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Emission of a particles accompanying fusion-fission processes in the “°Ar +2*?Th reaction at E (‘°Ar)
= 365 MeV was studied in a wide range of in-fission-plane and out-of-plane angles. The exact deter-
mination of the emission angles of both fission fragments combined with the time-of-flight measurements
allowed us to reconstruct the complete kinematics of each ternary event. The coincident energy spectra
of a particles were analyzed by using predictions of the energy spectra of the statistical code CASCADE.
The analysis clearly demonstrates emission from the composite system prior to fission, emission from ful-
ly accelerated fragments after fission, and also emission during scission. The analysis is presented for
both symmetric and asymmetric fission. The results have been analyzed using a time-dependent statisti-
cal decay code and confronted with dynamical calculations based on a classical one-body dissipation
model. The observed near-scission emission is consistent with evaporation from a dinuclear system just
before scission and evaporation from separated fragments just after scission. The analysis suggests that
the time scale of fission of the hot composite systems is long (about 7X 107%° s) and the motion during

the descent to scission almost completely damped.

PACS number(s): 25.70.Jj

I. INTRODUCTION

The dynamics of nucleus-nucleus fusion reactions and
deexcitation of hot composite systems formed in these re-
actions have attracted much interest in recent years. Spe-
cial attention has been paid to heavy composite systems
in which light-particle decay modes compete with fission
over a wide range of excitation energies.

The energy distributions of light charged particles
(protons, a particles) detected in coincidence with
compound-residue nuclei and/or fission fragments give
valuable information on the dynamics of the deexcitation
cascade (see, e.g., Refs. [1,2]). The spectra of a particles
taken in coincidence with fission fragments usually can be
separated into a part corresponding to the emission prior
to fission and that after scission, i.e., the emission from
fully accelerated fragments. In a few papers [3-7], it
was, however, suggested that the coincident spectra addi-
tionally contain a third component that can be interpret-
ed as corresponding to the emission of a particles during
the fission process, i.e., at a near-scission configuration.
The third component therefore can be viewed as an
analogue of ternary fission known from extended studies
of spontaneous fission and neutron-induced fission at low
excitation energies (see [8,9] and references therein).

0556-2813/93/48(1)/228(8)/$06.00 48

In the present paper, we report on an exclusive experi-
ment that imposed sufficiently strong restrictive condi-
tions (ternary coincides, determination of the mass asym-
metry of the fission fragments, many a-particle detection
angles) that allowed us to unambiguously identify the
events of practically simultaneous ternary division. We
confirm the previous observations [3-7] of the near-
scission emission (NSE) and give estimates of the proba-
bility (a multiplicities) of this component for both sym-
metric and asymmetric fission. Moreover, we demon-
strate that the relative strength of the near-scission emis-
sion provides important information on the dynamics of
fission.

II. EXPERIMENTAL TECHNIQUE

In the present experiment, ternary fission events were
studied in the “°Ar + 23?Th reaction. An “°Ar'!!*) beam
of 365 MeV from the KVI isosynchronous cyclotron
bombarded a 2*?Th target of 1.5 mg/cm? thickness. Fis-
sion fragments were detected in two position-sensitive
avalanche detectors (PSAD’s) [10] of a sensitive area of
200X 140 mm?, positioned symmetrically on both sides of
the beam axis, with their centers placed at the angles
07,=>55" and 0,,= —55". The PSAD’s were moved to a
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sufficiently large distance of 35 cm from the target to al-
low us to determine the time of flight of the fission frag-
ments with a satisfactory accuracy. The time of flight
was measured with respect to the rf signal of the cyclo-
tron. The phase stability of this signal with respect to the
beam burst on the target was controlled by recording the
time signal of elastically scattered “°Ar particles in the
monitor detector. In an off-line analysis, the time signals
from the fission detectors were corrected for the observed
changes of the monitor detector timing. The scale of the
time-of-flight measurements was calibrated by assuming
that the average kinetic energy of the observed fission
fragments is given by the updated systematics of Viola,
Kwiatkowski, and Walker [11].

Light charged particles accompanying fission events
were detected in ten low-threshold telescopes [12] placed
in the backward hemisphere, eight of them in the average
fission plane at 6,=120° 130°, 140°, 150°, 160°, 170°,
—170°% and —160°. Two detectors were placed out of the
fission plane at 6= —170° and ¢=40° and 60°. The tele-
scopes had a gas AE section backed by a large-area (1200
mm?) Si(Li) detector. The telescopes were calibrated by
measuring between the coincidence runs the known a-
decay lines from the 2*2Th target material serving by it-
self as a very convenient calibration source. In such a
way, the stability of the detectors response, pressure of
gas, effective thickness of the target seen from each detec-
tion angle, etc. were perfectly under control.

III. EXPERIMENTAL RESULTS

The exact determination of the emission angles of both
fission fragments combined with the time-of-flight mea-
surements allowed us to reconstruct the complete kine-
matics of each ternary event involving two fission frag-
ments and a light fragment detected in one of the
backward-angle telescopes. We limit the present analysis
to the most frequent events when the detected light frag-
ment is an a particle.

The a particles detected in coincidence with fission
fragments may be emitted from (i) the composite system
prior to fission, (ii) during fission, i.e., from the near-
scission configuration, or (iii) well after scission—from
fully accelerated fragments. In the following analysis, we
attempt to unambiguously identify mechanism (ii) and es-
timate its intensity relative to mechanism (i). Since «
emission in stages (ii) and (iii) depends on the mass of the
fission fragments, the analysis of the triple f-f-a events
was done separately for symmetric and asymmetric
fission.

For each event the measured velocity vectors v, and v,
of the fission fragments were transformed to the reference
frame of the fissioning nucleus. The collinearity of the
transformed velocities, v§™ and v§™, was checked, and
their relative magnitudes were used for the determination
of the mass asymmetry:

M /(M +M,)=v5™ /(v7™ +v5™) . (1

The mass distribution for all the triple f-f-a events is
shown in Fig. 1. Three regions in this distribution have
been chosen for the analysiss M,/M=0.3-0.4,
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FIG. 1. Mass distribution for all triple f-f-a events. The
mass M, of one of the fission fragments is presented as the frac-
tion of the total mass of the composite system.

M,/M =0.45-0.55, and M,;/M =0.6-0.7. The con-
vention here is that M, denotes the mass of the fragment
detected in PSADI1 at (6)=—55° and M, the mass of
the fragment detected in PSAD2 at (8)=+55. M
denotes the sum M| +M,.

Figure 2 shows energy spectra of a particles measured
at different angles in coincidence with fission fragments
for the gate M,/M =0.45-0.55 corresponding to sym-
metric fission. The a-particle spectra were measured in
the fission plane at azimuthal angles ranging (in 10° steps)
from 6=120° to 170° at one side of the beam and at
6= —160° and —170° at the other side. For each spec-
trum the average value of the angle ¥, between the veloc-
ity vector of the fragment of the mass M, and the o par-
ticle (in the rest frame of the fissioning nucleus) is given
in Fig. 2. The energy spectra are presented as the distri-
butions of a-particle multiplicity per fission event and per
unit solid angle, d’>M /d Q dE.

The solid curves shown in Fig. 2 represent results of
calculations in which only prefission a emission [mecha-
nism (i)] and the emission from separated, fully accelerat-
ed fragments [mechanism (iii)] were assumed. Contribu-
tions from these two mechanisms are shown by the
dashed and dotted lines, respectively. It should be noted
that the a particles from the fission fragments (dotted
lines) have two clearly separated components associated
with the in-flight emission from the two fragments mov-
ing in opposite directions.

The calculations of the a-particle evaporation from the
composite system and from the fission fragments were
done with the code CASCADE [13]. Only the prefission
component turned out to be sufficiently sensitive for a
determination of a best-fit value of the level-density pa-
rameter, a = A /13 MeV~!. We have found, however,
that the standard CASCADE calculation predicts the posi-
tion of the maximum of the spectra at an energy that is
systematically too high by about 2 MeV. The lowering of
the effective Coulomb barrier for a particles evaporated
from heavy composite systems was systematically ob-
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FIG. 2. Energy spectra of a particles measured at different
angles, in coincidence with fission fragments, for symmetric
fission (M, /M =0.45-0.55). 9, denotes the angle between the
velocity vector of the fragment of mass M, and the a particle
(in the rest frame of the fissioning nucleus). The solid curves
represent the combined effect of the prefission emission (dashed
lines) and the emission from fully accelerated fragments (dotted
lines).

served by Alexander, Guerreau, and Vaz [14] and also in
the recent study by Ikezoe et al. [15]. In our statistical-
model calculations, we artificially adjusted the position of
the maximum of the calculated spectra by decreasing the
effective Coulomb barrier by 1.8 MeV. The CASCADE cal-
culations of the a-particle spectra from the fission frag-
ments were done in a standard way as there is no indica-
tion so far for significant deviations from the statistical-
model predictions for this medium-mass region of nuclei.
The calculated energy spectra were transformed to the
laboratory reference frame as shown in Fig. 2. Isotropic
angular distributions in the rest frame of the emitting nu-
clei were assumed for the a particles detected in the plane
of the fission fragments. With this assumption the calcu-
lated spectra were normalized to the measured multiplici-
ty distributions. As is seen from Fig. 2, the combined
yield from the three assumed sources of a particles,
shown by solid lines, reproduce quite consistently the ob-
served distributions; however, in a limited angular range
a considerable excess of the observed yields above the
predictions is present. This excess is observed at energies
of the a particles several MeV below the maximum of the

component originating from the composite system prior
to fission [mechanism (i)].

We emphasize that it is not possible to explain the ob-
served excess of the a-particle yield within standard
statistical-model calculations if the a-particle emission is
allowed only from three clearly defined sources: the com-
bined compound nucleus and both fission fragments. Our
data show that there must be an additional source of a
particles present that moves approximately with the ve-
locity of the compound nucleus but that emits on average
a particles of lower energies, preferentially in directions
perpendicular to the fission axis. Such an additional
source can be identified [8] with the emission of a parti-
cles at the near-scission stage from the neck region, a
process known from neutron-induced and spontaneous
fission of heavy nuclei. In the following analysis, we shall
concentrate on the postulated mechanism of the near-
scission emission of a particles, with the aim of providing
convincing evidence of the presence of this mechanism.

Figure 3 shows the same data as presented in Fig. 2 in
comparison with calculations in which the postulated o
emission from the neck region [mechanism (ii)] is includ-
ed in addition to the standard mechanisms (i) and (iii).
We have parametrized the energy spectra of a particles
originating from mechanism (ii) in such a way that they
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FIG. 3. Same as Fig. 2, except that the solid lines represent
the combined effect of the prefission and postscission emissions
(as shown in Fig. 2) plus the effect of the near-scission emission
(dot-dashed lines).
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have the same shape as for mechanism (i), i.e., the eva-
poration from the compound nucleus prior to fission, but
the effective Coulomb barrier is arbitrarily shifted down
by 5.5 MeV. [In the center-of-mass system, the max-
imum of the spectrum for mechanism (i) is at 25.2 MeV
and for mechanism (ii) at 19.7 MeV.] The yield of the ad-
ditional component was determined individually for each
detection angle by requiring the best fit of the combined
yield of the assumed mechanisms (i), (ii), and (iii) to the
data. The contributions of mechanism (ii) are drawn in
Fig. 3 by the dot-dashed lines, and the combined yield of
all the components is shown by the solid lines.

Figure 4 shows the angular dependence of the com-
ponent associated with mechanism (ii), i.e., the near-
scission emission. We recall that v is the angle between
the velocity vector of the a particle and the fission axis,
measured in the rest frame of the fissioning nucleus. Fig-
ure 4 demonstrates that the a particles originating from
mechanism (ii) are emitted preferentially in the direction
perpendicular to the fission axis.

In Fig. 5 we show results of the measurements at a
fixed angle 6= —170° (¢, =82°), i.e., close to the position
of the maximum of the angular distribution in Fig. 4, but
for different out-of-plane angles ¢ =0°, 40°, and 60°. The
meaning of the displayed curves is the same as for the re-
sults of the in-plane measurements displayed in Figs. 2
and 3. It is seen that the contribution of mechanism (ii),
which is necessary to fit the total yields, practically does
not change with the increasing angle ¢. This indicates
that the a particles originating from the neck region are
emitted nearly isotropically in the plane perpendicular to
the fission axis.

So far, we have concentrated on the analysis of the ter-
nary fission events f +f +a, characterized by the sym-
metric mass division M, /(M;+M,)=0.45-0.55. Tak-
ing into account the necessity to provide decisively con-
vincing evidence of the postulated near-scission a emis-
sion, it is essential to obtain information on the angular
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FIG. 4. In-plane angular distribution of the near-scission
emission component for symmetric fission (M,/M
=0.45-0.55).
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FIG. 5. Out-of-plane dependence of the energy spectra of a
particles for symmetric fission (M,/M =0.45-0.55). On the
left-hand side, experimental spectra are compared with the com-
bined effect (solid lines) of the prefission (dashed lines) and
postscission emissions (dotted lines); on the right-hand side, the
effect of the near-scission emission (dot-dashed lines) is added.

correlation between the a particles and fission fragments
for asymmetric mass divisions of the fissioning nucleus.
Such information is presented in Figs. 6 and 7.

Figure 6 shows the energy spectra of a particles mea-
sured in all the fission-plane detectors in coincidence with
fission fragments within the gate M,/M =0.3-0.4,
characterizing strongly asymmetric fission events with
the lighter fragment detected at ¥;=0° and the heavier
one at ¥, = 180°. In Fig. 7 presented are the energy distri-
butions taken for the inverse situation M, /M =0.6-0.7,
with the heavy fragment detected at ¢;=0° and the light
one at ;= 180°. The same statistical decay calculations
as for the symmetric-fission measurements have been per-
formed. The contributions from the prescission and
postscission emissions, as well as the combined yield, are
drawn in Figs. 6 and 7 by using the same convention as in
Fig. 2. One can clearly see that the yield additional to
that originating from the pre- and postscission emissions
is moved from the direction perpendicular to the scission
axis (¢,=90°) toward the lighter fragment: For
M,/M =0.6-0.7 the additional yield is located above
¥, =90° (at 1, =100°-115°), and for M, /M =0.3-0.4 it
is moved below 1;=90°. This effect clearly indicates the
emission of the a particles from the neck region. Because
of the stronger Coulomb repulsion from the heavy frag-
ment, the trajectories of the a particles deviate from
1;=90° and are inclined toward the side of the light frag-
ment.

The results of our analysis are summarized in Table 1.
Presented are angle-integrated a multiplicities for the
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FIG. 6. Same as Fig. 2, except for asymmetric fission
(M,/M =0.3-0.4), i.e.,, with lighter fragments detected in
detector 1.

prefission, postfission, and near-scission emissions for
both symmetric and asymmetric fission. Extrapolations
outside the fission plane were based on the out-of-plane
measurements which showed a strong in-plane focusing
for the prefission and postfission emissions and almost no
dependence on the out-of-plane angle for the near-
scission component.

Contrary to the differential distributions presented in
Figs. 2—7, in which the a multiplicities have been calcu-
lated per one fission event indiscriminately of the mass
ratio of the fission fragments (in order to illustrate rela-
tive yields of a particles), the angle-integrated multiplici-
ties listed in Table I are related to the number of fission
events within the actual gate imposed on the mass ratio.

IV. DISCUSSION AND CONCLUSIONS

The results presented in Table I should be compared
with the existing fragmentary information on ternary
fission induced by heavy ions. Sowinski et al. [5]
presented a compilation of the existing results, showing a
systematic trend of the increasing near-scission a multi-
plicity with the increasing excitation energy of the com-
posite system in the range from about 0.002 for spontane-
ous fission and low-energy proton-induced fission
(E*<50 MeV) to about 0.01 for heavy-ion-induced
fission at excitation energies E * =200 MeV. More recent
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FIG. 7. Same as Fig. 2, except for asymmetric fission
(M,/M =0.6-0.7), i.e., with heavier fragments detected in
detector 1.

results reported by Lindl et al. [6] also show the fast in-
crease of the near-scission a multiplicity with the increas-
ing excitation energy of the composite system (in the
range between E* =100 and 200 MeV). With the excep-
tion of a very small value of the near-scission a multipli-
city at E*=100 MeV (M,=0.0007), their results are
consistent with the systematics [5].

The result of our measurement of the near-scission a
multiplicity for the *“*Ar + 2¥2Th system (E*=183
MeV), M, (NSE)=0.035, is well above some other data

TABLE 1. Angle-integrated a-particle multiplicities for
prefission, near-scission, and postfission emissions, M(pre),
M(NSE), and M(post), respectively, given separately for sym-
metric and asymmetric fission. The errors in the multiplicities
are due to uncertainties of the decomposition via the three-
source calculation and the statistics.

Symmetric fission Asymmetric fission

M(pre) 0.17+0.03 0.22+0.05

M(NSE) 0.03540.010 0.03240.015

M(post) 0.09+0.02 0.06+0.03?
0.10%0.03°

#Light fragment.
*Heavy fragment.



48 SYMMETRIC AND ASYMMETRIC TERNARY FISSION OF HOT NUCLEI 233

for the same range of excitation energies, generated how-
ever in much lighter composite systems [4,6]. It therefore
seems that the formation of a highly charged composite
system (Z =108) does increase the probability of the
NSE mechanism. It should be noted here that a strong
dependence of the a multiplicity on the fissility parame-
ter Z2/ A is a well-known feature of ternary fission at low
excitation energies [8].

As pointed out before, the possibility of measuring in
the present experiment the emission of a particles as a
function of the mass asymmetry of the fission fragments
helped to unambiguously identify the near-scission emis-
sion mechanism. Moreover, the angle-integrated a-
particle multiplicities for prefission, near-scission, and
postfission emissions determined separately for sym-
metric and asymmetric fission (Table I) constrain reaction
mechanisms. For instance, the values of the prefission o
multiplicities seem to indicate, contrary to the suggestion
in Ref. [3], that asymmetric fission is not faster than sym-
metric fission. The measured prefission o multiplicity for
asymmetric fission (0.221+0.05) is slightly larger than
that for symmetric fission (0.1710.03), suggesting even a
longer time of the asymmetric fission, although the
difference is not significant due to large statistical errors.

The determination of the near-scission a multiplicities
separately for symmetric and asymmetric fission (found
to be about equal; see Table I), gives an additional in-
dependent argument in support of the conclusion that
symmetric and asymmetric fission occur in approximately
the same time. If asymmetric fission proceeded faster,
the system would remain hotter in the near-scission
configuration and one would expect more a particles
emitted at that stage. In this argumentation we implicit-
ly assume that the near-scission emission of a particles is
evaporative in nature and thus depends on the available
excitation energy, level density, etc., as in the standard
statistical decay mechanism.

The concept of an evaporative nature of NSE has been
put forward by Lindl et al. [6] on the basis of the ob-
served scaling of the NSE multiplicities at different exci-
tation energies with the prescission and postscission mul-
tiplicities. This concept invokes [6] a Coulomb-field-
induced modulation of the evaporation barriers while the
fragments are in close contact. Because of this effect,
charged particles are evaporated preferentially in direc-
tions approximately perpendicular to the scission axis.
The Coulomb focusing additionally enhances the effect of
the sideward emission from the near-scission
configurations.

Lindl et al. [6] pointed out that it is irrelevant, in a
sense, whether to attribute the near-scission emission to
the statistical emission from a strongly deformed compos-
ite system in its latest stage or from just separated frag-
ments that are still in close proximity. However, as a
matter of fact, the data on the near-scission emission car-
ry very interesting information on the dynamics of
fission. Consequently, the question of the origin and the
emission time of the NSE particles can be attempted to
be answered by carrying out time-dependent statistical-
model calculations.

The time-dependent calculations have been done with a

Monte Carlo statistical code SEQ [16]. The code has been
modified in such a way that the mean lifetime corre-
sponding to the total decay width, 7=7%/T,, was calcu-
lated from the Weisskopf formula at each decay step. The
decay time was then determined by sampling the corre-
sponding distribution. In this way the time sequence
along each Monte Carlo branch was obtained, and by
averaging over all events the particle multiplicities as a
function of time were determined.

Assuming the postscission scenario for the NSE o par-
ticles, one can relate the M(NSE) and M(post) multiplici-
ties by

! 00
MONSE)=M(post) [ "Myt [ [ “Mpp(vde . @

where M ,(t) is the a-decay rate of a single fission frag-
ment and ¢, is an effective time after which the fragments
recede so far that the proximity effects influencing the
near-scission emission vanish. (Here ¢t =0 is taken to be
the time of scission.) From a calculation with the code
SEQ, we found that the time ¢, needed to explain the NSE
component in terms of the postscission emission alone is
about 1.8X1072! 5. (According to the systematics of
Hinde et al. [17], the initial excitation energy of the
fission fragments was assumed to be 70 MeV per frag-
ment.) It is easy to check that during the time
to=1.8X107%! s the fragments will move from scission
(r=19 fm) to a relative distance r =41 fm. However, the
proximity effects must practically vanish already at
smaller distances. Therefore we cannot attribute the
NSE effect entirely to the postscission emission from
separated fragments. It is reasonable to assume that the
Coulomb-field-induced modulation of the evaporation
barriers [6] and Coulomb focusing of a-particle trajec-
tories give a visible effect while the fragments move from
scission not further than for about 10 fm, i.e., up to a rel-
ative distance r=29 fm. This takes a time
to=1.1X10"%' 5. From Eq. (2) we find then that the
postscission emission may account for about 65% of the
observed magnitude of M(NSE).

We also checked to what extent the alternative process,
i.e., the prescission emission, may contribute to the NSE
a-particle multiplicity. In this scenario the relative mag-
nitudes M(NSE) and M(pre) sensitively depend on the dy-
namics of fission, specifically on the total fission time 7,
(from the formation of the composite system to scission)
and the time 7ygg during which the system passes via
strongly elongated shapes just before scission. The rela-
tion between the M(NSE) and M(pre) multiplicities can be
written as

M(NSE)
T TfTTNSE
=M M tdt/ Mog(t)dt
(pre)fff_TNSE st [ [ cs
(3)

where M 4(?) is the a-decay rate of the composite system
that can be calculated with the program sgQ [16]. It is
now well established that fission as a collective decay
mode is rather slow (see, e.g., Refs. [18,17]), and therefore
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at high excitation energies it cannot compete with fast
statistical emission of neutrons and light charged parti-
cles. Therefore calculations of Mg(t) were done with
complete suppression of fission. The systematics of the
prescission neutron multiplicities v, of Hinde et al. [19]
were used as a ‘““calibration clock” in the calculation. For
Vpre =9 our calculation with the program SEQ gave the
fission time 7,=6.8X 1072 s assuming an initial excita-
tion energy of the composite system E*=E__
+ Q(fusion) =183 MeV, increases gradually at the final
stage preceding scission by an amount of energy E j
that is dissipated on the descent from saddle to scission.
The value of E ;,, was estimated from the one-body dissi-
pation model of Blocki et al. [20]. Depending on the an-
gular momentum, E 4 predicted by the model [20] varies
from 30 to 60 MeV for typical fusion trajectories leading
to symmetric fission. An average value E g ,=40 MeV
was used in the calculation. The time dependence of the
E 4 generation, predicted by the dynamical model [20],
was implemented into the program SEQ in such a way
that the time of scission predicted by the model [20] was
matched with the statistical decay time in SEQ corre-
sponding to our calibration mark v, =9.

It should be noted here that the statistical model calcu-
lations are very sensitive to the timing of the “injection”
of the additional energy E . For example, if E 4 is as-
sumed to be available already at the start of the calcula-
tion (as it was assumed in similar statistical-model calcu-
lations with the code JULIAN reported by Hinde et al.
(17]), the multiplicity v, =9 is reached much faster, and
so the fission time deduced in such a way is shorter,
7;=3.0X107%%s. Our result with the generation of E g
in the latest stage of fission (7,=6.8X107% s for
Vpre=9) only slightly differs from the calculation without
inclusion of E g at all, 1'f=7.2><10’20 s for v,..=9.
Therefore we conclude that the fission times deduced
from the calculations with the code JULIAN [17] (in which
E ;. is available from the very beginning) may be un-
derestimated.

For the value of 7,=6.8 X107 s (deduced from the
calculation with the program SEQ), Eq. (3) gives an
effective time of the near-scission emission 7Tyngg
=4.3X10"% s, provided that M(NSE) is entirely attri-
buted to the emission prior to scission. In order to judge
the meaning of the deduced time scales, we performed
dynamical calculations with the one-body dissipation
model of Blocki et al. [20] and extracted information on
the predicted evolution of shapes as a function of time.

In the model [20] a colliding system is considered in a
configuration space described by three parameters: a rel-
ative distance parameter p=r/(R;+R,), a dimension-
less parameter A, being a measure of the degree of open-
ing of the neck through which the fragments communi-
cate, and a parameter A=(R;—R,)/(R;+R,), account-
ing for the asymmetry of the system. From the calcula-
tions we inferred that the time 7yg=4.3 X 10720 s [deter-
mined by assuming that M(NSE) is entirely due to the
prescission emission] is definitely too long. For sym-
metric divisions (A=0), it spans from a position in the
configuration space p=0.32 and A=1.65 to scission

(p=2.14, A=0.53). It is easy to check that in the start-
ing point of this time interval the composite system still
remains in the mononuclear regime. Following definitions
of Blocki and Swiatecki [21], one can take as a limit of
mononuclear shapes a “capped cylinder” or, for asym-
metric divisions, a “capped cone” shape characterized by
a 100% opening of the neck, a=[1—p(1—A)]/(1—A?).
In the deduced starting configuration (p=0.32, A=1.65,
A=0), the opening is very large, a=121%, the neck re-
gion still remains convex, and consequently the a parti-
cles emitted at that stage cannot show features of NSE.

Similarly as in the case of the postscission interpreta-
tion of the NSE effect, we estimate a probable contribu-
tion of the prescission emission to the observed value of
M(NSE). We assume that the NSE effect can be clearly
seen only for elongated dinuclear shapes with a well-
developed concave neck between the fragments, say, for
shapes with an opening @ <75%. For this criterion the
dynamics calculation [20] gives 7ngg=0.6X1072° s, By
using then the code SEQ, we find from Eq. (3) that about
40% of the observed NSE effect can be attributed to the
prescission emission. It should be emphasized that also
this result sensitively depends on the timing of E . Be-
cause of the generation of E; at the last stage of fission,
the calculation predicts a significant increase of the «
emission at that stage. This indicates that the magnitude
of E g4 is one of the key factors determining the NSE
effect.

Summarizing the discussion on the time scale and se-
quence of events in the near-scission emission, we con-
clude that the measured intensities of the near-scission as
well as pre- and postscission emissions of a particles are
consistent with the interpretation of the NSE component
in terms of standard statistical evaporation. The time-
dependent statistical-model calculations show that the
magnitude of the near-scission multiplicity M(NSE) is
well explained as a combined effect of the evaporation
during the descent of the composite system to scission
and the evaporation from separated fragments immedi-
ately after scission. The calculations suggest that contri-
butions of the two processes have comparable magni-
tudes. Since the predicted rates of the evaporation pro-
cesses practically exhaust the whole NSE effect, there is
no necessity to postulate the existence of an additional
nonevaporative mechanism acting during scission, e.g., a
snapping of the neck shortly after scission proposed by
Halpern [22], as an explanation of ternary fission at low
excitation energies.

As pointed out by Lindl et al. [6], staying on the
grounds of the evaporative mechanism, the strong con-
centration of NSE in directions perpendicular to the scis-
sion axis cannot be explained entirely in terms of three-
body Coulomb trajectory calculations with an assumed
isotropic emission of a particles from the fragments. It is
necessary to assume [6] a Coulomb-field-induced modula-
tion of the evaporation barriers when the fragments are
in close proximity. Our analysis, confirming the evapora-
tive nature of the NSE, indirectly supports the concept of
the barrier modulation.

Finally, it should be emphasized that the measured
prescission evaporation multiplicities combined with
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time-dependent statistical-model calculations give a time
scale of the fusion-fission process that is consistent with
predictions of classical dynamical calculations based on
the one-body dissipation model [20]. In both approaches
fission of the hot composite systems turns out to be rather
slow: It lasts about 5—7 units of 1072° s and therefore
during that time cannot compete with evaporation of
light particles. Measurements of the near-scission emis-
sion allow us, additionally, to deduce information on the
time scale of fission in its final stage, starting from a mo-
ment when a dinuclear system (with a concave neck) is
formed. Our results indicate that this time scale is in the
range from 5X1072! to 8 X107 2! s, which is consistent
with predictions of the one-body dissipation model [20],

and show that the kinetic energy generated during the
descent to scission is damped almost completely.
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