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SOME CONSIDERATIONS ON THE PROBABILITY OF NUCLEAR FISSION
Robert ’\lemdenbc»schJr and Glenn T, Seaborg

Radiation Laboratory and Department of Chemistry
University of California, Berkeley, Californisa

November 1957
ABSTRACT

- A semi-empirical equation for fission threshold has been extended to

include the effects of unpaired nucleons on the rate of spontaneous figsion°
2
Excitation functions for the (o,4n) reactions of Ra226, Th230, and U°3° have

been measured, These results and reported cross sections for other (o,kn)

reactions in the heaviest elements have been analyzed in terms of fission and
neutron-emission competition to obtain mean values of /7n/ /7f. These mean

values of Iﬂn/ f1f have been correlated with neutron binding energies and

fission thresholds,

*‘:
This work was performed under the auspices of the U, S, Atomic Energy Com-

mission. It is based in part on work done by Robert Vandenbosch in partial
fulfillment of the requirements for the Ph.,D. degree at the University of

California,

1'Present address: Argonne National Laboratory, Lemont, Illinois,
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SOME CONSIDERATIONS ON THE PROBABILITY OF NUCLEAR FISSION
I. INTRODUCTION

In their original considerations of the fission process employing the
liquid drop model, Bohr and Wheelerl showed the potential importance of a fis-
sionability parameter ZZ/A which represents the ratio of the nuclear Coulomb
repulsive energy to the stabilizing nuclear surface energy. This parameter
has been used to designate the relative tendency . = of different heavy
nuclei for thermal-neutron-induced fissiongg’3

The probabilities for fission deduced from fast neutron (3-5 Mev) fis~

sion cross sections have been correlated with ZZ/A 4’5 and also with the dif-

ference between the fission threshold and neutron binding energy. Huizenga,
Gindler, and Duffield correlated the relative photofission ylelds (~15 Mev) of
7,8

different nuclei with ZZ/A. In the present paper we shall investigate
further the applicability of this parameter to the description of the relative
probability for fission of various nuclei in the intermediate energy range up
to about 50 Mev,

The total fission cross section for the reaction of charged particles
with heavy elements is not a very sensitive measure of the relative fission-
ability of different nuclides, as the fission cross section usually accounts
for more than 80% of the total reaction cross section and does not vary much
from nuclide to nuclide.g’lo However, the effect of fission competition on

spallation reactions, particularly those occuring by compound nucleus mecha-

7 The (0, 4n) reaction

nisms, is gquite a sensitive measure of fissionability.
is particularly sensitive to fission competition as fission has had four
chances to compete with neutron emission aiong the evaporation chain, Tt is
also guite likely that the (o,ln) reaction proceeds almost exclusively through
a compound nucleus mechanism, For these reasons the (a,4n) reaction was chosen
to investigate the applicability of the parameter ZZ/A to fission competition
in the heavy elements at moderate excitation energy. In addition to making

a literature survey of measured (,ln) excitation functions of fissionable
elements, a few isotopes were chosen for additional study. These experiments
are described briefly in Section II, and a discussion of the results in terms

of these considerations follows in Section III,ll
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In connection with this description as well as in connection with the
tescription of other results obtained in our general program of investigation
of spallation-fission competition in the heaviestwelementslo values for the
fission energetic thresholds for the various nuclei have been needed. A

number of methods for calculating fission thresholds are available3’12’l3 and

3

one of the simplest~ is based on a comparison with the spontaneous fission
decay rates for even-even nuclides. The applicability of this method of
calculating fission thresholds is further extended in Section A of this paper
where the effects of different nuclear types are considered and a concept of

activation energy for fission is discussed.

A, Activation Energy for Fission

It has been shown that spontaneous fisslon lifetimes for even-even
nuclides have an exponential dependence on the parameter ZE/A‘,lh_16
Several years ago a semi-empirical equationl7 for the fission barrier, Eb’ was
derived from an empirical equation for observed spontaneous fission lifetimes
and from theoretical considerations on the barrier penetration probability for
spontaneous fission. It was assumed that the form of an equation given by
Frankel and Metropolis,12 T = 10_2l X lO7°85 AR seconds, governing the dependernce
of spontaneous fission half life on the fission barrier is approximately
correct. This led to the expression E_ = (19.0 - 0.36 ZZ/A) Mev., This is
applicable only to intermediate compound nuclei of the even-even type because
the relationship between ocbserved spontaneous fission lifetimes and ZZ/A
applies only to this nuclear type. Even-odd and odd-even nuclides are
retarded in their rate of spontaneous fission decay by an average factor of
about 103, and the decay rates of odd-odd nuclides are retarded by a factor of
about 105, The equation given by Frankel and Metropolis,12 T = lO-ZleO7'85 oB
seconds, predicts that each factor of ten increase 1in half life corresponds to
an increase of about 0.13 Mev in barrier height. This is consistent with the
fission lifetimes of'U238 in its ground state and at the fission threshold.
Assuming a fission lifetime of about lO-lLL seconds at the observed photofissiocn

238

threshold of 5.1 Mev, the lifetime of U excited to 5.1 Mev is approxi-

mately 1037 times shorter than the fission lifetime of U238 in 1ts ground state,
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which has a spontaneous fission half life of about 1016 years, This corre-
sponds to 0,136 Mev change in barrier height for each factor of ten change in
fission lifetime, in satisfactory agreement with the value predicted by the
equation of Frankel and Metropolis, Use of their predicted value indicates
that fission barriers for even-odd and odd-even nuclides are higher than even-
even nuclides by about O.4 Mev, and for odd-odd nuclides are higher by about

0.7 Mev. Thus, the relationship becomes
(1) E = (19.0 + 0,36 ZZ/A +¢) Mev

where ¢ = O for even-even nuclides, ¢ = 0,4 for even-odd and odd-even nuclides
and ¢ = 0,7 for odd-odd nuclides,

Due to the barrier-penetration nature of the fission process, induced
fission will be observed at the point below the barrier where the time for
fission becomes comparable with the time for gamma emission, i.e., in a time
of about lO_llL seconds, The reguired energy of activation, Eag will be less
than the barrier height, Eb’ which represents a fission time of some lO_21
seconds, Thus, if we again use the relationship that each factor of ten in
rate corresponds to some 0,13 Mev of energy, it follows that Ea’ is, in general,
some 0,9 Mev less than Ebo

The energy difference B; (neutron binding energy) minus Ea (calculated)
has been tabulated in Table I, and the correlation with slow-neutron fission
is surprisingly good, The nuclides which show a positive energy difference
have a fission cross section greater than about one barn, and the nuclides with
a negative (Br minus Ea) energy difference have fission cross sections below
this arbitrary line of demarcation for slow-neutrcn fissionable nuclides,

When the value of Ea exceeds the neutron binding energy, B., leading to a
negative value for (B; minus Ea) in Table I, this should be equal to the

neutron threshold for fission. From the table, the following nuclides should
have the indicated thresholds for neutron-induced fission: Th232 (0.9 Mev),
pa”3t (0.4 Mev), U23” (0.3 Mev), U236 (0.3 Mev), U238 (0.9 Mev), and Np237

(0.3 Mev)., Fission thresholds are not sharp due to the barrier penetration
nature of the fission process and therefore experimentally determined thresholds
depend somewhat on the sensitivity of the measuring technique, The following

thresholds have been experimentally determined:lS Th232 (1.1 Mev), Pa231
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Table I, Correlation of slow neutron fissionability with activation energy
for fission and corresponding neutron binding energy,

E * B *%* AB.*** B.-E Slow Source of.Slow
Nuclide a it “ Ty Neutron Neutron Fis-
(Mev) (Mev) (Mev) (Mev) Fissiong,, ., sion Cross
gbility Section®

R 220 7.1 6.2 4.5 -1.7 -

Ra228 7.2 6.3 L. 8 - -1.5 -

ac?eT 7.2 6.3 5.0 -1.3 -

227 6.2 5.3 7.1 1.8 +

228 6.7 5.8 5.4 0.4 -

mhee? 6.3 5.4 6.7 1.3 +

230 6.8 5.9 5.0 0.9 -

232 6.9 6.0 5.1 0.9 -

33 6.5 5.6 6.1 0,5 +

234 7.0 6.1 4.6 -1.5 -

pa?30 6.5 5.6 6.8 1.2 +

ps?3t 6.8 5.9 5.5 0.4 .

pg?32 6.6 5.7 6.7 1.0 +

pat33 7.0 6.1 5.2 0.9 -

ye30 6.2 5.3 5.9 0.6 .

23t 5.9 5.0 7.3 2.3 +

ye3e 6.3 5.1 5.9 0.5 +

y?33 6.0 5.1 6.8 1.7 +

@3k 6.4 5.5 5.2 -0.3 -

y?32 6.1 5.2 6.4 1.2 N

@36 6.5 5.6 5.3 -0.3 -

238 6.6 5.7 4.8 -0.9 -

ye3? 6.3 5.1 5.9 0.5 +

1\7p23lL 6.1 5.2 6.8 1.7 +

Jp230 6.2 5.3 6.8 0.5

wp=3 ! 6.6 5.7 5.4 -0.3 -

wp?3° 6.4 5.5 6.2 0.7 +

NpZ3? 6.7 5.8 5.1 0.7 -

(continued)
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Table I. (continued)
« ** *¥E -Slow Source of Slow
Eb E B B -E .

Nuelide ; a n n a Neutron Neutron Fis-

' (Mev) (Mev) (Mev) (Mev) Fissiong,,, sion Grgss
ability Section

py 230 6.0 5.1 6.1 1.0 + b

py?38 6.1 5.2 5.6 0.4 n

Pu239 5.8 k.9 6.4 1.5 +

PUZMO 6.2 5.3 5.k .1 + c

pu2* 5.9 5.0 6.2 .2 +

PuZLLZ 6.3 5.2 5.1 -0.1 - a

Amzul 6.2 5.3 5.6 Q.3 +

AnZHEm 6.0 5.1 6.3 .2 +

An2H2 6.0 5.1 6.3 1.2 +

An?3 6.4 5.5 5.2 -0.3 - e

eme e 5.8 k.9 5.7 c.8

o3 5,4 4.5 6.7 2.2 +

24k _

Cm™ 5.9 5.0 5.7 C.7 3

cu 5.5 4.6 6.1 1.8 N

T 5.1 4.2 6.6 2.2 +

EaSl‘L 5.5 4.6 5.8 l.2 + £

*

‘Potential barrier for fission.

*%

Activation energy for fission.

¥Hk
Neutron binding energy for nuclide with mass number A + 1.

R H
The + denotes cross section for fission is greater than about 1 barzn.
The - denotes cross section for fission is less than about 1 barn.

& Except when noted otherwise all of the cross sections were taken from
the compilations of Ref. 18 or Hulzenga, Manning, and Seaborg, The
Actinide Elements, edited by G. T. Seaborg and J. J. Katz, (McGraw-Hill
Book Co. Inc., New York, 1954) Chap. 20, National Nuclear Energy Series,
Vol. 14A, Div. IV, p. 839.

b
J. R. Huizenga, private communication,(l957)c

¢ Hulet, Bowman, Michel and Hoff, Phys. Rev. 102, 1621 (1956).

a W. C. Bentley et .al., Proceedings of the International Conference on the
Peaceful Uses of Atomic Energy, Geneva, 1955 (Urited Nations; New York,
1956) Vol. 7, p. 261.

& Hulet, Hoff, Bowman and Michel, Phys. Rev. 107, 1294 (1957).

£

S. G. Thompson et al., unpublished results, 1955.
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(0.4 Mev), U (0.3 Mev), U236 (0.6 Mev), U 0.9 Mev), and Np237 (0.3 Mev?,
It can be seen that the agreement between the predicted and the experimentally
determined threshold values is good,

Recently a method for exciting nuclei to less than the neutron binding
energy by the (d,p) regction has been developed to measure fission thresholds°19
The fission threshold is obtained by measuring the energy spectrum of protons
in coincidence with fission events induced by deuterons of known energy., Pre-~
liminary resultszo indicate that U235 undergoes fission at an excitation energy
of about 1.2 Mev below that given to 1t by an added slow neutron, in good
agreement with the predicted value of 1,2 Mev suggested by Table I,

The E values calculated from an equatlon using a straight line de-
pendence of spontaneous fission half lives on Z /A can be only approrimate at
best, because the rate for thls process depends on more compllca ted factors
than just a dependence on Z /A, Although the parameter Z /A accounts for the
general trend of spontaneous fission lifetimes, it has been pointed out that
for a given value of Z the half life goes through z maximum as A varies,

In addition it has been noted that there is gn increase in the spontaneous
fission rate for nuclides with more than 152 neutronsn22 Swiatecki13’23 has
successfully related these deviations from a simple ZZ/A calculation by

considering the energy difference between a smooth saddle point energy surface

(as a function of Z and N) and the actual experimental ground state masses.
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II. EXPERIMENTAL RESULTS
Excitation functlons for the (C%hn) reactions of R3226, Th23o, and U236

were measured using the external beam of the Crocker Laboratory 60-inch cyclo-

tron. The radium used was isotopically pure Ra226° The thorium had an isotopic
composition of 87.85 + 0.1% ThZ3° ana 12.22 * 0.1% Tho3%,
- sotopic composition of ok.o% U0, 0.0u% UB3Y, u.528 U3, ana 0.514% P3O,

The targets were prepared by electrodeposition of the various materials onto

The uranium had an

gold or aluminum foils. The uranium and radium targets were dissolved after
each bombardment and plutonium and thorium fractions, respectively, were
isolated radiochemically. A recoil technigque, similar in principle to that
described by Harvey, 2315;,,2h was used for the thorium cross section measure-
ments. This permitted the use of the same target for all of the bombardments.
A small amount of Pu239 239

(a,3n) Cmgho reaction, for which sbsoclute cross sections have been measured,9

was also deposited in the thorium target and the Pu

vas used as a monitor reaction to determine the collection efficiency of the
heavy-element-nuclei recoils. The catcher foils were dissolved and the uranium
and curium fractions were isolated radicchemically. The amounts of the various
alpha-emitting products were determined by use of 52%-geometry ionization
counters and multi-channel alphs-pulse-height analyzers.

The cross sections determined for the Ra226 (a,in) Tn236 reaction are
ligted in Table ITI and iilustrated in Fig. 1. The estimated limits of error
of * 20% are due principally to uncertainties in determining the amount of
target material which was bombarded.

The cross sections for the Th230 (c,bn) U23O reaction, corrected for
recoll efficiency, are listed in Table IIT and illustrated in Fig. 2. The
results from the monitor reaction Pu239 (a,3n) szho indicated an average
recoil collection efficiency of 80 % 5% for all of the bombardments. The
estimated limits of error for the correctedl(a,hn) reaction cross sections
are * T%.

The cross sections for the U

236 (

a,kn) Pu236 reaction are listed in
Table IV and illustrated in Fig. 3. The contribution of the Pu236 produced by
the (a,3n) reaction from the U235 present in the target has been subtracted.

36 236

from the decay of Np was eliminated by

Any apprecisble contribution of Pu2
removing neptunium chemically very soon after the bombardment. The estimated

limits of error are listed in the table.
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Table IT. Ra226 (a,hn) Th226 cross sections (mb) as a function of helium-ion
energy.
A E (Mev) o (mb)
35.6 11020
38.2 270450
39.4 260%50
39.4 380480
Lo.8 500+100
o 7 420480
W7 490£100
k5.5 200240
Table III, 230 (a,bn) Uz30 cross sections (mb) as a function of helium-ion
energy.
E (Mev) , o (mb)
38.0 2.840,2
5%0.0 10,2+0.7
41,2 12,5+0,9
42,6 12,9+0.9
43.3 12,220,8
i 2 11,5+0,8

Table IV, U236 (o, ln) Pu236 cross sections (mb) as a function of helium-ion

energy.
E (Mev) o (mb)
34,5 0.1110.1
38,4 2.020,

010.2
k2.0 4,120,k
45.6 3.6+0.4
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I1I. DISCUSSION

The excitation functions shown in Figs. 1 to 3 are illustrative of the
large variations in cross sections for (a,hn) reactions of fissionable nuclides,
In order to arrive at some semi-quantiteative measure of the effective competi-
tion between neutron-emission and fission, we will attempt to relate the observed
cross sections to partial level widths for the various modes of decay of the
compound nucleus, which are in turn inversely related to the mean lifetimes of
the compound nucleus with respect to the different modes of decay. The deduc-
tion of level width ratios (branching ratios) from ¢, xn excitation functions
has been described by Glass et 5;525 If we assume that for excitation energieg
above the fission threshold and pneutron binding energy the width for gamma ray
de-excitation, as well as for proton and other charged particle emission, is
negligible, we can write the expression for the neutron branching ratio (level
width for neutron emission divided by total level width for all the possible
products of the disintegration of the compound nucleus) as f;/(f; + f%,)

This ratio will hence forth be designated as Gn° The cross section for ths

(a,ln) reaction at the pesk of the excitation function can then be written as

c (a,ln) =G G G G o
nl e n3 nu T

where the subscripts 1, 2, 3, and L refer to the branching ratio for the emis-
sion of the lst, 2nd, 3rd, and hth neutron. Since the peutrons are evaporated
with a distribution in kinetic energy, one does not expect the cross section
corresponding to the peak of the (a,hn) excitation function for a non~fissionable
nucleus to be equal to the cross section for compound nucleus formation. Thus
we must use for UT the cross section ome would expect for the (a,hn) resction
at its peak if fission were not competing. This value has been estimated to
be 1.2 barns from (@,kn) excitation functions of lead isotopes°26 This has
been used for all nuclel considered and although this cheice is somewhat arbi-
trary it will not introduce any apprecisble uncertainty in our comparisons.
All of the available cross sections for (@,kn) reactions have been

summarized in Table V, including those reported in this work. The source of

the data is listed in the last column of the table. Whenever possikle the
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Table V, Heavy element cross sections for the (o,4n) reaction and mean values

of neutron to fission width ratios derived from these cross sections,

§i§%§§e o (mb) G, = Fn/ Ft Fn/ /7F Reference
mearn mean

Ra226 500 0.80 4.0 28
230 13.0 0.32 0.48 28
232 55 0,46 0.86 29
y?33 0.6% 0.15 0.18 10
23k 1.0 0.17 0.21 30
y?32 2.5 0.21 0.27 10
230 b2 0.2k 0.32 28
238 b1 0:37 0.58 31 .
pu?3® 0.3 0.13 0.15 9
pu?3? 0.9% 0.17 0.20 9
Puzuo 0.8b 0.16 0.19 32
P2 8.6 0.29 0.41 9
am?*3 14 0.34 0.52 33
G 0.3° 0.13 0.15 3k
Bk2u9 6.ob' 0.27 0.36 24
c£22? 2.2 0.21 0.27 35

Cross section is very approximate,

P Lower limit, as excitation function is still rising at highest energy for

which & cross section is reported,

value of the cross section corresponds to that at the peak of the excitation
function. All of the data available have been listed, although some of the
data are approximate or preliminary in nature, The third column lists the
geometricwmeaﬁ'valﬁesVOerhfobtained*ﬂromﬂthe relation
L
5 - 9 (Oézll-nz

n 1,200

where the cross sections are given in millibsrns., Again assuming that the
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total width ﬂ; = /; + [, mean values of [;//jF have been calculated and are

listed in the third colimn. From this type of experimental‘data we cannot
isolate the fission width explicitly, but only the ratio of the neutror width
to the fission width.

Examination of the mean values of the neutron-emission width to fission
width ratios. reveals that for a given atomic number, the ratio /;//jF in-
creases with increasing mass number. This trend appears to be much stronger
than that prediected by the parameter ZZ/A, and thus is probably closely related
to the fact that neutron binding energies show a general trend to decreasing
systematically with increasing mass number. The ratic of neutron-emission to
fission widths defuced from the cross sections for (a,hn) reactions of uranium
and plutonium isotopes are shown as a function of mass number in Fig. L.

p)

Batzel's values” derived from fast-neutron fission cross sections of various
uranium isotopes are shown for comparison. It is seen that the rate of change
of the neutron to fission width ratio with mass number is approximately the
same for uranium, plutonium and curium compound nuclei. ‘

By making some simplifying assumptions, it is possible to derive ap-
proximate theoretical formulae for the fission width and neutron-emission
width,l’27 In particular, the treatment involves some assumptions which are
not valid at low exclitation energy. By aessuming that the level density para-
meters of the parent nucleus--apart from the excitation energy dependence--are

the same as those of the fissioning nucleus at the saddle point and adopting =a

Fermi-gas model of the nucleus, Fujimoto and.Yamaguchi27 have given the fission
width as
- -E
[ (E) ~ = £
F(E) % 57 o

where E 1s the excitation energy, Ef is the fission threshold, and the nuclear
temperature T is taken as being proportional to the square root of the excita-

tion energy. In the same approximation the neutron width is given as

2/3 -B
ME) =~ (=) (A5) (e =2 )

where K' = -ﬁz ~ 10 Mev and Bn is “the peutron binding energy.

2m ro
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Combining these expressions gives the following relation:

r 14%/3 E, - B
=== exp —e2,
e 10

If one uses the fission activation energies obtained from equation (I) and a
reasonable value for the nuclear temperature, (1-2 Mev) one obtains from this
equation values of f;/f% which are several times larger than the experimental
values listed in Table V.

However, the qualitative behavior predicted by this relationship may be

compared with experiment. Since

L_wfff f&) (fa (F_)
FFl,FFZ FFBFFM

d
1

we may write

2/3
LT y [k
o e I -
7 55 ex = (Ef B )i
‘ T
vhere the subscripts have the same meaning as before. Taking the logarithm,

. e v (5 -3)
n T A E_-B ),

f,n "I.T'E = Ll’l——l—é—-— +l/ll- > '—fT——n—'l
f i=1

it is seen that the logarithm of the neutron to fission width ratic should be
a function of the difference between the fission threshold and the neutron bind-
ing energy.

In Fig. 5 we have plotted the logarithm of the neutron to fission width
ratics listed in Table V vs. the difference between the sum of the four neutron
binding energies and the sum of the four fission activation energi=s for the
compound nuclel encountered in the evaporation chain. The fission sctivation
energies were calculated using the formula presented in the first part
of this paper, and the neutron binding energies are those calculated by
B. M. Foreman, Jr., and listed by Hyde and Seaborg,36 Considering the ap-
Proximations in both the theoretical treatment and the analysis of experi-

mental data, the correlation appears to fit quite well except for the point
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T T TTT

MU-14373

Mean values of f;/[} from (a,ln) cross sections
vs difference between sum of the four neutron
binding energies and the sum of the four fission
activation energies for compound nuclei- encoun-
tered in the evaporation chain. The labels refer
to the target nucleus and the circles with arrows

indicate a lower limit.
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representing helium-ion induced reactions of Ra2260 It would appear that for

elements lighter than thorium these simple relationships are not a good ap-
proximation. All of the target nuclides represented in Fig. 5 are of even
atomic number except for Am.2LLS and Bk2h9o It might be expeeted that these
points would be high relative to even atomic number targets on the basis of
the relative level densities of the products formed by neutron evaporation.
For an (Q,4n) reaction of an even-even or even-odd target nuclide, two of the
residual nuclei formed by neutron evaporation are of even-even nuclear type
and two are of even-odd nuclear type. However for target nuclides with odd
atomic number, two of the residual nuclei formed are odd-even and two are odd-
odd. Since odd-A and odd-odd nuclei are believed to have higher level
densities than even-even nuclei, ‘neutron evaporation might be expected to be
more prominent for targets with odd atomic number. This effect would probably
be most important at the last stage or two of the evaporation process,
Meadow537 has experimentally confirmed an effect of this nature in the yields
of (p,pu) and (p,2n) reactions.

In the analysis of (@,ln) cross sections to obtain neutron-emission
to fission width ratios, it has been assumed that there is no large varia-
tion of the neutron-to-fission width ratios with excitation energy.
Experimentally it is rather d4ifficult to obtain information on this problem.
However, the rather flat plateaus observed in fast-neutron-induced fission
excitation functions indicates that the relative probability  for neutron-
emission and fission is not strongly dependent on excitation energy for this
relatively narrow range of excitation energies. Batzel5 has analyzed the
data for the 340-Mev proton-induced spallation of uranium38 and concludes
that the assumption that I'I'l//":F is independent of excitation energy
is & better approximation than the assumption that the probability of emission
of & neutron increases much more rapidly as a functlon of excitation energy
than does the probability of fission. If one considers the mean value of
/;/f% cbtained from an (a,hn) cross section to approximate that of the inter-
mediate product half-way along the neutron evaporation chailn, it is possible
to compare the mean values of [ /F’ obtained from (Q,4n) cross sections with
values from fast neutron fission in the two cases for the compound nuclei U 23k

ana PuZ0 . The mean value of f;/f% obtained from cross sections for the ThZ32
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(a,hn) U232 reaction is 0.87 for an approximate average excitation energy of

20 Mev, while that from.U233 plus fast neutrons is 0.8 for an excitation energy
of 10 Mev. Similarly the value of r;/f% from cross sections for the U238(a,hn)
Pu238 reaction is 0.58 for an average excitation energy of about 20 Mev, vwhile
that from Pu239 plus fast neutrons is 0.76 for an excitation of 10 Mev.
Although comparison of the rZ/f% values obtained from the two types of infor-
mation can only be approximste, the relative probability for fission compared

with neutron-emission does not seem to be strongly dependent on excitation

energy.
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