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Reaction dynamics and multifragmentation in Fermi energy heavy ion reactions
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The reaction system&#Zn+58Ni, %4Zn+%Mo, 64Zn+1%7Au, at 26, 35, and 4A MeV, have been studied
both in experiments with a# detector array, NIMROD, and with antisymmetrized molecular dynamics model
calculations employing effective interactions corresponding to soft and stiff equation of E@8p. Direct
experimental observables, such as multiplicity distributions, charge distributions, energy spectra and velocity
spectra, have been compared in detail with those of the calculations and a reasonable agreement is obtained for
both EOS's. No conclusive preference for either EOS has been observed. Neither of the above direct observ-
ables nor the strength of the elliptic flow are also sensitive to changes in the in-medium nucleon-nucleon cross
sections. A detailed analysis of the central collision events revealed that multifragmentation with cold fragment
emission is a common feature predicted for all reactions studied here. A possible multifragmentation scenario
is presented; after the preequilibrium emission ceases in the composite system, cold light fragments are formed
in a hotter gas of nucleons and stay cold until the composite system underdoes multifragmentation. For
reaction with®’Au at 47A MeV a significant radial expansion takes place. For reactions %ithand %Mo
at 47A MeV semitransparency becomes prominent. The differing reaction dynamics drastically change the
kinematic characteristics of emitted fragments. This scenario gives consistent explanations for many existing
experimental results in the Fermi energy domain.
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[. INTRODUCTION the early stage of the reaction, and that the hot-dense nuclear
system expands and breaks up by a multifragmentation pro-

One of the main aims of the study of heavy ion reactions,oqq 'Recently many studies have been undertaken to eluci-

is to explore the properties of nuclear matter at various de“date possible critical behaviors for such maftst In many

sities and temperatures. In intermediate heavy ion reactiorgr these studies, thermal and/or chemical equilibrium is as-
(a few tens of MeV/nucleon to a few hundreds of MeV/ sumed[2]. However in order to reach high enough in exci-

nucleon, it is generally expected that the composite SysteMation energy and/or in density, the collisions become very

of projectile and target nuclei is compressed and excited iQjjojant and the collision processes become very complicated.

Therefore it is indispensable to establish reliable microscopic
dynamical models for the study of the properties of the
*Riken Collaborative Scientist, Beam Technology Division, Cy- highly excited matter produced in heavy ion reactions.
clotron Center, from 1995.2.01-2003.3.31. E-mail address: In order to elucidate the reaction mechanism many micro-
wada@comp.tamu.edu scopic dynamical models for nuclear collisions have been
TAlso at FNRS and IPN, Université Catholique de Louvain, proposed2,3]. Among such models, the molecular dynamics
B-1348 Louvain-Neuve, Belgium. models are well suited to deal with the multifragmentation
*On leave from Shanghai Institute of Nuclear Research, Chinesprocess. In the classical molecular dynami€$1D) model,
Academy of Sciences, Shanghai 201800, China. particles are treated as point particles and their transport is
SAlso at University of Kansas, Lawrence, Kansas 66045-7582. governed by a classical equation of motion in a given mean
'Also at LCP Caen, ISMRA, IN2P3-CNRS, F-14050 Caen, field [4—6]. Nucleon-nucleor{NN) collisions are taken into
France. account and treated as hard-sphere scatterings without Pauli
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blocking. In the quantum molecular dynamigQMD) lated multiplicity, charge distribution, and energy spectra of
model, each particle is described by a Gaussian wave packgte reaction products were in good agreement with the ex-
[7,8]. Initial nuclei are constructed by ensuring that there isperimental results. In that study it is pointed out that nuclear
less than one nucleon in each phase space celllof Dur-  semitransparency plays an important role in the multifrag-
ing the time evolution of the wave packets the Pauli principlementation process. In the present paper we extend the earlier
is respected only by the Liouville theorem of classical me-study with both experiments and model calculations on ad-
chanics. In the modéliN collisions are allowed and the Pauli gjtional systems. Experimental reaction measurements have
blocking is treated in an approximate manner. During the,een extended both to heavier systems and to lower incident
propagation of the wave packets, however, the time evolugnergies. For the AMD-V calculations, the effective interac-

tion based on the classical equation of motion eventually; .~ -4 in-mediunNN cross section are the two important

leads th_e initial state into a Pa_ull forbidden zone anq th.qngredients. In this work two different effective interactions
occupation number of nucleons in phase space often signifi-

cantly exceeds 1 [9]. with d_ifferent stiffness_es of the equation_ of stake0S and
There have been several attempts to respect the PaLéylvo different formulations of the in-mediuNN cross sec-
principle more strictly during the propagation of the wave ions have been employed. , ) )
packets within the classical mechanics. Introduction of a A 90al of the present work is to elucidate the reaction
Pauli potential is one such approad0-13. The Pauli po- mechanisms, especially focusing on the equilibration and
tential is a nonphysical repulsive potential introduced tomultifragmentation processes, using a reliable dynamical
avoid the overlap of the wave packets in the phase spad@Od‘?| for intermediate heavy ion reactions. For this purpose,
during the time evolution. However, when it is applied in @ Suitable parameter set for the AMD-V calculations is
heavy ion collisions, the Pauli potential operates as a spur§eafChed by comparing dlﬁerent calcqlatlons to the experi-
ous repulsive force to increase the nuclear stopping, esp(;_gnental results. Th_en employmg the swtable_ parameter set in
cially during the early stages of the collisiofis3]. Recently, AMD-V, the reaction mechanisms are studied in detail for
Papaet al.introduced a new procedure to remove such overihe calculated events. Along these lines this paper is orga-
laps of the wave packet in the phase space at each time st zed as foII_ows. In Sec. Ii the experiment is descrlbeq. In
without introducing the Pauli potential. The model is calledS€c- Il @ brief description of the AMD approach, effective
the constraint molecular dynamics mod8]. Although the  interactions and in-mediuriN cross sections is presented.
idea is interesting and the computation time is short, no exn Sec. IV some remarks on the data analysis both for ex-

tensive application has yet been made for comparisons witRérimental and calculated results are given. In Sec. V de-
experimental results. tailed comparisons between the experimental results and cal-

In order to resolve the problem from the quantum me-culated results are presented. In Sec. VI, a detailed analysis
chanical side, the fermionic molecular dynamics model°f the underlying reaction mechanisms is presented and pos-
(FMD) and the antisymmetrized molecular dynani&D) sible multlfragmentfatlon scenarios are proposed. In Sec_. \_/II,
model have been proposéii4,15. In both models the total the propos_ed multifragmentation mechanlsms gnd existing
wave function of the system is antisymmetrized and dedata are discussed. In Sec. Vil a summary is given.
scribed by a Slater determinant of Gaussian wave packets, In }2;5 paper nine reactions;*Zn+°Ni, %Zn+ Mo,

The time evolution of the centroid of the wave packets is  ZN+~ ‘AU, at 26, 35, and 4A MeV, have been studied. In
treated in a classical manner. In FMD the width of the waveorder to refer to each reaction system in the text, the target
packets is treated as variable in time a4 collisions are  name and the mmdenéAener%/ are used throughout the paper
treated as potential scatterings. Until now the calculationdor S|m5%||q|ty, thus the>Zn+>*Ni reaction at 4A MeV be-

have only been made with a harmonic oscillator potentiac0mMes>Ni at 47A MeV.

and no application to heavy ion collisions has yet been made
[1e].

In AMD-V, an improved version of AMD used in this
study, the quantum nature of nucleons in the wave packet The experiment was performed at the K-500 super-
propagation is incorporated as folloyk7,18: conducting cyclotron facility at Texas A&M University, us-

(i) The total wave function of the system is antisymme-ing the 47 detector array, NIMROD(Neutron lon Multi-
trized and therefore the Pauli principle is respected at altletector for Reaction Oriented Dynamic§*Zn projectiles

IIl. EXPERIMENT

times. were incident or?®Ni, °°Mo, and®’Au targets at energies of
(i) The Pauli blocking in stochasti®lN collisions is 26, 35, and 4A MeV. NIMROD consists of a charged par-
taken into account in an unambiguous manner. ticle array set inside a neutron ball. The charged particle

(iii) The probabilistic nature of the wave packet is takenarray is made of 166 segments in 12 concentric rings around
into account as a diffusion process during the wave packahe beam axis. Eight forward rings have the same geometri-
propagation. The diffusion process is formulated in a mannecal design as the INDRA detector, but have less granularity
to take into account the quantum branching to many fina[21]. The angle, number of segments in each ring and solid
states of multifragmentation channels. angle of each Csl segment are given in Table I.

AMD-V has been applied for intermediate heavy ion col- The eight forward rings are covered by ionization cham-
lisions and found to reproduce reasonably well the experibers (IC). Furthermore in each of these rings two of the
mental result§13,19,2Q. For example in the previous study segments have two Si detectors between the IC and Csl de-
of the ##Zn+58Ni reactions at 35—78 MeV [13], the calcu- tectors (super telescopgsand three have one Si detector.
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TABLE I. NIMROD charged particle array. consists of two hemispherical end caps and a central cylin-
drical section. The hemispheres are 150 cm in diameter with
Ring Angle(deg No. of segments Solid anglensn  beam pipe holes in the center and they are upstream and
downstream of the charged particle array. The central cylin-

L 4.3 12 0.96 drical section is 1.25 m long with an inner hole of 60 cm
2 6.4 12 2.67 diameter and 150 cm outer diameter. It is divided into 4 seg-
3 9.4 12 4.26 ments in the azimuthal angle direction. Between the hemi-
4 12.9 12 7.99 spheres and the central section, there are 20 cm air gaps for
5 18.2 12 16.1 cables and a duct for a pumping station. The neutron ball is
6 24.5 24 12.7 filled with a pseudocumene based liquid scintillator mixed
7 321 12 336 with 0.3_ weig_ht percent of Gd salGd 2-ethyl hexanoaje _

[24]. Scintillation from a thermal neutron captured by Gd is
8 40.4 24 27.6 ) . . .

detected by five 5-in phototubes in each hemisphere and
9 61.2 16 154.0 three phototubes in each segment of the central section.
10 90.0 14 207.0 In the experiment, data have been taken in two different
1 120.0 8 378.0 trigger modes. One is the minimum bias trigger in which at
12 152.5 8 241.0 least one of the Csl detectors fired. The other is the high

multiplicity trigger which required that at least 3—5 Csl de-

Each super telescope is further subdivided into two partsi€Ctors fired. The minimum bias trigger was scaled down,

The Csl detector is a Tl doped crystal read by a photomultityPically by a factor of 10, to reduce the rate of peripheral
plier tube. A pulse shape discrimination method is employe@Vents. In order to reduce the neutron background, the beam
to identify particles, using different responses of fast andvas swept away in the injection line between the ECR
slow components of the light output of the Csl crystals forsource and the K-500 cyclotron for 1.5 msec following de-
different charged particle§22]. The ionization chambers tection of an event.

were made of fiber glag€510) and were filled with 30 Torr

of CgFg gas. Front and back windows were made of 2r

aluminized Mylar foil. The signals were read by 5-10 fine Ill. MODEL CALCULATIONS

wires, arranged perpendicular to the particle direction in the A brief description of the AMD model, including recent
active volume. In the Csl detector hydrogen and helium isoimprovements related to the present work, is given in this
topes are clearly identified and Li fragments are also isolatedection. Two important ingredients, effective interactions and
from the heavier fragments. In the super telescopes, all isqn-mediumNN cross sections, are also described. In order to
topes with atomic numbef <8 are clearly identified and in  ghow possible effects on the experimental observables result-
all telescopes, particles are identified in atomic number. ing from different ingredients, changes in nuclear semitrans-

221‘% energy calig)r?]tionbof the dSi deteli:tohrs wahs made Witgiarency, a characteristic feature predicted by the model for
a source and the observed punch through energies fo madiate heavy ion collisions, are explored.

identified particles. The punch through energies are calcu-
lated using a range-energy talpRS]. Since the energy losses
of light particles, especially high energy hydrogen isotopes, A. AMD-V model

are rather small in the Si detectors, evaluation of the energy In AMD a reaction system witiN nucleons is described

deposited in the Csl crystal requires special care. Thereforg, o e function which is a single Slater determinariiof
an additional energy calibration was performed as a separa .
aussian wave packef5],

run using a few telescopes in an 80 cm diameter scatterin

chamber. In the calibration run, the reactiorf&n+%Mo at z\2 1

47AMeV was chosen as the standard. Si-Si telescopes — P(2)= de\{exp{— V(fj - —_') + EZ?}XQi(j)]. 1)

backed by Csl detectors of three different lengths3, and Vv

5 cm) were used to measure the inclusive energy spectra Gfhere the complex variableg={Z;;i=1,... N}={Z;:i

light charged particles. The energy spectra were measured 8ty . N o=x,y,z} represent the centroids of the wave

all angles corresponding to those of the 12 rings and So”‘ﬁacketszi can be described by

angles were adjusted to be similar to those in Table | at eac

angle. The energy calibrations for high energy particles was 7 =D + i—K- 2

made using the punch-through energies of different lengths i VP zﬁ\ﬁ, -

of the Csl crystals. The energy calibration for heavier frag-

ments was made, using the Si detector calibration. The ex- The width parameter is taken asy=0.16 fnT? and x,,

tracted energy spectra of fragments with atomic charge bgepresents the spin and isospin statepfhfp|, nT, or n|.

tween 4 and 10 have been compared with those in R&f.  For a dilute nuclear gas systei, andK; correspond to the

for the 4Zn+58Ni reaction at 38 MeV, in which Si detec- position and momentum of each nucleon. Inside the nucleus,

tors were used aAE-E telescopes, and a good agreement ishowever, these quantities do not have physical meanings be-

obtained. cause of the antisymmetrization. The time evolutiorzas
Neutron multiplicity was measured with therdneutron  determined by the time-dependent variational principle and

ball surrounding the charged particle array. The neutron balthe two nucleon collision process. The equation of motion
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TABLE Il. Parameters for the stiff effective interaction.
a(fm)  WMeV) By(MeV) HMeV) M(MeV) o t(MeVm3*) ty (MeV fm®)
k=1 0.7 -402.4 -100.0 -496.2 -23.56
k=2 1.2 0.96 51.575 46.535 -33.41
1.24 1896 75

for Z derived from the time-dependent variational principle
is

dz dH
i1 Cigjr i =~ 3
! JE ITdt 0z, @
Cisj- is @ Hermitian matrix defined by
&>
i0jr= o 510K P(2)|P(2)), (4)

97z

lo

IZ;,
andH is the expectation value of the Hamiltonian after the
subtraction of the spurious kinetic energy of the zero-poin
oscillation of the center of masses of fragments. Tw

{

o)

The calculations were performed in the VPP700E super-
computer facility in RIKEN, Japan. For tHféZn+5%8Ni and
64Zn+%2Mo reactions, about 5000 and 3000 events, respec-
tively, were generated at each energy in the impact parameter
range of 0—12 fm for a given parameter set. For $fin
+197Au case, about 1000 events were generated in the impact
parameter range of 0—14 fm. The calculations were started
with a distance of 15 fm along the beam direction between
centers of the projectile and the target. The calculation for
each event was carried out typically up tte300 fm/c for
the reactions at 35 and 4/MeV and up to 500 fm¢ for
hose at 28 MeV. In the following text,t=0 is set as the

ime at which the projectile and the target touch each other.

nucleon collisions are introduced by the use of the physical

coordinates W={W,} which are defined as

A
W= (VQ)z;, (5)
j=1

andQj; is defined as

i = ————In(D(2)|D(2)). 6
U=y Me@Ie@) ®)
In molecular dynamics models with Gaussian wave packet

theith nucleon at time=t; is represented in phase space by

- P 2
[p P|(to)]} .

212
with the centroidR; and P;. The total one-body distribution
function is the sum off;. In AMD, this representation of

fi(r,p,tg) =8 exp{— 21[r - Ri(ty) > -

nucleon as a simple Gaussian wave packet is only approxi-

mately valid when the physical coordinate

(8

I

- i
Wi = \‘”VRi + _r—Pi
2hNv

is used for the centroids.
In order to properly treat reactions with many branching

channels, such as multifragmentation processes, AMD has

been extended by introducing the wave packet diffusion ef

fect as a quantum branching process. This extended AMD is

called AMD-V, since the wave packet diffusion effect is cal-
culated with the Vlasov equatidi7]. The AMD-V code has

B. Effective interaction and in-medium NN cross section

The Gogny interactiofi25] has been used successfully in
the previous analysg43,17,19,2]D This interaction gives a
soft EOS with an incompressibility valu€ of 228 MeV for
infinite nuclear matter and has a momentum dependent mean
field. In the present work, a modified Gogny interaction with
a stiff EOS withK=360 MeV is also applied26]. The pa-
rameter set adopted f&t=360 MeV was that used by Had-
dad et al. [27] and labeled aP1-G3. However this new

gnteraction gives neither the proper charge radius nor the

correct binding energy for the nuclear ground state in AMD.
In order to get proper ground state properties of nuclei, it is
necessary to add a surface term in the Hamiltonian. Further-
more we correct the two-body interaction term, so that, the
force produces a reasonable equation of state for asymmetric
nuclear matter. The expectation value of our stiff Gogny
forceV is given by

<v>:<2 U2<ri,rj)> +<

i<j
DA )= 2 (Wt BlP, =~ P~ MP P e =%,
k=1,2

Evp(ri!rj)

i<j

> + Vsurfx (9)

where

(10

v(1i,1j) =t,(L+Py)p(r)?sr; = rj), (11

been further improved in order to save CPU time in the nu-
merical calculations and to be applicable to heavier reaction
systems. In the newly developed code, used for all calcula-
tions in this paper, the calculation of the wave packet diffu-
sion effect has been reformulated and a triple-loop approxi- The indicesa and B take four states of spin and isospin,
mation has been incorporatétg]. pT, pl, nT, andn|. The parameters are shown in Table II.

Vsurt= tsurfJ d3fz (aB|P,| a’ﬁ)[VPa(r)][VPﬂ(r)]-
a.p

(12)
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T T T T | T T T T | T T T T I T

This new effective interaction is used in all calculations with
the stiff EOS in the present study. The incompressibHitis

still 360 MeV, because the surface term does not contribute
to the incompressibility of infinite nuclear matter and the

correction to the two-body part does not affect the symmetric =
nuclear matter. 3
Calculated binding energies for the soft EOS deviate from &
the experimental values, which were taken from R28],
by about 0.5 MeV/nucleon for the mass numbex 30 and
about 0.2 MeV/nucleon for the heavier fragments wih 1
=<100. The agreement to the experimental values become :
better for the heavier fragments. The calculated binding en-
ergies for the stiff EOS, on the other hand, show larger de-
viations and they are up to 1 MeV/nucleon less bound for all L s s s s s s
fragments, comparing to the experimental values. = i
In the previous analyses, an empirical in-medium £ ° (b) Ni: b < 3fm
nucleon-nucleon cross section was ugd@®,17,19. This < ok O ©e LM 1
cross section is given bj29] E' A % O = emp
o °
_ 100 & s Ceee
Opn= Tpp= : 12 47 5 L ® 00, 0
1 +E/(200 MeV) + 2 min(p/p,)~'4, 1] 8 5 = ®° 00% 0%,
(13) ‘6- ’ OOO(-).....-...-..II.I Eggm
. _ o -] 0o OOOooooOOOOO S
wherep is the nuclear density ang is its normal value. The = 0 !E POpopopopoEoonARSARASRS
cross section is given in mbarn. The calculated cross section 0 100 200 300
for the normal nuclear density is shown in Figailby a time (fm/c)
dashed line. In the cross sections no distinction was made
betweenp-p(n-n) and n-p collisions. The density depen- FIG. 1. (Color onling (a) Calculated in-mediunNN cross sec-

dence is taken into account, but the dependence is ratthnS for normal density nuclear matter. The cross sections calcu-

small in the range of the density variation expected for '[h(%a‘teoI by the empirical formula Eq13) are depicted by a dashed

; ind i ; - _line and those of the Li-Machleidt formulas Eq44) and(15) are
[ﬁ)iczzrlsresgzglse(:);natggsu},vig&)FWPO 1.5, thecross sec given by dotgn-p) and square&-n, p-p). (b) Number of collisions

. X . . as a function of reaction time for central collisions®4Zn+58Ni at
Li and Machleidt calculated the in-mediuRN cross sec-

. . 47A MeV. Events withb<3 fm are analyzed. Solid symbols indi-
tions b‘?‘?e" on the Dlra(;-BrueCkner apprO.@BB]S]]. For cate the number of attempted collisions and open symbols indicate
n-p collisions, the in-medium cross section is given by

the number of Pauli-allowed collisions. Circles show the results of
1.51 2 the Li-Machleidt formulas and squares show those of the empirical
1.0 + 0.003&'%% o q P

=[31. . 2 -E%5329 x
opn=[31.5+0.092x [20.2 ~E*>3%9] 1.0+ 21551
(14)  (b=<3 fm) of %4Zn+%8Ni at 47A MeV. The soft Gogny inter-

action was used. For the empirical formula, the number of

and forp-p, the cross section is given b o - X
PP 9 y attempted collisions reaches8 collisions(fm/c) at a time

0pp=[23.5+0.00256< |18.2 —E®940) of 30 fm/c when the two nuclei totally overlap and de-
1053 creases quickly to 3 to 4 collisioriih/c). Only about 20%
1.0+0.166E (15) of the attempted collisions are Pauli allowed during this pro-
1.0+ 9.701,1;1'2 cess. For the Li-Machleidt cross sections, the number of at-

tempted collisions increases by almost a factor of two. About
a(I?O% of the attempted collisions are Pauli allowed in this
ase.

A normal nuclear density of 0.18 fri is assumed in the
paper. The calculated cross sections for normal nucle
matter are represented by symbols in Figa)l At low
energies these cross sections are about two to four times
greater than those resulting from the empirical formula
previously employed. Above 10WeV, both p-p and n-p It has been reported that nuclear transparency plays an
cross sections become smaller than that of the empiricamportant role for the multifragmentation process in interme-
prescription. Forp=1.50,, the cross section decreases bydiate heavy ion collision§l3,32. The stiffness of the effec-
about 35% aE=0 MeV and 25% aE=100 MeV. tive interaction and the in-mediuMdN cross section are both

In Fig. 1(b) the number of attempted and Pauli allowed important ingredients for determining the degree of the trans-
collisions are shown for actual calculations with the empiri-parency in the calculations. In the present study three param-
cal cross section and with the Li-Machleidt cross sectioneter sets have been investigated for the calculations. They are
The calculations were made for the central collision events (i) soft EOSNN,,, (empirical NN cross section

C. Nuclear semitransparency
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Soft+NN,,. SHff+NN,,,  SHiff+NN,,, 6

: * BN

58N- o

i " = Mo
10 A ] oy 2 4+ R
A 2 ', E . e S
2 0 .-}”} 2 i > oL B .
E o < N
S 20 Mo Ao Ao &
: 0 ‘
g 10 : ST /AN : . ;
8 P A i oft+NN,,, Stiff+NN,, = Stiff+NN,,
[%] & R S oh T 2 o
3 & g
c = g . .
S - 197 FIG. 3. (Color onling Difference of the peak values of the par-
. 407 Au S S
2 allel velocity distribution of nucleons from the projectile and from
20 the target. Peak values are obtained by a Gaussian fit around each
. | - peak. Dashed lines are the guide to eye.
LTI LT LT
= 0 =0 550 5 D. Afterburner and switching time
V, (cm/ns)

The fragments generated in AMD-V calculations are gen-
erally in an excited state at a time of 280 fm/c. AMD-V
of nucleons at 280 fm/c are plotted in the center-of-mass system fo§hoUId prope_rly_ treat the cooling of the_se fragments in a
58Nii, 92Mo, and 197Au at 47A MeV from top to bottom, respec- quantum statistical manng¢B3]. However in order to cool
tively. The results for soft EOSNNey, stiff+NNyy, and stiff (e fragments down to the ground state, a great deal of CPU
+NN, are plotted from left to right, respectively. Thick solid and time is needed. Instead of continuing the AMD-V calculation

dashed lines indicate the contributions of nucleons from the targdor such a long time, we stopped the calculation tat

and the projectile, respectively. Thin lines show the sum of thesé 280 fm/c(which corresponds to a realistic CPU time to get
two contributions. a few thousand events in the VPP700&hd the fragment
cooling was followed, using a statistical decay code as an
afterburner. A modified version of GEMINB4] was used as
(ii) stiff EOS+NNgmp the afterburner. In this modified version, discrete levels of
(iii ) stiff EOS+NN, ), (Li-Machleidt cross section the excited states of light fragments wifh<15 are taken
In order to show how much nuclear semitransparencynto account and the Hauser-Feshbach formalism is extended
changes with the different parameter sets, parallel velocity® the particle decay of these fragments when the excitation
distributions for all nucleongfree nucleons and nucleons €Nergy is below 50 MeV. Each AMD-V event was used 100
times in the afterburner in order to sample all possible decay
=280 fm/c, for central collisions in reactions atAlKieV. paths_of the excit_ed fragmen;s. This also provid_es enough
In the case of®Ni (top row), the majority of the projectile statistics for _det_alleq comparisons to the experimental re-
and target nucleons move in the same direction after thgults..Thle SW'tCh'nfg ;lmedfzzso .fm/c_wa.s Cl’rl]OSGn only for
collisions. For the soft EOSleft column the projectile pracXKAaDr\e/asor OI E[.e COTFI)Uta“O.T tr']me T.t eVPP700IfE. In
nucleons exhibit a broad distribution, centered at about hal beie bec:';lusceatﬂéagl)gt}zie Z\/ea:pzvrv;t(i:oéngcclmgsgnatﬁe %rja(ra:[_um
of the incident velocity after penetrating through the targetstati,stical mannef33]. As discussed in Ref13] the switch-
nucleus, indicating significant transparency. The transpari-ng time of t=280 fm./c is late enough so that the final re-
ency is reduced for the stiff EOS as seen in the right COlum%ults do not depend significantly on this choice
of the figure. It is interesting that only a small difference is '
observed between the results calculated WMy,,, (middle)
and those wititNN, y, (right). Therefore, in the framework of IV. DATA ANALYSIS

the AMD-V, the transparency depends significantly on the |, order to perform direct comparisons between the ex-
stiffness of EOS, but depends only weakly on the in-mediunyerimental results and the calculations, the efficiency of the
NN cross sections. As the result the parallel velocity d'St”'experimentaI acceptance, such as the neutron ball efficiency
butions of all nucleons show a two-peak structure for the soft,\q myltihit effects, have to be evaluated. Event classifica-
EOS and these two peaks tend to merge into one peak for they, s also crucial for the comparisons, because many ob-
stiff EOS. When the target becomes heavier, the two-peaker,aples change drastically depending on the impact param-

structure for the soft E7OS is also less prominent and begier |n this section these experimental conditions and event
comes one peak for th€’Au target. In that case no notable classification are described in detail.

difference is observed between the soft and stiff equation of
state. The differences of the peak velocities between nucle-
ons from the projectile and those from the target are also
plotted in Fig. 3. Enhancement of the semitransparency for Neutron balls have been applied to measure neutron mul-
the soft EOS is clearly seen as the sharp increases of thiplicity in heavy ion reactions for the last two decadas].

differences for*®Ni and °’Mo. In order to simulate the neutron ball efficiency the program

FIG. 2. (Color onling Calculated parallel velocity distributions

bound in fragmentsare shown in Fig. 2, at a time

A. Neutron ball efficiency
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DENIS has been widely use86]. This code is designed for 17 ; . l

low energy neutrons and no secondary neutron generation is . (@) NoCPA { (b) With
taken into account. Recently Trzcinskt al. developed a 0.8l * Total I T ]
more sophisticated programsx which takes into account ) & Istcaptred ] ]
secondary neutron generati¢d5]. These codes have been ® 2ndandmore 1 ool
applied to neutron energies up to a few tens of MeV for ——'M'-P‘"""*""*.f
neutron balls containing a minimum amount of material in- T M, ]
side the scattering chamber. However NIMROD has a large M, 1
amount of material inside the chamber. This can result in R WY
scattering, absorption and generation of neutrons. To address .
these possibilities we have used theaLoR code coupled to

the GEANT-3 simulation package to simulate the neutron ball
in NIMROD [37,38. TheGCALOR code is designed to simu-
late low energy neutrons. It makes use of the latest compila-
tion of cross section data. In the program the geometry and 0 50 100 50 10

material of the Neutron Ball and the charged particle array Energy (MeV)

have been taken into account in detail. Only cables, photo-

tubes, and Si detectors are neglected. The calculations were FIG. 4. Calculated neutron ball efficiency without the charged
made for neutrons emitted isotropically from the target withparticle array(a) and with the charged particle arraly). Intrinsic
energies from 2 to 100 MeV in 2 MeV steps. For each eventpeutron efficiency at a given energy is shown by dots. The contri-
one neutron is emitted at the target and 10° events were  bution of the first detected neutrons is shown by triangles, and that
generated for each case. Each neutron was followed untif the second and higher order detected neutrons is shown by
either it escaped from the neutron ball or became thermalizeshuares. The solid line in the left figure shows results from the
(E<0.03 eV. If it thermalized inside the liquid scintillator, DENis code. The open circles in the right figure display the detection
we assumed the neutron was captured by gadolinium. Whegfficiency of generated neutrons when a proton of an initial energy,
additional neutrons are generated, all neutrons were followegdiven onx axis, is emitted at the target.

until they were thermalized or escaped. The detection effi-

ciency for a neutron of a given initial energy is determinedefficient than that by neutrons. This is because protons lose
by the rat|o_of all d.e.tected.ne.utrons to primary neutrons. Theneir energy very quickly by ionization processes and the
light detection efficiency inside the neutron ball was alsogqsg section for neutron generation decreases rapidly as the
simulated separately by generatingrays emitting from a o400 energy decreases. Only a 5% contribution to the neu-

point source scattered inside the neutron ball. For a thresho L ;

of 300 keV the detection efficiency of a captured neutronlz;) e;ftlcllggc'\);l;si/observed ata proton energy of 50 MeV and

was nearly 100%. The program was run in two modes, i.e., SO

with the charged particle array and without the array to The efﬂmenues ShOW_” above_are those z_averaged_ over all

specify different contributions to the efficiency. angles. H.ow.eve.r in the intermediate heavy |on_react|ons .
angular distribution of the neutrons has a significant forward

In Fig. 4 the calculated results for the neutron ball effi- : ) .
ciencies are shown. For comparison thenis code predic- P€ak, especially for higher energy neutrons. Since the

tions are also shown by a solid line for the case without theharged particle array has more material at forward angles
charged particle arra24]. Below 10 MeV both calculations @nd two air gaps between the central part and the two hemi-
agree reasonably well. For the higher energy neutrons, thgPheres are not symmetric relative to the target position, the
efficiency calculated bpenis drops below the results for the angular dependence of the neutron efficiency has to be taken
first detected neutrons in theEANT simulation (triangleg, ~ into account for the actual application. Therefore the neutron
because there is no neutron generatiorpinis. In other  efficiency was calculated as a function of both neutron en-
words, even for the first captured neutrons in teeant  €rgy and polar angle. The azimuthal angular dependence was
simulation, generated neutrons start to contribute to the de?eglected. Since the proton multiplicity is much smaller than
tection efficiency above 10 MeV, as one can see in the figthat of neutrons, the proton contribution to the neutron ball
ure. This indicates that a significant number of neutrons aréfficiency was not taken into account in the present analysis.
generated in the liquid scintillator for these high energy neu-
trons. The contribution from the generation of more than two
neutrons becomes significant above 20 MeV. Since the con-
tribution of the third detected neutron is only 10% of that of In NIMROD, light charged particles with atomic number
the second detected neutr@mot shown, the main contribu- Z<3 are identified by a pulse shape discrimination method
tion comes from one or two neutron generation in this energyn the Csl detector. A typical two-dimensional plot of fast
range. With the charged particle array, the contribution ofversus slow charge integrated signals is shown in Fig). 5
generated neutrons almost doubles. The total efficiency dEach type of particle lies along a specific curve and one can
the neutron ball slightly increases above 20 MeV as the newelearly identify different particles as indicated in the figure.
tron energy increases and becomes even approximately com the insert the spectrum is expanded for Hydrogen iso-
stant with respect to energy. topes. The events along the far left line correspong tays

Protons also generate secondary neutrons at high energgnd accidental cosmic muonsHydrogen isotopes are
However the generation of neutrons by protons is much lesslearly identified down to a few MeV/nucleon.

CPA

B. Particle identification and multihit events
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FIG. 6. (Color online (Left) Number of particles generated by
the calculation forMo at 47A MeV. Total number of charged
particles is given by a histogram as a function of particle ID. The
particle ID is given by ID=0, 1, 2, 3, 4 fop, d, t, 3He, «, and
ID=Z+2 for Z= 3, respectively. The number of single-hit particles
is given by dots and that of double-hit particles is shown by
squares. The number of the detected single-hit particle is shown by
crosses(Right) Number of doublex hit events is shown as a func-

FIG. 5. (Color online (a) Typical experimental two dimensional tion of multiplicity for the experimentdoty and the simulation
plot of fast vs slow components of charge integrated light Outpul(histogran). In both cases one million events were analyzed. The
from a Csl detector. Insert shows the expanded spectrum for Hycalculation is done for the stiff EOSWN,y, case. The calculated
drogen isotopes. Corresponding elements are indicated in the figur@Vents have been treated by the experimental filter.

HF stands for heavy fragments wie 5. (b) Distributions of ar-
tificially generated double-hit events ferp, p-«, and a-a. Each
particle combination is indicated in the figure. Solid lines corre-
spond to the locus of the ridges pf d, t, *He, «, 6Li, and "Li
from (a).

4000

2000

2000 4000 6000 8000

o

Csl-fast (Channel number)

increases as seen in Table |. The actual detected number of
each particle as a single hit, after filtering through the experi-
mental filter, is also given in the figure. About 85% of single-
hit light charged particles were detected and identified.
In order to verify the double-hit rate in the above simula-
. . ... tion, a comparison was made between twe@vents in the
Special care has to be taken in the pulse discrimination,seriment and in the simulation. The results are shown in
method when more than one charged particle hits a Csl dg=jg. gh). A reasonable agreement between the experimental
tector. In order to simulate double hit events in an actuapng calculated results is obtained. About 10% of the events
detector, two experimental events were artificially mixed ancthave one doubler hit, both in the experiment and in the
the two outputs for a given combination of light charged simulation.
particles were added both for the fast and slow components. The effect of multihit events on the energy spectra of light
The loci of double-hit events fqo-p, p-«, anda-« are plot-  charged particles has also been studied. In Fig. 7, deuteron
ted in Fig. b). The p-p events are scattered along the deu-and alpha spectra at three different detection angles are
teron and triton lines. Therefore these double hits are identishown. In the calculation af-p double hits are assigned as
fied as a single deuteron or a triton in the present deuteron hit with the summed energy andpalt hits are
experimental data analysis. The main pariped events lie  assigned as a singtehit. The contribution of the double hits
near thex line. Most of these events, therefore, are identifiedat 6=9.4° is a few percent in both cases, and gradually in-
as a singlex particle. When twoa particles hit a detector, creases as angle increases. At backward angles, especially for
these events lie between tlaeand SLi lines and are easily deuterons, the contribution becomes of the same order as that
identified as twoa particles, though only their summed en- of the single particle hits. The contributions for thespectra
ergy is given experimentally. This is clearly seen in the ex-are slightly less.
perimental spectrum in Fig.(#® and indicated by a. For heavier fragments witZ=4, particle identification
The rate of multiple hits has been simulated usingwas made by théE-E method and no multihit problem in
AMD-V. Results are shown in Fig.(8) for the case of’Mo particle identification occurgThe energy loss of a proton or
at 47A MeV. The total number of each generated particle,an « particle is much smaller than for a heavier fragment.
the number of single hits and that of double hits are given byHowever heavier fragments from the targetlike source have
different histograms. For the double hits both of the particlegather small kinetic energies and may be stopped inAte
are counted separately. According to this simulation, aboutletector. In this experiment heavy particles emitted at angles
12% of protons and 20% o& particles hit a Csl detector larger thand=45° were not identified by charge. As seen in
which is hit by other charged particles. The rate of two Fig. 6a) heavy fragments witlz =3 were detected with an
particles is larger, mainly because of the twalecay offBe.  efficiency of 40—-50 %.
The rate increases as the detector angle increases, becausén the experimental filter applied to the calculated events,
the solid angle of each segment increases rapidly as the angdd p-p hits are identified as a deuteron, plkv are identified
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FIG. 7. (Color onling Calculated effects of double hits on the ELCP/ E
energy spectra of deuterofieft) and « (right) particles at three t beam

different detection angles, as indicated in each figure. Reaction for ) ) )

92Mo at 47A MeV is used. Thick line histograms show the single hit  F1G- 8. (Color onling 2D plots of theLP%xperlmentz(hght) and
spectra and thin line histograms indicate the spectrp-pfin the ~ the calculated(left) Mip/Asystem VS Er™~/Epeam for 92'_\/'0 at
deuteron spectra anse in the a spectra. The energy of the double 47A MeV. Myp is the observed multiplicity of light particles, in-

hit events is given by the sum of the energy of the two particles. cluding “e”trO”SvLCaP”fAsystemiS the total nucleon number of the
reaction systemk;~" is the sum of transverse energy of the light

d d hi h charged particles wittZ<2 and Epeam is the projectile incident
as "%‘”“ an “‘“,e"?‘”ts are treate ‘?ls tvmo its. A heavy . energy. Generated events by AMD-V has been filtered through the
particle (Z= 3) with light charged particles in one detector is experimental acceptance. Contours are in logarithmic scale and the

identified as a single heavy particle hit and the light chargedale is set arbitrarily.

particles are not counted in the charged particle multiplicity.

Events with more than two hits in a single detector areevents in the experiments were assigned to “violent” colli-
treated as not identified for the largest fragment vta2  sions for *®Ni and %Mo (**’Au). The next 20%(10%)

and as a single hit for the largest wil=3, though the rate events were assigned as “semiviolent” collisions and the fol-
of these events is very small in the reactions studied in thi¢owing 20% (10%) of events were assigned as “semiperiph-
paper. eral.” The rest were assigned as “peripheral” collisions. The
same boundaries were applied to the calculated events. The
resulting distributions corresponding to these cuts are com-
pared in Fig. 8.

Detected events have been classified in four grqujms The distributions of impact parameter for the four differ-
lent, semiviolent, semiperipheral, and periphgrdépending ent class of events were studied using AMD-V and are
on the violence of collisions. This assignment is based upoghown in Fig. 9. For the violent and semiviolent classes the
the neutron and light charged particle multiplicities and thecalculated distributions are very broad and about 50% of
total transverse energy of the light charged particles. In Figevents of each class overlap with the distribution of another
8 typical two-dimensional plots of the normalized total mul- class. In the violent class f6#Ni, the distribution reaches up
tiplicity M, p/AgysiemVversus the normalized total transverseto 8 fm and about 70% of events are distributed in the impact
energyE; "/ Epeamare shown fof?Mo at 47A MeV, both for ~ parameter range ob<5 fm. The distributions become
the experimental and the calculated results. In both cases thgoader for the heavier targets. In the violent class'féku,
experimental inclusive distributioiitop) shows a slightly the distribution reaches up to 10 fm and only about 35% of
broader distribution than the distribution calculated withevents originate from collisions with<5 fm. On the other
AMD-V. For the multiplicity axis, this is mainly induced by hand the events in the semiperipheral and peripheral classes
the neutron multiplicity distribution as will be seen in the show a rather localized distribution with a full width at a half
following section. The top 5%3%) of the minimum bias maximum (FWHM) of 2 to 3 fm, indicating that most of

C. Event classification
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FIG. 10. (Color online Neutron multiplicity distributions for
events in the violent class of events of the reactions AtMeV for
(@) 58Ni, (b) Mo, and(c) °’Au. Experimental results are shown
by circles and calculated results are shown by different lines. Thin
solid, dashed, and thick solid lines indicate the results of Soft
b(fm) +NNgmp Stiff+ NN, and Stiff+NN_y, respectively. No efficiency
and background corrections were applied for the experimental dis-
FIG. 9. (Color onling Impact parameter distributions for differ- tributions, whereas the calculated results have been treated with the
ent classes of events fa@) 58Ni (b) %Mo and (c) %Au at  experimental filter. All distributions are normalized to one million

47A MeV. Triangles(down), triangles(up), squares and dots indi- €vents in total.
foheral classes, respeciively. The area. of each cistibution fs no2teS o pile-up in which two reactions occur during the
mpalized o1  fesp Y- 10 us beam period before the shut-off of the beam. The
: pile-up is related to the reaction rate and is different for
different reaction systems and incident enerdgiesan also
these events actually originated from collisions with a largefluctuate with timg. Therefore in this work the pile-up effect
impact parameter. Therefore throughout this paper, the wori$ not taken into account in the experimental filter. The mean
violent is used instead of central for the class of events withvalues of the calculated distributions f5Ni and °°Mo agree
the highest multiplicity and the largest transverse energy. Thevith those of the experiments within 1 to 2 neutrons,
word peripheral is used as is customary. whereas that fot®’Au produces~3 additional neutrons for
the soft EOS and-5 additional neutrons for the stiff EOS.
While the mean value fo?®Ni and %Mo is slightly better
reproduced by the calculations with the stiff EOS, that for
Detailed comparisons of the experimental and calculated®’Au is better fit with the soft EOS. For all reactions the
results are presented in this section for the direct observablegalculated multiplicities for the stiff EOS, but differeNN
such as multiplicity distributions, charge distributions, en-cross sections, show almost identical distributions.
ergy and velocity spectra. Comparisons for the elliptic flow Similar trends are also observed for other reactions. In the
are also shown. In order to make these comparisons, all calop left of Fig. 15, the mean multiplicities of neutrons, cor-
culated results have been filtered through the experimentagcted for the efficiency, are summarized for violent colli-
conditions, unless otherwise specified. sions for all reactions studied here. The calculated results for
Soft+NN;mp and Soft+#NN,y, are compared to the experi-
ment. The experimental mean values #8Xi and Mo are
reasonably well reproduced by the calculations but-féu
Neutron and charged particle multiplicity distributions arethe experimental mean values are exceeded by about
presented in Figs. 10-14. In Fig. 10 experimental neutrori0—20 % at all incident energies.
multiplicity distributions are compared with the calculated Typical charged particle multiplicity distributions for light
results for the violent collisions of the reactions apdvieV. charged particle$Z<2) and heavier fragments are shown
In each figure the experimental and the calculated results f@weparately in Fig. 11. For collisions in violent, semi-violent
the three different sets of parameters are shown. Overall thend semi-peripheral classes f8Mo at 47A MeV, both ex-
experimental results show broader distributions than those gferimental and calculated results are shown. Calculations
the calculations for all reactions. F3?’Au a shoulder is  with three different parameter sets lead to very similar dis-
observed above the neutron multiplicit,>40. It origi- tributions for all cases. For the violent and semi-violent col-

V. COMPARISON BETWEEN EXPERIMENT AND MODEL

A. Multiplicity distributions
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FIG. 11. (Color online@ Multiplicity distributions of light
charged particlefZ<?2) (left) and heavier charged particlég
=3) (right) for events in the violent, semi-violent, and semi-
peripheral classes, from top to. bgttom, .respectl\./ely, fodo at. rparticles for the violent collisions fot’Mo at 47A MeV. Particles
47A MeV. Selected classes are indicated in each figure. Experimen-_"_ "~ . ) . .

. are indicated in each figure. See also the caption of Fig. 11.
tal results are shown by circles and calculated results are shown by

different lines. Thin solid, dashed, and thick solid lines indicate the .
results 0f Soft-NNayp Stiff+NNermp and Stiff Ny, respectively. culations. Those for Be fragments, not shown, also show a

o . . - i
All calculated results have been treated with the experimental filterSlmllar trend. For heavier IMF with §Z<15, all calcula

All distributions are normalized to % 10° events in total. tlo_ns overpred!ct the experimental mUItIp.IICIt!eS by 1 to 2
units, as seen in carbon and neon cases in Fig. 12. Here also

lisions the light charged particle multiplicity is overpredicted one can see that the calculated results for the stiff EOS with
by 20% in the calculations. The heavier charged particladifferent NN cross sections show almost identical distribu-
multiplicity is also overpredicted by about one unit in the tions for all cases.
mean value. The widths of the distributions are well repro- Proton andwe multiplicities for all reactions are shown in
duced for all cases. For the semi-peripheral collisions, thé&igs. 13 and 14 for violent collisions, respectively. For most
light charged particle multiplicities are well reproduced bothreactions, calculations with the soft EOS are favored for the
in the mean value and width, but for the heavier chargedgroton multiplicity distributions and those with the stiff EOS
particle multiplicities all calculations show a shoulder at theare favored for thex multiplicity distributions. For'®’Au at
multiplicities around 4 to 5. 26 and 3%A MeV, however, the calculated proton multiplici-
Typical individual charged particle multiplicities for the ties are overpredicted for both EOS’s while the experimental
violent collisions are shown in Fig. 12 for the same reaction.a multiplicity distributions are rather well reproduced by the
There is an interesting connection between the multiplicitycalculations with the soft EOS.
of protons anda particles. For the soft EOS, the proton  For the violent class the results are also shown in Fig. 15.
multiplicity distribution is reproduced quite well, both in the In the figure the efficiency corrected experimental multiplici-
mean value and width. On the other hand the mean value dfes and nonfiltered calculated multiplicities are shown. The
the « distribution is overpredicted by more than 2 units. Onexperimental detection efficiency for each particle is evalu-
the contrary, for the stiff EOS the multiplicity distribution  ated from the calculated events. The differences between cal-
is well reproduced, but the proton multiplicity distribution is culations for a given particle agree within a few percent. The
overpredicted by more than two units. Since the differencegrror bars in the figure include the systematic errors. The
are small for the other light charged particles and their exincrease of the experimental multiplicity with energy and
perimental distributions are reasonably reproduced, the ovetarget mass is reasonably reproduced for all particles by both
prediction of the calculated multiplicity distributions for light calculations, whereas the calculated absolute mean values
charged particles seen in Fig. 11 is mainly causedvipar-  deviate from the experimental multiplicities by about
ticles for the soft EOS and by protons for the stiff EOS. For20—-30 % for some cases. For Li, the experimental mean val-
Li fragments the calculated distributions show slightly ues are overpredicted for most cases and the deviation be-
smaller values than the experimental values for all three caleomes significant fo®’Au. For the heavier fragments the

Multiplicity

FIG. 12. (Color online Multiplicity distributions of selected
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FIG. 13. (Color online Proton multiplicity distributions for the FIG. 14. (Color onling Similar plot to Fig. 13 but fora

violent collisions of all reactions. Figures in the same column showParticles.

the results from the same reaction system and figures in the same

row show those at the same incident energy. The reaction system jeactions studied in the present work. In Fig. 18, experimen-

indicated at the top of the figure and the incident energy is indicatedal efficiency corrected charge distributions are compared

in each row. Experimentally observed multiplicities are shown bywith each other for light fragments with<3Z< 20. The de-

the circles and calculations with soft EO8M.y, and stiff EOS  tection efficiency correction is made by comparing the cal-

*+NN_y are shown by thin and thick solid lines, respectively. culated results with and without the experimental filter. Each
group shows results for the three different targets at a given

calculated mean values become larger than the experimentaicident energy. Fot®’Au fragment multiplicity tends to be

ones in general. For Ne, the experimental mean values asdightly smaller at 35 and 4% MeV, but the shapes of the

well reproduced at 26 MeV, but overpredicted at 4/MeV  global distributions are rather similar to each other, even for

by both calculations. different incident energies. A similar trend is also seen in the
calculated events. The resemblance of the relative charge dis-
tributions is quite interesting because the reaction mecha-

B. Charge distributions nisms are quite different as discussed later.

Charge distributions for different classes of centrality for
9Mo at 47A MeV are shown in Fig. 16. The experimental
charge distributions evolve to the larger Z side when colli-
sions become less violent. This trend is well reproduced by For the violent collisions foP?Mo at three different inci-
all calculated results, as one can see in the figure. No signifident energies, typical energy spectra of light charged par-
cant difference is observed between the calculated resulticles are shown in Figs. 19-22. Experimental spectra and
with different parameter sets, except for fragments with 20calculated spectra for the soft EOSN,,, and the stiff
<Z=<30 in the semi peripheral class. For most of the caseEOS+\N, y, are shown. Energy is scaled by the beam en-
the calculated fragment multiplicities with<6Z<15 are ergy. The vertical axis is the differential multiplicity and all
overpredicted by a factor of 1.5 to 2. A similar discrepancy isresults are given in an absolute scale. As one can see for all
observed at lower incident energies. In Fig. 17, the chargeases, the experimental spectra, at three incident energies,
distributions for®®Ni and 1®’Au are compared with the cal- are very similar to each other in shape and angular depen-
culations. For®®Ni the discrepancy is similar t#Mo, and  dence. This indicates that these energy spectra can be param-
for °7Au the discrepancy becomes larger. E&fAu all cal-  etrized as emission from moving sources with similar source
culated results are overpredicted by a factor of 2 to 3. As ongelocities and apparent temperatures, but scaled by the inci-
can recognize in the figure, the charge distributions for thedent energy. In the present work, however, no such analysis
two targets are quite similar both in the experiments andvas performed. Instead the experimental energy spectra and
calculations. This is also true, to some extent, for all differentangular distributions are compared with calculated AMD-V

C. Energy spectra
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Reactions (A MeV) P y

FIG. 15. (Color online Summary of mean multiplicities of se- 26A MeV, the calculation with the soft EOS reproduces the
lected particles for the violent class of events for all reactions. Ex-experimental spectra quite well at most angles. The stiff EOS
perimental values are efficiency corrected but calculated ones agignificantly underestimates the yields in higher energy side.
nonfiltered values. Reaction systems and incident energies are indi- Deuteron and triton energy spectra are shown in Figs. 21
cated on thex axis and particle is indicated in each panel. Experi-and 22. At 28 MeV both calculations underpredict the
mental results are shown by solid dots and calculated results witrields for both deuterons and tritons of higher energies. This

soft EOS#NNempand stiff EOS-NN,y are shown by open squares s similar to observations for the proton spectra. For the deu-
and triangles, respectively.

197Au

events. As seen in Figs. 19-22, a reasonable agreement is 58Ni
obtained for all cases. For protons, however, the experimen-
tal slopes of the high energy tails in Fig. 19 tend to be harder
than those in calculations, especially at 26 andA3@eV.

The deviation becomes significant at anglege#40.4° and
61.2° which correspond to emission neé=90° in the
center-of-mass system. A similar discrepancy is also ob-
served at 4& MeV. For the calculations with the stiff EOS,

an excess of low energy protons is clearly observed at angles
between 24.5% §<60.2° at both 35 and 4X MeV. This is
slightly less prominent at 26MeV. This is the main cause

of the excess of the proton multiplicity in the calculations
with the stiff EOS, observed in Fig. 13.

The experimentad energy spectra are compared with cal-
culated spectra in Fig. 20. At 35 and AMeV the experi-
mental spectra are well reproduced by the calculations with
the stiff EOS, except at the most forward angle, whereas the
calculations with the soft EOS overpredict the yields on  FIG. 17. (Color onling Angle integrated charge distributions of
higher energy side at most of the forward angles. This overevents in violent collisions foga) 58Ni and (b) 1°’Au at 47A MeV.
production causes the overprediction of themultiplicity Dot-dashed and solid lines correspond to soft EQISky,,and stiff
observed for the soft EOS in Fig. 14. On the other hand, aEOS+NN,y, respectively.
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FIG. 18. (Color onling Efficiency corrected experimental Lo !
charge distributions for fragments with<& <20. Each group o 1 2 3

shows results with three different targets at a given incident energy
The incident energy is shown on the right. The differential multi-

licity is given in an absolute scale atA™MeV and premultiplied . .
Ey fgctofs of 100 and 10, respectively, for respults at p26 and FIG. 19. (Color onling Proton energy spectra for the violent
35A MeV ' ' collisions for®Mo at three incident energies. The incident energy is

indicated at the top of each figure. The spectra in each column
correspond to the energy spectra at different angles, indicated in the
teron spectra at higher incident energies, the calculationgft column. Experimental results are shown by dots. Thick and thin
with the stiff EOS reproduce the experimental spectra bettegolid lines correspond to calculated results for SoiNg,, and
than those with the soft EOS at the four most forward anglessiiff+ NN, ,, respectively. For all cases the differential multiplicity
The overprediction of low energy deuterons, that is seen ifis given in absolute units. In order to avoid the overlap of the
proton spectra, is also observed at angles between 24.5fata spectra are multiplied by factors of "10(n
< 0<60.2°. This excess is not observed for the triton spec=0,1,2,3,4,5,6,7,8,9,1Grom bottom to top. No experimental
tra, but the corresponding statistical fluctuations are signififilter is used for the calculated events.
cantly large in that case.

Typical inclusive energy spectra of heavier fragments ar
shown for oxygen fragments in Fig. 23 f8fMo at 35 and

E/E

beam

éask in experiments. Instead we compare the experimental
and calculated distributions of free protons.

) ; We first compare the calculated parallel velocity distribu-
47AMeV. As discussed in Re{13], the energy spectra of tion of all free and bound protons before the afterburner and

IMF erend litle on the multiplicity class selection. The that of only free protons after the afterburner. The results are
experimental spectra, scaled by the beam energy, show Vegy,q\n in Fig. 24 for the reactions at#MeV. The results
similar shapes and angular distributions for both incident enyitn the soft EOS are shown on the left and those with the
ergies, except at the most forward_ angle. This again indicatesiff EOS are shown on the right. For free protons after the
that these spectra can be described by moving so@ce afterburner the parallel velocity distributions for the soft
source$ parametrizations with similar source velocities andgos show slightly broader distributions than those for the
apparent temperatures, scaled by the incident energy. I&iff EOS, but the shape becomes very similar. Especially for
AMD-V most of experimental spectra are better reproducedsyj on the left, the two-peak structure seen for free and
by the calculations with the stiff EOS, especially in the hound protons before the afterburner becomes a single broad
higher energy side. peak. As a result, no distinct difference is observed between
calculated results with the soft EOS and the stiff EOS for the
distributions of free protons after the afterburner. This indi-
cates that the statistical decay process in the afterburner
As shown in Fig. 2, for the parallel velocity distributions changes the distributions quite drastically.
of all nucleons at early stages of reactions, AMD-V predicts In the left column of Fig. 25 the experimental parallel
a distinct difference between the soft EOS and stiff EOSvelocity distributions of free protons are compared with
calculations for reactions with the lighter targets atthose of the calculations. The dips in the negative velocity
47A MeV. The calculated distributions of all free and bound side in the experimental distributions are caused by the target
protons also show similar differences as seen in Fig. 24shadow to the detectors at 90°. As one can see, both calcu-
However, in order to make the distribution for all protons lations with the soft EOS and the stiff EOS reproduce the
experimentally, all fragments have to be identified at allexperimental proton distributions quite well and no distinct
angles with very low energy threshold. This is a very difficult difference is observed between the two calculations. On the

D. Velocity distributions
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FIG. 20. (Color onling Similar plots to

particles.
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Fig. 19, but fora
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FIG. 22. (Color onling Similar plots to Fig. 19, but for
tritons.

other hand the parallel velocity distributions@particles do
show some differences between the two calculations seen in
the right column of Fig. 25 where the experimental results

for a particles are compared with those of the calculations.
In the calculated results fo¥Ni, the two-peak structure is
clearly observed in the simulation with the soft EOS,
whereas a single broad peak is seen in that with the stiff
EOS. This result is consistent with the calculations reported
by Ono[26] for “°Ca+*Ca at 3%\ MeV. This trend is also
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FIG. 23. (Color onling Inclusive energy spectra of IMF with
Z=8 at different angles for violent collisions witf?Mo (a) at

FIG. 21. (Color online Similar plots to Fig. 19, but for

deuterons.
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o
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-
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N

35A MeV and(b) at 47A MeV. Experimental spectra are shown by
symbols and calculated results with soft EQ$N,,, and stiff
EOS+NN, y; are shown by thick and thin solid lines, respectively.
The experimental spectra are plotted in an absolute scale, whereas
each calculated result is normalized to the experimental spectra at
0=4.3°.
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FIG. 25. (Color onling Parallel velocity distributions of protons
FIG. 24. (Color onling Calculated parallel velocity distribution (left) and « particles(right) in the center-of-mass system for differ-
of protons in the center-of-mass system for different reactions agnt reactions at 4Y MeV. Reaction is specified by target as indi-
47A MeV. Each row corresponds to the same reaction which iscated in each panel on the left. Experimental results are shown by
specified by target as indicated in each panel on the left. The calots and the calculated results with the soft EQB,,are plotted
culated results with soft EOSNN,,, are plotted on the left and by histograms of thick lines and those for the stiff EQSN;; by
those with stiff EOS-NN,y are on the right. The distributions of all histograms of thin lines. The calculated results are normalized to the
free and bound protons before the afterburner at 280 fm/c are disexperimental distributions to obtain the same number of protons at
played by thin lines. The distributions of free protons after the af-\,=0 in each case.
terburner are shown by thick lines. The normalization for the latter
is arbitrary. plane, respectively. The reaction plane is determined, using
transverse momentum of emitted particles as proposed by
observed for®Zn+%Mo in Fig. 25, but is slightly less Danielewicz and Odynie43]. In Fig. 26(v,) values of the
prominent. For®zn+%Au no difference is observed be- experimental and calculated results are shown for protons for
tween the two calculations. The overall experimental trenc®Ni at 47A MeV. Events in the violent and semi-violent
for « particles favors the stiff EOS. classes are summed in order to increase statistics. Only
protons in the midrapidity rang®.25<y/yyear=0.75 are

E. Collective flow analysis

0.15
In collective flow analyses, the directed flow, azimuthal T
angle correlation and elliptic flow have been studied 0.1
[39-41. These flows are essentially governed by particle 0.05- % %
emission at early stages. Therefore, the event multiplication A &b 1o .
in the afterburner does not reduce the statistical errors on the S 0“}‘ . I fé' %
results. Flow is also a rather small effect and a large number Vv .0.05- ﬂ &
of events has to be generated in AMD-V to get reasonable
comparisons to the experimental results. Of the three differ- 0.1
ent flow analyses, the differential elliptic flow is an averaged 045 , ‘ ‘ , ‘
observable and requires a smaller number of events for rea- "0 50 100 150 200 250 300
sonable comparisons. Therefore, we studied the differential P, (MeV/c)
elliptic flow v, of protons[42], given by the averaged value !
of vp, and described by FIG. 26. Averaged differential elliptic flow for protons fé#Ni
Np) 2 2 at 47A MeV as a function of the transverse momentpyrEvents in
(vo(py) = 1 > Pix piy, (16) the violent and semi-violent classes are used. _Experimenta_l results
N(py) j=1 pjzt are shown by dots and calculated results for stiff EQB,, stiff

. i ) EOSNNemp and soft EOSKNN,,, are shown by open circles,
whereN(py) is the number of protons in a givgprange and  squares, and triangles, respectivelys) values are calculated in
pjt is the transverse momentum of tftl proton.p;, andp, 50 MeV/c steps inp;. Calculated results are plotted around the
are its perpendicular momenta in and out of the reactiortenter value of eacp, with a small shift to avoid overlap of results.
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used. Errors are evaluated from the deviations from zeronentation process, but also in the wave packet propagation.
for (v,) values when the azimuthal angle of the reactionThis diffusion process tends to randomize the trajectory of
plane is randomized. As one can observe, the experimerwave packets and to smear out collective flow in this energy
tal (v,) value shows a small deviation from zero in the region.
energy range studied in this paper. No significant differ-
ence is observed between the values extracted from the VI. MULTIFRAGMENTATION MECHANISM
calculated events for different parameter sets. The calcu-
lated values are consistent with the experimental ones In the previous work on thé®*Zn+%8Ni reactions at
within error bars, except the most highgst where the 35-79A MeV, we reported that the semitransparency plays
statistics become poor. an important role for the multifragmentation procd4s].
However for the®¥Zn+1°7Au reactions the calculations indi-
cate that all projectile nucleons essentially stop in the target
nuclei at all incident energies, as seen in Fig. 2. Therefore it
As seen in Fig. 2, a prominent difference is observed beis expected that transparency plays little role in the multi-
tween the calculated results with the soft EOS and with thdragmentation process for these reactions and that other
stiff EOS in the parallel velocity distribution of all free and mechanisms, such as expansion and statistical multifragmen-
bound nucleons before the afterburtier280 fm/9 for *Ni tation processes, may play a dominant role in the disintegra-
and Mo at 47A MeV. The distribution of all protons also tion of the system. On the other hand the similarity of the
shows a two-pealor a shoulderstructure as seen in Fig. 24. charge distributions for all reactions studied here, as seen in
However this two-peak structure becomes a broad singleFig. 18, suggests that there is a common feature for the mul-
peak distribution for the free protons after the afterburnertifragment production in these reactions in which quite dif-
The experimental distributions are well reproduced by bottferent dynamics are involved.
calculations with the soft EOS and with the stiff EOS. In the following we will analyze central collision events
As seen in Sec. VB, our experimental multiplicity of (b=<3 fm) for the different systems, calculated with one of
fragments withZ=4 is overpredicted in all calculations. A the effective interactiolthe stiff EOS), in order to elucidate
similar result has also been observed in tf¥&e+Sn reac- the multifragmentation mechanism in great detail. The char-
tion at 50A MeV [20]. In order to resolve this discrepancy acteristic features of the multifragmentation mechanism ex-
between the experimental and calculated results, an extetracted in this section, are essentially the same for the soft
sion was made in the reference, so that the shrinking as welOS, as discussed later. No afterburner is applied in the
as the diffusion of the wave packets would be taken intoanalysis in this section.
account during their propagation in the mean field. This
treatment with the new parameter suppresses the dynamical
decay of the excited fragments at early stages and reproduces
the experimental charge distribution quite well. However the In Fig. 27, density distributions fot°’Au are plotted as a
above observation for the parallel velocity distribution indi- function of time. The projectile and the target are fully over-
cates that the signature of the stiffness of EOS remains aslapped around~30 fm/c and the system starts to expand
footprint in the fragment velocity distributions with or with- and undergoes multifragmentation for all incident energies.
out taking into account this kind of fine tuning of the model. One should note that prefragments are already recognized at
Another interesting observation in this study is that theearly stages of the reactidb~80-180 fm/¢. This is quite
different NN collision cross sections do not alter the nucleardifferent from a statistical multifragmentation picture, in
semitransparency. Two formulations have been employed iwhich a hot system expands and clusterizes at a low freez-
the present calculations. Although the cross sections are difout density{45]. It should be also noted that the fragment
ferent by a factor of 2 to 3 on average in the range of protorsizes are very similar to each other for three incident ener-
energies relevant to this study, the apparent effect on thgies. Nucleon emission is identified as early &s
nuclear stopping is rather small, as seen in Fig. 2. This result 100 fm/c at 35 and 4A MeV and t~200 fm/c at
is quite surprising because in QMD studies of the nuclea26A MeV.
collective flow, the effect of differenhN cross sections on In Fig. 28, the mass number, density, and excitation en-
the balance energy is of a similar order to the effect of dif-ergy of the largest fragmeitF,,) and of the second largest
ferent stiffnesses of the EQ86]. Onoet al. studied collec- fragment(F,,Z>2) are plotted as a function of the reaction
tive flow in the *°Ar+27Al reaction, using AMD without the time for 1°’Au at 35A MeV. In order to evaluate these quan-
diffusion proces$44]. In that study the strength of flow was tities, each calculated event is clusterized in coordinate space
reduced by about 30% at A9VieV when o, the empirical  with a coalescence radius of 5 fm at a given time. In the first
NN cross section given by E@l3), is increased by 50%. row, the mass numbers d¥,, and F, are shown. Att
The results of the differential elliptic flow analysis are ~200-300 fm¢, F., undergoes multifragmentation. The
consistent with the observation of the parallel velocity distri-generated-, has a similar size to thg,,, after this multi-
butions, although the deviations of the experimental and calfragmentation.
culated results from the isotropic distribution are rather In the second row the maximum density.is plotted. In
small. These results suggest that the diffusion process ithe time of overlapp,ax reaches around 1p4 and quickly
AMD-V plays a significant role, not only in the multifrag- returns to the normal density &t 100 fm/c. After thatp,ax

F. Discussion

A. Global character of reactions
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FIG. 28. (Color onling Time evolution of mass number, density,

FIG. 27. Time evolution of nuclear density distributions, pro- and excitation energy of the largest fragméeft) and the second
jected on the reaction plarig-z plane,z being the beam direction  largest fragment witiZ > 2 (right) from top to bottom, respectively,
for a calculated event witb~ 2 fm at different reaction times for for *%7Au at 35A MeV. See details in the text. Contours are in
197Au. Incident energy is indicated at the top of each column. Relogarithmic scale.
action time is indicated in the unit of fm/c in each panel. The time
zero is set at the time when the projectile and the target touch eagyg the calculated binding energy from the internal energy,
other. Thez axis is taken as the beam direction and the contour,_e_’
scale is in linear. The smallest circle indicates a nucleon.

E =En~Epe =(T +(V) +(Vo) —Egg. (18)

stays around 0.8p, pmaxOf F also shows a similar value to (1) is the expectation value of kinetic energy in the rest
that of Fyyq,e This indicates that prefragments, as seen in Figpame of the fragmentV) is that of the effective interaction

27, have density close to the normz_al densi_ty Wh?” they ar iven in Eq.(9) for the case of the stiff EOS, for example,
formed at early stages and keep this density during the e Vo) is that of the Coulomb interaction ari e is the cal-

pansion of the system. culated binding ener The excitation energy Ff.y is
In the third row, the density calculated from the root- 9 h gy. f | 4 gyd a|>|< d
mean-square radiudR, ¢ is plotted. pg,ms iS calculated by E/A~5 MeV at the time of overlap and gradually de-
assuming that the fragment has a spherical shape, i.e., creases with time. An interesting observation is that the
excitation energy oF, distributes around 3 Me\Wucleon,
A{ R, }3 independently on the emission time, and shows signifi-

(17)  cantly lower than that ofF, at t<300 fm/c. Att
=400 fm/c, the excitation energy df, becomes similar

HereA,, po, andR, are the mass number, density and r.m.s !0 that of theFn,, Some off; at t<300 fm/c have exci-
radius of the initial projectile nucleus, respectivepgns [ation energies of less than 1 MeMicleon.These are Li
reaches 1@, at t~30 fm/c, a similar value tg,, indi-  iSOtopes, which haviEg e[ <5 MeV/nucleon. A more de-
cating that the shape of the composite system at the timlé_‘"e‘j discussion about cold fragment emission will be
of overlap is nearly sphericapg,decreases rapidly after 9iven later.
that and reaches 04, at t~200 fm/c, althoughpmay iS
close to the normal density. This indicates that the system
at this time has a very deformed shape and nonuniform
density. pryms Of F» is also small, indicating that emitted In order to elucidate reaction mechanisms, the emission of
fragments have also an odd shape. light particles(Z=<2) is studied. The reactions witfi’Au are

In the fourth row the excitation energies are shown. Theexamined first. In Fig. 29 the emission rates of nucleons
excitation energy of a fragmerf, , is calculated by subtract- emitted as a light particle are plotted as a function of time

PRrms™ Po
Ao I:eers

B. Light particle emission
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FIG. 29. (Color onling Nucleon emission rate fd®’Au is plot- FIG. 30. (Color onling Similar plots to Fig. 29, but foPMo

ted as a function of time(@) 47A MeV with NNy, (b) 47A MeV  (left) and 5&Ni (right) at 47A MeV.
with NNemp (€) 35A MeV with NNy (d) 26A MeV with NN, y.
Nucleons emitted as light particle<2) are selected. Open A similar trend is also observed in the other reaction sys-
circles indicate nucleons from the target and solid dots indicatéems. In Fig. 30 results for®Ni and Mo at 47A MeV are
those from the projectile. shown both foNN_y andNNg,, All emission rates show a
bump att~80 fm/c for nucleons from the projectile and
separately for nucleons from the projectile and for thosehose from the target. The strength of the emission rate at the
from the target. At~ 30 fm/c, which corresponds to the full bump is~1.2 both forNN,y andNN.,,, This value is very
overlap time of the projectile and the target, light particlessimilar to that for!®’Au. This is consistent with the above
start to emerge and the emission rate shows a bump atconclusion that these preequilibrium particles originate from
~ 80 fm/c for all incident energies. At /& MeV, on the left  the overlap zone.
side of Fig. 29, the emission rate at this bump remains almost After the emission of these preequilibrium particles, as
equal for nucleons from the projectile and those from theseen in Fig. 29, the emission rate of nucleons from the target
target. This indicates that these nucleons are emitted from iacreases much faster than that from the projectile. For the
source which consists of equal numbers of the projectileeaction at 4A MeV, the ratio between the two reaches a
nucleons and the target nucleons, that is, the overlap regiomtio of 3:1, essentially equal to the ratio of the target mass to
of the projectile and target. As seen in Figs(@%nd 29b),  the projectile mass, at- 150—200 fm£. This time becomes
the emission rates stay more or less the same when the ib-250-300 fm¢ for the reaction at 3 MeV and t
mediumNN cross section is changed froNN, ; to NNgy,, =500 fm/c for the reaction at 28 MeV.
At the relativeNN energy of 50 MeV, the Li-Machliedt for- The energy spectra of the light particles also provide valu-
mulas give about 50% larger averalyél cross section than able information on the reaction mechanism. In order to
the empirical formula. This increase of thNN cross section avoid the Coulomb energy complications for particle emis-
enhances th&lN collisions but also reduces the mean freesions, neutron energy spectra are studied. In Fig. 31 kinetic
path of the scattered nucleons. The above observation, therenergies of neutrons are plotted as a function of time. Total
fore, suggests that these two effects are more or less baknd transverse kinetic energies are plotted on the left. For all
anced and the emission rate stays more or less same iatident energies, both energies decrease rapidly as time in-
47A MeV. As discussed later, phenomenologically thesecreases up tda~120-150 fmt and decrease very slowly
nucleons can be described by emission from a moving sourcafter that. As seen in Fig. 28 at 8MeV, the composite
with half the beam velocity, which is experimentally identi- system undergoes multifragmentationtat200—300 fm¢,
fied as the intermediate velocity source. but the energy spectra change very smoothly around this
At lower energies a similar trend is observed, though theime range. No effect is observed in the energy spectra. This
emission rates of the target nucleons in the bump are aboirtdicates that the fragments are already formed before this
50% larger at 3B MeV and 20% larger at 26 MeV than time. On the right, the ratio of the two energies are plotted.
that of the projectile nucleons. These differences are stilThe ratio is above 2 d@t< 100 fm/c and rapidly decreases to
smaller than the 3:1 ratio of the target mass to the projectila value of 3/2 at around 120—-150 fm/c, slightly depending
mass. The differences may result from the fact that the abs@n the incident energy. Then the ratio becomes more or less
lute emission rate at these energies becomes much smallesnstant after that. The value of 3/2 indicates that the neu-
than that at 4& MeV and it significantly depends on the tron emission source is fully thermalized.
details of the emission process, such as the location of the In Fig. 32 total and transverse kinetic energies of neutrons
overlap region in the composite system. are compared for reactions with different targets at
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FIG. 31. (Color online (Left) Average kinetic energy of neu- €xcluded in these plots.

trons in the center-of-mass system as a function of timé¥@wu at f . hi h h fthe | f
three incident energies. The incident energies are indicated in eaéﬂrgeSt ragment is much lower than that of the largest irag-

panel. Total and transverse energy are shown by open squares ament. In_ or.der FO study this in detail, the eX(?Itatlon energies
circles, respectively. Energies and times are those when neutrofd!d emission times of fragments are examined. Results for

are identified for the first time(Right) Ratios of the total to trans- AU at 47A MeV are plotted as a function of fragment mass
verse energies of the left figure. number in Fig. 33. These values are evaluated at the time
when each fragment is identified for the first time. A frag-

A7A MeV. Shapes of the spectra are very similar to eacHnent, identified at a certain time step, often breaks up in the
other for all three targets. The energies for the lighter targetiter time steps. A fragment is considered as a newly identi-
are slightly higher, reflecting the semitransparency for theséed fragment when the fragment appears with a mass num-
reactions. The similarities in energies indicate that the preber difference of more than 4 mass units between the time
equilibrium emission mechanism for different reactions isspan of 10 fm¢. In that case, the end of the time span is

similar, even though the semitransparency is prominent fofaken as the emission time of the new fragment. As seen in

the reactions with the lighter targets. the upper panel, the distribution shows a peak ard&e
~2.5 MeV atA~ 15. For the lighter fragments their excita-
C. Fragment emission tion energy rapidly decreases with decreasing mass number.

One of the interesting observations in the calculated reFor the heavier fragments, on the other hand, the excitation

sults in Fig. 28 is that the excitation energy of the seconcnergy slowly increases with increasing mass number and
reache€ /A~5-6 MeV atA~60 , which is similar to that

40 — . . of the largest fragments dt-200 fm/c. The lower panel

o 197 indicates that lighter fragments are identified in a broad
E Au range of time from 100-500 fm/c, peaking around
30 % tot ° Mo 250 fm/c, whereas the heavier fragment$ofare identified
= $ s 8B mainly aroundt~ 200 fm/c.
=S ol g | This trend is essentially the same for the reactions at
_E G %gé lower incident energies. In Fig. 34, the average excitation
wi ééé §§$§ energy of fragments is compared f&t’Au at all incident
10 oéggg gé%géégggégéé - energies. For all cases the excitation energy shows a similar
E| °°o§énaggggggwémsa trend. At 4A MeV the average excitation energy of the
lightest fragment starts less than 2 MeV/nucleon and in-
0 ('J 1(')0 2(')0 00 creases rapidly to about 3 MeV/nucleon. Then it increases
Time (fm/c) slowly with increasing mass number. AtR®/eV, the aver-

age excitation energies are about 2 MeV/nucleon lower than
FIG. 32. (Color online Average kinetic energy of neutrons as a those at 4A MeV.
function of time at 4A MeV. Different symbols correspond to dif- Similar observations are also made in the other reaction
ferent targets, as indicated in the figure. Upper set of results showsystems. In Fig. 35 the average excitation energies of frag-
the total kinetic energy,, and lower set for the transverse energy ments are shown foi*Ni and Mo at all incident energies.
(E)). The excitation energies of fragments at a given incident en-
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I 26A MeV

FIG. 36. Isotope distributions of fragments f8i (uppe) and

M 197Au (lower). Lines indicateN=2Z.

47A MeV. As one can see, fragments produced in the reac-

0 50 100 tion with 1°’Au are distributed much more on the neutron
Mass number rich side than those witRNi. In Fig. 37, the average exci-

tation energy of these isotopes is plotted fAu. As seen

in the figure, the average excitation energy of isotopes for a

given Z shows only a small variation. This variation is typi-

cally within less than A MeV. Very neutron rich isotopes,

such ag’0 and?*F, have excitation energies similar to those

near theg stability line.

The excitation energies studied above are the calculated

gl 47AMev | 201
6 {Hﬂ{ }H}H 15
4 ~ M 10
2 _s.. 5_
0 ‘ N
gl 35AMev 20
S | 15+
é 6
<4r MH {'} or
‘WL n
2 ,' 5
D [ ] L
8
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FIG. 34. Average excitation energy of fragments witks 3 is
plotted as a function of the fragment mass numbeft{&ku at three
incident energies. The incident energy is indicated in each panel.

ergy are almost identical and very similar to that f8fAu.
This indicates that, in the AMD-V calculations, cold frag-

ment emission is a common feature of intermediate heaVYnternaI energies corrected by the binding energy, as given by

ion reactions. - ; )
It is also interesting to see the excitation energy distribu-Eq' (18). The binding energy varies, depending on the mass

tion for different isotopes with a given atomic chamgeThe and charge of fragments. This variation becomes significant

distribution of produced isotopes significantly depends Or{‘or lighter fragments. It is, therefore, interesting to see the

the neutron-proton ratio of the system. In Fig. 36 isotop distribution of the internal energy without the correction of

She bindin in ord iti
o 7 581 g energy, in order to study the energy partition to
distributions are compared betweelf’Au and *Ni at the fragments. In Fig. 38, the calculated internal energies are

plotted as a function of mass number f8fAu at 47A MeV.

5804 92
Ni Mo The distribution shows a quite different trend, comparing to
8 47A MeVv i those seen in the excitation energies in Figs. 34 and 35, es-
6r - pecially for fragments withtA<15. The internal energies of
4r - fragments are almost constant and even slightly increase for
2t Lo
0 : : Po—
8} 35A Mev -
; 6 i ;3.5 2
[+] [}] .
g4 ﬁ"#ﬂ&ﬂ I /'MMHH Ez.g :
< 2[ <
‘w o N 0.5
w o
8} 26A Mev - 12
6 L L
2 _\ _Q.
0 -— .
0 20 40 60 0 20 40 60
Mass humber
FIG. 35. Similar plots to Fig. 34, but fo®Ni on left and®”Mo FIG. 37. (Color online Average excitation energy distributions
on right sides, respectively. of isotopes for'%7Au.
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FIG. 38. Average internal energy distribution of fragments with 20r ‘I'H {,*H H
A=5 for 1°7Au at 47A MeV. The energy is evaluated when the Sor .l .i** (23] H }
fragments are identified at the first time. .,,.-'“-“"“ﬁcﬁ' Y ¢

Soee’
0 : 0 :
the lighter fragments, whereas their excitation energies rap- 0 50 100 0 50 100

idly decrease. This is because these fragments are less and
less bound with decreasing mass number. For heavier frag-
ments withA= 60, the internal energy increases slowly with  FIG. 39. (Left) Average kinetic energy of fragments in the center
increasing mass number, which is also seen in the excitatioof mass system as a function of fragment mass numbet*féw.
energy distribution. This observation indicates that each fragincident energy is indicated in each panel. Energy is evaluated at
ment carries away more or less the same amount of intern#te time when the fragment is identified at the first tirgRight)
energy per nucleon, which is about -4 MeV/nucleon atSubtracted kinetic energy of fragments By at 47A MeV—E; at
47A MeV. This energy becomes about -5 MeV/nucleon at26A MeV in the upper panel and foE, at 3%A MeV—E, at
26A MeV. 26A MeV in the lower one.

The energy spectra of fragments also provide valuable
information about reaction mechanisms. In Fig. 39 the aver-
age kinetic energies of fragments are shown on the left col-

Mass number

umn for 27Au. The average kinetic energy increases almost 197 pu

linearly as mass increases. This linear increase results par- 100 -

tially from the increase of the Coulomb energy for larger T {H*H
fragments and partially from a possible expansion energy. 50 — ..0.0' ¢ g % *
The Coulomb energy contribution should be similar for the ,.-'oooOooooo<> 06500 c}
three incident energies, because the fragment charge distri- goo°°

butions are similar as seen in Fig. 27. In order to eliminate 0 " '

the Coulomb energy contribution from the kinetic energy, the Mo T

kinetic energy at 28 MeV is subtracted from those at A7 S 100 ;é{'#

and 33\ MeV. The subtracted results are shown on the right é’ oot?

column in the figure. At 4% MeV they still show a signifi- E 50 - ..°'

cant linear increase as mass increases, whereaf\av18y, o 5000000000504096

the linear increase becomes less prominent. As a thermal 0
energy contribution to the fragment kinetic energy should be
constant for different mass fragments, this remaining linear

58 '
MHT

increase indicates that these fragments have gone through a 100

significant expansion process. The difference of the expan- o’

sion energy between A7and 2@ MeV is about 0.5 and 50 oe®’

0.1A MeV between 35 and 28 MeV. The sharp drop of the 60000000060000

energy difference between these two cases suggests that the 0 '

expansion energy at 26MeV is very small 0 50 100

(<0.1A MeV). Therefore we can conclude that the approxi-
mate expansion energy is-0.5A MeV at 47A MeV and
~0.1A MeV at 35A MeV. FIG. 40. Average total and transverse fragment energies as a

The distributions of fragment kinetic energies are quitefunction of fragment mass number in the center-of-mass system for
different for 8Ni and ®2Mo at 47A MeV, reflecting different  reactions at 4% MeV with the different targets. The target is indi-
reaction mechanisms. In Fig. 40 the average total kinetic andated in each figure. Dots indicate the total energy and open circles
transverse energies of fragments are compared for the diffeindicate the transverse energy.

Mass number
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(circles, the ratio gradually increases and reaches a plateau
att~200 fm/c at 47A MeV, t~250 fm/c at 35A MeV, and
t=500 fm/c at 26A MeV. These times are very similar to
those for which the nucleon emission rates become equal to
the 3:1 ratio. On the other hand when only fragments with
A=30 are taken into account fdt,, the ratio behaves in a
drastically different way and stays more or less constant
from the earliest time when these heavier fragments are iden-
tified. This time ist=130 fm/c at 4A MeV, 160 fm/c at
0.5 o — 35A MeV, and 180 fm¢ at 26A MeV. The values of the
o ratios are slightly lower than 1.0, because the excitation en-
o'mamm“"‘)&- _35A MeV ergies ofA~30-40 are still slightly lower than those of the
' ' : : ; heavier fragments, as is seen in Fig. 34. This observation
indicates that the system is already thermally equilibrated at
& the earliest times that these heavier fragments can be identi-
4 - fied.
2 From the nucleon emission rates in Figs. 29 and 30, one
— _47A MeV can see that the preequilibrium emission ceasest at
0 200 400 ~120 fm/c at 4A MeV and slightly later at lower incident
energies. The ratios of the neutron total to transverse ener-
Time (fm/c) gies on the right side of Fig. 31 reach a value of 3/2 at these
times and remain constant after that. The value 3/2 suggests
FIG. 41. (Color onling Ratio of the excitation energy of the that the neutron emission source is fully thermalized. These
second largest fragme(f,) and that of the largest fragmefftna)  times are consistent with those observed from the earliest
as a function of time fol¥7Au. Open circles represent results when gmission times of, with A=30. Therefore from these ob-
all fragments withz=3 are taken into account & and solid dots  gqations we conclude that the excited nucleus, remaining
indicate rzfultls V.‘éhen only frﬁgmed'?ts W(;APSO Erff taken o atter the preequilibrium emission, reaches thermal equilib-
account as-,. Incident energy Is indicated in each figure. rium att~ 120 fm/c at 47A MeV, t~140 at 3B\ MeV, and
t~160 fm/c at 26A MeV.

0.5

Fmax)

(EFZ/AFZ) / (EFmax/A

ent targets at 4% MeV. For %Au, the ratio of the total to
the transverse energy is between 1/2 and 3/2, which indicates  E. Multifragmentation and cold fragment emission
the existence of a significant radial expansion. bl and
Mo at 47A MeV, the total kinetic energy increases more
rapidly as fragment mass increases.t 50, the average
kinetic energy for the®Ni target becomes almost double of
that for the!®’Au target. On the other hand the transverse
energy does not increase as the total kinetic energy increasga
and stays around-10 MeV. This indicates that the fragment
distribution is stretched along the beam axis. This result
from the semitransparency, as reported in the previous wor
[13].

In this section we briefly summarize the observations for
the calculated central collision events and draw a scenario
for multifragmentation in Fermi energy heavy ion reactions.
For light particle emission we summarize as follows:

(i) The emission rate of nucleons emitted as light par-
es shows a maximum &t- 80 fm/c for all reactions stud-

ied here. At a given incident energy all reactions show simi-
ar rates for these preequilibrium particles emitted from the
projectile and from the target. The emission rates are insen-
sitive to the change of the in-mediuNN cross section. The
absolute emission rate decreases significantly as the incident
energy decreases, but even aA2MeV a similar rate is ob-

In Fig. 29 for!9’Au, the ratio of the emission rate between served for the projectile and target nucleons. These facts sug-
the target nucleons and the projectile nucleons reaches a fagest that the preequilibrium light particles are emitted from
tor of 3 at t~200 fm/c at 47A MeV, t~300 fm/c at  the overlap zone of the projectile and the target.
35A MeV, andt=500 fm/c at 26A MeV. This factor of 3 is For fragment emission we summarize as follows:
roughly the ratio of the target mass to the projectile mass and (ii) Charge distributions of fragments witA<20 are
expected for nucleon emissions from a thermalized systenvery similar to each other in the experiments and in the cal-
However this observation does not mean that the systemulations, regardless of the target.
reaches thermal equilibrium until these late stages, because a (iii) Cold fragment emission is generally observed for all
significant amount of the target nucleons are carried away byeactions studied here. The excitation energy Aet 10 is
cold light fragments before these times. These fragments d&"/A=1 to 2 MeV. It increases linearly as mass increases
cay very slowly and do not contribute to the emission rate atind reaches to that of the largest fragmemk at60, remain-
the early stages. ing essentially constant for heavier fragments. The rapid in-

In order to elucidate the thermal equilibration time, thecrease of the excitation energy for fragments witks 15
ratio of the excitation energies of the largest fragmeéit,,) originates from the variation of the binding energy. The in-
and the second largest fragmdiit,) is plotted in Fig. 41. ternal energies of fragments show a flat distribution Aor
When all fragments witlz =3 are taken into account féf, <60.

D. Thermal equilibration time
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(iv) For ’Au a significant radial expansion is observed equal amounts of nucleons from the projectile and the target.
at 47A MeV. The expansion energy decreases quickly as thé@he apparent temperature of the source increases linearly as
incident energy decreases. The approximate expansion ethe incident energy increases, and is more or less indepen-
ergy is ~0.5A MeV at 47A MeV and ~0.1A MeV at dent of the target mass and the centrality of the reaction

35A MeV. [49,50,52. These observations are consistent with preequi-
(v) For the reactions witf®Ni and 92Mo at 47A MeV, a  librium emission of light particles from the overlap zone,
significant semitransparency is observed. discussed in the previous section.

For the thermal equilibration time we summarize as fol- A more direct indication for the preequilibrium particle
lows: emissions from the overlap zone was reported recently by

(vi) The thermal equilibrium of the system is established?./erdeet al. [t53c]i" '3 th"?‘t work, t\/\llo—grotoln co&rglaﬂqn func-
around t~120fmic at ARMeV. t~140fmie at e’ The source image of two protons was derived
35’;“::\4;\/{'122?gbig?vggécnztﬁigﬂnegéaw the followin sCepumerically from the two-proton correlation function, with-

. X T . g S “out assuming a source shape, such as a Gaussian distribution.
nario for the multifragmentation in the Fermi energy domain:

h il . h I This method is capable of determining the source size in the
(1) The projectile enters into the target nucleus and Crégnyironment in which fastpreequilibrium and slow(evapo-

ates a hot overlap zone. ) o rated components coexist in spectra. The model was applied

(2) The overlap zone decays quickly by emitting fastyy 14y +197Ay at 358 MeV and the source size of the pre-
nucleons before thermal equilibrium with the surroundingequilibrium protons was extracted. The extracted source size
target nucleons is established. is Ry/,~ 3 fm for all proton energy rangegR; , is the radius

(3) During the preequilibrium emission, the remaining at a half density This source size is comparable to the size
system starts to equilibrate. Nucleons close to each other igf the projectile and much smaller than the size of the target.
the phase space start to form cold fragments which coexist Cold IMF emission has been reported in many heavy ion
with a hotter nucleon gas. In this stage, cold fragments sharegollisions. The temperature of IMFs has been determined
almost an equal internal energy per nucleon with each othefrom the population of the excited statgs4-57. In these

(4) The system continues to expand and undergoes muktudies temperatures @f~3-5.5 MeV have been typically
tifragmentation with cold fragment emission. This multifrag- obtained in a variety of intermediate heavy ion reactions. If
mentation process is accelerated by additional dynamicaine uses the relatioB =aT? with a=A/10, these tempera-
processes, such as the semitransparencyfirand®Mo at  tures lead to fragment excitation energy d& /A

47A MeV and the radial expansion fdf’Au at 47A MeV.  =1-3MeV. Marie et al. also reported cold fragment emis-
T_hes_e addltloqal dynamlcaliprocesses drastically change thfons observed in LCRight charged particleIMF correla-
kinetic properties of the emitted fragments. tion studies/58]. The average charged particle multiplicities

In this section the above multifragmentation mechanisnfor each emitted IMF were evaluated in th&Xe+ Sn reac-
has been derived from the analysis of the calculated eventfon at 50A MeV. Using a statistical cascade code, the aver-
for the stiff EOS. However, as pointed out earlier, essentiallyage excitation energy was determined for each IMF. When
the same conclusions are obtained from calculations employthe neutron to proton ratio of IMFs is assumed to that of the
ing the soft EOS, because the preequilibrium emission angdystem, the excitation energy & /A~3 MeV is obtained
the fragment formation are rather insensitive to the equatiofor fragments with 3<Z<20. This energy is significantly
of state. For example, for the preequilibrium emission, verylower than the excitation energ{E /A~ 12 MeV) of the
similar results are seen for the soft EOS and the stiff EOS iystem, but consistent with the value calculated in this study.
Figs. 29 and 30. The calculated excitation energies of fragThe correlation experiment has recently been extended from
ments for the soft EOS also show essentially the same trengba to 150A MeV in the same reaction systef69]. The

as those in Figs. 34 and 35, though the absolute values of th&tracted excitation energy of fragmentsES/A~ 3 MeV,
excitation energies for the soft EOS are about 0.3-MeV  jndependent of the incident energy.

lower than those of the stiff EOS for fragments with mass |n each of the studies in Reff58,59, however, the ex-
number 8<A<20. tracted excitation energies are slightly decreasing as-
creases, whereas the results of the calculations in Figs. 34
and 35 show a clear increase of the excitation energy as
fragment mass increases, especially for the lighter fragments.
For the above multifragmentation scenario, the existencdhis difference may result from the fact that, in both of the
of a hot overlap zone and cold fragment formation play im-experimental studies, the fragment isotope distribution was
portant roles. For the existence of the hot overlap zone, manyeglected and neutron emission from the fragment was not
experimental evidences have been accumulated. Since theeasured. Thus the average primary fragment mass for a
pioneering work of Awe®t al, moving source analyses have given average primary fragmemt was calculated byl
been applied to many reaction systems at intermediate enetf)Z, wheref is N/Z of the fragment and it was assumed in
gies [47-52. The existence of the intermediate velocity Refs.[58,59 that N/Z is that of the composite system. If
source has been commonly observed in these analyses. TNEZ is assumed to be that of the valley of the stability rather
source velocity extracted from these analyses is about hathan that of the composite system, the extracted excitation
the beam velocity, regardless of the target mass. This hanergies become less than 1.5 MeV/nucleon for most of the
been interpreted as indicating that the source consists dfagments. As seen in Fig. 36, for a giv&nthe calculated

VII. DISCUSSION
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distributions of fragment mass are broad and K& value 4 47A MeV

at the peak of the mass distribution is slightly less than that 35 _{

of the system. For e;ggnple, the distributionﬁﬁ)f O)ggen iso- '3 K|

topes has a peak , or N/Z=1.25, for °*Zn+-""Au,

which has a composite system NfZ=1.39. Since the ex- 251 ﬁ%ﬁﬁ{ﬂiﬂﬁiﬂiﬁﬁiﬁﬁiﬂﬂiﬁﬁﬁﬂﬁ

perimental values are sensitive to the determination of the 2

primary fragment mass and hence the number of emitted 15

neutrons, one needs to take into account the isotope distribu- ~ 4 ﬁ 35A MeV

tion of the fragments for the evaluation of the average exci- _§ 35 }

tation energy in order to make more detailed comparisons % 3r

between the experiments and the calculations. Eos5 EHHHEHHHHH}HHH}ITTTTTTITTTHTTTHU
Recently Cussol suggested that the limitation of the exci- c L F I

tation energy of fragments may be related to the neutoon 15

proton separation energies of the fragments, using a classi- - 26A MeV

cal molecular dynamics modgsQ]. In most heavy ion reac- 35 Jf

tions, the composite system is neutron rich. When light frag- 3 _{}E

ments are formed in an equilibrated system, the neutron/ L

proton ratio of light fragments tends to be far away from the 2': B EHH{HH}H}HE}H%H%}HEH}HHHHH

B stability line and these fragments have small neutron sepa- 15 , , ‘ ,

ration energies. These fragments can not hold excitation en- 0 200 400

ergy higher than the neutron separation energy and therefore

they limit the average excitation energy of the fragments. In Time(fm/c)

AMD-V simulations, however, no systematic correlation is ) i tth di
observed between the neutron/proton ratio and the excitation 1':"16' 42|' Time ek\]/_o#tlondo ktf‘ce al/?ii%eor;)o;-n;ea?;guarse radius
energy, as shown in Fig. 37. The calculated results also shogf > nucieons, which end upt. att=4cu Im/c for Au. see

27 . . etails in the text.
no significant difference between the neutron rich system

(*Zn+"Au) and more or less symmetric systeffZn  the most abundant light fragment f&7Au, is examined. 14
+98Ni). nucleons int“C are identified at=480 fm/c. For these iden-

The coexistence of cold fragments and gaseous nucleonied 14 nucleonsR,,is calculated as a function of time. At
has recently been suggested by Camipal, using a CMD  t<0, the time before the two nuclei touch each ottif,s
model[61]. In their CMD model, particles interact through a shows large values because about 3 to 4 nucleons on average

Lennard-Jones potential, which is given by originate from the projectile and the rest from the target. At
" 6 47A MeV, R, reaches 2.6 fm @t=30 fm/c, the time of the
V(r) = 4e{<g> _ (g) } (19) full overlap, and after thatk,,,s decreases very slowly. The
r r ' change inR,,s betweent=30 fm/c andt=480 fm/c is

~10%. This trend is essentially the same for lower incident

wheree and o are energy and length scales, respectively. Irenergies. At 268 MeV, R,,s becomes 2.4 fm at=50 fm/c
the reference a thermalized system is provided with a giveland 2.2 fm at 480 fmd. The slightly smalleR;,,s, compared
number of particles and a fixed excitation energy within ato that at 4A MeV, reflects the fragment lower excitation
small container at high density. At0 the container is re- energy at 28 MeV. This indicates that nucleons in light
moved and the system is allowed to expand freely. It underfragments are already close together at the time of the over-
goes multifragmentation. Fragment size and temperature atap and move together until they are identified as an isolated
examined during the process. Since the particles interadtagment. The excitation energies of light fragments are
through the above interaction, they tend to move at a dissmall, independently of the emission time, as seen in Fig.
tancer, from each othefV(r) becomes minimum at=r,]. 33(b). This indicates that the fragments stay cold and coexist
Using proximity in the phase space and separating gaseougth the hot nucleon gas.
nucleons by the Hill criterium(potential energy + kinetic Different dynamics involved in the reactions, such as ra-
energy =0), clusters are identified in the gaseous particledial expansion and semitransparency, drastically change the
environment. By examining the temperature of gaseous pakinematic characteristics of the emitted fragments. A drastic
ticles and the internal temperatures of the clusters during thehange in kinematic distributions has been reportetAr
expansion, it is revealed that the temperatures are mudhduced reaction$62]. In that experiment®Ar beam was
lower than the temperature of the gaseous particles. The dibombarded on Cu, Ag, and Au targets over a wide range of
tribution of cluster size is almost independent of the time ofincident energy(8—115A MeV). For the central collisions
the expansion, indicating that the cluster size is indepenbelow 44A MeV, the observed nature of the reactions indi-
dently determined of the particle density. cates a fusionlike process, whereas a multibody spray of

In AMD-V, nucleons are moving freely in a mean field, IMFs is observed at higher incident energies. This observa-
but antisymmetrization tends to maintain clusters with nucletion is consistent with the present results feiNi. At
ons which are close to each other in the phase space. This26A MeV the projectile fully stops in the target and fragment
illustrated in Fig. 42. In the figure thi,, of 1“C, which is  emission becomes more or less isotropic. On the other hand
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at 47A MeV, a significant semitransparency spreads the fragstiff EOS, but the experimental proton velocity distributions
ments at forward and backward directions. are equally well reproduced by both EOS’s. Two different
The existence of a significant expansion has been sudgormulations for the in-mediurhIN cross sections were used
gested based upon the determination of the average kinetig this study, but the effect of changing thiN cross section
energy of IMFs by the INDRA collaboratiof63,64. The Is rather small and no conclusive evidence favoring one of
extracted energy of the possible expansion is abouthese formulations has been found. )
0.5A MeV for Xe+Sn at 58 MeV, consistent with the ob- The mechanism of the multifragmentation process was
servation in Fig. 39 at 4 MeV. However the value in the explored, using central collision events of AMD-V, calcu-

above references has been evaluated based on the statisti@jfd With the stiff EOS. Preequilibrium light particle emis-
multifragmentation model, which is not supported in theSion from the overlap zone and multifragmentation with cold
present work ' fragment emission are commonly observed in all reactions.

The thermal equilibration times observed in the calculated
results aret~120 fm/c at 47A MeV, t~140 fm/c at
VIIl. SUMMARY 35A MeV, andt~ 160 fm/c at 26A MeV. Cold fragments
. ._are formed by nucleons close to each other in phase space at
A detaled g}udyg?as beenlgeresented for three reactioparly stages and they stay cold in a hotter nucleon gas, ex-
systems,"Zn+>*Ni, **Mo, and ='Au, at three incident en- pipjting an almost equal internal energy per nucleon. Then
ergies, 26, 35, and 4X MeV. Multiplicity distributions,  the system expands and undergoes multifragmentation with
charge distributions, energy spectra, and velocity distribucold fragment emission. F3f7Au at 47A MeV a significant
tions of the reaction products have been measured. Detailg@dial expansion takes place and fefiNi and Mo at
comparisons have been made between the experimental 147A MeV, semitransparency becomes significant. The kine-
sults and those of the calculations with two different effec-matic characteristics of emitted fragments change drastically,
tive interactions, corresponding to a soft EO&  depending on the additional dynamics involved. Many exist-
=228 MeV) and a stiff EOS(K=360 MeV). For light par- ing experimental results are consistent with the mechanisms
ticles the main characteristic features of the above obsensuggested by the calculated AMD-V events.
ables are generally well described by all three calculations,
although some significant discrepancies are observed in all ACKNOWLEDGMENTS
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