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Spontaneous Fission of Pu: Comparison with the Slow-Neutron-Induced Fission of Pu
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Fission-fragment mass and kinetic energy distributions have been obtained for the sponta-
neous fission of Pu and compared with those for the thermal-neutron-induced fission of
Pu2~~ reported previously. Surface-barrier detectors were used for the simultaneous mea-
surements of energies of both the fission fragments. Absolute fragment energies were calcu-
lated by using mass-dependent pulse-height energy relations. The measured average total
kinetic energies were found to be 177.3+ 1.5 MeV and 173.0+ 1.5 MeV for the spontaneous and

the induced fission, respectively, and the average pre-neutron total kinetic energies were
178.9+ 1.5 MeV and 175.2 + 1.5 MeV, respectively. The measured mass distribution for the
spontaneous fission appears to be significantly different in shape from that for the induced

fission.

INTRODUCTION

In spontaneous fission, the excitation energy of
the fissioning nucleus is zero so that the charac-
teristics of spontaneous fission should provide
basic information about the fission process. How-

ever, only the spontaneous fission of Cf'" has been
studied extensively because the easily available
nuclei such as thorium, uranium, and plutonium
have very long half-lives against spontaneous fis-
sion, while most of the short-lived transplutonium
elements are not yet available in properly purified
form in sufficient amounts.

The spontaneous-fission characteristics of Pu'"
are particularly important from another point of
view also, that of comparison with the neutron-
induced fission of Pu'". It was suggested by Whee-
ler that the symmetric mass yield in a fission pro-
cess depends on the spin state of the compound nu-
cleus. The ground state of Pu'" has spin —,

'-' so
that the compound nucleus formed by addition of a
slow s-wave neutron has spin 0' or 1'. By using
resonance-energy neutrons, fission from the 0'
state of the excited Pu"' compound nucleus can be
studied. Comparison of the fission characteristics
of this state with those of ground state should pro-
vide information about the effect of excitation en-
ergy on the fission process for the same spin state.

There are three other even-even compound nu-
clei, viz. U ", Cm'" and Cf'", which are spon-
taneously fissionable and which can also be formed
in 0' and 1' spin states by addition of a slow neu-
tron. However, the longer half-life of U " (5.8
x10" years compared with 1.2 x10"years for
Pu24') makes the comparison difficult, while curi-
um and Cf"' targets of high enough isotopic purity
have not been readily available.

The single-fragment kinetic ener gy distribution
from spontaneous fission of Pu'40 was measured

by Whitehouse and Galbraith, ' and Segre and Wie-
gand. ' The first to measure the mass distribution
for spontaneous fission of Pu' and compare it with

that for thermal-neutron-induced fission of Pu'"
was Mostovaya. ' She measured the energies of
the complementary fragments by using a double-

gridded ionization chamber. Her results indicate
that for spontaneous fission, the peaks of the mass
distribution are narrower than those for the in-
duced fission of the same compound nucleus. Oko-
lovitch and Smirenken' have used Mostovaya's data
to conclude that the total kinetic energy released
in spontaneous fission of Pu'" is 1.5 +0.5 MeV
smaller than that released in the neutron-induced
fission of Pu'". Smith et al. ' also measured
the kinetic energies of fragments from spontane-
ous and induced fission of the Pu"' compound nu-

cleus and found no energy difference for the two

cases. The only other mass distribution measure-
ment for the spontaneous fission of Pu"' was done

by Laidler and Brown. ' They measured fission
yields of only 15 isotopes in the mass range 89-
147 to obtain the post-neutron mass distribution,
giving incomplete information about the detailed
structure of the mass distribution.

The development of solid-state detectors with
good pulse-height resolution and fa.st rise time has
considerably improved the accuracy of energy mea-
surement, making possible a better determination
of energy distribution. We have measured the ki-
netic energies of both of the complementary fis-
sion fragments, using solid-state detectors, and
have derived the mass distribution from these
measurements. These results are compared with
our previous measurements on the induced fission
of Pu'~ by beryllium-filtered neutrons. ' A cold
beryllium filter preferentially transmits neutrons
with energies below 0.0052 eV so that the energy
and mass distributions observed are primarily
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those due to the negative energy level of the Pu'
compound nucleus. Experimental evidence indi-
cates that this level has a 0' spin state. Thus we
are comparing two 0' states with excitation ener-
gy difference of 6.3 MeV.

EXPERIMENTAL METHOD
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The plutonium target used in the experiment had
the following isotopic composition:

Pu'" 18.502@,
Pu"' 80.955%,
Pu24' 0.520%,

Pu ' 0.023 jo .

The target was prepared by vacuum evaporation
of plutonium fluoride onto a 5- p, in. -thick nickel
foil. The thickness of the deposit was -20 pg/cm'
on an area of -200 mm2.

Two heavy-ion surface-barrier detectors were
arranged so that each one faced one side of the
thin target mounted at the center of the fission
chamber. Pulse heights from the coincident fis-
sion fragments were recorded. The details of the
electronics are given elsewhere. '

The data were collected over a period of six
weeks, and 1929 fission events were recorded.
Pulses were fed into the system every 7.5 min
during the data collection to check the stability of
the system. In addition, system calibration was
done after every 24 h to correct the data collected
during that interval for the slight nonlinearity of
the system. Absolute calibration of the detectors
was done after the data collection with a thin Cf'"

source. The energy and mass spectrum charac-
teristics of the fission fragments from Cf'" in-
dicated that the energy resolution of the whole sys-
tem was good.

DATA ANALYSIS

The measured pulse heights are linear functions
of the fragment energies after neutron emission.
No exact energy- and momentum-conservation re-
lations can be used without considering the neutron
emission from each fragment. We have used the
following approximate relations to calculate the
energies and masses of the two fragments:

4,E, = &2E2

iLti+ W2=A 2

E~ =E, +E2,

(2)

0,=AE2/Ez . (4)

Mass-dependent pulse-height energy relations'
were used to calculate the energies E, and E, of
the two fragments. Masses p, , were then calcu-
lated by using Eq. (4).

Average pre-neutron kinetic energies were ob-
tained by using the following relation

(5)

where i corresponds to light- or heavy- fragment
group, (E,)and (g,. ) are. the measured average
kinetic energy and mass, and (v,.) is the average
number of neutrons emitted by the light- or heavy-
fragment group.

l50
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where E, and E, are the measured kinetic energies
of the two complementary fragments, E~ is the
total kinetic energy released in the fission event,
and A is the mass number of the fissioning nucleus.
Then
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FIG. j.. Single-fragment kinetic energy distributions
N(Et) for the spontaneous fission of Pu and the induced
fission of Pu 9 by beryllium-filtered neutrons.

I IG. 2. Total kinetic energy distributions N(EE) for
spontaneous fission of Pu 4 and induced fission of Pu 3

by beryllium-filtered neutrons.
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RESULTS

The single-fragment kinetic energy distributions
N(E, ) for the spontaneous and the induced fission
are shown in Fig. 1. Figure 2 shows the total ki-
netic energy distributions N(Er) for the two cases.
The N(Er) distribution for the spontaneous case is
asymmetric about the average value and shows a
structure on the higher-energy side in contrast
with that for the induced fission of Pu'", which is
fairly smooth and symmetric about its average
values. Table I gives the average values of the
various energies and the masses for the two cases.
The measured average total kinetic energy for the
spontaneous fission is 4.3 +2.1 MeV higher than
that for induced fission. The average heavy- and
light-fragment energies also show changes in the
same direction. Note, however, that the change
in the heavy-fragment energy is much larger than
that in the energy of the light fragment. This may
be the effect of a variation in the shape of the neu-
tron-emission function with the excitation energy
of the compound nucleus.

The pre-neutron average total kinetic energies
for the spontaneous fission of Pu"' and the induced
fission of Pu'" were found to be 178.9 + 1.5 MeV
and 175.2+ 1.5 MeV, respectively. Thus the dif-
ference between the two pre-neutron energies is
3.7+2.1 MeV which is smaller than the measured
difference due to the fact that 2.12 average neu-
trons are emitted in the spontaneous fission of
Pu"' compared with the 2.83 average neutrons
emitted in the induced fission of Pu'". Note that

TABLE I. Characteristics of the measured kinetic
energy and mass distributions for the spontaneous fis-
sion of Pu 4 and the neutron-induced fission of Pu
(beryllium filter). All masses are in amu and energies
in MeV. Uncertainties given are statistical and cali-
bration errors.

the quoted value of the pre-neutron total kinetic
energy for the induced fission is slightly different
than that given in the earlier paper. This is the
result of using two different methods for neutron
corrections, made necessary because experimen-
tal data on the variation of neutron number as a
function of mass are not available for the spon-
taneous fission of Pu"0. However, for the com-
parison of two energies, this systematic error
should cancel out.

Figure 3 shows the mass distribution N(ii. ) de-
rived from the spontaneous-fission data after re-
flection about mass 120. The normalized N(li, )
distribution for the induced fission of Pu'~ is su-
perimposed for comparison. The shape of the
spontaneous-fission mass distribution is signifi-
cantly different from the one for the induced fis-
sion. In the case of spontaneous fission each mass
peak appears very asymmetric about the average
value. The fission yield drops very sharply near
the symmetric mass division. The mass peaks
are narrower and taller than those for the induced
fission. Both peaks appear to have shifted toward
mass 120.

The mass distribution N(p) for the spontaneous
fission and the variations of the average single-
fragment and total kinetic energy as a function of
mass p, are shown in Figs. 4 and 5. Note that the
average kinetic energies differ significantly from
those for the induced fission only in the regions of
mass peaks. Figure 3 indicates that in these same
regions, the fission yield is also significantly dif-
ferent for the two types of fission. Plotted in Figs.
6 and 7 are the rms widths of mass distributions
corresponding to 5-MeV intervals of total kinetic
energy distributions, and the average heavy-frag-
ment masses for each of these mass distributions.
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Note that (pL) and (pH) were calculated by using
masses of only one fragment and classifying them as
light or heavy depending on whether the value was small-
er or larger than 120. Poor statistics for the spontane-
ous fission gives (p&) + {p&)=241.0 rather than 240 as
would be the case if only (p&) were calculated and the
relation p&+p, z =A were used to obtain (pz).
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FIG. 3. Mass distributions(p) for spontaneous fission
of Pu superimposed on the normalized mass distribu-
tionN(p) for induced fission of Pu by beryllium-filtered
neutrons.
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The widths of the mass distributions for the spon-
taneous fission are smaller than those for the in-
duced fission and remain fairly constant in com-
parison with those for induced fission for which
case the width of the mass distribution decreases
with the increasing total kinetic energy. The aver-
age heavy-fragment masses show general agree-
ment to within one mass unit.

DISCUSSION

Both the kinetic energy and the mass distribu-
tions in the case of the spontaneous fission of Pu"'
are considerably different from those generally ob-
served in the thermal-neutron-induced fission, so
that particular attention was paid to the possibility
of a large background fission rate. In particular
the following processes were investigated: (1)
spontaneous and neutron-induced fission of various
plutonium isotopes present in the target; (3) con-
tamination by elements with a short half-life

against spontaneous fission; and (3) formation of
isomeric states of various elements in the target
by a bombardment:

(1) The calculations based on the measured neu-
tron flux in the surroundings indicate that the con-
tribution of induced fission of various plutonium
isotopes and other lighter elements is negligible.
Only Pu'" has a spontaneous fission half-life com-

170
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FIG. 6. rms widths o.(p) of the mass distributions for
each 5-MeV interval of total kinetic energy for spontane-
ous fission of Pu and induced fission of Pu 39 by beryl-
lium-filtered neutrons. Smooth curves indicate quantities
for the induced Gssion.
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FIG. 5. Variations of measured average single-frag-
ment and total kinetic energies as a function of mass p
for spontaneous Qssion of Pu and induced fission of
Pu 9 by beryllium-Qltered neutrons. Smooth curves in-
dicate quantities for the induced fission.

FIG. 7. Average heavy-fragment masses (pz) for 5-
MeV intervals of total kinetic energy for spontaneous fis-
sion of Pu 4 and induced f'ission of Pu 39 by beryllium-
Qltered neutrons. Smooth curves indicate quantities for
the induced fission.



SPONTANEOUS FISSION OF Pu'". . ~ 1395

I

4—
I I I

152.5 MeV

r
I I I

157.5 MeV
\ ~ ~

4—
I ~ ai + I

162.5MeV

~P

I r~ ~
I

167.5MeV

p 1 I ~JP I

;172.5M V

r . I

0

I L~ *
II

r' 177.5M

EA

C

«01
I)
~ 6—
O
O

4—
X

CV

O
2—

Lr I M I
'r 1

182.5MeV

0
~ ~

I r I Ur I

187.5 MeV
4

~ ~

p I

192.5 MeV 197.5 M8V

~ ~

p I I ~l .Js
60 100

Mops Iu,

I~ I

140
I I ~& ia l~ I

60 100 140
Moss 8,

FIG. 8. Mass distributions N(p, ) for the fission of Pu
induced by beryllium-filtered neutrons obtained by con-
sidering fixed 5-MeV intervals of the total kinetic energy
distribution. All curves are normalized to the distribu-
tion corresponding to interval centered at 172.5 MeV.

parable to that of Pu' . However, its concen-
tration is too small. to affect the results signifi-
cantly.

(2) The measured total kinetic energy distribu-
tion shows a secondary peak near 184 MeV. Data
on spontaneous fission of transplutonium elements
indicate that the average total kinetic energies re-
leased in the spontaneous fission of Cm'" and Cf'"
lie in this region. The shape of the energy dis-
tribution suggests the possibility that the mea-
sured distribution might be a superposition of two

independent symmetric energy distributions
centered around two different average energy val-
ues. The analysis of the o. spectrum from the tar-
get rules out the presence of Cm'" in any signifi-
cant quantities. Because of the very small quan-
tities of Cf "~ (8 x10 "

g of Cf'" compared with
3.2 x10 '

g of Pu'4o) required io produce the ob-
served secondary peak in the energy distribution,
and the relative rates of a emission, n spectrum
analysis does not give conclusive evidence against
Cf'" contamination. Therefore, an estimation of
the fission events expected in the region near sym-
metric mass division, if a sufficient amount of
Cf'" were present, was made. The actual yields
in the symmetric region of the measured mass

distribution indicate that Cf'" contribution to the
measured fission events is also small. Compari-
son of the calculated and the measured fission
rates also supports this conclusion. Discussion
of these estimates is given in Appendix I.

(3) The large u flux from the target may have

produced nuclear reactions in the elements present
in it, or a very small fraction of the decay pro-
ducts of various elements may be produced in the
isomeric state instead of the ground state. All the
fissionable isomeric states so far discovered are
known to have half-lives less than a second, i.e.,
at least 10" times smaller than the spontaneous-
fission half-life of Pu" . Therefore, only a very
small amount of such nuclei in isomeric states is
required. From the known z flux and number of
nuclei of different elements present in the target,
estimations of the cross section for the produc-
tion of isomeric states were made. These estima-
tions require a cross-section of the order of a
barn, which is at least 10 times larger than the
known cross sections for z particles of much
higher energies. Therefore the possibility of con-
tamination from the isomeric-state fission is ex-
cluded.

It is rather surprising to observe that the total
kinetic energy in spontaneous fission is 3.7 MeV
higher than in the neutron-induced fission of Pu'".
The compound nucleus Pu"' formed by addition of
a slow neutron has =6.3-MeV excitation energy.
Assuming that 0.12 neutrons/MeV of excitation en-
ergy' are emitted by the fragments, the increased
neutron emission (2.83 neutrons compared with
2.12 from the spontaneous fission) accounts for 6
MeV. Thus, the higher average kinetic energy
for the spontaneous fission implies reduced ener-
gy in y emission.

Figure 8 shows the mass distributions for fixed
total kinetic energy slices for the induced fission
of Pu'". The mass distributions become narrower
and the yields in the symmetric region smaller
with the increasing total kinetic energies. The
higher average total kinetic energy and the narrow-
er mass distribution for the spontaneous fission
of Pu 4 are in agreement with this trend. How-
ever, the shape of the mass distribution is distinct-
ly different than that for the induced fission of Pu'".
The pair of detectors used for the induced-fission
measurements was different than that used for the
spontaneous-fission studies, and was calibrated
by using another source. This may have intro-
duced systematic errors in the absolute energy
determinations but cannot change the shape of the
mass distribution significantly.

The results of this work disagree significantly
with the work of Mostovaya. She obtained a smooth
mass distribution with a large value for the asym-
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metric-to-symmetric fission ratio for the spon-
taneous fission of Pu240 However~ the value of
the same ratio obtained by her for the thermal-
neutron-induced fission of Pu'" is ~20. All the
recent data available indicate that this ratio must
be much larger Our value for this ratio (106)
agrees better with the values of other workers.
The smaller value of her ratio may be due to the
poor resolution of the measurements. The solid-
state detectors used in the present experiment
have much better energy resolution than the ioni-
zation chamber used by Mostovaya. Still another
possible explanation is the fact that she used a Po-
n-Be neutron source and moderated the neutrons
in the paraffin surrounding the fission chamber.
The average energy of the neutrons from a Po-a-
Be source is 4 MeV. Therefore, there may be a
large contribution of fast neutrons to the measured
induced-fission rate. For fast neutrons, the sym-
metric fission yield is known to be high. The en-
ergy difference of 1.5+0.5 MeV based on her work
therefore might not be the real difference between
the spontaneous and the thermal-neutron-induced
fission.

Our results indicate maximum fission yield for
mass numbers 106 and 134. The radiochemical
measurements of Laidler and Brown also show
maximum yield for masses 105 and 133. However,
nothing can be said from these radiochemical re-

suits about the secondary structure we observed
at mass 144, as fission yields of only 3 isotopes
were measured in this region. Figure 9 shows
this radiochemical mass distribution superim-
posed on the N(p) distribution of the present work.

CONCLUSIONS

The results of the present measurements indi-
cate that the shapes of the mass and kinetic ener-
gy distributions for the spontaneous fission of Pu"
differ significantly from those for the slow-neutron-
induced fission of Pu'".

Spontaneous fission was observed to give a high-
er average total kinetic energy, in apparent dis-
agreement with other measurements. It is possi-
ble that the higher energy measured for the spon-
taneous fission is due to some systematic error
introduced by the different sources used for the
calibration of each pair of detectors. However,
the differences in the shapes of various distribu-
tions will not be affected by this type of error in
the absolute energy measurements.
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APPENDIX I

Estimation of Effective Contamination

The total kinetic energy distribution for the spon-
taneous fission (Fig. 2) shows a secondary peak
near 184 MeV and is wider than that for the induced
fission of Pu"'. This shape of the energy distribu-
tion together with the higher value for the average
total kinetic energy suggests that the measured
distribution may be a superposition of two symmet-
ric energy distributions centered around two differ-
ent average energy values. Only contamination by
transplutonium elements could contribute to the
secondary peak as all fissionable elements lighter
than plutonium have average total kinetic energy
release less than 180 MeV.

Estimation of the amount of impurities that
might be present was done in the following way by
using the measured kinetic energy distribution.
The spontaneous fission of Pu'" involves the
ground state which has J= 0+. Therefore the ener-
gy distribution might be the same as that for the
induced fission of Pu"' from the J=0' resonance
level. Assuming this to be true, a symmetric en-
ergy distribution of width 28 MeV was drawn about
the energy 173 MeV using the lower-energy side of
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the measured distribution as a guide for its shape.
This lower-energy side of the measured distribu-
tion should be comparatively free from the effects
of the impurities. Figure 10 shows the results of
such decomposition of N(Er) into two distributions.
The difference appears like another total kinetic
energy distribution of width 26.8 MeV centered
around 187 MeV. The area under this curve is 33%
of the total area under the N(Er) curve

Consideration of half-lives indicates that only
Cm'~~ and Cf'" need be considered. About 1.6
x10 egof Cm~or 8x10 gof Cf
needed to produce the observed effect. Cm'~ con-
tamination by this amount is possible only if the
Pu'" sample contained some transplutonium ele-
ments (created during the production of Pu'4').
The n spectrum analysis of the target indicates
that if Cm' is present, it must be at least 10
times smaller than required to produce the ob-
served effect. It is not possible to draw any con-
clusions about the Cf'" contamination by this meth-
od, because of the relative proportions of Pu"' and
Cf . The ratio of the n half-lives of Pu'~ and
Cf'" is 2580, while the ratio for spontaneous-fis-
sion half-lives is 1.85x10 . Thus the contribution
of Cf'" ta the measured n-decay rate is very small
compared with that to the fission events. Though
the a energies of Cf'" and. Pu"' differ by large
amounts, estimation of Cf'" content made this
way is not very reliable, because of the pileup
problems due to the high Pu'" e-decay rate.

Estimation of the Cf'" contribution was made as
follows: If Cf'" were really present in amounts in-
dicated by the decomposition of the energy distri-

bution, then the fission yields in the symmetric
mass region wouM be modified. During the cali-
bration of the detectors, Cf'" fission-fragment,
energies were measured under identical condi-
tions. Nmlysis of the mass distribution was done

by using these data. If Cf'" fission contributed to
the data on Pu"' fission, these Cf"' events would
be treated during the data analysis as if they were
Pu ' events. Therefore, the Cf'" mass distribu-
tion was recalculated by using an appropriate
scale factor (240/252). This mass distribution
was then normalized so that the total of events in
the distribution was 0.33 times the total of ob-
served fission events. The normalized distribution
was then subtracted from the real data. Figure 11
shows the resultant Pu'" mass distribution to-
gether with the remeasured mass distribution and
the properly modified and normalized Cf'" distri-
bution. The distribution for induced fission of
Pu"', normalized to the corrected Pu'" mass dis-
tribution is superimposed for comparison. Com-
paring the measured yields in the symmetric re-
gion with those expected if Cf"' were present in
sufficient quantity, we conclude that Cf "contami-
nation, if any, is at least 5 times smaller than
that needed to produce the observed effect. Note
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FIG. 11. Heavy-fragment mass distributions: {a) Mea-
sured Pu spontaneous-fission mass distribution {solid
circles; (b) mass distribution due to Cf 5 contamination
if 33% of the total events were due to Cf 5 (x's); (c) cor-
rected Pu mass distribution (triangles) obtained by
subtraction of (b) from (a); and (d) mass distribution
from Pu neutron-induced fission, normalized to cor-
rected Pu 4 distribution (smooth curve only).
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also that the corrected Pu'" distribution still dif-
fers significantly from that for the induced-fission
case. In particular, in the mass region 132-140,
the Pu"' distribution is much higher than the one
for induced fission. From Fig. 5 this is also the
region where the largest amount of kinetic energy
is released.

The amount of Pu"' in the sample was calculated
by using the a-decay rate obtained after correc-
tion for contributions from other plutonium iso-
topes and Am"' (produced by the decay of Pu"').
The Pu'" spontaneous-fission rate calculated by

using this value was 2.5 fissions/h, while the mea-
sured rate was 2.16 fissions/h. If Cf25' was pres-
ent in significant amounts, the measured e-decay
rate should change negligibly, but the fission rate
should be 59%%up higher than the calculated one. This
is another indication that the Cf'" contamination
is negligible.

The above analysis leads us to believe that the
observed structures in the mass and kinetic ener-
gy distributions were not produced by any contamin-
ation but are the true characteristics of the spon-
taneous fission of Pu'~ .
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In continuation of our program of neutron-hole-state studies in N =81 nuclei, angular distri-
butions of deuterons from (p, d) reactions (energy resolution -35 keV) on 4 Ce and ~ Ba at
E&

—-35 MeV have been measured and compared with distorted-wave Born-approximation calcu-
lations including finite-range and nonlocality corrections. These calculations yield acceptable
spectroscopic factors and are in fair agreement with the shapes of the experimental angular
distributions. The neutron-single-hole energies have been determined. These energies (in
MeV) are d3/2, 0.0; s&/2, 0.33; h&&&2, 1.07; d5/2, 1.72; and gv/&, 2.90 for Ce; and d3/2, 0.0;
s&/2, 0.54; h&&/2, 1.07; d5/2, 1.71; and g7/2, 2.93 for Ba.

Considerable fractionation of the (2d5~2) ~ and the (1g&y2) ~ states is observed while the
(1hf//2) and the (3s&/2) „states are each observed to split mostly into two components. Sys-
tematics of the energies and strengths of the various neutron-single-hole states and their com-
ponents are presented for all N = 81 nuclei from TBa through Sm and the significance of the
systematics discussed. No measurable population of any neutron state in the 82 &N ~126 ma-
jor shell has been observed.

I. INTRODUCTION

ln a previous paper' (henceforth referred to as
Paper I) we reported our results on the analysis of
(P, d) measurements on the N = 82 nuclei of '~Sm

and "'Nd' together with a study of the effects of
different values of lower cutoff, finite-range and
nonlocality (FRNL) corrections, and density depen-
dence of the effective pn interaction on the shapes
and magnitudes of distorted-wave Born-approxima-


