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Origin of slow, heavy residues observed in dissipative®’Au+ &Kr collisions at E/A=35 MeV
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An exclusive measurement of slow, massive residues from%fai+ 8Kr reaction at E/A=35 MeV has
been performed in coincidence with projectile-like fragments, neutrons, as well as light- and intermediate-mass
charged products. The highly efficie(@touble 47) 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 experini&05656-28186)50906-4

PACS numbdss): 25.70.Lm, 25.70.Pq

Heavy-ion reaction studies at intermediate bombardingbserved12] in studies of prescission particle emission in
energies[1] of several tens of MeV per nucleon have re- heavy-ion-induced fission at lower energies. Since determi-
vealed the onset of various phenomena not encountered aation of the reaction mechanism requires information on
lower bombarding energig®]. At the same time, evidence correlations between the HR yields and other reaction ob-
has been mounting for the dominance of processes reminiservables, an exclusive measurement of HR’s has been per-
cent of binary dissipative collisions, at least at the lowerformed in the work presented here. HR’'s were measured in
boundary of the Fermi-energy domain and not too asymmeteoincidence with all types of charged reaction products, as
ric systems. Here, most of the reaction cross section is assevell as with neutrons. In particular, a measurement of kine-
ciated[ 3,4] with the production of primary projectilelike and matical coincidences between HR’s and PLF’s provided cru-
targetlike fragments, PLF and TLF, respectively, which sub-cial and unambiguous information on the origin of slow,
sequently decay statistically. heavy residues.

Expecting this dissipative-collision scenario to be of gen- The experiment was performed at the K1200 cyclotron of
eral validity for intermediate-energy heavy-ion reactions, onghe National Superconducting Cyclotron Laboratory at
is tempted to identify much of the vyield of slow Michigan State University. A 35 MeV/nucleoffKr beam
(E/A~0.1-0.5 MeV, heavy residuefHR), observed5] in bombarded a 0.3 mg/chrthick 1°’Au target. The experimen-

a recent radiochemical study of the reactibffAu+8Kr  tal setup included the Rochester SuperBall neutron detector,
over a broad angular range, with the remnants of primaryhe Washington University Microball charged-particle detec-
TLF's. HR's are defined here to have masses in excess dbr array, and a number of silicon detectors. Elastically scat-
~1/3 of the target mass. The case can be made easily féered projecties and PLF's were measured with two
HR’s emitted close to the TLF grazing angle. However, pre{osition-sensitive Si-detector telescopes covering the angular
vious studies did not answer the question concerning theange betwee= —2° and 6= —8°. Both telescopes pro-
origin of slow HR’s associated with large cross section meavided atomic-number resolution in the range o£Z<38.
sured at forward angles. A number of possible reactiorNormalization of the elastic-scattering yield to the Ruther-
mechanisms have been consideffd10], such as fusion- ford cross section at forward angles provided a cross section
like, fast fission, fragmentation, spallation, and dissipativescale for this work.
collisions. Retardation of fission was also consider&d], Slow, heavy reaction products, along with light charged
which could constitute an interesting continuation of trendsparticles (LCP) and intermediate-mass fragmentdvF),
were measured with three 4®1.5 mn?, 0.3 mm thick mul-
tistrip silicon detectors, covering the angular range between
*On leave of absence from the Heavy lon Laboratory, Warsawd= +9° andf= +46.5°, on the side of the beam opposite to
University, Poland. the PLF telescopes. A coarse time-of-fligiOF) measure-
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FIG. 2. Emission patterns of particles in a Galilei-invariant
FIG. 1. Energy spectra of heavy residues observed in the angéPresentation of the yield vs the velocity componernjtando, .
lar range between 9° and 46.5° in “singles” motttamonds and Panel(a): all events. Pangb): events in coincidence with a heavy

in coincidence with PLF’s WitiZp, > 25 (squares The low-energy fragment detected at angles b_e_tween 9° and 4(_3.5" in lab. The
peak is due to the detection threshold. center-of-mass and beam velocities are marked with arrows.

ment was performed, where these strip detectors provide(Zp 25) detected with the scintillation detector. The HR
the stop signals, while start signals were derived from eithesingles yield is significant, representing an integrated cross
the accelerator RF signal or a 17 mgfthick plastic scin-  section ofo=(1.0+0.1) b, approximately 20% of the total
tillation detector close to the target. The latter detectorreaction cross section. The two energy spectra of Fig. 1 look
which measured PLF’s in coincidence with HR's, introducedvery similar: a GaussiarB(), centered at an apparent energy
a threshold on the PLF atomic numberZa .~ 25 into the of E~90 MeV, is superimposed on a broad distribution
corresponding TOF measurement. Both TOF measuremen(#), which decreases in intensity continuously, from the de-
had sufficient accuracy to distinguish unambiguously betection threshold, with increasing HR energy. The intensity
tween HR’s, LCP’s, and IMF's, when combined with the ratio of the components in the measured inclusive spectrum
appropriate energy information. Product identification wasamounts toA:B~0.7, which could be lower than the actual
possible for HR’s with energies larger th&g~15 MeV, ratio by ~30% due to detection thresholds. The Gaussian
accounting for pulse-height defect. Energy calibrations of theeomponent, as well as the rise toward low energies, are
Si detectors were achieved using either radioactive sourcespmewhat better defined in the exclusive spectrum, as can be
elastically scattered projectiles, or the information on maxi-expected, owing to the limits in HR recoil angle and energy
mum energy deposité‘punch-through energies’for vari-  imposed by the kinematical coincidence condition. Since
ous charged products. these massive HR’s illustrated in Fig.(fiottom appear in
Neutrons were measured with the University of Rochestekinematic coincidence with PLF’s, they are clearly remnants
SuperBall neutron detector enclosing the scattering chambef the primary TLF's.
in 477 geometry. The SuperBall was filled with 16.3°rof An identification of HR’s with the remnants of TLF's,
gadolinium-loaded liquid scintillatofNational Diagnostics produced in dissipative collisions, can rigorously only be
ND-309), viewed by 52 Thorn-EMI 9390KB07 5 in. photo- made for that subset of the HR data, for which a coincident
multipliers. The detector measured the multiplicity of neu-PLF has actually been detected. However, this conclusion
trons and provided, via the prompt light output signal, also aappears to remain true for the entire set of HR events mea-
measure of the total kinetic neutron energy. LCP’s andsured in the present experiment. This is obvious from inspec-
IMF’s were measured with the Washington University Mi- tion of Galilei-invariant velocity distributions o particles
croball, reconfigured here to allow operation of the Si stripand other LCP’s emitted in the reaction. In Fig. 2, the mea-
detectors and telescopes. The Microball covered 95% of theured yields ofa particles are shown as contour diagrams,
full solid angle, in the angular range 149<171°. It re- plotted vsa particle laboratory velocity components parallel
solved elements witd<<5 and, in addition, the three hydro- and perpendicular to the beam, respectively. The data in Fig.
gen isotopes. During the experiment, the data acquisitio(a) include all events, while the plot of Fig(ld represents
system accepted data, whenever either a Si detector, the Sonly coincidences with massive HR’s. The arrows indicate
perBall, or the Microball registered an event. the velocities of the beam projectiles and of the center of
Experimental results are presented in Figs. 1-3. Figure Inass, respectively.
exhibits angle-integrated, apparent HR energy spectra, not The approximately semicircular intensity patté¢tCou-
corrected for the pulse-height defect. These spectra weldemb ring”) of the velocity plots shown in Fig. 2 identifies
measured with the strip detectors, either in singles modelearly a slow-moving, massive, evaporative source as the
(diamond$, or in coincidence (squares with PLF's  dominant origin of thea particles measured with the Mi-
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moves with the velocity of the center of mass. Therefore, it

70 L n appears justified to identify the observed HR’s with the rem-
All events Ew < 25 MeV nants of TLF's produced in dissipative collisions also in
60 - — those cases, where no PLF has been detected in coincidence.
50 - L Another piece of evidence supporting this conclusion is pro-
; vided by the magnitude of the HR cross section
40 [oyr=(1.0+0.1) b], which is consistent with that of the
30 TLF's [0 =(1.6=0.2) b], expected within the angular
- range of the residue detectors. This latter cross section was
deduced from the angular distribution of the PLF reaction
10 : (a) partners also measured in this experiment. The difference
o ‘ o between the value afi obtained in this work and the one
c measured with radiochemical methodp5,13], o g
= 70 =(3.0+0.4) b, is attributed to detection thresholds in the

_50 < Ewr< 125 MeV| Egx> 150 MeV present experiment.

Since the HR’s have been identified with remnants of
TLF collision partners, one is able to interpret their two-
component energy spectrum illustrated in Fig. 1. From the
angle-energy distribution of PLF&he Wilczyrski plot) es-
tablishing [14,15 the binary dissipative character of the
197Au+ 8% reaction, it is known that the cross section de-
creases with increasing momentum transfer to the corre-
sponding TLF's. The resulting broad TLF energy distribu-
| tion is consistent with only one of the spectral components
30 (A) seen in Fig. 1, suggesting that the latter actually repre-

sents the TLF evaporation residu@d.F-ER). Furthermore,
it turns out that the average energy of the Gaussian compo-

FIG. 3. Logarithmic contour plots of the joint multiplicity dis- n<_ant (B), centered at a? energy &~90 MeV, C0|.nC|des

tribution of neutronsifi,) and charged particlesr(,), as measured With that measured for®%Cf fission fragments during off-
(a) for all events withm.>1: and in coincidence with HR's in the line calibration. Therefore, componeBt is identified with
following ranges of energyb) Eyg<25 MeV (“A” in Fig. 1); (¢ fragments(TLF-FF) resulting from fission of the TLF’s. In-
50<Ejr<125 MeV (“ B” in Fig. 1); and(d) Eyz>150 MeV. terestingly, these latter TLF's are associated with less dissi-
pative collisions than those leading to TLF-ER’s. This con-
croball. The velocity of this emitter, defined by the center ofclusion is based on the multiplicity correlationsi{ versus
the “Coulomb ring,” is significantly smaller than that of the m,), which are different for TLF-FF's and for TLF-ER’s,
center of mass. It increases somewhat with increasing pagnd on the different velocities of the coincident PLFIs}].
ticle multiplicity, consistent with a dissipative reaction sce- Figure 3 presents the inclusive joint multiplicity distribution
nario. Consequently, this emitter is very different from aP(m.,m,), as well as several conditional distributions, in
composite nucleus that could have been formed in thé¢he form of contour diagrams. The neutron multiplicity has
197au+ 8Kr reaction. This is not surprising for the semi- been corrected for background, but neither the quamtity
inclusive distribution of Fig. @), where most of thex par-  nor m; have been corrected for detection efficiency or solid
ticles have presumably been emitted sequentially from TLF’'sangle. The intensity pattern depicted in Figa)3illustrates
produced in the peripheral to midcentral collisions that domi-the evolution of energy dissipation with impact parameter,
nate this data set. It has also been verified that, even if thessuming that there is an approximately monotonic relation
heavy primary TLF undergoes fission, the associatedetween these two quantiti¢®]. A continuous probability
a-particle emission pattern is determined by prescissioricross sectionridge extends from the region corresponding
emission[12]. Therefore, this pattern still reflects the prop- to low degrees of dissipatiofperipheral collisionsnear the
erties of the TLF, rather than those of the fission fragmentsorigin of the plot, to a broad bump am¢,m,)~(15,30),
The Coulomb ring pattern associated with a similar emissiormssociated with highly dissipative, i.e., fairly central, colli-
process involving the PLF, is more compact and centered ations. This bump corresponds to a dissipated energy of ap-
a higher velocity than that for the TLF. Consequently, theproximately 1 GeV, as obtained from a “moving-source”
former pattern is largely missed by the Microball LCP detec-analysis of the backward-angle particle emission patterns. It
tors, except for a slight enhancement in intensity, visible inis also significant to note, that only the exponentially de-
Fig. 2(a) at the most forward angles. creasing tail of the multiplicity distribution extends to the

For similar reasons, the invariant particle velocity dis- domain of complete damping in a binary collisian.>35
tribution of Fig. 2b), measured in coincidence with slow, and m,>60, but does not reach to higher multiplicities ex-
massive HR's, is consistent with emission from just thesepected for the complete fusion process. Based on this obser-
HR’s. Apart from a weak component due to the correspondvation, it does not seem likely that complete fusion consti-
ing fast PLF emitter, there is no positive evidence for anytutes a significant fraction of the total reaction cross section,
additional source ofr particles, specifically not for one that in agreement with earlier conclusions drawn from Fig. 2.

60
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Figure 3b) shows the multiplicity distribution measured remnants of the primary TLF's emitted in highly dissipative
in coincidence with the low-energyE(,r<25 MeV) evapo- collisions, a possibility considered previously also by other
ration residues TLF-ER, i.e., componehtin Fig. 1. This  workers[6]. The more dissipative collisions appear to lead to
HR component is indeed associated with high degrees cﬂvaporaiior) residues, while slightly less dissipative reactions
dissipation, albeit not the highest ones, as demonstrated Hgvor a fission decay of the primary TLF's. This effect could
the location of the maximum of the distribution at b€ the result of the emission of increased numbers of neu-
(me,my)~(12,25). The multiplicity distribution shown in ons and charged products from the system, leading to less

Fig. 3(c) is measured in coincidence with HR’s in the region fiSSilé TLF’s at higher dissipation.

of energies 50 MeV< Eye= 125 Mo, dominated by the WD experimenaunceriates the detecied LR cross
Gaussian TLF-FF componeBt, but containing also signifi-

can conbutn fom the TLF-ER componet(see Fg. S ILE STIIEE o e anguar range covere by e LR
1). Consequently, the multiplicity distribution of Fig(S ’ |

also shows two components representing high and intermeC-Ons"‘e’temt with the absence of complete energy damping, no

: L : . ositive evidence has been found in the present data for
diate degrees of dissipation, respectively. In fact, using the L )
requirement of a coincidence with PLF’s, the lower multi- products of a fusionlike reaction, reported by othgts].

plicity component was identified with that of lower dissipa- However, a relatively small cross section for such processes

tion. The separation between the components is not as go&&n.nm. be exclu.ded,_sh.o.uld they be associate_d.\./vith theimal
as t.hat seen in Fig. 1 because of the inherent width of thgxmtation energies significantly lower than the initially avail-
multiplicity distributions. Finally, the distribution in Fig. 2pl€ Kinetic energy of relative motion, and with HR emission
3(d) corresponds &> 150 MeV, ie., the high-energy forward of 6<<9° in this reaction. Based on present reaction
tail of the HR-ER spectrum. Consistent with the kinematicstheomes S.’UCh as BUU, much larger cross sections for' fusion
of dissipative collisions, the distribution of Fig(d is in- or fu5|on_l|ke processes are _expected for an asymmetric reac-
dicative of the highest degrees of dissipation observed in thig(r)gseartit '&f{p?ﬁ?‘?ﬂg&e :glneqsa'rkt:ag i[i?i(()j?r? C(;)fntsrzztenrzsvé'gt'
work. One should note, that significant contamination due t ; ’ , . g of P

work is the fact that the TLF's survive the collision stage as

guasielastic collisions is not observed in any of the Figs. ive f before d . stically vi
3(b), 3(c), or Ad). massive fragments, before decaying statistically via evapora-

The sequence o ont mulipicty dtibutons dispiayed (2057 S fsion, T urexpecied Sably of el
in Fig. 3 shows that TLF-ER’s arise from more dissipative 9

collisions than the TLF-FF component. A decomposition Ofdissmated energies identified in .th.'s worke | Ge.\/),. €.,
the multiplicity distribution shown in Fig. @), which con- presumably for rather central collisions. These findings pro-

tains both components, yields an intensity ratio Ofvide new and important challenges to the present understand-

TLE-ER:TLF-FF ~0.8:1, in good agreement with the de- ing of dy_namical nuclear response f'ind nuclear structure in
composition of the HR energy spectrum of Fig. 1, discusse&qtermed|ate—energy heavy-ion collisions.
previously. This agreement corroborates the earlier conclu- The authors wish to express their appreciation of the kind
sion, that the more dissipativ€’Au-+ &Kr collisions lead to  hospitality extended to them at the NSCL and are grateful to
TLF-evaporation residues, rather than to TLF fission fragthe K1200 operations crew, in particular to Jeffrey Stetson,
ments. for an efficient operation of accelerator and beam transport
In summary, the present work has demonstrated that theystem. This work was supported by the U.S. Department of
slow, massive residues, observediffAu+ 8r collisions  Energy under Grant Nos. DE-FG02-88ER40414 and DE-
at E/A = 35 MeV and angles between 9° and 46.5°, areFG02-87ER40316.
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