. Errata, Phys. Rev. Lett. 44, 54 (1960).
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LOW-ENERGY PION PRODUCTION IN HIGH-ENERGY NUCLEUS-NUCLEUS COLLISIONS *

K. Nakai, ! J. Chiba, ' I. Tanihata, ! M. Sesso,? H.

Doubly differential cross segtions for pro-
duction of pions with 4G0-MeV/N e on C,
NaF Cu and Pb have been measured :ﬂ 2 range of
HeV < TLAB <100 MeV and 30° < < 150°.
The resulti are compared with previous data with
800-MeV/N <ONe {see Fig. 1). The broad
maximum at s":-"'- = 90° in the center-of-mass

angular distribution of low-energy pions
observed at 800 MeV/N is not seen at the present
energy. MNeither was such a2 maximum at the
central-rapidity region observed in {p +
nucleus) reactions at Ep = 730 MeV. The 90°
maximum seems to be a pReno-enon specific to
nucleus-nucleus col1isions around 1 GeV/N, where
the mul tiplicity of & formation is high and
multiple-a interactions could inf}uence the pion
production. See also Wolf et al.

Recently, the existence of deeply bound a-
{dibaryon) states hgs been shown theoreticall
and experimentally.”? If such multiple-a bound
states were formed, the energies of pions from
their decay should be lower than those from
single-s decay and this could help explain the
Tow energy central bump at 90° c.m.

Footnotes and References

*Condensed from LBL-8699 and Ref. 1.

S. N iya, and J. O. R

tDepartment of Physics, University of To¥vo,
Tokyo, Japan

tLaboratory for Muclear Studies, Osaka Univer-
sity, Toyonaka, Japan
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Fig. 1. Contour plots of Lorentz-invariant cross sections in p_ {trans-
!&-se momentum} and y (rapidim plane for (a) p + p at 730 Me¥3, (b)

e + NaF at 3& MeV/N, (c) e + NaF "Zw MeV/N, (d) p + Pb at
730 MeVd, (e} e + Pb at 400 MeV/N, (f) e + Pb at 800 MeV¥/N.
The numbers written along c?ntour Tines are the Lorentz-invariant cross
sections in units of mb sr-l CeV-2c. The dots indicate observed
points.




CALCULATION OF MUON FINAL-STATE PROBABILITIES
AFTER MUON-INDUCED FISSION*®

Z.Y.Ms,t X.Z. Wu,! G. 5. Zneng.! V. C. Cho, 1
Y.S. Wang.! J. H. Chiou, 5. T. 3en,? F. C. Yang.? and J. O. Rssmussen

Following some muon-induced fission
processes, the .~ survives in final states
bound to one of the fission fragments. Because
the = lifetime depends inversely on the mss
of the binding nucleus, 1t 1s possible to
deterwfne the probability of .~ being bound to
the heavy fragment, the Tight fragment, or
ejected fnto the contfnuum.

The final-state probabilities for the muon
are assoctated with fission dynamics. If the
motion of the nuclear system past the saddle
point is infinitely slow, that is, by very
viscous flow, the muon would always stay at the
Towest energy level up to the scission point.
Past the scissfon point the nuclear systes is
accelerated by the Coulomb force modified by the
nuclear force and shape distortion at first, and
the muon car be excited to the higher orbital
and have a non-vanizhing probability of ending
up bound to the light fragment. On the other
hand, if the motfon of the nuclear system is not
slow from saddle point to scission, that is, the
motion is not so viscous, there should be
already some fraction of mion excited-state
population, even before scisston. Thus, for
non-viscous flow the greatar percentage of muon
binding to the 1ight fragment should be obtained.

We felt it worthwhile to mzke new theoret-
ical calculations!, going beyond Ref. 2 in
that we would examine extended charge
distributions as well as point charges, study
alternative forms of vartational wave functions,
and run a few cases with different conditions
for fisston asymmetry and nuclear viscosity form
saddle to scission.

We use the method of perturbed stationary
states (PSS) for the problem of the .~ in the
field of moving nuclear charges. We nejlect the
muon mass compared to the nuclear masses; that
is, the separation motion of the nuclear centers
is assumed not to be influenced by the muon
motion.

In our two-state case we get two coupled
time-dependent Schrédinger equations
8,(t) = ~ag(t) (v, (t) el we(ep
exp [nl ft[Eu(t') - Eg(t')] dt'l {1a)
1]
35(t) = ~a,(t) wg(t) 132 wy(th

o Fhgm-ite]
0

Using the modified Euler method we have
integrated these equations on the NOVA 840 com-
puter of the Atomic Energy Research Institute in
Beijing.

To match the timal fission kinetic energy of
170 Me¥ wo choose the scission point of 17.6 fa
as the starting distance. As for the excita-
tion probability during the penetration of the
fission barrier, we investigated two cases,

'ay2 = 0and a2 § 0. For the latter

case we assumed that from the saddle point to
the scission noint the separation speed of the
two parts of ths fissfonfng nucleus is gniform
with {a} v = 109 ca/s or (b) v =3 x1

cm/s. At the scission point of 18 fe the
excitation probability fs about 0.0015 for case
{a), 0.00017 for case (b) and the kinetic energy
at 18 fm is ~ 29.8 MeV for the former, -

2.68 MeY for the latter. The influence on the
final excitation probability for case (b) can be
neglected.

Fig. 1 shows the final emitltlos probabil-
ity is ~ 0.06 for the case with 1, =0,

Eo = 1 MeY at 17.6 fm and - 0.08 for the

case with ay € = 0.0015, £, = 29.8 MeV at

18 fm. These results are close to the experi-
mental estimate.

We wish to represent our foregoing calcula-
tions in a simple functional dependence on
fission-charge asymmetry. Thus, for uranium
{Zj = 92) we have tested and found to be
accurate the following expression:

P = {1+ expl012? - (92 - 7))

- {1 + explb* (a6 - )3} {2}

The weighted sum over the fission yield
curve is so nearly equal to the result for 7
= 40, 7) = 52 that we may use 7; = 40, Zy
= 52 calculations to be representative of the
full folded distribution.

It is satisfyfng to see that these simple
calculations are 1n qualitative agreement with
the experimgntal result of -~ 0.08 fractional
attachment ° to the light fragment and 0.92 to
the heavy.



4

o2 MUON PROBABILITY
WANE
PICTION FIELD Ry lim)
! GAUSSIAN EXT COLLOMS 176

2 SAME EXCEPT MON-ZERG MWTiaL PROBABLITY
AND VELOCITY OF 10% cm vec™

2

0. 2
‘olr + 5270

=]

MUON FRACTION ON LIGHT FRAGMENT

. |
30 40 S0 60
R{Im)

5
8
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PION PRODUCTION WITH HEAVY IONS*

Rubwin H. Landau '’ and John C Rassmussen

This paperl gives an informal review of Footnotes anc Reference
pion production by heavy ions under the follow- -
ing headings: Introduction, Experimental Over-
view, Multiplicities. Single-particle Spectra,
Cascade Calculations and Pion Interferometry in
Relativistic Heavy-ion Collisions.

*Condensed from Ref. 1.

'0regon State University, Corvallis, Oregon.
The promise and complexities of pions as

probes of heavy ion collision dynamics are 1. R. H. Landau and J. 0. Rasmussen, Comments

discussed for this new and developing field. Nucl. Part. Phys. 9, po- 1-14 {1979),
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EVIDENCE FOR NONTHERMA. MON PRODUCTION IN THE
CENTRAL INTERACTINNG OF Ar ON KCI AT 1.8 GeV/A

R E. Renfordt.* J. W._ Hasris.' J. P. Branngen_ J_ V. Gesge. H. Pugh.

L. J. Rosenberg. A. 5. 'S S A Seock? and K. L. Woit

The pions have in the participaat-spectator in the central interactions of Ar om KC1 at 1.8
models in contrast to other reaction products s GeV/A.
unambiguous origin, namely the participants.
The roaction dynamics are sensitive to the Prelininary results of the recomstruction of
number of energies of the produced pions, which 300 «~"s shar 2 nonisotropic distribution
can sfgnificantly reduce the total available with forward-dbachward pesking in the c.m. frame,
energy. It is necessary for models predicting possibly & remmant of the 4{3,3) decay pittern
single particle inclusive nucleon spectra to (Fig. 1). The crosg section in the forward-
describe the pion production correctly. In che backwerd come fs Mgher than arownd 90° in
fireball-1ike models they arise from thermal the c.». In order 20 extract a tewperature of
production and the decay of fsobars in thermal the region, vhere the «~'s are produced, a
and chomical equilibrium with »~'s, nucleons therma] distributfon (£ -+ esp(-£/T)) has been
and nuclear frags. :.s, giving an isotropic and fitted to the data, separatel, fur »°'s
thermal distributicn in the center of wsss for enftted in 3 forward-backward cose and a cone
equa) projectile and target mass systems. a¢7ma 90°. The result fs: T= 92 MeY susmed

over all emission angles, T= 98 Me¥ for the

As part of our streamer chamber study Yf the forward-backhuard cone and T= 06 Me¥ for 90°

energy deperdence of mltipion production.' we enfssfon. The assumed thermal distribution fits

have measured and reconstructed »”'s produced the data quite well.

1 T 1 i 1 ! 1 v I
- 18GeV/A Par—» KCZ ¥~ 1

1

I

(¢}
2
y
Fig. 1. Rapidity plot of + produced in 2600 central interactions ot
Ar on KC1 at 1.8 GeV/A. {XBL 808-1713)

In Fig. 2 the total energy flux in the c.m. frame. Further calculationt will show whether
system going into «~ production is shown. The this is compatible with an independent particle
rather linear relationship with the +~ multi- wmode] or whether coherent processes in the
plicity can be reproduced by assuwing an average highly pressurized s cter must be assused.

kinetic energy of 140 Me¥ per «~ in the c.m.
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“University of Marburg, test Germany
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Now at Argesme National Lsboratory, Argonse, It

-
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2E,- (Gev)

7~ - multiplicity

Fig. 2. » multiplicity vs. total center-of-
mass energy going into v~'s. The lower lime
corresponds to zero kinetic energy, the upper
line to 187 MeV/x~ in the c.m.-frame.

(XBL 808-1714)

ENERGY DEPENDENCE OF MULTI-MION PRODUCTION
N HIGH-ENERGY N /CLEUS-NUCLEUS COLLISIONS

R. Stack.” A. Ssndoval.® R. E. Rentordt, * H. €. Stelzer.* J. W_ Harris, J. P. Braniwgan
J. V. Geaga. L. J. Rosendberg. L. S. Schrosder. snd K. L. Wolf 1

There is considerable interest fn studying Using the LBL streamer chamber facility, we
pion production and its energy dep=ndence in A-A have systematically studied »~ production ans
collisions. For example, pion multiplicity accampanying ear disintegration in the
distributfons provide essential information to interaction of *UAr and KC) for bombarding
test and constrain thermal and cascade model energies from 0.4-1.8 GeY/A. Data were taken in
calculations. Recent hydrodynamic models both the inelastic and a central trigger modes.
predict an fncrease in the pion yield at the
onset of phase transition in the dense fnter- Figure 1 shows 2 contour plot of the reac-

acticn regfon. tion cross section as @ function of the =~



mltiplicity (n,-) and the tota) mltiplicidy
(n for the inelastic trigger made ot 1.8
aWX The reaction products are cenfined to a
sso-th distribution slong a ridge with ao
discernible sfgnature of snemalous pien preduc-
tion. For high multiplicities, the interaction
approaches the total disintegration imit cor-
responding to the mximwm aumber of ebservable
charges. These features are also observed for
lower bombarding emergfes.

The excitetion functicn for the ceatral
trigger is shown fn Fig. 2. The man ¢~
multipticity increases Vinsarly once the bem-
bardiny energy is reasonably above pion preduc-
tion threshold. Ko marked discontimeities are

WTTTTT
a 12}~ (€) .
- [Te] -
» s .
S Y F -
4 o gl K
1 £ &3
— - ] -
— 2
1| o1y 11
30 40 0 2 &4 &
N>
Fig. 1. Topology of reactfon products for Ar
and KC1 in the fnelastic trigger mode at 1.8
GeV/A. Solid lines are contours of constant
cross section (mb). Dash-dotted line corres-
ponds to the <n,~> as a function of the total
multiplicity. {ABL 804-703R)

choarved in this depondence. Thersml madils are
found to overpredict the shserved pion yields by
sbeut a facter of 2.

ELqp | GV/R)
0O 04 08 12 16 20
~T T 71 1T 1 rr1
6 *PAr + KCI / 4

Central collisions }/

/

5+

<n1'>

0|’L1¢1111‘
0O 100 20 300 400

Ec¢.m. ( MeV/nucl.)

Fig. 2. Center of mass emergy dependence of the
atan v~ multiplicity for central collfsions.
(XBL 804-701)
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INCLUSIVE KAON PRODUCTION IN HIGH-ENERGY WJCLEAR COLLISIONS *

S. Schnetrer. G. Shepwo, H. Swings, |. Taniheta, *
M_-C. Lemaite, * R. Lombard, § E. Mosder.l and S. Nagamivs

Inctusive kK* production c-oss sections
have been measured at angles from 15° to 80° fn
collisions of p {2.1 Ge¥/nuciesn) + (MaF and
Pb), d (2.1 Ge¥/nucleon) + (MaF and Pb), and Ve
(2.1 Ge¥/nucleon) + (C, MaF _ kCY, Ty, and Pb).

The motivacion of the experiment came from
the fact thzc¢ the K* meson has a relatively
swall cross section for scattering on mucleons
(about 10 mb}, and that it is very slightly
absorbed by nucleons because of its + strange-
ness. Therefore, we expect the observed kaon
spectra to reflect more directly the initial
stage of the interaction, whereas thz pi-meson
praductirn reflects both initia? and final
stages.

We uset a migne.ic spectrometer. It was
triggered by a Pb glass Cerenkov counter behind
the spectrometer in which the Cerekov light was
produced b¥ the suon from XK' decay. Since the
yield of K* was about 10°7 of those of pro-
tons and pions, & lucite Cereknov counter was
installed to veto (fons. 1In addition, an
on-line computer cut {we call it the MBD cut)
was applied to reduce proton events from the
main trigger.

A typical example of the spectrum is shown
in Fig. 1 _where invariant cross sections,
(E/p4) (d2c/ddp), are plotted as a function
of laboratory momentum. Using such data we
studied the target-mass dependence of thke yield.
At forward angles the yield is roughly propor-
tional to A§, where AT is the target mass
and a = 0.B. Whereas at large angles a was -
1.2.

The main concern is whether or not the K*
production is enhanced from what is norma))
expected. Here the word “normal” medns
production cross sections calculated from non-
exotic theories with reasonably -onvincing
ass‘nptions. A calculation by Riadrup and
Ko,! which is one such theory, predicts within
a factor of 2-3 the forward yields, while the
data at large angles {80°) are s'g'niﬂc!nt'ly
smaller than this calculatio~. Randrup
recently modified his calculuzion by allowing
the kaon to be scattered once (for Ne + NaF
system) before detection. This modified
calculation predicts reasonably well the slopes
of the data. The absolute yields, how.:cr, are
under predicted by a factor of ~ 2. Likewise
a thermal wodel” predicts well the slapes but
gives too much yield by a factor of ~ 40.
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Fig. 1. {XBL 812-7908)
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PRODUCTION IN
OF Ar ON KCi m 1.8 GeV/A

A. Sandoval,* J. P. Brannigen, A. Decal,! J. Gesge, J. W. Herris,*
H. G. Pugh, N. E. Renfordt, * L 5. Schroader, R. $t0ck,* H. Swoshele® and K. Woi

The threshold for strange particle produc-
tion (A.Z, K} 1ies below the 1.8 GeV/A bombard-
ing energy at which we have studied the central
collisfons of Ar on KC1. The study of the
strange particle production is a unfque probe of
the high-energy nucleus-nucleus interactions.
The high production threshold due to associated
production {A+ K) and (Z+ K} Teads, ot Bevalac
energies, to their production most probably oaly
in the first stage of the collision, before a
large energy degradation has set in. In con-
trast to pions and isobars, they cammot be
reabsorbed, due to strangeness comservation,
making them a more primordial probe. Their
production free MM intzractions iavolves the
strage quark-antiquerk production from the
vacum. 1t is concefvable that this vertea is
modified in a high-density high-temperature
nuclear mediun, making ft very fnteresting to
compare thelr production cross sections in
differeny, systems.

In our stresmer chamber study of central
collisions of equal mass systams, we are semsf-
tive to the cha decay of neutral stram;:
particles K*—s*s~, A ps~ as well as to
v conversions, y—e'e~, all of which pro-
duce secondary vertices {vees) in the figucia)
volume. In order to study the strange particle
production with relativistic heavy fons, a
iﬁecial scan of the central collision rum of

Ar on KC) at 1.8 GeV/A was done to identify
all the vees. The tracks were measured and
reconstructed in three views; using the TVGP
program, momentum vectors were obtained which
were used to do a 3-constraint fit to the decay
kinematics in order to identify the decaying
particles. In the mjority of the cases there
was only gne possible mass assignment that gave
a smal1X . We found that 73% of the vees
were gammas which converted mostly on the high-2
mterfal of the central electrode; 4% were
fdentified as Waons and 23%asAs. In Fig. 1
the resulting invariant masses of the strange
particle decays are shown for the assumption
that the vee cdrresponds to a pr~ or a
»*v* pair. The arrows show the 1ines along
which the As and K*s should 1ie. For the events
corresponding to aAmass, the momenta obtained
are shown in Fig. 2 as a scatter plot in the
center of mass p vs p plane. Surprisingly the
As lie putside the region of maximum momentum in
the N + H—N + A + K reaction, which corres-

o7

0.5 }— [Ty . 3

My'y- ( GaV)

0.3

i L1 ] 1 1 _
0N 12z 14 16

Fig. 1. Scatter plot of the reconstructed
fnvariant masses of the charged decay of neutral
strange particles produced in the central
collisfons of YUAR + KC1 at 1.8 Ge¥/A
bombarding emergy. For each event invariant
msses are obtained assuming it s a ps~ (A)
or 2 v'x"(K°) pair. The labeled arrows
correspond to the lines along whichAs and K°s
would 1e. Identified ys and events that con-
verted in the central vire mesh gre excluded.
{XBL 804-753}

ponds to a circle with p = 300 MeV/c radius
around the c.m. Effects of fermi-motion might
boost them cut by 200 Me¥/c more but not enough
to explain the high c.m. momenta we observe.
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Fig. 2 Center of mass p; vs p| scatter plot of
xhe As produced in the central co'lisions of
OAr on KC1 at 1.8 Ge¥/A. (XBL 804-754)
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NEUTRON ENMISSION IN RELATIVISTIC NUCLEAR COLLISIONS*
J. D. Stevenson?

Charged particle emission in relativistic
heavy fon collisions has been extensively
studied in the last few years. Measuresents of
neutron en}'ssion have, however, only recently

been mxde.’ These measurements show that
neutron and proton energy spectra for ~ 400
He¥/muclegn e + U are substantially

di fferent’. The neutron to proton ratio, R,

2 2
» d%aln) d“a(pl
ULl

decreases with increasing fragment energy. It
varies from R X 4 at 20 Ne¥ to R = 0.3 at 609
MeV at all laboratory angles.

Recently I presented a cascade model! of
relativistic heavy fon collisions that accounts
succes;fully for charged particle measure-
ments. I have found that tiis same mode)
accounts for the fragment energy dependence of
R. My mdel, which is parameter-free, assumes
that tge heavy ion collision proceeds in two
steps.¢ First there is a cascade treated as a
succession of free nucleon-nucleon elastic scat-
terings. Then in the final state some of the
scattered nucleons coalesce to form ight
nuclej. This second stage uses the coalescence
model3 of Gutbrod et al. Using the coales-
cence mode]l the proton and neutron spectra can

be corrected to the tise before coalescence took
place. The precoalescence neutron spectrum is
given by

o(n') _ olm) S dzc(ZEA)
The sum is over all isstopes, but only H and He
isotopes contribute significantly. It is
important to note that Eq. 2 involves experi-
mentally deterwined quantities only, no para-
meters. Using Eq. 2 and an analogous equation
for protons it is possible to calculate the -
neutron to proton ratio before coalescence takes
place, R'. Figure 1 compares the experimentally
determined values of R' with those calculated
from my cascade model. My cascade reproduces
fairly well the fragment energy dependence of R'.

Much of the predicted energy dependence of
R' is due to the -15% lower beim energy of the
feutron measurement. However, my cascade
predicts that {f both measurementc were at
exactly Ebf' = 400 Me¥/nucleon R’ w=uld fall
from R* = 1°5 at 300 Me¥ to R® = 1.2 at 400
MeY. This is due to incomplete equilihration of
the projectile~-target systew. Thus refined
measurements of the neutron to proton ratie R*
may provide a sensitive test of equilibration in
heavy ion collisions.
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Fig. 1. Neutron to proten ratio before coales-
cence, R', versus energy. Triangles are based
on proton data of Ref. 4. Squaras are based on
proton data of Ref. 5. The solid 1inme is
calculated from the cascade model discussed in
the text. {XBL 807-1682)

MEAN FREE PATH OF PROTONS INSIDE THE NUCLEUS AT E, = 800 MeV
DETERMINED FROM TWO-PROTGN CORRELATIONS IN pa OLLISIONS *

|. Tanihata,t S. Nagamiva. S. Schnatrer, and H. Steiner

Inclusive proton spectra and two-proton (15° and 30°), whereas at Jarge angles {40” an¢
correlations have been measured in collisions of 60%) no structures were seen in the momentum
800 Mev protons or C, NaF, KC1, Cu, and Pb spectra. In two-proton coincidences, a peak due
targets. A magnetic spectrometer was used to to pp QES clearly appeared in the proton
measure the inclusive spectra at laboratory mogentum spectrum at 40° when the other proton
angles from 10° to 60° for proton momenta was detected with the telescope at ¢ = 180°
between 0.5 and 2.0 GeV/C. When the spactro- {in-plane two-proton coincidence); however, no
meter was set at e = 40°, two-proton coinci- structures were still seen in the spectrum when
dences were measured with one proton detected by the coincidence was taken with the § = 90°
the spectrometer and the other proton detectsd telescope (out-of-plane coincidence).
by one of two plastic counter te]escoges placed
at (e, #) = (40°, 180"} and (40°, 90°), where Figure 1 shows the target-mass dependences
the spectrometer was located at ¢ = 0°. of the yields at the peak regions of QES.

. Inclusive ylelds, shown at the top, increase

In inclusive proton spectra, strong peaks monotonically as a function of the target mass,

associated with pp or pn quasi-elastic while the in-plane coincidence yields, shown at

scatterings {QES) were observed at swall angles the bottom, have a max{mm value at the target
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m;s around 40-50. As we fncrease the target

. the probability of having pp QES
increases, but at the same time, the probability
of rescatterings after the pp QES also

In the present measurements the
spectrometer and the in-plane telescope covered
very limited kinematical reglons, suck that, {f
either proton from pp OES was rescattered inside
the target nucieus, it would not de detected.
The probability of detecting in-plane cofaci-
dence could, therefore, be lower for heavier-
mass targets, due to such rescattering effects.

By parameterizing the rescattering effect
before and after the pp QES by the mean free
path 1, we fitted the observed target mass
d de When we take 2 = 2.4 * 0.5 fa for

protons at 800 MeV, then the data are very well
reproduced, as seen in the figure. This value
is about 1.6 times larger than the value
expected from the free nucleon-muclec:

Footnotes

*Abstract submitted to International Mucl.
Physics Conference, Berkeley, 1960.

10n leave from INS, University of Tokyo,
Tanashi-shi, Tokyo, Japan.
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THE CORRELATION OF TWO PROTONS AT SMALL RELATIVE MOMENTA
FROM COLLISIONS OF 40Ar AND KCI AT 1.8 GeV/A

J. B. Carrol,* K. Genazer,” G. Igo,* Y. Miske, T. A. Mulers, J. Oostens,* A. L. Ssgle.
V. Parez-Mandez, 1.Tanihaws, D. Woodard, * and F. Zasbakhsh

We have measured the correlation between two
protons that are emitted at small relative
Rnenu from collisions of 1.8 Ge¥/nucleon

Ar projectiles on a KC1 target. MNe were
motfvafed in part by the theoretical work of S.
Koonin' who suggested that the correlation
function is sensitive to the spatial (r) and
temporal (1) extent of the fnteraction regfon in
relativistic heavy fon collisions. Our ieme-
diate goal 1ic to experimentally test the feasi-
bility of using the correlatfon functfion as 2
technique for measuring sizes and 11ifetimes. Ue
then wish to employ this technique in conjunc-
tion with a high multiplicity trigger to measure
the size aad 1{fetime of the compound system or
“firebal1"< that may be formed fn the Ar-KC)
center of mass.

Measurements have been made when the average
momentum of {.i¢ two protons corresponds to the
beam rapidity Yg{P/Z = 2.4 Ge¥/c and qo. =
6°) and the mid-rapfdity Yg/2(P/Z = 1. &V/c
and e = 13.45%). Protons travelling at Yg are
thought to come from the projectile remmant
while protons travelling at Yg/2 are associ-
ated with the “fireball™. By studyfag the
correlation function, R, in these two rapidity
regions, we hope to measure the relative sizes
of the fireball and the projectile remmant.

The two protons are detected in a magnetic
spectrometer which is fnstrumented with plastic
scintillation counters (S), multiwire propar-
tiona) chambers (M#C) and a 24-element scintil-
lator hodoscope (H). Ve have also sampled the
sl tiplicity of high Py fragments with an
array of multiplicity counters (M3} that sur-
round the target.

The correlation function R is formally
defined from the relation

o Lol do do gy, g
BB, o o2 & &
where & is the two particle inclusive dif-

1%2
ferential cross-section, % is the single part-

icle fnclusive differential lcross-section. oT

is the total fnclusive cross-section for observ-
ing a proton, and <n> and <n{n - 1}> are the
firit and second moments of the proton multipli-
city distribution.

Preliminary results for the correlation
function using single proton mixing are shown in
Fig. 1. The symbols (o) represent data at Yg/2

T T TUTrT T v L L
s $P/2=10Gev/e B =13.45°M>4 b
§ P/Z=1.0GeVsc 8 =13.45° Nomultiphcity cut
5r $P/Z=2.4Gev/c BL =6* No multiplicity cut T
ab — Calculations of Koonin for T =0 i
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for which a muitiplicity of five or more vas
required in the trigger for both the two proton
and single proton data. The symbols (X) repre-
sent data at Yg/2 with no multiplicity
requirement. The symbols (e} represent dsta
near Yp with no multiplicity requiresent. The
curves are S. Koonin's calculations of R for r
equal to 2 and 3 fw when t= 0.

Even at this early stage in the amalysis, it
is possible to draw some tentative conclusions.
The agreement between the shape of the dsta and
Koonin®s predictions seems quite gocd. The
sizes obtained by comparing our data to Koonin's
v = 0 calculations represent upper luits
because a finite 1ifetime reduces the peak 1n
the correlation function. The sizes we extract
for the three different settings shown in Figure
1 are 2.2, 2.9, and 3.5 fm for data at Yp/2 (M
> 4), Yg/2 (M2 0), and Yg (M 2 0), respec-
tively. Since Xoonin used Gaussian distribu-
tions it is necessary to multiply these sfzes by
1.5 to compare them to the RMS values of sharp
sphere distributions.

The upper 1imit for the size of projectile
remnant is 5.5 fm which is larger than 4.1 fm,
the radius of %0Ar. This larger apparent size
coulg be caused by a finite 1ifetime (t= 7 x
10-23)." On the other hand, this type of
experiment is sensitive to the region of the
final hadronic interaction between the protons
and the rest of the nuclear medium. If the
projectile remnant is expanding and these last
interactions occur when the density is lower

then normel muclear density, ome wight expect to
measure a size that 1s larger than that of the
origimal projectile.

The size of the source at Yg/2 appears to
be sasller than at Y. It is possible that at
so high & bosbarding energy only a small portion
of the participant regfon (the geometrical over-
Tap between the projectile and the target) are
actually stopped in the center of mass. This
can be checked by measuring R at Tower bombard-
ing energies.

In the near future we hope to extract 1{fe-
times as well as sizes by fitting our data to
the predictions of Koonin‘s model. _le also plan
to see whether cascade calculations3 suggest
any correlation between relative momentum and
the size of the interaction region which might
explain the smll size we measure at Yg/2.

Footnotes and Referemces
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OBSERVATION OF HIGH MOMENTUM PROTONS FROM
LINITING TARGET FRAGMENTATION®

J. V. Geaga, S. A. Chessin, J. Y. Grossiord, 1 J. W. Harris,
D. L. Hendrie, L. S. Schroeder, R. N. Trauhaft, and K. Van Bibber?

Inclusive distributions of protons produced
at 180° have been measured in the momentum range
0.3¢ p # 1.0 Ge¥/c. Proton, alpha, carbon, and
argon bheams in the range of kinetic energies 0.4
£ T £ 2.1 GeV/n (4.89 GeV for protons) were
incident on C, A1, Cu, Sn, and Pb targets.

The energy dependence of the proton-induced
cross sections is shown in Fig. 1. Results from
other measurements at 90 MeY, 600 MeY, 7.72 GeV,
and 400 GeY have been included. The data
indicate limiting behavior of the distributions
in the range of momenta 0.4< p < 1.0 GeV/c
starting between 1.0 and 2.0 GeY. Results with
other targets and also w'th heavier projectiles
are similar.

The dependence of the proton production
cross sections on projectile mass for a carbon
target at an incident energy of 1.05 GeV/n is
shown in Fig. 2. The shapes of the proton

spectra in the momentum range 0.4 p 1.0
GeY¥/c are seen to be roughly independent of
projectile mss. Plotted on the same figure {in
the projectile rest frame) are data from Papp
for C + C—=p(2.5%) at 1.0§ Ge¥/n. Recent
theoretical investigatfons® show that the
internal momentum distributfons in nuclel can be
approximated by two overlapping Saussfans when
short-range correlations are included. The Yow
momentum Gaussian is dominated by the single
particle characteristics of the momentum
distributifons and the second Gaussian emerges
when short-range correlations are considered.
Specifically, these investigations propose that
the higher momentum components in nuclef arise
predominantly from short-range correlations.
The solid line show: in Fig. 2 is a double
Gaussian parametrization of the C + C— p data.
If the internal momentum distributions are
indeed correctly specified by the models, then
one is led to conjecture that the shapes of the




400 GeV p+C—p(160%
\ « 771 GeV p+C—p(180°)
,03 L 2489GeV p+C—p(180%)
\ «21 GeV p+C—p{1807)
\ 0105 GeV p+C—p(180°)
— 2 \ 600 MeV p+C—+p(180%}
m 0k | 90 MeVpsAl--p(40%;
S Voo
Q 1 \ 0 ]
e 10 ohke .
3 T
£ o
" -3 a =]
s | i,
b -1 $ o
T 0F §‘Y -
$*°
-2 f v
10 ‘!r .
lC-)s 1 ¢
0 500 1000
P(MeV/c)
Fig. 1. {XBL 7912-13375)

measured distributions in the momentum region
0.4 < p < 1.0 GeV/c are a consquence of the
presence of nuclear correlations.

1n conclusion, we find that the data span a
transition region wherein the inclusive distri-
butions of protons in the momentum range 0.4 <p
<€1.0 GeV/c are found to exhibit l‘);m'tl'ng
behavior. Recent theoretical workd also
indicates that at higher energies, backward
spectra in the same momentum region are mainly
composed of spectator nucleons from the breakup
of correlated pairs in the nucleus. The data,
together with recent theoretical descriptions of
internal momentum distributions in muclei and
reaction mechanisms involving correlated
nucleons, strongly suggest that the limiting
shapes of the measured spectra are related to
the presence of correlations in the nucleus.

Footnotes_and References
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THE AGE OF THE COSMIC RAYS*
D. E. Greiner snd M. E. Wiedenbeck !

The age of the cosmic rays is one of the key
parameters required in order to model processes
of cosmic ray acceleration and propagation.

This age, combined with the observed cosmic ray
flux, establishes the power output required from
the cosmic ray sources and influences the effi-
clency required of acceleration mechanisms. It
also has direct bearing on the questions of how
strongly the cosmic rays are confined in the
propagation volume and of the wean density of
fnterstellar gas in that volume.

Measurements of the abundance of long-1ived
radioactive isotopes in the galactic cosmic rays
Y vide an excellenrt grobe of this Tifetime and

e (Ty/2 = 1.6 x 10° years in the labor-
atory) is the best candidate for this measure-
ment. The fact that the fracngn of the cosmic
ray berylliﬁaewected to be e, even in the
absence of '“Be decay, is small (~ 0.1 to
0.2) makes this measurement difficult. Even the
most recent isotopic composition experiments
have had to_rely on peak fitting technigues to
derfve the 10Be abundance, in many cases
without even the benefit of an accelerator
calibration of the peak shapes. Balloon-borpe
experiments have suffered from the auditional
di fficul ty that e produced in the overlying
atmosphere ts fragmentation of heavier species
f&?tam'ﬂtes the desired signal from galactic

e, contributing as much as half of the
observed abundance.

We have made a measurement of the isotopic
composition of galactic cosmic ray beryllium
which overcomes these problems. Our measure-
ment, made with the U.C. Berkeley HKH experi-
mentt aboard the ISEE-3 spacecraft, has for
the first time achfeved complete separation of
the cosmic ray beryllium fsotopes. This
measurement covers the energy interval ~ 60 to
185 MeV/amu. Figure 1 shows a cross-sectional
view of the detector system. Mass deterwina-
tions are made on an event-hy-event basis for
coswic rays stopping in the detector system
employing energy loss signals from up to nine
Si(Li) detectors and a trajectory measuresent
obtained from six drift chambers.

Figure 1 shows the distributton of masses
calculated for the 345 beryll{um events included
in this analysjs. The three well-resolved peaks
correspond to ‘Be {which decays by electron
capture fn the laboratory but is fully stripped
gnd therf&'ore stable at coswic ray energies),

Be and '“Be. The average mass resolution
for these data fs oy = 0.15 amu, a factor of
two better than achieved in any previous
measurement of coswic ray beryllium.

For the interpretation of our observations
we have adopted a standard wodel in which cosmic
ray propagation s assumed (1) to occur in a
hi wedium subsequent to acceleration,

and (2) to be characterized by an exponential
distribution of potential pathleagths. In
addition, cosmic rays are assused to undergo
solar modulation in penetrating to the earth's
orbit.

For this analysis we obtain the musber
density of atoms of intersteller gas in the
cosmic_ray confipesent volume as 0.3+
0.1/ca. This density, combined yith the
escape mean-free path of 5.5 used in the
calculation, cam be used to calculate the
“cosmfc ray age,” that is, the mean escape time
from the confinement volume. F: =1
particles we obtain tesc = (8.03:!) x 106
yr. These uncertainties in ny and rpyc are
due to measurement errors alone.

We thank Fred Bieser, Hank Crawford, Harry

Heckman and Peter Lindstrom for contributions to

this experiment.
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Fig. 1.
the 345 bery.lium events {60-185 MeV/amu).
Inset shows cross sectional view of the U.C.
Berkeley HKd detector system on ISEE-3.
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DISCOVERY OF NEW NEUTRON RICH ISOTOPES 20Ca and 27F

J. D. Stevenson® and P. B. Prics*

Techniques to produce extremely neutron-rich
isotopes include proton-induced fragmentatfon of
heavy nuclei, deep inelastic heavy fon reac-
tions, and most vecently, fragmentation of
relativistic heavy ions. 100 C N

We present results of a search for new
neutron-richdsotopes produced by fragwenting
210 MeV/amu *°Ca nuclel. These results 0|
3nc'lude 392 first proof of particle stabflity of
0C and In addition we have confirmed
BEevigHs repov}g of particle stability of 9C
0, and <°F.

Projectile fragments are characterized by -
having very small transverse momenta, o{P| )= k4 6 8 20 20 22
150 MeV/c. The longitudinal momentum fs S
strongly peaked at the beam momentum-per-nucleon é
with o(P;)= 150 Me¥/c. Thus in the laboratory
the fragments form a beam diverging only ~ 1° #*
from the beam direction.

Our experimental procedurel involved
defiecting the "beam” of fragments with the
Bevalac Beam-40 0° spectrometer and stopping
them in a stack of Lexan plastic track detec- 10
tors, Later the detectors were processed and
- ll)‘1 tracks were located. The end of range
of each particle was determined in three dimen-
sions. This provided siemiltaneous measurements
of range and magnetic deflectfon of particles.
In addition the charge was measured at th; end I
85‘:“"99 Typical beam intensity was
a fons/sec. The target was 0.89 g/cm- Bc. '22 24 26 24 26 28

Figure 1 shows the data accumulated over a

40 hr run for carbon, nitrogen, oxygen, and Mass
fluorine nuclei. The mass resolution is u.T:

he

0.23 for carbon to op = 0.34 at fluorine. Fig. 1. Mass histograms for carbon, nitrogen,

ratfo of peak heights does not reflect the rela- oxygen, igg fluorine fragments from 210 %V/
tive yields of fsotopes. There is 5 ear evi- nuc'|59n a projectiles. The isotopes
gsnce for the firs nbserv fon of €UC and and ¢’F are clearly observed.

In addition <2N and F, which have (XBL 807-1390)

been observed only once before,© are con-

firmed. The sfatistica signficance of possible

peaks at 2l¢ N, and 250 is being 1. J. D. Stevenson, P. B. Price, and M. P.
considered. Budfansky, Mucl. Instr. and Meth. 171, 93 (1980).

2. G. D. Westfall, T. J. M. Symons, D. E.
Footnote and References Greiner, H. H. Heckwan, P. J. Lindstrom, J.
Mahoney, A. C. Shotter, and D. X. Scott, Phys.
*Also at Space Sciences Laboratory Rev. Lett. 43, 1859 (1979).



EVIDENCE FOR ANOMALOUS NUCLEI AMONG RELAT'VISITIC PROJECTILE FRAGMENTS
FROM HEAVY 10N COLLISIONS AT BEVALAC ENERGIES*

E. M. Frigptilander, R. W. Gimpsl, H. H. Hechman, Y. J. Karanmt. B. Judek.? and E Ganssauge?

Evidence for anomalously short reaction mean
free paths (mfp) of projectile fragments (PF)
from high energy heavy fon collisfons has been
persistently reported in cosmic ray studies
since 1954; however, because of limited statis-
tics, these results have not gained recogni-
tion. To overcome this limitation, we have
performed two independent simflar experiments
with beams from the LBL Bevalac.

Two stacks of 11ford G5 nucTear research
emulsion pellicles were exposed to relativistic
heavy ion beams pirallel to the emulsion sur-
faces (24 GeV/nucleon 160 and 1.88 GeV/
nucleon YFel.

Interactions, defined as events showing
emfssion of at least one target- or projectile-
related track, were cotlected by scanning along
the tracks of beam nuclei. Relativistic tracks
of charge 2 73, with velocity approximately
equal to the beam, emitted from all generations
of the extra-nuclear cascade within a 100 mr
forward cone were “ollowed until they either
interacted or left the stack.

Our results, based upon 1470 events, can be
summarized as follows:

1) Over the first few cm affer emerging from
a nuclear 1nteract“n {~ 10g/cw* of matter
traversed or ~ 10~} s proper time) the PF's
exhibit significantly shorter sfp’s than those
derived from “normal" beams of the same charge 2;

2) at larger distances from the emission
point, the mfp's revert to "normalfty” in the
above sense;

3) the data are incompatible with a howo-
geneous Towering of the mfp and require the

Table 1.

presence among PF's of at least one component
with an unexpectedly high reaction cross section.

In the energy range 0.2-2.1 Ge¥/mucleon, the
sean free path 1 of beam mclei, 2< 2 < 26, can
be parameterized as i(Z) = \Z°D, where \ =
Al = (30.4 * 1.6) cm and b = 0.44 ~ 0.02.

Ne investigated the dependence of \ on distance
D after emissfon of a prajectile fragment and
obtain for D< 2.5 and > 2.5 cm estimates for \
idisplayed at the bottom of Table 1) which dif-
fer by 3.4 5. D.

We display in Table 1 charge-grouped esti-
mates for 1 which i1lustrate that this effect is
present in all charges of PF's. The probability
Ppi<Fp) where Fp = 2*(D < 2.5 cm)/a*(D >
2.5 cm) should be uniforamly distributed between
O and ] for al! charges Z. WNe obtain the mean
Pp » 0.323 + 0.053, which s 3.4 5.0. from
the expected value of 1/2. This result 3y Snde-
pendent of any assumption about the functional
dependence of 1 wpon Z, and indicates that
within the first few cm after PF emission, » is
significantly less than at larger distances.

Let us assume as a first approximation that,
in addition to normal nuclei, there is a frac-
tion a of “snomalous” PF's with a constant
"short™ mfp 1g¢<1, leaving a fraction l-a that
behaves "normally” as confirmed by ovr observa-
tions at larger distances after C"S‘é"ﬂ'l. e
have md estimates of a and 1, by X ¢ winimiza-
tion from .ir data and obtain 3* = 6=, 1*x
2.5 cm. Asaming {sic!) that 3(2Z) can be
extrapolated to 1, 2.5 cm, this corresponds
to a preposterous Z = 300.

¥e are not aare of explanations within the
framework of conventional nuclear physics for
the results of this experiment.

Weighted estimates for the mean free path i and the paraseterA

at different distances 0 from the origins of PF's for grouped charges.
Expected values assuming a{Z) =AZ-P are given in the Tast column.

a*(D< 2.5 cm) (D > 2.5 cm) (1)
2z (cm} {cm) (cm)
3-8 12.4 = 0.7 14.0T 0.5 14.6
g9-16 8.3 4.7 1.6+ 1.0 10.6
17-26 6.0*+06 8.0* 0.8 8.4

A*D 2.5 :cm) A*{D > 2.5 cm) {A)
(cm) {cm) fem)
3-26 25.0 1.1 30.0 1.0 30.4
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TARGET FRAGMENT ENERGIES AND MOMENTA IN THE VEACTION OF
4.8 GeV 12C and 5.0 GaV 20Ms WITH 23%)

andG T S 9

W Loveland. * Cheng Luo. ! P. L McGi

The study of the fragmeatation of a 238y
target nuclces by relativistic heavy fon (RMI)
projectiles has revealed miny new and { terest-
ing phenomena particularly in regard to the
yields of the survivors of deep spallation
processes (with Afragment > 150). To better
understand these phefiomena, we measured the
target fragnent energies ’nd mu for two
such reactigga (4.8 Gev 1C + and 5.0

U} using the thick target-
thicl: catcher recoil technique. Details of the
experimental techniques anf Geta andlysis have
been described previcusly.

0. J M

A portion of the results
for the reaction of 4.8 Gev
shown in Fig. 1. Here the fraction of urgﬂ.
frageents recoiling forwcrd from the target
relative to the fraction recoiliag dackhward
(F/B) along with the target fragment esergies is
shown as a function of the product mass mumber A
and the displacement (2 - Zp of the fragment
atomic mmber, 2, from the non-integral 2
corresponding to the center of the valley of
s-stability, 25. In this figure one sees
evidence of the occurrence of several different
processes.

8{ sudie-
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Mass number, A
Fig. 1. A contour plot of the fragment kinetic energies <E> and F/B

ratios as a function of the fragment wmass mmber A and the position of
the fragment relative to the center of the valle; of s-stability, 2-2,.

The lightest fragments (A < 40) are charac-
terized by high kinetic energies and large
values of F/B which is consiscent with their
production in @ “fragmentation” mechanism. The
heaviest fragments (A > 150) are neutron-
deficient, show very large values of F/B and
very low fragment kinetic energies. Undoubt-
edly, these prgggcts are the result of deep
spaliation of U nuclei. The intermediate
mass products (80« A ¢ 140) are a complex
mixture of fission and deep spallation pro-
ducts. The most n-rich products (90 < A ¢ 110!

(xBL 809-1869)

are mos<ly fission fragments (F/B ~ 1, high
kinetic energies}. The mass and atomic numbers
of t.ese products and their kinetic emergies are
<unsistent with their formation in the fission
of a species with A ~ 210, Z - 85 with some
slight admixture of deep spallation products.
Their kinetic energies are too low to be consis-
tent with the fission of uranium-1ike specfes, a
phenomenon similar to that observed in such high
energy induced reactions as photon-induced
fission where fission occurs primarily at the
end of the evaporation chains involved in



de-ex~itation of the primary target fragments.

The group of fragments with 40 ¢ A < 20
represents an interesting class of events.
Their kinetic energies are relatively high and
the values of F/B are also larger (2 < F/B<
3). One possible explanation of the origin cf
these events is that they represent the products
of the fission of a specles with A - 120-130.
Their kinetic energias are completely consistent
with this idea and their F/B.ratios would indi-
cate their formatfon in a non-peripheral col-
1ision. The other part of tiiis scenario would
be the large grour of neutron-deficicnt products
with 120¢ A < 140 which represeat the non-
fissioning survivors of the precursors of the 40
<A < 6D events.

In Fig. 2, we show & comparison between
measured and calcuiated values of the longi-
tudinal velocity 8, (= v, /c) imparted tc the
fragment in the first step of the pmkctﬂe-
sssget interaction for the 4.8 Ge¥

U reaction. The calculations of s, were
made using the intsamclear cascade model of
Yariv ’nd Fraenkel? and the firestreak
model. ¥ The measured values of g, selected
for use in Fig. 2 are for neutron deficient
species. This selection was made to emphasize
deep spallation reactions and to de-emphasize
fissfon, 1.e., to select products from colli-
sions with significant projectile-target
overlap. As one can see from examining Fig. 2,
the cascade model grossly overestimates the
values of g, for all fragments with A < 209 with
the firestreak model predictions also in gross
disagreement with the experimental data. This
sftuation may be analogous to the overestimates
of the deep spallation product somenta in
proton-nucleus collisions by cascade cajcula-
tions.? Crespo, Cumming, and Alexander:
speculated that the primary s”lht{m products
might emit fragments such as <*Na thus
redycing the spallation product momeata and
providing a ratural mechanism for producing the
high momenta associated with these 1ight frag-~
ments. The mechanism is reasonable given the
calculated excitation energies (firestreak
model) of the precursors of the A = 160-190
fragments which range in energy from 595 to 380
MeY¥, respectively.

Footnotes and References

*Permanent address: Dept. of Chewistry, Oregon

State University, Corvallis, OR 97331.

130

.

B
3
-3

n.
[+]

Fig. 2.
weasured values of »,.

A comparison of the calculated and
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TARGET RESIDUE RECOIL PROPERTIES IN THE INTERACYVION
OF 8.0 GeV 20Me with 18178°

W. Lovelend. ! D. J. Merrissay, K. Alekistt. ! G. T. Sesborg.
S. B. Kaufman, 3 E. P. Steinberg, 38. D. Wikine,t J. B. Cumming. P. E. Heustein, ) and H. C Hseuh|

We report the results of an interlabaratory
study of the target fragment momenty and emer-
?Hs from the reaction of B.0 GeY with

Ta. We found that the fragment kinetic
properties are considerably dlffﬂ:nt r| those
found in the reaction of 25 Ge¥ + Ta
and, furthermore, the specific product form.r:
"’Tﬁi't" observed in the reaction of 8 GeV

Ta excesd those fn relativistic proton
induced reactions with heavy targets.

The experimental technique used to measure
the target fragment recofl properties was the
thick target-thick catcher technique. Indepen-
dent fofl stacks from each of the participating
laboratories were irradiated sfmultaneously and
the product radicactivities assayed by off-line
y-ray spectroscopy. The results of these mea-
surements are presented as the fractfons of each
radionuclide which recoiled out of a target into
the forward and backward directions, I and B,
respectively. The forward to backward ratfos,
F/8, for various target fragments are shown in
Fig 1 along with data from similar proton
induced reactions. (A1l data are the welghted
averages of the measurements of the di fferent
laboratories which, in general, agreed within
experimental uncertainty.) The results were
transformed into kinematic quantfties using the
simple two step vector model of high energy
nuclear reactions. In this model, each targe:
fragment kinematic property is decomposed into
two components, one resulting from an fnitfal
fast projectile, target interaction (the
“abrasion step” of the abrasion-ablation model}
and another resulting from the slow
de-excitation of the excited primary fragment
(the ablation step).

The general variation of F/B values with
product mass shown in Fig. 1 s similar to that
observed in the interaction of relativistic
protons {1< Ep <300 Ge¥) with heavy tar-
gets. However, a detailed comparison of the F/B
values_measured in this work for the reaction of
8 GeV e with similar values from proton-
induced reactions reveals that, while the trend
of F/B with product mass A is similar for all
%:unsl product F/B values for the 8 GeV

e + Ta reaction exceed any equivalent
values for the other reactions. From thess F/B
values (and the forward velocity or angular
distributions they represent) we can conclude
that limiting fragmentation {with respect to
kinetic properties) hga"not been ttained in the
interaction of 8 GeV 20Ne with o Ta. This
conclusion is based upon the non-equivalence of
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Fig. 1. Comparison of target fragment F/B
ratios for varfous ﬁ]atlvlstls proton and heavy
fon reactions with Ta and

(XBL 801-71)

‘s values for the reaction gg 8 GeY 20ne
vlth ITa (this work), 25 GeY 14C with
121 Tal and 25 Ge¥ 12¢ with 197, 2

It is instructive to compare the somenta
fmparted to selected target fragments fn the
ablation phase (or second step) of the reaction
since varfation of this property with changes of
projectile type and energy can reveal the extent
to which the ablation phase of the reaction
mechanise is influenced by the abrasion process
which occurs during the initfal projectile-
target interaction. Figure 2 shows a plot of
<P>, the component of the target fragment
momenta due to the ablation phase of the reac-
5 on versus A for the spallation of Ta by 8 Ge¥

e and by protons of 0.45, 0.58, and 19 GeY.

For the 8 GeY 20Ne induced reaction a
steady increase in <P> s observed as one moves
from near-target products to those that have
resu'lfrd from the resoval of - 50 mucleons

1Ta. This incresse in <P> goes
approxilitely as VAA, and s indicative of
sequential, step-wise momentum “kicks” being
imparted, in a random walk fashion, to the
ablating target fragment. The general pattern
based on these results for Ta and those for Au
targets is that the ablation phase of reactions
leading to products with AA< 50 is essentially
energy and prajectile invariant.
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THE ENERGY DEPENDENCE OF 20%5 FRAGMENTATION
IN RELATIVISTIC NUCLEAR COLLISIONS

K Alekiets. *

An ambiguous paint in the description of
relativistic heavy ion [RHI) reactions is the
amount of excitation energy deposited in the
spectator fragments by the interactfon. Various
models of the fast interaction generate primary
fragments with varying amounts of excitation
which after de-excitation reproduce the
experimental results for light nuclei. Although
direct measurements of this excitation energy
are difficult, one can follcw the trend of
primary fragment excitztion through some
relatively simple experiments. Excitation
energy in a high mass {but relatively
non-fissionable) nucteus at low angular momentum
is car.ied off mostly ty evaporawed neutrons.
Thus, if the primary fragment cross section
distributions are governed by geometry, then
di fferences in the N/Z ratio of final residues
of RHI reactions as a function of bombarding
energy {same projectile and high mass target)
will represent differences in the excitation
energy.

Following this idea, we report the variation
of the production 050 uld isotopes from three
RHl reactians with 8'(- In these experi-
ments, hismuth metal foils surrounded with Mylar
catchers were irradiated with beams of 4.8 GeY

O J Mothssey. W Loveland. * P L MzG:

andG T S

10.40 GeV/A)12¢, 8.0 Gev [3:40 Gevra) 20ue,

and 25.2 Ge¥ (2.1 GeV/A} 12C jons from ihe LBL
Bevalac facility. The target fragmentation pro-
ducts stopped in the target or catcher foils,
and the induced radiosctivities were measured by
direct gamma ray spectroscopy and by gamme ray
spectroscipy of a chemizally separated gold
fraction.! The gawms vay emitting n!clel were
identified using standard techmiques® and the
production cross sections were calculated for
thoie activities observed in the unseparated
foils.

The measured cumulative yield cross sections
{which include contributions from muclef pro-
duced by raldicactive decay) were corrected for
this decay feeding by an iterative fitting of
Gaussian distributions to the decay-corrected
{and independent yield) cross sections. The
resulting calculated and measured fndependent
yield cross sectligi a{Z/A) are shown in Fig,

- The yield of Ay is depressed relative
to the other nuclidic yields in all the reac-
tions for reasons that arz not clear.

Cursory inspection of Fig. 1 shows that the
distributions of Au fragments are very similar

for the three reactions studied in this work. A



more detailed examination of the data shows that
there is a slight (<1 amu) shift of the distri-
bution centroids toward larger A values as the

projectile energy increases. Thus, althougg the
incident projectile energy changes OVer

’ excitation enerqy impar rget
JYragments changes by less than .
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Tig. 1. The isotopic production cross sections

for gold Hoducts from the_reaction 4.8 and
25.2 GeV 12C and B.0 Gev, e with ]
are shown. The lines represent the best Gaus-
sian fit to each distribution with the arrows
showing the distribution centroids.

(XBL 807-10700)

We are left vith the question of whether
this apparent saturation in energy transfer is
predicted by current models of fragmentation
reactions. One highly developed model of such

collfsfon which makes predictions about the
fragmentatfon products 1> the intramuclear cas-
cade mdel of Yariv and Fraenkel.? The

results of the calculatfon: of the pestition of
the centrofd of the gold isotopic distributions
using this model are in approximate agreement
with the results of our study but predict values
of the distribution centroids which are syste-
matically more neutron deficient (- 1-2 smu)
than our data. Thus, the experimentally
observed limiting fragmentation behavior of high
mass nuclef is predicted by this model of rela-
tivistic nucleus-micleus collisfons.

What universal feature of RNl reactions 1s
responsible for this betavior? la this case
involving very peripheral collisfons {fmpact
parameter b ~ 9 fm > Ayy= 7.0 fm), it 1s
simply a3 matter that predicted changes in —
experimental distributions are very smll cos-
pared to the sensitivity of the experimental
measurement. Unfortunately, selectfon of events
involving more central events suffer from the
fact that such events integrate sore fully the
primury reaction processes through the subse-
quent Je-excitation of the primary fragments.

Me cerclude that the observation of 1imiting
fragmentation behavior in yleld distributions
can he produced by a variety of effects, mone of
which are connected to the central issve of
transfer of profectile kinetic energy into
interma’ excitation.
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EMISSION PATTERNS IN CENTRAL AND PENPHERAL
RELATIVISTIC HEAVY-ION COLLISIONS *

f. Stock, H. K. Gutbrod, V/. G. Meyer. A. M. Poskanrer. A_ Sandoval. J. Gosset. C. H. King.
G. King, Ch. Lukner. Nguyen Van Sen, G. D. Westfall, and K. L. Woll

Proton emission in relativistic nuclear
collisions is examined for events of Tow and
high multiplicity, corresponding to large and
small impact parameters. Presented here are the
first results on the mitiplicity-selected
proton spectra {12 < E < 210 Me¥) as measured in
a solid-state detector telescope. The data are
selected for both high and low associated
antiplicity as recorded in an array of plastic
scintillator detectors located with approximate
azimuthal symetry for 10°< ejap < 80°. The
array {s sensitive to charged particles above a
iower enerqy cutoff corresponding to 15 Mev for
pions and 25 XeV for protons. The details of
the experir{enta'l arrangement have been described
elsewhere.

The overall effect of high versus low sulti-
plicity selection on the proton emission pattern
is illustrated in Fig. 1 showing contour dia-
grams of the invariant cross section {n the
plane of transverse womentum anc rapidity. The
contour lines are constructed by a smooth inter-
polation of multiplicity selected spectra
obtained at 30° (20° for some cases) to 150° in
steps of 20°. They are superimposed for high
and Tow muitiplticity selections.

The typical cases chosen here llustrate
the effects fognd in the data are e + U at
393 MeV/u and 90Ar + Ca at 1.04 GeV/u. The
most important observations from a comparison of
these pattens are as foilows:

{i) For the heavy-target cases {20Ne and
40Ar on Ag to U) central collisions exhibit a
universal trend of the Contour lines centering
approximately near zero (target) rapidity. The
shape of the contour 11ne is roughly semicircu-
lar about rapidities ranging from 0 to about
0.2, the case illustrated here, indicating a
continuous shift in apparent longitudinal source
velocities as shown by the dashed line. This
implies that there fs no unique source for
proton emission. The bulk of the proton cross
section appears reither at fireball rapidities,
which are at y = 0.33 for impact parameters
smaller than D.5bgay in this case, nor ut the
corresg ing nucl leon center-of-mass
rapidity l/Z?_yp + yg) = 0.45,

{ii) The peripheral-collision centour lines
are primarily determined by the fncident
energy. Their shapes are almost insensitive to
the choice of target and projectile, with source
velocities rapidly shifting from the target
domain to the mid-rapidity domain for increasing

PL-

{iii} Unlike the heavy-target cases, the
central collisions of equal-size miclei, such as

40ar + Ca and e + 2721, exhibit contour
lines dominated by the secay of mid-rapdity
source for the bulk of the observed cross sec-
tion. that the contours for high multipli-
city in %Ar » €a shift towards high rapidi-
ties [(1/2 (yy + y¢) = 0.67 ir this case)

even faster tRan the corresponding Tow-
msitiplicity contours, contrary to the trend
exhibited by Ne + U.
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Fig. 1. Contour diagrams of invariant proton
cross section for peripheral (thin line) and
central {thfck 1ines) coliisions, in the plane
of transverse momentum (in units of p)/mc)
and rapidity y = 172 In [(E + p J/{E - p/}].
Five lines are drawn for each decade of invari-
3 t cross seciion. The cases ilwstrated are

e + U at 393 Me¥/A (top} and 4Uar +
40ca at 1.04 GeY/A (bottom). {XBL 808-10889)
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COULOM DISSOCIATION OF 190

D. L. O'son,® B. L. Berman,*® D. E. Greiner, H. H. Heckman_ P_ J. Lindstrom,
G. D. Westfal, and H. J. Crawford *

Measurement of fragmentation croﬁosntions
have been made with 1.7 Ge¥/nucleon pro-
Jectiles incident upon targets of Be, C, A1, Ti,
Cu, Sn, W, Pt, and U at the Bevalac. The dif-
ferential cross sections (‘n momentum) were
measured for fragments with rigidity 4.795 RS
6.28 GY. These cross sections were fitted with
2 Gaussian form in parallel momentum to give
total cross se tions mrfifteen fragment: Lion
channels from Li to

The Coulomb dissocation process can be des-
cribed as the intevaction between the projectile
nucleus agd the nuclear-Coulomb field of the
target. »¢ Given the theoretical form of the
virtual photon spectrum and the -ﬁosured yhoto-
f&ssociatlgn cros sectionj (y,m}

0(v,2n)+°0 and 80(y,p) 17N the calculated
Coulomb idssociation cross sections for these
reactions are of the form

ec{T,F) = Zy2S{F,bpip), m

where T and F denote target and fragment, res-
pectively. and byip 5 the minimum impact
paramet r for the process.

In this experiment we measured cross
sections in which both nuclear and Coulowb
processes contribute. Our analysis has taken
the observed cross sectiors to be

ol T,F) = onuelT.F) + o(T,F) )

where ogc{T,F} is assumed to satisfy factori-
zation according to

onuc(T.F) = v (a

the factors Y1 and < depending on, vespec-
tively, the target and fragment only. The form
of Eq. 2 neglects interference between nuclzar
and Coulomb processes which is expected %o be
less than 10%.

A large set of the cross sections with ro
Lovlomb component were analyzed for factora-
bilit ¥ This prod <ed the individval ¥p
and vy factors a:i <howed the faclorization
hypo- thesis to be valid tot 5%

Figure 1 shows the dependence of the target

factor, vy. ¢ target mass, Ay. The curve

is from fitting the indicated form of Yy where
the value -0.9 is df],-lvef from fit. The
points plotted for 170, 50 and 17N are

the ratio

w. w4 ofT,F}

T T +'
which would have followed the line if there had
been no Coulamb contribution. The departure
fro- the line fndicates the strong dependence on

The scale 1s proportional to the
wsection for each fragment and comparison

f the open pofnts to the 1fne shows the
relative sizes of Coulomb and auclear cross
sections.
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Fig. 1. Target factor vs. target mass.
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effective target factor is .'T. = ofT,F)7.
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Table 1.

Coulomb dissociatfon cross sections.

Calculated cross sections

Fragment Target oc(mb}
(a)
7g Ti 8.66+ 2.74 13.4 12.5
Pb 136.04 & 2.90 132.0 135.0
1] 140.83 t 4.11 162.0 167.0
169 T 6.34+ 2.54 5.78 5.41
Cu 9.0 * 3.5 9.42 8.97
Sn 27.5 * 4.0 24.0 231.7
N 50.0 *+ 4.3 6.1 46.8
Pb 65.16 + 2.32 53.9 5.2
v 74.27t 1.4 66.1 68.1
17y Ti -.45 1 1.01 2.87 2.41
Pb 20.23% 1.82 23.3 23.8
u 25.10% 1.5% 28.5 29.2
{b)
16y Ti 3.0 - 2.2
Pb 8.0 + 4.5
u 10.8 1 5.1
L Ti 8. 1
Pb 33. 0
v 35. 7
13¢ Ti -1.6 + 1.5
Pb 21.9 " 2.4
u 17.6 £ 2.6

The experimental values of oc, using Eq.
2, are shown in Table 1. Part (&) shows the
fragments for which theoretical predictions can
be calculated. The column JPE1 is calculated
with £l virtual photon spectrum of Jickle and
Pilkuhn with the parameter bgi, being 1/2 fm
larger than the sum of the 50+ charge density
radii of the target and projectile. The column
WW is calculated with the virtual photon spec-
trum of Weiszicker-wWilliams in Ref. 2 but with
bpip that is 3 fm larger than that used for
JPE] values. Part (b} shows the cross sections
in fragmentation channels for which the
appropriate photodissociation cross sections
have not been measured and calculated predic-
tions are impossible. The cross sections in
these channels are reasonable, however.

In this experiment we can't distinguish
between the two photon theories in a fashion
that is independent of bmip. The theory of
Jackle and Pilkuhn yields a value of byjp that
appears to be physically more reasonable.
Because the calculated Coulomb dissociation
cross section increases f?r decreasing bpin,
the observation that the 160 cross secHons
pre relatively larger than for either /0 or
L/N when compared to the theory, suggests that
the nuclear two-neutron loss process occurs at a

smaller impact parameter than the one-nucleon
loss process. By fitting byip to these three
channels findividually, we find the 160 channel
to have an i-pac} paranﬁer that is 2 fm smaller
than either the 170 or 178 channels.

Overall, the principal conclusion of this
experiment is that the enhancement of the frag-
mentation cross sectionms, appropriﬁﬁ to the
photonuclear reaction channels of , for
high-charge targets, is well described by the
process of Coulomb dissociation.

Footnotes and References

*Lawrence Livermore Laboratory, Livermore, CA
94550

tSpace Sciences Laboratory, Berkeley, CA 24720

1. T. Jackle and H. Pilkuhn, Nucl. Phys. A247,
521 (1975).

2. 3. D. Jackson, Classjcal Electrog;na-rlcs,
Wiley, NY, second edition, p. .
3. J. G. Woodworth, K. G. McNeill, J. W. Jury,

R. A. Alvarez, B. L. Berman, D. D. Faul, and P.
Meyer, Phys. Rev. [19, 1667 (1979).


http://Hclte.il

2. Central Collisions

STREAMER CHAMBER RESULTS ON THE MECHANISM FOR PRODUCTION OF
HIGH MOMENTUM PARTICLES IN THE BACKWARD DIRECTION
N RELATIVISTIC NUCLEAR COLLISIONS

J. W. Haris.* A, Sandoval,® H. £. Steirer, > R. Stock, * J. Brannigan, J. V. Geaga.
L. S. Schroeder, and R. N. Treuhatt

There exists considerable long-standing
controversy on the origin of particles with high
momentum in the backward direction. Since pro-
duction of nucleons beyond 90° in the 1.loratory
is kinematically forbidden in free nucleon-
nucleon interactfons, particle emission in this
region is of particular interest. Single hard-
scattering combined with internal Fermi motfon,
multiple scattering cascades, and intranuclear
correlations are a few of the most notable
backward particle production mechanisms that
have been proposed. Inclusive proton mementum
density distributions accumulated from recent
projectile and target fragmentation experiments
in conjunction with theoretical predicticns
suggest the presence of short-range correlations
1% iite nucleus as an important mechanism.

In the interest of obtaining more-complete
event information on the production mechanisms
associated with backward particle emission, the
exclusive charge-particle production accompany-
ing backward particle emission was studied in
the streamer chamber at the Bevalac. The
streamer chamber was triggered on a charged-
particle with p = 250 MeV/c at 6, > 90°.
Approximately 1(] 000 events were photographed in
the bombardment of C, KC1, and Balp targets
with 2.1 GeY protons. The mean positively-
charged particle multiplicites associated with a
backward trigger particle from these targets
were observed to be <My> = 4.7 £ 0.1, 6.7 ¢
0.2, and 8.0 = 0.2 respectively. Particle tra-
Jjectories were measured and reconstructed using
the Three Yiew Geometry Program {TVYGP).

R kinematic analysis of two-prong events (an
B.7% subset of all events) in p + 12C inter-
actions was initiated to determine the contri-
bution of twe specific mechanisms to the back-
ward particle spectrum: {1) single hard scatter-
ing m%h coherent rﬁoﬂ of the residual nucleus
[p+ 12c~—p + p + 11B12,3 and (2) scat-
tering from two correlated nucleons in the
nucleus [p + {pn)—=p + p + nl. The fraction of
two-prong evenit: that lie within one standard
deviation of sans‘\nng the hnemahcs for the
hard scattering mecha.-ism is 0.015% 0.015. The
fraction of events satisfying the kinematics for
scattering from a palr of riucleons is consider-
ably higher: 0.275 * 0.063. These results are
not sufficient to determine the reaction mecha-
nism uniquely since the kinematics are not
unique to these processes. However, they are
highly suggestive of the presence of cusrela-
tions in the nucleus and their importcnce in
backward particle production.

The production of the a(3,3) isobar in the
reaction y» + p—n + s** (1232) accounts for a
major fraction of the pp total cruss section at
energies from 1-2 Gev.4 Thereforehthe
effects of the subsequent decay [aXhp + «*]
and/or absorption [a™ + n—p + p] of isobars
on the backward particle spectra must be con-
sidered. If isobar production is an fmportant
mechanism, a back-to-bar.k {180°) correlation
between the proton and s* in the a*™ decay
frame and between the two grotans in the (a**

+ n) absorption frame is expected as illustrated
in Fig. 1. This correlation may be preserved in
the laboratory system due to the dominance of
Tow momentum transfer in the production cross

TSOBAR PRODUCTION MECHANISM

&8 Formehon ond Decay* p+p~n+ A™(1232)
Progechie

\“—epe s’

( Schematic momentum vecior dvagrom )

o
( 230 Mev/c
Fa Formuhon and Reabsorption: p+p—en+ A7 (1232)
A" +n-epep

[

f‘“" = 0

A
(~550 Meve) " lom,

(Schemanic momentum vecior dagram )

Fig. 1. pp— na**(1232) 1isobar production
mechanism: (top) diagram for a(3,3) isobar
formation and decay; (bottom) diagram for 4(3,3)
isobar formation and reabsorption. Assoutated
schematic momentum vector diagrams in the
Taboratory system are also displayed for each
case. (XBL 809-2017}
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Fig. 2. Correlation between all pairs of

positively-charged particles in each event as a
function of the cosine of the angle between the
particles {histogram) where one particle of each
pair is emitted at ey > 90°. The curve
represents results o* a phase space calculation
for 2.1 Ge¥Y p + d—=p + p + n. {XBL 809-2054)

section of tie o** isocbar. As displayed in
Fig. 2, a 180" currelation between the angles of
positively-chzrged ticles is observed in the
analysis of all b + events providing evi-
dence for a(3,3) 1sobar production as an impor-
tant mechanisa for prod of M
particles 1n the backward direction. However,
such a correlation is also predicted by a [p + d
—=p + p + n] pure phase space calculation
represented by the curve in Fig. 2. These
results may refiect the ccucept that the a**
production and reabsorption process schematized
in Fig. 1 and the p + d—p + p + n process are
in fact intimately related and are important to
the production of . oh momentum particies in the
backward direction.
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CORRELATIONS OF CHARGED PARTICLE MULTIPLICITY PATTERNS
ANG KEAVY FRAGMENTS FROM RELATIVISTIC NUCLEAR COLLISIONS®

S. Kaufy K. Karadjev. ' M. R. Maier,

A. Baden, M. Freed H.H

L1 J.H

V. Manko," J. Peter,? H. G. Ritter, E. P. Steinberg. H. Steizer, A. ). Warwick,
F. Weik, H. Wieman, B. D. Wilkins §

In a recent Bevelac experiment completed in
mMay 15, a rather comprehensfive mcasurement of
.1¢ properties of emitted charged fragments and
the associated spray of fast charged particles
has been achieved. The purpose of the experi-
ment is to investigate efffcts seen (a) in an
earlier Bevelac experiment! where correlations
were measured between light fragments and their
associated fast charged spray, and (b} in a
previous series of measurements with proton
projectiles made at the ZGS,¢ where coincident
fragements were observed.

We have measured multiparticle correla-
tions. Heavy slow fragments are identified as
to their mass and emerqy in a double-arm TOF
apparatus consisting of two positfon-sensitive
avalanche detectors? and two arrays of silicon
detectors. Light fragments were fdentified by Z
in four aE-E jonization chamber telescopes. The
layout of these detectors is shown in Fig. 1.

In addition fast charged particies were detected
in a multiplicity array of 80 scintillator

paddles,! each of which provided a pulse-
height spectrum. The forward angles be’veen 2°
and 9° are covered by the Plastic Wall.* This
provides pattern information, momentum measure-
ment and Z {dentification of the fast charged
particies in this forward cone.

The experiment examines specifically (a) the
collisions leading to binary emission of frag-
ments, (b} the 1ight fragment production in very
violent collisions which seems to be dependent
only on the total incident energy rather than on
the velocity or the mass of the profectile, and
{c) the observed perpendicular momentum, *side-
kick,"! of heavy target residues {probab’y in
sesiperipheral collisions) and the possible
deflection of the projectile matter.

Recent experiments at the Z652 have pro-
vided evidence of an exciting new phenomenon.
The experiments measured the energies, masses
(by time of f1ight), and correlation angles of
coincident heavy fragments emitted near 90° to



the beam in 2.2 to 11.5 GeY proton bombardment
of uranium. The analysis of the results has
established that the fragment-fragment corre-

3mm AL VACUUM
CHAMBER

TARGET FRAME

SCINTILLATOR
PADDLE ARRAY

lation is very nearly collidear and that binary
breakup frequently occurs wvhen the total frag-
ment mass §s as Tow a5 one-quarter that of the

Fig. 1. Exploded view of the layout of the detectors within the chamber.

target. The missing mass is probably emitted as
a large number of light nuclei or particles. In
addition, the total kinetic energy for such
events is higher than predicted for a statis-
tical fission process.

In this work the binary events have been
observed from reactions induced by both proton
of associated fast charged particles has been
measured. An investigation of this multiplicity
pattern will be of great value in characterizing
the nature of the reaction mechanism.

Information on the momentum of the light
charged particles detected in the Plastic Wall
will yield momentum correlations between the
fragments and the spray, and momentum recon-
struction will be possible for selected events.
These data will yield the transverse momentum
transfer and elucidate the mechanism by which
the kinetic energy dissipation in the collision
is diverted from thermalizatiopr into the collec-
tive sidikick observed in the previous
studies.

{XdL 808-1691a)
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D. ISOTOPES PROJECT

ISOTOPES*

C. Michael Lederer

Ordinary matter consists of the 286 isotopes
of 83 elements that are stable or long-1ived
compared to the age of the earth. For most
palyisotopic elements, the relative abundances
of the isotopes are remavkably constant. Iso-
topes are usually assayed by mass spectrometry.

Of many isotope-separation methods that have
been develped, two (electromagnevic and thermal
diffusion) are used commonly to produce smal’
quantities of many isotopes for research pur-
poses, and two others (the GS chemical-exchange
process for hydrogen, gaseous diffusion for
uranium) are used on an industrial scale. The
large-scale use of gas centrifuges for uranium
is imminent, and laser separation methods appear
promising fo: uranium, deuterium, and expanded-
scale production of research materials.

In addition to the applications of 235y
and deuterium in nuclear energy, separated iso-

topes serve as chemical tracers and as targets
or beam particles in radiofsotope production and
auclear research. Isotope effects on chemical
equilibria and reaction rates are well under-
stood; kinetic effects provide a useful tool for
the study of reaction mechanisms. Isotopic sub-
stitution in 1iving systems has yielded new
knowledge in the biological sciences, as has the
study of natural isotopic abundance variations
in the geosciences.

Footnote

*Abstract of a review article ta be published in
Encyclopedia of Chemical Technoiogy, 3rd ed.,
edited by David Eckroth, John Wiley and Sons,
New York {1981). The article includes 6 tables,
§ figures, and 95 references. A longer version,
from which the published article was condensed,
fs contained in LBL-10124.

NUCLEAR STRUCTURE DATABASE*

R. B. Firestone and E. Browne

The seventh edition of the Table of Iso-
topes! contains evaluated radioactive decay
and nuclear reaction data fcr all known nuclides
as of 1977. This data exists in an LBL computer
file that was designed for the production of
level-scheme plots and was not suitable as a
database for horizontal compilations and sys-
tematic studies of nuclear properties. We have
restructured this file by removing the refer-
ences and non-data plotting instructions. The
new file has been modified to greatly improve
the ease and speed of data searches and repre-
sents the most complete and up-to-date collec-
tion of nuclear data currently available.

An initial search of the database was per-
formed to create a file of all levels with
measured haif-lives and their associated de-
excitations. This file was then utilized to
extract the known Weisskopf enhancements for the
lowest lying 2*~—0% transitions in even-
even nuclei. These results are presented in
Table 1 where the systematic trends of small
enhancements near closed shells and large col-
lective enhancements (of order A) in the de-
formed regions are clearly demonstrated. We
intend to use the database for a systematic
study of y-ray transition selection rules, and,
in the future, to expand the content of this
database and promote its general use-
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Table 1. E2 Weisskopf enchancements for the 2;—0] transitions in even-
Closed shells are indicated by ***,

even nuclef, 2 = 2-50.
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Footnote and Reference

*Condensed from LBL-11089

C. K.

1. Table of Isotopes, 7th edition:
E. Browne,

Lederer and Y. S. Shirley, editors;
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J. L Dairiki, and R. E. Doebler, principal
authors; A. A. Shihab-Eldin, L. J. Jardine, J.
K. Tuli, and A. B. Buyrn, authors, vohn Wiley
and Sons, Inc., New York [1978).

THE FEASIBILITY OF PRODUCING '°C. **N, **0 and '*F WITH HEAVY ION-BEAMS *

R. 8. Frrestone, M. R Betlach. ' J. M Tredre.' M.K Firestone *

The short-1ived tracer 13N has proven
uniquely usefiu) in our st\cdées of biological
nitrogen transformations.':¢ With the closing
of the Michigan State University cyclotron ‘.gere
is no longer a suitable facility for these =N
experiments. We thereforf investigated the
possibility of producing '°N with heavy-ion
beams such as those available H, thi LBL 88 Inch
{yctotron. Useful sources of g 150, and

F could also be produced with these beams.

We performed ALICE particle-evaporation code
calculations’® tg predict the yarious {sgtope
_ﬂelds from 15-Me¥ p, 75-MeV “Hie, and 300-MeY

C beams incident on natural Hp0 targets.
These calculations, summarized {n Table h
wdicﬁe that bstant—ldl quantities of *°C,

N, and F are produced with heavier
beams He previously used the 15-¥eY p beaT
because it produces neﬂ-ly Fure sources of N
containing only small ‘SF mﬂrlnes{
experimental yields of both !N and uere
predicted well with the ALICE calculations. To
test the heavy-ion calculations bombarded a
natural Hp0 sample with a 75-MeV He beam.

Table 1.
on Hz0 targets.

The resuyltant activity was analyzed by half-life
and by high pressure 1 quid ch{gntography
(#PLL). The yield of ~ll and

gretd well with the ALICE ca‘l“ﬂatlons. the

0 yield was too low; and no !l
observed. This disparity in the 150 and ¢
results may arise because these species are
produced largely in the gaseous state while the
experi-enBl system was not gas tight. To
purify a 1°N source we acidified it, evapo-
rated it to dryness, reconstituted the source
with 0.001 N NaOH, again evaporated it to dry-
ness and finally reconstituted {t with K0,

An HPLC aralysis of the raw and purified sources
H sham in Fig. I. After this treatment only

remataed (plus 19F which was not detectable

by ngu:) suggeﬁing that heavy-ion beam should
be useful for 13N production.

A wide variety of bean at the LBL 88 Inch
Cyclotron should be useful for tracer produc-
tion. Since natural Hp0 is a target of
choice, sources can be p-oduced in the beam
dumps without interfering with simultaneous
nuclear physics experiments.

Calculated and experimental isotope yields for various beams

Yield (mCi/uA per 10 min)d

15-gev p 75-Me¥ He 300-Mev12c
Isotope  t 1/2 (m} Eg Experiment Theoryb Experiment Theo Theory!
13y 9.9 1.20 20 il % 8t 26
11¢ 20.4 0.9 0 i < jc 51 8.2
159 2.03 1.73 0 0 67 384 109
18¢ 109.8 0.63 0.2 0.1 12 5.5 4.2

3Assuming beam stops in the target.

bralculated using the ALICE compound nuclear particle evaporation

CNone observed.

code [Pefercnce 3).
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Footnotes and References
*Condensed from LBL-10919.
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II. THEORY OF NUCLEAR COLLISIONS




A. NONRELATIVISTIC

147

THE DYNAMICS OF NUCLEAR COALESCENCE OR RESEPARATION *
W. J. Swistecki

A qualititative theory of the macroscopic
dynamics of sub-sonic nucleus-nucleus collisfons
is presented. Attention is focused on three
degrees of freedom: asymmetry, fragment
separation, and neck size. The physical
fngredients are a macroscopic (1iquid-drop)
potential energy, 2 macroscopic dissipation {in
the form of the wall- and wall-plus-window
formulae) and a simplified treatment of the
inertial force. These ingredients are distilled
into algebraic equations of motion that can
often be solved in closed form.
applications include the calculation of the
normal modes of motion around the saddle-point
shapes, and the division of nuclear resctions
into: a) dinucleus (deep-inelastic) reactions,
b) mononucleus or composite nucleus {quasi-
fission) reactions, and ¢) compound-nucleus
reactions. Static and dynamic scaling rules are
deduced for comparing different reactions in a
systematic way, an example being the following:
“For two dinuclear systems with the same value
of the effective fissility defined by

( Z2) 41,2
K Jeff = A

172
Ay + A, )
the dyramical time evolutions resulting from

(Lh

head-on collisions should be approximately
siwilar, provided 1 s are masured in wnits
of the reduced radfus R {=RjRo/(R) + R2))

and times in wnits of sWRE/;."  (Here o is the
mass density of muclef, ¥ s the mean sucleonic
speed and Y is the auclear surface-energy
coefficient.)

Estimates are given for the critical curve
in the space of target and projectile mass above
which deep-inelasti: reactions ocught to sske
their appearance. The extra push over the
interaction barrier needed to make two muclef
form a composite sucleus or else to fuse into a2
compound nucleus is also estimated (Fig. 1).

The dynmmics of dozens of (head-om)
collisions have been fol’owed in the three-
dimensional configuration space of asymmetry,
fragment-separation and neck-opening.
predictions of the . in the full ramnge of
asymmetries snd injection velocites, are baing
compared with experiment. Extension to
noncentral collisions is under way.

Footnote

*Condensation of LBL-10911, to be published in
Physica Scripta, 1981.
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The extra push over the interacton barrier {in a head-on

collision) needed for fusion into a composite mucleus {(1ines and dashed

Tines) and into a compound nucleus {(circled numbers).
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EFFECT OF PAUL! BLOCKING ON EXCHANGE AND DISSIPATION MECHANISMS OPERATING
IN HEAVY-ION REACTIONS*

W. U. Schroder?. J. B. Birkelund., ' J. R, Huirenga, 1 W. W. ‘Wiicke, and J. Rendrup

Although considerable pregress has been made
during recent years in understanding the mecha-
nisms operating in damped nu '-ar reactions,
several of the most character::tic features of
these processes have so far escaped a consistent
theoretical description. This s particularly
true of the efperimnta'l well-established
correlations,! between energy dissipation and
nucleon exchange. Experimental evidence is in
accord with the assumption of successive
exchange of single nucleons proceeding simul-
taneously with dissipation of relative kinetic
encrgy in many small steps. We have examined
available data in order to expose the systematic
properties of dissipation and exchange eecha-
nisms associated with dampec nuclear reactions.
It is shown that these features cannot be under-
stoad on purely classical ground but find a
natural explanation when the fermicn nature of
the exchanged nucleons is taken into account.

A quantal rodel? {5 applied attributing
energy dissispation to the stochastic exchange
of nucleons between two Fermi-Dirac gases in
relative motion, a description expected to be
relevant for the modest excitations atteined in
the damppd reactions uncer consiceration. The
mode] expresses the rate of change of the
projectile mass anumber A and the energy
dissipation rate as

dA/dt = FaN'(<p), dEyggs/dt = <.3pN'(tg). m

Here N'{tg) = aN(tp)/ay. is the differential
current of nucleons excf\anged between the gases
calculated with neglect of the Pauli blocking
effect. This form factor governs the overall
intensity of the interaction and depends
delicately on the details of the interaction
zone. The guantity o is the amount of intrinsic
excitation prod:ced by the exchange of a nucleon
and the brackets dencte an average over the
orbitals in the Fermi surface, the only ones
participating. The two quantites in Eq. (1) can
both be ropresented in terms of one-body
operators and may, therefore, be calculated
without taking explicit account of the Pauli
exclusion principle.

This, however, is not trge for the
particle-number dispersion ok @ quantity
depending explicitly on the correlations
present, such as those imposed by the
Fermi-Dirac statist}"cs of the nucleons. The
r: te of growth of % is, in this modetl,
equal to the total rate of actual exchanges, as
lang as the system has not evelved too far
towards equilibrium. It is given by

dofrdt = 2ven'(<F)- (2)
Here, T+ = <u/2 coth (uw/2¥P>F is a measure of
the energy interval around the Fermi Tevel

contributing to exchange processes. In the
Timit ‘ot <<T, 1t approaches the muclear
temperature T, whereas in the case o »TY,T*
X 1/2 <iu >F may be considerably larger than
T, because of a larger relative displacement of
the two Fermi spheres. In any case, the
appearance of T* {n £q. {2) ensures that proper
account is taken of the quantum statistics at
all tesperatures.

It is possitle to make simple fdealized
estimates of the correlation between the energy
lass and the nuaber dispersfon. Quantitstive
results have been obtained from dynamical cal-
culations of collisions trajectories in a coor-
dinate space including the fragment-mass and
-charge asymmetries.

Typical results of the calculations (full
curves) are compared to experiment in F'f' 1.
The dashed curves represent the dynamics
catculations In the classica! 1imit. The Payl{
principle is essential to the good agreement
between data and the quantal model.

In summary, the good agreesent between data
and model predictions found in genersl demon-
strates that energy dissipation in damped
reactions can be consistently understood in
teres of the nucleon exchange mechanism in which
the Pauli exclusfon principle plays a crucfal
role.

E.sy[Mev)

Fig. 1. Comparison_of model predictions for the
correfation £1occfas) with data for the
reggtions 20%1 4+ L36xe (left) and 20%i

+ ~OFe (right). The dashed curves represent
the classical 1imits of the full calculations
(full curves). {¥BL 808-11029)




footnotes and References

*Condensed from Phys. Rev. Lett. 44, 308 {1980},
LBL-10529.
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L. N. U. Schridder and J. R. Mulzenga, Ann. Rev.

Wecl. Sci. 27, 465 (1977).
2. 3. Randrup, Wucl. Phys. A7 (1979), and
A7, 4% (1979).

QUANTAL DYNAMICS OF CHANGE EQUILIBRATION IN DAMPED
NUCLEAR COLLISIONS *

€.S. Hemnandez, ' W. 0. Myass, J. Randrup, and 8. Remaud !

In quasi-elastic and deep-inelastic muclear
reactions charge equilibration appears to occur
quite rapidly. This rapid movement of protons
in one direction and neutrons in the other can
be viewed as a collective mode assocfated with
{sovector-type hydrodynamical flow in the
dinucleus analogous to the Steinwedel-Jensen
description of the giant dfpole resonance (GDA)
in ordinary nuclei. Since we find that the
characteristic energy of such a mode is
typically much larger than the nuclear
temperatures encountered, the fluctuations in
the charge asymmetry degree of freedom are
expected to come mainly from zero-point motion.

Such a description of the charge asymmetry
mode has already been applied with some success
by Swiateck? and Blann to char?e and mass
distributions seen in fission,’ and wore
recently to heivy-iog reactions hy Moretto,2
by Berlanger et al., ang g_y Hofmann,

Gregoire, Lucas and Ngo.%»° However, as

pointed out by Nifenecker et al.,b it is
essential to consider the time dependence of the
shape of the system in order to correctly
establish the connection between the GDR-1ike
collective motion and the width of the charge
distibutioa which is experimentally observed.

Roughly speaking, the inertia associated
with the charge asymmetry degree of freedom is
inversely proportional to the size of the neck
connecting the two colliding nuclei. Trajectory
calculations predict that the pinch-off takes
place sufficiently rapidly that the width of the
charge distribution is “frozen in" by the
increasing inertia.

In order to describe the division of charge
between the two partners, for a given mass
asymmetry, we use the fsospin component of the
projectile-like nucleus T = (N-Z}/2. The
potential-energy surface of the dinucleus varies
rather gently in the A-direction while the
strong symmetry energy makes it much steeper in
the T-direction. Furthermore, the dynamical
evolution along the mass asymmetry proceeds
relatively slowly and can often be entirely
neglected.

In Fig, 1 the calculated results are
compared with the experimental data of Ref. 3.

The upper portion of the figure shows the mean

charge

I"of
nass

<I> and the Tower portfon shows the width
the final charge distribution at a fixed
partition; both quantites are plotted as

functions of the total center-of-mass kinetic
energy loss E* wh'-h is approximately the same
as the induced intrinsic excitation in the

fragments.
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The primary experimental data are shown as
the open dots on the upper portion of th: figure
and the dashed curve results after correction
for neutron evaporation has been made. The
calculated values are given by a solid curve.

The present calculatfons give a quick rise
of 1" with E*, followed by a broad maximum. The
maxfmum occurs at around E* = 35 Me¥ 1n agree-
ment with the data but it is not as pronounced.
The overall magnitude of the calculated curve is
seen to fall somewhat below the experimental
data. We are encouraged by the fact that these
predictions are consistent with the observa-
tions. This is especially significant since all
the coefficients entering in the various form-
ulas are either fundamental nuclear constants or
have been otherwise fixed beforehand so that
there are no adjustable parameters.

Footnotes and References

*Condensed from LBL-9761, Nucl. Phys. A (in
press)

tPermanent address: Departmento de Fisica,
Facultad de Ciencias Exactas y Naturales, 1428
Buenos Aires, Argentina.
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AN ADIABATICITY CRITERION FOR COLLECTIVE MO’ 'ON*

G. Mantzouranis, W. D. Myers and J. Randrup

In studies of the charge equilibration pro-
cess in strongly damped nuclear collisions, we
have found that the width of the charge distribu-
tion of the projectile-like fragment is “frozen
in" when the neck between the two nascent frag-
ments decreases rapidly just before separatfion.

Our approach was to view the charge equili-
bration process as one aspect of the collective
moticr of neutrons against protons in the compo-
site system formed by the colliding nuclei.
Thus, we were mainly concerned with the ground
state motion in the giant dipole resonance (GDR)
degree of freedom for the dinuclear complex. To
determine the width of the charge distibution we
resorted to a numerical calculation that fol-
lowed the time-dependent GDR as the collision
took place. The results of the calculations
corresponded closely with the observed values.

In order to eliminate the need for nimerical
calculations and make the approach more gener-
ally available we are developing an empirical

method for calculating the dispersion ina
collectfve coordinate that is “frozen in" when
the inertial zass fncredses reoidly. For the
systems of interest (nuclear collisions and
fission) the mass is inversely proportional to
the size of the opening between the two halves

of the system. Consequently we can focus our
attention on a collectfve coordinate whose
associated mass m = b~'(t) where b decreases
linearly with time. The equation of motion for
the width of the distrfbution o {s
5 - (6/b)5 + kbo = (N2/4)p20-3 1

where k is the stfffness parameter for the GDR.
This parameter changes very 1ittle during the
collision so it can be fixed at its scission

value. Examination of Eq. (1) suggests that the
quantity
i ny2
c- FORE, {2

is critical for deterwining whether the system

is able to adiabaticly follow the time variation of
b or whether the process becomes nonadiabatic.

The figure shows how this quantity can be used

in practice to avoid the need for numerical
calculations.

In the upper part of Fig. 1 we have plotted
{as heavy stratght lines) the adiabatic value of
the fourtg power of the full width at half
maximum I'Y (where 1 = 2,3550) for four

di fferent values of b {-0.002, -0.008, -0.014,
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-0.020) that bracket the range of physically
interesting valves. The heavy dashed lines are
numerically calculated valuves of I'*(t)

obtained from solving Eq. (1) with k = 4 MeY.
When the fiml “freeze-out® value of I4(t) 1s
projected back to the adiabatfc curves, one can
determine the time at which the adfabatic value
of I was the same as the fina) value. If this
time 15 projected down to the lower part of the
figure, we find that the critical quantity C has
approximetely the same value in each case of
1.108. This result allows us to estimate
Tfina1 Since we know that

2
ré I%h

adiabatic = (2-35%)

3)

Footnote and Reference

*Condensed from LBL-11542, Phys. Lett. 968 (1981}

1. E. S. Hernandez, W. D. Myers, J. Randrup and
B. Remaud, “Quantal Dynamics of Charge
Equilibration in Damped Muclear Collfsions,”
LBL-9761 {October 1979), to be published.

ANGULAR DISTRIBUTIONS OF SEQUENTIALLY EMITTED PARTICLES
AND GAMMA RAYS FROM NEARLY ALIGNED NUCLEI FROM
DEEP INELASTIC COLUISIONS

L. G. Moretto, S. Blau, and A. Pacheco

Thermal fluctuations in deep inelastic
collisions can produce an angular momentum
misalignment in the resulting fragments. A
statistical analysis of the problem leads to the
following distribution in the three angular
momentum components for asymmetric system!:

2 2 YA

1 I (1_-T1,)

P(I) uexp-sz-+ELz+ 22.._2-2—
Ux ay az

where 052 = o2 = 84T, 6,2 = 54T, is the temper-

ature of the intermediate couples and # is the
morent of inertia of one of the two fragments.

If one of the fragments either fissions or
under-goes particle decay, the a-gular distri-
bution of the emitted particles 1s

2
1 lI'ln 1

2
wieg) = HLwi (-Agin) - 1? exp {- A‘")J
. X

2
. 2
where Ay (min) = Xnax(nin)[c::; - B] ;8=

2 1],
LA PP



52e,8) = KZ + {aZcos?s + ossinzl)sinzo + oZcosZe;

-1
2_1 1 1 H
KS = —_— = T
o 2 [.v " .u]
and .7, 9, 7n are the parallel and perpendi-
cular moments of inertia of the critical shape

(saddle point) and of the residual nucleus after
neutron emission respectively.

Simitarly for the stiretched emissfon of

gamma rays we have the follringzinguhr
= 0s):
z

distribution {we set uf = %

Hlelp, = g—[l + cos?e + 82(1 ~ D(8)){1 - 3coszs)]

Wielg, =-§ [1 - cos®e
-ZBZ {Jsinze coszo - 2cos4e - %D(e)

(si n - 4cusze)sinze}
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3t {lcos‘. + %sin‘o - 12sin% coszo} {1 - D(s)}]
where 8 = < and D{g) =V2sF(1/VZs} and F(x) is
1
z
the Dawsor integral:

2

X
F(x) = e~X 5 ot%dt
(1]

These fortulae provide a most direct tool to
extract information on the frageent spin
wisalignment from angular distribution.

Reference

L. B. Morette and R. P. Schwitt, Phys. Rey.
LBL-10805.

1.
€ 21, 204, 1980.

EFFECTS OF PARTICLE EVAPORATION ON THE ANGULAR MOMENTUM OF THE
EMITTING NUCLEUS FOR DEEP INELASTIC AND COMPOUND NUCLEAR REACTIONS *

$. K. Blau and L. G. Moretto

Gamma multiplicity measurements! and
angular distributions of photoni, Tight
particles and fission fragments¢ provide
information about the magnitude and alignment of
the angular momentum transferred during deep
inelastic processes. None of these data,
though, many be interpreted properly without
including a correction for the effects of
particle emission on the angular momentum of the
residual nucleus. HWe endeavor to provide
anatytical formutae to show how such corrections
can be made.

We assume that the evaparation process is
controlled by a critical shape® (emitter/
ejectile complex) consisting of residual nucleus
and emitted particle in contact with each
other. In our model the ejectile removes
angular momentum equal to the orbital angular
momentum of the ejectile/emitter complex, i.e.,
it carries no intrinsic spin. MWe assume that
the probability of emission at a given
colatitude, e, is proportional to the Boltimann
factor exp(-Eppt{8}/T). We find that the
average angular momentum removed by an ejectile

is:
<lgjet> = M1 - F - (1 - F2)g(2)/2F

+ (1 - F2)2 n(z)/8F3,

(1)

where F = J/(J + uR2),
Z= I/VEK,
g{z) = lerf(Z)/'2 -
Zexp(-22)/v3)/T 3,p(1)), and
h(2) = (3vkerf(Z)/.8 - 3Zexp(-22)i2 -

-32exp(-22))/(vaZr(D)).

The functions g{Z) and h(Z) may be expanded in
powers of Z. Their expansion to second order in

Z yields:

g(Z)
h(2)

Substitution of these approximations for the
analytical expressions in Eq. 1 and the formulae
that follow introduces an crror of £ ¥a

1/3 - 472745
1/5 - 422745,

In order to caiculate the dispersion in the
angular momention of the residual nucleus due to
emission of an ejectile, we may assume that for
a given colatitude, e, ejectiles are emitted
isotropically. If we estimate <p?> = 3mT



where m is the ejectile’s mass and T is the
nuclear temperature we find:

2f 2
0l = 07 ﬂz:-i[(g(z) - hm]. =

(1+g(2)), (2
ot = 121 - 1) (n(2) - P(2)) + melT

(1 - gfz)), 31

where x and y are two orthogonal directions 1n
the reaction plane and the z direction is
perpendicular to the reaction plane.

We also calculate the dispersion in the
angular momentum of the residual nucleus with a
model in which the velocity of emitted ejectiles
follows the Maxwell velocity distribution
weighted by a factor, vi, the velocity of the
ejectile perpendicular to the surface at the
point of evaporation. The results are
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essentially 1dentical with those of the
1sotropic model given in equatfons 2 and 3.

For non-fissioning compound nuclef we choose
the x' axis to be the beam axis. The y' and 2'
axes are orthogonal axes perpendicular to the
beam axis. The components of the dispersion of
the angular of the comp nucleus
after evaporation of an iject le may be
exgr:essed in terms of ox°, oy and
oz“*

o2 = o = o2 a
05,, = 052, (,yZ + 0p2)/2. (5)

Footnote and References
*Condensed from LBL-10926

1. M. Lefort and C. Ngo, Riv. Nuovo Cimento.
12, 1 (1979) and references therein.

2. L. G. Moretto, S. Blau, and A. Pacheco, LBL
Report No. 10805 (to be published).

3. L. G. Moretto, Nucl. Phys. A 247, 211 (1975).

HIGH-MULTIPOLE ISOVECTOR MODES AND CHARGE FLUCTUATIONS IN
HEAVY ION REACTIONS*

L.G. C. R. Albi:

The isobaric charge distribution of fi2q-
ments in deep-inelastic scattering provides
information regarding the thermal and quantal
fluctuations of axial component of the E1 mode
associated with the intermediate complex.
There have been allegedly contradictory find-
ings of small and large charge fluctrations at
large and small mass asymmetries, respectively.

To elucidate the role played by mass asym-
metry and the higher-order isovector modes, we
propose a simple model in which the intermediate
compiex is approximated by a cylinder split into
two parts, and study its axial modes.

Using the Steinwedel-Jense hydrodynamical
model, we obtain the mode frequencies up =
knu, where u is the isospin sound velocity and
kp = (w/2a)n, the wavenumber of the nth mode, °
is given by te boundary cenditions of the mode
wave functions on the cylinder. The ovotential
energy as a function of the charge excess of one
of the fragmenis yields the stiffness constant

2
2 n
=n XA ——
n (I:} sin“[neQ]

and G. M

where X is the liquid drop symmetry energy
coefficient and @ is the degree of symmetry.

In the limit of low temperature, the partial
charge widths are given by

on? = hup/2cp

= alz(s_try) sin2[mQ)/n

and are plotted in Fig. 1. The contribution of
the higher modes is comparable to that of the
Towest one, and the partial widths of all the
modes depend strongly on Q. At complete
asymmetry (¢ = 0}, all widths vanish.

The total charge width

o = alzlsymtry)):sinz[mol
n n

diverges logarithmically; however, the finite
size of the nucleon sets an upper Vimit on n.
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(XBL 7910-4421)

Footnote and Reference
*Condensed from LBL-9896, Phy. Rev. Lett. M,
924 (1960).

i. L. G. Moretto, J.Sventek, G. Mantzouranis,
Phys. Rev. Lett. 42, 563 (1979).

MANIFESTATIONS OF EXCITATION ENERGY FLUCTUATIONS
IN DEEP INELASTIC COLLISIONS

D. J. Morrissey and L. G. Moretto

The equilibration of excitatfon energy
between the partners in deep inelastic colli-
sions has to occur on a very short time scale.
This fast equflibration is required by observa-
tions that the mean number of evaporated neu-
trons from reaction products is indicative of a
splitting of the total dissvpated epergy in
proportion to the fragment masses!>¢ over the
whole range of dissipated energy, even for very
small energy Toss (i.e., the shortest collision
times). Thus, the thermalization time must be
shorter than the shortest interaction times so
that the fragments always remain in themal
equilibrium. A further check of statistical
equilibrium can be made by observing fluctu-
ations in the sharing of the excitation energy
between the two fragments. This distribution of
excitation ener E, is proportational to the
level densitiesd:

P(x)dx o p1{x)p2(E - x)dx {n
For small excursions about the mean, I3, the
distributions is approximately Gaussian:

2,, 2
Pix)dxa ¢ (EG - X172 12

where o2 is a function of the temperature and
the level density parameters:
3 219 {3)

g = 27—
it

For the symmetric system A =
E = 100 Me¥ we obtain (a =
MeV, and o = 10 KeV.

s2 - mu with
A/8);

We have explored two avenues through which
the fluctuations could manifest themselves,
neutron energy spectra and evaporated neutron
nusber. We have found these two observables
complementary in that fluctuations have a large
effect on the neutron energy spectra only when
the mass asymmetry is large and fluctua.ions
introduce a covariance in the mumber of evap-
orated neutroas that is prominent for equal mass
fragments.

Figure 1 shows the neutron energy spectrum
expected from the 1ight partner (20:180 mass
split). The constant temperature neutron spec-
trum was calculated as:

-e/T

Ple,T) = 5 4

The neutron spectrum for a fluctuating excita-
tion energy was calculated by numerical folding
of Eq. 1 with Eq. 4. The increase in the proba-
bility of emitting a high-energy neutron is very
dramatic.

The covariance of the number of emitted
neutrons from reaction partners was investigated
with a simple Monte Carlo code. The division of
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Fig. 1. The calculated neutron energy spectra
from the Tight partner with and without flucty-
ations are shown. (XBL 808-1551)

the excitation energy was efther fixed or picked
at random in proportion to Eq. 1. Then the two
fragments were allowed to emit neutrons until
the nuclei had cooled to less than (B, + 2T'),
where B, is the 1iquid drop neutrvi binding
energy and 7' is the temperature after emission
of the previous neutron. The probability
contours for emission of vy neutrons from
fragment 1 and v neutrons from fragment 2 are
shown in Figs. 2{A) and (B}. Again, a dramatic
change can be seen when we turn on the fluctu-
ations (Fig. 2 (B)}. Experiments along these
lines should therefore be very useful in
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Fig. 2. The correlation of the number of neu-
trons emitted from symmetric fragments is shown
for discrete excitation energy division in (A)
and with fluctuations in (B). {XBL B08-1552)

establishing if thermal equilibrium is really
attained.
References

1. 8. Cauvin et al., Nucl. Phys. A3D1, 511
{1977).

2. Y. Eyal et al., phys. Rev. Lett. 1, 628
(1978).

3. L. G. Moretto, Proc. Yarenna Conf., Yarenna,
Italy, July 9-25, 1979 (in press) and LBL-9130.
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ANGULAR MOMENTUM FRACTIONATION PRODUCED BY AN f-DEPENDENT
POTENTIAL ENEGGY*"

C. R. Albiston and L. G. Moretto

The gamma-ray multiplicity associated with
deep-fnelastic collisions provides information
about the spin of the product fragments. For
nonequilibrated systems, the varfiation of the
miltiplicity with mass asymmetry may shed 1ight
on the time dependence of the anguiar momentum
transfer.

We present experimental evidence for angular
momzntum fractionation caused by an f~dependent
potential energy, and we exp?ai; ft];lsfng :
simple model. The gamma-ray multiplicfty for
340-Mevm30Ar + 1gsl’b at 50° in the lah1
(Fig. 1) drops sharply with decreasing fragment
charge, or increasing mass asymmetry, in con-
trast to the multiplicity measured for Ne + Ag,
Ar + ¥, Kr + Ag, and Kr + Ho.

A possible explanation is suggested by Fig.
2. For low £ waves, the potential at the injec-
tion point slopes dwimward with increasing mass
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0! 14
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%oy ©
. P 0%
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Z

Fig. 1. Gamma-ray muitiplicities as a function
of fragment charge with rezpresentative error
bars on the experimental results. {XBL 804-4135)

asymmetry, whereas ft slopes upward for high £
waves, barring their diffusion. Conseguently,
the fragments of lower charge are preferentially
populated by Tower £ waves and smaller gamma-ray
multiplicitfes.

=

Vz-Vig (MeV)

Fig. 2. Potential energy as a function of
fragment charge for representativel waves. The
arrow indicates the entrance-channel asymmetry,
or injection point, for this reaction.

(XBL 804-4136)

A simple diffusion model can describe this
effect more quantatively. The asymmetry poten-
tials are approximated by inverted parabolas,
each peaking at A = Amay, and whose curvature
increases with £: gl = ?1/2)%(2 - Zpgx)e.

In this case, the Fokker-Planck equation

describing the time dependence of the population

along the asymmetry coordinate has an analytical

solution:

#(h,2) = ctl/Z(z.m - exp(-Zt.:etl/K)]‘l/z



2
- {-cl[ h- huexp(-cltl/K)] }
21(1 - exp(-2czt£/K)]

where t 15 the interaction time, K is the fric-
tion coefficient, and h = hy at the injection
point.

Simple ansatze are made for the dependence
on / of the interaction time and the curvature
of the potential. The multiplicity is given by
half of the the first moment of the fragment
spin with respect to the distribution #ih,f);
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the results are showm in Fig. 1. This calcula-
tion fs not intended to fit the data quantita-
tively; rather, it serves to demonstrate that
the gifference in the potential energies of the
variousi waves must be accounted for.

footnote and Reference

*Condensed from LBL-10664.

1. M. tutolf et al., Nucl. Sci. Div. Annual
Report 1978-1979, LBL 9711, p. 67.

A TIME-DEPENDENT HARTREE-FOCK STUDY OF HIGH-ENERGY
RESONANCE INDUCED BY HEAVY-HON COLLISION

H. Flocard and M. S. Weiss*®

Recent heavy-ion experiments measuring, with
high-resolution, cross sections as a function of
excitation erergy, have shown that superimposed
on the previously known quasi-elastic peak and
deep inelastic broaf bump, there existed well-
defined structures.! The exact nature of
these structures 1s still far from Leing efuci-
dated, but one nmatural ex~‘-Jation would be that
they correspond to high 1ying resonances. It
was therefore tempting to see whether such
resonances could be predicted by a time-
dependent Hartree-Fock calculation {TDHF). We
first chose the starting point of our calcula-
tion so as to reprodgae the experimental
condition, namely a *UCa + “UCa at an energy
E1ap = 400 MeV and an impact parameter leading
to a quasi-grazing collision (L = 100 fi). Once
the collision was completed, we stopped each
fragment so it did not fly out of the box in
which the calculation was performed. We then
let the two outgoing fragments evolve in time in
their c.m. frame, and we recorded the time
evolution of their multipole moments.

In 4 second state we analyze this time
evolution and try to detect if it contains high
frequency vibrational modes. A first obscrva-
tion is that the motion of all moments is highly
dominated by nonlinear phenomena. A direct
Fourier transform shows the major peaks occuring
in the 0-3 MeV range which, in view of the total
tims over which the motion i+ recorded {2 x
10~ ls), cannot be considered as significant

{a Z-Hf‘l mode performs only one vibration in 2
x 10~215). " However, some structures are
evident at high energy. Their analysis is made
difficult by the background noise generated by
the Fourier transform performed on 2 finite time
interval. In order to study tke high energies
it is necessary to filter out the low-energy
modes and the ensuing high frequency background
that they artificially generate. Indeed, sub-
tracting from the calculated curve its smooth
part obtafned by convolution with a Gaussian
shows clearly the existence of underlying
vibrations whose energy can be slowly
extracted. A more detailed anaiysis of which
frequencies are excited, in which multipole
moment, is now needed in order to assign each
frequency to a specific shape vibration of the
nuclei. An investigation as to whether the
rather large number of vibrations seen in our
calculation corr ds to 1nd dent modes or
whether they can be sorted into families of
frequencies multiple of a given number, thus
indicating a nonlinear vibration, is presently
underway .

Footnote and Reference

*Lawrence Livermore National Labo-atory, Liver-
more, CA 94580,

1. N. Frascaria et al., Phys. Rev. Lett. 39,
?18 51;977) and ORSAY Preprint IPNO PAN-79-T9
1979).



APPLICATION OF THE IMAGINARY TIME STEP METHOD
TO THE SOLUTION OF THE STATIC HARTREE-FOCK PROBLEM

K. T. fi. Davies,* B. Flocerd, S. Krieger? and M. S. Weiss ¢

The Hartree-Fock (HF) method appears over
the years as one of the most powerful methods
available to study nuclear structure. However,
it entails the solutfon of nonlinear equations
for which no mathematical analysis is yet
available, One must therefore rely on
empiricism to find schemes, necessarily of
iterative nature, which ensure a convergence
toward the HF solutfon. One such scheme was
developed in the forties and used extensively in
the sixties by several groups to study nuclear
structure properties. It involves the expansion
of the single particle wave function on a given
basis followed by a construction of the HF
Hamiltonian h in the varfational space.
Subsequent diagonalizations of the HF
Hamiltonian provide the wave functions for the
next approximations of the HF Hamfltonian. With
minor improvements this method has proven guite
successful in all the cases in which it could be
impiemented. The crucial limitation of the
method is the size N of the variational space
which mist not exceed N ~ 100 for the
calculation to remain manageable. For the
description of complicated shapes 1ike those
appearing in heavy-ion collisions of fission
processes this limitation appears too
restrictive. In addition, the diagonalization
of the Hamiltonian matrix at each interation
provides un-useful information on high lying
{and very likely unphysical) states. The
imaginary time method that we propose studies
only those states that contribute to the
Hartree-Fock solution {unless information on
specified unoccupied states is also desired).

It also allows the handling of large variational
spaces. For example, calculations have been
performed for spaces of dimension ¥ = 2000. The

iterative procedure goes as follows. Starting
from an initial guess of the useful single
particle wave functions, we generate the W
Hamiltonian matrix h and the wave functions at
the next fteration by the transformation

aim) ()
o+ 1) = expl- - v ) - m

In the proceeding formula i stands for the single
particle Index.n?n) labels the iteration, and 2
is a parameter of the method that happens to be
homogeneous to an imaginary time s p. ”fof:
moving to the next iteration, the
must first be orthogonalized, since the
transformation (1) is not unitary. Practically,
the exponentia) in formula (1) can be replaced
by a few terms’' expansion so that transformation
(’) amounts to successive -ultiplicnio?s by

). Since in sany cases the satrix hif
is sparse, the storage and calculation problem
is greatly reduced. The method has been
successfully applied for severa? calculatfons
for the study of either fission or nuclear
molecular states. Ne plan nmow to apply it to
study the changes in nuclear shapes induced by
high values of the angular momentum like those
achieved by a heavy-fon collisfon.

Footnotes

*0ak Ridge National Laboratory, P.0. Box X, 0k
fidge, TH 37830

iDepartment of Physics, University of I1114nois
at Chicago Circle, Box 4348, Chicago IL 60680
{Lawrence Livermore Laboratnry. University of
California, _ivermore, CA 94550



B. RELATIVISTIC

TARGET FRAGMENTATION CALCULATIONS WITH
THE NUCLEAR FIRESTREAK MODEL

P L 0.J

ndG. T.

Previous calculaticas of the fragmentation
of heavy targets, induced by beams of relati-
vistic heavy-jfons, have been performed under tne
formalisms of the nucizar fireball model! and
the intra-nuclear cascade (INC) model.< These
models represent two 1fmiting views of the
mechanism of interaction of nuclei colliding at
relativistic velocities. The INC model pictures
the irteraction as consisting of the uncorre-
lated collisions of individual mucleons within
the twe nuclef, while the fireball model assumes
that the interaction is localized to the overlap
region, with the non-overlapping regions being
unaffect .. Both systematics require a two step
reaction: during the first step the struck
target nucleus fragments into highly excitea
remnants, and in the latter step the remmants
de-excite by statistical emission of particles
and by fission.

Unfortunately, the fireball model calcula-
tion is much inferior to that of the INC model,
for it severely underestimates the excitation
energy deposited in the fragment during the
abrasion step and cannot predict angular and
linear momentum transfer at all, both of which
are calculated by the use of the INC madel. In
order to reta'n the collective nature of tre
interaction ard to eliminate the unrealist -
clean-cut assumptions ¢f the fireball lludelg we
have extended the firestreak model of Myers:
to include the calculation of the residual
masses, excitation energies, and linear and
angular momenta of the primary target remnants
that are produced in these reactions. Under
this newer formalism, the two colliding nuclei
have diffuse nuclear surfaces that are generated
by folding a short-range (Yukawa) function into
the conventional sharp-sphere density distri-
bution. It i{s assumed that during the collision
the interaction is localized to the overlap
region, where co-linear tubes of nuclear matter
from the projectile and target undergo com-
pletely inelastic collisions. A transparency
function, which is based upon the total free
nucleon-nucleon cross sections, is included to
prevent collisions from occuring between tubes
containing an insufficient density of nucleons.
Once two tubes have collided, they fuse and
equilibrate their kinetic and thermal ener-
gies. If the resulting kinetic energy of tie
fused tubes is less than its binding energy to
the target, then it is captured and contributes
directly to the t.rget fragment's excitation
energy, mass, and momenta, which are all expli-
citly conserved during the interaction. The
de-excitation step of the -saction is handled in
identical fashion to that of the other models.

In Fig. 1, the results of sose of the calcu-
lations of the fast collision step are given for
the reaction of 400 MeV/A 20we + 238y
calculated by the three models. The [NC com-
puter code was executed using an eight step
density distribution for the two nuclef, with
the fnclusion of Fermi motion of the nucleons,
and the allowance of meson production. The
fireball code used took neutron skin effects
into account for the target nucleus. The
firestreak calculation was performed including
Pauli-principle blocking in the target. The
Tatter two computations both used a giant dipole
resonance model to obtain the initial charge
distributions of ihe residual nuclei. Tae
de-excitation phase of each calculation was
performed using a standard Monte Carly statis-
tical evaporation code, which “ad bren modified
to include fission competition for all target
fragments. The three final mass distibutions,

2000
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Fig. 1. Excitation energies, recoil mnenta,
and masses of target fragments prodg ed dur.ag
Ehg primary interaction of 8.0 Gev BNe +

38y, as calculated by the fireball (1),
intra-nuclear cascade {2), and firestreak (3)
models. (XBL 808-1675)



as calcuiated by this code, are gfven in Fig. 2
together with the experimentally measured
distribution.
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Fig. 2. Calculated mass-yfeld distributions of
the target residues after de-excitation, labeled
as fn Fig. 1. The dashed 1ine i{s the experi-
mental data, as reported in reference 4.

(XBL mB—1676)

Several conclusions are ismmediately sug-
gested by an inspection of Figs. 1 and 2. As
mentioned previously, tie fireball mdel {s
clearly deficfent, in that the predicted exci-
tation energy transfer is far too low. This
results in the generation of mass distributfons
with heavy mass yields which are far in excess
of those actually observed. The similarity
between the excitation energies, the momenta,

and the mass distrfbutions predicted by the
firestreak and the INC mndels fs very striking,
with the INC model predicting generally higher
energy transfer and less mss removal during the
fast part of the collisfon. It s somewhat
surprising that two such divergent collisfon
mechanisas give nearly the same results. This
suggests that although the interaction may well
be collective in nature, this collectivity does
not manifest {tself in these experimental
observables. Indeed, the shape of final mass
distribution seems to be more sensitive to the
choice of the statistical evaporation sodel
parameters than to the di fferences between the
firestreak and INC model predictions. MNever-
theless, the firestreak has two apparent
advantages over the INC wode), for overall it
produces the better fit to the experimental mass
distribution for ta rest formed from the
interaction of 8 GeY , and

because it requires 'less :hul one-tenth of the
computer time to perform the same ulg‘ulation.
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TWO-PARTICLE CORRELATIONS IN HIGH-ENERGY
NUCLEAR COLLISIONS

Jbrn Knoll* and Jgrgen Randrup

We discuss the corrclations of two particles
(proton-proton, proton-pion} in high-energy
nuclear reactions by nsans of the linear-cascade
model (rows on rows)l It describes the
observed cross sections in terms of contribu-
tions arising from dynamically independent
groups of interacting nucleons. In addition to
a correlated part where both observed partlcles
aise from the same group of nmucelons, there is
also a signficant background contribution from
the particles originating from two independent
groups. The construction of the one and two
particle spectral functions by means of a Monte
Carlo simulation method allows the inclusion of
various dynamical effects, such as the produc-
tion of delta isobars or precritical scattering.

The presently available datad express the
amount of correlation by a ratio R of the in-
plane to out-of-plane coincidence cross sections

registered in a tag counter and spectrometer.
OQur {nitial studies indicate that not only the
height of the quasi-elastic peak, but also its
position in momentum space may be sensitive to
the background term and to correlations arising
from the sharing of energy and mnsentum among
more than two particles.

For proton induced reactions (p,2p) only one
participant cluster exfists per event. Therefore
the background term vanishes, thus enhancing the
quas’l-e'lastlc peak such that it can be directly
studied in the coincidence cross section.

The calculated coincidence spectra_are found
to be in close agreement with the data® for
1ight systems. The observed shadowing effects
in heavy sustem, however, are beyond the scope
of this simple model.
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STATISTICAL MODEL FOR INTERMEDIATE-ENERGY NUCLEAR COLUISIONS®
J. Rendrup snd S. E. Koonin?

We have developed a statistical wodel for
mul ti-fragment final states in nuclear colli-
sions with bombarding energies E/A < 200 MeV. A
portion of the system formed with energy per
nucleon ¢ and isospin polarization I = (N-Z}/A
is assumed to decay according to the avaflable
non-relativistic phase-space. The conservation
of energy, nucleon number, and charge is most
conveniently imposed by considering the grand
canonical ensemble and introducing appropriate
Lagrange multipliers. This results in a “frag-
ment gas" gt nuclear density po/X, where og
= 0.17 fm*> is the nucleon density of ordinary
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Fig. 1. (XBL 803-533)

nuclei and X is a parameter of order unity. The
ground and a1l known particle-stable excited
states of fragments with A < 16 are included
explicity in the internal fragment partition
functions, while those for A > 16 are
approximated in a Fersi-gas model. For given
values of ¢, 1, andX, we caliulate the
temperature and the fragment me~s and charge
distributions.

The figures show some instructive results:
the temperature v for a given ¢ (Fig. 1) is
always great