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Prescission neutron emission in U(nth, f) through
fragment-neutron angular correlation studies
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Measurements of prompt neutron energy spectra and angular distributions from mass and kinetic
energy selected fission fragments were carried out in the thermal neutron fission of U. Neutron
energy was determined by the time-of-Bight technique and fission fragment energy and angle were
measured using a back-to-back gridded ionization chamber. The measured angular distributions of
neutrons emitted from fragment pairs of various mass and kinetic energy were compared with results
of Monte Carlo calculations assuming neutron emission from fully accelerated fragments to determine
the component of neutrons which may be emitted in the prescission stage. The calculations were
carried out using as inputs the measured center-of-mass neutron energy spectra and multiplicities and
assuming isotropic emission of neutrons in the center-of-mass frame of both the fission fragments, and
a three source fitting of the angular distributions was done to deduce the component of prescission
neutrons. The value of the prescission neutron multiplicity averaged over all fragment masses is
found to be 0.25+0.05 (about 10% of the total neutron multiplicity). The present results have been
discussed on the basis of the energy damping and time scale of the saddle to scission transition in
the thermal neutron induced fission process.

PACS number(s): 25.85.Ec, 21.60.Ka, 24.75.+i

I. INTRODUCTION

It is now well established that in low energy fission the
prompt neutrons are emitted primarily from fully accel-
erated &agments and are, therefore, strongly correlated
with the direction of motion of fission fragments as ex-
pected &om kinematic considerations. However, there
still remains the question whether a small fraction of
the neutrons is emitted in the prescission stage during
saddle to scission transition. These neutrons will have
nearly isotropic angular distribution in the laboratory
system and are generally classified as prescission neu-
trons (v&„). There is as yet no clear consensus on the
number of prescission neutrons emitted in the case of
spontaneous fission and low energy fission processes. The
yield of prescission neutrons as deduced in earlier stud-
ies for U(nth, f) and for spontaneous fission of 2s2Cf

range &om 5% to 15% of the total neutron yield [1—12].
Some recent measurements on the neutron anisotropy
data [13—15] in the case of 2 Cf(s f), have given the yield
of prescission neutrons to be even less than 5%. An ac-
curate knowledge of the prescission neutron component
is crucial for the understanding of the energy dissipation
mechanism and saddle to scission time scales in the fis-
sion process, and it would also help in refining the models
used for calculations of fission neutron spectra. Studies
on prompt neutron emission in heavy ion induced fis-
sion reactions have clearly estabilished that the observed
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number of prescission neutrons is, in general, much higher
than that expected from statistical models, thereby lead-
ing to the conclusion of presence of a dynamical fission
delay and/or prolonged saddle to scission transition times
in the fission process (for a review see Refs. [16,17]).

Experimentally, the question of whether or not the
prescission neutron component is present is answered by
comparison of the experimental fragment-neutron angu-
lar correlations with calculations based on the assump-
tion of neutron emission only from fully accelerated frag-
ments. The calculated neutron angular distributions are,
however, sensitive to the emission spectra of neutrons in
the rest frame of fragments, which are used as inputs to
the calculations. The large variations in the deduced vp,
values in the earlier studies seem to be connected with
the uncertainties in the input spectra used in those cal-
culations. The present work is aimed to carry out a self-
consistent analysis by using the experimentally measured
neutron spectra in the rest frame of fragments to calcu-
late fragment-neutron angular correlations and compare
them with the corresponding experimental correlations
to derive information on v~, as a function of mass and
kinetic energy of fragments in thermal neutron induced
fission of U. The present results show that the value of
vp„averaged over all fragment masses and kinetic ener-
gies is 0.25+0.05, which is about 10% of the total neutron
multiplicity for the ssU(ntb, f) reaction. It is also ob-
served that v~, has a very weak dependence on fragment
mass but has strong variations with fragment kinetic en-
ergy. The details of the experimental setup are given in
Sec. II. Section III gives the details of the data analysis
procedure and results. The calculation procedure for the
determination of vp„ is described. in Sec. IV. Section V
contains the discussion of the present results with regard.
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to the time scale and the energy damping in the fission
process.

II. EXPERIMENTAL SETUP

The experiment was carried out at the CIRUS reac-
tor at Trombay using the thermal neutron beam with
a ffux of about 10 neutrons/cm2/s. Figure 1 shows a
schematic diagram of the experimental setup used for the
present measurements. A back-to-back gridded ioniza-
tion chamber [18] was used to measure the energies of the
Bssion fragment pair and also the angle of emission with
respect to the electric field direction in the chamber. A
NE213 liquid scintillation detector was used for the neu-
tron energy measurements by the time of flight method
in coincidence with fission. The ionization chamber con-
sisted of a central cathode and two parallel plate grid-
ded ionization chambers in back-to-back geometry with
the cathode-grid and collector-grid distances of 3.0 cm
and 0.7 cm, respectively. A U target of about 100
pg/cm2 thickness was electrodeposited on a thin gold
coated VYNS backing (gold thickness 20 yg/cm ) and
was mounted in the center of the cathode. The cham-
ber was flied with P-10 gas at 1.1 atmosphere, so as to
stop all the Bssion &agments in the cathode-grid region.
The gas was continuously purified by circulating it over
heated calcium filings which ensured long term stabil-
ity in the performance of the ionization chamber. The
NE213 liquid scintillation neutron detector of 5 cm di-
ameter and 5 cm thickness was placed at a distance of
70 cm &om the uranium target, along the direction of
the electric field of the ionization chamber. The neutron
detector was adequately shielded from background neu-
trons and gamma rays by using 7-cm thick lead and 50-
cm thick borated parafIin in a cylindrical geometry. The
neutron time of flight was derived by taking the start sig-
nal from the common cathode of the ionization chamber
and the stop signal &om the neutron detector. The pulse
shape discrimination property of the NE213 scintillator
was used to distinguish between neutron and gamma ray
events in the detector. The pulse heights of the signals
from the collectors (V,q, V,2), the grids (V~q, Vg2) of the
ionization chamber, the pulse shape and energy signals of
the neutron detector, and the neutron time of flight were
recorded event by event in list mode for further ofI'-line

analysis.

III. DATA ANALY'SIS AND RESULTS

A total of 3.6x10 coincident events were collected out
of which about 10 events corresponded to coincidence
with prompt neutrons. Data were also collected at reg-
ular intervals for fission events without coincidence re-
quirement with the neutron detector for calibrating the
collector and grid pulse heights of the back-to-back ion-
ization chamber to determine the energy and angle of
emission of the Bssion &agments. The threshold of the
neutron detector was set at 60 keV electron equivalent
energy by using an Am source. This corresponds to
a neutron energy threshold of about 200 keV. Neutron
events were selected ofI'-line by using a two-dimensional
gate on the neutron time of flight and pulse shape of
the neutron detector pulses. The time resolution as de-
termined from the prompt gamma ray peak in the time
of ffight spectrum was seen to be about 2.5 ns (Fig. 2).
The efIiciency of the neutron detector was determined by
comparing the measured U fission neutron spectrum in
2m geometry with the known theoretical spectrum shape
[19]. The experimentally measured efficiency as a func-
tion of neutron energy agreed well with the results of a
Monte Carlo calculation for the detector efIiciency.

The data without coincidence with neutrons were an-
alyzed to obtain the calibration of the collector pulses V
into fragment kinetic energy and the grid pulses V~ into
fragment angle. The method of analysis for angle deter-
mination using the grid and collector pulse heights fol-
lowed the general procedure reported in the earlier works
[18,20], but with further improvements to take into ac-
count the &agment energy loss in the target and backing
material. Since the V~/V, ratio is related directly to the
fragment angle, the energy loss corrections to the grid
and collector pulse heights (Vg and V, ) were obtained
&om the observed shifts in the V, distribution as a func-
tion of Vg/V, ratio. The corrected collector pulse heights
were energy calibrated by using the postneutron energies
of the heavy and light &agment groups which were taken
as 69.8 MeV and 100.1 MeV, respectively. These post-
neutron energies were obtained after correcting the aver-
age preneutron energies of the light and heavy &agments
reported by Unik et al. [21] for neutron emission effects.
The provisional masses of the complementary &agments
were first calculated &om the measured &agment ener-
gies. The preneutron masses and kinetic energies were
obtained iteratively after correcting for the prompt neu-
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tron emission using the experimental data on the v as a
function of mass and total kinetic energy in U(nti„ f)
[22] and also for the fragment recoil due to neutron emis-
sion [23] in the case of neutron coincidence data.

A. Fragment angle determination

Figure 3 shows the typical grid pulse height distribu-
tions for the singles events obtained after correcting for
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FIG. 3. Grid pulse height distribution for the most proba-
ble mass pair of ML, ——96 and MH = 140 for unit mass and
energy bin; the positions of the 0 and 90' angle calibarations
are shown by arrows.

FIG. 2. Time-of-Bight spectrum of the prompt neutrons
and gamma rays; time resolution obained from the width of
the prompt gamma peak is 2.4 ns and the dashed line shows
the estimation of the background level under the prompt neu-
tron bump.

the fragment energy loss as described above. As expected
for an isotropic emission, the grid pulse height distribu-
tion for fixed mass and kinetic energy bin has a rectangu-
lar shape, with the lower and upper edges corresponding
to 0 and 90 angles. The 0 and 90' channel numbers
were determined for each mass and kinetic energy bin
using the criterion described in Ref. [18], and were fitted
separately with second order mass and energy dependent
polynomial functions as given in Ref. [20]. Using these
calibration constants, the fission fragment angle could be
determined event by event from the measured Vg and V
pulse heights. A more detailed description of the present
analysis method for the energy and angle measurements
has been published earlier [24]. The angular resolution
of this method, as determined from the difference be-
tween the angles of the complementary fission &agments
measured on the two sides of the ionization chamber,
was seen to correspond to a FTHM of 3 to O'. With
the present analysis technique, the fragment angle could
be accurately determined over the complete 2m angular
range except for events corresponding to fragment emis-
sion within a few degrees to the target foil (energy loss
greater than 10 MeV). The angular distribution could
therefore be measured continuously over angles 0 & 0 &
87 with respect to the electric field direction of the ion-
ization chamber.

B. Neutron energy spectra and multiplicities

The center-of-mass neutron energy spectra were de-
termined by analyzing the neutron coincidence events,
corresponding to &agment emission in a cone of half an-
gle +18 with respect to the direction of neutron emis-
sion. Due to strong kinematic focusing of neutrons by the
fragment motion, it can be assumed that the neutrons
detected at an angle close to the direction of fragment
motion correspond to emission predominantly from the
&agment moving towards the neutron detector. A very
small fraction (less than a few percent) of the neutrons
emitted from the complementary fragment moving in the
opposite direction, which may appear in the forward cone
of the &agment moving towards the neutron detector,
will have very low energy close to the neutron detec-
tor threshold. Thus the observed neutron energy can be
transformed event by event to center-of-mass neutron en-
ergy g by simple kinematic transformation involving the
energy per nucleon of the emitting fragment. Following
the above procedure the center-of-mass energy spectra of
neutrons were obtained as a function of various &agment
mass and kinetic energy bins. These spectra were deter-
mined after correcting for the efFiciency of the neutron
detector and also subtracting the background contribu-
tions as estimated &om the time of Bight spectrum. The
center-of-mass neutron energy spectra thus obtained were
fitted with the expression corresponding to the shape of
the neutron evaporation spectrum [14] given by

N(g) = const~qexp( —g jT,ir),
where g is the center-of-mass neutron energy and T ~ is
an effective temperature parameter. The T g values were
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determined from the above fits as a function of total ki-
netic energy (EJc) for various fragment mass bins (Mf).
The neutron multiplicity (v ) per fragment was obtained
by integrating over energy the neutron yield per fission
and after correcting for the kinematic focusing efI'ects due
to fragment motion. The results on P and T,g as a func-
tion of E~ and Mf have been reported in an earlier pub-
lication (Figs. 4 and 5 of Ref. [25]). The T,rr and P are
seen to generally decrease with the fragment kinetic en-

ergy for all the fragment mass bins. These results were
discussed in detail in Ref. [25] to provide information on
the temperature and level density parameter of the neu-
tron rich &agment nuclei. For the present work, the data
on the neutron multiplicity and efFective temperatures as
a function of E~ and. Mf are used as experimental in-
puts to calculate fragment-neutron angular correlations
for comparison with the measured fragment-neutron an-
gular distributions as discussed. below.

ground neutrons. The background contribution was esti-
mated from the average counts in the time of flight spec-
trum to the left of the prompt gamma peak and to the
extreme right of the neutron peak as shown by the dashed
line in Fig. 2. The background level was seen to be of
the order of 4% to 7% of the neutrons for events with
E~ less than 180 MeV and was of the order of 9% to
15%%uo for the events with Elc greater than 180 MeV for
various fragment masses. The background corrected neu-
tron angular distributions were obtained for various &ag-
ment mass and kinetic energy bins. The typical results
on the angular distribution of neutrons for the fragment
mass pair of ML, /MH = 96/140, are shown in Fig. 4 for
difFerent E~ bins. The distributions have been plotted
as a function of the cosine of the heavy fragment angle
measured on either side of the ionization chamber. The
absolute yields were obtained by normalizing the angle
integrated neutron yield per fission for all &agments to
the known value of v= 2.42.

C. Neutron angular distributions
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FIG. 4. Neutron angular distributions in the laboratory
system as a function of the cosine of the heavy fragment angle
for the mass pair of ML, ——96 amu and M~ ——140 amu for
various E~ bins; error bars are shown only for a few points
for the sake of clarity.

Experimental angular distributions of the prompt neu-
trons with respect to the fragment direction were deter-
mined from the analysis of the coincidence data on the
grid and collector pulse height distributions. The deter-
mination of &agment angle for coincidence events follows
the same procedure as for the singles events described
earlier. The observed neutron angular distributions were
corrected for chance coincidences arising due to back-

IV. CALCULATIONS

Monte Carlo calculations assuming neutron emission
from fully accelerated fission fragments were carried out
to determine the laboratory angular distributons of the
prompt neutrons emitted &om the moving fragments.
The experimentally measured values of neutron multi-
plicities and emission spectra (T,s) (Figs. 4 and 5 of
Ref. [25]) were used as inputs to these calculations. The
calculated neutron angular distributions correspond to
neutron emission from both the &agments, whose contri-
butions were taken in proportion to the neutron multi-
plicites (vL, and vH) for the various EIc bins. The finite
angular resolution, as experimentally determined, was
folded into the Monte Carlo calculations and the change
in the fragment energy due to fragment recoil because
of neutron emission was also taken into account [23,26].
Since the present calculation is an event by event Monte
Carlo simulation of the laboratory neutron angular dis-
tribution the recoil correction due to neutron emission
which produces a change in the &agment velocity is eas-
ily incorporated in the calculation. The change in the
kinetic energy of the fragments and the normalization to
the singles has been taken into account while binning the
neutron angular distributions for difI'erent fragment mass
and kinetic energy groups. The experimentally deduced
neutron detector efficiency as a function of neutron en-
ergy was also included in the calculations and only the
neutrons with laboratory energy greater than the energy
threshold of the neutron detector were included in the
calculated neutron angular distributions.

The assumption that neutrons in the postscission stage
are emitted &om fully accelerated fission fragments is jus-
tified as long as the &agment acceleration time is short
compared to the evaporation time of the neutrons &om
the fragments. As suggested by Hinde et al. [27], one
can consider the time to attain 82%%uo of the final frag-
ment velocity at infinity as a measure of the time re-
quired for complete acceleration of the &agments. The
&agment acceleration time and the neutron evaporation
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time were calculated using the formalism given in [28].
The fragment acceleration time for 82% of final veloc-
ity is of the order of 3 x 10 s for the most proba-
ble fission fragment pair (ML, /M~ = 96/140). However,
the fragments acquire major fraction ( 50%%uo) of their
final velocity within a very short time of 10 2 s. The
neutron evaporation time &om the excited fission frag-
ments, calculated using the fragment excitation energies
of E = 8—15 MeV as determined &om the postscission
&agment neutron multiplicities and neutron energies, lie
in the range of 10 to 10 s. The model calcula-
tions of [29] show that only if neutron evaporation time
is comparable to the acceleration time of the fission frag-
ments, can it lead to a decrease in the laboratory neutron
anisotropy. The neutron evaporation times calculated as
above are seen to be larger than the &agment acceleration
time and therefore cannot lead to any significant neutron
emission during &agment acceleration phase. However,
a small component of neutron emission (2—3%), taking
place during the very early stage of &agment acceleration
is experimentally indistinguishable &om the prescission
neutron component.

In order to make a quantitative comparison of the
measured and the calculated neutron angular distribu-
tions we have used the neutron angular anisotropies
[N(0 )/N(90')] for the neutrons emitted from the indi-
vidual &agments. The neutron angular anisotropies in
both the forward and backward directions were deter-
mined by fitting the angular distributions to the form
(a + bcos 0). Some typical results of the measured neu-
tron angular anisotropies along the direction of light and
heavy fragment motion for two mass pairs (96/140 and
98/138) are shown in Fig. 5 as a function of the to-
tal kinetic energy. The sensitivity of neutron angular

anisotropies to any uncertainty in the 0 and 90' cali-
brations was checked by changing the grid angle calibra-
tion channel numbers by an amount equivalent to the
angular resolution (1.5' to 2.5") obtained in the present
measurement. It was found that these changes in the
grid angular calibarations have little eKect on the ob-
served neutron angular anisotropies. It is seen from
Fig. 5 that the calculated anisotropy (assuming neutron
emission only from fully accelerated fragments) shows a
strong increase with increasing &agment kinetic energy
(as expected frozn kinematic focusing efFects) whereas,
the measured anisotropies are weakly dependent on the
kinetic energy, and in certain cases even decrease at
higher kinetic energies. We find that this disagreement
between the calculated and the experimental anisotropy
values can be removed only by incorporating a certain
fraction of isotropic neutron component in the laboratory
angular distributions, which we define as the prescission
neutrons (vp„). The method of analysis for determina-
tion of this v~„component is described below.

A. Determination of prescission neutron component

The component of prescission neutrons as a function
of My and E~ was determined by carrying out a three-
source fit to the measured neutron angular distributions.
The three sources were taken to be the two fission &ag-
ments moving with their full velocity and the fissioning
nucleus at rest in the laboratory system. The labora-
tory neutron angular distributions from the fully accel-
erated fission fragments were calculated with the Monte
Carlo technique as discussed above, and the prescission
neutrons were assumed to be isotropic in the laboratory
system. The multiplicities of the three components were
treated as free parameters for fitting the experimentally
measured neutron angular distributions for various bins
of fragment My and E~. Figure 6 shows the three in-
dividual components and the full fits to the measured
angular distributions for the most probable mass pair for
diferent kinetic energy bins. The values of vL„v~, and
v~„obtained by the above fitting procedure are shown in
Fig. 7 as a function of the fragment E~ for various aver-
age fragment masses. It is seen that for all the fragment
mass pairs the postscission neutron numbers decrease as
a function of E~ and approach nearly the same value for
both the light and heavy fragments. However, for the
mass pairs in the shell region of MH ——132 amu, the neu-
tron multiplicities &om heavy fragments are much lower
than from light fragments for all kinetic energy bins.

It is also seen from the figure that the v~„values in-
crease as a function of E~ and for large values of E~,
the values of vp, become comparable to or more than
vL, or v~. This result implies that for highest E~ events,
neutron emission is predominantly from the prescission
stage. A consequence of this result would be that for
large E~ bins, the observed laboratory spectra would not
re8ect the usual kinematic focusing e8'ect expected for
neutrons when they are emitted from fission fragments.
The energy spectra of neutrons emitted along the direc-
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tion of light and heavy &agments would be similar for
large E~ events. To check for this behavior, we show in
Fig. 8 the average values of the laboratory neutron energy
spectra [E(0')] at 0'(+18 ) in the direction of motion of
the light and heavy &agments as a function of E~ for
diferent fragment mass pairs. It is seen that, in general,
the neutrons emitted along the direction of motion of
the light fragments have much higher kinetic energy than
those emitted along the direction of motion of the heavy
fragments as expected from kinematic effects. However
for the highest kinetic energy bins, the two spectra look
similar as reflected by the average neutron energies in the
two cases. For mass bins corresponding to heavy frag-
ments near the doubly closed shell region of 132 amu,
the neutron emission is mainly from the light fragments,
and so the average energy of neutrons emitted along the
light fragment direction is much higher than that in the
case when the neutrons are emitted opposite to the di-
rection of motion of the light &agment. The similarity
of the neutron energy spectra in the laboratory system
for neutrons emitted along the light and heavy &agment
direction at large E~ values, therefore, confirms the pres-
ence of a prescission neutron component and its strong
variation with &agment E~ in thermal neutron fission of
235U

The results obtained on the prescission neutron mul-

FIG. 6. Neutron angular distributions Gtted to a three
component 6t comprising the two moving fission fragments
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tiplicity, (v~„) averaged over all E~ values are shown
in Fig. 9 as a function of fragment mass. The errors
shown in the data also include the uncertainties in the
measurement; of neutron emission spectra and multiplic-
ities, which are used for the determination of v~„. It is
seen from the figure that there is a dependence of vp on
the &agment mass; vp„ is seen to be slightly higher in
the doubly closed heavy fragment shell region (M~=132,
M1,=104 amu). Figure 9 also shows for comparison the
total neutron multiplicity, (vT) as a function of fragment
mass. The value of vp„averaged over all My and E~
bins is found to be of the order of 0.25+0.05 neutrons
per fission, which amounts to about 10+2% of the total
neutron emission per fission. There have been some mea-
surements of vz, reported for the spontaneous fi.ssion of

Cf by carrying out model analysis of the neutron en-
ergy spectra, where about 1.1% of neutrons were found
to be emitted in the prescission stage [34]. In the present
work, a self-consistent analysis procedure is adopted to
explain both the energy spectra and angular distribution
of neutrons, thus providing more reliable information on
the prescission neutron yields. Similar detailed analysis
in the case of Cf fission is needed to be carried out to
understand the difFerence seen in the v„, yields for this
case and for the case of thermal neutron induced fission
of U measured in the present work.

Figure 10 shows the variation of v~, t, v~, , and vT
with E~ averaged over all fragment; masses. It is seen
that although both v&,t and vl show a decreasing trend
with increasing fragment kinetic energy, v~, shows an
increasing trend. The slope of the variation of v~, t and
v~ with E~ give the average energy required for neutron
emission from the two fragments. The value of dE~/dvT
for the total neutron component is —18.36 MeV/neutron,
whereas that for the postscission component is —12.06
MeV/neutron. The latter value is closer to what one
estimates from neutron binding energy and kinetic en-
ergy considerations. The fraction of prescission neutrons
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increases with increasing fragment kinetic energy. This
along with the result on the variation of v„„with mass
suggest that a higher fraction of isotropic neutron emis-
sion results from compact scission configurations which
are likely to be observed for high E~ events as well as in
the shell region of My ——132, where the fragment defor-
mation energy is small.

V. DISCUSSION

The possibility of prescission neutron emission in low
energy fission of heavy actinide nuclei was first specu-
lated by Bohr and Wheeler. Dynamical theoretical cal-
culations of Fuller [30] were done assuming the evolution
of a slowly rising potential hill at the center of a square
well potential which was supposed to simulate the fis-
sion process. The calculations suggested that the neu-
tron emission probablity was dependent on the rate of
developinent of the potential hill. Boneh et al [31] also.
showed that scission neutron emission can take place in
low energy fission with a small probability. Recent calcu-
lations [32] done assuming the nascent fission fragments
as slabs of infinite nuclear matter show that there is a
finite neutron emission probability from the neck region.
The possibility of neutron emission during the motion of
the nucleus from saddle to scission has also been pos-
tulated in some earlier studies [16]. Since the potential
energy drop from saddle to scission is of the order of
30—40 MeV [33], there exists the possibility of neutron
emission during the motion of the nucleus from saddle to
scission. It may be noted that for heavy-ion induced fis-
sion where a much greater amount of excitation energy is
deposited in the system by the projectile there is a much
more pronounced yield of prescission neutrons.

The prescission neutron component in the case of ther-
mal neutron fission can originate from the following two
processes. First it is possible that a small fraction of neu-
trons (prescission neutrons) may be emitted during the
saddle to scission motion of the fissioning nucleus due
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to evaporation (v„), when the fissioning nucleus attains
a finite temperature by conversion of a &action of the
potential energy into internal excitation energy [2]. Sec-
ond, it is also possible that during the very act of rupture
of the neck at the moment of scission, a small fraction
of neutrons may be left behind. by some nonequilibrium
process (scission neutrons v„) [30].

It is possible to draw certain inferences regarding the
saddle to scission time scale, if the entire prescission neu-
tron emission is due to evaporation process during the
saddle to scission stage. In the thermal neutron induced
fission of U, the excitation energy at saddle point is
1 MeV, and during the saddle to scission transition, there
is a decrease of potential energy ( 40 MeV) of the fis-
sioning nucleus, which can appear in different forms such
as internal excitation energy (E ), deformation energy of
the nascent fragments (Ed), and prescission kinetic en-
ergy (Ea ) of the fission fragments. The division of the
potential energy into E, Ep, and E~ depends very sen-
sitively on the dynamics of the saddle to scission motion
and the magnitude of the nuclear viscosity coefficient.
Under the assumption of a large viscosity, (EIc 0), the
upper limit on E is 40 MeV. The saddle to scission time
(w„) was estimated from the observed average value of
the prescission multiplicity (P~„= 0.25+0.05) using the
neutron lifetime given by the evaporation code PACE II
(for the level density parameter a = A/10). The neutron
decay width I' for decay from a nucleus at excitation
energy E is given by

2S +1 '='+'

2.,(E .) »-, ;,
E —B

x p(E —B„—e„,J)T( (e„)de„
0

(2)

with the associated lifetime r =h/I' . p(E, I) is the
level density at the excitation energy E and angular
momentum I and is taken as

p(E, I) oc exp[2+a„(E —E, g)], (3)
2I + 1

2

where E, q is the rotational energy of the nucleus at the
angular momentum I, and a„ is the level density pa-
rameter for neutron. The neutron evaporation times ob-
tained. for the fissioning nucleus are much shorter than
that obtained for neutron evaporation &om the fission
fragments. This is due to the higher excitation energy
available for neutron emission in the fissioning nucleus
and the rapid decrease of the neutron lifetimes with in-
creasing available excitation energy. It is seen that for
an upper limit of the excitation energy E =40 MeV, a
value of v;, ~ 3.22 x 10 s is required to explain the
observed vp„yields. However, since the available excita-
tion energy can vary anywhere between 1 to 40 MeV, one
can assume an average value of 20 MeV for the excitation
energy at scission point. In this case the value of ~„ is
obtained to be of the order of 1.79 x 10 2~ s. Classical
hydrodynamical calculations [33] for nonrotating nuclei
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FIG. 11. Fission time scales as a function of compound nu-
cleus fissility for compound nuclei with only saddle-to-scission
time delay from heavy-ion systematics; the full lines show the
limits obtained from the present result for excitation energies
of 35 and 40 MeV.

VX. SUMMARY

The present work reports the measurements on neu-
tron emission spectra and angular distributions for mass

with no viscosity give fission lifetimes typically around
0.5-4.0x 10 s. Hence, it can be seen that the time
scales deduced &om the prescission neutron multiplicity
data are larger than those expected for no viscosity. Re-
cently there have been some attempts to determine the
time scales of the heavy-ion induced fission processes in
the presaddle and saddle-to-scission stages. The data of
Fig. 11 have been taken from the recent result of Saxena
et al. [35] for heavy-ion measurements of saddle to scis-
sion times. It can be seen that the time scale estimated
in the present work for the case of thermal neutron fission
of U for the assumed excitation energy (E,*, 35—40
MeV) of the fissioning system (as shown by the dashed
vertical line in Fig. 11) matches with that obtained from
heavy-ion fission systematics. This implies that the fis-
sion process is overdamped, with neutron emission taking
place close to the scission point, where the fissioning nu-
cleus has maximum available excitation energy for parti-
cle evaporation.

The present observation of increase in vp„with E~ ap-
pears significant, but a satisfactory quantitative explana-
tion is not readily available within the above statistical
model picture. The observed increase of vp, with E~
may be indicative of an increase of vp„ for more com-
pact configurations of the fissioning system at scission,
which may be due to lower level densities for smaller de-
formations. This implies that, while saddle to scission
times may be similar as a function of E~, the observed
increase ln vp with E~ could be due to a small change
in the level density parameter "a" for the compact scis-
sion configurations. However a full theoretical dynamical
calculation of the saddle to scission motion is necessary to
understand the present results on the prescission neutron
yields as a function of fragment kinetic energy.
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and kinetic energy selected fission fragment pairs in
thermal neutron Bssion of U. The measured neu-
tron angular distributions were compared with Monte
Carlo calculations for neutron emission from fully accel-
erated fission fragments. The calculations were done in a
model independent way by using the experimentally mea-
sured neutron energy spectra and multiplicities as inputs.
The measured neutron angular distributions were IIitted
with three neutron emission components to obtain the
isotropic prescission neutron component. The prescis-
sion neutron multiplicity, vp„averaged over all fragment
mass divisions was estimated to be 0 25+0 05 vp is
found to be nearly the same for all fragment masses ex-
cept in the region of doubly closed heavy fragment shell

region, where it is somewhat larger. It is also seen that
vp„shows an increase with the fragment total kinetic
energy. Calculations carried out under the assumptions
of the statistical model give an estimate of the time scale
for saddle to scission transition which is compatible with
the values obtained from heavy-ion fusion fission experi-
ments.
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