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Reaction mechanisms and multifragmentation processes in64Zn¿58Ni at 35A –79A MeV
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J. C. Steckmeyer,1 A. Kerambrum,1 J. C. Angélique,1 A. Auger,2 G. Bizard,1 R. Brou,1 C. Cabot,2,† E. Crema,2,‡

D. Cussol,1 D. Durand,1 Y. El Masri,3 P. Eudes,4 Z. Y. He,1,§ S. C. Jeong,1,i C. Lebrun,4 J. P. Patry,1 A. Péghaire,2 J. Peter,1

R. Régimbart,1 E. Rosato,5 F. Saint-Laurent,2 B. Tamain,1 and E. Vient1

~The GANIL E-160 Collaboration!
1LPC, IN2P3-CNRS, ISMRA et Universite´, F-14050 Caen Cedex, France

2GANIL, DSM-CEA, IN2P3-CNRS, BP 5027, F-14076 Caen Cedex 05, France
3IPN, FNRS, Universite´ Catholique de Louvain, B-1348 Louvain-Neuve, Belgium

4SUBATECH, Universite´ de Nantes, IN2P3-CNRS, F-44070 Nantes Cedex 03, France
5Dipartimonto di Scienze Fisiche, Universita di Napoli, I-80126 Napoli, Italy

~Received 4 February 2000; published 26 July 2000!

Reaction mechanisms and multifragmentation processes have been studied for64Zn158Ni collisions at
intermediate energies with the help of antisymmetrized molecular dynamics~AMD-V ! model calculations.
Experimental energy spectra, angular distributions, charge distributions, and isotope distributions, classified by
their associated charged particle multiplicities, are compared with the results of the AMD-V calculations. In
general the experimental results are reasonably well reproduced by the calculations. The multifragmentation
observed experimentally at all incident energies is also reproduced by the AMD-V calculations. A detailed
study of AMD-V events reveals that, in nucleon transport, the reaction shows some transparency, whereas in
energy transport the reaction is much less transparent at all incident energies studied here. The transparency in
the nucleon transport indicates that, even for central collisions, about 75% of the projectile nucleons appear in
the forward direction. In energy transport about 80% of the initial kinetic energy of the projectile in the center-
of-mass frame is dissipated. The detailed study of AMD-V events also elucidates the dynamics of the multi-
fragmentation process. The study suggests that, at 35A MeV, the semitransparency and thermal expansion are
the dominant mechanisms for the multifragmentation process, whereas at 49A MeV and higher incident
energies a nuclear compression occurs at an early stage of the reaction and plays an important role in the
multifragmentation process in addition to that of the thermal expansion and the semitransparency.

PACS number~s!: 25.70.Pq, 02.70.Ns, 24.10.Lx
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I. INTRODUCTION

Heavy ion reactions in the intermediate energy domain
10 MeV/nucleon to a few GeV/nucleon have been used
explore the nature of nuclei at the limits of their stability
temperature and excitation energy@1–7#. In these studies
characterization of the initial hot composite system is v
crucial. Significant experimental efforts have been devo
to evaluating the characteristic properties of the initial h
composite system, such as the charge, excitation energy
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temperature, by reconstruction from the experimental
servables, but large ambiguities remain in the extracted
ues @7–10#. The interpretation of the derived parameters
also very difficult without an understanding of the reacti
dynamics involved. The multifragmentation process has b
often studied using models, such as the statistical multifr
mentation model~SMM! @11–13#, or the expanding emitting
source~EES! model@14#. In these simulations only the late
stage of the multifragmentation process is treated. Witho
treatment of the dynamics of the entrance channel, a la
uncertainty can remain in the final results.

In order to establish the reaction dynamics, intensive t
oretical efforts have been made in developing microsco
models@15#. The Boltzmann-Uehling-Uhlenbeck~BUU!, the
Vlasov-Uehling-Uhlenbeck~VUU! models @2,16,17#, the
quantum molecular dynamics~QMD! model @4,18–20#, and
the antisymmetrized or fermionic molecular dynamics mo
els ~AMD or FMD! @21–23# have been developed and com
pared with experimental results. For central collisions so
of these models predict the formation of a hot compos
system at the early stage of the reaction. Experimenta
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some evidence has been reported for the formation of su
single hot source for central collisions@7–9#. On the other
hand, a dominant binary nature has also been reported
symmetric light and medium mass systems@24#. Recently
semitransparency has been suggested in the QMD calc
tions even for the central collisions in the Xe1Sn reaction at
50A MeV by Nebauer and Aichelin@20# and in the AMD
calculations on40Ca140Ca at 35A MeV by Wada et al.
@22#. Good agreement between the results of the latter
periment and the calculations strongly supports the existe
of some transparency in that system.

In this paper we investigate the reaction mechanism
multifragmentation process of the64Zn158Ni reaction at
35A–79A MeV by comparing the experimental results
the calculated results obtained with the AMD model. In S
II the experiment is described. In Sec. III a brief descripti
of the AMD approach is presented. Section IV is devoted
presenting the experimental and calculated results. In Se
the reaction mechanism and the multifragmentation proc
are discussed and the AMD events are investigated in de
In Sec. VI a summary is given.

II. EXPERIMENT

The experiment was performed at the GANIL~Grand Ac-
célérateur National d’Ions Lourds! facility in France, using a
4p detector array.64Zn projectiles were incident on a58Ni
target with an areal density of 340mg/cm2 at energies of
35A, 49A, 57A, 69A, and 79A MeV. Charged particles
with Z<8 were detected by a 4p detector, consisting of two
plastic multidetector arrays, MUR and TONNEAU@25,26#.
The arrays cover a total solid angle of 84% of 4p. MUR
consists of 96 pads of plastic scintillator~NE102A!, 2 mm
thick, and was located at a distance of 210 cm from the ta
in seven concentric rings, covering an angular range betw
3° and 30°. TONNEAU consists of two parts, forwa
~30°–90°! and backward~90°–150°!. Each part consists o
36 plastic scintillator rods~2 mm thick! at a distance of 83
cm from the target and signals at both ends are read in e
rod for the determination of the polar emission angle. Id
tification of Z51 and 2 particles was made possible by t
DE ~or E) versus the time-of-flight~TOF! method for par-
ticles with energy above 2.5A MeV. Identification of frag-
ments (3<Z<8) was only possible for energies abo
15A–20A MeV in these detector arrays. The velocities of t
identified particles were determined from the TOF and
flight distances.

In addition to the intermediate mass fragments~IMFs!
detected in the plastic multidetector arrays, fragments w
Z>4 were measured by seven Si telescopes set in fron
MUR, five at polar angles of u54.3°, 7.3°,
10.9°, 16.0°, 22.0°, and two atu528.5°. The telescope
shadowed MUR in the azimuthal angle range ofDf
522.5° ~6.3% of the MUR coverage!. The telescopes con
sisted ofDE ~300 or 500 mm) andE ~6.0 or 3.5 mm! Si
detectors. The charges of all detected fragments in the
scopes were clearly identified above an energy threshol
15A–20A MeV and isotopes for 4<Z<7 were also identi-
fied at u>16°. Absolute energy calibration of the silico
03460
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detectors was performed by measuring directly the partic
produced in the16O112C reaction at 95A MeV. Particles
with a projectilelike velocity of a fixed ratio ofP/Q (P is
momentum andQ is charge state! were delivered directly to
the telescopes using a bending magnet. All isotopes fromZ
53 to Z58 were clearly observed and the absolute ene
of each isotope was determined from the field strength of
magnet. TheDE and E detectors of each telescope we
calibrated using all measured isotopes with a given ene
and range-energy tables@27#.

III. MODEL SIMULATIONS

A. AMD model

Experimental results have been compared with antisy
metrized molecular dynamics model calculations@21,28,29#.
In AMD a reaction system withN nucleons is described by
wave function which is a single Slater determinant ofN
Gaussian wave packets,

F~Z!5detFexpH 2nS r j2
Z i

An
D 2

1
1

2
Z i

2J xa i
~ j !G , ~1!

where the complex variables Z[$Z i ; i 51, . . . ,N%
5$Zis ; i 51, . . . ,N, s5x,y,z% represent the centroids o
the wave packets. The width parametern is taken asn
50.16 fm22 and xa i

represents the spin and isospin sta

of p↑, p↓, n↑, or n↓. The time evolution ofZ is deter-
mined by the time-dependent variational principle and
two-nucleon collision process. The equation of motion foZ
derived from the time-dependent variational principle is

i\(
j t

Cis, j t

dZj t

dt
5

]H
]Zis*

. ~2!

Cis, j t is a Hermitian matrix defined by

Cis, j t5
]2

]Zis* ]Zj t

ln^F~Z!uF~Z!&, ~3!

andH is the expectation value of the Hamiltonian after t
subtraction of the spurious kinetic energy of the zero-po
oscillation of the center of masses of fragments@28#. Two
nucleon collisions are introduced by the use of the phys
coordinates W[$Wi% which are defined as

W i5(
j 51

A

~AQ! i j Z i , ~4!

andQi j is defined as

Qi j 5
]

]~Z i* •Z j !
ln^F~Z!uF~Z!&. ~5!

In molecular dynamics models with Gaussian wave pack
the i th nucleon at timet5t0 is represented in phase space
1-2
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REACTION MECHANISMS AND MULTIFRAGMENTATION . . . PHYSICAL REVIEW C62 034601
f i~r ,p,t0!58 expH 22n~r2Ri~ t0!!22
~p2Pi~ t0!!2

2\2n J ,

~6!

with the centroidRi andPi . The total one-body distribution
function is the sum off i . In the AMD model, this represen
tation of a nucleon as a simple Gaussian wave packet is v
only approximately when the physical coordinate

W i5AnRi1
i

2\An
Pi ~7!

is used for the centroids@28#.
In order to treat properly the reactions with many bran

ing channels such as multifragmentation processes discu
in this paper, the AMD model has been extended by int
ducing the wave packet diffusion effect as a quant
branching process. This extended AMD model is called
AMD-V model, since the wave packet diffusion effect
calculated with the Vlasov equation@21#. The AMD-V
model has been successfully applied to the multifragm
events in the40Ca140Ca reaction at 35A MeV @21,22#. The
AMD-V code has been further improved in order to sa
CPU time in the numerical calculations and to be applica
to heavier reaction systems@29#. In the newly developed
code, used for all calculations in this paper, the wave pac
diffusion effect calculation has been reformulated and
triple-loop approximation, discussed in Ref.@29#, has been
incorporated.

For the 64Zn158Ni reaction, about 3000 events were ge
erated at each energy in an impact parameter range of 0
fm. The calculations were performed in the VPP700E sup
computer facility in Riken, Japan. The Gogny force@30#,
which gave the best fit in the previous analysis of40Ca
140Ca at 35A MeV @21,22#, was used as an effective inte
action in these calculations. The Gogny force gives an
compressibility of 228 MeV for infinite nuclear matter and
momentum-dependent mean field. The calculations starte
a distance of 15 fm between two centers of the projectile
target in the beam direction. Each event was calculated u
t5300 fm/c in most cases and up to 500 fm/c for a few
cases. At 300 fm/c the excitation energies and momenta
fragments are evaluated. Fragments are identified usin
coalescence technique with a coalescence radius of 5 fm
the size of the fragments att5300 fm/c depends only
slightly on the coalescence radius for these incident energ
because the system already breaks into small pieces a
time for all the cases.

B. Afterburner and switching time

The generated fragments in the AMD-V model are gen
ally in an excited state at a time of 300 fm/c and a very long
CPU time is needed for the fragments to cool down to
ground state. Instead of continuing the AMD-V calculatio
the calculation was stopped att5300 fm/c ~which corre-
sponds to a realistic CPU time to get a few thousand ev
in the VPP700E! and the fragments were cooled, using
statistical decay code as an afterburner. A modified vers
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of GEMINI @32# was used as the afterburner. In this modifi
version, discrete levels of the excited states of light fra
ments withZ<14 are taken into account and the Haus
Feshbach formalism is extended to the particle decay fro
parent nucleus withZ<20 when the excitation energy of th
parent nucleus is below 50 MeV. One AMD-V event is us
100 times in the afterburner in order to sample all possi
decay paths of the excited fragments, which also gi
enough statistics for detailed comparisons to the experim
tal results. All calculated AMD-V results have been filtere
through the experimental conditions, such as the dete
coverage and energy thresholds, unless otherwise speci

The switching time oft5300 fm/c is chosen only for the
technical reason of the computation time in the VPP700E
the AMD-V simulations, the later the switching time is, th
more preferable, because the particle evaporation occur
the quantum statistical manner@31#. For the reactions studied
here, the switching time oft5300 fm/c is late enough so
that the final results do not depend significantly on t
choices of the switching time after this time. In Fig. 1 th
final charge distributions calculated for the different switc
ing times are shown at 35A MeV. In this plot the central
events with the impact parameterb<3 fm are used and no
experimental filter is applied. Significant differences are o
served between the switching times oft5100 fm/c and t
5300 fm/c, whereas no significant differences are observ
after t5300 fm/c. At higher incident energies, the final re
sults become independent aftert;200 fm/c, because the
reaction process becomes faster at the higher incident e
gies. The large difference in the final charge distributio
indicates, as discussed in later sections, that the fragme
tion process in the early stages is significantly affected by
dynamical reaction process.

IV. RESULTS

A. Reaction cross sections and multiplicity distributions

In Fig. 2 charged particle multiplicities detected in th
plastic arrays are shown at three different incident energ
In the experimental results, most events with multiplic

FIG. 1. Final calculated charge distributions at 35A MeV are
compared for the different choices of the switching time to t
afterburner. Represented by different line types, the results
shown as histograms as indicated in the figure. The results are
filtered by the experimental conditions.
1-3
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R. WADA et al. PHYSICAL REVIEW C 62 034601
M<3 were rejected by the hardware trigger during the
periment. The experimental absolute cross sections are
culated from the integrated beam current in the Faraday
assuming that the projectiles are fully stripped in the tar
and no electrons go into the Faraday cup. The accurac
this method should be better than 10%@33#. The cross sec-
tions in the AMD-V calculations are determined by the im
pact parameter range used. For the calculated results th
tered and nonfiltered distributions are shown by solid a
dashed line histograms, respectively. The overall detec
efficiency of the charged particles in the experiment is ab
60%. For charged particle multiplicities aroundM;10, the
calculated AMD-V results overestimate the cross section
all incident energies, as seen by comparing the experime
results and the calculated filtered distributions~solid line his-
tograms!. As seen later, this excess yield originates from
collisions with the impact parameterb;7 –8 fm, which
corresponds to about twice of the mean square radius o
initial nuclei. This suggests that the excess yield rela
closely to the nuclear surface properties during the collisio
For the initial nuclei, however, the mean square radii
Rrms53.83 and 3.76 for64Zn and58Ni, respectively, and are
comparable to the experimental values~3.95 and 3.77, re-
spectively! determined by electron elastic scattering@34#.

FIG. 2. Multiplicity distributions of the charged particles in th
plastic arrays at 35A MeV ~top!, 57A MeV ~middle!, and
79A MeV ~bottom! are compared for the experimental resu
~circles! and the AMD-V calculations~histograms! on an absolute
scale. For the calculated distributions, both filtered and nonfilte
distributions are shown. The filtered distributions are obtained
filtering the events through the experimental conditions and plo
by solid line histograms. The nonfiltered distributions are shown
the dashed line histograms.
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This excess yield turns out to be caused by the approxi
tion used to calculate the physical coordinate when tw
nucleon collisions are examined. The two-nucleon collisio
are evaluated in the physical coordinate space, using the
proximated physical coordinate$Wi% in Eq. ~4!. The density
calculated in the physical coordinate space, however, sh
a slightly larger radius than that of the exact calculatio
Since the peripheral collisions are significantly affected
the two-nucleon collisions at the nuclear surface, this
proximation results in a significant effect on the collisio
with the impact parameter corresponding to the sum of
nuclear radius of the projectile and the target. A more
tailed discussion of problems in the calculation will be giv
in Sec. V. In Table I, a summary of the measured react
cross sections forM>4 is given for the experiment and th
calculations. The calculated cross sections are about
15 % larger than those of the experiment for all incide
energies.

B. Event classification for centrality

In Fig. 3 the parallel velocity distributions ofZ51 and
Z52 particles, detected in the plastic arrays, are shown
different charged particle multiplicity windows. For the low
est multiplicity window ~top row!, a two-peak structure is
clearly observed at 57A and 79A MeV for both Z51 and
Z52 particles. The peak velocity corresponding to t
higher peak is about 90–95 % of the beam velocity and
lower one is near 2 cm/ns. This indicates that the hig
component originates from a projectilelike source and
lower component originates from a targetlike source
binary-type collisions. The velocity distribution near th
slower peak is distorted by the experimental conditions. T
shoulder atVi;0 cm/ns forZ51 is caused by the shadow
of the target frame, and the asymmetry of the two peaks
Z52 is caused by the detector energy thresholds of the p
tic arrays as well as the shadowing by the target frame.
two-peak structure for both particles gradually merges int
broad single bump when the multiplicity increases, sugge
ing that the reaction becomes more violent and the contr
tion from an intermediate velocity source becomes import
as the multiplicity increases. This characteristic feature
less prominent at 35A MeV, but one can still see the evo
lution in the width of the velocity distribution. The width
becomes narrower as the multiplicity increases. The evo
tion of the parallel velocity distribution with multiplicity in-
dicates that the charged particle multiplicity can be used a
reasonable probe for the impact parameter. Calculated re
from the AMD-V model are also shown by histograms in t

d
y
d
y

TABLE I. Reaction cross section.

Einc (A MeV) Expt. (M>4) ~mb! AMD-V ( M>4) ~mb!

35 2496 2756
49 2517 2922
57 2615 2959
69 2737 2998
79 2534 2852
1-4
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REACTION MECHANISMS AND MULTIFRAGMENTATION . . . PHYSICAL REVIEW C62 034601
figure. The evolution of the shape of the distribution in t
different multiplicity windows is very well reproduced, in
cluding the distortions by the experimental conditions. T
calculated velocity distributions, however, show a sligh
higher velocity component forZ51, which is not seen in the
experimental distributions. The relative yields of protons a
alpha particles are also reasonably reproduced, although
sum of the proton number and thea particle number is re-
stricted by the given multiplicity range.

In Fig. 4 summed transverse momenta of the charged
ticles detected in the plastic arrays are shown for the dif
ent multiplicity windows. The transverse momentum is c
culated by assuming massA51 for Z51, A52Z for Z
>2 both in the experimental and calculated results. T
summed momentum is scaled by the beam momentum.
evolution of the peak momentum and the width of the dis
butions becomes very similar between different incident
ergies. The peak positions and widths of the distributio
increase systematically as the multiplicity increases. The
perimental peak positions and shapes in the different m
plicity windows are well reproduced by the calculatio
~solid line histograms!. In each figure the calculated resul
without filtering are also shown by dashed line histogram
In general the peak position and width of the distributions
the nonfiltered distributions evolve similarly to the filtere

FIG. 3. Parallel velocity distributions ofZ51 ~upper! and Z
52 ~lower! particles in the plastic arrays are plotted for differe
charged particle multiplicity windows at 35A MeV ~left!,
57A MeV ~middle!, and 79A MeV ~right!. The experimental re-
sults are shown by squares and those from the AMD-V calculat
are shown by histograms. The range of the charged particle m
plicity window used is indicated on the right, except for the high
multiplicity window at 35A MeV. The arrow on the x axis in eac
figure indicates the velocity of the projectile. The vertical scale
the absolute multiplicity per unit parallel velocity both in the e
perimental and calculated results.
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distributions. The average values of the summed transv
momenta for the different multiplicity windows are summ
rized in Table II both for the experiment and for the calc
lations at all incident energies. In the calculated resu
transverse momenta from the filtered and nonfiltered eve
are given. One can clearly see good agreement between
experimental values and the calculated filtered values for
different particle multiplicity windows at all incident ener
gies. For the highest multiplicity window about 70% of th
transverse momentum, remains in the filtered eve
whereas for the lowest multiplicity window only 20% of th
transverse momentum remains after filtering the events.

FIG. 5. Correlations between the impact parameter and
charged particle multiplicity~left!, the summed transverse mome
tum ~middle!, and a combined parameter~right! in the calculations
for different incident energies. The incident energy is indicated
each figure. Dots indicate the centroid of the distribution and b
indicate the FWHM of the distribution. For the combined para
eter, the charged particle multiplicity, the summed momentu
and the Z bound are scaled byM530, Pbeam, and Ztot558,
respectively.

s
ti-
t

s

FIG. 4. Summed transverse momentum distributions of
charged particles detected in the plastic arrays are plotted for
ferent charged particle multiplicity windows at three different inc
dent energies. The incident energy is indicated at the top of e
column. The range used for the multiplicity window is given on t
left, except for the highest multiplicity window at 35A MeV. The
experimental results are shown by circles. The calculated result
shown both for the filtered distribution~solid line histograms! and
for nonfiltered distributions~dashed line histograms!.
1-5
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TABLE II. Average summed transverse momentum. The values are scaled by the incident beam m
tum at each energy.

Multiplicity range

4–5 6–10 11–15 16–20 20–25 26<

35A MeV
Expt. 0.039 0.092 0.163 0.220 0.268

AMD-V ~filtered! 0.040 0.103 0.168 0.241 0.310
AMD-V ~not filtered! 0.224 0.309 0.379 0.433 0.465

49A MeV
Expt. 0.034 0.079 0.145 0.215 0.268 0.308

AMD-V ~filtered! 0.027 0.070 0.145 0.220 0.288 0.361
AMD-V ~not filtered! 0.148 0.236 0.347 0.414 0.456 0.498

59A MeV
Expt. 0.031 0.063 0.125 0.199 0.263 0.313

AMD-V ~filtered! 0.031 0.071 0.122 0.195 0.268 0.330
AMD-V ~not filtered! 0.168 0.217 0.282 0.359 0.417 0.460

69A MeV
Expt. 0.030 0.060 0.124 0.195 0.263 0.317

AMD-V ~filtered! 0.022 0.055 0.116 0.191 0.251 0.300
AMD-V ~not filtered! 0.122 0.188 0.287 0.374 0.424 0.457

79A MeV
Expt. 0.027 0.054 0.108 0.180 0.253 0.304

AMD-V ~filtered! 0.020 0.054 0.098 0.152 0.232 0.299
AMD-V ~not filtered! 0.123 0.174 0.233 0.304 0.379 0.437
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These observations suggest that the summed transv
momentum, as well as the charged particle multiplicity, m
be used as a probe for the centrality of collisions. Since
AMD-V results are in good agreement with the experimen
parallel velocity and summed transverse momentum distr
tions, the correlations between these observables and the
pact parameter can reasonably be studied in the calculat
In Fig. 5 the calculated average impact parameter is plo
as a function of the filtered charged particle multiplicity o
the left column and as a function of the transverse mom
tum in the middle. On the right a combined parameter is u
@35#, which consists of the charged particle multiplicit
transverse momentum, and the summed charge of the
ments withZ>2 (Z bound!. Impact parameter distribution
in a given parameter range show a broad distribution of
width at half maximum~FWHM! ;3 –4 fm for the most
central events in all cases. At 35A MeV the impact param-
eter decreases to 4 fm as the charged particle multipli
increases up to 17.5 and becomes more or less constant
that. This situation is similar for the other two observabl
The impact parameter range for the most central collisio
which one can probe using these parameters, is around
fm. One can select a slightly narrower impact parame
range at higher incident energies. No significant differenc
probing the impact parameter is observed for the three
ferent parameters studied here. In the following sectio
therefore, the charged particle multiplicity is used to class
events according to centralities for simplicity.
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C. IMF energy spectra

Typical IMF energy spectra measured by the telesco
are shown in Fig. 6 forZ56 at 35A MeV and Z58 at
57A MeV. Energy spectra at different laboratory angles a
plotted for different associated charged particle multiplic
windows. An interesting observation for the energy spectr
that only small differences are observed in the shapes
angular dependences of the energy spectra in the diffe
multiplicity windows. At 35A MeV, the energy spectra a
the lowest multiplicity window~circles! show a slight en-
hancement at two forward angles atElab;400 MeV, which
is near the projectile velocity, but atu>10.9° the spectra
become very similar to those in the other two multiplici
windows. At 57A MeV the shapes and angular dependen
of the spectra are very similar to each other for all of t
multiplicity windows. Since the energy spectra are rather
dependent of the impact parameter and the statistics in
calculations are not so high, energy spectra are compare
the calculated results without classification by the associa
charged particle multiplicity.

Typical inclusive energy spectra of IMFs are plotted f
35A, 49A, and 57A MeV in Figs. 7–9. The calculated
spectra are not filtered for the energy thresholds in orde
see the entire calculated energy spectrum at a given an
Fine structures in the calculated results are statistical fluc
tions. Experimental energy spectra have rather high thre
olds (;15–20A MeV) and a significant part of the low en
1-6
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zergy side of the spectrum is cut off forZ>8 at the larger
angles. At the incident energies above 49A MeV, some light
IMFs start to punch through theE detector of the telescope
at forward angles and no identification is made above
energy. In general the energy spectra are reproduced rea
ably well in shape and amplitude at all incident energi
There are, however, a few disagreements. At 35A MeV the
cross section ofZ54 is significantly underestimated, esp
cially at the low energy side, at all angles. This trend is a
observed less prominantly in the spectra forZ55. For
heavier fragments the experimental spectra are well re
duced except atu54.3°, in which the peak energy in th
calculated spectra is about 20–30 % lower than that in
experimental results. At higher incident energies, the ca
lated cross section forZ55 shows a similar trend to that a
35A MeV. For the heavier fragments, the spectra at forw
angles are well reproduced, whereas the calculated cross
tions at u510.9° andu516.0°, especially at 49A MeV,
show a systematic shift toward the higher energy side.

D. IMF angular distribution

Energy-integrated angular distributions of IMFs are stu
ied in different charged particle multiplicity windows. En

FIG. 6. Experimental energy spectra ofZ56 at 35A MeV ~left!
andZ58 at 57A MeV ~right! at different angles, measured by th
telescopes, are shown for different charged particle multiplic
windows. Spectra for different multiplicity windows are shown b
different symbols indicated in each figure. Angles are also indica
in the left figure. Each spectrum is plotted in an absolute differen
cross section. The spectra are multiplied by factor of 10n (n
50,1,2,3,4,5) from the bottom to the top.
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ergy spectra are integrated above the thresholds at
angle. For some of the light IMFs the energy integration h
an upper limit because of the punch through in theE detector
at forward angles. The same energy integration limits
used for integrating the calculated energy spectra. The
perimental and calculated angular distributions for some
IMFs are shown in Fig. 10 for 35A MeV and Fig. 11 for
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FIG. 7. Typical IMF energy spectra measured by the telesco
at 35A MeV are shown for different IMFs. The charge of the IM
is given at the top of the figure. Spectra from the top to the bott
correspond to those atu54.3°, 7.3°, 10.9°, 16.0°, 22.0°, an
28.5°. The experimental results~dots! and calculated results~histo-
grams! are plotted as absolute differential cross sections. The s
tra are multiplied by a factor of 10n (n50,1,2,3,4,5) from the bot-
tom to the top.

FIG. 8. Similar plots to those in Fig. 7, but at 49A MeV. See
also the caption in Fig. 7.
1-7
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49A MeV and 57A MeV. The experimental angular distr
butions show a peak around 7° –10°. The magnitude of
distribution increases generally with increasing multiplic
except for those in the higher multiplicity windows. The d
crease of the magnitude, especially for the heavier IMFs

FIG. 9. Similar plots to those in Fig. 7, but at 57A MeV. See
also the caption in Fig. 7.

FIG. 10. Energy-integrated angular distributions for some IM
at 35A MeV are plotted for different charged particle multiplicit
windows. The experimental results are shown by symbols and
calculated distributions are shown by histograms. Results for
different multiplicity windows are shown by different symbols an
lines, indicated in the top right figure. The vertical scale is
absolute differential multiplicity in both cases.
03460
e

in
the higher multiplicity windows is simply caused by char
conservation in each event. For the high multiplicity even
the whole system is fragmented into small pieces and
large fragments are less abundant. The calculated ang
distributions show a similar trend in the evolution of th
magnitude of the distribution for the different multiplicit
windows.

One should note that the shapes of the angular distr
tions plotted in Figs. 10 and 11 are distorted significantly
the experimental conditions. Most of the fragments emit
at larger angles are not detected in the experiment and
tered out in the calculations because of the energy thres
of the telescopes. In order to see the angular distribution
IMFs without the experimental conditions, the calculat
momentum distributions of IMFs with 3<Z<10 in the
center-of-mass system are plotted in Fig. 12 for differe
impact parameter ranges at 57A MeV, without filtering the
events. A two-peak structure is observed even for the v
central collisions. This two-peak structure develops furth
when the impact parameter increases. Very similar featu
are observed at 35A MeV with a slightly less stretched dis
tribution and at 79A MeV with a slightly more stretched
distribution. This observation is also consistent to the res
of 40Ca140Ca at 35A MeV, where the angular distribution
of IMFs in the center-of-mass system are directly compa
with those of the calculation@22#.

E. Z distribution

A total charge distribution of fragments has been obtain
by integrating the spectra over energy and angle. The s
experimental energy and angular ranges in the integra
were used for the calculated spectra. The results are show

s

e
e

FIG. 11. Similar plots to those in Fig. 10, but at 49A MeV on
the left and 57A MeV on the right. The same multiplicity windows
are applied at both energies. See also the caption in Fig. 10.
1-8
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REACTION MECHANISMS AND MULTIFRAGMENTATION . . . PHYSICAL REVIEW C62 034601
Fig. 13 for different multiplicity windows at different inci-
dent energies. The evolution of the experimental charge
tributions for different multiplicity windows is very well re
produced by the calculations at all incident energi
although the charge distributions for the lowest multiplic
window are rather poorly reproduced. The discrepancy in
lowest multiplicity window, seen in the plotted figures,

FIG. 12. Calculated average momentum distributions of IM
with Z53 –10 at 57A MeV, projected on the reaction plane (X-Z
plane! in the center-of-mass system, are plotted att5300 fm/c for
different impact parameter windows, indicated in each figure. T
average momentum is given in GeV/(c nucleon).
03460
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similarly observed for those of the lowest multiplicity win
dow at 49A and 57A MeV ~not shown!. The cause of this
discrepancy will be discussed in the next section. For
higher multiplicity windows an excess of multiplicity is als
generally observed near the largest IMF. This excess app
to be caused by accidental events, where two reactions o
in one beam burst. In such events one of the reactions ha
be a violent collision to produce enough associated char
particles and the other is more likely to be a peripheral c
lision, which has a large cross section and likely has a la
fragment. Such events have been largely eliminated by
quiring momentum conservation, in which the sum of t
parallel momenta of the observed charged particles is
quired to be less than the beam momentum. This proced
eliminates most of such events in the lower multiplicity wi
dows, but not completely in the higher multiplicity window

F. Transverse energy spectra

In Fig. 14 typical inclusive transverse energy spectra
Z57 andZ58 at different incident energies are plotted f
the experiment and the calculations. The transverse en
spectra are integrated over the detector angles. The ex
mental spectra show similar slopes at all incident energ
except in the higher energy side ofZ57 for the reaction at
35A MeV. The observed apparent slopes are aroundT
520 MeV. The general trend of the experimental spectra
well reproduced by the calculations. The AMD-V calcul

s

e

FIG. 13. Energy- and angle-integrated charge distributions
different charged particle multiplicity windows at different incide
energies. The incident energy is indicated at the top of each colu
The range of the multiplicity window applied is given in the figur
for 35A MeV and 49A MeV. Those for the higher incident ener
gies are the same as those for 49A MeV. Experimental results are
shown by squares and the calculated results are shown by h
grams. Both results are plotted as absolute multiplicity per u
charge. Errors indicate the statistical errors only for the calcula
results. Experimental errors are smaller by a factor of 2–3 t
those of the calculations at the same multiplicity.
1-9
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R. WADA et al. PHYSICAL REVIEW C 62 034601
tions, however, overestimate the cross section at the h
energy side of the IMFs both at 35A and 49A MeV. The
calculations also underestimate the cross section forZ58 at
69A MeV in the whole energy range, though the slope
the spectrum is rather well reproduced. Both in the exp
mental and calculated spectra no significant difference is
served between the spectra at all incident energies. As
cussed below, however, the dissipated kinetic energy du
collisions increases significantly as the incident energy
creases.

According to Goldhaber@36#, when the nucleus break
into small fragments instantly, the momentum distribution
the fragments in the fragment rest frame is described
exp(2p2/2s2) where

s25s0
2K~A2K !/~A21!. ~8!

A is the parent mass andK is the fragment mass.s0 is related
to the Fermi momentumpF by s05^p2&/35^pF

2&/5. When
the semitransperency andpF5230 MeV/c are assumed, the
transverse energy spectrum is described by exp(2Et /T0)
with T059.3 MeV for K515. This is about a half of the
experimentally observed slope. The harder slope reflects
expansion energy. The similarity of the transverse ene
spectra at different incident energies, therefore, may sug
that the IMFs are produced at a slightly later stage or in
more central region after a significant amount of the exc
tion energy is removed by light particles.

G. Isotope distribution

Isotopes with 4<Z<7 were identified by the telescope
at 16.0°, 22.0°, and 28.5°. In Fig. 15 typical isotope yie
distributions are shown atu528.5° for different incident

FIG. 14. Experimental and calculated transverse energy spe
for Z57 andZ58 at different incident energies. The experimen
results are shown by different symbols for the different incide
energies and the calculated spectra are shown by different h
grams, indicated in the left figure. All spectra are given in an ab
lute differential cross section. Spectra are multiplied by a factor
10n (n50,1,2,3) from the bottom.
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energies. An interesting observation is that no large cha
in the yield distribution for a givenZ is observed for differ-
ent incident energies. In Fig. 16, angle-integrated yield d
tributions are shown both for the exprimental and calcula
results in different multiplicity windows at all incident ene
gies. Beryllium isotopes show a systematic shift toward
neutron poor side, both in the experimental and calcula
yield distributions, when the multiplicity decreases. This s
tematic change is observed at all incident energies excep
79A MeV. At 79A MeV, the distributions become more o
less independent of the charged particle multiplicity both
the experimental and calculated results. Experimental y
distributions for other isotopes show much less depende
on the different multiplicity windows and on the differen

tra
l
t
to-
-
f

FIG. 15. Experimental yield distributions of the isotopes f
IMFs with 4<Z<7 atu528.5° at different incident energies from
35A MeV ~top! to 79A MeV ~bottom!. The X axis is the charge
axis, used in the linealization process. Each peak corresponds
isotope, assigned in the middle of the figure. The Li isotope yie
are divided by a factor of 2 in all figures.
1-10
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FIG. 16. Isotope distributions at 35A MeV ~left column! to 79A MeV ~right column! in different charged particle multiplicity windows
The range of the multiplicity window applied is indicated in each figure. Each point corresponds to the energy- and angle-integra
of an isotope, assigned on theX axis at the bottom figures. The experimental results are shown by dots and the calculated results ar
by histograms. Yields are normalized by the yield of all isotopes with a given charge. The error is the statistical error and indicated
the calculated results. The experimental errors are about 2–3 times smaller than those of the calculations.
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incident energies. The calculated yield distributions for b
ron and nitrogen isotopes, however, show a small system
change from the lowest multiplicity window to the highe
window. This change is almost identical for different inc
dent energies. In general the essential trend of the exp
mental isotope yield distributions is well reproduced by t
calculations and no systematic trend in the isotope yield
tribution between different charges is observed both in
experimental and calculated results. This suggests that
primary isotope distributions are significantly modified
the decay and feeding processes of the fragments at
stages.

V. EXCESS CROSS SECTION
IN THE MULTIPLICITY DISTRIBUTIONS

The calculated multiplicity distributions, shown in Fig.
significantly overestimate the experimental results at all
cident energies. In order to elucidate the cause of the ex
at M;10, contour plots of the light charged particle mul
plicity versus the IMF multiplicity (3<Z<8) are shown on
the upper part of Fig. 17 for the reaction at 35A MeV. The
experimental distribution is generally well reproduced by
calculation except for events in which no IMF is detect
(MIMF50). In the lower part of the figures, the ligh
charged particle multiplicity distributions are plotted sep
rately for the events withMIMF50 and withMIMF51. In
the experimental results the cross section for the events
no IMF increases monotonically when the multiplicity d
creases.~Most events forMLP<3 were cut off by the hard-
ware trigger during the experiment.! In the calculated results
on the other hand, a maximum is observed for the eve
with no IMF atMLP58 –9 and the cross section is twice th
of the experiment at the peak multiplicity. For the even
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with MIMF51 ~dashed line histograms!, the experimental
cross section is reasonably reproduced in shape and ma
tude by the calculation. The experimental cross sections
MIMF>2 are also well reproduced by the calculation,
seen in the upper figure. This observation indicates that
excess of the calculated cross section in the events w
MIMF50 is directly reflected in the excess of the calculat
cross section aroundM;10 in Fig. 2. In the upper part of

FIG. 17. Upper: contour plots of the multiplicity of the ligh
charged particles withZ51 andZ52 versus the IMF multiplicity
for the experiment~left! and for the calculation~right!. Contours are
on a logalithmic scale and each contour is different by a factor o
The same contour scale is used in both of the figures. Lower: li
charged particle multiplicities for the events withMIMF50 ~solid
line histograms! andMIMF51 ~dashed line histograms!.
1-11
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Fig. 18, impact parameter distributions are shown for diff
ent types of the calculated events at 35A MeV. The impact
parameter distributions shift to a smaller value whenMLP
and/orMIMF become larger. The events withMIMF50 and
6<MLP<10 are found to originate mainly from the impa
parameter range ofb57 –8 fm. In the lower part of figures
the calculated charge distributions are shown. The cha
distribution for the events withMIMF50 and 1<MLP<5
show a peak near the projectile. The distribution for t
events withMIMF50 and 6<MLP<10 shows a broad pea
around Z;20. At Z<15 the charge distribution for th
events withMIMF51 and 6<MLP<10 is very similar to
that of MIMF50 and 6<MLP<10, but drops more rapidly
for larger Z values. These observations indicate that
events in the excess of the calculated cross section origi
in collisions with an impact parameter range of 7–8 fm a

FIG. 18. Impact parameter distributions~upper! and charge dis-
tributions of fragments~lower! from the AMD-V calculation at
35A MeV are shown for different event types. The same line typ
are used in both figures for different event types. Solid line his
grams indicate the distributions for all of the events. Dashed
histograms are for the events withMIMF50 and 6<MLP<10, dot-
ted line histograms are for the events withMIMF50 and 1<MLP

<5, and dot-dashed line histograms are for the events withMIMF

51 and 6<MLP<10. No experimental filter is applied for thes
events.
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result mostly with a large fragment withZ;2065, which is
not detected in the experiment because of the experime
conditions. In such collisions two nuclei collide only near t
surface and the excess of the calculated cross section ma
caused by the surface properties of the initial nuclei used
the AMD-V calculations.

The reactions withb;7 –8 fm are governed mainly by
the nucleon-nucleon collisions at nuclear surfaces. In
AMD-V model, the nucleon-nucleon collision is treated st
chastically by using the physical coordinates$Wi% in Eq. ~4!.
The phase space distribution is assumed to have the form
Eq. ~6! with this physical coordinate. Since this is valid on
approximately, the density calculated from the physical
ordinates$Wi% slightly differs from that calculated from the
AMD coordinates$Zi%. For 58Ni, the calculated charge den
sity distributions using the AMD coordinates and the phy
cal coordinates are shown by dashed and solid curves
spectively, in Fig. 19, compared to that of the experimen
result @34#. The charge density distribution calculated fro
the AMD coordinates reproduces the experimental re
rather well, whereas the density distribution calculated by
physical coordinates shows a much larger diffuseness. S
the reactions at collisions withb;7 –8 fm originate mainly
from nucleon-nucleon collisions at the surface area of
initial nuclei, the imperfectness of the transformation fro
the AMD space to the physical coordinate space is likely
cause the excess cross sections in Fig. 2 and the discre
cies of the charge distributions in the lowest multiplici
window in Fig. 13. One should note, however, that the phy
cal coordinate$Wi% is only used for the stochstic nucleon
nucleon collision process and the equation of motion is
tirely solved in the AMD space. The development of a mo
exact treatment of the physical coordinates is now under
vestigation.

VI. REACTION MECHANISM
AND MULTIFRAGMENTATION

The AMD-V calculations reasonably reproduce all the e
sential features of the experimental results at all incident

s
-
e

FIG. 19. Charge density distributions of58Ni. The dashed curve
is the experimental result obtained from an electron elastic sca
ing experiment. The dotted curve is that of the initial nucleus c
culated from the AMD coordinate$Zi%. The solid curve is the dis-
tribution calculated from the physical coordinate$Wi%. See details
in the text.
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REACTION MECHANISMS AND MULTIFRAGMENTATION . . . PHYSICAL REVIEW C62 034601
ergies, except for peripheral collisions. As a result
AMD-V calculation may provide further insights into th
reaction mechanisms and the multifragment production p
cesses for central or midcentral collisions. In order to p
form such a detailed investigation, the properties of
Gaussian wave packets are examined during collisions
this section all quantities are evaluated in the center-of-m
system. Some of the quantities are calculated by using o
the wave packets which originate from nucleons of the p
jectile. In the following text such quantities are simply call
quantities of the projectile in the center-of-mass system
these wave packets. The experimental filter is not applie
calculate the quantities. All reaction times depicted in t
text start at a distance of 15 fm between two centers of
projectile and target in the beam direction. It tak
;15 fm/c at 35A MeV and ;10 fm/c at 79A MeV for
the two nuclei to touch each other.

A. Multifragmentation

In Figs. 20 and 21 the time evolutions of the nucle
density distributions projected onto the reaction plane
shown for the whole system and for the projectile, resp
tively, for a collision with b;2.3 fm at different incident
energies. Both of the densities in Figs. 20 and 21 are ca
lated, using the physical coordinate$Wi% to make it possible
for a direct comparison. As seen in Fig. 20 the projectile a
the target merge together aroundt540 fm/c at all incident

FIG. 20. Time evolution of nuclear density distributions, pr
jected on the reaction plane (X-Z plane!, for a calculated event with
b;2.3 fm at different reaction times for all incident energies. T
incident energy is indicated at the top of each column with
impact parameter. The plots are made from the physical coordin
$Wi%. The plotted time is indicated on the right. TheZ axis is taken
as the beam direction and the contour scale is in linear. The sma
circle indicates a nucleon.
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energies and stay as a single system only up tot
;120 fm/c at 35A MeV and t;80 fm/c at 79A MeV.
Preequilibrium nucleons appear by 180 fm/c at 35A MeV
and byt;120 fm/c at higher incident energies. The syste
starts to break into small pieces att;180 fm/c at
35A MeV and t;80 fm/c at 79A MeV. The multifrag-
mentation is a general feature for central or midcentral c
lisions in this reaction system at these incident energies
Fig. 21 the time evolution for the projectile is shown. O
can clearly see that a significant amount of nucleons
fragments are emitted in the forward direction after the m
tifragmentation process. A very similar observation w
made in 40Ca140Ca at 35A MeV @22#.

B. Semitransparency

The observation in Fig. 21 indicates that a certain deg
of the nuclear transparency exists. In the top row of Fig.
the average number of nucleons of the projectile or of
target, which crossZ50 from one side to the other in th
beam direction (Z direction!, is plotted as a function of time
The number is evaluated by averaging over the events w
b<3 fm and scaled by the number of nucleons in each
tial nucleus. For all the cases about 75% of nucleons
average appear on the opposite side. In order to study
transparency further during the collisions, contour plots
the average nuclear density, projected on theZ axis, versus
reaction time are made for central events and shown in
lower part of Fig. 22. Two ridges merge together
;40–50 fm/c, indicating that the projectile and the targ
form a single composite system. The slopes of these rid
correspond to the incident velocity of each nucleus. Wh
the incident energy is lower, the slope becomes steeper.
ter the two nuclei merge together, the ridges still rema

e
es

st

FIG. 21. Similar plots to Fig. 20 for the same events, but plot
only for the Gaussian wave packets in the projectile.
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R. WADA et al. PHYSICAL REVIEW C 62 034601
consistent with the above observation. This transpare
however, is quite different from those seen in the heavy
simulations in time-dependent Hartree-Fock calculations
low incident energies@37#. First of all, the density of these
ridges disappears gradually with the reaction time. This
dicates that the projectile and target nuclei break into sm
pieces and spread widely along the ridges. Second, the s
of the ridges is steeper than that of the incident nuclei. T
indicates that the projectile and target are slowed down d
ing the collisions. In the nucleon transport, the react
shows a transparency, whereas in the energy transpor
reaction is much less transparent. We therefore designate
as semitransparency in the text. A similar observation
been made recently in a QMD simulation for Xe1Sn @20#.

C. Average properties of the reaction and energy dissipation

In Fig. 23 the average quantities of the collisions
35A MeV are plotted as a function of time for differen
impact parameter ranges. Each quantity is extracted by a
aging over all events generated by the AMD-V model fo
given impact parameter range. In the top row the aver
mass of the largest fragment is plotted. The average ma
calculated at each time step, using a coalescence radius
fm in the spatial physical coordinate. The time evolution
the mass of the largest fragment for 0 fm<b<2 fm indi-
cates that, at an early stage of the reaction, the projectile
the target merge together and form a composite system
mass around 120. The mass of the largest fragment decre
rapidly during the time interval of 100 fm/c<t
<200 fm/c and changes slowly after that. The average m

FIG. 22. Upper: the average number of nucleons in the ini
nuclei acrossZ50 from one side to the other is plotted as a fun
tion of time for three different incident energies. The average
taken over the events withb<3 fm. The incident energy is indi-
cated at the top of each figure. The extracted number is scale
the number of nucleons in each nucleus. Lower: average nuc
density, projected on theZ axis, vs time is plotted for the sam
events. The contour scale is linear and arbitrarily normalized.
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of the largest fragment att5300 fm/c is about 35. This
number indicates that the system breaks into at least fou
five pieces on average att5300 fm/c. When the impact
parameter increases, the average mass of the largest frag
becomes;50 at t5300 fm/c for 6 fm<b<8 fm. This
reflects the fact that the binary nature of collisions is e
hanced for more peripheral collisions. In the second row
numbers of two nucleon collisions are plotted both for t
attempted and the Pauli allowed collisions. About 10%
collisions are Pauli allowed during the reaction. The num
of collisions peaks aroundt540 fm/c. For central colli-
sions, about 40 collisions are allowed during the early st
of the reaction (0<t<70 fm/c). The number of collisions
decreases when the impact parameter increases. The 10
the allowed rate stays the same in later stages. This indic
that, in these later stages, clusters are formed and most
lisions occur inside the clusters. In the third row the avera
excitation energy per nucleon is plotted for the maximu
mass fragment. The excitation energy is calculated from
total internal energy by subtracting the binding energy. T
excitation energy reaches about 8A MeV in the early stage
and rapidly decreases between 100 fm/c and 200 fm/c. Af-
ter t;200 fm/c the excitation energy decreases slowly a
becomes about 3A MeV at t;300 fm/c for all impact pa-
rameter ranges. One should note, however, that the m
mum excitation energy at the early stage of the reaction d
not necessarily indicate that the system reaches the ‘‘hotte
stage, because the system is not yet thermalized at this t
At the time of the maximum excitation energy, as discuss
below, most of the projectile nucleons are still moving alo
the beam direction. The calculated excitation energy, the
fore, includes a large amount of this kinetic energy. This
not the case at the later stage (t>200 fm/c). After the sys-
tem breaks into small pieces and the interaction betw
fragments ceases, nucleon motion in a fragment beco
random. The calculated internal energy, therefore, shows
thermal excitation energy properly in the later stage. In
fourth row the time evolution of dissipated energy is show
The dissipated energy is an alternative presentation of
excitation energy, commonly used for the heavy ion co
sions at low energies. The dissipated energy is calcula
from the parallel momentum of the projectile wave pack
as follows:

Ediss5E022

S (
i

Ap

Pi
i D 2

2M p
, ~9!

whereE0 is the sum of the kinetic energy of the projecti
and target in the center-of-mass system att50 fm/c. Pi

i is
the parallel momentum of the centroid of thei th Gaussian
wave packet and the summation is made over all wave pa
ets in the projectile.Ap and M p are the mass number an
mass of the projectile, respectively. A factor of 2 is mul
plied in the second term to take into account the wave pa
ets both in the projectile and the target nuclei. The dissipa
energy is zero att50 fm/c by definition and increase
when a reaction occurs and reaches the maximum arout

l

s

by
ar
1-14



rom
iplicity of
s shown

at

REACTION MECHANISMS AND MULTIFRAGMENTATION . . . PHYSICAL REVIEW C62 034601
FIG. 23. Average properties of the reaction at 35A MeV for different impact parameter ranges, indicated at the top of each column. F
the top row to the bottom, the maximum mass, the number of collisions, the excitation energy, the dissipated energy, and the mult
IMFs (3<Z<15) are plotted as a function of the reaction time. In the second row, the number of attempted collisions per unit time i
by dots and the number of Pauli-allowed collisions is shown by circles.

FIG. 24. Similar plots to those in Fig. 23, but for the most central events (0 fm<b<2 fm) at different incident energies, indicated
the top of each figure.
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R. WADA et al. PHYSICAL REVIEW C 62 034601
580 fm/c for all impact parameter ranges and remains c
stant after that. The maximum dissipated energy is ab
7A MeV for the most central collisions. This energy corr
sponds to about 80% of the available initial kinetic ener
The maximum dissipated energy significantly decrea
when the impact parameter increases. One should note
the dissipated energy reaches its maximum at slightly l
time than the excitation energy in the third row does. T
will be discussed in the next section in more detail. In t
bottom row the time evolutions of the average multipliciti
of IMFs (3<Z<15) are plotted. The multiplicity increase
rapidly att5120 fm/c for central collisions. The maximum
multiplicity of IMF’s decreases gradually when the impa
parameter increases.

In Fig. 24 similar plots to those in Fig. 23 are shown f
the most central collisions at higher incident energies. T
average mass of the largest fragment att5300 fm/c de-
creases gradually from 25 at 49A MeV to 20 at 79A MeV.
The peak rate of Pauli-allowed collisions increases fr
1.8/(fm/c) at 49A MeV to 2.9/(fm/c) at 79A MeV, though
the number of attempted collisions remains more or less c
stant. This is reasonable because the available phase s
increases and more collisions are Pauli allowed with incre
ing incident energy. On the other hand, the number of
attempted collisions remains constant because the numb
mainly determined by the geometrical sizes of the sys
and the impact parameter. The average excitation energ
the maximum fragment att5300 fm/c stays rather constan
at ;3A MeV for all cases. The excitation energy o
3A MeV at t5300 fm/c is consistent with the result o
Marie et al. @38# for the fragment excitation energy. In the
work the Xe1 Sn reaction at 50A MeV was studied and the
excitation energy of a fragment was determined by extra
ing the multiplicity of the light charged particles emitte
from the fragment. The fragment excitation energy
3.0A MeV was obtained by comparing the observed mu
plicity with results of a statistical model calculation. Th
average dissipated energy in the fourth row increases sig
cantly from 9.5A MeV at 49A MeV to 15A MeV at
79A MeV. This increase, however, is not reflected on t
fragment excitation energy at the later stage. Another in
esting observation is that the ratio between the total di
pated energy and the initial kinetic energy stays more or
constant. About 80% of the initial kinetic energy is diss
pated during the collisions for all incident energies stud
here. IMF multiplicity reaches a plateau at progressively e
lier times when the incident energy increases. The plat
starts at t;200 fm/c at 49A MeV and t;150 fm/c at
79A MeV. The multiplicity at the plateau is similar for th
different incident energies.

D. Dynamics of the multifragmentation process

In Fig. 25 the time evolution of the nuclear density a
momentum distributions for a central event at 35A MeV are
shown for expanded scales in space and time. In these
the distributions are plotted from the wave packets only n
the reaction plane. Two nuclei merge together att
550 fm/c as seen in the left column. At this time, howeve
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the momentum distribution in the middle column still show
an ellipsoid stretched in the beam direction. The aver
dissipated energy is 3.4A MeV, which is about a half of the
maximum dissipated energy reached att>100 fm/c. The
momentum distribution becomes closer to a spherical sh
at t580 fm/c, but the projectile still has about 20% of th
initial kinetic energy on the beam direction. At this tim
about 75% of the projectile wave packets are passing thro
the target nuclei, as seen in the top row of Fig. 22, and
entire system is ready to break into small pieces. In the ri
column phase space distributions are shown. One can cle
see that the projectile wave packets are still moving alo
the beam axis at the time of the full overlap and continu
to move to the same direction. A two-peak structure in
phase space at 80 fm/c indicates that the energy dissipatio
is incomplete and the system has no chance to bounce
to a single source. The essential feature of the above ob
vations remains the same for the reactions at higher incid
energies.

In order to further study the dynamics of multifragment
tion, the maximum nuclear density and radial flow mome
are investigated as a function of time for central events. T
maximum nuclear density of the system is calculated exa
from the AMD coordinate$Zi% in these plots. The extracte
values are normalized by the normal nuclear densityr0
50.163 fm23. The radial flow momenta are calculated
the projectile rest frame in order to isolate the radial flo
from the other kinetic energy contributions. The radial flo

FIG. 25. Left: time evolution of the nuclear density distributio
in theX-Z plane for Gaussian wave packets near the reaction p
(20.5 fm<Y<0.5 fm) is plotted for a central event withb
50.3 fm at 35A MeV. The plotted time is indicated on the righ
The average dissipated energy at the given time is also give
each figure. Middle: time evolution of the momentum distributi
in the X-Z plane for the Gaussian wave packets of the same
plotted on the left. Right: time evolution of the phase space dis
bution projected in thePZ-Z plane for all of the Gaussian wav
packets. All contour scales are linear and arbitrarily normalized
1-16
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REACTION MECHANISMS AND MULTIFRAGMENTATION . . . PHYSICAL REVIEW C62 034601
FIG. 26. Average maximum nuclear density~upper! and the radial flow momenta in the projectile~lower! are plotted as a function of the
reaction time for central events (0 fm<b<3 fm) at all incident energies. The incident energy is indicated on the top of each col
Vertical dashed lines in each figure indicate three different phases in time, discussed in the text. In the lower figures dots indicate
flow momentumFZ in the beam direction and circles indicateFY in the direction perpendicular to the reaction plane.
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is studied in two directions: the perpendicular direction to
reaction plane (Y direction! and the parallel direction to th
beam axis (Z direction!. Radial flow momentaFY andFZ are
defined as

FY5
1

Ap
(
i 51

Ap

sgn~Y!PY , ~10!

FZ5
1

Ap
(
i 51

Ap

sgn~Z!PZ . ~11!

Ap is the mass number of the projectile and the summatio
taken over all the wave packets in the projectile.FY andFZ
are evaluated by averaging over all events in a given imp
parameter range. A positive~or negative! value of the flow
momentum indicates that, on average, the wave packe
moving outward~or inward! and therefore the projectile i
expanding~shrinking!.

The calculated results are shown in Fig. 26 for the eve
with b<3 fm. The time evolution of the maximum nuclea
density, shown at the upper row, is very similar at all in
dent energies. The density reaches a peak at an early s
when the two nuclei are overlapped, and then returns
density close to the normal nuclear density. In order to st
the multifragmentation process in detail, three phases are
troduced in the reaction time, shown by the vertical dot
lines in the figures. Phase I is the time period from the ti
when two nuclei touch each other to the time when the t
nuclei are fully overlapped. Phase II is the time period at
time of the overlap to the time when the maximum dens
returns to the normal nuclear density, and phase III is att
uted to the time period after that. The average maxim
nuclear density att50 fm/c is 1.3, reflecting the interna
density distribution of the initial nucleus as seen in Fig.
for the charge distribution. The density reaches the ma
mum of about 1.6r0 at t550 fm/c at 35A MeV and the
maximum increases only slightly when the incident ene
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increases. The density reaches about 1.7r0 at 79A MeV.
The maximum nuclear density in phase III is determined
the density in fragments. At 35A MeV the density reaches
the lowest value of 0.9r0 at t5230 fm/c ~which is not
shown! and gradually return to the normal density. A
79A MeV, the density reaches the lowest value of 0.8r0 at
t5130–140 fm/c and returns to 0.9r0 at t5300 fm/c.

In the lower row of Fig. 26, the time evolution of th
radial flow momentum of the projectile is shown. A
35A MeV, the radial flow momentum of the projectile stay
zero in phase I and starts to increase at the end of pha
just before the two nuclei are fully overlapped. The increa
rate of the radial flow in theY andZ directions is very simi-
lar, suggesting that the projectile expands thermally. In ph
III the projectile expands more or less at a constant veloc
although the radial flow momentumFZ in the beam direction
is twice larger than that of theY direction. This difference
suggests that the projectile is slightly stretched in the be
direction during the semi transparent process. At 49A MeV
the situation is slightly different from that at 35A MeV. At
the end of phase I the radial flow momentumFY starts to
become positive, whereasFZ first becomes negative. Thi
indicates that the projectile starts to expand in theY direc-
tion, whereas the projectile is compressed in the beam di
tion at this time. This compression results in the faster
pansion in the beam direction in phase II and the sligh
larger values of the resultant radial flow momenta in ph
III, compared to those at 35A MeV. The increase rate ofFY
is similar to that at 35A MeV, suggesting the expansion i
the Y direction is thermal. In phase III, the difference b
tweenFZ andFY is similar to that at 35A MeV, indicating
that a similar stretch of the projectile occurs in the be
direction during the semitransparent process. At higher in
dent energies, the characteristic features of the expan
process are essentially the same as that at 49A MeV. The
negative value ofFZ increases gradually when the incide
energy increases, indicating that more compression occu
the higher incident energies. As a result the expansion
increases in phase II and the resultantFY and FZ also in-
1-17
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R. WADA et al. PHYSICAL REVIEW C 62 034601
creases in phase III. The difference of the radial flow m
mentaFZ andFY stays more or less constant.

The compression mechanism at higher incident ener
can be qualitatively understood as follows. The nuclear d
sity during the collisions is governed by two factors. One
the mean field and the other is the two-nucleon collis
process. When the projectile nucleons enter into the ta
mean field in phase I, they are accelerated by the attrac
mean field and the projectile tends to be stretched in
beam direction. At the same time, on the other hand, tw
nucleon collisions occur and the projectile nucleons
slowed down. At 35A MeV, these two processes are mo
or less balanced andFZ stays zero. At 49A MeV and higher
energies, the mean field acceleration becomes slig
smaller because the interaction time is shorter. On the o
hand, the deceleration process by the two-nucleon collis
becomes more significant because the number of the P
allowed collisions increases and the momentum transfer
collision also increases. As a result the density compres
occurs in the beam direction at the higher energies.

VII. SUMMARY

Energy spectra and energy integrated angular distribut
of IMFs, Z distributions, and isotope distributions, classifi
by the associated charged particle multiplicity, have be
studied at different incident energies between 35A MeV and
79A MeV. All experimental results have been compar
with AMD-V calculations. The experimental energy spec
show little dependence on the associated charged par
multiplicity at a given incident energy. All experimental a
gular distributions of IMFs show a forward peak aroundu
;7° –10° and show only slight differences for the differe
multiplicity windows and for the different incident energie
ci.
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Charge distributions of fragments change systematically
the different multiplicity windows at a given incident energ
Isotope yield distributions of IMFs with a given charge al
depend only slightly on the different multiplicity window
and on the different incident energies. The AMD-V calcu
tions reasonably well reproduce the essential features of
above experimental results and provide insight into the re
tion mechanisms and the fragmentation processes.
AMD-V model predicts multifragmentation at all inciden
energies studied here, in agreement with the experime
observations. A semitransparency is predicted at all incid
energies even for central collisions. About 75% of the p
jectile nucleons pass through the target nucleus and appe
the forward direction with a significant energy dissipatio
The dynamics of the multifragmentation process is also st
ied in detail using the calculated events. The detailed st
suggests that, at 35A MeV, thermal expansion and the sem
transparency are the dominant mechanisms for the multif
mentation process, whereas, at 49A MeV and the higher
incident energies, nuclear compression occurs and play
important role in the multifragmentation process in additi
to the thermal expansion and the semitransparency.
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