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The numbers of prompt neutrons associated with specific fission modes of Cf?? have been measured. The
average number of neutrons per fission depends largely upon the total kinetic energy of the fission fragments,
decreasing by at least 0.06 neutron per fission for an increase of 1 Mev in the total kinetic energy. A less
marked variation with the ratio of fragment masses is observed.

I. INTRODUCTION

ECAUSE of the complicated nature of the fission

process, the most promising theoretical ap-
proaches'™8 at the present time are of a semiempirical
nature. Existing experimental data that can be in-
corporated in or used as tests of such theories in-
clude spontaneous-fission half-lives,®1® nuclear-mass
surfaces,'''? relative probabilities of fission modes
(including the kinetic energy®'¢ and mass-ratio!”18
distributions of the fission fragments), average num-
bers'®~? and energies of prompt neutrons,? energies of
prompt gamma rays,”® and average probabilities of
prompt-neutron emission from spontaneous or low-

1 K. Way and E. Wigner, Phys. Rev. 73, 1318 (1948).

2 R. Present, Phys. Rev. 72, 7 (1947).

3 Coryell, Glendenin, and Edwards, Phys. Rev. 73, 337 (1949).

4 D. Brunton, Phys. Rev. 73, 1799 (1949).

5 R. Leachman, Phys. Rev. 83, 17 (1951); 87, 444 (1952).

8 P. Fong, Phys. Rev. 102, 434 (1956).

7W. J. Swiatecki, Phys. Rev. 101, 97 (1956).

8 R. Leachman, Phys. Rev. 101, 1005 (1956).

9 A. Ghiorso, Proceedings of the International Conference on the
Peaceful Uses of Atomic Energy, Geneva, 1955 (United Nations,
New York, 1956), Paper No. 718, Vol. 7 p-

10 M. Studier and J. Huizenga, Phys Rev. 96 546 (1954).

1 E. Pennington and H. Duckworth, Can. J Phys. 32, 808
(1954) ; and Duckworth, Hogg, and Pennington, Revs. Modern
Phys. 26, 463 (1954).

2 Collins, Nier, and Johnson, Phys. Rev. 86, 408 (1952);
Collins, Johnson, and Nier, Phys. Rev. 94, 398 (1954); and R. E
Halsted, Phys. Rev. 88, 666 (1952).

13 D. Brunton and G. Hanna, Can. J. Research A28, 190 (1950).
( M D) Brunton and W. Thompson, Can. J. Research A28, 498

1950).

16 R. Shuey, University of California Radiation Laboratory
Report UCRL-959 (Rev.), October, 1950 (unpublished).

16 Smith, Friedman, and Fields, Phys. Rev. 102, 813 (1956).

17 Glendenin, Coryell, and Edwards, Radiochemical 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. IV.

18 A. Pappas, Massachusetts Institute of Technology, Labora-
tory for Nuclear Science, Technical Report No. 63, 1953
(unpublished).

9 Diven, Martin, Taschek, and Terrell, Phys. Rev. 101, 1012
(1956).

2 Hicks, Ise, and Pyle, Phys. Rev. 101, 1016 (1956). References
to earlier work are included.

a C)hoppin, Harvey, Hicks, Ise, and Pyle, Phys. Rev. 102, 766
(1956).

2 K. Boyer and C. Tettle, The Science and Engineering of
Nuclear Power (Addison-Wesley Press, Cambridge, 1949), Vol. II.

2 R. Gamble and J. Francis, quoted by R. Leachman, Pro-
ceedings of the International Conference on the Peaceful Uses of
Atomic Energy, Geneva, 1955 (United Nations, New York, 1956),
Paper No. 592, Vol. 2, p. 193.

energy-induced fission.'*??* The work described here
was performed to determine the neutron multiplicities
as functions of fission modes; such numbers are closely
related to the distribution of excitation energy at the
time of fission. To provide ease of handling and low
backgrounds, we used the spontaneously fissioning
isotope of Cf?%2. Preliminary results have been reported.?®

The mass equation of neutron-induced binary fission,
which holds just after the fission has occurred but
before the emission of neutrons, is

M(A ’6:Z)+En+B= M(AH,EHyZH)
+ M (AL ZL)+ Ex+Es,

where the atomic masses M are functions of the atomic
number A, the charge Z, and the even-odd parameter §
of the semiempirical mass formula. The superscripts L
and H refer to the light and heavy fragments, respec-
tively. Ex is the total kinetic energy, and E, the total
excitation energy of the two fragments. E,, the kinetic
energy of the incident neutron, and B, the neutron
binding energy, are absent in spontaneous fission, but
we include them here for the sake of the later discussion.

For a given mass ratio M /M, a distribution in Eg
is observed which is due to a real distribution (caused
primarily by a small charge fluctuation) and dispersion
from (a) the momentum distribution due to the recoil
of the fission fragments when neutrons are emitted,
(b) the rather poor energy resolution of fission cham-
bers, and (c) ionization defect. From the true distribu-
tion in Eg, the distribution in E, can be determined
immediately from the mass equation of fission, if it is
assumed that the small charge distribution that is
observed does not affect the total energy released.
From the distributions in E,, the neutron-emission
probabilities can be determined by use of neutron-
evaporation theory.

From a comparison of fission-chamber measurements
and chemical fission-product data, Leachman® has
attempted to correct for the dispersions caused by (b)
and (c). Normalizing his calculations to the measured
average numbers of neutrons per fission, he proceeded
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F16. 1. Block diagram of apparatus.

as outlined above® to obtain the probabilities P(»)
the » neutrons are emitted in a fission event, for three
particular mass ratios. When averaged to correspond to
an actual mass-ratio distribution, these results agree
well with experiment. The measurements reported here
will make it possible to extend the comparison between
theory and experiment to specific fission modes.

II. METHOD AND APPARTAUS

The neutron-detection apparatus is a tank of
cadmium-loaded liquid scintillator 30 in. in diameter
and 30 in. high, viewed by photomultipliers distributed
over the curve surface. A 3-in.-diameter well allows a
small double (“back-to-back’) fission chamber to be
placed at the center of the detector.?? The arrangement
of the apparatus is shown schematically in Fig. 1. A
pulse from one side of the back-to-back fission chamber
triggers the sweeps of two oscilloscopes, and the pulses
from the two sides of the fission chamber are displayed
on one oscilloscope. The prompt gamma rays and
proton recoils from the fission neutrons produce a pulse
at the beginning of the trace of the second oscilloscope,
which is followed by the neutron-capture pulses. Both
sweeps are photographed on a single strip of con-
tinuously moving film (Fig. 2).

The fission chamber is of the double Frisch-gridded
type, operated at 25 b above atmospheric pressure. The
gas was composed of 959, argon and 39 nitrogen. All
fission fragments were stopped in the regions between

L_AJL\JL‘_/L

Fi1c. 2. Sweeps triggered by a fission-chamber pulse. Top:
prompt-y and recoil-proton pulse on the right, followed by
neutron-capture pulses. Bottom: pulses from the two sides of the
fission chamber. Parts of the traces have been reinforced with ink.
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the source and the grids. An amount of Cf2% sufficient
to give 100 spontaneous fissions per minute was evapo-
rated onto a 5-ug/cm? VYNS film flashed with 5-ug/cm?
gold. The foil was in contact with a 109,-transmission
Lectromesh grid, which served as a collimator for the
fission fragments. Pulses from the collimated side of the
fission chamber are used to trigger the recording
apparatus.

The oscilloscope sweeps were projected and read, and
the data obtained in this way were sorted on an IBM
Type 650 computer. Resolution and background cor-
rections were introduced into the neutron-multiplicity
calculations in the manner described in reference 20.
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F16. 3. Fragment-energy spectra (corrected for ionization defect)
from both sides of the back-to-back fission chamber.

III. RESULTS AND DISCUSSION

Sixteen thousand spontaneous fissions were recorded
and analyzed. Although the electronic pulse amplifi-
cations from the two sides of the fission chamber were
approximately equalized with a calibrated pulser, it was
later necessary to adjust all the pulses from one side by
a constant multiplicative factor of about 1.07 to make
the peaks of the energy distributions coincide. The
energy scale was obtained from the back-to-back
fission chamber data of Smith ef al.'® by multiplying all
corrected pulse heights by a constant (the same for all
pulses) to make the peaks of our number-vs-energy
distribution coincide with theirs, namely at 100 and
77 Mev.28* The ionization-defect correction was then

26 Jonization-chamber measurements by Harry R. Bowman
(private communication) indicate peaks in the Cf?? energy
distribution at about 67 and 92 Mev before correction for ioniza-
tion defect. Fragment-velocity measurements are now in progress
at several laboratories.

* Note added in proof.—Alan B. Smith (private communica-
tion) has remarked that our fragment energy distributions are
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obtained from an extrapolation of Leachman’s velocity-
selector measurements, and-5.0 Mev and 6.5 Mev were
added to pulse heights in the high- and low-energy
groups respectively. The resultant fission-fragment
energy distributions from the two sides of the fission
chamber are shown in Fig. 3, and the relative proba-
bilities of the fission modes are shown in the contour
diagram of Fig. 4.

Because of the necessary restriction on the fission
chamber size, the gas pressure in the chamber was high,
and as a result the energy resolution was poorer than
that obtained by Smith ef al., as can be seen by com-
paring the fission-mode probability contour diagrams.
However, the ratio of the high- to low-energy peaks is
1.36, in agreement with the results of Smith ef al.
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F1G. 4. The observed relative probabilities of the fission modes.
Lines of constant total energy and constant mass ratio are shown
also.

The observed average number of neutrons per fission,
7, and the number distribution of fission events as
functions of the total kinetic energy are shown in Fig. 5.
The events that have total energies less than about 140
Mev are suspect for two reasons: (a) the measurements
by Smith and by Bowman with Cf?**? and by other
workers with various transuranic elements do not show
such events, and (b) the values of 7 obtained in this
region approach the average for all fission modes,
probably indicating that these counts arise from a large
dispersion.

If we consider only the events with total energies
greater than about 160 Mev, a strong linear correlation

characteristic of sources which may be thin when averaged over
the total area, but on which the fissionable material is deposited
in clumps. More recently, H. Bowman has prepared Cf25 sources
by the same technique as used for the present one and obtained
fragment energy peaks at 73.5 and 97.6 Mev. We conclude that
our source was indeed thick to the fission fragments.
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F16. 5. Observed average numbers of neutrons per fission with
standard errors, and the number distribution of fission events as
functions of fission-fragment total kinetic energy (corrected for
ionization defect).

of 7 with total kinetic energy is observed: in particular,
d#/dE~0.039 observed neutrons per fission per Mev.
The observed average number of neutrons per fission
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Fi16. 6. Absolute numbers of neutrons per fission for three mass-
ratio intervals as functions of fission-fragment total kinetic
energies. The standard errors do not include the uncertainty in
the neutron-detector efficiency.
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TasLE L. The calculated variation with total fragment kinetic
energy, Er, of the average number of prompt neutrons per
spontaneous fission of Cf?62. 160 Mev <E7 <230 Mev. A=the full
width at half-maximum of the assumed Gaussian total-energy
resolution function.

C AMew): 0 13 16 20
-(':—Z(neutmns/ﬁssion Mev): 0055 ~0.06 ~0.08 ~0.11

averaged over all fission modes is 2.69, and a com-
parison with the previously determined true value,
»=3.82+0.12,% gives a neutron-detection efficiency of
70.442.29, for these measurements (the efficiency had
fallen from a previous value of about 809, because of
the deterioration of the scintillator solution). The value
of dv/dE, corrected for efficiency but still not corrected
for energy resolution, is therefore dv/dE=~0.055. As a
further refinement of the data, we plot the values of
7 vs total energy, corrected for the neutron-detection
efficiency, for three different mass-ratio bands in Fig. 6,
and it is seen that there is an inverse correlation between
the mass ratio?” and the average number of neutrons per
fission for any given total energy.

It is difficult to correct our measurements for energy
dispersion, because this effect is a function of the mass
ratio and therefore is not constant within any kinetic
energy interval. In an attempt to learn the type of effect
that the energy dispersion has on di/dE, we assume that
the dispersion does not vary with mass ratio or total
kinetic energy, and that it can be represented by a
Gaussian with a full width A at half-maximum. After
the unfolding of this dispersion, the values of dv/dE
shown in Table I are obtained for several assumed
values of A. Leachman® has obtained an approximate
value for the dispersion in the U?%?®fission-chamber
measurements by Brunton and Hannah®® by comparing
their results with his measurements of fission-fragment
velocities. With the aid of Cf2*? and U?3 fission-fragment
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Fic. 7. Observed average numbers of neutrons per fission
(standard errors) and numbers of fission events as functions of
the ratio of fragment kinetic energies.

27 From conservation of momentum, we have Ex/E =M 1/Mpy.
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energy distributions measured by Bowman,*® we have
obtained a crude estimate for the energy dispersion in
our measurements from Leachman’s conclusions. This
value, A=13 Mev, gives d#/dE~0.06, but this figure
may be low by perhaps 309, or more, depending upon
the manner in which the dispersion varies with the
fission mode.

Fowler? has observed that the experimentally deter-
mined average kinetic energy of the fission fragments
from neutron-induced fission does not depend on the
energy of the neutron causing fission, showing that the
neutron kinetic energy is distributed as excitation
energy. He and Leachman have calculated the variation
in # with the energy of the incident neutron. Leachman®
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F1c. 8. Absolute numbers of neutrons per fission for two total-
kinetic-energy intervals as functions of the fragment-kinetic-
energy ratios. The standard errors do not include the uncertainties
in the neutron-detector efficiency.

has obtained a value for dv/dE, of about 0.13 neutron/
fission Mev for a nuclear temperature of approximately
1.4 Mev. This energy dependence is in good agreement
with measurements by Fowler, by Terrell, and by
Diven, Martin, and Terrell. From an examination of
the mass equation of fission, one is tempted to assume
that the dependence on kinetic energy in spontaneous
fission might be similar (as indeed it seems to be from
our measurements), but inasmuch as the total available
energy depends on mass ratio, it is not possible to
explain the dependence of # on Eg in such a simple way.{

28 J. L. Fowler, quoted by R. Leachman, Proceedings of the
International Conference on the Peaceful Uses of Atomic Energy,
Geneva, 1955 (United Nations, New York, 1956), Paper No. 592,
Vol. 2, p. 193.

t Note added in proof—R. B. Leachman and C. S. Kazek, Jr.

[Phys. Rev. (to be published)] have now calculated the value
39/0E = —0.116 for Cf22,
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The dependence of the average numbers of neutrons
per fission on the ratio of masses or kinetic energies of
the fragments is given in Fig. 7. It is seen that there is
at most a small variation with mass ratio when no
discrimination is made on the basis of total energy.
However, when the fissions are first divided into two
roughly equal groups with total kinetic energies greater
than or less than 180 Mev, there is an obvious de-
pendence on mass ratio (Fig. 8). The effect of the energy
resolution of the apparatus has not been subtracted
from these data.

Finally, the variation of the mean total kinetic energy
of the fragment pairs with mass or energy ratio is given
in Fig. 9.1
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The number and energy of neutrons and the average energy of prompt gamma rays emitted from various
fission modes are estimated from the excitation-energy distributions of fragments from these modes. These
excitation-energy distributions are derived from the mass equation of fission and the measured kinetic
energies of the fragments. Simple considerations of neutron boil-off are used with these excitations.

For the most probable mass ratios of fragments, the variation in the average number of neutrons # with
the total kinetic energy Ex of the fragments is found to be dv/dEx= —0.121 Mev~! for thermal-neutron
fission of U5 and —0.116 Mev™! for spontaneous fission of Cf?2. The spectra of neutron energies resulting
from this analysis are found to have negligible change with Eg, but the neutrons from Cf?? fission are
more energetic than those from thermal-neutron fission of U5, The average energy E, of prompt gamma
rays from Cf?%2 fission is found to be 4.0 Mev, with a variation dE,/dEx= —0.0167 for the most probable

mass ratios of fragments.

INTRODUCTION

HE number and energy of neutrons emitted from
fission depend in a complex manner on the
excitation of the fragments, the nuclear identity of the
fragments and the channels through which the excita-
tion is expended. As an aid to understanding the
detailed observations! of multiplicities of fission neu-
* Work performed under the auspices of the U. S. Atomic
Energy Commission.
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trons, calculations®’ have been made from a greatly
simplified model of fission involving a statistical ap-
proach to the determination of the excitation and to
neutron emission. In this analysis, empirical data of
the energetics of fission fragments and the masses of
nuclides were used to determine the distribution in
total excitation energy shared by the two fragments,
and then statistical assumptions were applied to esti-
mate the distributions of excitation energy of the
individual fragments and the neutron emission. The
estimates of the probabilities P, of emitting »=0, »=1,

2 R. B. Leachman, Phys. Rev. 101, 1005 (1956).



