NEUTRONS FROM He?

states shown in Fig. 9 are bound: in Mg?$, the lowest
binding energy is that of an a particle (Zy=10.62 Mev);
in Al that of a proton (E,=6.30 Mev); in Si%,
the lowest binding energy is that of a proton also
(Ey=35.51 Mev).

Si?® is undoubtedly a positron emitter, presumably
primarily to the T'=1, J=0% state of Al*¢ at 0.228 Mev.
The ground state of Si?® is 0" (even-even nucleus) and
the 0+ — 5t AT'=1, transition to the ground state of
AI?® would be highly forbidden. The maximum energy
of the positrons involved in the 0+ — 0" (AT'=0) decay
would be 3.80 Mev. Assuming a log jt value of ~3,
typical®® of such transitions, the lifetime of the ground
state of Si*® should be of the order of magnitude of
1 sec. Thus, Tyrén and Tove? probably did indeed ob-
serve the decay of Si%.

18 . B. Gerhart, Phys. Rev. 109, 897 (1958).
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There is very little experimental information on the
angular distributions of neutrons emitted in (He?n)
reactions with the exception of the work presented in
this paper, the investigation of C'2(He?»)0* by Brom-
ley et al® and that of BY(He,n)N*? by Ajzenberg-
Selove et al.** There is considerably more information
on (He?,p) distributions which also involve two-nucleon
transfer. A satisfactory means of theoretically analyzing
(He?n) distributions is not available at this time.5
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A radiochemical investigation has been made of the fission yield curve for the spontaneous fission of Cf252,
One source of 1X 108, another of 2107, and a third of 7X107 fissions per minute were used to obtain the
data. Thirty-six radioactive nuclides between mass numbers 77 and 166 were separated, identified, and
their fission yields calculated. Upper limits were set for nine other nuclides. The fission yield curve has
maxima of 6.05% at masses 107 and 141, with a “full width at 7% maximum” of each peak of approximately
27 mass units. There is a very narrow “trough” with a minimum value of <8X 10739, at mass number 124.
In addition, while the curve as a whole is symmetrical about mass 124, each peak is not symmetrical about
its own maximum, being significantly spread toward the most asymmetric fission modes. A small fine-
structure peak was observed at mass 113. No evidence was seen of activities that could be ascribed to
ternary fission events, upper limits of 10749, fission yield being set for individual nuclides between mass

numbers 28 and 72.

INTRODUCTION

EVERAL investigators’? have reported radio-

chemical fission yields for the products of the
spontaneous fission of Cf?*2, Due to the scarcity of
Cf252 at the time those experiments were performed,
however, the investigations were limited to the most
easily measured peak elements. When a source of
approximately 1X10% fissions per minute became
available several years ago,® it was decided that a more
thorough investigation of the Cf?%? spontaneous-fission
yield curve would be profitable. After several experi-
ments with this source it became apparent that nuclides
with fission yields below 0.19 could not be determined

1 This work was performed under the auspices of the U. S.
Atomic Energy Commission.

1L. E. Glendenin and E. P. Steinberg, J. Inorg. Nuclear
Chem. 1, 45 (1955).

2J. G. Cuninghame, J. Inorg. Nuclear Chem. 6, 181 (1948).

3 The author wishes to express his sincere appreciation to Dr.
Stanley Thompson and the Heavy Elements Group in Berkeley
or preparing the Cf2% used in these experiments.

with the desired accuracy. Subsequent availability of
sources of approximately 2X107 and 7X107 fissions
per minute made measurement of the entire fission
yield curve feasible.

PROCEDURE

In order to eliminate the problem of handling fairly
large amounts of alpha and neutron activity in solution
and, more importantly, to prevent loss of the extremely
valuable Cf?? in chemical manipulations, a recoil
technique was used to collect the fission fragments.
A schematic diagram of the experimental arrangement
is shown in Fig. 1. An essentially weightless source
was prepared by electroplating purified Cf2® in a small
area on a 0.001-inch thick platinum disk which was
subsequently flamed at red heat. Fission fragments
were collected on 0.001-inch aluminum foils which
were suspended § inch above the Cf2% source by means
of a brass ring. Range studies indicated that with this
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arrangement fewer than 0.19, of the Mo® fission
fragments had sufficient energy to pass through the
0.001-inch aluminum collecting foils.

During a run, the fission fragments were collected
for a length of time which was dependent on the half-
lives of interest. The aluminum catcher foil was then
dissolved and the activities separated by more or less
well-known radiochemical methods.* The activity of
Mo* was measured from each collection and was used
as a monitor of the total number of fissions. The
assumption implicit in this technique is that the
collecting efficiency for all fission fragments was the
same.

The usual method for measuring the fission yield of
a nuclide involves counting the purified sample in a
certain geometry and then making corrections for
counter geometry, backscattering of radiation from the
sample mount, and scattering of radiation from the
sample itself in order to get the disintegration rate of
the sample. Since these corrections are very difficult
to measure accurately and even more difficult to re-
produce under normal conditions, a somewhat different
approach was used in these experiments.

The activities of the Cf?? fission products were
measured on either an end-window methane-flow pro-
portional beta counter or a NaI(Tl) ¥ counter, in any
of several shelf positions. Each of these “standard
geometries” had previously been calibrated by separ-
ating the same activity from a sample of U®5 which
had been irradiated with thermal neutrons. With
Mo* being taken out of each sample, a so-called
“R factor” may easily be obtained, i.e.:

(Co/ Cro®) for Cf262
o (Co/Cno®) for U2, thermal neutrons
(Y2/Vs) for Cf252

B (V./Yes) for U, thermal neutrons’

F16. 1. Schematic dia-
gram of the experimental
arrangement for collecting
fission fragments.

c—

(1

where C, is the counting rate (corrected for chemical
yield and decay during bombardment) of nuclide x in
its standard geometry at the end of bombardment,
Cwmo® is the corresponding value for Mo%, and YV is the
fission yield. No corrections for geometry and scattering

4 Aside from the fact that space does not permit it; the major
features of most of the chemical separations involved have been
reported often enough in the literature so that their inclusion
here would be redundant. A reasonable sampling of general
radiochemical techniques may be obtained by consulting: W. W.
Meinke, University of California Radiation Laboratory Report
UCRL-432, 1949 (unpublished); Los Alamos Report LA-1566,
1953 (unpublished); University of California Radiation Labor-
atory Report UCRL-4377, 1954 (unpublished). For detailed
information on the exact procedures used in these experiments,
the author may be consulted.
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are needed in this calculation provided that the
counting geometry, the chemical form and weight of
the sample, and the sample-mounting arrangement
remain the same in both the Cf?? and U2 samples.
Of these, only the weight correction in samples that
are beta-counted presents a problem since the geometry,
sample compound, and sample-mount factors are
easily reproduced and the variation of counting rate
with sample weight in the v counters is very small.
In the beta-counted samples every effort was made to
obtain samples of approximately the same weight for
both the U%* and Cf*® bombardments. When the
counting rate as a function of sample weight had been
found to change significantly, a calibration curve was
measured and all samples corrected to a standard
weight. Thus the R factors should be an accurate
measure of the ratios of the fission yields involved.

Multiplication of R, by the fission yield of # from
U# fissioned by thermal neutrons® gives a “pseudo
fission yield,” which is, in effect, the fission yield of
relative to Mo* in the spontaneous fission of Cf252, If
an accurate measurement is made of the fission yield
of Mo®* in Cf?®2, the “pseudo fission yields” may then
be normalized to get the actual fission yields.

A check on the accuracy of this method may be
made by drawing a smooth curve through the fission
yield points. Integration under the curve should give
a value of 200%, with a degree of reliability that is
dependent on the number of points measured.

A direct measurement of the fission yield of Mo
was made in the following manner: A solution contain-
ing a known amount of Cf?52 and a small amount of
molybdenum carrier in 6/ HCl was passed through a
Dowex A-1 anion column. Additional molybdenum
carrier was added to the eluate and the Mo allowed
to come to equilibrium. The molybdenum was then
separated from Cf252 on a second anion column, purified,
and counted in a known geometry.

In the current experiments several nuclides that are
not seen in the thermal-neutron fission of U%5 were
separated. Fission yields for these species were calcu-
lated by conventional methods (i.e., with corrections
being made for counting geometry and scattering).

RESULTS AND DISCUSSION

Experimental values for the spontaneous fission
yields of Cf?*? are listed in Table I. Errors listed are
the average deviations of multiple determinations and
are a measure of the reproducibility of the numbers.
Those yields that are listed as upper limits represent
samples in which the counting rate (usually less than
two counts per minute above a ten-count-per-minute
background) was too low for positive identification of
the half-life.

The Mo® value of (2.574+£0.03)9, is the average of

8 Values for the U5 thermal-neutron fission yields were

obtained from a report compiled by J. O. Blomeke, Oak Ridge
National Laboratory Report ORNL-1783, 1955 (unpublished).
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TasLE 1. Spontaneous fission yields of Cf2%2,

Fission yield %,

No. of Correction Glendenin
deter- for fract. and
Nuclide minations Present work chain yield Steinberg® CuninghameP
Mg 1 <7.1X1075
K 2 <1.1X10™
Nisé 2 =6.8X107%
Zn™ 2 <6.2X107%
As™ 2 =<8.8X1075
As78 3 (1.97£0.18%)X 1073
Brss 3 (2.1440.93)X 102
Sr8s 2 0.324:0.01
Yo 2 0.594-0.06
Y% 3 0.834-0.03 0
Zr% 1 1.37 0
Zr% 3 1.544:0.15 0.01 2.1+0.3
Mo* 3 2.5740.03 0 2.240.5 3.04:0.45
Mot 4.1+0.8
Rh10s 4 5.9940.21 0
Rul0s 9.2414
P 5 5.690.59 0 6.84+1.3
Agit 4 5.194-0.29 0 4.54+0.9
Pdm2 5 3.6540.18 0.10 45409
Agls 4 4.2340.38 0.01 4.24+0.8
Cdus 4 2.28+0.13 0 %.8:{:0.5
Intt? =10
Sni2t 3 0.1424-0.008 0
Sn12s 2 (9.3:£0.4)X 1073 0.02
Sh127 3 0.1302:0.008 0.001
Shi 3 0.61540.017 0.052
8 3 1.27+0.18 0
Tel2 2 1.7540.03 0.09 2.8+0.4
1138 3 2.77+0.20 0.01 4.840.7
T3¢ 4.240.6
Iiss 4.0+0.6
Xelss 3 4.3340.08 0
Cst30 1 43 48 X102 (independent yield)
Cs1¥7 1 » 0
Cs138 1 494 0.01 6.310.9
Bal® 2 5.7340.16 0 6.240.9
Bal¥ 7 6.324-0.54 0.11
Cett 2 5.940.3 0
Cel4® 3 5.9440.35 0 7.8+£1.5
Pri# 7.4+1.5
Ndw¥ 6 4.694:0.08 0 4.04:0.8
Pm!® 1 2.65 0
Pm!3 1 2.18 0
Sm1ss 6 1.414-0.03 0 1.3+0.3
Eulst 3 (7.030.08)x 10! 0
Thiét 1 1.5X107
Dyt 3 (1.80+£0.16)X 1072
Erté? 3 (1.724-0.41) 1073
Tm!"2 3 <44X10™¢
Tm!™ 3 <4.0X10™
Yb!7s 2 <2.3X10™
Lu!?? 1 =9.6X107®

= See reference 1. b See reference 2.
three direct measurements of the Mo fission yield.
The remaining fission yields were obtained by multi-
plying the “pseudo fission yields” by (2.57/6.14),
or 0.4186.

In Fig. 2 major contributors to the fission yield
curve are plotted versus mass number, while all of the
fission yield data are plotted in Fig. 3. The yield curve
represents what the author considers to be the best
curve that can be drawn through the experimental
points. Integration under the curve of Fig. 2 gives a
value of 98.49,, which indicates that the data are at

¢ Average deviation of multiple determinations.

least consistent to 3=29,. In addition, there is a suffi-
ciently large number of points, so that the curve may
drawn with a fairly high degree of reliability.

The fission yield curve of Fig. 3 has several very
interesting features. Comparison with the yield curve
for the thermal-neutron fission of U5 shows that the
mass numbers of the maxima of the heavy-mass peaks
of Cf*? and U5 nearly coincide, while that of the
light-mass peak of Cf?%? is approximately 13 mass units
larger than that of the corresponding U%% peak.

While the maximum of the Cf*? heavy-mass peak
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Fic. 2. Ci?®? spontaneous fission yield as a function of mass
number. @ Light-mass-peak points. o Heavy-mass-peak points
reflected through mass 124.1.

appears at roughly the same mass number as that of
U2, the peak itself is significantly wider; the “full
width at %5 maximum” is approximately 6 mass units
greater than that for U%® Since this added width is
all of the heavy-mass side of the peak, the more asym-
metric types of fission would seem to be much more
probable in the spontaneous fission of Cf?*? than in
the thermal-neutron fission of U5,

The striking similarity between the Cf?*? and U
curves in the region of masses 125-140 emphasizes
once again that the extra stability of nuclides in this
region may be playing a most important part in the
low-energy fission process. The fact that the light-mass
side of-the Cf?*? heavy-mass peak is so similar to that
for U5, and that there is a concavity in the Cf25?
curve in the region of mass 150, leads to the conjecture
that perhaps the curve for the heavy-mass peak is
actually a sum of two separate kinds of asymmetric
fission.

If there are forces at work in the thermal-neutron
fission of U5 that conspire to determine the position
and the shape of the heavy-mass peak, one may
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F1c. 3. Cf2® spontaneous fission yield as a function of mass
number. All plotted points are measured, none reflected. The
curve as drawn is symmetrical about mass 124.1. The yield curve
for the fission of U?® with thermal neutrons is included for
comparison.
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hypothesize that these forces will operate to give a
curve in the same position and of the same shape for
Cf?%2, To a fair approximation, the light-mass sides of
the Cf2%2 and U5 peaks are parallel. If a line is drawn
parallel to the heavy-mass side of the U5 peak and
joining the Cf?* curve at the point where the concavity
begins, the difference between this line and the measured
Cf?? curve may be considered as a deviation from the
“standard peak shape.”

Treatment of the curves in this manner is shown in
Fig. 4. The deviation from “standard peak shape” is a
curve with a maximum at about mass 154 (mirror
mass 94). While this sort of treatment is tenuous at
best, it seems improbable that this value would be in
error by more than a few mass units.

10

T T TTTT

2oL 1L

T
1

T lTIIll’
llenl

FISSION
YIELD
%

T
1

107

T lllllll

Il |||L|L

107

[ |[||l|

1

10%

| I | 1
120 130 140 150 160 170
MASS NUMBER

F16. 4. Analysis of the “two-component fission peak.”

No very strong argument can be made for the
validity of this two-component-peak hypothesis except
that the experimental peak shape suggests that it
might be so. Mass 154 and 94 are not near any closed-
shell configuration, and there is no known reason for
assigning any special preference to these masses in the
fission of Cf?%2, It will be interesting to see whether -
calculations currently in progress in Berkeley on
refinements of the liquid-drop model for fissioning
nuclei will be able to shed any light on this matter.

The minimum fission yield in the trough between
the two peaks has not been measured directly in these
experiments. Since Sn'?% lies within one mass unit of
the minimum, the fission yield for mass 124 should be
=8X10739,. The trough itself is much narrower than
has been observed in any other type of fission, having
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a “full width at 10 times minimum” of 5 mass units,
as compared with a value of 18 mass units for U5,

One feature of the curve that is somewhat uncertain
is the fine structure at masses 113 and 135. During the
course of the experiment, when it became apparent
that there might be an irregularity in this region,
special effort was made to obtain the most precise
numbers for the fission yields of the masses in question.
Thus it was necessary to take into account several
factors which could easily have contributed a systema-
tic error to the final yield values. One of the chief
sources of this type of error is incomplete chemical
exchange between the fission fragment and the carrier
used in the radiochemistry. Another is the error
inherent in resolving a multicomponent decay curve,
especially where activities of similar half-lives are
involved. A third source of error involves the difficulty
in measuring the total chain yield when parent and
daughter nuclides of approximately equal half-lives
are present and the daughter is to be separated as the
chain yield.

The elements separated in the fine-structure region
are Pd, Ag, and I. To ensure exchange in the Pd
samples the collector plates were dissolved in the
presence of Pd carrier in HCI-HNOj3, and the Pd was
reduced to the metal and redissolved in the same
solution before any further chemistry was done. The
Ag targets were dissolved in acid and made basic with
NH,OH as an exchange step, while the I targets were
dissolved in NaOH and oxidized with NaOCl before
the 105~ carrier was reduced to I~ in dilute HNO;.

To minimize errors in analysis of the decay curves,
all counting data were placed on punched cards and
processed through an IBM-650 calculator using a
least-squares analysis. Length of collection time and
time of separation were chosen to minimize Ag!?
activity in the Ag'® samples and I%5-Xe!¥ activity in
the I'3 samples.

Preliminary measurements indicated that fission
yields for the mass-135 chain that were obtained
through measurement of I'¥ would probably not be
very accurate. The decay curves had a minimum of
five components, and resolution was very uncertain for
the 6.7-hr I**® and its 9.2-hr Xe® daughter. The final
mass-135 chain yield was obtained by measuring the
separated Xe!5 activity.

For collection times greater than several hours, the
mass-135 decay chain can be represented by

185

Xel35
7y (2]
R, R,

135
Csl¥,

where A\; and A, are the decay constants, and #; and #,
the number of atoms of I'¥ and Xe'¥, respectively.
R, is the independent rate of formation of Xe!®® and
R, is the rate of formation of I'* plus all of its pre-
cursors in the mass-135 chain.
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Development of the growth and decay equation gives

R1+R2 Rl
nz.:e—)\zT[ (1__ —kzt)]_ (e—)\zT)
Ao 2— A1
Ry
X((i‘)‘lt— —th)_i_ (1_ —-Mt)(e—MT_ —)\27') (2)
2T A1

for the number of atoms of Xe'3® present at time 7'
after the end of a bombardment of length ¢ If the
length of bombardment and the time of the I-Xe
separation are such that

e MT (Ml g Mat) = (1— g Mt) (e MT— gNT) | (3)
then Eq. (2) reduces to
Ri+Ra=nohoeMT/ (1—eM), 4)

The fission yield for the mass-135 chain in Table I
represents the average of three runs in which the
bombardment length varied by almost a factor of five
(4.0 and 19.7 hr) and the corresponding I-Xe separation
times varied by more than a factor of two (9.5 and
4.2 hr). The average deviation of the fission yields for
these three runs is less than two percent.

This method of separating an element at a time
that is dependent on the length of bombardment was
also used on the 131 and 133 chains. No difference
was found between yields calculated in this manner
and those determined by more conventional means.

The palladium fraction was separate in five different
experiments, silver four, and iodine three, as shown in
Table I. While it may be possible to draw a smooth
curve without fine structure through the points in
Fig. 2, it is necessary to ignore the Pd!? yield to do it.
The author feels that the nuclides in question have
been measured often enough, the experimental condi-
tions have varied widely enough, and the average
deviation is small enough so that the fission yield
curve (including fine structure) drawn in Fig. 2 is the
most precise one that can be drawn through these
points.

If the curve is indeed an accurate representation of
fact, then it is unfortunate that the fine structure
should fall just where it does. The minimum is only
one mass unit wide, and while the Pd"2 can be measured
without great difficulty, its mirror mass, 136, cannot
be measured at all by radiochemical methods. Thus
the existence of the fine-structure peak is dependent
almost entirely on the value for the Pd'? yield.

It is possible that a low value for the Pd? yield
may be caused by fractional chain yield losses inherent
in the radiochemical method. If a sufficiently large
percentage of the primary fission fragments with
mass 112 has atomic numbers greater than 46, then
Pd"? will not be an accurate measure of the total
chain yield. Unfortunately the author knows of no
direct measurements of yield as a function of atomic
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F16. 5. Comparison of Ci?® spontaneous fission yield data.

number for a given mass in the spontaneous fission
of Cf?%,

In order to get some feel for the size of the corrections
involved, the ‘“equal chain length” hypothesis of
Glendenin, Coryell, and Edwards,® as modified by
Nethaway,” has been used to calculate the corrections
to the measured chain yield, and the data are included
in Table I. Inspection shows that in almost all cases
the correction is insignificant. Pd!? has the largest
correction, but even the sum of the measured Pd!2
yield and the fractional chain yield correction gives a
total mass-112 chain yield value (3.759,) which is
considerably less than the mass-113 yield (4.29%). If
a smooth curve is to be drawn without fine structure,
the mass-112 yield should be at least 4.59,. It may
well be that the Gaussian curve that was used to
calculate the correction is too narrow and that the
correction should be larger, but the author feels that
more conclusive evidence is needed as to exact size of
the correction before too much reliance is placed in
its accuracy.

As an aid to rationalization after the fact it may be
noted that a primary-fission fragment having a mass
of 135 and the same neutron-to-proton ratio as Cf?%
would contain 82.5 neutrons. Thus the extra stability
of the 82-neutron shell could conceivably be contribu-
ting to the fine structure in the heavy-mass peak and,
in a complementary fashion, in the light-mass peak.

Comparison of the present data with previously
reported yields does not help a great deal in this
particular matter. The yields of Glendenin and
Steinberg! and Cuninghame? are shown in Fig. 5 and
listed in Table I. The Cuninghame data agree quite
well with the curve, but none of the elements in the
fine-structure region were reported. The Glendenin

6§ L. E. Glendenin, C. D. Coryell, and R. R. Edwards, Radio-
chemical Studies: The Fission Products (McGraw-Hill Book
Company, Inc., New York, 1951), Paper No. 52, National
Nuclear Energy Series, Plutonium Project Record, Vol. 9,
Div. 4, p. 489.

7 D. R. Nethaway, thesis, Washington University, September,
1959 (unpublished).
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and Steinberg data show reasonable agreement in
both the light- and heavy-mass peaks, but the limits
of error are so large that no conclusive statement can
be made as to the existence or nonexistence of a fine-
structure peak. It should perhaps be emphasized that
the Cf?? source with which Glendenin and Steinberg
had to work was so small (several thousand fissions
per minute) and the counting rates of their samples
so low that the fact that there is as much agreement
as there is between their yields and the present data
is quite remarkable.

The curve of Milton and Fraser® in Fig. 5 was
obtained by time-of-flight measurements on Cf25 fission
fragments. While the general agreement with the
present data is quite good, one cannot reasonably
expect fine structure to be discernible by this technique.

During the course of the present experiments it was
tentatively reported from Berkeley that Cf2% ternary
fission tracks had been seen in nuclear emulsions. The
first reports indicated a ternary-fission yield as high as
0.1%. In order to measure the radioactive products
of these ternary-fission events several elements of
atomic number less than that of arsenic were separated.
In no case was any activity seen which could be
attributed to nuclides formed in ternary fission, and
upper limits of approximately 10749, fission yield are
set for Mg?, K% Ni® and Zn™. While the elements
separated were rather arbitrarily chosen because of
their ease of purification, the nuclides should represent
a fair sampling of the yields in this part of the periodic
table. Thus it seems reasonable to assume that unless
the ternary-fission peak is extremely narrow, or the
ternary-fission products either stable or neutron
deficient, that the ternary-fission events occur with
less than 10739 fission yield.
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