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Production and decay of excited quasiprojectiles in peripheral and semiperipheral35Cl1197Au
reactions in Fermi energy domain
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The peripheral and semiperipheral reactions in35Cl1197Au have been studied at 30 and 43 MeV/nucleon.
The nonequilibriuma 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 products.@S0556-2813~99!05901-4#

PACS number~s!: 25.70.Lm, 25.70.Mn
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I. INTRODUCTION

The study of the production and decay of excited nucl
systems@1# and of the emission of intermediate-mass fra
ments ~IMF’s! @2,3# is of considerable current interest
heavy-ion reactions in the intermediate energy dom
(10 MeV/nucleon<E/A<100 MeV/nucleon). Most of
the past studies concentrated on the excited nuclear sys
produced by complete or incomplete fusion in central co
sions. Recently, experimental measurements showed tha
nary processes are still dominant at intermediate energies
they are an effective way to produce and study very
nuclei @4–8#. They are expected to put more severe co
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straints on the theoretical approach than central collisi
and some effects, such as compression and expansion m
can be neglected. Critically excited quasiprojectiles~QP!
with excitation energy as high as 8–10 MeV/nucleon ha
been observed experimentally@5–9#. The dynamical produc-
tion of such a highly excited QP in binary collisions is n
fully understood.

Heavy-ion collisions in the Fermi energy domain rai
very complex problems in nuclear dynamics. At low energ
the Pauli principle inhibits nucleon-nucleon collisions. T
reaction characteristic is one-body dissipation. The cr
section between very heavy nuclei is dominated
deep inelastic collisions~DIC! @10#. Above the Fermi energy
('35 MeV/nucleon), the Pauli blocking is less and less
fective. Nucleon-nucleon collisions are increasingly allowe
and eventually these collisions will dominate the react
dynamics at high energies. Thus the strong competition
tween mean field and collision dynamics is expected to sh
up and the reaction mechanism may be transitional in
energy domain. Information on the competition or transiti
can be obtained from the study of energy and angular m
mentum dissipation in the collision. In fact, some autho
@11,12# have studied the relative importance of the dissip
tive processes. A number of studies have shown that th
still exist in the Fermi energy domain or have demonstra
at least partial damping at 60 MeV/nucleon@13–15#. Several
experiments have been performed on heavy systems@16–
18#; the binary cross sections are larger than for light syste
because of the strong Coulomb repulsion. The importanc
the dissipative process in the emission of fragments com
from excited QP and QT was also observed in the reactio

e-

a

c-

-

r,

ns,
269 ©1999 The American Physical Society



y
lo
is

en
he

is
e

av
om

e
s

-
o

vi

a
an
he
d
th

er
to

e
o
a

li

e
vo
o
in
ac
l-

dic
he

r-
ng
ce
le
e

is
n
a

n
ru
e-
y

stem
er,
on
and
ies.
ri-
tal
re

ib-
sed.
the

h is
ana-
of

d-
also
V,

/
y-

o
-
er-
he
d in
red
he
ith

s
-
2

.0°
ro-

p
to

e
and

he
tal
s-
he

he
ary
ted

270 PRC 59X. QIAN et al.
40Ar127Al, 58Ni at 44 MeV/nucleon@19#. Other people
@20,21# have discussed the incident energies of different s
tems at which the reaction mechanism changes from the
energy behavior to dominant transfer or abrasion mechan
for more violent collisions.

At lower bombarding energy and, hence, excitation
ergy, where evaporation of IMF’s is strongly hindered by t
large Coulomb barrier, the system deexcites mostly by em
ting light charged particles~LCP’s!, g-rays, and/or by fis-
sion. With increasing excitation energy, statistical IMF em
sion is expected to compete more efficiently with oth
deexcitation modes. Statistically emitted fragments h
been observed in studies of the decay of highly excited c
pound nuclei formed in central collisions@22#. Recently, cor-
relation measurements between IMF’s and evaporation r
dues suggested that the deep inelastic process remain
dominant mechanism of IMF production for the40Ar1Ag
reaction at 27–65 MeV/nucleon@13–15,23,24#. However,
IMF multiplicity was found to exceed significantly the pre
dictions of conventional statistical models in a number
experiments@25,26#. The discrepancy is explained as the e
dence for the observation of necklike emission@18,27,28#.
Moreover, there have also been observations of strong
muthal angular correlations between energetic LCP’s
IMF’s as well as preferential emission of the LCP’s in t
same plane in which the IMF is emitted. These studies in
cate that dynamical mechanisms play an important role in
production of IMF’s@29–33#.

Up to now, several models compete to describe periph
or semiperipheral heavy-ion collisions: participant-specta
~PS! models, adapted from higher energies@34,35#, deep in-
elastic transfer~DIT! models@36,37#, and microscopic dy-
namical models@38–40#. Recent experiments show that th
so-called projectile fragmentation, at the incident energy
60 MeV/nucleon, is more like a low energy mechanism th
a high energy one, as in the PS model@41#. The DIT model
extended from lower energies has been successfully app
to reactions in the Fermi energy domain@37#. Microscopic
transport equations, such as Boltzmann-Uehling-Uhlenb
~BUU! equation, have been widely used to simulate the e
lution of heavy-ion collisions in the intermediate energy d
main. It is able to deal with a variety of processes rang
from complete or incomplete fusion to deep-inelastic re
tions. BUU treats the initial nonequilibrium stage of the co
lision in reasonable details and should yield a good pre
tion for the preequilibrium nucleon emission and t
production of highly excited QP’s and quasitargets~QT’s!.
However, the emission of IMF’s is also not yet fully unde
stood. For statistical IMF emission, there are two limiti
scenarios. One is the sequential binary decay, a sequen
well-separated emissions from an equilibrated parent nuc
@42–44#. The other is a simultaneous breakup of the d
exciting system into many fragments@35,45–48#. No dy-
namical models can explain the necklike or dynamical em
sion of IMF’s. To shed light on the emission mechanism, o
should measure various observables simultaneously
compare with the predictions of these models.

In a previous study@6#, we demonstrated, by applying a
event-by-event analysis, that it was possible to reconst
kinematically the primary QP in peripheral collisions irr
spective of final charged particle multiplicities. In this stud
s-
w
m

-

it-

-
r
e
-

si-
the

f
-

zi-
d

i-
e

al
r

f
n

ed

ck
-

-
g
-

-

of
us
-

-
e
nd

ct

,

we present some results obtained on the asymmetric sy
35Cl1197Au at 30 and 43 MeV/nucleon. In the present pap
we deal with similar topics but with a special emphasis
the nonequilibrium emission from dissipative processes
the comparison of the same system at two incident energ
It is organized as follows: after briefly describing the expe
mental procedure in Sec. II, we will present the experimen
results in Sec. III. The nonequilibrium particle emissions a
analyzed. The qualitative results for nonequilibrium, equil
rium and dissipative collision processes are also discus
In Sec. IV, some theoretical models used to understand
collision mechanism are presented; the hybrid approac
established. The binary dissipative processes have been
lyzed with BUU models. The reconstructed characteristics
excited QP’s are compared with the prediction of DIT mo
els. The observable distributions of decay products are
explained by a statistical decay model. Finally in Sec.
results will be summarized and conclusions presented.

II. EXPERIMENTAL PROCEDURE

A beam of 35Cl was accelerated to 30 and 43 MeV
nucleon with the Tandem Accelerator SuperConducting C
clotron ~TASCC! facility at Chalk River and was used t
bombard a 2.1 mg/cm2 thick gold target. The forward reac
tion products were detected by the CRL-Laval Array cov
ing the polar angles from 3.0° to 46.8° with respect to t
beam axis. The 80 detectors of the array were mounte
five concentric rings around the beam axis and cove
nearly 100% of the solid angle between 6.8° and 46.8°. T
first three rings are made of plastic phoswich detectors w
detection thresholds of 7.5 MeV/nucleon forZ51 and 2 to
22.8 MeV/nucleon forZ517 particles. The two outer ring
are composed of CsI~Tl! crystals for which isotopic resolu
tion is achieved forZ51 and 2 with a threshold around
MeV/nucleon as well as identification ofZ53 and 4 with a
threshold of 5 MeV/nucleon. The most forward angles, 3
to 5.0°, are covered by three Si-CsI telescopes which p
vide charge identification with a detection threshold of 2~5!
MeV/nucleon for Z52(17) particle. The complete setu
consists of 83 detectors providing the granularity needed
study high-multiplicity events in peripheral collisions. Mor
details about the detection apparatus, energy calibration
particle identification can be found in Refs.@49–51#.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Experimental results

1. Fragment charge distributions

The measured yield distributions of fragments with t
largest chargeZmax in each event and the corresponding to
detected chargeZtot as a function of atomic number are di
played in Fig. 1 for the four angular regions covered by t
telescopes and phoswich detectors. TheZtot distributions of
two incident energies have been normalized atZtot59 for
comparison. The strong correlation betweenZtot and the
atomic number of the primary QP,ZQP, will be discussed in
the next section. Although not all charged particles in t
event are emitted from the statistical decay of the prim
excited QP, some qualitative information about the exci
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PRC 59 271PRODUCTION AND DECAY OF EXCITED . . .
QP can still be obtained from the inclusiveZmax and Ztot
distributions. For 30 MeV/nucleon, the grazing angle 7.9°
in the angular region of the first ring phoswich detecto
6.75°<ulab<10.61°, so a very strong transfer or quasielas
peak can be seen in theZtot distribution atZtot516. For 43
MeV/nucleon, the grazing angle 6.11° is less than the m
mum angle of the first ring phoswich detector, so there is
similar peak in the figure. The yield distributions at larg
angles are very similar. The charge distribution decrea
rapidly for Ztot>17 for both incident energies suggesting th
the yields of fragments heavier than the projectile are s
pressed. In the angular region of the telescopes, 3.07°<ulab
<5.05°, which is less than the grazing angle at both en
gies, the intensities ofZtot distributions show the same tren
for both experimental data, increasing first steadily with
increasingZtot , then decreasing from the maximum valu
For the larger angular ranges 10.61°<ulab<16.11° and
16.11°<ulab<24.01°, theZtot distributions are dominated b
light fragments and show simply similar shapes with a n
exponential falloff. The decrease is steeper for 30 Me
nucleon than for 43 MeV/nucleon. The less differentZmax
and Ztot distributions near the grazing angle mean that
primary QP has less excitation energy. The difference
tween Zmax and Ztot distributions increases considerably
the detected angle moves away from the grazing an
where the primary QP’s are highly excited.

2. Fragment velocity distributions

Figure 2~a! displays a logarithmic contour plot of th
yield of the heaviest fragmentZmax versus its kinetic energy
Emax measured by telescopes at 3.07°<u lab<5.05° for 43
MeV/nucleon. This figure shows a well-defined ridge. T

FIG. 1. The charge distributions of fragments with the larg
charge Zmax in each event in four angular regions. The so
~dashed! line represents the detectedZmax distribution at 43~30!
MeV/nucleon. The full~open! circles are the total detected charg
Ztot distributions, in which theZmax fragments are emitted in th
indicated angular regions at 43~30! MeV/nucleon.
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cross sectiond2s/dZdE along the ridge remains relativel
constant down toZmax'5. The almost linear character of th
correlation betweenZmax and Emax suggests that the frag
ments have similar velocities. This result can be seen in
2~b!, which shows the velocity distribution of differentZmax
from 8 to 16 detected by the telescopes. As expected,
observes that the velocity distributions have a shape sim
to those observed in other reactions in the Fermi energy
main: it has a maximum peak centered at a value somew
below the beam velocity and an asymmetric shape wit
longer tail toward small velocities. The distributions tend
approximately Gaussian shapes as the atomic number o
fragment decreases. The peak velocity of the spectra co
sponds to about 80% of the beam velocity for largeZ and to
about 70% for smallZ values. Considering the fragmen
charge and angular distributions, the main component ca
attributed to the decay of the QP from transfer and dissi
tive processes. Both mechanisms are present in this tra
tional energy region.

Apart from the PLF major component, we find a seco
component from the evolution of velocity distributions
Fig. 2~b!. The velocity distributions of that component a
very broad, extending from the detection threshold to 0c
;0.25c, about 70–75 % of beam velocity. The intensity
this second component decreases and its average vel
increases as the fragment chargeZmax increases. The exis
tence of a second component can be confirmed in Fig. 2~a!.
At Zmax<7, the two components merge together. For ot
systems at intermediate bombarding energies, similar di
butions with two velocity components and the change
properties with the evolution ofZmax are also observed
@15,52,53#. The second component was usually call
intermediate-velocity fragments. Such fragments are of p
ticular interest since their origin is not well known. There a
significant differences in the explanation of their origin b

t
FIG. 2. Yield of fragments detected in the telescopes at3.07°

<u lab<5.05°. ~a! A logarithmic contour plots atomic numberZmax

versus kinetic energyEmax of fragments.~b! The velocity distribu-
tions of differentZmax for 35Cl1197Au reaction at 43 MeV/nucleon
For clarity, successive curves are multiplied by 10.
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272 PRC 59X. QIAN et al.
different models. In the participant-spectator model@34,35#,
it may be the remnants of a participant zone emitted by
of the two reaction partners or by the combined system
the classical dynamical model@21# which is extended from
low energy heavy-ion collisions, the fast component is
plained as a positively deflected fragment with little dis
pated energy and the lower velocity component as a ne
tively deflected fragment with a large dissipation. At 3
MeV/nucleon incident energy, a similar behavior is observ
for the PLF’s, but we cannot see the second compon
clearly. It may due to the relatively higher detection thres
old for an incident energy of 30 MeV/nucleon compared
43 MeV/nucleon.

3. The correlation between fragment velocity
and charged particle multiplicities

Figure 3 shows the correlation between the velocity of
Zmax fragments detected by telescopes and the mean cha
particle multiplicity MC in each event for two incident ene
gies. The velocities are normalized to the beam velocit
The data have not been corrected for the detection efficie
Each panel represents a fragmentZmax from 8 to 16. For each
fragment, the experimental data show a similar trend:
^MC& decreases almost linearly with increasingVmax. As
discussed for the system22Ne193Rb at 35 MeV/nucleon
@54# and 40Ar1132Xe at 44 MeV/nucleon@55#, one expects
that the strong correlation between charged particle mu
plicity and impact parameter also exists in peripheral a
semiperipheral collisions in the present system. The ev
with a larger multiplicity correspond to more violent coll
sions ~smaller impact parameter!. Some qualitative results
can be deduced from this figure for both incident energ

FIG. 3. Correlation between the velocity of PLF detected
telescopes and the total average charged particle multiplicity o
fragments and light charged particles~not corrected for detection
efficiency!. Each panel corresponds to a different PLF chargeZmax

producted in the35Cl1197Au reaction. The full and open circle
represent the experimental data of 43 and 30 MeV/nucleon inci
energies, respectively.
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for a given fragment, the lesser is the fragment velocity,
more violent the collision is; for a same fragment veloci
the more violent collisions result in lighter fragment em
sions, and therefore, the lightest detectedZmax originates
from a primary QP having the highest excitation energ
More highly excited QP’s were produced at 43 MeV/nucle
than at 30 MeV/nucleon. Three observables, the charged
ticle multiplicity, fragment velocity and atomic number o
the QP remnant are found to be strongly correlated.

B. Nonequilibrium emission

As described in the Introduction, it is possible to reco
struct the characteristics of the primary excited QP by app
ing an event-by-event analysis in the hypothesis of a bin
process. However such a procedure is valid only if the p
ticles are emitted statistically by the primary nuclei in the
mal equilibrium. In fact, LCP’s from preequilibrium and dy
namical processes are both present. In order to determine
characteristics of the primary QP beyond the number and
energy of detected particles, one has to assess which fra
of these particles are really emitted from a nucleus in ther
equilibrium. The nonequilibrium particles should be elim
nated at an acceptable level. In the following section,
present the characteristics of LCP’s and IMF’s emitted
coincidence with a massive PLF. For the remainder of
paper, PLF refers to fast forward moving fragments from
QP. The largest PLF~in Z) in each event is refer to asZmax.

1. Two-dimensional velocity distribution

One way widely used to obtain a global view of the pa
ticle emitter sources, which contribute to the emission o
given fragment withAF or ZF , is to plot a two-dimensiona
distribution of Galilean-invariant cross sectio
d2s/v'dv'dv i versus the particle velocity components pa
allel (v i) and perpendicular (v') to the emitter direction
@56#. Figure 4 shows an illustration of typical Galilean
invariant velocity distributions of LCP’s (Z51 and 2! and
IMF’s (Z53) as a function ofv i andv' in the emitter frame
for the 35Cl1197Au system at 30 and 43 MeV/nucleon inc
dent energies. The particles (Z51, 2 and 3! are coincident
with a Zmax512 fragment of velocity larger than 70% o
beam velocity. In the analysis, the coincident particles a
fragments were converted, event by event, into the frame
the emitter reconstructed from all detected particles in
event and theZ axis was chosen to lie along the final reco
velocity of the emitter. In the figure, a larger width in th
mean velocity distribution is observed at 43 MeV/nucle
than at 30 MeV/nucleon, which suggests that more hig
excited QP’s are formed at 43 MeV/nucleon. A well-defin
‘‘Coulomb ring’’ shown in the velocity pattern would indi
cate that most of the particles are indeed emitted sequent
from the fully accelerated primary QP. However, there is
considerable number of particles located outside the ring
it can be seen in the figure forZ52 and 3 particles. These
particles, with only about half the beam velocity, cannot
explained as the products of a primary excited QP. Th
were referred to as ‘‘non-QP equilibrium emitted particle
@57#. They may come from the evaporation of an excited Q
or/and other nonequilibrium processes. Although m
evaporated particles from the primary QT have a low ene
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and are eliminated by the energy thresholds of the detec
such a contamination might still be present because of
relatively low thresholds of CsI detectors, at 0.07c, 0.07c,
and 0.1c for Z51, 2 and 3 particles respectively. Howeve
in the following section, simulations show that the evapo
tion of a QT could not be strong enough to explain the o
served yield of ‘‘non-QP equilibrium emitted particles.
Most of these particles should be accounted for from n
equilibrium processes. More of these particles are seen a
MeV/nucleon than at 30 MeV/nucleon.

A more obvious and systematic presence of nonequ
rium particles can be seen in Fig. 5, which shows the para

FIG. 4. Galilean-invariant velocity distributions of LCP’s an
IMF’s as a function ofv i andv' in the emitter frame. The particle
are in coincidence with a fragment ofZmax512 and velocity larger
than 70% of beam velocity. The emitter frame is reconstructed f
the total detected particles in the event.

FIG. 5. The parallel velocity component (v i) of Z51, 2, and 3
particles in the recoil direction of the emitter. The particles a
coincident with a fragment withZmax59, 10, or 11. The square
triangle and circle symbols represent the data of particles coinci
with a fragment ofZmax59, 10, and 11, respectively.
rs,
e

-
-

-
43

-
el

velocity (v i) of particlesZ51, 2 and 3 coincident with frag-
ments with Zmax59, 10 and 11. The direction of (v i) is
along the recoil direction. Although the distortion caused
the detection system has not been taken into account, one
observe from the figure that the distributions are very asy
metric. The negative mean values show that more parti
are emitted backward in the frame of the emitter. In fact, i
full 4p detector was used in the experiment and all partic
emitted from a single source, the distributions should
symmetrical and centered at zero. For less than 4p geometry
as in the present experiment, a forward emission should
enhanced because of the focusing at forward angles in
laboratory. The enhancement is stronger at 43 MeV/nucl
than at 30 MeV/nucleon. The discrepancies between exp
mental data and qualitative expectations suggest the pres
of other complex emission processes. The velocity distri
tions obtained for particles of sameZ are found to be inde-
pendent of the coincidentZmax.

2. The Monte Carlo simulations

To study the nonequilibrium emission more quanti
tively, the possible distortion caused by the limitations of t
experimental apparatus and recoil effects must be con
ered. A Monte Carlo simulation is performed to evaluate
closely as possible the experimental situation.

In the simulations, we focus on the events in which t
heaviest fragment has been detected by the telescope
tween 3.0° and 5.0°. The following hypotheses were ma
~1! The primary emitter was a35Cl nucleus, with a broad
excitation energy distribution as inferred from the expe
ment @6#. The charge distribution was adjusted to reprodu
the detected PLF yield in the telescopes and the ave
detected multiplicities of emittedZ51, 2, and 3 particles.
These multiplicities forZ51, 2, and 3 particles with a coin
cident fragment ofZmax510 were about 4.1, 1.2, and 0.7
respectively. The mean excitation energy was 100 MeV a
MeV/nucleon and 150 MeV at 43 MeV/nucleon.~2! The
recoil velocity of the primary QP was taken from the incl
siveZmax spectra in the telescopes. Its angular distribution
peaking at the grazing angle and decreases exponen
from the grazing angle with parameters adjusted to yield
proximately the angular distribution of the detected PLF.~3!
The decay of the primary excited QP was described by
statistical decay code GEMINI@43# which will be described
in Sec. IV.~4! Its mean angular momentum around 10\ was
chosen for both incident energies, as estimated by the
model. In fact, in the frame of the primary fragments, t
LCP’s are not emitted isotropically, although the emissi
pattern is symmetric around 90°. For each decay, the lab
tory velocities, energies and emission angles of the PLF
of the associated LCP’s as well as their atomic number
mass were registered. The simulated data were then anal
in the same way as the experimental ones. The left pane
Fig. 6 shows the detected PLF yield distribution in the te
scopes and the right panel the corresponding velocity dis
butions of fragments withZmax510. The experimental data
are satisfactorily reproduced by the simulation with reas
able values for the parameters.

Figure 7 shows typical experimental angular distributio
ds/dQc.m. of Z51, 2, and 3 particles coincident withZmax
510 fragments detected by the telescopes at 30 and 43 M
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274 PRC 59X. QIAN et al.
nucleon. For a givenZmax, data from the three telescope
were combined. The angular distribution in the emitter fra
was reconstructed from all detected charged particles in e
event. The angular distributions for particles coincident w
other values forZmax are similar. As several particles may b
emitted, this frame transformation can only be made appr

FIG. 6. The charge~left! and velocity distributions~right! of the
event largest fragment (Zmax510) detected by telescopes at 30 a
43 MeV/nucleon. The circles and lines represent the experime
and filtered simulation results, respectively.

FIG. 7. Experimental angular distributions ofZ51, 2, and 3
particles in the emitter frame of events with a heaviest fragm
detected by telescopes of chargeZmax510. The dashed and soli
lines represent the unfiltered and filtered predictions of Monte C
simulations, respectively. For comparison purpose, these cu
have been normalized to experimental data at forward an
(Qc.m.<90°).
e
ch

i-

mately. Thus recoil effects due to nondetected particles
not taken into account. In the figure, the experimental an
lar distributions are very asymmetric. As for the veloci
distribution, there are more particles emitted in the backw
direction. The dotted lines are the angular distributions p
dicted by a Monte Carlo simulation. In the emitter fram
particles from a statistical emission should display angu
distributions symmetrical around 90°. The filtered simulati
yields are represented with solid lines. The forward bump
enhanced relative to the backward one because of a Jaco
effect resulting from the strong focusing in the laboratory
the forward emitted fragments. The excellent agreement
tween the simulated and experimental proton angular dis
butions suggests an emission from a primary QP in ther
equilibrium. In contrast there is a large excess of backw
emittedZ52 and 3 particles when compared to the simu
tion. This excess is an indication of some ‘‘nonequilibriu
emission process.’’

With the confidence gained from the simulation for Q
decay, the contamination of the QT evaporation could a
be estimated from the same Monte Carlo simulation. T
primary QT was197Au, its velocity and deflection angle be
ing calculated from the recoil of a QP event by event. T
excitation energy division between QP and QT is suppo
to be equipartition~equal sharing!. The total excitation en-
ergy of QP and QT are deduced from total kinetic ene
loss~TKEL!. The evaporation particles from QT’s were the
analyzed in the same way as that from QP’s. The simula
shows that the yields for the primary QT can be ignored.

3. The fraction of nonequilibrium emission

With the help of simulations, the fraction of nonequilib
rium emission from the QT can be extracted. Figure 8 sho
the fraction of particleZ52 and 3 as a function of the heav
est fragmentZmax detected by the telescopes. Nonequili
rium Z51 particles could not be observed unambiguous
For Z52 and 3, one sees from the figure that the fract

al

t
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FIG. 8. The fraction of nonequilibrium to equilibrium emitte
particles of Z52 and 3 as a function of atomic number of th
largest fragment in each event detected by telescopes in35Cl
1197Au reaction at 30 and 43 MeV/nucleon.
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decreases with increasingZmax but, for a given fragment, it is
larger for an emitted particle of higherZ. These qualitative
results are consistent with those of40Ar1natAu at 58.7 MeV/
nucleon@57#. For a same fragment and a same emitted p
ticle, the fraction in the present system increases slig
with incident energy. It should be pointed out that the abo
results are qualitative. Quantitative calculations depend c
cally not only on the geometry of the detectors but also on
accurate energy calibration for the LCP’s, as seen in@57#.
Variations of the parameters used in the simulation such
recoil velocity, excitation energy, angular distribution, ang
lar momentum of the emitter, do not change the above c
clusions. More precise exclusive measurements are desi
for further study.

The presence of a nonequilibrium component is a ch
lenge for calculations of the collision dynamics betwe
complex nuclei@57#. Indeed most preequilibrium calcula
tions do not include composite particle emissions. There
some calculations to explain the origin of nonequilibriu
contributions@58–60#. An emission from the zone of overla
between projectile and target would be consistent with
present observation. There are several indications that
observed IMF may have resulted from the rupture o
‘‘neck’’ formed transiently between the reaction partne
@15,18,27,28#. During the separation stage, such a neck m
be unable to react adiabaticaly to the violent forces exe
on it by fast-moving massive fragments and may snap in
or more points. As a result, a neck residue, a relatively li
fragment, would emerge and be accelerated by the mu
Coulomb repulsion.

C. Dissipative collision phenomena

1. Dissipative collision phenomena

Although the dissipative process of heavy-ion collisio
at intermediate energies is very close to DIC known at low
energies, there are two differences: the production of QP
QT are accompanied by preequilibrium emission and e
the breakup of projectile might occur before the DIC pr
cess; most of the dissipated energy is transferred into ex
tion energy of the partners in the collision. The primary Q
and QT are highly excited, so they are short lived (10218–
10216 s). Their observables cannot be measured directly
in lower energies, it has to be inferred from observed pr
ucts. So the dissipative processes can only be studied
those reconstructed observables. These data could be
scribed using two different hypotheses.~I! An abrasion-
ablation mechanism leading to barely excited primary fr
ments.~II ! A binary reaction mechanism reminiscent of D
where a large amounts of excitation energy is shared
tween the two partners@57#.

In fact, the dissipative binary collision is not as simple
a two step process. The damping process may be acco
nied by nonequilibrium particle emission, as described in
previous part. In the present experiment, all products fr
the QP decay are well above the detection thresholds
their charges are well identified. Particles from the QT
hardly detected. As an approximation, the total detec
chargeZtot was used as a global variable to study the dis
pative collisions of the present system in a qualitative w
Figure 9 is an illustration of the linear contour plots
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Galilean-invariant cross sections forZtot from 13 to 20 as a
function of Vtoti and Vtot' . For 30 MeV/nucleon, it is very
clear that, asZtot gets close toZQP517, the velocity distri-
bution becomes narrower. The evolution of the kinetic e
ergy ofZtot is well known in DIC at low energies. So, for 4
MeV/nucleon, such an evolution is not as obvious as for
MeV/nucleon. The velocity spectra are strongly peaked
expected in a fragmentation process; however, the fact
the peaks are slightly below the beam velocity and the p
ence of strong low velocity tails indicate that dissipative ph
nomena are still acting at 43 MeV/nucleon.

The observation of a characteristic correlation betwe
the amount of dissipated kinetic energy and the deflec
angles of the PLF has played an important role in study
the dynamics of damped reactions at lower energies.
observation of such correlations has led to the introduction
a friction force in heavy-ion physics and to the developm
of various models of dissipative interaction dynamics. Su
correlations visualized in a two-dimensional~Wilczyński
plot @61#! plot of the yield versus the deflection angle and t
kinetic energy of the PLF, have revealed the evolution
character of the underlying process. Figure 10 shows con
plots of the deflection angle,Qc.m., and the associated ki
netic energy,Etot for different Ztot from 13 to 20. Since the
velocity of a system can be an evaluation of the dissipa
energy, this figure may be regarded as an analog of the W
czyński plot. As seen in this figure, the degree of ener
dissipation is strongly correlated with the deflection ang
indicative of a dissipative orbiting process. Clearly, an
creasing amount of kinetic energy is converted into heat
the interacting dinuclear complex turns toward smal
angles. Classical model calculations could account for
main ridge of observed yields and a continuation of t
ridge into the range of negative scattering angles, wha
also observed in the figure. More dissipative character is

FIG. 9. Linear contour plots of Galilean-invariant cross sectio
for different total detected chargesZtot513 to 20, in the 35Cl
1197Au reaction at 30 and 43 MeV/nucleon as a function ofVtoti
andVtot' .
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served at 30 MeV/nucleon than at 43 MeV/nucleon, as it w
in the two-dimentional velocity plot.

2. Incomplete dissipative collision phenomena

Dissipative collisions become more complex at interm
diate energies. A new mechanism called ‘‘incomplete de
inelastic scattering’’ or ‘‘dissipative fragmentationlike’’ re
actions@29,33# has been observed experimentally. This co
be studied by observing a strong left-right asymmetry of
nonequilibrium particles detected in coincidence with m
sive fragments. To demonstrate such a mechanism for
present system and further study the dissipative collision
the Fermi energy domain, correlations between wea
damped massive fragments and particleZ>2 have been
measured. Figure 11 shows the angular distributions of
ticles Z>2 coincident with fragmentsZmax56, 7, 8, and 9
for 30 and 43 MeV/nucleon. The fragments withVmax
>70%vbeam were detected by three telescopes. The d
from the telescopes were combined. The relative azimu
angle of coincident particles was limited touDwu5uw1
2w2u<10°. The solid angle of the different detectors h
been taken into account. The angular correlations pea
negative angles, meaning that more coincident particles
emitted in the opposite side of the detected fragments. Th
seen as a qualitative manifestation of the direct brea
mode in the dynamical sense@62#, because such an asymm
try could not be explained if all coincident particles are em
ted from an equilibrated QP. A classical model provides
following picture of the breakup process: in a semiperiphe
collision, a projectile coming close to the target is strong
decelerated by the friction force, which breaks the link b
tween clusters in the projectile. For all ejectiles there i
clear correlation between their energy loss and the angl
emission. The target-distant part of the projectile is o
slightly deflected and decelerated, while the target-close

FIG. 10. Linear contour plots of the yield distributions, for di
ferent total detected chargesZtot , versus the deflection angle in th
c.m., Qc.m., and the associated total kinetic energy, in the35Cl
1197Au reaction at 30 and 43 MeV/nucleon.
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is slowed down orbiting around the target to actually ne
tive scattering angles whereas the particles are preferent
emitted in forward directions with only a slight change
momentum. The whole reaction proceeds on a short t
scale, without passing through a phase of thermal equilib
tion as a necessary intermediate step for the particle e
sion. The asymmetry of angular distributions shows a dep
dence on the fragment charge; less asymmetry is obse
for a largerZmax. The more violent the collision is, the large
is the yield of incomplete DIC. The fragment angular dist
butions are more asymmetric at 30 MeV/nucleon than at
MeV/nucleon, but smaller cross section for such a mec
nism at higher energy could be seen from the data analy

IV. MODEL CALCULATIONS
AND COMPARISON TO DATA

A. Theoretical models

1. BUU model

The BUU equation@38,63# has been used to understan
the collision dynamics. It describes the time evolution of t
single-particle phase-space distribution function and obs
ables are calculated from that function. The detailed desc
tion of BUU equation can be found in Refs.@38,63#. In the
calculations, the equation was solved numerically usin
parallel ensemble method. Two different parameter sets w
used for the equation of state~EOS!, corresponding to values
of nuclear compressibility ofK5200 MeV ~soft EOS! and
K5380 MeV ~stiff EOS!, respectively. For simplicity, the
in-medium nucleon-nucleon cross section snn
5*(dsnn /dV)dV is chosen to be isotropic and energy i
dependent. The mean field and the Pauli-blocking factor
the collision integral are averaged over an ensemble of
parallel simulations. Only test particles with local dens
exceeding 7% of saturation nuclear density are considere
be part of a bound cluster.

FIG. 11. Angular distributions of particlesZ>2 ~mostly alphas
and lithiums! coincident with fragments,Zmax56, 7, 8, and 9, de-
tected by three telescopes at an angle of 4.0°.
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2. Deep inelastic transfers model (DIT)

The DIT model@37# has been used to interpret the form
tion of an excited QP by dissipative processes. The mod
based on the Randrup’s one-body dissipative theory@64#
which assumes that the dissipation proceeds mainly thro
stochastic transfers of nucleons decoupled in time. In
model, the system is represented as two Fermi-Dirac ga
The projectile and target approach each other along Coul
trajectories until they are within the interaction radius.
this point a window defined by potential barriers opens a
stochastic transfers, which exchange nucleons, energy,
angular momentum, may occur. The transfer probability
calculated via a phase-space integral which, accounting
the Pauli blocking, incorporates the phase-space flux te
the barrier penetrability, and the occupation probabiliti
The transfers generate the fluctuations of mass, charge,
tation energy, and angular momentum. After the interacti
the primary QP and QT follow separate Coulomb trajector
and decay by evaporation into secondary residues.

3. Statistical decay models

The excited QP decay is described with two different s
tistical decay models. One is a standard sequential bin
model GEMINI @43#, another one is a simultaneous break
model SMM @48,65#, the latter strongly dependent on th
‘‘freeze-out’’ volume. In the GEMINI code, all the possibl
binary channels from light particle emission to symmetri
division are considered. For the light particle (Z<2) evapo-
ration the decay width is calculated by using the Haus
Feshbach formalism@66#. For the emission of heavier frag
ments (Z>3) the decay width is determined by using t
transition state formalism of Moretto@67#. In the SMM
model, the multifragmentation of highly excited nuclei
based on the statistical approach of microcanonical appr
mations and a liquid drop description of hot primary fra
ments (AF>5). It is assumed that an excited nucleus e
pands to a certain volume and then breaks up into nucle
and hot fragments. After breakup of the system, the fr
ments propagate independently in their mutual Coulo
fields and undergo secondary decays. The deexcitatio
large fragments (AF>17) is described by the evaporatio
fission model and for smaller fragments by the Fer
breakup model. The evolution of nuclear disintegrati
mechanisms with increasing excitation energy, from co
pound nuclear to multifragmentation and vaporization, f
lows naturally from the model@68#.

4. Hybrid approach

The BUU model used in the present study is more rig
ous than the DIT model to describe the collision dynamics
it takes into account two-body collisions and pre-equilibriu
emissions, which are not explicitly treated in the DIT mod
Nevertheless the DIT model remains interesting. First, on
our main objectives is to study the dissipative processe
the Fermi energy domain. The major features of such p
cesses for40Ar1natAg system at 27 and 44 MeV/nucleo
have been reproduced satisfactorily by the model@37#. Sec-
ondly, the BUU model does not include the fluctuations,
net mass transfer being always in one direction for a gi
impact parameter: more nucleons are transferred from
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lighter projectile to the heavier target than vice versa. T
behavior is well known for an asymmetric heavy-ion rea
tion at low energies. So the formation of heavy QP’s cou
not be well predicted with the BUU model. However w
have calculated the mean number of nucleons transfe
from projectile to target and vice versa as a function of i
pact parameters with the DIT model for35Cl1197Au at 30
MeV/nucleon. It predicted that the mean number of nucleo
transferred between projectile and target have a near lin
dependence on the impact parameter and there are m
nucleons transferred from the projectile to the target than
net number of transferred nucleons. The results are con
tent with that of the BUU model. A similar conclusion ha
also been obtained by the BUU calculations for the40Ar
1159Tb system at 44 MeV/nucleon@69#. Moreover, the DIT
model considers the fluctuations of transfers and allows c
putation of observables such as mass, excitation energy
angular momentum of QP on an event by event basis. Th
observables, together with deflection angle and velocity
QP are used as input to the statistical decay model wh
describes the subsequent decay of the excited QP. A hy
approach which couples DIT and statistical decay mod
~GEMINI and SMM! has been established to explain t
experimental data.

For a systematic study with sufficient statistics, we ge
erated a total of more than 100 000 events in the simulatio
The number of events generated at a given impact param
is proportional to its value. So the number of events co
tained in a given domain of observables is proportional to
cross section. The maximum impact parameter estima
from the total reaction cross section given by the semiem
ical parametrization@70# is 12.6 fm, corresponding to the 4.
b geometric total reaction cross section.

Before the simulation results can be compared with
experimental data, the simulated events have to undergo
experimental filter. The filter takes into account the follow
ing effects. First, the direction and energy of the emiss
particles should meet the needs of geometrical and en
cuts of the detection apparatus described in Sec. II. S
ondly, two or more particles could not be detected in t
same detector during the experiment~multiple hit events!.
Thirdly, the simulation events are selected in the same w
as experimental ones, as it will be described later. In
following comparison of hybrid approach calculations wi
experimental data, these effects have been considered.

B. The reconstruction of quasiprojectile

1. Event selection

To ensure that the detected particles are emitted fro
QP, careful event selection is considered. In the present
periment, at least three kinds of contamination could
present. Contaminations due to the target evaporation
particles emitted from an intermediate-velocity source
nonequilibrium processes as discussed in the previous
tion. Particles emitted from the preequilibrium process
may also be detected. Since their velocities can extend
several times that of the projectile. Most of preequilibriu
particles are concentrated at a small angle along the b
direction.
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The event selection followed the method of De´sesquelles
@71# which is an effective way to eliminate the above co
tamination @72#. The procedure employed involves thre
steps: a first evaluation was made by calculating the c.m
all the particles with chargeZ>4. A more accurate evalua
tion was then made by retaining only the particles w
chargeZ>3 which were included in a velocity selectio
sphere centered on the first calculated c.m. in velocity sp
The radius of the sphere was set tov50.44vbeam, so to
include all particles emitted in the forward direction. In th
third step, this process was repeated includingZ52 andZ
51 particles for which the appropriate velocity radii we
set to 0.44vbeamand 0.55vbeam, respectively. The radii of the
velocity sphere were chosen by Monte Carlo simulatio
with a statistical evaporation code to ensure that the eva
ration particles from highly excited QP’s were included a
preequilibrium particles were eliminated in a reasona
way. The radii of the velocity sphere have been varied wit
10% without influence on the results discussed later. At
selection procedure, about 90% of total events are prese
and less than 5% ofZ52 and 3 particles may account for th
contamination of nonequilibrium emission.

To study the decay of excited QP and compare with
model predictions more quantitatively, we concentrate on
events of charged particle multiplicityMc>2 and total de-
tected chargeZtot517, which correspond to the primar
QP’s of chlorine isotopes,ZQP517, if all particles are from
the QP. For lighterZQP, the contamination due to heavie
QP’s by missing one or two particles has to be conside
For heavierZQP, the QP yields are suppressed strongly.
get an overview of the collision, the differential cross sect
for ZQP517 has been simulated with DIT1GEMINI hybrid
approach for 30 MeV/nucleon. The results show that
CRL-Laval Array has a strong selection in impact parame
At small impact parameter (b<4.0 fm), the deflection angle
of QP is larger than 46.8°, and then the QP decay prod
would rarely be completely detected. We are also not abl
detect the events for a large impact parameterb
>12.0 fm), since it is limited by charged particle multiplic
ity ( Mc>2) because of the low QP excitation. The multid
tector array has a large efficiency for an impact param
between 6.0 fm and 10.0 fm, and is suitable to study
reaction mechanisms in peripheral and semiperipheral c
sions for the present reaction system. After experimental
tering, about 20% of total simulation events were preserv
For totally detected chargeZtot517 events, the hybrid ap
proach predicted that 90% events originate from the deca
ZQP517, and 7% and 3% events from the decay ofZQP
518 and 19, respectively. The values are very close to
experimental result of 92%~17!, 6% ~18! and 2% ~19!,
which were estimated by considering the measured cross
tion and detection efficiency@72#.

2. The reconstruction of quasiprojectile

Assuming that all the QP products are detected, then
velocity and excitation energy of primary QP’s can be rec
structed from their decay products on an event by event b
by energy and momentum conservation laws. The velocit
a QP,Vqp, is the vector sum of the product velocities. I
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excitation energyEqp* was obtained by combining theQ
value of the detected channel to the relative kinetic ener

Eqp* 5
1

2(n
mnuvW n2VW qpu22Qmax1En . ~1!

The sum runs over the number of products andvn andmn are
the product velocity and mass.Qmax is the most positiveQ
value of each detected channel. A correction for unobser
neutronsEn was made using an empirical law for neutro
multiplicity and a kinetic energy per neutron equal to 2T.
The temperatureT was estimated from a first step excitatio
energy which does not include theEn .

C. The production of quasiprojectile

1. Dynamical simulations of BUU model

The BUU model has been used to simulate the dynam
evolution of collisions with impact parameters and incide
energies. Figure 12 displays the mean density profiles in
reaction plane for BUU simulations with stiff EOS as a fun
tion of time, for three impact parameters at~a! 30 MeV/
nucleon and~b! 43 MeV/nucleon incident energies. The ca
culations were followed up to 400 fm/c relative to the
instant when the projectile and target surfaces are separ
by 2.0 fm att50 fm/c. Two features should be noted in th
figure. First, for peripheral collisions of large impact para
eter,b510.0 fm, after about a time of 120 and 100 fm/c,
well defined primary QP and QT can be identified at 30 a
43 MeV/nucleon, respectively. For semiperipheral collisi
of b57.0 fm, it takes more time, about 220 and 160 fm/c.
So the lifetime of a dinuclear system depends not only on
impact parameter but also strongly on incident energies
decreases with incident energy and impact parameter. O
ously a single deformed compound nucleus is still form
until t5400 fm/c in the calculation at small impact param
eter ~4.0 fm! for both incident energies. Secondly, the cha
acteristics of the primary QP calculated with a dynami
model are also sensitive to the freeze-out time at which th
observables are evaluated.

To understand the effect of nucleon-nucleon collisi
terms, BUU model without a collision term was also sim
lated for both incident energies. As expected, the effect
the collision term increases with incident energy. At
MeV/nucleon, an essential feature of the calculations is
exchange mediated by mean field, between projectile
target of nucleons that do not undergo a collision. T
nucleon exchange is very similar to that associated with
so-called window-wall approximation of one-body dissip
tion used for low energy reactions. Figure 13 shows the B
predictions with soft EOS for the mass, deflection ang
velocity, angular momentum of the primary QP for the tw
incident energies. The QP is referred as the second lar
fragment at the end of the calculation. A simple geometri
cut was used to assign a test particle to either the primary
or QT. The angular momentum was calculated in a class
approximation. The mean freeze-out times were chosen
160 fm/c and 130 fm/c for 30 and 43 MeV/nucleon respec
tively, but slight differences were made for different impa
parameters. In the figure, the mass of primary QP decre
with impact parameter for both energies. At large impa
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parameter, the mass of QP was about 29, most of lost nu
ons were emitted as preequilibrium particles. At small i
pact parameter, the mass of the primary QP is predic
smaller at 43 MeV/nucleon than at 30 MeV/nucleon. Mo
interesting is the evolution of deflection angle with impa
parameter and the incident energy. As shown in the fig
the mean scattering angle of QP is about 0° and less de
dent of impact parameter at 43 MeV/nucleon. However
30 MeV/nucleon, the deflection angle of QP is negative
most impact parameters and as large as215° for an impact
parameter of 6 fm. The velocity of primary QP was norm
ized to that of the projectile. It decreases smoothly with i

FIG. 12. The mean density profiles of BUU simulation in t
reaction plane with time evolution of the35Cl1197Au reaction at
different impact parameters for~a! 30 MeV/nucleon and~b! 43
MeV/nucleon incident energies. The density value is on a logar
mic scale.
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pact parameter. At the same impact parameter, the QP
observed to be slower at 30 MeV/nucleon than at 43 Me
nucleon. The smaller deceleration of the QP may be
plained from a shorter interaction time. One notices that fo
given impact parameter (b>8 fm) the angular momentum
is almost the same at both incident energies, but there
plateau at small impact parameter (b<8 fm). The angular
momentum is higher at 30 MeV/nucleon than at 43 Me
nucleon at impact parameterb'7.5 fm. The small differ-
ence for the angular momentum is very similar to that for
mass. A possible explanation of the similar behaviors co
be the more dominant nucleon-nucleon collision at sma
impact parameter and higher incident energy from a co
parison with BUU simulations neglecting collision terms.

Figure 14 shows the correlation between the recoil vel
ity and deflection angle of primary QP with two kinds o
EOS at 30 and 43 MeV/nucleon. For 30 MeV/nucleon, t
BUU model predicts a decrease in velocity and deflect
angle with impact parameter. The collision characteristics
typical of a binary dissipative process observed at low
ergy. However, such a direct correlation is not so obvious
43 MeV/nucleon. It should be emphasized that the simula
results of BUU model are qualitative and will be affected
the freeze-out time, EOS and number of test particles, e

2. Reconstructed excitation energy of the quasiprojectile

Properties for the primary QP ofZQP517 have been also
predicted by DIT model calculations. Figure 15 shows t
mean angular momentum̂l QP& and masŝAQP& distributions
as a function of excitation energyEQP* from DIT model cal-
culations at 30 and 43 MeV/nucleon. The^ l QP& has a very
similar distribution for the two incident energies. The max

-

FIG. 13. The distributions of four observables for the prima
QP as a function of impact parameter from BUU calculations
the 35Cl1197Au reaction at 30~open circles! and 43~full circles!
MeV/nucleon.̂ AQP&,^QQP&,^VQP&, and^ l QP& are the average mass
laboratory frame deflection angle, velocity and angular momen
of the primary QP, respectively. In the figure, the average velo
was normalized by that of projectile,Vproj .
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280 PRC 59X. QIAN et al.
mum ^ l QP& value 20\ is reached at the highest excitatio
energy. The corresponding angular momentum of QT
about 55\. The value is close to the experimental result fo
similar system Ar1Au at 30 MeV/nucleon@59#. On the other
hand, the total angular momentum of QP and QT can
estimated in the simple classical model which was used
DIC at low energies. If we suppose the so-called ‘‘sticki
limit,’’ two spheres of projectile and target sticking togeth
and rotating rigidly prior to break up, the amount of angu

FIG. 14. The correlation between the deflection angle in
laboratory system and the velocity of primary QP from the BU
model for stiff and soft EOS for35Cl1197Au reaction at 30 and 43
MeV/nucleon. The full and open circles represent the stiff and
EOS results, respectively.

FIG. 15. Mean angular momentum and mass distributions
chlorine as a function of excitation energy from DIT model pred
tions. The solid and dashed lines represent the results for 43 an
MeV/nucleon, respectively.
is

e
in

r

momentum transferred to the internal degrees of freed
D l , depends on the moments of inertia according to the
lationship

D l 5 l i2 l j5 l i

JP1JT

Ji1JP1JT
, ~2!

where l i and l j are the initial and final angular momenta
the system, respectively.JP, JT , andJi are the inertia mo-
ments of the projectile, target and system. Ifl i is supposed to
be 190\, which corresponds to an impact parameter of ab
5 fm, then theD l , is about 90\, which is larger than 75\
predicted by the DIT model. It means that the QT and QP
not fully sticking at the highest energy damping in the D
collisions.

Another interesting prediction of DIT model is that th
QP is neutron-rich. The mean masses ofZQP517 increase
with its excitation energy as shown in the lower part of F
15. At the highest excitation energy, the^N&/Z ratio is about
1.35 and 1.18 for 30 and 43 MeV/nucleon, respective
which is larger than that of the projectile (^N&/Z51.06) and
approaches the value of the compound system (^N&/Z
51.42). The dissipation of energy and^N&/Z increase with
the lifetime of the dinuclear complex formed in damped c
lisions. At the same excitation energy, the lower^N&/Z val-
ues for the primary QP with higher bombarding energy co
be explained by the shorter interaction time at 43 Me
nucleon. At higher energies, the^N&/Z remains that of the
projectile as predicted by the fragmentation model@19#. The
qualitative behavior of mass evolution with excitation ener
of primary QP and incident energy has been indirectly s
ported by the experimental charged particle multiplicity d
cussed in the next section.

To check the reconstruction procedure for the kinetic
ergy and excitation energy of the primary QP from its dec
products, simulation events of hybrid approach were a
lyzed in the same way as the experimental ones. The re
structed kinetic energy and excitation energy were compa
with the values given by DIT model. The reconstructed me
kinetic energy of total detected chargeZtot517 is consistent
with the prediction of DIT model forZQP517. However, the
discrepancy increases with decreasingZtot value because o
the recoil effects of undetected particles. After correction
the energy taken by unobserved neutrons, the mean ex
tion energy is also in good agreement with that ofZQP
517. So the energy conservation is precise enough in
simulations and reconstruction process. The main uncerta
of reconstructed excitation energy is due to the mean neu
multiplicity ^Mn&. The^Mn&, which increases withEQP* and
decreases with increasing incident energies, was estim
by averaging the predictions of hybrid approach and m
balance, where the masses of QP and products were t
from DIT model and previous experiment@6#. At highest
excitation energy, the unobserved neutrons are estimated
proximately to take as much as 25 and 20% ofEQP* for 30
and 43 MeV/nucleon, respectively.

The excitation energy distributions reconstructed from
perimental data for allZtot517 channels and a compariso
with the filtered results of DIT model are shown in Fig. 1
for 30 and 43 MeV/nucleon. The meanEQP* are around 100
and 120 MeV and energies up to 350 and 400 MeV
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obtained for 30 and 43 MeV/nucleon, respectively. T
maximum uncertainties of the reconstructed excitation
ergy is about 10%. The yield of primary QP decreases r
idly with increasing excitation energy. For 30 MeV/nucleo
the DIT model provides a generally good agreement with
experimental data over the entire range of excitation ene
But for 43 MeV/nucleon, DIT model overpredicts the yie
of highly excited QP. The yield distribution of primary QP
sensitive to its deflection function. The Coulomb trajector
of QP should be modified by considering the proximity p
tential in DIT model for high incident energies.

D. The decay of excited quasiprojectile

1. Distributions of experimental observables

The simplest variable which can be directly extract
from the experimental data is the charged particle multip
ity Mc , including light charged particle (Z51,2) as well as
heavier fragments. This global observable is an indicato
the collision violence and has even been used to disting
central from peripheral collisions@73#. The multiplicity de-
pendence on the impact parameter is strong in peripheral
semiperipheral collisions, where a near linear dependenc
observed@55#. Figure 17 shows the experimental^Mc& ver-
susEQP* of ZQP517 for 30 and 43 MeV/nucleon and a com
parison with the predictions of a hybrid approach. In t
figure, a strong dependence ofMc on EQP* is observed for
both incident energies. Multiplicities as high as 8 and 9
reached at the highest excitation energy for 30 and 43 M
nucleon, respectively. The difference of^Mc&, by about one
unit for the two energies at the highest excitation energ
might result from mass differences of chlorine QP’s
shown in Fig. 16, and can be explained by the hybrid
proach. The hybrid approach predicts that the impact par
etersb57, 8, 9, 10, and 12 fm of 30 MeV/nucleon corr
spond to ^Mc&55.76, 4.64, 3.03, 2.35, and 2.1
respectively.

FIG. 16. Excitation energy spectra of chlorine QP reconstruc
from the experimental decay products. The full~open! circles and
solid ~dashed! lines represent the experimental data and the D
model predictions of35Cl1197Au system at 43~30! MeV/nucleon,
respectively.
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To characterize the decay of excited QP’s, several obs
ables are used: the average multiplicity of IMF(3<Z
<8), M IMF , the average maximum charge of fragmen
Zmax, the average asymmetry of the two largest fragme
A12, and the average asymmetry of second and third larg
fragments, A23, A125(Zmax2Z2)/(Zmax1Z2), and A23
5(Z22Z3)/(Z21Z3), whereZ2 andZ3 are the second and
third largest fragment charges.M IMF characterizes the degre
of disintegration of the excited nucleus andZmax, A12, and
A23 reflect the sizes of the fragments. The whole set of th
observables gives a rather complete description of the f
mentation pattern@65#. Figure 18 shows the dependence
those observables on the excitation energy ofZQP517. The
^M IMF& increases monotonically with increasing energ
reaches a saturation value of̂M IMF&'1.4 at EQP*
'300 MeV and then appears to decrease. The experime
distribution of ^Zmax& decreases simply with the increase
EQP* . The^A12& exhibits a similar dependence as^Zmax& with
the excitation energy, whereas the^A23& is almost indepen-
dent of the excitation energy at high excitation energiesE
>100 MeV). At lower excitation energies (E
<100 MeV), ^A23& has a large fluctuation because of t
smaller charged particle multiplicity. The mean observa
distributions as a function of excitation energy show ve
similar tendency for both incident energies. The indep
dence of the incident energies gives us a strong experime
evidence that the QP might approach thermal equilibri
and has similar primary characteristics at 30 and 43 Me
nucleon incident energies@74,75#.

The experimental distributions presented in Fig. 18 w
compared with the calculations of GEMINI and SMM mo
els. In the simulations, the recoil velocities and deflect
angles of primary QP as a function of excitation energy
extracted from the experimental data to avoid the uncert
ties caused by DIT model. However, in the absence of s
tematic knowledge, the angular momentum and mass va
were still taken from the prediction of DIT model. Th

d FIG. 17. The mean charged particle multiplicities as a funct
of chlorine QP excitation energy compared with the predictions
DIT1GEMINI hybrid approach. The solid~open! circles and full
~dashed! lines represent the experimental data and the simula
predictions of35Cl1197Au system at 43~30! MeV/nucleon, respec-
tively.
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events generated by the statistical model were pas
through the experimental filter. The GEMINI simulation
have been performed in two steps: without (l 50) and with
angular momentum respectively. However, in the SM
simulations, the angular momentum has not been consid
because of the shortcoming of the code itself. The freeze
volume isV5V0(11k), wherek is a model parameter an
V0 the volume of the system corresponding to norm
nuclear matter density, respectively. A value ofk51 was
used in the SMM simulation. As shown in Fig. 18, th
GEMINI simulation which does not include angular mome
tum, disagrees with the overall distributions of experimen
data. After including angular momentum, the distributio
have changed considerably and agree with the experime
data satisfyingly. So the angular momentum plays an imp
tant role in the decay of hot nuclei@76#. Although the effect
of angular momentum has not be considered in the SM
simulation, the SMM calculation can also reproduce the
perimental data over the entire range of excitation energy
lower excitation energy, the GEMINI model predicts^M IMF&
larger than the SMM model and overpredicts the experim

FIG. 18. The mean IMF multiplicity, maximum fragment charg
and first and second asymmetry of fragment charge distribution
a function of excitation energy for the35Cl1197Au system at 30 and
43 MeV/nucleon. The full~open! circles represent the efficienc
corrected experimental data of 43~30! MeV/nucleon. The solid,
dashed and dot lines represent the predictions of statistical d
models GEMINI ~including angular momentum!, GEMINI ( l 50)
and SMM (l 50), respectively.
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tal values. At higher excitation energy, the opposite situat
is found. In Fig. 19, experimental inclusive charge distrib
tions of chlorine QP’s are compared with the GEMINI an
SMM calculations for four excitation energy bins. For th
low excitation energy bin, the charge distribution shows t
peaks reproduced by GEMINI, but the SMM model unde
predicts the yield of IMF’s. For higher excitation energi
(EQP* >100 MeV), the charge distribution peaks at smal
values and it is equaly well reproduced by SMM a
GEMINI. A qualitatively similar behavior was also observe
in the decay of heavier QP,ZQP518, 19, and 20.

2. The energy spectrum of products

The excitation energyEk of QP determines also the ki
netic properties of its products. Comparisons of experime
and calculated energy spectra of emitted products may
vide some further insights into questions such as source
and expansion@77#. To explore the dependence of mean k
netic energy with excitation energy, the^EK& of products for
ZQP517 versus their chargeZ in their rest frame are shown
in Fig. 20 for four excitation energy bins. In the figure, th
^EK& was divided by 2Z for comparison. The distributions o
^EK/2Z& are again nearly independent of the incident en
gies in each excitation energy bin, but increase with exc
tion energy since they are related to the temperature of
emitter. For a given excitation energy bin, the^EK/2Z& de-
creases with increasingZ. The calculations of GEMINI
model underpredict the experimental data of IMF’s for
excitation energy bins and the disagreement increases
excitation energy. At lower excitation energies (200 Me
<EQP* ), the calculated SMM results are in good agreem

as

ay

FIG. 19. Experimental inclusive charge distributions for fo
bins of excitation energy: 50–100 MeV, 100–200 MeV, 200–3
MeV and 300–400 MeV. The full~open! circles represent the ex
perimental data of the35Cl1197Au system at 43~30! MeV/nucleon.
The solid~dashed! lines represent the predictions of GEMINI an
SMM model, respectively.
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with the shape of the energy spectra and^EK/2Z& data. With
increasing excitation energy, the data forZ51 are still re-
produced by the SMM model, but the disagreement with
other data increases. A possible explanation for the a
tional kinetic energy of IMF’s could be the smaller sour
size or the existence of a collective expansion which give
larger boost to heavy fragments at higher excitation ene
It could not be accounted for even by the effect of angu
momentum. The rotational energy of emitted fragments
weak.

V. SUMMARY AND CONCLUSIONS

In summary, the reactions35Cl1197Au have been studied
at 30 and 43 MeV/nucleon in peripheral and semiperiphe
collisions. Nonequilibriuma and IMF components hav
been found to compete with those arising from the statist
evaporation of the QP. The fraction of nonequilibrium em
sion has been extracted with the help of Monte Carlo sim
lations. It decreases with larger QP remnant charge, but f

FIG. 20. Experimental mean kinetic energy values of char
products (1<Z<9) evaluated in the reference frame of the prima
QP (ZQP517) versus their charges compared with the calculati
of GEMINI and SMM models for four bins of excitation energ
0–100 MeV, 100–200 MeV, 200–300 MeV and 300–400 Me
The full ~open! circles represent the experimental data of the35Cl
1197Au system at 43~30! MeV/nucleon. The solid~dashed! lines
represent the predictions of GEMINI and SMM model, resp
tively.
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given charge, it increases with the charge of the emitted p
ticles. A proper treatment of nonequilibrium effects with th
current microscopic transport model has not yet been wor
out. Since the nonequilibrium IMF component can be stud
in less violent binary collisions, for which the exit channel
simple and easy to characterize, a very interesting oppo
nity is offered to study dynamical effects in nuclear reactio
under well-controlled experimental conditions.

The QP characteristics have been reconstructed from t
decay products with a careful event selection: several
tures are reminiscent of damped reactions at lower bomb
ing energies, since the QP atomic number and deflec
angle depend strongly on the kinetic energy or dissipa
energy. The excited QP is seen to be produced in bin
orbiting-type collisions, compatible with the scenario und
lying the nucleon exchange model. The dissipative collis
processes have been analyzed in BUU and DIT models
30 MeV/nucleon, the experimental data can be explained
DIT model in a consistent way. One-body dissipation is s
the main mechanism for the energy and angular momen
dissipation. The number of neutrons and protons transfe
between projectile and target has a nearly linear depend
on the impact parameter. However for 43 MeV/nucleon, D
is able to predict only the experimental tendency. Two-bo
dissipation might play a more important role at that incide
energy.

The similarity of the distributions for the decay produc
between the two incident energies suggests that the exc
QP formed in the binary collision might approach therm
equilibrium. The decay products of the highly excited Q
have been analyzed in sequential binary and simultane
disassembly statistical decay model. Both statistical mod
are able to provide good agreement with the experime
observables except for the mean kinetic energy of the pr
ucts. These results concerning final fragment distributio
suggest that statistical decay plays a more important
than dynamical fluctuations in the breakup of excited Q
formed in peripheral and semiperipheral events.
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