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I Introduction

The principle of conservation of energy applied to the fission
of the compound nucleus M(A,Z) can be expressed by the equations

M(A-1,2) + N + E, = My(Ag,2Zg) + M (Ap,21) + EE - Et,

Ag + Ap = A, and 2y + 21 = 2,

where N and E, are the mass and kinetic energy of the thermal neutron
which induces fission, My and Mj are the ground state masses of the
primary fission fragments and E& and E; are the kinetic and excitation
energies of the primary fragments. The kinetic energy of the thermal
neutron is negligible compared with the other energies, and is therefore
dropped from the above equation. The neutron mass is 1.00898 amu, and
the mass M(A-1,Z) is known with fair accuracy. Since the primary
fragments are neutron-rich and emit prompt neutrons within less than
about lO_15 seconds after their formation, the masses of these fragments
are not known experimentally and must be determined by extrapolations
from measured masses. As for the kinetic energies, any attempts to
measure them result in the inclusion of errors which must then be
removed if the energies are to be used in the conservation of energy
equation. However, if the true energies E& are inserted in the above
equation one can obtain the corresponding excitation energies E%. In
some caseé probability distributions for the energies Eg have been
“determined experimentally, and the probability distributions for the
;nergies E§ can then be derived. Although one can apply the principle
of conservation of momentum to the primary fission ffagments and thereby

obtain the kinetic energy distribution for each fragment, there is no

such known relationship which could be used to determine the single



fragment excitation energy distributions. However, if one assumes a
certain division of excitation energy between the fragments one can
then proceed by evaporation theory to calculate the number of neutrons
which are expected to be emitted by each fragment. A comparison of the
calculated neutron multiplicities with those measured experimentally
constitutes a check on the analysis.

The first reliable kinetic energy data for the thermal neutron
fission of U235 were obtained by Brunton and Hanna (1950) using a double
ionization chamber and assuming that fission fragment energies are
proportional to the ionization produced. However, it has been shown by
Schmitt and Leachman (1956) that for fission fragments slowed in an
ionization chamber an ionization defect occurs which is most important
toward the end of the range of the fragments. Here the energy loss by
non-ionizing processes becomes quite important and the relationship
between the fragment kinetic energy and the ionization produced should
not be assumed to be linear.

Leachman (1956) and Leachman and Kazek (1957) have performed
calculations to determine the excitation energy distributions and the
number of neutrons emitted by the primary fission fragments from several
fissile materials, including U235. They base their fission fragment
kinetic energy distributions on ionization chamber data and assume that
the excitation energy distributions of both fragments are the same.
They then calculate the probabilities that certain fragments near the
most probable mass division emit O, 1, 2, ... neutrons, and average
these probabilities over the mass divisions considered. The ionization

defect in the data they used was adjusted to make their calculated



average number of neutrons per fission agree with the value determined
experimentally. However, it would be more satisfactory if one did not
have to use an arbitrary ionization defect in order to obtain such
agreement.

The ionization chamber method of obtaining fission fragment
kinetic energies has now been replaced by the time-of-flight technique
by which one obtains the time required for a fragment to travel a known
distance. The velocities obtained by this method are those of the
fragments after the emission of prompt neutrons and hence must be
corrected before being used in the conservation of energy equation.
However, the energies derived from time-of=flight velocities have a
better resolution than those from ionization chamber experiments and
also there is no large energy shift such as ionization defect.

Stein (1957) has used the time-of-flight technique to obtain
the velocities of pairs of fission fragments for the thermal neutron
fission of UZBB, U235, and Pu239° With his apparatus a fission fragment
whose velocity is to be measured passes down one of two collinear drift
tubes. The time of occurrence of each fission is recorded by detecting
the electrons which are ejected from the fissile source as the fragments
emerge from it. A second time determination is made on pairs of frag-
ments which travel 269 cm down the drift tubes to the fragment detectors
of 2 inch and 8 inch diameter. The calculations discussed in this thesis
are based on the 3050 velocity pairs obtained by Stein for the thermal

neutron fission of U235.

II Analytic Form for the Velocity Probability Surface

The description is now given of how the velocity pairs (vHo, VLO)



of the heavy and light fission fragments taken from Stein's experiment
for the thermal neutron fission of U235 were plotted on a grid in the
vH° vL° plane, and how an analytic function for the velocity probability
surface was obtained.

A grid was formed by parallel lines 0.5 x 107 cm/sec apart, one
set of lines drawn parallel to the vy® axis and the other set parallel
to the vLo axis. The basic squares so formed were grouped to form
larger squares with sides of length 3.0 x 107 cm/sec parallel to the
co-ordinate axes. The size of these large squares was determined by the
number of velocity pairs available. It was a compromise between smaller
squares which would give rise to unnatural fluctuations in probabilities
among adjacent squares, and larger squares which would smooth out any
true fluctuations in the probabilities. The height of the probability
surface at the mid-point of each large square was then taken as pro-
portional to the number of velocity pairs which occurred in that square.

By taking cross sections of the probability surface it was
found that the surface had approximate symmetry with respect to a
system of axes obtained by rotating the vy® vi° axes clockwise through
the angle a = arc tan 3/5 = 31° and by translating the origin to the
point with co-ordinates VHO = 0.9605 x 107 cm/sec, vL° = 1.4095 x 107
cm/sec. The transformation from the experimental velocities vHo and
VLO to the velocities vHo' and vL°' with respect to these symmetry axes
is therefore given by

(vg® - 0.9605 x 107) cos a - (vi® - 1.4095 x 107) sin a

(vg® - 0.9605 x 107) sin a + (v;° - 1.4095 x 107) cos a.
In carrying out the analysis a change of scale along the symmetry axis

was introduced. The basic unit in this new system is equal to the



distance between the centres of adjacent grid squares. One defines
2 pseudounits = 3 x 107 cm/sec,

so that the pseudounit co-ordinates x and y are given by

2 O
X e Y,
3 x 107 H
2 o
and = m—— e 0D
Y= 3x107 &

Cross sections of the probability surface were taken along
various lines parallel to both symmetry axes and it was found that,
except for two high regions located symmetrically about the y axis on

the x axis, the surface could be represented by a function of the form

£o(x,y) = (A + Ajox + Ay + A20x2 + Ajyxy + A02y2 + A21x2y . Alzxy2

+ A22x2y2) e-(éc 4 %g)’
where the numbers occurring in the exponential were chosen to make the
coefficients Aij small. Furthermore, it was found that one could take
All and A22 to be zero, and this was done. The coefficients in the
above function were then obtained by a least squares fit of the function
to the probabilities given at the mid-point of each square in two grid
systems. Each grid was formed with squares of sides 3 x 107 cm/sec in
length as previously described. The first grid contributed 183 points
to the least squares fit and the second grid, formed by squares whose
centres fall on the corners of the squares of the first grid, contri-
buted an additional 190 points. The two sets of grids were used in
order to obtain more reliable coefficients than one set would have given.
The results of the least squares fit were that the coefficient A, was
negligible and that a new term should be added to the function fo(x,y)

in order to take account of the two high regions to which reference has

already been made.
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The least squares procedure described above was applied to the

function 2 2
2 2 ) 2, &+
Folx,y) = (Ag + Agyy + Apgx= + Aoy + Ayyx©y + Ajoxy©) e

2 2
Y %?)

+ Bx~ e 9
and the coefficients obtained are tabulated in Table I. Also tabulated
are the maximum values attained by each term in Fo(x,y)o The function
Fo(x,y), with these coefficients, was taken as the velocity probability

surface to be used throughout the present analysis.

IIT Dispersions to be Removed from the Velocity Probability Surface

1. Dispersion due to Instrumental Errors

Stein finds that the time resolution of the time-of-flight
apparatus is Gaussian with a full width at half maximum of 5.5 x 10-9

sec. Thus the dispersion in the true time t is given by

to-t 2

| T
e s

where t, is the observed time and T = 2.33 x 10-9 sec. The velocity v

T(to-t) =

is given by d/t, where d(= 269 cm) is the distance travelled by the

fragment. The dispersion in v is given by

V(vg=v) = T [t(v)] 'dt(v)
t o—d/ v
odoiia s -H—F— )
2 o v2 )

Bt %= 3.4 x 1677 nee,

The times of flight t lie in the range 1.7 x 10
and hence 0 « t. Therefore V(vo-v) is very nearly a Gaussian which

maximizes at v = d/to, and so to a very good approximation one can use



(vo-v)Z
V(Vo*-’V) = ﬁ]_—%ﬁ e-% Tt X

=11 2

where 0 = 0.865 x 10 when v is in units of cm/sec.

2, Dispersion due to Neutron Emission

Fraser and Milton (1958) have calculated the probability density
function for the change in the component, along a given axis, of the
fission fragment velocity due to the emission of one neutron. They
assumed that the angular distribution of neutrons in the centre of mass
system depends on the second order Legendre polynomial P2(cos ® ) accord-
ing to the probability density function

®(6) =1 + CyPs(cos 8 ),
and that the energy spectrum of the neutrons in the centre of mass

system depends on the nuclear temperature T according to
: €

I
N(e) == €e o
7l

=1

In the present work their probability density function for the
change in the component of velocity along the drift tube axis due to
one neutron emission is used with the following two modifications. It
was assumed that the fragments which are observed have emitted neutrons
isotropically in the centre of mass system, so that one can take C2 = 0,
In typical cases it is possible for a fragment which is initially
travelling in the direction of the drift tube axis to emit a neutron
perpendicular to its direction of motion, obtain a component of velocity
of about 2.5 x 107 cm/sec in this perpendicular direction, and still be
detected if approaching the large detector but not if approaching the

small detector. This would necessitate a value of C, which would yield



a greater probability of neutron emission along the drift tube axis.
However, it turns out that the dispersions to be removed are not large,
and so the assumption of isotropic neutron emission is a reasonable
one. The density function with C, = O was then approximated by a
Gaussian. This is a good approximation for the case Cp = O. One then

obtains the density function
2
Vo=V
\2r 01y )

W(vg=v) =

where 07 = 0.901 f§ﬁT/mo Here N is the neutron mass and m is the mass
of the fragment before emitting the neutron. Both masses are in atomic
mass units. In all of the calculations which follow, the actual mass

m of the fission fragment was replaced by its atomic mass A, so that a
particular mass division in fission is specified by giving the so-called
mass ratio R = AH/AL, which is the ratio of the atomic masses of the
heavy and light primary fission fragments. The nuclear temperature T

in the expression for 'E] is in Mev., The value of nuclear temperature
selected for the present calculations is T = 0,59 Mev. This is the mean
value obtained by Terrell (1959) for the excited fission fragments from
U235 fission. It is based on experimental fission neutron spectra and
the experimental average fission fragment kinetic energy per nucleon,
and on the assumption that neutron emission is symmetrical about 90° to
the direction in which the fission fragments separate. This value is
smaller than that usually assumed for fission fragments. The effect of
using this nuclear temperature rather than a higher one is discussed in
Chapter IX.

In the case that n neutrons are emitted from the fragment, the



standard deviation 05 in the density function W is replaced by

Uy = 0.901 | 2NTn/A,
where the change from m to A has also been made. The overall average
number of neutrons emitted in the thermal neutron fission of e3> is
2.46 per fission. If one assumes that half of these are emitted by
each fragment in every fission event, one puts n = 1.23 in the expression

for 0,. This value for n is only a first approximation but is a

reasonable one to make at this stage of the calculation.

3, Total Dispersion to be Removed

The total dispersion to be removed from the velocity probability

surface Fo(x,y) was taken as a Gaussian with standard deviation given by

T = \IU‘ta + U'nz.
Using the principles of conservation of momentum, Agvyg = Apvy, and
conservation of mass, Ag + Ap = 236 amu, and taking T = 0.59 Mev and
n = 1.23, one finds that the standard deviations for the dispersion to
be removed from the heavy and light fragment velocities vy © and vL°,

respectively, are

v
v %
and 0y = 107 [6.748 (10-9 VH)h + 0.203 (1 + ;% 2] :

where the velocities are in cm/sec. In order to use these expressions

one must know the velocities vy and vy, of the primary fragments before
neutron emission rather than the velocities VHO and VLO which are observed
experimentally. Since the experimental velocities differ by less than

3% from those before neutron emission, and the dispersions to be removed
are only small corrections to the velocity probability surface, the

experimental velocities rather than the velocities before neutron emission
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were used in the above expressions.

An estimate was made of the range of values taken on by Uy and
01, by evaluating them for velocities which are near to the most probable
ones, and for their maximum and minimum values in the range of velocities
which occur in fission. The results are given in Tables II and III. 1In
order to estimate the effect of removing from the velocity probability
surface the constant dispersions of the magnitude just calculated, a
cross section of the surface was taken at VH°,= 0,96 x 109 cm/sec and
another at vLo = 1.41 x 109 cm/sec. These cross sections are in the
region of greatest probabilities. The cross sections were approximated
by Gaussians with standard deviations ZZH and E:L for the cross
sections with variable velocities vg® and vLo, respectively. In each
case the constant dispersions with standard deviations given in Tables
II and III were removed to give a Gaussian with standard deviation
S = \|22 - 02, The quantity (X -S)/S, which is the increase in the
height of the new curve over that of the old curve at their maximum
values, is also given in these tables.

The magnitude of the dispersion in the heavy fragment velocities
is considerably less than that in the light fragment velocities. This
is to be expected, first, because the heavier fragments are moving more
slowly and their longer time of flight leads to better time resolution,
and secondly, because the velocity change when a neutron is emitted from
a heavier fragment is less than when emitted from a lighter fragment.

In view of the fact that the per cent efrors in the velocity probability
surface are probably of the same order of magnitude as the dispersion

which would be removed from the heavy fragment velocities, it has been



decided to assume that the velocities vHo which occur in the function
Fo(x,y) are the velocities vy before neutron emission. Hence the
probability surface Fo(x,y) need only be corrected for the dispersion

in the light fragment velocities.

4, Velocity Loss due to Nickel Source Backing

So far no mention has been made of the velocity slowing which

occurs when fission fragments pass through the O.1 mg/cm2 nickel foil

235

on which the fissile U

11

is mounted. The correction for this was made

by equating the overall average kinetic énergy per fission derived from

the present data to that determined calorimetrically in another experi-

ment, and is discussed in Chapter V.

IV Removal of Dispersions from Velocity Probability Surface

One has an analytic expression for the velocity probability
function FO(VHO, VLO) for the observed velocities vH0 and VLO, and
wishes to find the velocity probability function F(vH, vL) for the
velocities vy and vy which apply before neutron emission.

One can immediately replace vH° by vy since it has been
concluded that the dispersion in the heavy fragment velocities may be
neglected. Then one considers vpg fixed and proceeds to remove the
dispersion in vL°o The probability density function for the error in

vy, is given by

v O-vy 2
(D)
E(VLO-VL) = S e L ’
By
v o
where 0y, = 107 [00748 (1072 vL°)L+ +0.203 (1 + —La)Z:] -
VH

The probability functions are related according to
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o0
Folvg, vi°) = J~ E(vy®-vy) F(vg, vp)dvy,
-0

where vH° has been replaced by vyg. Since U&Jis small compared with the
spread in the function Fy and hence with the spread in the function F,
the integrand is appreciable only near vy = vLo. Hence one expands
F(vH, vL) in a Taylor series about v = vLoo The integration then

(oo}
reduces to integrals of the form ‘f xPe~Xdx, and one obtains
-0

0

Ui2n

Folvgevy®) = > ey P(2n) (vy,v.®),
n=0 < I
an
where F(Zn)(vH,vLo) = [:é%ZE F(vH,u)} o

u=v
L

On solving for F(vg,v;®) one obtains
o
gen 2
F(VH,VLO) = :E: (=2 )8 EH;T? Fo( n) (VH,VLO)e
n=o 2

Since O'p is small one obtains the desired function F(vyg,vy) by

replacing VLO by vy in the function F. Thus

020 (2n)
— - n RO
Fvg,vy) = éo (D% 5= T (vH,vI)] i

The function F, used in this formula is Fo(x,y) given in Chapter II,
with the transformation between the variables x and y, and vH° and vLO,
as given there.

The derivatives which occur in the above expression for F(vH,vL)
were found analytically and the cross section of the function F(VH,VL)
along the x axis, which is one of the symmetry axes, was obtained using
terms up to and including the eighth derivative of Fo“ The term depending
on the second derivative changed the function F,(vyg®,v{®) in the manner
and by the amount expected, that is, by decreasing the spread of

FO(VHO,VLO) consistent with the value of U&f However, the terms
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depending on the higher order derivatives altered between large positive
and negative values inconsistent with the value of U}f This unruly
nature of the higher order correction terms is explained as follows.

The function F,(vy®,v;®) is the sum of two terms, each of which is the
product of a polynomial and a Gaussian. The polynomials are used as
corrections to give as good a fit as possible to the observed prob-
ability surface. However, because of these polynomials, it does not
follow that Fo(vHo,vLo) will yield derivatives which are a good fit to
the derivatives of the probability surface. The fact that the erratic
behaviour of the higher order correction terms is due to the multiplying
polynomials was checked by setting the coefficients of all but the
constant term equal to zero. The correction term depending on the
second order derivative was of course changed, but the main feature was
that all the other correction terms were negligible compared with the
first correction term. This procedure not only verifies the effect of

. the multiplying polynomials but also helps to justify the assumption
that the first correction term is the only important one. It was there-
fore decided to obtain the probability function for the velocities

vy and vy by using the formula

012
F(,)=[F<,>-——F<2>(,>] .
VH VL o VH'VL > o VH VL vy=vLO

An illustration of the dispersion removal in the total fission fragment
kinetic energy density function for the mass division R = l"*3/93 is given
in Figure 1. Reference should be made to Chapter V for details of the

calculation of these curves.

V Kinetic Energy Distributions

1. Kinetic Energy Distribution at Constant Mass Ratio
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From the velocity probability surface F(vH,vL) one can obtain
the probability density function for the total kinetic energy Ex of the
fragments specified by the mass ratio R. One introduces the polar
co-ordinates (r, 8 ) defined by

vgy=rcosé , vy =rsinb ,

VH
so that R=——=tan 0 ,
vE

and hence fission with a given mass ratio is specified by a constant
value of 6. The principles of conservation of momentum, Ag vy = Ap Vs
and conservation of mass, AH + AL = A, allow one to write the total

kinetic energy as
R i i
K™ 2(r2 + 1)

With the transformation to polar co-ordinates the probability F(vg,vy,)
dvy dvy becomes F(vH,vL) r dr d® , and hence the probability density
function for Ex at constant mass ratio is given by

dr

PK(EK; R) = F(VH,VL) X aTK
R4l o s P
- AR AR * Y A :

It is observed that each of these kinetic energy distributions is simply
a cross section of the velocity probability surface weighted by a factor

depending on the mass ratio.

2. Adjustment of Velocities to Yield Calorimetric Average Kinetic

Energy

A correction was now made to the velocities vy and vy for the
fission fragment velocity loss which occurs for fragments which pass

through the nickel foil on which the fissile material is mounted. To
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do this, the overall average kinetic energy of the fragments per fission
obtained from the probability surface F(vL,vH) has been fitted to that
determined calorimetrically by Leachman and Schafer (1955). Their value
of 167.1 X 1.6 Mev for the overall average kinetic energy of the frag-
ments per fission was used to make the correction. The correction was
made on the assumption that the velocity of each fragment is reduced by
100q% in the nickel foil, where the constant q is to be determined.

The assumption of the same per cent loss for all velocities is justified
on the basis that the velocity loss is small. It might be noted that
this assumption leads to the velocity bunching observed by Leachman and
Schmitt (1954) in their investigation of the slowing of fission frag-

ments in thick foils.

t
L

energy, heavy fragment velocity, and light fragment velocity, respect-

Let Eﬁ, VE, and v, be the true values for the total kinetic
ively, before neutron emission and before the fragments have been slowed
down. As previously, Ey, Vi and vy are the same quantities before the
slowing down correction has been made. Let PKt(Eﬁ; R) be the probability
density function for E&, and, as before, let PK(EK; R) be that for Eg.
Then the overall average kinetic energy of the fragments per fission
before velocity loss occurs is given by

%;j‘Eg pE(EE; R) aER

~ [ pt(xt. t
:%.j‘PK(EK, R) dE}

where the integrals and sums are taken over all energies and mass ratios,

<EEY =

respectively, for which the probability density function is appreciable.
Using the principles of conservation of momentum, Ay vg = Ap v£, and of

mass, Ay + Ap = 236, one obtains
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= t ok
Eg = 118 vy v/ .
Similarly, the overall average kinetic energy of the fission fragments

per fission as calculated from the known function Pg(Eg; R) is given by

> f Eg Pg(Eg; R) dEg
(o2 % s [ P B O
R

where Eg = 118 vy vg, .
The assumption regarding the overall average kinetic energy requires
that
CEE> = 167.1 Mev ,
and the assumption of a 100g% velocity loss requires that
vy = vg (1-q),
and vy = vf (1-q).
When one uses these assumptions and the relationship
P;':(E}é; R) = Pg(Ey; R)
between the probability density functions, one obtains
< Eg> = 167.1 (1-9)2,
and hence q can be obtained.

The integrations involved in calculating <Eg> were performed
numerically using the trapezoidal rule, and the average kinetic energy
EK at each mass ratio was obtained. The sum was then taken over all
mass ratios, and the overall average kinetic energy <Egx> = 164.8 Mev
was obtained. This is consistent with the value of 165 f 2 Mev obtained
by Stgin from the same data. From the value of < Ex > calculated in the
present work one finds q = 0.0069, which corresponds to a 0.69% velocity
loss in the nickel foil. This means that all energies must now be
=t

increased by 1.38%. The resulting true average kinetic energies Ey =

EK/(l—q)2 at a given mass ratio are plotted in Figure 5 for those mass
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divisions for which the primary fragments have odd mass numbers.

In order to take the fragment velocity loss into account in all
subsequent evaluations which use the kinetic energy probability density
function PK(EK; R), one replaces VHy VI and Ex where they occur by
vg(l-q), vz(l-q), and E&(l—q)a, respectively, so that the function
PK(EK; R) becomes a function depending on the true velocities which
apply before neutron emission and slowing down in the foil occur. One
therefore takes

Pe(Bg; R) = Py [EE(1-0)%; R] .

3. Example of Dispersion Removal in Kinetic Energy Distributions

An example of the effect of removing the neutron emission and
instrumental dispersions from the kinetic energy probability density
function for the mass division R = 143/93 is given in Figure 1. The
functions plotted are (a), the kinetic energy probability density
function which has been corrected for the velocity loss in the nickel
foil and for the neutron emission and instrumental dispersions, and
(b), the kinetic energy probability density function which has been
corrected for only the velocity loss in the nickel foil. The former

function is

2 t 2 t 2
t 2 _ R+l 2 Eg(1-q) 2R Ex(1-q)
Px I:EK(l_q) : R:] . ===  JE = 4 e LR J _.____A____._)

and the latter is the same function with (7 = O.

4, Simplified Analytic Form for Certain Kinetic Energy Distributions

The analytic form of the kinetic energy probability density
function PK[:Ez(l—q)a; é} is quite complicated, and so, in order to
reduce the computation time required in the use of this function in

subsequent work, the function was approximated for certain mass ratios
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by one of simpler analytic form. These are all the mass ratios involving
primary fission fragments of odd mass number for which the probability
of fission is greater than 4% of that for the most probable mass division.
These are fourteen mass ratios in the range R = 1.17 to R = 1.84. The

function PK was approximated by

t ¢
Eg-Ep 2 EgEp 2

o ) X Aze-%( B ) :

-3(

Q(Es R) = Ae

where El’ s vi, and VZ were chosen on the basis of graphs of the

function PK’ and the coefficients A1 and A2 were determined by the
method of least squares. In all cases the proper choice of the means
and standard deviations assured that the function QK differed negligibly
from the function PK' The functions QK so obtained are plotted in
Figures 3, 4, and 5, and the constants used in their evaluation are

given in Table IV.

VI Total Energy Release in Fission

1. Total Energy Release in a Particular Fission Mode

From the conservation of energy equation given in the Introduction

the total energy release in the thermal neutron fission of U235 is given
by

By = [M(235,92) + N] - [moag,z) + w(ap,2)],
where AH + AL = 236 and ZH + ZL = 92. The neutron mass N was taken to
be 1.00898 amu. The unknown primary fragment masses M, and M were
taken from the mass table compiled by Cameron (1957). His mass formula

includes volume, surface, coulomb, and coulomb exchange energies, and

also empirically determined shell correction and pairing energies. The
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measured masses used in his formula are taken from the tables of
Wapstra (1955) and Huizenga (1955).
Particular attention was given to the choice of the mass

35

M(235,92) of the 1°° nuclide. Wapstra (1955) gives this mass as
235.117496 * 140 amu. More recently, Duckworth (1957) has published
a table of atomic masses which gives the U235 mass as 235.116600 t
500 amu, which is based on the value 208.040700 X 500 amu for the
mass of Pb208. The precision measurements of Demirkhanov, Gutkin,
and Dorokhov (1959) indicate that a better value for the mass of lead
is 208.042658 f 35 amu. When this value for the mass of Pb208 is
inserted in Duckworth's calculations, one obtains the U235 mass as
235.118558 : 500 amu. This value, which is about one Mev greater

than that given by Wapstra, is the value which was used in calcu-

lations of the total energy release ET.

2. Charge Distribution for a Given Mass Ratio

Corresponding to the mass division specified by the mass
ratio R there are many possible charge divisions, each with a differ-
ent total energy release. The most probable charge division for the
mass ratio R was determined on the assumption that this is the charge
division which gives the greatest total energy release. This hypothesis
was used by Kennett and Thode (1956) and successfully explained their
independent fission yield measurements for 1128. The distribution
about the most probable charge was based on the work of Cohen and
Fulmer (1958). By putting gas into a magnetic spectrometer they

achieved a mass separation of the fission fragments, and from the

width of the distribution for a given fragment mass they found that
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the full width at half maximum of the nuclear charge distribution is
2.4 * 0.5 charge units for most masses. This is the value which was
used in the present work. Hence the charge distribution for a given
mass ratio was obtained by using the maximum energy release hypothesis
to determine the most probable charge division and by using a Gaussian
with full width at half maximum of 2.4 charge units to obtain the
charge distribution. The peak of the Gaussian was located either at
the charge division which gave the greatest energy release or half
way between two charge divisions which gave comparable greatest energy

releases.

3. Mean Total Energy Releases for a Given Mass Ratio

For each mass ratio R for which kinetic energy distributions

have been plotted in Figures 2, 3, and 4, the total energy release ET

was calculated for various possible charge divisions, and the mean

total energy release ET

factors from the Gaussian distribution described in the preceding

for each mass ratie was obtained using weight

section. These mean energies ET are plotted in Figure 5 along with
the mean kinetic energies E; which were obtained as described in

Chapter V. Also plotted are the mean excitation energies given by

It is of interest to point out that the mean total energy

releases ET were also calculated from the mass table of Hay and Newton
(1956) which was first altered to the new U235 mass of 235.118558 +
500 amu. Since the energy releases from this altered mass table are
in many cases from 3 to 6 Mev greater than those calculated from

Cameron's table, the resulting mean total energy releases are greater

than Cameron's by about the same amount. The importance of this
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difference in the excitation energies of the fission fragments is
appreciable in view of the fact that the excitation energies, being
differences between two large energies, are greatly influenced by even
small per cent errors in the fotal energy release. An attempt was

made to replace some of the masses of Wapstra (1955), which were used

as the measured masses for the table of Hay and Newton, by those which
are presented by Duckworth (1957). In a few cases total energy releases
were reduced by 0.5 to 1 Mev, but there was no consistent energy

1

reduction.

VII Single Fragment Excitation Energy Distributions

The normalized total excitation energy probability density
function obtained from the total kinetic energy probability density

function QK(E;; R) is given at each mass ratio by

2 2
{(%—%)-Eﬁ} 1[<ET-E2>—E§
+ A

t 1 = T1 ”, -———TF___J
Q (Es; R) = : - e 2 y
p et ] 2er( T A+ OA) Ay 2
where the relationship E; + E; = ET has been used, and the total energy

release ET is obtained as described in Chapter VI. The other constants
which appear in the above function are given in Table IV.

As stated in the Introduction, there is no fundamental principle
which one might use to determine the division of this total excitation
energy between the two fragments. However, on the assumption that the
fraction r, O<¢r ¢1, of the total excitation energy is given to the
light fragment, the light fragment excitation energy E;L has a norma-
lized probability density function given by

= [rmr-El)-E)t@J £ o [r(ET-E2>-E§@J2
Ale +-Ae

1

F o rUl r0,
r{2n (T A+ CA))

1
QXL(EXL’ R,r) = 5
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and similarly for the heavy fragment which receives the fraction (1-r)

of the total excitation energy.

VIII Conditional Neutron Emission Probabilities

Following the method of Blatt and Weisskopf (1952), the
probabilities that a fission fragment with excitation energy E will
emit exactly n neutrons were derived for excitation energies for which
up to four neutrons can be emitted. These conditional neutron
emission probabilities are denoted by p(n; Bs-lé E éBs), where this is
the probability that exactly n neutrons are emitted by a fragment with
excitation energy E, and where the range of the excitation energy for

which the expression is valid is given explicitly. The definition

S
in? 12:'1 %

has been used, where Bi is the separation energy of the ith neutroh.
In the derivation of these probabilities it was assumed that
the kinetic energy € of the neutron has a probability density function

given by

Him

N(€e) = é% e— .

where T is the nuclear temperature. It was also assumed that neutrons
are always emitted when emission is energetically possible. This means,
for example, that p(1; Bl sEléﬁa) = 1, and p(n; Blélﬂéﬁa) =0 forn £ 1.
Since it was found that the probability p(1; 53 <E ess) is negligible,
this probability was taken to be zero. Also, advantage was taken of the
fact that the sum of the probabilities within each energy range must be

unity.
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The following are the conditional neutron emission probabilities
derived on these assumptions.

p(0; OéEéﬁl) = 1

p(1; By <E<B,) =1
p(1; BZéEfB3) =1 -p(2; B, <E 5133)
B
B, - 2
(2; B sE*B)—l'(lJ’_Ta)e .
P ’ 2 3 - E—Bl
E-B, = ——
gk ) Dty B
p(2; [33£E 554) =1 - p(3; BBéE é[34) B
~P3
) E-p3. 1 E-B3 2 1 E-p3 3| -~
p(3; BB‘E—B4) =1 - l:l + (‘T) + E(T) + g(——T—) e
o Rt s it} i
p(2; 54'4£:555) = Bl + J-Té)e L % Tz)e + J [1 + %(——Té) }
E-B3 E-B2

Py

1 - p(2; quEé%) - p(4; BL}—‘-E sas)

p(3; B,<«E<P )

E-B E-B, 2 E-B, 3

p(h; B <E<pg) = 1 - [1 f D) B+ H—D)
4 ki
1 E-Py 1 E-By T

) - —
T I T)}e

The derivation for the probability p(3; éE}éBQ) is now

P3
given.
The energy diagram for this case is shown in Figure 6. The

original fragment of mass number A has an excitation energy E above its
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ground state energy represented by the solid horizontal line labelled
with an A. The excitation energy E lies in the range [33 <K 554. The
minimum excitation energy required to emit the first neutron is Bl’ and
so the ground state energy of the fragment A-1 is displaced from that

of fragment A by an energy B The other ground state energies are

l.
similarly drawn.

The first neutron is emitted with kinetic energy € , and the

fragment A-1l is left with excitation energy E' = E - B1 - € , C(Clearly

one must have 0« € < | - B2 for a second neutron to be emitted, and
O<€ £E =~ B3 if there is to be a possibility for the emission of a
third neutron. However, if 0 £ € £E - 83, either two or three neutrons
may be emitted. Three neutrons will be emitted if, given 0 £ € £ | - 63'
the kinetic energy €' of the second neutron lies in the range

O= €'« E' - B2 - B3, that is, in the range O < €'<E - B3 - € , This
probability is given by

E-B5- €
N(€')d e’

0
E-B,- € .

N(€')d e
o

M(€e) =

and the probability of emitting three neutrons is given by

E--B3
fN(e JM( € )d €

O

p(B; BB£E£BI+) = E"Bl °

J-N(é)de

o}

It turns out that for the neutron separation energies to be used the

integrals
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E-Bq | E-o- €
fN(é)de and fN(e')de'
o o

may be set equal to unity. This is an underestimation of the value

of the first integral by a negligible amount. For a nuclear tempera-
ture T = 0.59 Mev it is at worst an underestimation of value of the
second integral by 0.7%, and the average underestimation is less than
0.01%. Similar approximations were used in deriving some of the other

conditional neutron emission probabilities.

IX Neutron Emission Calculations

1. Method of Calculation

Using the single fragment excitation energy probability density

t

YL R,r) given in Chapter VII and the conditional neutron

t &
XL

can calculate the number of neutrons emitted by the light fragment when

functions QXL(E
emission probabilities p(n; Bs_l_éE} Bs) given in Chapter VIII, one

its excitation energy is in the range specified. This is given by

Bs
nL(Bs_léEf(LéBs) =j p(n; Bs_léEt éBs)QXL(E;L; R,r)dE;;CL.

When the integrals of the above form are evaluated for the entire range
of excitation energies and the results are added together, one obtains

the number n of neutrons emitted by the light fragment. Similarly one
can obtain the number n_ of neutrons emitted by the heavy fragment, and

H

hence the total number n = n. + n_, emitted in the fission mode specified

L H
by the mass ratio R and excitation energy division r. The various cases
in which the above integrals were evaluated are discussed in the following

sections. All evaluations were done numerically using the trapezoidal

rule with excitation energy intervals of 0.1 Mev.
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2. Parameters Involved in the Calculations

The quantities which must be fixed in the conditional neutron
emission probabilities before evaluations can proceed are the separation

energies Bi and the nuclear temperature T. The neutron separation
energies were taken from the mass tables derived by Cameron (1957).
However, in the final calculations the mean separation energies defined
in the following section were used. The nuclear temperature was assumed
to have the constant value of 0.59 Mev calculated for fission fragments
by Terrell (1959) and which has already been used in the present work
when the neutron emission dispersion was removed from the velocity
probability surface. The effect of using a higher nuclear temperature
was investigated and is discussed in Section 4 of this chapter.

The quantities which remain to be fixed in the single fragment
excitation energy density function are the total energy release ET and
the fraction r of the total excitation energy which goes to the light
fragment. The values for ET are taken from the mass table derived by
Cameron (1957) which was altered to take into account the new U235 mass
in the manner described in Chapter VI. However, the final calculations
were performed using the mean energies E& which were defined in the
same chapter. This is discussed in the following section. As for the
parameter r, in most cases it was assumed to be 0.5, but variations from
this value were also considered and are discussed in Section 5 of this
chapter.

In the following sections the effect of varying the parameters
just discussed is considered for the fission mode specified by the mass

ratio R = 143/93.
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3., Mean Values for Separation Energies and Total Energy Release

Although for one mass division specified by the mass ratio R
there are many possible charge divisions each of which gives rise to a
different total kinetic energy distribution, the present calculations
yield only one kinetic energy distribution for each mass ratio. Since
the kinetic energy is derived mainly from the Coulomb repulsion of the
two fission fragments, one might expect that the mean kinetic energy
for each charge division is closely proportional to the product of the
nuclear charges. For the mass ratio R = 143/93 the mean kinetic energy
was found to be Ek = 163.06 Mev. Table V gives the mean kinetic
energies Ek(ZH,ZL) derived on the above basis for the charge divisions

which are reasonably probable. The defining equation wused was

Eg = 2 wE(Zg,%),

where EK(ZH,ZL) o< Zylye

The weight factors w were taken from the Gaussian charge distribution
discussed in Chapter VI. The corresponding total energy releases and
Separation energies are also given. With each mean total energy release
Ek(ZH’ZL) was associated a kinetic energy distribution which had this
value for its mean and a shape identical with that of the original
distribution for the mass ratio R = 143/93. Using these kinetic energy
distributions, an equal division of total excitation energy between the
two fragments, and a nuclear temperature of 0.59 Mev, the number of
neutrons emitted was calculated for each case. The weighted number of
neutrons emitted was found to be nj = 1.42 from the light fragment and
ng = 1.79 from the heavy, giving a total of n = 3.21 neutrons.

The question of whether the number of neutrons emitted in
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fission with the mass ratio R = 143/93 could be obtained by a shorter
method was then investigated. One calculation was performed using the
original kinetic energy distribution with mean kinetic energy EK =
163.06 Mev, mean separation energies, and a mean total energy release.
For each i the mean separation energy ﬁi was obtained by using the same
weight factors w as have already been used. The total energy releases
of the previous calculations were weighted with the factors w to obtain

the mean total energy release. The results for n and n were 1.39,

Al |
1.81, and 3.20 neutrons, respectively. The single fragment excitation
energy distributions and the conditional neutron emission probabilities
used in this calculation are plotted in Figures 7 and 8.

The agreement between the results of this approximate calculation
and the previous one is remarkable. In fact, whenever B3 or B4 are below
about 4 Mev the approximations used in determining certain of the condi-
tional neutron emission probabilities are not satisfactory and the results
so obtained are expected to be slightly low. In any case, it seems
reasonable to use mean separation energies and a mean total energy
release, as well as the average kinetic energy distribution which has

previously been derived. This is what was done in all the remaining

calculations.

L, Dependence of Neutron Emission on Nuclear Temperature

The nuclear temperature used in the calculations of the previous
section was the value T = 0.59 Mev obtained by Terrell (1959) as the
mean value for the thermal neutron fission of U235° In contrast, a
nuclear temperature of 1.40 Mev was used by Leachman (1956) and Leachman

and Kazek (1957) in the calculation of neutron emission probabilities
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from ionization chamber data., This latter value was obtained by fitting

€
the neutron energy distribution N( €) = S » /T to measured (n, 2n)
T2

excitation functions., In order to check the dependence of neutron
emission on the nuclear temperature, the final calculation of the
previous section, that using average energies and an equal division of
excitation energy between the fragments, was repeated using a nuclear
temperature of 1.00 Mev. The results for ny, ng, and n are 1.31, 1.66,
and 2.97 neutrons, respectively, as given in Table VI. The single
fragment excitation energy distributions and the conditional neutron
emission probabilities are plotted with those for T = 0.59 in Figures 7
and 8. These results might mean that the nuclear temperature should be
increased, since the increased nuclear temperature gives closer agree-
ment between the calculated number of neutrons emitted from the fission
mode R = 143/93 and the experimental average over all modes of 2.46 per
fission, However, in order to investigate other dependences, the nuclear
temperature was kept at 0.59 Mev for all the remaining calculations.

It might be well to point out that the nuclear temperature has
occurred in the dispersion, due to neutron emission, which was removed
from the velocity surface. There the value T = 0.59 Mev was used. Since
the dispersion removed was small, the total kinetic energy distributions
QK(E;; R) are increased by only about 2% at their maximum value when the
temperature T = 1.00 is used. Hence the larger value of T does not
affect the total excitation energy distributions sufficiently to produce
a noticeable change in the number of neutrons emitted. In fact, the width
of the excitation energy distribution would have to be decreased con=-

siderably to change the number of neutrons emitted, because as well as
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decreasing the probability of emitting 2 or 3 neutrons at energies
greater than 10 Mev, say, it also decreases the probability of emitting
O or 1 neutron at energies less than 10 Mev. Whether this would result
in an increase or decrease in the neutron emission would then depend on
the neutron separation energies involved. The general conclusion is that
the number of neutrons emitted is not a sensitive function of the shape
of the excitation energy distribution, and hence is not a sensitive
function of the nuclear temperature which is used in the dispersion

removal procedure.

5. Dependence of Neutron Emission on Division of

Total Excitation Energy between Fragments

The dependence of the neutron emission on the fraction r of the
total excitation energy given to the light fragment was investigated for
the mass ratio R = 143/93, Mean separation and total energies were used,
and the nuclear temperature was taken to be 0.59 Mev. The number of
neutrons emitted was calculated for the fractions r = O.4, 0.6, and 0.7,
and the results are compared in Table VII with those for the fraction
r = 0,5 which has already been calculated. The overall decrease in n
with increasing r is a result of the fact that the heavy fragment separation
energies are less than the light fragment separation energies. Therefore
the increase in the number of neutrons emitted by the light fragment
when its excitation energy is increased is more than compensated for
by the decrease in the number of neutrons emitted by the heavy fragment.
The dramatic change in the values of nj and nyg with r is of course
expected. However, without further information it is impossible to

select a reascnable value for r other than r = 0.5, Limited experimental
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information is available and is presented in Chapter X.

6. Dependence of Neutron Emission on Mean Total Energy Release

The dependence of the number of neutrons emitted on the mean
total energy release ET was investigated for the mass ratio R = 143/93,
Using mean separation energies, T = 0.59 Mev, and r = 0,5, the mean
total energy release E& was altered in three separate calculations by
the amounts Aﬁf = =1.5, =3.0, and =4.5 Mev. The results are given in
Table VIII and show that a decrease by a few Mev has a considerable
effect on the number of neutrons emitted.

A number of considerations might justify the inclusion of a
negative AET in the calculations. The values taken for the primary
fragment masses in determining the total energy release could easily be
in error in the direction which would require a negative AfTo Another
possibility is that the charge distribution for a given mass ratio
assumed in Chapter VI has too small a spread. An increase in the full
width at half maximum from 2.4 charge units, which was used from the
experimental value of 2.4 * 0.5, to 3.0 charge units has the effect of
reducing the total energy release for the mode R = 143/93 by about
0.8 Mev., Still another possibility is that the maximum energy release
hypothesis is not strictly valid. If the most probable charge division
for the mode R = 143/93 were displaced by only one charge unit from that
which has been used in the previous calculations, the mean total energy
release would be reduced by about 2 Mev. Hence the proper value for the
mean total energy release ET is uncertain by an amount which could reduce
the number of neutrons emitted in this mode to a value close to the

overall average.
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7. Neutron Emission Calculations for Fourteen Mass Ratios

The calculations of the numbers of neutrons emitted were extended
to include the mass ratios for which the primary fragments have odd mass
numbers and the probability of fission is greater than 4% of that for
the most probable mass division. These are the fourteen mass ratios
for which the kinetic energy distributions have been plotted in Figures
3, 4, and 5. The fraction of the total excitation energy going to the
light fragment was taken to be r = 0.5, and the nuclear temperature was
taken to be T = 0.59 Mev. Mean separation energies and the kinetic
energy distributions of Figures 3, 4 and 5 were used. The calculations
were performed for two sets of mean total energy releases. The first
set consisted of the energies ET calculated by the method of Chapter VI
and plotted in Figure 5. The results of the calculation are plotted in
Figure 9. The second set of mean total energy releases consisted of
those of the first set each of which was altered by the energy AET = =3,0
Mev. Whereas the first set gave the averages ny, = 1.34, ﬁﬁ = 1,61, and
n = 2.95 neutrons per fission when weighted by the fission probabilities
of Figure 5, the second set gave the averages EL = 1.1k, Eh = 1,37, and
n = 2,51 neutrons per fission. This illustrates the sensitivity of

neutron emission to the value assumed for the total energy release.

X Discussion of Neutron Emission Calculations

1. Comparison of Calculations with Experimental Determinations

The experimental information regarding the emission of neutrons
from various fission modes is limited. Fraser and Milton (1954) have
used ionization chamber techniques to study the neutron emission from

individual fragments as a function of mass ratio for the thermal neutron
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fission of 02330 They find that the neutrons are emitted in nearly equal
numbers by each fragment for mass ratios near the most probable fission
mode, that neutron emission by the lighter fragment predominates at lower
mass ratios, and that neutron emission by the heavier fragment predomin-
ates at higher mass ratios. At low mass ratios where fission can still
be observed with reasonable probability, the light fragment emits about
three times as many neutrons as the heavy fragment, and the reverse is
true at high mass ratios. They also observe that the total number of
neutrons emitted is approximately constant in the region of mass ratios
which contains the majority of the fission events, and that in the overall
process the light fragment emits about 30% more neutrons than the heavy
fragment. Whetstone (1959) has used time-of-flight techniques and a
liquid scintillator neutron detector to study the neutron emission from
individual fragments as a function of mass ratio for the spontaneous
fission of Cf252o He observes predominant neutron emission by the light
fragment at low mass ratios and predominant neutron emission by the
heavy fragment at high mass ratios similar to the observations with
U233. However, the total number of neutrons emitted decreases as the
mass ratio increases, and in the overall process the light and heavy
fragments emit approximately equal numbers of neutrons.

A preferential neutron emission by the light fragment at low
mass ratios and by the heavy fragment at high mass ratios is evident in
the calculations shown in Figure 9., Since at each mass ratio an equal
division of the total excitation energy has been assumed, the neutron
separation energies of the two fragments determine which fragment emits

the greater number of neutrons. Since the general trend in separation
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energies is a decrease with increasing fragment mass number, neutron
emission from the heavy fragment increases with increasing mass ratio.
However, Figure 9 shows that the effect of the separation energies alone
is not sufficient to produce the dramatic predominances in the experi-
mentally observed neutron emission. These experimental neutron emission
characteristics at low and high mass ratios are best accounted for by
assuming an unequal division of the total excitation energy between the
primary fission fragments. At low mass ratios the light fragment
receives more excitation energy than the heavy fragment, and at high
mass ratios the situation is reversed. Table VII, whose derivation has
already been described, gives the dependence of neutron emission on the
fraction of the excitation energy which is given to the light fragment.
From this table one can predict that at the low mass ratios shown in
Figure 9 about 70% of the total excitation energy is given to the light
fragment, and at the high mass ratios shown in Figure 9 about 35% of

the total excitation energy is given to the light fragment. At inter=-
mediate mass ratios the excitation energy division lies between these
limits.

The variation of the total number of neutrons emitted as a
function of mass ratio as plotted in Figure 9 shows the expected similar-
ity to the variation of the mean total excitation energies plotted in
Figure 5. Variations in the neutron separation energies with mass ratio
account for the slight departures from exact similarity of the two curves.

As has already been stated, the data plotted in Figure 9 yield
2,95 neutrons as the overall average number of neutrons per fission.

Here one has assumed r = 0,5, T = 0,59 Mev, and AET = 0, In view of the
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fact that the excitation energy fraction r should not be assumed the same
for all mass ratios, that the proper value for the nuclear temperature is
in doubt, and that the mean total energy releases ET are only approximate,
this value for the average number of neutrons per fission is as close to
the experimental value of 2.46 neutrons per fission as can be expected.
As has been shown, the calculated average number of neutrons per fission
can be reduced to approximately the experimental value by using the
parameters r = 0.5, T = 0.59 Mev, and AET = =3,0 Mev. From the neutron
emission dependence on the nuclear temperature as shown in Table VI, one
can predict that the parameters r = 0.5, T = 1.40 Mev, and AET =0

would also bring the calculated average number of neutrons per fission
in agreement with the experimental value. As discussed in Chapter IX,
Section 4, this is the nuclear temperature used in the calculations of

neutron emission done by Leachman (1956) and Leachman and Kazek (1957).

2. Cumulative Yield Curves

It should be kept in mind that a fundamental assumption under=-
lying the neutron emission calculations is that the velocity probability
surface can be approximated by a function whose cross sections along two
perpendicular axes are essentially Gaussian. In view of the limited
experimental data this was a reasonable assumption, but it has the effect
of hiding any irregular variations with mass ratio. Also, in removing
the neutron emission dispersion from the velocity probability surface
it was assumed that each fragment emits exactly half the overall
average number of neutrons emitted per fission, and this neglects the
known neutron emission variations with fragment mass. Therefore the

primary yield curve which is plotted in Figures 5 and 9 is only an
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approximation to the true primary yield curve. In principle it would
be possible to use this approximate primary yield curve and the neutron
emission probabilities calculated in the present work to derive a
cumulative yield curve which would give the distribution of mass
numbers of the fragments after neutron emission. This might then be
compared with the cumulative yield curves which have been determined
radiochemically. However, because of the approximate nature of the
primary yield curve which has been derived and because of the uncertain
values for the parameters in the neutron emission calculations, this

has not been done.

3. Conclusions

The neutron emission calculations for each mass division depend
critically on two considerations. The first is the value used for the
mean total energy release. In establishing the total energy release
for a given mass and charge division one must use fragment masses which
are determined from a semi-empirical mass formula and the mass of the
U235 nucleus which is determined indirectly from measurements of the
mass of Pb208. In addition, since time=of-flight data give no inform-
ation concerning the charge distribution for a given mass ratio, an
assumption must be made about the charge distribution for a given mass
distribution. The resulting mean total energy releases may therefore
be in error by energies of the order of several Mev. Table VIII shows
that the total number cof neutrons per fission emitted from a fission
fragment near the most probable mass division may be reduced by 0.47
neutrons when the total energy release is reduced by 3 Mev. This

illustrates the sensitivity of the calculations to the value of the
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mean total energy release used for a given mass division,

The second important consideration which critically affects the
neutron emission calculations for a given mass division is the division
of the total excitation energy between the two fission fragments. The
evidence for how this energy is divided is taken from experimental data
which give the number of neutrons emitted from specific fission fragments.
In order to calculate the single fragment neutron emission which corres-
ponds to this experimental data, one must specify that about 70% of the
total excitation energy must be given to the light fragment for low mass
ratios, that about 35% must be given to the light fragment at high mass
ratios, and that the excitation energy given to the light fragment must
lie between these limits in the intermediate region of mass ratios where
fission is most probable.

The correction for fragment velocity loss in the nickel foil has
a considerable effect on the neutron emission calculations. Each velocity
was increased by 0.69%, and this increased the time-of-flight overall
average kinetic energy of the fragments per fission from 164.8 Mev to
the calorimetric value of 167.1 Mev. From Table VIII one sees that this
increase of 2.3 Mev means that the calculated number of neutrons emitted
from each fragment pair for fission near the most probable mass division
is about O.4 neutrons per fission less than the number which would be
emitted if this correction had not been made. This shows the importance
of this velocity correction. It is of course possible that the true
average kinetic energy of the fragments per fission is only within an
Mev of the value of 167.1 Mev, since the measured value is 167.1 ¥ 1.6 Mev.

Hence further uncertainties are introduced in the neutron emission
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calculations. Therefore the overall average kinetic energy to which the
time-of-flight data have been fitted represents an important source of
uncertainty in the calculations.

The value assumed for the nuclear temperature also affects the
calculations. Although the final calculations were done for a temper=
ature of 0.59 Mev, it is seen in Table VI that for fission near the
most probable mass ratio an increase in the nuclear temperature to
1,00 Mev causes a decrease of 0,23 neutrons in the number of neutrons
per fission emitted from a fragment pair for fission near the most
probable mass division. Hence the calculations are sensitive to the
value used for the nuclear temperature, Although one might try a
variable nuclear temperature, in view of the uncertainties in the other
numbers entering into the calculations it does not seem that much could
be learned by doing so.

In principle it would be possible to derive a cumulative yield
curve giving the probability distribution for the mass numbers of the
fission fragments after neutron emission. To do this one would use the
single fragment neutron emission probabilities and the primary yield
curve for the fission fragments before neutron emission derived in this
work. However, in view of the uncertainties in the neutron emission
probabilities and the approximate nature of the primary yield curve,
this has not been done,

The results of this work illustrate the satisfactory nature of
evaporation theory calculations, and, in view of the uncertainties which
have just been discussed, the overall average of 2.95 neutrons per

fission for the calculations using r = 0.5, T = 0.59 Mev, and AET = 0



is in good agreement with the experimental value of 2.46 neutrons per

fission.

Table I. Coefficients for the Velocity Probability Surface Fy(x,y).

Coefficient Value Maximum Absolute Value

of Corresponding Term

Ay 115.792 115.8
fn ~7.765 14.9
Ay ~0,130 2.9
Ago -0.182 1.3
Ay 0.122 5.0
Ao 0.188 k.6

B 2.298 21.2
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Table II. Importance of Velocity Dispersion in Heavy Fragment Velocities.
(A1l velocities and standard deviations are in units of 107
cm/sec.)
Minimum 0y Most Probable Oy Maximum Qg

Heavy

Fragment
Velocity 8 96 o

Yy

Light

Fragment
Velocity 155 141 125

L

Std. Dev.
Uy in Heavy
Fragment
Velocities

0.89 1.1 1.36

Std. Dev.
Zy in Expt.
Velocity
Surface

6.53 6.53 1 6.53

Std. Dev.
g = 6.47 6oLk 6.39
- Oy

Per cent
Change

2H - Sy
Sy

099 lol+ 202
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Table III. Importance of Velocity Dispersion in Light Fragment Velocities.
(A1l velocities and standard deviations are in units of 107
cm/sec.)

Minimum T, Most Probable T Maximum Tp
Heavy

Fragment
Velocity

VH

110 96 80

Light
Fragment
Velocity

VL

125 141 155

Std. Dev.
07, in Light
Fragment
Velocities

1.67 2,06 2.48

Std. Dev.
Z_ in Expt.
belocity
Surface

5.10 5.10 5.10

Std. Dev.
S = 4.82 4,67 4,46

2 2
. - T

Per cent
Change
21 - 5y

Sy,

5.8 9.2 14.3



Table IV,

Heavy
Fragment
Mass Number

Ag

127
129
131
133
135
157
139
141
143
145
147
149
151

153

Lo

Constants in the Total Kinetic Energy Probability Density

Functions QK(EE; R).

Coefficient Coefficient Mean

A

L,71
11.47
23.65
38.84
64.91
88.09

108,12
107.58
98.31
79.74
58.20
38.33
19.26
11.99

A

0.96
2.96
9.15
23,46
29.74
20.81
1.65
1.64
18.22
35.49
32,92
18.85
11.35
2.33

E.
(Mev)

185.1
181.7
178.9
175.7
5.1
170.5
167.7
165.7
162.9
160.4
158.4
155.9
154.0
151.8

Mean
E>
(Mev)

186.1
181.8
178.9
176.7
174.3
171.7
168.2
166.2
165.1
162.4
159.3
155.9
153.5
150.8

Std. Dev.
J5
!
(Mev)

12,70
11.90
11.00
11.00
9.75
9.06
8.45
8.45
7.81
7.38
6.96
6.36
6.78
5.52

Std. Dev,
\p

(Mgv)

3.39
3,08
2,92
2,92
2.34
2.59
2.67
2,67
2.47
2.00
L.B2
1.87
2.00

1.58



Table V. Validity of Using Mean Energies in Neutron Emission

Calculations for Mass Ratio R = 143/93.

(A1l energies and the nuclear temperature are in Mev.

b3

The energies used in calculation 7 are the means of those

used in 1-6.)

1
21, Lo
2y 22
w 0.019
By, 6.99
Big 2.56
Boy, 8.74
Boy h.28
B, 7.53
Bsy 2.68
ByL, 11.65
By k.10
Bsy, 9.50
Bsy 2.58
0.50
T 0.59
Eg(2y,27)  166.03
Ep 176.85
nL 0048
nH 1@30
n 1.78

Averages of 1-6.

nL 1042
nH ln79
n 3.21

2

39
22

0.133

7.26
L.62
6.47
3.03
8.21
4,45
6.99
2.93
11.12
4,52

0.50
0.59
164,99
183.67

0.91
1.67
2.58

Results of 7

2

38
54

0.348

4.73
3.37
6.75
4.80
5.95
3.28
7.69
4.81
6.46
3.63

0.50
0.59
163.79
187.83

1.45
2.01
3.46

1039
1.81
3.20

L

37
55

0.348

6.10
5.14
4,21
3.63
6.23
5.16
5.43
3.99
7.15
S.hh

0.50
0.59
162.43
187.54

1054
1.81
3.35

5

36
56
0.133

2.91
3.98
5.59
551
3.70
L, 34
571
5.80
4,90
5.42

0.50
0.59
160.92
184,55

1.72
1.52
302}"]’

6

35

57
0.019

4,63
5.86
2.40
4.69
5.08
6.15
3.18
5.77
5.19
8.38

0.50
0.59
159.24
177.19

1.12

0.73
1.85

7

375
54.5
1.000

5034
k.27
5.63
L.2k4
6.06
4.27
6,54
L.kl
7.15
L.69

0.50
0,59
163.06
186.32

1.39
1.81
3.20



Table V (cont'd)

Notes.

w is the probability weight factor

BiL is the separation energy of the ith neutron in the light fragment

r is the fraction of excitation energy given to the light fragment.

Table VI. Dependence of Neutron Emission on Nuclear Temperature for

Fission with Mass Ratio R = 143/93

Excitation Fraction
Nuclear Temperature
Mean Kinetic Energy
Mean Total Energy

Neutrons Emitted

1
0.50

0.59
163.06
186,32

1.39

1.81

3.20

2
0.50

1.00
163.06
186.32

1.31

1.66

2.97

(Energies in Mev.)

ik

Table VII. Dependence of Neutron Emission on Excitation Energy Division

for Fission with Mass Ratio R = 143/93 (Energies in Mev.)

Excitation Fraction T
Nuclear Temperature T
Mean Kinetic Energy EK
Mean Total Energy E&
Neutrons Emitted np
g
n

1
0.40
0.59

163.06
186.32
1.08
2.29

3.37

2
0.50
0.59

163,06
186.32
1.39
1.8%

3,20

3
0.60
0.59

163.06
186.32
1.75
1.40

3.15

4
0,70
0.59

163.06

186.32
2.04
1.00

3,04
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Table VIII. Dependence of Neutron Emission on Mean Total Energy Release

for Fission with Mass Ratio R = 143/93 (Energies in Mev.)

1 2 9 b4

Excitation Fraction T 0.50 0.50 0.50 0.50
Nuclear Temperature T 0.59 0.59 0.59 0.59
Mean Kinetic Energy EK 163.06 163,06 163.06 163,06
Mean Total Energy Increment AE& 0 -1.50 -3.,00 =4,50
Mean Total Energy Ep 186.32 184.82 183.32 181.82
Neutrons Emitted ny, 1.39 1.29 1.19 1,09

ny 1.81 1.68 1.54 1.4

n 3.20 2.97 2.73 2.50
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FIGURE |
DISPERSION REMOVAL FOR MASS RATIO R =143/93
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FIGURE 2
TRUE KINETIC ENERGY DISTRIBUTIONS QK(Et R)
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FIGURE 3
TRUE KINETIC ENERGY DISTRIBUTIONS Q(El:R)
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FIGURE 4
TRUE KINETIC ENERGY DISTRIBUTIONS QK(Et;R)
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_ FIGURE 6
ENERGY DIAGRAM FOR p(3;B3<E < B,)
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FIGURE 7

NEUTRON EMISSION FROM MASS NUMBER 93 FRAGMENT
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FIGURE 8 :
NEUTRON EMISSION FROM MASS NUMBER 143 FRAGMENT
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FIGURE 9
NEUTRON EMISSION USING r=05, T=0-59, AET= 0.
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