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PREFACE

e chose the title "Muclear Dynamics® for our workshop
bhecause it was broad enough to cover the wide range of subjects
that characterize the frontiers of nuclear physics todav. The
macroscopic asrects of nuclear collisions at all energies (from
the lnwest to the highest currently available) occupied our
attention for a week and we were delighted with how well the
discussions served to emphasize the unity and coherence of the
field. The participants were just as much at home discuvssing the
chemical properties and low energy nuclear structure of the
elements as they were discussing pion prnduction correlation
functions and quark confinement. <onventional nuclear physics,
and its extension to higher energies that is now underway, is a
broad, interesting and exciting Field.

The workshop consisted of nine scheduled sessions with
discussions centered arcund current research themes presented oy
some of the participants. Summaries of these presentations make
up the bulk of this report. These summaries give a good
impression of the subjects covered but they can not convey the
contents of the associated discussions, which Look up most of the
time, and which were the most important part at the meeting.

Some of the administrative costs and the costs of
preparing these proceedings were covered by a grant from the
Director's Office at Lawrence Berkeley Laboratorv. We arn
indebted to Sue Ovuka of Conference Coordination for help in
setting up the workshop, to Jeannette Mahoney fcr handling all of
the on-site administration and to Cathy Webh for program
assistance and for editing these proceedings. The staff of
Granibakken provided a pleasant and comfortable atmosphere for
the workshop, but, of course, it was the enthusiasm of the
participants themselves that was the decisive element in making
this such an enjoyable and profitable wee'. We want to take this
opportunity to thank all concerned.

The Organizers:
Bill Myers

Jgrgen Randrup
Gary Wastfall
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LIGHT-PARTICLE EMISSION IN REACTIONS INDUCED WITH CARBOM AMD OXYCWN IONS*

F. Plasil, J. R. Beene, R. L. Ferguson, A. Gavron, D. C. Hensley,
F. E. Obenshazin, G. R. Young, M. P. Webb
Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830

G- A. Petite
Georgia State University, Aclanta, Georgia 30303

K. A. Geoffroy, M. Jaaskelainen, D. G. Sarantites
Washington University, St. Louis, Missouri 63130

C. F. Maguire
Vanderbilt University, Nashville, Tennessee 37215

In this wo.. preliminary results are presented from three different
experiments in which light particles emitted during the course of heavy-
ion-induced reactions have been studied. The common primary motivation for
undertaking these studies was to determine the nature snd extent of
nonequilibrium parcicle emission. The three experimenrs invelveo measure-
ments of energies, angular correlations, ard aultiplicities of neutrons or
alpha particles emitted in coincidence with deeply inelastic (DI) products
or with evaporation residues (ER) produced as follows: 1) neutions from

"’o with 93}“: at 12.9 MeV/u; 2) alphas produced in the same

system; and 3) neutrons produced in 12'.! reactions with lsscd and in l:’C

reactions of

reactions with 157Gd at about 12.4 MeV/u.

Earlier experiments in which neutrons from heavy-ion-induced reac-
tions were measured directly have failed to yield evidence for nonmequilib-
riom neutron emission,l—3 except for expe.iments carried out at ORNL with
relacively light heavy ions at energies above 10 HeVInucleon.l‘ The number
of g-enission studies is considerably larger, and while there is somc
evidence. that nonequilibrium a.pha particles are emitted, they 3io not
dominate the observed distributions. Furthermore, the interpretation of
the alpha mecsurements is complicated and, as will be pointed out, subject
to pitfalls which may lead to questionable conclusions.

In the two neutron experiments described here, heavy-ion detectors
were located insice a thin-walled spherical reaction chamber, and eight

liquid scintillator rveutron detectors were deployed at fixed anmgles around



the chémber. The energies of neutrons’wefe deduced from measuremeﬁts of
their time-of-flight. DI products were identified by means of AE-E tele-
scopes having silicon AE elements.. ER were- identified with 'a gas AE-E
telescope in the O + Nb experiment and by means of time-of-flight
measurements in the C + Gd experiment. In the O + Nb case, the silicon
AE-E telescope was located at -22° and the gas AE-E telescope at +27° with
respect to the beam. In the C + Gd measurements the two silicon time—of-
flight ER detectors were located at 6.5° and -9° and the silicon AE-E
telescope at 18°.

An analysis of measurements of neutrons in coincidence with DI projec—
tile-like (PL) fragments was described earlier5 for -the 0 + Nb reaction.
It was based. on the initial assumption that all neutrons observed in a
detector at 46° (located on the other side. of the beam from the coincident
PL products) were emitted from the target-like (TL) fragments. The neutron
spectrum observed in this detector was transformed (assuming isotropic
emission -from the TL fragments) to the corresponding spectra at laboratory
angles of ‘all other detectors, resulting in calculated spectra that were
then compared with measured spectra. In Fig. 1.a/ we show the velocity
spectrum of neutrbns in coincidence with PL products, measured with
detectors located at -13.7° and 11.4°. The appropriate calculated spectrum
is also shown. It is clear that in these two forward detéctors, there-is a
large excess of neutrons that cannot be attributed to statistical emission
from TL fragments. In. Fig. 1.b the differences between calculated and
measured neutron velocity spectra are shown for each of. the detectors
located at -28°, —-14°, 11°, and 24°. From the angular correlation and from
the wvelocities involved, it can be shown that very few, of the excess
neutrons are evaporated from the PL fragments. Thus, a large fraction
(~50%) of the neutrons emitted in the forward. direction are not due to
evaporation from fully accelerated fragments, but are due to some form of
nonequilibrium emission. While we do not propose a mechanism for the
production of these nonequilibrium neutrons, it should be noted that their
most probable velocity is similar to the beam velocity of 5 cm nsec—l.

This indicates that projectile breakup could be one of the mechanisms
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involved in their production. Empirically, bhowever, it

explain both the observed anisotropy and the energy

is also possaible to

Speatra by assuming

that 60 of all neutrons were emitted from fully acccelorated TL frapmnts.
while 407 wore (vaporated from a source meving with half the beam ol ocaes.

Nexr, we present results from the 150-Mev 12 Haﬂd and 1h =M\ U
. la?(;d rcactions. The neutrons discussed here werde mcasarcd v © oanc
dince with ER, which werce detccted at 6.3 and at -9 . Sonequilat < o~ 0o o=
trons 1o coincidene with specific ER nave Deen obsersed carizes 11 tta
case of l')'. l—)B(ld at 152 .‘kv\'.:. From gamma wuigtpli<ity T urements 12
wis dadurcd that they are associated with the highost partial waves by b
contribute t ER (or to detected partial-fusion prndur's“'. In ~3ea 2 the
peripheral nature of the reactions leading to the emiscion ¢ the nor-
wolic neutrens, ot was expected chat eftects o the difforencc o eoctron
binding «ncraies an the prejestiles might bocomd apparent whor ol it
H‘.—\ndu‘-v: re prtiens are compared with €ach cthere In Firoe 1 owo prosans
mutron spoeetra st b7 ond 113 abtained in corncidence with bk Ir =~ b ooe
“( I'H’.d ind ”(' 1)'(.d reactions 4t about the same or ot per
nuctoons lr os clear that there 15 ne signttisant dittoronce SeT oo mo
spuetra chraine l trem rhe two ditferend systeme. The cur. o,
indrvate tits to data pertormed ar four anelos tin o o 77, L
on o the avsumptien that the observad <pectry resultos e = ra = e
sour s, The farst source was assumcd to bo the ciempount U e el oLt e
noutrons with ¢ Maxwe llian enerey distribution “nesy torizel - PRI I e
ture i .o McV. The velocity and temperature  f the ~o° ol - o oo, ary ot
was aaleo assumed to produce g Maxwe llian spoitrus, wore aCrest et le e -
etors. % uwerd Pt was obtained te both reactions simule ane PUEE SN I ¢
16° t all obsorved noeutrons =100 REULrons? wWorce associate 3 oaitcl o
mev e with o ome-third ot the boam velocity 1.r T P —':’ Lt e s
tuemperature b« MeVo This sugeests that the nazh-incs [ S -
produced durine the deceloration stape ot the nuclesr = dlier .

The tinal results we wish t.o presenr ins l'e @ «m1--: s PR
with LI« llisions  between  Joa-Mel lr-o e “.\t. Tie . PO .
tragoants were detected at =21 | and the zerradatel @ it e .
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measured at several! angles, both in- and our-of-plane, ¢cn borh sides of
the beam. From the data it is possible to generate s diagram of Galilean
invariant a multiplicity, dHa/dvdei“. The resulting contcur-polar velo-
city plot has the advantage that it represents results that are invariamt
with respect to transformations into any frame of reference, and thus a
choice of a specific emiscion mechanism need not be made in order to make
some appropriate lab to rest frame transformation. The experimental re-
sults for alphas in coincidence with carbon 1ons are shown in this
representation i. Fig. 3.c. It can be seen that a large number of alphas
are concentrated on the other side of the beam from the coinctdent carbon
nuclei, between the beam and the TL recoils. Similar resulis have been
obtained by other groups, and in some cases claims have been made that the
a particles result from some type of nonecquilibrium emission process.

In order to interpret our results. we have carried out 4 Monre¢ Carlo
simulation calculation in which alphas were allowed to ¢vaporate from
excited ]60 and g]Nb reaction products. In this calculatioa w¢ have made
use of average n, p, and a energy spectra and »f multiplicitics cilculated
from a modified version of the Monte Carlo c¢vaporarion code JL’LI;\.’\'.7 The
total kiretic energy and angular distributions of PL products were
obtained experimentally from a separate singles measurcment. Farst, we
neglected the effect of the sharp variation 1a the angular distributions
of PL products and obtained the velocity plot shown in Fig. 3.a. When chis
calculated distribution is compared with the measured uvme, 3t 15 clear
that there is little resemblance between the two, even in their gross
features. We then took the angular distribution of the 16, prwducts into
accouat and obtained the contour plot of Fig. 1.b. It we allow tor the
fact that our a detectors did not cover the angular range close to the
beam and had an energy threshold equivalent to 2 cm nsec-l, the calculated
distribution (Fig. 3.b) is in fairly good agrecement with the measured
distribuction (Fig. 3.c). We conclude that while there may be a small
number of nonequilibrium alphas produced in this recaction, most of the
alphas can be accounted for in terms of equilibrium emission from fully

accelerated fragments. It also follows from the simulation that most of
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the alpha yield in the intense-yleld region of Fig. 3 18 duve to the
emission from the PL fragment and no* from the TL products, as oo might
have been tempted teo conclude from a cursory examination of the experimen-
tal velocity contour diagram. This result, however, is mot tmcomsistent

with excitation energy sharing proporticnal ta the masscs of the produccs.
Rel~rences

*Research sponsored in part by the Division of High Energy and Nuclear
Physfcs, U. S. Depart—esnt of Energy, under comtrazg W-740%-eng-26 with
the Union Carbide Cosporation.

1. D. Hilscher et al., Phys. Rev. C20, 576 (19793,

2. Y. Eyal et al., Phys. Rev. Lett. &1, 525 €1978).

3. B. Tamain et al., Nucl. Phys. A330, 23] (1979),

4. L. Westerberg et al., Phys. Rev. C18. 796 (1978).

5. G. A. Peiitr et al., Prcc. Int. Symp. on Heavy-los Reactions (San Antonio,
Texas, 1979).

6. K. iiwek-Wilczynska et al., Phys. Rev. Lett. 42, 139% (1979).

7. A. Gavron, Phvs. Rewv. L2!, 230 (1980).
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BOMBARDING ENFRGY DEPENDENCE OF NUCLEOW EXCHANGE AND .
ENERGY DISSIPATION IN THE STRONGLY DAMPED REACTION 209p1 4+ 136ye

W.W. Wilcke, W.U. Schr¥der, J.R. Hulzenga and J.R. Birkelund
Departments of Chemistry and Physics
Nuclear Structure Research Laboratory
University of Rochester
Rochester, New York 14627

J. Randrup
Nuclear Science Division
Lawrence Berkeley Laboratory
Berkeley, California 94720

I. Introduction

Although considerable progress has been achfeved {n rhe understand ing of
strorgly damped reactions at emergics several MeV/u above the Coulomb barrier,
some imporcant experlmental results are not yet clearly understood.

Among these is the degree of correlation betweer thie nucleon excunange aud
the large energy losses observed. 1In a model ! proposed by Swiatecki nucleons-
upon crossing a window between the colliding nuclei-deposit their relative momentum
within the recipient anucleus and thus convert kinetic energy of relative wotlon
into intrinsic excitat ion energy. Although such o nechanism Ils consistent with
experimental data, it has not yet been proven that cnergy loss Induced by nucleon
exchange is so dominant a mode c¢f dissipation as to exclude other mechanisms
such as the excitation of isoscular glant resonances. Investigation of the
bombarding-energy dependence of reactfon phenomena Is expect¢' .. vield essential
information bearing on this question. In the following, exj :iment. . evidence is
discussed, suggesting nucleon exchange as described by a on~ .sudy —~.de}l co be the
major component of the dissipation mechanism.

11. Experimental resuits

In an experiment” similar to the one described by Schréder et al.? the system
20983 + 136%e has been studied by measuring the triple-differential cross section
d30/didZdE at 3 bombarding energy of E;=340 MeV. An overview of the data is sliown
in Tig. 1. The qualitative cesults are similar to the study’ of this system at
E;, = 1130 MeV, yielding Gaussian Z-distributions with variancec ’Zz strongly In-
creasing with energy loss. In Fig. 2, the variances azz are plotted as a fuaction
of the energy loss for both bombarding energies. In the framework of one-body
nucleon exchange models there is a simple relation between the variance 1A2 of the
mass distriLution and the enecsgy loss, since both are produced by the sawe nucleon
flux. In the,classical limit and for peripreral collisions this relation can be
written as o .

In (/D) = 5oy W
where To = Ecy - Ve and T = To - Elpgs are the kinetic energies in the entrance
and exit channels, respectivelv, . denotes the reduced mass and = the nucleon
mass. If a unique proportionality between oAZ and 322 exists throughout a reactiom,
a classical model of nucleon exchange predicts a linear relationship also between

. »

“Work supported by the U.S. Department of Cnergy.
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Figure 1 Figure 2

- 2
the quantities -5 ans In(T,/T), with a slope given by 2 (A) » if the relatfon
'AJ = (a/Z) 7+ is assumed to hold. Im Fig. 3 is shown ~that the data indeed
follow straight lines, but quite in contrast to the prediction of £q. 1, the

slopes are strongly dependent on the bombarding erergy.

[t has been pointed ont by Randrup®
that it is important to incorporate the
cffect of the Pauli principle into
models of nucleon exchange. Since the
exclusion principle decreases the
nucleon flux, the associated variances
arc reduced too. On the other hand, it
can be shown, that the energy loss rate
is not affected, since only nucleons
with high relative momentum can parti-
cipate in the nucleon exchange, which
Jjust compensates for the reduced flux.
Thcreforg, the value In(T,/T) for a
piven -, has to be increased by a
factor a = jclass/J gq,q, > 1 with
respect to the one given by Eq. 1 in
order to account for the Pauli princi-

ple. hirec quantities determine the

magnitude of :«: the thermodynamic

temperature of the colliding nuclei, Figure 3

the relative position of the Fermi~

surfaces for non-identical nuclei and - most importantly - the relative momentun
of the nuclei, which displaces the Fermi spheras with respoect to each other. A
straightforvard geometrical calculation of the overlap volume of two inter-

secting Fermi spheres of equal radius TF y1elds a universal erergy dependence
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for a:

. %(u T /n(E g - vc)) vz @
approximately valid for peripheral ML T uI:t: E
collisions of cold nuclei. Consistent GLI OFeerae,
wiLn experiment, a increases strongly 3?...’5-'-.‘:
with decreasing bowbarding energy. sl \ ;:::: A
These regults are not restricted to O™ay My,
the Xe + Bi system. 1In Fig. 4 experi- 4 \ pensiiend |
mental a-values for numerous systems \ - [ i adted
are shown, where the broken line is a e
calculated using Eq. 2. Although 3 v 1w

T e My,

this simple model reproduces the u -~ 0 Wrgateg,
qualitative trend of the data, there 2r ~ =
are still strong systematic deviations
of the data from a universal curve. L Gadebabeiatie Ny
They are mainly associated with
reactions induced by ¢Fe og—t—p—t—t—L —L
projectiles. %‘(Ecm‘vm) (Mev7u)

Figure 4
ITI. Trajectory calculatiens

The discussion so far has been restricted to peripheral reactions. For
more penetrating collisions it is not possible to treat o as a constant during
the jnteraction time. More detailed trajectory calculations have to be performed
to allow a meaningful comparison with the data over a wide range of impact para-
meters. 1In Fig. 5 results of a partial-wave decomposition of experimental data
are compared to a trajectory calculatfon using a modelS with four degrees of
freedom: the posicion vector (r,8) connecting the centers of spherical nuclel
and their regpective angles of rotationm. It should be pointed cut, that theore-
tical values of none of the quantities
depicted in Fig. 5 are affected by in-
clusion of the Pauli primciple. Thus
the efiect of varjous potentials or a
different set of degrees of freedom
can be studied decoupled from the
effect of the exclusion principle.

INTERACTION TIME
7 {10°" sae)

As can be inferred from Fig. S,

the calculation is unable Lo reproduce § 00t
the large energy losses cbserved. 2
This is not unexpected, ~i.ce nu de- & oo
formatior degrees of freedom are in-
cluded, which puts an upper limit ar,
the kinetic epergy that ceu be dissi-
pated. Therefore, an extended model,®’7 ~ ol
whe:e the two spherical nuclei are F
joined by a cylindrical neck has been I

@

adopted. Its radius and the mass and
cha. 22 numbers of the projectile-like
fragrant are treated as three addi-
tional degrees of frcedom. The proxi-
mity formalism and the liquid-drop

Figure 5
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potential encrpy surface has been used to define the conservative and dissi-
pative forces. 1In Fig. 6 the results of a calculation (without any osdjusted
parameters) are shown. Consistent with experiment, :he calculated energy loss
has strongly increased. The charge variances 022 calculated by integrating

the time-dependent proton flux for each trajectory are shown in Fig. 7 as a
function of energy loss. It can be seen, that the inclusion of the Pauli
principle (solid line) leads to good agreement with the data, whereas a classical
treatment fails.

In conclusion, it appears, that the previously unexplai.ed bombarding energ:
dependence between energy loss and fragment charge dispersion can be :nderstood
on the basis of a nucleon e- -ange model, provided the Pauli exclusion principle
is taken into account. No n. -sity is seen to invoke further energy dissipation
mechanisms to explain the pres. ¢ data, although such processes carnot be ruled
out on basis of this comparison.

1. J. Btocki et al., Ann. Phys. 113, 330 (1977}.

2. W.W. Wilcke et al., Phys. Rev. C (in press).

3. W.U. Schrdder et al., Phys. Rep. 45, 301 (1978).

4. J. Randrup, Nucl. Phys. A307, 319 (1978); ibid. A327, 49C (1977).
5. J.R. Birkelund at al., rhys. Rev. Lett. 49, 1123 (1978).

6. W.J. Swiatecki, Report LBL-8950 (1979).

7. W.U. Schroder et al., Phys. Rev. Lett. &4, 308 (1980).
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FRAGIENT SPIN ORIENTATIGN IN THE OEEP-INELASTIC REACTION 'S%Ho + 1654,

FROM AN!‘."UTRDPV MEASUREMENTS DF CONTINUUM Y-RAYS

G6,J. Wozniak, R.J. McOonald, D.J. Morrissey, A. J. Pacheco, C. Shuck, S.
Shih, RM. Diamond, C.C. Hsu, H. Kluge, L.G. Moretto, L. G. Sobotka,
and F. S. Stephens

{arge amounts of orbital angular momentum can be transferred into
Fragment spin during the deep-inelastic collislon process. Sisple friction
mode’s suggest that the transferred spin should be aligned perpendicular to
the reaction plane. This spin alignment should yield a large ratic for the
in~plane to out-of-plane continuum ¥-ray yield, W(in/L), if most of the

spin is carried off by stretched E2Z transitions. For symmetric products

136 197

frem the 1084-MeV Xe * Au reaction, the observed small vz.ues of

W(in/d) have been interpreted1 as evidence for a reaction depolarization

mechanism, caused by the thermal excitation of 2ngular-momentum bearing

2,3

collective modes in the rotating di-nuclear system.

To investigate the Q-value dependence of this depolarization process,

55%0 + 3%g system at 8.5 MeW/A. A symmetric

1.4,

we have investigated the 1
entrance channel was chosen ta minimize f-fractionation effects nd
because at i.is bombarding energy ["rms T 364h) a large amount of angular
Momentum can ge transferred into intrinsic spin (1) + 1~ 100h) if either
the sticking or rolling limit is achieved. Secondly, this spin is orimarily

carried away by the Y-ray cascade because the product nuclei in this mass

region have large fission barriers and large coulomb barriers which inhibit
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the fission process and charged particle emission, respectively. Thirdly,
the auclei in this mass region are good rotor55 whose ¥-ray cascade
multipolarity is relatively pure {~80ff EZ)S. ‘astly, for 2 symmetric system
there iz no drift in the mass distritkution and its width is narrow due tu
the steep ion-ion potential as a function of mass asymmetry, thus elirinatirg
the need for A or Z-identification.

A schematic representation of our experimental setup is shown in Fig.
la. Tc define two reaction plares, three particle detectors were placed
at identical ancles from the beam direction (two in a herizontal plane,
Si1 & 5.3, and 2 third. 112, in a vertical plane). 5i1 and €i? consisteo
of 3 sincle f-detector ezci and 5i3 was a AE-f telescope to moniter the
width of the product charge/mass distribution. To detect the cortinuu-
¥-rays, three 5x6" Nal detectors coliimated by 3" diameter Pb aperatures
were ,laced 24" fram the taroget. Two of these datectors, Nall & nhal3,
were placed in the same horizontal plane as 5i1 & 5i3 and Nal2 was placed
in the same vertical piane as 5i2. With the above detector arrangement,
9 separate determinations of the in-plane to out-of-plane ¥Y-yielc couic
be made. Two examples of one such class »f detector combinaticns zre
shown in Figs. 1bhkc. In this preliminary analysis of the ocata ecnly fou-
such combinations were analyzed.

Far the 165Hc + 165Pu system, the grazino anale is ~25° ic the lzr,
A particle energy spectrum taken at 279 is shown in Fic. 2 (sel: rirve).

This spectrum shows a kinematically broadened elastic peak whick tz1l-
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off inta the quasi-elastic (QE) region and a distinct deep-inelastic(DI)
bump with a mean Q-value of about -300 MeV. The continnuum X-ray snergy
measured in coincidence with reaction products showed a peominent €2 busp
whose mean position and upper edge moved to higher energies as the particle
Q-value became increasingly megative in the QE€ region, but remained constant
thioughout the entire Q-value range (~-200 to -A00 MeV} of tke DI region.
For each Q-value bin, the average ¥-ray multiplicity was calculated
employing the following expressioni
My = N ()EWN (particles),

where Nc and Ns are the number of coincidence and singles particle events
and £ is the ¥Y-ray detection efficiency of the Nal detectors. The ampunt
of angular momentum transferred into the intrinsic spin of the two fraguents
was calculated frow My with the following transformatioo:

1+, @ = zEﬂ,* a -an 1.0 € /12.
It was assumed that there were 6 €1 transitions and that eitht €2 transi-
tions lay below the 0.3 MeV cutoff which was set to exclude the backscatter
energy region. Furthermore, it was assumed that one neutron was emitted
for each 12 MeV of excitation energy and that each neutron carried off on
the average one unit of A.

The amount of spin deposited in one product fragment is plotted [squares)
versus the reaction Q-value in Fig. 2. For the first 200 MeV cf energy loss

the transferred spin iincreases rapidly and saturates at~50% in the DI



region, which is essentially the value of the sticking limit for lr—s'
The above denendence of 11 if Q-value mirrors tYe change of the values of
the mean and upper edge of the quadrupole bump i1 the € spectra. T-is teha-
vior can be easily understood wher one rercrters trzt for rotatiechal ~ucled
Er is proportional to the spin of the erittirp rwerleus.

The rstic of the in-plane to out-of-plane cartinuun ¥-ray yield w(i~/L)

is ~lsc plotted (open circles) versus the reaction Q-value. This ratic
ie wnity for elastic events and rises rapidly with increasing en.rgy lrss
reachino a ~axinun value of 2.2 at the upper edoe of the Di reniin, cefcre
decreasing pback to near unit, for the larcest energy losses. Tre racig rise
of W(:n/L) acraiss the OF region tracks the rapid increase in thz spir ¢f tbr
fragments. Since W(in/L) is approximately proportional to !2/.'9. where &<
is the rms =isalignment vectar and 12 is the fragment scin, and tecause 1
rapidly increases with increasing energy loss one woulo expect W(i~/L) t=
increase if @ was conly slowly varying with G-value. Vraowever, ir tra D}
region I is essentially constant, while W(in/L) decreazes, indicating tra*
the misalignment @ is increasing with enmergy loss.

The magnitude of the spin misaligment can be extracted f-c- the expevi-

mental ratios by a55umingz'3 that the prabability function For -iszligrrent
is a gaussian distriobution peaked at the Z-3axis. For BO¥ €2 tran=itice- =z-c
a O-value of -250 W=V, the experimental value of @2/12 is 0.07C whi-k

carresponds to a misalignment angle of approximately 28°%. Tre cecojariza-

tion rodel of Moretto and Schmittz':" predicts that r2=.9:/42, wers J) i-
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the moment of inertia of one of the two touching spheres and T is the
temperature. For the -250 Mev Q-valve Din, T = 2.3 MeV and the model
predicts a value of t'rz/l2 = 0.065 and 2 ‘isalignment angle of 25° which
are in close agreement with the experimental values.

In summary, from this preliminary analysis we have chserved in the
165, » 165, reaction, large values for the soin transfer (I, + 120100 £)
and large values for the in-planz to out-of-plane continuum ¥-ray ratio,
W(in/L) = 2.2. Baoth the spin transfer and W(in/l) are strong functions of
the reaction Q~value ang the latter also shows a dependence on Ep- For
a reasonable value of the ¥-ray cascade mltioolarity (B0% €2s), a
misalionment angle of 26° is extracted fcr tre deep-inelastic regios.
These data have been compared with the statistical model of Moretto and
Schmitt which correctly predicts the magnituce of the observed misalion-
nent and gualitatively explains the trend of w(in/L) with O-value. We
conclude that continuum &-ray anisotropy measurements are a pcwerful

technigue for probing the deep-inelastic collision process.
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1 R
%340 + "*310 ot 8.5 Mev/A
—e0
__ 2§t A
A
3 2.2k —40 E
€ 4 =
= 18F
420
1.4f i
I.O- L - 0
A 1
-300 110
Q (Mev)

XBL 803.521
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DISTRILUTION OF FRIDUCTS [N THE REACTION e + p1e

R. L. Ferquson, A. Gavron, F. E. Obenshain, F. Piasil,
R. L. Robinson, D. Shapira, A. H. Snell and G. R. Young
Oak Ridge Hational Labcratory
P. 0. Box X, Oak Ridge, Tennessee 37830

We report here our measurement and preliminary anslysis of the
Cistribution of products with 2< Z< 2] and 3< A< 43 from reactions
of <UNe with Al. Experimental conditions were adequate to allow resclu-
tion of individual isotopes over this entire range, and measurewents
were ma_le at several angles for each of two bombarding energies.
Measured relative cross sections of the heavier p-oducts are compared
with predictions of a statistical model evaporation cal<ulation.

The measurement of distributions of evaporation residues (ER) with
simultaneous single charge and mass resolution provides a sensitive
test of evaporation mcdels. In a systematic study of fusion reactions,
it is possible to test various assumptions involved in the ca’culatfons,
as well as to obtain values for various nuclear parameters. Information
can be obtained, for example, on the variation of level density parame.ers
with nuclear deformation and on deformation-enhanced particle emission.
Effects of incomplete fusfon may also be apnarent in the ocbserved
distributions.

Experiments were performed using energy-analyzed, well-collimated
beams of 20Ne from the Dak Pidge Isochroncus Cyclotron incident on
100 ug-em™ alumi~um targets. For reactio~ yroducts, the flight time
was measured between two channel-plate electron multiplier assemblies
122 cm apart, and the energy loss in a3 gas-filled ionization chamber as
well as resid.al energy in a silicon wurface-barrier detector were also
determined. OQur tisme resclution of ~ 150 ps FiHM and 5nergy resolution
of ~ 0.6-MeV FWHM (measured for clastically scattered oﬂq) gave a mass
resolution of ~ 0.4 FWHM. Resclut:on in Z was -~ 0.6 FWHM. Differences
in charge-collection times in the parallel plate :f ionization chamber
were used to correct for srmall differences in path length between the
channel-plate detector foils, which were o.iented 2t 45° with respect to
the detected particle's flight path. The data were analyzed by first
cogstructing Z-masks in the aE-vs-E plane and then forming maos of an
ET¢ function vs E for each Z. From these maps, A-masks were constructed,
and an energy spectrum of each isstope was projected. OQur presert
results are presented as relative yields.

Figure 1 indicates the energy- and anjle-integrated yields of the
observed products. As is to be expected, yields of the heaviest products
from the 167-MeV bombardment can be seen to 1ie further from the coemound
nucleus than in the 118-MeV case.

In Fig. 2 are shown comparisons between cur experimental results
for the heavier products and the ER yields that ?re predicted by the
evaporation code JULIAN (as modified bv Gavr, The calculated values
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have been normalized to experiment by the ratio of total experimental to
theoretical TERe For this purpose, the experimental o, was defined to
be the sum oftJields for all nuclides with Z > 12 and AR> 2a.

The Monte Carlo wvaporation code JULIAN (Hillman and Eyal),
includes proper angular momentum coupling to final states.
The calculations shown were performed with the code's default options,
which include: (i) Gilbert-Cameron level densities, (ii) the Bass model
fusion cross section, (iii) the Cohen-Plasil-iwiatecki rotating 1iquid drop
yrast line, and (iv) nuclear masses from the Wapstra 1977 table. Coe
thousand cascades were calculated for each bombarding energy.

As is apparent in the Z and A projections of these comg..isons
(Fig. 3), the overali agreement between experiment and theory is rather
good. With the calculational parameters uscd, the theoretical distribu®‘on
is somewhat narrower than the experimental, both in Z and A at both
bombarding energies. Variation of the input quantities will very likely
improve the agreement. Hopefully, such varfations will enable us to
define level densities and tke yrast ine aopropriate to this case, but
it remains to be seen whether a unique fit can be obtained.

It is likely that even with the variations in input conditions
mentioned above, it may not be possible to remove the discrepancies
between calculation and experiment for low Z and A at 167 MeV. Lehr
et al.,2 were able to account for a similar uné;;predictinn of yield for
Tight ER in their study of the system Z0Ne + by including the
effect of incomplete fusion in the reaction. It may, of course, be
possible that we are seeing a corresponding effect here. The under-
prediction of yield for heavier ER., especially noticeable at 118 MeV,
could be due to an overempha-is on a-emission. In this case, agreement
between experimer.t and calculation is likely to improve with other
choices of input conditions.

We have also made comparisons with the computer code ALICEW3 which
does not involve the couplings to all final angu’ar momentum states but
treats angular momentun: removal by particle emission only approximately.
The purpose was to see if such a calculation, which requires less comput-
ing time than JULIAN, can give a rough description of the abserved
yields. It was found that ALICE results in distributions that have much
higher Z and A values, and the effect is easily understood in terms of
an underestimation of a-emission. He .onclude that for such light
systems ALICE calculations are inappropriate.
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LIGHT PARTICLE EMISSION AS A PROBE OF THE
ROTATIONAL DEGREES OF FREEDOM IN
DEEP-INELASTIC REACTIONS

L. 6. Sobotka, G. J. Wozniak, C. C. Hsu, G. U. Rattazzi,
R. J. McDonald, A. J. Pacheco, S. K. Blau, L. G. Moretto

A prominent feature of deep-inelastic collisions is the transfer
of orbital angular momentum into intrinsic spins of the fragments.
The experimental techniques commonly used to study this phenomenon
have been gamma-ray multiplicity, and anistropy measurements and
sequential fission angular distributions. Unfortunately the above
techniques suffer from some severe limitations. The interpretation of
continuum gamma-ray data is complicated by the emission of neutrons or
1ight charged particles, which preceed gamma emission and can remove a
substantial amount of angular momentum, and by uncertainties in the
ratio of statistical vs.stretched y-rays. In addition, it is not
known which fragment emitted the detected y-rays. While in- and
out-of-plane sequential fission angular distributions are quite
sensitive to the fissioning fragment's spin and the alignment of its
spin relative to the orbital angular momentum, this technique is
confined to very heavy systems.

The emission of light particles complements sequential fission in
that medium and light regions of the periodic t:%le can be examined.
For example, recent work (1) on tne angular correlation of evaporated

light charged particles from the reaction 280 Mev doAr + 58Ni was
used to infer tke ang.lir momentum of one of the deep-inelastic

fragments. We have improved upon this already powerful technique by



simultaneously measuring the gamma multiplicity (My), as well as the
out-of-nlane alpha emission from one of the deep-inelastic fragments
produced in the reaction 664 MeV adkr + natAg. We would like to
discuss some preliminary results from this experiment, which wq
believe will prove extremely enlightening upon completion of the data
reduction. Our results are interpreted with the aid of a straight
forward statistical mechanical formalism.

The 664 eV 84Kr + "atAg system was selected for study for
several reasons. The Ag-like fragment is light enough to have an
appreciable probability of evaporating an a-particle, tut heavy enough
so that second-chance light-particle emission is unlikely.
Furthermore, it is possible to sele:t an experimental configuration
(see figure 1) where the detected a-particles should be predominately
emitted from the target-like fragment. The system has a large angular
momentum, ¢ (rms) = 194 , and thus can deposit reaso~ably large spins

into tha two fragments (2).

84Kr

The experimental configuration is gutlined in figure 1. An
beam from the superHILAC impinged upon a 586 wg/cm "atAg target. A
aE-E (1lym-3C0um) solid-state tele.<ope with a 6.8 msr accepteznce was
positioned just behind the grazing angle to detect the projectile-like
fragment and to define the reaction plane. On the opposite side of
the beam an arc containirg 4 light-particle telescopes (40um-5mm) was
positioned so that the<e telescopes had an in-nlane projection

approximately coinciding with the target recoil direction. Thick,

10.1 mg, Ta absorbers were placed in frort of the light particle



telescopes to reduce the counting rates of HI's and noise due to
x~-rays and electrons striking these counters. In addition, an array
of 7 Nal detectors was positioned above the reaction plane with an
out-of-plane angle of 45° to measure ",' An eighth Nal was enployed
Lo obtain gamma energy spectra.

After each event was reconstructed, the energy of the alpha
particles were transformed into the c.m. of the undetected Ag-like
fragment., The energy spectra obtained are consistent with evaporation
from tne slower moving Ag-like recoils,

A detailed treatment of the formalism for the angular
distributions has been presented elsewhere (3), her2 we give only a
brief discription. In a statistical mode) the spin alignment of one
of the deep-inelastic fragments is described by gaussian distributions
in cartesian components of angular momentum with widths I oy
and °g-

Using these misalignments 1% has been shown (4) that the decay

width is:

2
I cos?9

1
= exp | - S5——-
|—1 S(5.4) 25%(0,4)

where Sz(e,é) = Kﬁ + osc052¢sin?e + oisinzbsinzo + agcosze. Here,

K. is the width of the out-of-plane distribution arising from the
liyght particle emission. The alpha-particle need not be emitted

perpendicular to the spin axis.
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If one integrates over the fragment's angular momentum
distribution up to some J(max) and ascumes that the bulk of the total
decay width is due to neutron emission, then the out-of-plane angular

distribution is given by:

w(6,8) = g7l - exp(-A)] 2.

2 2
whereA:lriaxng?g—B ’B=§Tj;_-~i_i
The moments of inertia-éh and-}1 are those of the nucleus after
neutron emission and perpendicular to the separatior axis at the
critical shape for decay. Using a value for 1{max) obtained by
assuming rigid rotation, the data in figures 2 and 3 have been fit to
equation 2 by adjusting the value of S. If one makes the simplifing

2 2

assumption that o, =0,=0,=0 then S2 =K. +o".

Yy z [

The in-to-out of-plane ratios and the values of S/I{max}
calculated by the formalism described above are indicated in figures 2
and 3. One clearly sees that the angular distributions become more
focused in-plane, (indicating a higher degree of alignment or
increased spin of the emitting fragment) as the number of coincident
y-rays(Nfold), TKE or charge asymmetry is increased. The trend seen
in figure 2 results because gating on a higher number of coincidert
y-rays creates a bias toward high fragment spins.

in figurs 3 the dependencieson charge asymmetry and TKE are

shown. The TKE bins span only the deep-inelastic region. The trend
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with TKE could result from an increase in the misalignment with
increasing energy damping. Another passiblity is that one selects
higher angular momentum events with increasing TKE. The trend with
asymmetry is most Vikely a consequence of the division of the angular
momentum between the two DI fragments. If the dinuclear complex
reaches rigid rotation, the partitioning of angular momentum between
the two fragments goes as the moments of inertia or (H11M2)513.

As asymmetry increases, the spin of the emitter (the heavy fragment)
increases, causing the angular distribution to be more focused
in-plane. The values of S support the attainment or near attainment
of rigid rotation. Within a TKE window the values of S are reasonably
constant, indicating that the change in the sharpness of the angular
distributions is primarily due to a changing I{max).

We are presently attempting to calculate values for KD so that o
as a function of TKE and asymmetry can be extracted. Though the data
analysis is still in the early stages we have already seen trends that
if quantitatively understood could greatly increase our understanding

of the rotational degrees of freedom in DIC.
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Figure Captions
Figure 1: Vector diagram for reaction system. Circles are for
1 Coulomb barrier alpha particle emission. Arrow for
light-particle telescopes indicates in-plane projection.
rigure 2: Angular distributions integrated over the deep-inmelastic
reqion for different Z bins, indicated by the detected Z°s,
as a function of the number of coincident gamma-rays.
figure 3: Angular distributiois as a function of total kinetic energy

and charge asymmetry.
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Planning for YEINUS

liorel G, Pugh

Lawrence Berkeley Laboratorsy
Berkelev, California 24720

Abstraci: VENUS (Variable Fnergy huclear Synchrotron) is

a major new heavy 190 aceclerator o b eoroposed for
construction at LBL. Some ~<pects of plawning its seientific
program are discussed.

1. History

Over the past several vears <taff of LBl s YNuclear Science
Division (NSD) and Accclerator aps Fusiton Research Division
(AFRD) have beerni working togsether te ccasider what new
accelerator(s) shouid i ¢ planned tor the cventual replacement
of IBL's facilities (the 88-:ach Ciclotron, the SuperBiiac,
and the Bevalud)., In addition to questions of technical
feasibility. appropriateness to the inst:tution and the
interests of the existing staff and outs. s e P Eroups,
the rejuiremen® was imposed that tn nes coels rarosrfsy shoald
put the Laboratory tato a position of i+ a= l¢adership on the
national and internatvy snal <cens

Extensive ipternal diseqss:n crorps and rfe a2arua. Series
of LBL/GSI mcetings contributed -r T ealmiaating ir the
May, 1979 1st Workshop on Ultra-Relaiivi=ti - iravy Ion
Collisions (1). 1In June. 1979 the L3L 277 resael b report (2)
on The VENUS Project. v.aich forrs th= basis *or <urren? planning
The VENUS facility. replaciag the Bevalae, o3 1njectod by the
SuperHILAC, would provide ions up to U ani v 1 energies from
40 MeV/amu to 1 TeViarm vivalent, the juo 7 r heing olnained
by a colliding beam capat.zirty. The aceeierator, using
supeiconducting inme-freee

swnets. wouid it eowmfartably on
to the existir - LBL -ite, ard cost roughly SIO0Y (1673).

The overall capability «f rthe fucilit,. addcd to the 88-iunch
Cyclotron (assumed tc ontinue operation -:ih appropriave
upgrading) wouald normrt o extrern 10 wid - range of ohesics

to be addressed: aramic. nuclear o lemrptary narticle, cosmic
ray, and astrupnyvsics. In addii'..n i: would Lrov.de expanded
capability for ©he bionedical cescarch nrograr cu-rently
carried out at the Bevuiac.

“uclear Science Advisory

In July-August 19379, the DOO
riman Fesnbach. held a major

Committee. chaired by Pr.i¢ sor le


http://acceii-r.i-.nr

Long Range Planning Study and projected national construction
and operating budgets for the coming decade (3). The
committee stated that $100M prnjects such as VENUS, or a
kauon-antiproton facility, wculd require funds supplemental
to those projected for the national base program, and wouid
have to "be justified separately as required by important
national goals, requiring special construction allocations.
and ... substan<ial (additional) operating costs™. The
Conmittee recommended that research and development be
conducted on such facilities, noting: "It is essential

in all these cases that the R&D is not confired only to
accelerator and other technical developments. A serious
investigation into the scientific case... must be mounted...
Scientific feasibility, that is the demonstration that one
will be able to obtain results, is equally essential’.

These considerations form the basis of current LBL planning

for VENUS.

2. The VENUS Project

The details of the accclerator will not be presented here
in detail, since ihey are well described in reference (2) and
have also continued to evolve in the intervening period.

For the purposes of discussion of the science, and as a
goal for further enterprise by the staff of AFRD, we assume:

Fixed target mode: 10 MeV/amu to 20 GeV/amu: 3 beams
independentily variable in energy,
duty factor and intensity.

Colliding beam mode: 1 GeV/amu to 20 GeV/amu (1 TeV/amu
fixed target equivalent), 3 intersection
regions.

Proton capability: 50 GeV fixed target or colliding beams

(5 TeV fixed target eocuivalcent)

3. General Observations

The energy range is suff-_iently unfamiliar that some
comments are worth making to fix in ones mind the consequences
of the high energies to be achieved:

1) Ar 20 GevV/amu the projectile is 20 times heavier than its
rest mess. Only a fraction of its total energy ccn b. made
available in the c.m. system by collision with o stationary

target.

2) The above problem is overcome by the coiliding beam
capability. For 20 GeV/amu cclliding beams of equai mass
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nuclei, all the energy is available in the ¢.m. This pr sides
the eguivalent of 1 TeV/amu projectiles striking a stacienary
target, with all the experimental advantages of hoving the
c.m. sysiem at rest in the laboratory.

3) The collisions are truly “ultra-relativastic™, i e.. the
rest mass can be neglected teo a first approximation. Uarticle
creation is the order of the day: no description of the
collision nrocess can succeed which ignores particle creation.

1) While the wbove three comments appty as much lo protan-
proton collisions as to collisions invelving nuclei. the
oxtreme lLorentz contraction and time dilatation introdues:
noew features when nuclei are involved., These features
warrant o special < ¢twonp:

1. lorentz Contraction and Time Dilatation

The projectile, target, and ¢.m. frames are all of 1nterest.
A 20 GeV/amu on 20 GeV/amu collision is equivalent, for equal
masses to a 1 TeV/amu projectile (tarret) striking a stationary
target (projectile).
T »
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In the target frame, the target is eatirely a normal nucleus.
The projectile, longitudinally contracted by a factor of onc
thousand is only about 10-2 fm thick, resembling a piece of
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paper in its proportions. We must therefore expect an entire
row of nucleons in the projectile to collide with each
component of the target in an extremely short time, as the
projectile passes through. Symmetry, of course, indicates
that the target looks to the projectile equally like a piece
of paper. This brings us to the c¢.m. frame.

L
/ﬂ
-«

=\
& Vs

imbkevrackion req'- -

= 20

In the c¢.r. frame, the Lorentz contraction is less extrere,
a factor of 20, but applies to each nuclcus. This still
suffices to reduce the Uranium nucleus to a thickness of less
than 1 fm., the diameter of a proton. It becomes clear for
all these reference frames that the collision is physically
one of rows of nucleons on rows of nucleons.

>

In the c.m., frame, if the two nuclei were to be stopped
completely by the collision (a very unlikely possibility)
the energy density would be 20 GeV x 2 x 238 in a volume 1/20
that of a Uranium nucleus, i.e. 300 times largey than that
of a normal nucleus. Statistical considerations of such
energy densities provide a highly successful basic deseription
of, for e¢xample, pion multiplicities in high energy p-p
collisions, and such p-~nucleus and nucleus-nucleus data as
ar~ available in this high energyv regime.

A very interesting consequence of the Lorentz effect is
the absence of cascading in the nuclear collision. The highly
excited products of the internal collisions escape from the
nuclear environment before decay. This has been verified
experimentally in the decay of 3-pion systems produced coherently
on nuclei and in comparisons of the secondary particle multi-
plicities for high energy p-p and p-nucleus collisions.

Such conditions offer possibilities to study the space-time
evnlution of hadronic interactions which would not be available
in p-p collisions or in lower-energy collisions involving
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nuclei. They also offer severe theoretical challenges for
work in a relativistic many-body problem, It is hoped,
however, that by going to the very high emnergies of VENUS,
asymptotic simplicities will arise, and new approximaticns
can be utilized.

5. Scope of the Research

Following the broad original concept and heeding the
guidelines of the POE/NSF Nuclear Science Advisory Committee,
it will be necessary to outline a program of experimental
work in the various areas to be addressed, to show how the
results can be related to theory, and to indicate what group
will expect to carry out the work. This is the basis of the
current stags ~f IBL planning.

With various degrees of emphasis, work is proceeding on
defining an experimental program related to

~ atomic physics

- nuclear physics

- elementary particle physics
- cosmic ray physics

- astrophysics

- Dbiomedical research.

Of these, the first and last items should be considcred as
among the many surprise benefits of the acceierator. Atomic
physics would, for example, benefit from the capatility to
make one- or two-electron Uranium or other heavy nuclei. It
is assumed that by the time VENUS is comstructed, LBL will
have a medical accelerator, but that biomedical research
will continue to need unusual and exotic beams such as can be
provided by VENUS.

The remaining topics have close connecting links, which
are perhaps stronger at this time than they have been for many
years. Investigations in all four areas require greater
knowledge of the other =reas as understanding of each improves.
This results from parallel lines of development, all pointing
to a need to understand better higher energies, higher densities
and small substructures of particle and nuclear systems,
including stars.

The program of the accelerator will be developed in all
these areas. As nuclear physicists develoring the proposal.
it behooves us to look outwards from our own specialicies to
their implications for other fields and to try to look at
ourselves from the cutside and try to place our work in a
context understandable and appreciable by others.
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6. Some Subjects Which Must be Addressed

The following subjects are ones which demand to Le
addressed. They are presented in a connected order, not the
only possible order. Other connecting themes would be of
interest.

1) Quantum Chromo Dynamics - wvarticle and nuclear phvsics
have to be looked at in an entirely new light subsequent to
discovery of the psi, and *he great successes of quantum
chromodynamics. This t%eory must provide the basic framework
for the higher energy phenomena *o be observed with VENUS.

2) Quark Structure of Nuclei - quarks are becoming part of
the every day langquage even of low iergy nuclear physics. We
must understand the successes and limits of quark descriptions
of nuclear properties and the extent to which these limits are
of fundamental importance, limits of present knowledae, limits
of complexity, or limits to be expected from such a mocdel.

3) Equations of State of Nuclear Matter - much of present
low-energy and highk energy heavy ion physics is focused on
equations of state. It will be necessarv to reconsider the
successes and limits of this approach, to what cxtent
interesting nuclear phenomena are urdesirable complexities,
and to what extent conditions can be arranged such that an
equnation of state has real applications, e.g. in astrophys‘cs.

4} Phase Transitions in Nugclei - to focus more clearly on
the previous question, illustrations of known phase
transitions in nuclei need to be presented with a careful
thermodynamic discussion. It would be important to understand
whether the macroscopic approach really has predictive power,
or whether the recognition of phase transitions is a post hoc,
strained analogy for phenomena better described in a
microscopic way.

5) Quark Matter - this topic of wide current discussion
refers to the energy regime where quarks arz liberated from
their parent nucleons. Intrinsically 2 nuclear relativistic
many-body object, it necds to be deiined as closely as
possible, and it should be examined whether the approach of
items 3 and 4 alon2 is the best way to address it. This item
is also shorthand for other exotic objects such as pion
condensate, abnormal nuclear matter, etc. which have been
discussed but perhaps not always in a hard-nosed enough way.

6} Astrophysics - the melting pot of all branches of
physics. What nuclear information is really needed and *-~
what level of accuracy, if one takes into account other
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uncertainties? How are predictions of conditions in the early
universe limited by theory, and to what extent would some
experimentation help, or confuse, the issue?

7) Nuclear Reactions - a great amount of information has
been accumulated from low energy heavy ion experi-ents,
Bevalac experiments, and high energy p-p and p-nucleus
experiments, and cosmic ray experiments, all of which could
help us define the relevance of experimentation to the
question raised in 1-6 above. This crucial link must he
described in both its strengths and its weaknesses.

7. The Next Steps

As you might quess, we believe strongly that the
experimental program to be defined for VENUS will help answer
some of the most interesting wnd difficult questions in modern
physics. We will, in addition to workina out the logistics of
such a majer project, have to articulate clearly this belief.
We plan in the coming months to hold further study of these
topics, and ask for any help and suggestions that you may
offer. The intellectual value of such studies will be
substantial, independent of whether or not LBL gets its VENUS!

8. Conclusion

I thank the organizers of this workshop for the
opportunity to present this tentative framework for a
proposal. The atmosphere of workshops such as this enables
new connections to be made between superficially disparate
areas of research. This is to some extent what VENUS is
about, too.
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LOW ENERGY PIOHS AND DENSITY Mﬂ: N
RELATIVISTIC NUCLEAR COLLISIONS®

J. Cugnon'* and 5. E. Koontn'''

4

W. K. Kellogg Radfation Lsboratory, Calteck. Pasadena. CA -1} ¢

The recent discovery of differences in the +* and r” ylelds a- ] |
as weil as the observation of different low encrgy 2" and = <pectra in
relativistic nucleus-nucleus collisions raisec the possibiliry thot such data
are sensitive to the matter densi:y discribution durlag the collision process.
There is no way at present to extract such information from preton inclusive
cross sections. In a symmetric N = Z system. 41" diffcrences arisc sovlely
from electromagnetic forces and reflect, in principle, tne propertics of the
charge distribution after the pion {s created. We report here on svee aspects
of a classfical calculation of these phencocna.

1. Model for the collision process. The anuclear collision is plctured

as a succesaion of relativistic, on-shell. binarv., baryon-barysn collisions.
The evolution of the system {s calculated by means of a Monte-Carlo method o ],
which embodies the following important features: «i relativistic kincmatics.
{ii" empirical e:ementary cross sections, ‘1j: plonic degrees oi freedom are
accounted for by allowing A-productiosn, 'iv X's are considered stable asainst
pion euission until the end of the collision process; they may. haever, be
destroyed in collisions with nucleons. This lasc point £s a revasonable
approximation given the present knowledge of the behavior ot A resonances in
nuclear matter [3].

The present model is a very successful par-meter-free descristion of
inclusive cross sections (see fig. l) and two proton correlatisns at
3. Mev/a {u].

Matter distribution. During the collision process, vur calcu.ation

reveals that the matter can be compressed substantially _ ~ ~_ and tnen
expands rapidly. MHowever, piomns should sot be scnsitive to these early srages
of the process. At the end of the collision process and 3t later tizes, the

calculated matter (and charge: distribution of a symmetric system can bc

TSuppDrted in part by NSF grants PHY?7-_1- .z and PHY - -3 zz.

tt - N < - <
Permanent address: University of Liege, Institut le Physique, B-- ..
Sart-Tilman, Belgium.

H"rAlfred P. Sloan Foundation Fellow.



REACTION THEORY FOR A NOLLiNEAR DYNAMICS:

THE s -MATRIX TIME-DEPENDENT HARTREE-FOCK THECGRY

James J. Griffin, Maria Dworzecka,
Peter C. Lichtnrer, and Xit-Keung Kan

Dopartment of Physics and Astronomy
University of Maryland, College Park, Marvland 20742 U.S.A.

ABSTRACT
A single-deter—inantal TDHF reaction theory structurally analogous with
the S-matrix Schriddinger theory is constructed. It involves time averaging
in an essential way, displays the interpretativelv crucial propet-ies of
asymptoticity and chanmel specificity, and excludes the effects of mulri-

channel spurious cros., channel correlations.

SUMMARY

Several recent developments in the nonlinear single-determinancal (Time-
Dependent Hartree-Fock) approximation to the many-body Schridinger reaction
thenry are drawn together. By modelling the single-determinantal reaction
theory, not upon the initial-value Schrddinger theory, but on its (entirely
equivalent) S-matrix formulation, one obtains a description of complex
reactions {labelled TD-xJ-H¥) different from the initial-value TDYF theorv.

Although the initial-value TDHF generates a single wave fumiiion whose
behavior at late times summarizes all the effects of the collision, in fact

no specific method has ever been proposed for the exhaustive physical inter-



pretation of that wave function. Perhaps this is because the solution, and
therefore its statement about the internal states of the emergemt fragments,
continues to vary with time long after the collision because cf its self-
consistent nonlinear time evolution. Thus it predicts that the results of
physical measurements will depend upon precisely where the distanmt apoaratus
is 1ocated,1 One concludes immediately that in principle, the interpretative
structure of the initial-value TDHF description contrasts yualitatively with
that of the exact theory.

The alternative TD- < -HF formulation discussed here provides the calcu-
1ation,2 bv means of a specific time average over the TDHF analog of tiue 5-
matrix reaction amplitude, of tine probability for the svetem to make the e¢ran-
sition to anv specific one of a set of asymptotic channel states, each charac-
terized bv the internal states of two fragments and their relative aotion.
These asymptotic channel states are constructed upon the -t of gauge invar-
iant periodic "TDHF-Eigensolutions,” which provide the nearest single-determi-
nantal analog of the Schrddinger eigenfunctions.J-S’Q Being ~ riodic, they
submit naturally to a time-averaged interpretation of their phvsical charac-
teristics. In addition, they lead to a time-averaged crthogonalitv among the
asymptotic channel states.2

Tke upshot is remarkable: a reaction theorv for the nonlinear TDHF
dynamics which is completely analogous structurallvy to the exact linear
Schrddinger reaction theory. This theory prescribes amplitudes ro a set of
(presumably complete) asymptotic channel states whose (time-averaged) phvsical
properties remain constant as the fragments move far away from the collision
(asymptoticity). In addition, the (time-averaged) overlaps among these

asymptotic channel states vanish, allowing a given reaction amplitude to pre-
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dict specifically under the statistical interpretation of the wave functions in

the theory the probahbility of measuring that channel’s properties, rather than

those of some other nonorthogonal finmal channel (spectficity}. Finallv, the
reaction amplitudes are, by virtue of their specific time-averaged definition,
completely free of the spurious cress chanmmel correlations8 which arise outside
the collision region whenever a single TDHF determinant is obliged to describe
simultaneously more than one reaction channel.

The authors wish to acknowledge the support of the U. S. Department of
Energy, and the Alexander von Humboldt Foundation.
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FIGURE CAPTION
The figure svmbolizes a time-dependent solution O(;.t) bv a llne im

+
the fragment separation-time plane. Solutions ¢:

)(;.l) obey simple
single-channel initial conditions before the collision; thev exhibit
multi-channel spurious cross channel correlations after their breakup
(at the time TZ)' Solutions Qg-)(;,t) are simple single-channel
solutions at late times, exhibiting multi-channel spurious cross
channel correlations for early times, less than Tl' The interval
(Tl'TZ) therefore is the largest interval during which neither of the

wave fun:tions determining the reaction amplicude, xlfi' involves

multi-channel spurious cross channel correlaticnr
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T*ME DEPENDENT MEAN FIELD APPROXIMATION TO THE MANY-BODY S-MATRIX*

Y. Alhassid' and 5. E. Koomin''
W. K. Kellogg Radiation Laboratory, Caltech, Pasedena, CA 211

Time Dependent Hartree-Fock (TDHF) calculations are a good descrip’:en
of some inclusive properties of deep inclastic heavy-ion collisions. Horever,
it »as so far proven impossible to calculate specific reaction ¢ oss-sections
by any TDHF~-like approximation, since the TDHF wavc-function at large times
does not decompose into a linear combinaticn of chanael .1igeustates whose co-
efficients have a time independent modulus.

Here we present the first steps toward a mean-[ield theory which approxi-
mates specific cvlements of the many-body S-matrix: We consider a many-body
system with pairwise interactions, v(xi- x.}), excited by an external, time-
dependent one-body field, V(r). OCur goal is to calculate the exci:ation amplitudes,
\p'{s|8), where |A) and |#*) are exact (or appriximate) cigenstates of the
unperturbed hamiltonian. Scatterirg problems cin be reduced to this situation
in an approximation which treats the rciative motion classically.

In a second-quantized notation, with the one body density operator |, fx)

qf(x)v(x), the hamiltonian can be written as

He) - K- 3 (o,ve) + (V(E),3) - H - V(C . 3

where K is the kinetic energy operator corrected by the seif-ener_y interaction
term, and (A,B) = I dx A(x) B(x) for any functions A,B.

The scattering operator S is defined as the long-time limit of the inter-
actior picture evolution operator

S = fim U(o)(o,t) u(t,-t) u(°)(-c,o) , (z

Lo
where U(o) evolves with H_only, and U with H., To evaluats S we use a technique
13 =

first introduced by Hubbard* 3 and Stratonovich-"~~ in statistical mechanics and

=
applied recently to nuclear phvsics by Kleinert-"- and Lovit-"-. The details

*
Supported in part by NSF grants PHY77-21€¢02 and PHY7I-33r 3.
*Chaim Weizmann Pestdoc:ioral Tellow.

TTAlfred P. Sloan Foundation Fellow.
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can be found in these references. Loosely speaking, this technique expresses

an evolution operator containing a two-body interaction as a functional integral
over a time-dependent auxilliary field, o(x,¥), which linearizes the quadratic
form (p,vp). The many-body propagator is thus expressed as a continuous super-
position of one~body propagators. Upon introducing a different auxilliary field

for each of the three U's in (2), we obtain

s = tim [Jf D{o,) Do} Dlag] expl %§(a,vc)] Ucf(o,t,‘: v (t.-c} Uai(-t.o) ,

[ro
(3
where
. ot & 2
§ di{a,ve) = | dt(ci.vci) - j di(g,vo) + ! dT(cf,vaf) . )
o -t t

and the integration in (3) is over all possible ficlds with the corresponding
measures D defined in Ref. [k]j. In writing (3), we have neglected certain ex-
change terms, which can be ineluded in a tediou: but straightforward manner.
Fo1 convenience, we shall frequently use the subscript / - -1, G, 1, to denote
i, no subscript, or f, respectively.

Each of the Ua['s in (3) is a one body propagator:
U, = T exp[-i ; dt Hc:(T)J, corresponding to the one bady 5 ,~dependent hamil-

tonian:

o~
N

HU[(T) = K . (p,va,(T)) PR CA I
The integrand of Eq. (3) can be visualized by the simple diagram shown
in Fig. la. Evolution is represented by motion along a loop, which consists of
3 sections:
(i) The "preparation' process: the system starts at 7 = O in the lower middle
and moves backward in timc along the lower left hand side of the loop {Lo time
-t) with the mean field o, and with the interaction V turmed off.
(ii) The interaction process: the system evolves forward from -t to t along
the upper section of the loop with the field ¢ and the interacrion V turned on.
(iii) The "analysis" process: the system moves backward from t to C alo-:g the
lower right hand portion of the loop, with a field o and the interaction V

turned off.
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Von

off T=1

Fig. 1. (&) The loop. (b) The “collapsed” loop. V(1) # O for |1} <1,

with T < t. (See text for details}.

To find a specific matrix clement of (3), we approximate the .ntegral
by the stationary phase method. There may, of course, be several stationary
field configurations. Under certain reasonable approximations, the “quadra-
tic corrections" to the integrand evaluated at each statiomary poinC can be

shown to be unity, so that each contributes to S as

SB'B > ¢im exp[ —; §(c,vo)d1: N U, U v = - (i)

£ i

Here, the g, are the stationary fields. To exhibit them explicitly. we define

the wave fur!u:tions lt’:\!(r)), (f:‘!(-r)l along different sections of the loop by
two simple rules:

(i) To Eind |B!(1)\ at any point t on the loop, evolve |y from : - O (in
the lower portion) clockwise along the loop to the given point.

(ii) For (6'1(1)], evolve (|':'l counter~clockwise from 7 - O.



~52-

As an example, for T on the upper section of the loop, we have explicitly:
B(T)) = Uc(»r,-t) Uy, (-t,0) I8y, (8'(1)| = (&'} Vg (o, £) v _(t,:). WNote that
these wave functions have one body TDHF-like equations of motion

t-=I3,()) = H_()IB,()) (7a)
!
SRR GUMC L I (B,'(w)lnu’(r) . ()

The stationary fields can then be shown to satisfy

, [ (&," () |e(x} 1B, (2>
RS A

(€)

.

cl(x,1) -

where the denominator Is independent of T and f. Eq. (8) is a self-consistent
equation in the sense that both |B‘(1)$ and (ﬁl'{1)| have a complicated func-
tional dependence upon the values of the g's at all times. Note that Eqs. (7)
would be identical with TDHF along the loop if we were to replace (8) by

oy zour(™) - (Eg(Dolp (r33/¢ ()18 (<))

The approximate amplitude (£) has tbhe propeity of being independent of the
time t, when t is larger than the interaction time. This is a consequence of
the asymptotic behaviour of the o fields which can be {nvestigated from Eq.
(8). At any point in space ¢ coincides with oy before the interaction starts
and with o after the interaction ceases, so that the evolution caused by Uc
is cancelled by Uc,.1 for very early times and by UGf for very late times. This
can be illustrated by the "collapsed" ends of the loop as in fig. lb. It is
also interesting to note that the above mean field approximation, unlike the
usual TDHF  prcserves any Cime reversal symmetry present in the exact problem.
Specifically, both the exact and approximate S-matrix ve S , =+ S __,. For
a T-reversal invariant situation, it can also be shown that }or elagk;c pro-
pagation, R' = B, ci(-1) = cf(T) 2nd o1} - ol-1).

The determination of the stationary ¢ fields defined by (' represents a
self-consistent time dependent problem. A possible iterative scheme for its
solution proceeds by alternatively evolving P(R') clockwise {counter-clockwise)
around the loop, using the ¢ fields generated from the previous wave functions.

The problem is thus made equivalent to a number of TDHF-like calculationms.
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However, for a number of non-triviel model hamiltonians, where the rele-

vant operators form a finite Lie salgebra, the mean field equations n s be
reduced to a set of time local evolution equations for the group parameters.
These equations must be solved self-consistently, but only with a small, finite

number of iterative parameters.
To illustrate our methods we have solved two such group-theoretic hamil-

tonians: the forced harmonic oscillator (to be discussed elsewhere), for which the

zero' th order mean-field approach yields the exact result, and the forced

Lipkin model.

The Lipkin model [5] i{s a non-trivisl many-body system: N distinguishable
fermions with pair-wise interactions of strength V. Each fermlon is labeled
by a quantum number p = 1,...,N and can occupy an upper or lower single particle

level with energy % % . By defining total quasi-spin operators J.z i (P),
which satisfy an SU(2) algebra, the hamiltonian can be written as P

~ 2 2
o= £J, - V(I -Jy) . (9)

We take the time dependent perturbatfon to have the geuneral form: V(t}
fx( t)Jx 4 fy(t)Jy + fz(L)Jz .
To construct the mean field approximation to the S-matrix, we introduce
an auxilliary field Uipy for each one body operator j£p3
i £
body term of Ho' The stationary fi:id equations are then

appearing in the two-

r 1
@, ()13 |p, 1))
e e ]

o, ?) (x) = (10)
% ®," (018, ()
L
where ]BI(T)>, (Bi'(T)' evolve with the mean-field hamiltonian
H = er.(p) s £.30P) _ (p').(p) {p').(p)- (11)
cl p - Jz + fo h] + 2 f’ clx Jx - Uly Jy -

P *p

Since any of the By, genmerates the SU(2) algebra, the evolution to any
point along the loop can be parametrized by three parameters describing a ro-
tation in quasi-spin space. These group parameters satisfy o-dependent equa-
tion of motion. However, the SU(2) algebra can be used to express g in terms

of the instantaneous group parameters and the ci;pi (o) via (10). We then
»
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obtain equations of motion solely for the group parameters which have to be
solved self-consistently with only a few iterative paraseters. The solutions
of these equations determine the stationary configuration.
For 3,B' we can either choose exact eigenstates of l!o, or the ground HF
(8-1)v
€

state ]O)HF {which corresponds for x = < 1 to all particles in the

lower level).
The results for the ground state transition OHF - OHF are shown in fig. 2

for (£,£,,%,) = exp(-tE2/n2) (1,1, 1).

10° T T T T r1
X\ 2
S -t
. Vi = e ™ Uy +d.+ J) Fig. 2. The modulus of
B » N - elastic amplitude
~ ¢0]s{0),,,| vs. the num-
~ X =05 lH‘P | le .
N ter of fermions (N) in the
N forced Lipkin wodel: exact
\\ (x}, ordinary TDHF along
. ~ the loop (dashed line) and
Tond = AN — .
,";(OISI())H;l N zero'th order mean field
~ N approximation (continuous
- N A 1ine).
~
~
N
|o'2 L 1 N ] '\,
10 20 30 40 50

Since ocur primary interest in thic paper is testing the mean-field
approximation to the S-matrix, and not the HF approximation for the initial
and final states we are comparing in fig. 2 the mean field approximation to
up<018[0), . with the exact . (0]s]0); rather than with the exact (ols|o>.

Fig. 3 compares the exact excitation amplitudes (n|S|O) for the transition
between the 2xact ground and n'th excited states with the mean field approxima-
tion for N = 30 and the same parameters. Both figures correspond to the weak-

coupling regime |x| < 1. The strong-coupling limit is now being investigated.
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Fig. 3. The moduli of the excitation awplitudes }{n|s}o‘] in the

forced Lipkin modzl: exact («) and mean {icld approximation (o).

Although the Lipkin model is certainly schematic, the good agreement
exemplified by figs. 2 and 3 encourages the application uvf these techniques
to more realistic situations. Specifically, we are currently considering
atomic or nucrear reactions in which the relative matrix i. treated semi-
classically and the intrinsic degrees of freedom via t(h» mean-field method.
A scheme can also be formulated to allow for the effects of intrinsic excitation
on the relative motion. It should therefore be possible to perform microscopic,

non-perturbative calculations of elastic, inelastic, and transfer reactions.
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GLANT COLLECTIVE VIBRATIONS AS TDHF EIGEHSOLUTIONS*

M. Dworzecka, K.-K. Kan and J. J. Griffin

Department of Physics and Astronomy
University of Maryland, College Park, Maryland 20742 U.S a.

It has recently been shounl that the TDHF vartational principle prescribes a
unique TDHF "Hamiltonianm," j{b (including a specific additive, space-independent
function of time), and that the corresponding TDHF solution for any specified initial
value determinant is uniquely prescribed (including its time-dependent phase) by
the resulting TDHF equation. For any TDHF Hamiltonian, 7(, satisfying the familiar
variational conditions, this variationally true “Constant-<Jf>" Hamiltonian is

given by
R = F+ <¢|d -2, (1)

where H is the exact Hamiltonian and ¢ is the solution of .

Among such solutions we seekZ as the TDHF analogs of the Schrédinger stationary
eigenstates phase quasi-periodic solutions which exhibit, under the gauge trans-

formation
H+H+ B(t), (2)

the same transformation properties as the exact Schrdinger solutions. Thus we im-
pose upon the TDHF "eigensolutions"” the structural form of the time-dependent

Schrodinger eigensolutions, as follows:

oc(E't) = @G(é,t)exp{-i<ﬂ>t/h). (3)
With such a choice of phase, QG in (3) must obey the equation
(K- <H>10. = ifb, (%)
and ¢, is guaranteed to be completely unaffected by any gauge transofrmation. Then

G
the periodic solutions of Eq. (4) exhibit the same gauge transformation properties

as the Schrddinger eigenstatesand can be used to construct a TDHF solution, ec, of
the form (3) which is guaranteed to have the gauge transformation properties of

the exact time-dependent eigensolution.

4 P Py - . -
Furthermore, whenever A exhibits a set of periodic solutions, GP, cont i puous

in energy, then the corresponding solutions of (4)
t

i
0. (xst) = 6,(x,t) exp {gtf <H(t')>de'} (5
will be periodic if, and only if, the second factor is periodic with the same period

as ¢P. This requires
. +T

OI <L(e')>de’ = 2o, (n, integer) (€)
to
where T is the period of ¢P. Thus, the condition (6) selects from the continuous

periodic spectrum of X a discrete spectrum of Gauge Tnvariant Periodic solutions.

(As discussed in Ref. 2, (6) car be recast into the Bohr-Sommerfeld form.) Note
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that the resulting TDHF "eigensolutions" (3) have two distinct frequencies; one

associated with the energy and the other specifying the period of the matter density
oscillations described by °G'

Here we apply the Gauge Invariant Periodic Eigensolutioas to collective vibra-

tions of 160. In the parametrized TDHF calculations we use the Skyrme force which

leads to the Hamiltonian density of Brink.3 The determinantal wave function .P is

constructed of single particle wave functions in polar form.& which are assumed to
depend on time only through two time-dependent parameters, a(t) and y(t), as follows:
-1 % ¥$(a)
Wi(ﬂ-Y) = ui(o) e . (€))
Here ui(o) is the harmonic oscillator eigenfunction in the poten(ial&dependent on
the parameter a, and S(a) (the same for all i) is the velocity field appropriate

for the collective oscillations of interest. The restricted TDHF equations of motion

for ¢, are then obtained from the action-integral variational principle,1 as follows:

P
Ba = %5; By = - gg (10a,b)
where E(a,y) = <@P|H|¢P> and
3¢P aOP
B = M Imc< T, (11)
Jda | 9y .
It is always possible to choose vy in (7) to be equal to a with the resualt
B = mfp(vs)ldr. (12)

We recast (10) into a canonical formz by selecting the collective coordinate and

momentum to be, respectively,
qQ =a; and p = By = Ba. (13)

The equations (10) possess a continuous spectrum of periodic solutions. The Gauge

Invariance condition (6) then selects the discrete set of jeriodic solutions which

provide the proper analogs of Schridinger eigenstates.

The calculations were performed separately for giant monopole and quadrupole
vibrations of 160. For the monopoles the collective coordinate g was chosen to
be the oscillator scale parameter, b, and for the quadrupoles the deformation
parameter 8. Then the respective velocity fields are given by
Sy = r2/2b; and Sq = r21/20(9)/126 (14)
are proportional to those of Blocki, et al.6 Figure 1 presents the results of the
calculations using SKT and the discussion of them (see caption). For other

forces and nuclei see Ref. 5.
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q (fm) Fig. 1 q (dimensionless)
~Energy E Period T AE 2eN/T Energy E Period T  AE  ZoH/T
States  (mev) (fu/C) (MeV) (MeV)  S3%€5  “(Mev) (fm/C)  (MeV) (MeV)
Q -129.4 \] ——— 0 -129.4 0 R
1 96.8  39.8 328 a1 1 -107.9  56.7 a3 21
2 -69.7 48.1 22'2 25.8 2 -86.8 58.1 20.6 21-3
3 -47.5 59.3 17'7 20.9 3 -66.2 59.4 50'3 20.9
4 ~29.8 75.0 13'7 16.5 4 -45.9 60.7 20'0 20.4
5 ~16.1 98.2 10'3 12.6 5 -25.9 61.8 19'7 20.0
6 -5.8 135.5 ) 9.1 6 -6.2 62.8 ) 19.7
Fig. l: Gauge Invariant Perlodic trajectories in phase space for monopole and

quadrunole vibrations of
more so in the monopole case, so the spectrum is anharmonic.

of the wave function, °G’ of Eq. (4) is state dependent.

160

Note that the energies are unequally spaced, the
Also the period, T,

The tables also provide

a comparison of the energy differences, AE, of neighboring states and the quantities

2m/T, which exhibit remarkable similarity with the energv differences.

the monopole deviations exceed those 9f qualtupole.

Again

REFERENCFS
+Work supported by the U. S. Department of Encrgy.
1. P. C. Lichtner, J. J. Griffin, K. Schultheis, R. Schultheis and A. B. Volkov,

U. of Md. tech. rpt. #79-010 (ORO 5126-49); Phys. Rev. C20 (1979) 845,

2. ¥.-X. Kan, J. J. Griffin, P. C. Lichtner and M. Dworzerkaz U. of Md. tech. rpt.
#79-113 (0RO 5126-71), ¥ucl. Phys. A332 (1979) 109.

3. Y. M. Engel, D. M. Brink, X, Goeke, S. . Kricger and D. Vauthein, Nucle.
A249 (1975) 215.

Phys.

4, K.-K. Kan and J. J. Griffin, Phys. Rev. 15 (1977) 1126.
5. M. Dworzecka, K.-K. Kan and J. J. Griffin, to be published.
6. J. S. K. Anderscn, J. Blocki and A. 5. Jensen, to be published.



-61—-

MEASUREMENT OF THE NON-FUSION YIFLD IN l("0 + 160 AT E ;= 34 MeV

A.Lazzarini, H.Doubre*, K.Lesko, V.Metag'¥,A.Seaaster, and R.Vandenbosch
Nuclear Physics Laboratory, University of Washington
Seattle, Washington 98195 USA

Time depenient Hartree-Fock calculations!»2 indicate that at
suffictently high hombarding energles cullislons between two heavy fons for
small impact paramters do not 1lead to compound nucleus formation, but
rather proceed to deeply inelastic scattering with a total kinetic energy
in the final state characteristic of the Coulomb berrinr for the two
nulcel. At E.p=34 MeV Koonin and Flanders have calculated that for the
T6g.lfg system the partial waves L=0-6 do not lead to fusion. He have
performed an experiment to measure the cross section for the
]60(160,160*)160* reaction to d<termine whether the predictions of TDHF
calculations are, fn fact, borne out.

Particle-particle coincidences were measured using two position
sensitive pas AF-solid state E telescopes. In this mannar, the final state
was determined {n a kinematically complete measurement . Angular
distributions were measured for the inelas.ic yleld from Rlah=lﬂ°—$0°.

Figure 1 presents energy spectra for one reaction partner of the
1604150 coincidences. Because of the kinematic coincidence requirement the
spactra contain limits in the reaction 0-values which could be measured.
These are denoted by the diagonally hashed marks in each of the spectra. A
broad inelastic bump which shifts with angle is apparent in the spectra.
An enhancement of the inelastic yield in the region -22<Q<~20 MeV which was
predicte . by the TDHF calculations and which arises from the non-fusion of
the ianer partial waves 1is not observed here. Figure 2 shows the
Wilczyaski plot for this system. The dashed curve bounding the upper part
of the coatours represents the kinematic coincidence window. The entrance
channel center of mass energy 15 marked by the dotted 1line. The o+160
Coulomb barrier 1is indicated by the dashed line labelled V.. Several
features are ifmmediately obvious: 1)The inelastic cross section for this
redction peaks at ch=90°. The symmetry about 90° is {mposed by the
identiral boson entrance channel. 2) A peak in the Inelastic yield occurs
for =-14 MeV. Even though the coincidence window closes rapidly for more
positive 0O-values, it is clear that the maximum cross section for /}>-14 MeV
becomes significantly less than for Q=-14 MeV.

Although the data are not in quantitative agreement with the
theoretical predictions, they are qualitatively consistent. The agreement
would be considerably improved if one assumed that the collison 3s not yet
fully damped for the partial wave L=6. We note that the direction of this
disapreement is opposite to that which has been reported in heavier systems
where TDHF calculations have underpredicted the degree of damping”*“. The
TDHF trajectory for the non-fusing partial waves L=0,2,4,6 is marked by the
symbols “x° in Figure 2 (L=0 is at Qcm=0° and L=6 is at Gcm=87°). The
increase of the inelastic yield towards Qcm=90° is consistent with the fact
that the partial wave L=6, which is predicted to scatter to 8.,%87° carries
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the bulk of the deeply inelastic, non-fusing cross sectLion. Assuming as
usual a direct relationship for deep inelastic scattering between reaction
Q-value and partfialwave, L, the fact that we see a drop in the ianelastic
yield for Q>-14 MeV implies that the partial waves L>6 are proceeding to
fusion.

The magnitude of the effect Is in agreement with the TOHF predictions.
orpyr=132 mb for L=0-6, and we obhserve an experimental cross sectionm,
°éxp=2°°tso amh. As a reference, the expected total reaction cross section
is 21450 ob and the measured fuslon-evaporation cross section is op=1100
mbI. The peaking of the inelastic cross section at ecm-90° is a novel
result when one considers that for this light system the grazing angle is
6,=200, The angular dependence we observe 1s inconsistent with an
iffterpretation thac the deep Inelastic yield arises from partial waves
beyond the fusfon 1limit L=20.

+ Present address: Institut de Physique Nulceaire, B.P. NO | Orsay 91406
France

++ On leave from: Max Planck Institut fur Kernphvsik, D-6900 Heidelberg,
P.0. Box 103980, West Germany
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ONE-SIDED FLUX OF FERMIONS*
H. Feldmeier
Institut fiir Kernphysik, Technische Hochschule Darmstadt

In the one-body window-friction picture for inelastic heavy-ion collisions the
one-sided flux of nucleons passing the window in the mean potential plays the
role of the frictional form factor.]) In this contribution we would like to
define a quantum mechanical operator for the one-sided flux. its expeetation
vaiue calculated with any given many-body wavefunction will vield the number
of particles crossing an area element da per time unit in one direction.

Starting out with the regular probubility current density in momentum
representation

-,

+L -\(E-k )X

-~

“* - 1) . e
J’()() - (: 72 Cplr ‘Pl:l > (k! mn

e split up the area of lms-z'rntlon into two parts. For a given ar~a element da
we have a hemisphere with {§ + k')da greater zero and one smaller zero. The
onc-sided differential flux through the area element da is defined by integrating
only over one hemisphere

. 2, oy ( - - / .
TGda = & e d% S DEF ]S TR @
(BT dE o

The definition of j; only . akes sense in conjunction with the area da which
determines a direction in spacce. Integratic: aver the desired arca {(window)
yields the global one-sided flux o= thc number of particles per tinie unit crossing
the window in a given direction. As can he seen from cq. (2) the operator is
hermitean and the two one-siced currents add up to the total current density.

-+ - -~ .
oL - ! — .
J‘*(X, d J_\K) = j(/}
The matrix elements in coordinate representation are given by

-
n

| !ow - - - R
W dd ¥y = 7 o {0 F 48 - F97, vi7; , a

a

\

r ® o . A = vy
* L 5 &iex-i V(ReTh) — s ¢ R AR 3
m

<z
where ; and  are single-particle wavefunctions. The first term is half of the

regular differential flux, whereas the second term contains a principal value
integral and is nonlocal.

*Work supported by Bundesminister fur Forsehung und Technologie.



Starting from the definition (2) it turns out that the expectation value of the
one-sided flux can be written as

- - > -
{ ch;da'> -2 Cd‘k kda f(z%, )
Tda>o
where f(;,l:) is the Wigner transform of the one-body dersity matrix p(l",:")
-’-.
. . \ 2 i ks . e =
{(x,k; = 2ny® Sds e ?{§¢slz)x_;lz, (5)

The classical definition of the one-sided flux is just the right hand side of
eq. (4} where §(x,K) would then be the classieal phsse space distribution. Since
the two correspond to each other the quantum and the classical one-sided flux
are the same. The nature of the fermions only enters through the shape of the
phase space distribution. This well known feature is inherent to all one-body
operators. The figure gives an illustration of the quantum one-sided flux
compared to the classical one caleulated with a uniform momentum distribution
up to the Fermi momentum. The wavefunction was taken from s mode}
calculation for a fermion-gas in 2 one-dimensional box.*)

1} J. Blocki, Y. Boneh, J. R. Nix, J. Randrup, M. Robel, A. J. Sierk. and W. J.
Swiatecki; An. Phys. (N.Y.) 113, 330 (1978).

2) H. Feldmeier, P. Buck: A model ealeulation for mass dispersion in a fermion
gas; these Proceedings.
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A MODEL CALCULATION FOR MASS DISPERSION IN A FERMION GAs®

H.Feldmeier and P.Buck
Institut fiir Kernphysik, Technischa Hochschule Darmstadt, FRG

To gain better understanding of the mass distribution in heavy

ion collisions”z'J) we solve numerically the time dependent
many body Schrédinger eguation for a fermion system. The re-

sults are compared with different approximations.

The model consists of an infinite square well potential which
contains A=n, +n, identical fermions. For simplicit; we treat
only one dimension. The particles interact via a finite-range
two-body interaction which can be varied in shape and strength.
Initially a wall (strong delta-function) separates the container
in two parts with sharp number of particles n,. n, on each side.
We start at time t=0 with an eigenstate of the separated system
and remove the wall. The wavefunction evolves in time according

the Hamiltonian H

A 3
H=Z{{£‘+V D+ 3V Uxeoxgt)

-t i<]
and describes the exchange of particles between the two sides.

Due to the single particle motion and the two-body collisions

the system heats up and reaches an equilibrated situation.

An interesting question would also be to specify what is meant
by heating and equilibration for such a syrtem where we know
the exact many-body wavefunction anc hence the statistical
operator represents a pure state with the entropy being zero.
In this contribution, however, we'd like to concentrate on one

macroscopic variable, namely the number of particles n, on one

+ Lo .
Work supported by Bundesminister fir Forschung und Technologie.
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side of the container. The according operator is given by

- ot e
N = :‘F Wijaza; ;Wi = S'f:(n 00x) Fj ¢ ox

The mean value and the variance 2
A = LHal A 1EWD ;S LN Ew> — <N 2
are calculated with the many body wavefunction ¢ (v)which is the
solution of the time~dependent Schzddinger e.a:i*i1on. «{t) con-

sists of a superposition of many Slater-deternmirants ° .

Y= I ¢, ®) ¢,
¥

A typical result of the calculation is given in fig. 1. The
spread 32 is plotted versus time for a system with totally 16

: . 2
fermions, 8 on each side. The upper-most curve shows ¢ for

3)

distinquishable (classical) particles, ' where <he *ransition

probability for switching sides is given by thc neon one-sided

7 .
)The other two curves are the exact

current of a fermi gas.
results for fermions with an attractive and without any two-
pody interaction. The latter one -orresponds to “ie TDHF case
if one regards the container as the selfconsistent mearn potential.
Inclusion of the two body interaction almost <<uabies the mass

spread compared with the interaction free ferr: r »s

This effect is due to the fact that for an at:ractive

residual interaction the particles sometimes formpairs and thus
increase the mass spread. For a residual interaction which is in
this respect more real.stic the variance is shown in fig. 2.

The interaction has a repulsive corc and an attractave tail,

The mass spread is almost the same as for the not interacting

fermi gas.
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This is an indication that also a mean field theory including
explicitly the two-body collisions will not be able to repro-

duce the mass spread in heavy ion collisions which is much

larger than the exact 02 in our model. The reason for this is

that the model contains one mean single-particle potential

which is, however, also inherent i. the TDHF approach. To

move a particle from one side to the other one needs energy

since the particle can occupy conly a level above the Fermi

edge. A state with a large particle excess on one side has

thus a high energy and becomes unprobable, which in turn keeps

the mass spread narrow. It seems that in heavy ion collisions

the different channels with difl.rent mass numbers develop
different mean potentials which accomodate the corresponding

larger or smaller number of particles in larger or smaller
volumes, where each mean potential can have about the same Fermi cnergy.
In extended TDHF prescriptions"s’ﬁ)equations are derived for

the non-idempotent one-body density-matrix f::
To calculate the expectation value of a two-body operator
likeJV2 the two-body density~matrix is sormetimes approximated

by

1C N I W
?"’N’J Sar See ™ Sai Sip

The validity of this approximation (for a singie Slater deter-
minant it is exact) can be judged from the results in fig. 2.
Here we first deduce from the exast wavefunction the one-body
density ?:2 and than calcula:e with the above approximation
the mass spread denoted L c;. The lower two curves show
the comparison if the initial state is the grourndstate. The
approxi?ated o: is in this case somewhat larger than the
exact 0. If we start with the seventh excited state

the situation has changed and cj is much too large. In heavy
ion collisions one doec not expect to be close to a single

Slater determinant and thus the above made approximation is
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doubtful. J. Randrup1’ has studied the effect of the Paula
principle on the mass diffusion coefficient D. The result was
that D (for our example FA=O; w=0) is given by

D=<T Niced whereas classically Da = Nie&) .

N(e) is the conbribution tn the one-sided flux of particles
with energies up to e. Since N(c)a—r2 one gets N'(¢)= %L N()
and hence

2e

£e el

|

D

In the initial part for small times both the classical mass

spread and the exact mass spread behave like

€ = 20t

From fig. 2 one gets the ratio of the slopes as D/Ly = .43.
On the other hand we determined from the calculated mean
sccupaticn numbers (not shown here) T « 15 Mev ana o= 70 Hev.

Thus we get %?-2.43. With the uncertairties of *#+=< f:ttira pro-
L

cedures this confirms that only th. particles 1irn a rejicn

around the fermi edge contribute tc the diffus:icr.

1Y J. Randrup; Nucl. Phys. A307, 319 11478 and Lu-.. i-.s.
K327, 490 (1979)

2 .M. Ko, G.F. Bertsch, D. Cha; Phvs. Letters

3. Bertsch, J. Borysowicz; Phys. PRev. C13, 33 (1375

3) I'. Beck, M. Dworzecka, l. Fcldrmeicr: Z. Pnys.s 2059,

4) C.Y. Viong, H.H.K. Tang; Phys. Rev. Lett. 40, 1070 (197

5) #.5. Kohler; Proceedings of the International wWorxshoy cn
Gross Properties of Nuclei and Nacliear Excitations VIII
{1980} p. 39
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Fig.1: Mass spread for fermions and classical particles in a
box of 2 times 15 fm length. Full line: attractive
two-body interaction with strength V_=30 MeV and range
5 fm. Dash dotted line: interaction ?ree fermi gas.
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A DYNAMICAL STMULATION OF HEAVY-ION COLL1SIONS

G. J. Mathews'

W. K. Kellogg Radiation Laboratory, Caltech, Pasadena, CA 911.¢

J. Randrup and L. G. Moretto
Lawrence Berkeley Laboratory, University of California, Berkeley, CA 94720

Many models are currently available for the description of heavy-ion
collisions at energles near a few MeV per nucleon. Most of these models rely
on what we would call a mean trajectory approximation, i.e., the assumption
that at least some of the macroscopic degrees of freedom can be described by
deterministic classical equations of motion while pecrhaps only one or two
macroscopic variables are allowed to evolve along this mean trajectory accord-
ing to transport theory. We would like to begin by pointing out two dangers
associated with this approach. One is that if fluctuations along the mean
trajectory are large, then the true ensemble of trajectories which characterize
the system may devia.e significantly from the mean trajectory, leading to a
breakdown of the mean-trajectory approximacion. A second note of caution is
that, at least to some extent, the fluctuacions in the macroscopic variables
are due to the same microscopic source, namely the random exchange of nucleons
b tween the collision partners. Therefore, fluctuations in one variable are
unavoidably coupled with fluctuations in the remaining collective -oordinates.

We discuss here an application of transport theory which avoids the above
mentioned difficulties by utilizing the method of direct dynamical simulation.
That is, nucleon exchange is allowed to occur randomly and discretely accord-
ing to a time-integrated probability function. The stochastic evolution of
the system is then obtained by following a large number of such collisions.

The method is quite general and independent of any previous assumptions re-
garding which aspects of the system one wishes to study. Statistics conceruning
2 collision are obtained in a form quite similar to experimental data and can
be analyzed for the features of interest.

The essential ingredients in the dynamical simulation approach are a
model of the nucleon exchange transition probabilities and 2 model for the per-

fSupported in part by NSF grant PHY79-22.%8, and by the Department of Energy.
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turbation on the system induced by nuzlec: exchange. For the present appli-
cat.ion we rely on Randrup's(l) transport theory based on proximity form fac-
tors and one-body dissipation. Ultimately, we have in mind a comparison of
various transport theories in the framework of this dynamical simulation,
for the present discussion, however, we limit the scope to two points. One
is to investigate how well the mean trajectory approximation works. This we
do by directly comparing mean trajectories for the several variables with
the average trajectory frou a large number of simulations. The second point
addressed here is how well does this dynamically comple*e one-body theory
compare with another fairly complete one-body theory, namely TDHF. Although
TDHF is quite different in accounting of the degrees of freedom available,
TDHF is still perhaps the ultimate cae-body theory to which comparisons should
be made.

Mathematical details of the transport theory can be found in ref. 1. De-

tails of the simulation are to appear in a forthcoming paper.’ The specific
degrees of freedom followed here are: the Z and N of the fragments; the three
position coordinates and conjugate momenta of the center of mass of the di-
nuclear system; the six intrinsic rotaticnal degrees of freedom: the toral ex-
citation energy: and the radius of a cylindrical neck joining the fragments.

The major perturbations on the system from nucleon transport can ulti-
mately be reduced to the momentum of the transferring nuclcon which has compo-
nents due intrinsic Fermi metion and collective relative motionm.

The transition probabilities in this model have the simple analvtical

(1)

form,

= N (e v: 1l - expi T . 1

5E5 is tae differencial current of nucleons at the Ferm? surface,

t, is the exciton energy induced by the transport, and T is the nuctear t--nera-

where N'(

ture.
The calculation proceeds bv tollowing the classical equations of motion
until a time, t -, Z: “zol.AtL where ~ is a random number in the
S1,AC
internal ‘0,1, and the ['s are numerically averaged over the direction of
the transferring particle (a particular direction is ultimatelv chusen ran-
domly according to the relative weight associated with each direction possi-

bility'. After a transfer the macroscopic variabl:s are adjusted, a new _t
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is determined, and the classical equations of motion again solved during the
new interval, the average trajectory of a variable, \x{t)' is obtained by
summing,
x(r)y = p) F(eyie(o) X el )
collisions collisions
where X is the average of x in the interval ’t. Dispersions in the macroscopic
variables ar a functiorn of time are also similarly determined.

In figure 1 some results of a preliminary trajectory calculation are
displayed., Some striking differences emerge, particularly in the drift along
asymmetry and in the evolution of the neck. Any conclusion reguarding the
drift in A and Z should be considered tentative since at the present time
this difference appears to be due to slight differences in the calculation of
available phiase space in the two codes, and not due to fluctuations. The dif-
ferences in the dispersions and the neck evolution, can, however, be traced
to the large perturbation induced on the system by discrete nucleon exchaage.
Clearly a deeper understanding of these discrepancies is in order, for example,
perhaps an effective nucleon mass may be appropriate during the exchange. This
would produce a closer agreement betwecn the two sets of curves.

Finally, in figure Z we show a comparison with TDHF of some final quantities
as a function of incident { wave for the B(Kr 4 159La reaction. The differences
are in some cases large highlighting the inherent differeances in these two

approaches. Further investigation along this line is underway.

References
1). J. Randrup, Nucl. Phys. A7, L9C (1979},

2). G. J. Mathews, J. Randrup, and L. G. Moretto, LBL-1.1l:z" [19+(;.
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*
CHARGE AND MASS EXCHANGE IN 56Fe-INDUCED REACTIONS

H. Breuer, K. Kwiatkowski, A. C. Mignerey, and V. E. Viola
University of Maryland, College Park, WD 207.2

B. G. Glagola and K. L. Wolf
Argonne National Laboratory, Argonne, IL 60-39

J. R. Birkclund, D. Hilscher, J. R. Huizenga, W. U. Schrdder, and ¥. W. dilck:

University of Rochester, Rochester, NV 14627

7 «lds of projectile-like fragments have been measutvd near the Qrazina
angle with discrete A and Z resolution as a function of enerav loss (b[,gﬁ)
for both svmmetric and asymmetric systems with varving A'Z ratios. Mooasot oo
targets of 56Fe, l65Ho, 2098i and 238U were bombarded w:th <675 bel hlbr 1ot
from the LBL Super-HILAC accelerator. The measured yields and energles were
transformed into primary yields and center-of-mass energles by an 1terative
event-by-event procedure.

Inclusive charge and mass distributicns show that, for the asymmetraic
systems, a drift in the Z towards smaller atomic nunbers con be attribute.d
to a charge equilibration process in which protons are preferentially trunsferroed
from the Fe-like fragments to the heavy partner.l) The ratios of average

— — 5 165
A to average Z. ASZ, are shown in Fig. 1 as functions of ELOSS tor Fe - JHg.

209 B - .
0 Bi, and 23 U. A/Z increases smoothly from the A/Z value of the projectiie

(lower dashed line) towards that of the combined system (upper line) over

an ELOSS range of more than 100 MeV for all targets. Nearly identical resulte
are cbtained for the ratics E7E-calculated for individual events and for

A/Z for individual isotopes.

2

The ratios of the variances of the charge and mass distributions, OAd/GZ

are shown in Fig. 2. The values indicate that the relationship between UAZ
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72 1s intermediate between correlated (upper dashed lines: °A2/°zz = (A/Z)z:

A,Z of combined system) and uncorrelated neutron-proton exchange (lower dashed

and o

lines: aAz/aZ2 = A/Z) for the partially damped events. However, with increasing

ELOSS all systems evolve toward correlated exchange.

The variances of charge distributions for fixed mass asymmetry, GZZ(A).

. 2-7 .
have received much attention recently. ) Data for all our systems indicate

2
that the UZ (A) versus ELOSS curves for individual A values are remarkably

similar, as shown in Fig. 3 for the Fe-Fe and Fe+Ho systems. This justifies
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averaging the OZ (A) values for different A; the results for the Fe+Fe, Fe+Ho
and Fe+U systems are shown in Fig. 4. All OZZ(A);distributiohs reach a saturation

value of V0.8 within the first 20 to 60 MeV of E The data show that '

LOSS®

with increasing target mass more E is required to achieve the limiting

LOSS

0, (AR). However, for all systems this E

7 value corresponds to 15 MeV

LOSS
excitation energy in the projectile-like fragments, in close agreement with

)

the Kr+Mo data of Berlanger, et al.2 The data of Fig. 3 and 4 have not been

corrected for particle emission and calculations are presently underway. to

determine its effect. The curves in Fig. 4 represent predictions for o,

LR

from statistical fluctuations (dashed-dotted curves: GZL = T/C; T=nuclear

temperature, C=stiffness coefficient from liquid drop model) and from quantum

fluctuations (full lines: 022 =Ahw/2c"hw=78(All/3+A21/3)‘
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QUANTAL DYNAMICS OF CHARGE EQUILIBRATION IN DAMPED
NUCLEAR COLLISIONS**

E. S. Hernandez,** W. D. Myers, J. Randrup and B. Remaud ’
Nuclear Science Division, Lawrence Berkeley Laboratory
University of California, Berkeley, CA 94720

1. Introduction

In quasi-elastic and deep-inelastic nuclear reactions charge equilibration
appears to occur quite rapidly. This rapid movement of protons in one direc-
tion and neutrons in the other can be viewed as a col!lec’ive mode assocrated
with isovector-type hydrodynamical flow in the dinucleus analogous to the
Steinwedel-Jensen description of the Giant Dipole Resonance in ordinary
nuclei. Since we fino that the characteristic emergy of such a mode 1S typi-
cally much larger than the nuclear temperatures encountered, the fluctuations
in the charge asymmetry degree of freedom are expected to come mainly fram
zero-point motion.

Such a description of the charge asymmetry moce has already been applied
with some success by Swiateck) and Blann to charge and mass distributions seen
in fissionl ), and more recently to hcavy-ion reactions by Horelloz), by
Berlanger et al. 3), and by Hofmann, Gregolro Lucas and fgo -5) However,
as pointed out by Nifenecker et al al.b}, it 15 essential to cunsider the time
depenaence of the shape of the system in order to correctly establish the
connection between the GDR-like collective motion and the width of the charge
dgistribution which is experimentally observed.

Roughly speaking, the inertia associated with the charge asymmetry degree
of ‘reedom is inversely proportional to the size of the neck connecting the
two colliding nuclei. Trajectory calculations} predict that the pinch-off
takes place sufficiently rapialy that the width of the charge distribution is
"frozen in" by the increasing inertia.

2. Description of the model

In oraer to describe the division of charge between the two partners, for
a given mass asymmetry, we use the isospin component of the projectile-like
nucleus T = 1/2(N-Z). The potential-energy surface of the dinucleus varies
rather yently in the A-direction while the strong symmetry energy makes it
much steeper in the T-direction. Furthermore, the dynamical evolution alang
the mass asymmetry proceeds relatively slowly and can often be entirely
neglected.

Typical results obtained from the trajectory calculations are shown in
tig. la. The time evolution of the neck_radius c and the neck lengtn d is
plottea for the case of 430 MeV 85kr on 72Mo, at an impact perameter
corresponding to an angular momentum of 60h.

Under the figure the five small drawings show the appcarance of the
dinuc leus at various stages of the collision,
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Unce the time evolution of the dinuclear geometry nas been determined
from the trajectory calculation, tne dynamical coefficients for the charge
asymmetry moue can be calculatea. For the stiffness K a conventional nuclear
mass formula is usea, and tor the inertia and damping a rather simplifies
hydrodynamical muuel 1s employeo. To estimate M we consider the hydvo-
dynamical flow of the proton ana neutron fluids through the neck.

Thne damping ot tie charge asymmetry mode has been estimated Ly using the
same vaiue of the nydrodynamical viscosity that is requireo to reproduce the
ovserved wiuth of the Giant Lapole Kesonance in spherical nuclei.

bnze the quantities K, M and y have been expressed in terms of the
g2ometrical properlies of the system (¢, d and R) their time dependence Can
be estimated usinyg the classical trajectory calculations above.

3. fuantal treatmeni of a time-gependent damped oscillator

The model presentea in the preceding section describes a particle with
time-aependent mass Mft) placed in a harmonic oscillator field with stiffness
Kilj, ang centered at tie position Xy{t). Since ordinarily h. is scveral
times larger than the expected temperature : we shall in fact assume that the
tneemal tluctuations arising from the coupling of the oscillator to the rest
of tne system are neglible; it then sufficies to follow the evolution of only
a sinyle wave function throughout the equilipration process.
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4. Calculated results

In fig. 2 the calculated results are compared with the experimental data
of ref. 3). The upper portion of the figure shows the mear charge (Z) and
the lower portion shows the width T' of the final charge distribution at a
fised mass partition; both quantities are plotted as function of the total
center-of-mass kinetic energy loss E* which is approximately the same as the
induced intrinsic excitation in tie fragments.

The primary experimental data are shown as the open dots on the upper
portion of the 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 calculations give a quick rise of I with £, followed by a
broad maximum. The maximum occurs at around E* = 35 MeV in agreement with the
gata 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 observatians. This
is especially significant since all the coefficients entering in the various
formulas are either fundamental nuclear constants or have been otherwise fixed
beforehand so that there are no adjustable parameters.
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NUCLEON EMISSION FROM A LOCALIZED EXCITED
ZONE IN HEAVY ION REACTIONS

sk £ : ¢ d
S. K. Samaddar , D. Sperber and M. Zielinska-Pfabe
Department of Physics, Rensselaer Polytechnic Institute

Recently energy spectra and anguiar distribution of light particles
produced in heavy ion reactiors,high above tke Coulomb tarrier, have been
measured. At high Lombarding energies there is a component of *he spectrum
not originating from a fully equilibrated system. One way to account for
such a component, is to assume that some of the nucleons are emitted from a
hot zore N near the interface of the to-'cning ions.

As soon as the ions come into contact they stick and we assume that
at the interface a Tayer of nucleons' is excites 1n each of the ions. We
approximate the hot -one by *wo caps (Fig. 1) of depth d which is about
the average distance between the centers of adjacent nucleons in nuclear
matter.

We assume that all the availatle energy is transformed into heat locali-
zed in the zone and the rest of the system remains cold. HNucleons emitted
from the zone travel freely in the cold nuclear matter and are refracted a’
the nuclear boundary.

Cue to the short time of rucleon emission <rom the ‘ocalized hot zone,
as compared to the reaction time, the geometry ([ig. 1) is apolicable tc the
study of emission of nucleons both in reactions leading to fusion and in
strongly damped collision. Therefore. we include contributions from impact
parameters leading to the above mentioned processes.

It is assumed that nucleons are emit*cd froem the surface of the zore
with equal probability in all directions. Furthermore, the energy of the
*
nucleons is given by a Fermi listribution F(L) with the temperature T = (E /a)lli
*
here £ is the available energy for therrma”™ ‘xcitation.
The total nucleon flux dN]t/d[ at an energy [ > VO/coszu originating

from the plane surface of the target 1s given by

dN -
1t _ p /2 z m 2n i
i ﬁ,‘;]ﬁ E F(E)(R,-d)Z R, [7 d., JO" dea [1 5 €9y

: . v
m-g  sinejsing,cosa o
X1, a8 _-(ABs2 cos? 6, e( ~ cosZu ) M
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R,~d

(For definition of variables see Fig. 1). Here g = cos™! Correspon-

ding to Eq. 1 the contribution from the curve surface of thettarget is

d:% =,/5{ Z £ F(EIR,2 [7_g sino do_ 1172 sing s,
x [S" de; e(E-V /cosc;) (2)
Similar expressions dN]p/dE and d"Zp/d[ for emission from the projectile are
obtained. In the above expressions contribution from nucleons vhich re-enter
the zone are excluded. Finally, the nucleon spectrum do/dE is given by
i dN dN dh

R Y g B ]
The nucleon emission time st is determined by normalizing the height of the
peak of energy spectrum to the data, this time is of the order of 10722 sec.
For proton enission the effect of penetraticn through the Coulomb barrier is
included. This barrier has an important effect on the low enerqy part of

(3)

the proton enerqy spectrum,

In Fin. Z we show the calculated enerqy distribution of neutrons and
protons for the reaction 190 + 1°7Ay at 315 MeV along with the experimental
data for protons(z). Good aqgreement is obtained both for the position of
the peak and the slope of the spectra.

In Fig. % we show the double differential cross section d%o/dcdE. The
calculated results underestimate the cross section at foruard anales. The
inclusion 3) of 'PEPs' prior to the formation of a hot zone is expected to
improve the agreement.

tie would like to conclude that the emission of nucleons from the 'hot
spot' is capable of reproducing the main features of both the enerqy and
angular distributions., 1t would be interesting to have neutron data in order
to see whether the peak of the enerqy distribution occurs at lower energy
as compared to the peak of the proton spectra. Furthermore, it would be
worthwhile to establish whether the ratio between the cross sections for
emissions of neutrons and protons (above the Coulomb barrier} is civen by

the ratio of their densities.
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Figure Captions

Fig. 1. The two nucleus configuration with hot regions (the caps) is shown.
The z axis is in the direction of the incident beam and z' is the
symmetry axis for the dinuclear system for non central collision. Here
(61,41) and (ao.¢o) characterize the position of a point on the
plane and curved surfaces respectively of the hot zone in the target.
The vectors B; and Bf are the directions of the momenta of a nucleon
before and after refraction. For the curved surface (ei'¢i) and (ef,¢f)
denote the directions of Bi and Ef. Here (,,¢,) are the coordinates
of the point of refraction P on the cold surface. All1 the angles are
in the 2' frame of reference.

Fig. 2. Proton and neutron spectra for the reaction !97Au(160,p)}X and
197pu(1€9,n)x" at Ey , = 315 MeV. Sold line denotes proton spactum
and dashed line corresponds to neutron spectrum. For comparisor the
experimental proton spectrum is shown.

Fig. 3. Experimental and calculated double differential cross section H%g%
for the reaction !27Au(3®0,p)X is shown as a function of energy for
different angles.
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POSSIBLE 1SOBAR MECHANISM FOR PRODUCTION OF HIGH MOMFNTUM
PROTONS IN THE BACKWARD DIRECTION IN PROTON-NUCLEUS
AND NUCLEUS-NUCLEUS INTERACTIONS
John W. Harris
Lawrence Berkeley Laboratory
University of California
Rerkeley, California 94720
ABSTRACT
Inclusive proton distributions at 180° are presented for a range
of p-nucleus and nucleus-nucleus reactions at incident energies
0.4 < T <2.1Gev/n (4.89 GeV for protons). Limiting behavior is
evident at the higher energies and features suggestive of correlations
in the nucleus are discussed. Exclusive charged-particle production
accompanying back-angle particle emission in the streamer chamber is
presented. A 180° correlation between the angles of positive
charged-particles is observed and provides the first suogestion that

a{3,3) isobar production is an important mechanism for the production

of higher momentum particles in the backward direction.

Since production of nucleons in the backward laboratory direction
is kinematically forbidden in free nucleon-nucleon collisions, nucleon
emission in this region from p-nucleus and nucleus-nucleus collisinns
can only result from internal motion of nucleons in the nucleus -nr-
multi-step reaction processes. The purpose of this study is i) to
obtain information on the possible reaction mechanisms which prodice
high nucleon momenta in the backward direction, ii) to learn details
of the structure of nucleons in the nucleus from the nhserved nucleon
momentum distributions, and iii) to gain an overall understanding of

proton-nuc leus and nucleus-nucleus interactions,
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Results from {e,e'), (e,e‘p), (p,2p}, and (v,p) experiments1 on
the distributicns of nucleon momenta up to 300 to 400 MeVjc are in
agreement with theoretical predictigﬁs using known single-particle
wavefunctions, Larger momenta observed in (y,p) and {p,p') experi-
ments?’3 suggest the existence of high momentum components in the
nuc Teus which cannot be described by sing’e-particle wavefunctions,
These high momenta have been interpreted in terms of internal cor-
relations in the nuc]eus.a'm Hawever, there exist inherent
problems in relating measured momentum distributions directly to
internal momentum distributions in the nucleus. Gottfriedl1
suggests that the validity of the impulse approximation assumed in
these applications may be jeopardized by deviations from mean field
motion in the nucleus. Mcreover, Amado and Holoshynlz state that
final state interactions may forbid a simple interpretation of the
observed momentum distributions. Mevertheless, a systematic study
the inclusive proton momentum distributions in p-nucieus and nucleus-
nucleus interections]3 furnishes valuable information with which to
test pnssihle reaction mechanisms that have been propoced. Tn the
interest of obtaining more-compiete-event information to ascertain the
production mechanisms associated with backward particle emission,
exclusive charged-particle proaductinn accompanying back-angle proton
emission in the streamer chamber was also studied.la These data
provide the first suggestion that a(3,3) isohar preduction with
subsequent decay and/or reahsorption plays a major role in the

production of particles 'n the hackward direction.
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The incident energy dependence of the back-angle proton inclusive
momentur distributions is displayed in Fig. 1 for p*l?C interactions.
In this study 180° protons in the momentum range 300 < p < 1000 Mev/c
were analyzed in a magnetic spectrometer at the LBL Bevalac. Proton,
alpha, carbon, and argon beams in the kinetic eneragy range
0.4 < T < 2.1 GeV/n (4.89 GeV protons; were used to bombard €, Al, Cu,
Sn, and Pb targets. The absolute uncertainties in the inclusive cross
sections are estimated to be %15 percent. The data, ranging from
90 MeV to 400 GeV incident energy, are independently nnrmalized and
exhibit the onset of Timiting behavior in the incident energy range
from 2.1 to 4.9 GeV. Over this range of energies the spectra Lecume
independent of incident energy. This behavior which is attributed to

15 in the present case is also observed

Timiting target fragmentation
for all projectile masses studied up to argon. Further evidence for
this Timiting behavior is shown in Fig. 2. The differential cross
sections integrated between 300 Me¥/C and 1000 Mev/C are ohserved to
be energy independent above an incident <neray of 3.5 GeV. The
magnitude of these cross sections (o) depends on the projectile (Ap)
4/3

t

and target (A ) masses in the form u~A§/3A1/3. The A

o)
+ ‘pendence suggests the involvement of more than one target nucleon in
backward production mechanism and arques zgainst a single hard

scaltering mechanism,
The dependence of the shape of the proton momentum distributions
on projectile mass is displayes in Fig. 3 for 1.05 GeV/n incident

2
energy. The shapes of the distributions from I‘C for

300 < p < 1000 MeV/c wre independent of the mass of the projectile.
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When the 1.05 GeV/n ]ZC projectile fragmentation data from Papplﬁ

at o = 2.5 s transformed to the projectile rest frame and super-
imposed on Fig. 3, a break in the proton momentum distribution is
observed at p = 350 MeV/C. This break is similar to that ohserved in
the extracted momentum distributions in recent {y,p) data.2 Further-
more, a similar break in the proton spectra in the fragmentation
region of p +a and p + d reactions”’18 is observed, thus providing
evidence against a dominant multiple scattering cascade mechanism,
Recent theoretical work has led to the approximation of internal
momentum distributions in the nucleus by two overlapping GaussiansAa‘5
a low 'nomentum Gaussien dominated by single particle characteristics
af the momentum distributions, and a high momentum Gaussian which
emerges when short range correlations are considered. The solid curve
in Fig. 3 is a double Gaussiun fit to the 12C + ]?C > p momentum
distribution. The value of the momentum dispersion for the low
momentum Gaussian (np = 75 MeV/(C) can be derived using the goldhaber'?

?OAformulations. The dispersicn of the high

and Feshbach and Huang
momentum Gaussian (op = 190 MeV/C) reaches a limiting value of

190-200 MeV/C, near tbhe Fermi momentum, inrdependent of target mass.
Other mechanisms which incorporate nuclear correlations for production
of high momentum protons have been propo'set1.6_l0 Fujita and Hufner7
proposed a model which included correlations between two nucleons in
the target to describe the backward proton data. An extended

version8 wich includes multiple-particle correlations describes the
incident energy dependence gquite well for energies up ta 1 GeV. QOther

9,10

models which attribute the emission of high momentum protons in
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the backward direction to the break-up of correlated pairs of nucleons
in the nucleus have also been proposed. The results of the theo-
retical and experimental investigations suggest that the limiting
shapes of the hackward high momeniun proton spectra are relited to the
presence of short-range correlations in the nucleus.

An experiment was recently campleted in the LBL Streamer Chamber
at the Bevalac to study the charged-particie producticn associated
with back-angle proton production.la The streamer champer was
triggered on a backward-emitted tglah > 0%) charged-particle. A
2.1 GeV proton beam was used to bombard C,KC1, and 8312 taraets.

The mean positive charaed-particle multiclicities assnciated with
events with a hackward trigger particle from these taraets are

M) = 4,70 = .09, 6.66 ¢+ .23, and 8.00 ¢ .18, respectively. These
multiplicities are higher than would he expected if a sinala hard
scattering mechanism were dominant. Further informacion orn the pos-
sible reaction mechanisms associated with bhackward particle production
can be derived from a rapidity plot of the positive charged-particles
(mostly protons) ‘n these events as presented in Fig. 4 far the

2.1 Gev p + Bal, reaction. The curve designates the kinematic iimit
for nucleon-nucleon interactions., The most prominent feature is the
number of events centered at the target rapidity. This carresponds
mainly to target fraamentation processes. [In addition, contribations
from gquasielastic processes are observed as the high-momentum forvard-
going particles. A third feature in the plot is the preience of

events with high perpendicular momentum. Further study of these
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events is presently being conducted. Rapidity plots for the C and KCi
targets are similar to that of Fig. 4 excapt an enhancement in the
forward cross section is observed as the target mass decreases. Thus,
the target nucleus becomes less transpareat and the reaction retains
less memory o7 the incident pronjectile as the t.rget mass increases.
This is evidence for the presence to some degree of multiple
scattering.

Since isobar production accounts for a major fraction of the pp
total cross section at energies from 1-2 Ge¥ 2 the effects of the
decay and absorption of an isobar on the spectrum of particles in the
backward direction may he substantial., The contribution of these two-
step mechanisms to backward spectra can be investigated. Diagrams for
the a(2,3) isobar decay and absorgtion are displayed in Fia. &
following production in the reaction pp;nn’+(1232), which is a
dominant inelastic mechanism at these energies. Only the production
of A++ isobars from the lower vertex (target proton) ir Fiq. 5§ will
contribute appreciahly tu the yield of particles in the backward
direction. Also shown are schematic diagrams of the momenta of the
products of A++ decay and absorption. The preduction of protons in
the backward direction with appreciable momentum in the laboratory
frame is indeed possible—the contrihution depending upon the
direction and momentum of the A++. Furthermore, the products nf
P decay will be emitted back-to-back (180° apart) in the 8" rest
frame. Likewise, in the ab=orption process the products will be

N N ++
emitted 180o apart in the o + t center-of-mass system.

ntarge
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Since the n“ production cross section is largest for low momentum
transfer, the decay (A’+) and absorption lA++ +n ) rest

tarae*
frames will be moving slowly with respect to the laboratory system and
the 180° correlation of the products should be preserved to some
degree in the lab. Displayed in Fig. 6 is the laboratory correlatina
for pairs of positive particles (protons, pesitive pions}) as a func-
tion of the cosine of the angle between the two particles. One of the
pair is always emitted in the backward hemisphere. A strong 120°
correlation is observed. This correlation is further enhanced if only
particles with momentum p > 300 teV/C are considered, as depicted by
the histogram in Fig. f. These data suggest that the a(3,3) resormance
plays an important role in producing high momentum protons in the
backward direction. The laboratorv correlaticn for all four- and
five—prong events is shown in Fig. ?. The statistics are lower,
however a 180° correlation is observed. For comparison, the phase
space predictions for three possitle final states are also presented.
The correlation at 180° observed in the experiment cannot be repro-
ducad by considering only pure phase space. This lends further
support to the possibility gf an isobar production mechanism in the
production of particles in the backward direction. Additional
background cnalysis and more sophisticated theoretical calculations
assuming an isobar production mechanism are necessary to establish the
importance of isobar production in the emission of particles of high

momentum in the backward direction.
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the moment of inertia of one of the two touching spheres and T is the
temperature. For the -250 Mev Q-valve Din, T = 2.3 MeV and the model
predicts a value of t'rz/l2 = 0.065 and 2 ‘isalignment angle of 25° which
are in close agreement with the experimental values.

In summary, from this preliminary analysis we have chserved in the
165, » 165, reaction, large values for the soin transfer (I, + 120100 £)
and large values for the in-planz to out-of-plane continuum ¥-ray ratio,
W(in/L) = 2.2. Baoth the spin transfer and W(in/l) are strong functions of
the reaction Q~value ang the latter also shows a dependence on Ep- For
a reasonable value of the ¥-ray cascade mltioolarity (B0% €2s), a
misalionment angle of 26° is extracted fcr tre deep-inelastic regios.
These data have been compared with the statistical model of Moretto and
Schmitt which correctly predicts the magnituce of the observed misalion-
nent and gualitatively explains the trend of w(in/L) with O-value. We
conclude that continuum &-ray anisotropy measurements are a pcwerful

technigue for probing the deep-inelastic collision process.
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FIGURE CAPTIONS

Fig. 1. Inclusive proton distributions as a function of momentum for

the present studv (a &, 0), Ref. 22 (0}, Ref. 17 (), Ref. 3

(-), and Ref. 23 {--}.
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Fig. 2. Proton invariant cross sections from the present study (e),

fiqg.

Fig,

Fig.

Fig.

Fiag.

Ref. 2 (a), and Ref. 22 (O) integrated over 300 < p < 1000
MeVic. The cress sections are plotted as a function of
incident energy for the p + Cu » pl180°) + X reaction.
Inclusive proton momentum distributions plotted in the
laboratory rest frame for the present data (T, ¢, LI and in
the projectile rest frame for Ref, 16 (o). The solid curve
is the a...hle Gaussian representation of the ]?C » ]?C >p
momentum distributions,

Rapidity plot of positive charged-particles from the reaction
?.1 GeV p * Bal,. The kinematic limit of elastic srattering
in the rucleon-nucleon system is designated hy the curve,

pp > nA’+(l?3?) isobar production; a) diagram for a(2,3)
isnbar formation and decay; h) associated schematic momentum
vector diagram in the laboratory system; c} diagram for al3.,3)
isobar farmation and reabsorption; d} assnciated schematic
momentum vector diagram in the laboratnry system.

Correlation between pairs of positive chargad-particles in
each event as a function of the cosine of the angle between
the particles. One particle in each pair is emitted at

> 900. The histogram represents all pairs with

®1ab

individual particle momentum p > 300 MeV/cC,

. Correlation analysis (as in Fig. ) for all 4- and S-prong

events. Pure phase space calculations for taree pnssihle

final states are also displayed.
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NUCLEAR MOMENTUx DISTRIBUTION AND RELATIVISTIC HEAVY-(ON REACTIomts

Cheuk-Yin Long
Cak Ridge Natfonal Laboratorv
Oak Ridgs, TN 37830

and

R. Blankenkecler
Stanfor? Lincar Accelerator Cemter
Stanford, Ca 9L0%

Abstract

In tern of a direct fragnentatfon process and 3 hard-scattering
pro-ecs, the proton-inclusive data for the reaction 2 + $7¢C ~ psX have been
surcesutully analyzed. The extracted s:miempirical momentum distribut lon
indicates possible evideace of nucl:zar correlations and fimsl-state inter-
actions.

The nuclear momentun distribution Is 3 basic nuclear property shich f+
important in understandipg the correlaticn between oucleons an. the behavion
of many intermediate energy pherorena {nvelvring large momentum rransfers.le’ s’
However, not cuch is knovm about this nomcatun distribut ion experimentally.

In the relativistic heavy-ion reactions, the rotom-inclusive spectrum at O°
and 180° comes mainly from a direct fragmemratfion process (Fig. la) in which
the proton is emitted ‘ror one nucieus without scattering »ith the
other nucleus and, hence, conveys icportamt imforratior on the monentus dfs-
triburion of a nucleon in a nucleus. Furchermore, as the protom cam carry
much of the momentun of the nucleus in a cooperative mapmer, relatisistic
heavy-ion reactions allow ome to extract the high momentur tafl of t¥e nuclear
momenturs distribution which may not be cbcained by other zmecams. The nuclear
momentur distribution also enters in the hard-scattering ;rocess’ (Fig. 1b;
in which the detected proton comes from the collisfor cf 2 puclzon im the
projectile and a nucleon froe the targert. Such a proce.s f{s expected to be
important for py >> 0.1 GeV/c.

With a combination of the direct fragmenration and hard-scatreriag
processes, we analy.e the forvare proton preduction fata ¢f Andersom et 21.7
. . . 3 .- < . — .-
in the collision of a partieles on "“C. e introduce a sinple ;arasetriza-

tion of the nuclear momentun distribution as the sum of a sing! _-particie

*
Research jointly sponsored by the Division c¢f Basic Energr Sciences, U.S.

Department of Fnergy, under contract W-7405-emp-26 with the Umtom Carbide
Corp., and by the U.S. Departzent of Fnergy under contract LF-AC03-76SF005:15.
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. cotgte t ame component and a correlated
component with a greater width
and a parameter specifying the
relative ioportance of the
direct fragmentation and hard-
scattering processes. We show
in Fig. 2 the experinental in-
variant cross s2ction versus
the theoretical results as a
function of the Feynmann
scaling variable xp defined
as Pll’lﬁlnax' evaluated in
the center-of-cass systes.

As one observes, the data of
a+ 12C - p#X at Pq = 1.74
GeV/c/X is fitted very well
by the theoreticral curves fer
xgp 2 0.2. 1In the region

xg ¢ 0.2 there are contribu~

' tlon: from more conplicated
rescattering processes which
are nov fncluded. One observes
tiat direct fragementation
dominates the cross section
at pp = 0. However, the hard-

- scattering cress section domi-~
nates the quasielastic peak
at py = 0.3 GeV/e. It is
clear that a coobinazion of
the two processes is needed
to fit the data.

Fig. 1. Diagrams the two dominant
processes contributing to the re- We show in Fig. } the
action of interest. experirmental invariant cisss
section i che transverse
direction vhen the detecte
proton has a momentum of 1.75 GeV/c. The solid curve is the theoretical ro-
sult whick is the sum nf the direct fragmentation and the nard-scattering
components. As one observes, the experimental data are well explained as a
combination of these two processes. One also observes how, as a funcrion of
increasing Py, the direct fraguentatiom process dirinishes its impcriance
while the hard-scattering process becomes more ipportant. The cre---over
occurs at pp - 0.2 geV/c.

From the presen: analysis, a semiempirical nuclear momentum distribu-
tion for a proton in “He is obtained. In the frame im which che center of mass
of "He is at rest this distributior is showm as the solid curve (Fi.. ). Tzne
other curves are itrom the theoreti.al results of Zabolitzky ané T.° (urves
iabeled HJ, RSC, and SSCB are theoretical results whichk inciude tn e:rfects
of nuclear correlation and th: .urve labeled UNC cores from zn independeat
particle model where the nucle . are not correlated. The preserce of nuclear
correlation is indicated by a change of slope in Ln n(p). Indeed, the nuclea-
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Fig, 2. Experiment iavari- 2 . ‘_‘:
ant cross section for the - o T ¢y
reaction a + 12¢ » pHX at SAANSYERSE UGUIRTUM Gea o

Pg = 1.74 GeV/c/N as a func-
tion of x,. = (p,,/p___)

r {17 max” c.m. Fig. 3. Experimental invariant cross
section for the resction a + !2C - pti at
Pq = 1.74 GeVfc/K as a function of the

transverse nmomentun.

momentun deduced from the present amalysis shows a change in the slope of

log n(p) which may be taken as a possible evidence for the presence of nuclear
correlation. However, the distribution has a narrower width compared with

the theoretical distribution. The semiempirical momentum distribution is

also narrower than expected for 12¢,  This indicates that the observed semi-
empirical momentum distribution may have been subject to a distortion due to
the final-state interactions between the observed prcton ard its comple-
mentary partner which suffers a collision with the target. #Hore work is
needed to separate our final-state interactioms in order to obtain the “true”
momentum distribution from the semiempirical discribution.
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Fig. 4. The extracted semi-
empirical momentum distribution
for “He (solid curve) compared with
theoretical distributicas.

1.
2,
3.
4.
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SCALING PHENOMENON IN RELATIVISTIC NUCLEUS-NUCLEUS CDLLlSlONS*

Cheuk-Yin Wong
Oak Ridge hational Laboratory
Oak Ridge, TN 37830C

and

R. Blankenbecler
Stanford Linear Accelerator fenter
Stanford, CA 94305

Abstract

We introduce nev scaling variables for proton and pion produrtion in
rela:ivistic nucleus-nucleus collisions which are the generalfzations of the
Feynmann scaling variable. They allow a simple description ¢f the cross

sections at the forward and backward angles,
x &k ® &

Recent experimental and theoretical studies!™® of nucleus-nucleus col-
lisions in the enecgy range of a few CeV per nucleon [ndicates t.hat the use
of the Feynmann variable xgp should lead to scaling in the case of forward
pion production.’» However, xp scaling was not observed in prcton pro-
duction?+* or in backward pion prod-:ztion. It is desirable to look for new
scaling variables so that the exper.: jental daia can be Letter represented
and the underlying phvsics of the scaling phenomenon understcod.

The proper scaling variable deperds on the reaction mechanisn. In the
reaction A+B + C+X, the two dominant processes’of Interest are the direct
fragmentation and the hard-scattering process. In the direct projectile
fragmentation process the subsystem C is emitted direct’y from the bean
particle B without scattering, while the complementary partper interacts with
the target nucleus A. The cross section is proportional to the probability

Gc/p(xp»Tr) of finding a subsystem C in the projectile B with transverse

momentum tT and fracticnal momentum xp defined by

cC +¢C
X, = 2 . Z. X, X (i)
D B +B F “max

o z
where we have used A, B, and C to d:note also the four-vectors of A, P, and
C, respectively. In terms of the relativistic invariant s = (A+B)2 and the
usual A-function,? we hae

- 9-02 + C2 + X(S,DZ,CZ) )

X
max s—AZ + BZ . A(S,AZ,BZ)

and I is the missing mass of X. Thus, xp is a good "direct fragmentation”
D g

*
Research jointly sponsored by the Division of Basic Cnergy Sciences, U.S.
Department of Energy, under contract W-7405-eng-26 with the Union Carbide
Corp., and by the U.S. Depariment of Eunergy under caontract DE-AC03-76SF00515.
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scaling variable vhen the direct fragmentation process doainates und when
the bombarding energy is high enough. We show in Fig. 1 the experimental
data of Anderson, et al.? for the reaction a + 12¢ + ptX. As one observes,
the experimental data scales with x; when xp, > 0.20 and p, > 1.74 GeV/c/N,
for different values of py. The analogous scaling variable xp for target

fragmentation can be obtained from Egqs. (1)
and (2} by replacing Cz » -Cz, xp *ETXFI and
interchanging B, A,, E; «+*-Az. The experi-
mental data“ for backward protor production
also scales well with xp for target frag—
mentation.

In the hard-scattering process, the
target A and projectile B emit subsystems a and
b which scacter to produce particle C via
rhe basic process a+b + C+d. Upon exar:ining
the six-fold hard-scattering :lntegral,2 one
finds that for fprojectile fragmentation the
integral depends predominantly on the varia-

ble
P—
¥ +V14-b2(u'+c.f.) o (2 *a,) 3

X, - S ——————————e .. -

H o+ ci nAZBoﬂaz) *p
where

¥ o= Ha? - 2% - un) *)
and

u' = (malm ). 5)

a A

%
For target fragmemtation, the corresponding
variable is obtained by replacing C; + -Cg,
Fig. 1. Experimental invari- anl interchamging a<*b, A,<> By, iz <++-Bz.

ant cross section for
a+ I2¢» ptX. Data ar-~
from Ref. 3.

As = pion is not a normal constituent
of a nucleus, we consider pions to be pro-
duced only by the hard-scattering mechanism.
The experimental data should scale with the
"hard-scattering" scaling variable xy. Indeed, when the data of p + Cu +
p+X (180°) are plotted with respect to Xy, We see that the experimental data
scales well with xy (Fig. 2), in contrast to the absence of scaling with re-
spect to xp observed earlier.5:6 For forward pion production, the experi-
mental data of a + !2C » 74X also scale with xy. In this case, xy is approxi-
mately equal to xp In the region of interest arﬂ thus there is also %
scaling for forward pion production.l
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Fig. 2. Experimental invariant cross section
for p + Cu = n¥+X (180°). Data are from Refs.
5 and 7.

In proton rroduction the hard-scattering process becomes more impor-
tant as pr >> 0.1 GeV/c. However, in this case xyg = Xp. and hence, xp scaling
persists even for large values of x; as ve observe in Fig. 2.

It is easy to show that in the projectile fragmentation region, xp and
Xy approaches xp clen 8 >> D2 - A? and in the target fragmeatation wvhen
s >> D? - B2, e see that *p and xp are simple generalizations of xp for
the case when the vest masses are not small compared to 8-

In conclusion, we have obtained scaling variables which allow the ex-
perimental data to scale properly for pruton and pron production at tie
forward and backward angles. Their introduction also clarifies the under-
lying physics of the scaling phenomenon in nucleus-nucleus collision.
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PICH CONDENSATION IN A THEORY CONSISTENT WITH BULK PROPERTIES
OF NUCLEAR MATTER

Norman K. Glendenning

Lawrence Berkeley Laboratory, University of California
Berkeley, CA 94720

The theory of nuclear matter at densities higher than normal has
acquired particular interest in the last few years, in the context both of
astrophysics and relativistic nuclear collisions. At energy dencities above
normal, new excitations become pessible in principle, invol.i., adaitional
parti-les or field configurations than are present in the normal state. Sev-
eral such excitations have been studied, known popularly as pion cnndensate
and abnormal or density isomeric states.®

In general these states have been discussed in the framework of theo-
retical models that make li*tle contact with the known bulk propertie; of
nuclei, in particular their saturation energy, density and compressibility.

The condensate energy has been calculated as the difference in energy betwcen

a state of the theory with and without a condensate. The large discrepancy
between the theory and the properties of nuclear matter are assumed to cancel
in "ne subtraction, yielding it is hoped, a reliable estimate of the condensate
energy.

This paper makes three contributions to the theory of abnormal states
of matter.

1) We have formulated and solved, in a self-cor-1stent mean field approxi-
mation, a field theory that possesses condensate states, o..3 reproduces at the
same time the three important bulk properties of the normal state.

2) The theory is solved in its relativisticall, covariant form.

3) A continuous class of pion fields having a space-time dependence is
constructed for which the theory can be solved.

We investigate in this paper tne implications of seif-consistenc, for
the existence of condensate solutions, as well as the dependence of the con-
densate energy on the nuclear equation of state when the condensate energy
does exist.

Formulation

Our starting point is a relestivistic field theory like Walecka's’ with
potential terms as studied by Boguta and Bodmer.® The ingredients of the thenry
are a chargeless scalar and vector meson with Yukawa coupling to the neutron
and proton fields. The scalar meson is responsible for binding, while the
vector meson leads to repulsion at short distance and hence saturation. Non-
linear terms in the field equation for the scalar meson are introduced to reduce
the high compressibility of Walecka's theory to an accepted range around
K ~ 250 Mev. To this theory we add the pions, which are represented by a
three component pseudo-scalar field. They can couple to the nucleons by

—
Done in collaboracion with B. Banerjee and M. Gyulassy.
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pseudo-scalar or pseudo-vector coupling. We use the pseudo-vector coupling
because it do2s not possess the unphvsically large s-wave interactions of
pseudo-scalar coupling, yet leads to the correct p-wave interaction.

The Euler-Lagrange equations derivable from the above described theory
are for the scalar, vector, pi mesons and nucleons respectively,

(1 + msz)o =9, oy - gg 48]
(v -3v)=m2V -g ¥y v (2)
b vou v u v u
@em?)r=g Hovgy 1v) . (3)
Z : U~
(iD - (mp-go) - gV -g, 751”1 . Bug)w =0 L))
v = (:), P = 4-component spinor, n = (“l'nZ'"J)

{Slashed quantities denote & -,‘_a“). The form of the potential is

% (-} = (me + cgsﬂ)(gsa)2 (5)

Tne parauneters are five in number,

o (2).2) e

Tne Tast four are used to generate a desirable equation of state in the absence
of a pion condensate. One can think of three of them as being used to define
tne saturation eperyy, density and compressibility, and the fourth as deter-
mining now soft the equation of state is at high density, as defined for example,
by the density at which the binding is zero. We have studied two cases, for
which this density is *2:*.0 and ~300.

We solve the field equations in the mean field approximation. The
nuclear source currents on the right side are replaced by their ground state
expectation values. For infinite homogeneous nuclear matter {y({x) ¢{x)?} and
Colx)y w(x)} are independent of x. Therefore the o and vV, fields are constants
which we write as o and v, Theze values can be read from the equations of
motion as

25 - g ey - (AU 2§-4q (y
m e = glyyd - =), m,~ V.= g, Coy ) (6)
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As in ather studies,’ we shall also treat the pions as classical fields
whose mean values have a certain space time-dependence. A charged running wave
condensate

(n) =7 e » (mgd=0, kx=kux"=koxo-5- (7)

I

is tne functional form that has been studied previcusly. Boguta has pointed
out to us that if we can solve our problem with the above ansatz, then it is
also possible to do so for a standing wave

(n,) = TTC sin kx, (ny) = ;c cos kx (8)
Actually both of these are speci2! cases of a continuous class of fields defined by
teonlkx) = /23S (ka)g - w8, (k) (9
where Sv is a unitary operator in isospin space
S (kx) = e-%“ ry cy=0 (10)
v » Ly
Here u and vy are unit vectors. After some algebra (9) is found to imply

n(kx) = /2 7, (ucos kx + y x y sin kx) (1)

The Dirac equation that we have to solve is (4) with the o, ¥V and 7
fields replaced by the mean values (6, 9-11). 1n particular

- +
l-aul-&ckusvl~!xgsv {12)
Under the (linear local gauge) transformation

=Sy (13)

the Dirac equation is transformed to

[1'3 - (my-g.0) - g v+ kl-(%x 29, ;c Y5 xig)] b, =0 (14)



The Dirac operator is by means of this transformation reduced to a finite matrix
operator (dimension 8) with no x-dependent terws. Unlike the usual frea parti-
cle Dirac equation, the spectrum is more complicated than Jp7 + m?. In fact

tne eigenvalues are functions of the field strengths c, V, and :c and of the
pion momentum k, as well as the nucleon momentum p, ard the Ferm’ surface does
not have the usual spherical symmetry but instead is cylindrically symmetric
about the direction k, sometimes consisting of two unccunected regions of
momentum. It can be shown that for all fields {9} the energy 15 degenerate.

It can be verified that the assumed space- (ime dependence of the pion
fielZs is compatible with their figld equations (3), and that rc is constrained
£y tne ejuation

vyl 015)

Now the seif consistercy problem can be stated. The nucleon firelds
depend or the mear values of tne meson fields through 18). Therefore tne
source currents of the mesors are implicit functions of the meson mean fields
thenselves. because botr the momeatum p. and the vector field Y- occur in the
Uirac ejuations Tike « (v - g, ¥- ), the vector field merely prod.ces a shift
1n the four vector momentur. 1t 1s not involved in the self consistency. The
remaining field strengths - and - are coupied and eguations (6) and {i5) must
be soived simyltaneously for tneir self-consistent values. The locus of soiu-
tions in the -, ", plane are snowr 1n Fig. 1. As can be imacined and as the
figure illustrates, the dlcurrence af simultdaneous solutiors for arhitrary
density, k and g- 1s nGt dasswred. Ratner the, exist oriy er a himited range.

Results

We have studied condensate solutions for two sets of parameters which
yield acce;table equalrons of state for nuclear matter. They ci1ffer 1r tnat
one 15 softer at high densit, tnan the other but both yileld accestatle values
of saturation energy, density, and comressibriity.

For botn of these we nave studied the self-consistent corgensate sciu-
tions for several values of the coupling constant g-. The nor-relativistic
equivalence of tne pseudo-vector coupling g- and pseudo-scalar counling constar:
g, 'S 9- = gy Zny,. For the standard value 902!4~ - 14 tnis gives g- = 1.41 fr

In Figs. 2 and 3 we snow the twG equations of state withoul a conden-
sate (~¢ - 0j. In each case tiere are self-consistert condensate sclations s?me
of wnich are shown, cor.-esponding to several values of g- and for &k = 1.5 fm !,
which minimizes tne energy. Since it is dcubtful that tne.r i, a condensate in
the normal state, an acceptable equation of state is one wti1ch, if there is a
condensate at all, it occurs at densities larger than the saturation density
There are such solutions, and they occur for a narrow range of the coupling
constants g. which depends on the scftness of the eguation of state. Roughly
these ranges are

117 - g/fm< 1.2, 1.0< g /fm - 1.75

for the stiffer and softer equations of state shown. For values less than the
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lower 1imit, solutions do mot exist over the range of densities shown. Effec-
tively for the stiffer equation of state, the condensate energy is zero. For
the softer equation, the condensate energy is small and does not exceed about
10 MeV at . ~ 3og- This is in sharp disagreement with estimates based on the
- mode] for wn°'ch the condensate energy is ~30 MeV at this density, and is 3
very strongly increasing function of density.

A glance at Figs. 2 and 3 reveals a strong dependers« ,° condensate
energy on modest variations in the equation of state. This wrplies that a
reliable estimate of the condensate energy cannot be made unless the theory
is consistent with the bulk properties of nuclear matte-.

Summary

We have snlved a relativistic field theory of nuclear matter for the
self-consistent field strengths in the mean field approximation. The theory
is constrained to reproduce the bulk properties of nuclear matter We find
that a weak pion condensate is compatible with this constraint. At jeast this
is encouraging as concerns the possible existence of a new phase of nuclear
ma.ter. In contrast the Lee Wick density isomer is probably not compatipble
with the properties of nuclear matter.',"
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condersate ' ~ Q) and vor several

self-cons stent condensate solutions

Tne coupling constants and potential

paranieters are g /mS = 15/my,

uy Ty ]]/m-,b= .004, ¢ = 0098,

where ry, = 477 fa-1 is the nucleon

mass. Ine pion momentum that minimizes

tne energy 1s k- 1.5 far
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LOW ENERGY PIOHS AND DENSITY Mﬂ: N
RELATIVISTIC NUCLEAR COLLISIONS®

J. Cugnon'* and 5. E. Koontn'''

4

W. K. Kellogg Radfation Lsboratory, Calteck. Pasadena. CA -1} ¢

The recent discovery of differences in the +* and r” ylelds a- ] |
as weil as the observation of different low encrgy 2" and = <pectra in
relativistic nucleus-nucleus collisions raisec the possibiliry thot such data
are sensitive to the matter densi:y discribution durlag the collision process.
There is no way at present to extract such information from preton inclusive
cross sections. In a symmetric N = Z system. 41" diffcrences arisc sovlely
from electromagnetic forces and reflect, in principle, tne propertics of the
charge distribution after the pion {s created. We report here on svee aspects
of a classfical calculation of these phencocna.

1. Model for the collision process. The anuclear collision is plctured

as a succesaion of relativistic, on-shell. binarv., baryon-barysn collisions.
The evolution of the system {s calculated by means of a Monte-Carlo method o ],
which embodies the following important features: «i relativistic kincmatics.
{ii" empirical e:ementary cross sections, ‘1j: plonic degrees oi freedom are
accounted for by allowing A-productiosn, 'iv X's are considered stable asainst
pion euission until the end of the collision process; they may. haever, be
destroyed in collisions with nucleons. This lasc point £s a revasonable
approximation given the present knowledge of the behavior ot A resonances in
nuclear matter [3].

The present model is a very successful par-meter-free descristion of
inclusive cross sections (see fig. l) and two proton correlatisns at
3. Mev/a {u].

Matter distribution. During the collision process, vur calcu.ation

reveals that the matter can be compressed substantially _ ~ ~_ and tnen
expands rapidly. MHowever, piomns should sot be scnsitive to these early srages
of the process. At the end of the collision process and 3t later tizes, the

calculated matter (and charge: distribution of a symmetric system can bc

TSuppDrted in part by NSF grants PHY?7-_1- .z and PHY - -3 zz.

tt - N < - <
Permanent address: University of Liege, Institut le Physique, B-- ..
Sart-Tilman, Belgium.

H"rAlfred P. Sloan Foundation Fellow.
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Here, q is the total charge of the system, v is the initial velocity in the
c.m. frame, and 7y is the corresponding Lorentz factor. The bezm direction

is z and the impact parameter is along x. By fitting this form to the Monte
Car.o calculations at each time for a given impact parameter, we find that rhe
participant charge, QO’ is a'most independent of time, while r,x and a are
linear functions of time. These results support qualitatively the participant-
spectator model, except that they predict an expansion of the three parts of

the system. Typical expansion velocities are er = L.l and v, = J.2. Q 1is
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close to that predicted by s “clean cut” geczmetry, except at small impact
parameters, where it is somewhat sseller.
3. Electromagnetic effects on the pion spectrum. Let s(;,:,b,;l) be
>
the source function for creating pions of momentum Py at space-time point
(i:,:) in a col..aion at impact parameter b. The inclusjve cross section

will be [5]

3
3 ; o . Ec|d'p
Efd—g- Zfdérfdtfd‘bs(;,t,b,pl‘ EE - .
oy By L |d7pg|

where ;f is the final asymptotic momentum after experiencing the electro-
magnetic fleld. We huve calculated this integral by a Monte Carlo method,
sampling the initial value of Bi,?,t,b snd solving classical equations of
-

motion in order to find pf. The pion source has been factored into functions
depending upon each of the arguments. The spatial and impact parameter de-
pendences of the source are described by gaussians, whose parameters ave
consistent with those of the participant charge distribution at the instant
of p-decay. The time dependence of the source 1s taken to be a delta func-
tion in time, assuming thet the pions are released at the end of the strong
interaction process. This is in keeping with the above-mentioned picture of
long-lived delta resonances which decay at the end of the decompression stage.
The momentum dependence of the pion source i5 assumed to be thermal (with
temperature T), or direct (il.e., related to the N+ N » n+ N+ N data) or a
combination of both.

Fig. 2 shows the results for Ar+ Ca > 2"+ x at 1.5 Gev. The lines are
contours of constant invariant cross sections. The upper left corner shows
an undistorted thermal distribution with T = 70 MeV. The distorted cross

sections corresponding to different initial spectra as shown in the resi of

the figure: Upper Right, the thermal gpectrum; Lower Right, Lower Left, two
mixtures of thermal and direct spectra, respectively & .4 and 34 thermal.

The electromagnetic forces produce a depression in the low energy region and
therefore a maximum at 90° near ?, = mﬂc. The position of the peak is sensi-
tive to the initial spectrum. Comparisom with experiment [5]) would favor a
highly thermal initial spectrum, as far as the location of the maximum is
concerne.. However, the shape of the contour lines near tiis maximum is not
well reproduced. Beyond the region experimentally investigated for this

system, we predict a depi=tion of the pion yield at 5% and 1.7 at rapicities
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slightly beyond the incident c.m. rapidity. This is consistent with the

. - + o
measured ratio of n to n yields at .

strikingly shows. We find, remarkab!,

of the initial pion spectrum. Negative
parts of the system travelling with the
likely that n-mesic atoms are formed in

Although there is some uncertainty

for Ne- NaF at k - MeV (1], as Fig. =
that this ratio is fairly independent
pions are "captured” by the . pectator
incident velocity. Thus, it is very
relativistic nucleus-nucl« 1s collisions.

in the pion source and a classical

treatment may be suspect in son: regions of phase space, our calculations have

revealed that the low energy pi-n cross sections are sensitive to the evolu-

tion of the charge distribution after the strong interaction process. In

particular:

(1) the height and the shape of the peak in the -7 ;% ratio at @ are
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sensitive to the spatial extent of the spectator part of the system,

(2) the high-momentum n /x" ratio at 0° depends upon the spatial charge
distribution at the end of the strong interaction process,

(z, the n-/n+ ratic at small mowentum depends mainly upon the charge and
expansion of the participant part.

We have not yet quantified these dependences and they deserve further
attention. The location and the shspe of the maximm in the n'-spectru- at
900 c.m. also depends upon the properties of the charge distribution, but is
quite sensitive %o the source parameters. The fact that we cannot reproduce
the detalled shape of the maximum may indicate some unusual properties of

the pion souxce.
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TWO-PARTICLE CORRELATIONS IN HIGH ENERGY
NUCLEAR COLLISIONS

J3rn Knoll* and Jgrgen Randrup

Nuclear Science Division, Lawrence Berkeley Laboratory
Berkeley, CA 94720 USA

We discuss the correlations of two particles (proton-
proton, proton-pion) in high energy nuclear reactions by means
of the linear-cascade model (rows on rows).l»2 It describes
the observed cross sections in terms of contributions arising
from dynamically irdependent groups of interacting nucleons. In
addition to a correlated part where both observed particles
arise from the same group, there is also a gignificant
background contribution from the particles originating from two
independent groups. The construction of the one and two
particle spectral functiors by means of a Monte Carlo simulation
method allows the inclusion of various dynamical effects, such
as the production of delta . obars or precritical scattering.

he presently available datad express the amount of
correlation by a ratio R of the in-plane tc out-of-plane
coincidence cross sections registered in a tag counter and a
spectrometer. Our initial 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 momentum
among more than two particles.
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THE ROLE OF FINITE PARTICLE NUMBER EFFECTS
IN HIGH-ENERGY MEAVY ION COLLISIONSt

Jorn Knollt++

Nuclear Science Division, Lawrence Berkeley Laboratory
Berkeley, CA 94720

During the last few years data of high-energy heavy-ion collisions
have been observed that showed significant deviations from thermal predictions
(fireball, firesireak). Due to the clean kinematica) situation in equal mass
systems, these deviations are even found in inclusive spectra'): i) anisot-
ropy in CH frame - excludes fireball, 1ii) wmass dependence of the asymptotic
slopes and 1iii) a shouldering at lcw CH momenta (see fig. 3, below) -
excluding firestreak. Are these deviations due to incomplete thermalisation
(preequilibrium; strong knock-out) or hydrodynamical effects (compression,
blast wave) or other dynamical effects?

As the thermal pictures applied rely on two assumptions i) complete
memory loss (- randomisation) and i) infinite particle nusber (- bulk limit),
we like to keep the first one but drop the unrealistic second one. By means
of a simple phenomenological picture, the nuclear phase-space model?), we
attempt an initial study of the role of finite particle number effects.

We adopt the simplifications of co-linear collision dynamics (rows
on rows)?). There inclusive cross sections factgrize into geometry coeffic-
ients opg(M,d) and spectral distributions Fuy(p)

do _ >
MR

Here in a collision gf the two nuclei, A and B, the observed particle
(energy e, momentum p) results from a collision of M projectile nucleons
with N target omes.

The geometrical weights opg(M,N) are shown in fig. 1 for unselected
(inclusive) and selected (central) events. Clearly, for all reactions
analyzed the major contributions arise from combinai? s with M + N < 6.
This finding s2ems to cope with results of 3-dimensional cascade calcula-
tions”), which show a mean collision number per participating nucleon of 3 to 4.

Describing the spectral functions Fpy by the corresponding phase space
functions ¢py(p)--these arve the highest entropy distributions pertaining to a
fixed number of particles--we expect significant deviations from the therma:
limit ("N = «) as the number of nucleons involved stays small, Fig. 2.

As a matter of the finite particle number effects retained this way,
we arrive at inclusive proton spectra, fig. 3, which precisely reproduce the
desired features: the shouldering and the A-dependence of the asymptotic
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slopes without any adjustment. The anisotropy of the spectra (e.f. fig. 4)
solely arises “rom fluctuations in M and N (c.f., fig. 1)} and results too
large in central collisions. This might be due to some lack of transverse
communication in this picture. The inclusion of pions®) leads to a slight
cooling of spectra, an effect which has not been included here.

Altogether we see clear indications that finite particie aumber
effects play a significant role in these reactions. Thus, caution is
recormended when extracting temperatures (and this way energy expectation
values) from asymptotic slopes of spectra. A study cf finite particle number
effects on correlations alang similar lines has started recently®).

') 5. Nagamiya et al.. Phys. Lett. 818 (1979) 147, and submitted to Phys. Lett.
?) J. Knoll, Phys. Rev. C 20 (1979)7773.
J. Kncll, submitted to Nucl. Phys,
)} J. Hiifner and J. Knoll, Nucl. Phys. A290 (1977) 469.
J. Knoll and J. Randrup, Nucl. Phys. A324 (1979) 445
“) Y. Yariv and Z. Fraenkel, preprint 1979.
C. Noack, private communication.
*) 5. Bohrmann and J. Knoll, these proceedings, and to be published.
J
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CALCULATION OF NUCLEAR MASSES WITH A FOLDED-YUKAWA SINGLE-PARTICLE POTENTIAL

AND A YUKAWA-PLUS-EXPONENTIAL MACROSCOPIC MODEL

Peter Moller and J. Rayford Nix

Theoretical Division, Los Alamos Sclentific Laboratory
Los Alamos, New Mexico 87545

We use the folded-Yukawa single-particle poLentiall and the Yukawa-
plus-exponential macroscopic -odel2 to systematically calculate the

% to 272112, The

ground-state masses of 4023 nuclei ranging from ! 0 to
ground-state energy is determined by minimizing the total potential energy
with respect to €,y and £, shape coordinates. We also include an €

shape coordinate, in the form of a prescribed dependence upon €, and £,
that is determined by minimizing “he macroscopic energy alone. The method
is also used to calculate the fission-barrier heights of 28 nuclei ranging

from long to 2

ZCf within the three-quadratic-surface parameterization.

We introduce several new physical effects, including a smaller nuclear-
radius constant, a proton form factor, an exact diffuseness correction, an
Ao term, a charge-asymmetry term, and microscopic zero-point energies. The
nuclear-radius constant is determined f{rom elastic electron scatiering and
microscopic calculations of nuclear density distributions, the range of the
Yukawa-plus-exponential folding function is determined from heavy-ion
elastic scattering, the surface-energy constaant and surface-asymmetry con-
stant are determined from the fission-barrier herghts of the 28 mucici that
are considered, and the remaining constants are determined from the ground-
2

state masses of 1323 nuclei ranging from ]60 to 5gNo for which exgerimental

values are known with experimental errors less than 1 MeV.
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For the final formula, we compare in Fig. | the experimental and cal-
culated fission-barrier heights, for which the resulting root-mean-square
error is 1.331 MeV. A similar comparison 1s made i1n Fig. 2 for the exper:-
mental and calculated ground-state microscopic energy, wvhich :s defined as
the difference between the ground-state mass and the macroscopic value for a
spherical shape. The resulting root-mean-square error 1n the masses 1s
0.835 MeY'. These values are to be cuntrasted with a barrier root-mean-
square error of 2.050 MeV and a mass root-mean-square error of 1.543 NeV for
the original formula of Ref. 2, with the constants adopted there, when the
same nuclei are considered.

The 1mproved agreement between the calculated and experimental fission-
bariier heights and ground-state masses for the present formula arises
primarily because of a smaller surface-asymmetry constant and an Ao term.
Use of an exdct diffuseness correction and microscopic zero-point energtes
are also fairly important. Some of the remarning discrepancies 1n the
ground-state masses evident in Fig. 2 can be understood i1n terms of
instabilities with respect to 4y and 4 deformations.

W are grateful to John W. Negele tcr his assystance with the smaller
nuclear-radius constant, proton form factor, and (barge-asymmetry term.
tuis work was supported by the U. S. Department of Energv and the Swedish

Natural Science Research Counc:il.
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4x PHYSICS
A. Sandoval
Gesellschaft fur Schwerionen forschung
Darmstadt, Kest Germany
and

Lawrence Berkeley Laboratery
Berkeley, tA 94720

Abstract

Exclusive =~ and charged-particle production in ccllisions of
4oAr oii KC1 are studied at incident energies from 0.4 to 1.8 GeV/A.
The correlation between the s~ and the total charged particle multi-
plicity confines the reaction 2long 3 narrow ridge with no exotic
isiands of pion production. For high multiplicities the system
reaches the total disentegration of target and projectile into singly
charged fragments and pions. Every 200 MeV/A data was taken with a
central and inelastic trigger. For central collisions the mean s~
multiplicity increases linearly with the bombarding energy wita no
marked discontinuities due to the A(3.3) resonance. At 1.8 GeV¥/A
evidence for nonthermal »~ production in cent-ai collisions is
found. The tntal c.m. energy in =~ shows li.ear dependence on the
« wmultiplicity with a slope of ¢ = 300 MeV/« . Strange particle

production in the central collision of 1.8 GeV/A Ar an KC1 is seen.
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The paturzi framework for the description of ivigh energy nuclcus-
nucleus interactions, above the pion produclion threshold is given by
the quark model. For example the production and decay of the a{3,3)
isobar, the most important inelastic channel up to bombarding energies
of several GeVfA, is described by the quark excher - hetwvoen two
nucleors with the coupling of the guarks in one of them tc | - 3/2;
the decay occurs by the emission of one quark from the a and the guark
antiquart production from the vacuvum to form a nucleon and a pion
(Fig. 1). The families of excited states of the nucleon N*. & and
strange bayons are higher angular momentum statis in the coupling of
three quarks; u's and d's coupied to I = 1/2 for the N*, u's and d‘s
coupled to 1 = 3/2 for the a and u's and d's with one strange quark s
for the strange bayons A's and £'s. Correspondingly the mesons are
quart antiquark pairs. The energies at which these states can be
formed in an KN collision are given in Fig. 2. At these energies the
=N cross sections1 vary by a factor of 10 resulting in 2 very energy
dependent picn mean free path in nuclear matter.

2 is to study the energy dependence of the

The aim of this work
isobar and meson procuction in central collisiors of an equal mass
system (Ar + KC1) from telow the -!3,3) rescnance up to the highest
Bevalac energies. Exclusive measurements of all the reaction products
are recessar: in order to measure the energy flux in pions, the energy
flux in certain parts of phase space, to obtain invariant masses to

extract isobar decays and search for exotic states with baryon number

greater than 1, and to do two and many particle correlations.
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At the Bevalac the sieamer chamber with it's 4x geomelry and
100 percent efficiency for charged particles, is the mosL suitable
detector for such experiments. Nevertheless, all the neutral part-
icles remzin undetected., We n3ve measured the central and inelastic
interacticns of Ar on KC1 at 36(, 566, 772, 977, 1180, 1385, 1609 and
1808 McV/inucleon. For each event three pictures are taken, in order
to reconstruct the momenta of the charged particles. The events have
been scanned, classified according to the number of regative pions,
1otal charged particles, and leading tracks. Scamning results and
preliminary results from the negative pion momentum reconstruction
will be presentied.

in Figure 3 the total charged particle multiplicity distributions
and » multiplicity distribution for the central and inelastic trig-
gers are shown, together with the correlation of »~ and total multi-
plicity for the 1.8 GeV/A bombarding energy. For the inelastic trig-
ger the total multiplicity distribution falls off exponentially for
smal' multiplicities, reaches a plateau for multiplicities between 23
and 40 followed by a sharp cut off at higher mtiplicities. This
plateau is also apparent in the distribution of the number of partici-
pant protons, which can be extracted using the multiplicity of leading

3 do not reproduce this

particles. The fireball and cascade models
extra yield which comes from a larger transverse momentum spread in
rear central collisions than assumed by these models.

The total cross sections for the inelastic and central trigger are
1.8 barns and 180 wbarns respectively. The = multiplicity distri-

bution has a mean of 2.5 for the inelastic trigger and 5.9 for the
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central trigger. The firehall and firestreak mndels overpredict the
number of = by a factor of 2. This places in doubt the assumption
of chemic2i equilibrium of pions and aA's as the production mechani-m,

The correlation belween negetive pion and total charged-particle
multiplicity is showmm in Figure 3 as contour lines ot cor.tunl cioss
section. The reaction is confined to 3 narred ridge with no discern-
able exntic islands nf pion productior. For the higher multiplicities
the system reaches the total disintearation into singly charged
fragments and pions.

Surprisingly, the energy dependence of the »~ multiplicity
distributions is very smocth as one traverses the differcnt N‘ and s
resonances. For the central trigger the mean =~ multiplicity shows
a Yinecr dependence on the bombarding energy (Fig. 4). At each bom-
barding encrgy and as a function of the number of participant protons
in the interaction (Q) and mean x multiplicity shows a linear
dependence on 0. It is interesting to see if this is compatible with
a short pion and a mean free path.

A small) sample of =~ from the 1.8 GeV/A central interactions
have been reconstructed. A scatter plot Py vs P, plane in the center
of mass is shown in Figure 5. The signature of < nonthermal pion
source is clearly visible in which the a decay's forwards-backward is
still present.

It is of great interest to extract the total c.m. energy in
negative pions (E ) as function of the » multiplicity.

Fiqure 6 shows th; correlation between M _ and £ _ for the recon-

n x
structed sample. A distribution peaking at 1.2 GeV for 4 x is
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observed with a linear dependence of E _ on B _ with a slope of
e = 300 MeV/s~. Further theoretical a;alysis.needs to be done to
see if this linear relationship and the dispersions cre in agreement
with independint nucleon-nucleon isobar production or if some
signature of other coherent processes in highly compressed nuclear
matter is present.

A clzarer signature from the primary most compressed stage of the
interaction is »xpected frem the strange particle production.4 In
the strecmzr chimber the charged decay of neutral strange hadrons can
be delected with good efficiency by identify:ig secondary vertices
(Vees). In this way the e and A > px~ decays can be measured,
ideniified by their invariant mass and their momenta can be extracted
from the decay kinematics. The identified vees in the 1.8 GeV/A
central trigger run have been measured and reconstructed. Since we do
not have particle discrimination between . and p each event is
plotted in the plane of invariant masses assuming it is a ' pair
or a ps pair (Figure 7). We see that most of them correspond to
decaying A's. A c.m. Py Vs Py scatter plot is shown for the identi-
fied A's in in Figure B. The distribution in the c.m. is expecied
to show a forward backward peaking due to phase space, while the K*
distribution is expected to be isotropic. More data is needed to
improve the statistics fo- the strange particle production.

In summary we have presented cur first results of charged
particle-4z-experiments in high energy nucleus-nucle. s collisions.

Existing models describing relativistic heavy ion interactions must be
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able to provide predictions for more exclusive measuremrnts like the
ones reporled here. So far, none of the models can coherenlly explain
our data.

I would like to acknowledge my collaborators in this work.
Reinherd Stock, Herbet Steirer, John Harris, Jim Banningen, Jorge
Geaga, Leslie kosenbery, Lee Schroeder, Kevin Lolf and Reiner
Renfordt. In particular I would 1iie t~ acknswledge the support of

Rudo17 Rock for this project.
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Introduction

The preceeding contributionl demonstrated that inclusive
proton spectra from high energy nuclear reactions clearly show
features due to the finite number of particles involved. It is the
purpose of this contribution to clarify whether and to what extent
finite particle-number effects are important with respect to inclusive
pion spectra.

The Model

To answer thig question the statistical mcdel of high-energy
heavy-ion collisions? was extended to include the production of
pions. Its main ingredients are the application of the straight-line
geometry concept to define independently interacting subsets of
participating nucleons and the assumption of complete randomization of
available energy and momentum among the particles of each subset.
Contrary to thermal limit pictures we treat the subsets as
"microcanonical ensembles™, retaining strict energy, momentum, and
baryon number conservation.

In a completely statistical picture as it was introduced by
Fermi3 the probability to produce a certain number of pions in a
subset with a fixed number of nucleons is strictly proportional to the
number of states accessible to the system (i.e., the phase space).
Whereas the momentum space part of the phase space follows from the
conservation laws the coordinate spae part, -~ontains the only free
parameter of the model; a characteristic baryon density pg which in
analogy to bulk limit "‘firestreak")4 models can be interpreted as
“freeze-out density".

The Fermi motion of the nucleons in projectile and target
modifies the total energy and momentum available to a subsystem. This
was taken into account by an appropriate folding procedure.

Results
The above model was used to calculate various pion spectra.

For reasons of comparison the same data were calculated in a
"firestreak"-simulation by going to the bulk limit for each ensemble.



-146-~

We observed th-oughout that the pion vields are overestimated
by a factor of about two (also in the thermal limit) if .. were
taken to be normal nuclear matter density pg. As we are primarily
interested in spectra rather than in multiplicities, we abandcned any
physical interpretation of pc and considered it as a free
parameter. The observed pion multiplicities at 800 MeV./A require
pc ~ 2pg. (Regretfullv we are only able to present preliminary
results calculated with a value of pe q9iving only half of the
observed pion multiplicity at 800 MeV/A, The corrected calculations
will accordingly alter the normalization and slightlv steepen the
asymptotic sinwes of the spectra but will not effect their general
features in particular if compared to the bulk !iwit results.)
Figure 1 shows 90°-energy-spectra of protons and -~ “: - 800 MeV/A
Ne+NaF in the ceuter of mass of the colliding svsten. (The data are
from Nagamiya®.) Due to the finite number of particle< the
statistical model gives steeper asymptotic slopes for the protons
(dash-dotted line) than the "firestreak"™ model (dashed line} even
without taking into account the effects of pion production. While
“"firestreak" calculations require considerable "pic- cooling” to get
correct slopes for the protons and consequently viel . unreasonably
high pion rates, our statistical model vields satisfactory agreement
already with rates less than the observed ones (soiii line). The
slope of the associated pion spectrum, however, comes out a bit too
flat compared to experiment (solid line) and in fact is identical to
the proton slope; the experimentally observed difference cannot be
reoroduced. H-wever, the model copes with the mass dependence of the
slopes of 90°-CM-pion- swectra (C + C yives steeper slopes than Ar +
KCl). This the "firestireak” model cannot do from principal reasons.

The apparent "scaling” features of pion spectra in forward
direction as observed by Papp et al.® were interpreted by lLandau
and cyulassy az kinematical effects. The success of -he
statistical model (Figs. 2,3; solid lines) in reproducina these
features as compared to the "firestreak"-model (dashes line) seems to
support this conclusion.

In backward direction pi.n _spectra obviousiy do not scale (Fig.
4: data are from Schroeder et a1.8, lower cross-sections correspond
to higher projectile-energy)}. Gvulassy and Kauffmann interpreted this
as scattering on "effective clusters™ in the target nucleus and
related the slopes of the spectra to the cluster size. As the slopes,
however, can be reproduced in the statistical medel, too (solid lines:
dashed lines: "firestreak"), it seems gquestionable whether slopes cre
uniguely related to cluster sizes.

Finally, the correct treatment of kinematics by the statistical
model (solid line, Fig. 5) is impressively demonstrated by the
comparison to pion spectra which are measured all the way up to the
kinematical limit.? Here the "firestreak™ model (dashed line) fails
dramatically. As we kept p. fixed throughout our calculations we
underestimated the total rate in this subthreshold pion production
experiment.
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Conclusions

The rate of pions produced in high-energy heavy-ion reactions
still is an open problem and cannot be explained by the assumption of
complete randomization. In all cases where kinematical limits are
approached finite particle number effects play an important role.
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X* PROGUCTION IN RELATIVISTIC HUTLIAR 70141100y

Che Ming Ko and Jérgen Randrup

Nuclear Science Division
Lawrence Berke. - Labc-atory
Berkeley, CA 94720

Abstract

Kaon production in relativistic auclear collisior: « <tudiee w ‘-,
basis of a conventional multiple-collisien mudel. 7« input 18 ‘e
differential cross section for kaon product:. - in elotentiry

baryon-baryon collisions, estimated 1n a simple mou- 1. The inclyq:,e

kaon yield is approximately isotropic in the zid-+:. “1lv fram
extends considerably beyond the nucleon-rucieon kinera® Vicat.

Presently an experiment s underway .o meisure the spectrum of
charged kaons produced in relativistic nuclear collisions.}) Althouan
the partial cross section for kaon production is rzlatively smail, such
an experiment is of great interest because of lhe important new
information it may provide gsbout the nuclear collision dynamics. The
positive kaons have a relatively small interaction crass sertion (-9 %)
with nucleonsz) so that they are more likely (s escape ungperturbed
once created. Since the threshold (~1.6 5e¥) for their producticn 1<
rejatively high on the scale of presently available beam enorgies, the
kaons are predominately produced before the initia! kiretic energv 1s
substantially degraded. They are therefcre expected to he dvetter suited
as messengers of the primary violent stage of the colliston wnizh might
otherwise remain quite elusive.

Our study is based on a conventional rultiple-coliision _.iture ot
the nuclear reactions. In particular, we employ the apprarimate
tinear-cascade model developed by Hufner ~»nd ¥nolll} .nd later
extended by Knoll and Ra.-:drup.") This is probably quite adequate for
our »resent exploratory study. Two baryonic states were included: the
nucleon N(940) and the delta resonance a{1232). Tune baryonic cascade
then  involves the process NNZNAZAA. Due to the Lorentz
dilation factor, which is around 3, the deltas are not likely te decay
until after the linear cascade is completed. [t is therefore important
to note that the pions, whether created during the primary cascade or
later, ar~ expected to have toc little energy to procu.e any kaons, in
their further interactions with the nuclecns. We therefore expect that
the dominant source of kaons is the primary baryon-baryon collisiuns.
Since the partial production cross section for kaon is so sma’ll we may
safely employ a perturbative approach in which the dynamical feed-back
effect u® the kaon production in the further collision orocess fis
ignored.

The quantities rneeded in order to generate the keun spectra
associated with a nucleus-nucieus collision =zre the kaon spectra
assoCiated with the various types of elem=ntz-y be-yon-baryon
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collisions. Experimentally, the available information is limited to
proton induced reactions at few energies.?) A simple model in which a
pion is exchanged was able to explain reasonably well the experimental
data.?) Ffrom both the available experimental information and the
theoretical extrapolations based on the one-pion exchange model, we
arrive at the following conclusions for the kaon spectra from the
baryon-baryon collisions: 1) the angular distribution is isotropic in
the center-of-mass system. _ 2) the momentum distribution can be
parametrized by do/dp -~ x2(1-x) where x = P/Pmax is the kaon
momentum measured in units of its maximm value. 3) The energy
dependence of the isospin-averaged total kaon production crass section
is approximately given by ayy = 1.33 &Ny = 2 Fpe = 144 wb
Pmax/mMKC, where mg is the mass of kaon.

We have calculated the kaon production cross section for cases of
actual experiment interest. The Bevalac experiment in Berke\ey,l)
which is being completed, emptoys ¢, d, and Ne projectiles with a
kinetic energy of 7.1 GeV per nucleon. Targets ranging from NaF to Pb
have been used. In fFig. 1, we display the reduced differencial cross
section  Edng/dp/AB as contour plots 1in the rapidity space for
reactions using Ne as the projectile. In the above, A and B denote the
mass numher of the projectile and the target, respectively. The
contours are shown on a logarithmic scale with two solid bands per
decade. The solid curves indicate fixed angles in the iaboratory frame
while the dashed curves corresponding to 9 = 400 GeY/c and 80G HeV/c
and approximately bound the experimentally acce<:.ible region. The
calculations are performed with a Fermi momentum of 270 MeV/c for both
projectile and target. From these contour plots it is evident that the
present calculation yields kaon distributions which are nearly isotropic
and centered near the mid-rapidity y. = ypeam/? = 0.92. The total
reduced inclusive kaon (K* plus KO) “cross section ogx/AB are 45 ub
and 35 ub for target NafF and Pb, respectively. Therefore *te sciling
behavior that oyx/AB is a constant holds within ?0 per_2nt.  This
applies also to calculated results for other reactions not presented
here. The decrease of the total reduced inclusive kaon <rosc section
can be wunderstood in terms of multiple collisions. In thke first
collision there is around a S0 percent chance of converting one of the
colliding nucleons inte a delta resonance. If a delta is produced, the
kinematics is such that its nucleen collision partner is degraded so
much in momentum that its ability to produte kaons in its next collision
is reduced considerably.

The predictions obtained from the above multiple-collision mocel are
significantly different from what would result in a thermal model. Such
a modei would predict that kaons are emitted from a source which moves
with half the beam rapidity for symmetric systems but with much smaller
rapidity for a light projectile incident on a heavy target. Alsc, the
scaling behavior observed in the multiple-collision model is not
expected to hold in the thermal! mcdel. The kaons should tnerefore be
very well suited for discriminating between the cascade-type picture and
the thermal picture.
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In fig. 2, we also show the calculated invariant K* spectra at
fixed laboratory angles for neon-induced reactions (solid histograms).
The 1ight bars indicate the result of a simplified calculation where the
nuclear density distributions are taken as sharp homogeneous spheres and
the fluctuations in collision numbers are neglected.

The fFermi motion is instrumental in broadening the kaon distribution
over a wider domain in rapidty space and thus leads to kaons at
considerably larger 1laboratory angles than that could result in a
proton-proton collision. It is thus conceivable that the kaons may be
used to probe the intrinsic momentum distribution of the nucleons: this
might be a particularly powerful method at beam energies below the
nuc leon-nucleon kaon production threshold where the kaons are produced
exciusively due to the Fermi motion.

Details on this work can be found in Ref. 7. This work was
supported by the U. S. Department of Energy under contract No.
W-7405-eng-48.
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NON-ADTABATIC MASS PARAMETERS

Gerhard Schiitte

Theoretical Division, Los Alamos Scientific Laboratory

Los Alamos, New Mexico 87545

It is assumed that the self-consistent single-particle potential for a

deforming, especially fissioning, nucleus can be parametrized by time-dependent

deformation parameters.

The knowledge of their time dependence gives a path in

that deformation space leaving a single-particle potential which depends on one

deformation parameter cnly.

In this contribution a ifissioning nucleus is described by a Hamiltonian H

consisting of the kinetic energy, the above~described single-particle poteniial

and a pairing force.

batic basis defined
values En at each

this basis:

Two classes of
an additional pair
of magnitude larger
space is split into

0>

denoted by

lo>

The following arguments are phrased in terms of the ad:ia-

a5 the eigenfunctions |[n> of H corresponding to eigen-

deformation. The time-dependent Schrodinger equation is in

\d
<nlat|m> exp(i f (En - Em)dr)am . (1)
0

matrix elements can be distinquished: those which create

+ +
asa, out of the BCS ground state [0> are up to one order

than those which break a pair.

paired states

+ + + + + +

2 > - 2 >

, uvaulo . uuauu“uplo
lvv> > loopp> s e ,

Accordingly the Rilbert

(2)
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states with one broken pair
| nm> , | nmvv> s a-n N 3)
:+d states with more broken pairs. The corresponding projection operators are
denoted by PO’ an, etc.
Projecting the time dependent Schrodinger equation onto these subspaces
gives
i Poio =Wy, - i Py ¢ s (4a)

i an¢nm = Hwnm -1 an¢0 - an z ¢nmk! ) (4b)
The definitions wo = P0¢ and ¢"m = Pumw have been used. This system is
solved through first order in the pair-breaking matrix elements for a nucleus
starting in the BCS ground state. Therefore the last term it eq. (4b) which is
of second order is neglected. The pair creating or anmhiizting matrix elements
are contained in the £.h.s. and in the first term of the r.h.s. of eqs. (4).
These terms constitute homogenous equations which have the solution

h _ oxp (=21 et
upo = u(d" toey exp(-2i f a‘:_dx)uvuu) jo> . (5)

¢§m has the same form but 10> is substituted by lnns and an additional

phase exp(2i [ (cn + Sm)dr) appears. The usual BCS energies are denoted by

€ - The coefficients have to fulfill the equations:
C . N o .
N <vv|3t|0 exp(2i J E“dl; dv y
dv = -<0I3LIVV> exp(-2i J Cudr)cv . (6)

Since a gap parameter is used common to all basis states one has

<nm5v|3t|nm> = <Gulat|0> = <ﬁp6v|3tlﬁp> . 2]
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Together with the initiai cundition that the system starts esseatially in the
BC5 ground state eq. (7) shows that the amplitudes ¢ and & are identical in
wg and w:m. The pair (6) is of Landau-Zener type. Hence <y and d“ are
analytic functions [1] of the variables ei/év and Azlév - Therefore c,
does not contain positive powers of the deformation velocity a.

Through first order in pair breaking matrix elements Lhe solution § of

the time-dependent Schrodinger equation is
h * b o:h h
R 2, {Am - f""m"l’o“‘ U SN (8)
n,m (1]

The initial conditions are specified in accerd with the Inglis cranking model

i<nm|aa|0> .

A = ———— @ . 9)
nm En * tm |t=0

The matrix element in eq. (8) oscillates in time. JLs modulus is a smooth
function of deformation except in the vicinity of the crossings a oroan of
the single particle energies s or e with the chemical potential A. The
contribution of these regions to the integral im (8) is small. It depends on
the deformation @ or am and on the velocity &n or &m at this defcrma-
tion. In the other subintervals of (0,t)} containing smooth parts of the
modulus the phase can indeed be partially integrated yielding

terms which are linear in o, or in the actual velocity a.

The total excitation energy is given by

Ew = <YlH[Yp> - <O]H|O>

- 2
—:Z: 2 & le )l
v

DRI fotwmwgnz fea (1= 21,0%) (1 - 2107} (10)

n
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In this expression the collective kinetic energy % B&z

is identified as the
term quadratic in the actual velocity. Only the absolute souare in the last
line contributes due to the analytic properties of €y* The above-mentioned
partial integration yields the mass parameter:

<nmlaulo>2

B=23, 53—
n,m n m

<nm|d _|0> t
a
+ jd a2 exp i/ (e + & )dr
HEm: " l(Cn * am) ( 0 n n

<om)d_|mm>-M A
a nm . 2
Y m i’(i:'n_- (‘_mT h “xl’(l ‘/;(t:n - Lm)dl')l
Tyt s 2y lc '2) : (1)
m n m m

A renormalisation of the coupling matrix eiement takes the "pole contribution”
out as discussed in ref. [2]. No contribution of pair creating matrix elements
occurs.

Generaiizing this result one may say that the coupling causing pseudo-
crossings does uot contribute to the collective kinetic emnergy and therefore

not to the mass parameter. It gives rise only to rntrinsic excitation.
References
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-159~

EFFECT OF A DENSITY ISOMER ON THE DISTRIBUTION OF OUTGOING MATTER
IN HIGH-ENERGY HEAVY-ION COLLISIONS
J. R. Nix and D. Strottmamn
Theoretical Division, Los Alamos Scientific Laboratory

Los Alamos, New Mexico 87545

Within a conventional nuclear fluid-dynamics nodel,l we study the effect
of a density isomer on the distribution of outgoing matter in the reaction

ZONe 4 238

U at a laboratory bombarding energy per nucleon of 393 MeV. For
comparison, we also vary the nuclear compressibility coefficient K 1in an
equation of state for which the pressure increases continuwously with density
above normal nuclear density.

The compressional contributions to the three specific nuclear equations of
state that we consider are illustrated in Fig. 1. The ground-state energy per
nucleon Eo(n) is specified in terms of curves that join smoothly with contin-
uous value and first derivative at one or more intersection points. For small

2/3 . bn. In

nucleon number density n, we take Eo(n) to be of the form an
the other regions, we take EJ(n) to be parabolas in the square root of the
density. This means that in the limit of infinite compression, Eo(n) increases
linearly with density, with the speed of sound approaching the speed of light.
The value of Eo(n) at normal nuclear density ny is takzn to be -8 MeV to
simulate the effects of surface and Coulomb energies for finite nuclei. The
density isomer is taken to occur at a demsity that 1s three times normal nuclear
density, with an energy 2 MeV higher than that at normal density and with the
same curvature. The thermal contribution to the nuclear equation of state is in
each case taken from a nonrelativistic Fermi-gas model.

The equations of relativistic nuclear fluid dynamics are solved numeri-

cally in three spatial dimensions by use of a particle-in-cell finite-difference
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computing methodI with an improved treatment of edge cells. By integrating over
the appropriate ranges of impact parameter, we compute the double-differential
cross section corresponding both to all impact parameters and to central colli-
sions constituting 15% of the total cross sectann. 1In constructing the cross
sectica from the velocity vectors of the outgoing computationa! particles at
lJarge time, ~¢ use a preliminary Gaussian smooth:ing techmiqus 1n energy and
angle. To tacilitate comparisons with experimental results. -e convert the
tross section for the outgoing metter distribution 1nte the (russ section
dzo/dEdQ tor outgoing charged particles ur<der the assumption of uniform
charge density.

The results calculated for our three equations of state are shown an Fig. 2.
To within numerical uncertarnties, the results are very similar to one another
1n all cases except for ventral collisions at laboratory angle 8 = 30° aml for
both central collisions and all impact parameters at 8 - ,0° {n these casvs,
over certain ranges of energy, dza/dEdQ is larger tor the Jdeusity 1somer than
for the two conventic-ial equations ot state. Because of our neglect of binding,
at low energy all ot the calculations lie signiticantly higher 'han the experai-
mental data tor outgoilng charged parlicles.2 which dare given by the sclid cireles.
At high energy all of the calculations reproduce the expriumutai data at torward

angles, but lie below at backward angles. This discrepancy demonstrates experi-

mentally that the target and projectile are partially transparent to edach other.

Reterences
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2. A. Sandoval, H. H. Gutbrod, W. (. Meyer, R. Stock, €. Lukner, A. M. Poskanzer,
J. Gosset, J. €. Jourdain, C. H. King, G. King, Nguven V. 5., 4. D westfall,

and K. L. Wolf, Phys. Rev. €, to be published.
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Fig. 1. Compressional contributions to our three nuclecar
equations of state.
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CGULOMB EFFECTS IN RELATIVISTIC MUCLEAR COLLISIONS

Nuclear Science Division
Lawrence Berkcley Laboratory
University of California
Berkeley, CA 94720

we derive simple analytical formulas for Coulomb final state
interactions and apply them to the analysis of recent data on nauclear
collisions. The -'I:+ ratio, the -+ inclusive cross section, and the
n/p ratio are studied. A relativistic field theoretic mode! is used
to derive the formulas to first order in Za. Then based on certain
well known non-perturbative results, we recast those formulas in an
approximate non-perturbative form to increase their domain of applica-
bility and remove unphysical singularities arising from perturbation
theory. 1he final formulas are covariant and take into account
multiple independently moving charged fragments cf finite size and
finite thermal expansion velocities. Our studies demonstrate
anaiytically the complexity and importance of Coulomb distortions in

nuclear collisions.

*Abstract from LBL-10279.





