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Time sequence and time scale of intermediate mass fragment emission
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Semiperipheral collisions in the '2*Sn+4-%Ni reaction at 35 MeV/nucleon were studied using the forward part of
the Charged Heavy Ion Mass and Energy Resolving Array. Nearly completely determined ternary events involving
projectilelike fragments (PLF), targetlike fragments (TLF), and intermediate mass fragments (IMF) were selected.
A new method of studying the reaction mechanism, focusing on the analysis of the correlations between relative
velocities in the IMF+PLF and IMF+TLF subsystems, is proposed. The relative velocity correlations provide
information on the time sequence and time scale of the neck fragmentation processes leading to production of
IMFs. It is shown that the majority of light IMFs are produced within 40-80 fm/c after the system starts to
reseparate. Heavy IMFs are formed at times of about 120 fm/c or later and can be viewed as resulting from

two-step (sequential) neck rupture processes.

DOI: 10.1103/PhysRevC.71.044602

I. INTRODUCTION

In nucleus-nucleus collisions at intermediate energies (20—
100 MeV/nucleon) one can observe phenomena characteristic
of the transition from the dynamics driven by the mean
field to the dynamics dominated by short mean-free path
nucleon-nucleon interactions. Special attention is often paid
to semiperipheral collisions because this is the best way to
study well-localized processes taking place in the zone of
contact between two colliding nuclei. The interaction zone
undergoes the most interesting dynamical evolution: in the
early stage of the reaction it absorbs most of the heat generated
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by nucleon-nucleon collisions, and later, during the process of
reseparation, it may evolve into a transient necklike structure
between both nuclei. The interaction zone is thus a precursor
of the participant midrapidity source, easily identified at
relativistic energies, and the necklike structure can be viewed
as a low-energy analog of the participant zone during its
expansion stage.

Experimental studies of nucleus-nucleus collisions at in-
termediate energies have revealed that at least at lower
energies of 20-40 MeV/nucleon, semiperipheral reactions are
basically binary. The observed projectilelike fragments (PLF)
and targetlike fragments (TLF) are products of deexcitation
(via evaporation of neutrons and light charged particles) of
primary products of binary reactions (see recent review article
of Schroder and Toke [1] and references therein).
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However, along with PLFs, TLFs and evaporated light
charged particles, a new class of reaction products, interme-
diate mass fragments (IMF) gradually become visible [2—7].
Usually, all fragments of Z > 3 are classified as IMFs. Light
fragments dominate among IMFs, but their mass spectrum
extends (nearly exponentially) to quite heavy fragments (see,
e.g., Ref. [6]). In the case of massive IMFs there is a problem
of distinguishing them from PLFs and/or TLFs by relying only
on the charge.

The IMF production intensifies with increasing bombarding
energy and centrality of the collision. Expansion of the
participant zone in nearly central collisions leads to abundant
production of IMFs. Their energy spectra and production cross
sections provide valuable information on the nuclear equation
of state and dynamical properties of hot nuclear matter (see
review articles of Borderie [8] and Chomaz, Colonna, and
Randrup [9] and references therein).

In the present article we concentrate our study on semipe-
ripheral reactions in which one can observe production of
IMFs in easy-to-analyze final-state configurations involving
only one IMF accompanying the PLF and TLE. We show
that IMFs are predominantly emitted from the dynamically
expanding neck region, either almost promptly (when both
main fragments are still in close proximity) or sequentially,
that is, from the projectile or target fragment some time after
the reseparation of the binary system but early enough to
maintain memory of the neck configuration manifested by
nearly collinear motion of all three fragments. We demonstrate
that from the analysis of relative energies in both IMF+4-PLF
and IMF+TLF subsystems (for a class of almost completely
determined ternary events involving the PLF, TLF, and one
IMF) we can infer the times of formation of the IMFs
within first 120-150 fm/c after the reseparation. Longer
times, exceeding 150 fm/c, cannot be differentiated with the
proposed method and then only the lower limit for the emission
time can be established.

The aligned ternary reactions observed in our experiment
are consistent with predictions of the dynamic model based
on microscopic transport equations of Boltzmann-Nordheim-
Vlasov (BNV) [10]. The mechanism of nearly prompt emission
of relatively light IMFs from the neck region observed both,
in experiment and in model simulations, can be viewed as the
precursor of the fragmentation mechanism in the participant
zone—developing to full-scale multifragmentation at smaller
impact parameters and higher energies. Conversely, emission
of heavier IMFs is shown to happen at the late stage of the neck
expansion process and can be associated with the scenario of
“dynamical fission” reactions [5,11-13].

II. EXPERIMENT

The advantage of focusing the reaction products at forward
angles combined with reliable detection and recognition of
PLFs, TLFs, and IMFs as unambiguous as possible dictated
the choice of a reaction in the inverse kinematics. The TLFs are
then fast enough in the laboratory system for their detection
and precise energy measurements, whereas the velocities of the
three groups of fragments mentioned above are sufficiently
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differentiated. For these reasons, the '2*Sn+%Ni reaction at
projectiles’ energy, E('**Sn) =35 MeV/nucleon, was chosen
for the present experiment. Nucleus-nucleus collisions in this
system were studied as part of the REVERSE Collaboration
program [14,15]. The experiment was carried out at the
Laboratorio Nazionale del Sud in Catania. The '>*Sn beam
was accelerated to an energy of 35 MeV/nucleon in the LNS
Super-Conducting Cyclotron. The beam bombarded a ®*Ni
target (310 ug/cm? thick), placed inside the Charged Heavy
Ion Mass and Energy Resolving Array (CHIMERA) designed
[16] for studying nucleus-nucleus collisions in 47 geometry.
Only the forward part of the multidetector system, consisting of
688 detection cells arranged in nine rings covering the angular
range from 1° to 30°, with full 27 azimuthal symmetry around
the beam axis, was used in this inverse kinematics experiment.
A single detection cell of the CHIMER A multidetector consists
of a planar 300-um silicon detector (200 um for the most
forward angles) followed by a CsI(Tl) scintillator with a
thickness ranging from 3 cm at backward angles to 12 cm
at the most forward angles. Three identification techniques are
simultaneously used in CHIMERA.

First, the AE — E technique is employed for Z identifica-
tion of fragments punching through the silicon detectors and
additionally for isotopic identification of IMFs with atomic
numbers Z < 10.

Second, mass identification is performed via the time-of-
flight (TOF) measurement using the timing signal from silicon
detectors with respect to the timing of the high-frequency
signal from the cyclotron. An overall time resolution of
6t ~ 0.8 ns (FWHM) was achieved. The TOF technique is
basically used for velocity measurements for heavy ions of
Z > 2 detected in the forward part of CHIMERA with flight
paths in the range from 1 to 3 m. This technique is essential
for mass and (indirectly) charge determination of slow TLFs
stopped in front silicon detectors.

Third, energetic light charged particles, stopped in the
scintillator crystal, are identified by applying the pulse-shape
discrimination (PSD) method. More details concerning design,
capabilities, and detection techniques used in the CHIMERA
multidetector can be found in Refs. [16-18].

III. ANALYSIS OF EXPERIMENTAL DATA

Experimental data on '>*Sn+%Ni collisions at 35 MeV/
nucleon have been collected with the beam intensity of
about 5 x 107 particles/s, sufficiently low to minimize pileup
events. In total, 3 x 107 events triggered by the condition
of a charged particle multiplicity M >3 were recorded (in
a part of the experiment M > 2 events were also accepted).
Events best representing a class of central collisions have been
separately analyzed in Ref. [19]. This work concentrates on
those semiperipheral collisions that can be almost completely
reconstructed thanks to nearly 100% detection efficiency for
charged particles emitted within the angular range of the
CHIMERA detector. Our special interest has been focused on
almost completely reconstructed “nearly ternary” reactions,
in which, apart from remnants of the projectile and target
nuclei, PLF and TLF, respectively (and some light particles
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FIG. 1. (Color online) Sum of the charges of three heaviest
fragments, Z(1) + Z(2) + Z(3), as a function of their combined
longitudinal momentum (divided by the beam particle momentum),
[Piong(1) + Piong(2) + Piong(3)]/ Poeam, in the '>*Sn+54Ni reaction at
an energy of '**Sn projectiles of 35 MeV/nucleon. Limits given by
Egs. (1) and (2) are shown in the upper right corner.

of Z<?2), also a third fragment, an IMF of Z >3 was
detected.

A. Selection of ternary events

To select the class of almost completely reconstructed three-
fragment events, we present in Fig. 1 the sum of the charge of
the three heaviest fragments, Z(1) + Z(2) + Z(3), versus the
sum of their longitudinal momenta divided by the beam par-
ticle momentum, [Piong(1) + Piong(2) + Piong(3)]/ Poeam- The
upper right-hand-side end of this distribution represents
“nearly ternary” events, in which a small missing charge
and momentum can be attributed to preequilibrium emission
and/or evaporation of light particles of Z < 2 at various stages
of the reaction. For further analysis we have selected events
satisfying the condition:

Z() + Z(2) + Z(3) > 60. 1

As it is seen from Fig. 1, the above condition automatically
implies that these three heaviest fragments jointly carry the
longitudinal momentum equal to at least 70% of the projectile
momentum:

Plong(l) + Plong(z) + Plong(3) > 0.7 Pbeam- (2)

We have checked that in this subset of events the fourth
detected fragment (if any) was always a hydrogen or at most
helium isotope, Z(4) < 2. Therefore probability that another
(undetected) IMF was produced in this selected subset of
events was rather low. Our selected set of events (about 3 x 10°
events in total) represents only a small portion (about 1%) of
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FIG. 2. (Color online) Fragments’ distribution in “nearly ternary”
events satisfying conditions of Egs. (1) and (2). Atomic numbers
Z(i) of three heaviest fragments in a given event are displayed as
a function of their longitudinal velocities Vion(i). Localization of
the fragments in three different, well-separated regions is used as
criterion for identifying these fragments as PLF, TLF, and IMF.

the total number of the events recorded in the experiment under
the condition M > 3.

In the following, we analyze the selected set of nearly
ternary events with the aim of studying the mechanism of
reactions with three fragments in the final state—naturally
representing the transition from binary reactions (or fusion),
most probable at low energies, to more complex multibody
reactions that dominate at intermediate energies.

As mentioned previously, conditions of the inverse kine-
matics of the studied '>*Sn+%¥Ni reaction greatly facilitate
the detection and easy distinction of PLFs, TLFs, and IMFs.
For separation of these three species of reaction products
we use both, charge- and longitudinal velocity distributions.
Figure 2 shows the two-dimensional distribution of three
heaviest fragments as a function of Z of a given fragment
and its longitudinal velocity Vjong, for all nearly ternary events
selected with conditions (1) and (2). Thus each ternary event
is represented in Fig. 2 with three points. One can easily see
three groups of fragments that can be unmistakably separated
and recognized as PLFs, TLFs, and IMFs. The projectilelike
fragments, PLF, cover the area corresponding to heavy and
relatively fast fragments of Z values approaching the Z of
the Sn projectile, Z,,; = 50, and moving with velocities of
about 7.5 cm/ns, that is, somewhat slower than projectiles
(Voroj = 8.0 cm/ns). Targetlike fragments, TLF, are grouped
in the region around Z ~ 18 and Vj, &~ 1 cm/ns. The entire
region of intermediate velocities encloses third species of
reaction products, intermediate mass fragments, IMF. It is seen
from Fig. 2 that IMFs are mostly light fragments, but this group
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FIG. 3. (Color online) Longitudinal velocity distributions of
PLFs, TLFs, and IMFs for selected IMF charges, Znyr = 4, 8, 12,
and 18, obtained by using two-dimensional contours in the Z vs. Vigng
plane (see Fig. 2) as gates to define the PLF, TLF, and IMF. The
dashed area indicates detection thresholds.

of reaction products extends also toward larger Z values, up to
Z ~25.

B. Velocity distributions of PLFs, TLFs, and IMFs

For further analysis, the well-distinguished three groups of
fragments (PLFs, TLFs, and IMFs) were separated by applying
contour gates in the Z vs. Vjgng distribution. As shown in Fig. 2,
the recognition of PLFs, TLFs, and IMFs on the grounds of
their localization in the Z vs. Vione plane is well justified.
In Fig. 3 we show the longitudinal velocity spectra of PLFs,
TLFs, and IMFs gated by respective two-dimensional contours
in the Z vs. Vione plane. The projections are done separately
for selected values of Zyyr =4, 8, 12, and 18.

A clear distinction between PLFs, TLFs, and IMFs, seen
in Fig. 2, is maintained in two-dimensional distributions of
the selected nearly ternary events plotted as a function of
the longitudinal and transverse velocities. The Virans vS. Viong
plots are shown in Figs. 4 and 5, separately for selected light
IMFs (Zvp =4) and heavy IMFs (Zyvg = 12). Similarly as
in Fig. 2, each ternary event is represented by three points
showing positions of PLF, TLF, and IMF. Fragments recog-
nized according to their localization in Z vs. Vo, diagram as

0 1 2 3 4 5 6 7 8

9 10

Viong (cm/ns)

FIG. 4. (Color online) Distribution of “ternary” events satisfying
conditions of Egs. (1) and (2), selected for a fixed charge of the
intermediate mass fragment Zpyr = 4. Transverse vs. longitudinal
velocities of all three fragments detected in a given event (PLF, TLF,
and IMF) are displayed jointly. Angular range of the forward part of
the CHIMERA multidetector (6 < 30°) limits the detected events.

IMFs (see Fig. 2) can be quite distinctively separated from
PLFs and TLFs also in Vigans V8. Vieng distributions. Figures 4
and 5, as well as the projected spectra shown in Fig. 3,
demonstrate the essential features of the IMFs distributions:
First of all, IMFs are emitted with longitudinal velocities that
are usually intermediate between those of PLF and TLF. Closer
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FIG. 5. (Color online) Same as Fig. 3, except for Zyyg = 12.
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examination of the velocity distributions shows that the
average longitudinal velocity of IMFs cannot be identified with
the velocity of the center-of-mass (indicated in Figs. 4 and 5 by
arrows) or with half of the beam velocity, Vieam /2, representing
the velocity of the reference frame for nucleon-nucleon
collisions. The velocity spectra displayed in Fig. 3 show that
the average longitudinal velocity of light IMFs (Zyr =4) can
be rather correlated with the midvelocity, halfway between
the longitudinal velocities of the TLF and PLF:

Vinia = 3[{Vigng ) + (Viong )] )

For heavier fragments the observed velocities are even
somewhat larger (see the lower panel in Fig. 3). All these
observations are consistent with the rather generally accepted
hypothesis that IMFs are emitted from the neck zone connect-
ing PLF and TLF during reseparation of these two fragments.

It is very instructive to compare diagrams of Fig. 4 and 5
with results of the theoretical simulation of the studied
semiperipheral collisions in the '**Sn+%Ni system, carried
out in terms of the stochastic dynamical model based
on Boltzmann-Nordheim-Vlasov (BNV) transport equations
[10]. In Fig. 6 we show the simulated theoretical events
plotted in the same way as experimental events in Figs. 4
and 5. Only ternary events were selected for this projection.
Because of low statistics of very time-consuming theoretical
simulations, Fig. 6 combines results for all IMFs, undifferen-
tiated according to their mass or charge. The displayed events
were generated assuming semiperipheral collisions at impact
parameters ranging from b = 5 fm to b = 8 fm [10]. It is seen
that the essential features of the experimental Virans VS. Viong
distributions: characteristic localization of PLFs, TLFs, and
IMPFs, as well as the average values of Vio,, for these three
groups of fragments are well reproduced in the theoretical
simulation. (The theoretical distribution of fragments in Fig. 6
should be compared in the first place with the data for
Zmvr = 4, shown in Fig. 4, because the majority of IMFs are
light fragments.)
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FIG. 6. Transverse vs. longitudinal velocity distribution of
ternary events in semiperipheral '>*Sn+%Ni collisions at
35 MeV/nucleon simulated in the stochastic Boltzmann-Nordheim-
Vlasov transport model [10]. The displayed events were generated
assuming collisions at impact parameters ranging from b = 5 fm to
b =8 fm.
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FIG. 7. (Color online) Correlation between relative velocities
Viet/ Wiotn IMEPLF) and Vi 1/ VyiolsIMETLF) for different interme-
diate mass fragments of Zpr = 4, 8, 12, and 18. Color scale on the
right-hand side of each panel shows the number of events per two-
dimensional bin. The experimental distributions are compared with
simple model calculations assuming that the IMF is released as aresult
of a two-step neck rupture process taking place 40, 80, or 120 fm/c
after reseparation of the primary binary system. The shortest separa-
tion times (nearly prompt IMF emission) correspond to the location
near the diagonal Vi / VyiolaIMFEPLF) = V¢ / VyiolaIMF,TLF). Two
branches of the calculated correlation correspond to either projectile
breakup (upper branch) or target breakup (lower branch). For details
of the calculation see the appendix.

C. Relative velocity correlations

Important information on the mechanism of ternary
reactions can be obtained from analysis of relative velocities
characterizing binary subsystems of the total three-body
system. Specifically, we propose to analyze correlations
between relative velocities of IMFs with respect to PLFs and
TLFs, Vie((IMEPLF) and V,|(IMF,TLF), respectively. In Fig. 7
we display two-dimensional plots of these relative velocities
for four selected IMFs (Zyyg = 4, 8, 12, and 18). The relative
velocities Vi (IMFEPLF) and V;;(IMF, TLF) are divided by the
velocity Vyiola (see the appendix), corresponding to the kinetic
energy of Coulomb repulsion for these systems as given by
the Viola systematics [20] for the asymmetric split of a given
system [21]. It can be readily checked that the correlation
between the two relative velocities gives information on the
scenario of the IMF formation, and particularly on the time
when the IMF separates from PLF or TLF (or from both
in the case of the instantaneous ternary split). In Fig. 7 we
show loci of points representing Vie/ Vviola(IMEPLF) vs.
Viel/ WiolaUIMETLF) correlation, calculated assuming that
the IMF separates either from the projectile (squares) or
from target nucleus (circles) after a time interval of 40, 80,
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or 120fm/c elapsed from the primary (binary) separation
of the projectile from the target at r = 0. (Details of this
calculation are given in the appendix.) Events close to the
diagonal in the Vie;/ WiolaIMF,PLF) vs. Vie1/ Wiola(IMETLF)
plots in Fig. 7 correspond to prompt ternary divisions,
whereas those approaching Vie/ Wyioa(IMEPLF)=1 and
Viel/ WiolaIMETLF) = 1 values correspond to the sequential
split of the primary projectilelike nucleus or the targetlike
nucleus, respectively. The time scale for all intermediate
situations is rather short. It spans the time interval up to about
120-150 fm/c. Beyond that value, the predicted points of
the Viel/ WiolaIME,PLF) vs. Vie1/ Vyiola(IME,TLF) correlation
move not further and are undistinguishable from much later
“true” sequential decay processes. However, localization of
the events clearly demonstrates that at least in case of light
(most probable) IMFs, of Zyyr < 8, the majority of them are
emitted in almost prompt or “fast two-step” processes, within
times of about 40-80 fm/c.

Examining the correlation plots in Fig. 7, one can observe
that generally there are more IMFs originating from the projec-
tile breakup (upper branches) than from target breakup (lower
branches). To some extent, this effect probably originates from
the asymmetry of the colliding system but also is caused by
the reduced efficiency for detection of TLFs within the limited
angular range of the detecting system, 6 < 30°.

It can be seen from the location of maxima of the relative
velocity distributions in relation to the “time calibration”
points in Fig. 7 that heavy IMFs (Zpr = 12 and 18) are
preferentially emitted not immediately after reseparation of
the colliding nuclei, as is the case for Zyyr = 4, but rather
in somewhat later stage, say at times of about 120 fm/c
after the reseparation or even later. Such a process is thus
intermediate between a genuine prompt ternary decay of the
colliding system and true sequential decay of the projectile
nucleus.

Within the time interval of about 100 fm/c the studied
system moves over a distance of about 20 fm—comparable
with its size. Therefore emission of heavy IMFs (e.g., Ar
fragments; see Fig. 7, lower right panel) at times of about
120fm/c after the beginning of reseparation, can still be
associated with fragmentation of the neck formed between the
nuclei after the collision. A two-step process, the double break
of a massive neck stretched between the receding nuclei, in
which the neck first separates from TLF, and then breaks away
from PLF is a reasonable scenario explaining the deduced time
intervals extending up to 120 fm/c and beyond. Conversely,
events located near the diagonal in diagrams in Fig. 7 represent
nearly prompt emission of predominantly light IMFs from the
neck in its early stage of expansion, that is, when PLF and TLF
still are in close contact.

One can speculate that to form heavy IMFs, such as Ar
fragments, more matter is required in the neck region, that
is, the neck must be considerably stretched and consequently
the second break of the neck must happen after a longer time.
This tendency is clearly seen in Fig. 7: with increasing Zyvr
the maximum of the distribution shifts toward longer IMF
emission times.

The scenario of the IMF production presented above is
consistent with simulations of semiperipheral nucleus-nucleus
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FIG. 8. Time distributions of the probability of formation of the
neck remnants (IMFs) predicted with the stochastic BNV transport
model [10] for different impact parameters.

collisions in terms of the BNV stochastic transport model
of Baran, Colonna, and Di Toro [10]. In this theoretical
model, IMFs are also formed in the neck region and
emitted approximately collinearly with the PLF-TLF axis,
either promptly or “sequentially,” as a result of the neck
fragmentation mechanism. As an example, we show in Fig. 8
time distributions of the probability of formation of the neck
remnants (IMFs or NOFs in the nomenclature of Ref. [10]),
predicted with the model for different impact parameters in
the range from 5 to 8 fm. Similarly as in Fig. 6, the presented
distributions combine results for all IMFs, not differentiated
according to their mass or charge and thus reflect in fact
predictions for light IMFs. Comparison of these predictions
with our “empirical” estimates of the emission time scale for
light IMFs (upper panels in Fig. 7) shows very good agreement.

It has been pointed out in Ref. [10] that after separation of
the projectile nucleus from the target, large quadrupole and
octupole deformations develop in both nuclei. Unfortunately
prediction of further evolution of the deformation that might
lead to emission of heavy IMFs is not possible in the present
version of the BNV model. Consequently, production of
heavy IMFs in a later stage of the reaction is considerably
underpredicted.

IV. SUMMARY

We have analyzed semiperipheral collisions in the
124Sn+-%Ni reaction at 35 MeV/nucleon by selecting nearly
completely determined ternary events, in which the sum of
atomic numbers of the three heaviest fragments was larger
than 60. For so selected set of events a very useful and
effective procedure of distinguishing PLFs from TLFs and
IMFs, based on the correlation between charge of a fragment
and its longitudinal velocity, was applied.
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TIME SEQUENCE AND TIME SCALE OF . ..

The observed ternary reactions involve emission of IMFs
in a wide range of atomic numbers, up to Zpyr of about 25.
In all these reactions the IMFs are emitted preferentially with
velocities intermediate between those of the PLF and TLF.
This general feature is consistent with the scenario of IMF
emission from the neck formed between projectile and target
nuclei during the reseparation stage of the reaction.

A new method of data analysis has been proposed, which
can be used for determination of the time scale of the IMF
emission. Namely, the correlation between relative velocities
in the IMF+PLF and IMF4-TLF subsystems has been studied
in the event-by-event regime for a selected class of events, in
which the reaction is basically ternary involving three main
fragments: PLF, TLF, and IMF. Localization of a given event
in two-dimensional relative-velocity plot, Vie1/ Vyiola(IMF,
PLF) vs. Vie1/ Wiola(IMF,TLF), depends on the time ¢ when the
IMF is separated from PLF or TLF either in a two-step process
(i.e., sequentially when ¢ > 0) or almost instantly (¢ & 0),
when all three fragments are still in close contact. Simple
kinematical simulations can be used to “calibrate” the time
scale in the Vie/ Wiola(IMEPLF) vs. Vie/ WyiolaIMFE,TLF)
plots. We have shown that the majority of light IMFs
are produced within 40-80 fm/c after the system starts to
reseparate. On the average, lighter IMFs are produced earlier
than heavier fragments. We found that heavy fragments of
Zivr = 12-18 are formed at times of about 120 fm/c after
the reseparation, or later. Their emission can be viewed as
resulting from two-step (sequential) neck rupture processes.
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APPENDIX: THE TIME SCALE OF IMF EMISSION

The time scale of the IMF emission is estimated in a
very simple one-dimensional calculation. It is assumed that
in a semiperipheral collision of a projectile P and a target 7,
the binary (at first) system P’ + T starts to reseparate along
the beam direction having at the reseparation time ¢ = O the
relative velocity

Viel(P', T") = a Via(P, T), (AD)

that is, the velocity reduced by a factor o with respect to the
relative velocity of the system just before the collision. (The
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factor o can change from 0, for completely damped central
collisions, to 1, for peripheral collisions without dissipation.)

A two-step-decay scenario is assumed: The IMF is emitted
either from the projectile primary fragment P’ at the time
tsep(P /),

P+T— P +T, P’ — IMF + PLF, (A2)

or from the target primary fragment 7" at the time #..,(7"):

P+T— P +T, T —IMF+TLF. (A3)

From the reseparation at + = 0 to the time of releasing the
IMF, the fragments P’ and 7’ move in their mutual Coulomb
repulsion field. We have to emphasize, however, that the
idealized two-step scenario of Egs. (A2) and (A3) is only
a rough approximation of a much more complex, dynamic
process in which a “neck” is probably formed between P’ and
T’ and the IMF is likely to be a remnant of the neck, created
as a result of the double sequential rupture of this neck.

The mass and charge of of P’ and T’ may be influenced by
the exchange of mass and charge between P and T, as well as by
the process of the neck formation suggested above. Therefore,
masses and charges of the final fragments PLF, TLF, and IMF
in the postulated processes (A2) and (A3) are not predefined. In
our simplified calculation, we assume that the IMF is formed
from the matter of both, projectile and target, proportionally to
their initial masses and charges. (This assumption is consistent
with the idea of IMFs being remnants of the neck.) Therefore
for a given intermediate mass fragment of Zyr and Apvg, the
charge and mass numbers of the respective PLF are fixed as
follows:

Zp
Z =Zp —ZMF————, A4
PLF P ME S (Ad)
Ap
A =Ap — Anvg———, AS
PLF P IMF (AS)

and analog expressions hold for Ztr and Atpp.

To reproduce the observed final velocities of PLF, TLF,
and IMEF, it was necessary to assume that nuclear matter that
is used to form the IMF (presumably the matter in the neck)
has continuous velocity distribution. In case of the breakup
of P, Eq. (A2), the starting velocity of the IMF is assumed
to change from V., = %(fo + V1) to Vps, proportionally
to the surface-to-surface distance Dyep, = r — R(P’) — R(T")
between P’ and T, at which the separation of IMF (from PLF)

takes place at the time #.p(P’):
’ / ’ D sep
VIMF[tsep(P )] = Vmid + (VP’ - Vmid)D—. (Aé)
0
Similarly in case of the breakup of 7', Eq. (A3), at the time
tsep(T/)’
/ ’ / D sep
ViMElfsep(T)] = Vg + (Vr — Vmid)T' (A7)
o
Here Dq is the surface-to-surface distance Dgp, at which
both velocities, Vg and Vprg (or Vive and Vrpg), eventually

become equal. [For Dy, > Dy, Vimp(tsep) = Vpr in case of the
P’ breakup, and Vivir(tsep) = V7 in case of the T’ breakup.]
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We assumed in the calculation that Dy = R(P’) + R(T’), a
typical length of the neck in fission reactions.

Following the separation time fep(P’) or fep(77), all
three fragments, PLF, TLF, and IMF, move in the field
of mutual Coulomb interaction. For simplicity, it is as-
sumed that the IMF is released collinearly with the velocity
vectors of PLF and TLF, and thus the final velocities of
PLF, TLF, and IMF are integrated numerically only in one
dimension.

Our method of analysis gives a possibility to determine
the separation time f,p, from the correlation between relative
velocities Ve (IMF,PLF) and V,;(IMF,TLF). Individual veloc-
ities Vimr, VpLr, and Vg are taken in infinity, and their differ-
ences Vi (IMF, PLF) = Vp g — Vimr and Vi (IMF, TLF) =
Vime — Vrp are expressed in units corresponding to the kinetic
energy of Coulomb repulsion, given by the Viola systematics

PHYSICAL REVIEW C 71, 044602 (2005)

[20] modified for asymmetric split [21] as follows:

2 (0.7557,2,
Wiola = —

n\A” 4+ A

+73 MeV) , (A8
where u is the reduced mass of the decaying subsystem.

The predicted correlation between Vie/ Vyiola(IMF,
PLF) and Vi1/ Wiola(IMF,TLF) is shown in Fig. 7 for assumed
separation times f,p(P’) (squares) and #.,(T") (circles) equal
to 40, 80, and 120 fm/c. The loci of the predicted points co-
incide with experimental distributions when all three relative
velocities, including V. (PLE,TLF), are correctly predicted.
To obtain the latter in agreement with the observed average
velocities (Vprp) and (Vrig) (see Fig. 3), it was necessary to
assume approximately 20% reduction of the relative velocity
in the first stage of the collision, « = 0.8 in Eq. (A1l).
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