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SOME CONSIDERATIONS ON THE PROBABILITY OF NUCLEAR FISSION
Robert Vandenboschf and Glenn T. Seaborg

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

November 1957

- ABSTRACT

- A semi-empirical equatioh‘fcr—frssicn‘thﬁeshUid*haé—béen—extendeﬁftb
include the effects of unpaired nucleons on the rate of sponteneous fission,

Excitation functions for the (a,4n) reactions of Ra226, Th230, and U236

have
been measured, These results and reported cross sections for other (a,hn)
reactions in the heaviest elements have been analyzed in terms of fission and
neutron-emission competition to obtain mean values of /1n/ /1f; These mean
values of I1n/ [‘f have been corrglated with neutron binding energies and

fission thresholds,

\

*éhis work was performed under the auspices of the U,'S. Atomic Energy Com-
mission, It 1s baéed in part on work done by Robert Vandenbosch in partial
fulfillment of the requirementé for the Ph.D, degree at the University of
California, | v

Present address: Argonne National Laboratory, lLemont, Illinois,
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SOME CONSIDERATIONS ON THE PROBABILITY OF NUCLEAR FISSION

1

I. INTRODUCTION

In their original considerations of the fission process employing the
liquid drop model, Bohr ahd.Wheelerl showed the potential importanee of a fis-
sionability parametef ZZ/A which represents the ratio of the fiuclear Coulomb
repulsive energy to the stabilizing nuclear surface energy. This parameter
has been used to designate the relative'f:tendency?i*r of different heavy
nuclel for thermal-neutron-induced fission, 2,3

The probabilities for fission deduced from fast neutron (3-5 Mev) fis-
sion cross sections have been correlated with Z /A k5 and also with the dif-
ference between the fission threshold and neutron binding energy;6 Huizenga,
Gindler, and Duffield correlated the relative photofission yields (~15 Mev) of
different nuclei with Z /A 7,8 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, es the fission cross eection usually accounts
for more than 80% of the total reaction cross section and does not vary much

9,10

from nuclide to nuclide, However, the effect of fission competition on
spallation reactions, particularly those occuring by compound nucleus mecha-
nisms, is quite a sensitive measure of fissionability.9 The (o,4n) reaction
is particularly sensitive to fission competition as fission has had four
chances to compete with neutron emission aleng . the evaporatlon chain, It is

also gquite likely that the (a, hn) reaction proceeds almost exclusively through

a compound nucleus mechanism, For these reasons the (a 4n) reaction was chosen '

~ to investigate the appllcablllty of the parsmeter Z /A to fission competition
in the heavy elements at moderate excitation energy., In addition to making
a literature survey of measured (o,l4n) excitation functions of fissioneble

elements, a few isotopes were chosen for additienal study. These experiments
are described bfiefly in Section II, and a discussion of the results in terms

of these considerations follows in Section IILll
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In .connection with this description.as well as in connection with the

description of other results obtained in our general program of investigation

of spallatlon-f1881on competition in the heaviest: elementslo values for the

fission energetic thresholds for the various nuclei have been needed. A

3,12,13 and

one of .the simplest3 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.

1

A, Activation Energy for Fission '

It has been shown .that spontaneous fission lifetimes for even-even

14-16

nuclides have an exponential dependence on the parameter 2 /A K

Several yeafs ago a semi-em.pirical.'equation17 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,lsz = lO-ZlI‘X-lOY"85 AE,seconds, governing the dependence
of sponﬁaneous-fission half life .on the fissioh barrier is approximately

correct. This led to the expression~E = (19.0 - 0.36 ZZ/A) Mev., This is

b
applicable only to intermediate compound nuclei .of the even-even. type because

the relationship between observed spontaneous fission lifetimes and Z /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;los° ‘The equation given by Frankel and Metropolls,12 T = lO 7 85 L8

seconds, predicts that each factor .of ten increase: in 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.
ik

-Assuming a fission lifetime of about 10 — seconds at the observed photofission

238

threshold of 5.1 .-Mev, the lifetime of U” exc1ted to 5.1 Mev is approxi-

mately 1037 times shorter than the fission lifetime of U 238 in its. ground state,
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which has a spontaneous fission half life of about lO16 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 thevvalue 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 asbout 0.4 Mev, and for odd-odd nuclides are higher by about

0.7 Mev, Thus, the relationship becomes
(1) B, = (19.0 + 0.36 2%/8 + €) Mev

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

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 A
fission becomes comparable with the time for gamma emission, i.e., in a time
of aboutle-lu seconds. The required energy of activation, Ea’ wlll be less
than the barrier height, Eb’ which represents a fission time of some 10-21‘

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 legs than E .

The energy difference B. (neutron binding energy) minus E_ (calculated)
has been tabulated in Table I, and the correlation with slow-neutron fission
is eurprisingly good., The nuclides which show a positive energy difference
have a fission cross section greater than about oﬁe barn, and the nuclides with
a negative (Bm minug Ea) energy difference have fission cross sections below
this arbitrary line of demarcation for slow-neutron fissionable nuclides.
Wheh the.value of.Ea.exceeds the neutron-binding energy5‘Bm, leading to a
negative value for (Bﬁ 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: Th23? (0,9 Mev),
pa?3L (0.4 mev), 0P (0.3 mev), U (0.3 Mev), U° (0.9 Mev), ena wp?3'
(0,3 Mev). Fissionvthresholds.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

18 ., 232 231

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

E * E.** ' ?B‘*** R Slow . _Source,of.Slow
Nuclide b a . noo n g Ngut?on Neutron Fis-
: (Mev) (Mev) (Mev) = (Mev) Fissiong,,, sion Cross
: ’ v ability Section®

RaZ20 7.1 - 6.2 4.5 1.7 -

%0 72 6.3 4.8 15 -

ac22T 7.2 6.3 5.0 -1.3 -

7 6.2 5.3 7.1 1.8 +

m228 6.7 5.8 5.4 0.4 -

R227 6.3 5.4 6.7 1,3 4

mZ° 6.8 5.9 5.0 . -0.9 -

m®32 6.9 6.0 5.1 -0.9 -

233 6.5 5.6 6.1 +0.5 +

m23% 7.0 6.1 4.6 1,5 -

pit0 . 6.5 5.6 6.8 1.2 +

pa’3t 6.8 - 5.9 5.5 -0,k -

pa?3? 6.6 . 5.7 6.7 1.0+

pa?33 7.0 6.1 5.2 -0.9 . -

y?3° 6.2 5.3 5.9 06 4

ye3t 5.9 5.0 7.3 2.3+

y?32 6.3 5.0 5.9 0.5 +

y?33 6,0 5.1 6,8 1.7 +

234 6.k 5.5 5.2 0.3 -

y23o 6.1 5.2 6.4 1.2 4

230 6.5 5.6 5.3 -0.3 -

G 5.7 1.8 0.9 -

y?3? 6.3 5.4 59 05 4

np?3Y 6.1 5,2 6.8 LT+

Np?230 6.2 5.3 6.8 0.5 +

Np237 6.6 5.7 5.4 -0.3 -

wp?3° 6.1 55 6.2 07 4

Np23? 6.7 5.8 5.1 0.7 -

(continued)
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‘Table :I. (continued)
_¥* X% Xk . :Slow " Source .of ‘Slow
. -B . B B -E Lo .
Nuclide & a - n B a Neutron Neutron. Fis-
S (Mev) A(Mev)y (Mev) {Mev) Fissiong,,, sion. Grgss
v o . ' ability Section
py230 6.0 5.1 6.1 1.0 + b
py?38 6.1 5.2 5.6 0.4 SR
239 P 5 -
-Pu 5.8 4.9 o b 1.5 o+
P20 6.2 5.3 5.4 0.1 . c
Pyt 5.9 5.0 6.2 1.2 4
'Puzl'L2 6.3 5.2 5.1 - =0.1 - ’ da
A2+ 6.2 5.3 5.6 0.3 +
242m . ’
- Am 6.0 5.1 6.3 1.2 +
a?? 6.0 5.1 6.3 - 1.2 +
Am2H3 6.4 5.5 5.2 0.3 - e
22 5.8 59 . 5.7 0.8 7
ot 5.y 4.5 6.7 2.2 +
24l '
Cm 5.9 5.0 5.7 - 0.7 2
Acm2”5 5.5 4.6 6.4 1.8 +
cr2h? 5.1 L.2 6.6 2.2 Tt
gk 5.5 4.6 5.8 1.2 + f
* .
Potential barrier for fission.
L ®% v
‘Activation energy for fission.
KX . '
, ‘Neutron binding energy for nuclide with mass pumber A + 1.
KX : .
) . 'The + denotes cross section for fission is greater than about 1 barxn.
The - denotes cross,section.for fission is less than about .l barn,
a ‘Except when noted otherwise all of the .cross sectlons were taken from
the compilations .of Ref. 18 or Huizenga, Manning, and Seaborg, The
~Actinide Elements, edited by G. T. Seaborg and J. J. Katz, (McGraw-Hill
Book ‘Co. Inc., New York, l95h)./Chapa 20, National Nuclear. Energy’Series,
Vol., 14A, Div. IV, p. 839.
J. R. Huizenga, private‘communicatiop.(l957),
¢ Hulet, Bowman, Michel and Hoff, Phys. Rev. 102, 1621 (1956).
4 _ . =>4 .

“W. C. Bentley et.al., Proceedings of the International Conference.on .the

Peaceful Uses of Atomic. Energy, Geneva, 1955 (United Nations;. New York,
1956) Vol. 7, p. 26L. '

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), U23h (0.3 Mev), U236 (0.6 Mev), U238 (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) reaction has been developed to measure fission thresholds,l9
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 fissioﬁ at an excitation energy

‘of about 1.2 Mev below that given to it. 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 approximate at

best, because -the rate for this process depends on more complicated factors
than Jjust a dependence on Zz/A Although the parameter Z2/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 a 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 lSZIneutrons,,22 Swiateckil3’23 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. functions.for. the (a;hn) reactions of-R5226,,Th230, and Uz-36
were measured using the external.beam of the .Crocker Laboratory 60-inch cyclo-
tron. -The radium used was isotopilcally pure Ra226. “The thorium had an isotopic
_composition .of 87.85 # Ool%uTh23o and 12,22 * O,l%,Th232, The uranium had an

isotopie composition of 9k.9% UE30, 0.0u% U3, 1524 ¥P3%, ana 0.5u6 0730,
The targets.were~prépared,by electrodeposition .of the various materials -onto
gold or aluminum foils. The uranium and radium targets were dissolved after
each bombardment and plutonium and thorium fractions, respectively, were
isolated radiochemically. AA‘recoil_technique, similar in principle to that
described by Harvey, gﬁlgif,zu was used for the thorium cross section measure-

ments. . This permitted‘the use of the same target for all of the bombardments.
239

9

A small amoﬁntﬂof Pu239 was -also deposited in the thorium target and the F
(a)3n);Cm2uO reaction, for which absolute cross sections have been measured,
vas used as a monitor reaction to determine-the.collection efficiency of the
heavy-element-nuclei recoils. The.catéher,foils‘were-dissolyed.and‘thevuraniumf
and curium fractions were isolated radioqhemically. The amounts of the various
alpha-emitting pfoducts were determined by use of 52%-geometry Jonization
counters and multi-channel alpha-pulse-height analyzers.

The cross sections éetermined for:the:Ra226 (a,hn):Th226 reaction are
listed .in Table IT and illustrated 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 Th23o-(a,hn) y?30 reaction, corrected for
recoil efficiency, are listed in Table III and illustrated in Fig. 2. The '
results from the monitor reaction‘Pu239 (a,3n)gcm2uo‘indicated,an,average
recoil collection.éffiéiency of 80 iVS%Jfor all of the bombardments. The
estimated 1imits of error for the corrected (a,bn) reaction cross sections
are £ Th. |

. The cross sections for the U

‘Table IV.and illustrated in-Fig. 3. vThé-contributionAof the Pu
235
RE]

236v(a,hn) Pu236.reactionware.listédzin

236xproduced,by

present in the target has been subtracted.

236

the (@,3n) reaction from the
- Any appreciable contribution of'Pu236.from the .decay of Np wasseliminated,by
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 (o, kn) Th226 crossvsections'(mb) as a function of helium-ion

energy.

' E (Mev) ' o (mb)
35.6 11020
38,2 ' ’ 270450
39.4 o 260450
39.4 o ‘ 380480
40,8 ' : 500£100
k2.7 420480
by, 7 ‘ . 490%100
45.5 20040

. f v
Table III, Th23o (a0, kn) U23o cross sections (mb) as a function of helium-ion
energy. . T v
E (MEV) ' o (mb)
38.0 2.840,2
40,0 10.2+0.7
hi.2 . 12,5%0.9
h2.6 ‘ 12,9+0,9
k3.3 - 12.2+0.8
Ly o2 , 11,5%0.8

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

energy.
E (Mev) o (mb)
3k.5 ©0,1140.1
38,4 ' 2,0£0.2
42,0 : ' L, 1+0.4

45.6 | : - 3.630.k




-12-

800

.
I

700

T

600

(4]
(o
o
T

>

o

o
I

CROSS SECTION (mb)
8 :

o

1

N

O

o
]

100

[

R B A [T N Y S
34 38 42 46

HELIUM 10N ENERGY (Mev)

"MU-13760

' 22 226
Fig. 1. Excitation function for the Ra 6 (a,4n) Th

reaction.



-13-

|

CROSS SECTION (mb)
R

N
T

i 1 1

| 1 1

54 58 42 . 46
HELIUM ION ENERGY (Mev)

MU-13758

1 1 1 1

v Fig, 2. Excitation function for the 230 (¢, kn) 230

reaction.
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ITI, DISCUSSION.

The excitation functiotis shown in-Figs. 1 to 3 .are illustrative of the
-large-variationsvin cross sections for (a,kn) reactioné of.fissionéble nuclides.
In order to arrive at some semi-quantitative measure of the effective competi-
tion betweeh.neutron»emissionland fission, we will attempt to relate the observed
cross sections ‘to partial level widtﬁsvfor the various modes of decay of the
compoundunucleus;,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),fromwa,xn excitation functions
has-been .described by Glass et g;;zs If we assume that for excitation energies
above the-fissioﬁ‘threshold»and neutron binding;energy.thevwidth for gamma ray
de-excitation, as well as for proton and other charged particle emission, is
negligible, we can write the expression for the meutron branching ratio (level
,width‘for‘neutronnemission:divided by total lével Widﬁh for all the possible
products of the ‘disintegration of the .compound nucleus) as (;/(f;-+ f%,)

-This ratio will hence forth be designated as Gn” The cross section for the

-(a,hn) reaction at.the peak:of‘the excltation function can then be written as

AN

o (@,n) =G G G G o
n g Py T

where the subscripts 1, 2, 3, and L refer tO»thevbranching‘ratio for the .emis-
sion of the lst, 2nd, 3rd, and Uth neﬁtron. Since the neutrons are evaporated
with avdistribution.in.kinetic.energy, one does not.expect. the cross section
corresponding to the peak of the (a,ln) excitation function for a non-fissionable
nucleus to be equai to the cross section for compound nucleus formation. . Thus

-we must use for g, the cross section‘one‘wouldvexpect.for.the-(a,hn).reaction

at its peak if.figsion:were not competing. This value has been estimated to
.be'1.2.barns.from (a,hn).e2citation.functionsvof lead iSOtOpeS°26 This has
been<used;for_all,nuclei;considered-and,although this choice is somewhat arbi-
trary it will not introduce any apprecisble uncertainty in our comparisons.
All of the avaiiable cross sections-for.(a,hn)‘reactions,havegbeen
_sﬁmmarized.innTable:V, including,those reported in this work. The source of

-the data is listed in the last.colum of the  table. ;Wheneverfpossible the
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' (
Table V. Heavy element cross sections for the (a,hn) reaction and mean values

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

Target o (mb) G = f;l//’t f;/ /7F _ Reference
Nuclide | no : |

mean _ mean
RaZ20 500 0,80 ono0 28
m?3° 113.0 0.32 0,48 28
232 55 0.8 0.86 - 29
y?33 0.6% 0.15 0.18 10
23t 1.0 0.17 0.21 30
R 2.5 0.21 0,27 10
y?30 k.2 o2k 0.3 28
y238 8 et v 0.58 31 -
py238 0.3% 0.13 015 9
il 0.9% 0.17 0.20 - 9
P20 | 0.8° 0.16 0.19 32
P2t ' 8.6 0.29 0.41 9
An2H3 14 0.34 0,52 33
cn?* 0.3° 0.13 0.15 34
w20 6.0° 0.27 0.36 | 2l
T 2.2 0,21 . o.27 . 35
a

Cross section is very approximate,

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

which a cross section is reported. :

value of the cfbss secticn corresponds to that at the peak of the excitation
function. All of the data available have been listéd,.although soﬁe of the
data are approximate'br preliminary in nature, The ﬁhir@@ column lists the
‘geometricumeaﬁ‘yﬁldééﬂbfﬁGmﬁObtained%ffOMhmh@ relation

g = vh o _(a,kn)

n ’ 1,200 h

where the cross sections are given in millibarns, Again assuming that the
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total width /;.- [“ + f}, mean values of /"//"'F have been calculated and are
listed in the third column. “From this type of experimental. data .we cannot
isolate the fission width explicitly,. but only the ratio of the neutron width
to the fission width. \ '

‘Examination of the mean values of.thegﬁeutron—emission width to fission
width ratioss reveals that for a given atomic number, the ratio /;//TF in-
creases with increasing mass number. . This trend appears to be much stronger
than<thatrpredicted by thewparameteryzz/A,‘and thus is probably closely related
+to the fact that .neutron binding energies show a general trend to decreasing
,oystematlcally with increasing mass number. The ratio of neutron-emission 1o
fission widths deduced from the cross sections.for (a,hn) reactions of uranium
and.plutonlum,isotopes are shown as a funetion of mass number 1n-Flg, L,

p)

Batzel's values”’ derived from fast-neutron fission cross sections of various
-uranium isotopes ére-shownnfor_compariéon. It . is seenuthat‘the;raté-ofjghange
of the neutron to fission widthyratio with mass pumber is approximately the
same for uranium, plutonium and curium compound nuclei.

By making some simplifying assumptions,. it is possible to derive ap-
proximate theoretlcal'formulae for the fission width and neutron-emission
_width;l’27 In particular, the treatment involves some assumptions which are
not valid.atilow.excitétionaenergy° By assuming that the level density para-
meters of the parent nucleus--apart from the excitation energy dependence--are
-the same as those of -the fissioning,ﬁucLeus at the saddle pbint‘and.adbpting a
Fermi-gas model.dfvthe nucleus,;Fujimotovand;Yamaguchi'27
F,Width-as

have given the fission

. . -5
~ oL exp —b

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
[ (E) = ( zi) ( %,-‘K*‘ ) (e —TE )

where K' = 4ﬁ2 ~ 10 Mev and'Bn.iSTthe.neutron,binding,energye

A m_r0
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MEAN VALUE OF L/T;
o

0555532 236 238 240 242
"MASS  NUMBER

MU-14372

_Fig; 4, Mean value of f;/f} derived from (a,kn) cross
sections of uranium isotopes (circles) and
plutonium isotopes (squares) vs mass number of
target nuclide. Batzel's values of f;/f} de-
rived from fast neutron cross sections for
uranium isotopes (triangles) are shown for

comparison.



UCRL-8047

-19-
Combining . these expressions gives the following relations
mn2/3 L |
o E - B

T &P T

-If one uses the fission activation energies -obtained from eqpation.(l)‘andma
reasonable value for the nuclear temperature, (1-2 Mev) one obtains from this
- equation valuésvof’f;/f%-whichuare several times larger than .the experimental
values listed in .Table V.,

However,»the,qualitatiye;béhavior predicted by this relationship may be

compared with experiment. . Since
' g I I rn/
PNl \TF/\'F/,

- 2/3 |
/"n A l{/ L N
= e— eXp >z (E . - 'B. ),
10 4=l £

i

Pl

i4

we may write

Iy 1 n’i
8 T
vhere the subscripts have the same meaning as before. Taking the logarithmy
| - _2/3 e m
T A E.-B_ ).
[n ;é = In ———16—_: + 1/ = f"T‘,nil
B i ( 4=l

it is seen that the logarithm of.the.neutron,to fission width ratio should be
.a . function of the,differen¢e3between.the:fission.threshold and.therneutron.bind-
ing energy. ‘ )

In.Fig. 5 we have plotted the logarithm of the neutron to fission width
ratios listed in Table V vs, the difference.betwegh.the sum .of - the four neutron
‘binding energies andvthe_sum.of theffour fission activation energiss for the
compound nuclei encountered in the evaporation chain. The fission activation
.energies'were.calculated.using‘the formula presented in the first part
of this paper, and the neutron binding energies'arerthose.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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o

ROZZG

MU-14373

Mean values of /;/f} from (@,kn) cross sections
vs difference between sum of the four neutron
binding enefgies 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 érrows

indicate a lower limit.
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representing helium-ion induced reactions of.Ra226° It would appear that for

elements lighter. than thorium .these simple rélatibnships are not a good ap-
proximation. -All .of.the target nuclides represented in Fig. 5 are of even
.atomic .number excépt for Am2u3 .and Bk2L9 - It might be expeeted that these
p01nts would.be high relative to-even.atomic.numbef,targets on -the basis of
thévrelative level densitieé of the products formed by neutron . evaporation.
For an .(Q,kn) reaction of‘an”even-even‘or.even-odd.targetrnuclide, two of the
'reéidual,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 evaporationAproceés.
‘iMeadowé37'has~experimentally confirmed an effect of this nature in the yields
of (p,pn) and (p,2n) reactions. '

-In the analysis ofi(q;hn).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 difficult to obtain information on this problem.
However, thé«rather flat plateaus observed in fast-neutron-induced fission
excitation functions indicates that the relative probability for neutron-
emission and fission..is not strongly dépendent.on‘excitgtion energy for .this
Z has analyzed.the
'38

data .for the 340-Mev proton-induced spallation of uranium

relatively narrow range of excitation energies. Batzel
. and -concludes
-that the assumptipn that I;//TF is independent of excitatidn.energy

is .a better approximation than the assumption that the probability of emission
of a‘néﬁtron increases much more rapidly as a function of excitation energy
than does the probability of fission. If .one considers the mean value of
/"//% obtained from an (@,4n) cross section to approximate that .of the inter-
mediate product half-way along the. neutron evaporation chain, it is possible
“to compare the mean values of I /F' obtained from (@,4n) cross sections Wit23h

values from fast neutron fission in .the two cases for the compound. nuclel U

and Puzuo. The mean value of f;/f% obtained from cross sections for the Th 232
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(a,bn) U232.reaction_is 0.87 fdr,an‘épproximate average-excitation-enefgy of

20 Mev, while that from-ﬁz33 plus fast neutrons is 0.8 forvansexcitationJéhergy
of 10 Mev. Similarly the value of rh/r%nfrom:cross.sections‘for the~U238(a,hn)
.Pu238 reaction4is,0.58 for an.average éxcitétion energy of about 20 Mev, while
-that‘frbm Pu239 plus fast neutrons is 0.76 for an excitation of 10 Mev.
Although-compariéon.of'the fgff% values obtained,frbm‘the.two types of infor-
mation can only be. approximate, the relative probability for fission compared
 wiﬁh neutron-emission does not seem to be strongly dependent on .excitation

energy. .
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