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INTRODUCTION,

The atomic nucleus is characterized by a charge Z and mass A. Until
recently all fissionable nuclei possessed nearly the same charge and mass.
As a result the characteristics of the known fission processes were similar.
During the past several years many new fissile isotopes have become avail-
able in sufficient quantities to permit study of their properties. As a group
they display a wide variation in their fission characteristics; some of them
fission spontaneously. It is the purpose of the experiments reported here to
utilize these new isotopes to obtain a clearer experimental insight into the
mechanism of fission and to obtain information that will lead to new and better
applications of the fission phenomena. This group of experiments consists of:
determinations of fissionfragment kinetic energydistributions, measurements
of fission neutron spectra, a study of prompt fission gamma ray emission,
and an investigation of delayed neutron emission from spontaneous fission.

| THE KINETICS OF FISSION FRAGMENTS

A large portion of the energy available in fission appears as a violent
kinetic motion of the massive fragments. The manner in which this energy is
shared between the fragments is related, in a verycomplex way, to the struc-
tures of the fissioning nucleus and the residual fragments. A complete under-
standing of the fission phenomena must account for this distribution of energy.
In order to expand the experimental basis for theoretical interpretation of the
fission process a study has been made of the kinetic distribution of fragments
from the fission of Pu?¥#*, Pu?2#*, Th?¥#, Cm?**, Cm?***, C125%% 3nd Fm¥*1

The kinetic energy of each of the two primary fission fragments was
measured simultaneously in a back-to-back ionization chamber. 1) Most of

* Argonne National Laboratory, Lemont, Illinois, U.S.A.

tThroughout this paper we refer to the mass number of the actual fission-
ing isotope. The symbols # and * are used to denote slow neutron induced
and spontaneous fission processes respectively.

1



DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



the fissionable material was obtained from Pu?*?that had been irradiated in a
high flux reactor. Chemical processing assured that the effective purity of
the material was at least 95%.(2) The sample itself was prepared by vacuum
volatilization, chloride sublimation or by electrostatic deposition depending
on the nature of the material involved.

The experimental results are summarized in Table I, along with the
results of kinetic measurements and chemical yield determinations by other
workers. It is qualitatively evident that all slowneutron induced and spontane-
ous fission processes observed are asymmetric. Furthermore, these experi-
ments show no measurable difference between the slow neutron induced and
the spontaneous fission of a given nucleus. The total fragment energyis a slowly
increasing function of the fission parameter Zz/Aup to and including Cm?#2*
At Cf?5%* the trend is reversed with decreasing total energy for higher values
of ZZ/A. This is shown graphically in Fig. 1. In all processes studied the dis-
tribution of total fragment energy integrated over all modes was a symmetric
function with a half width of ~16-18%. At the most probable mode the energy
spread was ~ 13%. These values are in good agreement with magnetic and
velocity determinations(3,4,5) and indicate that the dispersion in fission frag-
ment ionization is not as great as was once believed. The total energy at the
symmetric mode is not well defined by these experiments because of the low
yield. However, generally higher total energies occur as the symmetric mode
is approached in agreement with theoretical predictions.(6'7)

Table 1
SUMMARY OF FISSION FRAGMENT PROPERTIES
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U3y 35.86 98b 67b 165 +2 |1.46 20.02 | 1.45 140 96 d,f
Pu§* | 36.82 100b 72b 172 +2 (1.39*0.02 | 1.39 140 100 d.g, this work
Pu?4* | 36,51 101 73 174 +3 |1.38 £90.02 - 140 102 This work
Cm?%%** | 38.08 110.8 85.9 196.7 1.29 1.32 138 104 h,i, this work
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Fm®** | 39,37 101.5 74.5 176 %6 |1.36 £ 0.05 - 146 108 This work

:Au fonization chamber measurements corrected for the {onization defect, see reference 3
Denotes average values. All others are most probable

SPrimary fragment ratios

oSee reference 3
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The primary fission fragment masses as determined by kinetic meas-
urements are given in Table I, and plotted as a function of the fission param-
eter ZZ/A in Fig. 1. The heavy fragment mass isnearly constant for all fission
processes. However, there is an indication that the heavy fragment mass
increases for values of ZZ/A greater than 38.1. This value of Zz/A corres-
ponds to the maximum of the total energy curve. Furthermore, a discontinu-
ity exists in the systematics of the alpha decay of heavy nuclei(8) in this same
region. It may well be that all of these effects are associated with the closing
of a neutron shell at neutron number 152.

THE FISSION NEUTRON SPECTRA OF Pu?%#, U?3# AND Cf?5%*

A knowledge of the fission neutron spectrum is requisite to the proper
design of multiplying systems and is fundamental to a thorough understanding
of the fission process. The fission neutron spectra of U2*# and Pu®*®# have
been experimentally studied.(9,10) With the advent of the breeding reactor
concept a knowledge of the neutron spectra of U**# and Pu®*# is of increas-
ing importance. Moreover, the fission neutron spectrum gives us one of the
best methods of experimentally determining the nuclear temperature of the
fission fragments. In order to give a better insight into the fission process
and to obtain useful reactor design parameters an experimental determina-
tion of the fission neutron spectra of U?3#, Pu?*?# and Cf?*** was carried out.

These fission neutron spectra were measured using proton recoils in
emulsions and time of flight techniques. The recoil emulsion studies cov-
ered the energy range 1.1 to 8.0 Mev and the time of flight measurements
extended from 0.3 to 3.0 Mev. C-2 Ilford emulsions were arranged about an
essentially point source of fission material (see Fig. 2). This fissile sample
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was then bombarded with thermal neutrons collimated in such a manner that
the fogging of the emulsions was kept to a minimum. In the case of Cf252%
the spontaneous nature of the process made the neutron beam unnecessary.
Throughout the experiments considerable care was taken to eliminate any
undesired perturbation of the fission spectra being studied. The emulsions
were processed and read in a conventional manner described elsewhere in
these proceedings.(ll)

The time of flight measurements are basically a determination of the
time required for the neutrons to traverse the distance between the fission
source and the neutron detector.(12) The fissionable material was contained
within a gas scintillation system. This detector provided a fast time marker
coincident with the fission event. The neutron detector was a plastic scintil-
lator situated between 50 and 80 cm from the neutron source (see Fig. 2). In
making the time measurements it was assumed that the fission neutrons were
emitted within <1079 sec of fission.(13) In addition to the above experiments,
the fission neutron spectrum of U?3# was measured. The resulting distribu-
tion was in good agreement with that obtained by other workers.(9)

The fission neutron spectra of U2#, Pu**%# and Cf**** are well repre-
sented by the "Watt" empirical expression:(14)

F[E(Mev) ]~ e-2E sinh (bE)V2

where F(E) is the number ot neutrons per unit energy and the constants a

and b take the values given in Table II. The table also includes the values of
the constants for the fission neutron spectra of U?3%#, and Pu?®#. The U234,
Pu®?# and Cf?®%* gpectra are graphically compared with one another and with
the U?3# spectrum in Fig. 2. From the figure and table it is evident that the
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Table II

PARAMETERS FOR THE EMPIRICAL FISSION NEUTRON
SPECTRAL DISTRIBUTION

F(E) ~e-2E ginh (bE)Y?

Average Neutron
Isotope a b Energy in Mev Reference
U4 1.05 * 0.05 2.0% 0.1 ~2.0 a
U3y 1.036 2.29 ~2.0 b
Pu?# 1.0 2.0 ~2.0 c
Putti 1.05 + 0.05 2.0%0.1 2.0 a
Cf?52%% 0.88 £ 0.03 2.0t0.1 ~2.36 a

a = present work b = see reference 9 c = see reference 10

fission spectra of U2#, Pu***# and Pu?## are, within the experimental accu-
racy, identical to that of U234 while the spectrum of Cf25?* ig noticeably more
energetic.

By detailed balancing of the partition of fission energy, Leachman(16)
has obtained theoretical agreement with many experimentally determined
fission properties. With a fragment temperature of i.0 Mev he calculated
spectra in qualitative agreement with the measured U23# and Cf??* fission
neutron spectra.(l 7,16) Quantitatively the calculated distributions were too
energetic. The calculations did predict a 21% increase in the average fission
neutron energy of Cf2*?* ag compared to U234 in excellent agreement with the
results of this experiment.

A much simpler approach was taken by the authors(13,18,15) using a
statistical model of the excited fragments. Spectra calcuiated using fragment
temperatures of 0.8 and 1.0 Mev for U?%# and Cf?*** figsion respectively gave
remarkably good agreement with experiment.

PROMPT GAMMA RAYS ACCOMPANYING THE FISSION OF Cf%5%x

A knowledge of the prompt (<107° sec) fission gamma ray spectrum
is essential to the design of reactors and radiation shields. In addition the
energy released in the form of quanta is important to the understanding of
fission. Recent studies of the gamma rays emitted in the fission of U3y
are in disagreement with earlier experiments and with theory.(19120:16) it
was thus decided to examine the prompt fission gamma ray spectrum of C252%,
The spontaneous nature of this process made possible a considerable reduction



in the background associated with previous experiments. The measurement
of a oontinuous gamma ray spectrum was difficult due to the lack of a detec-
tion system which gave a one-to-one correspondence between gamma ray
energy and a measurable parameter. In this experiment the requirement of
simultaneity between the gamma ray emission and fission was a further com-
plication. The double crystal "Compton" spectrometer shown in Fig. 3 gave
a unique spectral response over much of the energy range of interest.(21)
Simultaneity between the fission event and the gamma ray emission was as-
sured by the use of fast detectors and high speed coincidence techniques
(resolving times ~3 x 10”? sec). The experimental arrangement was such
that there was no significant response to fast fission neutrons.
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The distribution of primary detector pulse heights in coincidence
with a fission and a Compton scattered quanta were recorded on a multichan~
nel analyzer. The gamma ray energy spectrum shown in Fig. 3 was obtained
from this distribution. The gamma ray detection efficiency of the apparatus,
thus the normalization of the spectrum, was measured using standard gamma
sources.(22) Qualitatively it was evident that the prompt fission gamma ray
spectrum of Cf?3%* was, above 0.5 Mev, a monotonically decreasing function
of the energy.

The figure also shows that the recent measurements of the U234(19,23)
fission gamma ray spectra are similar to the results of this experiment.
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Table III gives a numerical comparison of the number and energies of the
quanta emitted in the fission of U?*# and Cf?***., The results of this experi-
ment indicate that the recent U23%# gamma ray measurements are correct
and that the former values and the theoretical estimates(16) are in error.

Table III

CHARACTERISTICS OF PROMPT PHOTONS FROM FISSION

Energy

L Totas |Fhotons/| Lossin | . . Energy
Fissioning Fission | Photons / .
Photons/ N Loss in Reference
Isotope Fission (0.5 -~ Fission Photons
2.3 Mev) (0.5 -

2.3 Mev)

Cf2%2 10.3 5.0 5.2 8.2 Mev Present
Work

U?% ¢ n - 5.0 5.1 8.0 Extrapolated a
U2 4+ n 7.5 - - 7.46 b

a = see reference 23 b = gsee reference 19

In the course of this experiment a search was made for very short
lived delayed neutron and gamma ray emission. It was found that in the time
interval 3-15 mus after fission neither emanation was present in more than
5% yield per fission. The result was not unexpected since beta decay sys-
tematics precluded any delayed neutron precursors in this time interval and
very short lived isomers were not expected in the mass region corresponding
to high Cf25%* yields.

DELAYED NEUTRONS FROM THE SPONTANEQUS FISSION OF Cf2%2

{ Very soon after the discovery of the fission process the emission of
a small number of neutrons delayed in the order of a second from the mo-

\ ment of fission was recognized.(24) This delayed neutron emission was at-
tributed to fission fragments left in highly excited states after one or more
beta decay processes. This precursor hypothesis for delayed neutron emis-
sion was generally verified by experiment.(25s26) Unfortunately, the choice
of precursors is not always unique. The fission mass yields of UM, U3y
and Pu**# do not differ by large enough amounts to drastically effect the
choice of delayed neutron precursors. However, in the fission of C?5%* the
region of large light fragment yields occurs at appreciably higher mass



numbers than in U?3%. Thus a comparison of the Cf?*** delayed neutron and
mass yields with those of other fissionable isotopes is a severe test of many
possible precursor assignments. For this reason an experimental study of
the delayed neutron yield of Cf25%* was undertaken.

Most experimental studies of delayed fission neutron emission con-
sist of briefly exposing a fissionable sample to neutrons and then transferring
it to a neutron detection system where the delayed neutron activity is deter-
mined as a function of time after fission. A few investigations have consisted
of a chemical separation of a particular fission fragment followed by a meas-
urement of its delayed neutron activity.(27) This experiment belongs to the
former category. The experimental arrangement is shown in Fig. 4.
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A battery of BF; counters is contained within a moderating medium which in
turn is placed within a large shielding tank of borated water. A pneumatic
shuttle is arranged to slide in and out of the counter and shield assembly at

a preset cyclic rate. At the exterior limit of its travel thies shuttle places a
foil 0.5 mm from a sample of Cf¥*2* (3.8 x 10°fissions/min). This foil catches
the fragments leaving the Cf?5%* sample. After a "catching period" the foil

is rapidly transferred to the center of the counting assembly. The neutron
emission rate of the fragments is then determined as a function of time after
irradiation. A typical experimentally obtained distribution of delayed neu-
trons from the fission of Cf?3%* ig shown in Fig. 4.

Accepting the precursor hypothesis and assuming that only one beta
decay transition precedes neutron emission, the distribution in time of the
delayed fission neutron activity is given by:

n - .
N(t) = 3 a;47Pit
1=1

m



where N(t) is the number of neutrons emitted per unit time, A; is the relative
yield of the ith group, b; is the decay constant of the ith group, and n is the
total number of precursors. The parameters n, Aj, and bj in the above ex-
pression were adjusted by the method of least squares to give the best fit to
the experimental data. This procedure showed that the fission of Cf?5%* yields
primarily three delayed neutron groups whose half lives and relative abun-
dances are given in Table IV. The experimental technique would not be sen-
sitive to a period whose half life was less than 0.3 second. The absolute
yields given in the table were obtained from the fitting procedure, utilizing
the experimentally determined values of the source strength and counting
efficiency. For comparison, Table IV includes the delayed neutron yields

of the thermal neutron induced fission of U2?*# as measured by Keepin.(26)

Table IV

Cf?%* DELAYED FISSION NEUTRON YIELDS

Group Half Life Relative Absolute Group Suggested
No. (sec) Abundance Yield/Fis sion Precursor

Cf?5%* (spontaneous fission)

1 0.5+ 0.2 | 0.407% 0.12 0.0035 Cs? Xe? Te?
2 2.0£0.4 | 0.338+ 0.046 0.0029 Xel40 (1138 9)

and others
3 20.0 £ 0.5 | 0.255 * 0.010 0.0022 Xel® 4 1137

and others

Total = 0.0086 + 0.001

U3 (thermal fission)(26)

1 55.7 0.033 0.00052 Brd7

2 22.7 0.219 0.00346 37 + Br® + 2
3 6.2 0.196 0.00310 1'% ;. Br8? + ¢
4 2.3 0.395 0.00624 I} Xe? Cs?

5 0.6 0.115 0.00182

6 0.26 0.042 0.00066

Total = 0.01580

Suggested U364 delayed neutron precursors are also given. These assign-
ments are based on positive chemical determinations(27,28) correlations of
delayed neutron and fission mass yields of U?3%#, U?3#, U2*% and Pu®*’# fis-
sion(26) and on beta decay systematics.(zs) The fission product yields of
Cf?%2% in the mass region 85-95 are relatively much smaller than those of
U%%#. Thus few, if any, Cf??* delayed neutrons should originate in precur-
sors whose masses are in the region of large light fragment yields in Uz3e4



fission. Therefore arsenic and bromine precursors should not result from
Cf*5%* fisgion. This is in agreement with the experiment, which does not de-
tect a measurable 55 sec (Br®’) delayed neutron period in Cf?*2* fission.
Furthermore there is not a measurable 6 sec delayed neutron group present
in Cf®*?* jndicating that the Br® precursor is probably the dominant contribu-
tor to that period in the U234 fission. This is consistent with the relative
yield of this period in Pu?*# fission and is not in disagreement with the chem-
ical identification of a 6 sec I'*® precursor of unknown intensity. The 22 sec
U3y period is now attributed to a combination of Br® and 37.(27) 1t is dif-
ficult to interpret the present experimentally determined 20 sec period as
being due to the 24 sec I'3", Certainly, if present, an I'37 period must be
mixed with a new precursor of about 15 sec half life, perhaps Xe'*®. The
nature of the precursor hypothesis, and known beta decay systematics, do
not exclude the possibility that delayed fission neutron emission involves a
large number of precursors not known at this time. While the results of this
experiment definitely support the assignment of bromine delayed neutron
precursors in U4 fission they do not clarify the current picture of heavy
delayed neutron precursors. The argument for a more complex precursor
sequence is substantiated by the relatively high total delayed neutron yield
in Cf?5?* figsion, far larger than is consistent with present known heavy
fragment precursors.

CONCLUSION

The experiments reported in this paper extend the knowledge of the
fission process over a considerably wider range of nuclei. This increased
information should provide a firmer basis upon which to construct a theo-
retical understanding of fission and should provide a wider testing ground
for new theoretical concepts. Some of the experimental results are of
direct usefulness in applications of the fission process to the benefit of
mankind.
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