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The peripheral and semiperipheral reactionsal+'°/Au have been studied at 30 and 43 MeV/nucleon.
The nonequilibriume and IMF components have been observed in the experiment. The fraction of nonequi-
librium emission decreases with an increase in the atomic number of the projectilelike fragments but, for a
given projectilelike fragment, it increases with the charge of the emitted particles. The characteristics of
quasiprojectiles reconstructed from their decay products reveal several features reminiscent of damped reac-
tions at lower bombarding energies. The atomic number and deflection angle of projectilelike fragments
depend strongly on their kinetic energy or dissipated energy. At 30 MeV/nucleon, the experimental data can be
explained by a deep inelastic transfer model. One-body dissipation is still the main mechanism for the energy
and angular momentum dissipation. However, at 43 MeV/nucleon, deep inelastic transfer models can predict
only the experimental tendency. Two-body dissipation plays a more important role at higher incident energies.
The similarity observed in the decay product distributions, as a function of excitation energy, suggests that the
excited quasiprojectiles formed in binary collisions might approach thermal equilibrium for both incident
energies. The decay products have been analyzed with sequential-binary and simultaneous-disassembly statis-
tical decay models. Both statistical models are able to provide good agreement with the experimental observ-
ables except for the mean kinetic energy of the prodi&8556-28139)05901-4

PACS numbegs): 25.70.Lm, 25.70.Mn

[. INTRODUCTION straints on the theoretical approach than central collisions
and some effects, such as compression and expansion modes,
The study of the production and decay of excited nucleacan be neglected. Critically excited quasiprojectil€3P)
systemdg 1] and of the emission of intermediate-mass frag-with excitation energy as high as 8—10 MeV/nucleon have
ments (IMF’s) [2,3] is of considerable current interest in been observed experimentally—9]. The dynamical produc-
heavy-ion reactions in the intermediate energy domairtion of such a highly excited QP in binary collisions is not
(10 MeV/nucleon<E/A<100 MeV/nucleon). Most of fully understood.
the past studies concentrated on the excited nuclear systemsHeavy-ion collisions in the Fermi energy domain raise
produced by complete or incomplete fusion in central colli-very complex problems in nuclear dynamics. At low energy,
sions. Recently, experimental measurements showed that ke Pauli principle inhibits nucleon-nucleon collisions. The
nary processes are still dominant at intermediate energies amdaction characteristic is one-body dissipation. The cross
they are an effective way to produce and study very hosection between very heavy nuclei is dominated by
nuclei [4-8]. They are expected to put more severe con-deep inelastic collision€DIC) [10]. Above the Fermi energy
(=35 MeV/nucleon), the Pauli blocking is less and less ef-
fective. Nucleon-nucleon collisions are increasingly allowed,
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40Ar+27Al,  58Ni at 44 MeV/nucleon[19]. Other people We present some results obtained on the asymmetric system

[20,21] have discussed the incident energies of different sys> Cl+°"Au at 30 and 43 MeV/nucleon. In the present paper,
tems at which the reaction mechanism changes from the loWe deal with similar topics but with a special emphasis on

energy behavior to dominant transfer or abrasion mechanisth€ nonequilibrium emission from dissipative processes and
for more violent collisions. the comparison of the same system at two incident energies.

Itis organized as follows: after briefly describing the experi-
mental procedure in Sec. I, we will present the experimental
results in Sec. Ill. The nonequilibrium particle emissions are
analyzed. The qualitative results for nonequilibrium, equilib-
rium and dissipative collision processes are also discussed.
sion is expected to compete more efficiently with other!" Sec. IV, some theoretical models used to understand the

deexcitation modes. Statistically emitted fragments havé:OIIISIOn mechanism are presented; the hybrid approach is

; ; : : established. The binary dissipative processes have been ana-
been observed in studies of the decay of highly excited ComIyzed with BUU models. The reconstructed characteristics of

pound nuclei formed in central collisiof22]. Recently, cor- . ; ; -
relation measurements between IMF’'s and evaporation resfa-xc'ted QP's are compargd V.V'th the prediction of DIT mod-
|s. The observable distributions of decay products are also

dues suggested that the deep inelastic process remains . o ; .
dominant mechanism of IMF production for tH8Ar+Ag explained by a statistical decay model. Finally in Sec. V,

reaction at 27—65 MeV/nucleof3—15,23,24 However results will be summarized and conclusions presented.
IMF multiplicity was found to exceed significantly the pre-
dictions of conventional statistical models in a number of Il. EXPERIMENTAL PROCEDURE

experiment$25,26. The discrepancy is explained as the evi-
xper 325,26 ISscrepancy 1S explal VI A beam of ¥Cl was accelerated to 30 and 43 MeV/

dence for the observation of necklike emissidr8,27,28. | ith the Tandem Accel S Conducting C
Moreover, there have also been observations of strong azZpucleon with the Tandem Accelerator SuperConducting Cy-

: : ) lotron (TASCOQ) facility at Chalk River and was used to
muthal angular correlations between energetic LCP’s an .
IMF's as well as preferential emission of the LCP’s in thegombard a 2.1 mgjchrthick gold target. The forward reac-

same plane in which the IMF is emitted. These studies ingifion products were detected by the CRL-Laval Array cover-
g the polar angles from 3.0° to 46.8° with respect to the

cate that dynamical mechanisms play an important role in th is The 80 d £ th di
production of IMF’s[29—33. eam axis. The etectors of the array were mounted in

Up to now, several models compete to describe peripherd]/€ concentric rings around the beam axis and covered
or semiperipheral heavy-ion collisions: participant-spectatofi€aly 100% of the solid angle between 6.8° and 46.8°. The
(PS models, adapted from higher energjé#,35, deep in- first th_ree rings are made of plastic phoswich detectors with
elastic transfeDIT) models[36,37, and microscopic dy- detection thresholds of 7.5 Me\/_/nucleon =1 and 2_to
namical model§38—40. Recent experiments show that the 22-8 MéV/nucleon foZ=17 particles. The two outer rings
so-called projectile fragmentation, at the incident energy oft'® composed of CEll) crystals for which isotopic resolu-
60 MeV/nucleon, is more like a low energy mechanism tharf!on iS achieved foiZ=1 and 2 with a threshold around 2
a high energy one, as in the PS mofd]. The DIT model MeV/nucleon as well as identification &=3 and 4 with a
extended from lower energies has been successfully appliggreshold of 5 MeV/nucleon. The most forward angles, 3.0°
to reactions in the Fermi energy domdBi]. Microscopic O 5.0°, are covered by three Si-Csl telescopes which pro-
transport equations, such as Boltzmann-UehIing-UhIenbecK'de charge identification with a_detectlon threshold ¢5)2
(BUU) equation, have been widely used to simulate the evoMeV/nucleon forZ=2(17) particle. The complete setup
lution of heavy-ion collisions in the intermediate energy do-ConSsists of 83 detectors providing the granularity needed to
main. It is able to deal with a variety of processes rangingstudy high-multiplicity events in peripheral collisions. More
from complete or incomplete fusion to deep-inelastic reacd€tails about the detection apparatus, energy calibration and
tions. BUU treats the initial nonequilibrium stage of the col- Particle identification can be found in Ref#9-51].
lision in reasonable details and should yield a good predic-

At lower bombarding energy and, hence, excitation en
ergy, where evaporation of IMF’s is strongly hindered by the
large Coulomb barrier, the system deexcites mostly by emit
ting light charged particle$LCP’s), y-rays, and/or by fis-
sion. With increasing excitation energy, statistical IMF emis-

tion for the preequilibrium nucleon emission and the || EXPERIMENTAL RESULTS AND DISCUSSION
production of highly excited QP’s and quasitargé¥l’s).
However, the emission of IMF’s is also not yet fully under- A. Experimental results

stood. For statistical IMF emission, there are two limiting
scenarios. One is the sequential binary decay, a sequence of
well-separated emissions from an equilibrated parent nucleus The measured yield distributions of fragments with the
[42-44. The other is a simultaneous breakup of the dedargest charg&,4in each event and the corresponding total
exciting system into many fragmenf85,45—-48. No dy- detected chargé, as a function of atomic number are dis-
namical models can explain the necklike or dynamical emisplayed in Fig. 1 for the four angular regions covered by the
sion of IMF'’s. To shed light on the emission mechanism, ondelescopes and phoswich detectors. Phg distributions of
should measure various observables simultaneously artwo incident energies have been normalizedZgi=9 for
compare with the predictions of these models. comparison. The strong correlation betwegp, and the

In a previous study6], we demonstrated, by applying an atomic number of the primary QEqp, will be discussed in
event-by-event analysis, that it was possible to reconstrudhe next section. Although not all charged particles in the
kinematically the primary QP in peripheral collisions irre- event are emitted from the statistical decay of the primary
spective of final charged particle multiplicities. In this study, excited QP, some qualitative information about the excited

1. Fragment charge distributions
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FIG. 2. Yield of fragments detected in the telescope8.&(7°
< 61,,<5.05°.(a) A logarithmic contour plots atomic numb&,,,
versus kinetic energ ., of fragments.(b) The velocity distribu-
tions of differentZ,,, for 3°Cl+1°7Au reaction at 43 MeV/nucleon.
For clarity, successive curves are multiplied by 10.

FIG. 1. The charge distributions of fragments with the largest
charge Z,.x in each event in four angular regions. The solid
(dashedl line represents the detected,,, distribution at 43(30)
MeV/nucleon. The full(open circles are the total detected charge
Z,y distributions, in which theZ,,,, fragments are emitted in the

indicated angular regions at 430) Mev/nucleon. cross sectiord?o/dZdE along the ridge remains relatively

constant down t&,,,~5. The almost linear character of the

QP can still be obtained from the inclusivg,,, and Z,,;  correlation betweerZ,,,, and E . suggests that the frag-
distributions. For 30 MeV/nucleon, the grazing angle 7.9° isments have similar velocities. This result can be seen in Fig.
in the angular region of the first ring phoswich detectors,2(b), which shows the velocity distribution of differemt,,,
6.75°<6,,,<10.61°, so a very strong transfer or quasielasticfrom 8 to 16 detected by the telescopes. As expected, one
peak can be seen in thg,, distribution atZ,;=16. For 43  observes that the velocity distributions have a shape similar
MeV/nucleon, the grazing angle 6.11° is less than the minito those observed in other reactions in the Fermi energy do-
mum angle of the first ring phoswich detector, so there is nanain: it has a maximum peak centered at a value somewhat
similar peak in the figure. The yield distributions at largerbelow the beam velocity and an asymmetric shape with a
angles are very similar. The charge distribution decreasdenger tail toward small velocities. The distributions tend to
rapidly for Z,,;= 17 for both incident energies suggesting thatapproximately Gaussian shapes as the atomic number of the
the yields of fragments heavier than the projectile are supfragment decreases. The peak velocity of the spectra corre-
pressed. In the angular region of the telescopes, 8675  sponds to about 80% of the beam velocity for largend to
<5.05°, which is less than the grazing angle at both enerabout 70% for smallZ values. Considering the fragment
gies, the intensities df,, distributions show the same trend charge and angular distributions, the main component can be
for both experimental data, increasing first steadily with theattributed to the decay of the QP from transfer and dissipa-
increasingZ,,, then decreasing from the maximum value. tive processes. Both mechanisms are present in this transi-
For the larger angular ranges 10.644,,<16.11° and tional energy region.
16.11°< fl,5=24.01°, theZ,, distributions are dominated by ~ Apart from the PLF major component, we find a second
light fragments and show simply similar shapes with a neacomponent from the evolution of velocity distributions in
exponential falloff. The decrease is steeper for 30 MeV/Fig. 2b). The velocity distributions of that component are
nucleon than for 43 MeV/nucleon. The less differéht,,  Very broad, extending from the detection threshold tac0.2
and Z,., distributions near the grazing angle mean that the~0.25c, about 70-75 % of beam velocity. The intensity of
primary QP has less excitation energy. The difference bethis second component decreases and its average velocity
tween Z,,,« and Z,,, distributions increases considerably asincreases as the fragment chaifg,, increases. The exis-
the detected angle moves away from the grazing anglégnce of a second component can be confirmed in Ka. 2
where the primary QP’s are highly excited. At Z.,.=7, the two components merge together. For other
systems at intermediate bombarding energies, similar distri-
butions with two velocity components and the change in
properties with the evolution o, are also observed

Figure 2a) displays a logarithmic contour plot of the [155253. The second component was usually called
yield of the heaviest fragmeidt,,,,, versus its kinetic energy intermediate-velocity fragments. Such fragments are of par-
Emax Mmeasured by telescopes at 3.876,,,<5.05° for 43 ticular interest since their origin is not well known. There are
MeV/nucleon. This figure shows a well-defined ridge. Thesignificant differences in the explanation of their origin by

2. Fragment velocity distributions
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[ 7 -16 | 7 15 | 7 -1 for a given fragment, the lesser is the fragment velocity, the
R i el e more violent the collision is; for a same fragment velocity,
[3.07° <@, <5.05°[ i 0 the more violent collisions result in lighter fragment emis-
ar ., L o L %, sions, and therefore, the lightest detectg,, originates
L oS;O 3 388@ H 380 from a primary QP having the highest excitation energy.
I More highly excited QP’s were produced at 43 MeV/nucleon
Al 7 =13 [ 7z =12 [ 7 =11 than at 30 MeV/nucleon. Three observables, the charged par-
. o ML ML o 0™ ticle muiltiplicity, fragment velocity and atomic number of
[ o [ O [
<4 ,.9.6 2 ...gg% 2 ..9.%9% the QP remnant are found to be strongly correlated.
vl % | b4 I ao
2 % C N B. Nonequilibrium emission
L TR T B PR R S S ol e by
o Z,o =10 [ Oo 2,29 [ o  Z,.=8 As described in the Introduction, it is possible to recon-
SO T BT struct the characteristics of the primary excited QP by apply-
ol '-9993 i ‘°..3.ggo i “-O..fgoo ing an event-by-event analysis in the hypothesis of a binary
% % | “os H h dure is valid only if th
i * L ; process. However such a procedure is valid only if the par-
,L " r ticles are emitted statistically by the primary nuclei in ther-
[ L T T mal equilibrium. In fact, LCP’s from preequilibrium and dy-
0.5 1.0 0.5 10 0.5 10 namical processes are both present. In order to determine the
Vina!Veroj characteristics of the primary QP beyond the number and the

energy of detected particles, one has to assess which fraction
?f these particles are really emitted from a nucleus in thermal
equilibrium. The nonequilibrium particles should be elimi-
nated at an acceptable level. In the following section, we
producted in the®Cl+19Au reaction. The full and open circles prgsent the characteristi(_:s of LCP’s and IMF’s_ emitted in
represent the experimental data of 43 and 30 MeV/nucleon inciderﬁo'nCldence with a massive PLF. Fo_r the remainder of the
energies, respectively. paper, PLF refers to fast f_orward moving fragments from the
QP. The largest PLEAN Z) in each event is refer to &,

FIG. 3. Correlation between the velocity of PLF detected by
telescopes and the total average charged particle multiplicity of al
fragments and light charged particlésot corrected for detection
efficiency). Each panel corresponds to a different PLF chatgg,

different models. In the participant-spectator mo@BA,SS, 1. Two-dimensional velocity distribution

it may be the remnants of a participant zone emitted by one ) ) )

of the two reaction partners or by the combined system. In Oné way widely used to obtain a global view of the par-
the classical dynamical modg21] which is extended from t|ple emitter sources, which cpntrlbute to the emission of a
low energy heavy-ion collisions, the fast component is ex9iven fragment withA¢ or Z¢, is to plot a two-dimensional
plained as a positively deflected fragment with little dissi-d'zs"”bu'“on of  Galilean-invariant  cross  section
pated energy and the lower velocity component as a negdl o/v.dv, dv| versus the particle velocity components par-
tively deflected fragment with a large dissipation. At 30llel (v)) and perpendiculary(,) to the emitter direction
MeV/nucleon incident energy, a similar behavior is observed56]. Figure 4 shows an illustration of typical Galilean-
for the PLF’s, but we cannot see the second componerifivariant velocity distributions of LCP’sZ=1 and 2 and
clearly. It may due to the relatively higher detection thresh-IMF's (Z=3) as a function ob andv, in the emitter frame

old for an incident energy of 30 MeV/nucleon compared tofor the **Cl+**’Au system at 30 and 43 MeV/nucleon inci-
43 MeV/nucleon. dent energies. The particleZ€1, 2 and 3 are coincident

with a Z,,,=12 fragment of velocity larger than 70% of
beam velocity. In the analysis, the coincident particles and
fragments were converted, event by event, into the frame of
the emitter reconstructed from all detected particles in the
Figure 3 shows the correlation between the velocity of theevent and th& axis was chosen to lie along the final recoil
Zmax fragments detected by telescopes and the mean chargedlocity of the emitter. In the figure, a larger width in the
particle multiplicity M ¢ in each event for two incident ener- mean velocity distribution is observed at 43 MeV/nucleon
gies. The velocities are normalized to the beam velocitiesthan at 30 MeV/nucleon, which suggests that more highly
The data have not been corrected for the detection efficiencexcited QP’s are formed at 43 MeV/nucleon. A well-defined
Each panel represents a fragmegpt,, from 8 to 16. For each  “Coulomb ring” shown in the velocity pattern would indi-
fragment, the experimental data show a similar trend: theate that most of the particles are indeed emitted sequentially
(M¢) decreases almost linearly with increasivg,,. As  from the fully accelerated primary QP. However, there is a
discussed for the systerf®Ne+%°Rb at 35 MeV/nucleon considerable number of particles located outside the rings as
[54] and “°Ar+ 132Xe at 44 MeV/nucleorf55], one expects it can be seen in the figure f@=2 and 3 particles. These
that the strong correlation between charged particle multiparticles, with only about half the beam velocity, cannot be
plicity and impact parameter also exists in peripheral andcexplained as the products of a primary excited QP. They
semiperipheral collisions in the present system. The eventsere referred to as “non-QP equilibrium emitted particles”
with a larger multiplicity correspond to more violent colli- [57]. They may come from the evaporation of an excited QT
sions (smaller impact parameferSome qualitative results or/and other nonequilibrium processes. Although most
can be deduced from this figure for both incident energiesevaporated particles from the primary QT have a low energy

3. The correlation between fragment velocity
and charged particle multiplicities
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130 MeV/nucleonZ=1 |43 MeV/nucleonZ=1 velocity (v|) of particlesZ=1, 2 and 3 coincident with frag-

. ments withZ,,,=9, 10 and 11. The direction ofv() is
along the recoil direction. Although the distortion caused by
the detection system has not been taken into account, one can
observe from the figure that the distributions are very asym-
A I metric. The negative mean values show that more particles
Z=2 [ Z=2 are emitted backward in the frame of the emitter. In fact, if a
i full 4 7 detector was used in the experiment and all particles
emitted from a single source, the distributions should be

L symmetrical and centered at zero. For less thargéometry
0.2+ - as in the present experiment, a forward emission should be
e enhanced because of the focusing at forward angles in the
0.2- 7=3 C 7=3 laboratory. The enhancement is stronger at 43 MeV/nucleon
i than at 30 MeV/nucleon. The discrepancies between experi-

=
o
I

0r C mental data and qualitative expectations suggest the presence
i of other complex emission processes. The velocity distribu-
0.2 ‘ ‘ N . ‘ tions obtained for particles of sanZeare found to be inde-
02 0 02 02 o o2 pendent of the coincidert, .
V,(c)

2. The Monte Carlo simulations
FIG. 4. Galilean-invariant velocity distributions of LCP’s and S . .
IMF’s as a function oty andv, in the emitter frame. The particles To study th,e no,nequ,'“b“um emission ,mc_)re, quantita-
are in coincidence with a fragment 2f,,= 12 and velocity larger tively, the possible distortion caused by the limitations of the

than 70% of beam velocity. The emitter frame is reconstructed fronXPerimental apparatus and recoil effects must be consid-

the total detected particles in the event. ered. A Monte Carlo simulation is performed to evaluate as
closely as possible the experimental situation.

and are eliminated by the energy thresholds of the detectors, N the simulations, we focus on the events in which the
Eeawest fragment has been detected by the telescopes be-

such a contamination might still be present because of th . o )
relatively low thresholds of Csl detectors, at G00.0%, ~ Ween 3.0° and 5.0°. The following hypotheses were made.
r (1) The primary emitter was &°Cl nucleus, with a broad

and 0.t for Z=1, 2 and 3 particles respectively. However, o AT . .
in the following section, simulations show that the evapora£Xcitation energy distribution as inferred from the experi-

tion of a QT could not be strong enough to explain the 0b_ment[ﬁ]. The charge_ dist_ribution was adjusted to reproduce
served yield of “non-QP equilibrium emitted particles.” the detected PLF _yleld n the telescopes and the-average
Most of these particles should be accounted for from nondétected multiplicities of emitted =1, 2, and 3 particles.

equilibrium processes. More of these particles are seen at 431€S€ multiplicities foZ=1, 2, and 3 particles with a coin-
MeV/nucleon than at 30 MeV/nucleon. cident fragment ofZ,,,,= 10 were about 4.1, 1.2, and 0.7,

A more obvious and systematic presence of nonequi"b_respectively. The mean excitation energy was 100 MeV at 30

rium particles can be seen in Fig. 5, which shows the parall/€V/nucleon and 150 MeV at 43 MeV/nucleof2) The
recoil velocity of the primary QP was taken from the inclu-

sive Z . Spectra in the telescopes. Its angular distribution is

150:30 MeV/nucleon Z=1" |43 MeV/nucleon Z=1 peaking at the grazing angle and decreases exponentially
100 BQA : ﬁa from the grazing angle with parameters adjusted to yield ap-
E aﬂ g | proximately the angular distribution of the detected P(3}.
S0 Pd B The decay of the primary excited QP was described by the
Y L ™ J , statistical decay code GEMINH3] which will be described
g 150 Z=2 Z=2 in Sec. IV.(4) Its mean angular momentum around:1®@as
£ 100 3’6‘ c : chosen for both incident energies, as estimated by the DIT
% B !lﬁ ] g ﬁ model. In fact, in the frame of the primary fragments, the
g g . _Bgﬂ o LCP’s are not emitted isotropically, although the emission
3 of L B | el [ el pattern is symmetric around 90°. For each decay, the labora-
< 150 =31 7=3 tory velocities, energies and emission angles of the PLF and
100- @ag f ‘5@. of the associated LCP’s as well as their atomic number and
: 6§ % F nﬁ mass were registered. The simulated data were then analyzed
S0¢ 8 in the same way as the experimental ones. The left panel of

r ° )
2 0. 0.2 -0.2 0. 0.2
Vil

Fig. 6 shows the detected PLF yield distribution in the tele-

scopes and the right panel the corresponding velocity distri-

butions of fragments witlZ ,,,,= 10. The experimental data
FIG. 5. The parallel velocity component) of Z=1,2,and 3  are satisfactorily reproduced by the simulation with reason-

particles in the recoil direction of the emitter. The particles areable values for the parameters.

coincident with a fragment wittZ,,,=9, 10, or 11. The square, Figure 7 shows typical experimental angular distributions

triangle and circle symbols represent the data of particles coinciderlo/d® ., of Z=1, 2, and 3 particles coincident wit,,,

with a fragment ofZ,,,,= 9, 10, and 11, respectively. =10 fragments detected by the telescopes at 30 and 43 MeV/
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10 le 20 % 0.4 FIG. 8. The fraction of nonequilibrium to equilibrium emitted

particles ofZ=2 and 3 as a function of atomic number of the

FIG. 6. The chargéeft) and velocity distributiongright) of the ~ largest fragment in each event detected by telescopes°@h
event largest fragmeni(, .= 10) detected by telescopes at 30 and +°Au reaction at 30 and 43 MeV/nucleon.
43 MeV/nucleon. The circles and lines represent the experimental
and filtered simulation results, respectively. mately. Thus recoil effects due to nondetected particles are
not taken into account. In the figure, the experimental angu-
nucleon. For a giverzZ,,,,, data from the three telescopes lar distributions are very asymmetric. As for the velocity
were combined. The angular distribution in the emitter framedistribution, there are more particles emitted in the backward
was reconstructed from all detected charged particles in eadfirection. The dotted lines are the angular distributions pre-
event. The angular distributions for particles coincident withdicted by a Monte Carlo simulation. In the emitter frame,
other values foZ,,,, are similar. As several particles may be particles from a statistical emission should display angular
emitted, this frame transformation can only be made approxidistributions symmetrical around 90°. The filtered simulation
yields are represented with solid lines. The forward bump is
enhanced relative to the backward one because of a Jacobian

6001 30MeVinucleon Z,,=10 [~ 43MeVinucleon Z,,=10 effect resulting from the strong focusing in the laboratory of
wo b z=1 Loz the forward emitted fragments. The excellent agreement be-
C o i ® 0. tween the simulated and experimental proton angular distri-
200 X, C butions suggests an emission from a primary QP in thermal
z N A equilibrium. In contrast there is a large excess of backward
I I e T T emittedZ=2 and 3 particles when compared to the simula-
L6007, ) tion. This excess is an indication of some “nonequilibrium
z emission process.”
SA0r %d%d)o% E Lpd’dﬁqb With the confidence gained from the simulation for QP
g 2000 ° <., © decay, the contamination of the QT evaporation could also
S 0 o | & R O be estimated from the same Monte Carlo simulation. The

primary QT was!®’Au, its velocity and deflection angle be-
ing calculated from the recoil of a QP event by event. The
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a L excitation energy division between QP and QT is supposed
400 [ ooo°o<7°Cb B to be equipartition(equal sharing The total excitation en-
[ o I 4 o ergy of QP and QT are deduced from total kinetic energy
200 - ° r - i o loss(TKEL). The evaporation particles from QT’s were then
y A :‘o.‘mu..\‘.‘m. analyzed in the same way as that from QP’s. The simulation
% 50 100 150 0 50 100 150 shows that the yields for the primary QT can be ignored.
[S)

c.m.(degrees)

3. The fraction of nonequilibrium emission

FIG. 7. Experimental angular distributions @f=1, 2, and 3 . . . . .
particles in the emitter frame of events with a heaviest fragment With the help of simulations, the fraction of nonequilib-

detected by telescopes of chargg,,=10. The dashed and solid flum emission from the QT can be extracted. Figure 8 shows
lines represent the unfiltered and filtered predictions of Monte Caridhe fraction of particleZ=2 and 3 as a function of the heavi-
simulations, respectively. For comparison purpose, these curvedst fragmentZ,,, detected by the telescopes. Nonequilib-
have been normalized to experimental data at forward angle§um Z=1 particles could not be observed unambiguously.
(Oem=90°). For Z=2 and 3, one sees from the figure that the fraction
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decreases with increasiig,,, but, for a given fragment, it is Rl
larger for an emitted particle of highet These qualitative 0075 7, =13
results are consistent with those ¥ + "¥Au at 58.7 MeV/ 0.050
nucleon[57]. For a same fragment and a same emitted par- g5
ticle, the fraction in the present system increases slightly
with incident energy. It should be pointed out that the above
results are qualitative. Quantitative calculations depend criti-
cally not only on the geometry of the detectors but also on an
accurate energy calibration for the LCP’s, as seef5ifi. 5 0025
Variations of the parameters used in the simulation such as3o.000
recoil velocity, excitation energy, angular distribution, angu- * ¢g7s
lar momentum of the emitter, do not change the above con-
clusions. More precise exclusive measurements are desirabl
for further study.

The presence of a nonequilibrium component is a chal-
lenge for calculations of the collision dynamics between 0075
complex nuclei[57]. Indeed most preequilibrium calcula-  0.050
tions do not include composite particle emissions. There are g5
some calculations to explain the origin of nonequilibrium
contributiong 58—60. An emission from the zone of overlap
between projectile and target would be consistent with the
present observation. There are several indications that the riG 9. Linear contour plots of Galilean-invariant cross sections
observed IMF may have resulted from the rupture of &or different total detected charge&,=13 to 20, in the *Cl
“neck” formed transiently between the reaction partners+197ay reaction at 30 and 43 MeV/nucleon as a functionVef
[15,18,27,2& During the separation stage, such a neck mayndv,, .
be unable to react adiabaticaly to the violent forces exerted
on it by fast-moving massive fragments and may snap in tW@zalilean-invariant cross sections fa, from 13 to 20 as a
or more points. As a result, a neck residue, a relatively lighynction of Vioy @nd Vg, . For 30 MeV/nucleon, it is very
fragment, would emerge and be accelerated by the mutuglear that, a<Z,, gets close t&qp=17, the velocity distri-

o
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Coulomb repulsion. bution becomes narrower. The evolution of the kinetic en-
ergy ofZ,,; is well known in DIC at low energies. So, for 43
C. Dissipative collision phenomena MeV/nucleon, such an evolution is not as obvious as for 30

MeV/nucleon. The velocity spectra are strongly peaked as
expected in a fragmentation process; however, the fact that
Although the dissipative process of heavy-ion collisionsthe peaks are slightly below the beam velocity and the pres-
at intermediate energies is very close to DIC known at loweence of strong low velocity tails indicate that dissipative phe-
energies, there are two differences: the production of QP andomena are still acting at 43 MeV/nucleon.
QT are accompanied by preequilibrium emission and even The observation of a characteristic correlation between
the breakup of projectile might occur before the DIC pro-the amount of dissipated kinetic energy and the deflection
cess; most of the dissipated energy is transferred into excitangles of the PLF has played an important role in studying
tion energy of the partners in the collision. The primary QPthe dynamics of damped reactions at lower energies. The
and QT are highly excited, so they are short lived (6  observation of such correlations has led to the introduction of
10716 s). Their observables cannot be measured directly aa friction force in heavy-ion physics and to the development
in lower energies, it has to be inferred from observed prodeof various models of dissipative interaction dynamics. Such
ucts. So the dissipative processes can only be studied frogorrelations visualized in a two-dimension@Nilczynski
those reconstructed observables. These data could be daet[61]) plot of the yield versus the deflection angle and the
scribed using two different hypothesed) An abrasion- kinetic energy of the PLF, have revealed the evolutionary
ablation mechanism leading to barely excited primary frag-character of the underlying process. Figure 10 shows contour
ments.(Il) A binary reaction mechanism reminiscent of DIT plots of the deflection angleé®.,,, and the associated ki-
where a large amounts of excitation energy is shared beietic energyE,, for different Z,,; from 13 to 20. Since the
tween the two partned&7]. velocity of a system can be an evaluation of the dissipated
In fact, the dissipative binary collision is not as simple asenergy, this figure may be regarded as an analog of the Wil-
a two step process. The damping process may be accompeeyrski plot. As seen in this figure, the degree of energy
nied by nonequilibrium particle emission, as described in thalissipation is strongly correlated with the deflection angle,
previous part. In the present experiment, all products fromndicative of a dissipative orbiting process. Clearly, an in-
the QP decay are well above the detection thresholds ancteasing amount of kinetic energy is converted into heat, as
their charges are well identified. Particles from the QT arethe interacting dinuclear complex turns toward smaller
hardly detected. As an approximation, the total detectedngles. Classical model calculations could account for the
chargeZ,,; was used as a global variable to study the dissiimain ridge of observed yields and a continuation of this
pative collisions of the present system in a qualitative wayridge into the range of negative scattering angles, what is
Figure 9 is an illustration of the linear contour plots of also observed in the figure. More dissipative character is ob-

1. Dissipative collision phenomena
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O, (degrees) and lithiumg coincident with fragmentsZ,.,.=6, 7, 8, and 9, de-

. . o . tected by three telescopes at an angle of 4.0°.
FIG. 10. Linear contour plots of the yield distributions, for dif-

ferent total detected charg@&g,, versus the deflection angle in the
c.m., ®.,,, and the associated total kinetic energy, in thel
+1%7Au reaction at 30 and 43 MeV/nucleon.

is slowed down orbiting around the target to actually nega-
tive scattering angles whereas the particles are preferentially
emitted in forward directions with only a slight change in
served at 30 MeV/nucleon than at 43 MeV/nucleon, as it wasnomentum. The whole reaction proceeds on a short time
in the two-dimentional velocity plot. scale, without passing through a phase of thermal equilibra-
tion as a necessary intermediate step for the particle emis-
sion. The asymmetry of angular distributions shows a depen-
dence on the fragment charge; less asymmetry is observed

Dissipative collisions become more complex at intermeforalar o7 The more violent the collision is. the larger
diate energies. A new mechanism called “incomplete deep- 912 may- Vi Ision Is, 9

inelastic scattering” or “dissipative fragmentationlike” re- IS the yield of incomplete DI.C' The fragment angular distri-
actions[29,33 has been observed experimentally. This couldbUtlonS are more asymmetric at 30 MeV/nucIeon than at 43
be studied by observing a strong left-right asymmetry of thé\/_leV/nucI_eon, but smaller cross section for such a mecha-
nonequilibrium particles detected in coincidence with masiSm at higher energy could be seen from the data analyses.
sive fragments. To demonstrate such a mechanism for the
present system and further study the dissipative collision in
the Fermi energy domain, correlations between weakly
damped massive fragments and partidle2 have been
measured. Figure 11 shows the angular distributions of par-
ticles Z=2 coincident with fragment&,,,,,=6, 7, 8, and 9

for 30 and 43 MeV/nucleon. The fragments with,,
=70%v peam Were detected by three telescopes. The data
from the telescopes were combined. The relative azimuthal The BUU equatior{38,63 has been used to understand
angle of coincident particles was limited taA¢|=|¢,;  the collision dynamics. It describes the time evolution of the
— ¢,/=<10°. The solid angle of the different detectors hassingle-particle phase-space distribution function and observ-
been taken into account. The angular correlations peak a@bles are calculated from that function. The detailed descrip-
negative angles, meaning that more coincident particles aréon of BUU equation can be found in Ref28,63. In the
emitted in the opposite side of the detected fragments. This igalculations, the equation was solved numerically using a
seen as a qualitative manifestation of the direct breakuparallel ensemble method. Two different parameter sets were
mode in the dynamical sen§&2], because such an asymme- used for the equation of statEOS), corresponding to values
try could not be explained if all coincident particles are emit-of nuclear compressibility o0K=200 MeV (soft EOS and

ted from an equilibrated QP. A classical model provides theK=380 MeV (stiff EOQS), respectively. For simplicity, the
following picture of the breakup process: in a semiperipheraln-medium  nucleon-nucleon  cross  section oy,
collision, a projectile coming close to the target is strongly= [ (do,,,/dQ)dQ is chosen to be isotropic and energy in-
decelerated by the friction force, which breaks the link be-dependent. The mean field and the Pauli-blocking factors in
tween clusters in the projectile. For all ejectiles there is ahe collision integral are averaged over an ensemble of 200
clear correlation between their energy loss and the angle gfarallel simulations. Only test particles with local density
emission. The target-distant part of the projectile is onlyexceeding 7% of saturation nuclear density are considered to
slightly deflected and decelerated, while the target-close pakie part of a bound cluster.

2. Incomplete dissipative collision phenomena

IV. MODEL CALCULATIONS
AND COMPARISON TO DATA

A. Theoretical models

1. BUU model
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2. Deep inelastic transfers model (DIT) lighter projectile to the heavier target than vice versa. This

The DIT model[37] has been used to interpret the forma- Pehavior is well known for an asymmetric heavy-ion reac-
tion of an excited QP by dissipative processes. The model i§on at low energies. So the formation of heavy QP’s could
based on the Randrup’s one_body dissipative thqw not be well predicted with the BUU model. However we
which assumes that the dissipation proceeds mainly throughave calculated the mean number of nucleons transferred
stochastic transfers of nucleons decoupled in time. In théom projectile to target and vice versa as a function of im-
model, the system is represented as two Fermi-Dirac gasegact parameters with the DIT model férCl+%"Au at 30
The projectile and target approach each other along CoulomidleV/nucleon. It predicted that the mean number of nucleons
trajectories until they are within the interaction radius. Attransferred between projectile and target have a near linear
this point a window defined by potential barriers opens andlependence on the impact parameter and there are more
stochastic transfers, which exchange nucleons, energy, amdicleons transferred from the projectile to the target than the
angular momentum, may occur. The transfer probability isnet number of transferred nucleons. The results are consis-
calculated via a phase-space integral which, accounting faent with that of the BUU model. A similar conclusion has
the Pauli blocking, incorporates the phase-space flux termyiso been obtained by the BUU calculations for tfar
the barrier penetrability, and the occupation probabilities. 1591 system at 44 MeV/nucled$9]. Moreover, the DIT
The transfers generate the fluctuations of mass, charge, ex¢hodel considers the fluctuations of transfers and allows com-
tation energy, and angular momentum. After the interactionpytation of observables such as mass, excitation energy and
the primary QP and QT follow separate Coulomb trajectoriesangular momentum of QP on an event by event basis. These

and decay by evaporation into secondary residues. observables, together with deflection angle and velocity of
o QP are used as input to the statistical decay model which
3. Statistical decay models describes the subsequent decay of the excited QP. A hybrid

The excited QP decay is described with two different sta2PProach which couples DIT and statistical decay models
tistical decay models. One is a standard sequential binadSEMINI and SMM has been established to explain the
model GEMINI[43], another one is a simultaneous breakupXpPerimental data. . o o
model SMM [48,65, the latter strongly dependent on the FOr a systematic study with sufficient statistics, we gen-
“freeze-out” volume. In the GEMINI code, all the possible €rated a total of more than 100 000 events in the simulations.
binary channels from light particle emission to symmetricall & number of events generated at a given impact parameter
division are considered. For the light particB<2) evapo- IS Proportional to its value. So the number of events con-
ration the decay width is calculated by using the Hauser!@ined ina given domain of observables is proportional to the
Feshbach formalisrf66]. For the emission of heavier frag- CroSS section. The maximum impact parameter estimated
ments =3) the decay width is determined by using the from the total reaction cross section given by the semiempir-
transition state formalism of Morettp67]. In the SMM ical parametrizatiofi70] is 12.6 fm, corresponding to the 4.3
model, the multifragmentation of highly excited nuclei is  98ometric total reaction cross section. _
based on the statistical approach of microcanonical approxi- Before the simulation results can be compared with the
mations and a liquid drop description of hot primary frag- €xPerimental data, the simulated events have to undergo the
ments @=5). It is assumed that an excited nucleus ex-experimental filter. The filter takes into account the follow-
pands to a certain volume and then breaks up into nucleorl89 €ffects. First, the direction and energy of the emission
and hot fragments. After breakup of the system, the fragpamcles should meet the needs of geometrical and energy
ments propagate independently in their mutual CoulomtFuts of the detection apparatus described in Sec. Il. Sec-
fields and undergo secondary decays. The deexcitation &ndly, two or more particles could not be detected in the
large fragments A-=17) is described by the evaporation- S&me detector during the experimeniultiple hit events
fission model and for smaller fragments by the FermiThirdly, the simulation events are selected in the same way
breakup model. The evolution of nuclear disintegration@S experimental ones, as it will be described later. In the
mechanisms with increasing excitation energy, from com{ellowing comparison of hybrid approach calculations with
pound nuclear to multifragmentation and vaporization, fol-€xPerimental data, these effects have been considered.

lows naturally from the moddl68].
4. Hybrid approach B. The reconstruction of quasiprojectile

The BUU model used in the present study is more rigor- 1. Event selection

ous than the DIT model to describe the collision dynamics as To ensure that the detected particles are emitted from a
it takes into account two-body collisions and pre-equilibriumQP, careful event selection is considered. In the present ex-
emissions, which are not explicitly treated in the DIT model.periment, at least three kinds of contamination could be
Nevertheless the DIT model remains interesting. First, one ofresent. Contaminations due to the target evaporation and
our main objectives is to study the dissipative processes iparticles emitted from an intermediate-velocity source or
the Fermi energy domain. The major features of such prononequilibrium processes as discussed in the previous sec-
cesses for'%Ar+"Ag system at 27 and 44 MeV/nucleon tion. Particles emitted from the preequilibrium processes
have been reproduced satisfactorily by the mda8&l. Sec- may also be detected. Since their velocities can extend to
ondly, the BUU model does not include the fluctuations, theseveral times that of the projectile. Most of preequilibrium
net mass transfer being always in one direction for a giverparticles are concentrated at a small angle along the beam
impact parameter: more nucleons are transferred from thdirection.
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The (_aver_wt selection_followed the.m(.athod ofdeequelles  excitation energyEgp was obtained by combining th®
[71] which is an effective way to eliminate the above con-yalue of the detected channel to the relative kinetic energy:
tamination [72]. The procedure employed involves three
steps: a first evaluation was made by calculating the c.m. of " :}2 m |5 Ry 2-Q, +E o
all the particles with chargg=4. A more accurate evalua- a4 men Tap max . n
tion was then made by retaining only the particles with
chargeZ=3 which were included in a velocity selection The sum runs over the number of products apéndm, are
sphere centered on the first calculated c¢.m. in velocity spacéle product velocity and masQmay is the most positiveQ
The radius of the sphere was set de-0.44) 057 SO tO value of each detected channel. A correction for unobserved
include all particles emitted in the forward direction. In the NeUtronsk, was made using an empirical law for neutron
third step, this process was repeated including? andZ multiplicity and a kinetic energy per neqtron equal tEIiZ
=1 particles for which the appropriate velocity radii were The temperaturd was e_stlmated from a first step excitation
set t0 0.44p.amand 0.5 e, respectively. The radii of the energy which does not include tfi;
velocity sphere were chosen by Monte Carlo simulations
with a statistical evaporation code to ensure that the evapo-
ration parti_cles from highly excite_d QP’S were included and 1. Dynamical simulations of BUU model
preeqU|I|br|ur_r_1 particles were eliminated in a re_ason_ab_le The BUU model has been used to simulate the dynamical
way. The radii of the velocity sphere have been varied within . o o ye
10% without influence on the results discussed later. At th evolution of collisions with impact parameters and incident

: ergies. Figure 12 displays the mean density profiles in the
selection procedure, about 90% of total events are preservqé]action plane for BUU simulations with stiff EOS as a func-

and less than 5% af=2 and 3 particles may account for the o of time, for three impact parameters @ 30 MeV/
contamination of nonequilibrium emission. _ nucleon andb) 43 MeV/nucleon incident energies. The cal-
To study the decay of excited QP and compare with theyations were followed up to 400 fm/relative to the
model predictions more quantitatively, we concentrate on thgystant when the projectile and target surfaces are separated
events of charged particle multiplicityl ;=2 and total de- py 2.0 fm att=0 fm/c. Two features should be noted in the
tected chargeZ,=17, which correspond to the primary figure. First, for peripheral collisions of large impact param-
QP’s of chlorine isotopesqop=17, if all particles are from eter,b=10.0 fm, after about a time of 120 and 100 tm/
the QP. For lighteiZgp, the contamination due to heavier well defined primary QP and QT can be identified at 30 and
QP’s by missing one or two particles has to be considered#3 MeV/nucleon, respectively. For semiperipheral collision
For heavierZqp, the QP yields are suppressed strongly. Toof b=7.0 fm, it takes more time, about 220 and 160 ¢m/
get an overview of the collision, the differential cross sectionSo the lifetime of a dinuclear system depends not only on the
for Zop=17 has been simulated with DHGEMINI hybrid ~ impact parameter but also strongly on incident energies. It
approach for 30 MeV/nucleon. The results show that thedecreases with incident energy and impact parameter. Obvi-
CRL-Laval Array has a strong selection in impact parameterously a single deformed compound nucleus is still formed
At small impact parameteb& 4.0 fm), the deflection angle until t=400 fm/c in the calculation at small impact param-
of QP is larger than 46.8°, and then the QP decay productster (4.0 fm) for both incident energies. Secondly, the char-
would rarely be completely detected. We are also not able tacteristics of the primary QP calculated with a dynamical
detect the events for a large impact parametdr ( model are also sensitive to the freeze-out time at which those
=12.0 fm), since it is limited by charged particle multiplic- observables are evaluated.
ity (M.=>2) because of the low QP excitation. The multide- To understand the effect of nucleon-nucleon collision
tector array has a large efficiency for an impact parameteterms, BUU model without a collision term was also simu-
between 6.0 fm and 10.0 fm, and is suitable to study thdated for both incident energies. As expected, the effect of
reaction mechanisms in peripheral and semiperipheral collithe collision term increases with incident energy. At 30
sions for the present reaction system. After experimental filMeV/nucleon, an essential feature of the calculations is the
tering, about 20% of total simulation events were preservedexchange mediated by mean field, between projectile and
For totally detected chargg,=17 events, the hybrid ap- target of nucleons that do not undergo a collision. This
proach predicted that 90% events originate from the decay diucleon exchange is very similar to that associated with the
Zop=17, and 7% and 3% events from the decayZefy so-called window-wall approximation of one-body dissipa-
=18 and 19, respectively. The values are very close to th&on used for low energy reactions. Figure 13 shows the BUU
experimental result of 92%17), 6% (18) and 2% (19), predictions with soft EOS for the mass, deflection angle,

which were estimated by considering the measured cross se¥elocity, angular momentum of the primary QP for the two
tion and detection efficiency72)]. incident energies. The QP is referred as the second largest

fragment at the end of the calculation. A simple geometrical
cut was used to assign a test particle to either the primary QP
or QT. The angular momentum was calculated in a classical
Assuming that all the QP products are detected, then thapproximation. The mean freeze-out times were chosen as
velocity and excitation energy of primary QP’s can be recon-160 fm/c and 130 fm¢ for 30 and 43 MeV/nucleon respec-
structed from their decay products on an event by event bastsely, but slight differences were made for different impact
by energy and momentum conservation laws. The velocity oparameters. In the figure, the mass of primary QP decreases
a QP,Vy,, is the vector sum of the product velocities. Its with impact parameter for both energies. At large impact

C. The production of quasiprojectile

2. The reconstruction of quasiprojectile
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FIG. 13. The distributions of four observables for the primary
QP as a function of impact parameter from BUU calculations for

540’_ i the 35CI+%7Au reaction at 3Q(open circley and 43(full circles)

s i MeV/nucleon{Agp (@ o .{Vor, and(lop are the average mass,
20~ r laboratory frame deflection angle, velocity and angular momentum
03 F of the primary QP, respectively. In the figure, the average velocity
0 L was normalized by that of projectil®,;;.

- o pact parameter. At the same impact parameter, the QP was
oF - observed to be slower at 30 MeV/nucleon than at 43 MeV/
4o E nucleon. The smaller deceleration of the QP may be ex-
20 o plained from a shorter interaction time. One notices that for a
F F given impact parameteb&8 fm) the angular momentum
4‘{); 3090 5 is almost the same at both incident energies, but there is a
o S e s plateau at small impact parametdr<(8 fm). The angular
200 o, - momentum is higher at 30 MeV/nucleon than at 43 MeV/
C C nucleon at impact parametér=7.5 fm. The small differ-
B ence for the angular momentum is very similar to that for the
F mass. A possible explanation of the similar behaviors could
o be the more dominant nucleon-nucleon collision at smaller
a impact parameter and higher incident energy from a com-

parison with BUU simulations neglecting collision terms.
Figure 14 shows the correlation between the recoil veloc-
FIG. 12. The mean density profiles of BUU simulation in the ity @nd deflection angle of primary QP with two kinds of
reaction plane with time evolution of th&Cl+27Au reaction at EOS at 30 and 43 MeV/nucleon. For 30 MeV/nucleon, the
different impact parameters fc(a) 30 MeV/nucleon anc(b) 43 BUU model prediCtS a decrease in Velocity and deflection
MeV/nucleon incident energies. The density value is on a logarithangle with impact parameter. The collision characteristics are
mic scale. typical of a binary dissipative process observed at low en-
ergy. However, such a direct correlation is not so obvious at
parameter, the mass of QP was about 29, most of lost nuclet3 MeV/nucleon. It should be emphasized that the simulated
ons were emitted as preequilibrium particles. At small im-results of BUU model are qualitative and will be affected by
pact parameter, the mass of the primary QP is predictethe freeze-out time, EOS and number of test particles, etc.
smaller at 43 MeV/nucleon than at 30 MeV/nucleon. More
interesting is the evolution of deflection angle with impact
parameter and the incident energy. As shown in the figure,
the mean scattering angle of QP is about 0° and less depen- Properties for the primary QP @qp=17 have been also
dent of impact parameter at 43 MeV/nucleon. However, apredicted by DIT model calculations. Figure 15 shows the
30 MeV/nucleon, the deflection angle of QP is negative formean angular momentugie) and masgAqg) distributions
most impact parameters and as large—&k5° for an impact ~ as a function of excitation enerdsgs from DIT model cal-
parameter of 6 fm. The velocity of primary QP was normal-culations at 30 and 43 MeV/nucleon. Tk has a very
ized to that of the projectile. It decreases smoothly with im-similar distribution for the two incident energies. The maxi-

Z(fm)

2. Reconstructed excitation energy of the quasiprojectile
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i momentum transferred to the internal degrees of freedom,
1'0;" a 0 Al, depends on the moments of inertia according to the re-
| lationship
r ? r 80
ot e - oc® A|:|i—|j=|iﬂ, @)
[ O i O. Ji+Jp+JT
/§§ 3 o) : 3 9 wherel; andl; are the initial and final angular momenta of
& ok o. b ® the system, respect_lvelyp, J;, andJ; are t_he inertia mo-
5 o - O o ments of the projectile, target and systemi; i supposed to
% E i E Oe be 19@, which corresponds to an impact parameter of about
¥ : 5 fm, then theAl, is about 9@, which is larger than 7%
04k 9 a predicted by the DIT model. It means that the QT and QP are
i ’ 43 MeV/nucleon not fully sticking at the highest energy damping in the DIC
i o collisions.
i i ® Stiff EOS Another interesting prediction of DIT model is that the
020 30 MeV/nucleon [ O Soft EOS QP is neutron-rich. The mean massesZgf=17 increase
i f with its excitation energy as shown in the lower part of Fig.
S S O S B 15. At the highest excitation energy, ttid)/Z ratio is about
-20 -10 0 10 -10 0 10 1.35 and 1.18 for 30 and 43 MeV/nucleon, respectively,
< Bp > (degree) which is larger than that of the projectiléN)/Z=1.06) and

_ _ ) approaches the value of the compound systeiN){Z
FIG. 14. The correlation between the deflection angle in the:1_42)_ The dissipation of energy afil)/Z increase with
laboratory system and the veligscity of primary QP from the BUU ¢ |ifetime of the dinuclear compiex formed in damped col-
s ok e et h o 9E1S: AL h same exciation enery,the o2 val
EOS results .respectively P P fTues for th_e primary QP with hlg_her bombarc_img energy could
' ' be explained by the shorter interaction time at 43 MeV/
nucleon. At higher energies, tR&)/Z remains that of the
mum (lop) value 2@ is reached at the highest excitation projectile as predicted by the fragmentation mddél]. The
energy. The corresponding angular momentum of QT igyualitative behavior of mass evolution with excitation energy
about 5% . The value is close to the experimental result for aof primary QP and incident energy has been indirectly sup-
similar system A#-Au at 30 MeV/nucleori59]. On the other  ported by the experimental charged particle multiplicity dis-
hand, the total angular momentum of QP and QT can beussed in the next section.
estimated in the simple classical model which was used in To check the reconstruction procedure for the kinetic en-
DIC at low energies. If we suppose the so-called “stickingergy and excitation energy of the primary QP from its decay
limit,” two spheres of projectile and target sticking together products, simulation events of hybrid approach were ana-
and rotating rigidly prior to break up, the amount of angularlyzed in the same way as the experimental ones. The recon-
structed kinetic energy and excitation energy were compared
F with the values given by DIT model. The reconstructed mean
30F  ¥oAu kinetic energy of total detected chargg,=17 is consistent
g Zop=17 with the prediction of DIT model foZqp=17. However, the

a 20f discrepancy increases with decreasig value because of
AT the recolil effects of undetected particles. After correction for
_?5105 the energy taken by unobserved neutrons, the mean excita-
v ok

tion energy is also in good agreement with that Zfp
=17. So the energy conservation is precise enough in the
i simulations and reconstruction process. The main uncertainty
42:‘ —— DIT at 43 MeV/nucleon of reconstructed excitation energy is due to the mean neutron
g0 T DIT at 30 MeV/nucleon .- multiplicity (M,,). The(M,), which increases witfg, and
i o decreases with increasing incident energies, was estimated
by averaging the predictions of hybrid approach and mass
balance, where the masses of QP and products were taken
from DIT model and previous experimef]. At highest
excitation energy, the unobserved neutrons are estimated ap-
050 Hl(‘)(')‘ ‘ié(')‘ ‘it‘)b‘ 'iét‘)‘ 3(')0 proximately to talke as much Fis|25 and ZO%EQJP for 30
£ o (MeV) and 43 Me_V/nyc eon, respecjuve.y.
The excitation energy distributions reconstructed from ex-
FIG. 15. Mean angular momentum and mass distributions of€fimental data for alZ,,=17 channels and a comparison
chlorine as a function of excitation energy from DIT model predic- With the filtered results of DIT model are shown in Fig. 16
tions. The solid and dashed lines represent the results for 43 and $0r 30 and 43 MeV/nucleon. The medf, are around 100
MeV/nucleon, respectively. and 120 MeV and energies up to 350 and 400 MeV are

3l
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FIG. 16. Excitation energy spectra of chlorine QP reconstructed |G, 17. The mean charged particle multiplicities as a function
from the experimental decay products. The fipen circles and  f chiorine QP excitation energy compared with the predictions of
solid (dashedl lines represent the experimental data and the DITp T +GEMINI hybrid approach. The solidopen circles and full
model predictions of°Cl+'°7Au system at 4330) MeV/nucleon, (dashedl lines represent the experimental data and the simulation
respectively. predictions of*Cl+1%’Au system at 4330) MeV/nucleon, respec-

tively.
obtained for 30 and 43 MeV/nucleon, respectively. The ) ) ,
maximum uncertainties of the reconstructed excitation en- 0 characterize the decay of excited QP’s, several observ-
ergy is about 10%. The yield of primary QP decreases rap@P/es are used: the average multiplicity of IMKZ
idly with increasing excitation energy. For 30 MeV/nucleon, <8): M, the average maximum charge of fragments,
the DIT model provides a generally good agreement with thémax: the average asymmetry of the two largest fragments,
experimental data over the entire range of excitation energy*12, and the average asymmetry of second and third largest
But for 43 MeV/nucleon, DIT model overpredicts the yield TRIMENtS, Azs, A12=(Zmax—Z2)/(Zmaxt Z2), and Az
of highly excited QP. The yield distribution of primary QP is = (£2—Z3)/(Z2+Z3), whereZ, andZ; are the second and
sensitive to its deflection function. The Coulomb trajectoriesthird largest fragment chargeld. e characterizes the degree

of QP should be modified by considering the proximity po-Of disintegration of the excited nucleus afigl.y, A;», and
tential in DIT model for high incident energies. Aos reflect the sizes of the fragments. The whole set of these

observables gives a rather complete description of the frag-

mentation patterf65]. Figure 18 shows the dependence of
D. The decay of excited quasiprojectile those observables on the excitation energy gf=17. The
(M\ye) increases monotonically with increasing energy,
reaches a saturation value ofMye)~1.4 at Egp

The simplest variable which can be directly extracted~300 MeV and then appears to decrease. The experimental

from the experimental data is the charged particle multiplicdistribution of(Z,,,,) decreases simply with the increase of
ity M¢, including light charged particleZ(=1,2) as well as  Et,. The(A;,) exhibits a similar dependence @& with
heavier fragments. This global observable is an indicator ofhe excitation energy, whereas th&,s) is almost indepen-
the collision violence and has even been used to distinguisfent of the excitation energy at high excitation energies (
central from peripheral collisions73]. The multiplicity de- =100 MeV). At lower excitation energies E(
pendence on the impact parameter is strong in peripheral and 1gg MeV), (A, has a large fluctuation because of the
semiperipheral collisions, where a near linear dependence ignaller charged particle multiplicity. The mean observable
observed55]. Figure 17 shows the experimentdfl) ver-  jstributions as a function of excitation energy show very
SUSEgp of Zgp=17 for 30 and 43 MeV/nucleon and a com- similar tendency for both incident energies. The indepen-
parison with the predictions of a hybrid approach. In thedence of the incident energies gives us a strong experimental
figure, a strong dependence Wf; on Egp is observed for  evidence that the QP might approach thermal equilibrium
both incident energies. Multiplicities as high as 8 and 9 areand has similar primary characteristics at 30 and 43 MeV/
reached at the highest excitation energy for 30 and 43 MeVhucleon incident energig§4,75.
nucleon, respectively. The difference @), by about one The experimental distributions presented in Fig. 18 were
unit for the two energies at the highest excitation energiessompared with the calculations of GEMINI and SMM mod-
might result from mass differences of chlorine QP’s asels. In the simulations, the recoil velocities and deflection
shown in Fig. 16, and can be explained by the hybrid ap-angles of primary QP as a function of excitation energy are
proach. The hybrid approach predicts that the impact paramextracted from the experimental data to avoid the uncertain-
etersb=7, 8, 9, 10, and 12 fm of 30 MeV/nucleon corre- ties caused by DIT model. However, in the absence of sys-
spond to (M.)=5.76, 4.64, 3.03, 2.35, and 2.15, tematic knowledge, the angular momentum and mass values
respectively. were still taken from the prediction of DIT model. The

1. Distributions of experimental observables
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A S U GEMINIK(1=0) FIG. 19. Experimental inclusive charge distributions for four
% 04 Q‘ eessense  SMM(I=0) bins of excitation energy: 50—100 MeV, 100—200 MeV, 200-300
3 P ’-;.\ MeV and 300-400 MeV. The fullopen circles represent the ex-
0.2 - " perimental data of thé®Cl+1%7Au system at 4330) MeV/nucleon.
0.0 E The solid(dashed lines represent the predictions of GEMINI and
I T N NSRRI RS N N N SMMmOdel,I’ESpECtively.
0 100 200 300 400 . o o
£ tal values. At higher excitation energy, the opposite situation
p(MeV) . . . . . .
Q is found. In Fig. 19, experimental inclusive charge distribu-

tions of chlorine QP’s are compared with the GEMINI and
and first and second asymmetry of fragment charge distributions asMM C?'Cg'a“ons for f_our excitation energy _b'ns' For the
a function of excitation energy for thCI+ 17Au system at 30 and  1OW €xcitation energy bin, the charge distribution shows two
43 MeV/nucleon. The fullopen circles represent the efficiency P€aks reproduced by GEMINI, but the SMM model under-
corrected experimental data of 430) MeV/nucleon. The solid, Predicts the yield of IMF's. For higher excitation energies
dashed and dot lines represent the predictions of statistical decd§o=100 MeV), the charge distribution peaks at smaller
models GEMINI(including angular momentunGEMINI (I=0)  values and it is equaly well reproduced by SMM and
and SMM (=0), respectively. GEMINI. A gqualitatively similar behavior was also observed

in the decay of heavier =18, 19, and 20.
events generated by the statistical model were passed y QR

through the experimental filter. The GEMINI simulations
have been performed in two steps: witholtQ) and with
angular momentum respectively. However, in the SMM The excitation energf, of QP determines also the ki-
simulations, the angular momentum has not been considerdigtic properties of its products. Comparisons of experimental
because of the shortcoming of the code itself. The freeze-o@nd calculated energy spectra of emitted products may pro-
volume isV=V,(1+ k), wherek is a model parameter and Vvide some further insights into questions such as source size
V, the volume of the system corresponding to normaland expansiofi77]. To explore the dependence of mean ki-
nuclear matter density, respectively. A value ;o1 was netic energy with excitation energy, tiEx) of products for
used in the SMM simulation. As shown in Fig. 18, the Zgp=17 versus their chargg in their rest frame are shown
GEMINI simulation which does not include angular momen-in Fig. 20 for four excitation energy bins. In the figure, the
tum, disagrees with the overall distributions of experimentak Ex) was divided by Z for comparison. The distributions of
data. After including angular momentum, the distributions(Ex/2Z) are again nearly independent of the incident ener-
have changed considerably and agree with the experimentgies in each excitation energy bin, but increase with excita-
data satisfyingly. So the angular momentum plays an importion energy since they are related to the temperature of the
tant role in the decay of hot nuclgi6]. Although the effect ~emitter. For a given excitation energy bin, tfig./2Z) de-

of angular momentum has not be considered in the SMMreases with increasing. The calculations of GEMINI
simulation, the SMM calculation can also reproduce the exsnodel underpredict the experimental data of IMF’s for all
perimental data over the entire range of excitation energy. Aexcitation energy bins and the disagreement increases with
lower excitation energy, the GEMINI model predi¢td =)  €xcitation energy. At lower excitation energies (200 MeV
larger than the SMM model and overpredicts the experimen=<Eg), the calculated SMM results are in good agreement

FIG. 18. The mean IMF multiplicity, maximum fragment charge

2. The energy spectrum of products
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given charge, it increases with the charge of the emitted par-
: ticles. A proper treatment of nonequilibrium effects with the
a ‘\& . current microscopic transport model has not yet been worked
N out. Since the nonequilibrium IMF component can be studied
in less violent binary collisions, for which the exit channel is
100 MeV <E’ <200 MeV simple and easy to characterize, a very interesting opportu-
nity is offered to study dynamical effects in nuclear reactions
under well-controlled experimental conditions.
AR rvvsivess s, 2 I The QP characteristics have been reconstructed from their
200 MeV <E” < 300 MeV decay products with a careful event selection: several fea-
tures are reminiscent of damped reactions at lower bombard-
ing energies, since the QP atomic number and deflection
bl TR ® angle depend strongly on the kinetic energy or dissipated
E Q300 MeV <E" <400 MeV energy. The excited QP is seen to be produced in binary,
\ orbiting-type collisions, compatible with the scenario under-
lying the nucleon exchange model. The dissipative collision
processes have been analyzed in BUU and DIT models. At
30 MeV/nucleon, the experimental data can be explained by
DIT model in a consistent way. One-body dissipation is still
FIG. 20. Experimental mean kinetic energy values of chargedhe main mechanism for the energy and angular momentum
products (:Z<9) evaluated in the reference frame of the primary dissipation. The number of neutrons and protons transferred
QP (Zqp=17) versus their charges compared with the calculationgetween projectile and target has a nearly linear dependence
of GEMINI and SMM models for four bins of excitation energy: on the |mpact parameter However for 43 MeV/nucleon’ DIT
0-100 MeV, 100-200 MeV, 200-300 MeV and 300-400 MeV. s aple to predict only the experimental tendency. Two-body
The full (open circles represent the experimental data of thel dissipation might play a more important role at that incident
+1%7Au system at 4330) MeV/nucleon. The soliddashed lines energy.
represent the predictions of GEMINI and SMM model, respec-  tpe gimilarity of the distributions for the decay products
tively. between the two incident energies suggests that the excited
. . QP formed in the binary collision might approach thermal
W'th thg shape'of .the energy spectra 4/2Z) data..W|th equilibrium. The decay Bé)roducts of t?le hizﬁly excited QP
increasing excitation energy, the data @1 are still re- have been analyzed in sequential binary and simultaneous

produced by the SMM model, but the disagreement with th%isassembly statistical decay model. Both statistical models

o_ther d.ata.mcreases. A po§3|ble explanation for the add'élre able to provide good agreement with the experimental
tional kinetic energy of IMF's could be the smaller source

) th ist f lecti . hich i observables except for the mean kinetic energy of the prod-
size or e existence of a collective expansion WNICh gIVeS @5 These results concerning final fragment distributions
larger boost to heavy fragments at higher excitation eNergys ggest that statistical decay plays a more important role

It could not be accounted for even by the_ effect of angu""’.‘rthan dynamical fluctuations in the breakup of excited QP’s
momentum. The rotational energy of emitted fragments i%ormed in peripheral and semiperipheral events
weak. '
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