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PREFACE 

We chose the title "Nuclear Dynamics" for our workshop 
because it was broad enough to cover the wide range of subjects 
that characterize the frontiers of nuclear physics today. The 
macroscopic aspects of nuclear collisions at all energies (from 
the lowest 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 discussing the 
chemical properties and low energy nuclear structure of the 
elements as they were discussing pion production correlation 
functions and quark confinement. Conventional 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 xake 
up the bulk of this report. These summaries qive a good 
impression of the subjects covered but thev can not convey the 
contents of the associated discussions, which took up most of the 
time, and which were the most important part at the meeting. 

Some of the administrative coats and the cost.-? of 
preparing these proceedings were covered by a grant frop the 
Director's Office at Lawrence Berkeley Laboratory. Ve at" 
indebted to Sue Ovuka of Conference Coordination for help in 
setting up the workshop, to Jeannette Mahoney for handling all or 

the on-site administration and to Cathy Webb 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 thr-
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 
Jargon Randrup 
Gary Wastfall 
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LIGHT-PARTICLE EHISSIO" » REACTIONS INDUCED WITH CARBON AMD OXiCM IONS* 

F. Plasll, J. R. Beene, R. L. Ferguson, A. Gavron, D. C. Hensley, 
F. E. Obenshain, G. R. Young, M. P. Webb 

Oak Ridge National Laboratory, Oak Ridge, Tennessee 37S30 
G. A. Petitt 

Georgia State University, Atlanta, Georgia 30303 

K. A. GeoCfroy, M. Jaaskelainen, D. G. Sarantites 
Washington University, St. Louis, Hlssourl 63130 

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

In this wo.' preliminary results are presented Croat three different 
experiments In which light particles ealtted during the course of heavy-
lon-lnduced reactions have been studied. The common primary estivation for 
undertaking these studies was to determine the nature and extent of 
nonequilibrturn particle emission. The three experiments involved measure
ments of energies, angular correlations, and multiplicities of neutrons or 
alpha particles emitted in coincidence with deeply inelastic (DI) products 
or with evaporation residues (ER) produced as follows: 1) neutrons from 
reactions of 0 with Nb at 12.9 HeV/u; 2) alphas produced in the same 
system; and 3) neutrons produced in C reactions with ' Gd and In C 
reactions with Gd 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 nonequilib-

1-1 ri,im neutron emission, except for experiments carried out at ORNL with 
relatively light heavy ions at energies above 10 MeV/nucleon. The n-jmber 
of a-e"nission studies is considerably larger, and while there is soot 
evidence that nonequilibrium a^pha particles are emitted, they do not 
dominate the observed distributions. Furthermore, the interpretation of 
the alpha measurements 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 insic'e a thin-walled spherical reaction chamber, and eight 
liquid scintillator reutron detectors were deployed at fixed angles around 
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measured at several angles* both in- and out-of-plane, en both sides of 
the beam. From the data it is possible to generate a diagram of Galilean 
invariant ft multiplicity, dH a/dv dS&f* The resulting contour-polar velo
city plot has the advantage that it represents results that are invariant 
with respect to transformations into any frame of reference, and thus a 
choice of a specific emission 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 Lons 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 bean from the coincident carbon 
nuc lei, between the beam and the TL rccoi Is. Simi lar results have been 
obtained by other groups, and in some cases claims have been made that the 
a particles result from some type of nonequi1ibrium emission process. 

In order to interpret our results, we have carried out a Hon re Carlo 
simulation calculation in which alphas were allowed to evaporate from 
excited 0 and Hb reaction products. In this calculation wc have made 
use of average n, p, and a energy spectra and >t multiplicities cilculated 
from a modi f ied version of the Monte Carl o evaporat ion code JULIAN'- The 
total kiretic energy and angular distributions of PL products wtrt 
obta ined experimentally from a separate s ing Its measurement. First, we 
neglected the effect of the sharp variation in the angular distributions 
of PL products and obtained the velocity plot shown in Fig. 3. ,i. Wh*. n this 
calculated distribut ion is compared with the measured «<nt -, it is clear 
that there is little resemblance between the two, evt n in their gross 
features. We then took the angular distribution of t ht- 0 pr.-duct s into 
account and obtained the contour plot of Fig. l.b. 11 we allow tor the 
fact that our a detectors did not cover the angular range c lose to the 
beam and had an energy threshold equivalent to 2 cm nsec , the calculated 
distribution (Fig. 3.b) is in fairly good agreement with the measured 
distribution ("Fig. 3.c). We cone lude that whi It th*rt- may be a sroal I 
number of nonequiIibrium alphas proJuced in this reaction, most or the 
alphas can be accounted tor in terms of equilibrium emission t roir. f ul 1 y 
accelerated fragments. It also follows from the simulation that most of 
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the alpha yield in the Intense-yield region of Fig. 3 is due to the 
emission from the PL fragment and no* from the TL products. a« <0-"** ffllght 
hnve been tenpted to conclude from a cursory examination of the experimen
tal velocity contour diagraa. This result, however, is not inconsistent 
with excita'ion energy sharing proportional t« ik- masses of the products. 

References 
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BOMBARDING ENERGY DEPENDENCE OF NUCLEON EXCHANGE AND 
ENERGY DISSIPATION IN THE STRONGLY DAMPED REACTION Z 0 9 B i + 1 3 6 X e 

W.W. Wilcke, W.U. Schrtfder, J.R. Iluizonga 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 beea achieved In 'he understand in>: of 
sforgly damped reactions at energies several MeV/u above the Couloab barrier, 
some important experimental results arc not yet clearly understood. 

Among these is the degree of correlation between the nucleon exchange and 
the large energy losses observed. In a model1 proposed by Swiatecki nucleons-
upon crossing a window between the colliding nuclei-deposit their relative momentum 
within the recipient nucleus and thus convert kinetic energy of relative notion 
into intrinsic excitation energy. Although such a nechanlsm Is consistent with 
experimental data, it has not yet been proven that energy loss induced by nucleon 
exchange is so dominant a mode cf dissipation as to exclude other mechanisms 
such as the excitation of isoscjiar giant resonances. Investigation of the 
bombarditig-energy dependence of reaction phenomena is expect6 * .. -']eld essential 
information bearing on this question. In the following, ex[ t iraeni. . evidence is 
discussed, suggesting nucleon exchange as described by a on« .>ud> -xiel co be the 
major component oi' the dissipation mechanism. 

II. Experimental results 

In an experiment- similar to the one described hy Schrffder et al. 3 the system 
2 0 9 B i + 1 3 6Xe has been studied by measuring the triple-differential cross section 
d3o/dStdZdE at a bombarding energy of EL=940 MeV. An overview of the data is shown 
in Fig. 1. The qualitative .results are similar to the study5 of this system at 
E L = 1130 MeV, yielding Gaussian Z-distributions with variances ^,2 strongly in
creasing with energy loss. In Fig. 2, the variances o z

2 are plotted as a function 
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 i.2 of the 
mass distribution and the enejgy loss, since both are produced by the same nucleon 
flux. In the,classical limit and for peripheral collisions this relation can be 
written as 

In (TQ/T) = ? . / (1) 

where T 0 = E c m - V c and T = T 0 - -Lo S S are the kinetic energies in the entrance 
and exit channels, respectively, u denotes the reduced mass and m the nucleon 
mass. If a unique proportionality between o f t

2 and ^ 2
2 exists throughout a reaction, 

a classical model of nucleon exchange predicts a linear relationship also between 

Work supported by the U.S. Department of Energy. 
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1 ijiiirL- 1 Figure 2 

the quantities z" and !n(T0/T), with a slope given by - (—J » £f the relation 
\\ = (A/Z)' p is assumed to hold. In Fig. 3 is shown that the data Indeed 
follow straight lines, hut quite in contrast to the prediction of £q. 1, the 
slopes are strongly dependent on the bombarding energy. 

It lias be^n pointed out by Randrup1* 
that it is important to incorporate the 
effect of the Pauli principle into 
models of nucleon exjhange. Since the 
exclusion pr inciple 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 ' 
just compensates for the reduced flux. 
Therefore, the value ln(T0/T) for a 
given. -.,- has to be increased by a 
factor a s; Jclass'J q.m. L l u' i t h 

respect to the one given by Eq. 1 in 
order to account for the Pauli princi
ple. Three quantities determine the 
magnitude of t: the thermodynamic 
temperature of the colliding nuclei, 
the relative position of the F^rmi-
surfaces for non-identical nuclei and - raosc importantly - Lhe relative mom°ntun 
of the nuclei, which displaces the Fermi spheres with respect to each other. A 
straightforward geometrical calculation of the overlap volume of two inter-

a universal energy dependence 

Figure 3 



-11-

for a: 
«*f("TF«Ec»- Vc>) 1/2 <2> 

approximately valid for peripheral 
collisions of cold nuclei. Consistent 
vim experiment, a increases strongly 
with decreasing bombarding energy. 
These results are not restricted to 
the Xe + Bi system. In Fig. 4 experi
mental a-values for numerous systems 
are shown, where the broken line is 
calculated using Eq. 2. Although 
this simple model reproduces the 
qualitative trend of the djta, there 
are still strong systematic deviations 
of the data from a universal curve. 
They are mainly associated uith 
reactions Induced by ^*Te 
projectiles. 1 2 3 4 5 

T?<Ean-VcouL> ttW/u) 

I I I . Trajectory c a l c u l a t i o n s 
Figure 4 

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 interaction time. More detailed trajectory calculations have to be performed 
to allow a meaningful comparison with the data over a vide range of impact para
meters. In Fig. 5 results of a partial-wave decomposition of experimental data 
are compared to a trajectory calculation using a model5 with four degrees of 
freedom: the position vector (r,0) connecting the centers of spherical nuclei 
and their respective angles of rotation. It should be pointed out, that theore
tical values of none of the quantities 
depicted in Fig. 5 are affected by in
clusion of the Pauli principle. Thus 
the eftect of various potentials or a 
different set of degrees of freedom 
can be studied decoupled from the 
effect of the exclusion principle. 

As can be inferred frore Fig. 5, 
the calculation is unable \-o reproduce 
the large energy losses observed. 
This is not unexpected, ri.iue m- de-
formatior degrees of freedom are in
cluded, which puts an upper limit oi! 
the kinetic energy that czu be dissi
pated. Therefore, an extended model,6 

wheie the two spherical nuclei are 
joined by a cylindrical neck has been 
adopted. Its radius and the mass and 
cha.aa numbers of she projectile-like 
fragrant are treated as three addi
tional degrees of freedom. The proxi
mity formalism and the liquid-drop 

**!»•> 
Figure 5 
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potential en^r^y surface has been used to define the conservative and di^si-
pative forces. In Fig. 6 the results of a calculation (without any adjusted 
parameters) are shoun. Consistent with experiment, ;he calculated energy loss 
has strongly increased. Th«i charge variances o^ 2 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 unexplained boabrtrding energ" 
dependence between energy loss and fragment charge dispersion can be mdefstood 
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*. c data, although such processes cannot be ruled 
out on basis of this comparison. 

1. J. Bcocki et al., Ann. Phys. 113, 330 (1977). 
2. W.W. Wilcke et al., Phys. Rev. C (in press). 
3. W.U. Schroder eL al., Phys. Kep. 45, 301 (1978). 
4. J. Randrup, Nucl. Phys. A307, 319 (1°78); ibid. A327, 49C (197?). 
5. J.R. Birkelund at al., i'hys. Rev. Lett. 4_0, 1123 (1978). 
6. W.J. Swiatecki, Report LBL-8950 (1979). 
7. W.U. SchrSder et al., Phys. Rev. Lett. 4^, 308 (1980). 
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FRAGHENT SPIN O<U0ITATIGN IK THE OEEP-INELASTIC REACTION 1 6 5 H D • 1 6 S H o 

FROM ANirOTROPY MEASUREHENTS OF CONTINUE If-RAYS 

G.J. Ulozniak. R.J. McDonald, D.J. Horrissey, A. J- Pacheco, C. Shuck, S. 
5bih, R.m. Diamond, C.C. Hsu, H. Kluge, L.G. Moretto, L. G. Sobotka, 
and F. 5. Stephens 

Large amounts of orbi ta l angular momentum can be transferred into 

fragment spin during the deep-inelastic col l is ion process. Simple Friction 

mode's suggest that the transferred spin should be aligned perpendicular to 

the reaction plane. This spin alignment should yield a large rat io for the 

in-plane to out-of-plane continuum I'-ray y ie ld , N( in / i . ) , i f most of the 

spin is carried off by stretched E2 transitions. For symmetric pioducts 

Frcm the 1064-ffleV Xe • Au reaction, the observed small v&.ues of 

UJ(in/JJ have been interpreted as evidence for a reaction depolarization 

mechanism, caused by the thermal excitation of angular-momentum bearing 
2 3 

collective modes ' in the rotating di-nuclear system. 

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

ute have investigated the Ho * system at 8.5 ffleV/A. A symmetric 
a ^ t 

entrance channel was chosen to minimize ^- fract ionat ion effects ' and 

because at iiis bombarding energy {jf ^ 364ri) a large amount of angular 

momentum can oe transferred into intr insic spin ( I + I -** lOOn) i f either 

the sticking or ro l l ing l imi t is achieved. Secondly, this spin is orimarily 

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

region have larqe Fission barriers and large coulomb barriers which inhibi t 
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the fission process and charged particle emission, respectively. Thirdly, 
5 

the nuclei in th is mass region are good ro tors whose V-ray cascade 

m u l t i p o l a r i t y is r e l a t i v e l y pure t*80/a E2) . l a s t l y , for a symmetric system 

there is no d r i f t in the mass d i s t r i b u t i o n and i t s width is narrow due to 

the steep ion- ion po ten t ia l as a funct ion of mass asymmetry, thus e*l r - i n a t i r g 

the need for A or Z - i den t i f i ca t i o r . . 

A schematic representat ion c f our experimental setup is shown in F ig . 

1a. To def ine two react ion planes, three p a r t i c l e detectors were placed 

at iden t i ca l ancles from the beam d i rec t i on (two in a hor izonta l p lane, 

5 i1 4 b i 3 , and a t h i r d . 3i2» in a v e r t i c a l p lane) . 5 i1 and Si? consisted 

of n s inq le F.-detector escii and 5 i3 was a AE-E telescope to monitor the 

width of the product charge/mass d i s t r i b u t i o n . to detect the continuum 

If-rays , three 5x6" Nal detectors col i imated by 3" diameter Pb aperatjjres 

were placed 24" from the ta rget . Two of these detec tors , NaI1 £ to:* 13, 

were placed in the sane hor izonta l plane as 5 i1 A 5 i3 and WaI2 u.-as placed 

in the same v e r t i c a l plane as 5 i 2 . With the above detector arrangement, 

9 separate determinations of the in-plane to out -o f -p lane K -y i e l d couic 

be made. Tyjo examples of one such class Tf detector combinations ere 

shown in Figs. Ib&c. In th i s pre l iminary analysis of the data only foi_<-

such combinations were analyzed. 

f a r the ~Ho + Ho system, the grazing angle is •** 25 i r Lhs? Iri-j . 

A p a r t i c l e energy spectrum taken at 27 is shown in f i g . 2 ( s o l i ci_ryej. 

This spectrum shows a k inemat ica l ly broadened e las t i c peak uuhici* t a i l ' -
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off into the quasi-elastic (QE) region and a d is t inct deep-inelastic(DI) 

bump with a mean Q-value of about -300 MeV. The continouu" Jf-ray energy 

measured in coincidence uith reaction products shoved a peowinent E2 bu«p 

whose mean position aiid upper edge moved to higher energies as the par t ic le 

Q-value became increasingly negative in the QE region, but regained constant 

thioughout the entire Q-value range (—-200 to -100 I»eV) of the DI region. 

For each Q-value b in , the average Jf-ray mul t ip l ic i ty ues calculated 

employing the following expression: 

^ = N c ( r ) / ^ ( y ) N s ( p a r t i c l e s ) , 

where N and N are the number of coincidence and singles par t ic le events 

and £ is the Jf-ray detection efficiency of the Nal detectors. The anount 

of angular momentum transferred into the int r ins ic spin of the two fragments 

was calculated frof.; Illy with the following transformation: 

I1

 + I 2 (*) = 2 j[j»fr + 8 -6J • 1.0 E*/12. 

I t was assumed that there were 6 E1 transitions and that e i th t E2 t ransi 

tions lay below the 0.3 IDeV cutoff which was set to exclude the hackscatter 

energy region. Furthermore, i t was assumed that one neutron was emitted 

for each 12 ItieV of excitation energy and that each neutron carried off on 

the average one unit 

The amount DF spin deposited in one product fragment is plotted (squares) 

versus the reaction Q-value in Fig. 2. For the f i r s t 200 IfleV of energy loss 

the transferred spin increases rapidly and saturates at-"-50^> in the DI 
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regiDn, which is essent ia l l y the value of the s t i c k i n g l i m i t fo r £rne.* 

The above dependence of I - L>f Q-value mirrors the change of the value? of 

the mean and upper edge of the quadrupole bunp j i the t spectra. T^is ce^a-

v ior can be easi ly understood wher one rcrr^- tp is t^at for ro ta t iona l -"ur l^ i 

Ev is prooort ional to the spin of the en-RHrg nucleus. 

Thp r ^ t i c i f the in-plane to out-of -p lane c jn t inuun |T-ray y i p l d W ( i r - / l ) 

in i l s c p lo t ted [open c i r c l es ) versus the react ion Q-value. T^ i i r a t i c 

i-: un i ty for e las t i c evpnts and ri*»es rap id ly w i th increasing en,.rqy l r ss 

reaching a •-axi-iu'i value of 2.2 at the upper edg<? of the D i reoi^<- l p r.efsr<~ 

decreasing o^ci* to near uni ty for the larpest energy losses. T*-e ra r i d ris.- 1 

of Wt-n/jJ aenss the QE region tracks the rapid increase in th? spir- cr thr 

fragments, - i nce W( in/] ,) i s approximately propor t iona l to ! /f^, ufretetr^ 

is the rms misalignment vector and I is the fragment s c i n , and tecause 1 

rap id ly increases wi th increasing energy loss one uoulo expect iu( I~/J_) tc 

increase i f 0~ was only slowly vary ing with O-value. However, in t ^ ° O! 

region I is essent ia l ly constant , uihi 1 e W( in/x) decreases, ind ica t ing O a t 

the misalignment <T is increasing wi th energy loss . 

The magnitude c f the spin misalignment can be extracted f ^ c - t*e ^ x ^ e - i -
2,3 

mental ra t ios by assuming that the p robab i l i t y funct ion for ~ ir-al i- jorpi* 

is a gaussian d i s t r i b u t i o n peaked at the Z-3xis . For B0/o 12 t ran= i * i cn - -:-.£ 

a Q-value oT -250 TilaU, the experimental value cf <T"2/i2 -1S 0.07C m-hi-h 

corresponds to a misalignment angle of approximately 26". The c e c ^ i a r i r ^ -

t i on nodpl of Wnretto and Schmitt " predicts that 4 " ^ ^ / ^ ' , i.-^er-- J i ' 
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the moment of inert ia of one of the two touching spheres and T is the 

temperature. For the -250 fllev Q-value o in , T = 2.3 1*eV and the model 

predicts a value of T V ' - D-064 and a usalignment angle of 25 >*iich 

are in close agreement with the experimental values. 

In summary, from this preliminary analysis me have observed in the 

Ho + Ho reaction, large values for the >;oin transfer ( I . • I ? » 1 0 0 T I ) 

and large values for the in-plane to out-of-plane continuum IT-ray rat io* 

Ul(in/J.) = 2.2. Both the spin transfer and u( in/J.) are strong functions of 

the reaction Q-value and the la t ter also shoxe a dependence on Ej.. r o r 

a reasonable value of the tf-ray cascade i> j l t ioolar i ty (80% E2s) t a 

misalignment angle of 26 is extracted fcr t re deep-inelastic region. 

These dat3 have been compared with the s ta t i s t i ca l model of Woretto and 

Schmitt which correctly prpdicts the magnitude Df the observed misalign

ment and qual i tat ively explains the trend of n[in/X) with Q-value. Ule 

conclude that continuum JT-ray snisotropy "eafurenents are a pcwerful 

technique for probing the deep-inelastic coll ision process. 
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DISTRIbiTi ION OF PRODUCTS IN THE REACTION 20tic * Al* 
R. L. Ferguson. A. 6avron, F. E. Obenshain, F. Piasil. 
R. L. Robinson, 0. Shapira, A. H. Snell and G. R. Young 

Oak Ridge National Laboratory 
P. 0. Box X, Oak Ridge, Tennessee 37830 

We report here our measurement and preliminary analysis of the 
distribution of products with 2 < Z < 21 and 3 < A < 43 fro" reactions 
of *-'°Ne with A). Experimental conditions were adequate to allow resolu
tion of individual Isotopes over this entire range, and measurements 
were ma_'e at several angles for each of two bombarding energies. 
Measured relative cross sections of the heavier products are compared 
with predictions of a statistical model evaporation calculation. 

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

Experiments were performed using energy-analyzed, well-colliwated 
beams of 2^Ne from the Oak Ridge Isochronous Cyclotron incident on 
100 ug-cm~2 aluminum targets. For reacti"-. products, the fliqht t*or 
was measured between two channel-plate electron multiplier assemblies 
122 cm apart, and the energy loss in a gas-filled ionization chamber as 
well as residual energy in a silicon surface-barrier detector were also 
determined. Our t'w resolution of i 150 ps FMHN and energy resolution 
of t 0.6-MeV FHHH (measured for elastically scattered 2 UN») q a v e a maia% resolution of •»• 0.4 FWHN. Resolution in Z was -• 0.6 FWN. Differences 
in charge-collection times in the parallel plate il ionization chamber 
were used to correct for scall differences in path length between the 
channel-plate detector foils, which were i>.iented jt 45° with respect to 
the detected particle's flight path. The data were analyzed by first 
constructing Z-masks in the aE-vs-E plane and then forming maos of an 
ET' function vs E for each Z. Frun these maps, A-»«sks were constructed, 
and an energy spectrum of each isotope was projected. Our presert 
results are presented as relative yields. 

Figure 1 indicates the energy- and angle-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 lie further from the comound 
nucleus than in the 118-MeV case. 

In Fig. 2 are shown comparisons between our experimental results 
for the heavier products and the ER yields that are predicted by the 
evaporation code JULIAN (as modified bv Gavrj * ' The calculated values 
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have been normalized to experiment by the ratio of total experimental to 
theoretical o F 0 . For this purpose, the experimental o f p was defined to be the sum of yields for all nuclides with Z > 12 and JT> 24. 

The Monte Carlo evaporation 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-iiwiatecki rotating liquid drop 
yrast line, and (iv) nuclear masses from the Mapstra 1977 table. One 
thousand cascades were calculated for each bombarding energy. 

As is apparent in the Z and A projections of these conv.1 isons 
(Fig. 3), the overall agreement between experiment and theory is rather 
good. With the calculational parameters used, the theoretical distr1ou'!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 variations will enable us to 
define level densities and the yrast Mne appropriate 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 HeV. Lehr 
e_t al.,2 were able to account for a similar underproduction of yield for 
lighT ER in their study of the system ZONe + z 6 H g 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 overemphais on a-emission. In this case, agreement 
between experiment and calculation is likely to improve with other 
choices of input conditions. 

Me have also made comparisons with the computer code ALICE., which 
does not involve the couplings to all final angular moment.in states but 
treats angular momentum 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 conclude 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 

OEEP-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 
light 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-»-rays. In addition, it is not 
known which fragment emitted the detected x-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-'l-le can be ex.wiined. 
For example, recent work (1) on the angular correlation of evaporated 
light charged particles from the reaction 280 KeV Ar + 5 8Ni was 
used to infer the angular momentum of one of the deep-inelastic 
fragments. We have improved upon this already poherful technique by 
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simultaneously measuring the gamna multiplicity (MY), as well as the 

out-of-nlane alpha emission from one of the deep-inelastir fragments 

produced in the reaction 664 HeV ^Kr • n a tAg. He would like to 

discuss some preliminary results from this experiment, which wt-

believe will prove extremely enlightening upon completion of the data 

reduction. Our results are interpreted w'th the aid of a straight 

forward statistical mechanical formalism. 

The 664 ,'feV 8 4Kr + n a t A g 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, but heavy enough 

so that second-chance light-particle emission is unlikely. 

Furthermore, it is possible to select an experimental configuration 

(see figure 1) where the detected o-particles should be predominately 

emitted from the target-like fragment. The system has a large angular 

momentum, £ (rms) = 194 , and thus can deposit reasonably large spins 

into the two fragments (2). 

The experimental configuration is outlined in figure 1. An Kr 

beam from the superHILAC impinged upon a 586 vg/cm n a Ag target. A 

AE-E (llum-300vm} solid-state telescope with a 6.8 msr acceptence 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 containing 4 light-particle telescopes (40pm-5mm) was 

positioned so that the^e telescopes had an in-plane projection 

approximately coinciding with the target recoil direction. Thick, 

10.1 mg, Ta absorbers were placed in front 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 M . An eighth Nal was employed 

to obtain gamma energy sperira. 

After each event was reconstructed, the energy of the alpha 

particles were transformed into the cm. 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). here we give only a 

brief discription. In a statistical model the spin alignment of one 

of the deep-inelastic fragments is described by qaussian distributions 

in cartesian components of angular momentum with widths 3 , n , 

and c ?. 

Using these misalignments 1: has bpen shown (4) that the oecay 

width is: 

r S(e,«) exp 
' z c o s ?

8 

25?(e,#) 
1. 

2 2 7 7 7 7 7 7 7 7 
where S (o,tf) = K' + o'cos tfsin 0 + a sin tfsin 9 + a cos e. Here, 

K. is the width of the out-of-plane distribution arising from the 

liyht 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 I(max) and assumes that the bulk of the total 
decay width is due to neutron emission, then the out-of-plane angular 
distribution is given by: 

»(».«) = ̂ [ 1 - exp(-A)] 2. 

-...i^H.)...^--!.) 
The moments of inertia-J- and-j. are those of the nucleus after 
neutron emission and perpendicular to the separation axis at the 
critical shape for decay. Using a value for I(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 2 

assumption that 0 = 0 = 0 = 0 then S = K • o . 
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 
-r-rays(Nfold), TKE or charge asymmetry is increased. The trend seen 
in figure ?. results because gating on a higher number of coincident 
Y-rays creates a bias toward high fragment spins. 

In figur; 3 the dependencies on 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 pnssiblity is that one selects 

higher angular momentum events with increasing TKE. The trend with 

asymmetry is most likely a consequence of the division of the angular 

momentum between the two 01 fragments. If the dinuclear complex 

reaches rigid rotation, the partitioning of angular momentum between 

the two fragments goes as the moments of inertia or (H.IH-) . 

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 Umax). 

We are presently attempting to calculate values for K so that a 

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 OIC. 
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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-inelastic 

region 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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P l a n n i n p for VSSUS 

!im--e 1 (1. Puirh 

Lawrence Be rke l ey IJIh*>rator\ 
B e r k e l e y . C a l i f o r n i a ">-J720 

Abst rat-1: VENTS ( V a r i a b l e I 'nere j : . i i . l " n r S y n c h r o t r o n ) i s 
a major new heavy I >n :i< • rc] i r a t o r ?•> !>•• p roposed fo r 
c o n s t r u c t i o n a t I.HI.. Si urn- • .-•pi 'ds m p l . t i n k n c U s s » c i e n t i f l c 
program ar<' rtisiusM-il. 

1. H i s t o r y 

Oyer tin- past siv.ral scars -. i :i f S <>' IJIi.'s "uclear Science 
Division (N'S!)) and Accelerator ipe Fusion Riscarcli Division 
(AFRD) have been working to;i-t!i-r t. n nsiilor what ne» 
acceleratorfs) should ie planned tor the eventual replacement 
of LBL's facilities (tin- «R-:n.h <>. Kit n>ti. the SuperHIIJtC. 
and the Bevalat). In .id.Ii'ion in iiuest iun.i of technical 
feasil)i 1 ity . approprialeni-s-: to the in> l : tut i>>n and the 
interests of the existing staff ant! <>ui*.-l< user groups. 
the re-iuirettor." was imposed th-it t »• :•••.. .•.>•:• rae>r'si sho-ild 
put the Laboratory into a position • >: > 1- i- > ad- rship -m the 
national and internal 1 >na 1 scene 

Extensive internal discuss: r. •>-.,.,,-... :ir,.| • •-,. annua. series 
of LBL/GSI meetings contributed ,-r •:;*'•. ••jlrinatinf i." I!K-
May , 1979 1st Workshop on I'l tra-Hel..; i v i-t i • i<--a n !-n 
Collisions (1). In June. !97P the I..">!. .•:.-.*- >ss-e I i r-port (2) 
on The VE.NTS Project. v..ich forr-s t!i- basis -..r •iiii-'i,: planning 
The VENUS facility, replacing the Be\alac. .-: j m.jecte-d by the 
SuperHILAC, would provide ions up t<> V. ani v .it e.iorjries from 
40 MeV/amu to 1 TeV/ari'i — :uiva'.ent . th. '•.-. • • r •a-ing obtained 
by a colliding beam capability. The acceii-r.i-.nr. usinc 
superconducting in.-i-Fn :-.t;nets. would fir cvnfortaMv on 
to the existir- LKL -ite. ard cost rough*-.- S100H (1979). 
The overall capability -if the fuel lit... loiji d to the SS-inch 
Cyclotron (assumed to . ontinu-' op. rat ioi; -iih appropriate 
upgrading? would pi.rni' in extri—ii 1 -vi-!- rait:e of ohvsics 
to be addressed' atomic, nuclear - lori'iitarv oarticle. cos-nic 
ray, and astrupnysii_.s. In add 1; ' • ..1 ii would provide expanded 
capability for the biomedical research procra." c-u-rently 
carried out at the Rrvuiac. 

In July-August I"-7P. th«- ROiI NSF Sue l ear Science Advisory 
Committee, chaired by Pr-'fv sor lie m a n FoshLacfc. held a major 

http://acceii-r.i-.nr
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Long Rangr Planning Study and projected national construction 
and operating budgets for the coming decade (3). The 
committee stated that $100M projects such as VENUS, or a 
kaon-antiproton facility, would require funds supplemental 
to those projected for the national base program, and would 
have to "be justified separately as required by important 
national goals, requiring special construction allocations. 
and ... substantial (additional) operating costs". The 
Cor.un i 11 ee recommended that research and development be 
conducted on such facilities, noting: "It is essential 
in all th^se cases that the R&D is not confined 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 basi-5 of current LBL planning 
for VENUS. 
2. The VENUS Project 

The details of the accelerator will not be presented here 
in detail, since they 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 AFRP. wo assume: 
Fixed target mode: 10 MeV/amu to 20 GeV/amu: 3 beams 

independently variable in energy, 
duty factor and intensity. 

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

Proton capability: 50 GeV fixed target or colliding beams 
(5 TeV fixed target equivalent) 

3. General Observations 
The energy range is sufI•_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 GeV/amu the projectile is 20 times heavier than its 
rest mass. Only a fraction of its total energy cr n b_- made 
available in the cm. system by collision with a stationary 
target. 
2) The above problem is overcome by the colliding beam 
capability. For 20 GeV/amu colliding beams of equai mass 



nuclei, all the energy is available in t h<> c m . This p- .-ldc-
the equivalent of 1 TeV/amu projectiles striking a slai n.nary 
target, with all the experimental advantages of hpving tin-
c m . system at rest in the laboratory. 

'i) The collisions an' truly "ultra-r«-lat iv i.st ic". i .«•. . the 
rest mass can he neglected to a first approximation. "article 
creation is the ordo- of the day: no dcsc-riDi inr. of Un
coil isioi; nroces.s can .succeed which ignores particle crenlnn. 

•1) While the above three eommt'nt.s apply as piuc-h U> |»r< tui-
proton collisions as to collisions involving nuclei, tin-
extreme Ixirentz contraction and time dilatation introduce 
nevi feat tires when nuclei :i re involved. These features 
warrant a special - • it ion : 

1. l.oreniz Contraction and Time Dilatation 

The projectile, target, and c m . frames are all <>f init-i-<-.st . 
A 20 GeV/amu on 20 GeV/amu collision is equivalent, fur equal 
masses to a I TeV/amu projectile (tarrel) sicking a stationarv 
target (projectile). 

target -fra^e : 
(a r rows i ^ ^ n o f ( 

p«-ojetHlt •fva.o'vi: 

<r-

A. rv 
-*> 

projeci-.ie 
r - IOOO 

fcurqeb 
V - I 00 t> 

In the target frame, the target is entirely a normal nucleus. 
The projectile, longitudinally contracted by a factor of one-
thousand is only about 10~2 f m thick, resembling a piece of 
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paper in its proportions. We must therefore expect an entire 
row of nuclcons 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 cm. frane. 

In the c.r.i. frame, the Lorentz contraction is less extreme. 
a factor of 20, but applies to each nucleus. This still 
suffices to reduce the Uranium nucleus to a thickness of les.s 
than 1 fm., the diameter of a proton. It becomes clear lor 
all these reference frames that the collision is ph>sically 
one of rows of nucleons on rows of nucleons. 

In the cm. 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 larger than that 
of a normal nucleus. Statistical considerations of such 
energy densities provide a highly successful basic description 
of, for example, pion multiplicities in high energy p-p 
collisions, an<* such p-nucleus and nucleus-nucleus data as a m available in this high energy 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 ppace-time 
evolution 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 energies of VENUS. 
asymptotic simplicities will arise, and new approximations 
can be utilized. 
5. Scope of the Research 

Following the broad original concept and heeding the 
guidelines of the DOis/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 of LBL 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 
biomedical research. 
Of these, the first and last items should be considered as 

among the many surprise benefits of the accelerator. Atomic 
physics would, for example, benefit from the capability to 
make one- or two-electron Uranium or other heavy nuclei. It 
is assumed that by the time VENUS is constructed, 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 fcr 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 i.uclear systems, 
including stars. 

The program of the accelerator will be developed in all 
these areas. As nuclear physicists developing the proposal. 
it behooves us to look outwards from our own specialities to 
their implications for other fields and to try to look at 
ourselves from the outside 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 be 

addressed. They are presented in a connected order, not the 
only possible order. Other connecting themes would be or 

interest. 
1) Quantum Chromo Dynamics - oarticle and nuclear physics 
have to be looked at in an entirely new light subsequent to 
discovery of the psi, and *-.he great successes of quantum 
chromodynamics. This theory 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 
t*-,e every day language even of low lergy 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 knowledge, limits 
of complexity, or limits to be expected from such a model. 
3) Equations of State of Nuclear Matter - much of present 
low-energy and high energy heavy ion physics is focused on 
equations of state. It will be necessary to reconsider the 
successen and limits of this approach, to what extent 
interesting nuclear phenomena are undesirable complexities, 
and to what extent conditions can be arranqed such that an 
equation of state has real applications, e.g. in astrophys'cs. 
4) Phase Transitions in Nuclei - 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 '.'here quarks are liberated from 
their parent nucleons. Intrinsically a nuclear relativistic 
many-body object, it needs to be deiined as closely as 
possible, and it should be examined whether the approach of 
items 3 and 4 alone is the best way to address it. This item 
is also sho-thand 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 anr" *-~ 
what level of accuracy, if one takes into account other 



-41-

unceitainties? 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 experiments, 
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 be 
described in both its strengths and its weaknesses. 

7. The Next Steps 

As you might guess, we believe strongly that the 
experimental program to be defined for VENUS will help answer 
some of the most interesting &nd difficult questions in modern 
physics. We will, in addition to working out the logistics of 
such a major 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 w i 1 ! 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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WU ENERGY riOBS AND DEUSTTT EVOLUTION tK 

RELATIVISTIC NUCLEAR COLL I S t OSS" 

t t f t* 
J. Cugnon and S. E. Koonln 

W. K. Kellogg Radiation Laboratory, Cal tech . Pasadena. CA 11 : 

The recent discovery of d i f ferences in the * and t y i e l d ' a: . l ) 
as u e i l as the observation of d i f f e r e n t low energy a and m -pcc tra in 
r e l a t i v t s t l c nucleus-nucleus c o l l i s i o n s r a i s e the p o s s i b i l i t y t l u t such data 
are s e n s i t i v e to the matter dens i ty d i s t r i b u t i o n during the c o l l i s i o n process . 
There i s no way at present to extract such Information iroo proton i n c l u s i v e 
cross s e c t i o n s . In a symmetric N • Z s y s t c a . » * ' T d i f f erences a r i s e s o l e l y 
Cram electromagnetic forces and r e f l e c t , in p r i n c i p l e , tne propert ies of Un
charge d i s t r i b u t i o n a f t e r the plon i s created . We report here on suae aspec t s 
of a c l a s s i c a l c a l c u l a t i o n of these phenomena. 

1. Model for the c o l l i s i o n process . The nuclear c o l l i s i o n Is pictured 
as a success ion of r e l a t i v l s t t c , o n - s h e l 1 . b inarv. baryon-baryon c o l l i s i o n s . 
The evo lut ion of the system i s ca l cu la ted by Beans of a Monte-Carlo aethod n. 1, 
which embodies the fo l lowing ioportant f ea tures : •I r e l a t l v i s t i c k inematics . 
( i i - empirical elementary cross s e c t i o n s , " l i t p lonic degrees JI freedom are 
accounted for by a l lowing ^-production, ; iv i ' s arc considered s t a b l e against 
pion emission unt i l the end of the c o l l i s i o n process ; thev raay. hovever, be 
destroyed in c o l l i s i o n s with nucleons. This las t point i s a reasonable 
approximation %iven the present knowledge of the behavior ot * resonances ir* 
nuclear matter [c). 

The present model i s a very success fu l p a r - w t e r - f r e e descr ip t ion of 
i n c l u s i v e cross s e c t i o n s ( s e e f i g . I) and two proton c o r r e l a t i o n s at 
3 J- MeV,'A [h]. 

Z. Matter d i s t r i b u t i o n . During the c o l l i s i o n process , i-ur t_alcu.att-m 
revea l s that the matter can be compressed s u b s t a n t i a l l y _ =̂ -.^ and tn«*n 
expands rapidly . However, pions ahould r.ot be s e n s i t i v e to these ear ly s tages 
of the process . At the end of the c o l l i s i o n process and at l a t er t Laes, the 
ca lcu lated matter (and charge; d i s t r i b u t i o n of a symmetric system can be 

Supported in part by NSF grants PHY77-^K.i and PHTP-. —1.-.-. - : . 
Permanent address: Univers i ty of Liege , I n s t i t u t i e Physique, is— 
Sart-Tilmanj Belgium. 

Alfred P. Sloan Foundation Fellow. 
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REACTION THEORY FOR A NONLINEAR DYNAMICS: 

THE 5L' -MATRIX TIME-DEPENDENT HARTREE-FOCK THEORY 

James J. Griffin, Maria Dworzecka, 
Peter C. Lichtner, and Kit-Keung Kan 
Department of Physics and Astronomy 

University of Maryland, College Park, Maryland 20742 U.S.A. 

ABSTRACT 

A single-det^^-inantal TDHF reaction theory structurally analogous with 

the S-matrix Schrbdinger theory is constructed. It Involves time averaging 

in an essential way, displays the interpretativelv crucial propel*ies of 

asymptoticity and channel specificity, and excludes the effects of multi

channel spurious cro&j channel correlations. 

SUMMARY 

Several recent developments in the nonlinear single-determinantal (Time-

Dependent Hartree-Fock) approximation to the many-body SchrSdinger reaction 

theory are drawn together. By modelling the single-determinantal reaction 

theory, not upon the initial-value Schrodingei theory, but on its (entirely 

equivalent) S-matrix formulation, one obtains a description of complex 

reactions (labelled TD-jJ-HP) different from the initial-value TDHF theory. 

Although the initial-value TDHF generates a single wave fum_Lion whose 

behavior at late times summarizes all the effects of the coTIision, in fact 

no specific method has ever been proposed for the exhaustive physical inter-
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pretation of that wave function. Perhaps this Is because the soi-ition* and 

therefore its statement about the internal states of the emergent 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 distant apoaratus 

is located. One concludes immediately that in principle, thf interpretative 

structure of the initial-value TDHF description contracts qualitatively with 

that of the exact theory. 

The alternative TD-x.'-HF formulation discussed here provides the calcu-
2 lation, by means of a specific time average over the TDHr analog of t'ne $-

matrix reaction amplitude, of tne probability for the sv«ten to make the tran

sition to anv specific one of a set of asymptotic channel states, each charac

terized bv the internal states of two fragments anJ their relative .notion. 

These asymptotic channel states are constructed upon the -»et of gauge invar

iant periodic "TDHF-Eigensolutions," which provide the nearest single-determi-
3-5 9 

nantal analog of the Schrodinger eigenfunctions. * Being p-riodic, they 

submit naturally to a time-averaged interpretation of their phvsical charac

teristics. In addition, they lead to a time-averaged orthogonality among the 
2 

asymptotic channel states. 

The upshot is remarkable: a reaction theory for the nonlinear TDHF 

dynamics which is completely analogous structurally to the exact linear 

Schrodinger reaction theory. This theory prescribes amplitudes to a set of 

(presumably complete) asymptotic channel states whose (tirae-averagedl 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 tc pre-
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dict specifically under the statistical interpretation of Che wave functions in 

the theory the probability of measuring that channel's properties, rather than 

those of some other nonorthogonal final channel (specificity). Finallv, the 

reaction amplitudes are, by virtue of their specific tine-averaged definition, 
Q 

completely free of the spurious cross channel correlations 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 0. S. Department of 

Energy, and the Alexander von Humboldt Foundation. 
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FIGURE CAPTION 

Fig. 1: The figure svmbolizes a time-dependent solution *(x,t) bv a line in 

the fragment separation-time plane. Solutions $ (x,t) obey simple 

single-channel initial conditions before the collision; thev exhibit 

multi-channel spurious cross channel correlations after their breakup 

(at the time T-). Solutions * f (x,t) are simple single-channel 

solutions at late times, exhibiting multi-channel spurious cross 

channel correlations for early times, less than T . The interval 

(T.,T.) therefore is the largest interval during which neither of the 

wave functions determining the reaction amplitude, *-'f-» involves 

multi-channel spurious cros<* channel correlation;-
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TttE DEPENDENT MEAN FIELD APPROXIMATION TO THE MANY-BODY S-MATRIX 

W. K. Kellogg Radiation Laboratory. Caltech, Pas*Jena, CA Jll: 

Time Dependent Hartree-Fock (TDHF) c a l c u l a t i o n s are a good descr ip t ion 
of some i n c l u s i v e propert ies of deep i n e l a s t i c heavy-ion c o l l i s i o n s . He*ever, 
i t lias so far proven impossible to c a l c u l a t e s p e c i f i c react ion c o s s - s e c t i o n s 
by any TDHF-like approximation, s ince the TDHF wave-function at U r g e t i n e s 
does not decompose into a l inear combination of channel ^tgeustates whose co
e f f i c i e n t s have a time independent modulus. 

Here we present the f i r s t s t eps toward a mean-field theory which approxi
mates s p e c i f i c elements of the many-body S-natr lx : We consider a many-body 
system with pairwise i n t e r a c t i o n s , v(x - x ) , e x c i t e d by an ex terna l , time-
dependent one-body f i e l d , V ( T ) . Our goal i s to c a l c u l a t e the e x c i r a t i o n amplitudes. 
^P' i s ]B) , where | f ) and ]p* N are exact (or approximate) e i g e n s r a t e s of the 
unperturbed hamiltonian. Sca t t er ing problems c m be reduced to t h i s s i t u a t i o n 
in an approximation which treat s the r e l a t i v e motion c l a s s i c a l l y . 

In a second-quantized notat ion, with the one body dens i ty operator ,. (x) 
ij| f x ) $ ( x ) , the hamiltonian can be wr i t ten as 

H(t) - K - - | ( P , v p ) + ( V ( t ) , p ) - H, • V(tJ . I 

where K is the kinetic energy operator corrected by the self-ener_,y interaction 
term, and (A,B) = J dx A(x} B(x) for any functions A,B. 

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

S nmU C o )(o,t) U(t,-t) U ( o )(-t,o^ , (2 

where U evolves with H only, and U with H* To evaluate S ye use a technique 
° Til ro* 

first introduced by Hubbard1- and Stratonovich1-'" ~ in statistical mechanics and 
applied recently to nuclear physics by Kleinert-"- and L.'vit-"*". The details 

Supported in part by NSF grants PHY77-21c02 and PHY7-;_53r &t -
Chaim Weizmann Postdoctoral Fellow. 

ft 
Alfred P. Sloan Foundation Fellow. 

1 



can be fojnd In these r e f e r e n c e s . Loosely speaking, t h i s technique expresses 

an evo lut ion operator containing a two-body interact ion as a funct ional in t egra l 

over a t ime-dependent a u x i l l i a r y f i e l d , O ( X , T ) , which l i n e a r i z e s the quadratic 

form ( p , v p ) . The many-body propagator i s thus expressed as a continuous supe r 

p o s i t i o n of one-body propagators. Upon introducing a d i f f eren t a u x i l l i a r y f i e l d 

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

S = lim J J J D[o.] D[a] D[o- f] expf - | £ ( C J , V C ) ] U (o , t) U _ ( t . - t ) V ( - t . o ) , 
t "» f " i 

(3) 

where 

- t t o 
<j> dT(a ,vc) = " d : ( a i , v f f i ) - J d i ( o , v o ) * J <M{7 f f V0 f ) , ( - ) 

*o -t t 
and the integration in (3) is over all possible fields with the corresponding 
measures D defined in Ref. ['*]• In writing (3), we have neglected certain ex
change terms, which can be included in a tedtout but straightforward manner. 
Foi convenience, we shall frequently use the subscript 1 - -1, 0, 1, to denote 
i, no subscript, or f, respectively. 

Each of the u
0 / s i n (5) i s a o n e b o d v propagator: 

U 0 ? = T exp[-i ? dT h^.f-r)], corresponding to the one body c -dependent hamil-
tonian: 

H (T) = K . U V O ( T ) ) , 6 (p,V(t)} t C) 
£ 

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 T = O in the lower middle 
and moves backward in time along the lower left hand side of the loop {LO time 
-t) with the mean field a. and with the interaction V turned off. 
(ii) The interaction process: the system evolves forward from -t to t along 
the upper section of the loop with the field tj and the interaction 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 af and the interaction V 
turned off. 
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Fig. 1. (a) The loop. (b) The "collapsed" loop. V(t) / 0 for | T| < T, 
with T < t. (See text for details). 

To find a specific matrix i;lement of (3), we approximate the integral 
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 stationary point can be 
shown to be unity, so that each contributes to S as 

S R 1 R =- iim exp[ l §(o,vo)di: ..;,:'| U U U |f"> . U ) 

Here, t'.ie o, are the stationary fields. To exhibit them explicitly, we define 
the wave functions |P,(T)), <&',(T)| along different sections of the loop by 
two simple rules: 
(i) To find IP.CT)'! at any point i on the loop, evolve |r-/ from : - 0 (in 
the lower portion) clockwise along the loop to the given point. 
(ii) For <3',(T)|, evolve (p'| counter-clockwise from T - 0. 
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As an example, for T on the upper section of the loop, we have explicitly: 
|p(t)) = UCT(t,-t) Uai(-t,o)|e\ <fJ'(i)| = (P1 | U a £(o,t) U^t.T). Note that 
these wave functions have one body TDHF-ltke equations of motion 

i-̂ - IP/T)) = H o (T)|P ((T)> , (7a) 

-i-^<P',C>l = (P/(-.)|Hs (t) . (7b) 

The stationary fields can then be shown to satisfy 

; (e) r<s,'(-O|p(*)l0,M> 
O.(X,T) - Re — '-

[ (e/(t) P (x)> 
uhere the denominator is independent of T and t . Eq, («0 is a self-consistent 
equation in the sense that both |fJ.̂ x)) and (fi • f-r) | have a complicated func
tional dependence upon the values of the a1s at all times. Note that Eqs. (7) 
would be identical with TDHF along the loop if we were to replace (8) by 

The approximate amplitude {") has the propelty 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 a fields which can be investigated from Eq. 
(8). At any point in space a coincides with o. before the interaction starts 
and with a, after the interaction ceases, so that the evolution caused by U 

r a 
is cancelled by U a. for very early times and by U c, for very late times. This 
can be illustrated by the "collapsed" ends of the loop as in fig. lb. Tt is 
also interesting to note that the above mean field approximation, unlike the 
usual TDHF, preserves any time reversal symmetry present in the exact problem. 
Specifically, both the exact and approximate S-matrix ve S 4, - S i f . For 
a T-reversal invariant situation, it can also be shown that for elastic pro
pagation, p* = 3, CT^-T) = af(r) and CT(T) - CT(-T). 

The determination of the stationary a fields defined by l<3"- represents a 
self-consistent time dependent problem. A possible iterative scheme for its 
solution proceeds by alternatively evolving p(3') clockwise (counter-clockwise) 
around the loop, using the cr fields generated from the previous wave functions. 
The problem is thus made equivalent to a number of TDHF-like calculations. 
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However, for a number of n o n - t r i v i a l model hamiltonians, where the r e l e 
vant operators form a f i n i t e Lie algebra, the mean f i e l d equations i y be 
reduced to a s e t of time l o c a l evo lut ion equations for the group parameters. 
These equations must be so lved s e l f - c o n s i s t e n t l y , but only with a small, f i n i t e 
number of i t e r a t i v e parameters. 

To i l l u s t r a t e our methods we have solved two such group-theoret ic hamil
tonians: the forced harmonic o s c i l l a t o r ( t o be discussed elsewhere \ for which the 
zero' th order mean-field approach y i e l u s the exact r e s u l t , and the forced 
Lipkin model. 

The Lipkin model [ 5 ] i s a n o n - t r i v i a l many-body system: K d i s t i n g u i s h a b l e 
fermions with pair-wise i n t e r a c t i o n s of strength V. Each fermlon i s labe led 

by a quantum number p = 1 , . . . , N and can occupy an upper or lower s i n g l e p a r t i c l e 

I 
P 

level with energy ± — . By defining total quasi-spin operators J I j ^ 
<= n 

which satisfy an SU(2) algebra, the hamiltonian can be written as 

H = CJ, - V(J 2 - J 2) . (9) 
o z v x y ' v ' 

We take the time dependent perturbation to have the general form: V(t) 
f (t)j 4 f (t)j + f (L)J . 
x ' x y y z z 

To construct the mean field approximation to the S-matrix, we introduce 
an auxilliary field a for each one body operator j appearing in the two-

x > y x * y 
body term of H . The s tat ionary f i - j i i equations are then 

, (p) 
> / P

y ( T ) = Re (10) 
<V(Q|ffy|P/T>' 

(e/Ml^r.)} 

where | P . ( T ) > , (3 ' ( T ) | evolve with the mean-field hamiltonian 

\ = I ^ ^ 6, ?• ^ + » Z * <P'>,<P> - a / p , , J ( " ) : (11) 
£ v - jz io J . fx J x 'y y 

p - p 
Since any of the HQ-, generates the Sll(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 a-dependent equa
tion of motion. However, the SU(2) algebra can be used to express a in terms 
of the instantaneous group parameters and ĥe o^ (o) via (10). We then 



obtain equations of motion solely for the group parameters which have to be 
solved self-consiscently with only a few Iterative parameter*. The tolutlons 
of these equations determine the stationary configuration. 

For 3,(3' we can either choose exact eigenstates of H 0 > or the ground HF 
state |0>„F (which corresponds for x = g < 1 to all particles In the 
lower level). 

The results for the ground state transition 0 ^ 
for (fx,fy,fz) = exp(-tWf.2)(l,l,l). 

0„_ are shown In fig. 2 nr 

Fig. 2. The modulus of 
elastic amplitude 
1̂ ,(0|S 10)^1 vs. the num
ber of tensions (n) in the 
forced Llpkin model: exact 
(x], ordinary TDHF along 
the loop (dashed line) and 
zero'th order mean field 
approximation (continuous 
line). 

Since cur primary interest in this 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 
<0ls|0) with the exact H F<0|s|o> H F rather than with the exact (o|s|0>. 

Fig. 3 compares the exact excitation amplitudes (n|s|0) for the transition 
between the exac*: 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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1 1 1 1 ~1 r 1 1 1 1 1 1 1 1 

0.5 -is nol X X V(t) = e - t ( J K +J y +J z ) ~ 
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Fig. 3. The moduli of the excitation amplitudes !<n|s|oN| in the 
forced Lipkin mod»l: exact (A) and mean field approximation (o). 

Although the Lipkin model is certainly schematic, the good agreement 
exemplified by figs. 2 and 3 encourages the application of these techniques 
to more realistic situations. Specifically, we are currently considering 
atomic or nuclear reactions in which the relative matrix î  treated semi-
classically and the intrinsic degrees of freedom via tb-j riean-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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GIANT COLLECTIVE VIBRATIONS AS TDHF EIGENSOLUTIONS+ 

M. Daorzecka. K.-K. Kan and J. J. Griffin 
Department of Physics and Astronmy 

University of Maryland, College Park, Maryland 20742 L'.S A. 

It has recently been shown that the TDHF variational principle prescribes a 
unique TDHF "Hamiltonian," "St (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 TD11F Hamiltonian, It , satisfying the familiar 
variational conditions, this variationally true "Constant-<j*r>" Hami 110:1 inn is 
given by 

^ c * ^ + < * ! " - # ! * > . <*> 
where H is the exact Hamiltonian and * is the solution of JV. 

2 Among such solutions we seek as the TDHF analogs of the Schrodinger stationary 
eigenstates phase quasi-periodic solutions which exhibit, under the gauge trans
formation 

H + H + 6(t), (2) 
the same transformation properties as the exact SchrtSdinger solutions. Thus we im
pose upon the TDHF "eigensolutions" the structural form of the time-dependent 
Schrodinger eigensolutions, as follows: 

*cC^t,t) = * G(^t) exp{-i<H>t/ft}. (3) 
With such a choice of phase, *_ in (3) must obey the equation 

[#-<>r>l* G - i-fi*G (4) 
and <J> is guaranteed to be completely unaffected by any gauge transofrmation. Then 
the periodic solutions of Eq. (4) exhibit the same gauge transformation properties 
as the Schrodinger eigenstatesand can be used to construct a TDHF solution, $ , of 
the form (3) which is guaranteed to have the gauge transformation properties of 
the exact time-dependent eigensolucion. 

Furthermore, whenever ^"exhibits a set of periodic solutions, $ , continuous 
in energy, then the corresponding solutions of (4) 

. t 
*G(£,t) = *p(j£,t) exp \~ / <5r(t*)>dt'} (5) 

will be periodic if, and only if, the second factor is periodic with the s.ime period 
quires 
t +T 
J <^(t,)>dt' = 2m*, (n, integer) (6) 

c0 where T is the period of $•_. Thus, the condi tion (6) select 5: from the cont inuous 
periodic spectrum of '*£{ a discrete spectrum of Gauge Invariant Periodic solutions. 
(As discussed in Ref. 2, (6) can be recast into the Bohr-Sommerfeld form.) Note 
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thar. 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 *_. 

Here we apply the Gauge Invariant Periodic Eigensolutions to collective vibra
tions of 0. In the parametrized TDHF calculations we use the Skyrme force which 

3 leads to the Harailtonian density of Brink. The detenninantal wave function •- is 4 Y 

constructed of single particle wave functions in polar fora, which are assumed to 
depend on time only through two time-dependent parameters, a(t) and -y(t), as follows: 

-i = YS(a) 
*.(aP"r) = u (a) e . (7) 

Here u.(a) is the harmonic oscillator eigenfunction in thf potential dependent on 
1 t, 

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 

1 2 
for * are then obtained from the action~integral variational principle, as follows: 

Ba = |̂ ; BY = - I 1 (10a,b) 
where E(a,y) = <*pl Hl* p

> and 
3*p 

B = 2ft Im<-—f-
3a 

3»p 
~>. (11) 
3 > . •; It is always possible to choose if in (") to be equal to t with the result 

B = m/p{VS)2dT. (12) 
2 We recast (10) into a canonical form by selecting the collective coordinate and 

momentum to be, respectively, 
q = a; and p = BY = Bn. (13) 

2 The equations (10) possess a continuous spectrum of periodic .^nlutions. The Gauge 
Invariance condition (6) then selects the discrete set of periodic solutions which 
provide the proper analogs of SchrGdinger eigenstates. 

The calculations were performed separately for giant nonopole and quadrupole 
vibrations of 0. For the monopoles the collective coordinate q was chosen to 
be the oscillator scale parameter, b, and for the quadrupoles the deformation 
parameter 0. Then the respective velocity fields are given by 

S M = r /2b; and S Q = r /iU(n)/12B (14) 
are proportional to those of Blocki, et al. Figure 1 presents the results of the 
calculations using SKI and the discussion of them (see caption). For other 
forces and nuclei see Ref. 5. 
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le 0, monopole 16 0 , quadrupole 

q (fa) Fig. 1 q (dlmenslonless) 

Energy E 
(MeV) 

Period T AE 2*B/T 
(fm/C) (MeV) (MeV) States Energy E 

(MeV) 
1 2 9 . A 0 
- 9 6 . 8 39.8 
- 6 9 . 7 4 8 . 1 
- 4 7 . 5 59 .3 
- 2 9 . 8 75.0 
- 1 6 . 1 98.2 

- 5 . 8 135.5 

32. 
27. 
22. 
17. 
13.7 
10.3 

31.1 
25.8 
20.9 
16.5 
12.6 
9.1 

-129.4 
-107.9 
-86.8 
-66.2 
-45.9 
-25.9 
-6.2 

Period T 
(fm/C) 
0 

56.7 
58.1 
59.4 
60.7 
61.8 
62.8 

AE 
(HeV) 

21.5 
21.1 
20.6 
20.3 
20.0 
19.7 

2i>»/T 
(MeV). 

21.9 
21.3 
20.9 
20.4 
20.0 
19.7 

Fig. 1: Gauge Invariant Periodic trajectories in phase space for monopole and 
quadrupole vibrations of O. Note that the energies are unequally spaced, the 
more so in the monopole case, so the spectrum is anharmonic. Also the period, T, 
of the wave function, $ , of Eq. (4) is state dependent. The tables also provide 
a comparison of the energy differences, AE, of neighboring states and the quantities 
2TT-n/T, which exhibit remarkable similarity with the energy differences. Again 
the monopole deviations exceed those of quatfrupole. 
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MEASUREMENT OF THE NON-FUSION YIELD IN 1 6 0 + 6 0 

A.Lazgarlnl, H.Doubre+, K.Lesko, V.MeCag++
iA-Seaaster, and R.Vandenbosch 

Nuclear Physics Laboratory, University of Washington 
Seattle, Washington 98195 USA 

Time dependent Hartree-Fock calculations'*^ indicate that at 
sufficiently hi^h bombarding energies collisions between two heavy ions for 
small impact paramters do not lead to compound nucleus formation, but 
rather proceed to deeply inelastic scattering with a total kinetic energy 
in the ftnal state characteristic of the Coulomb barrier for the two 
nulcel. At E

c m
= 3 4 MeV Koonin and Flanders have calculated that for the 

l°0+*ft0 system the partial waves L*0-6 do not lead to fusion. We have 
performed an experiment to measure the cross section for the 
lf>0< 1 6n, I 60*) l f tn* reaction to determine whether the predictions of TDHF 
calculations are, in fact, borne out• 

I';irt i.<:le-particle coincidences were measured using two position 
sensitive gas/\E-soIid state E telescopes. In this manner, the final state 
was determined in a klnematically complete measurement. Angular 
distrihutions were measured for the IneJas_ic yield from flja|>-ino_40o. 

Figure 1 presents energy spectra for one reaction partner of the 
l^O+^O coincidences. Because of the kinematic coincidence requirement the 
spectra contain limits In the reaction o-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 
predicted by the TDHF calculations and which arises from the non-fusion of 
the inner part ial waves is not observed here. Figure 2 shows the 
Wi Lczynski pint for this system. The dashed curve bound ing the upper part 
of the contours represents the kinematic coincidence window. The entrance 
channel center of mass energy is marked by the dotted line. The "0+*D0 
CouloTib barrier is indicated by the dashed line labelled V^. Several 
features are immediately obvious: l)The inelastic cross section for this 
reaction peaks at 9 c m=90 0. The symmetry about 90° is imposed by the 
identiral boson entrance channel. 2) A peak in the Inelastic yield occurs 
for 0=-14 MeV. Even though the coincidence window closes rapidly for more 
positive 0-values, it is clear that the maximum cross section for ')>-14 MeV 
becomes significantly less than for Q=-14 MeV. 

A]though 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 JS not yet 
Fully damped for the partial wave L=6. We note that the direction of this 
disagreement 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 0cn,*=O° and L=6 is at « c m=87°). The 
increase of the inelastic yield towards ^ c r a

=90° is consistent with the fact 
that the partial wave L=f>, which is predicted to scatter to 6 c m

=S7° carries 
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the bulk of the deeply Inelastic, non-fusing cross section. Assuming as 
usual a direct relationship for deep Inelastic scattering between reaction 
Q-value and partlalwave, Lp the fact that we see a drop in the inelastic 
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 TDHF predictions. 
crTDHp=]32 mb for L-0-6, and we observe an experimental cross section, 
o-exp=200+50 mh. As a reference, the expected total reaction cross section 
is 0^=1450 nib and the measured fusion-evaporation cross section is o^»1100 
mb'. The peaking of the Inelastic cross section at " C D " ' K ) 0 is a novel 
result when one considers that for this light system the grazing angle Is 
9 =20°. The angular dependence we observe is inconsistent with an 
interpretation thac the deep inelastic yield arises from partial waves 
beyond the fusion limit L"20. 

+ Present address: Institut de Physique Nulcealre, B.P. S° ], Orsay 91406 
France 
++ On leave from: Max Planck Institut fur Kernphysik, 0-6900 Heidelberg, 
P.O. Box 103980, West Germany 
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ONE-SIDED FLUX OF FERMIONS* 

I I . Feldmeier 

Inslilut fiir Kernphysik, Teehnisehc llochschule Darmstadt 

In the one-body window-friction picture for inelastic heavy-ion collisions the 
one-sided flux of nuoleons passing the window in the mean potential plays the 
role of the frietional form factor.') In this contribution we would like to 
define a quantum mechanical operator for the one-sided flux. Its expectation 
Value calculated with any given many-body wavefunction will yield the number 
of particles crossing an area element da per time unit in one direction. 

Starting out with the regular probability current density in momentum 
representation 

f i* L' - \ (£- l l ' )£ _ 
( i ) 

'.ve split up the area of integration into two parts. For a given ar»-a element da 
we hp.ve a hemisphere with (Sc + E'Ma greater zero and one smaller zero. The 
one-sided differential flux through the area element da is define' by integrating 
only over one hemisphere 

I t * * x 
V5)do = £ ,-̂ - \f'u <:"-' lO(—*Jj - ' sf\ (2, 

The definition of j+ only . ikes sense in conjunction with the area da which 
determines a direction in space. Integrat-cn ->ver the desired area (window) 
yields the global one-sided flux or the number of oarlicles per time unit crossing 
the window in a given direction. As can be seen from eq. (2) the operator is 
hermitean and the two one-sided currents add up to the total current density. 

The matrix elements in coordinate representation are given by 

_ J J . [ &*-'<•• *'<»«?/») - * V ; V-z ^ A $ ( J ) 

m -IPS \ c J-

where ; and y 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 Fonehung und Teehnologie. 
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Starting from the definition (2) it turns out that the expectation value of the 
one-sided flux can be written as 

XctS>o 
where f(x,k) is the Wigner transform of the one-foody density matrix p(r,r") 

• IT"* 
ff*.£> =(i)»J««*s e"1 ftt*tb.fi-Zn) 

(4) 

(5) 

The elassical^definition of the one-sided flux is just the right hund skle of 
eq. U ) where f(x,k) would then be the classical ptiase 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 calculated with a uniform momentum distribution 
up to the Fermi momentum. The wavefunction was taken from a model 
calculation for a fermion-gas in tx one-dimensional box.2) 

1) J. Blocki, Y. Boneh, J. R. Nix, J. Randrup, M. Robel, A. J. Sierk. and W. J. 
Swiatecki; An-. Phys. ( N . Y . ) i l 3 , 333 (1978). 

2) H. Feldmeier, P. Buck: A model calculation for mass dispersion in a fermion 
gas; these Proceedings. 

Cfua*^**> 

classical 
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A MODEL CALCULATION FOR MASS DISPERSION IN A FERHION CAS + 

H.Feldmeier and P.Buck 
Institut ftir Kernphysik, Technischo Hochschule Darmstadt, FRG 

To gain better understanding of the mass distribution in heavy 
1 2 3) ion collisions we solve numerically the time dependent 

many body Schrodinger equation 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 simplicity 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 

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 syftem where we know 
the exact many-body wavefunction and 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 1 on one 

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

The mean value and the variance 

are calculated with the many body wavefunction tdjwhich is the 
solution of the time-dependent SchrSdinger euri'ion. «-(t) con
sists of a superposition of many SXater-detemir.ar.ts : . 

y 

A typical result of the calculation is given in fig. 1. The 2 spread o is plotted versus time for a system with totally 16 
fermions, 8 on each side. The upper-most curve shows o for 
distinguishable (classical) particles, where -.he transition 
probability for switching sides is given by the .l-.t-r. one-sided 
current of a fermi gas. The other two curves are the exact 
results for fermions with an attractive and without any two-
body interaction. The latter one rorresponds to *:t.e TDHF case 
if one regards the container as the selfconsistent mear. potential. 
Inclusion of the two body interaction almost cicub'î s the mass 
spread compared with the interaction free ferr: i ?s 

This effect is due to the fact that for an attractive 
residual interaction th° particles sometimes form pairs and thus 
increase the mass spread. For a residual interaction which is in 
this respect more realistic the variance is shown in fig. 2. 
The interaction has a repulsive cord and an attractive tail. 
The mass spread is almost the same as for the not interacting 
fermi gas. 



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 

2 larger than the exact a 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 only a .'evel above the Fermi 
edge. A state with a large particle excess <->n 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 dif£_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 energy. 

In extended TDHF prescriptions ' ' equations are derived for 
the non-idempotent one-body density-matrix f ' 
To calculate the expectation value of a two-body operator 
likely2 the two-body density-matrix is sometimes approximated 
by 

4o/(lJ'i >Xf iff >*i Jyp 

The validity of this approximation (for a single Slater deter
minant it is exact) can be judged from the results in fig. 3. 
Here we first deduce from the e^ajt wavefunction the one-body 
density P . and than calculate with the above approximation 
the mass spread denoted t- o~. The lower two curves show 
the comparison if the initial state is the grour.dstate. The 
approximated 0 is in this case somewhat larger than the 

2 a 

exact 0 . If we start with the seventh excited state 
2 the situation has changed and c is much too large. In heavy 

ion collisions one does; not expect to be close to a single 
Slater determinant and thus the above made approximation is 



doubtful. J. Randrup has studied the effect of the Pauli 
principle on the pass diffusion coefficient D. The result was 
that D (for our example F =Os w =o) is given by 

[} = t H'cc~) whereas classically D,i = N('r) . 

NU) is the conbribution to the one-sided flux of particles 
with energ 
and hence 

2 2 
with energies up to E. Since N{c)*-r one gets N (t)= — N(i) 

D * % D* 
In the initial part for small times both the classical mass 
spread and the exact mass spread behave like 

From fig. 2 one gets the ratio of the slopes us D/E t| = . 4d. 
On the other hand we determined from the calculated mean 
occupation numbers (not shown here) T « 1 S MeV and £. >= 70 MeV. 
Thus we get —-ft;.43. Kith the unci rtair.t les of *•-<" f : t1 I r.r. |. r 
cedures this confirms that only th> particles in a rejicr. • 
around the ferrai edge contribute tr the diffusici.. 

1) J. Randrup; Nucl. Phys. A307, 319 '1176' ind .'...-.. ; • ys . 
A3 27, 490~ (1979) 

2' C M . Ko, G.F. Eertsch, D. Cha ; Phys. Letters :_}_;, 1"' 'ir-~> 
G. Brrtsch, J. Borysowicz; Phys. Pev. CI 9, 13? ( ' H 7 J > 

3) r. Bock, H. Dworzecka, H. roldr-eier : 2. Pnys.'-. A. .-• 9, 11', (V-
4) C.y. Uong, ii.H.K. Tang; Phys. Rev. Lett. 40, 1070 (1976) 
5) H.S. Kohler; Proceedings of the International Workshop en 

Gross Properties of Nuclei and Nuclear Excitations VIII 
(1980) p. 39 

6) S. Ayik; Proceedings of the International Workshop zr. Cress 
Properties of Nuclei and Nuclear Excitations Vlil (19BC> y . 43 

7) h. Feldmeier, these Proceedings. 
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4 

d-«i.")unl<alW particle! 

f t/lO""s 

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 free fermi gas. 
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1.0 

5 

0 i 2 3 f l/10-"s 

Fig. 2: Same as fig.. 1 but a different two-body interaction 
V 1 =45 MeV, V 2=-30 MeV, 1^=2 fin, R 2=5 fm. 

Fig. 3: Comparison of the exact o with an approximated o a 

(dashed line) calculated with the one-body density-
matrix. 
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A DYNAMICAL SIMULATION OF HEAVY-ION COLLISIONS 

G. J. Mathews 
W. K. Kellogg Radiation Laboratory, Ca 1 tech, Pasadena, CA 911.?; 

J, Randrup and L. G. Mo retto 
Lawrence Berkeley Laboratory, University of California, Berkeley, CA 9^720 

Many models are currently available for the description of heavy-ion 
collisions at energies 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 perhaps 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 approximation. A second note of caution is 
that, at least to some extent, the fluctuations in the macroscopic variables 
are due to the same microscopic source, namely the random exchange of nucleons 
between the collision partners. Therefore, fluctuations in one variable are 
unavoidably coupled with fluctuations in the remaining collective coordinates. 

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 stud\. Statistics concerning 
a collision are obtained in a form quitt- 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 a model for the per-

Supported in part by NSF grant PHY79-22-,'?3, and by the Department of Energy. 
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t u r b a t i o n on the system induced by n u : l e c t exchange. For the p r e s e n t a p p l i 

c a t i o n we r e l y on Randrup 's t r a n s p o r t theory based on proximity form f ac 

t o r s and one-body d i s s i p a t i o n . U l t ima te ly , we have in mind a comparison of 

va r ious t r a n s p o r t t h e o r i e s in the framework of t h i s dynamical s imula t ion , 

for the p r e s e n t d i s c u s s i o n , however* we l i m i t the scope to two p o i n t s . One 

i s to i n v e s t i g a t e how wel l the mean t r a j e c t o r y approximat ion works. This we 

do by d i r e c t l y comparing mean t r a j e c t o r i e s for the s eve ra l v a r i a b l e s wi th 

the average t r a j e c t o r y frovi a l a r g e number of s i m u l a t i o n s . The second poin t 

addressed here i s how we l l does t h i s dynamical ly complete one-body theory 

compare wi th ano ther f a i r l y complete one-body theory , namely TDHF. Although 

TDHF i s q . i i te d i f f e r e n t in account ing of the degrees of freedom a v a i l a b l e , 

TDHF i s s t i l l perhaps the u l t i m a t e one-body theory to which comparisons should 

be made. 

Mathematical d e t a i l s of the t r a n s p o r t theory can be found in re f . 1 . De-
( ' • t a i l s of the s imula t ion a re to appear in a forthcoming p a p e r . ' " ' ' The s p e c i f i c 

degrees of freedom followed here a r e : the Z and N of the fragments; the th ree 

p o s i t i o n c o o r d i n a t e s and conjugate momenta of the c e n t e r of mass of the d i -

nuc lear system; the s i x i n t r i n s i c r o t a t i ona l degrees of freedom; the t o t a l ex

c i t a t i o n energy; and the r a d i u s of a c y l i n d r i c a l neck j o i n i n g the fragments . 

The major p e r t u r b a t i o n s on the system from nucleon t r a n s p o r t can u l t i 

mately be reduced to the momentum of the t r a n s f e r r i n g nticleon which has compo

nents due i n t r i n s i c Fermi motion and c o l l e c t i v e r e l a t i v e motion. 

The t r a n s i t ion p r o b a b i l i t i e s in t h i s model have the simple ana 1vt i c a l 
f ( i ) 
form, 

- N' { £ f '- : I 1 - uxpi - i T . 1 

where N' f •" ."i i s t.ie d i f f e r o n t i a l c u r r e n t of p.uclcons a t the Fcrr.-.: su r f ace , 

j , i s the exc i ton energy induced by the t r a n s p o r t , and T i s tin- nuc lear t--- :>era-

t u r e . 
The calculation proceeds by t ollowing the class ica 1 equations of motion 

until a time, J.t - f- ., X, .... , , where " is a random number in the ^ L - 1, A -1 
i n tenia 1 0,1', and the ..' s are numerical ly averaged over the direction of 
the transferring particle (a particular direction is ultimately chosen ran
domly according to the relative weight associated with each direction possi
bility'. After a transfer the macroscopic variables are adjusted, a new It 
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is determined, and the classical equations of motion again solved during the 
new interval, the avera^t; trajectory of a variable, \x(t)v is obtained by 
summing, 

collisions collisions 

where x is the average of x in the interval <_t. Dispersions in the macroscopic 
variables as a function of time are also similarly determined. 

In figure i 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 rcguarding 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 phase 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 exchange. 
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 between the two sets of curves. 

Finally, in figure 2 we show a comparison with TDHF of some final quantities 
as a function of incident l wave for the Kr •* La reaction. The differences 
are in some cases large highlighting the inherent differences in these two 
approaches. Further investigation along this line is underway. 

Refejrence^ 
1). J. Randrup, Nucl- Phys. Ai7, 2-90 (1979). 
2). G. J. Mathews, J. Randrup, and L. G. Moretto. LBL-K1;- i* 19---JC} * 
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CHARGE AND MASS EXCHANGE IN 5 &Fe-INDUCED REACTION'S 

H, Breuer, K. Kwiatkowski, A. C. Hignerey, and V. E. Viola 
University of Maryland, College Park, HD 207-2 

B. G. Glagola and K. L. Wolf 
Argonne National Laboratory, Argonne, IL 60-3 f | 

J. R. Birkulund, D. Hilscher, J. R. Huizenga, W. U. Schroder, and v.*. W. Wilck-. 
University of Rochester, Rochester, NY 14G2"7 

V -Ids of projectile-1ike fragments have been measui ed nt^r th<- qr^-Mni 

angle with discrete A and 2 resolution as a function of t-nerciv loss (ir ) 

for both svmmetnc and asymmetric systems with varying h'7. rulios. M ••!<• • i- •>', >(<:•-

targets of Fe, Ho, Bi and *~ U were bombarded with -*<:> Me'." Y\ ior. 

from the LBL Super-HJLAC accelerator. The measured yields and energies w,-r t 

transformed into primary yields and center-of-mass energies by an lti-i ji ivt 

event-by-event procedure. 

Inclusive charge and mass distributions show that, for the asymmetric 

systems, a drift in the Z towards smaller atomic nunbers c an be attribut <-.i 

to a charge equilibration process in which protons are preferentially transferred 

from the Fe-like fragments to the heavy partner. The ratios of average 

A to average Z. A/Z, are shown in Fig. 1 as functions of E for " Fe - H<_ , 
209 238 

Bi, and U. A/Z increases smoothly from the A/Z vai :ic of the projectiie 

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

are obtained for the ratios A/Z calculated for individual events and for 

A/Z for individual isotopes. 

The ratios of the variances of the charge and mass distributions, o /a 
2 are shown in Fig. 2. The values indicate that the relationship between 0 
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2 2 2 2 
and a is intermediate between correlated (upper dashed lines: oft A? z = (A/Z) ; 
A,2 of combined system) and uncorrelated neutron-proton exchange (lower dashed 

2 2 lines: a /a_ = A/Z) for the partially damped events. However, with increasing 

E. all systems evolve toward correlated exchange. 
2 The variances of charge distributions for fixed mass asymmetry, o (A)» 

2-7) have received much attention recently. Data for all our systems indicate 
2 that the c (A) versus E curves for individual A values are remarkably 

similar, as shcv.n in Fig. 3 for the Fe-Fe and Fe*Ho systems. This justifies 

" a • -e 

. . • • * * f 

"U * J Te . . . . •V 
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qUANTAL DYNAMICS OF CHARGE EQUILIBRATION IN DAMPED 
NUCLEAR COLLISIONS** 

E. S. Hernandez,** H. 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 collective mode associated 
with isovector-type hydrodynamical flow in the <iinucleus analogous to the 
SteinwedeI-Jensen description of the Giant Dipole Resonance in ordinary 
nuclei, Since we find that the characteristic energy of such a mode is typi
cally much larger than the nuclear temperatures encountered, the fluctuations 
in the charge asymmetry degree of freedom are expected to come mainly from 
zero-point motion. 

Such a description of the charge asymmetry mode has already been applied 
with some success by Swiatecki and Blann to charge and mass distributions seen 
in fission 1), and more recently to heavy-ion reactions by Moretto?), by 
Berlanger et al .3), and by Hofmann, Gre»joir«», Lucas and Ngo">^). However, 
as pointed out by Nifenecker et al.°), it is essential to consider the time 
dependence of the shape of the system in order to correctly establish the 
connection between the GUR-like collective motion and the width of the charge 
distribution which is experimentally observed. 

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

2. Description of the model 
In oraer to describe the division of charge between the two partners, for 

a <jiven 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 along 
the mass asymmetry proceeds relatively slowly and can often De 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 HeV ®>Kr on ^ffo, at an impact parameter 
corresponding to an angular momentum of SOh. 

Under the figure the five small drawings show the appearance of the 
dinucleus at various stages of the collision. 
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Time m K)"7is*»: 

Figure 1 

Unce the time evolution of the dinuclear geometry nas been determined 
from the trajectory calculation, tne dynamical coefficients for the charge 
asymmetry mooe can be calculated. For the stiffness K a conventional nuclear 
mass formula is used, and tor the inertia and damping a rather simplified 
hyorouyriainicdl moot I is employed. To estimate M we consider the hydro-
dynamical flow of the proton and neutron fluids through the neck. 

The damping ot tie charge asymmetry moae has been estimated by using the 
same value of the iiydrodynainical viscosity that is required to reproduce the 
observed width of the Giant L'ipole Kesonance in spherical nuclei. 

unce the quantities K, M and t have been expressed in terms of the 
geometrical properties of the system (c, d and R) their lime dependence can 
ue estimated using the classical trajectory calculations above. 

_j. ijuantal treatment of a time-aependent damped oscillator 
The model presented in the preceding section describes a particle with 

time-aepenaent mass M't) placed in a harmonic oscillator field with stiffness 
K U ; , ana centered at the position X 0(t). Since ordinarily h.. is several 
times larger than the expected temperature -. we shall in fact assume that the 
thermal fluctuatiotiS arising from the coupling of the oscillator to the rest 
uf tne system ire neglible; it then sufficies lo follow the evolution of only 
a sinylt wave function throughout the equilibration process. 



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 mean charge <Z> and 
the lower portion shows the width r of the final charge distribution at a 
fixed 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 the 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 r with E*. followed by a 
broad maximum. The maximum occurs at around E* = 35 MeV in agreement with the 
data but it is not as pronounced. The overall magnitude of the calculated 
curve is seen to fall somewhat below the experimental data. We are encouraged 
oy the fact that these predictions are consistent with the observations. 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 
** *** 

S. K. Samaddar , D. Sperber and M. Zielinska-Pfabe 
Department of Physics, Rensselaer Polytechnic Institute 

Recently energy spectra and angular distribution of light particles 
produced in heavy ion reactiors,high above the Coulomb barrier, have been 
measured. At hiqh bombarding energies there is a component of the 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 zone ' 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 exciteo in each of the ions. We 
approximate the hot rone by two 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 available energy is transformed into heat locali
zed in the zone and the rest of the system remains cold. Nucleons emitted 
from the zone travel freely in the cold nuclear matter and are refracted at 
the nuclear boundary. 

Due to the short time of nucleon emission from the localized hot zone, 
as compared to the reaction time, the geometry (Tig. 1) is apolicable to the 
stjdy 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 nentioned processes. 

It is assumed that nucleons are emitted from the surface of the zone 
with equal probability in all directions. Furthermore, the energy of the * nucleons is given by a Fermi Jistribution F(r) with the temperature T = (E /a) 
here E is the available energy for therna" xcitation. 

The total nucleon flux dN,t/dE at an energy E > V /cos 2o originating 
from the plane surface of the target is given by 

^ T - " tf7f E F(E)(Rt-d)2 V I2; d., /2" d*2 /:.B da, 
v '*-6.. 5in9isin8?co5a _/r o \ m 



R t-d 
(For definition of variables see Fig. 1). Here 6 = cos" 1 ~— . Correspon-t dinq to Eq. 1 the contribution from the curve surface of the target is 

dN 

* / f di. etE-Vj/cos^) (2) 
Sinilar expressions dN. /dE and dll? /dE for emission from the projectile are 
obtained. In the above expressions contribution from nucieons v.'hirh re-enter 
the zone are excluded. Finally, the nucleon spectrum do/dE is given by 

fe= A W ? j'max (2f+l) 
df!.. dN„. dH. df,' 1 

The nucleon emission time At is determined by normalizing the height of the 
peak of energy spectrum to the data, this time is of the order of 10" 2 2 sec. 
For proton enossion the effect of penetration throuqh the Coulomb barrier is 
included. This barrier has an important effect on the low energy part of 
the proton energy spectrum. 

In Fiq. 2 we show the calculated energy distribution of neutrons and 
protons for the reaction 1 6 0 + '°7Au at 315 MeV along with the experimental 
data for protons1*"'. Good agreement is obtained both for the position of 
the peak and the slope of the spectra. 

In Fig. < we show the double differential cross section d2o/d<;dE. The 
calculated results underestimate the cross section at forward anales. The 

(3) inclusion of 'PEPs' prior to the formation of a hot zone is expected to 
improve the agreement. 

Vie would like to conclude that the emission of nucieons from the 'hot 
spot' is capable of reproducing the main features of both the energy and 
angular distributions. It would be interesting to have neutron data in order 
to see whether the peak of the energy 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 given by 
the ratio of their densities. 



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 
(Bi,$i) and (e 0«* 0) characterize the position of a point on the 
plane and curved surfaces respectively of the hot zone in the target. 
The vectors p^ and p f are the directions of the momenta of a nucleon 
before and after refraction. For the curved surface (e.,*^) and (6f,<tf) 
denote the directions of p. and p f. Here (e2.*2) a r e t n e coordinates 
of the point of refraction P on the cold surface. All the angles are 
in the z' frame of reference. 

Fig. 2. Proton and neutron spectra for the reaction 1 9 7Au( 1 60,p)X and 
1 9 7Au( u0,n)X' at E l a b = 315 MeV. Sold line denotes proton spectum 
and dashed line corresponds to neutron spectrum. For comparison the 
experimental proton spectrum is shown. 

d 2o Fig. 3. Experimental and calculated double differential cross section g^jj-
for the reaction 1 9 7Au( 1 60,p)X is shown as a function of energy for 
different angles. 
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P0SSI8LE ISOBAR MECHANISM FOR PRODUCTION OF HIGH MOMFNTUt* 
PROTON? IN THE BACKWARD DIRECTION IN PROTON-NUCLEUS 

AND NUCLEUS-NUCLEUS INTERACTIONS 
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ABSTRACT 

Inclusive proton distributions at ISO are presented for a range 

of p-nucleus and nucleus-nucleus reactions at incident energies 

0.4 <_ T £ 2.1 GeV7n (4.89 GeV for protons'). Limiting behavior is 

•jvident 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 suoqestion 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 collisions 

can only result from internal motion of nucleons in the nucleus -or-

multi-step reaction processes. The purpose of this study is i) to 

obtain information on the possihle reaction mechanisms which produce 

high nucleon momenta in the backward direction, ii) to learn details 

of the structure of nucleons in the nucleus from the observed nucleon 

momentum distributions, and iii) to gain an overall understanding of 

proton-nucleus and nucleus-nucleus interactions. 



-90-

Results from (e,e')» (e,e'p), (p,2pl, and (T,P) experiments on 

the distributions of nucleon momenta up to 300 to 100 t-'eV/c are in 
t 

agreement with theoretical prediction's using known single-particle 
wavefunctions. Larger momenta observed in (y,p) and fp,p') experi-

? 3 ments ' suggest the existence of high momentum components in the 

nuclpus which cannot be described by sing'e-particle wavefunctions. 

These high momenta have been interpreted in terms of internal cor-
4-10 relations in the nucleus. However, there exist inherent 

problems in relating measurer! momentum distributions directly to 

internal momentum distributions in the nucleus. Gottfried 

suggests that the validity of the impulse approximation assumed in 

these applications may be jeopardized by deviations from mean field 
12 motion in the nucleus. Moreover, Amado and Woloshyn state that 

final state interactions may forbid a simple interpretation of the 

observed momentum distributions. Nevertheless, a systematic study 

the inclusive proton momentum distributions in o-nocleus and nucleus-
13 nucleus interactions furnishes valuable information with which to 

test possible reaction mechanisms that have been proposed. In the 

interest of obtaining more-complete-event information to ascertain the 

production mechanisms associated with backward particle emission, 

exclusive charged-particle production accompanying back-angle proton 

emission in the streamer chamber was also studied. These data 

provide the first suggestion that 4(3,3) isobar production with 

subsequent decay and/or reabsorption plays a major rolp in the 

production of particles "n the backward direction. 
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The incident energy dependence of the back-angle proton inclusive 
1? momentum distributions is displayed in Fig. l for p-"- 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 energy range 

0.4 £ T 5 ?..\ GeV/n (4.89 GeV protons) we.-e used to bombard f, 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 normalized and 

exhibit the onset of limiting behavior in the incident energy range 

from 2.1 to 4.9 GeV. Over this range of energies the spectra become 

independent of incident energy. This behavior which is attributed to 
15 limiting target fragmentation in the present case is also observed 

for all projectile masses studied up to argon. Further evidence for 

this limiting behavior is shown in Fig. 2. The differential cross 

sections integrated between 300 Me'.'/C and 1000 MeV/C are observed to 

be energy independent above an incident energy of 3.5 GeV. The 

magnitude of these cross sections (o) depends on the projectile (A ) 

and target (At) masses in the form a~A 2' 3A^ 3. The A t' 3 

' 'oendence suggests the involvement of more than one target nucleon in 

backward production mechanism and argues against a single hard 

scactering mechanism. 

The dependence of the shape of the proton momentum distributions 

on projectile mass is displayed in Fig. 3 for 1.05 GeV/n incident 
1 o 

energy. The shapes of the distributions from C for 
300 £ P £ 1000 MeV/c .ire independent of the mass of the projectile. 
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1 ? lfi 

When the 1.05 GeV/n C projectile fragmentation data from Papp 

at 9 = 2.5 is 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 observed in 

the extracted momentum distributions in recent (v,p) data. Further

more, a similar break in the proton spectra in the fragmentation 
17 18 region of p + a and p + d reactions * is observed, thus providing 

evidence against a dominant multiple scattering cascade mechanism. 

Recent theoretical work has led to the approximation of internal 
4 5 momentum distributions in the nucleus by two overlapping Gaussians. ' 

a low nomentum Gaussian dominated by single particle characteristics 

nf the momentum distributions, and a high momentum Gaussian which 

emerges when short range correlations are considered. The solid curve 
19 1? 

in Fig. 3 is a double Gaussian fit to the C + C > p momentum 

distribution. The value of the momentum dispersion for the low 

momentum Gaussian (n = 75 MeV/C) can be derived using the Goldhaher 1 9 

and Feshbach and Huang formulations. The dispersion of the high 
momentum Gaussian (o = 190 MeV/C) reaches a limiting value of P 
190-200 MeV/C, near the Fermi momentum, independent of target mass. 

Other mechanisms which incorporate nuclear correlations for production 

of high momentum protons have been proposed. Fujita and Hufner 

proposed a model which included correlations between two nucleons in 

the target to describe the backward proton data. An extended 
Q 

version0 which includes multiple-particle correlations describes the 
incident energy dependence quite well for energies up to 1 GPV. Other 

g io models ' which attribute the emission of high momentum protons in 
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the backward d i rec t i on to the break-up of corre lated pairs of nucleons 

in the nucleus have also been proposed. The resu l ts of the theo

r e t i c a l and experimental invest igat ions suggest that the l i m i t i n g 

shapes of the backward high momentum proton spectra are re la ted to the 

presence of short-range corre la t ions in th r nucleus. 

An experiment was recent ly completed in the LBL Streamer Chamber 

at the Bevalac to study thp charged-part ic ie production associated 
l a 

with back-angle proton product ion. The streamer chamner was 

t r iggered on a backward-emitted (e. . > 90 ) charqed-par t i r l e . A 

2.1 GeV proton beam was used to bombard C,KC1, and Ba l , ta rap ts . 

The m°an pos i t i ve charged-part ic le m u l t i p l i c i t i e s associated with 

events wi th a backward t r igger p a r t i c l e from these taroets are 

<M+> = 4.70 ± .09, P.66 ± .23, and 8.00 ± .18, respect ive ly . These 

m u l t i p l i c i t i e s are higher than would be expected i f a s ina le hard 

sca t te r ing mechanism were dominant. Further information or. the pos

s ib le react ion mechanisms associated k i t h backward p a r t i c l p production 

can be derived from a r a p i d i t y p lo t of the pos i t i ve chargpd-par t ides 

(mostly protons) ! n these events as presented in F ig . 4 fnr the 

2.1 GeV p + Ba l ? reac t ion . The curve designates the kinematic l i m i t 

fo r nucleon-nucleon in te rac t ions . The most prominent feature is the 

number of events centered at the target r a p i d i t y . This cm-responds 

mainly to target fragmentation processes. In add i t i on , contr ih . i t ions 

from quasie last ic processes are observed as the high-momentum for i .ard-

going p a r t i c l e s . A t h i r d feature in the plot - is the prp;ence o* 

events wi th high perpendicular momentum. Further study of these 

http://contrih.it
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events is presently being conducted. Rapidity plots for the C and KCI 

targets are similar to that of Fig. 4 except an enhancement in the 

forward cross section is observed as the target mass decreases. Thus, 

the target nucleus becomes less transparent and the reaction retains 

less memory of the incident projectile 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 
21 

t o ta l cross section at energies from 1-? GeV the e f fec ts of the 

decay and absorption of an isobar on the spectrum of p a r t i c l e s in the 

backward d i rec t i on may be subs tan t i a l . The con t r i bu t i on of these two-

step mechanisms to bacltward spectra can he invest igated. Diagrams fo r 

the A ( 3 , 3 ) isobar decay and absorption are displayed in F ia . 5 

fo l lowino production in the react ion pp»na (1?3?), which is a 

dominant i ne las t i c mechanism at these energies. Only the production 

of 4 isobars from the lower vertex ( targpt proton) in F i q . 5 w i l l 

cont r ibute appreciably to the y i e l d of p a r t i c l e s in the backward 

d i r e c t i o n . Also shown are schematic diagrams of the momenta of the 

products of A decay and absorpt ion. The production of protons in 

the backward d i rec t ion wi th appreciable momentum in tbp laboratory 

frame is indeed possible—the cont r ibu t ion depending upon the 

d i rec t ion and momentum of the & . Furthermore, the products of 

a decay w i l l be emitted back-to-back (180° apart) in the & rest 

frame. Likewise, in the absorption process the products w i l l be 

emitted 180 apart in the A + n. f center-of-mass system. 
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Since the A production cross section is largest for low moment.jm 
transfer, the decay (a ) and absorption (A + "»„_«..) re*t 
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 correlatioi 
for pairs of positive particles (protons, positive 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 ISO 
correlation is observed. This correlation is further enhanced if only 
particles with momentum p > 300 MeV/C are considered, as depicted by 
the histogram in Fig. 6. These data suggest that the 4(3,31 resonance 
plays an important role in producing high momentum protons in the 
backward direction. The laboratory correlation 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
duced by considering only pure phase space. This lends further 
support to the possibility of an isobar production mechanism in the 
production of particles in the backward direction. Additional 
background analysis 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 inert ia of one of the two touching spheres and T is the 

temperature. For the -250 fllev Q-value o in , T = 2.3 1*eV and the model 

predicts a value of T V ' - D-064 and a usalignment angle of 25 >*iich 

are in close agreement with the experimental values. 

In summary, from this preliminary analysis me have observed in the 

Ho + Ho reaction, large values for the >;oin transfer ( I . • I ? » 1 0 0 T I ) 

and large values for the in-plane to out-of-plane continuum IT-ray rat io* 

Ul(in/J.) = 2.2. Both the spin transfer and u( in/J.) are strong functions of 

the reaction Q-value and the la t ter also shoxe a dependence on Ej.. r o r 

a reasonable value of the tf-ray cascade i> j l t ioolar i ty (80% E2s) t a 

misalignment angle of 26 is extracted fcr t re deep-inelastic region. 

These dat3 have been compared with the s ta t i s t i ca l model of Woretto and 

Schmitt which correctly prpdicts the magnitude Df the observed misalign

ment and qual i tat ively explains the trend of n[in/X) with Q-value. Ule 

conclude that continuum JT-ray snisotropy "eafurenents are a pcwerful 

technique for probing the deep-inelastic coll ision process. 
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FIGURE CAPTIONS 

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

the present study (s. •, n), Ref. 22 (D), Ref. 17 (c), Ref. 3 

(-), and Ref. 23 ( — ) . 
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Fig. ?. Proton invariant cross sections from the present study (•), 

Ref. 3 (4), and Ref. ?? (O) integrated over 300 < p <_ 1000 

MeV/c. The cross sections are plotted as a function of 

incident energy for the p + Cu * p(180°) • X reaction. 

Fiq. 3. Inclusive proton mompntum distributions plotted in the 

laboratory rest frane for the present data (V, •, L)J and in 

the projectile rest frame for Ref. lfi (o). The solid curve 
1? 1? is the n. .hie Gaussian representation of the C • C * p 

momentum distribjtions. 

Fig. 4. Rapidity plot of positive charged-particles from the rpaction 

?.\ GeV p + Bal,. The kinematic limit of elastic scattering 

in the r.ucleon-nuclenn system is designated hy the curve. 

Fiq. S. pp * nA (1?32) isobar production; a) diagram for 4(3,3) 

isobar formation and decay; b) associated schematic momentum 

vector diagram in the laboratory system; cl diagram for af3,31 

isobar formation and reabsorption; dl associated schematic 

momentum vector diaqram in the laboratory system. 

Fiq. fi. Correlation between pairs of positive chargod-particles in 

each event as a function of the cosine of the anqle between 

the particles. One parf'cle in each pa'r is emitted at 
elab > ^ • ™ e h i s t 0 9 r a m represents all pairs with 

individual particle momentum p > 300 MeV/c. 

Fiq. 7. Correlation analysis fas in Fig. fi) for all 4- and ^-pronq 

events. Pure phase space calculations for twee possible 

final states are also displayed. 
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and 
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Abst ract 

In tern- of a direct fragmentation process and a Euard-ttcatterinj; 
precis, the proton-inclusive data for the reaction * * B^£ •• p*X Suave been 
surcesi.tujiy analyzed. The extracted s/a*!-empirical rawwntwrc distribution 
indicates possible evidence of nuclear correlatIon* and Hnal-state inter
actions. 

The nuclear oooentun distribution Is a ba*fie nuclear property which It* 
important in understanding the correlation between one Icons anr. the befoavioi 
of many Intermediate energy phenomena invcivBimg large somen twero "• ransfer&.**** * 
However, not ouch Is knovn about this EtcejcatiuTH' dtstribut Son experimental!*'. 
In the celativistlc heavy-ion reactions, the ;-roton-lnclu»lve spectrum at 0" 
and 180° comes oainl> fron a direct fragmentation process (Fig. la) in vhtch 
the proton is emitted .crorc one nucieus vithout scattering vlth the 
other nucleus and, hence, conveys important infoT-ation on the swHsentun dis
tribution of a nucleon in a nucleus. Furthermore, as the proton can carry 
much of the morsentim of the nucleus in a cooperative Banner, relativistic 
heavy-Ion reactions allow one to extract the high moment-cr tail of t$* nuclear 
momentum distribution which aay not be obcained by other sreans. Zhe nuclear 
momentum distribution also enters in the hard-scattering process : (Tip. lb; 
in which the detected proton cooes froa i.he collision of J nucl^on in the 
projectile and a nucleon froe the target. Such a process is ej:pccte<d to be 
important for Pj >> 0.1 GeV/c. 

With a combination of the direct fragmentation and hard-scattering 
processes, we analyse the forvara proton production data of Anderson. ejt_ ?!_-" 
in the collision of a particles on ~C. \Ie introduce a sinple jaraaetriza-
tion of the nuclear momentum distribution as the sun of a sing 1 .-particle 

Research jointly sponsored by the Division cf Basic Energy Sciences, U.S. 
Department of Energy, under contract U-7405-enp-26 vith the Union Carbide 
Corp., and by the U.S. Department of Cnergy under contract DF.-ACO3-76SF005I5. 
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X_>~ 
V 

Fig. 1. Diagrams the two dominant 
processes contributing to the re
action of interest. 

component and a correlated 
conponent with a greater width 
and a parameter specifying the 
relative importance of the 
direct fragmentation and hard-
scattering processes. We show 
in Fig, 2 the experimental In
variant cross section versus 
the theoretical results as a 
function of the Feyiusann 
scaling variable xp defined 
as P///!p'i-ax» evaluated in 
the center-of-aass systen. 
As one observes, the data of 
a + D 2 C - p+X at p Q - 1.74 
CeV/c/S is fitted very veil 
by the theoretical curves for 
x F > 0.2. In the region 

0.2 there are contribu
tion nore complicated 

rescattering processes which 
arc noi included. One observes 
t]sat direct fragmentation 
dominates the cross section 
at pj ~ 0. However, the hard-
scattering cress section domi
nates the qujsielast K- peak 
at pj- * 0.3 Ce\7c. It i> 
clear that a combination of 
Che two processes it> needed 
to fit the data. 

XF ^ 
tioiu 

Ve shot' in Tig, ? the 
experinental invariant ci*oss 
section i;. che transversa 
direction when the detect* 

proton has a momentum of 1.75 GeV/c. The solid curve is the theoretical re
sult which is the sum of the direct fragmentation and the hard-scattering 
components. As one observes, the experimental data are well explained as a 
combination of these two processes. One also observes how, as a function of 
increasing p-j.* the direct fragmentation process diminishes its iapcrtance 
while the hard-scattering process becomes more important. The cro.---o.-cr 
occurs at Pj - 0.2 geV/c. 

From the present analysis, a semiempirical nuclear Docentuta distribu
tion for a proton in ^Ke is obtained. In the fraine in which che center of m.iss 
of He is at rest this distribution is shown -is the solid -urvv (Fi^. •*). ~mc-
other curves are irom the theoretical results of Zabolitzkv and T-.- Curves 
labeled HJ, RSC, and SSCB are theoretical results which include ti:< erfects 
of nuclear correlation and th; . >irve labeled l-NC cores fron an independent 
particle model where the nucle . are not correlated. The presence ef nuclear 
correlation is indicated by a change of slope in tn nfp). Indeed, the nuclea-

http://cro.---o.-cr
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Fig. 2. Experiment invari
ant cross section for the 
reaction a + l 2 C -» p+X at 
p a * 1.74 GeV/c/N as a func
tion of xr = (p/*/p.„_) 

r // max cm. 

<o'<-
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Fig. 3. Experimental invariant cross 
section for the reaction a + , 2 C -*• p+X at 
p a = 1.74 CeV/c/K as a function of the 
transverse nonentuo*. 

momentum deduced from the present analysis shows a change in the slope of 
log n(p) which may be taken as a possible eviJence 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 1 2 C . This indicates that the observed seici-
empirical momentum distribution may have been subject to a distortion due to 
the final-state interactions between the observed proton and its comple
mentary partner which suffers a collision with the target. More work is 
needed to separate our final-state interactions in order to obtain the "true" 
momentum distribution from the semierapirxcal distribution. 
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i I r 

Fig. 4. The extracted seni-
empirical momentum distribution 
for ''He (solid curve) compared with 
theoretical distributions. 
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SCALING PHENOMENON IN RELATIVISTIC NUCLEUS-NUCLEUS COLLISIONS 

Cheuk-Ytn Wong 
Oak Ridge National Laboratory 

Oak Ridge, TN 3783C 

and 

R. Blankenbecler 
Stanford Linear Accelerator renter 

Stanford, CA 94305 
Abstract 

We introduce new scaling variables for proton and plan production in 
rel-i :ivistlc nucleus-nucleus collisions vhfch are the generalizations of the 
Feynraann scaling variable. They allov a staple description of the cross 
sections at the forward and backward angles. * * * * 

Recent experimental and theoretical studies 1 - 6 of nucleus-nucleus* col
lisions in the energy range of a few CeV per nucleon Indicates i:hat the use 
of the Feynmann variable xp should lead to scaling in the case of forward 
pion production.1* However, Xp scaling was not observed in prcton pro-
duction3'1' or in backward pion prod---1ion.5 It is desirable to look for new 
scaling variables so that the expert lental data can be better represented 
and the underlying physics of the scaling phenooenon understood. 

The proper scaling variable depends on the reaction mechanist). In the 
reaction A+B •* C+X, the two dominant processes7of 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 vithout scattering, while the complementary partner interacts with 
the target nucleus A. The cross section is proportional to the probability 
C^/jjCxp.Cj) of finding a subsystem C in the projectile B with transverse 
momentum £j- a n <* fractional momentum x n defined by 

C + C, _ o Z ,,, 
*D ' B + B 7

 = XF Xmax ( 1 ) 

O 7 
where we have used A, B, and C to d :note also the four-vectors c f A, P, and 
C, respectively. In terms of the r e l a t i v i s t i c invariant s = (A+B)2 and the 
usual X-function, 2 we he-*e 

2 2 2 2 
m a X s - A 2

+ B 2

+ X ( s , A 2 , B 2 ) 

ana T is the missing mass of X. Thus, xp is a good "direct fragmentation" 
Research jointly sponsored by the Division of Basic Energy Sciences, U.S. 
Department of Energy, under contract W-7^05-eng-26 with the Union Carbide 
Corp., and by the U.S. Department of Energy under contract DE-AC03-76SFOO515. 
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scaling variable when the direct fragmentation process dominates <tnd when 
the bombarding energy is high enough. We show in Fig. 1 the experimental 
data of Anderson, et al. 3 for the reaction a + 1 2 C •» p+X. As one observes, 
the experimental data scales with x n when x n J 0.20 and p a > 1.74 CeV/c/ti, 
for different values of p T- The analogous scaling variable x n for tirget 

f 
t \ 

\ 

V 
1 

. - 3 

fragmentation can be obtained from Eqs. (1) 
and (2) by replacing Cj; -» -C^, xp -» |Xp| and 
interchanging B0*-»A0, E2*-*-Az. The experi
mental data1* for backward proton production 
also scales well with x n 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 
f.he basic process a+b •* C+d. Upon exa/.'inin's 
the six-fold hard-scattering Integral,2 one 
finds that for projectile fragmentation the 
integral depends predominantly on the varia
ble 

2 ^J 4 .2, .̂ .2 
N (3) 

where 

2 j.,,2 2 ,, If • # d - a - u ! (4) 

and 

u 1 = (m A/m -C) a A (5) 

For target fragmentation, the corresponding 
variable is obtained by replacing C% •* -C^, 
and interchanging a-*-*-b, A Fig. 1. Experimental invari

ant cross section for 
a + 12^ _• n+x. Data ar° A s - P i o n * s n o t a norraal constituent 
from Ref. 3. °* a nucleus, we consider pions to be pro

duced only by the hard-scattering tcechanism. 
The experimental data should scale with the 

"hard-scattering" scaling variable :;JJ. Indeed, when the data of p + Cu •*• 
p+X (180°) are plotted with respect to x„, we see that the experimental data 
scales well with Xjj (Fig. 2), in contrast to the absence of scaling with re
spect to Xp observed earlier.s»6 For forward pion production, the experi
mental data of a + 1 2 C •*• TT~+X also scale with x«. In this case, x^ is approxi
mately equal to Xp in the region of interest and thus there is also xp 
scaling for forward pion production.1 
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Fig. 2. Experimental invariant cross section 
for p + Cu •+ 7fi+X (180°). Dtta are from Refs. 
5 and 7. 

In proton production the hard-scattering process becomes nore impor
tant as p T » 0.1 GeV/c. However, in this case xg = x n. and hence, x n scaling 
persists even for large values of Xg as we observe in Fig. 2. 

It is easy to show that in the projectile fragmentation region, Xn and 
xy approaches a:p .Ken 5 >> D 2 - A 2 and in the target fragmentation when 
s >> D^ B* We see that XQ and xfl are simple generalizations of xp for 
the case when the rest "lasses are not small compared to s. 

In conclusion, we have obtained scaling variables which allow the ex
perimental data to scale properly for proton and pion production at t'.te 
forward and backward angles- Their introduction also clarifies the under
lying physics of the scaling phenomenon in nucleus-nucleus collision. 
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PlOfi CONDENSATION IN A THEORY CONSISTENT WITH BULK PROPERTIES 
OF NUCLEAR NATTER 

Norman K. Glenden.ting 
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 relativlstic nuclear collisions. At energy densities above 
normal, new excitations become possible in principle, invol.i., additional 
parf Ties 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.1 

In general these states have been discussed in the framework of theo
retical models that make li'tle contact with the known bulk properties of 
nuclei, in particular their saturation energy, density and compressibility. 
The condensate energy has been calculated as the difference in energy between 
a state of the theory with and without a condensate. The large discrepancy 
between the theory and the properties of nuclear natter are assumed to cancel 
in T.e 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) Me have formulated and solved, in a self-cor"istent mean field approxi
mation, a field theory that possesses condensate states, o..d reproduces at the 
same time the three important bulk properties of the normal state. 

2) The theory is solved in its relativistical'y 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 the implications of self-consistent 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 relctivistic field theory like Walecka's' with 
potential terms as studied by Boguta and Bodmer.' The ingredients of the theory 
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 a round 
K - 250 HeV. To this theory we add the pions, which are represented by a 
three component pseudo-scalar field. They can couple to the nucleon; by 

* Done in collaboration with B. Banerjee and 1. Gyulassy. 
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pseudo-scalar or pseudo-vector coupling. We use the pseudo-vector coupling 
because i t does not possess the unphysfcally 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, 

(U • m s ^) 0 • g £ «» - £ (1) 

r'(\\ ' 3vV = m v 2 V

u " 9 ¥ * Tr, *• (2) 

{G+ m / ) r = ĝ  3 u{*> 5> uTK,) (3) 

( i * - ( n y V 1 " 9 v y " 9 n V " i ' 3 u " ) * = ° ( 4 ) 

* - L ) . P = 4-component spinor, v - ( n , , i i ? , i i , ) 

(Slashed quantities denote t i a") . The form of the potential is 

f0 <-) - (bn,N + c g r ) ( 9 s 3 ) 2 (5) 

Tne parameters are five in number, 

'9 C - . P ) . ( H b.c 
"n Vm, / \m / s 

Tne last 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 e«eryy, 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 P Q and ~3o 0 . 

We solve the f i e ld equations in the mean f i e l d approximation. The 
nuclear source currents on the right side are replaced by their_ground state 
expectation values. For i n f i n i t e homogeneous nuclear matter <tf>(x) i|«{x)> and 
<+(x)> u i j ;(x) N are independent 0 f x_ Therefore the o and Vw f ields are constants 
which we write as o and V g . Theje values can be read from the equations of 
motio" as 

m s

2 ? = g s<W> - <g=> . - \ 2 V 9 v < % * > ( 6 ) 
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As i n other s t ud i es , 1 we shall a lso t reat the plons as c lass i ca l f i e l d s 
whose mean values have a ce r ta in space time-dependence. A charged running wave 
condensate 

( V = "c

 e ± 1 k x • ' V ' 0 , k x * V" * Vo" i ' * ( 7 ) 

is tne funct ional form that has been studied prev iously . Boguta has pointed 
out to us that i f we can solve our problem w i th the above ansatz. then i t i s 
also possible to do so fo r a standing wave 

< n̂  ) = TT s in kx, ( i t . ) • 5" cos kx (8) 

Actual ly both of these are special cases of a continuous class of f i e l d s def ined by 

T • IT(ICX) « Ji « c S y(kx)T • u S y

+ ( k x ) (9) 

where S is a uni tary operator i n isospin space 

Sv(kx) = Akx 1'X , u, • v = 0 (10) 

Here u and y i r e un i t vectors. A f te r some algebra (9) i s found to imply 

j ( k x ) = ^? iT (u cos kx + v » u s in kx) (11) 

The Dirac equation tha t we have to solve i s (4) w i th the o , V and * 
f i e l d s replaced by the mean values (6 , 9-11). In p a r t i c u l a r 

T - 3 u = « £ i k S t ' V * u S * (12) 
~ u ~ c u v ~ ~ ~ v 

Under the ( l i nea r loca l gauge) t ransformat ion 

* = S„ * v (13) 

the Dirac equation i s transformed to 

[ i * - (\-9so) - g y y + J t i - ( j v +/2 gv * c Y 5 r ju.) j j - y = 0 (14) 
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The Dirac operator i s by means of th i s t ransformat ion reduced to a f i n i t e Matr ix 
operator (dimension 8} wi th no x-dependent terms. Unl ike the usual f ree p a r t i 
c le Dirac equat ion, the spectrum i s more complicated than »'p_: + m1. In f ac t 
tne eigenvalues are funct ions of the f i e l d strengths o, V p and " c and of the 
pion momentum j ^ , as wel l as the nucleon momentum p_, and the Fermi surface does 
not have the usual spherical symmetry but instead is c y l i n d r i c a l l y symmetric 
about the d i r ec t i on It, sometimes cons is t ing of two unconnected regions of 
momentum. I t can be~shown that fo r a l l f i e l ds (9) the energy is degenerate. 

I t can be v e r i f i e d that the assumed space-cime dependence o f the pion 
f i e l ds is compatible wi th the i r f ' e l d equations ( 3 ) . and that r i s constrained 
fcy tne equation 

How tne se l f consistency probleir can be s ta ted. The nucleon f i e l ds 
depend on the rrear' values of me meson f i e l d s through (14). Therefore tne 
source currents o' the mesons art i m p l i c i t funct ions of the meson mean f i e l d s 
then-selves. Became bou tne nonr.itum P- and the vector f i e l d V- occur in the 
j i r a c equations l i ke , (p - c , V- ), the vector f i e l d merely prod-ices a s n i f t 
in the four vector nomentjr. I t is not involved in the se l f consistency. The 
remaining f i e l d strengths and - c are coupied and equations (6) and i i o , 1 must 
be soived simultaneously for tne i r se l f -cons is ten t values. The locus of SO!L-
t ions in the *, '* plane are snowr in Fig. 1. As can be imaoined and as the 
f igure i l l u s t r a t e s , the 3Crjrren^e of s mul taneous so lu t i o r s f o r a""bitrsry 
densi ty , k and g- is net assured. Ratner the. e«ist o r i y iver a l i i r i f d range. 

Results 

'ile have studied condensate solut ions for two sets of para"ieters which 
y ie ld acceptable equations of state for nuclear -natter. Tney d i " e r i r mat 
one is sof ter at high density tnan the other but both y i e l d acceptable values 
of saturat ion energy, dens i ty , and comrressibi 1 i t y . 

For bo'n of these we nave studied the se l f -cons is ten t condensate solu
t ions for several values of the coupling constant g - . The nor.-re'.at I v i s t i c 
equivalence of tne pseudo-vector coupling g_ and pseudo-scalar coupl ing consta'". 
g 0 is g- = grj ,2 i : . N . . For the standard value gn,2.'«- - 1 * th i s gives g- = 1.41 *<-

In Figs. 2 and 3 we snow the two equations of state without a conden
sate ( - c 0) . In each case t^ere are se l f -cons is ten t condensate solut ions some 
of wnich are shown, cor.-esponding to several values of g- and for k = 1.5 fm~ ' , 
which minimizes tne energy. Since i t is doubtful that tne.c ; ; a condensate in 
the normal s ta te , an acceptable equation of s ta te is one wfnch, i f there is a 
condensate at a l l , i t occurs at densi t ies larger than the saturat ion density 
Tnere are sucn so lu t i ons , and they occur fo r a narrow range of the coupling 
constants g_ which depends on the softness of the equation of s ta te . Roughly 
these ranges are 

1.17 • g_/fm < 1.2 ; 1.0 < g./fn> 1.15 

for the stiffer and softer equations of state shown. For values less than the 
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Fig 1. Locus of 
solutions for 3 
and - equations 
for four Fermi 
energies showing 
the existence of 
common self-con
sistent solutions 
in a limited range 
of Fermi enerqy 
(related to 
density). 

lower l imi t , solutions do not exist over the range of densities shown. Effec
t ively for the s t i f f o equation of state, the condensate energ/ is zero. For 
the softer equation, the condensate energy is small and does not exceed about 
10 MeV at i " 3^Q. This is in sharp disagreement with estimates based on the 
- model for wn'ch the condensate energy is ~30 HeV at this density, and is 3 
very strongly increasing function of density. 

A glance at Figs. Z and 3 reveals a strong dependertf ,' condensate 
energy on modest variations in the equation of state T his i rp l ies that a 
rel iable estimate of the condensate energy cannot be made unless the theory 
is consistent with the bulk properties of nuclear matte". 

S umma ry 

We have solved 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 least this 
is encouraging as concerns the possible existence of a new phjse of nuclear 
master. In contrast the Lee Wick density isomer is probably not compatible 
with the properties of nuclear matter.3.'" 
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Fig . <_. Binding energy as a function 
i density in the absenr.f of a pion 

conde'satt- ' - c 0) and for several 
sel f-cons 'stent condensate solutions. 
Tne c o j p l i n j constants and potential 
paraneters are gs/"is = ^ / m ^ , 
, . v ' i i v = 11/m.,. b = J.004, c = 0038, 
where r!{ - 4.77 f . i r ' is the nucleon 
nass. Tne pion momentum that minimizes 
tne energy i i k - 1 . 5 fur ' . 

Fig. 3. As Fig. 2 but g^/m, * 9/m.̂ , 
gy/Bv = 5/mt(. b « -0.192. c • 2.47. 
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WU ENERGY riOBS AND DEUSTTT EVOLUTION tK 

RELATIVISTIC NUCLEAR COLL I S t OSS" 

t t f t* 
J. Cugnon and S. E. Koonln 

W. K. Kellogg Radiation Laboratory, Cal tech . Pasadena. CA 11 : 

The recent discovery of d i f ferences in the * and t y i e l d ' a: . l ) 
as u e i l as the observation of d i f f e r e n t low energy a and m -pcc tra in 
r e l a t i v t s t l c nucleus-nucleus c o l l i s i o n s r a i s e the p o s s i b i l i t y t l u t such data 
are s e n s i t i v e to the matter dens i ty d i s t r i b u t i o n during the c o l l i s i o n process . 
There i s no way at present to extract such Information iroo proton i n c l u s i v e 
cross s e c t i o n s . In a symmetric N • Z s y s t c a . » * ' T d i f f erences a r i s e s o l e l y 
Cram electromagnetic forces and r e f l e c t , in p r i n c i p l e , tne propert ies of Un
charge d i s t r i b u t i o n a f t e r the plon i s created . We report here on suae aspec t s 
of a c l a s s i c a l c a l c u l a t i o n of these phenomena. 

1. Model for the c o l l i s i o n process . The nuclear c o l l i s i o n Is pictured 
as a success ion of r e l a t i v l s t t c , o n - s h e l 1 . b inarv. baryon-baryon c o l l i s i o n s . 
The evo lut ion of the system i s ca l cu la ted by Beans of a Monte-Carlo aethod n. 1, 
which embodies the fo l lowing ioportant f ea tures : •I r e l a t l v i s t i c k inematics . 
( i i - empirical elementary cross s e c t i o n s , " l i t p lonic degrees JI freedom are 
accounted for by a l lowing ^-production, ; iv i ' s arc considered s t a b l e against 
pion emission unt i l the end of the c o l l i s i o n process ; thev raay. hovever, be 
destroyed in c o l l i s i o n s with nucleons. This las t point i s a reasonable 
approximation %iven the present knowledge of the behavior ot * resonances ir* 
nuclear matter [c). 

The present model i s a very success fu l p a r - w t e r - f r e e descr ip t ion of 
i n c l u s i v e cross s e c t i o n s ( s e e f i g . I) and two proton c o r r e l a t i o n s at 
3 J- MeV,'A [h]. 

Z. Matter d i s t r i b u t i o n . During the c o l l i s i o n process , i-ur t_alcu.att-m 
revea l s that the matter can be compressed s u b s t a n t i a l l y _ =̂ -.^ and tn«*n 
expands rapidly . However, pions ahould r.ot be s e n s i t i v e to these ear ly s tages 
of the process . At the end of the c o l l i s i o n process and at l a t er t Laes, the 
ca lcu lated matter (and charge; d i s t r i b u t i o n of a symmetric system can be 

Supported in part by NSF grants PHY77-^K.i and PHTP-. —1.-.-. - : . 
Permanent address: Univers i ty of Liege , I n s t i t u t i e Physique, is— 
Sart-Tilmanj Belgium. 
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fairly well parametrized as 

p(r,t) 
(TJK IT)" 

exp 
\ r/A 2 (asV̂  exp 

(x- y -

exp 
(it x 1 + y i- / (z^ + vt)' -]1 

Here, q is the total charge of the system, v is the initial velocity in the 
c.m. frame, and y is the corresponding Lorentz factor. The beam direction 
is z and the impact parameter is along x. By fitting this form to the Monte 
Car. J calculations at each time for a given impact parameter, ve find that the 
participant charge, Q,, is a'aiost independent of time, while r , x and a are 
linear functions of time. These results support qualitatively the participant-
spectator model, except Chat they predict an expansion of the three parts of 
the system. Typical expansion velocities are v r = j.h and v = 3.2. Q is 
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close to that predicted by a "cle*n cut" geosetry, ercept at suit Impact 
parameters, where it is scaevhat ssaller. 

3. Electromagnetic effects on the plan spectrua. let S(r,t,b,p.) be 
the source function for creating plons of aoaentua p at space-time point 
(r,t) in a collision at iapact parameter b. The inclusive cross section 
will be [5] 

^-Spr/dtJdW.t.b.pvlf 
pf *i 

where p f is the final asymptotic momentum after experiencing the electro
magnetic field. We bi've calculated this integral by a Monte Carlo method, 
sampling the initial value of p ,r,c,b and solving classical equations of 
motion in order to find p.. 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 are 
consistent with those of the participant charge distribution at the Instant 
of A-decay. The time dependence of the source Is taken to be a delta func
tion in time, assuming that the plons 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 is assumed to be thermal (with 
temperature T), or direct (i.e. , related to the N+ N -* ntNiN data) or a 
combination of both. 

Fig. 2 shows the results for Ar+ Ca -*• a txat 1. J6 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 tea*, of 
the figure; Upper Right, the thermal spectrum; Lower Right, Lower Left, two 
mixtures of thermal and direct spectra, respectively 0 .«£ and %A. thermal. 
The electroniagnetic forces produce a depression in the low energy region and 
therefore a maximum at 90 near p * m c. The position of the peak is sensi-

•L It 

tive to the initial spectrum. Comparison with experiment [o] would favor a 
highly thermal initial spectrum, as far as the location of the maximum is 
concerned. However, the shape of the contour lines near this maximum is not 
well reproduced. Beyond the region experimentally investigated for this 
system, we predict a depletion of the pion yield at J and 1Q> at rapidities 
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Ne*NoF 40CMeV v 

as to is yot 

Fig. . . Calculated invariant <•.* Fig. „. Ratio of the r to r. 
cri'ss sections for Ar * Ca at yield at J° for Se • NaF at E/A = 
I.J!.. GeV. Normalization is arbi- ^ ; • MeV. 
trary. Triangles indicate a maximum 
and arrows indicate the initial cm. 
rapidity. 

slightly beyond the incident cm. rapidity. This is consistent with the 
measured ratio of n to n yields at J for Ne T NaF at h • MeV (l], as Fig. i 
strikingly shows. We find, remarkably that this ratio is fairly independent 
of the initial pion spectrum. Negative pions are "captured" by tht - pectator 
parts of the system travelling with the incident velocity- Thus, it is very 
likely that n-mesic atoms are formed in relativistic nucleus-nucl< is collisions. 

Although there is some uncertainty in the pion source and a classical 
treatment raay be suspect in so™- regions of phase space, our calculations have 
revealed that the low energy pion cross sections are sensitive to the evolu
tion of the charge distribution after the strong interaction process. In 
particular: 
(1) the height 2nd the shape of the peak in the - r ratio at are 
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sensitive to the spatial extent of the spectator part of the system, 
(2) the high-momentum it"/* ratio at 0 depend* upon the spatial charge 
distribution at the end of the strong interaction process, 
(5/ the n /n ratio at saall momentum 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 shape of the maximum in the » -spectrum at 
90 cm. also depends upon the properties of the charge distribution, but Is 
quite sensitive *.o the source paraneters. The fact that we cannot reproduce 
the detailed shape of the maximum may indicate some unusual properties of 
the pion souzce. 
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TWO-PARTICLE CORRELATIONS IN HIGH ENERGY 
NUCLEAR COLLISIONS 

JSrn Knoll* and Jftrgen 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).I'2 It describes 
the observed cross sections in terns of contributions arising 
from dynamically independent groups of interacting nucleons. In 
addition to a correlated part where both observed particles 
arise from the same group, there is also a significant 
background contribution from the particles originating from two 
independent groups. The construction of the one and two 
particle spectral functions by means of a Monte Carlo simulation 
method allows the inclusion of various dynamical effects, such 
as the production of delta 1 obars or precritical scattering. 

Vhe presently available data3 express the amount of 
correlation by a ratio R of the in-plane to out-of-plane 
coincidence cross sections registered in a tag counter and 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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Germany 
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THE ROLE OF FINITE PARTICLE NUMBER EFFECTS 
IN HIGH-ENERGY HEAVY ION COLLISIONS* 

Jbrn 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, firestreak). Due to the clean kinematical situation in equal mass 
systems, these deviations are even found in inclusive spectra 1): 1) anisot-
ropy in CH frame •» excludes fireball, ii) mass dependence of the asymptotic 
slopes and iii) a shouldering at lew 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 number (-» 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 2), 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) 3). There inclusive cross sections factgjrize into geometry coeffic
ients OAB(M,H) and spectral distributions FMN(P) 

eft-E°AB {" , , lWi J> • m 

Here in a collision §f the two nuclei, A and B, the observed particle 
(energy E, momentum p) results from a collision of H projectile nucleans 
with N target ones. 

The geometrical weights o/\g(M,N) are shown in fig. 1 for unselected 
(inclusive) and selected (central) events. Clearly, for all reactions 
analyzed the major contributions arise from combinat*: :ns with M + N < 6. 
This finding sterns 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 Fffj by the corresponding phase space 
functions $MJJ(P)~ these are the highest entropy distributions pertaining to a 
fixed number of particles--ws expect significant deviations from the therma" 
limit ('1+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 th? 
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 '-om fluctuations in H 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 5) leads to a slight 
cooling of spectra, an effect which has not been included here. 

Altogether we see clear indications that finite particle number 
effects play a significant role in these reactions. Thus, caution is 
recomnended when extracting temperatures (and this way energy expectation 
values) from asymptotic slopes of spectra. A study of finite particle number 
effects on correlations along similar lines has started recently5). 
') S. Nagamiya et al.. Phys. Lett. 81J} (1979) 147, and submitted to Phys. Lett. 

2) J. Knoll, Phy-,. Rev. C 20 (1979) 773. 
J. Knoll, submitted to Nucl. Phys. 

') J. Hiifner and J. Knoll, Nucl. Phys. A290 (197/) 460. 
J. Knoll and J. Randrup, Nucl. Phys. A324 (1979) 445 

") Y. Yariv and Z. Fraenkel, preprint 1979. 
C. Noack, private communication. 

5) S. Bohrmann and J. Knoll, these proceedings, and to be published. 
6 ) J. Knoll and J. Randrup, these proceedings. 
••Work supported by the Heisenberg Stiftung, uermany. 
rtOn leave of absence from Max Planck Institut fur Kernphysik, Heidelberg, 
Germany. 
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CALCULATION OF NUCLEAR MASSES WITH A FOLDED-YUKAWA SINGLE-PARTICLE POTENTIAL 

AND A YUKAWA-PLUS-EXPONENTIAL MACROSCOPIC MODEL 

Peter Holler and J. Rayford Nix 

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

We use the folded-Yukawa single-particle potential and the Yukawa-
2 plus-exponential macroscopic model to systematically calculate the 

ground-state masses of 4023 nuclei ranging from 0 to 112. The 

ground-state energy is determined by minimizing the total potential energy 

with respect to e, and e, shape coordinates. We also include an t. 

shape coordinate, in the form of a prescribed dependence upon £_ and c, 

that is determined by minimizing the macroscopic energy alone. The method 

is also used to calculate the fission-barrier heights of 28 nuclei ranging 
109 252 from Cd to Cf 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 

A term, a charge-asymmetry term, and microscopic zero-point energies. The 

nuclear-radius constant is determined from elastic electron scattering 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 constant and surface-asymmetry con

stant are determined from the fission-barrier heights of the 28 nuclei that 

are considered, and the remaining constants are determined from the ground-

state masses of 1323 nuclei ranging from 0 to No for which experimental 

values are known with experimental errors less than 1 MeV. 
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For the final foraula, we compare in Fig. 1 the experimental and cal

culated fission-barrier heights, for which the resulting root-mean-square 

error is 1.331 MeV. A similar comparison is Bade in Fig. 2 for the experi

mental and calculated ground-state microscopic energy, which is defined as 

the difference between the ground-state mass and the macroscopic value for a 

spherical shape. The resulting root•mean-square error in the masses is 

0.8J5 MeV. These values are to be contrasted with a barrier root-mean-

square error of 2.0*>0 HeV and a mass root-mean-square error of I.M3 HeV for 

the original formula of Ref. 2, with the constants adopted there, when the 

same tiuc lei art* considered. 

The improved agreement between the calculated and experimental fission-

b.»r;-Ji*r heights and ground-state masses for the present formula arises 

primarily because of d smaller surface-asymmetry constant and an A term. 

Use of an exact diffusenfss correction and microscopic zero-point energies 

are also fairly important. Some of the remaining discrepantles in the 

ground-state masses evident in Fig. 2 can be understood in terms of 

instabilities with respect to t and ~, deformations. 

W«- are grateful to John W. Negele ftr h»s assistance with lhr smaller 

nuclear-radius constant, proton form factor, and ibarge~<isyimneLry term. 

m i s work was supported by the U. S. Department of Energy and the Swedish 

Natural Science Research Counc 11. 
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Ax PHYSICS 

A. Sandoval 

Gesellschaft fi ir Schwerio«»en forschimg 
Darastadt, West Germany 

and 
Lawrence Berkeley Laboratory 

Berkeley, l"A 947?0 

Abstract 
Exclusive t" and charged-particle production in collisions of 

Ar on KC1 are studied at incident energies from 0.4 to 1.8 GeV/A. 
The correlation between the *~ and the total charged particle multi
plicity confines the reaction alonq a narrow ridge with no exotic 
islands of pion production. For high multiplicities the system 
reaches the total disentegration of target and projectile into singly 
charged fragments and pions. Every 200 KeV/A data was taken with a 
central and inelastic trigger. For central collisions the mean »" 
multiplicity increases linearly with the bombarding energy wit.i no 
narked discontinuities due to the A ( 3 . 3 ) resonance. At 1.8 GeV/A 
evidence for nonthermal *~ production in cent-al collisions is 
found. The total c m . energy in » - shows linear dependence on the 
n" multiplicity with a slope pf e = 300 MeV/*~. Strange particle 
production in the central collision of 1.8 GeV/A Ar on KC1 is seen. 
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The natural fr-imouork for the description of high energy ivjcleus-
nucleus interactions, above the pion production threshold is given by 
the quark model. For example the production and decay of the ft(3,3) 
isobar, the most important inelastic channel up tt< bombarding energies 
of several GeV/A, is described hy the quark exche" •-.. betm <-n two 
nuclpons with the coupling of the quarks in one of them to I =-- 3/2; 
the decay occurs by the emission of one quark from the A and the quark 
antiquar', production from the vacuum to form a nucleon and a pion 
(Fig. 1). The families of excited states of the nucleon (i , t and 
strange bayons are higher angular momentum states in the coupling of 
three quarks; u's and d's coupled to I = 1/2 for the It , u's and d's 
coupled to 1 = 3/2 for the & and u's and d's with one strange quark s 
for the strange bayons A's and Z's. Correspondingly the mesons are 
quart- antiquark pairs. The energies at which these states can be 
formed in an NN collision are given in Fig. 2. At these energies the 
»N cross sections vary by a factor of 10 resulting in ? very energy 
dependent picn mean free path in nuclear matter. 

2 

The aim of this work is to study the energy dependence of the 
isobar and meson production in central collisions of an equal mass 
system (Ar + KC1) from below the ''3,3) resonance up to the highest 
Bevalac energies. Exclusive measurements of all the reaction products 
are "ecessar^ 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 steampr chamber with it's 4* geometry and 
100 percent efficiency for charged particles, is the most suitable 
detector for such experiments. Nevertheless, all the neutral part
icles remain undetected. He i.ive measured the central and inelastic 
interactions of Ar on KC1 at 36(, 566, 77?, 977, HBO, 1385, 1609 and 
1808 KeV/nucleon. 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 negative pions, 
total charged particles, and leading tracks. Scanning results and 
preliminary results from the negative pion morrentum reconstruction 
will be presented. 

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 
smaT multiplicities, reaches a plateau for multiplicities between 23 
and 40 followed by a sharp cut off at higher multiplicities. This 
plateau is also apparent in the distribution of the number of partici
pant protons, which can be extracted using the multiplicity of leading 
particles. The fireball and cascade models do not reproduce this 
extra yield which comes from a larger transverse momentum spread in 
near central collisions than assumed by these models. 

The total cross sections for the inelastic and central trigger are 
1.8 barns and 180 mbarns 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 fireball and firestreak models overpredict the 
number of *~ by a factor of 2. This places in doubt the assumption 
of chemical equilibrium of pions and A's as the production mechanism. 

The correlation between negative pion and total chargod-particle 
multiplicity is shown in Figure 3 as contour lines ot cr.o-tunl cross 
section. The reaction is confined to a narrow ridge with no discern-
able exotic islands of pion production. For the higher multiplicities 
the system reaches the total disintegration into singly charged 
fragments and pions. 

Surprisingly, the energy dependence of the »~ multiplicity 
distributions is very smooth as one traverses the different N and a 
resonances. For the central trigger the mean »~ multiplicity shows 
a linear dependence on the bombarding energy (Fig. 4). At each bom
barding energy and as a function of the number of participant protons 
in the interaction (Q) and mean «~ 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 n~ from the 1.8 GeV/A central interactions 
have been reconstructed. A scatter plot p. vs p plane in the center 
of mass is shown in Figure 5. The signature of a 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. 
Figure fi shows the correlation between H _ and E _ for the recon-

•K II 
structed sample. A distribution peaking at 1.2 GeV for 4 »" is 
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observed with a linear dependence of E on H with a slope of 
* * 

c = 300 MeV/i~. Further theoretical analysis needs to be done to 
see if this linear relationship and the dispersions are in agreement 
with independent nucleon-nucleon isobar production or if some 
signature of other coherent processes in highly compressed nuclear 
matter is present. 

A clearer signature from the primary iwist compressed stage of the 
4 interaction is expected frcti the strange particle production. In 

the strecrc;;r clumber the charged decay of neutral strange hadrons can 
be detected with good efficiency by identifying secondary vertices 
(Vees). In this way the K » i ¥~ and A > p,~ decays can be measured, 
identified 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 i «" pair 
or a p«~ pair (Figure 7). He see that most of them correspond to 
decaying A's. A c m . p. vs p. scatter plot is shown for the identi
fied A's in in Figure 8. The distribution in the c m . is expected 
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 our first results of charged 
particle-4ir-experintents 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 measurements like Hie 

ones reported here. So far, none of the models can coherently explain 

our data. 
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Fig. 2. Known baryon and meson states plotted as function of the 
laboratory bombarding energy at which they can be excited 
in nucleon-nucleon reactions. At left the arrows give the 
energy per nucleon at which we took data. 
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Fig. 3. Top: total multiplicity 
and n" multiplicity distri
butions for the inelastic 
and central trigger in the 
interaction of Ar on KCl 
>t 1.? GeV/A. 
Bottom: correlation between 
total multiplicity and IT" 
multiplicity for the 
inelastic trigger as 
contours of constant 
cross section (mbarns). 
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Fig. 4. Energy dependence of the 
mean TT" multiplicity in the 
central interaction of Ar on KCl. 
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Fig. 5. Scatter plot of the n" produced in 373 central interactions 
of Ar + KCl at 1.8 GeV/A, plotted in the center of mass 
PN vs. pt plane. 

Fig. 6. Total center of mass energy in negative pions of each 
reconstructed event vs. the ir~ multiplicity at 1.8 GeV/A. 
The straight line corresponds to a slope of 300 HeV/7t". 
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PIONS IN THE STATISTICAL PICTURE OF HIGH-ENERGY 
HEAVY-ION COLLISIONS* 

Jorn Knoll and Steffen Pohrmann 
Nuclear Science Division, Lawrence Berkeley Laboratory 

Berkeley, CA 94720, USA 
on leave of absence from 

Max-Planck-Institut fur Kernphysik and 
Institut fur Theoretische Physik der Onivi'rsitat 

6900 Heidelberg, Germany 
Introduction 

The preceeding contribution1 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 this question the statistical model of high-energy 
heavy-ion collisions2 was extended to include the production of 
pions. Its main ingredients art 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 
Fermi^ 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 sosce part of the phase space follows from the 
conservation laws the coordinate spa'e part, contains the only free 
parameter of the model; a characteristic baryon density p c 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. 
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We observed throughout that the pion yields are overestimated 
by a factor of about two (also in the thermal limit) if , c were taken to be normal nuclear matter density PQ. As we are primarily 
interested in spectra rather than in multiplicities, we abandoned any 
physical interpretation of p c and considered it as a free parameter. The observed pion multiplicities at 800 MeV/A require 
p c * 2pn. (Regretfullv we are only able to present preliminary 
results calculated with a value of p c giving only half of the observed pion multiplicity at 800 MeV/A. The corrected calculations 
will accordingly alter the normalization and slightly steepen the 
asymptotic sl-.-sf/es of the spectra but will not effect their general 
features in particular if compared to the bulk lî -it results.) 
Figure 1 shows 90"-energy-spectra of protons an<* •" ":~.t 800 MeV/A 
Ne+NaF in the center of mass of the colliding sv̂ teit.. (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 yiel . unreasonably 
high pion rates, our statistical model yields satisfactory agreement 
already with rates less than the observed ones (soli': line). The 
slope of the associated pion spectrum, however, comes out a bit too 
flat compared to experiment (solid line) and in fact iu identical to 
the proton slope; the experimentally observed difference cannot be 
reproduced. However, the model copes with the mass dependence of the 
slopes of 90°-CM-pion- soectra (C + C yives steeper slopes than Ar * 
KC1). This the "firestreak" model cannot do from principal reasons. 

The apparent "scaling" features of pion spectra in forward 
direction as observed by Papp et al.^ were interpreted '>•/ landau 
and i,vjl;is-.y 7 a? kinematical effects. The success of rh«: 
statistical model (Figs. 2,3; solid lines) in reDrodncin.a these 
features as compared to the "firestreak"-model Mashe^' 1 ine) seems to 
support this conclusion. 

In backward direction pi., n spectra obviously do not scale (Fig. 
4; data are from Schroeder et al.", lower cross-actions correspond 
to higher projectile-energy). Gyulassy 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 model, too (solid lines; 
dashed lines: "firestreak"), it seems questionable whether slopes are 
uniquely 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 jp to the 
kinematical lireit.9 Here the "firestreak" model (dashed line) fails 
dramatically. As we kept p c fixed throughout our calculations we underestimated the total rate in this subthreshold pion production 
exper iment. 
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Concl-jsions 
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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K* PRODUCTION IN RCLAriVISTIC BUCLlW f°-lt !' If1'. 

Che Hinq Ko and .Jflrgen Randrup 
Nuclear Science Division 

Lawrence Berket • Labc-atory 
Berkeley, CA 947?0 

Abstract 

Kaon production in relativistic nuclear col'isior-
basis of a conventional multiple-col 1 is ion «>d«l. '< 
differential cross section for kaon producti-
baryon-baryon collisions, estimated in a simple moo •«. 
kaon yield is approximately isotropic in the in.'-' :. 
extends considerably beyond the nuclcor.-rtic leon kirrr-.,j" 

Presently an experiment is underway n> wi>ur» tne spectrum of 
charged kaons produced in relativistic nuclear collisions.') Althnuqn 
the partial cross section for kaon production is relatively snail, such 
an experiment is of great interest because of '..he important new 
information it may provide about the nuclear collision dynamics. The 
positive kaons have a relatively small interaction cross section t _9 nbl 
with nucleons^) s o that they are more likely u escape unperturbed 
once created. Since the threshold (-1.6 GeV) for their production is 
relatively high on the scale of presently available beam energies, the 
kaons are predominately produced before the initial tiretic energy is 
substantially degraded. They are therefore expected to h" Better suited 
as messengers of the primary violent stage of the collision *n>'h miqht 
otherwise remain quite elusive. 

Our study is based on a conventional nu 11 iple-co! i ismn _ icture ot 
the nuclear reactions. In particular, we employ the approximate 
linear-cascade model developed by Hiifner *nd >'no!l^) .nd later 
extended by Knoll and Ra^drup.*) This is probably quite adequate for 
our present exploratory study. Two baryonic states were included: the 
nucleon N(940) and the delta resonance a(l?3?). Tne baryonic cascade 
then involves the process NN|MajAi. Due to the Lorentz 
dilation factor, which is around 3, the deltas are not likely to decay 
until after the linear cascade is completed. It is therefore important 
to note that the pions, whether created during the orimary cascade or 
later, ar-> expected to have too little energy to p""Od.:..e any kaoni in 
their further interactions with the nuclecns. We therefore expect that 
the dominant source of kaons is the primary baryon-baryon collisions. 
Since the partial production cross section for kaon i; so sma'l we may 
safely employ a perturbative approach in which the dynamical feed-back 
effect o- the kaon production in the f.irther collision process is 
ignored. 

The quantities needed in order to generate the kaun spectra 
associated with a nucleus-nucleus collision -re the kaon spectra 
associated with the various types of ele-r^nta'y be-yin-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.'') from 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 - x 2(l-x) where x » P/Pmax ' s t h e kaon 
momentum measured in units of its maximum value. 3) The energy 
dependence of the isospin-averaged total kaon production cross section 
is approximately given by <TNN = 1-33 5N& = ? **£ = 144 ub 
Pmax/mKC, where mx is the mass of kaon. 

We have calculated the kaon production cross section for cases of 
actual experiment interest. The Bevalac experiment in Berkeley,*) 
which is being completed, employs p, d, and Ne projectiles with a 
kinetic energy of 7.1 GeV per nucleon. Targets ranging from NaF to Pb 
have been used. In Fig. 1, we display the reduced differencial cross 
section Edo^/dp/AB as contour plots in the rapidity space for 
reactions using He as the projectile. In the above, A and B denote the 
mass number 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 laboratory frame 
while the dashed curves corresponding to TR - 400 6e'//c and 800 HeV/c 
and approximately bound the experimentally accessible region. The 
calculations are performed with a Fermi momentum of ?70 HeV/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 c * ybeam/-' * 0.92. The total 
reduced inclusive kaon (K + plus K°) cross section o</AB are 45 ub 
and 35 ub for target NaF and Pb, respectively. Therefore 'he scaling 
behavior that og/AB is a constant holds within ?0 pei.ent. This 
applies also to calculated results for other reactions not presented 
here. The decrease of the total reduced inclusive kao>i cross section 
can be understood in terms of multiple collisions. In the first 
collision there is around a 50 percent chance of converting one of the 
colliding nucleons into a delta resonance. If a delta is produced, the 
kinematics is such that its nucleon collision partner is degraded so 
much in momentum that its ability to produce kaons in its next collision 
is reduced considerably. 

The predictions obtained from the above multiple-collision model are 
significantly different from what would result in a thermal model. Such 
a model 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 taraet. Also, the 
scaling behav'or observed in the multiple-collision model is not 
expected to hold in the thermal mcdel. The kaons should therefore 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 light 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 fermi motion is instrumental in broadening the kaon distribution 
over a wider domain in rapidty space and thus leads to kaons at 
considerably larger laboratory 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 
nucleon-nucleon kaon production threshold where the kaons are produced 
exclusively 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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fig. I. The calculated reduced invariant differential cross sections 
for kaon production induced by a ?.l GeV/n neon beam. 
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fig. ?.. The calculated invariant K + spectra at fixed laboratory 
angles for neon-induced reactions. 



-154-



-155-

NON-ADIABATIC MASS PARAMETERS 

Gerhard Schutte 

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 only. 

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

consisting of the kinetic energy, the above-described single-particle potential 

and a pairing force. The following arguments are phrased in terms of the adia-

batic basis defined as th? eigenfunctions |n> of H corresponding to eigen

values £ at each deformation. The time-dependent Schrb'dinger equation is in 

this basis: 

a = -I <n|0fr|m> expfi f (t - E J d r V (!) 
n m t I J_ n m I m 

Two classes of matrix elements can be distinguished: those which create 

an additional pair or-or out of the BCS ground state |0> are up to one order 

of magnitude larger than those which break a pair. Accordingly the Hilbert 

space is split into paired states 

|0> , a-a I0> , ct-a a-a |0> 

denoted by 

|0> , |uu> , |vvpp> , ... (2) 
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states with one broken pair 

|nm> , |nmvv> , ... , (3) 

; *.d states with more broken pairs. The corresponding projection operators are 

denoted by P-, P , etc. 

Projecting the time dependent Schrddinger equation onto these subspaces 

gives 

i Pfl*0 = mc - i P 0 ^ M , (4a) 

nm nm nm ran 0 nm nmkJ? 

The definitions tbn = P„d> and Ui = P il» have been used. This system is 

solved through first order in the pair-breaking matrix elements lor a nucleus 

starting in the BCS ground state. Therefore the last term in eq. (4l>) which is 

of second order is neglected. The pair creating or annihilating 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 

*0 = I 1 ( d v + co e xP<- 2 i / S - ^ ^ K 1 | 0 > (fi) 

v 
d* has the same form but |0> is substituted by I run-- and an additional 
nm J 

phase exp(2i / (c + £ )dt) appears. The usual BCS energies are denoted by 

£ . The coefficients have to fulfill the equations: 
n n 

c = -<uv|3 I0> exp(2i f £ di) d 

d = -<0|3 |v\» exp(-Ji J~ £ di)c . (6) 

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

<nmvv|3 |nm> = <Gv|3 |0> = <jj|juu|3 |(j(j> (7) 
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Together with the initial condition that the systea starts essentially in the 

BCS ground state eq. (7) shows that the amplitudes r and d ar-„* identical in 

ill. and ill The pair (6) is of Landau-Zener type. Hence c. and d. are 
T0 Tnm r \> » 2 • 2 • analytic functions (1] of the variables eu/e and A /e . Therefore c 
does not contain positive powers of the deforaation velocity a. 

Through first order in pair breaking matrix elenents the solution <l> ol 

the time-dependent Schrodinger equation is 

<l" = *« * 2 ^ i JA - /"<i|» h l<i>„>dt' tli11 J ( 8 ) 
0 T% J 1™ Jo n m ° ™) 

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

i<mn)a |0> . 

*« = -r-rr-i I n < 9 ) 

n m |t=0 
The matrix element in eq- (8) oscillates in time. Its modulus is a smooth 

function of deformation except in the vicinity of the crossings a ^r Of of 
n m 

the single particle energies e or e with the chemical potential A. The 

contribution of these regions to the integral in (8) is small. It depends on 

the deformation a or a and on the velocity or or cr at this defr.rma-n m n m 
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 of or in the actual velocity or. 
n ' 

The t o t a l e x c i t a t i o n energy i s given by 

E" = <I|J|H|I|»> - <0|H|0> 

= J2 2 e lc I 2 

£ | Ann, - A n J * 5 > | 2 {*n(l - 2 | t n ' 2 ) + ^ (> " 2 ' s / ) | " <"» 
nm JO * ' v ' ' 
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• 2 In this expression the collective kinetic energy is Bo 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 c . The above-mentioned 

partial integration yields the mass parameter: 

^nm|3 |0>2 

B =2 L —-— 
n, m n m 

tnmia |0> / t V 
*7 I" -7T—?-r-. e xPl» / < £ • t )dr 1 Z_/ in j (t t t ) I /„ n n I nm n m \ -'O / 

<nm|3 al» m>-H n m 

+ 'm i(£_-"TT " "''I 

(t + J. - 2 £ |c | 2) (11) 
rn ii m m 

A renonna 1 i sat ion of the coupling matrix element takes tlie "pole contribution" 

out JS discussed in ref. (2j. No contribution of pair creating matrix elements 

occurs. 

Generalizing this result one may say that the coupling (.lining pseudo-

crossings does not contribute to the collective kineti t energy and therefore 

not to the mass parameter. It gives rise only to intrinsic excitation-
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EFFECT OF A DENSITY ISOMER ON THE DISTRIBUTION OF OUTGOING HATTER 

IN HIGH-ENERGY HEAVY-ION COLLISIONS 

J. R. Nix and D. Strottaan 

Theoretical Division, Los Alamos Scientific Laboratory 

Los Alamos, New Mexico 67545 

Within a conventional nuclear fluid-dynamics model, we study the effect 

of a density isomer on the distribution of outgoing matter in the reaction 
20 238 
Ne + U at a laboratory bombarding energy per nucleon of 393 MeV. For 

comparison, we also vary the nuclear compressibility coefficient K in an 

equation of state for which the pressure increases continuously with density 

above normal nuclear density. 

The congressional contributions to the three specific nuclear equations of 

state that we consider are illustrated in Fig. 1. The ground-state energy per 

nucleon ^ n^ n^ * s 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 nucleon number density n, we take En(n) t o be of the form an - bn. In 

the other regions, we take E..(n) to be parabolas in the square root of the 

density. This means that in the limit of infinite compression, ^ n(n) increases 

linearly with density, with the speed of sound approaching the speed of light. 

The value of ^n(n) a t normal nuclear density n Q is taki'n 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 density that is 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 method with an improved treatment o* 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 lo central colli

sions constituting 15% of the total cross section. In constructing the cross 

section from the velocity vectors of the outgoing computationa! particles at 

large time, »e use a preliminary Gaussian smoothing technique in energy and 

angle. To facilitate comparisons with experimental results, .-e luiiveu the 

cross section for the outgoing matter distribution into thi « ross section 

•i o/dE<\Q tor outgoing charged particles un-ier the assumption of uniform 

charge density. 

The results calculated for our three equations of state .ire shown in Fig. 2. 

To within numerical uncertainties, the results are ver> similar tu one another 

in all cases except for centIJ1 col I is ions at laboratory angle 0 - 10° and for 

both central collisions and all impact parameters at 0 - J n>° In these cases, 

over cert a in ranges ot energy, d o/dEdi.' is lar ger I r the dens J ty I somei than 

for the two conventic-al equations ot state. Because of our neglect of binding, 

at low energy all ot the calculations lie significantly highei ' han the experi-

mental data tor outgoing charged particles,*" which are givt-n by ! he solid circles. 

At high energy all of the calculations reproduce the exp. i urn ut.ji data at forward 

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

mentally that the target and projectile are partially transparent to each other. 
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Fig. 1. Compressional contributions to our three nuclear 
equations of state. 
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Fig. 2, Dependence of d a/dEdr upon Che nuclear equation of state 
with line conventions corresponding to those used in Fig. 1. 
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COULOMB E1FECTS IH RELAT?V1STIC NUCLEAR COLLISIONS 

M. Gyulassy and S. K. Kauffmann 

Nuclear Science Division 
Lawrence Berkeley Laboratory 

University of Cal i fornia 
Berkeley. CA 94720 

Ke derive simple analytical formulas for Coulomb f i n a l state 

interactions and apply them to the analysis of recent data on nuclear 

col l is ions. The m~l% r a t i o , the * inclusive cross section, and the 

n/p ra t io are studied. A r e l a t i v i s t i c f i e l d theoretic model is used 

to derive the formulas to f i r s t order in Zo. Then based on c i r t a i n 

well known non-perturbative resu l ts , we recast those formulas in an 

approximate non-perturbative form to increase thei r domain of applica

b i l i t y and remove unphysical s ingular i t ies arising from perturbation 

theory. Ihe f ina l formulas are covariant and take into account 

multiple independently moving charged fragments cf f i n i t e size and 

f i n i t e thermal expansion ve loc i t ies . Our studies demonstrate 

analyt ical ly the complexity and importance of Coulomb distortions in 

nuclear co l l is ions . 

Abstract from LBL-10279. 




