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Dynamics of radial collective energy in near central collisions for 1A GeV Au1C
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Transverse kinetic energies of individual fragments have been measured over a broad range of emitter
excitation energies for the reaction 1A GeV Au1C. For excitation energies leading to large intermediate mass
fragment multiplicities, these transverse energies require large collective radial expansion of the emitting
systems. However, the traditional decomposition of the transverse energy into a thermal component and a
Coulomb and collective component proportional to the fragment mass cannot account for this expansion.
Expansion velocities show an increase with decreasing fragmentZ and thus indicate fractionation of the
collective energy for the expanding system. This collective energy increases with emitter excitation up to about
50% of the energy deposited for a nuclear system with total energy;12A MeV. The bulk of the collective
energy is carried away by ejectiles ofZ<3.
@S0556-2813~98!51103-X#

PACS number~s!: 25.75.2q, 25.70.Pq
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Violent collisions between heavy nuclei of 0.1– 2A GeV
are often termed multifragmentation due to the large num
and variety of ejectiles. A good characterization of this p
cess is widely believed to be a key step for the delimitat
of the nuclear equation of state@1–3#, as well as for under-
standing liquid-gas phase transitions in nuclei@4–8#. Central
to a description of the mechanism for multifragmentation
the questions of ‘‘achievement of equilibration’’ and the a
sociated role of collective nuclear expansion@9–15#. No one
theoretical model is currently capable of addressing the c
plete reaction time sequence or the whole range of exp
mental observables. Therefore one must use several mo
and/or assumptions in conjunction to piece together a rea
able scenario. In this study of 1A GeV Au1C we explore
the dynamical approach toward equilibration along with
associated collective expansion. We emphasize two obs
ables: the fragment charge~or Z! distributions, and the trans
verse kinetic energies as a function ofZ. Interpretations are
based on dynamical calculations from the Boltzman
Uehling-Uhlenbeck ~BUU! model @16# and equilibrium
model calculations from the Berlin multifragmentatio
model @17#. The picture that emerges@18# involves an ex-
tremely fast period (&25 fm/c) of decidedly pretherma
emission, then a fast period of collision-driven expans
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('25– 50 fm/c), with a termination by multifragmentation
(;50– 80 fm/c) from a low density configuration near to o
at equilibrium.

The data on which our analysis is based are reporte
Refs.@19,20#. In that work, the authors present evidence
two reaction stages, a prompt stage in which light partic
are ejected leading to the formation of an equilibrated re
nant, which deexcites in a second stage. Here, we propo
dynamical scenario which is different from that of Ref.@19#
for the early history, but not mutually exclusive for the equ
librium breakup phase. Our analysis reveals significant ra
collective flow similar to that obtained from the energy co
servation arguments made in Ref.@19#.

The 197Au beams (E/A51 GeV) used for these measur
ments were provided by the Lawerence Berkeley Laborat
Bevalac accelerator. Charged reaction products were
tected with the EOS experimental setup. This setup inclu
a time projection chamber~TPC! @21#, a multi sampling ion-
ization chamber~MUSIC! @22#, a time-of-flight wall, and a
neutron spectrometer@23#. A carbon target was located nea
the entrance window of the active TPC volume to ens
essentially complete detection of all charged products in
EOS setup. Here, we report on events for which the aver
detected chargeZ is approximately equal to the charge of th
gold nucleus.
R1051 © 1998 The American Physical Society
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An important prerequisite for studying multifragment
tion is to establish whether or not the emitted fragments
produced from a single emitting source ensemble. To
end, rapidity distributions forZ51, 2, 3, and 4–7 fragment
are shown in Fig. 1@20#. The distributions shown forZ51
andZ52 fragments@Fig. 1~a! and Fig. 1~b!# exhibit asym-
metries which are attributable to knockout ejection along
c.m. direction of the lightC nucleus. In marked contrast, th
rapidity distributions shown for the heavier fragmen
(Z>3) in Figs. 1~c! and 1~d! show nearly Gaussian shap
which are commonly associated with a ‘‘single’’ emittin
source ensemble. The average mass and energy of this s
ensemble which has clearly lost memory of the beam dir
tion will be discussed along with Fig. 3 below. For the
systems, we use the mean transverse kinetic energies^Kt&
5A(pt

21m2)2m of the fragments to explore and characte
ize the role of collective expansion and the extent of th
malization~pt andm represent the transverse momentum a
mass of the fragments respectively!.

Figure 2 shows the evolution of^Kt& with fragmentZ and
reaction violence. Panel~d! illustrates the, now familiar, rise
and fall @24# of average intermediate mass fragments~IMF!
multiplicity ^M IMF& with charged-particle multiplicityMc .
Panels~a!–~c! @25# show the dependence of^Kt& on frag-
mentZ for the three multiplicity gates indicated in Fig. 2~d!.
For the lowest multiplicity binM1 @or lowest excitation en-
ergies#, values of̂ Kt& show an increase with increasing eje
tile charge. This is the trend expected for fragment energ
which are mainly driven by Coulomb repulsion. When t
multiplicity range is increased to binM2, the trend of values
for ^Kt& changes to a relatively flat dependence onZ @Fig.
2~b!#. We interpret this change as evidence for two effec

FIG. 1. Lab rapidity distributions forZ51 ~a!, 2 ~b!, 3 ~c!, and
3–7 ~d! @20#. The solid lines represent Gaussian curves drawn
guide the eye. Error bars here and below are from statistics on
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~a! an increase in the thermal energy of the emitter wh
leads to an increase in̂M IMF& and hence a decrease in th
slope of theZ dependence of̂Kt& and ~b! significantly re-
duced Coulomb barriers due to radial expansion of the em
ting source.

For the highest multiplicity gate (M3), which corre-
sponds to multiplicities for which the mean number of IMF
is maximal, Fig. 2~c! even seems to show an inversion of t
slope for theZ dependence of̂Kt&. These slope change
suggest the presence of a major driving force separate
different from the simplest Coulomb repulsions and therm
motions. The open points in Fig. 2 were calculated by
Berlin microcanonical statistical model for multifragment
tion @17#, which includes these Coulomb and thermal effec
This well documented model considers the statistical mu
ejectile breakup of a low density nuclear system with a giv
thermal excitation energy,Etherm ~as discussed below!. The
large differences between experiment and calculation m
be attributed to an additional driving force. We ascribe t
driving force to radial collective expansion or flow.

To assign an average expansion velocity for each fr
ment charge, additional calculations were performed with
Berlin statistical model code@17#. This code uses the tech
nique of Metropolis sampling to populate phase space
hence create sample configurations for fragment freeze
for an emitting system of given mass, charge, and excita
energy. Energy, charge, and mass are conserved in e
event, and the post-freeze-out kinematics are followed us
N-body Coulomb trajectories. Secondary decay of the p

o
.

FIG. 2. Experimental~filled circles! and calculated~open
circles! average transverse energy^Kt& vs Z. Results are shown for
multiplicity bins M1 ~a!, M2 ~b!, and M3 ~c!. The dashed and
dot-dashed lines represent fits to the experimental and calcu
^Kt& values. Panel~d! shows the mean intermediate mass fragm
multiplicity ^M IMF& vs total charged particle multiplicityMc . Dot-
ted lines indicate the multiplicity bin selections. See Fig. 4 and
text for calculational inputs and sensitivities.



th
e

f t
-
it

(

sta

u

s
s
y

llo
e

n
he
y-

od
at

l
-

-

c-
w
e
n
a

itie

v-
unt

ed
.

rage
ads
sion

F
an

on
are
ds

e,
ni-
ar-

al-
not

at
l-

l
al
sti-

d
i-

RAPID COMMUNICATIONS

57 R1053DYNAMICS OF RADIAL COLLECTIVE ENERGY IN . . .
mary fragments are taken into account by considering
excited states of these fragments to be the product of sev
unbound single particle states times the bound states o
daughter residues@17#. To address the role of collective ex
pansion, we modified the code to include a radial veloc
boost for each of the fragments at freeze-out. The massA),
charge (Z), and thermal excitation energy (Etherm) of the
emitting system are basic inputs for the microcanonical
tistical model code. ~Default radius values @r 0
52.0– 2.2 fm# were used for the fragmentation volume, b
no conclusions are significantly affected by this choice.! We
have used experimental data to constrain the input value
A, Z, and Etherm. For each of the multiplicity selection
indicated in Fig. 2, the charge and mass of the emitting s
tems were obtained from Haugeret al. @19,20#. Starting with
these properties of an average nuclear source we then fo
an iterative procedure for comparison of calculated fragm
yields and energies to those observed.

Of primary importance is the mean thermal excitation e
ergy Etherm of the emitters when fragments freeze-out. T
value ofEtherm was constrained as shown in Fig. 3, by var
ing the thermal excitation energy of the composite system
the Berlin multifragmentation model to achieve a go
match between the absolute experimental and simul
fragment-charge distributions. For multiplicity binM3, Ref.
@20# suggests that the average nuclear system~A'122610,
Z'5164! has a total initial excitation of Ei'12
62A MeV. It is very important to distinguish the total initia
energyEi of this emission ensemble from its thermal com
ponentEtherm, which is relevant for statistical multifragmen
tation @18#. From Fig. 3 one finds that~for A5130! a value
of only 6.2A MeV is required to fit theZ distribution, i.e.,
Etherm; 1

2 Ei . This large difference is ascribed to the colle
tive energy associated with expansion as discussed belo
similar fit made for emitters ofA5115 also requires a valu
of 6.2A MeV for Etherm. Since these fits depend mainly o
Etherm/A one might describe this procedure as the use ofZ
distribution thermometer.

Using the emitter characteristics above for binM3, we
have performed calculations for several expansion veloc

FIG. 3. FragmentZ distributions for 1A GeV Au1C. The solid
histogram represents the experimental data for multiplicity binM3.
Dashed, dot-dashed, and dotted histograms represent calculate
tributions for emitterA5130 with thermal excitation energies ind
cated in the figure. See text for results forA5115.
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bexp for each ejectile charge. Calculated results forbexp50
are shown in Fig. 2; for eachZ, one assignsbexp as required
to match the data in Fig. 2. Figure 4~a! shows extractedbexp
values as a function of charge for multiplicity selectionsM3
and M1. Thesebexp values can be said to represent the a
erage best fit collective velocity boosts required to acco
for the experimental values of^Kt& shown in Figs. 2~a! and
2~c! respectively. The results are not significantly chang
by using emitter mass of 115 or 130 as described above

Figure 4~a! showsbexp values for binM3 which are sub-
stantially larger than those forM1. We attribute this differ-
ence to the large increase in excitation energy of the ave
emitters. Apparently, an increase in excitation energy le
to greater internal pressure which leads to larger expan
velocities. The fact that multiplicity binM3 is associated
with relatively largebexp values as well as the largest IM
multiplicities, suggests that an expanded volume plays
important role in the mechanism for IMF production.

Thebexp values shown in Fig. 4~a! can be associated with
a mean radial collective energy^Kcol&5A(gmbexp)

21m22m
as shown Fig. 4~b! @26#. A decreasing trend ofbexp with Z is
clear for both multiplicity selections, and supports the noti
that the general characteristics of collective expansion
similar for both low and high excitation energies. The tren
for bexp and ^Kcol& do not reflect a uniform expansion du
for example, to dynamically driven compression. Such u
form expansion would result in the heaviest fragments c
rying the largest collective energy. In addition, the BUU c
culations show a total compression energy that does
exceed;70 MeV. This strengthens the intuitive notion th
this collective expansion is mainly driven by nucleonic co
lisions or ‘‘thermal expansion.’’

These values of̂Kcol& in Fig. 4~b! represent additiona
contributions to^Kt& which are over and above the norm
Coulomb and thermal contributions associated with stati
cal decay@26#. For multiplicity bin M1, these values for
^Kcol& are relatively small and independent ofZ. For even

dis-

FIG. 4. Expansion velocitybexp vs fragmentZ. ~a! Mean col-
lective energŷ Kcol& vs Z. ~b! Results are shown for multiplicity
bins M1 ~filled squares! and M3 ~filled circles!. Inputs for multi-
fragmentation calculations@17# were M3: A5130, Z554, Etherm

5800, MeV ~or ^T&.5.2 MeV!; M1: A5197, Z579, Etherm

5500 MeV ~or ^T&.3.5 MeV!. No important changes result from
reasonable input changes~see text!.
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lower multiplicities values of̂ Kcol& are smaller still~but
have poor statistics!. In contrast, thê Kcol& values forM3
are large and show a sharp increase with decreasing ch
indicating that here the lighter fragments and particles ca
away an increasingly large part of the total expansion
ergy.

This expansion energy can be evaluated by multiply
the observed values of^Kcol& @Fig. 4~b!# by the average mul-
tiplicity of the respective ejectiles for a given multiplicity bi
~e.g., Fig. 3!. For M3 such a procedure yields a collectiv
expansion energy that is'50% of the total initial energyEi
in the emitting system. This result is consistent with a
partially independent of the analysis of theZ distributions in
Fig. 3. This large expansion energy clearly demonstrates
important role of thermally driven expansion in the dec
mechanism for central Au1C collisions. It is also significan
that light particles (Z5<3) account for the largest fractio
of the expansion energy and exit with the largest velocit
The heavier IMF’s carry smaller expansion velocities wh
suggest that they follow behind the lighter ejectiles in tim
and/or space.

In order to gain a more cinematic view into the dynam
evolution of the Au1C reaction, we have also performe
BUU calculations@16# that are similar in spirit to time hon
ored Monte Carlo calculations for the nucleon-nucleon c
lision cascade@27#. However, BUU includes a self consiste
nuclear mean field which follows the evolving nuclear de
sity and is not frozen in shape or size. From these B
calculations we extract the time dependence of the massA),
charge (Z), density ~r!, entropy (S), excitation energy
(E* ), and total collective energy (Ecol) of the core reaction
medium @28#. The position, velocity, mass and size of th
core are determined in a self-consistent manner starting f
the original Au nucleus. The time evolution of several of t
calculated properties is shown in Fig. 5 for central collisio
(b50) of 1A GeV Au1C.

From Fig. 5 we see a rapid buildup of excitation ener
and entropy from nucleonic collisions in the first;25 fm/c.
During this time, the collective energy as well as the entro

FIG. 5. Time evolution of various emitter properties calculat
from BUU @16# for central (b50) collisions.
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of the system rise to their respective maxima@see Figs. 5~b!
and 5~c!# while the density,Z andA undergo relatively mod-
est changes@see Figs. 5~d! and 5~a! respectively#. Then be-
tween;25 and 50 fm/c there is a rapid density decrease a
attendant expansion of the reaction system along with a c
siderable loss of charge, mass, and collective energy, lar
via nucleon emission. From;50 to 75 fm/c the mass con-
tinues to decrease along with the thermal and collective
ergies. Intensive properties, density, entropy per nucleon
thermal energy per nucleon decrease rather slowly in
time interval. This latter behavior can be taken as an indi
tion of the final approach toward an essentially thermaliz
system with average density;1/4 to 1/6 of the initial aver-
age matter density. It is reasonable that statistical equilibr
could then set in and that freeze-out of the various IMF
could occur in this latter period.

Since the BUU model cannot describe such fragmen
tion, one must shift to a statistical description for the fra
ment freeze-out. Can one make this shift in a natural w
The question is not directly answered by the BUU calcu
tions as to when an essentially thermalized system can
said to have been produced. However one may use Fig.~a!
along with experimental data on total ejectile masses to
bounds on the time assigned for freeze-out. The rec
structed average mass~for M3! is A'12268% @20# which
corresponds to a lower bound oft;50 fm/c. The total aver-
age IMF mass isA'80 which corresponds to an uppe
bound on the freeze-out time of;80 fm/c. From Fig. 5 one
sees an average density of1

4 – 1
6 of the initial density, which is

compatible with that used in the multifragmentation statis
cal model. Total system energy from Fig. 5~b! is compatible
with experimental data forM3, but the BUU predicts a
somewhat smaller fraction of collective energy~for t
.50 fm/c! compared to our analysis of Figs. 3 and 4.

The data points forbexp and ^Kcol& in Fig. 4 indicate a
fractionation of the collective energy withZ that is reminis-
cent of the time dependence in Fig. 5~b!. However, the dy-
namical calculations shown in Fig. 5 suggest that the to
duration of such collective energy is only up to;80 fm/c.
Therefore in this scenario, at times of'50– 80 fm/c one can
conceive of a system possessing radial collective energy
in a steady state near to thermal equilibration; hence, sta
tical models could be applicable for the fragment freeze-o
The average mass and volume of the reaction core in
time window~50– 80 fm/c in Fig. 5! are compatible with the
Berlin multifragmentation model as used here~Figs. 2 and
4!.

In summary, we have measured the mean transverse
netic energies of fragments emitted in 1A GeV Au1C reac-
tions for a broad range of emitter excitation energies. A la
radial expansion is found which cannot be accounted for
the traditional decomposition of the transverse energy int
thermal component and a Coulomb and collective com
nent proportional to the fragment mass. BUU model cal
lations predict that such extensive collective expansion
curs for t;25– 50 fm/c after impact; the data indicate
fractionation of this flow energy withZ, the bulk of which is
carried away by ejectiles ofZ<3. Subsequent to expansio
and cooling, the heavier IMF’s emerge with less radial flo
from a still hot, low-density nuclear system. Although equ
partition of the energy does not occur, a partial equilibrat
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may well have been achieved prior to multifragment prod
tion, which could be reflected in the equilibrium-model d
scriptions of fragmentZ distributions~e.g., Ref.@4#!. In this
spirit the observedZ distribution is taken as a good the
mometer for the low-density nuclear state for freeze-out
multifragmentation.
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@27# Y. Yariv and Z. Fraenkel, Phys. Rev. C20, 2227~1979!; 24,
488 ~1991!.

@28# The boundary of the reaction medium is defined somew
intuitively @16#. Quantities shown in Fig. 5 depend on
slightly on this definition and stated conclusions are mindful
this mild fuzziness.


