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Measurement of pre- and post-fission neutron emission at moderate excitation energies
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Fission fragment mass-energy distributions and the coincident neutron velocity distribu-
tions have been measured at 0' and 90' with respect to the fragment direction. The fission-
ing systems studied were o Bi, 2~2Th, 3 U 3 U, and 2 9Pu bombarded with 45 MeV e par-
ticles and Ra bombarded with 16 MeV protons. From the above measured quantities the
number of pre-fission neutrons and the number of post-fission neutrons were obtained as a
function of fragment mass and total fragment kinetic energy. The average number of pre-
fission neutrons emitted is 2.9+0.9 for the Th target, 3.3+1.5 for ~ U, 3.6+1.6 for 3 U,
and 2.7+ 0.8 for 239Pu. The average number of post-fission neutrons emitted by these sys-
tems is 4.4+ 0.3, 4.2+0.7, 4.6+0.7, and 5.1+0.3, respectively. {The values reported for
pre-fission neutrons include also contributions from scission neutrons. ) The rggmber of pre-
fission neutrons from the 226Ra+ 16 MeV proton system is 0.5+ 0.3. The number of post-
fission neutrons is 3.6+ 0.4. The number of neutrons emitted from the 2 Bi+45 MeV 0. par-
ticl.e system is 3.6+0.2. The number of post-fission neutrons as a function of fragment
mass and total. kinetic energy which were obtained by the direct neutron measurements of
this work are lower and are more consistent with calculated total energy balances than the
values obtained by the indirect method based on the simultaneous measurement of both the
kinetic energy and the velocity of the fission fragments. Our results for the average num-
ber of pre-fission neutrons are compared with calcul. ations based on the conventional. expres-
sion for &&/I'„. The agreement between the calculated results and our experimental results
is satisfactory. However, the calculations predict spallation cross sections which are much
larger than those obtained experimentally by radiochemical methods.

NUCLEAR REACTIONS, FISSION 09Bi(a,f) 2Th(0. , xnf) 3 ' U(e, xnf),
39Pu(G. , xn f), E = 45 MeV; 6Ra(p, xnf), E =16 MeV; measured coin. fragment

energy, neutron velocity at 0 = 0, 90 with respect to fragment; deduced num-
ber of pre-fission, post-fission neutrons.

I. INTRODUCTION

In recent years a number of studies'-' have been
made of the dependence of the fission cross section
o& of heavy elements on the properties of the fis-
sioning system, in particular its mass, charge,
excitation energy, and angular momentum. In add-
ition to the fission cross section, convenient quan-
tities for the comparison between various fission-
ing species are the fission width 1 f and the ratio
I'&/I"„(I'„ is the neutron emission width) and the
fission probability Pf. Since neutron emission is
normally the only competing reaction, P& = I'&/(I'z
+ I'„). For light (Z K 82) systems at moderate ex-
citation energies (Z*s 50 MeV), second chance
fission (fission following emission of one neutron)
can be ignored and I'z/I'„can be directly deter-
mined by obtaining the fission cross section and
the total reaction cross section. This is in general

not the case for heavy (Z ~ 90) nuclei where the
probability for second chance fission is appreciable
except at very low excitation energies. One indi-
rect way of measuring I'z/I'„ for these systems is
the measurement of the average number of neutrons
emitted prior to fission. A calculation of the fis-
sion-spallation competition, which is critically de-
pendent on I'z/I'„must be able to reproduce, among
other quantities, the average number of neutrons
emitted before fission. However, such a compari-
son is complicated by the fact that I'z/I'„ is a func-
tion of both the mass number A and the excitation
energy E* of the fissioning system and both these
quantities change during the neutron evaporation
stage preceding fission. For this reason most
authors have confined their studies to elements
lighter than Z =90' ' or to a limited range of ex-
citation energies. '

Several years ago Cheifetz et gl. ' measured the
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number of neutrons emitted before fission in the
bombardment of Bi and U with 155 MeV pro
tons. They were unable to obtain good agreement
between their results and radiochemical results
for spallation residues on one hand and the conven-
tional theoretical expression'" for I' /I' (&*) on
the other hand. However, the interpretation of
their results involves an additional complication
since at these bombarding energies the so-called
fission- spallation competition is preceded by a
fast intranuclear cascade process. ' During this
stage of the reaction high energy protons and neu-
trons are emitted and because of its short time
scale (-10 "sec) fission is not believed to be a
competing reaction. It is therefore of interest to
repeat these measurements at lower bombarding
energies (-50 MeV) where compound nucleus for-
mation is the predominant first stage of the reac-
tion. The probability of a fast intranuclear cascade
is also reduced when n particles rather than pro-
tons are used as bombarding particles.

Our experimental arrangement and method of
analysis were similar to those used by Cheifetz
ef al.' and are based on the experiment first per-
formed by Harding and Farley'~: The neutron en-
ergy spectrum is measured in coincidence with
the two fission fragments at two or more angles
(normally 0' and 90') with respect to the direction
of the fission fragments. The average number and
energy spectrum of the pre-fission neutrons and
of the post-fission neutrons can then be deter-
mined by an iteration process based on two as-
sumptions: (1) The pre-fission neutrons are emit-
ted isotropically in the center-of-mass (c.m. ) sys-
tem of the fissioning nucleus. (2) The post-fission
neutrons are emitted isotropically in the c.m. sys-
tem of the fully accelerated fragments. Both as-
sumptions are not completely justified because of
the angular momentum of the fissioning system
and of the fragments. The magnitude of these lat-
ter effects will be briefly discussed below.

Our results for the pre-fission neutrons also
include a contribution due to "scission" neutrons
which are emitted during the transition of the fis-
sioning nucleus from the saddle point to the scis-
sion point and during the scission process. They
are generally assumed to be emitted isotropically
in the c.m. frame of the fissioning system and hence
cannot be separated by our method from the pre-
fission neutrons which are emitted prior to the
saddle- to- scission transition. Evidence for scis-
sion neutrons was found in the spontaneous fission
of 2'2Cf ' and in the thermal-neutron fission of
"'U." The emission of scission neutrons is also
very likely in view of the emission of other light
particles in the scission process. '4

The analysis of the pre- fission and post- fission

neutron distribution was similar to that of Cheifetz
et a/. ' However, we did include a recoil correc-
tion for the post-fission neutrons. " This correc-
tion does not affect the average number of pre-
fission and of post-fission neutrons but it decreases
the variation of the average number of post-fission
neutrons with the fragment mass number and total
kinetic energy.

II. EXPERIMENTAL ARRANGEMENT

The experimental arrangement was designed to
detect neutrons in coincidence with the two fission
fragments in the fission induced in ' Bi, "'Th,
"'U, and "'Pu by 45 MeV a particles from the
ANL 152 cm cyclotron and in ' 'Ra by 1.6 MeV pro-
tons from the ANL FN tandem. Since the fragment
mass, kinetic energy, and the neutron velocity
and angular distributions. of the spontaneous fission
of '"Cf have been studied previously, "'"measure-
ments with '"Cf were also performed at convenient
time intervals so as to provide the calibration of
the fragment mass and kinetic energy measure-
ments and the determination of the neutron detec-
tion efficiency as a function of neutron velocity.

Thin targets were placed in the beam direction
in the center of a vacuum chamber. Inside the
chamber, solid state detectors (SSDs) were posi-
tioned to detect the two complementary fission
fragments. Outside the chamber, two plastic
scintillators attached to photomultipliers detected
the neutrons emitted. The delay between the sig-
nals of one of the fission detectors and the scintil-
lation detector allowed the determination of the
neutron time-of-flight (TOF). In addition, the
amplitude of the photomultiplier signal mas also
measured and recorded. The random background
in the TOF spectra was obtained by measuring
events in which the scintillator signal preceded
the fission signal.

In the "'Bi experiment, two neutron detectors
were positioned to detect neutrons emitted in the
direction of the fragment detectors on opposite
sides of the vacuum chamber. This arrangement
was chosen for ' Bi in order to double the counting
rate in view of its relatively low fission cross sec-
tion. It does not enable the separation between
pre-fission and post-fission neutrons. However,
second chance fission is negligible for this fission-
ing system.

In the "'Th, "'U, "'U, and "Pu experiments
one of the two scintillators was placed at 90' with
respect to the fragment direction. This angle is
optimal for pre-fission neutron detection since the
post-fission neutron angular distribution has its
minimum at this angle. - The other scintillator was
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placed at 0' with respect to one of the fragment
detectors (detector No. 1).

In the ' 'Ra experiment, the neutron velocity
distribution was also measured at 0' and 90 with
respect to the fragment direction. However, takeo

pairs of fragment detectors were placed inside the
vacuum chamber in a plane perpendicular to the
beam direction and at 90' to each other. Hence,
each scintillator was at 0' with one pair of SSDs
and at 90' with respect to the other pair. This ar-
rangement had the advantage of doubling the count-
ing rate and measuring with each neutron detector
the neutron velocity distribution at both 0' and 90'
with respect to the fragment direction.

The thickness for the different targets is shown
in Table I, together with the average energy loss
of the fission fragments in the target itself, taking
into account the target angle w'ith respect to the
fission fragment detector. All targets had a 45
pg/cm' Ni backing. Ni protection foils of the same
thickness were used in front of the fission detec-
tors.

In the cyclotron experiments we used a horizontal
target chamber (i.e. , its axis was at 90' to the
beam axis) of 25 cm diameter and 0.5 cm Al wall
thickness. In the tandem experiment we used a
somewhat larger Al chamber of the same wall
thickness but its axis coincided with the beam axis.
The fission detectors were 4 cm' gold surface-bar-
rier detectors. One detector of each pair (detec-
tor No. 1}was placed at a distance of 5 cm from
the target and it determined the solid angle of the
fission fragment detection system whereas the
other detector (detector No. 2) was placed at a
distance of 4 cm from the target. In the cyclotron
experiment each of the fission fragment detectors
was placed at angle of 3.5' (downstream) with re-
spect to the plane perpendicular to the beam in or-
der to compensate for the recoil momentum of the
compound nucleus. No such correction wa, s neces-
sary in the tandem experiment. Due to the finite
size of the beam and the angular spread of the fis-
sion fragments resulting from neutron emission,
only -85% of the fission events in the angle-defining
detector (No. 1) were coincidence events.

The neutron detector consisted of an NE 102 plas-
tic scintillator of 2 cm thickness and 12.5 cm di-
meter mounted on an 58 AVP photomultiplier. The
face of the scintillator was at a distance of 50 cm
from the center of the chamber.

The pulse from each fission detector was fed in
parallel to a time-pickoff unit and to a charge sen-
sitive preamplifier followed by an amplifier. The
fast signals from the time-pickoff units were used
for a fast coincidence between the pulses of each
pair of fission detectors and the fast signal from
detector No. 1 was used as a start signal for the

time- to-amplitude converter (TAO) which mea-
sured the neutron flight time. Pulses from the
anode of the photomultiplier (PM) were fed to a
fast discriminator, the output of which served as
a stop signal for the TAC. In addition, the analog
signal from the PM was fed into a conventional
amplifier. The output signals from the TAC and
the amplifiers of the fission detectors and PM
analog pulses were fed into a four-dimensional
analyzer and recorded sequentially on magnetic
tape.

III. DATA ANALYSIS

A. Determination of the mass and kinetic energy of the fission

fragments

The kinetic energies of the fission fragments
were obtained from the pulse heights of the solid
state detectors by the calibration procedure of
Schmitt, Kiker, and Williams. "

The recoil energy of the compound nucleus of
mass number A prior to pre-fission neutron emis-
sion is Z„„„=(I,/A. )Z„„where mo is the projec-
tile mass number and Ey&„ ls the bombarding ener-
gy. The values of Z„„„areshown in Table I.
The recoil correction for the fragment I, is AF.
= (m, /A)Z„„„. (I, is the post-neutron- emission
mass. ) The determination of the fragment mass
values is insensitive to this correction since they

are a function of the fragment kinetic energy ratio.
The main effect of this correction is to shift the
total fragment energy by E„„„.

The pre-neutron emission fragment masses M,
and total kinetic energies Z ~were determined by an
iterative process similar to that described by
Watson et al." Since the iterations also require
the knowledge of the average number of pre-fission
neutrons v, and the average number of post-fission
neutrons a,s a function of fragment mass and kinetic
energy v, (Z„,M, }, the calculation of these quanti-
ties must be included in the iteration. In the first
iteration we assumed v, (Zx, M, ) to be zero. In
later iterations the matrix P, (Zr, M, ) was smoothed

using a three- point interpolation procedure. For
sake of simplicity we assumed v, =0 for the "'Bi
+ n and Ra+p systems and va 3 for the highly
fissile systems.

B. Neutron recoil correction

If a post-fission neutron is detected in coinci-
dence with the fragment from which it was emitted,
an additional correction must be made to the frag-
ment kinetic energy as the result of the recoil mo-
mentum imparted to it by the neutron. " This cor-
rection is (to first order in M, ')
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2&, vE =- ——'—cosg=--A—'V
1

(2)

where A is the mass number of the compound nu-

cleus.
In our analysis we assumed: (1) that a neutron

detected at 8=0 with respect to a fission fragment
was emitted from that fragment and applied the
appropriate correction [Eq. (1)] to the fragment
kinetic energy; (2) that neutrons detected at 90'
with respect to the fission fragment direction were
pre-fission neutrons and hence, applied no correc-
tion to the fragment energies in this case [see Eg.
(2) for 8 = 90']. Based on our results for the num-
ber of pre- and post-fission neutrons, we estimate
that we applied the right correction in 70-80% of
the events in which neutrons were detected at 0 in
the case of the highly fissile systems (this number
is higher for the "'Ra and "9Bi experiments) and
in 60-80% of the events in which neutrons were de-
tected at 90'with respect to the fission axis. Since
this correction amounts, at most, to afew MeV, its
main effect is on the variation of the number of
neutrons with mass v, (M) and on sv, /sEx(M) and
to a lesser extent on the fragment gnasses. "

TABLE I. The target, projectile, compound nucleus,
bombarding energy EL,b, excitation energy of the com-
pound nucleus E* and its recoil energy E„„;~, the target
thickness, and the average fragment energy loss in the
target EE for the fissioning systems studied in the pres-
ent work.

Target 209Bi 226+ a 232 Th 233U 238U 239 Pu

2Z
ling„= — —cos 8 —1

M~ V~

where V, and v are the laboratory velocities of the
fragment and the neutron, respectively, and 8 is
the laboratory angle between the fragment and neu-
tron detector.

In practice we do not know from which of the two
fragments the neutron was emitted. Moreover,
for the highly fissile systems the neutron may also
be a pre-fission neutron in which case the correc-
tion to the fragment energy is (to first order)

C. Neutron velocity distribution

1. Time- of-flight measurement

The neutron time-of-flight (TOF) T„consists of
the contribution of four terms

==[(nt~)'+—(aa)' j' ",
D (4)

where D is the average distance traversed by the
neutron before being detected, AD is the spread
in the distance D due to the finite thickness of the
scintillator, and ht is the time spread of the elec-
tronic system. For the neutron velocity range of
1.0-4.5 cm/nsec we have

1.29 & ~(FWHM) & 1.87 cm .

ht may be obtained from the experimental width
of the y peak in the TOF spectrum. A value of
At =1.5 nsec [full width at half-maximum (FWHM)]
was obtained consistently throughout the experi-
ment. The relative resolution of the TOF system
for the above velocity range is therefore

T„=to+ t„+t~ + t„,
where to is a fixed time interval determined by the
detectors and the subsequent electronic circuits.
t„ is the time delay associated with the rise time
of the fission detector pulse which served as start
pulse for the time-to-amplitude converter (TAC).
We assumed t„ to be a linear function of the frag-
ment energy E„ f„=PE,. P was extracted from the
time difference in the y peak for distant mass and
energy events (P=- 0.015+0.005 nsec/MeV). t& is
the time of flight of the fragment to detector No. 1
which initiated the TAC start pulse tz =d/U„where
d is the distance from the target to detector No. 1
and V, is the fragment velocity. t„ is the measured
time difference between the start pulse initiated
by the fission fragment in detector No. 1 and the
stop pulse initiated by the neutron upon being de-
tected in the neutron detector, i.e. , it is the time
measured by the TAC system. t„=gI where I is
the pulse amplitude generated by the TAC and g
is the TAC calibration constant (for our system
g = 0.25 nsec/channel).

The relative resolution of the TOF system is
given by

projectile
Compound

nucleus
E&,b (Me~
E* (MeV)
Erecoil (MeV)
Thickness

(p,g/cm2)
~E (MeV)

100
0.8

50
0.6

30 20 20 20
0.3 0.2 0.2 0.2

213At 2 ~Ac 236U 237p 242pu 243 Cm
45 16 45 45 45 45

34.9 21.0 39.7 38.5 39.3 38.1
0 85 007 0 77 0 76 0 75 0 74

0.04 &—(FWHM) & 0.14 .
The large uncertainty for the high-velocity end of
the neutron spectrum is offset by the small statis-
tical weight of this velocity range.

2. Subtraction of random events

We used the TOF spectrum of a beam period
preceding the correct interval to subtract the ran-
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dom events from the relevant velocity interval.
Fortunately there was no time structure in the ran-
dom event interval which corresponded to the time
interval of interest (v =1.0-4.5 cm/nsec), i.e. , the
random events presented a constant background
which could be readily subtracted.

D. Effective neutron detection efficiency

N(v, e) =N, e(v) p(v, e)v'~v, (5)

where N, is the total number of fission events de-
tected in the time interval and e(v) the neutron de-
tection efficiency. We measured N(v, 8) for '"Cf
at 8= 0', 90' at regular intervals during our exper-
iment. This was done by inserting into the vacuum
chamber a '"Cf source instead of a target but
leaving the rest of the experimental system un-
changed. Using the p(v, 8) values of Bowman et al. ,
we thus were able to extract e(v) for our detection
system. The efficiency so obtained has the advan-
tage of being an effective efficiency for our sys-
tem, which already includes first-order correc-
tions due to neutron elastic and inelastic scatter-
ing and (n, n y) reactions. (This matter is de-
scribed in greater detail by Cheifetz et al. ') lt has
the disadvantage that as a result of the anisotropy
of p(v, 8), the scattering corrections vary with the
detection angle 8 and with the fissioning system
and bombarding energy. Hence, the effective de-
tection efficiency is angle dependent and the func-
tion e,(v, 8) obtained for '"Cf will not be strictly
correct for other fissioning species.

Bowman et af." tabulated p(v, 8~) for "2Cf in the
angular range 8~ =11.25-168.75' where 8~ is the
angle with respect to the light fragment. In order
to avoid errors due to the incorrect identification
of the fragments in the symmetric mass region,
we did not differentiate between light and heavy
fragments in our measurement of N(v, e) of '"Cf
and used [p(v, 8~}+p(v, m —8~)] of Bowman et al.
for obtaining e, (v, 8). Since the values of Bowmm
et al. do not extend to 8=0 and 180', we extrapo-
lated their values by fitting them to a 10th-order
Legendre polynomial. The expansion coefficients
were corrected for the finite size of the neutron

The measurement of the effective neutron detec-
tion efficiency of our system was based on the neu-
tron density distribution p(v, 8) for the spontaneous
fission of '"Cf which has been determined by Bow-
man et al." The number of neutrons in the velocity
interval v to v + Av detected per steradian at an
angle 8 with respect to the fission axis in coinci-
dence with the fission fragments in a given time
interval is

N, (v, 8) =N, ~(v, 8)+N„(v, 8),

where N, (v, 8) refe. rs to neutrons which were
emitted in the 8 direction and did not undergo any
scattering and N„(v, 8) refers to all other events
detected at this detector angle ("scattered" events).
In the following i refers to the '"Cf results and j
to the detection efficiency for a different fissioning
system. We have

E (v~p 8) = ' ' f (v 8),p, (v, 8)

P~ v~
(6)

where P,. =N, ~(v, 8)/N, (v, 8) an.d similar. ly for P,
Since the scattering effect is very small at 8=0'
(see next section) we have at this angle (1—"r,.),
(1 —P~) &&1 and e~(v, 0'}= e,.(v, 0').

The scattering effect is largest at 8=90' since
there the number of "direct" events N„ is smallest
and the correction is largest for '"Cf for which
the number of pre-fission neutrons (neglecting
"scission neutrons") is zero, i.e. , p,.(v, 90 )
(p,.(v, 90') where i again refers to '"Cf and j to
all other fissioning systems. We therefore have

a,. (v, 90') ( ~, (v, 90').

and fragment detectors in a manner described by
Rose."

The theoretical neutron detection efficiency
ez, (v) may be readily calculated if we restrict our-
selves to a single n-p scattering of the neutron in
the scintillator. This approximation is valid if the
mean free path of the neutron A. (v) is long compared
to the scintillator thickness h. In our experimental
0.1&A/X(v) &0.6. Hence, the approximation is
valid for the high-velocity end of the spectrum and
yields a lower bound for &r(v) at the low-velocity
end.

We show in Figs. 1 and 2 the effective efficiency
e, (v, 8} for 8' = 0 and 90', respectively, as well as
the theoretical efficiency er(v). e&(v, 8=0') and
er(v) agree very well above v =2 cm/nsec. The
lower values of e,.(v, 8 =0) for the low-velocity end
are probably due to experimental threshold effects.
The better agreement of a, (v, 8 =90') at the low-
velocity end is fortuitous and is due to scattering
and background effects which are more serious
at this angle. The discrepancy in s,.(v, 90') at the
high- velocity end will be discussed below.

The effective efficiency e, (v, 90') obtained from
the '"Cf results is an upper limit for the true effi-
ciency at this angle. The number of '"Cf events
detected at any angle 8 may be written
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0.5

0.4

0.3

IO differ quite substantially at the high velocity re-
gion. Whereas A,.(v, 90') is very similar to the

A,. (v, 0') curve (indicating that the scattering cor-
rection for the "'Th+ n system is also small at
90'), the average pulse height for '"Cf, A, (v, 8),
is substantially lower for high v. This may indi-
cate an insufficient separation of the y and neutron
peaks or a substantial contribution of (n, n y) scat-
tering events in which the y ray was detected.

The neutron pulse height curves A&(v) and A,. (v)
may be used to obtain a better upper limit for the
effective efficiency at 6)=90'. Using the same no-
tation as in the previous section we may write

0.2 A,.(v, 8) =p,.(v, 8)A,.~(v, 8) + [l —p,.(v, 8)jA, ,(v, 8)

and a similar equation holds for A,.(v, 8). We have

O. I A;„(v, 8) =A,.„(v, 8)

and we make the assumption

V (crn /nsec)
0,5

90

IO

A

FIG. 1. The measured effective efficiency e&(v) and
the theoretical efficiency e&(v) as a function of the neu-
tron velocity v at 0 = O'. AI.so shown are the average
neutron detector pulse height parameters A;(e) and A;(v)
obtained for the fissioning system being measured
@~Th+45 MeV n particles) and for the calibration sys-
tem (52Cf), respectively, at the same angle.

0.4

E. Neutron pulse height parameter

As was mentioned above we recorded, in addition
to the neutron TOF, the pulse heights produced in
the neutron detectors. We show in Figs. 1 and 2

the average pulse height A(v) associated with an
event in which a neutron of velocity v was detected.
As before the subscripti refers to the '"Cf re-
sults, whereas the subscript j refers in this parti-
cular case to the "'Th+ n results. It is seen that
at 0' (Fig. l) the two curves A,.(v) and A,.(v) are
very similar. In view of the fact that the number
of neutrons per fission and their angular distribu-
tion in the laboratory system is very different, the
similarity of the A(v) curves may be taken as a
proof that the scattering effects are negligible at
this angle and s,.(v) obtained at this angle is es-
sentially the "true" detection efficiency.

The average pulse heights A(v) for '"Cf (sub-
script i) and '"Th+ o. (subscript j) at 8= 90 (Fig. 2)

0.2

O. l

V (cm/nsec)

FIG. 2. The effective efficiencies e&(v) and e;(v) for
the fissioning system being measured (3tTh+45 MeV c.
particles) and for the calibration system ( Cf), respec-
tively, and the theoretical efficiency ez(v) as a function
of the neutron velocity at 90 . Also shown are the re-
spective average neutron detector pulse height param-
eters A&(v) and A~(v) at this angle.
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A, ,(v, 8) =A, ,(v, 8),

i.e., the "scattered" events give the same average
pulse height for all fissioning systems. With the
further assumption P&(90') &P&(90') (i —'"Cf
events), it follows that

A,.(v, 90') P, (v, 90')
A~(v, 90') p~(v, 90 )

Using Eq. (6) we have finally

e,.(v, 90') ~=' ' .«,.(v, 90')A;(v, 90')
A~~ 90' c

cally in the c.m. system of the compound nucleus.
(2) The post-fission neutrons are emitted iso-
tropically in the c.m. system of the fully acceler-
ated fragments. (The validity of these assump-
tions is briefly discussed below. ) With these
assumptions Eqs. (9) can be solved and N~(v, ),
N, (v, ) and N, (v, ) can be calculated. The average
number of pre-fission and post-fission neutrons
v, (M, Ew) and v, (M, Ew), resPectively, is then ob-
tained by a transformation to the c.m. frame of
the fragments [for v, (M, Ew)] and a summation
over 8,:
v„(M, E„)= v, (Mo —Mi Ew)

which is a better upper limit for e~(v) at 90'. The
upper limit for e,.(v) obtained from Eq. (7) for

Th+ a is also shown in Fig. 2. It is seen that
the "anomalous" peak at the high-velocity end is
substantially reduced with this correction. Similar
curves e~(v, 90) were obtained for the other fission-
ing systems and used in the data analysis.

F. Calculation of the number of pre- and post-fission
neutrons

The total number of neutrons Nr(v&, 8) emitted
per steradian per fission with a laboratory velocity
v,. at an angle 8 with respect to the fission-frag-
ment direction is a sum of two components, the
pre-fission neutrons N, (v, , 8) and the post-fission
neutrons N, (v&, 8):

Nr(v, , 8) =N~(v, , 8) +N, (v, , 8)

Q N, (v, , M, Ew),
V~

v, (M, Ew) = v, (MO —M, Ew)

= v, (M, Ew) + v, (Mo —M, Ew),

v (M, E )=, Q 1 —~ N, (v, , O, M, Ew),
4n 2

4m 2

v(MO —MEw)=
( E ) Q 1—

V.

xN(„. ME )

(10)

Here Y(M, Ew) = Y(MO —M, Ew) is the fractional
yield for the binary fission with fragment mass
M and (Mo —M) and kinetic energy bin Ew.

with

N, (v, , 8) =N, (v, , 8)+N, (v, , 8), (8)
Q Y(M, E )=1.

Af

N, (v, , 0) =Nr(v, , 0) —N, (v, , 0) —N, (v, , 0),

N, (v J, w) =Nr(v&, w) —N~(v&, w) —N, (v, , w),

N, (v, , 2 w) =
N r(v, , 2 w) —N, (v, , —,

'
w) —N, (v, , —,

'
w) .

(9)

[N,.(v&, w,.) are also functions of the fragment mass
M and total fragment kinetic energy F~, but for
sake of clarity these subscripts are omitted in
most equations. ] In order to solve the above equa-
tions we make the following basic assumptions:
(1) The pre-fission neutrons are emitted isotropi-

where the subscript 1 and 2 stand for fragment
No. 1 (detected at 8 =0) and fragment No. 2 (de-
tected at 8=w), respectively. We measured in our
experiment the distributions Nr(v&, 0), Nr(vj, 2w),
and Nr(v J, w). The relationship between these
quantities and the quantities of interest, namely
N, (v, , 8), N, (v, , 8) and N, (v, , 8) may be written in
the form of these equations:

V, and V, are the velocities of fragments M and
(MO-M), respectively, and (1 —V, /v, ) is the
Jacobian of the laboratory to c.m. transforma-
tion.

We solved Eqs. (9) and (10) by an iteration meth-
od similar to that used by Cheifetz et al. ' This
method does not yieM unique values for v„and v,
but rather upper and lower limits which depend
on the number of iterations performed. The meth-
od is described in greater detail in the Appendix.

G. Neutrons with kinetic energies outside the experimental

detection limits

In the analysis of the pre-fission and post-fission
neutrons we considered events in the velocity
range of 0.95-4.55 cm/nsec (0.47-10.8 MeV).
Above -4.5 cm/sec the separation between neu-
trons and y rays becomes uncertain. Below -1.0
cm/nsec the background of random-coincidence
events introduces increasingly larger errors and
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TABLE II. Characteristics of the binary fragment distribution Y(M, Ez). The errors were
estimated from differences between several measurements of the same quantities.

Compound nucleus 213At 22~Ac "'Pu 243 Cm

No. of events (&& 104)

M~ (amu)

M~ (amu)

o& (amu)

EE (MeV)

oz (MeV)

16
98.4 + 0.5

114.6 + 0.5
10.1 + 0.2

146.0 + 1.0
8.0 + 0.2

8
99.7 +0.5

127.3 ~0.5
16.9 ~0.5

156.0 ~1.0
11.2 +0.2

11
100.9 +0.5
132.1 +0.5
18.0 +0.2

166.0 ~1.0
11.3 +0.3

10
102.9 +0.5
131.1 + 0.5
16.6+0.2

172.4 + 1.0
12.1 +0.3

21
104.5 +0.5
134.5 + 0.5
17.3 + 0.2

174.0 + 1.0
12.0 +0.4

18
105.8 + 0.5
134.2 + 0.5
16.7 + 0.2

182.5 ~ 1.0
12.8 + 0.4

In Table III we present the zeroth, first, and
second moments [Nz(8), v(8), and o„(8), respec-
tively] of the neutron laboratory velocity distribu-
tion as measured at 6 = 0 and 90'. These data per-
tain to the experimentally measured velocity inter-
val of 0.95 &v(8) ~ 4.55 cm/nsec. The errors shown
are due to the uncertainty in the neutron detection
efficiency.

We show in Figs. 3-14 the average number of
post-fission neutrons as a function of the fragment
mass and as a function of the total kinetic energy.
v, (M) denotes the average number of neutrons
emitted from a fragment of mass M and v, (E~)
denotes the average number of neutrons emitted
from both fragments with total kinetic energy E~.
The curves are the mean between the upper and
lower limits obtained in our iteration procedure.
The errors shown are the statistical errors only.

We also obtained the number of pre-fission neu-
trons as a function of fragment mass ratio and
total kinetic energy. %ithin the rather large errors
(see also Table IV) the average number of pre-fis-
sion neutrons is independent of the mass ratio and
of the total fragment kinetic energy.

In Tabl. e IV we show the upper and lower limits
for the average number of pre-fission neutrons v,
and the average number of post-fission neutrons
v, as obtained with our iteration procedure. Also
shown are the mean values for v~ and v, . In ob-
taining the mean values we took into account the
error due to the effective efficiency and the cor-
rection due to the finite experimental velocity in-
terval. Finally we also show in Table IV the aver-
age total number of neutrons emitted v~ = v„+ v, .
Since the errors in v, and v, are correlated in our
iteration procedure, the errors in v~ are smaller
than would otherwise be the ease.

l2—
Y(E)

I l )

Pu+45MeV u

IO—

&n 8
D0
O

pc/ 7
O
)C

W

(E)

ean reproduce the experimental results for the
average number of pre-fission neutrons and the
radiochemical spallation residue cross sections
for the reactions discussed in the present work
(Table I). Such spallation residue cross sections
have been measured for the actinide systems
('"Th, """U "'Pu+45 MeV o. ) by Seaborg and

co-workers. ""
We have used the method of Dostrovsky et al, .'

to calculate the decay of the compound systems
indicated in Table I. This method uses the Monte
Carlo technique to calculate the decay of the com-
pound nucleus by the evaporation of particles
(mainly neutrons) and calculates at each evapora-
tion step the fission probability using the expres-
sion for the ratio of fission width to neutron evap-

V. CALCULATION OF THE NUMBER OF PRE-FISSION

NEUTRONS

It was mentioned earlier that one of the main
purposes of the present experiments was to see
whether the conventional formulation for I"z/I'„(E*)

I I l I I I I I I

I 50 160 I 70 I80 l90 200 2I0 220 250
E„(MeV)

FIG. 14. The average number of post-fission neutrons
from both fragments ~a(+z) as a function of the total
fragment kinetic energy Ez and the kinetic energy dis-
tribution for the system Pu+45 MeV e particles.
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oration widths, io

~I' Koa„(2[a&(E*—B& —&&)]
'~' —lj

&exp[2[a&(E* —Bf ~f)]"'

Here ~, =4'/2m', ' = 10 MeV, a„, and a~ are the
level density parameters used in calculating the
neutron emission and fission widths, respectively,
E* is the excitation energy of the compound nucle-
us, 8& is the fission barrier, B„ is the neutron
binding energy, and ~„and 4& the respective shell
plus pairing energy terms.

We have used for &„ the values tabulated by Cam-
eron" and assumed" bz(A, Z)+0.25 MeV. [Note
that in Eq. (11) 4z and A„do not apply to the same
A. ] For the fission barrier heights Bz we used
the experimental values shown in Table V and as-
sumed B&=6.0 MeV for all other Z) 92 nuclides.
We used B& ——8.5 MeV for the Ac isotopes. "

The Monte Carlo calculation starts with the ex-
cited compound nucleus (Table I) and proceeds
until. the end of the evaporation cascade or until
fission occurs. It thus yields among other results
the pre-fission neutron distribution and the ratio
of the fission cross section v~ to the total. reaction
cross section o„(assuming cd to be equal to the
compound nucleus formation cross section) and the
ratio of any particular spal. lation cross section to
the fission cross section.

We show in Table VI the calculated results for
the average number of pre-fission neutrons T, ,
the ratio of the fission cross section to the total
reaction cross section o~/cr~, and the ratio of the
(o. , 4n) spallation cross section to the fission cross
section o(n, 4n)/a T~he (o.', 4n) cross section is
shown because it is the largest spallation cross
section for our excitation energy range, accord-

ing to the calculation. We also show in Table VI
the experimental results (to the extent that they
have been measured). The results for o~/os and
o(o., 4n)/oz were taken from the work of Seaborg
and co-workers. "" The calculated values of P»
oF/os, and o(o., 4n)/oF are given for three sets of
the level density parameters a& and a„: (1) a„
=A/20 and az =-, a„=A/15. A ratio of a&/a„=1.2-
1.3 was found to apply in the lead region" (presum-
ably because of the low level density in the ground
state of the nuclei near the doubly closed shell).
(2) a& =a„=A/20 and (3) a& =a„=A/8. For the nu-
clei of interest in the present work, which with the
exception of the '~Bi+ n system are far from
closed shells, one expects a& = a„. The calculated
results shown in Table VI have a statistical error
(due to the Monte Carlo method) of -0.01.

Comparing the calculated and experimental re-
sults for &„we must keep in mind that our experi-
mental results include scission neutrons whereas
they are not included in the calculation. In order
to obtain a quantitative estimate of the number of
scission neutrons we analyzed the neutron distri-
bution in the spontaneous fission of '"Cf by the
same method which we used to obtain the number
of pre-fission and post-fission neutrons in the
other fissioning systems. We found for '"Cf v,
=0.4+ 0.1, v, =3.4+ 0.1. This result is not inde-
pendent of the results of Bowman et al."which
we used in our efficiency determination. They al-
so estimated the number of scission neutrons to
be -0.4. Sirr, il.ar numbers were obtained by
Cheifetz and Fraenkei2' (v„=0.25+0.20). As a
rough estimate we may assume 0.4 scission neu-
trons per fission for the other fissioning systems
as well. (Loveland, Fairhall, and Halpern'0 found
the number of scission e particles to be roughly
independent of the fissioning species and excita-
tion energy. ) With this assumption most of the
pre-fission neutrons of the system '"Ra+17 MeV

TABLE III. Characteristics of the neutron laboratory spectra in the velocity range 0.95 & v
& 4.55 cm/nsec at 0 =0' and 0 =90'. The errors given are due to the uncertainty in the neutron
detection efficiency. The error due to velocity dispersion is approximately 10'.

209Bi.+ "'H,a+P

No. of events (0')
No. of events (90')
Ã& (0 ) (n ffis sion)
Nz(90') (n/fission)
v (0 ) (cm/nsec)
z (90 ) (cm/nsec)
Z„(0') (MeV)
K„(90') (Mev)
0.„(0 } (cm/nsec)
0.„(90') (cm/nsec)

33 000

0.65 + 0.02

2.06 ~ 0.03

0.62 +0.04

13 000
4000

0.69 + 0.04
0.14 +0.02
2.21 ~ 0.03
1.86 ~0.03
2.81 +0.03
2.03 +0.03
0.68 ~ 0.02
0.66 + 0.03

67 000
33 000

0.96 &0.02
0.38+0.05
2.26 +0.02
1.96 +0.06
2.97 + 0.02
2.30 +0.12
0.75 +0.01
0.74+ 0.03

76 000
44 000

1.02 + 0.05
0.42 + 0.08
2.33 + 0.02
2.01 ~ 0.09
3.13~ 0.04
2.40 + 0.22
0.74 + 0.01
0.75 + 0.03

64 000
36 000

1.05 + 0.05
0.46+ 0.09
2.31+ 0.02
1.98 ~ 0.08
3.08 + 0.04
2.32 ~ 0.22
0.74 + 0.01
0.74 ~ 0.05

64000
29 000

1.06 + 0.02
0.40 ~ 0.04
2.36 + 0.02
2.01 + 0.06
3.24 ~ 0.04
2.42 + 0.14
0.77 + 0.01
0.77 + 0.03
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TABLE IV. The upper and lower limits of the number of pre-fission neutrons per fission
v~ and number of post-fission neutrons per fragment v& which result from the iteration for the
velocity range 0.95 & v & 4.55 cm/nsec, the average numbers of pre-fission neutrons v~, the
average number of post-fission neutrons from both fragments v„and the average total num-
ber of neutrons emitted per fission vz.

System 208Bi+ a 226Ra ~P Th+ Q 238'+ e "'Pu+e

v& (upper)
v~ (lower)
vp

v& (upper)
v& (lower)
va

Vp

1.75 + 0.05

3.6 ~0.2

0.61 ~ 0.15
0.46 ~ 0.15
0.5 + 0.3
1.76 ~ 0.10
1.74 + 0.10
3.6 + 0.4
4.1 +0.3

3.72
2.02
2.9 +0.9
2.23
2.04
4.4 ~0.3
7.3 +0.8

4.79
1.88
3.3 +1.5
2.33
1.81
4.2 +0.7
7.5+1.1

5.13
2.10
3.6 + 1.6
2.49
1.98
4.6 +0.7
8.2 + 1.1

3.42
1.89
2,7 +0.8
2.55
2.42
5.1 +0.3
7.8 +0.8

protons are scission neutrons and the number of
"true" pre-fission neutrons is small or even zero.

Table VI shows that the calculated values for
the average number of pre-fission neutrons v~

obtained with the set a~ A/15, a„=A./20 are very
much smaller than the experimental values (except
for '26Ra+17 MeV P). The calculated results for
the sets a&-—a„=A/20 and a& ——a„=A/8 are in good
agreement with the experimental results if 0.4
scission neutrons are added to the calculated re-
sults. In particular, the calculated results show
no "true" pre-fission neutrons for Ra+ 17 MeV
P. However, Table VI also shows a severe dis-
agreement between the calculated results for af
=a„A/20 and a& =a„=A/8 and the radiochemical
results for o'~/o„and o(n, 4n)/os. The latter val-
ues are smaller by as much as three orders of
magnitude than the calculated cross sections.
This discrepancy will be briefly discussed below.

VI. DISCUSSION

A. Evaluation of the assumptions concerning neutron emission

In our analysis we made two assumptions regard-
ing the angular distribution of the pre-fission and
post-fission neutrons. We assumed: (1) that the

pre-fission neutrons are emitted isotropically in
the c.m. system of the compound nucleus; (2) that
the post-fission neutrons are emitted isotropically
in the c.m. system of the fully accelerated frag-
ments. Our first assumption (regarding the pre-
fission neutrons) would be in error if there is a
sizeable forward-backward peaking of the neutron
distribution in the c.m. system of the compound
nucleus due to the angular momentum imparted
to it by the incoming ~ particle. The result of the
experiment of Drake, Axel, and Halpern" in which
they bombarded Au with 42 MeV n particles and
measured the angular distribution of the emitted
neutrons shows this effect to be negligible for all
our systems. Our second assumption (regarding
the post-fission neutron distribution) raises two
questions: (a) How large is the effect of the an-
gular momentum of the fission fragment on the
angular distribution of the emitted neutrons;
(b) What is the probability of a neutron being
emitted before the fragment is fully accelerated
(the fragments have 99.9/c of their final velocity
-10 "sec after scission)? Both these questions
are discussed in detail by Cheifetz et al. ' Based
on their analysis we conclude that neutron emis-
sion prior to full fragment acceleration and angu-
lar momentum effects do not affect our results
within our experimental error.

TABLE V. Fission barrier heights Bf (in MeV) used in the I&/1„calculation.

A 232 233 234 235 236 237 238 239 240 241 242 243

55a 5 7b 6 2a 6 1c 57d
94
96

5.5' 6.0' 6.4' 5.8' 6.3' 6,3'
59' 61 59

Reference 26.
Reference 25,

cRefer ence
Reference 28.
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TABLE VI. The average number of pre-fission neutrons v&, the ratio of the fission cross section to the total reaction
cross section oz/oz and the ratio of the (e, 4n) spallation cross section to the fission cross section o(m, 4n)/oz calcu-
lated for several values of the level density parameters a& and a„, and the experimental result. The error in the cal-
culated results is -0.01.

A
a =—

15
A

Q n 2P
A

a =a =—f n 2p
A

af ——a =—f 0 Experimental

Fissioning
system

cr~ o (o., 4n)

oz ~z
~o

o.(o. , 4n)

R F
gp o.(e, 4n)

~F

gy

oz
o (G. , 4n)

o'p

22~Ra+17 MeV P
232Th+45 MeV n
233U+45 MeV G.

238U+45 MeV G.

238Pu+45 MeV n

0.082 0.17
0.039 1.00
0.030 1.00
0.066 1.00
0.063 1.00

0.125
2.73
1.92
2.81
2.32

0.016
0.68
0.66
0.52
0.79

0.40
0.47
0.73
0.23

0 0.002
2.68 0.92
1.74 0.86
2.82 0.81
2.18 0.94

0.045
0.167
0.102
0.51

0.5+ 0.2
2.9 + 0.9 0.02b
3.3*1.5 -0.98' 0.0002'
3.6 + 1.6
2.7+0.8 p 987 d p ppp4 d

~ This work.
b Reference 22.

Reference 21.
Reference 20.

B. Comparison with other experimental results

There are at present no other direct measure-
ments available of the number of pre-fission neu-
trons in our target-mass and excitation-energy
range. But our results (Table IV) are consistent
with the results of Cheifetz and Fraenkel" and of
Bishop eI al."' at lower excitation energies and
with the results of Cheifetz et aL.' at higher ener-
gies.

Our results for ' Bi may be compared to the
results of Plasil, Ferguson, and Schmitt" who
bombarded '"Biwith 52.25 MeV n particles.
They obtained the number of neutrons as a func-
tion of fragment mass and total kinetic energy by
measuring the kinetic energies of the two frag-
ments and the velocity of one fragment. Their
curve of v(M) is qualitatively similar to our re-
sults but both the slope of the curve and the abso-
lute values for v(M) are much higher. Thus they
obtain v, =7.4+0.5 as compared to our value of
3.6+ 0.2. They note that the former value is in-
consistent with the total energy balance based on
accepted mass formulas. A similar situation ex-
ists for the "Ra results. Here we compare our
data with those of Konecny and Schmitt'~ who bom-
barded "Ra with 13 MeV protons and used the
same method as Plasil et al." to obtain v(M).
The shape of their curve is similar to ours, in
particular the relatively flat section in the mass
region M=90-100, the smooth increase in v(M)
in the symmetric mass region M = 100-120, and
the drop at M= 130. But their experimental meth-
od yields higher values for v(M). than our direct
neutron counting method in the mass region
M = 100-130.

We can compare our results for v, (M) of "'Th
+45 MeV u particles and "'U+45 MeV n particles

with the early results of Britt and Whetstone. "
They bombarded" Th, '"Th, and "'U with 22.1,
25.7, and 29.5 MeV n particles and measured the
kinetic energy of the two fission fragments with
solid state detectors. They obtained v, (M) of "'Th
and "'U for the bombarding energies of 25.7 and
29.5 MeV by comparing their results for the kine-
tic energies of the fragments with the results of
Whetstone" who measured the velocity of the two
fission fragments for the same fissioning systems
using a time-of-flight technique. The method of
Britt and Whetstone for the evaluation of v, (M)
suffers from the same basic difficulty as the
method of Konecny and Schmitt" and Plasil et al. ,

"
namely that a small number [v, (M)] is obtained as
the difference of two large numbers, namely the
pre- and post-neutron emission fragment masses.
As a result the relative error in v, (M) is very
much larger than the relative experimental error
in measuring the two fragment mass distributions.
Their results for v, (M) of the system ~'oTh+29. 5

MeV n particles are in good agreement with our
results for "'Th+45 MeV n particles, but in view
of the difference in the target mass and bombard-
ing energy the agreement may be to some extent
accidental. The results of Britt and Whetstone
for '"U+ 29.5 MeV n particles are substantially
higher than our values of v, (M) for a bombarding
energy of 45 MeV. The discrepancy may in part
be due to an underestimate by Britt and Whetstone
of the number of pre-fission neutrons emitted in
this reaction (they assumed v„=0.15).

C. Comparison with calculations and radiochemical results

We have presented results of calculations which
assume I'&/I'„ to be given by Eq. (11). Since we
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used in these calculations the experimental fission
barrier heights, a& and a„are the only "free" pa-
rameters in the calculation. It is seen from Table
VI that good agreement with the experimental val-
ues for v~ is obtained within rather wide limits for
az ——a„=a (a =A/8 and a =A/20). The assumption
that af =a„seems reasonable in our case since
only near the closed shells is af expected to be
substantially larger than a„. Moreover, fits to
the experimental level densities in the Z = 92-96
region yield -A/10 for both az and a„." We may
thus conclude that the formulation of I'z/I'„as
given by Eq. (11) reproduces satisfactorily our
experimental results for the average number of
pre-fission neutrons T, . However, the same cal-
culations yield spallation cross sections which are
larger, sometimes by orders of magnitude, than
those measured by radiochemical methods. It was
already mentioned that a similar discrepancy was
found by Cheifetz et al. ' for the fissioning systems
of "'U+155 MeV P and ' Bi+155 MeV P. But
whereas in the case of Cheifetz et al. the spalla-
tion-fission calculation is "complicated" by the
intranuclear fast cascade which precedes the fis-
sion-neutron evaporation mechanism, this is not
true in the present work. It may' also be of inter-
est to mention in this context the recent work of
Boyce et al.37 They measured very accurately the
absolute cross section for 5.0-30.0 MeV proton-
induced fission in various uranium isotopes. They
compared their experimental results with calcula-
tions which use an expression for I'f/I'„which is
similar to Eq. (11) and an optical model calcula-
tion to obtain the total reaction cross section.
They obtained fairly good agreement with their
experimental results. (However, they found it
necessary to multiply all reaction cross sections
by an energy dependent factor, presumably be-
cause of the shortcomings of the optical model.

calculations. )
In summary it should be emphasized that while

it does not seem that agreement can be obtained
between the results of the present experiment and
the radiochemical spallation results using a formu-
lation for I'z/1 „as given by Eq. (11), the two sets
of experimental results are not inherently incom-
patible. A more realistic calculation of the fis-
sion-spallation competition may eliminate the
present disagreement. A calculation of this kind
is in progress.
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N, (v, , 0) =Nr(v, , 0) —N, (v, ) —T~(2,j )N, (v„, z),

N, (v, , w) =Nr(v, , v) -N, (v, ) —T, (l,j )N, (v», 0), (A1)

N, (v, ) =Nr(v, , —,v) —g Tq(i,j )N;(v„;, 6;),
i= 1

where 6, =0 and 62=v. For reasons of symmetry
N, (v, ) has no 6 dependence and hence, no assump-
tion regarding the pre-fission neutron distribution
is needed to solve Eq. (Al) and to obtain the post-
fission neutron distribution N, (v, ) . Assuming the
post-fission neutrons to be emitted isotropically
from the fully accelerated fragments we obtain the
following simple expressions for the transforma-
tion matrices:

v„= V, + (V'+ v ')'" (A2)

v„=2V, + v, ,

where tj; is the velocity of fragment i. Equations
(Al) can, in principle, be solved analytically.
However, it is simplier to solve them by expan-
sion in powers of T(i, j), as was done by Cheifetz
et al. The expansion converges rapidly since
T(i, j)& 1 [see Eq. (A2) j and higher terms of the
expansion operate on higher velocity components
of Nr(v„, 8) which is a rapidly decreasing function
of v, . Moreover, our measurements were limited
to the velocity range 1.0- v, ~ 4.5 cm/nsec.

To first order in T(i,j )

APPENDIX

In this Appendix we describe how the number of
neutrons v, (M, E~) and v, (M, Ex) were obtained
from the experimental quantities Nr (v, , 0),
Nr(v, , —,v), and N„(v, , n). Equations (9) may be
rewritten in the form
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TABLE VII. The contribution of a neutron event with laboratory velocity v,. detected at 0 =0
to the moments of the pre-fission and post-fission neutron velocity distributions. v is the
n th moment of the velocity distribution. M is the mass of the fragment detected at 0 =0, Mo
-3f is the mass of the complementary fragment (detected at 0 = z).

Moment of
velocity

distribution
Contributing fraction of

one neutron event

Velocity
limits other than

4.55& v; & 0.95 cm/nsec

v&,"~(M,E )

v(,"~ (m, -m, E„)

t(v. -2v, V&) / —V )]
(v.2 —2v V&)

(v. 2V Up+2 1', (1,q)N,'(v, , 0)
(v —2V &)~

Tg(1,j )N~(v. , 0)

—(v, —2v V&)" TB(1,j)N&(v, 0)

TB(1,j)= 1- 1 1 — 1

2V
T~(1,j) = 1—

V~

2

2 1 /2 n+2
t(v,—.- —2v~V&) —U&] T (1

'
)N~ (v 0

(v.2-2v V() g gg Z V~y
V~

v~ & (1+ v 2 ) V(
(v& -2v V&) &0.95 cm/nsec

&V + (V 2+V 2)1/2

(v, —2v~V&) & 0.95 cm/nsec

v & 2V(+ U2

(v, -2Vg) & 0.95 cm/nsec

v~ & 2Vg

(vj 2vjVf) ' & 0.95 cm/nsec

N(v, , 0) =Nr(v, , 0) —Nr(v, , —,w)+ T8(1 j)[Nr(v», 0) —Nr(v», ,'n)]+ T—8(2j)[Nr(v~, m) —Nr(v„, 2m)]—
—T~(2,j)[Nr(v„, w) —Nr(v„, —,'w)],

2

N, (v, ) =Nr(v, , —,'m) —g T8(i,j )[Nr(v„, 8, ) —Nr(v„, .—,'v)] . .

(A3)

The equation for N, (v, , n) is obtained from the
equation for N, (v, , 0) by interchanging the angles
0 and n and the subscripts 1 and 2.

In contrast to the method used by Cheifetz et al. '
in which the detected events were initiall. y sorted
into three-dimensional arrays corresponding to
M, E~, and v, for 0 = 0, —,

'
v, and v and the iteration

procedure was later carried out on these arrays,
we performed the analysis event by event prior to
any sorting, thereby eliminating the dispersion
effects introduced by the initial sorting procedure.
We tabulate in Tabl. e VII, as an example, the con-
tribution of an event in which a neutron of velocity
v& is detected at 6) =0' to the moments of the pre-
fission and post-fission neutron velocity distribu-
tion. N'r(v, , 8) = [No@(v, , 8)0] ' is the weight of one
neutron event. 0 is the solid angle of the neutron
detector.

In carrying out the iteration procedure to first
order [Eq. (A3)], we obtain an upper limit for v,
and a lower limit for v, .' By omitting the
Nr(V„, &n) terms from Eq. (A3), we obtain a low-

er limit for v„and an upper limit for v, . The dif-
ferences between these limits can, in principle,
be reduced by adding higher order terms to Eq.
(A3). In practice, other uncertainties, a,nd in par-
ticular, the errors in e(v, , 8) are of the same or-
der as the difference between the upper and lower
limits of the first order iteration and hence, the
incl. usion of higher terms is not useful, and our
results show the upper and lower limits for v,
and v, as obtained from the first-order iteration.

Since post-fission neutrons with laboratory en-
ergy of 4.5 cm/nsec at 0' have the same c.m. en-
ergy as a 3.1 cm/nsec post-fission neutron at 90'
and a -2.1 cm/nsec neutron at 180', the iteration
procedure cannot be carried out even to first or-
der on TB and T~ above these limits (see Table
VII). The effect of the limits on the Tz terms on
the final results is negligible since these terms
are very small. However, the effect of the limits
oi the TB term results in overestimating of v~ by
0.06+ 0.06 neutrons per fission and underestimat-
ing of v, by 0.04+ 0.04 neutrons per fission.
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