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Dynamical fission in >*Sn + *Ni collision at 354 MeV
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Some properties of fast, nonequilibrium splitting of projectiles in the '2*Sn + %Ni reaction at 354 MeV were
determined using the 47 CHIMERA detector system. In particular the charge distributions, in- and out-of-plane
angular distributions, and relative velocities of projectilelike fragments were measured. The time scale of the
process was estimated and it turned out that the process is sequential but much faster than the ordinary, equilibrated

fission.
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I. INTRODUCTION

The phenomenon of fast, nonequilibrium fission of pro-
jectilelike fragments (PLF) was first observed in heavy-ion
deep-inelastic collisions at rather low energies [1,2], but later
it was observed also at higher energies [3,4]. However, it is not
clear whether the physics in both cases is the same.

In the case of the equilibrium PLF fission, the angular
distribution should be forward/backward symmetric in the
PLF reference system. The main signature of nonequilibrium
fission is that the heavier of the two fission fragments is
usually the faster one (i.e., it is forward directed). Thus, the
lighter fragment is situated preferentially between its heavier
partner and the targetlike nucleus. In the case of the lightest
fragments, we usually characterize this process as midvelocity
emission [5] or neck fragmentation [6,7]. Since we do not
know whether the reaction mechanism is the same for all
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heavy/light fragment mass ratios (Ag/A), in this paper we
provisionally reserve the name “dynamical fission” (DF) for
less mass-asymmetric PLF splitting, when Ay/A; < 4.6. In
our system, for the PLFs of Z ~ 50, this corresponds to the
charge of the lighter DF fragment Z; > 9.

In this article we present experimental data obtained
in the '»*Sn+%Ni reaction, investigated at the labora-
tory energy Ejp('?*Sn)=35AMeV by using the multide-
tector CHIMERA, installed at Laboratori Nazionali del Sud
(Catania) in 2000 [8]. The experiment was carried out
as a part of the so-called REVERSE campaign, in which
nucleus-nucleus collisions were studied in reverse kinematics
to disentangle dynamical and statistical decays of excited
nuclear systems. The reverse kinematics was chosen for easier
identification of fragments and emitting sources. The choice
of the medium-mass '?*Sn projectile was dictated by research
goals of the whole REVERSE campaign. Results obtained for
the neutron-poor system ''2Sn + 3®Ni, studied simultaneously
in the campaign, are under analysis and will be published later.
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II. EXPERIMENT

The CHIMERA detector consists of 1192 two-element
telescopes, covering the angular range between 1° and 176° in
47 configuration. Each telescope consists of a Si 300 pm-thick
planar detector (220 pm at the smallest angles) followed by a
CsI(Tl) scintillator detector of thickness ranging from 3 to
12 cm, depending on the detection angle. The REVERSE
campaign used only the forward part of the CHIMERA
detector, which consists of 688 telescopes covering the angular
range between 1° and 30° azimuthally arranged around the
beam axis.

The '?*Sn beam with intensity of about 5x 107 particles/s
bombarded a self-supporting target of thickness approximately
310 pg/cm?®. The data were collected by triggering the data
acquisition system in exclusive mode, requiring a silicon
multiplicity condition >3. Three different identification tech-
niques were simultaneously used. The A E—E technique was
employed for charge identification of heavy ions. A good
identification of the atomic number (up to the beam charge for
the most forward angles) was obtained in 95% of telescopes
in the full dynamical range of the experiment, with typical
charge resolution as good as 6Z/Z ~ 1.2% (FWHM) in the
region of atomic number Z = 50. Isotopic identification of light
ions (Z < 10) at larger angles (® > 10°) was achieved by the
A E—E method too.

The time-of-flight measurement (TOF), using the high-
frequency signal from the superconducting cyclotron as
reference and the timing signal from the Si detectors as
the start time for the time to digital converter, allowed
velocity measurements of ions with Z > 2. The good timing
performance of the LNS superconducting cyclotron pulsed
beam allowed us to achieve a typical time resolution of §¢ ~
0.8 ns (FWHM). The TOF together with energy left in the
AE silicon detector was also employed for mass identification
of the low-energy light fragments (Z < 15) stopped in the
Si detector. A pulse shape analysis method was used for
the isotopic identification of energetic light charged particles,
which were stopped in the scintillator. Some experimental
details can be found in Ref. [9].

Linearity of electronic chains as good as 0.3% was
measured and monitored by special short runs with a precision
pulse generator spanning the full range of the CHIMERA
charge to digital converters. The typical energy resolution of
CHIMERA telescopes was §E/E < 1% (FWHM) for the Si
detectors (as measured with elastic scattering), about 70 keV
with the « source, and about 2% for the CsI(TI) scintillator as
evaluated by elastic scattering. To reduce possible distortions
of the electric field, the polarization bias of the Si detectors
was increased by 30% with respect to the nominal one.

Energy calibrations and energy resolution evaluations were
performed using elastic scattering of light (i.e., '>C, '°0, and
9F around 5A MeV) and heavy-ion beams (i.e., >*®Ni and
112,124 around 154 MeV), delivered by the tandem and the
cyclotron, and a standard mixed nuclide radioactive « source
(239Pu + 241Am + 244Cm).

The TOF calibration was performed by evaluation of the
time offset ¢, [10] for each individual detector by a fitting pro-
cedure for well-defined loci (corresponding to mass numbers
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A=7, 11, and 15) in the energy versus TOF identification
matrix. The desired behavior of the 7, parameter, namely,
independence of particle mass and energy, was obtained only
for ion energies corresponding to punching through particles,
for kinetic energy above 124 MeV. In the case of the particles
stopped in the detectors, use was made of an iterative method
[11], that took into account the pulse shape effects in the
constant fraction discriminators.

III. DATA ANALYSIS AND RESULTS

Since we are interested in fission of the projectilelike
fragments in semiperipheral collisions, we concentrate our
attention on the two heaviest fragments accompanied by at
most four other charged fragments, so the total charged particle
multiplicity condition set in off-line analysis was M, < 7.The
forward part of CHIMERA, having close to 100% detection
efficiency of PLF, has much lower efficiency for targetlike
fragments (TLF); thus to keep statistics as high as possible,
in data analysis we did not impose the condition of recording
in coincidence the PLF and TLF. Consequently, we did not
apply the usual condition of (almost) complete fragment
charge and momentum detection. Instead, we have selected
8.5x 10° events fulfilling the condition of total recorded charge
30 < Zot < 80 and of the sum of charges of the two heaviest
fragments Z,r > 15. Additional conditions concerning the
kinetic energy loss in the collision as well as the assumed
source of the fragments and their mass range were applied.
These are explained in the following sections.

A. Sources

We selected here the events corresponding to the mass ratio
of the two heaviest fragments Ay/A; < 4.6 because of our
interest in the dynamical fission of PLF. The distribution (on a
logarithmic scale) of the number of counts as a function of Z,
and the parallel velocity (in the laboratory reference frame) of
the lighter of the two fragments, Vpﬁr, is presented in Fig. 1
for three mass asymmetries Ay/A; and for three ranges of
the total kinetic energy of the two heaviest fragments, E,p.
This latter quantity is related to the total kinetic energy loss
(and centrality of collision), being however easily accessible in
our measurements, whereas determination of the rotal kinetic
energy loss requires complete recording and reconstruction of
events. One should stress, however, that E,r is not directly
connected with the energy dissipation: A change of E,r by
46% (from 3800 to 2600 MeV) is correlated with rather modest
slowing down of the fragment source (by some 7%). Thus, at
this beam energy, the majority of the energy loss is caused by
the loss of fragment mass owing to emission of light fragments
and neutrons. Nevertheless, the microscopic transport model
calculations [7] show that E,r can be used as a measure of
impact parameter during the collision step of the reaction.

The same kind of plots, for the heaviest fragment shows
that its velocity (Vp’Zr) was always close to the beam velocity
(which is why we present the results for lighter fragments
only). However, for the lighter (of the two heaviest) fragments
we see that their velocities have broad distributions consisting
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FIG. 1. (Color online) The sum of charges of the two heaviest fragments (Z,r) vs the lighter fragment parallel velocity (in the laboratory
reference frame) for different mass asymmetries and different ranges of kinetic energy of these two fragments. The distributions are shown on
a logarithmic scale; the red color corresponds to the highest cross section. The beam velocity was equal to 8.2 cm/ns.

basically of two main components: one of very low velocity
(about 1 cm/ns) and the second one close to the beam velocity.
It is striking that the low-velocity group comes from the
events in which Z,r is higher than the Z of the projectile.
However, one can easily check that they cannot be related to
fusion (complete or incomplete) followed by fission, because
the products of such a process should have higher velocities
(folr > 5 cm/ns). Low-velocity fragments can be interpreted
as target remnants, as suggested by simple kinematical
calculations and in agreement with model calculations [7].
This interpretation agrees also with the conclusion of the
analysis of the same data made under condition of coincidence
of the three heaviest fragments [12].

On the other hand, the fact that the high-energy group has
Z,r close to about 45-50 suggests that for Vp’;r > 4cm/ns
we observe essentially splitting of the PLF into two main
fragments. This is also reported by Refs. [7,12,13].

This information is important for the interpretation of
VpLer versus Vme (perpendicular versus parallel component of
velocity) plots, shown in Fig. 2, after putting an additional
condition on Z,p, corresponding to PLF. Since the maximum
Z,r of the high-velocity group shifts downward for smaller
E>r (see Fig. 1), we changed also slightly the upper limits
of the Z,r windows, shown on the left side of Fig. 2.
In Fig. 2 we see structures reminiscent of Coulomb rings,

centered somewhat below the beam velocity of Vieam =
8.2 cm/s. The rings point to a well defined PLF source
and make probable the scenario of two separate (sequential)
reaction steps: scattering of the PLF followed by their splitting
into two fragments. Moreover, we see that the light fragments
most frequently occupy the low-velocity sides of the rings.
This is the signature of “dynamical fission,” namely, the fact
that the lighter fragments are emitted preferentially backward
in the PLF reference system (i.e., toward the target nucleus).
The lack of forward/backward symmetry of the rings shows
that the second step is a very fast process, with the time interval
between the two steps much shorter than the PLF rotation time;
otherwise the averaging over the emission directions would
result in forward/backward symmetry. This is why we consider
this process as being the “fast sequential” one. In addition, at
somewhat lower (intermediate) velocity, outside of the rings,
we see also light fragments not forming any ringlike structures.
They are described in Ref. [7] as the “neck emission.” The
novel experimental method of time-scale determination of
these fragments’ production is discussed in [13].

It is seen that for the near-symmetric splits the fragments
sequentially emitted from PLF dominate over the mid-velocity
particles, even if this dominance gradually decreases with
increased mass asymmetry and with kinetic energy loss in
the collision step.
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plots for the lighter fragment (of the two heaviest) for different values of mass asymmetry and kinetic

energy of these fragments. The sharp cuts in the region of Vpﬁr < 5 cm/ns are due to the angular range of the forward part of CHIMERA being
limited to 30°. The distributions are shown on a logarithmic scale; the red color corresponds to the highest cross section.

B. Charge distribution

To get rid of the TLF we should put a condition on
Vplar. This is a delicate point. According to [7,12] a value of
3 cm/ns would be quite safe. For the very symmetric splits
(the rightmost column of Fig. 2) any value between 3 and
5 cm/ns would be acceptable. However, for more asymmetric
splits, especially for smaller E,r, we observe more and more
of the intermediate-velocity fragments (IVF), and their number
becomes comparable with those accumulating on the Coulomb
rings. Moreover, for higher asymmetry, because of momentum
conservation, the Coulomb rings become larger and the
condition Vpﬁr > 5 cm/ns would cut out part of them. Thus our
choice should depend on a decision of how large a contribution
of the IVF we are ready to tolerate in the study of DF. To
compare our data to the “neck emission” products, which in our
system, according to the Boltzmann-Nordheim-Vlasov (BNV)
transport calculations [7], appear mainly in the interval 3.5—
5 cm/ns, we have chosen the compromise condition Vpﬁr >
4 cm/ns, realizing, however, that for asymmetric splits any
such crude condition would result in some distortion of results.

The conditions My <7, Ep > 2500 MeV, Z,r =37-57,
and VpLa: > 4 cm/ns are satisfied by 13% of all recorded events,
but in most cases the splitting is very asymmetric (i.e., the
lighter fragment is very light indeed). This is shown in Fig. 3
for three ranges of kinetic energy loss. However, one can see

that nearly symmetric PLF splitting (Z; > 20-23) represents
still quite a sizable part of this sample, especially for less
peripheral collisions (E,r =2500-2850 MeV).

According to the BNV calculations, the energy range
E>r =2500-3200 MeV corresponds to the impact parameter
range b=6-8 fm (where contributions from each impact
parameter were summed with the corresponding geometrical
weight). The slope of the calculated distribution, obtained
in Ref. [7], roughly filtered by the REVERSE-CHIMERA
geometry (acceptance in the range 1°—30°), seems to be
larger than that of the experimental one, although one should
emphasize that because of low statistics theoretical predictions
are limited to Z; < 12.

C. Angular distributions

We define the reaction plane by the beam and the velocity
vector of the scattered PLE. The latter is reconstructed
from the velocity vectors of the two heaviest fragments for
events fulfilling the selection conditions given previously. The
definition of the in-plane angle ®pjane and out-of-plane angle
W,y can be seen in Fig. 4. The precise way of calculating
the angles, using the fragment-velocity vectors, is given in
Ref. [2]. The results of such an analysis for various kinetic
energy losses and mass asymmetries are presented in Figs. 5
and 6 and are described in the following.
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FIG. 3. (Color online) Atomic number distributions of the lighter
(of two heaviest) fragments of the PLF splitting, arbitrarily nor-
malized at Z; =6. The theoretical distribution is calculated for
E>r =2500-3200 MeV. Because of low statistics the distribution
is limited to Z; < 12; results for higher Z, are extrapolated (dotted
line). The inset shows comparison of slopes of the “equilibrated”” and
“dynamical” processes (see Sec. III C1).

1. In-plane distributions

The direction ®pjape =0° in Figs. 4 and 5 corresponds to
the heavier fragment moving forward, strictly along the PLF
flight direction; according to the sign convention chosen in
Ref. [2], positive ®pjane values mean that the fragment is
deflected toward the beam direction.

N
»
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The slow (equilibrated) fission, because of memory loss
after many PLF rotations, should result in a flat in-plane
distribution [2]. We see, however, distinct maxima in the
distributions, located close to 0°, being a manifestation of
dynamical fission.

For moderately mass-asymmetric divisions (Ay/A; =2.6—
4.6) the maximum dominates the flat equilibrated component,
indicated by the straight line in Fig. 5, but also for smaller
mass asymmetries the maximum, even if weaker, is still
distinct. This clearly points to nonequilibrium dynamical
fission processes: The existence of the maximum means
that the process is fast, otherwise one would observe the
averaged-out flat angular distribution.

The observed right-left asymmetry of the ® 4, distribution
around 0° is also of interest as a clear indication of the
dynamical properties of the process. There are at least two
sources of the asymmetry: the angular momentum acquired
during the collision and the mass (charge) asymmetry in
the entrance channel, giving rise to the strong Coulomb
repulsion. The first effect results in the PLF rotation before
its splitting and the fragment (orbital) rotation after it. The
second effect was predicted and discussed in the context of
neck fragmentation in Ref. [7].

The determined distributions are to some extent disturbed
by two effects: the choice of the foir selection condition
(discussed previously) and the imperfections of the detection
system. The detection efficiency of the detector system
depends on the phenomenon under study. Unfortunately,
presently there is no model that describes well dynamical
fission (for this range of fragment mass asymmetry) so we
could not pass theoretical results through the experimental
filter. In this situation we performed simulations of the
CHIMERA detection efficiency by using an event generator
and assuming statistical fission of PLF after scattering on
the target (see Appendix). Dependence of efficiency on the
source velocity, scattering angle, fission asymmetry, in- and
out-of-plane angles, and relative fragment velocity, some of
which are different in equilibrium and dynamical fission,
were taken into account. We concluded that the efficiency
dependence on ®pjqpe is pretty flat (and close to 100%) apart
from the dips in the in-plane distribution close to 15° and
+165°, caused by the beam exit hole of the detector system. For
the mass asymmetry Ag/A; < 2.6 this is the main reason for
the distortions of maxima seen in Fig. 5. For larger asymmetry,
especially for large kinetic energy loss, a more important

FIG. 4. (Color online) Diagram indicating the definition of the in-plane (®pjune) and out-of-plane (W) angles.
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FIG. 5. (Color online) Normalized to unity in-plane angular distributions of the heavier fragment from the PLF splitting. Zero degrees
corresponds to forward emission; positive angles correspond to deflection of the fragment toward the beam. Note the presence of a second
maximum (at £180°), corresponding to the forward emission of the lighter fragment. The straight line, corresponding to the equilibrated

component, was used for calculation of results presented in Table 1.

uncertainty of the peak shape comes from the somewhat
arbitrary value of the Vp’;Lr condition and, more generally, from
difficulties of distinguishing between the IVF and DF events.
It is difficult to say precisely to what extent this part of the
angular distribution is depleted by both these effects, but we
estimate that, depending on asymmetry and kinetic energy
loss, it is limited to 15-30%.

However, since equilibrated (EQ) fission should result in a
flat in-plane distribution, its contribution is easy to calculate
and in this way we could estimate /ower limits of the dynamical
(DYN) component (see Table 1) as a function of E,r and
splitting asymmetries.

If one takes into account the estimated depletion of the DF
peak, the previous percentage increases by a few percent.

Further, we can compare properties of the dynamical and
equilibrated processes, choosing the appropriate regions of
®plane, dominated respectively by DYN (—30° < ®pjape <
45°) and EQ components (—130° < ®pjape < —90° and 90° <

TABLE 1. Lower limits of DF percentage defined as
1000DYN/(DYN + EQ).
Esr [MeV] AglAL
1.0-1.6 1.6-2.6 2.6-4.6
3200-3650 52 65 80
2850-3200 31 63 87
2500-2850 32 76 87

Dplane < 130°), even if this differentiation is not perfect. In
particular, in the inset to Fig. 3 we compare the (arbitrarily
normalized at Z; =6) charge distributions for these com-
ponents. It is seen that for Z; > 12 the EQ distribution
stays essentially flat, whereas the dynamical one decreases
exponentially. The flat shape results from the PLF being close
to the Businaro-Gallone point [2]. That the distribution for the
dynamical component is different simply means that the role
of the potential energy surface is not dominant here, in contrast
to the case of equilibrated fission.

Note that in our case, because of dominance of dynamical
fission, the total distribution is exponential. We checked that
the same stays true after transformation from Z, to asymmetry
parameter n =(Ay — Ap)/(Ay + AL), used in Ref. [2], where
the reaction '2°Sn + 2°Sn at 18.44 MeV has been studied. This
is in clear disagreement with their result: The flat asymmetry
distribution in the range n=0-0.5 (corresponding to Z; >
14) was observed even without separation of the EQ and DYN
components. The probable reason of this difference is the lower
beam energy used in their experiment, which resulted in a
much smaller contribution of the dynamical fission.

2. Out-of-plane distributions

The out-of-plane angle is usually defined as an angle
with respect to the normal to the reaction plane (see, e.g.,
Ref. [14]). Thus Wqy = 90° corresponds to in-plane emission.
We calculated the distributions of W, separately for the

064604-6



DYNAMICAL FISSION IN 2*Sn + *Ni COLLISION . . .

0.30 T T T T T T T T
% EXP.DATA (EQ.; E,=2500 - 3650 MeV)
{1 <€ EXP.DATA (DYN,; E, =2500 - 2850 MeV) 1
® EXP.DATA (DYN.; E, =2850 - 3200 MeV)
0.25- 4 EXP.DATA (DYN,; E, =3200 - 3650 MeV) 4
——————— SIMUL; /K =2.3
{——SIMUL,; /K =3.2 4]
° «
0.20 - |

dN/dW_

A JA X

0.05 - s .

0 20 40 60 80
Yo [ded]

FIG. 6. (Color online) Normalized to unity out-of-plane angular
distributions of fission fragments (for Ay /A; = 1.0—4.6 and for given
E,r intervals), corresponding to the “dynamical” (—30° < ®pjgpe <
45°) and “equilibrium” (—130° < ®pjape < —90° and 90° < Ppjape <
130°) angular ranges. Dashed lines show results of the statistical
model calculation after it is passed through the experimental filter.

DYN and EQ components. It turned out that the out-of-plane
distributions do not depend on the mass asymmetry, so we
could construct both (DYN and EQ) distributions by summing
the data over the whole asymmetry range Agy/A; = 1.0-4.6.
However, we checked that although the “equilibrated” part
does not depend on the kinetic energy loss, the “dynamical”
one depends on it to some extent.

One should remember that in equilibrium fission the
width of the out-of-plane angular distribution depends on the
angular momentum, moment of inertia, and temperature of
the fissioning system [14,15]; thus the observed independence
is rather surprising. Nevertheless we can present in Fig. 6
the distribution for the equilibrated component summed
over the considered energy range FE,r =2500-3650MeV,
whereas for DF we show the distributions for three energy
intervals. According to our simulations, the dependence of the
distribution on E is not an artifact and in any case it is clear
that the width of the EQ distribution is significantly (by about
70%) larger than that of the DYN ones.

The equilibrated component can be described by the
statistical model. The relevant model parameter is //K,, the
ratio of the mean angular momentum and the rms width
of its projection on the nuclear symmetry axis. The K, is
given by K2 = T3/l with T being the temperature of the

PHYSICAL REVIEW C 71, 064604 (2005)

fissioning nucleus at the saddle point and J. the effective
moment of inertia. After taking into account the resolution
and efficiency of CHIMERA, we obtained a good description
of the experimental out-of-plane distribution with /K, =
2.3 £ 0.1. Determining the angular momentum is more diffi-
cult as the temperature and moment of inertia can be estimated
only roughly. However, it is known from many papers (see,
e.g. [15]) that K, is usually of the order of 10—12, which
would correspond to an angular momentum at the moment of
scission of about 25-307. Taking into account that in the time
interval between collision and scission a few /i units are usually
taken away by the evaporated light particles, we find that this
result agrees quite well with the spin transfer calculated using
the quantum transport model (see Sec. V).

D. Relative velocities

Next, information on the properties of the DF phenomenon
is obtained from analysis of relative velocities of the two
heaviest fragments. It turns out that the ringlike structures in
the VpLer Versus VpLar plots are not circular but rather reminiscent
of ellipses. In Fig. 7 we present the angular distributions
of the relative velocity normalized to the velocity resulting
from Coulomb repulsion, taken event by event according to
the Viola systematics for asymmetric systems [16]. It is seen
that the predictions based on this systematics, established for
equilibrium fission, agree with our data only for fragments
emitted at large angles (> =+ 70°), whereas for DF the mean
relative velocities become larger by some 10—40% even for
Ap /Ay close to 1.0. Moreover, for the “dynamical” events
not only is the most probable velocity higher but also the
width of the distribution is larger.

This means that even if it appears to definitely be a
sequential process, the velocity field of various parts of the
PLF does not attain equilibrium. This effect is weakest for
more symmetric splitting, pointing to the longer time scale in
this case. The angular dependence of relative fragment velocity
was already observed earlier (see, e.g., Ref. [4]), even if it was
presented in a different way. However, one should emphasize
that the character of this dependence, seen with the lower
energy beam [1,17], was qualitatively different, namely, the
Viel Was the smallest for ®pjae &~ 0°. The probable reason is
that in the lower energy experiments the modulation of Vi
as a function of angle is caused by the proximity effect, the
influence of the target Coulomb field.

After closer inspection of Fig. 7 one can notice some
interesting details, which are not easy to interpret. First, one
can see that close to £120° the normalized relative velocity
Viatio attains a minimal value, significantly smaller than 1.0,
and then rises again. If this is caused by strong deformations,
or even oscillations, it is not obvious why it is seen at
this particular angle. Second, in more peripheral collisions
(E>r > 2850 MeV), for near-symmetric splitting the Vi, is
very close to 1.0 throughout the entire angular range, even if
DF is clearly present (see, Fig. 5). This could mean that for
such splits the velocity field gets equilibrated faster than the
fragments can be de-aligned. Next, it is worth noticing that
for the peaks observed near £180° in the in-plane angular
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FIG. 7. (Color online) Relative velocity of the PLF normalized by Viola systematics (V,.io)- (2), (b), (c) Mean values of the relative velocity
as a function of the in-plane angle for different centralities of collision and asymmetries of the PLF splits; (d) example of velocity spectra
at the “dynamical” and “equilibrium” angular regions and the resulting net “dynamical” spectrum after subtraction of the background of the

“equilibrated” one.

distribution (Fig. 5), the relative fragment velocity is close
to that of equilibrated fission, so apparently their (unknown)
nature is different from those close to 0°. These peaks are
most spectacular for nearly symmetric (Ag/Ar =1.0-1.6)
splitting after most peripheral collisions, where the intensity
of these two kinds of nonstatistical splitting is comparable.
In fact, solely because of the contribution of the peaks close
to +180°, the percentage of DF, given in Table I, rises in a
quite unexpected way for this class of events (i.e., for smallest
Ay /AL and largest Eyp).

IV. TIME SCALE ESTIMATION

According to the method applied in Ref. [13], the fragments
emitted on the shortest time scale (t < 100—150 fm/c) are
visible outside the Coulomb rings. For longer times the frag-
ments “accumulate” on the rings and the method is unable to
give time information. For these events we tried to use the
method of Ref. [2], which exploited the shift from 0° of
the main maximum in the in-plane distribution. It was based
on the assumption of rigid body rotation of the PLF and on
knowledge of the average angular momentum transferred to
the PLF during scattering. According to the BNV calculations,
this quantity for semiperipheral collisions is about 307, being

almost independent of impact parameter. The result is very
close to the one determined (also in a model-dependent way)
for the equilibrated fission from the out-of-plane angular
distribution (see Sec. IV C2). The method applied to our data
gave a time interval between PLF scattering and scission of
12-120 fm/c, depending on mass asymmetry and E,p values.
For the most peripheral collisions one gets particularly short
times, during which the PLF would have enough time to pass
only a few femtometers before splitting. This seems to be
an unrealistically short time, given the evidently sequential
character of the process, seen in the form of the Coulomb rings,
and in comparison with results of the method of time scale
estimation based on the relative velocity correlations [13].
The reason for this inconsistency is suggested by the BNV
calculations, according to which immediately after collision
the PLF are not rotating, being rather frozen in an aligned
configuration and all the angular momentum is stored in
the dinuclear composite system. The transfer of angular
momentum to the PLF will take some time, which is of the
order of the freeze-out time corresponding to the centrality of
the collision. In fact this roughly gives the time scale of the PLF
formation, that is, the time needed for the projectile nucleons to
develop all the corresponding collective properties (e.g., mean
field and angular momentum). As is shown by the dynamical
simulations, the time scale of such “collectivization” is of
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the order of 200 fm/c (see in particular Figs. 2—4 of Ref. [7].)
According to the model, only after this time do the PLF acquire
collective rotation and only from this moment onward does the
in-plane peak give some information on rotation (and splitting
time) of the PLF. We do not know this delay precisely; thus we
can only estimate that the time interval between collision and
PLF splitting is in the range 100-300 fm/c. In any case this is
a much shorter time scale than that necessary for equilibrated
fission, which, according to many experiments, is at least
10-100 times longer [16,18].

It is important to note that for the more symmetric
splits almost all fragments form Coulomb rings, whereas the
asymmetric cases (very light fragments) also fill the space
outside the rings. This means [13] that in the latter case the
fragments are produced also on the shorter time scale.

Another argument for the relatively short time scale of
sequential dynamical fission can be seen in Fig. 6, where
we show the out-of-plane angular distributions, separately
for the dynamical and equilibrated components. As one can
see, fragments originating from dynamical fission are more
concentrated in the reaction plane than those from the
equilibrated component. The ratio I / K, needed to parametrize
the distribution in the former case is 3.2, rather than the 2.3
observed for the equilibrated component.

We do not know whether this difference is caused by
larger angular momenta, sampled by DF, or by smaller K
value. It is worth recalling in this context the anomalously
large anisotropies of fission fragment angular distributions,
observed at much lower energies, interpreted [20] as a result
of preequilibrium fission, when the initially narrow distribution
of the projection of angular momentum along the symmetry
axis has no time to attain its asymptotic, equilibrium value.

V. DYNAMICAL FISSION AND BNV CALCULATIONS

Some light on the dynamics of these splitting processes
could be shed by theoretical predictions within the BNV trans-
port model [7]. The simulations based on this model describe
well the “neck emission” in which very light fragments, being
the remnant of the neck, are emitted in a very short time
(t < 120 fm/c, but with the most probable ¢ & 25 fm/c after
projectile-target collision [13]), with velocity 3.5 < Vme <
5 cm/ns [7]. However, the model has problems in predicting
the existence of the experimentally observed fragments having
larger velocities and forming ringlike structures, demonstrat-
ing sequential decay of some well-defined sources. A possible
reason is related to the way the fluctuations are included in the
model, which are probably not strong enough. It seems that
although for neck emission volume instabilities are the most
important type, for dynamical fission the shape fluctuations
can dominate in conditions for which the velocity fields are
not fully equilibrated.

One should stress that the model does predict production of
strongly deformed PLF, which might be candidates to undergo
DF, having their time scale slowed down with respect to
neck fragmentation due to, among others, more symmetric
splitting. Unfortunately, because of numerical difficulties,
further dynamical evolution of the stretched PLF cannot be
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traced in the present form of the BNV model, so it is difficult
to say how many fragments will finally fission. There are,
however, some arguments supporting the idea that DF (i.e., fast
sequential PLF splitting) is essentially of the same nature as
that described as neck fragmentation. Among these arguments
are the clear alignment signature, the similarity of deviations
from the Viola systematics, and the similarity of the charge
distributions.

A stimulating picture is emerging for the possibility of
studying a continuous transition from the neck fragments,
produced at midrapidity via bulk instabilities, to the fast
fission fragments produced at the projectile (target) rapidity
via shape instabilities. We already observe a hierarchy of
the corresponding time scales and we can speculate that
the “statistical fission” represents a limiting case of such a
transition, on a very long time scale.

VI. SUMMARY

We studied the '2*Sn + %Ni reaction at 354 MeV incident
energy. Out of all registered events, about 13% fulfilled the
condition of observing the PLF splitting into two main frag-
ments after midperipheral collision (Z,r = 37-57, Mo < 7,
E>r > 2500 MeV). The more asymmetric splittings, giving
rise to very light fragments, are well described as neck
fragmentation, occurring almost immediately after collision
(t < 120 fm/c [7,13]). However, in about 20% of cases
fulfilling the conditions given, the PLF split in comparable
fragments (Ay /AL < 4.6). This class of events is dominated
by a clearly sequential process: fission after collision. In
at least 35-90% of cases, depending on kinetic energy
loss in the collision and on the splitting asymmetry, in a
relatively short time after collision (100 < t < 300 fm/c)
PLF undergo dynamical fission into two aligned fragments;
in the remaining cases we observe typical equilibrium fission,
known to be slower by one or two orders of magnitude.
The nonequilibrium properties of the DF are reflected in the
in- and out-of-plane angular distributions, as well as in the
relative velocities of fragments. The charge distribution of DF
fragments is apparently also different from the equilibrated
fission ones. The contribution of DF (in comparison with
equilibrated fission), being rather weakly dependent on kinetic
energy loss during the collision stage, increases with mass
asymmetry but is still significant even for almost symmetric
splitting.
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FIG. 8. (Color online) Simulation of the response of the CHIMERA system for the ®pjane — Wou distributions. The left figures show
distributions generated for equilibrated (upper figures) and dynamical (lower figure) components of PLF fission (the ®p,, distributions are
assumed flat in both cases). The right figures show modifications of these distribution by imperfections and the angular resolution of the

detection system.
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APPENDIX: SIMULATIONS OF SOME CHIMERA
MEASUREMENT CHARACTERISTICS

The quality of a detector system depends both on the instru-
ment characteristics and on the phenomenon under study. We
are interested here in the quality of recording in coincidence
two fragments of PLF fission. Overall detection efficiency
is very high owing to the nearly 100% detection efficiency
of the Si detectors of the CHIMERA system. However,
we want to know the extent to which various distributions,
characterizing dynamical and equilibrium fission, are affected
by the configuration of the instrument. This is determined
not only by efficiency but also by resolution effects. For

example, the recorded in-plane angular distribution can be
disturbed not only by the smaller detection efficiency at some
regions of angles but also because the angular resolution can
result in shifting the counts from one angle to another. As a
consequence, if we define the “detection efficiency” as the ratio
of the number of events measured in some angular intervals
to the true number of events in the same intervals (or the ratio
of the number of events at the output and input of the detector
system), we can observe that the efficiency defined in this way
can be smaller or larger than 100%.

The efficiency of CHIMERA depends on the velocity
vectors of both fission fragments. Physically, these are de-
fined by the fissioning nucleus velocity, its deflection angle
during collision with the target, the mass asymmetry of
fission, the angular distributions, and the fragment relative
velocity.

Since we are able to present at most 3-dim distributions, we
have to integrate over the other quantities. Here physics comes
into play, as it defines the distributions of these quantities.
To calculate the instrument angular response function we
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FIG. 9. (Color online) CHIMERA detection efficiency as a
function of the in-plane angle for equilibrated and dynamical fissions,
calculated for three mass asymmetry intervals.

performed Monte Carlo simulation of the detection efficiency
trying as much as possible to use the experimental (even if
approximate) information. Unfortunately, we do not know
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FIG. 11. (a) Comparison of the relative velocity spectrum at the
input and output of the detection system. (b) Resolution of V. caused
by the position resolution of the CHIMERA system.

the possible correlations between various quantities, so in
most cases we have to assume that they are not correlated.
However, we performed our simulations by taking into account
the observed differences between dynamical and equilibrated
processes. This concerns in particular distributions of the mass
asymmetry, out-of plane angles, and relative velocities (see
Fig. 8.)

Integrating over the out-of-plane angular distributions and
dividing the output by input distributions, we obtained the “ef-
ficiency” of ®pjane distribution measurements for equilibrated
and dynamical fission (see Fig. 9). Note that an efficiency
>1.0 is caused by the aforementioned resolution effects:
According to simulations for ®py,e it amounts (in terms of
rms) to 4-5° in the dynamical component and 5-8° in the
equilibrated component (depending on ®pjaye). For Wy, the
resolution equals 7-9° for both components. To a large extent
the finite resolution is caused by the small scattering angle of
the studied system, which gives rise to the poor reaction plane
determination.

00

z

L

15

FIG. 10. (Color online) The Z; dependence of detection effi-
ciency calculated for equilibrated and dynamical fission.

The conclusion of the simulations is that depletion in
the @ppane distribution (Fig. 9), seen in our experimental
results close to +15°, is caused by a 10-30% reduction in
efficiency, caused by the beam exit hole in the CHIMERA
system.
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Next, we checked to what extent the fragment charge
distribution can be disturbed by detection efficiency effects.
The results, shown in Fig. 10, prove that the effect, al-
though present, can be safely neglected, both for EQ and
DYN components, if one takes into account the exponen-
tial dependence of the charge distributions for small Z;
values.

Also, the influence of geometric imperfections of
CHIMERA on the fragments’ relative velocity is expected
to be very weak. This is illustrated in Fig. 11, where one can
compare the (simulated) “true” and measured relative velocity
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spectra for the DF process. It is seen that despite some energy
shift between both distributions, the effect is weak and regular.
This means that irregularities observed in the experimental
Viola ratio distributions [Fig. 7(a)] are generated by other
means. They are, in fact, caused by using a rather rough way
of selecting the DF events, namely, by putting the condition
on V.

The resolution of V;.] measurements, limited by the position
resolution of the CHIMERA detectors, being of the order
of 0.17 cm/ns, is, for the purpose of this study, quite
satisfactory.
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