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We have measured the number of prefission and postfission neutrons emitted in the fission of ' Bi
and U targets bombarded with 475 MeV protons as a function of the total kinetic energy of the
two fission fragments, the fission fragment mass, and the recoil velocity of the excited nucleus prior
to fission. The average number of prefission neutrons is approximately equal to the average number

of postfission neutrons for both targets and the total number equals —17. The number of prefission
neutrons increases with increasing recoil velocity and their average number is substantially larger
than that predicted by the Bohr-Wheeler theory.

I. INTRODUCTION

The dependence of the fission probability of a highly
excited heavy nucleus on the excitation energy has long
been an unsolved problem. It has been known for many
years that statistical model calculations, which include
fission as one of the deexcitation channels and make use
of the original Bohr-Wheeler formulation' for the fission
width, increasingly overestimate the fission probability as
the excitation energy is raised. This discrepancy has gen-
erally been ascribed to the effect of nuclear dissipation
which reduces the fission width, as was first shown by
Kramers. In a more detailed investigation Grange
et al. ' showed that nuclear dissipation affects the fission
process in three significant ways: (1) As pointed out by
Kramers, fission is a quasistationary diffusion process and
the strength of the coupling between the fission variable
and the rest of the system is affected by the friction con-
stant P. (2) Additional time is required by the quasista-
tionary probability fiow over the barrier. (3) Finally, as
also shown by Hofmann and Nix, a finite time is needed
for the system to descend from the saddle point to the
scission point, this time also being affected by nuclear dis-
sipation or friction. Neutron evaporation, which is the
main competing process, is not affected by nuclear dissi-
pation, and as a result the ratio of fission width to neu-
tron emission width is substantially lower than predicted
by the Bohr-Wheeler theory, particularly at high excita-
tion energies.

Hassani and Grange have pointed out that the num-
ber of neutrons emitted prior to fission is sensitively
dependent on the effect of nuclear dissipation. Grange
et al. and Gavron et al. have used the number of
prefission neutrons emitted in the reaction ' 0+ ' Nd to
estimate the size of the nuclear dissipation coeScient.
Other measurements of the number of prefission and
postfission neutrons have recently been performed.

However, these measurements were done for heavy-ion
reactions that, in addition to a high excitation energy,
also have a very high angular momentum.

It is of obvious interest to try to separate the effects of
angular momentum from those of the excitation energy.
This can be done by exciting the fissioning system by
bombardment with high-energy protons or other light
ions. Such reactions result in a highly excited nucleus
with relatively little angular momentum. The disadvan-
tage of this mode of excitation is that high-energy (& 100
MeV) proton-nucleus reactions do not generally result in
a compound system with a unique excitation energy. In-
stead the reaction consists of a fast intranuclear cascade
(INC) which results in a distribution of nuclei with vary-
ing amounts of excitation energy. These excited nuclei
deexcite later through particle evaporation and (for heavy
nuclei) fission.

In this work we report on a study of the neutron emis-
sion in the fission of Bi and U targets bombarded
with 475-Me V protons at the TRIUMF accelerator.
Neutron energies were measured as a function of the total
kinetic energy (TKE) of the fragments, the fragment
mass, the recoil velocity of the excited nucleus prior to
fission, and the neutron detection angle. The experimen-
tal setup which was used to detect the neutrons in coin-
cidence with the two fission fragments is described in Sec.
II. The method used for the data analysis, in particular
the separation of the detected neutrons into prefission
and postfission neutrons is discussed in Sec. III. The ex-
perimental results are presented in Sec. IV. They include
the mass and TKE distributions of the fission fragments
and the neutron multiplicities as a function of the mass
and TKE of the fragments. In Sec. V the number of
prefission and postfission neutrons is compared with
theoretical results based on the intranuclear-cascade
(INC) model and a statistical model that includes fission-
evaporation competition. The experimental number of
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prefission neutrons is larger than that predicted by these
models. We summarize our results in Sec. VI.

II. EXPERIMENTAL ARRANGEMENT

The purpose of the experiment was the measurement of
the neutrons emitted in coincidence with the two fission
fragments. The 475-MeV proton beam from of the
TRIUMF accelerator at the University of British Colum-
bia was used to bombard targets of Bi and U. The
two fission fragments were detected in position-sensitive
parallel-plate avalanche counters (PPAC's). Before
reaching the PPAC one of the fragment traversed a very
thin multiwire proportional counter (MWPC) placed
close to the target. The MWPC signal served as the start
signal of a time-of-Bight measurement, whereas the anode
signal from the PPAC's served as the stop signals. The
masses and kinetic energies were determined from the
time-of-Qight measurement. The neutrons were detected
in two liquid scintillation detectors placed at 0' and 90'
with respect to the direction of the PPAC's. A schematic
view of the experimental arrangement is shown in Fig. 1.

A. The targets and scattering chamber

We used 120-pg/cm Bi targets evaporated on 40-
pg/cm VYNS backing and 50-pg/cm U targets on
60-p,g/cm VYNS backing. For the calibration we used a
thin Cf source, which was covered on both sides with
100-pg/cm Ni foils and 60-pg/cm VYNS foils. The Bi
and U targets as well as the Cf source were mounted
on a movable target ladder in the center of the scattering
chamber. The scattering chamber was made of 1.6-mm-
thick aluminum and had a diameter of 62 cm. The
chamber and moveable detector arms were designed to
minimize neutron scattering. Special care was also taken
to minimize neutron scattering and gamma background

BEAM DIRECTION

,//PM3

in the vicinity of the detection system. Collimation of the
beam near the chamber was avoided and the beam stop
was located at a distance of about 30 m from the scatter-
ing chamber.

B. The fission fragments detection system

The time-of-Qight of the two coincident fission frag-
ment was measured with the aid of three low-pressure
gaseous detectors. The MWPC start detector had an ac-
tive area of 2 X 2 cm and was positioned at a distance of
5.85 cm from the target center. The two cathode planes
of the MWPC were made of 30-pg/cm stretched po-
lypropylene foil coated with 10-pg/cm aluminum by
resistive vacuum coating. The anode wire plane consisted
of 10-pm-diam Au-plated tungsten wires at a 1-mm spac-
ing. All anode wires were soldered to a common bus.
The cathode-anode distance was 3.2 mm. The entrance
and exit window foils of the MWPC were of 40-pg/cm
stretched polypropylene. Hence the total thickness of the
start detector as seen by the traversing fission fragment
was 160 pg/cm . The detector was operated at a pressure
of 1.7 Torr of isobutane and at an anode voltage of 460 V.
It is described in greater detail in Ref. 17.

The two stop detectors were position-sensitive
parallel-plate avalanche counters very similar to that de-
scribed in Ref. 18. The anode and cathode planes of the
PPAC were made of 50-pg/cm stretched polypropylene
coated with 30-pg/cm Au. On the cathode the gold
coating was made in strips 5 mm wide. An intermediate
wire plane, made of 100-pm-diam gold-plated tungsten
wires, 2 mm apart, was mounted in the middle of the
PPAC gap and was held at half the anode voltage. The
wires were at 90' to the cathode strips. Both the wires
and the strips were connected to tapped delay lines. The
active area of the counters was 8 X 10 cm and they were
placed at a distance of 24.7 cm from the target at a polar
angle of 45' and 135' with respect to the beam direction.
They were operated at a pressure of 10 Torr isobutane
and at an anode voltage of 730 V. Each stop detector
provided five signals: the anode timing signal for the
time-of-flight (TOF) measurement and two signals from
each of the x and y coordinates, from both ends of the de-
lay lines. The time difference between the two signals
from each delay line provided the positions of the frag-
ment, whereas the sum was used to eliminate double hits
and events with incomplete position information. The in-
trinsic time resolution of the PPAC's was -250 ps [full
width at half maximum (FWHM)], and the position reso-
lution was better than 2 mm (FWHM) in the x direction
and 5 mm (FWHM) in the y direction. The fragment
time-of-Bight system was calibrated with the aid of the
thin Cf source.

C. The neutron detectors

FIG. 1. Schematic view of the experimental arrangement.
All fragment and neutron detectors were positioned in the reac-
tion plane. PM3 is a virtual detector referred to in the data
analysis (see the Appendix).

Tke neutron detectors were 12.7-cm-diam by 5.08-cm-
deep cells of NE224 liquid organic scintillator. The
liquid scintillator was encapsulated in an acrylic con-
tainer which also served as a light guide to an RCA 4522
photomultiplier (PM) tube. The detectors were placed at
a distance of 75 cm from the target, outside the scattering
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chamber, at a polar angle of +135' with respect to the
beam direction.

For the purpose of monitoring the photomultiplier
gain, a green light-emitting diode (LED) was attached to
the front surface of the acrylic container. The light of
the LED was viewed by a solid state detector (SSD) as
well as by the photomultiplier. The SSD was assumed to
have a constant light detection eSciency and was used as
a standard for measuring the LED light seen by the
photomultiplier. The LED was periodically pulsed
throughout the experiment and the photomultiplier and
SSD pulses recorded on tape for off-line gain adjustment.
The excellent pulse-shape discrimination characteristics
of the liquid scintillator was used to discriminate between
neutron and gamma interactions in the scintillator. The
method used was based on the measurement of the time
difference between the anode signal and the crossover
time of a double-diferentiated signal from the last dy-
node. Three signals were recorded for each neutron
event: The anode signal, used for the time-of-flight mea-
surement with respect to the start signal from the
MWPC, the pulse height of the last dynode signal indica-
tive of the energy deposited in the scintillator by the neu-
tron or gamma ray and the pulse-shape discrimination
signal.

D. Data acquisition

Events were recorded on tape sequentially. They con-
sisted of all triple coincidences in which two fragments
were detected in the fission fragment detectors and a neu-
tron or gamma detected in one of the neutron detectors.
We also recorded fission fragment events in which no
neutron/gamma was detected. These events were down-
scaled by a factor of 8. In addition the LED pulser
events were recorded. At regular intervals the data ac-
quisition was stopped to make calibration runs with an
Am-Be neutron source and with the Cf source.

The measurements with the two targets and with the
Cf calibration source were made for two geometries.

In one geometry the three fission fragment detectors were
in line with neutron detector no. 1 at + 135' with respect
to the beam direction and at 90' with respect to neutron
detector no. 2. In the second geometry the fission frag-
ment detectors were in line with neutron detector no. 2 at—135' with respect to the beam and at 90' with respect to
neutron detector no. 1. In this way we averaged over any
systematic difference which may have existed between the
two photomultipliers or positions. The start detector was
always in forward hemisphere, so as to avoid scattering of
neutrons emitted in the direction of the neutron detector
by the material of the start detector.

B. Neutron velocity distribution and multiplicity

In order to separate neutron and gamma events a two-
dimensional plot of pulse height versus pulse-shape
discrimination crossover time was constructed and the
best curve separating between neutron and gamma deter-
mined. Each event was checked for its position on this
two-dimensional plot and accordingly logged as either a
neutron or gamma event. The rejection rate of the gam-
ma rays was about 95%%uo, since there was of course some
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to obtain the true time of flight between target and stop
detectors the measured time difference was corrected for
the flight time of the forward fragment between target
and start detector. The initial fragment velocities were
obtained from the experimental flight times when
corrected for the energy loss of the fragments in the tar-
get and detector foils. The fragment velocities together
with the measured laboratory emission angles of the frag-
ments yield the recoil velocity of the fissioning nucleus,
and, assuming the mass of the fissioning nucleus is
known, the two fragment masses and kinetic energies.
The major uncertainty in our knowledge of the mass of
the fissioning nucleus is the average number of prefission
evaporation neutrons emitted from the excited nucleus.
This number was measured in the present experiment.
However, the average number of particles emitted in the
fast (intranuclear cascade) stage of the reaction was not
measured and was estimated from the intranuclear cas-
cade calculations to be discussed below.

We show in Figs. 2 and 3 the measured recoil velocity
distribution for ~Bi and U, respectively. Figures 4
and 5 show the experimental mass and kinetic energy dis-
tributions for these two targets. Figures 2-5 pertain to
binary coincidence events in which no neutron was
detected. We show in Table I the average value and stan-
dard deviation of the experimental recoil velocities, frag-
ment masses, and total kinetic energies together with the
predictions of the intranuclear cascade (INC) model for
the recoil velocity.

III. DATA ANALYSIS
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A. Measurement of the recoil momentum

and mass and kinetic energy of the fission fragments

-0
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Recoil Velocity (cm /ns)
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Our measurement determined the flight times of the
two fission fragments between the moment the forward
fragment traversed the start detector and the time the
fragments were detected in the stop detectors. In order

FIG. 2. The experimental recoil momentum distribution of
the fissioning nucleus for the reaction of 475-MeV protons with

Bi (diamonds). Also shown is the prediction of the intranu-
clear cascade model (crosses).
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FIG. 3. Same as Fig. 2 for the reaction 475-MeV protons on
238U

overlap and we did not wish to loose too many neutron
events. An Am-Be source was used to periodically check
the shape and position of the (n, y) discrimination curve.

The machine cycle of the TRIUMF accelerator is 43 ns

and thus the useful period for our TOP measurement was
restricted to this time interval. We also recorded the RF

period preceding the true time-of-flight period and all
events in this period were assumed to be random events.
In our analysis they were subtracted from our true TOF
spectrum. In this fashion we corrected to first order for
random fission fragment-neutron/gamma coincidences.
The random rate amounted to -5% of the true rate for
the U runs and to somewhat less for the Bi runs.

The neutron TOF was recorded with respect to the
start signal of the MWPC and corrected off-line for the
flight time of the fission fragment from the target to the
MWPC. A software threshold at —,

' the half height of the

Compton edge from a 0.511-MeV annihilation gamma
ray ( Na) was applied to both neutron detectors. This
threshold was maintained at a constant value by correct-
ing it for any gain shift in the photomultiplier tubes as
measured by the LED-SSD combination. In practice the
PM gain was very stable and a maximum variation of less
that 10% was encountered when the instantaneous PM
rate exceeded 20 kHz. We normally stayed well below
this limit.

The neutron detection efficiency of the neutron detec-
tor was obtained from the measurement with the Cf
source. The 0' velocity distribution was compared to the
results of Bowman et al. ' extrapolated to O', The
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FIG. 4. The experimental fission fragment mass distributions
for the fission of (a) Bi and (b) U.

FIG. 5. The experimental total kinetic energy E„, distribu-
tions of the fission fragments for (a) Bi and (b) "'U.
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TABLE I. Average values and standard deviation of the recoil velocity, fragment masses, and total kinetic energies for the fission
of ' Bi and ' 'U bombarded with 475-MeV protons. Also shown are the INC predictions for the recoil velocities.

Target

Standard deviation of mass distribution
Average total kinetic energy (MeV)
Standard deviation of total kinetic energy distribution (MeV)
Experimental average recoil velocity in beam direction (cm/ns)
Calculated average recoil velocity in beam direction (cm/ns)
Standard deviation of the experimental recoil velocity

distribution in the beam direction (cm/ns)
Standard deviation of the calculated recoil

velocity in beam direction (cm/ns)

209Bi

15.8
138.4
10.9
0.0615
0.0537

0.0645

0.0532

238U

19.4
152.0
19.0
0.0380
0.0351

0.0589

0.0430

overall normalization was obtained from the results of
Volpi et al. for the total number of prompt fission neu-
trons, v=3.725. The eSciency of the two neutron detec-
tors differed by —10%%uo, part of which may be due to the
statistical error in the Cf calibration. Our eSciency
curve (e„) is similar in shape to that obtained by Drosg '

for a scintillator of NE-213 (which resembles the NE-224
used in the present experiment} of similar diameter. His
efficiency curve is higher by 20% than ours, this factor
being somewhat larger than expected from the difference
in the depth of the scintillator used (5.7 cm for Drosg
versus 5.08 cm for our scintillator).

We show in Fig. 6 typical neutron TOF spectra for the
Bi and 2 U targets. The time resolution (standard de-

viation) as obtained from the width of the gamma peak is
—1 ns. The TOF signals preceding the gamma peak are
random coincidences. They were shifted by 43 ns and
subtracted from the true TOF signal.

The neutron velocity and angular distributions were
analyzed under the following two assumptions: (i) There
are three sources emitting neutrons —the excited nucleus
prior to fission (prefission neutrons) and the two fission
fragments. (ii} The neutrons are emitted isotopically in
the center-of-mass (c.m. ) system of the recoiling excited
nucleus prior to fission and the c.m. system of the fully
accelerated fragments. In principle one has to detect the
neutrons at three different laboratory angles in order to
reconstruct the neutron c.m. velocity spectra of these
three sources. In practice it suffices to measure the neu-
trons at two angles since the measurement of the neutron
emission from two fragments yields identical information
when accumulated over the whole fission fragment mass
and energy spectrum. We therefore measured the neu-
tron velocity spectrum at -0' and -90' with respect to
the direction of the fission fragments, these two angles be-
ing the optimum choice for the separation of the neu-
trons into prefission and postfission neutrons.

As a first approximation we assumed that a neutron
detected at 0' with respect to the fission fragment direc-
tion was emitted from that fragment and that a neutron
detected at 90' with respect to the fission direction was a
prefission neutron. These approximations were corrected
for the contribution of prefission neutrons detected at 0'
and vice versa and for the contribution of neutrons emit-
ted from the complimentary fragment. A more detailed
description of the analysis procedure is given in the Ap-
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FIG. 6. Typical neutron time-of-fiight spectrum for (a) Bi
and (b)

pendix. Contrary to similar procedures used in previous
experiments the iteration did not converge quickly.
This was due to the higher excitation energies encoun-
tered in this experiment with resultant higher c.m. veloci-
ties of the postfission neutrons, which considerably re-
duced the focusing of the postfission neutrons in the
direction of the fission fragments. One of the effects of
the slow convergence of the iteration procedure was the
large statistical error of the final results for the prefission
and postfission neutron multiplicity, since the total in
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each case was the sum of a considerable number of posi-
tive and negative terms of roughly equal magnitude.
(The successive terms of the iteration sequence have op-
posite signs. ) This large error affects less the experimen-
tal value of the total number of neutrons emitted
(prefission and postfission neutrons). Another result of
the ambiguity in separating prefission and postfission neu-
trons is a similar ambiguity in applying a recoil correc-
tion of the emitted neutrons to the fragment or prefission
nucleus since the emitting source is uncertain. We there-
fore did not apply such a correction in our data analysis.
However the results to be discussed below (including
tables and figures) are independent of this assumption
within the experimental accuracy.

In order to estimate the number of neutrons that were
not detected because their laboratory velocity was below
the experimental threshold we performed a detailed simu-
lation calculation including all aspects of the experimen-
tal arrangement. About 20000 simulated triple coin-
cidence events each were created for the Bi and U
reactions. The simulated events were analyzed in exactly
the same way as the experimental results. The input pa-
rameters of the simulation were adjusted so that the
mean values and standard deviations of the simulated dis-
tributions of the major experimental variables (fragment
mass and total kinetic energy, recoil velocity in the beam
direction and perpendicular to it, the center-of-mass ve-
locity of the detected prefission and postfission neutrons)
agreed with the experimental results within the experi-
mental accuracy. (No least-squares fit was attempted be-
cause it would have required an inordinate amount of
computer time. ) The simulation also assured us that no
systematic bias was introduced in our data analysis.

1000.0—

(a}:
01

100.0

the initial excitation energy of the fissioning nuclei. The
major difference between the two spectra is the lower
cutoff in the prefission spectrum due to the laboratory ve-

locity threshold of v,h =1.55 crn/ns used in the iteration
procedure. Because of the large fragment velocity this
threshold essentially does not affect the postfission spec-
trum (see also the following). A threshold of 1.55 cm/ns
was used in the analysis in order to avoid the velocity re-
gion in which the neutron detection efficiency e„ in-

creases very rapidly with velocity, causing large fluctua-
tions in the resulting velocity spectra.

We show in Fig. 9 the total neutron distribution as a
function of E„„the total kinetic energy of both fission

fragments, for U. The total number of neutrons de-
creases with increasing E„,.

We show in Fig. 10 the number of postfission neutrons
of Bi as a function of the mass of the fragment from
which they were emitted. The results for U are simi-
lar. We see that the number of neutron increases strong-
ly with fragment mass as it is expected if the excitation
energy is equilibrated in the excited nucleus prior to

IV. EXPERIMENTAL RESULTS

We measured -60000 fission fragment-neutron triple
coincidence events with the Bi targets and -120000
such events with the U targets. We show in Fig. 7 the
laboratory neutron velocity distributions for Bi rnea-

sured at -0' and at -90 with respect to the direction of
the fission fragment. The threshold in Fig. 7 is due to the
range of the TDC's used and corresponds roughly to one
machine cycle (43 ns). The two spectra are very similar
in shape, indicating the large fraction of prefission neu-

trons, which give the same contribution to the 0' and 90'
detectors. Yet the peak of the 0' distribution is at a
somewhat higher value due to the effect of the postfission
neutrons which have a larger contribution at O'. The
neutron velocity distributions for the U target are very
similar to the Bi distributions.

Figure 8 shows the c.m. velocity distributions for the
postfission and prefission neutrons as obtained from the
iteration procedure. "Center-of-mass" refers here to the
fragment c.m. for the postfission neutrons and the recoil-
ing excited nucleus prior to fission for the prefission neu-
trons. We again show the Bi results. The results for
the U target are similar in shape to the corresponding

Bi spectra. The postfission and prefission c.rn. spectra
do not differ substantially in their shape, and neither can
be reproduced by a single Maxwellian distribution. This
is not surprising in view of the expected large spread in
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FIG. 7. Laboratory neutron velocity distribution for ' Bi
measured at (a) 0' and at (b) 90' with respect to the fission frag-
ment direction.
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fission. In this case the number of postfission neutrons
emitted from a fragment should be roughly proportional
to the fragment mass. The number of prefission neutrons,
on the other hand, is independent, within statistics, of the
fragment mass (Fig. 11).

Perhaps the most interesting dependence is the number
of neutrons emitted as a function of the recoil velocity of
the excited nucleus prior to fission since, as will be seen in
the next section, the INC calculations show that there is
a strong positive correlation between the size of the recoil
momentum and the initial excitation energy of the nu-
cleus at the end of the fast (INC) part of the reaction.
Thus the recoil velocity of the fissioning nucleus may be
assumed to be indicative of the initial excitation energy of
the nucleus which later undergoes fission. We show in
Fig. 12, the number of prefission neutrons as a function of
the recoil velocity. Assuming the correlation between
recoil velocity and initial excitation energy to hold, we
find that the number of prefission neutrons rises with ex-
citation energy.

We show in Table II the measured number of prefission
and postfission neutrons, the correction factor by which
the measured values have to be multiplied with and the
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FIG. 9. The total number of neutrons emitted as a function

of the total kinetic energy E„,for ' U.

corrected (i.e., final) values. The correction factors were
obtained from the simulation calculation. They are the
ratios between the input values of the calculation for the
number of prefission and postfission neutrons and the
values obtained when the simulated input is analyzed in

exactly the same way as the experimental data. As ex-
pected, the correction factor is much larger for the
prefission neutrons, since, as already mentioned, the
prefission neutrons are much more affected by the lower
cutoff used in the analysis than the postfission neutrons.
The correlation factor for postfission neutrons is close to
1.00 (i.e., no correction needed) for both Bi and U.
The fact that for Bi that factor is actually somewhat
smaller than one shows that in this case the analysis pro-
gram "shifts" a small part of the prefission neutrons to
the postfission part. (This may also be the reason that the
correction factor for prefission neutrons for Bi is some-
what larger. ) The diff'erence between the Bi and sU

factors is probably mainly due to a somewhat different
shape of the prefission spectra for these two targets. Be-
cause of the relatively large errors introduced by the slow
convergence of the iteration procedure we have conserva-
tively assigned an error of 20% to the number of
prefission and postfission neutrons. For the prefission
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FIG. 8. Center-of-mass neutron ve1ocity distribution dv/dv„
for ' Bi for (a) postfission neutrons and {b) prefission neutrons.

FIG. 10. The number of postfission neutrons as a function of
the mass of the emitting fragment for Bi.
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FIG. 11. The number of prefission neutrons as a function of
the mass of one of the fission fragments for Bi.

100.0O

CL0
CO

10.0
Ql
Z'.

~~
CII
Ch

1.0
O

J3
E
z

0.1

-0.20
I

I I

-0.10

Excitation Energy E' (MeV)

50 100 150
I I

200
l

0.200.1

Recoil Velocity V,~ ( ~ &os)

neutrons this error also takes into account the small un-
certainty introduced by our lack of precise knowledge of
the spectrum below the analysis threshold. Because they
are less affected by the errors introduced by the iteration
procedure, the error assigned to the total number of neu-
trons is 10%.
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V. COMPARISON %ITH THE PREDICTION
OF THEORETICAL MODELS

We have calculated the number of prefission neutrons

assuming that the reactions 47S-MeV p+ Bi, U
proceed in the two steps: (1) a fast step in which the in-

coming proton makes a series of collisions with the indi-

vidual nucleons of the target nucleus and thus gives rise
to an intranuclear cascade in which a number of fast nu-

cleons are emitted and the residual nucleus is left in a
highly excited state and (2) the excited nucleus deexcites
through statistical emission of particles (mostly neutrons
for the heavy targets considered here) or fissions. It is

this competition between statistical particle emission and
fission that is our main interest in the present work.
However, the first, fast, step of the reaction must be cal-
culated in order to obtain the distribution in A, Z excita-
tion energy and angular momentum of the excited nuclei,
which are the starting conditions for the second, slow,
step of the reaction.

C0
CO
CO

O

1.0
O
l

Xl
E
z

01
-0.20 -0.10 0 0.1 0.20

Recoil Velocity V,~ (cm /tts)

We calculated the intranuclear cascade (INC) step of
the reaction using the INC simulation code ISABEL.
Though primarily used in the past to calculate high-
energy nucleus-nucleus reactions, this code may be used
equally well to calculate high-energy proton-nucleus reac-

FIG. 12. The number of prefission neutrons as a function of
the recoil velocity of the excited nucleus prior to fission or, al-

ternatively, the initial excitation energy of the excited nucleus
for {a) ~Bi and (b) U.

TABLE II. The prefission and postfission neutron multiplicity as well as the total number of neutrons emitted in the fission of Bi
and U bombarded with 475-MeV protons.

Target

Average number of prefission neutrons (measured)
Correction factor for prefission neutrons
Corrected number of prefission neutrons
Average number of postfission neutrons (measured)
Correction factor for postfission neutrons
Corrected number of postfission neutrons
Total number of neutrons emitted
Theoretical number of prefission neutrons

—expt+ pre

Fpre—corr+ pre—expt& post

F~.t—corr& po st

+tot

209Bi

6.19
1.60
9.90+1.98
7.47
0.96
7.20+ 1.44

17.10+1~ 71
6.05

238U

5.92
1.42
8.40+ 1.68
8.01
1.08
8.56+ 1.67

17.05+1.71
3.90
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tions. The recoil velocity distribution of the excited nu-
cleus at the end of the fast (INC) part of the reaction as
predicted by the ISABEL code is shown in Fig. 2 for Bi
and in Fig. 3 for U together with the experimental dis-
tributions. The agreement between the calculated and
experimental results is surprisingly good in view of the
fact that there are essentially no free parameters in the
calculation. The good agreement between the INC model
(ISABEL) and the experimental recoil distribution gives us
confidence in the other predictions of the model. We
show in Fig. 13 the average mass M, the average excita-
tion energy E', and the average angular momentum I of
the excited nucleus at the end of the fast cascade as a
function of the recoil velocity. Also shown is the average
impact parameter b of the incoming proton at the begin-
ning of the reaction as a function of the recoil velocity of
the excited nucleus. The error bars indicate the standard
deviation of these distributions for a given recoil velocity.
%'e see that the mass M and impact parameter b have
their maximum at V„,=0 and decrease as the absolute
value of the recoil velocity increases and the reverse is
true for the excitation energy E* and angular momentum
I of the excited nucleus. Figure 14 shows a contour plot
of the excitation energy and angular momentum distribu-
tion predicted by the INC model for 475-MeV protons on

Bi. These distributions together with the mass and
charge distributions as predicted by the INC model, serve
as the input for the calculation of the second stage of the
reaction in which particle evaporation competes with
fission.

The deexcitation of the excited nucleus by particle eva-
poration and fission was calculated with the statistical

model code PACE-2. The program calculates neutron,
proton, and alpha-particle evaporation using the Hauser-
Feshbach formalism, y-ray emission, and fission. We
used the angular-momentum-dependent fission barriers as
calculated by Sierk for the calculation of the fission
width. The calculation of the barriers takes into account
the effect of the diffuse surface of the nucleus. For the
level densities we used the expression of Gilbert and
Cameron with the level density parameter of a = A /8.
The Bohr-Wheeler' expression was used to calculate the
fission width. This calculation does not take into account
the corrections due to the shell effects in the ground
states of nuclei close to the Pb doubly closed she11 and
the double-humped barrier in the actinides region. It also
ignores the contribution of the neutrons of the fast stage
of the reaction to the measured neutrons. However, the
ISABEL calculations show that in the angular range of
125'-145' and laboratory energy range below 10 MeV
this contribution is less than 2% of the experimentally
observed yield.

The most important prediction of the ISABEL—PACE-2
calculation in our context is the number of neutrons eva-
porated prior to fission. These values for Bi and U
are given in Table II together with the experimental re-
sults. We see that the calculated values are substantially
smaller than the experimental ones for both targets.

VI. CONCLUSIONS

The main results of the present investigation are sum-
marized in Table II.
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FIG. l3. The prediction of the INC model for (a) the average mass M, (b) average excitation energy E*,and (c) average angular
momentum I of the excited nucleus at the end of the fast intranuclear cascade stage of the reaction as a function of the recoil velocity
of the nucleus for 475-MeV protons on U. Also shown is (d) the average impact parameter b of the incoming proton. The error
bars give the standard deviation of the distributions of the variables.
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FIG. 14. Contour plot of the excitation energy vs angular-
momentum distributions as predicted by the intranuclear cas-
cade model for 475-MeV protons on "'U.

(1) The total number of neutrons emitted in the fission
of Bi and U when bombarded by 475-MeV protons
is —17 for both targets within an error of 10%%uo.

(2) The number of prefission neutrons and postfission
neutrons is similar, i.e., fission occurs on the average ap-
proximately halfway through the statistical deexcitation
process.

(3) Calculations based on the statistical model using the
Bohr-Wheeler formula for the fission width and the Sierk
formulation for the angular-momentum-dependent fission
barriers substantially underestimate the number of
prefission neutrons for both targets, but they also predict
a larger number of prefission neutrons for Bi. Except
for the absolute numbers our results qualitatively are very
similar to the results obtained by Cheifetz et al. for a
similar experiment done with 150-MeV protons.

The conclusion that the statistical model calculations
overestimate the fission probability at high excitation en-

ergy, and thus underestimate the number of neutrons em-

itted prior to fission, is not surprising in view of the fact
that the Bohr-Wheeler formula ignores the effect of dissi-

pation on the fission width at high excitation energies as
was pointed out in the introduction. Our results give fur-

ther credence to the view that the reduction in the fission

probability is indeed due to its hindrance at high excita-
tion energies and not due to any effect associated with

high angular momenta (which in general would increase
the fission width rather than decrease it), since proton-
induced reactions do not produce high angular momenta.

Finally, the number of postfission neutrons emitted
from a given fragment increases with the mass of that
fragment (Fig. 12). Such a relationship is expected if the
excitation energy of the fissioning nucleus is equilibrated
and the initial "temperature" of the two fragments is the
same. Not surprisingly, the number of prefission neu-

trons is independent of the fragment mass (Fig. 11).

gratefully acknowledge the financial support of the Gor-
don M. Shrum Fund and a Hettie H. Hamman Research
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National Research Council of Canada and the Natural
Sciences and Engineering Research Council of Canada.

APPENDIX: THE EVENT-BY-EVENT ANALYSIS

In this appendix we describe in some detail the pro-
cedure used in the event-by-event analysis of the
neutron-fission fragment coincidence data. As explained
in Sec. III the analysis is based on the assumption that all
neutrons originate from one of two sources: (1) the
recoiling excited nucleus after the end of the intranuclear
cascade, and before fission; or (2) the two fully accelerat-
ed fission fragments after fission occurred. The neutrons
are assumed to be emitted isotropically in the c.m. frame
of these sources. The c.m. spectra of the neutrons are
calculated from the measured neutron spectra in the two
scintillation detectors located at 0' and 90' with respect
to the backward directed fission fragment, at an angle of
0=+135' with respect to the beam direction. Our calcu-
lation is based only on the "high velocity" neutrons, i.e.,
those which are emitted in the respective c.m. system in
the direction of the neutron counters. Thus when a neu-
tron is detected in the neutron detector in the direction of
the backward fission fragment detector (PM1 in Fig. 1) it
is accepted for analysis if

U„~ V„„.cos&„, (2)

where V„, is the recoil velocity of the prefission nucleus
[compound nucleus (CN)] (assumed to be collinear with
the beam direction) and 0„ is the angle between the recoil
direction and the 90' neutron counter. [Note that nor-
mally the recoil is in the beam direction and condition (2)
is then always satisfied, but even in the rare cases when
the recoil momentum is in the backward direction, condi-
tion (2) is almost always true due to the small value of the
recoil velocity. ]

Let us now follow the iteration procedure used if a neu-
tron is detected in the 0' neutron counter (PM1). We as-
sume that it was emitted from the fission fragment F1
detected in the direction of the neutron counter PM1,
i.e. , we assume it is a postPssion neutron. If condition (1)
is satisfied we find the neutron velocity in the fission frag-
ment F1 c.m. system

U„VFcos0„

where U„ is the laboratory velocity of the neutron, Vz is
the laboratory velocity of the fragment F1 detected in
PPAC1, and 0„ is the laboratory angle between the
fission fragment and the neutron. For a neutron detected
in PM2, at 90' with respect to the fission fragment direc-
tion the condition is

ACKNOWLEDGMENTS Uc. m. (Un + VFI n VF1 s~n ) (3)
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accorded to them during the preparation of the experi-
ment and the actual data taking and analysis. They also

and the event is added to the array
N „(u„,M, ,E„„V„„),where Mi is the mass of the
fission fragment Fl, E„, the total kinetic energy of both
fragments and V„„ is the recoil velocity of the nucleus
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prior to fission. The weight 8' which is given to this
event in array N „, is determined by the Jacobian of the
transformation, the detection eSciency e„and the solid
angle AQ„

v, ( V„—VF IcosH„) 4~
c.m. 2 e„hO„

Next we calculate whether a neutron with velocity
U, emitted from fragment Fl could have reached the
hypothetical neutron detector PM3 in the direction of the
complementary fission fragment F2 and would have been
identified as having been emitted from F2.

We check whether

U, ~ VF,sinOK,

weight WL is independent of eK, as it should be, since the
"true" number of neutrons is equal to t.„' and indepen-
dent of eIr. )

Next the same procedure is repeated with respect to
the possibility of the neutron of c.m. velocity U, emit-
ted from Fl reaching PM2 and being (erroneously) as-
sumed to be emitted from the "compound" nucleus CN
recoiling with recoil velocity V„,. We first check wheth-
er

Uc m UF)slnOM

where OM is the angle between fragment F1 and the neu-

tron detector PM2. The laboratory velocity of the neu-

tron in the direction of PM2 is
where OK is the angle between fragment F1 and PM3.
The laboratory velocity of the neutron in the detector
PM3 is

UIr
= VF, COSHIr+(u,' —

VF, sin'8» )' '
VM= VF, COSHM+(V, m

—VF, Sm 8M)'

Next we check whether

(9)

[We can neglect the negative solution of Eq. (5), since HR

is always close to 180' and hence COSHI~ (0.] If there ex-
ists a positive solution for vK, a neutron with c.m. veloci-
ty v, emitted from F1 can reach PM3 and would have
been (erroneously) recorded as being emitted from frag-
ment F2.

The initial weight of this event is

Vn VF]COSOn UK EK
2

WK=
VK VF )COSOK Vn En

where e„ is the detection eSciency of a neutron of veloci-
ty U„ in PM1 and eK the corresponding efficiency of a
neutron of velocity UR in PM3. (e„signifies the fact
that the number of neutrons of velocity v, emitted by
fragment F1 is e„' times the number actually detected by
PM1, and eK signifies the probability that a neutron of
velocity UR is detected by PM3. )

Finally we have to project the event into the c.m. sys-
tem of F2 if

UM Vrec COSHR (10)

where OR is the angle between the recoil direction and
PM2 (HR normally differs from 135' since the direction of
V„, is not necessarily in the horizontal plane). Finally,
the weight given to the event in the array
+pre(uc. m. &Ml &Etot& Vrec)

(v&t VFIcos8„) vc m (UM VreccosHR ) 1RM=-
( UM VF ICOSHM ) Un &n

v,
" =(uM+ V„,—2uM V„,cos8„) (12)

where U,
" is the neutron velocity in the c.m. system of

CN, the recoiling nucleus prior to fission

UK VF2cosOL

where OL is the angle between the direction of F2 and
PM3. We find

U c m
= ( UR + VF2 2vlt' VFpcoSHL )

and the final weight given to this event in

v,
'

( vK
—VF2cosOL )

8'I = —RK
K

2
vK

The negative sign is due to the fact that the neutron was
actually emitted by F1, and hence its contribution to the
neutrons emitted by F2 is negative. (We see that the final

[Again we normally can neglect the negative solution of
Eq. (9), since in this case HM =m/2 and hence the first
terms on the right-hand side of Eq. (9) is very small. ]

The second iteration starts with a neutron of laborato-
ry energy UK emitted from F2 with a weight 8'I . We cal-
culate its contribution to F1 and CN.

Similarly for the contribution from thePrst iteration to
CN. Depending on the value of U„and VF& up to five
such iterations, are performed. For most detected neu-
trons the procedure converges after fewer iterations, i.e.,
the contribution of the higher iterations are negligible or
zero.

The procedure is very similar if the neutron is detected
in PM2. We then assume as a first approximation that it
was emitted from CN prior to fission, i.e., it is a prefission
neutron. We calculate its contribution to the arrays X „
and X „,in a similar fashion as described earlier with the
roles of F1 and CN and of PM1 and PM2 interchanged.
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