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Reaction mechanisms and multifragmentation processes have been stud@drfer®Ni collisions at
intermediate energies with the help of antisymmetrized molecular dynaw®-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,Aat B&V, the semitransparency and thermal expansion are
the dominant mechanisms for the multifragmentation process, whereasAatvié¥ 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 numbd(s): 25.70.Pq, 02.70.Ns, 24.10.Lx

[. INTRODUCTION temperature, by reconstruction from the experimental ob-
servables, but large ambiguities remain in the extracted val-
Heavy ion reactions in the intermediate energy domain oties[7—-10]. The interpretation of the derived parameters is
10 MeV/nucleon to a few GeV/nucleon have been used t@jso very difficult without an understanding of the reaction
explore the nature of nuclei at the limits of their stability in gynamics involved. The multifragmentation process has been
temperature and excitation energy—7]. In these studies fen studied using models, such as the statistical multifrag-
chargcterllzat'u.)n of the |n'|t|al hot composite system is VerY . entation mode{SMM) [11-13, or the expanding emitting
crucial. Significant experimental efforts have been devoted . )
to evaluating the characteristic properties of the initial hotsource(EES mod_el[14]. In these S|mulat|_ons only the_later
composite system, such as the charge, excitation energy, afipge of the multlfragme_ntatlon process is treated. Without a
treatment of the dynamics of the entrance channel, a large
uncertainty can remain in the final results.
*Permanent address: LPHNE-X, Ecole Polytechnique, 91128 Pal- Ir_] order to establish the reaCtiO.n dynamicg, ime.nSive th?'
aiseau Cedex, France. oretical efforts have been made in developing microscopic

"Permanent address: Institut de Physique fhioke IN2P3- models[15]. The Boltzmann-Uehling-Uhlenbe¢BUU), the

CNRS, 91406 Orsay Cedex, France. Vlasov-Uehling-Uhlenbeck(VUU) models [2,16,17, the
*Permanent address: Instituto de Fisica, Universidade ae Sajuantum molecular dynami¢®MD) model[4,18-2(, and
Paulo, CP 20516, 01498 &#&aulo, Brazil. the antisymmetrized or fermionic molecular dynamics mod-
Spermanent address: IMP, Chinese Academy of Sciences, La®ls (AMD or FMD) [21-23 have been developed and com-
zhou 730000, People’s Republic of China. pared with experimental results. For central collisions some
Ipresent address: Institute of Nuclear Studies, University of Toof these models predict the formation of a hot composite
kyo, Tokyo, Japan. system at the early stage of the reaction. Experimentally,
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some evidence has been reported for the formation of suchdetectors was performed by measuring directly the particles
single hot source for central collisioig—9]. On the other produced in the’®O+%C reaction at 98 MeV. Particles
hand, a dominant binary nature has also been reported favith a projectilelike velocity of a fixed ratio oP/Q (P is
symmetric light and medium mass systef@4]. Recently momentum and is charge statewere delivered directly to
semitransparency has been suggested in the QMD calculéhe telescopes using a bending magnet. All isotopes #om
tions even for the central collisions in the X&n reaction at =3 to Z=8 were clearly observed and the absolute energy
50A MeV by Nebauer and Aichelifi20] and in the AMD  of each isotope was determined from the field strength of the
calculations on*°Ca+“%%Ca at 3%\ MeV by Wadaetal. magnet. TheAE and E detectors of each telescope were
[22]. Good agreement between the results of the latter exealibrated using all measured isotopes with a given energy
periment and the calculations strongly supports the existencand range-energy tablég7].

of some transparency in that system.

In this paper we investigate the reaction mechanism and IIl. MODEL SIMULATIONS
multifragmentation process of th&Zn+°Ni reaction at
35A-79A MeV by comparing the experimental results to A. AMD model

the calculated results obtained with the AMD model. In Sec.  Experimental results have been compared with antisym-

Il the experiment is described. In Sec. Il a brief descriptionmetrized molecular dynamics model calculati¢@s,28,29.
of the AMD approach is presented. Section IV is devoted tqn AMD a reaction system witiN nucleons is described by a

presenting the experimental and calculated results. In Sec. Wave function which is a single Slater determinant Mof
the reaction mechanism and the multifragmentation procesgaussian wave packets,

are discussed and the AMD events are investigated in detail.

In Sec. VI a summary is given. z\? 1
i 2 .
d(Z)=det exp} —v rj_ﬁ +§Zi )(ai(j) , (D
Il. EXPERIMENT
The experiment was performed at the GANIGrand Ac- where .the complex variablesZ={Z;;i=1,... .’N}
B P N ={Z,,; i=1,... N, o=X,y,z} represent the centroids of

cderateur National d’lons Lourddacility in France, using a h ‘ The width is tak
47 detector array®4Zn projectiles were incident on ¥Nj "€ Wave packets. The widih parameteris taken asv

target with an areal density of 34pg/cn? at energies of ~ 0-16 M ® and x, represents the spin and isospin states
35A, 49A, 57A, 69A, and 7R MeV. Charged particles ©Of pT, pl, nT, orn|. The time evolution ofZ is deter-
with Z<8 were detected by a4 detector, consisting of two Mined by the time-dependent variational principle and the
plastic multidetector arrays, MUR and TONNEA@5,26.  two-nucleon collision process. The equation of motionZor
The arrays cover a total solid ang|e of 84% off AMUR derived from the time-dependent variational principle is
consists of 96 pads of plastic scintillatdqdE102A), 2 mm

thick, and was located at a distance of 210 cm from the target . dz;, JH
in seven concentric rings, covering an angular range between 'ﬁé Cia,irﬁ :aZ-* '
3° and 30°. TONNEAU consists of two parts, forward 7
(30°-909 and backward90°-1509. Each part consists of C
36 plastic scintillator rod$2 mm thick at a distance of 83

)

io.j IS @ Hermitian matrix defined by

cm from the target and signals at both ends are read in each P
rod for the determination of the polar emission angle. Iden- Cigjr=——IN(D(2)|D(2)), (3)
tification of Z=1 and 2 particles was made possible by the T 0Z%,0Z,

AE (or E) versus the time-of-flight TOF) method for par-
ticles with energy above 246 MeV. Identification of frag- and’ is the expectation value of the Hamiltonian after the
ments (3<Z<8) was only possible for energies above subtraction of the spurious kinetic energy of the zero-point
15A—20A MeV in these detector arrays. The velocities of theoscillation of the center of masses of fragmef228]. Two
identified particles were determined from the TOF and theiucleon collisions are introduced by the use of the physical
flight distances. coordinates V¥={W;} which are defined as

In addition to the intermediate mass fragmefitdFs)
detected in the plastic multidetector arrays, fragments with
Z=4 were measured by seven Si telescopes set in front of Wi
MUR, five at polar angles of 6=4.3°, 7.3°,
10.9°, 16.0°, 22.0°, and two at=28.5°. The telescopes
shadowed MUR in the azimuthal angle range Aafp
=22.5° (6.3% of the MUR coverage The telescopes con- 9
sisted of AE (300 or 500 um) andE (6.0 or 3.5 mm Si Qij=————In(®(2)|®(2)). (5)
detectors. The charges of all detected fragments in the tele- AZf-Z))
scopes were clearly identified above an energy threshold of
15A—20A MeV and isotopes for #Z<7 were also identi- In molecular dynamics models with Gaussian wave packets,
fied at #=16°. Absolute energy calibration of the silicon theith nucleon at timé=t, is represented in phase space by

A
gl (VQ)i;zZi, (4)

andQj; is defined as
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, (P=Pi(tg)? T
fi(r.p.to) =8 expl —2u(r —Ri(to))*— ——20— . o U 35A MeV |
6) b < 3fm
W0 s
with the centroidR; andP; . The total one-body distribution A
function is the sum of;. In the AMD model, this represen- >3 107 H —
tation of a nucleon as a simple Gaussian wave packetisvalid || t=100fm/c i
only approximately when the physical coordinate 102 - t=200fm/c e N
----- t=300fm/c .
|| — t=500fm/c
i 107 H 1 i 1 -1 | = 1]
W,=\oR+ ——=P, 7) o 5 10 15 20 2 30 35
21w Z

FIG. 1. Final calculated charge distributions atA3®eV are
h.compared for the different choices of the switching time to the

In order to treat properly the reactions with many branc ) )
ing channels such as multifragmentation processes discussgﬁerbumer'. Represemed. by d'ﬁer.em “n.e types, the resuilts are
shown as histograms as indicated in the figure. The results are not

in th|s paper, the AMD modgl he}s been extended by iNtro%. - red by the experimental conditions.
ducing the wave packet diffusion effect as a quantum
branching process. This extended AMD model is called the _ B
AMD-V model, since the wave packet diffusion effect is of GEMINI [32] was used as the afterburner. In this modified
calculated with the Vlasov equatiof2l]. The AMD-V version, discrete levels of the excited states of light frag-
model has been successfully applied to the multifragmenfnents withZ<14 are taken into account and the Hauser-
events in the’®Ca+ “°Ca reaction at 3 MeV [21,27. The Feshbach formalism is extended to the particle decay from a
AMD-V code has been further improved in order to saveParent nucleus witd<20 when the excitation energy of the
CPU time in the numerical calculations and to be applicablg®arent nucleus is below 50 MeV. One AMD-V event is used
to heavier reaction systeni€9]. In the newly developed 100 times in the afterburner in order to sample all possible
code, used for all calculations in this paper, the wave packedecay paths of the excited fragments, which also gives
diffusion effect calculation has been reformulated and nough statistics for detailed comparisons to the experimen-
trip]e-|00p approxima’[ion, discussed in Rézg], has been tal results. All calculated AMD-V results have been filtered

incorporated. through the experimental conditions, such as the detector
For the %Zn+ 58Ni reaction, about 3000 events were gen-coverage and energy thresholds, unless otherwise specified.
erated at each energy in an impact parameter range of 0—12 The switching time ot =300 fm/c is chosen only for the
fm. The calculations were performed in the VPP700E SuperteChniC3.| reason of the computation time in the VPP700E. In
computer faci“ty in Riken, Japan. The Gogny form], the AMD-V simulations, the later the SWitChing time is, the
which gave the best fit in the previous analysis 9€a  more preferable, because the particle evaporation occurs in
+%Ca at 33\ MeV [21,27], was used as an effective inter- the quantum statistical mann&l]. For the reactions studied
action in these calculations. The Gogny force gives an inhere, the switching time of=300 fm/c is late enough so
compressibility of 228 MeV for infinite nuclear matter and a that the final results do not depend significantly on the
momentum-dependent mean field. The calculations started ghoices of the switching time after this time. In Fig. 1 the
a distance of 15 fm between two centers of the projectile andinal charge distributions calculated for the different switch-
target in the beam direction. Each event was calculated up 69 times are shown at 26 MeV. In this plot the central
t=300 fm/c in most cases and up to 500 fenfor a few  events with the impact parametes3 fm are used and no
cases. At 300 fmd the excitation energies and momenta of €xperimental filter is applied. Significant differences are ob-
fragments are evaluated. Fragments are identified using $erved between the switching times tof 100 fm/c andt
coalescence technique with a coalescence radius of 5 fm, bt 300 fm/c, whereas no significant differences are observed
the size of the fragments a=300 fm/c depends only aftert=300 fm/c. At higher incident energies, the final re-
slightly on the coalescence radius for these incident energie§ults become independent after 200 fm/c, because the

because the system already breaks into small pieces at tHigaction process becomes faster at the higher incident ener-
time for all the cases. gies. The large difference in the final charge distributions

indicates, as discussed in later sections, that the fragmenta-

tion process in the early stages is significantly affected by the
The generated fragments in the AMD-V model are generdynamical reaction process.

ally in an excited state at a time of 300 fonédnd a very long

CPU time is needed for the fragments to cool down to the IV. RESULTS

ground state. Instead of continuing the AMD-V calculation,

the calculation was stopped &:300 fm/c (which corre-

sponds to a realistic CPU time to get a few thousand events In Fig. 2 charged particle multiplicities detected in the

in the VPP700E and the fragments were cooled, using aplastic arrays are shown at three different incident energies.

statistical decay code as an afterburner. A modified versioin the experimental results, most events with multiplicity

is used for the centroid8].

B. Afterburner and switching time

A. Reaction cross sections and multiplicity distributions
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e L N I TABLE |. Reaction cross section.

300 . 35A MeV
i R ] Ein. (A MeV)  Expt. (M=4) (mb)  AMD-V (M=4) (mb)
; filtered
200 - LeAMDY ] 35 2496 2756
y 49 2517 2922
i 57 2615 2959
69 2737 2998
79 2534 2852

This excess yield turns out to be caused by the approxima-
tion used to calculate the physical coordinate when two-
nucleon collisions are examined. The two-nucleon collisions
are evaluated in the physical coordinate space, using the ap-
proximated physical coordina{@V,} in Eq. (4). The density
calculated in the physical coordinate space, however, shows
] a slightly larger radius than that of the exact calculation.
Since the peripheral collisions are significantly affected by
the two-nucleon collisions at the nuclear surface, this ap-
proximation results in a significant effect on the collisions
: with the impact parameter corresponding to the sum of the
. . , T nuclear radius of the projectile and the target. A more de-
0 10 20 30 40 tailed discussion of problems in the calculation will be given
Multiplicity in Sec. V. In Table I, a summary of the measured reaction
cross sections foM =4 is given for the experiment and the
FIG. 2. Multiplicity distributions of the charged particles in the calculations. The calculated cross sections are about 10—
plastic arrays at 3% MeV (top), 57A MeV (middle, and 15% larger than those of the experiment for all incident
79A MeV (bottom) are compared for the experimental results energies.
(circles and the AMD-V calculationghistogram$ on an absolute
scale. For the calculated distributions, both filtered and nonfiltered
distributions are shown. The filtered distributions are obtained by
filtering the events through the experimental conditions and plotted In Fig. 3 the parallel velocity distributions af=1 and
by solid line histograms. The nonfiltered distributions are shown byZ=2 particles, detected in the plastic arrays, are shown for
the dashed line histograms. different charged particle multiplicity windows. For the low-
est multiplicity window (top row), a two-peak structure is
M =3 were rejected by the hardware trigger during the ex-<learly observed at 3¥ and 7® MeV for bothZ=1 and
periment. The experimental absolute cross sections are cat=2 particles. The peak velocity corresponding to the
culated from the integrated beam current in the Faraday cugigher peak is about 90-95 % of the beam velocity and the
assuming that the projectiles are fully stripped in the targetower one is near 2 cm/ns. This indicates that the higher
and no electrons go into the Faraday cup. The accuracy afomponent originates from a projectilelike source and the
this method should be better than 1033]. The cross sec- lower component originates from a targetlike source in
tions in the AMD-V calculations are determined by the im- binary-type collisions. The velocity distribution near the
pact parameter range used. For the calculated results the fglower peak is distorted by the experimental conditions. The
tered and nonfiltered distributions are shown by solid andshoulder atvj~0 cm/ns forZ=1 is caused by the shadow
dashed line histograms, respectively. The overall detectioof the target frame, and the asymmetry of the two peaks for
efficiency of the charged particles in the experiment is abouzZ =2 is caused by the detector energy thresholds of the plas-
60%. For charged particle multiplicities arouivi~ 10, the tic arrays as well as the shadowing by the target frame. The
calculated AMD-V results overestimate the cross section fotwo-peak structure for both particles gradually merges into a
all incident energies, as seen by comparing the experimentaékoad single bump when the multiplicity increases, suggest-
results and the calculated filtered distributid@sslid line his-  ing that the reaction becomes more violent and the contribu-
tograms. As seen later, this excess yield originates from thetion from an intermediate velocity source becomes important
collisions with the impact parametdy~7-8 fm, which as the multiplicity increases. This characteristic feature is
corresponds to about twice of the mean square radius of tHess prominent at 35 MeV, but one can still see the evo-
initial nuclei. This suggests that the excess vyield relatesution in the width of the velocity distribution. The width
closely to the nuclear surface properties during the collisionsbhecomes narrower as the multiplicity increases. The evolu-
For the initial nuclei, however, the mean square radii areion of the parallel velocity distribution with multiplicity in-
Rms= 3.83 and 3.76 foP“Zn and *®Ni, respectively, and are dicates that the charged particle multiplicity can be used as a
comparable to the experimental valugs95 and 3.77, re- reasonable probe for the impact parameter. Calculated results
spectively determined by electron elastic scatterif@gd].  from the AMD-V model are also shown by histograms in the

dé/dM (mb)

B. Event classification for centrality
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35A MeV 57A MeV 79A MeV 35A MeV 57A MeV 79A MeV
z=1 02l T T T T T T _'_ T T T T T C T T T
I A S RS PL S A | sameto
= 63Ms<10
9 1 t
T ookl R Pt 2 -
L A s R LR 2 16<Ms20
S 16sMs<20 S |
3 ] & =
> T ¢ 4 T | 1 4 | 4
E T T T 1 T T T I_ 26$M
z 26<M
¥ L L4 0.0 2 A 0600 0.2 l 04 (-).5 0.0 : 0.2 VG.A 0.6
0 5 10 15 -5 0 5 186 15 Pt/Pbeam
Z= FIG. 4. Summed transverse momentum distributions of the
T | charged particles detected in the plastic arrays are plotted for dif-
= 6sMs10 . T . . .
@ r M 1 ferent charged particle multiplicity windows at three different inci-
% = AT W e dent energies. The incident energy is indicated at the top of each
S T 1 16<Ms20 column. The range u_sed for the_m'ul.tiplic_ity window is given on the
N ﬁ h _‘m_ left, except for the highest multiplicity window at B5MeV. The
§ r T 1 experimental results are shown by circles. The calculated results are
> 4 | 26sM shown both for the filtered distributiosolid line histogramsand
_“ﬂ_ for nonfiltered distributiongdashed line histograms

5 0 5 0 55 0 5 10 5-5 0 5 10

V,, tem/ns) e
0 fem/ns distributions. The average values of the summed transverse

FIG. 3. Parallel velocity distributions aZ=1 (uppej and Z momenta for the different multiplicity windows are summa-
=2 (lowen particles in the plastic arrays are plotted for different rized in Table Il both for the experiment and for the calcu-
charged particle multiplicity windows at 35MeV (left), lations at all incident energies. In the calculated results,
57A MeV (middle), and 78 MeV (right). The experimental re- transverse momenta from the filtered and nonfiltered events
sults are shown by squares and those from the AMD-V calculationgire given. One can clearly see good agreement between the
are shown by histograms. The range of the charged particle multiexperimental values and the calculated filtered values for the
plicity window used is indicated on the right, except for the highestdifferent particle multiplicity windows at all incident ener-
multiplicity window at 35A MeV. The arrow on the x axis in each gies. For the highest multiplicity window about 70% of the
figure indicates the velocity of the projectile. The vertical scale istransverse momentum, remains in the filtered events,
the absolute multiplicity per unit parallel velocity both in the ex- whereas for the lowest multiplicity window only 20% of the

perimental and calculated results. transverse momentum remains after filtering the events.
figure. The evolution of the shape of the distribution in the . ———————— . .
different multiplicity windows is very well reproduced, in- of sater 1 854 Mev ‘il 354 VeV |
cluding the distortions by the experimental conditions. The L T } I 1 {11{
calculated velocity distributions, however, show a slightly 5p- ] [ { T ] I ! } I HHHH .
higher velocity component fa£= 1, which is not seen in the N R | LT . .
experimental distributions. The relative yields of protons and ol T T era ey _“_I T 57a Mev 1 ' 574 MeV ]
alpha particles are also reasonably reproduced, although th€g | l I l ] i }{{H ]
sum of the proton number and theparticle number is re- < 5| ] 11 { I 1 I{“ i
stricted by the given multiplicity range. < l { T } ! |1 H{H{
In Fig. 4 summed transverse momenta of the charged par- 0+ -+ Y AR VRV
ticles detected in the plastic arrays are shown for the differ- T 1 1 | 'llh
ent multiplicity windows. The transverse momentum is cal- 5| } I IERE I 1 “IH{ A
culated by assuming mags=1 for Z=1, A=2Z for Z I f } i { { } {HH ]
=2 both in the experimental and calculated results. The 0 . I TR EVE }

0 10 20 30 00 0.2 0.4 0.0 0.5 1.0 15

summed momentum is scaled by the beam momentum. The
y M, P/Prearn M, Py Zy)"3

evolution of the peak momentum and the width of the distri-
butl_ons becomes very_s_lmllar bet\N_een different 'UC'O_'e”t_ €N~ FIG. 5. Correlations between the impact parameter and the
ergies. The peak positions and widths of the distributiongparged particle multiplicityleft), the summed transverse momen-
increase systematically as the multiplicity increases. The eXym (middle), and a combined parameteight) in the calculations
perimental peak positions and shapes in the different multitor giferent incident energies. The incident energy is indicated in
plicity windows are well reproduced by the calculations each figure. Dots indicate the centroid of the distribution and bars
(solid line histogramks In each figure the calculated results indicate the FWHM of the distribution. For the combined param-
without filtering are also shown by dashed line histogramseter, the charged particle multiplicity, the summed momentum,
In general the peak position and width of the distributions inand theZ bound are scaled bl =30, Pyeam and Z,,;=58,

the nonfiltered distributions evolve similarly to the filtered respectively.
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TABLE II. Average summed transverse momentum. The values are scaled by the incident beam momen-
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
50A 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
These observations suggest that the summed transverse C. IMF energy spectra

momentum, as well as the chargeq particle _m_ultiplicif[y, may Typical IMF energy spectra measured by the telescopes
b o a5 rone for e centally o collsions Sice WDire shown in Fg. 6 02— at 35 eV and 20 a
9 9 P 57A MeV. Energy spectra at different laboratory angles are

parallel velocity and summed transverse momentum distribu-I tted for diff ¢ iated ch q ficl ltiolicit
tions, the correlations between these observables and the i co 'Of diferent assoclated charged particie muttiplicity
indows. An interesting observation for the energy spectra is

pact parameter can reasonably be studied in the calculation$.

In Fig. 5 the calculated average impact parameter is plottef'at only small differences are observed in the shapes and
as a function of the filtered charged particle multiplicity on @hgular dependences of the energy spectra in the different

the left column and as a function of the transverse momenMultiplicity windows. At 35A MeV, the energy spectra at
tum in the middle. On the right a combined parameter is useée lowest multiplicity window(circles show a slight en-
[35], which consists of the charged particle multiplicity, hancement at two forward anglestgt,~400 MeV, which
transverse momentum, and the summed charge of the fraép near the projectile velocity, but &=10.9° the spectra
ments withZ=2 (Z bound. Impact parameter distributions become very similar to those in the other two multiplicity

in a given parameter range show a broad distribution of fullwindows. At 5A MeV the shapes and angular dependences
width at half maximum(FWHM) ~3-4 fm for the most of the spectra are very similar to each other for all of the
central events in all cases. At 85MeV the impact param- multiplicity windows. Since the energy spectra are rather in-
eter decreases to 4 fm as the charged particle multiplicitglependent of the impact parameter and the statistics in the
increases up to 17.5 and becomes more or less constant aftalculations are not so high, energy spectra are compared to
that. This situation is similar for the other two observablesthe calculated results without classification by the associated
The impact parameter range for the most central collisionsgharged particle multiplicity.

which one can probe using these parameters, is around 0-5 Typical inclusive energy spectra of IMFs are plotted for
fm. One can select a slightly narrower impact parameteB5A, 49A, and 5A MeV in Figs. 7-9. The calculated
range at higher incident energies. No significant difference irspectra are not filtered for the energy thresholds in order to
probing the impact parameter is observed for the three difsee the entire calculated energy spectrum at a given angle.
ferent parameters studied here. In the following sectionskine structures in the calculated results are statistical fluctua-
therefore, the charged particle multiplicity is used to classifytions. Experimental energy spectra have rather high thresh-
events according to centralities for simplicity. olds (~15-20A MeV) and a significant part of the low en-
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35A MeV 57A MeV S6Zn+SNi at 35A MeV
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; @':D © 3 103k 2, e § FIG. 7. Typical IMF energy spectra measured by the telescopes
02E 8 P ko 4 E at 3%A MeV are shown for different IMFs. The charge of the IMF
E ‘a 0k oMo ] is given at the top of the figure. Spectra from the top to the bottom
107 L ue - - correspond to those &t=4.3°, 7.3°, 10.9°, 16.0°, 22.0°, and
i ] sl ] 28.5°. The experimental resulidoty and calculated resulthisto-
107 . ¢ L P 12:](; grams are plotted as absolute differential cross sections. The spec-
0 mE t:;eV) 800 0 20 ‘Dé EOU(MeV) tra are multiplied by a factor of 10(n=0,1,2,3,4,5) from the bot-
lab lal

tom to the top.
FIG. 6. Experimental energy spectradbf 6 at 35A MeV (left)

andZ=8 at 5/A MeV (right) at different angles, measured by the ergy spectra are integrated above the thresholds at each
telescopes, are shown for different charged particle multiplicityangle. For some of the light IMFs the energy integration has
windows. Spectra for different multiplicity windows are shown by an upper limit because of the punch through inEhdetector
different symbols indicated in each figure. Angles are also indicatecht forward angles. The same energy integration limits are
in the left figure. Each spectrum is plotted in an absolute differentiaysed for integrating the calculated energy spectra. The ex-
cross section. The spectra are multiplied by factor of 10  perimental and calculated angular distributions for some of
=0.1,2,3,4,5) from the bottom to the top. IMFs are shown in Fig. 10 for 35 MeV and Fig. 11 for

zergy side of the spectrum is cut off fde=8 at the larger
angles. At the incident energies aboved4®1eV, some light #Zm SN at 49A MeV
IMFs start to punch through the detector of the telescopes
at forward angles and no identification is made above that
energy. In general the energy spectra are reproduced reaso 10° ..
ably well in shape and amplitude at all incident energies. i
There are, however, a few disagreements. A& 39eV the
cross section oZ=4 is significantly underestimated, espe-
cially at the low energy side, at all angles. This trend is alsog [
observed less prominantly in the spectra @+=5. For g 0°
heavier fragments the experimental spectra are well repros
duced except at=4.3°, in which the peak energy in the g'
calculated spectra is about 20—30 % lower than that in the%
experimental results. At higher incident energies, the calcu-8 ¢
lated cross section faf=5 shows a similar trend to that at < 1©°
35A MeV. For the heavier fragments, the spectra at forward
angles are well reproduced, whereas the calculated cross se E
tions at #=10.9° and#=16.0°, especially at 49 MeV, 107
show a systematic shift toward the higher energy side. F

7=5 Z=6 =7 Z=8 Z=10

0 [

10-3 [ i N " hd ) _1
0 500 0 500 0 500 0 500 1000 500 1000
D. IMF angular distribution Ep (MeV)

Energy-integrated angular distributions of IMFs are stud- FIG. 8. Similar plots to those in Fig. 7, but at49MeV. See
ied in different charged particle multiplicity windows. En- also the caption in Fig. 7.
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0N at 57A MeV 49A MeV 57A MeV
Z=5 Z=5 Z=7 Z=8 Z=10 T T T T v T T T T T T T
Z=6
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107
. . i 0.005 |
0 500 0 500 0 500 10000 500 1000 0 500. 1000 1500.
Ep (MeV}
o o 0.000
FIG. 9. Similar plots to those in Fig. 7, but atA7MeV. See 0
also the caption in Fig. 7.
49A MeV and 5A MeV. The experimental angular distri- _F'C- 11. Similar plots to those in Fig. 10, but atAMeV on

g"le left and 5A MeV on the right. The same multiplicity windows

butions show a peak around 7°—10°. The magnitude of thare applied at both energies. See also the caption in Fig. 10.

distribution increases generally with increasing multiplicity

except for those in the higher multiplicity windows. The de-_ the higher multiplicity windows is simply caused by charge

crease of the magnitude, especially for the heavier IMFS, in.,hgeryation in each event. For the high multiplicity events,
the whole system is fragmented into small pieces and the
35A MeV large fragments are less abundant. The calculated angular
— — distributions show a similar trend in the evolution of the
Z=5 ] magnitude of the distribution for the different multiplicity
--O5<Ms10 windows.
0.005 o e One should note that the shapes of the angular distribu-
tions plotted in Figs. 10 and 11 are distorted significantly by
e i, 1 the experimental conditions. Most of the fragments emitted
A at larger angles are not detected in the experiment and fil-
tered out in the calculations because of the energy threshold
of the telescopes. In order to see the angular distribution of
IMFs without the experimental conditions, the calculated
momentum distributions of IMFs with 8Z2<10 in the
center-of-mass system are plotted in Fig. 12 for different
impact parameter ranges atAMeV, without filtering the
events. A two-peak structure is observed even for the very
central collisions. This two-peak structure develops further
when the impact parameter increases. Very similar features
are observed at 26 MeV with a slightly less stretched dis-
tribution and at 78 MeV with a slightly more stretched
distribution. This observation is also consistent to the results
of Cat%°Ca at 33\ MeV, where the angular distributions
of IMFs in the center-of-mass system are directly compared

with those of the calculatiof22].
FIG. 10. Energy-integrated angular distributions for some IMFs

at 35A MeV are plotted for different charged particle multiplicity
windows. The experimental results are shown by symbols and the
calculated distributions are shown by histograms. Results for the A total charge distribution of fragments has been obtained
different multiplicity windows are shown by different symbols and by integrating the spectra over energy and angle. The same
lines, indicated in the top right figure. The vertical scale is theexperimental energy and angular ranges in the integration
absolute differential multiplicity in both cases. were used for the calculated spectra. The results are shown in

0.015 |-

0.010

0.005

dM/dd (1/deq)

0.000 |

0.010

0.00%

0.000

E. Z distribution
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FIG. 13. Energy- and angle-integrated charge distributions for
different charged particle multiplicity windows at different incident
energies. The incident energy is indicated at the top of each column.
The range of the multiplicity window applied is given in the figures
for 35A MeV and 4R MeV. Those for the higher incident ener-
gies are the same as those foAdMeV. Experimental results are
shown by squares and the calculated results are shown by histo-
grams. Both results are plotted as absolute multiplicity per unit
charge. Errors indicate the statistical errors only for the calculated
results. Experimental errors are smaller by a factor of 2—3 than
those of the calculations at the same multiplicity.

similarly observed for those of the lowest multiplicity win-
dow at 4R and 5A MeV (not shown. The cause of this
discrepancy will be discussed in the next section. For the
higher multiplicity windows an excess of multiplicity is also
generally observed near the largest IMF. This excess appears
to be caused by accidental events, where two reactions occur
in one beam burst. In such events one of the reactions has to
be a violent collision to produce enough associated charged
particles and the other is more likely to be a peripheral col-
lision, which has a large cross section and likely has a large
fragment. Such events have been largely eliminated by re-
quiring momentum conservation, in which the sum of the
parallel momenta of the observed charged particles is re-
quired to be less than the beam momentum. This procedure
eliminates most of such events in the lower multiplicity win-

FIG. 12. Calculated average momentum distributions of IMFsqows. but not completely in the higher multiplicity windows.

with Z=3-10 at 5A MeV, projected on the reaction plan¥{Z
plane in the center-of-mass system, are plotted=aB00 fm/c for
different impact parameter windows, indicated in each figure. The

average momentum is given in Ge¥/gucleon).

Fig. 13 for different multiplicity windows at different inci-

F. Transverse energy spectra

In Fig. 14 typical inclusive transverse energy spectra of
Z=7 andZ=8 at different incident energies are plotted for

the experiment and the calculations. The transverse energy

dent energies. The evolution of the experimental charge disspectra are integrated over the detector angles. The experi-

tributions for different multiplicity windows is very well re-

mental spectra show similar slopes at all incident energies,

produced by the calculations at all incident energiesgxcept in the higher energy side 87 for the reaction at
although the charge distributions for the lowest multiplicity 35A MeV. The observed apparent slopes are arodnd
window are rather poorly reproduced. The discrepancy in the=20 MeV. The general trend of the experimental spectra is
lowest multiplicity window, seen in the plotted figures, is well reproduced by the calculations. The AMD-V calcula-
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FIG. 14. Experimental and calculated transverse energy spectra % L SLi
for Z=7 andZ=8 at different incident energies. The experimental Q 200k
results are shown by different symbols for the different incident o
energies and the calculated spectra are shown by different histo- )
grams, indicated in the left figure. All spectra are given in an abso- 0 : 5
lute differential cross section. Spectra are multiplied by a factor of M Xz
10" (n=0,1,2,3) from the bottom. 400 + -
tions, however, overestimate the cross section at the high 200 - 4
energy side of the IMFs both at 85and 4R MeV. The | i
calculations also underestimate the cross sectiod fo8 at 0 | | . ) A
69A MeV in the whole energy range, though the slope of oy ' ' 79|A M IV ]
the spectrum is rather well reproduced. Both in the experi- 400 2 €
mental and calculated spectra no significant difference is ob- i T
served between the spectra at all incident energies. As dis- ) A
cussed below, however, the dissipated kinetic energy during 200 - .
collisions increases significantly as the incident energy in- - “ML .
creases. 0 1 i I I .
According to Goldhabef36], when the nucleus breaks 3 4 5 6 7
into small fragments instantly, the momentum distribution of Z
the fragments in the fragment rest frame is described by
exp(— p?/20?) where FIG. 15. Experimental yield distributions of the isotopes for
IMFs with 4<Z<7 at§=28.5° at different incident energies from
UZZO'CZ)K(A— K)Y/(A—1). (8) 35A MeV (top) to 792 MeV (bottom). The X axis is the charge

axis, used in the linealization process. Each peak corresponds to an
Ais the parent mass andis the fragment mass;, is related isotope, assigned in the middle of the figure. The Li isotope yields
to the Fermi momentunpg by Uo=<p2>/3=(p,2:>/5. When are divided by a factor of 2 in all figures.
the semitransperency apg =230 MeV/c are assumed, the
transverse energy spectrum is described by ep(T,)  €nergies. An interesting observation is that no large change
with T,=9.3 MeV for K=15. This is about a half of the in the yield distribution for a give is observed for differ-
experimentally observed slope. The harder slope reflects tHt incident energies. In Fig. 16, angle-integrated yield dis-
expansion energy. The similarity of the transverse energjfibutions are shown both for the exprimental and calculated
spectra at different incident energies, therefore, may sugge&gsults in different multiplicity windows at all incident ener-
that the IMFs are produced at a slightly later stage or in thdies. Beryllium isotopes show a systematic shift toward the

more central region after a significant amount of the excitaeutron poor side, both in the experimental and calculated
tion energy is removed by light particles. yield distributions, when the multiplicity decreases. This sys-

tematic change is observed at all incident energies except for
79A MeV. At 79A MeV, the distributions become more or
less independent of the charged particle multiplicity both in
Isotopes with 4&Z=<7 were identified by the telescopes the experimental and calculated results. Experimental yield
at 16.0°, 22.0°, and 28.5°. In Fig. 15 typical isotope yielddistributions for other isotopes show much less dependence
distributions are shown af=28.5° for different incident on the different multiplicity windows and on the different

G. Isotope distribution
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FIG. 16. Isotope distributions at 85 MeV (left column to 794 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-integrated yield
of an isotope, assigned on tieaxis at the bottom figures. The experimental results are shown by dots and the calculated results are shown
by histograms. Yields are normalized by the yield of all isotopes with a given charge. The error is the statistical error and indicated only for

the calculated results. The experimental errors are about 2—3 times smaller than those of the calculations.

incident energies. The calculated yield distributions for bo-with M,,r=1 (dashed line histogramsthe experimental

ron and nitrogen isotopes, however, show a small systematitcross section is reasonably reproduced in shape and magni-
change from the lowest multiplicity window to the highest tude by the calculation. The experimental cross sections for
window. This change is almost identical for different inci- M,y =2 are also well reproduced by the calculation, as
dent energies. In general the essential trend of the experseen in the upper figure. This observation indicates that the
mental isotope yield distributions is well reproduced by theexcess of the calculated cross section in the events with
calculations and no systematic trend in the isotope yield disM,,r =0 is directly reflected in the excess of the calculated
tribution between different charges is observed both in theross section arountl ~10 in Fig. 2. In the upper part of
experimental and calculated results. This suggests that the

primary isotope distributions are significantly modified by

th feedi f the f ts at lat
Stgggg.cay and feeding processes of the fragments at la | 35A MeV exp | AMD-V

T T T T T T T T T T

V. EXCESS CROSS SECTION
IN THE MULTIPLICITY DISTRIBUTIONS

M
-~
T

The calculated multiplicity distributions, shown in Fig. 2,
significantly overestimate the experimental results at all in-
cident energies. In order to elucidate the cause of the exce:
at M~10, contour plots of the light charged particle multi-
plicity versus the IMF multiplicity (3<Z=<8) are shown on
the upper part of Fig. 17 for the reaction atA39veV. The
experimental distribution is generally well reproduced by the
calculation except for events in which no IMF is detected
(Mime=0). In the lower part of the figures, the light
charged particle multiplicity distributions are plotted sepa-
rately for the events wittM ;=0 and withM,yg=1. In
the experimental results the cross section for the events with £1G. 17 upper: contour plots of the multiplicity of the light
no IMF increases monotonically when the multiplicity de- charged particles witZ=1 andZ=2 versus the IMF multiplicity
creases(Most events foM p<3 were cut off by the hard-  for the experimentleft) and for the calculatiofright). Contours are
ware trigger during the experimenin the calculated results, on a logalithmic scale and each contour is different by a factor of 2.
on the other hand, a maximum is observed for the eventshe same contour scale is used in both of the figures. Lower: light
with no IMF atM | p=8-9 and the cross section is twice that charged particle multiplicities for the events wilih,,,-=0 (solid
of the experiment at the peak multiplicity. For the eventsline histogramsandM =1 (dashed line histograms

d26/dMpdMpe (mb)

25 30

034601-11



R. WADA et al.

100 + .

|
2
>

da/db (mb/fm)

de/dZ (mb)

FIG. 18. Impact parameter distributiofigope) and charge dis-
tributions of fragments(lower) from the AMD-V calculation at
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FIG. 19. Charge density distributions eiNi. The dashed curve
is the experimental result obtained from an electron elastic scatter-
ing experiment. The dotted curve is that of the initial nucleus cal-
culated from the AMD coordinatgZ;}. The solid curve is the dis-
tribution calculated from the physical coordindi®;}. See details
in the text.

result mostly with a large fragment with~20=5, which is

not detected in the experiment because of the experimental
conditions. In such collisions two nuclei collide only near the
surface and the excess of the calculated cross section may be
caused by the surface properties of the initial nuclei used in
the AMD-V calculations.

The reactions witth~7-8 fm are governed mainly by
the nucleon-nucleon collisions at nuclear surfaces. In the
AMD-V model, the nucleon-nucleon collision is treated sto-
chastically by using the physical coordina{®¥;} in Eq. (4).

The phase space distribution is assumed to have the form of
Eq. (6) with this physical coordinate. Since this is valid only
approximately, the density calculated from the physical co-

35A MeV are shown for different event types. The same line type<2rdinates{ Wi} slightly diffeg from that calculated from the
are used in both figures for different event types. Solid line histoAMD coordinates{Z;}. For >*Ni, the calculated charge den-
grams indicate the distributions for all of the events. Dashed lineSity distributions using the AMD coordinates and the physi-

histograms are for the events with,,,-=0 and 6=M <10, dot-
ted line histograms are for the events wkhy =0 and =M p
<5, and dot-dashed line histograms are for the events Mithe
=1 and 6sM p=<10. No experimental filter is applied for these
events.

cal coordinates are shown by dashed and solid curves, re-
spectively, in Fig. 19, compared to that of the experimental
result[34]. The charge density distribution calculated from
the AMD coordinates reproduces the experimental result
rather well, whereas the density distribution calculated by the
physical coordinates shows a much larger diffuseness. Since
the reactions at collisions with~7—-8 fm originate mainly

Fig. 18, impact parameter distributions are shown for differfrom nucleon-nucleon collisions at the surface area of the

ent types of the calculated events alA3B/eV. The impact
parameter distributions shift to a smaller value whénp
and/orM e become larger. The events wit,,r=0 and

initial nuclei, the imperfectness of the transformation from
the AMD space to the physical coordinate space is likely to
cause the excess cross sections in Fig. 2 and the discrepan-

6<M_p=10 are found to originate mainly from the impact cies of the charge distributions in the lowest multiplicity

parameter range df=7-8 fm. In the lower part of figures

window in Fig. 13. One should note, however, that the physi-

the calculated charge distributions are shown. The chargedl coordinate{W;} is only used for the stochstic nucleon-

distribution for the events wittM ;=0 and =M p=<5

nucleon collision process and the equation of motion is en-

show a peak near the projectile. The distribution for thetirely solved in the AMD space. The development of a more

events withM =0 and 6M <10 shows a broad peak
around Z~20. At Z<15 the charge distribution for the
events withMye=1 and 6sM p=<10 is very similar to

that of M;yr=0 and 6sM p<10, but drops more rapidly

for larger Z values. These observations indicate that the

exact treatment of the physical coordinates is now under in-
vestigation.

VI. REACTION MECHANISM
AND MULTIFRAGMENTATION

events in the excess of the calculated cross section originate The AMD-V calculations reasonably reproduce all the es-
in collisions with an impact parameter range of 7—8 fm andsential features of the experimental results at all incident en-
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FIG. 20. Time evolution of nuclear density distributions, pro-  FIG. 21. Similar plots to Fig. 20 for the same events, but plotted
jected on the reaction plan&4Z plang, for a calculated event with  only for the Gaussian wave packets in the projectile.
b~2.3 fm at different reaction times for all incident energies. The
incident energy is indicated at the tOp of each column with theenerg|es and Stay as a S|ng|e System only up tto
impact parameter. The plots are made from the physical coordinates 120 fm/c at 354 MeV and t~80 fm/c at 794 MeV.
{W;}. The plotted time is indicated on the right. TAexis is taken Preequilibrium nucleons appear by 180 &t 35A MeV
as the beam direction and the contour scale is in linear. The smalleatnd byt~120 fmlc at higher incident energies. The system
circle indicates a nucleon. . .

starts to break into small pieces dt-180 fm/c at

] ) o 35A MeV andt~80 fm/c at 79A MeV. The multifrag-
ergies, except for peripheral collisions. As a result thementation is a general feature for central or midcentral col-
AMD-V calculation may provide further insights into the jisions in this reaction system at these incident energies. In
reaction mechanisms and the multifragment production PrOFig. 21 the time evolution for the projectile is shown. One
cesses for central or midcentral collisions. In order to per¢4n clearly see that a significant amount of nucleons and
form such a detailed investigation, the properties of theragments are emitted in the forward direction after the mul-

Gaussian wave packets are examined during collisions. Ifagmentation process. A very similar observation was
this section all quantities are evaluated in the center-of-masg,ade in4%Ca+4%Ca at 33 MeV [22].

system. Some of the quantities are calculated by using only
the wave packets which originate from nucleons of the pro-
jectile. In the following text such quantities are simply called
quantities of the projectile in the center-of-mass system of The observation in Fig. 21 indicates that a certain degree
these wave packets. The experimental filter is not applied tef the nuclear transparency exists. In the top row of Fig. 22,
calculate the quantities. All reaction times depicted in thisthe average number of nucleons of the projectile or of the
text start at a distance of 15 fm between two centers of théarget, which cros&=0 from one side to the other in the
projectile and target in the beam direction. It takesbeam directionZ direction, is plotted as a function of time.
~15 fm/c at 35A MeV and ~10 fm/c at 794 MeV for  The number is evaluated by averaging over the events with
the two nuclei to touch each other. b<3 fm and scaled by the number of nucleons in each ini-
tial nucleus. For all the cases about 75% of nucleons on
average appear on the opposite side. In order to study this
transparency further during the collisions, contour plots of
In Figs. 20 and 21 the time evolutions of the nuclearthe average nuclear density, projected on Zhexis, versus

density distributions projected onto the reaction plane areeaction time are made for central events and shown in the
shown for the whole system and for the projectile, respectower part of Fig. 22. Two ridges merge together at
tively, for a collision withb~2.3 fm at different incident ~40-50 fmk, indicating that the projectile and the target
energies. Both of the densities in Figs. 20 and 21 are calcdorm a single composite system. The slopes of these ridges
lated, using the physical coordingt#/;} to make it possible correspond to the incident velocity of each nucleus. When
for a direct comparison. As seen in Fig. 20 the projectile andhe incident energy is lower, the slope becomes steeper. Af-
the target merge together aroutrd40 fm/c at all incident ter the two nuclei merge together, the ridges still remain,

B. Semitransparency

A. Multifragmentation
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b<3fm of the largest fragment at=300 fm/c is about 35. This
35A MeV 57A MeV 79A MeV number indicates that the system breaks into at least four or
L A L L five pieces on average =300 fm/c. When the impact
i aseeecesesed  580s0s0ssnsed parameter increases, the average mass of the largest f_ragment
= gooceecesed becomes~50 att=300 fm/c for 6 fm=<b=<8 fm. This
> o5 ° ool T + ° 1 reflects the fact that the binary nature of collisions is en-
.fzaré'et 1 ® L ] hanced for more peripheral collisions. In the second row the
& . . QQ . . e, . . numbers of two nucleon collisions are plotted both for the
T M e D attempted and the Pauli allowed collisions. About 10% of
t (fm/¢) collisions are Pauli allowed during the reaction. The number
of collisions peaks arount=40 fm/c. For central colli-
T AT N o sions, about 40 collisions are allowed during the early stage
CH N\ (\\v”/?/// T ' T 1 of the reaction (6<t<70 fm/c). The number of collisions
E™r \\\\\\(\% /78N decreases when the impact parameter increases. The 10% of
< \\\\\'\\\\»W/;,’// T the allowed rate stays the same in later stages. This indicates
£ or =l that, in these later stages, clusters are formed and most col-
= lisions occur inside the clusters. In the third row the average
oLl s

excitation energy per nucleon is plotted for the maximum
mass fragment. The excitation energy is calculated from the
total internal energy by subtracting the binding energy. The
FIG. 22. Upper: the average number of nucleons in the initialexcitation energy reaches abouh 8MieV in the early stage
nuclei acrosZ =0 from one side to the other is plotted as a func- and rapidly decreases between 100 drand 200 fmé. Af-
tion of time for three different incident energies. The average isier t~200 fm/c the excitation energy decreases slowly and
taken over the events with<3 fm. The incident energy is indi- pacomes about/® MeV att~300 fm/c for all impact pa-
cated at the top of each figure. The extracted number is scaled br¥;1meter ranges. One should note, however, that the maxi-
gheen:itjmber.of tnscleor;ks]zm each mtJ.C|eu.s' Llovtvterd ]‘?Ve:ﬁge nuclegp, | m excitation energy at the early stage of the reaction does
Y, projected on the axis, vs ime 1s plotted lor the same 4 o cagsarily indicate that the system reaches the “hottest”
events. The contour scale is linear and arbitrarily normalized. . . o
stage, because the system is not yet thermalized at this time.
At the time of the maximum excitation energy, as discussed
elow, most of the projectile nucleons are still moving along
e beam direction. The calculated excitation energy, there-

consistent with the above observation. This transparenc
however, is quite different from those seen in the heavy io
simulations in time-dependent Hartree-Fock calculations ) LT o

ore, includes a large amount of this kinetic energy. This is

low incident energie$37]. First of all, the density of these

ridges disappears gradually with the reaction time. This i1t ﬂ;)e Cise .ai the Iatltler s_taga(ZO(()j Irr?/c).' tAftert_the Eyf

dicates that the projectile and target nuclei break into smalfcM Preaxs into small pieces and the interaction between
ragments ceases, nucleon motion in a fragment becomes

pieces and spread widely along the ridges. Second, the slo .
of the ridges is steeper than that of the incident nuclei. Thi andom. Th? calculated internal energy, therefore, shows the
thermal excitation energy properly in the later stage. In the

indicates that the projectile and target are slowed down duf h the ti It ¢ dissipated s <h

ing the collisions. In the nucleon transport, the reactio ourth row the ime evolution of dissipated energy 1S Shown.

shows a transparency, whereas in the energy transport t éwe_ d|_SS|pated energy is an alternative presentat_lon of t_he

reaction is much less transparent. We therefore designate th-§<0|tat|on energy, (?ommonly .US(.ad for the hea\{y ion colli-
jons at low energies. The dissipated energy is calculated

as semitransparency in the text. A similar observation ha th el i f th iectil ket
been made recently in a QMD simulation for X&n[20]. zarg?)lloasp'ara €l momentum of the projectile wave packets

In Fig. 23 the average quantities of the collisions at
35A MeV are plotted as a function of time for different EqisssEg—2
impact parameter ranges. Each quantity is extracted by aver-
aging over all events generated by the AMD-V model for a
given impact parameter range. In the top row the averagwhereE, is the sum of the kinetic energy of the projectile
mass of the largest fragment is plotted. The average mass #d target in the center-of-mass systerh=a0 fm/c. Pjis
calculated at each time step, using a coalescence radius oftle parallel momentum of the centroid of thia Gaussian
fm in the spatial physical coordinate. The time evolution ofwave packet and the summation is made over all wave pack-
the mass of the largest fragment for 0 ffh<2 fm indi-  ets in the projectileA, and M, are the mass number and
cates that, at an early stage of the reaction, the projectile andass of the projectile, respectively. A factor of 2 is multi-
the target merge together and form a composite system gflied in the second term to take into account the wave pack-
mass around 120. The mass of the largest fragment decreasas both in the projectile and the target nuclei. The dissipated
rapidly during the time interval of 100 fmmk<t  energy is zero at=0 fm/c by definition and increases
<200 fm/c and changes slowly after that. The average masshen a reaction occurs and reaches the maximum arbund

C. Average properties of the reaction and energy dissipation Ap )2
2 P

“om, ©
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FIG. 23. Average properties of the reaction aA381eV for different impact parameter ranges, indicated at the top of each column. From
the top row to the bottom, the maximum mass, the number of collisions, the excitation energy, the dissipated energy, and the multiplicity of
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 is shown
by dots and the number of Pauli-allowed collisions is shown by circles.
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FIG. 24. Similar plots to those in Fig. 23, but for the most central events (&dm2 fm) at different incident energies, indicated at
the top of each figure.
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=80 fm/c for all impact parameter ranges and remains con- 35A Mev

stant after that. The maximum dissipated energy is about IbYISOOQSf?n
7A MeV for the most central collisions. This energy corre- o oA
sponds to about 80% of the available initial kinetic energy. | @ ] ]
The maximum dissipated energy significantly decreases | = % | t=10fm/e
when the impact parameter increases. One should note the ., . .
the dissipated energy reaches its maximum at slightly later | Es/4704
time than the excitation energy in the third row does. This ol ]
will be discussed in the next section in more detail. In the | s t=80fm/c
bottom row the time evolutions of the average multiplicities & _, 3
of IMFs (3=<Z=15) are plotted. The multiplicity increases : ol ] gx
rapidly att=120 fm/c for central collisions. The maximum ol e lies
multiplicity of IMF's decreases gradually when the impact  _,| ~50fm/e
parameter increases. -

In Fig. 24 similar plots to those in Fig. 23 are shown for ol wof 20t
the most central collisions at higher incident energies. The | ol ol Yima0tm/e
average mass of the largest fragmenttat300 fm/c de- ol
creases gradually from 25 at 49MeV to 20 at 79 MeV. N B I B S
The peak rate of Pauli-allowed collisions increases from ™ ™ ° " * oo mer e
1.8/(fm/c) at 494 MeV to 2.9/(fmk) at 79 MeV, though Z {fm) Pz (Mev/c) Z {fm)

the number of attempted collisions remains more or less con- FIG. 25. Left: time evolution of the nuclear density distribution

stant. This is reasonable because the available phase spgtne x-z plane for Gaussian wave packets near the reaction plane
increases and more collisions are Pauli allowed with increas-—g 5 fm<y=<0.5 fm) is plotted for a central event with

ing incident energy. On the other hand, the number of the-0.3 fm at 3% MeV. The plotted time is indicated on the right.
attempted collisions remains constant because the numberjfe average dissipated energy at the given time is also given in
mainly determined by the geometrical sizes of the systengach figure. Middle: time evolution of the momentum distribution
and the impact parameter. The average excitation energy @f the X-Z plane for the Gaussian wave packets of the same set
the maximum fragment at= 300 fm/c stays rather constant plotted on the left. Right: time evolution of the phase space distri-
at ~3A MeV for all cases. The excitation energy of bution projected in thé?,-Z plane for all of the Gaussian wave
3A MeV at t=300 fm/c is consistent with the result of packets. All contour scales are linear and arbitrarily normalized.
Marie et al.[38] for the fragment excitation energy. In their

work the Xe+ Sn reaction at 5@ MeV was studied and the the momentum distribution in the middle column still shows
excitation energy of a fragment was determined by extractan ellipsoid stretched in the beam direction. The average
ing the multiplicity of the light charged particles emitted dissipated energy is 3¢ MeV, which is about a half of the
from the fragment. The fragment excitation energy ofmaximum dissipated energy reachedtzt100 fm/c. The

3.0A MeV was obtained by comparing the observed multi-momentum distribution becomes closer to a spherical shape
plicity with results of a statistical model calculation. The att=80 fm/c, but the projectile still has about 20% of the
average dissipated energy in the fourth row increases signifinitial kinetic energy on the beam direction. At this time
cantly from 9.2\ MeV at 49A MeV to 15A MeV at about 75% of the projectile wave packets are passing through
79A MeV. This increase, however, is not reflected on thethe target nuclei, as seen in the top row of Fig. 22, and the
fragment excitation energy at the later stage. Another interentire system is ready to break into small pieces. In the right
esting observation is that the ratio between the total dissicolumn phase space distributions are shown. One can clearly
pated energy and the initial kinetic energy stays more or lessee that the projectile wave packets are still moving along
constant. About 80% of the initial kinetic energy is dissi- the beam axis at the time of the full overlap and continuing
pated during the collisions for all incident energies studiedo move to the same direction. A two-peak structure in the
here. IMF multiplicity reaches a plateau at progressively earphase space at 80 fmindicates that the energy dissipation
lier times when the incident energy increases. The plateais incomplete and the system has no chance to bounce back
starts att~200 fm/c at 494 MeV and t~150 fm/c at to a single source. The essential feature of the above obser-
79A MeV. The multiplicity at the plateau is similar for the vations remains the same for the reactions at higher incident
different incident energies. energies.

In order to further study the dynamics of multifragmenta-
tion, the maximum nuclear density and radial flow momenta
are investigated as a function of time for central events. The

In Fig. 25 the time evolution of the nuclear density andmaximum nuclear density of the system is calculated exactly
momentum distributions for a central event aA3%/eV are  from the AMD coordinateZ;} in these plots. The extracted
shown for expanded scales in space and time. In these plot@lues are normalized by the normal nuclear dengigy
the distributions are plotted from the wave packets only neae0.163 fm 3. The radial flow momenta are calculated in
the reaction plane. Two nuclei merge together tat the projectile rest frame in order to isolate the radial flow
=50 fm/c as seen in the left column. At this time, however, from the other kinetic energy contributions. The radial flow

D. Dynamics of the multifragmentation process
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FIG. 26. Average maximum nuclear dendityppe) and the radial flow momenta in the projectilewer) are plotted as a function of the
reaction time for central events (0 fab<3 fm) at all incident energies. The incident energy is indicated on the top of each column.
Vertical dashed lines in each figure indicate three different phases in time, discussed in the text. In the lower figures dots indicate the radial
flow momentumF; in the beam direction and circles indicdg in the direction perpendicular to the reaction plane.

is studied in two directions: the perpendicular direction to theincreases. The density reaches aboupd @ 79 MeV.
reaction plane Y direction and the parallel direction to the The maximum nuclear density in phase Ill is determined by
beam axis Z direction. Radial flow moment&y andFz are  he density in fragments. At 26 MeV the density reaches
defined as the lowest value of 0&, at t=230 fm/c (which is not
shown and gradually return to the normal density. At

B %’i 79A MeV, the density reaches the lowest value ofgQ.at
FY_A_p =] sgnY)Py, (19 {-130-140 fm¢ and returns to 04 att=300 fm/c.
In the lower row of Fig. 26, the time evolution of the
radial flow momentum of the projectile is shown. At
Ap 35A MeV, the radial flow momentum of the projectile stays
FZ:A_p iZl sgnZ)Py. (1) zero in phase | and starts to increase at the end of phase I,

just before the two nuclei are fully overlapped. The increase
rate of the radial flow in the&y andZ directions is very simi-
A, is the mass number of the projectile and the summation ifar, suggesting that the projectile expands thermally. In phase
taken over all the wave packets in the projectiig.andF, Il the projectile expands more or less at a constant velocity,
are evaluated by averaging over all events in a given impaailthough the radial flow momentufy, in the beam direction
parameter range. A positiv@r negative value of the flow is twice larger than that of th¥ direction. This difference
momentum indicates that, on average, the wave packet Buggests that the projectile is slightly stretched in the beam
moving outward(or inward and therefore the projectile is direction during the semi transparent process. A& 49eV
expanding(shrinking. the situation is slightly different from that at 85MeV. At

The calculated results are shown in Fig. 26 for the eventshe end of phase | the radial flow momentdg starts to
with b<3 fm. The time evolution of the maximum nuclear become positive, whereds;, first becomes negative. This
density, shown at the upper row, is very similar at all inci- indicates that the projectile starts to expand in ¥hdirec-
dent energies. The density reaches a peak at an early stagien, whereas the projectile is compressed in the beam direc-
when the two nuclei are overlapped, and then returns to #on at this time. This compression results in the faster ex-
density close to the normal nuclear density. In order to studypansion in the beam direction in phase Il and the slightly
the multifragmentation process in detail, three phases are idarger values of the resultant radial flow momenta in phase
troduced in the reaction time, shown by the vertical dottedll, compared to those at 36 MeV. The increase rate ¢fy
lines in the figures. Phase | is the time period from the timds similar to that at 38 MeV, suggesting the expansion in
when two nuclei touch each other to the time when the twahe Y direction is thermal. In phase Ill, the difference be-
nuclei are fully overlapped. Phase Il is the time period at theweenF, andFy is similar to that at 38 MeV, indicating
time of the overlap to the time when the maximum densitythat a similar stretch of the projectile occurs in the beam
returns to the normal nuclear density, and phase Ill is attribdirection during the semitransparent process. At higher inci-
uted to the time period after that. The average maximundent energies, the characteristic features of the expansion
nuclear density at=0 fm/c is 1.3, reflecting the internal process are essentially the same as that at #8V. The
density distribution of the initial nucleus as seen in Fig. 19negative value of, increases gradually when the incident
for the charge distribution. The density reaches the maxienergy increases, indicating that more compression occurs at
mum of about 1.6, att=50 fm/c at 35A MeV and the the higher incident energies. As a result the expansion rate
maximum increases only slightly when the incident energyincreases in phase Il and the result&Rt and F, also in-

034601-17



R. WADA et al. PHYSICAL REVIEW C 62 034601

creases in phase lll. The difference of the radial flow mo-Charge distributions of fragments change systematically for
mentaF, andFy stays more or less constant. the different multiplicity windows at a given incident energy.
The compression mechanism at higher incident energielsotope yield distributions of IMFs with a given charge also
can be qualitatively understood as follows. The nuclear dendepend only slightly on the different multiplicity windows
sity during the collisions is governed by two factors. One isand on the different incident energies. The AMD-V calcula-
the mean field and the other is the two-nucleon collisiontions reasonably well reproduce the essential features of the
process. When the projectile nucleons enter into the targetbove experimental results and provide insight into the reac-
mean field in phase |, they are accelerated by the attractivion mechanisms and the fragmentation processes. The
mean field and the projectile tends to be stretched in thé&MD-V model predicts multifragmentation at all incident
beam direction. At the same time, on the other hand, twoenergies studied here, in agreement with the experimental
nucleon collisions occur and the projectile nucleons arebservations. A semitransparency is predicted at all incident
slowed down. At 3B MeV, these two processes are more energies even for central collisions. About 75% of the pro-
or less balanced arfél, stays zero. At 48 MeV and higher jectile nucleons pass through the target nucleus and appear in
energies, the mean field acceleration becomes slightl{he forward direction with a significant energy dissipation.
smaller because the interaction time is shorter. On the othérhe dynamics of the multifragmentation process is also stud-
hand, the deceleration process by the two-nucleon collisioned in detail using the calculated events. The detailed study
becomes more significant because the number of the Paubuggests that, at 35 MeV, thermal expansion and the semi-
allowed collisions increases and the momentum transfer in &tansparency are the dominant mechanisms for the multifrag-
collision also increases. As a result the density compressiomentation process, whereas, atAd9veV and the higher
occurs in the beam direction at the higher energies. incident energies, nuclear compression occurs and plays an
important role in the multifragmentation process in addition
VIl. SUMMARY to the thermal expansion and the semitransparency.

Energy spectra and energy integrated angular distributions
of IMFs, Z dls_trlbutlons, and isotope d|str|pu_t|(_)ns, classified ACKNOWLEDGMENTS
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gular distributions of IMFs show a forward peak aroufid This work was supported by the U.S. Department of Energy
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