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Neutrons and charged light and intermediate-mass products fromt®fAe+ 8Kr reaction atE,,,/A
=35 MeV were measured with# angular coverage, in coincidence with projectilel{iRLF9 and targetlike
fragmentgTLFs). The characteristics of PLF and TLF yields and their correlation with neutron, light-charged
particles, and intermediate-mass fragmd(fitéFs) 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.
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[. INTRODUCTION of various projectiles from C to Xe with heavy targets such
as Au, Th, and U2,4-9 and, consequently, a number of
The study of reactions between heavy nuclei at Fermscenarios have been considef@gt—1(0 to account for this
energies E/A=20-100 MeV) has attracted considerable production. For example, fusionlike reactiofomplete and
experimental and theoretical interest. Among other thingsincomplete fusiop fast fission, fragmentation, dissipative
this energy domain offers ample opportunities to study thecollisions, retardation of the dynamical fission process, and
mechanisms of the production of highly excited nuclear syseven spallation were considered as factors playing a role in
tems and the various modes of their subsequent disintegréhe survival of HRs. The proposed explanations do not, how-
tion. One of the phenomena that has attracted significant irever, include the possible governing role of reaction dynam-
terest is the disappearance of the fission mode witlics, for which there is growing eviden¢&l—14.
increasing bombarding energiglg and the observation of an The main goal of the present study is the investigation of
increasing cross section for very slow E/A  the HR production mechanism and, in particular, its possible
~0.1-0.5 MeV) heavy residuéblRs), with masses compa- connection to the dynamical intermediate-mass fragment
rable to the mass of the target, in radiochemical stude§. (IMF) production process. This study entails exclusive 4
In spite of their large production cross sections, the presenameasurement of neutrons, light-charged particles, and
of such residues has been overlooked in many experimenistermediate-mass products, in coincidence with projectile-
because of their low energies. Because of the large reactidike and targetlike fragment€PLFs and TLFs The *Au
cross section, increasing with increasing beam energy, HR- &Kr reaction atE/A=35 MeV was chosen because, for
production clearly constitutes an important nuclear reactiorthis system, information on HRs is available from radio-
mode that could possibly inhibit, via competition, the fissionchemical measuremenf&] where the HRs were observed
mode at sufficiently high excitation energies. The abundantvith several barns of cross section.
production of heavy residues has been observed in collisions In Sec. Il, the experimental procedures and data analysis
are described. Experimental results are presented and dis-

cussed in Sec. lll, followed by conclusions in Sec. IV. A
*Present address: Department of Physics and Astronomy, McMagpartial account of the present work has been presented else-
ter University, Hamilton, Ontario, Canada L8S 4M1. where[15,16].
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FIG. 1. Schematic view of the Rochester SuperBall neutron £
calorimeter. = 125
Il. EXPERIMENTAL PROCEDURES o

The experiment was carried out at the National Supercon-
ducting Cyclotron Laboratory at Michigan State University.
A beam of 8r ions of E,,,/A=35 MeV from the K1200
cyclotron bombarded a 30Q.g/cn? self-supporting®’Au
target, placed in the operational center of the detector setup.
The setup included two # devices—the Rochester Super-
Ball neutron detector and the Washington University charged
particle detector array Micro Ball—and thus provided an al-
most full 47 coverage for neutrons and charged products.
The Micro Ball array was placed, along with heavy-residue
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and PLF detectors, inside the scattering chamber of the Su- FIG. 3. Fragment identification plot as measured by a strip de-
perBall, as seen in the schematic views of the SuperBall antkctor for all eventgtop) and for events with coincident projectile-
of the experimental setup for charged products, Figs. 1 and 2ke fragments withZp > 25.

respectively.

Slow, massive reaction products were measured usin?“ee multistrip silicon detectors covering the angular range
rom —8.9° to —46.5°. Each detector had a thickness of
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300 wm and an active area of 6<14.0 cn?, divided into
seven strips. In addition to the energy measurement, time-of-
flight information was obtained using timing signals derived
from either the accelerataf signal or a 17-mg/cfathick

=] plastic scintillator detector placed at a small forward angle
close to the target.

A typical fragment identification spectrum, as measured
by a strip detector, is shown in the upper panel of Fig. 3 in
the form of a scatter plot of time of flight versus energy. The
achieved time resolution was sufficient to distinguish be-
tween light-charged particles, intermediate-mass fragments,
and slow, heavy residues. The HRs are represented by the
upper branch of events seen in this panel. An energy calibra-
tion of the multistrip detectors was achieved usiagpar-
ticles and fission fragments fromZ°Cf source. The energy
of the products measured with the strip detectors was not
corrected for pulse-height defect. However, based on the
calibration measurement @PCf fission fragments, this de-
fect was estimated to be of the order(@f4—36 MeV. Prod-

[

FIG. 2. Schematic view of the detector setup. See text.

uct identification was possible for HRs with apparent ener-
gies larger than 15 MeV.

Projectilelike fragments were measured with two multi-
element silicon detector telescopes placed on the side of the
beam opposite to that of the HR detectors. These telescopes
measured also IMFs. They covered an angular range from
1.9° to 9°, including the grazing angle &f;,~6°. Each
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telescope consisted of three silicon detectors with thick- 100

nesses of 150, 480, and 30Q0m, respectively, and an ac- 9% = %

tive area of 2 cnx2 cm, operated iPAE-AE-E mode. 80 - %

Both telescopes allowed one to resolve atomic numbers in 70 = "‘ln,‘%

the range of 2Z=<38. An energy calibration of the silicon —~ 60 [ %%

detector telescopes was obtained using elastically scatteredd 50 [ \%

beam particles and the known maximum energy deposits in ~" 40 [

each detector by products with different atomic numbers. @ 30 [

The fragment energy was calculated, with a relative resolu- 20 - o Ew =0 MeV

tion <3%, by summing the energy deposits in all three con- 1o eEw=12Mev

stituent detectors of each telescope. In addition to charge and 0 el il sl o

energy information, a two-dimensional position measure- 10 ! 10 10

ment was obtained from the position-sensitive elements of Neutron Energy (MeV)

the telescopes, which had the architecture of a square matrix 100

of 20X 20 discrete strips. It was found that the effective en- % -

ergy resolution in a second element of the telescope was __ 80 - TLF

adversely affected by the position dependence of the energy' ne. 7° [

signal caused by variations in the thickness of the first ele- ~_ 69 “’FTL?: TLF

ment. Using data on elastically scattered projectiles, a two- ¢y 59 [

dimensional energy correction matrix was constructed, 40 - PLF

which was subsequently used for an event-by-event ener 30 -

calibration of the gata. g g Y 20 — Au + *Kr ( 35 A MeV)
Neutrons were detected using the Rochester SuperBall 10

[17], a five-segment neutron calorimeter filled with 16-m 0, 0'2 0{4 016 o!s 1' 112 1{4 16

Gd-doped liquid scintillatofNational Diagnostics ND-309

The five segments of the SuperBall represent five angular Eloss (GeV)

sectors with scintillator thicknesses between 1(ah back-
ward anglesand 1.5 m(at forward anglesand provide for a
crude angular sensitivity of the device. The active volume o
the device is viewed by a total of 52 Thorn-EMI 9390KB07
5 in. photomultipliers. A time reference signal for SuperBall
event processing, indicating a reaction event in the target,
was derived from the charged particle detectors. The Supestry. The code considered the elastic, inelastic, and capture
Ball generates two types of signals in response to the neunteractions of the neutron with the scintillator constituents.
trons penetrating its active volume. First, a prompt light sig-The efficiency was calculated as a function of the neutron
nal is generated by the recoil protons during the initialenergy and emission angle and tabulated for further use in
neutron thermalization process. This signal provides a meahe analysis of simulated reaction events. The angle-averaged
sure of the summed kinetic energy of all neutrons emitted ircapture efficiency is presented in the upper panel of Fig. 4 as
a reaction event, but contains also contributions by the rea@ function of the neutron energy. As seen in this figure, for
tion y rays and by the energetic charged products of théow and moderate neutron energids, <15 MeV), the ef-
neutron-induced reactions in the scintillator matter. Subseficiency is nearly constant and determined largely by the de-
quently, the thermalized neutrons give rise to a series of deection thresholdgy,, of the SuperBall for the light signals
layed signals when they are captured one after another, ragenerated by the capture rays. The efficiency then de-
domly in time, by Gd nuclei within the active volume of the creases noticeably when neutron energies increase to 20
detector. These delayed signals are generated by the neutrbteV and higher. At any rate, the efficiency for detecting for
capturey rays. Their total number in an event is a gooda neutron at least one interaction within the active volume of
measure of the neutron multiplicity associated with thisthe SuperBall is nearly 100%, for the neutron energy spec-
event, subject to a detection efficiency correction. The detrum of interest here. The dependence of the SuperBall de-
layed signals were counted within a time interval of 4  tection efficiency on the reaction observables, such as the
following a reaction event in the target, which provides atotal kinetic-energy los§TKEL) and/or impact parameter,
good compromise for the conflicting requirements of thewas determined using the simulated events, describing the
maximum detection efficiency, on the one hand, and thelamped reaction scenario for th€’Au+ &Kr system at
minimum background count rate, on the other hand. E/A=35 MeV. In this scenario, it is assumed that neutrons,
The detection efficiency of the SuperBall was determinedas well as charged particles, are emitted sequentially from
by simulating its response to neutrons under various neutroexited projectilelike and targetlike fragments produced in the
emission scenarios. For this purpose, a modified vefdiBh  course of a primary dissipative collision. The resulting neu-
of the Monte Carlo cod®eNis [19] was used, which mod- tron detection efficiency is presented in the lower panel of
eled the history of an injected neutron as the latter interactfig. 4, as a function of the total kinetic-energy loss, assumed
with the scintillator matter of known composition and geom-to be equal to the summed thermal excitation energy of PLFs

FIG. 4. Upper panel: dependence of the SuperBall detection
1efficiency on the neutron energy. Lower panel: dependence of the
efficiency on the energy loss for tH&’Au+ 8Kr reaction atE/A
=35 MeV.
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and TLFs. According to the above calculations, the average 1
(neutron captureefficiency for the system studied in this 10 b
work is e~67%, with only a weak dependence on the
TKEL. The observed minimum in the detection efficiency at
low energy losses is attributed to the threshold for neutron
emission from the excited TLFs.

Light charged productd CP9 and IMF charged products
were measured with the Washington University Microball
array, configured with 86 CEIl) detectors with thicknesses
ranging from 4 to 10 mm. The Microball covered an angular 10°
range from 14° to 171°, representing 95% of the full solid —~
angle, and was able to resol® d, t, He, Li, and Be. E‘
Atomic numbers were not resolved fé@e>4, but these frag- R
ments were counted and included in the total IMF multiplic- Q_ ot
ity myyg , discussed further below. The energy calibration of
the Microball was performed by comparing the theoretical
maximum energy deposits by the light charged patrticles in a
CslI(Tl) crystal of known thicknes$‘punch-through” ener- _5
gies to the actually observed maximum light output in these 10
CslI(Tl) detectors.

The experiment was set up to trigger the data acquisition
whenever either a Si detector or the Microball registered an
event. In such a case, signals from all charged-particle detec- 10
tors were digitized and the SuperBall event was processed,
generating a data stream that contained information on vari- 10 20 30 40 50 60 70
ous correlations in the multidimensional space of experimen- m
tal observables. n

e Data

oUnfiltered
oFiltered

o

FIG. 5. Experimental neutron multiplicitisolid circles distri-
bution, not corrected for the detection efficiency, compared to the
unfiltered(open squargsand filtered calculationéopen circleg re-

The main aim of the experiment was directed toward theSults of simulation calculations.
understanding of the mechanism of the heavy-residue sur- ) _
vival in energetic heavy-ion collisions. The reaching of thisNEM [20], implemented here in the computer codeat
goal requires that the general scenario of the reaction b24l. the collision dynamics and the evolution of the macro-
reasonably well understood. The latter is possible via ar§COPiC system variables are governed by a combination of
analysis of various correlations between the experimental oionservative and dissipative forces. The latter forces arise as
servables, not necessarily directly linked to the heavy resi@ result of a stochastic exchange of nucleons across a “neck”
dues. formed transiently between the interacting massive frag-

The experimental data gathered in the present experimefents. Notably, the stochastic nucleon exchange model pre-
consist of an event-by-event record of the experimental obdicts, in agreement with experimental observations, a mono-
servables for various detected reaction products. While somi@nic broadening of various distributions of the primary
of the gross features displayed by these data are characterf§action products with increasing energy dissipation.
tic of equilibrium-statistical processes, there are also numer-
ous features seen that are indicative of a dynamical behavior. A. Equilibrium-statistical characteristics of the reaction
The analysis of these data, described further below, aimed product distributions
first at establishing the dominant reaction scenario and the
degree of its resemblance to the dissipative processes occur-
ring at lower bombarding energies. The latter processes are The raw observed inclusive neutron multiplicity distribu-
well understood within the stochastic nucleon exchangdion is shown in Fig. 5 along with the distributions predicted
model(NEM) [20] when a subsequent statistical decay of theby the theoretical simulation calculations. The experimental
primary reaction products is assumed, a scenario that imresults, shown in Fig. 5 as solid symbols, are not corrected
cludes both dynamical and statistical components. Therefordéor the detection efficiency, but are corrected for the back-
the NEM was used in conjunction with the equilibrium- ground count rate. The latter correction was achieved by un-
statistical decay modesemINI [21] to provide a reference folding the background multiplicity distribution from the di-
point for evaluating the significance of various observedrectly measured distribution. The average background
characteristics of reaction products. The pursuit of such anultiplicity depends on the beam intensity and was typically
strategy was also motivated by recent experimental findingm,~3. The experimental neutron multiplicity distribution
of the persistence of dissipative binary collision dynamics aseen in Fig. 5 exhibits a shape that is consistent with a binary
intermediate bombarding energigZ2,23. According to the  collision scenarid25] with different bins in neutron multi-

Ill. EXPERIMENTAL RESULTS AND DISCUSSION

1. Particle multiplicities

034603-4



HEAVY RESIDUES AND INTERMEDIATE-MASS ... PHYSICAL REVIEW (64 034603

50 a logarithmic contour plot. The characteristic shape of the
correlation ridge seen in this figure illustrates the outcome of
the competition between neutron and charged-particle emis-
sion as a function of excitation energy. For peripheral colli-
sions, associated with low to moderate excitation energies of
the primary reaction products, charged-particle emission is
hampered by the Coulomb barrier and, consequently, in these
collisions mostly neutrons are emitted. This decay pattern is
represented in Fig. 6 by the segment of the correlation ridge
beginning at the origin of the plot and running parallel to the

U m,, axis up tom,~15. Charged-particle emission becomes
1.9 GeV compe_titive With respect to neutron emjss?on 'only at higher
’ excitation energies generated in more dissipative collisions, a
behavior that is expected on the grounds of various statistical
decay models. The solid line in Fig. 6 illustrates the predic-
tions by the stochastic nucleon exchange model NEM
[20,24] in conjunction with the statistical decay model
GEMINI [21] as corrected for the detection efficiency. These
predictions are seen to agree quite well with experimental
observations.

From a quantitative comparison of the experimental data
and the theoretical predictions one infers that the central-
collision bump in the joint multiplicity distribution, marked
in Fig. 6 by the solid square, is characterized by an excitation
energy of 1.1 GeV. This energy falls well short of the 1.8—
1.9 GeV energy available for the given bombarding energy
to both the binary system above the barrier and to the mono-
| | | | | nuclear compound system. This limiting case of a hypotheti-
S ee— cal full damping of the kinetic energy is illustrated in Fig. 6

5 10 15 20 25 30 by the open square. Figure 6 demonstrates that inftKe
mc + 197Au reaction atE,,,/A=35 MeV, full damping of the
kinetic energy into intrinsic thermal energy is achieved only

FIG. 6. Experimental joint multiplicity distribution of neutrons 1N @ very small fraction of events. From an extrapolation of
and charged products. The data points are the predictions of stati§a€ joint multiplicity distribution, the possible contribution of
tical model calculations for different kinetic-energy losses. See textfully damped events to the total cross section is estimated to

be only <0.1%.

plicity corresponding to different degrees in kinetic-energy  The crossing bars in Fig. 6 illustrate the values of the

damping achieved in the reaction. The most probable obcovariance tensors of the joint distribution of neutron and
served neutron multiplicity ofm,=26 neutrons for the charged-particle multiplicities, as predicted by the model cal-
central-collision bump corresponds to a true multiplicity of culations. Results of such calculations are shown for four
approximatelym,=42 when corrected for SuperBall effi- different values of the assumed total kinetic-energy loss. The
ciency. This number represents about one-fourth of all neuerientation and the length of these “fluctuation” bars were

trons in the system. calculated using the method described in H&6]. They

The squares in Fig. 5 represent raw theoretical predictionfepresent the orientation of the major and minor axes of the
by the stochastic nuclear exchange mad&h-CLAT [20,24],  covariance tensor and full width at half maximufWHM)
as combined with the equilibrium-statistical decay modelof the joint multiplicity distribution in the direction of these
GEMINI [21]. These raw simulated neutron multiplicities are axes, respectively. The length of these bars, i.e., the predicted
not corrected for the neutron detection efficiency of the Sufluctuations in the neutron and charged-particle multiplici-
perBall and, hence, are expected to be systematically higheies, is seen to agree with the experimental width of the cor-
than the observed ones. However, when corrected for theslation ridge with a 15% accuracy.
neutron detection efficiencyas described in Sec.)]lthe
model predictiongcircles agree well with the observed dis-
tribution.

While the neutron multiplicity alone provides a good Further evidence for the dominantly statistical character
measure of the total excitation energy in the system, it apef the light-particle production is provided by the emission
pears that an even better measure of this energy is providgzhtterns of the charged particles. Such patterns are best illus-
by the joint distribution of neutron and charged-particle mul-trated by two-dimensional Galilei-invariant yields plotted
tiplicities. Such a joint two-dimensional multiplicity distribu- versus velocity components parallel and transversal to the
tion for the present reaction is shown in Fig. 6 in the form ofsource velocity. For a statistical emission from a moving

45

40
35
E 30
25
20
15

10

2. Charged-particle emission patterns
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H Be sistent with sequential emission of particles from a slow-
moving source, such as a TLF. A second Coulomb ridge is
expected to be populated by the particles emitted from the
PLF source. Here, it is only partially discernible due to the

3 insufficient angular coverage of the detector setup at forward
A angles. The observed emission pattern is clearly inconsistent
'5’ with emission from a single source, such as a hypothetical

composite system moving with the velocity of the center of
mass. It is worth noting that while a bimodal character of the
velocity distributions is expected for low neutron and LCP
multiplicities associated with peripheral collisions, such

3 character is seen to persist also for the most dissipative, i.e.,
3 “most central” collisions, as selected by the prescription
rl m,>40 andm.>22 in the bottom row of panels.

o In contrast to the case of light-charged particles, the
4', Galilei-invariant velocity distributions for IMFs, represented
o here by Be fragments in the right column of panels in Fig. 7,

feature an intense component, characterized by a velocity
intermediate between the velocity of the beam, on the one
hand, and the velocity of the center of mass, on the other
hand. While a circular pattern associated with emission from

3 the TLF is present also in this case, the dominant part of the
\Y Be emission pattern is consistent with emission from a hy-
N pothetical neck zongl1-14). The strong overall similarities

to the trends observed for IMF distributions in the+B{e
system[11-13 already suggest that also in the present reac-
tion, IMF production is dominated by a dynamical process
involving the interface region between the two hot interact-
v, (cm/ns) ing projectilelike and targetlike fragments.
To further support the above interpretation of the ob-
FIG. 7. Observed Galilei-invariant velocity distributions for H served Galilei-invariant velocity distributions, the latter were
and Be ejectiles for three gates on the energy dissipation as selectgdmpared to the velocity distributions predicted by the com-
by the neutron and charged-particle multiplicitiessee text The bined model predictions by theLaT [24] and GEMINI [21]
arrows indicate the center-of-mass and beam velocities. codes, calculations assuming statistical emission of particles
and fragments from moving PLFs and TLFs. Such model

excited source, the Galilei-invariant particle yield is expectedlistributions, subjected to the same selection criteria as those
to be distributed along a circular “Coulomb ridge” centered applied to the actual data and subjected to a “filter” simulat-
about the source velocity. Hence, the Galilei-invariant velocind the relevant features of the detector setup, are shown in
ity plots of the particle yield provide a simple means of Fig. 8. A comparison of this figure to Fig. 7 reveals that only
establishing the number of primary emitters and the averagf" LCPs, but not for IMFs, are the observed patterns well
source velocities. Additionally, the radius of a Coulomb ridgefeProduced by the simulation calculations. This observation
provides information on the atomic number and the excita@drees with the earlier conclusion of different mechanisms
tion energy of the associated source. dominating in I|ght-cha_rged particle production, on the one
Figure 7 presents logarithmic contour plots of the ob-Nand, and IMF production, on the other hand.
served Galilei-invariant velocity distributions for hydrogen
and berylium particles emitted in three different _Classes of B. Dynamical characteristics of the reaction product yields
events. The upper two rows of panels were obtained by se- ) . .
lecting the events according to the associated neutron multi- N the previous subsection, Sec. Il A, it was shown that
plicity, while the bottom row was obtained by imposing con- the Yields of IMFs observed in the present study cannot be
ditions, both on neutron and charged-particle multiplicities."éconciled with a purely statistical production scenario,
According to the theoretical simulation calculations, the cond0inting to the dominantly dynamical character of the IMF
dition m,>40 andm,>22 in the bottom row of panels se- p_roductlon. .The dyngmlcal chargct_ensucs of t_he product
lects an impact parameter window lofb,,,,<0.1. ylelds are discussed in more detail in the following subsec-
The arrows in Fig. 7 indicate the velocities of the beamtOns.
(8.2 cm/n$ and of the center of mag®.5 cm/n$. For the
light-charged particles, represented here by hydrogen ions,
characteristic Coulomb ridges centered about velocities well The previous discussion of the charged-product emission
below the velocity of the center of mass can be discerned fopatterns suggested that the IMF yield cannot be accounted
all three classes of events. Such emission patterns are cofor solely by a pure statistical emission from PLF and TLF.

1. Characteristics of IMF production
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FIG. 9. Experimenta{doty and simulatedhistogramg velocity
distributions for hydrogen ions for different neutron multiplicities
FIG. 8. Simulated Galilei-invariant velocity distributions for H @nd emission angles. The dashed histogram represent yield contrib-
and Be ejectiles for three gates on the energy dissipation as selectdtfd by the TLF decay.
by the associated neutron and charged-particle multiplicises
text). The arrows indicate the center-of-mass and beam velocities

v, (cm/ns)

angles the spectrum has a double-humped shape correspond-
ing to a superposition of two components associated with the
emission from PLF and TLF, respectively. For the light par-
To further assess the contribution of a nonevaporative sourdicles, represented in Fig. 9 by the hydrogen ions H, the
to the IMF yield a quantitative comparison of the simulatedcalculated spectra reproduce reasonably well the observed
velocity distributions data to the measured distributions igdistributions. In contrast, the measured IMF velocity distri-
presented in Figs. 9 and 10. Here, the experimefsalid  butions shown in Fig. 10 show a significant contribution at
symbols velocity distributions for hydrogen and berylium intermediate velocities, in excess of those attributed to PLFs
ions, H and Be, respectively, are plotted, along with the caland TLFs. This excess component is present for all impact
culated (histograms distributions. These velocity distribu- parameters. According to the calculations, a good kinemati-
tions were obtained for the indicated emission angles of theal separation of components of IMFs from PLFs and TLFs
charged particles and two different bins in the associateteaves the intermediate-angle range free of IMFs. Most IMFs
neutron multiplicity. The left column corresponds to partially observed here must come from a different source. As the
damped peripheral collisions witim,< 15, while more dis- calculations assume that the IMFs are emitted statistically
sipative collisions, withm,=16-30, are illustrated by the from exited PLFs and TLFs, this component is identified as
column on the right-hand side. A relative normalization ofthe neck zone dynamical contribution.

the theoretical velocity spectra to the data was performed by From the above observations and observations of similar
normalizing the spectra obtained at the most backwar@haracter made for other systef@®,27], one concludes that,
angles, where the contribution from the TLF is expected tcat these intermediate energies, heavy-ion reactions are domi-
dominate. The calculated velocity spectra evolve in a smoothated by dissipative dynamics. For midperipheral to central
manner with increasing emission andtep to bottom. At collisions, IMFs appear to be produced at the interface or
small emission angles, the spectrum is dominated by a corecklike zone. Subsequently, the excited PLFs and TLFs re-
tribution by the PLF source, while at backward angles it isseparate and undergo a sequential statistical decay.
essentially due only to the emission from the TLF source.
The component associated with the emission from the TLF,
as inferred from the calculations, is shown in Figs. 9 and 10 The observed IMF multiplicity distribution is shown in
by a dashed histogram. Correspondingly, at intermediat€ig. 11 (solid symbol$. This distribution was measured with

2. IMF multiplicity distribution
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FIG. 10. Same as Fig. 9, except for Be ions. FIG. 11. Experimentalsolid dot$ and theoreticalhistogram

IMF multiplicity distributions.
a “minimum-bias” trigger requiring that at least two sectors
of the SuperBall register signals in coincidence. As can béhe angles relative to the actual beam axis and the normal-
evaluated from this distribution, the events with two or moreization of the measured yields were achieved by fitting the
IMFs constitute~25% of the total yield measured with the measured elastic angular distribution at very forward angles
“minimum-bias” trigger. When a different “low-bias” trig-  to the corresponding Rutherford cross sections. The proce-
ger is used, requiring the detection of at least one chargedure resulted in the elastic-scattering—to—Rutherford yield
particle in the Microball, i.e.m.=1, the contribution of the distribution shown in Fig. 12. This angular distribution is of
multiple IMFs events is even larger; 35% of all events. the Fresnel type, indicating the dominance of Coulomb ef-
From these considerations, it is clear that in the energy ddects for heavy systems at this bombarding energy. From the
main of the present study, multiple IMF production consti- distribution shown in Fig. 12, the grazing angle was deduced
tutes an important reaction channel, accounting for a sizablgsing the quarter-point method[28], 0;-,“":(8.9
fraction of the total reaction yield. For comparison, the cal-+0.6)°, 6'gz"rb=(6.1i 0.4)°. The corresponding maximum
culated IMF multiplicity distribution is shown in Fig. 11 as a angular momentum and total reaction cross section were
histogram. In the calculations it has been assumed that IMF®und to bel,,,=(972=71)4 and og=(5.0+0.7) b, re-
are emitted statistically from exited PLFs and TLFs. It isspectively. These values are in good agreement with the sys-
clear from this comparison that the observed multiplicitiestematic29] established at lower bombarding energies, pre-
are significantly higher than can be explained by statisticaldicting | ,,,,= 1023 andogr=5.5 b for the present system.
model calculations.

2. Energy and charge distributions

C. Characteristics of projectilelike fragments Figure 13 depicts a two-dimensional contour diagram of
the yield of charged reaction products observed within the
angular range covered by the forward telescopes, plotted ver-
In order to determine the total reaction cross section, theus atomic numberZp >5) and energy of the product. As
angular distribution of the elastic-scattering yield was anaseen in Fig. 13, this yield is concentrated along a well-
lyzed. The latter information was obtained using position-defined ridge connecting in a continuous fashion the region
sensitive detector telescopes placed at forward angles. The# elastic and quasielastic eventgp( p~36 andE/Epeam
elastic-scattering yield was extracted from the energy spectra 1), with that of the IMFs near the origin of the plot. One
measured for each of the individual strips in the second connotes that this ridge is free of major contaminations by fis-
stituent detectors of the telescopes. Absolute calibrations afion fragments originating from TLF fission or from a sym-

1. Elastic scattering
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FIG. 12. Ratio of the elastic—to—Rutherford-scattering cross ) ) )
sections. The dashed line illustrates the quarter-point yield. FIG. 13. Contour diagram of the yield of charged reaction prod-

ucts from the!®’Au+ 8Kr reaction, observed in an angular range

metric PLF fission. This behavior is expected, because thé9°—9°, plotted versus kinetic energy, normalized to beam energy,
energy of the former is insufficient to overcome the charg@nd atomic number of the product. The data points are the predic-

identification threshold of the telescopes and there is no eVit_lons of statistical calculations for different energy losses, as dis-

dence for a bimodal yield pattern associated with PLF fis-cusseoI in the text.
sion, as observed in previous studj@§] for much heavier

projectile. The dots in Fig. 13 refer to the predictions by the
calculations described above for an energy loss ranging fro
30 MeV to 1.4 GeV. The calculations assume a dissipativ

binary dynamics of the collision, followed by a sequential,
stafistical decay of the emerging excited PLFs and TLFs. I{otal kinetic-energy loss is plotted versus deflection angle. In

was found in these calculations that the observed second Me Fermi-energy domain of bombarding energies, the mea-
y'.e!d. does not depend S|gn|f|ca_1ntly on the excitation ENeIY% rement of the TKE becomes a complex process: reducing
division between the two reaction partners. The calculatlon§ne usefulness of the original Wiczski representati’on In

close to that of the projectile. For higher energy losses, corﬁqls domain of bombarding energies the deflection function is

responding to an observed PLF atomic numBer < 20, suitably represented by the dependence of the PLF energy or

. : ) the neutron multiplicity on the PLF emission angle.
the PLF atomic number is overestimated by the model cal- "1, o upper-left panel of Fig. 14 shows the correlation be-

culations. This Qiscrepa_ncy can be prlained by the rol_e Ofween the measureB/Z ratio and the measured emission
IMF production in reducng- of the primary PLFs. An estl- angle for all charged reaction products witb»5. TheE/Z
mate for the total cross section for the PLF production can b? tio provides a quadratic velocity scale of the secondary

obtained by integrating the observed yield over the energy o LF fragments. Assuming that the secondary PLFs are pro-

the products and by extrapolating it to the angular range no(ﬁuced from the primary ones as a result of statistical decay,

covered by the telescopes. Such an estimate resulted in ttﬁ?e average emission angle of a secondary reaction product is
cross sectiorp ¢~ (3.720.9) b.

approximately equal to the average emission angle of the
primary PLF and, hence, refers to the average collision dy-
namics.

The dynamics of heavy-ion collisions is best reflected in  As seen in Fig. 14, the fragment yield is distributed along
the deflection function illustrating the dependence of thea Z-shaped ridge. The upper, intense section of this ridge is
emission angle on the impact parameter. With the impactiue to elastic and quasielastic scattering. The second section

parameter unavailable for a direct measurement, in the study
of dissipative heavy-ion collisions at energies of a few MeV/
Aucleon above the interaction barrier, a somewhat different
Er“epresentation of the deflection function is commonly used,
irst suggested by Wilczyaki [31]. In this representation, the

3. Deflection function
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tions reproduce qualitatively the average experimental fea-
tures of the Wilczyski plot, the theoretical dissipation is
stronger than observed experimentally. This discrepancy is
particularly clear for the partially damped middle segment of
the yield ridge in Fig. 14. The strong theoretical friction
forces lead eventually to a “sticking” of the interacting frag-
ments and a large theoretical cross section for fusiop,{
~1.8 b). Experimentally, no evidence was found for such
fusion events.

4. Excitation-energy division

0 == One of the most characteristic features of damped colli-
sions is the conversion of a significant part of the initial
collective kinetic energy into intrinsic excitation energy of
the reaction partners in an irreversible dissipative process. In
the energy balance for the reaction, the dissipated kinetic
energy makes up for the sum of excitation energies of the
primary fragments. The way in which this excitation energy
is divided between the two primary fragments reflects the
properties of the heat generation and relaxation mechanisms
[33] and is, hence, a useful experimental observable.

In the present study, the excitation-energy division was
evaluated based on a comparison of the proton emission pat-

(E/Z2)/(E/Z) boam

20<Z = 34

Ol‘xlllxillxllJll
2

4 5 P 2 2 6 3 terns for different total excitation energies to those predicted
| . by the NEM [20,24 and GEMINI [21] model calculations
Deflection Angle (deg) described in the previous sections. To that goal, the emission

pattern was described by just one parameteeflecting the

FIG. 14. Experimental deflection-function plots for different forward-backward asymmetry of the proton yield:

bins in the atomic number of the associated Pléentour plots,
compared with the theoretical average trefsislid dotg. See text.
_ 2 Mpack™ 2 Mior

of the ridge is due to the partially damped collisions and is 7 S Mpackt =My’
seen to extend from the grazing region toward lower veloci-
ties and forward angles. A less distinct, third section of thewhere m;,, and m ..« represent the proton multiplicities
yield ridge is discernible in Fig. 14, extending from forward measured in the angular ranges of 14°—28° and 128°-147°,
angles toward lower velocities at angles beyond the grazingespectively. These two angular ranges are covered by the
angle (04, =6.1°). The observed correlation is reminiscent ofmost forward and most backward rings of the Microball ar-
the Wilczyrski plots illustrating the deflection function for ray, respectively.
dissipative heavy-ion collisions at energies of a few MeV/ The results of the model calculations for different total
nucleon above the interaction barrier. Similar results werexcitation-energies and different assumed excitation energy
obtained recently at intermediate bombarding energieslivisions are shown in Fig. 15. The upper left panel is for
[23,32. The solid dots in Fig. 14 represent the results ofinclusive results, while the remaining ones are for the indi-
theoretical model calculations using the codeat [24] and  vidual bins in neutron multiplicity, used here as a measure of
GEMINI [21]. These calculations are seen to predict an inthe total thermal excitation energy of the system. The hori-
creasing orbiting of the dinuclear system with increasing enzontal solid lines shown in each panel illustrate the experi-
ergy dissipation. According to these calculations, the thirdmental asymmetry; of the proton emission patterns. Utiliz-
segment of the yield ridge is associated with negative defledng the fact that the model predictions show a distinct
tion angles. dependence on the excitation energy division, the latter
The remaining panels of Fig. 14 represent a decomposiguantity can be then determined from the requirement that
tion of the yield seen in the upper left panel according to thehe model prediction agree with the experimental observa-
measured atomic number of the PLF remnant, as indicated itions, i.e., from the intersection point of the theoretical line
each panel. As the atomic number of the PLF remnant deand the horizontal line representing the experimental result.
creases, the angular distribution of the fragments is seen to The resulting dependence of the excitation-energy divi-
broaden with a simultaneous slowing down of the PLFssion on the total excitation energy is illustrated in Fig. 16,
These trends are consistent with a dissipative orbiting prowhere the ratio of PLF and TLF excitation energiesr
cess, as observéd3] in a study of the?**Bi+ 13®Xe reaction  nucleonis shown as a function of the total excitation energy.
at E/A=28 MeV. In both cases, an increased deflection ofin this figure, a smooth transition is seen to occur with in-
the PLFs relative to Coulomb trajectories is accompanied bgreasing total excitation energy from a near equipartition of
increased energy dissipation. However, while the calculathe total excitation energy to the limit of thermal equilibrium

@
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FIG. 17. Angular distributiongtop) and velocity versus angle
correlations for TLFs, as deduced based on the PLF data, for vari-
ous bins inZp ¢ as indicated in the panels. The leftmost column is
for inclusive data.

reached in this reaction for the classes of events selected
according to the associated neutron multiplicity.

D. Heavy-residue production

Heavy residues are defined in the present study as mas-

FIG. 15. The forward-backward asymmetry in the proton yieldSiveé remnants of the primary targetlike fragments. These

as predicted for the theoretical model calculatigsslid dots and

remnants result from either particle evaporation or fission.

lines) for various degrees of kinetic-energy dissipation and variousThe former are expected to have low velocities due only to
excitation-energy divisions. The horizontal lines indicate the re-the recoil experienced by TLFs in the course of the dissipa-

spective experimental values.

division. In the latter mode of energy division, the individual

tive collision.

1. Properties of targetlike fragments

excitation energies of PLFs and TLFs are in a direct propor- Figyre 17 illustrates selected qualitative and quantitative
tion to their respective mass numbers. Figure 16 suggestharacteristics of the targetlike fragments as deduced from
also that complete thermal equilibrium may not have beefne experimental data for the measured projectilelike frag-
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ments. The TLF characteristics were deduced under the as-
sumption that the collision is governed by binary dissipative
dynamics and that the primary products of the collision, the
PLFs and TLFs decay into the observed secondary fragments
via sequential statistical evaporation of particles. Accord-
ingly, it was assumed that the velocity vectors of the primary
and secondary fragments coincide. The upper panels of Fig.
17 show the reconstructed angular distributions of TLFs,
while the lower panel show the contour diagrams of the TLF
yield plotted versus the recoil angle and recoil velocity. The
panels are organized in columns characterized by different
conditions on the atomic numbe&i, ¢ of the detected PLF.
The dashed curve in the upper leftmost panedpresents the
total TLF angular distribution including the elastic and quasi-
elastic events; i.e., this line represents most of the yield at
0,.,~90°. The exclusion of the elastic and quasielastic
events leads to the distribution represented by the histogram
drawn as a solid line and contour diagréah A selection of
more dissipative collisions, characterized by lower atomic

FIG. 16. Excitation-energy division as a function of the total numbers of the PLF, as indicated in pan@sand(c), leads

excitation energy.

to more forward-peaked TLF angular distributions and
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FIG. 18. The correlation between the velocity of TLFs and the
associated neutron multiplicity, as deduced from Galilei-invariant
velocity plots of hydrogen and helium ions.

higher TLF recoil velocities as the transferred linear momen-
tum increases. Note that the rapid drop of the TLF angular
distribution aroundt ~0° is an experimental artifact due
to the absence of PLF data at backward angles. | ‘ ‘ | | | LITP

By comparing the above deduced TLF characteristics to 0 25 50 75 100 125 150 175 200 225
the experimental observations from the study of #&u E (M V)
+ 12%e reaction[34] at E/A=21-44 MeV/nucleon, one HR \M¢€
concludes that these TLF residues are associated with quasi- FIG. 19. Inclusive(a) and exclusivelb) and (c) energy spectra
elastic and damped-_reactlon processes. For those TLFO% heavy residues. The exclusive spectra are for moderéiggnd
whose mass number is close to that of the target, the degr%ﬁa hl i -
. . ghly (c) dissipative collisions.
of the energy damping is low and, accordingly, the angular

distribution is peaked sidewise. In addition, these fragments, . 197 20 . B
have low (recoil) velocities. As the degree of the energy Studies of the’®’Au+ *™Pb reactions aE/A=29 MeV

2090; 4 13 H —
dissipation increases, the observed secondary masses ], the *™Bi+ "*Xe reactions aE/A=28 MeV[11], and

TLFs and PLFs decrease and the associated linear momeft® H218ne 12415 e reactions aE/A=55 MeV [3].
tum transfer results in an increase of the recoil velocity of
TLFs and in their more forward-peaked angular distribu-
tions. A more complete identification of heavy residues and, in

The TLF recoil velocities were also deduced indepen-particular, their distinction from the PLF residues and
dently from the Galilei-invariant velocity plots of the emitted intermediate-mass fragments was achieved via the joint mea-
light-charged particles. At backward angles, the observedurement of their time of flight and energy. This is seen in
LCPs are mostly associated with the emission from TLFs=ig. 3 where the TLF residues are represented by the upper
and, therefore, their velocity distribution reflects the kine-branch in the upper panel. This upper branch represents both
matic boost due to the movement of TLFs. These velocityfission fragments and the evaporation residues as is seen in
distributions measured at backward angles were analyzeitie lower panel of Fig. 3, where a coincidence was required
[16] for different bins in the degrees of kinetic-energy dissi-with a massive PLFZ>25).
pation achieved. As a measure of the latter quantity, neutron Inclusive and exclusive angle-integrated HR energy spec-
multiplicity was used. tra (not corrected for the pulse height defleate shown in

The evolution of the average TLF recoil velocity with Fig. 19. These spectra were measured under the following
increasing energy dissipation is shown in Fig. 18, as deducecbnditions:(a) in inclusive mode(b) in coincidence with a
independently from the velocity distributions of hydrogenmassive PLF Zp >25), and(c) in coincidence with at
and helium ions. In this figure, the TLF recoil velocity is least three IMFs detected in the Microball. The significance
seen to increase with increasing kinetic-energy dissipationpf the latter criterion is discussed further below. The energy
but far from the “full-damping”[35] limit of 1.7 cm/ns for  spectra(a) and(b) are similar to each other and exhibit two
the present system. This observation proves that even for tteomponents: a Gaussian-like distribution, centered about
most dissipative collisions selected according to measured90 MeV, and a superimposed broad exponential-like dis-
neutron multiplicities, the damping of the kinetic energy istribution. The former component exhibits the characteristics
incomplete. Similar conclusions were reached earlier in thexpected for fission fragment$iR-FF), as ascertained by

2. ldentification of the slow, heavy residues
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FIG. 20. Contour plot of the heavy-residue yield, plotted versus
the heavy-residue energy and particle multiplicity. The panels are
for different conditions on the associated reaction observables, as
indicated. Solid lines indicate the suggested separation line betweer
fission fragments and evaporation residues.

the calibration performed with the fission fragments from a FIG. 21. Contour diagrams of joint distribution of neutron and
252Ct source. The fragments associated with the monotoeharged product multiplicities for all event®) and classes of
nously decreasing HR component are identified as TLFevents associated with heavy residue produdibnTLF evapora-
evaporation residues and are denoted as HR-ER in the folion residue productiofc), and IMF multiplicitesm>1 (d).
lowing.

In order to obtain a further characterization of the two HR ¢ ioint distribution of neutron and LCP multiplicities. Panel
components, in Fig. 20 the HR yield is plotted versus the HR) ghows the inclusive joint multiplicity distribution that

energy and the multiplicities of neutrons or charged particles, a1 introduced earlier in Sec. Il A. The characteristic corre-

In this figure, the same conditions were used conditions as iLtion ridge in this plot reflects the evolution of the system

Fig. 19. As seen in the upper left panel of Fig. 20, the heaVYZ:haracteristics with increasing kinetic-energy loss and pre-

r_esidue productipn is associgted With.hi,g,h n?utron ,fn.umplic"sumably decreasing impact parameter. Pdhglshows the
ties corresponding to the high-multiplicity "bump™ in the oin heytron versus LCP multiplicity distribution for a class
heutron multiplicity d'S"'b‘.J“Of_‘ of F'.g' 5 Th's proves that ot events in which a HR was detected and identified in the
HRs are mostly produced |n.h|ghly dissipative c<_)II|S|ons. Onmultistrip detector setup. As pointed out above, the events in
the other hand, the correlation of HR energy with the assoOg,i c|ass are associated mostly with highly dissipative colli-

C|ate(:] charged particle mutl)tlphClt{In_c, ‘E"OWS one (th S€Pa  gions. The apparent absence of events with low total excita-
rate the two components observed in the projected SP@Ira jon energies, characterized by low LCP and neutrons multi-

and (b) of Fig. 19. The HR-ER component is seen t0 beiciies is due to the fact that TLFs from peripheral
associated with larger values af,; than the HR-FF one. .. isions, mainly quasielastic, are emitted at large angles not
Similar observations were made in earlier woild6] de-  qyered by the detector setup and would be very difficult to
voted to HR. Of special interest is the fact that 88k measure anyhow, because of their very low energy. Rahel
versusm, correlation plots provide for a good separation of i, rig 21 presents the joint neutron versus LCP multiplicity
the two components when the coincidence with massivgjistributions measured in coincidence with evaporation resi-
PLFs with Zp ¢>25 is required. This is seen in lower left 65 HR-ER. The events in this class belong mostly to the
panel of Fig. 20. most dissipative onepm,, m,~(12,25)] when compared
to the inclusive distribution. Consequently, the HR-FF yield
is due mostly to peripheral and midperipheral collisions,
while the HR-ER vyield arises from midperipheral to central
Figure 21 offers a characterization of various classes otollisions, for which also IMFs are produced. The latter con-
events according to the total excitation energy measured bglusion is further supported by the plot shown in paftb|

3. Correlations between heavy residues, projectilelike fragments,
and light-particle multiplicities
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FIG. 23. Atomic-number distributions for PLFs observed in co-
FIG. 22. Same as Fig. 21, except for different conditions onincidence with TLF fission fragmentédashed lings and TLF
heavy residues andp ¢, as indicated in the panels. evaporation residugsolid line3 (top panel and the same distribu-
tions divided by the inclusiv&p, ¢ distribution (bottom panel

obtained for the events where at least two IMFs are detected o . . .
in the Microball, but without requiring a coincidence with a  Further quantitative analysis of the heavy residue data is

PLF or a HR. Clearly a coincidence requirement of twoPresented in Fig. 23. The upper panel of Fig. 23 showthe

IMFs also selects dissipative events, similarly to the HR-ERdiStribution of PLFs measured in coincidence with evapora-
coincidence requirement, discussed further above. tion residues and fission fragments. While the TLF evapora-

Figure 22 illustrates the correlations between HR andion residuesHR-ER) are associated with a broad range of
PLFs. Panefa) shows the joint neutron versus LCP multi- PLF atomic numbers, the TLF fission fragme(tR-FF) are
plicity distribution for a class of events in which a HR was &SSociated mostly with the production of massisecond-
detected. Pandb) shows the joint neutron versus LCP mul- ary) PLFs with atomic numbers close to that of the projectile.
tiplicity distribution for a class of events in which a PLF with AS these distributions are weighted with the actual impact
an atomic numbeZp =10 is detected in a PLF telescope. Parameter distribution, a corresponding production probabil-

The latter condition selects mostly peripheral and midperiphil distribution may be obtained by dividing the above dis-
eral collisions. Requiring the coincidence of a HR and a PLATPutions by the inclusive PLF atomic number distribution.
with Zp, =10 leads to the jointn, versusm, multiplicity The results of such an “unfolding” are illustrated in the

distribution shown in panefc). The observed shift toward [0Wer panel of Fig. 23. As seen in this panel, there is a large
lower multiplicities in the distribution(c), with respect to Shift in the average of the PLF toward higheZ values for

that shown in pangl), allows one to conclude that very few the events associated with TLF fission. This demonstrates
(secondaryPLFs With'ZpLleo emerge from the most dis- that the TLF evaporation residues are produced in the most

sipative collisions. In contrast, by selecting the most dissipagissipative collisions, while for the less dissipative collisions

tive collisions through the requirement of the coincidence oft "€ Primary TLF tends to decay by fission.
a heavy-residue and a fragment witkcZ2<11 in the PLF
telescopesi.e., at forward anglesone obtains the exclusive
distribution shown in paneid). Further evidence for a production scenario in which the
One concludes from the above data that for the most disheavy residues are TLF remnants is obtained from Galilei-
sipative collisions, either the size of the primary PLF is sig-invariant velocity distributions for light-charged particles.
nificantly reduced and/or the PLF breaks up into severaSuch distributions are shown in Fig. 24 for He and Be ions
IMFs. for three bins in the associated neutron multiplicity and for

4. IMF production and the survival of HRs
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FIG. 24. Galilei-invariant velocity plots for helium and berylium
ions detected in coincidence with TLF fission fragmeftigo top 103
rows) and TLF evaporation residuésvo bottom rows, for differ-
ent degrees of energy dissipation as measured by the associate
neutron multiplicity (different columng
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FIG. 25. Angular distributions of all heavy residugsp panel,
JLF fission fragmentg{middle pane)l, and TLF evaporation resi-
dues(bottom panel
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both components observed in the energy distributions of Fig.
19(a). As seen in Fig. 24, for the entire range of energy
dissipation, the light-charged-particle velocity distributions
exhibit quite well-defined Coulomb ridges, pointing to a se-
guential emission from slow-moving sources. Thus, the pre-
vious identification of HRs measured in coincidence with
massive PLFs as TLF remnants is seen to be valid for th
entire set of HR events measured in this experiment.

It is worth noting that IMF invariant velocity distributions .
measured in coincidence with HRs, shown in Fig. 24, exhibi
similar patterns in comparison to the inclusive velocity dis-
tributions (see Fig. 7. This similarity is indicative of IMFs
being produced in the interface zone betwg@nimary)
PLFs and TLFs, with HRs being TLF remnants. Conse-
guently, one concludes that the HR production mechanism is
directly related to the dynamical IMF production process. The measured laboratory angular distributions of heavy

An important question to be addressed is what is thgesidues are presented in Fig. 25. The upper panel of this
mechanism that inhibits fission and, hence, allows the frefigure presents the inclusive distribution, while the middle
quent survival of heavy residues at high-energy losses oand bottom panels represent evaporation and fission compo-
excitation energies, but does not allow such survival in lesgients, defined by the correlation between HR energy and
dissipative collisions. A possible explanation, offered in thecharged-particle multiplicitysee Fig. 2 In all three cases,
literature, invokes a dynamical retardation of the fission prothe yield increases exponentially with decreasing emission
cess relative to neutron, LCP, and IMF evaporati6n-§|. angle. The logarithmic slopes of the angular distributions are
IMF emission, which is enhanced at high excitation energieseen to be similar for evaporation and fission components,
as the emission times decred8d], is particularly effective  reflecting a common origin of these products—the primary
in inhibiting fission. This is so because IMF emission is in- TLF.
herently associated with a significant reduction in atomic In order to determine the heavy-residue production cross
number, mass, and fissility of the emitters. section, their angular distributions were extrapolated by the

The trends seen in Figs. 19 and 20 suggest that it is indeegiraight lines shown in Fig. 25. An angular integration of
(dynamical IMF production that is largely responsible for these distributions yields a total cross sectionogk~2 b
the survival of TLF residues. In Fig. 18, the HR energy spec-and a ratio of the cross sections of the two components of
trum (c) is measured in coincidence with at least three IMFs,0gr/ore~0.7. Similar results for the angular distributions
a condition which is equivalent to the requirement of saturaand cross sections have been fo(i86,38,39 for other sys-
tion of the thermal energy in the system. This requirement i¢ems using different methods. The above total cross section
seen to suppress the Gaussian-like component associatglould be regarded as a lower limit. Uncertainties, of the
with TLF fission. This suppression is also clearly displayedorder of 30%, are due mostly to the high identification

| | |
35 40 45

Q

n the two-dimensional plot, presented in Fig. 20, where the
ower right panel shows HR yield plotted versus HR energy
and charged-particle multiplicity, measured under the same
conditions ofmy>2.

5. Fission versus evaporation competition
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<M,> 10 20 30 40 50 6 The energy-loss variablg,ss/ A, whereEyss is the total

I | I | I I energy dissipated amdl is the initial number of nucleons in
the entrance channel, can be viewed as an approximate mea-
sure of the excitation energy per nucleon of the systeim,
~Eyss/A. As the energy losgexcitation energyincreases, a
steep increase is observed in the ratier/ o . Above €*

* =(3-4) MeV/nucleon of excitation energy, particle evapo-
ration from the TLF competes successfully with TLF fission,
— T demonstrating that TLF evaporation residues are produced in
the most dissipative collisions and predominantly do not fis-
3+ — sion at high excitation energies. Note that Fig. 26 is valid

only for the energy-loss domain covered by the data, in
which a HR was identified at forward angles. These events
do not include the elastic and quasielastic events for which
the TLFs emerge with a low excitation energy, insufficient to
2 - overcome the fission barrier. For those events, one would
expect a decreasing ratig-r/ oge at very low energy losses.
One notes that for &°Au nucleus, the fission barrier is
~16 MeV for zero angular momentum and it vanishes for

P —+— _________________________ an angular momenturnr 824 .

Or / Orr

+ IV. SUMMARY AND CONCLUSIONS
o | . | | | In the present work, results from an experiment on the
0 1 2 3 4 5 6 197Au+ 8Kr system aE,,/A=35 MeV were discussed, in
E /A (MeV/nucIeon) which 47 measurements of neutrons and charged light and
loss intermediate-mass products were performed, in coincidence

with projectilelike or targetlike fragments.

FIG. 26. Ratio of the production cross sections for TLF fission ~ The properties of projectilelike fragments were studied in
fragments and TLF evaporation residues as a function of kineticdetail. The reaction cross section was found toofe= (5.0
energy loss. +0.7) b, in good agreement with the systemafg|. The

deduced PLF deflection function was found consistent with a

thresholds of heavy residues. In addition, the limited angulaflissipative orbiting process, similar to the resys] re-
range of the HR detectors prevented detection of fragmenterted for the Bi- Xe system aE/A=28 MeV. The binary
emitted in quasielastic collisions at large angles. cha_ra_ct_er of_ the collls_lons_ was f_ound also rgflected in the

As concluded above, both kinds of heavy residues thésalllehmvanant velocity distributions of the light-charged
TLF evaporation residu’es and the TLF fission fragméntsp"’lrtiCIes over the whole range of energy dissipatior_l. l.t Is
oricinate from primary TLEs. Which mode of the TLE deca found that even the most central collisions follow a dissipa-

g P y . . I Y tive scenario with PLFs and TLFs present in the exit channel
aCtF‘f"‘”y prevails appears to pe qu'ded b_y t_he statistical oMy addition to IMFs. However, a complete damping of the
petmpn betwee_q part'de emission and fission. The OUtcom%vailable kinetic energy is observed only for events in the far
of this competition is strongly affected by the size of the

. T : , tails of event distributions in all representations studied. In
primary TLF(i.e., its fissility), and the latter is determined by her words, it is not achieved for any class of events that

the IMF production rate. The deduced competition between,|q peen selected by the selection criteria independent of
the fission and evaporation modes is illustrated in Fig. 26 age energy damping itself. The LCP properties indicate that,
a function of the kinetic-energy loss. In this figure, the aboveat most, 60% of the available kinetic energy is converted into
competition is measured by the yield raiqr/orr. The  thermal energy. The IMF properties indicate that their pro-
individual cross sections in this ratio were evaluated by induction process is dynamical and occurs at the interface of
tegrating the angular distribution for each respective compoprojectile and target. The IMF production mechanism ap-
nent. The different degrees of kinetic-energy dissipatiorpears to be an efficient channel that carries away a substan-
were selected by setting gates on the joint distribution otial part of the PLF-TLF relative energy.

multiplicities m,, andm, and by deducing the corresponding  An analysis of the exclusive yield of slow-moving resi-
kinetic-energy loss for each bin from tine,-m; correlations dues measured in coincidence with PLFs, neutrons, light-
depicted in Fig. 6 and from the TLF-residue recoil velocity. charged particles, and intermediate-mass fragments showed
The latter velocity was evaluated from an analysis of thethat such residues are mostly produced in binary dissipative
LCP velocity spectra, assuming binary collision kinematicscollisions. A lower limit for the heavy-residue cross section
(see also the discussion of Fig.)15 was found to beoyg~2 b. The examination of the
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associated Galilei-invariant distributions of the light-chargedthe dynamical IMF production process reduces considerably
particles and the observed coincidence with massive PLFhe sizes and fissilities of the primary reaction fragments.
proved that these residues are TLF remnants. Two classes of
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TLF fission fragments. Significant differences in IMF multi-  The authors wish to express their appreciation of the hos-
plicities associated with these two classes are observed, ipitality extended to them at the MSU-NSCL and are grateful
dicating that IMF “emission” plays a decisive role in the to the K1200 operations group. This work was supported by
survival of TLF evaporation residues. It is shown that abovethe U.S. Department of Energy under Grant Nos. DE-FG02-
an excitation energy of 3—4 MeV/nucleon, the TLF fission88ER-40414University of Rochesterand DE-FG02-87ER-
mode fades away in favor of heavy-residue production, ag¢0316(Washington University at St. Louis

[1] E. C. Pollaccet al., Phys. Lett146B, 29(1984; M. Conjeaud  [20] J. Randrup, Nucl. Phy#307, 319(1978; A327, 490(1979;

et al, ibid. 1598, 244 (1985. A383, 468 (1982).
[2] K. Aleklett et al, Phys. Lett. B236, 404 (1990. [21] R. J. Charityet al, Nucl. Phys.A483, 371(1988.
[3] J. F. Dempsegt al, Phys. Rev. (54, 1710(1996. [22] B. Lott et al, Phys. Rev. Lett68, 3141(1992.

[23] S. P. Baldwin, Ph.D thesis, University of Rochester, 1995; S. P.
Baldwin et al, Phys. Rev. Lett74, 1299(1995.
[24] W. U. Schraler et al, Nucl. Sci. Res. Conf. Serll, 255

[4] W. Lovelandet al, Phys. Rev. Gi1, 973(1990.
[5] E. Schwinnet al, Nucl. Phys.A568, 169 (1994).
[6] D. Utley et al, Phys. Rev. C19, R1737(1994.

(1987.
[7] E. C. Pollacoet al., Nucl. Phys.A583, 441 (1995. [25] W. U. Schialer, Nucl. PhysA538, 439¢(1992.
[8] R. Yanezet al, Phys. Rev. G52, 203(1995. [26] R. T. de Souzat al, Phys. Rev. C39, 114 (1989.
[9] A. A. Sonzogniet al, Phys. Rev. (53, 243(1996. [27] B. Borderieet al, Phys. Lett. B205, 26 (1988.
[10] R. Wadaet al,, Phys. Rev. (55, 227 (1997. [28] W. U. Schialer and J. R. Huizengdreatise on Heavy-lon
[11] B. Lott et al, in Advances in Nuclear Dynamicsdited by W. Science(Plenum, New York, 1984 \ol. 2.
Bauer(World Scientific, Singapore, 1993p. 62. [29] W. W. Wilcke et al, At. Data Nucl. Data Table®5, 389
[12] J. Ttke et al, Phys. Rev. Lett75, 2920(1995. (1980.

[13] J. Tke et al,, in Advances in Nuclear Dynamicsdited by W. [30] B. M. Quednatet al, Phys. Lett. B309, 10 (1993.

Bauer, W. Bauer, and G. WestfaPlenum, New York, 1996  [31J J. Wilczyrski, Phys. Lett478B, 124(1973.

[14] C. P. Montoyaet al, Phys. Rev. Lett73, 3070(1994). [33] J. Tcke and W. U. Schider, Annu. Rev. Nucl. Part. Scit2,

) 401 (1992.

[15] W. Skulskiet al, Phys. Rev. 3, R2594(1996. . [34] K. Aleklett et al, Prog. Part. Nucl. Phys30, 297 (1993; W.
[16] B. Djerroudet al, in Advances in Nuclear Dynami¢43], p. Lovelandet al, Phys. Lett. B312, 53 (1993.

333. [35] V. E. Viola, K. Kwiatkowski, and M. Walker, Phys. Rev. &1,
[17] W. U. Schraler, DOE Report No. DOE/ER/79048-1, 1995. 1550(1985.
[18] B. Quednau and D. Pade, Annual Progress Report No. DOH/36] E. Schwinnet al., Nucl. Phys.A568, 169 (1994).

ER/40414-2, 1989. [37] Y. D. Kim et al, Phys. Rev. Lett67, 14 (1991).
[19] J. Poitou and C. Signarbieux, Nucl. Instrum. Methddd, 11 [38] E. C. Pollacocet al,, Nucl. Phys.A583, 441 (1994).

(1974. [39] R. Yanezet al, Phys. Rev. (52, 203(1995.

034603-17



