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Origin of slow, heavy residues observed in dissipative197Au1 86Kr collisions at E/A535 MeV
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An exclusive measurement of slow, massive residues from the197Au186Kr reaction at E/A535 MeV has
been performed in coincidence with projectile-like fragments, neutrons, as well as light- and intermediate-mass
charged products. The highly efficient~double 4p) detector setup used included the University of Rochester
SuperBall neutron detector and the Washington University Microball. The observed large yield of slow,
massive residues shows characteristics consistent with a production scenario similar to that of binary dissipa-
tive collisions. The residues result from the statistical decay of primary targetlike fragments, produced even in
the most dissipative collisions identified in the present experiment.@S0556-2813~96!50906-4#

PACS number~s!: 25.70.Lm, 25.70.Pq
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Heavy-ion reaction studies at intermediate bombardi
energies@1# of several tens of MeV per nucleon have re
vealed the onset of various phenomena not encountere
lower bombarding energies@2#. At the same time, evidence
has been mounting for the dominance of processes remi
cent of binary dissipative collisions, at least at the low
boundary of the Fermi-energy domain and not too asymm
ric systems. Here, most of the reaction cross section is as
ciated@3,4# with the production of primary projectilelike and
targetlike fragments, PLF and TLF, respectively, which su
sequently decay statistically.

Expecting this dissipative-collision scenario to be of ge
eral validity for intermediate-energy heavy-ion reactions, o
is tempted to identify much of the yield of slow
(E/A'0.1–0.5 MeV!, heavy residues~HR!, observed@5# in
a recent radiochemical study of the reaction197Au1 86Kr
over a broad angular range, with the remnants of prima
TLF’s. HR’s are defined here to have masses in excess
'1/3 of the target mass. The case can be made easily
HR’s emitted close to the TLF grazing angle. However, pr
vious studies did not answer the question concerning
origin of slow HR’s associated with large cross section me
sured at forward angles. A number of possible reacti
mechanisms have been considered@5–10#, such as fusion-
like, fast fission, fragmentation, spallation, and dissipati
collisions. Retardation of fission was also considered@11#,
which could constitute an interesting continuation of tren
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observed@12# in studies of prescission particle emission in
heavy-ion-induced fission at lower energies. Since determ
nation of the reaction mechanism requires information o
correlations between the HR yields and other reaction o
servables, an exclusive measurement of HR’s has been p
formed in the work presented here. HR’s were measured
coincidence with all types of charged reaction products,
well as with neutrons. In particular, a measurement of kine
matical coincidences between HR’s and PLF’s provided cr
cial and unambiguous information on the origin of slow
heavy residues.

The experiment was performed at the K1200 cyclotron o
the National Superconducting Cyclotron Laboratory a
Michigan State University. A 35 MeV/nucleon86Kr beam
bombarded a 0.3 mg/cm2 thick 197Au target. The experimen-
tal setup included the Rochester SuperBall neutron detect
the Washington University Microball charged-particle detec
tor array, and a number of silicon detectors. Elastically sca
tered projectiles and PLF’s were measured with tw
position-sensitive Si-detector telescopes covering the angu
range betweenu522° andu528°. Both telescopes pro-
vided atomic-number resolution in the range of 1,Z,38.
Normalization of the elastic-scattering yield to the Ruther
ford cross section at forward angles provided a cross secti
scale for this work.

Slow, heavy reaction products, along with light charge
particles ~LCP! and intermediate-mass fragments~IMF!,
were measured with three 40361.5 mm2, 0.3 mm thick mul-
tistrip silicon detectors, covering the angular range betwe
u519° andu5146.5°, on the side of the beam opposite to
the PLF telescopes. A coarse time-of-flight~TOF! measure-
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ment was performed, where these strip detectors provi
the stop signals, while start signals were derived from eit
the accelerator RF signal or a 17 mg/cm2 thick plastic scin-
tillation detector close to the target. The latter detect
which measured PLF’s in coincidence with HR’s, introduc
a threshold on the PLF atomic number atZPLF'25 into the
corresponding TOF measurement. Both TOF measurem
had sufficient accuracy to distinguish unambiguously b
tween HR’s, LCP’s, and IMF’s, when combined with th
appropriate energy information. Product identification w
possible for HR’s with energies larger thanEHR'15 MeV,
accounting for pulse-height defect. Energy calibrations of
Si detectors were achieved using either radioactive sour
elastically scattered projectiles, or the information on ma
mum energy deposits~‘‘punch-through energies’’! for vari-
ous charged products.

Neutrons were measured with the University of Roches
SuperBall neutron detector enclosing the scattering cham
in 4p geometry. The SuperBall was filled with 16.3 m3 of
gadolinium-loaded liquid scintillator~National Diagnostics
ND-309!, viewed by 52 Thorn-EMI 9390KB07 5 in. photo
multipliers. The detector measured the multiplicity of ne
trons and provided, via the prompt light output signal, als
measure of the total kinetic neutron energy. LCP’s a
IMF’s were measured with the Washington University M
croball, reconfigured here to allow operation of the Si st
detectors and telescopes. The Microball covered 95% of
full solid angle, in the angular range 14°,u,171°. It re-
solved elements withZ,5 and, in addition, the three hydro
gen isotopes. During the experiment, the data acquisi
system accepted data, whenever either a Si detector, the
perBall, or the Microball registered an event.

Experimental results are presented in Figs. 1–3. Figur
exhibits angle-integrated, apparent HR energy spectra,
corrected for the pulse-height defect. These spectra w
measured with the strip detectors, either in singles m
~diamonds!, or in coincidence ~squares! with PLF’s

FIG. 1. Energy spectra of heavy residues observed in the an
lar range between 9° and 46.5° in ‘‘singles’’ mode~diamonds! and
in coincidence with PLF’s withZPLF.25 ~squares!. The low-energy
peak is due to the detection threshold.
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(ZPLF.25) detected with the scintillation detector. The HR
singles yield is significant, representing an integrated cro
section ofs5(1.060.1) b, approximately 20% of the total
reaction cross section. The two energy spectra of Fig. 1 lo
very similar: a Gaussian (B), centered at an apparent energy
of E'90 MeV, is superimposed on a broad distribution
(A), which decreases in intensity continuously, from the de
tection threshold, with increasing HR energy. The intensit
ratio of the components in the measured inclusive spectru
amounts toA:B'0.7, which could be lower than the actua
ratio by '30% due to detection thresholds. The Gaussia
component, as well as the rise toward low energies, a
somewhat better defined in the exclusive spectrum, as can
expected, owing to the limits in HR recoil angle and energ
imposed by the kinematical coincidence condition. Sinc
these massive HR’s illustrated in Fig. 1~bottom! appear in
kinematic coincidence with PLF’s, they are clearly remnan
of the primary TLF’s.

An identification of HR’s with the remnants of TLF’s,
produced in dissipative collisions, can rigorously only b
made for that subset of the HR data, for which a coincide
PLF has actually been detected. However, this conclusi
appears to remain true for the entire set of HR events me
sured in the present experiment. This is obvious from inspe
tion of Galilei-invariant velocity distributions ofa particles
and other LCP’s emitted in the reaction. In Fig. 2, the mea
sured yields ofa particles are shown as contour diagrams
plotted vsa particle laboratory velocity components paralle
and perpendicular to the beam, respectively. The data in F
2~a! include all events, while the plot of Fig. 2~b! represents
only coincidences with massive HR’s. The arrows indicat
the velocities of the beam projectiles and of the center
mass, respectively.

The approximately semicircular intensity pattern~‘‘Cou-
lomb ring’’! of the velocity plots shown in Fig. 2 identifies
clearly a slow-moving, massive, evaporative source as t
dominant origin of thea particles measured with the Mi-

gu-

FIG. 2. Emission patterns ofa particles in a Galilei-invariant
representation of the yield vs the velocity componentsv i andv'.
Panel~a!: all events. Panel~b!: events in coincidence with a heavy
fragment detected at angles between 9° and 46.5° in lab. T
center-of-mass and beam velocities are marked with arrows.
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croball. The velocity of this emitter, defined by the center
the ‘‘Coulomb ring,’’ is significantly smaller than that of th
center of mass. It increases somewhat with increasing
ticle multiplicity, consistent with a dissipative reaction sc
nario. Consequently, this emitter is very different from
composite nucleus that could have been formed in
197Au1 86Kr reaction. This is not surprising for the sem
inclusive distribution of Fig. 2~a!, where most of thea par-
ticles have presumably been emitted sequentially from TL
produced in the peripheral to midcentral collisions that dom
nate this data set. It has also been verified that, even if
heavy primary TLF undergoes fission, the associa
a-particle emission pattern is determined by presciss
emission@12#. Therefore, this pattern still reflects the pro
erties of the TLF, rather than those of the fission fragmen
The Coulomb ring pattern associated with a similar emiss
process involving the PLF, is more compact and centere
a higher velocity than that for the TLF. Consequently, t
former pattern is largely missed by the Microball LCP dete
tors, except for a slight enhancement in intensity, visible
Fig. 2~a! at the most forward angles.

For similar reasons, the invarianta particle velocity dis-
tribution of Fig. 2~b!, measured in coincidence with slow
massive HR’s, is consistent with emission from just the
HR’s. Apart from a weak component due to the correspo
ing fast PLF emitter, there is no positive evidence for a
additional source ofa particles, specifically not for one tha

FIG. 3. Logarithmic contour plots of the joint multiplicity dis
tribution of neutrons (mn) and charged particles (mc), as measured
~a! for all events withmc.1; and in coincidence with HR’s in the
following ranges of energy:~b! EHR,25 MeV ~‘‘ A’’ in Fig. 1!; ~c!
50,EHR,125 MeV ~‘‘ B’’ in Fig. 1!; and ~d! EHR.150 MeV.
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moves with the velocity of the center of mass. Therefore
appears justified to identify the observed HR’s with the re
nants of TLF’s produced in dissipative collisions also
those cases, where no PLF has been detected in coincide
Another piece of evidence supporting this conclusion is p
vided by the magnitude of the HR cross sectio
@sHR5(1.060.1) b#, which is consistent with that of the
TLF’s @s TLF5(1.660.2) b#, expected within the angula
range of the residue detectors. This latter cross section
deduced from the angular distribution of the PLF reacti
partners also measured in this experiment. The differe
between the value ofsHR obtained in this work and the one
measured with radiochemical methods@5,13#, s HR

5(3.060.4) b, is attributed to detection thresholds in th
present experiment.

Since the HR’s have been identified with remnants
TLF collision partners, one is able to interpret their tw
component energy spectrum illustrated in Fig. 1. From
angle-energy distribution of PLF’s~the Wilczyński plot! es-
tablishing @14,15# the binary dissipative character of th
197Au1 86Kr reaction, it is known that the cross section d
creases with increasing momentum transfer to the co
sponding TLF’s. The resulting broad TLF energy distrib
tion is consistent with only one of the spectral compone
(A) seen in Fig. 1, suggesting that the latter actually rep
sents the TLF evaporation residues~TLF-ER!. Furthermore,
it turns out that the average energy of the Gaussian com
nent (B), centered at an energy ofE'90 MeV, coincides
with that measured for252Cf fission fragments during off-
line calibration. Therefore, componentB is identified with
fragments~TLF-FF! resulting from fission of the TLF’s. In-
terestingly, these latter TLF’s are associated with less di
pative collisions than those leading to TLF-ER’s. This co
clusion is based on the multiplicity correlations (mc versus
mn), which are different for TLF-FF’s and for TLF-ER’s
and on the different velocities of the coincident PLF’s@14#.
Figure 3 presents the inclusive joint multiplicity distributio
P(mc ,mn), as well as several conditional distributions,
the form of contour diagrams. The neutron multiplicity ha
been corrected for background, but neither the quantitymn
normc have been corrected for detection efficiency or so
angle. The intensity pattern depicted in Fig. 3~a! illustrates
the evolution of energy dissipation with impact paramet
assuming that there is an approximately monotonic relat
between these two quantities@2#. A continuous probability
~cross section! ridge extends from the region correspondin
to low degrees of dissipation~peripheral collisions! near the
origin of the plot, to a broad bump at (mc ,mn)'(15,30),
associated with highly dissipative, i.e., fairly central, col
sions. This bump corresponds to a dissipated energy of
proximately 1 GeV, as obtained from a ‘‘moving-source
analysis of the backward-angle particle emission patterns
is also significant to note, that only the exponentially d
creasing tail of the multiplicity distribution extends to th
domain of complete damping in a binary collision,mc.35
andmn.60, but does not reach to higher multiplicities e
pected for the complete fusion process. Based on this ob
vation, it does not seem likely that complete fusion cons
tutes a significant fraction of the total reaction cross secti
in agreement with earlier conclusions drawn from Fig. 2.
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Figure 3~b! shows the multiplicity distribution measured
in coincidence with the low-energy (EHR,25 MeV! evapo-
ration residues TLF-ER, i.e., componentA in Fig. 1. This
HR component is indeed associated with high degrees
dissipation, albeit not the highest ones, as demonstrated
the location of the maximum of the distribution a
(mc ,mn)'(12,25). The multiplicity distribution shown in
Fig. 3~c! is measured in coincidence with HR’s in the regio
of energies 50 MeV,EHR,125 MeV, dominated by the
Gaussian TLF-FF componentB, but containing also signifi-
cant contribution from the TLF-ER componentA ~see Fig.
1!. Consequently, the multiplicity distribution of Fig. 3~c!
also shows two components representing high and interm
diate degrees of dissipation, respectively. In fact, using
requirement of a coincidence with PLF’s, the lower mult
plicity component was identified with that of lower dissipa
tion. The separation between the components is not as g
as that seen in Fig. 1 because of the inherent width of
multiplicity distributions. Finally, the distribution in Fig.
3~d! corresponds toEHR. 150 MeV, i.e., the high-energy
tail of the HR-ER spectrum. Consistent with the kinemati
of dissipative collisions, the distribution of Fig. 3~d! is in-
dicative of the highest degrees of dissipation observed in t
work. One should note, that significant contamination due
quasielastic collisions is not observed in any of the Fig
3~b!, 3~c!, or 3~d!.

The sequence of joint multiplicity distributions displaye
in Fig. 3 shows that TLF-ER’s arise from more dissipativ
collisions than the TLF-FF component. A decomposition
the multiplicity distribution shown in Fig. 3~c!, which con-
tains both components, yields an intensity ratio
TLF-ER:TLF-FF '0.8:1, in good agreement with the de
composition of the HR energy spectrum of Fig. 1, discuss
previously. This agreement corroborates the earlier conc
sion, that the more dissipative197Au1 86Kr collisions lead to
TLF-evaporation residues, rather than to TLF fission fra
ments.

In summary, the present work has demonstrated that
slow, massive residues, observed in197Au1 86Kr collisions
at E/A 5 35 MeV and angles between 9° and 46.5°, a
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remnants of the primary TLF’s emitted in highly dissipativ
collisions, a possibility considered previously also by oth
workers@6#. The more dissipative collisions appear to lead
evaporation residues, while slightly less dissipative reactio
favor a fission decay of the primary TLF’s. This effect coul
be the result of the emission of increased numbers of n
trons and charged products from the system, leading to l
fissile TLF’s at higher dissipation.

Within experimental uncertainties, the detected HR cro
section is consistent with the cross section deduced for m
sive TLF’s emitted into the angular range covered by the H
detectors, as deduced from the measured PLF distributi
Consistent with the absence of complete energy damping,
positive evidence has been found in the present data
products of a fusionlike reaction, reported by others@16#.
However, a relatively small cross section for such proces
cannot be excluded, should they be associated with ther
excitation energies significantly lower than the initially avai
able kinetic energy of relative motion, and with HR emissio
forward ofu,9° in this reaction. Based on present reactio
theories such as BUU, much larger cross sections for fus
or fusionlike processes are expected for an asymmetric re
tion at intermediate energies, than those consistent w
present work. The most remarkable finding of the prese
work is the fact that the TLF’s survive the collision stage a
massive fragments, before decaying statistically via evapo
tion or sequential fission. This unexpected stability of nuc
is observed even for collisions associated with the high
dissipated energies identified in this work ('1 GeV!, i.e.,
presumably for rather central collisions. These findings pr
vide new and important challenges to the present understa
ing of dynamical nuclear response and nuclear structure
intermediate-energy heavy-ion collisions.
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