GSI - 8 - 8
PREPRINT

CERN LIBRARIES, GENEVA

CM-P00069019

Microscoric AND Macroscopic MopeLs FoR NUCLEAR
CoLLISIONS AT MepiuMm AND HiGgH ENERGIES

H. Stocker, G, BucHwALD, L.P. CserNAI., G. GRABNER.
P.R. SuBrAMANIAN, J. THEIS., J.A. MARUHN, W. GREINER.
M. Gyuiassy. K. FrRankeL. K.K, Gupima, V.D. ToNEev

Invited talk presented at the XX International Winter Meeting on
Nuclear Physics, Bormio, Italy, January 1882

ApriL 1982

Gesellschaft fur Schwerionenforschung mbH
Planckstr. 1 - Postfach 110541 - D-6100 Darmstadt 11 - Germany



Microscopic and Macroscopic Models for Nuclear Collisions at

*
Medium and High Energies

H. Stocker

Gesellschaft fiir Schwerionenforschung,
D-6100 Darmstadt 11, Germany

+ ++
G.Buchwald, L.P.Csernai , G.Graebner, P.R.Subramanian , J.Theis,

J.A. Maruhn, W. Greiner

Institut fiir Theoretische Physik,
Johann Wolfgang Goethe Universitit,
D-6000 Frankfurt am Main, Germany

M. Gyulassy, K. Frankel

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

K.K. Gudima, V.D. Toneev

Laboratory of Theoretical Physics,
Joint Institute of Nuclear Research,
Dubna, USSR

*
Invited talk presented at the XX International Winter Meeting on Nuclear
Physics, Bormio, Italy, January 1982

+ Fellow of the Alexander von Humboldt Stiftung. Permanent address: Central

Research Institute for Physics, 1525 Budapest, Hungary

A Present address: University of Madras, India

Two different classes of reactions have been observed in nuclear collisions
at high energies mr>m > 50 MeV/n: Peripheral collisions, where projectile

and target residues remain relatively undisturbed, and violent collisions
resulting in a complete destruction of the nuclei. Here we will concentrate
on the second class of reactions, i.e. the “central” noddim*mzm with large
associated multiplicities. Ab initio calculations for these complex reactions
are not feasible up to date; hence we will discuss various theoretical models
developed to describe such collisions, which are presented in the first
section. The production of pions and light fragments is discussed in the
second chapter together with measurements of the temperature and entropy.

In the third part of the paper the results of microscopic and macroscopic cal-
culations are compared and confronted with recent data. The last chapter
focuses on event-by-event analysis of collisions in 4 geometry kinetic

flow, sphericity and flatness are discussed.
1. Theoretical models for the dynamics of the collision

a) The Time-Dependent Hartree-Fock (TDHF) Method.

This microscopic quantal theory neglects the collisions between individual
nucleons - the nucleon wave functions collide with the average nuclear
potential only, i.e. with the self-consistent mean field. This model is
appropriate for the description of nuclear collisions at low and inter-
mediate energies, mr>w < 100 MeV/n, but it breaks down at higher energies,
where the Pauli principle looses it's importance.

Fig. 1 shows a TDHF-calculation [1] of the reaction umn + Hmwc at

E pp = 30 MeV/n.

The different impact parameters exhibit different reaction mechanisms: In

the central collision, b=1fm (left hand side of the figure) we observe
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The hydrodynamic equations of motion can be written as continuity equations
for the baryon number, momentum, and energy [9,10] with the gradients of the
pressure,the potentials, and the viscous stress tensor as source terms. The
coupled nonlinear equations for the density fields uﬁw,ﬂv, velocity fields
qﬁw.ﬂv and energy density fields oﬁw.ﬂv - E(r,t) are solved simultaneously.
The nuclear equation of state, which serves as input (constitutive equation)
into the continuity equations, can be derived from the energy per. nucleon.
mAw.nv = mwdoz + moosuhov + mﬂsmssAo,av. (We want to note that the thermal
fireball model [16] may be viewed as a aﬂmmﬁ*hmd_z simplified "frozen" hydro-

dynamical model with only mnrmxa as input: campression phenomena and collective

flow effects are neglected.)

A, (fm>)

Fig. 2 shows the compression energy, mnosquv of nuclear matter as calculated

{171 in a relativistic nonlinear field theory (solid lines) and in non-relati-

vistic many-body calculations using the variational method (dots) [18].

It is found that the results of both approaches agree for p < 1.2 ®o

for any reasonable set of parameters for the incompressibility coefficient K
and effective nucleon mass m* at saturation density Py ™ 0.15 ﬁsuw.
However, at higher densities p > 1.2 Po the nuclear equation of state is

so sensitive to K and m* at Po that differences of several hundred percent
arise even if K and m* are only varied within their present experimental
10-20 percent uncertainties . These results demonstrate that even a precise
determination of the nuclear properties at p < 1.2 [ does not enable us

to predict the high density behaviour of nuclear matter with reasonable
accuracy. A theoretical determination of these properties is also very
difficult in view of the fact that many body forces can play an essential
role, in particular at high densities. Hence experiments which probe the

dense nuclear matter directly must reinvigorate the quest for the high

density equation of state of strongly interacting matter.

2. Temperature and Entropy Measurements after nososmmwﬁos, expansion and

condensation into Pions and Light Fragments.

The temperatures T as calculated in the hydrodynamical model [19,20] are
compared in Fig. 2 to the experimentally determined slope factors qo [21]
of protons and pions emitted from violent nuclear collisions at various
bombarding energies . The data seem to rule out a pure nucleon Fermigas
(dashed curve) at energies mr>w > 800 MeV/n. A mixture of non interacting
gases of the different hadrons with an exponentally increasing hadronic

mass spectrum Awod*a curves) seem to be in much better agreement with the

data.
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The entropy as obtained from this hydrodynamical calculation with viscous

effects included [19] is shown in Fig. 5.
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The experimental values of S are definitely much larger than the calculated
entropy values, in particular for mr>m < 400 MeV/n, even after the effects
of viscosity are considered. However, the calculated proton to deuteron

ratios, xn 3 0.35, agree well with the experimental data over the whole

P
range of bombarding energies considered. This paradox is resolved [19]

as being due to the subsequent decay of the particle unstable excited nuclei,
A* > A-1 + p, which become increasingly important at intermediate and Tow
energies. In fact, the resonance decay products dominate the chemical equi-
librium contribution for mr>w < 400 MeV/n. Hence the relation between the
entropy and the observables is not given by the simple formula given above.

A better sensitivity to the excitation energy of the system in the moment of
the condensation is the number of pions per emitted charged nuclear fragment,

< -> <Q>.
n.->/<Q
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In Fig. 6 < -> / <Q> is shown as measured in high multiplicity selected
collisions of Ar + K C1 [23] as a function of the bombarding energy. We
observe that a simple fireball calculation [16] (dashed) overestimates the
pion production by factors of 3 and more apparently too much energy is
stored into the thermal degrees of freedom. Also cascade calculations [4,6,7]
overestimate the number of pions considerably, in particular at mr>w S 800 MeV/n.
On the other hand, the non-viscous fluid dynamical calculation underestimates
the number of produced pions: too much of the internal excitation energy
is transferred into collective fluid flow [19]. The inclusion of viscous
effects into the hydrodynamic calculation increases the thermal energy and
the calculated pion yield (Fig. 6,full curve) [19] is in good agreement
with the experimental data [23]. These results provide some indication for
the occurence of collective flow in nuclear collisions. Some additional
evidence can be obtained from the angular distributions of fragments emitted

in high multiplicity triggered inclusive experiments.
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1) The kinetic flow tensor (27,291 F.. = &z Pil2 Py
’ ij NV .|ummwn||ast|
which gives the main axis of the kinetic energy flow. This concept allows
an appropriate weighting of composite particles relative to nucleons. The
kinetic flow is a generalization of the sphericity concept.
iii) The sphericity tensor [27-29] mﬁu =3 vmﬁcv vqﬁcv
This is a concept, which has been first introduced - just as thrust - for
the analysis of jet-like events in e’ -~ -collisions. It has the disadvantage

that massAfragments receive A times higher weight than A seperated nucleons.

By comparing the results of the INC- and the hydrodynamic calculation, we

want to find out what is the sensitivity of the global variables discussed

above to the collision dynamics.

Ne +U Ne —U
Ejgb=400MeVin : 400 MeVin

Fig. 8

Fig. 8 shows a comparison of the velocity fields, the density and the
temperature contour plots in a late stage of the reaction Ne(393 MeV/n) +

U at b = 6fm as calculated in the INC model [4]1(left hand side) and in

-13 -

the hydrodynamical model (right) [9]. We observe a much larger transverse
momentum transfer - the bounce off effect [9] - in the hydrodynamic calcu-
lation than in the cascade. This is the consequence of a strong pressure
build-up in the fluid which pushes the residual fragments apart. The single
n-n collisions present in the cascade model result ih a much smaller momentum
transfer. Hence we expect that the largest principal axis of the flow tensor

is rotated to a much larger angle for the fluid dynamical calculation than

for the cascade.

9o e
i V AvA FLOK
80.0 i
.04 cascade Fig. 9
| » & -- Ne + Ne .
60.014 A-=-Ar+Ar N
|
w 50. 0] s==U+U l_
=] 4 i
z
= uo.0ll rxm«o X
2
3000
+_ ;
20.0144 A
b _
E.Duw |

0. J/ I ] 1 |
1.0 2.0 3.0 4.0 S.0

KINETIC FLON RATIOS

Fig. 9 shows a plot of the flow angle amaoz versus the aspect ratio xww

of the largest to the smallest principal axis of the flow tensor as obtained
in the INC-model [27] Azpw = 1 indicates a spherical aosmza:s distribution).
We observe [27] a dependence of the ridge in the @\sz plane on the total

mass of the system. Also shown are the results of a fluid dynamical
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