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Heavy residues and intermediate-mass fragment production in dissipative197Au¿ 86Kr collisions
at EÕAÄ35 MeV
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Neutrons and charged light and intermediate-mass products from the197Au1 86Kr reaction atElab /A
535 MeV were measured with 4p angular coverage, in coincidence with projectilelike~PLFs! and targetlike
fragments~TLFs!. The characteristics of PLF and TLF yields and their correlation with neutron, light-charged
particles, and intermediate-mass fragments~IMFs! are consistent with a scenario where essentially all colli-
sions proceed through a dissipative stage. It is found that the damping of the available kinetic energy into
thermal excitation is essentially incomplete, with no positive evidence for complete damping. Slow, massive
reaction products are observed with significant yields. These products, termed also heavy residues, are identi-
fied as TLF evaporation residues and as TLF fission fragments. The TLF fission mode is seen to fade away in
favor of TLF evaporation residue production for excitation energies above 3–4 MeV/nucleon. The suppression
of the TLF fission can be traced to the dynamical IMF production process which reduces considerably the sizes
of the primary reaction fragments and, hence, their fissility.

DOI: 10.1103/PhysRevC.64.034603 PACS number~s!: 25.70.Lm, 25.70.Mn, 25.70.Pq
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I. INTRODUCTION

The study of reactions between heavy nuclei at Fe
energies (E/A520–100 MeV) has attracted considerab
experimental and theoretical interest. Among other thin
this energy domain offers ample opportunities to study
mechanisms of the production of highly excited nuclear s
tems and the various modes of their subsequent disinte
tion. One of the phenomena that has attracted significan
terest is the disappearance of the fission mode w
increasing bombarding energies@1# and the observation of a
increasing cross section for very slow (E/A
;0.1–0.5 MeV) heavy residues~HRs!, with masses compa
rable to the mass of the target, in radiochemical studies@2,4#.
In spite of their large production cross sections, the prese
of such residues has been overlooked in many experim
because of their low energies. Because of the large reac
cross section, increasing with increasing beam energy,
production clearly constitutes an important nuclear reac
mode that could possibly inhibit, via competition, the fissi
mode at sufficiently high excitation energies. The abund
production of heavy residues has been observed in collis
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of various projectiles from C to Xe with heavy targets su
as Au, Th, and U@2,4–9# and, consequently, a number o
scenarios have been considered@2,4–10# to account for this
production. For example, fusionlike reactions~complete and
incomplete fusion!, fast fission, fragmentation, dissipativ
collisions, retardation of the dynamical fission process, a
even spallation were considered as factors playing a rol
the survival of HRs. The proposed explanations do not, ho
ever, include the possible governing role of reaction dyna
ics, for which there is growing evidence@11–14#.

The main goal of the present study is the investigation
the HR production mechanism and, in particular, its poss
connection to the dynamical intermediate-mass fragm
~IMF! production process. This study entails exclusive 4p
measurement of neutrons, light-charged particles,
intermediate-mass products, in coincidence with project
like and targetlike fragments~PLFs and TLFs!. The 197Au
1 86Kr reaction atE/A535 MeV was chosen because, fo
this system, information on HRs is available from radi
chemical measurements@2# where the HRs were observe
with several barns of cross section.

In Sec. II, the experimental procedures and data anal
are described. Experimental results are presented and
cussed in Sec. III, followed by conclusions in Sec. IV.
partial account of the present work has been presented
where@15,16#.
s-
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II. EXPERIMENTAL PROCEDURES

The experiment was carried out at the National Superc
ducting Cyclotron Laboratory at Michigan State Universi
A beam of 86Kr ions of Elab /A535 MeV from the K1200
cyclotron bombarded a 300mg/cm2 self-supporting197Au
target, placed in the operational center of the detector se
The setup included two 4p devices—the Rochester Supe
Ball neutron detector and the Washington University char
particle detector array Micro Ball—and thus provided an
most full 4p coverage for neutrons and charged produc
The Micro Ball array was placed, along with heavy-resid
and PLF detectors, inside the scattering chamber of the
perBall, as seen in the schematic views of the SuperBall
of the experimental setup for charged products, Figs. 1 an
respectively.

Slow, massive reaction products were measured u

FIG. 1. Schematic view of the Rochester SuperBall neut
calorimeter.

FIG. 2. Schematic view of the detector setup. See text.
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gthree multistrip silicon detectors covering the angular ran
from 28.9° to 246.5°. Each detector had a thickness
300 mm and an active area of 6.134.0 cm2, divided into
seven strips. In addition to the energy measurement, time
flight information was obtained using timing signals deriv
from either the acceleratorrf signal or a 17-mg/cm2-thick
plastic scintillator detector placed at a small forward an
close to the target.

A typical fragment identification spectrum, as measur
by a strip detector, is shown in the upper panel of Fig. 3
the form of a scatter plot of time of flight versus energy. T
achieved time resolution was sufficient to distinguish b
tween light-charged particles, intermediate-mass fragme
and slow, heavy residues. The HRs are represented by
upper branch of events seen in this panel. An energy cali
tion of the multistrip detectors was achieved usinga par-
ticles and fission fragments from a252Cf source. The energy
of the products measured with the strip detectors was
corrected for pulse-height defect. However, based on
calibration measurement of252Cf fission fragments, this de
fect was estimated to be of the order of~24–36! MeV. Prod-
uct identification was possible for HRs with apparent en
gies larger than 15 MeV.

Projectilelike fragments were measured with two mu
element silicon detector telescopes placed on the side o
beam opposite to that of the HR detectors. These telesc
measured also IMFs. They covered an angular range f
1.9° to 9°, including the grazing angle atu lab

gr ;6°. Each

n

FIG. 3. Fragment identification plot as measured by a strip
tector for all events~top! and for events with coincident projectile
like fragments withZPLF.25.
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telescope consisted of three silicon detectors with thi
nesses of 150, 480, and 3000mm, respectively, and an ac
tive area of 2 cm32 cm, operated inDE-DE-E mode.
Both telescopes allowed one to resolve atomic number
the range of 2<Z<38. An energy calibration of the silicon
detector telescopes was obtained using elastically scatt
beam particles and the known maximum energy deposit
each detector by products with different atomic numbe
The fragment energy was calculated, with a relative reso
tion ,3%, by summing the energy deposits in all three co
stituent detectors of each telescope. In addition to charge
energy information, a two-dimensional position measu
ment was obtained from the position-sensitive elements
the telescopes, which had the architecture of a square m
of 20320 discrete strips. It was found that the effective e
ergy resolution in a second element of the telescope
adversely affected by the position dependence of the en
signal caused by variations in the thickness of the first e
ment. Using data on elastically scattered projectiles, a t
dimensional energy correction matrix was construct
which was subsequently used for an event-by-event en
calibration of the data.

Neutrons were detected using the Rochester Super
@17#, a five-segment neutron calorimeter filled with 16-m3

Gd-doped liquid scintillator~National Diagnostics ND-309!.
The five segments of the SuperBall represent five ang
sectors with scintillator thicknesses between 1 m~at back-
ward angles! and 1.5 m~at forward angles! and provide for a
crude angular sensitivity of the device. The active volume
the device is viewed by a total of 52 Thorn-EMI 9390KB0
5 in. photomultipliers. A time reference signal for SuperB
event processing, indicating a reaction event in the tar
was derived from the charged particle detectors. The Su
Ball generates two types of signals in response to the n
trons penetrating its active volume. First, a prompt light s
nal is generated by the recoil protons during the init
neutron thermalization process. This signal provides a m
sure of the summed kinetic energy of all neutrons emitted
a reaction event, but contains also contributions by the re
tion g rays and by the energetic charged products of
neutron-induced reactions in the scintillator matter. Sub
quently, the thermalized neutrons give rise to a series of
layed signals when they are captured one after another,
domly in time, by Gd nuclei within the active volume of th
detector. These delayed signals are generated by the ne
captureg rays. Their total number in an event is a go
measure of the neutron multiplicity associated with t
event, subject to a detection efficiency correction. The
layed signals were counted within a time interval of 64ms
following a reaction event in the target, which provides
good compromise for the conflicting requirements of t
maximum detection efficiency, on the one hand, and
minimum background count rate, on the other hand.

The detection efficiency of the SuperBall was determin
by simulating its response to neutrons under various neu
emission scenarios. For this purpose, a modified version@18#
of the Monte Carlo codeDENIS @19# was used, which mod
eled the history of an injected neutron as the latter intera
with the scintillator matter of known composition and geo
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etry. The code considered the elastic, inelastic, and cap
interactions of the neutron with the scintillator constituen
The efficiency was calculated as a function of the neut
energy and emission angle and tabulated for further us
the analysis of simulated reaction events. The angle-avera
capture efficiency is presented in the upper panel of Fig. 4
a function of the neutron energy. As seen in this figure,
low and moderate neutron energies (En,15 MeV), the ef-
ficiency is nearly constant and determined largely by the
tection thresholdEth of the SuperBall for the light signals
generated by the captureg rays. The efficiency then de
creases noticeably when neutron energies increase to
MeV and higher. At any rate, the efficiency for detecting f
a neutron at least one interaction within the active volume
the SuperBall is nearly 100%, for the neutron energy sp
trum of interest here. The dependence of the SuperBall
tection efficiency on the reaction observables, such as
total kinetic-energy loss~TKEL! and/or impact parameter
was determined using the simulated events, describing
damped reaction scenario for the197Au1 86Kr system at
E/A535 MeV. In this scenario, it is assumed that neutro
as well as charged particles, are emitted sequentially fr
exited projectilelike and targetlike fragments produced in
course of a primary dissipative collision. The resulting ne
tron detection efficiency is presented in the lower panel
Fig. 4, as a function of the total kinetic-energy loss, assum
to be equal to the summed thermal excitation energy of P

FIG. 4. Upper panel: dependence of the SuperBall detec
efficiency on the neutron energy. Lower panel: dependence of
efficiency on the energy loss for the197Au1 86Kr reaction atE/A
535 MeV.
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B. DJERROUDet al. PHYSICAL REVIEW C 64 034603
and TLFs. According to the above calculations, the aver
~neutron capture! efficiency for the system studied in th
work is «;67%, with only a weak dependence on t
TKEL. The observed minimum in the detection efficiency
low energy losses is attributed to the threshold for neut
emission from the excited TLFs.

Light charged products~LCPs! and IMF charged product
were measured with the Washington University Microb
array, configured with 86 CsI~Tl! detectors with thicknesse
ranging from 4 to 10 mm. The Microball covered an angu
range from 14° to 171°, representing 95% of the full so
angle, and was able to resolvep, d, t, He, Li, and Be.
Atomic numbers were not resolved forZ.4, but these frag-
ments were counted and included in the total IMF multipl
ity mIMF , discussed further below. The energy calibration
the Microball was performed by comparing the theoreti
maximum energy deposits by the light charged particles
CsI~Tl! crystal of known thickness~‘‘punch-through’’ ener-
gies! to the actually observed maximum light output in the
CsI~Tl! detectors.

The experiment was set up to trigger the data acquisi
whenever either a Si detector or the Microball registered
event. In such a case, signals from all charged-particle de
tors were digitized and the SuperBall event was proces
generating a data stream that contained information on v
ous correlations in the multidimensional space of experim
tal observables.

III. EXPERIMENTAL RESULTS AND DISCUSSION

The main aim of the experiment was directed toward
understanding of the mechanism of the heavy-residue
vival in energetic heavy-ion collisions. The reaching of th
goal requires that the general scenario of the reaction
reasonably well understood. The latter is possible via
analysis of various correlations between the experimental
servables, not necessarily directly linked to the heavy r
dues.

The experimental data gathered in the present experim
consist of an event-by-event record of the experimental
servables for various detected reaction products. While s
of the gross features displayed by these data are charac
tic of equilibrium-statistical processes, there are also num
ous features seen that are indicative of a dynamical beha
The analysis of these data, described further below, aim
first at establishing the dominant reaction scenario and
degree of its resemblance to the dissipative processes o
ring at lower bombarding energies. The latter processes
well understood within the stochastic nucleon exchan
model~NEM! @20# when a subsequent statistical decay of
primary reaction products is assumed, a scenario that
cludes both dynamical and statistical components. Theref
the NEM was used in conjunction with the equilibrium
statistical decay modelGEMINI @21# to provide a reference
point for evaluating the significance of various observ
characteristics of reaction products. The pursuit of suc
strategy was also motivated by recent experimental findi
of the persistence of dissipative binary collision dynamics
intermediate bombarding energies@22,23#. According to the
03460
e

t
n

l

r

-
f
l
a

n
n
c-
d,
ri-
-

e
r-

e
n
b-
i-

nt
-
e

ris-
r-
or.
d
e
ur-
re
e
e
n-
e,

d
a
s
t

NEM @20#, implemented here in the computer codeCLAT

@24#, the collision dynamics and the evolution of the macr
scopic system variables are governed by a combination
conservative and dissipative forces. The latter forces aris
a result of a stochastic exchange of nucleons across a ‘‘ne
formed transiently between the interacting massive fr
ments. Notably, the stochastic nucleon exchange model
dicts, in agreement with experimental observations, a mo
tonic broadening of various distributions of the prima
reaction products with increasing energy dissipation.

A. Equilibrium-statistical characteristics of the reaction
product distributions

1. Particle multiplicities

The raw observed inclusive neutron multiplicity distrib
tion is shown in Fig. 5 along with the distributions predicte
by the theoretical simulation calculations. The experimen
results, shown in Fig. 5 as solid symbols, are not correc
for the detection efficiency, but are corrected for the ba
ground count rate. The latter correction was achieved by
folding the background multiplicity distribution from the d
rectly measured distribution. The average backgrou
multiplicity depends on the beam intensity and was typica
mn;3. The experimental neutron multiplicity distributio
seen in Fig. 5 exhibits a shape that is consistent with a bin
collision scenario@25# with different bins in neutron multi-

FIG. 5. Experimental neutron multiplicity~solid circles! distri-
bution, not corrected for the detection efficiency, compared to
unfiltered~open squares! and filtered calculations~open circles! re-
sults of simulation calculations.
3-4
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HEAVY RESIDUES AND INTERMEDIATE-MASS . . . PHYSICAL REVIEW C64 034603
plicity corresponding to different degrees in kinetic-ener
damping achieved in the reaction. The most probable
served neutron multiplicity ofmn526 neutrons for the
central-collision bump corresponds to a true multiplicity
approximatelymn542 when corrected for SuperBall effi
ciency. This number represents about one-fourth of all n
trons in the system.

The squares in Fig. 5 represent raw theoretical predicti
by the stochastic nuclear exchange modelNEM-CLAT @20,24#,
as combined with the equilibrium-statistical decay mo
GEMINI @21#. These raw simulated neutron multiplicities a
not corrected for the neutron detection efficiency of the S
perBall and, hence, are expected to be systematically hi
than the observed ones. However, when corrected for
neutron detection efficiency~as described in Sec. II!, the
model predictions~circles! agree well with the observed dis
tribution.

While the neutron multiplicity alone provides a goo
measure of the total excitation energy in the system, it
pears that an even better measure of this energy is prov
by the joint distribution of neutron and charged-particle m
tiplicities. Such a joint two-dimensional multiplicity distribu
tion for the present reaction is shown in Fig. 6 in the form

FIG. 6. Experimental joint multiplicity distribution of neutron
and charged products. The data points are the predictions of s
tical model calculations for different kinetic-energy losses. See t
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a logarithmic contour plot. The characteristic shape of
correlation ridge seen in this figure illustrates the outcome
the competition between neutron and charged-particle em
sion as a function of excitation energy. For peripheral co
sions, associated with low to moderate excitation energie
the primary reaction products, charged-particle emission
hampered by the Coulomb barrier and, consequently, in th
collisions mostly neutrons are emitted. This decay patter
represented in Fig. 6 by the segment of the correlation ri
beginning at the origin of the plot and running parallel to t
mn axis up tomn'15. Charged-particle emission becom
competitive with respect to neutron emission only at high
excitation energies generated in more dissipative collision
behavior that is expected on the grounds of various statis
decay models. The solid line in Fig. 6 illustrates the pred
tions by the stochastic nucleon exchange model NE
@20,24# in conjunction with the statistical decay mod
GEMINI @21# as corrected for the detection efficiency. The
predictions are seen to agree quite well with experimen
observations.

From a quantitative comparison of the experimental d
and the theoretical predictions one infers that the cent
collision bump in the joint multiplicity distribution, marked
in Fig. 6 by the solid square, is characterized by an excita
energy of 1.1 GeV. This energy falls well short of the 1.8
1.9 GeV energy available for the given bombarding ene
to both the binary system above the barrier and to the mo
nuclear compound system. This limiting case of a hypoth
cal full damping of the kinetic energy is illustrated in Fig.
by the open square. Figure 6 demonstrates that in the86Kr
1 197Au reaction atElab /A535 MeV, full damping of the
kinetic energy into intrinsic thermal energy is achieved on
in a very small fraction of events. From an extrapolation
the joint multiplicity distribution, the possible contribution o
fully damped events to the total cross section is estimate
be only,0.1%.

The crossing bars in Fig. 6 illustrate the values of t
covariance tensors of the joint distribution of neutron a
charged-particle multiplicities, as predicted by the model c
culations. Results of such calculations are shown for f
different values of the assumed total kinetic-energy loss. T
orientation and the length of these ‘‘fluctuation’’ bars we
calculated using the method described in Ref.@26#. They
represent the orientation of the major and minor axes of
covariance tensor and full width at half maximum~FWHM!
of the joint multiplicity distribution in the direction of thes
axes, respectively. The length of these bars, i.e., the predi
fluctuations in the neutron and charged-particle multipli
ties, is seen to agree with the experimental width of the c
relation ridge with a 15% accuracy.

2. Charged-particle emission patterns

Further evidence for the dominantly statistical charac
of the light-particle production is provided by the emissi
patterns of the charged particles. Such patterns are best
trated by two-dimensional Galilei-invariant yields plotte
versus velocity components parallel and transversal to
source velocity. For a statistical emission from a movi

tis-
t.
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excited source, the Galilei-invariant particle yield is expec
to be distributed along a circular ‘‘Coulomb ridge’’ centere
about the source velocity. Hence, the Galilei-invariant vel
ity plots of the particle yield provide a simple means
establishing the number of primary emitters and the aver
source velocities. Additionally, the radius of a Coulomb rid
provides information on the atomic number and the exc
tion energy of the associated source.

Figure 7 presents logarithmic contour plots of the o
served Galilei-invariant velocity distributions for hydroge
and berylium particles emitted in three different classes
events. The upper two rows of panels were obtained by
lecting the events according to the associated neutron m
plicity, while the bottom row was obtained by imposing co
ditions, both on neutron and charged-particle multipliciti
According to the theoretical simulation calculations, the co
dition mn.40 andmc.22 in the bottom row of panels se
lects an impact parameter window ofb/bmax,0.1.

The arrows in Fig. 7 indicate the velocities of the bea
~8.2 cm/ns! and of the center of mass~2.5 cm/ns!. For the
light-charged particles, represented here by hydrogen i
characteristic Coulomb ridges centered about velocities w
below the velocity of the center of mass can be discerned
all three classes of events. Such emission patterns are

FIG. 7. Observed Galilei-invariant velocity distributions for
and Be ejectiles for three gates on the energy dissipation as sel
by the neutron and charged-particle multiplicities~see text!. The
arrows indicate the center-of-mass and beam velocities.
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sistent with sequential emission of particles from a slo
moving source, such as a TLF. A second Coulomb ridge
expected to be populated by the particles emitted from
PLF source. Here, it is only partially discernible due to t
insufficient angular coverage of the detector setup at forw
angles. The observed emission pattern is clearly inconsis
with emission from a single source, such as a hypothet
composite system moving with the velocity of the center
mass. It is worth noting that while a bimodal character of t
velocity distributions is expected for low neutron and LC
multiplicities associated with peripheral collisions, su
character is seen to persist also for the most dissipative,
‘‘most central’’ collisions, as selected by the prescriptio
mn.40 andmc.22 in the bottom row of panels.

In contrast to the case of light-charged particles,
Galilei-invariant velocity distributions for IMFs, represente
here by Be fragments in the right column of panels in Fig.
feature an intense component, characterized by a velo
intermediate between the velocity of the beam, on the
hand, and the velocity of the center of mass, on the ot
hand. While a circular pattern associated with emission fr
the TLF is present also in this case, the dominant part of
Be emission pattern is consistent with emission from a
pothetical neck zone@11–14#. The strong overall similarities
to the trends observed for IMF distributions in the Bi1Xe
system@11–13# already suggest that also in the present re
tion, IMF production is dominated by a dynamical proce
involving the interface region between the two hot intera
ing projectilelike and targetlike fragments.

To further support the above interpretation of the o
served Galilei-invariant velocity distributions, the latter we
compared to the velocity distributions predicted by the co
bined model predictions by theCLAT @24# and GEMINI @21#
codes, calculations assuming statistical emission of parti
and fragments from moving PLFs and TLFs. Such mo
distributions, subjected to the same selection criteria as th
applied to the actual data and subjected to a ‘‘filter’’ simul
ing the relevant features of the detector setup, are show
Fig. 8. A comparison of this figure to Fig. 7 reveals that on
for LCPs, but not for IMFs, are the observed patterns w
reproduced by the simulation calculations. This observat
agrees with the earlier conclusion of different mechanis
dominating in light-charged particle production, on the o
hand, and IMF production, on the other hand.

B. Dynamical characteristics of the reaction product yields

In the previous subsection, Sec. III A, it was shown th
the yields of IMFs observed in the present study cannot
reconciled with a purely statistical production scenar
pointing to the dominantly dynamical character of the IM
production. The dynamical characteristics of the prod
yields are discussed in more detail in the following subs
tions.

1. Characteristics of IMF production

The previous discussion of the charged-product emiss
patterns suggested that the IMF yield cannot be accou
for solely by a pure statistical emission from PLF and TL

ted
3-6
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HEAVY RESIDUES AND INTERMEDIATE-MASS . . . PHYSICAL REVIEW C64 034603
To further assess the contribution of a nonevaporative so
to the IMF yield a quantitative comparison of the simulat
velocity distributions data to the measured distributions
presented in Figs. 9 and 10. Here, the experimental~solid
symbols! velocity distributions for hydrogen and berylium
ions, H and Be, respectively, are plotted, along with the c
culated ~histograms! distributions. These velocity distribu
tions were obtained for the indicated emission angles of
charged particles and two different bins in the associa
neutron multiplicity. The left column corresponds to partia
damped peripheral collisions withmn,15, while more dis-
sipative collisions, withmn516–30, are illustrated by the
column on the right-hand side. A relative normalization
the theoretical velocity spectra to the data was performed
normalizing the spectra obtained at the most backw
angles, where the contribution from the TLF is expected
dominate. The calculated velocity spectra evolve in a smo
manner with increasing emission angle~top to bottom!. At
small emission angles, the spectrum is dominated by a c
tribution by the PLF source, while at backward angles it
essentially due only to the emission from the TLF sour
The component associated with the emission from the T
as inferred from the calculations, is shown in Figs. 9 and
by a dashed histogram. Correspondingly, at intermed

FIG. 8. Simulated Galilei-invariant velocity distributions for
and Be ejectiles for three gates on the energy dissipation as sel
by the associated neutron and charged-particle multiplicities~see
text!. The arrows indicate the center-of-mass and beam velocit
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angles the spectrum has a double-humped shape corresp
ing to a superposition of two components associated with
emission from PLF and TLF, respectively. For the light pa
ticles, represented in Fig. 9 by the hydrogen ions H,
calculated spectra reproduce reasonably well the obse
distributions. In contrast, the measured IMF velocity dist
butions shown in Fig. 10 show a significant contribution
intermediate velocities, in excess of those attributed to P
and TLFs. This excess component is present for all imp
parameters. According to the calculations, a good kinem
cal separation of components of IMFs from PLFs and TL
leaves the intermediate-angle range free of IMFs. Most IM
observed here must come from a different source. As
calculations assume that the IMFs are emitted statistic
from exited PLFs and TLFs, this component is identified
the neck zone dynamical contribution.

From the above observations and observations of sim
character made for other systems@22,27#, one concludes that
at these intermediate energies, heavy-ion reactions are d
nated by dissipative dynamics. For midperipheral to cen
collisions, IMFs appear to be produced at the interface
necklike zone. Subsequently, the excited PLFs and TLFs
separate and undergo a sequential statistical decay.

2. IMF multiplicity distribution

The observed IMF multiplicity distribution is shown i
Fig. 11~solid symbols!. This distribution was measured wit

ted

.

FIG. 9. Experimental~dots! and simulated~histograms! velocity
distributions for hydrogen ions for different neutron multiplicitie
and emission angles. The dashed histogram represent yield con
uted by the TLF decay.
3-7
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B. DJERROUDet al. PHYSICAL REVIEW C 64 034603
a ‘‘minimum-bias’’ trigger requiring that at least two secto
of the SuperBall register signals in coincidence. As can
evaluated from this distribution, the events with two or mo
IMFs constitute;25% of the total yield measured with th
‘‘minimum-bias’’ trigger. When a different ‘‘low-bias’’ trig-
ger is used, requiring the detection of at least one char
particle in the Microball, i.e.,mc>1, the contribution of the
multiple IMFs events is even larger,;35% of all events.
From these considerations, it is clear that in the energy
main of the present study, multiple IMF production cons
tutes an important reaction channel, accounting for a siza
fraction of the total reaction yield. For comparison, the c
culated IMF multiplicity distribution is shown in Fig. 11 as
histogram. In the calculations it has been assumed that IM
are emitted statistically from exited PLFs and TLFs. It
clear from this comparison that the observed multiplicit
are significantly higher than can be explained by statistic
model calculations.

C. Characteristics of projectilelike fragments

1. Elastic scattering

In order to determine the total reaction cross section,
angular distribution of the elastic-scattering yield was a
lyzed. The latter information was obtained using positio
sensitive detector telescopes placed at forward angles.
elastic-scattering yield was extracted from the energy spe
measured for each of the individual strips in the second c
stituent detectors of the telescopes. Absolute calibration

FIG. 10. Same as Fig. 9, except for Be ions.
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the angles relative to the actual beam axis and the norm
ization of the measured yields were achieved by fitting
measured elastic angular distribution at very forward ang
to the corresponding Rutherford cross sections. The pro
dure resulted in the elastic-scattering–to–Rutherford yi
distribution shown in Fig. 12. This angular distribution is
the Fresnel type, indicating the dominance of Coulomb
fects for heavy systems at this bombarding energy. From
distribution shown in Fig. 12, the grazing angle was dedu
using the quarter-point method @28#, ugr

c.m.5(8.9
60.6)°, ugr

lab5(6.160.4)°. The corresponding maximum
angular momentum and total reaction cross section w
found to be l max5(972671)\ and sR5(5.060.7) b, re-
spectively. These values are in good agreement with the
tematics@29# established at lower bombarding energies, p
dicting l max51023\ andsR55.5 b for the present system

2. Energy and charge distributions

Figure 13 depicts a two-dimensional contour diagram
the yield of charged reaction products observed within
angular range covered by the forward telescopes, plotted
sus atomic number (ZPLF.5) and energy of the product. A
seen in Fig. 13, this yield is concentrated along a we
defined ridge connecting in a continuous fashion the reg
of elastic and quasielastic events (ZPLF'36 andE/Ebeam
'1), with that of the IMFs near the origin of the plot. On
notes that this ridge is free of major contaminations by
sion fragments originating from TLF fission or from a sym

FIG. 11. Experimental~solid dots! and theoretical~histogram!
IMF multiplicity distributions.
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HEAVY RESIDUES AND INTERMEDIATE-MASS . . . PHYSICAL REVIEW C64 034603
metric PLF fission. This behavior is expected, because
energy of the former is insufficient to overcome the cha
identification threshold of the telescopes and there is no
dence for a bimodal yield pattern associated with PLF
sion, as observed in previous studies@30# for much heavier
projectile. The dots in Fig. 13 refer to the predictions by t
calculations described above for an energy loss ranging f
30 MeV to 1.4 GeV. The calculations assume a dissipa
binary dynamics of the collision, followed by a sequenti
statistical decay of the emerging excited PLFs and TLFs
was found in these calculations that the observed secon
yield does not depend significantly on the excitation ene
division between the two reaction partners. The calculati
reproduce well the observed trend for PLF atomic numb
close to that of the projectile. For higher energy losses, c
responding to an observed PLF atomic numberZPLF,20,
the PLF atomic number is overestimated by the model
culations. This discrepancy can be explained by the role
IMF production in reducingZ of the primary PLFs. An esti-
mate for the total cross section for the PLF production can
obtained by integrating the observed yield over the energ
the products and by extrapolating it to the angular range
covered by the telescopes. Such an estimate resulted in
cross sectionsPLF'(3.760.9) b.

3. Deflection function

The dynamics of heavy-ion collisions is best reflected
the deflection function illustrating the dependence of
emission angle on the impact parameter. With the imp

FIG. 12. Ratio of the elastic–to–Rutherford-scattering cr
sections. The dashed line illustrates the quarter-point yield.
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parameter unavailable for a direct measurement, in the s
of dissipative heavy-ion collisions at energies of a few Me
nucleon above the interaction barrier, a somewhat differ
representation of the deflection function is commonly us
first suggested by Wilczyn´ski @31#. In this representation, the
total kinetic-energy loss is plotted versus deflection angle
the Fermi-energy domain of bombarding energies, the m
surement of the TKE becomes a complex process, redu
the usefulness of the original Wiczyn´ski representation. In
this domain of bombarding energies the deflection function
suitably represented by the dependence of the PLF energ
the neutron multiplicity on the PLF emission angle.

The upper-left panel of Fig. 14 shows the correlation b
tween the measuredE/Z ratio and the measured emissio
angle for all charged reaction products withZ.5. TheE/Z
ratio provides a quadratic velocity scale of the second
PLF fragments. Assuming that the secondary PLFs are
duced from the primary ones as a result of statistical dec
the average emission angle of a secondary reaction produ
approximately equal to the average emission angle of
primary PLF and, hence, refers to the average collision
namics.

As seen in Fig. 14, the fragment yield is distributed alo
a Z-shaped ridge. The upper, intense section of this ridg
due to elastic and quasielastic scattering. The second se

s
FIG. 13. Contour diagram of the yield of charged reaction pro

ucts from the197Au1 86Kr reaction, observed in an angular rang
1.9° –9°, plotted versus kinetic energy, normalized to beam ene
and atomic number of the product. The data points are the pre
tions of statistical calculations for different energy losses, as
cussed in the text.
3-9
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B. DJERROUDet al. PHYSICAL REVIEW C 64 034603
of the ridge is due to the partially damped collisions and
seen to extend from the grazing region toward lower velo
ties and forward angles. A less distinct, third section of
yield ridge is discernible in Fig. 14, extending from forwa
angles toward lower velocities at angles beyond the graz
angle (ugr56.1°). The observed correlation is reminiscent
the Wilczyński plots illustrating the deflection function fo
dissipative heavy-ion collisions at energies of a few Me
nucleon above the interaction barrier. Similar results w
obtained recently at intermediate bombarding energ
@23,32#. The solid dots in Fig. 14 represent the results
theoretical model calculations using the codesCLAT @24# and
GEMINI @21#. These calculations are seen to predict an
creasing orbiting of the dinuclear system with increasing
ergy dissipation. According to these calculations, the th
segment of the yield ridge is associated with negative defl
tion angles.

The remaining panels of Fig. 14 represent a decomp
tion of the yield seen in the upper left panel according to
measured atomic number of the PLF remnant, as indicate
each panel. As the atomic number of the PLF remnant
creases, the angular distribution of the fragments is see
broaden with a simultaneous slowing down of the PL
These trends are consistent with a dissipative orbiting p
cess, as observed@23# in a study of the209Bi1 136Xe reaction
at E/A528 MeV. In both cases, an increased deflection
the PLFs relative to Coulomb trajectories is accompanied
increased energy dissipation. However, while the calcu

FIG. 14. Experimental deflection-function plots for differe
bins in the atomic number of the associated PLFs~contour plots!,
compared with the theoretical average trends~solid dots!. See text.
03460
s
i-
e

g
f

/
e
s
f

-
-

d
c-

i-
e
in
e-
to
.
-

f
y
-

tions reproduce qualitatively the average experimental f
tures of the Wilczyn´ski plot, the theoretical dissipation i
stronger than observed experimentally. This discrepanc
particularly clear for the partially damped middle segment
the yield ridge in Fig. 14. The strong theoretical frictio
forces lead eventually to a ‘‘sticking’’ of the interacting frag
ments and a large theoretical cross section for fusion (s f us
;1.8 b). Experimentally, no evidence was found for su
fusion events.

4. Excitation-energy division

One of the most characteristic features of damped co
sions is the conversion of a significant part of the init
collective kinetic energy into intrinsic excitation energy
the reaction partners in an irreversible dissipative process
the energy balance for the reaction, the dissipated kin
energy makes up for the sum of excitation energies of
primary fragments. The way in which this excitation ener
is divided between the two primary fragments reflects
properties of the heat generation and relaxation mechan
@33# and is, hence, a useful experimental observable.

In the present study, the excitation-energy division w
evaluated based on a comparison of the proton emission
terns for different total excitation energies to those predic
by the NEM @20,24# and GEMINI @21# model calculations
described in the previous sections. To that goal, the emis
pattern was described by just one parameterh reflecting the
forward-backward asymmetry of the proton yield:

h5
Smback2Smfor

Smback1Smfor
, ~1!

where mf or and mback represent the proton multiplicitie
measured in the angular ranges of 14° –28° and 128° –1
respectively. These two angular ranges are covered by
most forward and most backward rings of the Microball a
ray, respectively.

The results of the model calculations for different to
excitation-energies and different assumed excitation ene
divisions are shown in Fig. 15. The upper left panel is
inclusive results, while the remaining ones are for the in
vidual bins in neutron multiplicity, used here as a measure
the total thermal excitation energy of the system. The ho
zontal solid lines shown in each panel illustrate the exp
mental asymmetryh of the proton emission patterns. Utiliz
ing the fact that the model predictions show a distin
dependence on the excitation energy division, the la
quantity can be then determined from the requirement
the model prediction agree with the experimental obser
tions, i.e., from the intersection point of the theoretical li
and the horizontal line representing the experimental res

The resulting dependence of the excitation-energy d
sion on the total excitation energy is illustrated in Fig. 1
where the ratio of PLF and TLF excitation energiesper
nucleonis shown as a function of the total excitation energ
In this figure, a smooth transition is seen to occur with
creasing total excitation energy from a near equipartition
the total excitation energy to the limit of thermal equilibriu
3-10
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HEAVY RESIDUES AND INTERMEDIATE-MASS . . . PHYSICAL REVIEW C64 034603
division. In the latter mode of energy division, the individu
excitation energies of PLFs and TLFs are in a direct prop
tion to their respective mass numbers. Figure 16 sugg
also that complete thermal equilibrium may not have be

FIG. 15. The forward-backward asymmetry in the proton yie
as predicted for the theoretical model calculations~solid dots and
lines! for various degrees of kinetic-energy dissipation and vari
excitation-energy divisions. The horizontal lines indicate the
spective experimental values.

FIG. 16. Excitation-energy division as a function of the to
excitation energy.
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reached in this reaction for the classes of events sele
according to the associated neutron multiplicity.

D. Heavy-residue production

Heavy residues are defined in the present study as m
sive remnants of the primary targetlike fragments. The
remnants result from either particle evaporation or fissi
The former are expected to have low velocities due only
the recoil experienced by TLFs in the course of the dissi
tive collision.

1. Properties of targetlike fragments

Figure 17 illustrates selected qualitative and quantitat
characteristics of the targetlike fragments as deduced f
the experimental data for the measured projectilelike fr
ments. The TLF characteristics were deduced under the
sumption that the collision is governed by binary dissipat
dynamics and that the primary products of the collision,
PLFs and TLFs decay into the observed secondary fragm
via sequential statistical evaporation of particles. Acco
ingly, it was assumed that the velocity vectors of the prima
and secondary fragments coincide. The upper panels of
17 show the reconstructed angular distributions of TL
while the lower panel show the contour diagrams of the T
yield plotted versus the recoil angle and recoil velocity. T
panels are organized in columns characterized by diffe
conditions on the atomic numberZPLF of the detected PLF.
The dashed curve in the upper leftmost panela represents the
total TLF angular distribution including the elastic and qua
elastic events; i.e., this line represents most of the yield
u lab;90°. The exclusion of the elastic and quasielas
events leads to the distribution represented by the histog
drawn as a solid line and contour diagram~a!. A selection of
more dissipative collisions, characterized by lower atom
numbers of the PLF, as indicated in panels~b! and~c!, leads
to more forward-peaked TLF angular distributions a

s
-

l

FIG. 17. Angular distributions~top! and velocity versus angle
correlations for TLFs, as deduced based on the PLF data, for v
ous bins inZPLF as indicated in the panels. The leftmost column
for inclusive data.
3-11
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B. DJERROUDet al. PHYSICAL REVIEW C 64 034603
higher TLF recoil velocities as the transferred linear mom
tum increases. Note that the rapid drop of the TLF angu
distribution arounduTLF;0° is an experimental artifact du
to the absence of PLF data at backward angles.

By comparing the above deduced TLF characteristics
the experimental observations from the study of the197Au
1 129Xe reaction @34# at E/A521–44 MeV/nucleon, one
concludes that these TLF residues are associated with q
elastic and damped-reaction processes. For those T
whose mass number is close to that of the target, the de
of the energy damping is low and, accordingly, the angu
distribution is peaked sidewise. In addition, these fragme
have low ~recoil! velocities. As the degree of the energ
dissipation increases, the observed secondary masse
TLFs and PLFs decrease and the associated linear mo
tum transfer results in an increase of the recoil velocity
TLFs and in their more forward-peaked angular distrib
tions.

The TLF recoil velocities were also deduced indepe
dently from the Galilei-invariant velocity plots of the emitte
light-charged particles. At backward angles, the obser
LCPs are mostly associated with the emission from TL
and, therefore, their velocity distribution reflects the kin
matic boost due to the movement of TLFs. These veloc
distributions measured at backward angles were analy
@16# for different bins in the degrees of kinetic-energy dis
pation achieved. As a measure of the latter quantity, neu
multiplicity was used.

The evolution of the average TLF recoil velocity wit
increasing energy dissipation is shown in Fig. 18, as dedu
independently from the velocity distributions of hydrog
and helium ions. In this figure, the TLF recoil velocity
seen to increase with increasing kinetic-energy dissipat
but far from the ‘‘full-damping’’ @35# limit of 1.7 cm/ns for
the present system. This observation proves that even fo
most dissipative collisions selected according to measu
neutron multiplicities, the damping of the kinetic energy
incomplete. Similar conclusions were reached earlier in

FIG. 18. The correlation between the velocity of TLFs and
associated neutron multiplicity, as deduced from Galilei-invari
velocity plots of hydrogen and helium ions.
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studies of the 197Au1 208Pb reactions atE/A529 MeV
@30#, the 209Bi1 136Xe reactions atE/A528 MeV @11#, and
the 112,124Sn1 124,136Xe reactions atE/A555 MeV @3#.

2. Identification of the slow, heavy residues

A more complete identification of heavy residues and,
particular, their distinction from the PLF residues a
intermediate-mass fragments was achieved via the joint m
surement of their time of flight and energy. This is seen
Fig. 3 where the TLF residues are represented by the up
branch in the upper panel. This upper branch represents
fission fragments and the evaporation residues as is see
the lower panel of Fig. 3, where a coincidence was requi
with a massive PLF (Z.25).

Inclusive and exclusive angle-integrated HR energy sp
tra ~not corrected for the pulse height defect! are shown in
Fig. 19. These spectra were measured under the follow
conditions:~a! in inclusive mode,~b! in coincidence with a
massive PLF (ZPLF.25), and ~c! in coincidence with at
least three IMFs detected in the Microball. The significan
of the latter criterion is discussed further below. The ene
spectra~a! and ~b! are similar to each other and exhibit tw
components: a Gaussian-like distribution, centered ab
;90 MeV, and a superimposed broad exponential-like d
tribution. The former component exhibits the characterist
expected for fission fragments~HR-FF!, as ascertained by

t

FIG. 19. Inclusive~a! and exclusive~b! and ~c! energy spectra
of heavy residues. The exclusive spectra are for moderately~b! and
highly ~c! dissipative collisions.
3-12
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HEAVY RESIDUES AND INTERMEDIATE-MASS . . . PHYSICAL REVIEW C64 034603
the calibration performed with the fission fragments from
252Cf source. The fragments associated with the mono
nously decreasing HR component are identified as T
evaporation residues and are denoted as HR-ER in the
lowing.

In order to obtain a further characterization of the two H
components, in Fig. 20 the HR yield is plotted versus the
energy and the multiplicities of neutrons or charged partic
In this figure, the same conditions were used conditions a
Fig. 19. As seen in the upper left panel of Fig. 20, the hea
residue production is associated with high neutron multipl
ties corresponding to the high-multiplicity ‘‘bump’’ in the
neutron multiplicity distribution of Fig. 5. This proves tha
HRs are mostly produced in highly dissipative collisions. O
the other hand, the correlation of HR energy with the as
ciated charged particle multiplicity,mc , allows one to sepa
rate the two components observed in the projected spectr~a!
and ~b! of Fig. 19. The HR-ER component is seen to
associated with larger values ofmc than the HR-FF one
Similar observations were made in earlier works@36# de-
voted to HR. Of special interest is the fact that theEHR
versusmc correlation plots provide for a good separation
the two components when the coincidence with mass
PLFs with ZPLF.25 is required. This is seen in lower le
panel of Fig. 20.

3. Correlations between heavy residues, projectilelike fragmen
and light-particle multiplicities

Figure 21 offers a characterization of various classes
events according to the total excitation energy measured

FIG. 20. Contour plot of the heavy-residue yield, plotted vers
the heavy-residue energy and particle multiplicity. The panels
for different conditions on the associated reaction observables
indicated. Solid lines indicate the suggested separation line betw
fission fragments and evaporation residues.
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the joint distribution of neutron and LCP multiplicities. Pan
~a! shows the inclusive joint multiplicity distribution tha
was introduced earlier in Sec. III A. The characteristic cor
lation ridge in this plot reflects the evolution of the syste
characteristics with increasing kinetic-energy loss and p
sumably decreasing impact parameter. Panel~b! shows the
joint neutron versus LCP multiplicity distribution for a clas
of events in which a HR was detected and identified in
multistrip detector setup. As pointed out above, the event
this class are associated mostly with highly dissipative co
sions. The apparent absence of events with low total exc
tion energies, characterized by low LCP and neutrons mu
plicities, is due to the fact that TLFs from peripher
collisions, mainly quasielastic, are emitted at large angles
covered by the detector setup and would be very difficult
measure anyhow, because of their very low energy. Pane~c!
in Fig. 21 presents the joint neutron versus LCP multiplic
distributions measured in coincidence with evaporation re
dues, HR-ER. The events in this class belong mostly to
most dissipative ones@mc , mn'(12,25)# when compared
to the inclusive distribution. Consequently, the HR-FF yie
is due mostly to peripheral and midperipheral collision
while the HR-ER yield arises from midperipheral to cent
collisions, for which also IMFs are produced. The latter co
clusion is further supported by the plot shown in panel~d!,

s
re
as
en

FIG. 21. Contour diagrams of joint distribution of neutron a
charged product multiplicities for all events~a! and classes of
events associated with heavy residue production~b!, TLF evapora-
tion residue production~c!, and IMF multiplicitiesm.1 ~d!.
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B. DJERROUDet al. PHYSICAL REVIEW C 64 034603
obtained for the events where at least two IMFs are dete
in the Microball, but without requiring a coincidence with
PLF or a HR. Clearly a coincidence requirement of tw
IMFs also selects dissipative events, similarly to the HR-
coincidence requirement, discussed further above.

Figure 22 illustrates the correlations between HR a
PLFs. Panel~a! shows the joint neutron versus LCP mul
plicity distribution for a class of events in which a HR wa
detected. Panel~b! shows the joint neutron versus LCP mu
tiplicity distribution for a class of events in which a PLF wit
an atomic numberZPLF>10 is detected in a PLF telescop
The latter condition selects mostly peripheral and midperi
eral collisions. Requiring the coincidence of a HR and a P
with ZPLF>10 leads to the jointmn versusmc multiplicity
distribution shown in panel~c!. The observed shift toward
lower multiplicities in the distribution~c!, with respect to
that shown in panel~a!, allows one to conclude that very few
~secondary! PLFs withZPLF>10 emerge from the most dis
sipative collisions. In contrast, by selecting the most dissi
tive collisions through the requirement of the coincidence
a heavy-residue and a fragment with 5,Z,11 in the PLF
telescopes~i.e., at forward angles!, one obtains the exclusiv
distribution shown in panel~d!.

One concludes from the above data that for the most
sipative collisions, either the size of the primary PLF is s
nificantly reduced and/or the PLF breaks up into seve
IMFs.

FIG. 22. Same as Fig. 21, except for different conditions
heavy residues andZPLF , as indicated in the panels.
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Further quantitative analysis of the heavy residue dat
presented in Fig. 23. The upper panel of Fig. 23 shows thZ
distribution of PLFs measured in coincidence with evapo
tion residues and fission fragments. While the TLF evapo
tion residues~HR-ER! are associated with a broad range
PLF atomic numbers, the TLF fission fragments~HR-FF! are
associated mostly with the production of massive~second-
ary! PLFs with atomic numbers close to that of the projecti
As these distributions are weighted with the actual imp
parameter distribution, a corresponding production proba
ity distribution may be obtained by dividing the above d
tributions by the inclusive PLF atomic number distributio
The results of such an ‘‘unfolding’’ are illustrated in th
lower panel of Fig. 23. As seen in this panel, there is a la
shift in the averageZ of the PLF toward higherZ values for
the events associated with TLF fission. This demonstra
that the TLF evaporation residues are produced in the m
dissipative collisions, while for the less dissipative collisio
the primary TLF tends to decay by fission.

4. IMF production and the survival of HRs

Further evidence for a production scenario in which t
heavy residues are TLF remnants is obtained from Gali
invariant velocity distributions for light-charged particle
Such distributions are shown in Fig. 24 for He and Be io
for three bins in the associated neutron multiplicity and

n
FIG. 23. Atomic-number distributions for PLFs observed in c

incidence with TLF fission fragments~dashed lines! and TLF
evaporation residues~solid lines! ~top panel! and the same distribu
tions divided by the inclusiveZPLF distribution ~bottom panel!.
3-14
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HEAVY RESIDUES AND INTERMEDIATE-MASS . . . PHYSICAL REVIEW C64 034603
both components observed in the energy distributions of
19~a!. As seen in Fig. 24, for the entire range of ener
dissipation, the light-charged-particle velocity distributio
exhibit quite well-defined Coulomb ridges, pointing to a s
quential emission from slow-moving sources. Thus, the p
vious identification of HRs measured in coincidence w
massive PLFs as TLF remnants is seen to be valid for
entire set of HR events measured in this experiment.

It is worth noting that IMF invariant velocity distribution
measured in coincidence with HRs, shown in Fig. 24, exh
similar patterns in comparison to the inclusive velocity d
tributions ~see Fig. 7!. This similarity is indicative of IMFs
being produced in the interface zone between~primary!
PLFs and TLFs, with HRs being TLF remnants. Con
quently, one concludes that the HR production mechanism
directly related to the dynamical IMF production process

An important question to be addressed is what is
mechanism that inhibits fission and, hence, allows the
quent survival of heavy residues at high-energy losses
excitation energies, but does not allow such survival in l
dissipative collisions. A possible explanation, offered in t
literature, invokes a dynamical retardation of the fission p
cess relative to neutron, LCP, and IMF evaporation@6–8#.
IMF emission, which is enhanced at high excitation energ
as the emission times decrease@37#, is particularly effective
in inhibiting fission. This is so because IMF emission is
herently associated with a significant reduction in atom
number, mass, and fissility of the emitters.

The trends seen in Figs. 19 and 20 suggest that it is ind
~dynamical! IMF production that is largely responsible fo
the survival of TLF residues. In Fig. 18, the HR energy sp
trum ~c! is measured in coincidence with at least three IM
a condition which is equivalent to the requirement of satu
tion of the thermal energy in the system. This requiremen
seen to suppress the Gaussian-like component assoc
with TLF fission. This suppression is also clearly display

FIG. 24. Galilei-invariant velocity plots for helium and berylium
ions detected in coincidence with TLF fission fragments~two top
rows! and TLF evaporation residues~two bottom rows!, for differ-
ent degrees of energy dissipation as measured by the assoc
neutron multiplicity~different columns!.
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in the two-dimensional plot, presented in Fig. 20, where
lower right panel shows HR yield plotted versus HR ener
and charged-particle multiplicity, measured under the sa
conditions ofmIMF.2.

5. Fission versus evaporation competition

The measured laboratory angular distributions of hea
residues are presented in Fig. 25. The upper panel of
figure presents the inclusive distribution, while the midd
and bottom panels represent evaporation and fission com
nents, defined by the correlation between HR energy
charged-particle multiplicity~see Fig. 20!. In all three cases
the yield increases exponentially with decreasing emiss
angle. The logarithmic slopes of the angular distributions
seen to be similar for evaporation and fission compone
reflecting a common origin of these products—the prima
TLF.

In order to determine the heavy-residue production cr
section, their angular distributions were extrapolated by
straight lines shown in Fig. 25. An angular integration
these distributions yields a total cross section ofsHR'2 b
and a ratio of the cross sections of the two components
sER /sFF'0.7. Similar results for the angular distribution
and cross sections have been found@36,38,39# for other sys-
tems using different methods. The above total cross sec
should be regarded as a lower limit. Uncertainties, of
order of 30%, are due mostly to the high identificatio

ted

FIG. 25. Angular distributions of all heavy residues~top panel!,
TLF fission fragments~middle panel!, and TLF evaporation resi-
dues~bottom panel!.
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thresholds of heavy residues. In addition, the limited angu
range of the HR detectors prevented detection of fragm
emitted in quasielastic collisions at large angles.

As concluded above, both kinds of heavy residues,
TLF evaporation residues and the TLF fission fragmen
originate from primary TLFs. Which mode of the TLF deca
actually prevails appears to be decided by the statistical c
petition between particle emission and fission. The outco
of this competition is strongly affected by the size of t
primary TLF~i.e., its fissility!, and the latter is determined b
the IMF production rate. The deduced competition betwe
the fission and evaporation modes is illustrated in Fig. 26
a function of the kinetic-energy loss. In this figure, the abo
competition is measured by the yield ratiosER /sFF . The
individual cross sections in this ratio were evaluated by
tegrating the angular distribution for each respective com
nent. The different degrees of kinetic-energy dissipat
were selected by setting gates on the joint distribution
multiplicities mn andmc and by deducing the correspondin
kinetic-energy loss for each bin from themn-mc correlations
depicted in Fig. 6 and from the TLF-residue recoil veloci
The latter velocity was evaluated from an analysis of
LCP velocity spectra, assuming binary collision kinemat
~see also the discussion of Fig. 15!.

FIG. 26. Ratio of the production cross sections for TLF fiss
fragments and TLF evaporation residues as a function of kine
energy loss.
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The energy-loss variableEloss/A, whereEloss is the total
energy dissipated andA is the initial number of nucleons in
the entrance channel, can be viewed as an approximate
sure of the excitation energy per nucleon of the system,e*
'Eloss/A. As the energy loss~excitation energy! increases, a
steep increase is observed in the ratiosER /sFF . Above e*
5(3 –4) MeV/nucleon of excitation energy, particle evap
ration from the TLF competes successfully with TLF fissio
demonstrating that TLF evaporation residues are produce
the most dissipative collisions and predominantly do not
sion at high excitation energies. Note that Fig. 26 is va
only for the energy-loss domain covered by the data,
which a HR was identified at forward angles. These eve
do not include the elastic and quasielastic events for wh
the TLFs emerge with a low excitation energy, insufficient
overcome the fission barrier. For those events, one wo
expect a decreasing ratiosER /sFF at very low energy losses
One notes that for a197Au nucleus, the fission barrier i
;16 MeV for zero angular momentum and it vanishes
an angular momentuml;82\.

IV. SUMMARY AND CONCLUSIONS

In the present work, results from an experiment on
197Au1 86Kr system atElab /A535 MeV were discussed, in
which 4p measurements of neutrons and charged light
intermediate-mass products were performed, in coincide
with projectilelike or targetlike fragments.

The properties of projectilelike fragments were studied
detail. The reaction cross section was found to besR5(5.0
60.7) b, in good agreement with the systematics@29#. The
deduced PLF deflection function was found consistent wit
dissipative orbiting process, similar to the results@23# re-
ported for the Bi1Xe system atE/A528 MeV. The binary
character of the collisions was found also reflected in
Galilei-invariant velocity distributions of the light-charge
particles over the whole range of energy dissipation. It
found that even the most central collisions follow a dissip
tive scenario with PLFs and TLFs present in the exit chan
in addition to IMFs. However, a complete damping of t
available kinetic energy is observed only for events in the
tails of event distributions in all representations studied.
other words, it is not achieved for any class of events t
could been selected by the selection criteria independen
the energy damping itself. The LCP properties indicate th
at most, 60% of the available kinetic energy is converted i
thermal energy. The IMF properties indicate that their p
duction process is dynamical and occurs at the interface
projectile and target. The IMF production mechanism a
pears to be an efficient channel that carries away a subs
tial part of the PLF-TLF relative energy.

An analysis of the exclusive yield of slow-moving res
dues measured in coincidence with PLFs, neutrons, lig
charged particles, and intermediate-mass fragments sho
that such residues are mostly produced in binary dissipa
collisions. A lower limit for the heavy-residue cross secti
was found to besHR;2 b. The examination of the

c-
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associated Galilei-invariant distributions of the light-charg
particles and the observed coincidence with massive P
proved that these residues are TLF remnants. Two class
slow residues were found—TLF evaporation residues
TLF fission fragments. Significant differences in IMF mul
plicities associated with these two classes are observed
dicating that IMF ‘‘emission’’ plays a decisive role in th
survival of TLF evaporation residues. It is shown that abo
an excitation energy of 3–4 MeV/nucleon, the TLF fissi
mode fades away in favor of heavy-residue production,
O
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the dynamical IMF production process reduces considera
the sizes and fissilities of the primary reaction fragments
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