
PHYSICAL REVIEW C VOLUME 49, NUMBER 2 FEBRUARY 1994

Prescission and postscission charged particle emissions from the ' F+"Tb reaction
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Prescission and postscission multiplicities of protons and a particles are measured in the "F+"Tb
reaction. The observed prescission multiplicities are enhanced compared to statistical model predictions
and the presaddle delay time of around 0.5X10 sec is needed to reproduce both prescission proton
and a particle multiplicities. This value is too small to account for the prescission neutron data mea-

sured by Newton et al. , suggesting a long saddle-to-scission time. The measured postscission multiplici-
ties of protons and a particles indicate that 6ssion fragments are rather colder than the statistical model

predictions, but slightly hotter than the estimation from the obseved prescission and postscission neu-

tron multiplicities.

PACS number(s): 24.75.+i

I. INTRODUCTION

Time scales in the fission process are one of the most
important quantities in studying nuclear viscosity. Since
fission is a dynamical motion of a viscous nucleus, a finite
time is needed for a fissioning nucleus to reach a scission
configuration. During this time scale, which is called a
fission delay time, neutrons, protons, and a particles can
be emitted. Hinde et al. [1] have determined the fission
delay time of (3.5+1.5}X10 from an excess of mea-
sured prescission neutrons relative to statistical-model
predictions. This long time scale indicates that fission is
characterized as a overdamped motion [2-9]. In connec-
tion to this, we have previously reported measurements
of prescission multiplicities of protons and a particles
from the compound nuclei Pb, ' Fr, ' Ra, Np, and

Cm [10]. Contrary to the expectation, the observed
prescission multiplicities of charged particles agreed rath-
er well with statistical-model predictions without taking
into account the fission delay time. In order to explain
both results consistently, we have concluded [10] that
charged particles, especially a particles, are predom-
inantly emitted from highly excited nucleus at an initial
stage of the fission process before saddle, while neutrons
may be emitted from the saddle-to-scission region as well
as the presaddle region. Thus the disagreement of the
neutron and charged particle results was ascribed to addi-
tional emissions of neutrons from the saddle-to-scission
region. This conclusion is qualitatively similar to the one
obtained by Lestone et al. [11];that is, it is not possible
to obtain fits to neutron, proton, and a particle multipli-
cities using only a presaddle delay to fission. A relatively
short presaddle delay (~1.0X10 sec) and a long
saddle-to-scission time of S X 10 sec are needed to ob-
tain good fits to those multiplicities in their analysis.

In the present paper, we report the measurement of
prescission and postscission proton and a particle multi-
plicities in the ' F+' Tb reaction where the compound

nucleus ' W is formed. The emphasis is that the prescis-
sion charged particle multiplicities in the ' W are so sen-
sitive to the presaddle delay time that the presaddle delay
time is definitely determined. In addition, according to
the rotating liquid drop model [12], the nucleus '7sW

whose fissility x is 0.637 has a saddle point shape close to
its scission configuration compared to the heavier nuclei
previously studied (x =0.7—0.82). This means that the
saddle-to-scission path length is rather shorter than the
ones for the heavy nuclei. On the other hand, it has been
reported that the fission delay times deduced from the
measured prescission and postscission neutron multiplici-
ties are rather independent from the fissility of nucleus
[6]. We examined this issue by measuring the postscis-
sion charged particle multiplicities which depend on the
excitation energy of fission fragments and thus the num-
ber of prescission neutrons. We also reanalyzed the pre-
vious data [10] by using the new level density parameters
calculated by the formula proposed by Toke and
Swiatecki [13] and examined the dependence of the pres-
cission multiplicities of charged particles on the com-
pound nucleus fissility.

II. EXPERIMENTAL METHOD

The compound nucleus ' W was produced in the
' F+' Tb reaction using ' F beams from the JAERI
tandem accelerator. A self-supporting ' Tb target of
1.03 mg/cm thickness was used, and the bombarding en-

ergy was varied from 124.1 to 159.1 MeV to obtain the
excitation function of charged particle multiplicity. Pro-
tons and a particles were measured by six hE-E counter
telescopes. Each counter telescope consists of a thin sil-

icon surface barrier detector (b,E} of 30 pm thickness
and a thick silicon surface barrier detector (E) of 2000
pm thickness. These counter telescopes were placed at
the backward angles 8= 110 and 14S with respect to the
beam direction. This is because charged particles mea-
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sured at the backward angles are predominantly those
evaporated statistically from the excited nucleus ' W. In
order to measure the out-of-plane angular distributions of
charged particles, four counter telescopes at 8=110'were
placed at the in-plane (yL =90 ) and at the out-of-plane
angles yL =65, 40, and 15 and two counter telescopes
at 8=145' were placed at yL =78 and 62'. Here the
out-of-plane angle is defined as the angle between the nor-
mal to the reaction plane and the particle emission direc-
tions. The solid angles of these counter telescopes were
6.8 msr. As shown in [10], emission sources of charged
particles in the fission process are easily identified by
placing the light particle counters perpendicular to the
fission direction. Thus all light particle counters were
placed on the positions perpendicular to the fission direc-
tion. Protons and a particles were measured in coin-
cidence with both fission fragments. The energies of pro-
tons and a particles were calibrated by using the a parti-
cle energy of 5.486 MeV from an 'Am source and a pre-
cision pulser.

Both fission fragments were measured in kinematical
coincidence with each other by a silicon surface barrier
detector of 60 pm thickness with a large solid angle
(0=58 msr) and a position sensitive avalanche detector
(10 cmX10 cm) with the opening angle of 22'. The sil-
icon surface barrier detector was placed at 0= —115,
and the position sensitive avalanche counter was placed
at 8=37 —40 depending on the bombarding energy. The
negative sign in angle means the opposite side of the
hE-E counter telescopes with respect to the beam direc-
tion. The position sensitive avalanche counter consists of
two sets (corresponding to X and F position measure-
ments) of a parallel-plate avalanche counter; each con-
sists of an aluminized thin polyester foil (70 pg/cm ) and
a wire frame on which gold plated tangustem wires (10
pm diameter) are stretched at intervals of 2 mm. The an-
gle resolution of this detector was 0.2'.

The folding angle between the emission directions of
both fission fragments was measured to confirm the com-
plete momentum transfer fusion followed by fission at
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FIG. 1. Typical energy spec-
tra of protons and a particles
measured in coincidence with
fission fragments in the
' F+ ' Tb reactions with a bom-
barding energy of 159.1 MeV.
The in-plane and out-of-plane
angles of the charged particle
counters in the laboratory sys-
tem are denoted as e and P,
where P =90'—pL (see text).
The calculated energy spectra of
protons and a particles emitted
from the compound nucleus
(CE) and fission fragments (FE)
are shown as the dashed and
dot-dashed lines, respectively.
The sums of the two components
are shown as the solid lines.
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each bombarding energy. All measured folding angles
agreed with the predicted angles by assuming the com-
plete momentum transfer within the experimental error.

III. KXPKRIMENTAL RESULTS

Typical energy spectra of protons and a particles mea-
sured in coincidence with fission fragments are shown in
Fig. 1. The ordinate is a differential multiplicity of an
emitted particle,

d M d +coin

dE~d Qp dEpd QId Qp

d rrI

dQ~

where do&/dQ& is the differential cross section of the
fission fragments at the angle where the fission fragments
were measured in the coincidence measurements and E
and 0 the laboratory energy and the solid angle of a
charged particle, respectively. The low energy threshold
of about 5 MeV in the a particle spectra comes from the
maximum energy of a particles which stop in the AE
detectors and consequently the particle identification was
impossible below this energy. The high energy threshold
of about 17 MeV in the proton spectra comes from the
minimum energy of protons which pass through the E
detectors, because of the insufficient thickness of the E
counters to stop high energy protons.

Each coincidence energy spectrum consists of two
main components, that is, the component (CE) emitted
from the compound nucleus prior to fission and the one
(FE) emitted from fully accelerated fission fragments.
The low energy peaks observed in the a particle spectra
correspond to the FE and the high energy peaks corre-
spond to the CE. These CE and FE components are not
clearly separated in the proton energy spectra, because
the emission barrier heights for protons from the com-
pounds nucleus and those from the fission fragments are
not sufficiently enough different from each other. The
near scission emission component, which has been ob-
served in fission of heavy compound nuclei [11,14], was
not evident in the present reactions.

In order to obtain the multiplicities of the CE and FE
components, the measured spectra were fitted by the CE
and FE spectra calculated by the statistical model using
the code FAcE2 [15]. Since the calculations and fitting
procedure are the same as those written in [10],only im-

portant points for the present analysis are shown here.
The observed CE components were fitted by the calcula-
tions in which the particle emission barrier heights were
reduced by the amount of 2.0 MeV for a particles and
1.25 MeV for protons from the optical-model potentials
of Huizenga and Iga [16] and Percy and Percy [17], re-
spectively. As shown in [10], the FE components were
calculated by reducing the particle emission barrier
heights by the amount of 0.5 MeV for a particles and
0.25 MeV for protons from these optical-model poten-
tials. Absolute values of the calculated CE spectra were
normalized to the observed CE components at each an-
gle. The calculated FE spectra, which were the sum of
emissions from two fission fragments, were fitted by ad-
justing a normalization constant to the observed FE com-
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FIG. 2. Out-of-plane angular distributions of prescission pro-
tons and a particles measured in the ' F+' Tb reactions. The
laboratory bombarding energies are shown for each angular dis-

tribution. y is the out-of-plane angle defined in the center-of-
mass system.

ponents at all angles. The calculated spectra fitted to the
observed spectra are shown in Fig. 1 as dashed lines for
the CE and dot-dashed lines for the FE. The sum of the
two components is shown as solid lines. The proton and
a particle spectra measured at several in-plane and out-
of-plane angles are well reproduced by the calculated
spectra.

The CE and FE components thus obtained were in-
tegrated in energy at each angle. The CE components are
shown in Fig. 2 as a function of the out-of-plane angle y
which is defined in the center-of-mass system. The out-
of-plane angular distributions were fitted by the function

W(y) = Woexp(Pepsin y),
where P2 and Wo are fitting parameters. The prescission
multiplicities for protons and a particles were obtained
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tons and a particles discussed in Sec. III were used in the
present calculations. The emission barrier heights for
protons and a particles from the heavier systems are
given in [10].

The level density parameter a„was estimated using the
formula proposed by Toke and Swiatecki [13]. The ratio
a&/a„of the level density parameters of the saddle point
deformation to the ground state deformation is a sensitive
quantity to the calculated multiplicity. Although the ra-
tio and fission barrier height B& have been extensively
studied [18-20], it is experimentally rather difficult to
determine these quantities separately. This is because the
two quantities are strongly correlated in the competition
of the particle emission and the fission decay which deter-
mine the fission and evaporation residue cross sections
and also the prescission particle multiplicity. Among
these, the precision neutron multiplicity is less sensitive
to Bf and then Ward et al. [21] could deterinine experi-
mentally the ratio af /a„ to be 1.02+0.02 in the
'9F+' 'Ta reaction. Toke and Swiatecki proposed the
formula to calculate the level density parameter by taking
into account the surface difFuseness of nuclear density
distribution. Their calculations show that the ratio

by integrating the out-of-plane angular distributions of
the CE. The energy integrated FE components were
found to be rather isotropic in the rest frame of the
fission fragment. The postscission multiplicities for pro-
tons and a particles were obtained by multiplying the en-
ergy integrated PE, components by 4~.

IV. DISCUSSION

A. Prescission multiplicities

Measured prescission multiplicities M for protons and
M for a particles are plotted as a function of the com-
pound nucleus excitation energy U in Figs. 3 and 4, to-
gether with the data obtained for the heavier compound
nuclei [10]. The definition of U is the same as those writ-
ten in [10]. These data were compared to the statistical-
model calculations. Emissions of neutrons, protons, a
particles, and y rays from excited nucleus and the fission
competition were taken into account using the
statistical-model code PAcE2. The transmission
coefBcients for neutron, proton, and a particle emissions
were calculated using the optical-model potential of [16]
and [17]. The modified emission barrier heights for pro-
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af/a„ is normally greater than unity and approaches to
unity when nucleus becomes heavy, that is,
(af/a„)„i=1.13 for ' W and 1.03 for Cm.

The calculated results assuming various values of
af /a„are shown in Figs. 3 and 4 as solid lines. Here the
fission barrier heights were estimated as Bf=kBR„RM,
where BRFRM is a value calculated by the rotating finite
range model [22] and k an adjustable parameter to repro-
duce the observed fission and evaporation-residue cross
sections. The parameters k for the heavy nuclei except

W are shown in [10] together with the diffuseness pa-
rameter of the entrance channel angular momentum. In
the case of ' W, k were varied from 0.92 to 1.27 depend-
ing on the value of af /a„of 1.00—1.10 to reproduce the
observed fission and evaporation-residue cross sections of
[23]. The diff'useness parameter of the entrance channel
angular momentum was fixed to 4. 2A'.

1. Nucleus ' 8'

The prescission multiplicities of protons and a parti-
cles measured at the low excitation energy U=90 MeV
are we11 reproduced by the calculation with

af /a„=1.08 —l. 10, while these calculations fail to repro-
duce the high energy data measured at U=120 MeV. On
the other hand, the calculation with af /a„= 1.00, which
agrees with the data at U=120 MeV, overestimates con-
siderably the multiplicity at the low excitation energy. If
the value of af/a„decreases from 1.10 to 1.00 as U in-

creases, the observed multiplicities would be reproduced
by the statistical-model calculation. This is, in principle,
possible. Since the angular momentum L contributing to
fission increases as U, the saddle point shape becomes
more compact than the one with L =0. This makes the
correction for af smaller at large L due to the decrease of
the surface area [13]. Therefore the value af/a„de-
creases towards unity as U increases. Using the saddle
point shape calculated by the rotating liquid drop model
[12] and also the prescription of Bishop et al. [24], the
ratio af /a„ in the case of ' W decreases slowly as L in-

creases up to 78% and then rapidly comes close to unity
near L =81%, where the fission barrier vanishes. On the

other hand, the present statistical-model calculation
shows that the average angular momentum contributing
to the prescission particle emission slightly increases
from 61k' to 65% as U increases from 90 to 120 MeV.
This means that the ratio af /a„ is almost constant in the
present excitation energy region ( U =90—120 MeV).

After the compound nucleus is formed, the fission
width at the saddle point increases from zero to an equi-
librium value. This transient time during which the
fission width reaches to the equilibrium value at the sad-
dle point is called presaddle delay time. In the present
work, we distinguish the presaddle delay time from the
fission delay time, which is defined as the sum of the
presaddle delay time and a saddle-to-scission time. Since
the fission probability is still small during the presaddle
delay time, emissions of neutrons, protons, and a parti-
cles are enhanced and become important at the high exci-
tation energies where the particle decay time (essentially
equal to the neutron decay time R/I „ for the present
heavy nuclei} becomes comparable to the presaddle delay
time v.. Consequently, the statistical-model calculation
without taking into account the presaddle delay time may
fail to predict the multiplicities at high excitation ener-
gies. It was found that from the prescission neutron mea-
surement the fission dynamics becomes relatively impor-
tant at U~90 MeV in the the Ne+' ONd reaction [2],
where the compound nucleus ' Yb close to the present
reaction system is formed. This means that the
statistical-model calculation without the presaddle delay
time is valid below 90 MeV, indicating that the values
1.08—1.10 for the ratio af/a„are adequate in the ' W
case. These values are also consistent with the experi-
mental result (af /a„= l.03+0 c3 ) obtained in the
' 'Pr+ Cl reaction [18] (compound nucleus ' Os}. In
the present calculations we adopted af /a„= 1.08-1.10.

As shown in Figs. 3 and 4, the calculations with
af/a„=1.08 —1.10 underestimate considerably the pres-
cission multiplicities for both protons and also a particles
at U~100 MeV. We can extract the presaddle delay
time from the present data by assuming the whole ob-
served excess multiplicities over the calculated ones are
caused by the suppression of the fission probability at an
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initial stage of the fission process. For this purpose, the
statistical model code FAcE2 was modified so as to in-
clude the presaddle delay time ~. The fission decay width
was taken to be zero up to time r and the full statistical-
model value for longer times (sharp cutoff approxima-
tion), and only neutrans, protons, a particles, and y rays
were considered as allowed decay modes during this time

period.
The calculated results with ~=0.5X10 sec are

shown in Fig. 5 for protons and Fig. 6 for a particles,
where af/a„=1. 10 was assumed. The calculated multi-
plicities increase rapidly at U 90 MeV. By increasing v.

mare than 0.5 X 10 ~ sec, the calculated proton multipli-
city comes close to the data U=120 MeV, while the cal-
culations for the a particle multiplicity overestimate at
U=120 MeV. The calculations with af/a„=1. 08 give
almost the same result as those with af/a„=1. 10. As
shown in Figs. 3 and 4, the suppression of the fission
probability gives rise to an enormous enhancement of M
and M in the present reaction system. This is a charac-
teristic feature observed in the ' W. On the other hand,
the enhancement of charged particle emissions due to the
suppression of the fission probability is smaller for
heavier compound nuclei as shown later.

The present analysis for the ' W shows that the
presaddle delay time of around 0.5 X 10 sec is needed
to reproduce the observed prescission multiplicities of
protons and a particles. The calculated prescission neu-
tron multiplicities with ~=0 and 0.5X10 sec and
af/a„=1. 10 were compared to the data measured by
Newton et al. [25] in the same reaction system as the
present case. As shown in Fig. 7(c), the calculated results
considerably underestimate the data. This inconsistency
is a common feature observed in comparison of the pres-
cission neutron data and charged particle data. As point-
ed out by Lestone et al. [11]and also in [10],prescission
charged particles, especially a particles, are predom-
inantly emitted before saddle. This is consistent with the
statistical-model prediction, which shows that the most
of charged particles tend to be emitted at the first chance
without preceding neutron emissions and are unlikely to
be emitted from the states with low excitation energies

after several neutrons are emitted. On the other hand,
the prescission neutrons which are the dominant decay
mode can be emitted throughout the whole fission path,
and thus a saddle-to-scission time in addition to the
presaddle delay time is needed to account for the prescis-
sion neutron data.
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2. Nuclei Pb, Fr, Ra, Np, and Cm

We previously reported the measurements of the pres-
cission multiplicities for protons and a particles from the
compound nuclei Pb, ' Fr, ' Ra, Np, and Cm
[10]. It is worthy to compare those data with the present
data in order to clarify the dependence of prescission
charged particle multiplicities on the fissility of nucleus.
The level density parameters were estimated by the for-
mula of [13] instead of a = A /10, which was used previ-
ously. The new value was A/8. 5 for the Pb. This
modification caused about 30% reductions of the calcu-
lated multiplicity.

The statistical-model calculations without the presad-
dle delay time are shown in Figs. 3 and 4 as solid lines.
The ratio af /a„of 1.02+0.02, which is the experimental
value obtained by Ward et al. [21], was used for the

Pb, and for the other nuclei the ratio was varied
around unity. The calculated results are the same as
those previously reported except for the overall reduction
of about 30'%//. Although the calculated results fairly
agree with the observed data for all compound nuclei
studied, a small discrepancy with the data exists. For in-
stance, the calculation with af/a„=1. 02 in the Pb
agrees with the a particle data well, but the agreement
with the proton data is worse. If af/a„=l. 04 is as-

sumed, the agreement with the low energy data becomes
better, but the calculation underestimates the multiplici-
ties of protons and a particles at high excitation energies.
This is the similar situation we met in the nucleus ' W,
but the extent of the disagreement is smaller for the

Pb. The calculations including the presaddle delay
time of 0.5 X 10 sec are shown in Figs. 5 and 6, where
af/a„=1.04 is assumed. The agreement with the data
for the Pb becomes better. Thus the data for the Pb
are equally well reproduced by the calculations with

af/a„=1. 02 and v=0 and also the calculations with

af/a„=1.04 and v=0. 5X10 sec. This means that
the presaddle delay time of around 0.5 X 10 sec is not
inconsistent with the data for the Pb.

The observed multiplicities for a particles from the nu-

clei ' Fr, ' Ra, Np, and Cm are well reproduced by
the calculations without any presaddle delay time as
shown in Fig. 4. There is no definite evidence for the
enhancement of the observed multiplicities over the
statistical-model calculations, where af /a„= 1.00 was as-

sumed for the nuclei ' Fr, '6Ra, and Np and
af/a„=0. 98 for the Cm. On the other hand, the same

calculations always somewhat underestimate the ob-
served multiplicities for protons at high excitation ener-
gies as shown in Fig. 3. The low energy proton data at
U —SO MeV for the ' Fr, for instance, are reproduced by
the calculation with af/a„=1. 02 as we11 as those with

af /a„=1.00, but the high energy data are always larger
than both calculated results. Some enhancements at high
excitation energies also exist in the proton data for ' Ra,

Np and Cm. If these enhancement are caused by the
suppression of the fission probability during the presaddle
delay time, the upper limit of the presaddle delay time
could be estimated from the present data. In order to
deduce the upper 1imit, we assumed af/a„=1. 02 for

' Fr, ' Ra, and Np and af/a„=1.00 for ~ Cm. The
calculated results with the various presaddle delay times
are shown in Fig. 5 for protons, and for reference, the
calculated results for u particles are shown in Fig. 6. The
upper limit of the presaddle delay time was around
(0.5 —l. 5) X 10 sec.

It is noted that the estimated upper limit strongly de-
pends on the value of the ratio af/a„. The ratio should
be determined so as to reproduce the data measured at
the low excitation energy where the fission delay time is
negligible compared to the statistical model value of the
fission decay time (fi/I f). The number of the data
points at low energy proton data is not suScient to deter-
mine the value of the ratio. Thus the deduced value for
the upper limit reflects greatly the uncertainty of the ra-
tio af /a„.

B. Post scission multiplicities

Measured postscission multiplicities of protons and a
particles are plotted in Figs. 7(a) and 7(b), respectively.
These multiplicities increase slowly as a function of U in
contrast with the prescission charged particle multiplici-
ties shown in Figs. 3 and 4. Since the postscission particle
multiplicities stronlgy depend on the excitation energy of
fission fragments, the present result indicates that the ex-
citation energies of fission fragments also increase slowly
as U. This energy dependence is similar to that of the
postscission neutron multiplicity measured by Newton et
al. [25] in the same reaction system as the present one.
A slow increase of the prescission neutron multiplicity
which are plotted in Fig. 7(d) indicates that the excitation
energies of fission fragments are almost constant.

In order to investigate the e6'ect of the fission delay
time on the postscission particle multiplicities, the eva-
porations of neutrons, protons, and a particles from ex-
cited fission fragments were calculated by estimating the
fragment excitation energy individually from the
statistical-model calculation and the measured prescis-
sion neutron multiplicity. The excitation energies E& and

Ez of fission fragments were estimated by using the exci-
tation energy U& of the final daughter nuclei just before
fission and the total kinetic energy ETKE predicted by
Viola, Kwiatkowski, and Walker [26] as follows:

Ei+Ez U~+& ETKE- —

Q=Mq —M, —Mi,
where M&, M „and Mz are the mass excesses of the
daughter nucleus and two fission fragments. In general,
the excitation energy U& is distributed reflecting the
number of the prescission neutrons. This energy distri-
bution of U& was taken into account in the present calcu-
lation. The neutron to proton ratio N/Z of fission frag-
ment was assumed to be the same as the daughter nucleus
just before fission. Although the particle evaporations
from the symmetric mass fragments were, for simplicity,
calculated (M, =M~) at all excitation energy U, the cal-
culations taking into account the fragment mass distribu-
tion were also performed at the two energies of U=89
and 121.2 MeV. In this case the fragment mass distribu-
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tions were estimated from those measured in the
2S+' Sm reactions [27], which produce the compound

nucleus ' Os close to the present compound nucleus
W. The calculations taking into account the realistic

fragment mass distributions gave the same results within
about 10%%uo as those calculated for the symmetric mass
fragments.

The calculated results without taking into account the
fission delay time are shown as solid lines in Figs. 7(a) and
7(b). The calculations considerably overestimate the
postscission multiplicities of protons and a particles at
U & 100 MeV. This is because the calculated prescission
neutron multiplicities (solid line) are considerably smaller
than the observed values as shown in Fig. 7(c), and thus
the excitation energies of fission fragments are overes-
timated. Since the number of the prescission neutrons
mainly limits the fragment excitation energy, the energy
can be determined by the calculation which reproduces
the prescission neutron multiplicity data. For this pur-
pose, the presaddle delay time was adjusted as a parame-
ter to reproduce the prescission neutron data. The large
presaddle delay time of ~=10X10 sec was needed to
get a good fit to the observed prescission neutron data
[see Fig. 7(c)]. This absolute value should be understood
as an effective value which include the saddle-to-scission
time. The calculated results underestimate the postscis-
sion multiplicities of protons and a particles, while the
postscission neutron multiplicities slightly overestimated
as shown in Fig. 7(d). This fact suggests that an average
fragment excitation energy for emissions of charged par-
ticles is larger than the one for emission of neutrons. The
reason of this is not clear. In the present calculations, the
fragment excitation energy distribution was estimated by
calculating the excitation energy distribution of the final
daughter nucleus just before fission. However, it is not
verified that the present calculation simulates properly
the true distribution of the prescission neutrons, because
only the average number of the prescission neutrons as
the measured prescission neutron multiplicity is repro-
duced by the present calculation, but the distribution it-
self is unknown. The distribution of the fragment excita-
tion energy is likely to account for this inconsistency.

The calculated results assuming ~=0.5X10 sec are
shown as dot-dashed lines. These calculations overesti-
mate the postscission multiplicities of protons and a par-
ticles, because the calculated prescission neutron multi-
plicity is too small and thus the fragment excitation ener-

gy is not properly estimated. This fact means that the
time scale probed by prescission charged particles and
the one probed by prescission neutrons are clearly
different and the later is longer than the former. The
present postscission charged particle data show that the
fission fragments are colder than the predictions without

taking into account the fission delay time and slightly
hotter than the value estimated from the prescission neu-
tron data. This fact, together with the short presaddle
delay time of around 0.5X10 sec, suggests that the
saddle-towcission time is so long that a fairly large
amount of the prescission neutrons are emitted even for
the light compound nucleus ' W whose saddle-to-
scission path length is expected to be short as shown in
[25].

V. SUMMARY AND CONCLUSIONS

The prescission and postscission multiplicities of pro-
tons and a particles were measured in the ' F+' Tb re-
actions. The observed prescission multiplicities of pro-
tons and a particles were enhanced compared to
statistical-model calculations, and the presaddle delay
time of around 0.5X10 2 sec was needed to reproduce
both prescission charged particle multiplicities. On the
other hand, this value was too small to account for the
prescission and postscission neutron multiplicities mea-
sured by Newton et al. [25], implying that a part of the
prescission neutrons is emitted from the saddle-to-
scission region. The prescission multiplicities of protons
and a particles previously measured in the heavy corn-
pound nuclei mPb, Fr, Ra, Np, and Cm [10]
were reanalyzed by using the level density parameters
proposed by Toke and Swiatecki. The data of protons and
a particles in the pb were consistent with the calcula-
tions with taking into account the presaddle delay time of
around 0.5 X 10 sec. Although the data for the nuclei

'Fr, ' Ra, Np, and Cm were consistent with the
statistical-model calculations without taking into account
the presaddle delay time, the present analysis gave the
upper limit of around (0.5 —1.5)X10 sec for the
presaddle delay time. The measured postscission multi-
plicities of protons and a particles indicate that fission
fragments are colder than the prediction without taking
into account the fission delay time, but slightly hotter
than the estimation from the observed prescission neu-
tron multiplicity. From the present measurements, we
conclude that in the light compound nucleus ' W, the
suppression of the fission probability at the initial stage of
the fission process affects very sensitively to the emission
probabilities of the prescission protons and a particles
and the presaddle delay of around 0.5 X 10 sec is need-
ed to reproduce the observed prescission multiplicities of
protons and a particles. This delay time is too short to
account for the prescission and postscission neutron mul-
tiplicity data, suggesting a long saddle-to-scission time
even for the light nucleus ' W whose saddle-to-scission
path is expected to be short.
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