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Intermediate-mass fragments (IMF) from the 2*Bi+'3*Xe reaction at Ej,;,/A = 28 MeV have been
measured in coincidence with other reaction products, using a highly efficient 477 detector setup. Their
emission patterns exhibit features consistent with dynamical fragmentation of a neck zone between the
reaction partners, in addition to sequential statistical emission. In peripheral collisions with an average
of 0.3 GeV of dissipated kinetic energy, the dynamical process accounts for 0.24 of the observed IMF

multiplicity of 0.33.

PACS numbers: 25.70.Pq, 25.70.Lm

In recent years, studies of heavy-ion reactions at
bombarding energies per nucleon comparable to nucle-
onic Fermi energies have focused on the production
of intermediate-mass fragments (IMF) [1-4]. The fact
that multiplicities of IMF’s released in such collisions
are often noticeably higher than predicted by standard
statistical-model calculations for the decay of hot, but oth-
erwise ‘“‘normal,” nuclear systems, has prompted model-
ing of various scenarios favoring copious production of
IMF’s. The considered scenarios for efficient IMF pro-
duction mostly involve bulk instabilities of nuclear matter,
driven to unusual thermodynamical states in the course of
near-central collisions. This kind of instability is thought
to arise, for example, as a result of a phase transition in-
duced by the isentropic expansion of a hot nuclear system
[5.6]. Many important features of IMF production have
been reported to find a qualitative, or even quantitative,
explanation within the framework of this type of model.
At the same time, experimental evidence has mounted for
alternative, efficient IMF production mechanisms that do
not involve the bulk system [7,8] and that are more of a
dynamical than a statistical character. A notable exam-
ple of such a mechanism is that of multiple neck rup-
ture, which has been considered in low-energy fission and
heavy-ion studies [9-12]. A similar process has been
observed in heavy-ion [13—17] or light-ion [18] induced
ternary fission and in simulations involving collisions of
macroscopic droplets [19,20]. Also, theoretical models
have been advanced in the past to describe instabilities
which may possibly lead to IMF release [21]. The present
work demonstrates that phenomena involving local, dy-
namically driven instabilities play a significant role also
in heavy-ion reactions at intermediate bombarding ener-
gies. Apart from its value for the general understanding
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of the intermediate-energy heavy-ion collision dynamics,
the type of dynamical IMF production encountered in the
present system and in the lighter system of "*'Cu+'*"Xe
at E/A = 50 MeV [22], may offer a unique tool of prob-
ing specifically the fast approach and reseparation stages
of peripheral collisions.

The present analysis focuses on peripheral collisions,
where the dynamical IMF production mechanism is most
clearly seen and was actually first noticed [23—-25]. Such
collisions are characterized by low excitation energies and
follow mostly well-defined binary reaction scenarios [26—
28], both features facilitating the analysis of the IMF yield
distribution.

The experiment was performed at the National Super-
conducting Cyclotron Laboratory of Michigan State Uni-
versity. A beam of 28-MeV /nucleon '**Xe ions from
the K1200 cyclotron was focused on a self-supporting
1.5-mg/cm? 2%Bi target, surrounded by a detector setup
which provided close to 47 angular coverage for neu-
trons, light charged particles (LCP), and IMF’s. Neu-
trons were detected using the Rochester RedBall neutron
multiplicity meter (NMM), operated in a geometrical con-
figuration and with electronic settings ensuring a detec-
tion efficiency of about 70% for neutrons emitted from
slow-moving sources. LCP’s and IMF’s were detected
using the Washington University Dwarf Array [29], con-
figured with 95 plastic-Csl phoswich detectors to cover
about 90% of 47r. This array provided atomic-number
identification for Z = 1 to Z = 14—25 (depending on
the detector), with an energy threshold of approximately
4 MeV /nucleon. Additionally, in order to detect mas-
sive products, three multielement, position-sensitive sili-
con detectors were placed at forward angles. Only the
most forward of these telescopes, covering an angular
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FIG. 1. Logarithmic contour plot of the joint distribution of
neutron and charged-particle multiplicities. Polygons define
four bins in Es, used in the analysis.

range from 3.0° to 5.6°, is relevant for this paper. This
telescope allowed one to detect and identify, with a low-
energy threshold, not only massive products but any prod-
ucts with atomic numbers | = Z = 54.

Figure 1 presents a two-dimensional contour diagram
of the joint distribution of neutron and charged-particle
multiplicities from the present reaction, used in this anal-
ysis to classify events according to the degree of energy
dissipation or impact parameter. The four polygons, su-
perimposed on this plot and labeled 1-4, define four bins
with average energy dissipation (E|u) of =0.1, =0.3,
=~0.8, and 1.0 GeV, respectively. The above estimates
for (E)us), obtained based on series of statistical-model
calculations using the code EVAP [30], are consistent with
the observed average projectilelike fragment (PLF) veloc-
ities. The listed values of average impact parameters were
estimated using the above values of (E|ys) in conjunction
with classical trajectory calculations. The latter calcula-
tions were performed using the computer code CLAT [31],
based on a stochastic nucleon exchange model [32].

Experimental results, representative of IMF production
in the reaction studied, are displayed in Figs. 2 and 3.
Figure 2 shows a selection of two-dimensional Galilean-
invariant velocity distributions for protons, « particles,
Li ions, and IMF’s (6 = Z = 8) observed in coincidence
with PLF’s in the most dissipative 2?Bi +!3¢ Xe reaction
events (bin 4 in Fig. 1). The parallel and perpendicular
velocity components, on the abscissa and ordinate of the
plot, are defined with respect to the PLF velocity vector in
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FIG. 2. Logarithmic contour plots of Galilean-invariant emis-

sion patterns of LCP’s and IMF’s, coincident with PLF’s, from
highly dissipative ({Ejoss)1 GeV) 2Bi +'3¢ Xe collisions. Ar-
rows indicate theoretical source velocities.

the center-of-mass system. In Fig. 2, a marked difference
is seen between the emission patterns of IMF’s, on the
one hand, and of protons and « particles (LCP), on the
other hand. The yield of LCP’s is essentially exhausted
by two semicircular “Coulomb” ridges, expected from
sequential statistical emission from two moving massive
sources, the projectilelike and targetlike fragments. In
contrast, a significant portion of the IMF yield is found in
an intermediate-velocity component, clearly incompatible
with a two-source emission scenario. As seen from
Fig. 3, in peripheral collisions (bin 2 in Fig. 1), the latter
intermediate-velocity component accounts for most of the
IMF yield. The IMF emission patterns of Fig. 3 are
consistent with an emission scenario in which IMF’s
receive, on the average, no significant net Coulomb boost
from the rest of the system. Such a scenario would
be realized if IMF’s were produced dynamically in the
interface region between the two hot fragments seen to
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FIG. 3. Logarithmic contour plots of Galilean-invariant emis-

sion patterns of LCP’s and IMF’s, coincident with PLF’s, from
the peripheral ((Ejo) = 0.3 GeV, b = 12.4 fm) 2¥Bi +'3¢ Xe
collisions. Solid dots in the bottom right panel represent re-
sults of relativistic three-body Coulomb-trajectory calculations.
The three contour lines in the top left panel illustrate domains
used to extract contributions from TLF (left), PLF (right), and
neck-zone (NZ) (middle) sources. Arrows indicate theoretical
source velocities.
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evaporate LLCP’s (circular Coulomb ridges) at a later
stage. In Fig. 2, a pronounced bias towards backward
emission, with respect to the PLF velocity, is discernible,
the origin of which is not yet clear.

An earlier analysis of the massive-fragment phe-
nomenology of the present reaction has clearly shown
[27,28] that the underlying dynamics of peripheral colli-
sions is very similar to that known from studies at lower
bombarding energies [33] and that it involves dissipative
orbiting or, perhaps, rainbow scattering phenomena. At
these lower energies, comparable to the Coulomb barrier,
an adiabatic neck is believed to be formed transiently
between the reaction partners. One may envision that
also at intermediate bombarding energies a necklike
zone is formed, which is now, however, unable to adjust
adiabatically to the rapidly evolving geometry of the
system of two massive fragments. In the present paper,
this zone is referred to as the neck zone, to distinguish it
both from the adiabatic neck considered in the low-energy
damped reaction scenario and from the hot participant
zone considered in the participant-spectator model for
high-energy collisions. Eventually, when the fragments
separate, this neck zone is forced to rupture or fragment,
giving rise to IMF’s.

To verify the compatibility of the IMF emission pat-
terns, displayed in Fig. 3, with the above dynamical
production scenario, a series of relativistic three-body
Coulomb trajectory calculations were performed, in which
IMF’s were assumed to be released, with low transversal
velocities, from the space between the two massive reac-
tion partners. In these calculations, different scission con-
figurations of three touching charged spheres representing
PLF, TLF, and IMF, were assumed, with the sphere rep-
resenting the IMF placed between those representing PLF
and TLF. The scissioning ternary system was assumed to
have an angular momentum consistent with the observed
degree of kinetic-energy damping, as suggested by classi-
cal trajectory calculations (CLAT [31]). In different calcu-
lations, the IMF’s were allowed to rotate about the center
of mass of the system with different angular velocities.
The direct results of these calculations were then submit-
ted to a software filter accounting for the geometrical ac-
ceptance of the Dwarf Ball/Wall detector array, in order
to allow one to perform a meaningful comparison with
experimental results. In Fig. 3, results of the above cal-
culations for different ternary scission configurations are
shown for neck-zone carbon fragments (solid circles in
the right bottom panel). They are seen to agree reason-
ably well with the experimental carbon emission pattern,
thus confirming the viability of the above hypothetical dy-
namical IMF production scenario.

To obtain quantitative estimates for the relative signif-
icance of the two emission scenarios, the observed yields
of LCP’s and IMF’s were decomposed according to the
emission sources. Yields attributed to sequential emis-
sion from PLF and TLF sources were obtained by extrap-
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olating the respective yields observed in the portions of
the invariant velocity distributions (Coulomb ridges) be-
lieved to be populated exclusively by either of these two
sources (outer contours in the top left panel of Fig. 3). In
this extrapolation, it was assumed that these two sources
emit particles isotropically. The yield due to dynamical
emission from the neck zone was determined by subtract-
ing from the observed yield of intermediate-velocity prod-
ucts (middle contours in the top left panel of Fig. 3) the
extrapolated PLF and TLF contributions. Some repre-
sentative results of such an analysis for peripheral colli-
sions (average kinetic-energy loss (Ejys) = 0.3 GeV are
presented in Table I. Uncertainties of the nonzero par-
tial multiplicities listed in this table are assessed at ap-
proximately 20%, based on series of decompositions car-
ried out with differently chosen domain contours. As
seen from this table, the relative weight of the neck-
zone IMF’s first increases systematically with the IMF
size and then saturates at about 80% of the total multi-
plicity. The summed multiplicity of approximately 0.24
for IMF’s with 3 = Zyyg = 8, originating from the neck
zone is quite high as compared to values of 0.001-0.002
typical for low-energy ternary fission « particles. On the
other hand, the present study indicates a significant preva-
lence of tritons over protons as is the case in thermal-
neutron-induced ternary fission [34]. This effect is consis-
tent with the relative neutron richness of the nuclear sur-
face forming the neck zone. Table I shows also a signif-
icant in-plane versus out-of-plane anisotropy of the IMF
yield found in the portion of the velocity distribution as-
sociated with the neck zone (domains demarcated by the
middle contours in the top left panel of Fig. 3). Such an
anisotropy is intuitively consistent with a dynamical emis-
sion scenario.

No present theoretical formalism is capable of de-
scribing the observed phenomenon quantitatively; how-
ever, some insight into the possible multiple neck rupture
phenomenon may be sought through Boltzmann-Uehling-
Uhlenbeck (BUU) calculations. Sobotka studied, specif-
ically for the present system, the dependence of the neck
fragment formation in BUU calculations on the assumed
form of the equation of state (EOS) and found [35] that
only the “soft” EOS (K = 200 MeV) would lead to neck
fragment formation, and only for impact parameters of
about 7 to 8 fm. The inclusion of isospin terms in the in-
teraction potential in these calculations resulted in neck
fragments being released in more peripheral collisions,
such as discussed in the present paper (impact parame-
ter b = 12.4 fm, see Fig. 1). Based on general consid-
erations, independent of the BUU approach, one would
expect a soft EOS to facilitate multiple neck rupture and
to enhance IMF production.

In conclusion, the emission pattern of IMF’s from pe-
ripheral 2PBi +13¢ Xe collisions at Ej,p/A = 28 MeV
appears indicative of nonequilibrium processes and con-
sistent with a scenario in which IMF’s are products of the
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TABLE 1.

Characterization of LCP and IMF yields from the peripheral ((Ejoss) = 0.3 GeV)

29Bj +!36 Xe reactions at Ej,,/A = 28 MeV in terms of partial multiplicities associated
with TLF, PLF, and NZ sources, and in terms of in-plane versus out-of-plane anisotropy
of intermediate-velocity fragment yield (0°/90x%,).

p d t a Li Be B C 6=72Z=28
(mrLE) 0.35 0.16  0.15 048 0.02 0.01 0.01 0.01 0.02
(mpLg) 0.28 0.08 0.07 0.28 0.01 0.01 0.00  0.00 0.01
(mnz) 0.02  0.02 0.08 0.33 0.06 0.04 004 0.03 0.10
% in NZ 4 9 26 30 68 82 83 81 82
0°/90°nz 1.1 1.6 1.6 1.8 2.1 2.5 2.4 2.3 24
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FIG. 1. Logarithmic contour plot of the joint distribution of
neutron and charged-particle multiplicities. Polygons define
four bins in E),, used in the analysis.
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FIG. 2. Logarithmic contour plots of Galilean-invariant emis-
sion patterns of LCP’s and IMF’s, coincident with PLF’s, from
highly dissipative ({Ejo.)1 GeV) *™Bi +'% Xe collisions. Ar-
rows indicate theoretical source velocities.
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FIG. 3. Logarithmic contour plots of Galilean-invariant emis-
sion patterns of LCP’s and IMF’s, coincident with PLF’s, from
the peripheral ((Ejo) = 0.3 GeV, b = 12.4 fm) *¥Bi +'% Xe
collisions. Solid dots in the bottom right panel represent re-
sults of relativistic three-body Coulomb-trajectory calculations.
The three contour lines in the top left panel illustrate domains
used to extract contributions from TLF (left), PLF (right), and
neck-zone (NZ) (middle) sources. Arrows indicate theoretical
source velocities.



