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Dynamical Fragment Production as a Mode of Energy Dissipation in Heavy-lon Reactions

J. Toke, D. K. Agnihotri, S. P. Baldwin, B. Djerroud, B. Lott,* B. M. Quednau,* W. Skulski, and W. U. Schroder
Department of Chemistry and Nuclear Structure Research Laboratory, University of Rochester, Rochester, New York 14627

L. G. Sobotka, R. J. Charity, and D. G. Sarantites
Department of Chemistry, Washington University, St. Louis, Missouri 63130

R.T. de Souza

Department of Chemistry and Indiana University Cyclotron Facility, Indiana University, Bloomington, Indiana 47405
(Received 15 March 1996

Based on measured correlations between experimental observables #YBhe- 1*Xe reaction
at E/A = 28 MeV, it is shown that multiple intermediate-mass fragment (IMF) production is a
dynamical process driven by the energy of relative motion of projectilelike and targetlike fragments.
This kinetic energy is converted into thermal energy of the system, until a certain “saturation”
value of approximately 3 Meyhucleon is reached. From this point on, this “conventional”
dissipation mechanism is replaced by dynamical IMF production, constituting a new mode of energy
dissipation. [S0031-9007(96)01493-7]

PACS numbers: 25.70.Lm, 25.70.Mn, 25.70.Pq

Over the last decade, one of the central issues drivef the total reaction yield. The plot in Fig. 1(a) includes
ing intermediate-energy heavy-ion reaction studies haall events satisfying the “minimum-bias” condition of
been a phenomenon termed “multifragmentation” [1—4]|charged-particle multiplicityn. = 1, i.e., includes most
whose experimental signature is the presence of multief the events.
ple intermediate-mass fragments (IMF) in the reaction In Figs. 1(b) and 1(c), the average atomic number
exit channel. Since the observed IMF multiplicities are{(Zyr) (b) and the average transverse kinetic energy
significantly higher than can be explained by standard
statistical-model calculations, various models and sce- 298; + %X E/A = 28 MeV
narios have been considered in the past [5—-9] which
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favor copious production of IMFs. The present paper @ ) .
shows that the current models cannot be reconciled with 5 10* a ® e .
all of the fundamental experimental observations. Based 8 10? - °
on a set of fundamental observations, a new scenario — ' L ' ' L9
for intermediate-energy heavy-ion reactions is proposed 7\ 40 L b) o
which connects in a natural way the domain of dissipative ~J A A I TP
collisions [10] with that of multiple IMF production. \% ST

The experiment was performed at the National Super- ~ 0 = ' . ' ' ' '
conducting Cyclotron Laboratory of Michigan State Uni- E 80 ¢ .o .
versity and provided for a measurement of both charged <~ 4,5 ° Cececsoee?
products and neutrons from tR¥Bi + '3%Xe reaction at ‘/}g
E/A = 28 MeV, with virtually 47 angular coverage. A y 0 1
detailed account of the experimental procedures is given i a)""‘"0'".'"'.'"'.'";"';"'."'"' """"

elsewhere [11-14]. The present paper discusses data & —os5l| ®
on IMFs (Z [2 3), n]eutrons,pand projgcft)ilelike fragments = Pu=0un/V0 50"z
(PLF, with 10 = Zpr = 54), obtained with the Wash- e 5ol B e L ——
ington University Dwarf array [15], the Rochester Uni- 2 ® e, .
versity 900 liter RedBall neutron multiplicity meter [12], o ?g " ) LA TP

v; _

and several position-sensitive silicon-detector telescopes,
respectively.

Figure 1 presents the systematics of multiple IMF emis-
sion in the?®Bi + 136Xe reaction at£ /A = 28 MeV. It
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; i fetrib It FIG. 1. IMF multiplicity distribution (a) and dependence on
is clear from the IMF multiplicity distribution, presented the observed IMF multiplicity of average IMF atomic number

in the top panel (a) of this figure, that in this bombarding-(b)’ transverse energy (c), correlation coefficippi (see text)

energy domain, multiple IMF emission constitutes an im-(d), and average PLF kinetic energy per nucleon (in units of
portant reaction channel, accounting for a large fractiormeV) (e).
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(Etmr) (c) of IMFs are plotted as functions of IMF mul-  Figure 2 shows Galilei-invariant velocity distributions
tiplicity myqr. As seen in these panels, bdf#yyr) and  of protons (left panels) and IMFs with = Zyr < 10
(Etmr) are quite large and almost independent of the IMK(right panels) associated with;yr = 2 (top panels) and
multiplicity, up to the highest multiplicity ofnyye = 13 myvmr = 4 (bottom panels). The LCP emission patterns
observed in this reaction. Furthermore, the distributionsn this figure exhibit a superposition of two “Coulomb-
in Zrwe and Eqye are both of exponential character, alsoMaxwell” ridges characteristic of an emission scenario
largely independent ofiyr [16]. with two moving sources, as expected for binary pro-

The independencef both the Zyyr and Efyr distri-  cesses. In contrast, a similar plot for IMFs features a
butions of the number of IMFs emitted is the first of the strong intermediate-velocity component consistent with
fundamental observations referred to in the introductionemission from a neck zone and demonstrates a dynamical
It provides a strong indication for the fact that, in the IMF production mechanism described earlier [14,20,21].
reaction studied, a single mechanism is primarily responHowever, the IMF velocity distributions show also a com-
sible for producing these IMFs. This observationponent with a velocity slightly lower than the PLF veloc-
suggests also that IMFs are formed almost in-ty that can be associated with nonequilibrium emission
dependently of one another. This latter fact isfrom PLFs. One notices that, because of the detection
demonstrated quantitatively in Fig. 1(d), where thethreshold, the corresponding component associated with
correlation coefficient pz; = onzn/(0s02)Y? is  similar nonequilibrium emission from TLFs would largely
plotted as a function ofmve. This correlation co- be missed by the setup. It will be argued further below,
efficient is defined for a split of the group of IMFs that the above two nonequilibrium components are impor-
measured in an event into two groups of approxi-tant for explaining the energy balance in this reaction.
mately equal multiplicities which have summed atomic After the observation of amdependencef the Z g
numbers of Z, and Z,, respectively. The quantities and Ejyg distributions of myyg, discussed previously,
07172, a%l, anda%z are the covariance and the two vari- the binary characterof the underlying collision scenario,
ances of the joint distribution of; andZ,, respectively. demonstrated above, constitutes the second fundamental
For a scenario in which IMFs acquire their identities observation referred to in the introduction.
independently of each other and at the expense of a large Further key experimental evidence is presented
remaining pool of mass and the correlation coefficient in Fig. 3, where (upper panel) average neutron and
would be equal topzz = 0. With increasingmye, light-charged particle (LCP) multiplicities from the
when the summed charge of all IMFs approaches the totd!°Bi + '3°Xe reaction atE/A = 28 MeV are plotted as
charge of the system, this coefficient would approacHunctions of the associated IMF multiplicity. The effec-
pzz = —1, consistent with the trends seen in Fig. 1(d).tive widths I'ewuym at half-maximum of the respective
Similar conclusions regarding the independence of IMPmultiplicity distributions are represented in this figure
formation were reached by Morettet al. and Phair by vertical bars. The salient feature of the data is a
et al. in heavy-ion reaction studies at significantly higherrapid and simultaneous “saturation,” with increasing IMF
bombarding energies [17]. multiplicity of the two observables:,, andmy cp. These

It has been concluded in earlier works [11,13] that thetwo observables provide measures of the total intrinsic or
binary reaction mode accounts for most, if not all, of
the total?®Bi + !36Xe reaction cross section &/A =

28 MeV. A similar conclusion has been reached, e.g., in Wpi + %e FIA = 28 MeV

the studies of”’Au + 2Pb reactions aE/A = 29 MeV protons IMF, 68 Z,810

[18]. The large cross section for IMF production noted I i
above implies then that IMFs are produced and emitted, 5t -

-
iy ™=

following a generally binary primary reaction scenario (al- & *

lowance being made for some pre-equilibrium emission). E 4 ! -
This is confirmed by the direct observation of fast, pro- =

jectilelike fragments (PLF) detected at forward angles in .

coincidence with IMFs. Average kinetic energies per nu- ‘ rﬁ
cleon, (E/A)pLg, of such PLFs are shown in Fig. 1(e), p L~ i i —
for events withmyr = 7. Here PLF and IMF compo- =2 o 5 =3 o 5
nents in the forward-angle spectra are sufficiently well ¥y (cov/ns)

separated for a reasonably accurate determination of thgg. 2. Galilei-invariant c.m. velocity distributions of protons
quantity(E/A)p_r, Where the mass numbers of the PLFs(left panels) and IMFs witl6 < Z;yz =< 10 (right panels), for
were determined from their measured atomic numbers ugvents associated with;yr = 2 (top panels) andniyr = 4

ing a prescription suggested by Chariyal. [19]. As (bottom panels). The arrows indicate projectile and target

e velocities. A semicircle is drawn to represent an approximate
seen in Fig. 1(e), the PLFs are slowed down as more anlgecation of the Coulomb-Maxwell ridge for thermal emission

more IMFs are produced, a fact whose significance wilkrom the composite system. The dashed lines indicate the
become clear further below. detection thresholds.
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FIG. 4. Pattern of energy conversion from the relative PLF-
Miwe TLF motion into thermal energy and into IMF degrees of

FIG. 3. Average light-particle multiplicities (a), and summed freedom.

transverse energies (b) (in units of MeV) of IMFs (solid dots)

and LCPs (open circles), plotted vs IMF multiplicity. Vertical . . .
bars in the upper panel represent the effective widithgyy of ~ €N€rgy generated in the dissipative stage of the reaction
the respective multiplicity distributions. has reached’, the mechanism of conversion of kinetic

energy into heat is rapidly disabled. Instead, a mechanism
sets in that converts kinetic energy of collective PLF-TLF

thermal excitation of the system, including that of IMFs. motion into potential energy of saddle degrees of freedom
A similar saturation is featured by the measured averagand into kinetic energy of individual IMFs. This is a new
total transverse energy of LCPs plotted in Fig. 3(b) (opemmechanism of energy dissipation that is not effective at
circles) as a function ofi;yr.  This observation is con- lower thermal excitations of the system. The fact that
sistent with earlier reports on incomplete kinetic-energykinetic energy is expended for IMF production is clear
damping in reactions induced by very heavy ions [11,22]from Fig. 1(d), showing the actual decrease in the PLF
The light-particle data presented in Figs. 3(a) and 3(byelocity as IMFs are formed.
demonstrate that, as long as the total thermal energy (heatAn estimate of the critical excitation enerdy, was
content) of the system is lower than a certain criticalobtained from statistical-model simulations (coeeAr
value E7, represented by the “saturation” values 1§ [23]) by fitting the observed saturation values af,
and mcp, the IMF production rate is insignificant. On and my_cp. Assuming two fragments at equal tempera-
the other hand, the data also indicate that once the totalires and level-density parameters of= A/8, a value
thermal energy of the system has reached this criticadf E; =~ 1 GeV results, corresponding to a critical tem-
value, no further significant amounts of kinetic energy argperature off. = 5.3 MeV. One estimates that the width
converted into heat. The dramatically different trendsof the transition region between the dissipative and IMF-
illustrated in Fig. 3(b) by the sets of data points for producing domains i E), = 50-100 MeV. This es-
IMFs (solid dots) and LCPs (open circles), the largetimate is derived from a rough assessment of the energy
average values ofEivr), and the large values (tens of needed to promote one IMF to its saddle configuration and
MeV [16]) of the logarithmic spectral slopes of tgyr from the observation that “saturation” in,, andmy.cp is
distributions, all prove that the observed IMFs have noteached already at;yr = 2. The numbers in Fig. 4 are
competed, to any significant extent, with light particles forshown in quotation marks in order to emphasize that they
the thermal energy deposited in the system. Hence orare neither very accurate, nor important for the present
concludes that IMFs must have been produced dominantlgnalysis. What is important is that the transition in the
in a dynamical process. energy conversion pattern is quite rapid on Bg; scale.

The saturation feature of the total thermal excitation There is no completely satisfactory answer to the
energy (heat content) of the system and tilgsence important question as to what causes such a rapid change
of competition between IMF production and thermal in the energy conversion pattern illustrated in Fig. 4.
emission processes constitute the third and the fourthlowever, the observed, rather sudden disabling of the
fundamental observation, respectively. heat-generation mechanism indicates a substantial change

The significance of the trends illustrated in Fig. 3 isin nuclear response, which may be due to a change in the
clarified in Fig. 4, where energy conversion from themean free path of nucleons. The fact that here dynamical
relative PLF-TLF motion into other degrees of freedom isIMF production channels open that are closed at lower
pictured schematically. As seen in Fig. 4, up to an energgxcitations may indicate changes in mechanical as well
loss of Ejns = E, virtually all of the “lost” kinetic as thermal properties of nuclear matter. However, such
energy is converted into thermal energy of the systemghanges are different from those associated with a liquid-
disregarding any relatively small amounts of deformationgas transition proposed in the literature. Combined, the
energy and of energy carried away by preequilibriumnew properties of nuclear matter must strongly favor
particles. This is the well-known domain of binary a coupling of the kinetic energy of relative PLF-TLF
dissipative collisions [10,13]. Once the total excitationmotion to the saddle configurations of individual IMFs
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over the generation of heat. Obviously, these propertie€learly, further studies of a variety of interaction systems,
also prevent the system from fusing completely. and for a range of bombarding energies, have to be
From considerations of energy balance, one concludesonducted in order to establish the systematics of the
that IMFs are formed of themoving PLF and TLF proposed IMF production mechanism.
matter, rather than from matter at rest in the center-of- This work was supported by the U.S. Department
mass frame. This is so because bringing large portionsf Energy Grants No. DE-FG02-88ER40414 (University
of matter to rest (as is the case for highyr events) of Rochester), No. DE-FG02-87ER403160, and No. DE-
would entail the dissipation of large amounts of kineticFG02-88ER40406 (Washington University).
energy (of the order of 11 MeXhucleon). Amounts
of heat of the required magnitude are contradicted by
the experimental observation of heat deposits limited to
approximately 3 MeYnucleon. One would then expect

the IMFs to retain some memory of PLF gfud TLF *Present address: GANIL (IN2P3-CNRS, DSM-CEA)
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