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1, Historical

The Pirst attempt to discover spoantaneous fission in uranium’was made by
Libpr(l) who, however, failed to detect it on account of the smallness of effect.
In 1940, Petrzhak‘and Flerov,(z) using more sensitive methods, discovered.
spontaneous fission in uranium and gave some rough estimates of the spontaneous
Tission decay constant of this substance.

Subsequently, extensive experimental-work on the subject has been performed
by sevoral investigators and will be quoted in the various sections,

Bohr and Wheeler(s) have given a theory of the effect based on the usual
ideas of penetration of potential barriers.

On this project spontansous fission hag been studied for the past several
Years in an effort to obtain a complete picture of the phsmomenon, For this
purpose the spontaneous fission decay conspants A have been measured for
separated isotopes of the heavy elements wherever possible, Ioreover, the number
2/ of neutrons emitted per fission has been measured wherever feasible, and other
characteristics of the sponfaneous fission process have been Studied. This
report summarizes the spontaneous fission work done at los Alamos up to Jenuary 1,
1946, A chronologi&al record of the work is contained in the Los Alemos monthly
reports.(4)

2. Experimental Technigues

¥

The experiments directed to the measurement of A consisted in prineiple of

¥

putting a certain amount of the material to be investigated in ionization chambers

. i
% This is a partial reproduction of a report written in Los Alamos in 1945,

-
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connected to linear amplifiers, and céunting the fission pulses, The material
was deposited on platinum discs as a thin 1ayar.(5)

In all these experiments one of the main difficulties is offered by the
alpha activity of the samples. As a matter of fact, this often 1imi%i‘the
amount of a substance that can be studied at one tims in an ionization chamber.
The reason for this is that the fissicns are recognized from the large size
pulges that they give in the ionization e¢hambers, Now the pulséa genarated by
single alphas ars from 10 %o 20 timss smaller; however, if the alpha emission
is very strong, fluctuations in the alpha activity background may simulate large
pulses and cause spurious fiseion counta to be recorded,

Qualitatively, these fluctuations will be roughly proportional to the
square root of the number of alphas emitted during the "resolving time" of the
apparatus, Attempts have been made to obtain a more quamiit@biwe picture of this
effact by dewsloping a suitable theory, but the phe;omena‘that give rise to
spurious pulseé are too complex to be anaLyzéd in a really satisfeactory way end
we shall 1limit ourselves to the statement above and to some experimental results
to be given later,

It is clear, however, that it is desirable to hawe a high resolving power
in the apparatus, The limitations to this may come from the collection time
of electrons in the chamber and from the frequency response or rise time of
the amplifier. For the chamber, electron collection with its high velocity
is imperative. The chambers were filled with tank argon,(ﬁ) and special pre=-
cautions had to be taken to avoid the presence of traces of organic wvanors with
their pbisoning effects on the electron collection,

Two models of chambers were usad; They are drawn in Figures 1 and 2. The
large chambers (Figure 2) were used for material of low specific activity
(U=-235, U-238, Th) for which it is possiblé to use many milligrams of a substance
without troubles due to the alpha activity. This requires large surfacses for

the samples in order to preserve -their thinness. The small chambers were used
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for the more active substances (Figure 1).

The amplifisers used must have high resolving power and good stability in
‘gl , They must be absolutely free from disturbances such as high tension sparks,
surges in the power supplies, etcs for this-feason we have used battery operated
units shislded in large ﬁetal boxes. The wiring diﬁgram of one of these amplifiers
is given in Figurs 3. Its layout can be saéﬁ-in Figure 4.‘

 The pulses oft the amﬁlifier were'ragistéred on an impulse meter and could
also be fsd through a pulse lengthener to an,Estarline;Angus recordar (Figure 5),
. e

The recording affords a useful check on the behaviour of the anparatus and was
made periodicaaly on all units,

Figure 6 shows a picture of one of the complets umits, including the
amplifier, ionization chamber, B batteriss, high tension supvoly, and Esterline=-
Angus, The chamber on the right is covered by a sheet metal can containing
B0y for cosmic ray neﬁtron shielding purposes.

The Zsterline-Angus recording was also’ﬁsed ﬁo check that the fission

pulses obey the Poisson distribution law, Howiwell this occurs ié shown in
4
Figure 7 whers we have reported the d%stribution of 141 uranium fissioms.

Special precautioﬁsshave te»be taken also to shield substances that undergo
neutron fission from neutrdns due to cosmic rays. How important this effect may
be, is shown by the following numbers concerning U=~235, At sea level (Berkeley)
this subztance, ogserved in a wooden building, showed (10.5:3.6)x10'3 fissions
per gram per second, Near Los Alamos {1500 meters above sea level), in a light
wood building, we found (15.512‘2)x10’5 fissions per gram per second, butb
shielding with 1.3 grams per squars centimster of cadmium reduced the counting
rate to (1.120.4)x10"3 fissions per gram per second.

Starting from this last datum, it is possible to plan adequate boron shielding,

In the Los Alamos experiments{ a shield of Bo0y T.4 grams ver square centimeter

thick was used, This means 2.7 grams per square centimeter of boron, which should

cut down all the affects due .to slow neutrons originating in cosmic rays, by

»
.
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more than a factor of 1@, It may be added that such a shield cuts off substantially
all neutrons below 200 elactron wvolis of energy. | |

In order fo determine the spontaneous fission decay constant A for the
various substances, it is essential to know the amount effsctively counted im
each sample, This is done for most substances by subjecting the chamber containing
the sample to be célibrgted to a constant neutron flux produced by a Ra+Be source
and counting the fissions obtained, Without changing the sourcs or the geometry,
we then replace the sample to be calibrated with a standard sample containing a
known amount of substance and‘de?osited>in such a wﬁy as to be surs that it is thin
for fission fragments, The amount of substance in the standard multiplied by

the ratic of the fission rates of the unkuown to the standard then gives the

[
.

af fective amount contained in the sampleo,kater this callbration a curve glving
the observed fission gate vaersus the ga&n of the amplifier mmy be taken in order
to estimate the size ofvthe errors that may be introduced by smell gain changes.
Figure & shows one of these plateau ocurvss,

Luring oper%tion the gain of each unit was checked e#ery one or two days with
a pulse generator (wiring diagram Figure 9), >Also, for long periods polonium
samples having alpha activities largar than the samplés investigated, wers substituted
for the latter in the ionization chambers in order te check that no spurious
counts would bé_registe;ed. The samples were also periodically rotated among the

units available,

S5+ Spontanecus Figsion of the Various Nuelei

The single substmnces investigated will now be discussed,

2=1, Radium 226

This substance was investigated by D, Wést.(?). He found an upper limit of
0.8 fissions per gram per second for its spontaneous Pigsion decay constant,

3~2, Ionium {Th=230)

A

A sample of ionium extracted by Ur, Fontena from uranium ores, was kindly

put at our disposal by Dr. Hamilton. In thig‘sample the ’n/Io ratio is 3.4. The
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plates were prepared as thin layers by e%géoration on éiatinum discs and the
amount of ioniulm wes calculated from the alpha ac%i?iﬁy assuming a half 1ife
of ionium of 8.3 x 104 years, The plates had a diameter of 4 centimeters &na N
contained approximately ¥ milligram of icmium each, They ware observed for about
1300 hours total, corresponding to 1.45 gram hours of observetion. Two fissions
occurred in that time3 however, they may well be:dud»to the thorium in the
sample., Indeed, on; would expect {see below) in 5 gram hours of observation on
thorium about 0.8 fissions,

We comclude that 3.8 x 10™¢ fisgions per gram per gecond is the upper limit
for the spontaneous fission of ionium,

3=3, Thorium (Th-232)

’

The large chambers were used feor the investigation of this substance, Thg
material used was thoriﬁnnitrate (c. P, Baker)‘whiéh was ignited to ThO, and
depesitéd a8 a thiek’layé} using a small amount of collodion bindsr. The effsctive
amount was deatermined by éamparing the fast neutron fission of the sample with

that of a thin layer of ThO; in the same chamber and source goeometry. The thorium

did not undergo any special treatment and hence was not radioactivély oure, I%

products present in the

e

is clear, however, that the coﬁcentrétion of thorium famidy
sample is exceedingly small. In each pair of discs used in the large chambers
there were approximately 0,25 grmns of thorium effective. In the Los Alamos
experiments 178 fissions in 1202 éram hours of observation were counted., This
gives 4,1 x 105 fissions per gram per sécond. )

There is a emall cosmie ray effect even Ffor fast neutron fissions in
thorium, but this is practidally‘neglig}b%e,  A5 a matter of fact, we can éstimate
that the cosmioc ray effect will be less than 10-8 f;ssions per gram per second,

Since the thorium spontanecus fission is so small, the guestion of its
posasible causa;ion by impurities has to be considered. Of these only ordinary

uranium can be of importance and a special experiment was made on this point by

subjecting the tharium semples %o a slow neutron bombardment. It showed an apparent
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glow neutron cross section of less than 10’27 cmz. If this were all due to

l

natural uranium impurity the corresponding gpontansous fission would still be

less than 0.1 of the effect chserved in thorium.

( g

" have reported some measurements on neutron emission by

Msurer and Poge
thorium, attributed te spontaneous fission. We shall discuss them in a subsequent
saction,

3«4, Protactinium 231

The material used for the samples was obtained from Dr., Agruss,

The samples were electrolytically deposited on platinum, and the amount was
determined by alpha counting assuning a half life of 3,2 x 10t years,

Two samples%wera uéed: one of 140 x 1076 gra@a, which was observed for 1119
hours and gave one fissions and one of 490 x 10~8 grams, which gave 10 fissions
in 1129 hours. V*A

Frqn these data we conciude that protectinium gives 5 x 10™3 fissions per

4

grwn per second.

Again, this is probably an upper limit, From data on thermal irradiations
of this same material, we lkmow that 1t conbains less than 2 percent uranium,
The effect of this impurity on the spuntanéous fission rate is megligibls,

35, Uranium-232 *

This substance is formed by a (d-2n) rséction on Th-232 followed by a beta
decay. The material used was prepared by the Berkeley group, It was evaporated
on a platinum disc, and it had an alpha-écﬁi%ity of 8 x 106 disintegrations per
minute dus to U-232, Assﬁming a half life of 30 years for U~232, the sample
contains 5,3 x 10“8 grams of U=232, The samp}e wa.s observed for 950 hours,
during which time three fissions oceurred, ﬁThe sémple was also irradiated with
slow neutrons and fiésion cougted in order to find its content of ordinary uranium.
This was found to be such that durinag ths ﬁime of §bservation only 0,2 fissions

were Lo be esxpected. In spite of thig, in view of the long period of observatiom
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during which a spurious fission may conceivably occur, we consider the apoarent

» -

decay constant of 16 fissions per gram per second as an upper limit,

Zu8, Uranium=-233

¢

This substance is formed by a (dfp) or an (n,¥ ) reaction on Th=232
followed'by 2 beta emissions. Its half life is 1,63 x 105 years.cg)g Several
samples were examined in the small chambers. The material was optained by (ﬁ,‘f)
on Th in the Clinten pila“and'prepared in Chicago by Seaborg's group. It was
alectroplated on platinum foilse‘ It wag obeerved so as %o acéumulate 1,35 gram
hours during which one fission occurred, This fission may be explained by the
U-238 content of the sample. This result gives a'decay constant sﬁaller than
2,

2 x 10~% fissions per gram per Secon

=7, Uraniume=234 *

A sample of U~234 was 6btained on load froﬁ Dr, Latimer in Berkelsy. The
material waes prepagped by extraction of UX; from uranium and subsequent decay of
this substance,

It contains a little'over 10™5 grams effective of U-234 as measured by its
alpha~activity. We observed it for 3300 hours without observing any spontaneous
fissions, from which we conclgée»that tﬁe spontaneous decay.constant is smaller

then § x 10~% fissions per gram per second,

. 3-8, Uranium-285 and 238

These is®topes, which occur in natural uranium, could not be

#epareted quantitatively, from each other and the observations wars always performed

’

on mixtures containing all three of the natural uranium iSOtopés. However, the
compositiona of the mixtures could be changed by using materials enriched by the
electromagnetic method.(ll)
In these experiments large chambers of the sgcond type. were used,
If we call Xx, %y; 2z, the spontaneous fission decay constants of

U-238, U-235, U-234 in fissions ver gram per sescond, we find the counting rate

c; in a given cample iss
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where x4 ¥§ By are the grams of U-233, U-235, U=234 in that sampla, Practically,
the term z4 fiz turns out always to be negligible comparsd with the other two
because, as statsd above, ;\z is small and also zy is generally small, By
observing the counting rate in samples of different known isotopic composition,
we can solve the equations for kx and Ayo |

We shall now describe in detall am example of these measursments,

In this run three samples were usedj one of ordinary uranium and two of
snriched material, The isotoﬁic composition of these materials is U~-238: U~235s
U=234.,2 141 ¢ 1 3 0.00725 in mass and U=2383 U-2353 U-234 = g,3343 13 0.00588
in mass, respectively.

The isotopic analysis was checked for the enriched material by mass spectrograph

and by the Berkelsy method of analysisc(la)

The sam?les wers electroplated on platinum discs 13 centimeters in diemeter
and 0,01 centimeters thick and ignited to UyO0ge The totdl mass of uranium was
determined by direct weighingj; 'and the mass of 25, by measuring the fissions
cceurring in & slow neutron-flux.‘ From these measurements we find that the
ordinary uranium sample contains (in two plates) 38.50>milligrams of U and the
two enriched samples used contain 42,96 milligrams and 36,60 milligrams of
enriched material, respectiveiy,

The normal sampls gave 310 fissions in 381 hours. The enriched samples gave
101 figsions in 396 hours and 133 fissions in 558 hours. These raw data have
to be corrected for the efficiency of the chamber., This is done by taking a curve
of the fission rate with a constant neutron source versus bias of the amplifier
and extrapolating to zeroc bias gnd then correcting further this result to take
into account, theoretically, that some flssion fragments cannct escape fr&m the
laysr because of the finite thickness of the same. The first correction is 6

percent, the second is 3 percent, With these.corrections we find, e.g., that
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£1gsi ' -
normal material gives lglgg ;szlgia = 23,2 or 5.43 z 10 5 rissions per gram per

£

zeoond.
S8imilarly, enrichaed material gives

234 fiasions
34,08 g x ar

Introducing these numbers into equation (1) and solving we obtain Ax & 5,48

= 6,87 or 1,91 x 107° /g sec

x 1078 £/g sec and Ny = 0440 x 103 £/g sec A, 7. can be neglected.
The errors in these values come from statistical error in counting for

i

which we use the sguare root of the number of countsj error in the absolute mass
of the foil (2 percent) and in the counting efficiency (2 percent); and error
in the isotopic composition (2 percemt in the ratio of 25 to 28),

Calling R the ratio of U~238 to U-235 in the enriched sample and using

standerd formulae of the theory of errors, one finds, neglecting some small terms?

@ = 2 (ae)? ¢ (2 @) @
1 my :

, e 2 |
3 e S5 om) s BHA an) e (1 el ©)

my -
‘ 2 . 2
« B (ne)P e B LS (ar)
. Mg | ;omy og !

In which my is the effective mass of the saﬁple of normal material, my, is the

.
?

effective mass of the sample of enriched material, and ¢y and oy their counting
rates in counts per hour,

1 4
In the run we ars considering we hads

m, ® 0.,0350 g A my * 0.0010
mg = (,0350 g . A me = 0,0010
e, ™ 0.814 o/hr Ay ® 0,048
¢p = 04240 c/hr , A eg = 0,016

R = 0.334 o A R = 0,007
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With these data we obtain, substituting in (2) and (3),

1
5 Ao - (1.31)2 = 1.72
<

2 A m = 0,66 (0.66)2 = 0.44

2 : A
(AXL)* = 2,16 DAL = 1.47

and similarly for

cqR
é__ Am = 0.22 (0.22)% = 0,05
e, (R+1)

2 Amy = 0,26 (0,26)2 = 0,07
“R'T Aoy = 0.t (0.44)2 = 0,19
f‘f;l Aey = 0,61 (0.61)2 =40,37
cl 02 ) ‘ 2

(= "ot (010" - 2l

2 a A = 3
(A?@y) 0.69 A/\y 0.83

The errors have been expressed in fissions per gram per hour, Expressed in more
conventional units the results become:

Ag = (6.48 + 0.41) x 1072 £/g sec

Ay = (0,40 # 0.23) x 1073 £/f sec
Several series of measurements were mede and the results are summarized in the

following table:
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‘ Table 3-7
Date ﬁxleB 2003 03 AL x103
1943-44 S bueT 0.41 0.3 1.3
Doc, "4 and Jan. '45 . 6,48 0.41 0,40 0.23
Feb, - March '45 7.55 0.41 - \‘ ‘ 0,38 0.23
Average ’ 6,90 .24 0.38 0.17.

In the final result we have to make another correction to take into account a
residual 8ffect of cosmic rays on the apparent spontaneocus fisazion of U235, and

our present best figures are
Ay = (6,90 £ 0.24) x 1073 £/g see
Ay = (0,30 = O;l?) x leB f/g sec

It would be possible to improve these measirements for’ﬁ-235 using almost jure
U-235 for the samples,

3-8 Uranium 230

This iscbope of uranium is formed by an (n,Y) reaction on U-235. The isctopiec
composition of the sample was aetermiged by mass spectrograph(ls) and also by
irradiastion data$L4)

The samples were plated én platinum éiscs as were the other uranium isotopes
and were observed in the large chambers, The spontaneous fission attributable to
UR36 was obeswyed, Doo\u..é Lov Bd v AN

3=-0  Heptunium 237

This isotope is formed by beta decay of the 7-day U~237 which in turn is
obtained by an n-2n reaction on U-238, Its half life is 2,2 x 10° years,
The sampies investigated were prepared in the pile and were supplied toc Los

Alamos by the ketallurgical Leboratory in Chicago,
5

An  early investigation with a sample of g x 10 grams protracted so as 1o

accumulate 127 x 10_3 gram hours of observation gave only 1 fission,
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. ' grams
Later with 3 stronaer samyles (about 8 x 10 é/eacb) we accurmilated 1,113

gram hours of observatlon with 6 fissions recorded. This would give 1.4 x 1073
fissions rper gram per second,

The effect of a possible small contamination of,plﬁtonium or uranium in
the sample is negligible as tested by slow neutron irradiation; however, it is
better to consider 1.4 x 10°3 fissions per gram per second rather as an upper
limit because it is difficult to be absolutely sure of the geﬁuineness of the
few fission pulses observed over 1482 hours of counting,

4

3-10 HNeptupium 239

#

A sample of this material was yreﬁared by J. Miskel from depleted uranium
irradiated in the water_boilgr. The sample wés purified from fission products,
uranium, and plutonium and deposited on a platinum disc by aevaporation, Its
mass was determined by the growth of the alpha activity of plutonium 239 in an
aliquot. Ap}roxlmatelj 0.45 x 107 &  grams were present initially and the sample
wes observed for 146 hours during which. time no spontaneous fissions occurred.
Taking into account the decay of the Np-239, we find that the gram hours of
obeservation were approximatély 2.5 x 1072, From this we conclude that 11 fissions
per gram per second is the upper limit for the spontaneous‘fissioﬁ of Np-239§1§)
3-11 Flutbnium 238 | )

This substance is prepared byha (d,2n) reaction on U~238(16) and it has a
helf life of sbout G0 years, ,

‘ The sample used was kindly supplied by G, T, Seaborg, and had been acci;
dentally contaminated with Fu~239 in such-a way that the ratio of the algpha
activity of Pu-238 to that of Fu-239 was 0,895, This was determined with differen-

tial alpha range ajpparatus,

The Pu-238 was mounted by evaporation on platinum discs and the effective
L]
amount pressnt was measured by observing the slow neutron fission of the con-

taminent plutonium 239, and using the ratio of the alpha activities quoted above.
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From this last number we have

Pu-238 _ y 12(238) | &0 |
Fo-355 ratio of alpha activities x 53 0.895 x 52255 = 00,0022,

Hence the effective amount of Fu-238 present is 0,0022 times the effective amount
of Pu~239 present,
In each of our three samples we had approximately 1072 grams of Fu-239 and

8 grams bf iu~238 effactive, The samples were observed for 230 hours

2x 10
total, corresponding to 12.8 x 1076 gram hours for u-238 and 3,6 x lG%BAgram
hours for Fu-239, 144 fissions weré counted,
From this we deduce a spontaneous fission decsy econstant of 2.1 x 103
k

fissions per gram per second, The possible centribution of other Fu isotopes to

spontaneous fission is negligible, being at the most of the order of 1 per cent

of the total observed,

Flutonium 239 was investigated for spontaneous {ission soon after its
discovery and ne fissions were detected during sbout 5 x 10“4 grax hours of
Observationf1$)

This study was pursued with the inereasing amounts of plutonium that
became availsble at successive dates,

The samples were deposited on platinum discs by evaporation, electro-
lytically, or by painting. | '

The effective amount present was generally determined by comparison with a
thin standard, in a constant slow neutron flux, TheuthinAstandard waé in turn
alpha counted., A half life for Pu-239 of 24,300 years was used,

Material produced in the Berkeley cyclotron gave on observations extending
over about 10,000 hours, 12 fissions, and this corresponds to 0.010 fissicns
per grem per second, ‘

The sgontaneous fission of 40 waa also measured,
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3-13 25241

A sample of this material borrowed from jir, Seaborg was examined, In this
sample 95241 was mixed with a relatively large amount of lanthanum, Three
plates wers made sach containing about 7 x .‘LO"9 grams of 95241. This weight is
deduced from the alpha activity assuming a half 1ife of 40 years, The éamples
were observed for a total of 2700 hours corresponding to 1.8 x 10”5 gram hours,
Three fissions were registered.

For reasons stated several times we consider the resulting number, 46
fissions per gram per second, an upper limit for the spontanecus fission constant
of this materisl,

Z=th  Summery

The following table summarizes all the data accumulated up to the present

time on spontanecus fission decsy constants, . :

In column 1 the chemicsl symbol of the element i; given; In columm 2, its
atomic mass A; in column 3, the total number of fissions observed in all
samples; in cblumn 4, the total number of hours over which the cbservations
have extended, This information is important because it is clear that the
~ possibility of spurious fissions is proportionsl to the duration of the observa-
tions., Column 5 gives the grem hours of observation sunmed over all samples,
Column & gives the spontaneous fission constant ‘:\ in fissions per gram per
second, whenever it is known, with its probsble error,

The expression <t means that if one fission had been observed instead of
none, that would be the calculated spontanecus fission constent; this means that
one has the probability 1/ that the spontaneous fission decsy constant is larger

than +. Hore generally it can be shown that if there have been no spontanecus

fissions in a time t the probability that the decay constant is smaller than

1/t is e~t/z,
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Sometimes it is convenient to use the *half life for spontaneous fission®,
i.e. the half life of a nuclear species that would obtain if the only decay

possibility were spontaneous fission, This guantity is comnected with the fissions

«

per gram per second by the relation: . ¢
1,32 x 10%6
C AL

T =

where T is given in years, A in fissions per gram per second, and 4 is the

atomic mass,

The grobeBility A that a given atom undergoes spontanecus fission in one

second is
5! = }¢6é‘x 10724 AA(Aln £/g sec)
‘Table 3-14
Fissgions .  Hours of - G Hr of Adn
Element A Observed Cbgervation Observation f/g sec
Ra 226 . 2 ‘ ' (<0,6)
Th (Io) 230 2 1326 145 £3.8 x 1074
Th 232 178 © 6300 1202 4.2 x 1075
P, © 231 11 2200 ' 0.62 5 x 1073
U 232 3 1950 5x1070 . 16
U 233 1 1050 1.35 <2 x 1074
T 2%, O 3370 34, x 1002 <9 x 1073
U 235 . _‘ © (3.0 + 1.7) % 1074
U 236 , | ' not observed
U 238 | (6,90 * 0.24) x 1073
Np 237 6 1480 o1 £1.4 x 1073
Np 239 0 16 2.5 x 1075 ~11
Pu 238 144 833 © a9x100 2,14 x10°
Fu 239 12 --10,000 033 . . 1.0x1072
Pu 240 obgerved
g5 2L 3 2700 1.6 x 1077 (46)
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In sddition to the data given above, it is clear from our blank runs that
brass undergoes spontaneous fission at a rate ?Tl()"9 fissions per gram per

second. ¢

4o NEUTRON EMISSION IN SPONTANECUS FISSION

A moét interesting quéstion is te find the number 1V of neutrons emitted, on
the average, per fission, This number is well knmown for slow neutron induced
fission in U-235 and Pu-239 and it is clearly desirable to know it alsec for spon-
taneous fissioen, As a matter of fact the datum of primary interest to the project
was not so much the spontsneous fission deesy constant, as the number of neutrons
gpontanecusly emitted ﬁer unit time, per unit mass, by the substence studied. 

Once a pile with en sppreciable multiplication was set up, it was observed
that-e?en with all scurces removed, the neutron density in the pile was quite
apprecieble., This density was-at@ribnted to the spontaneous emission of neutrons
by the uraniﬁm and by measuring it with indiuﬁ detectors and byacomparing it with
the density produced by sources emitting a known number of neutrons, it was possi-
ble to determine the nu?ber of neutrons‘emittéd spentaneously by uranium, In this
way it was found that sbout 1.5 x 10"2 neutrons per gram per seccnd were emitted
by ordinary u;anium.gzin

The spontaneously emitted neutrons were alsc detected by Ga Scharff Gold-
haber and G, 8. Klaiber.(Ig) These authors obtained sbout 1.75 x 10”2 neutrons
per gram per second of an energy above 800 Kev._

He Pose(zé) weasured the neutron emission of ordinary uranium and of
thorium, His results have to.be corrected because he assumes that 1 millicurie
Rn + Be emits 15,000 n;utrons per second, If one uses the figure 11,900 which
is the best estimate availapla, based upon iB,OOC neutrons per second fﬁr 1
millicurie Ra + Be, one obtains foF uranium an emission of 1.54 x 10"2 neutrons

per gram per second and for thorium 0,24 x 10™2 neutrons ver gram per second., The

latter figure is in all probability in error because combined with the known
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spontanecus flssion constant of therium, it would give V' (Th) = 5.7, which seems
higher than is likely,

Hanson(zl) has also measured the neutron emission from a uranium sphere with
a long boron counter and found (1.6 * 0,1} x 1072 neutrons per gram per second,
Other measurements made at the Clinton pile gave a value of 1.5 x 102 and we
think that the present best value for %he spontaneous neutron emission of uranium
is 1.5 x 10.2 neutrons per gram per second, It is believed that this value is
accurate to about 10 per cent not including possibie errors in the calibration
of primary neutron standards, Since the calibration Qf such standards, however,
enters in piactically all neutron measurements in the same way, errors in the
calibration cancel in relative measurements,

From this value of the neutron emission and from the spomtaneous fission

constant given previcusly, we find U (28) = 2,2 * 0.3.

S, THE ENERGY SPECTRUKM CF SPONTANEQUS FISSION FRAGEENTS

The high spontaneous flssion rate of Mu-240 makes possible the investigation
of the energy spectrum of fisslon fragments for spontanecus fission,

An  experiment to this effect was’performed by Segré and Wiegand.(ZZ) Figure
10 shows a schematic drawing of the chember used., The chamber was filled with
argon and electrons were collected,’ The electrons col}ected gave to the grid of
the preamplifier a pulse proportional to the ionization, because of the presence
of the screen grid., The sample was at -1700 v and the screen grid at -900 v with
respect to the collecting electrode;. The éosiiive ions did net contributé tc the
pulse because the dscay timé constant (5 microseccnds} of the amplifier was too
short. The time of collection of the electrons was about 1 microsecond and the
time of rise of the amplifier was C,2 microsecoﬁd. The pulse was passed from the
linear amplifier to an oscillosccpe and recorded photographically.

A histogram of the pulses recorded is given in Figure 11, For comparison

we recorded alsoc the pulses produced on the same sample, in the same apparatus,
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by a stréng source of Po + Be neutrons slowed down in water,

It is clear that the two histograms ere ve:% similar, the one of spon~
taneous fission pulses being perhaps slightly shifted towards lower energies,

This experiment is interesting becauge one nay sgspect thet in the spon-
taneous fission of Fu-240, which is certainly a rare process, only very few
possibilities of fragmentaéion exist, The slow neutron fission of Fu-239 glves
an excited Fu-240 with a mean life for fission estimated to be of the order of
10"Y% seconds, a huge factor shorter then that of the fundamental state. In
spite of vthis, one does not see a very great change in the modes of fragmentation,

It is perhaps possible that this nm& be due to some re-shuffling of the
maclear matier occurring éftsr—the barrier for fission has been passed, but before
the two fragments come completely apart.

This experiment could be impruved by chemical invesitigation of the yields
of the various fission chains in spontanecus fission of Fa~240 and comparison with

the yields of the same chains in slow neutron fission of Fu-239.

6, THEORY OF SPONT4NEOUS FISSION .
Several altempts heve been made to explain spontaneous‘fission by a
mechanism similar “to that invoked by Gamow in the theory of alpha disintegration,
Bohr and ﬁheeler(zj) in their fundamentel paper on fission give a calculaticn
of the spontanecus fission probsbility by aSSumipg that a nucleus comes about

1021 times per second into the optimum configuration for fission and that the

transparency of the barrier is given by

exp (- fgﬁf PfTQ;ﬁ'EE_EJ W

€

in which Eg is the photo fission threshold for the nucleus in question, E the

mass of the nucleus, and a a 1ehgth of the order of magnitude of the nuclear

’

radius.

They emphasize, however, that this estimate can give only the order of
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mognitude of the trensparency, i.e. of the expoﬁént_in the expression of the
lifetiue, }

Attempts have been made by S, Fiﬁhgagas and L. Turner® to make more
precise evaluations of the spontaneous fission constant using the fermula of Bohr
and i#heeler and an expression for Ep given by the same authors; but they have not
been suécessful, as shown by the following table in which we report the spontaneous

1 calqulate& by these authors, and the exgerimental

fission probabilities in sec”
resulis, ‘

In the case of the numbers given by Turner the rrobabilities have been so
normalized as to give the correct vaiue for U-238.

The weskness of the expression (4) gi#en gbove fof a precise calculation of
the spontaneous fission constant is borne cut even more by the experimental values
(28)

for the phote fission threshold reported by Koeck, licEllinney, Gasteiger and

given in column 4 of the same table,

How much the nuclesr spin present in the odd isctopes mgy affect the trans-
parency of the b;rrier is an open question,

An attempt to measure directly the transparency of the fission barrier, a
little below thg toy, hés been made along the following lines: Np~237 and [a-231
have a neutron fission threshold of sbout 400 EKev, A slow neutron capture hence
excites the compound nucleus to about 400 Kev below the threshold, Freliminary

experiments by G. Ferwell and M. Kahn give 0,1 barns as an upper limit for the

fission cross section at thermal energy for both substances,
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Table 6
Phote Fission
Flugge Turner Threshold
Moxp ALl gea-1 Al gee-l CF 3292

- | MEV
Io £1,5 x 10727 | 1.2 x 1072
Th-232 1.6 x 10726 1.2 x 10726 5.0
Pa-231 2.0 x 10724 1.1 x 1072
U-233 410725 8 x 1020 5,18
U-234 <3.3 x 107% T 1.1x 1070 6.6 x 1072
U-235 (1.1 +0.7) x107%° 11 x1008 1.1 x10% 5,31
U-238 2.7 x 10724 L2x100%  27x10% 508
Np-237 45,4 x 10725 1.2 x 10799
Pu-238 8.4 x 10717 . ' 6.8 x 10717
Pu-239 40 x 107% 1.2x10Y7  g2x 10788 531
95241 (<2 x 10720) 7.4 x 10716

How =/ % %— » the ratioc of the fission cross section to the capture

¥

cross section, can be expressed as

¥

by 3

-

in which  is the number of times per second in which the nueleus comes into a
configuration most favorab%e to fission, ., is the transparency of the barrier,
and T, is the probebility per unit time that the compound nucleus lose its
excitation by gamma ray emisaion,

For slow neutron fissioners like U-235 or Iu-239 we know that 1/& is a
few units, On the other hand for these nuclei T is supposed to be about one.

We conclude from this that -/ (' is of the order of a few units, say 5.

Por Np~237, since the capture cross section for thermal neutrons is about

100 barns, we find that 1/a is at least 1000, hence
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«,a

—f 4073+ 57 or -e2x 107t '

.

T
where we have assumed for ;é—~ the value 5 as for other heavy nuclei.,
‘v
Prdtactinium, with a capture cross secticn of about 30C barns, gives/a similar
result,
It mst be remembered that this value of the transparency is very crude
and probably represents an upper limit beeause all experimental errors in the

determination of the slow neutron fission cross sections of Np=237 and Ia-231

tend to make them appear too large,
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