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TABLE XXII

Values of f83 and f85 for 235U Thermal Fission

Mass Vp | f83 f85
130 0.4 1.1 x 107/

13] 0.5 3.0 x 107°

132 0.6 4.0 x 107°

133 0.7 0.005

134 0.8 0.083

135 0.9 0.151

136 1.0 0.369

137 1.1 0.424 0.0012
138 1.2 0.442 0.067
139 1.3 0.273 0.207
140 1.4 0.176 0.337
141 1.5 0.102 0.398
142 1.6 0.020 0.472
143 1.7 0.0012 0.424
144 1.8 . 0.244
145 1.9 2 0.176
146 2.0 " 0.067
147 2.1 . 0.005
v =0.10 (M, - 126)

9] H
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(42) (43)

empirical Zp values and charge distribution curve The values of

8§, €, and y were estimated by fitting the calculated curve to that of

(]8). The best values of the constants thus obtained

Farrar and Tomlinson
are § = 0.7, ¢ = 0.3, y = 0.
Figure 15 gives the calculated neutron distribution along with the

(18) from mass-yield data.

one deduced by Farrar and Tomlinson
It can be seen that the deviation of the measured distribution from
the straight 1ine in the region A = 130 - 146 is reproduced remarkably well.
In theory it should be possible to calculate values for the constants,
8§, €, and y. This requires assumptions regarding the residual energy dis-
tribution in the fragment after evaporation of the "normal" amount of neutrons,
and a knowledge of neutron separation energies.
The masses and Q-values for the neutron-rich nuclides formed in
fission have not been determined experimentally and must be calculated using
semi-empirical mass formulae. Such calculations are not reliable in the
shell regions. A comparison between experimental and calculated neutron
separation energies for the few 83 neutrons nuclides for which information
is available shows that the calculated values can be in error by as much as
1 Mev. Such calculations, therefore, could not be expected to provide reliable
values of &, ¢, and vy.
To test the applicability of this method to other nuclei, the neutron

233U, as it has approximately the same v as

U. From the cumulative yields of Bidinosti, Irish, and Tom]inson(7o), a

(65)

prompt yield curve was constructed using the methods described by Terrell .

emission curve was derived for
235

These curves are shown in Figure 16 along with the prompt-yield curve

(65)

given by Terrell It can be seen that the calculated prompt-yield
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curve fits the measured one remarkably well below mass 139. Gordon et a1521)

have measured <33y fission yields using a Ge(Li) detector and their results
are not in agreement with the mass-spectrometric results above A = 139.

They suggest that perhaps the normalization of the heavy-heavy fragments

to the light-heavy fragments in the mass-spectrometric yields is in error.
In the light of the good fit between the experimental and calculated prompt-
yield distributions below mass 139 it is likely that they*are correct. When
their results are used in the region abové mass 139, the cumulative-yield
curve is lowered and the calculated prompt-yield curve is in much better
agreement with the experimental curve.

It therefore seems that this method is capable of predicting the
prompt-yield curves for thermal-neutron fission, and we shall assume that
it also applies to fission at higher excitation energies.

There are several problems to be overcome in constructing the neutron
emission curve for 14-Mev neutron fission. Direct application of the "uni-
versal" curve is a dubious procedure since the “saw-tooth" shape m&y not
persist at the higher energy, and the total neutron emiésion is much greater

Some information is available on the neutron distribution at higher
excitation eneréies as a result of studies of the alpha-particle induced

232 232

Th. The 27.5-Mev 4He—induced fission of Th and the 14-Mey

235

fission of

neutron-induced fission of U both occur from the same compound nucleus

at about the same excitation energy, and thus their neutron distributions

(71)

should be similar 5

Britt and Whetstone have obtained the primary mass distribution in

4 232

He-induced fission of Th by measuring both the kinetic

(72)

the 27.5-Mev
energies(7]) and velocities of coincident fission-fragment pairs. Neutron

distributions were obtained by comparing the mass distribution from the

* Gordon et al
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double-energy measurements with that from the double-velocity measurements;
and, by comparing the mass distribution from the double-velocity measure-
ments with yields obtained by radiochemical methods.

The neutron distributions obtained from these two different methods
are not in agreement. The distribution obtained from comparison with radio-
chemical data shows the "saw tooth" behaviour exhibited in low energy fission
along with a central hump in the region of symmetric fission. This is
illustrated in Figure 17(a). The distribution obtained by comparison with
double-energy measurements is shown in Figure 17(b). This distribution does
not show the "saw tooth" behaviour.

Britt and Whetstone(7]) have discussed these two neutron distri-
butions in connection with "fragment-shell" theories and the two-mode of
fission hypothesis. They conclude that the curve obtained from radiochemical
and time-of-flight data is consistent with the fragment shell theories,
while the two-mode hypothesis could lead to the distribution obtained from
the energy measurements.

It is obvious that both of these distributions cannot be correct;
however, the authors are unable to definitely choose between them.

It would appear that curve (a) is more consistent with Terrell's
ideas of a "universal" neutron emission curve than curve (b). The universal
curve was derived from low-energy fission data, and, because of the low
symmetric fission yields, no information is available about it between masses
110 - 126. Curve (a) exhibits the saw-tooth shape, with the addition of
an observable dependence in the region of symmetric fission. It is con-
ceivable that, if the neutron distribution at low energies were examined

in this region, it might exhibit the same type of dependence as curve (a).
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As asymmetric fission is still predominant at 14-Mev,it is not unreasonable
to assume that the neutron distribution would still exhibit the saw-tooth
shape characteristic of asymmetric fission.

If there were a second, symmetric mode of fission with a neutron
distribution radically different than the asymmetric mode, it is possible
that the two distributions might combine to produce a curve having the form
of (b). However, they might also combine to give a curve of the form of (a).

Curve {a) is thus consistent with the two-mode of fission hypothesis,
yet it does not require this hypothesis to produce it.

Because curve (a) is consistent with the ideas presented in this

238U 14-Mev

thesis, it will be assumed that the neutron distribution from
fission has the form of curve (a).

Therefore, to a first approximation, the neutron emission in the
region A > 130 will be given by a straight line similar to Terrell's uni-
versal curve. The slope of this line will be increased to take into account
the greater neutron emission in 14-Mev fission.

In order to determine the slope, the total number of neutrons emitted
by mass 150 and its complementary light fragment was determined. This was
accomplished by folding the cumulative-yield curve such that the 1ight masses
fell on top of their complementary heavy masses. It was thus determined
that mass 150 and its complement emit a total of 4.5 neutrons. If we assign
one of these to the light mass fragment, then mass 150 must emit an average
of 3.5 neutrons. Assuming that the neutron emission goes to zero at mass
126 as in low energy fission, the slope of the line is, therefore, determined.

On the basis of these assumptions, the straight line approximation

will be given by

v, = 0.146 (M, - 126) (5-3)

H H
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Assuming that the same methods used to construct the neutron dis-

235 233

tributions for U and U are valid at the higher excitation energy, the

238

neutron distribution for the heavy fragments in U 14-Mev fission will

be given by

vy = 0.746 (MH - 126) + )O.7f83 + 0.3 f85 (5-4)

238 (41)

U were calculated by the displacement method

Zp values for
(59)

assuming an average fissioning mass of 239 and v = 4.32 The Zp values
used and the calculated values of f83 and f85 are given in Table XXIII.

The neutron emission curve thus obtained is shown in Figure 18 along with
the measured cumulative- and predicted prompt-yield curves.

The average number of neutronsemitted from the heavy fragment can

be obtained from the relation,

where v 1is the average number of neutrons emitted by a heavy fragment
of mass m, and L. is the prompt yield of that fragment. This calculation

gives a value of Ch = 2.1 which 1is reasonable in view of the value for

CK=CH + CL) of 4.32 given by Hanna and C1arke(59).

It is interesting that the prompt-yield curve shows three maxima,

as these have been observed in the prompt-yields for thermal-neutron fission

235 233

of U and U. The peak at A = 134 in the cumulative yields is seen to

be Tlargely due to post-fission neutron evaporation as was shown to be the

235U(

case for ]8); however, there still appears to be a significant probability

of the direct formation of fragments with mass 134 and 135.
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In addition, the analysis has generated a central peak in the primary-
yield curve which is not present in the cumulative yields. The washing out
of this peak is Tikely due to the increased neutron emission at the higher
excitation energy. Because of the assumptions made in this analysis, we
cannot definitely state that the prompt-yield curve we have derived is the
correct one. It is, therefore, highly desirable that attempts be made to
measure the prompt yields directly, in order to determine whether fine

structure does exist in the primary distribution as predicted by this analysis.



TABLE XXIII

Values of f83 and f85 for 14-Mev

Neutron Fission of

238

85

Mass *Zp Vo 83 f85
132 51.0 0.88 .0 x 1070 -
133 51.2 1.00 0.005 .
134 51.5 1.15 0.067 -
135 52.1 1.30 0.123 .
136 52.3 1.45 0.307 -
137 53.0 1.60 0.369 .0 x 1074
138 53.2 1.75 0.472 0.020
139 53.6 1.88 0.398 0.102
140 541 2.04 0.273 0.207
141 54.7 2.18 0.210 0.276
142 55. 1 2.33 0.083 0.424
143 55,7 2.48 0.051 0.461
144 56.1 2.62 0.003 0.442
145 56.6 2.77 - 0.369
146 57.0 2.90 : 0.210
147 57.5 3.05 g 0.035
. 235 (42)

+

Reference values Zp(

P

v = 0,146 (M, - 126

H

)

U) were taken from Wahl
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APPENDIX A

Calculation of Mean Values and Standard Deviations

In each mass spectrometric sample analyzed approximately ten spectra
were taken. In each spectrum the peak ratios were computed and the mean and

variance calculated from the relationships

1=
<
N
>
1
—
o

- _ 1
Xi =N 2

_
ge B st

f =T L % - WP (A-2)

1=

The final value of a particular isotopic ratio was usually determined
from two or more separate samples. These were used to calculate the

mean value and standard deviation from the relationships

m-—
~ % X W,
R = e (A-3)
[ W
3
where w. = 1
i 2
g.
:
- g
ol e A (A-4)

The values quoted in the average column in the experimental results are R
and OR- The values quoted for each sample are ?} and o,
In the counting experiments, the average value of R and its variance

were calculated using equations (A-1) and (A-2).



APPENDIX B

Derivation of Equations for Decay of Xenon
138 138

The decay schemes for I and I are similar and have the form

% Ny ()

N](A]) v

S

given below

At any time during the irradiation, the differential equations of growth

and decay are as follows.

dN1 (8-1)
— = Ry = NqA B-1

dt 1 11

dN2 ( )
— =R, + aN;x; = N, B-2

dt 2 171 272

dN

Here, R] is the rate of formation of N],and R2 and R3 are the independent
rates of formation of N2 and N3; a and b are the fractions of N] that decay
to N2 and N3 respectively.

Equations (B-1), (B-2) and (B-3) have the following solutions for

0 <t <<T where T is the length of the irradiation.

R -Aqt
N] =_][]-e ]
A

] (B-4)
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R -A,t 1 -Ant
Ny = e 4 [1-e E J+aRy [ — (1 -e 27y
Ag 42
1 -\t -A,t
s ' =g 3] (B-5)
}\Z-A]
R “Aqt ] “Xat
Ny=—=[1-¢e > I+ R, +aR)[— (-2 °)
Ag Ag
1 -Aat At
- (& & =g * 3]
Ag=Ay
1 -A,t 1 =it -A,t
+ bR, [l 1 =2 3 ) - (e 73 )]
3 hgmh
A 1 -\, T -A.t 1 -A,t x5t
- aR; 2 = || (e L ) - (e 2" ng ® )]
Agmhy A3y Ag~hg
(B-6)

For times (t) after the end of the irradiation and before the iodine
precursor has been separated from the Xenon,R,, R, and Rs in equations (B-1),

(B-2) and (B-3) vanish and the solutions are then

Ny = —[1-¢e ]e (B-7)
Ay
")\]T -)\ZT
(1 -e ) At A](] -e ) Aot
Ny = aR, [ e - & ]
>\2 ‘A-‘ }\2 ()\2 . )\])
R “AsT -Ast
+-2[1-e ¢ 1e 2 (B-8)



90

->\]T "}\ZT
Ao (1 -e ) -2t A (1 -e ) Aot
N3 = aR] [ e - e
(Ag=27) (A3-27) (A=29)(h3-25)
1 A A AT =A
4 | ~4 ] - & )(]-e3)e3
A3 (AZ-A])(A3->\2) (AZ-A])(A3->\])
-A]T —A3T
(1 -e ) At A](l -e ) -Agt
+ bR]'[ e - e ]
A3t N Ay (A5 - 2y)
KT =X
(1 -e 2 ) Aot x2(1 v = ) -agt
+ R, [ e - e ]
Ag = 4 Ay (A5 = 2y)
R “-A.T -a,t
sl 18 ¢ Jg 2 . (B-9)

Ag

After separation of the xenon from the iodine, the decay equations

now are
dN, ( )
— = = Ny} B-10
dt 2"2
- (8-11)
== Nody = Nai B-11
dt 272 3”3

These have the solutions

“A,t
N, =N, e 2° (B-12)

-2t A -Ant =25t
3* e 372, NZ* e [e 272 _ e 372 ] (B-13)

=
1]
—

A3=ho

*
where t, is the time from separation of the xenon from the iodine,and N 2
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*
and N 3 are the values of N2 and N3 at the time of separation (given by

making the substitution t - t in equations (B-8) and (B-9) ).
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APPENDIX C

Calculation of the Independent Yield of Xe]35

A. Equal Charge Displacement (ECD) (40)

According to this hypothesis,the most probable charges of a given
fission fragment and its complementary fragment lie an equal number of

beta-decays from stability.

-1 (C-1)

where ZA and ZA* are the most stable charges and Zp and Zp* are the most

probqb]e charges for mass A and A* respectively.

(C-2)
A+ A = A, - v (C-3)

where Zf and Af are the charge and mass of the fissioning nucleus and v
is the number of neutrons emitted per fission.
The most probable charge of a fission product of mass A is then

given by

*
+7Z, -17

Aty - Zg) (C-4)

o
b=
N[ —

Values of the most stable charge ZA were taken from the compilation

238U was

of Glendenin, Coryell and Edwards (40); v for 14-Mev fission of
taken as 4.5 (44, 45, 46).

The result of this calculation is shown as method 1 in Table C-I.

B. Coryell Displacement Method (41)

This method is based upon the ECD hypothesis and relates Zp(A) data



K

for various types of fission differing in compound nucleus and excitation

235

energy. The Z_ function for thermal neutron fission of U is used as a

p
reference curve and the shift in the Zp function, called AZp(A) is computed

for other systems from the following relations.

) 235
2)(A) = 2, (M + a2 (A) (C-5)
bZ,(A) = 12-(2c - 92) - 0.21 (A_ - 236)
+ 0.19 (vT - VT235) (C-6)
235 238

In U thermal fission vy = 2.47 + .03 (44) and for U 14-Mev

fission vo = 4.45 ¥ .10 (44). Using these values -AZp(A) = 0.25 * .02.

236 _ o

Zp(A) = Zp(A) 2B

235

The value of Zp(A) was estimated in three different ways:

(1) Zp(A)235 was computed from the ECD method (40). The result of this
calculation is shown as method 2 in Table C-I.

)235

(2) Wahl's empirical Z_(A was used (42) with the value 52.40 * 0.15.

p
This is shown as method 3 in Table C-I

(3) The value of Zp(A)235

was taken from Wahl's empirical curve (42) to
give a value of 52.24. This is method 4 in Table C-I.
In each case, the yield value was taken from the charge distribution

curve as given by Wahl (43).



Table C-I
Estimated Fractional Chain Yield of ]35Xe
Method ZA Z Z-1 Fractional
P P Chain Yield
. ECD 55.8 52.0 2.0 0.020
. Displacement
+ ECD 51.95 2.05 0.015

. Displacement 52.15 1.85 0.045

+ empirical Zp
. Displacement 52.0 2.0 0.020

+ Zp from curve

Average 0.030

Standard Deviation 0.015
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