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Dynamical Fragment Production as a Mode of Energy Dissipation in Heavy-Ion Reactions
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Based on measured correlations between experimental observables in the209Bi 1 136Xe reaction
at EyA  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 MeVynucleon 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
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Over the last decade, one of the central issues dr
ing intermediate-energy heavy-ion reaction studies h
been a phenomenon termed “multifragmentation” [1–
whose experimental signature is the presence of mu
ple intermediate-mass fragments (IMF) in the reactio
exit channel. Since the observed IMF multiplicities ar
significantly higher than can be explained by standa
statistical-model calculations, various models and sc
narios have been considered in the past [5–9] whi
favor copious production of IMFs. The present pap
shows that the current models cannot be reconciled w
all of the fundamental experimental observations. Bas
on a set of fundamental observations, a new scena
for intermediate-energy heavy-ion reactions is propos
which connects in a natural way the domain of dissipati
collisions [10] with that of multiple IMF production.

The experiment was performed at the National Supe
conducting Cyclotron Laboratory of Michigan State Un
versity and provided for a measurement of both charg
products and neutrons from the209Bi 1 136Xe reaction at
EyA  28 MeV, with virtually 4p angular coverage. A
detailed account of the experimental procedures is giv
elsewhere [11–14]. The present paper discusses d
on IMFs (Z $ 3), neutrons, and projectilelike fragment
(PLF, with 10 # ZPLF # 54), obtained with the Wash-
ington University Dwarf array [15], the Rochester Uni
versity 900 liter RedBall neutron multiplicity meter [12]
and several position-sensitive silicon-detector telescop
respectively.

Figure 1 presents the systematics of multiple IMF emi
sion in the209Bi 1 136Xe reaction atEyA  28 MeV. It
is clear from the IMF multiplicity distribution, presented
in the top panel (a) of this figure, that in this bombarding
energy domain, multiple IMF emission constitutes an im
portant reaction channel, accounting for a large fracti
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of the total reaction yield. The plot in Fig. 1(a) include
all events satisfying the “minimum-bias” condition o
charged-particle multiplicitymc $ 1, i.e., includes most
of the events.

In Figs. 1(b) and 1(c), the average atomic numb
kZIMFl (b) and the average transverse kinetic ener

FIG. 1. IMF multiplicity distribution (a) and dependence o
the observed IMF multiplicity of average IMF atomic numbe
(b), transverse energy (c), correlation coefficientrZZ (see text)
(d), and average PLF kinetic energy per nucleon (in units
MeV) (e).
© 1996 The American Physical Society
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IMFl (c) of IMFs are plotted as functions of IMF mul-

tiplicity mIMF . As seen in these panels, bothkZIMF l and
kEt

IMFl are quite large and almost independent of the IM
multiplicity, up to the highest multiplicity ofmIMF  13
observed in this reaction. Furthermore, the distributio
in ZIMF andEt

IMF are both of exponential character, als
largely independent ofmIMF [16].

The independenceof both theZIMF and Et
IMF distri-

butions of the number of IMFs emitted is the first of th
fundamental observations referred to in the introductio
It provides a strong indication for the fact that, in th
reaction studied, a single mechanism is primarily respo
sible for producing these IMFs. This observatio
suggests also that IMFs are formed almost i
dependently of one another. This latter fact
demonstrated quantitatively in Fig. 1(d), where th
correlation coefficient rZZ  sZ1Z2yss2

Z1s
2
Z2d1y2 is

plotted as a function ofmIMF . This correlation co-
efficient is defined for a split of the group of IMFs
measured in an event into two groups of approx
mately equal multiplicities which have summed atom
numbers of Z1 and Z2, respectively. The quantities
sZ1Z2, s

2
Z1, ands

2
Z2 are the covariance and the two vari

ances of the joint distribution ofZ1 andZ2, respectively.
For a scenario in which IMFs acquire their identitie
independently of each other and at the expense of a la
remaining pool of mass andZ, the correlation coefficient
would be equal torZZ  0. With increasingmIMF ,
when the summed charge of all IMFs approaches the to
charge of the system, this coefficient would approa
rZZ  21, consistent with the trends seen in Fig. 1(d
Similar conclusions regarding the independence of IM
formation were reached by Morettoet al. and Phair
et al. in heavy-ion reaction studies at significantly highe
bombarding energies [17].

It has been concluded in earlier works [11,13] that th
binary reaction mode accounts for most, if not all, o
the total 209Bi 1 136Xe reaction cross section atEyA 
28 MeV. A similar conclusion has been reached, e.g.,
the studies of197Au 1 208Pb reactions atEyA  29 MeV
[18]. The large cross section for IMF production note
above implies then that IMFs are produced and emitte
following a generally binary primary reaction scenario (a
lowance being made for some pre-equilibrium emission
This is confirmed by the direct observation of fast, pro
jectilelike fragments (PLF) detected at forward angles
coincidence with IMFs. Average kinetic energies per n
cleon, kEyAlPLF , of such PLFs are shown in Fig. 1(e)
for events withmIMF # 7. Here PLF and IMF compo-
nents in the forward-angle spectra are sufficiently we
separated for a reasonably accurate determination of
quantity kEyAlPLF , where the mass numbers of the PLF
were determined from their measured atomic numbers
ing a prescription suggested by Charityet al. [19]. As
seen in Fig. 1(e), the PLFs are slowed down as more a
more IMFs are produced, a fact whose significance w
become clear further below.
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Figure 2 shows Galilei-invariant velocity distribution
of protons (left panels) and IMFs with6 # ZIMF # 10
(right panels) associated withmIMF  2 (top panels) and
mIMF  4 (bottom panels). The LCP emission pattern
in this figure exhibit a superposition of two “Coulomb
Maxwell” ridges characteristic of an emission scenar
with two moving sources, as expected for binary pr
cesses. In contrast, a similar plot for IMFs features
strong intermediate-velocity component consistent w
emission from a neck zone and demonstrates a dynam
IMF production mechanism described earlier [14,20,21
However, the IMF velocity distributions show also a com
ponent with a velocity slightly lower than the PLF veloc
ity that can be associated with nonequilibrium emissi
from PLFs. One notices that, because of the detect
threshold, the corresponding component associated w
similar nonequilibrium emission from TLFs would largel
be missed by the setup. It will be argued further belo
that the above two nonequilibrium components are imp
tant for explaining the energy balance in this reaction.

After the observation of anindependenceof the ZIMF

and Et
IMF distributions of mIMF , discussed previously,

the binary characterof the underlying collision scenario,
demonstrated above, constitutes the second fundame
observation referred to in the introduction.

Further key experimental evidence is present
in Fig. 3, where (upper panel) average neutron a
light-charged particle (LCP) multiplicities from the
209Bi 1 136Xe reaction atEyA  28 MeV are plotted as
functions of the associated IMF multiplicity. The effec
tive widths GFWHM at half-maximum of the respective
multiplicity distributions are represented in this figur
by vertical bars. The salient feature of the data is
rapid and simultaneous “saturation,” with increasing IM
multiplicity of the two observablesmn andmLCP . These
two observables provide measures of the total intrinsic

FIG. 2. Galilei-invariant c.m. velocity distributions of proton
(left panels) and IMFs with6 # ZIMF # 10 (right panels), for
events associated withmIMF  2 (top panels) andmIMF  4
(bottom panels). The arrows indicate projectile and targ
velocities. A semicircle is drawn to represent an approxima
location of the Coulomb-Maxwell ridge for thermal emissio
from the composite system. The dashed lines indicate
detection thresholds.
3515
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FIG. 3. Average light-particle multiplicities (a), and summe
transverse energies (b) (in units of MeV) of IMFs (solid dot
and LCPs (open circles), plotted vs IMF multiplicity. Vertica
bars in the upper panel represent the effective widthsGFWHM of
the respective multiplicity distributions.

thermal excitation of the system, including that of IMF
A similar saturation is featured by the measured avera
total transverse energy of LCPs plotted in Fig. 3(b) (op
circles) as a function ofmIMF . This observation is con-
sistent with earlier reports on incomplete kinetic-ener
damping in reactions induced by very heavy ions [11,2
The light-particle data presented in Figs. 3(a) and 3(
demonstrate that, as long as the total thermal energy (h
content) of the system is lower than a certain critic
value Ep

c , represented by the “saturation” values ofmn

and mLCP , the IMF production rate is insignificant. On
the other hand, the data also indicate that once the to
thermal energy of the system has reached this criti
value, no further significant amounts of kinetic energy a
converted into heat. The dramatically different trend
illustrated in Fig. 3(b) by the sets of data points fo
IMFs (solid dots) and LCPs (open circles), the larg
average values ofkEt

IMFl, and the large values (tens o
MeV [16]) of the logarithmic spectral slopes of theEt

IMF
distributions, all prove that the observed IMFs have n
competed, to any significant extent, with light particles f
the thermal energy deposited in the system. Hence o
concludes that IMFs must have been produced dominan
in a dynamical process.

The saturation feature of the total thermal excitation
energy (heat content) of the system and theabsence
of competition between IMF production and therma
emission processes constitute the third and the fou
fundamental observation, respectively.

The significance of the trends illustrated in Fig. 3
clarified in Fig. 4, where energy conversion from th
relative PLF-TLF motion into other degrees of freedom
pictured schematically. As seen in Fig. 4, up to an ener
loss of Eloss  Ep

c , virtually all of the “lost” kinetic
energy is converted into thermal energy of the syste
disregarding any relatively small amounts of deformatio
energy and of energy carried away by preequilibriu
particles. This is the well-known domain of binar
dissipative collisions [10,13]. Once the total excitatio
3516
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FIG. 4. Pattern of energy conversion from the relative PLF
TLF motion into thermal energy and into IMF degrees o
freedom.

energy generated in the dissipative stage of the react
has reachedEp

c , the mechanism of conversion of kinetic
energy into heat is rapidly disabled. Instead, a mechani
sets in that converts kinetic energy of collective PLF-TL
motion into potential energy of saddle degrees of freedo
and into kinetic energy of individual IMFs. This is a new
mechanism of energy dissipation that is not effective
lower thermal excitations of the system. The fact th
kinetic energy is expended for IMF production is clea
from Fig. 1(d), showing the actual decrease in the PL
velocity as IMFs are formed.

An estimate of the critical excitation energyEp
c was

obtained from statistical-model simulations (codeEVAP

[23]) by fitting the observed saturation values ofmn

and mLCP . Assuming two fragments at equal tempera
tures and level-density parameters ofa  Ay8, a value
of Ep

c ø 1 GeV results, corresponding to a critical tem
perature ofTc ø 5.3 MeV. One estimates that the width
of the transition region between the dissipative and IM
producing domains isDEloss ø 50 100 MeV. This es-
timate is derived from a rough assessment of the ene
needed to promote one IMF to its saddle configuration a
from the observation that “saturation” inmn andmLCP is
reached already atmIMF  2. The numbers in Fig. 4 are
shown in quotation marks in order to emphasize that th
are neither very accurate, nor important for the prese
analysis. What is important is that the transition in th
energy conversion pattern is quite rapid on theEloss scale.

There is no completely satisfactory answer to th
important question as to what causes such a rapid cha
in the energy conversion pattern illustrated in Fig.
However, the observed, rather sudden disabling of t
heat-generation mechanism indicates a substantial cha
in nuclear response, which may be due to a change in
mean free path of nucleons. The fact that here dynami
IMF production channels open that are closed at low
excitations may indicate changes in mechanical as w
as thermal properties of nuclear matter. However, su
changes are different from those associated with a liqu
gas transition proposed in the literature. Combined, t
new properties of nuclear matter must strongly fav
a coupling of the kinetic energy of relative PLF-TLF
motion to the saddle configurations of individual IMF
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over the generation of heat. Obviously, these propert
also prevent the system from fusing completely.

From considerations of energy balance, one conclud
that IMFs are formed of themoving PLF and TLF
matter, rather than from matter at rest in the center-
mass frame. This is so because bringing large portio
of matter to rest (as is the case for high-mIMF events)
would entail the dissipation of large amounts of kinet
energy (of the order of 11 MeVynucleon). Amounts
of heat of the required magnitude are contradicted
the experimental observation of heat deposits limited
approximately 3 MeVynucleon. One would then expec
the IMFs to retain some memory of PLF andyor TLF
velocities, consistent with the pattern seen in the botto
right panel of Fig. 2.

In summary, a heavy-ion interaction scenario has be
presented which is based on experimental data from
209Bi 1 136Xe reaction atEyA  28 MeV, and specifi-
cally, on fundamental observations ofindependenceof
IMF formation, of a binary characterof the collisions,
of a saturation of thermal excitation energy, andof an
absence of competitionbetween IMFs and LCPs for hea
energy. This scenario connects, in a natural fashion a
within the general binary phenomenology, the domain
dissipative collisions with that of IMF production. Both
dissipative collisions and IMF production are driven b
the available kinetic energy in the relative PLF-TLF mo
tion. As long as the temperature of the system sta
below a certain critical value ofT  Tc, relative kinetic
energy is effectively converted into thermal energy. A
the temperature reachesT  Tc, a rather rapid change
in the kinetic-energy conversion pattern occurs, trigger
most likely by a significant change in static or dynam
properties of the matter in the interaction or neck zon
As a result, IMF clusters are formed in this zone at th
expense of kinetic PLF-TLF energy, a process which c
be viewed as a new mechanism of kinetic-energy dis
pation. This IMF clusterization process continues, wi
decreasing probability, likely until there is no energy o
mass left in the binary PLF-TLF degree of freedom. A
the end of the interaction, when either all of the kinet
PLF-TLF energy is expended, or when PLF and TLF d
couple, the IMF clusters, driven by Coulomb forces, sep
rate from PLFs and TLFs and, after deexcitation, appe
as free IMFs.

These findings seriously challenge most models p
moted in the literature to describe the multiple-IM
production processes which constitute one of the imp
tant reaction modes at intermediate bombarding energ
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Clearly, further studies of a variety of interaction system
and for a range of bombarding energies, have to b
conducted in order to establish the systematics of t
proposed IMF production mechanism.
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