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THE FISSION ENERGETICS OF Th?%*?
by

A. B. Smith, A. M. Friedman, and R. G. Nobles

ABSTRACT

The distribution of the kinetic energy of fragments emitted
as a result of the neutron-induced fission of thorium-232 has
been determined. Incident neutron energies of 1475 £ 35 kev and
1600 * 35 kev were used. The distributions determined at the
two incident neutron energies are identical. The measured total
average fragment kinetic energy was 155% 4.5 Mev. The most
probable fragment mass ratio is 1.47 £ 0.05, and the average
kinetic energies of the light and heavy fragments are 95 £ 2 and
60 £ 3 Mev, respectively. The experimental results have been
related to the known systematics of neutron-induced and sponta-
neous fission. The effect of collective nuclear rotations at the
saddle point is discussed, with particular emphasis on fission
from specific rotational bands.

I. INTRODUCTION

The large kinetic energy of the massive fission fragments emitted
at neutron-induced fission is the basis for many applications of nulcear
energy. Thus it is not strange that, since the discovery of fission, a large
number of studies of fragment kinetic energies have been undertaken. Some
of the early work dealt with the neutron-induced fission of thorium-232. 1,2
The results of these investigations are amazingly accurate in view of the
techniques contemporary to the period. However, this early work did not
give a detailed knowledge of the thorium-232 fission process and the results
are in some disagreement with currently accepted systematics of fission.(3)
Recently, fragment studies of thorium-232 fission induced by 14.9-Mev
neutrons have given a clear picture of the process at this relatively high
incident neutron energy,(4)

Soon after the discovery of fission, the single-particle aspects of the
nucleus were related to the characteristic fission mass asymmetryo(5)
Recently, the theory of collective nuclear motions has been utilized to
interpret the nuclear structure of heavy elements and has been extended
to studies of the fission process.(6‘9) The collective interpretation of
fission has been remarkably successful in explaining the gross and detailed
features of the angular correlation between the incident particle and the




fission fragment axis.(8,9) The unique dependence of the thorium-232 fission
fragment angular anisotropy on the incident neutron energy has been very
nicely interpreted in terms of the collective model.(7,10) Thorium-232
fission anisotropy displays a very sharp shift toward 90° at incident neutron
energies corresponding to the first "giant resonance” just above threshold
(Ep = 1.6 Mev).(] 1) This abrupt change in anisotropy is attributed to fissile
nuclei crossing the saddle point in energy states belonging to the K = 3/2 ro-
tational band. At incident energies above or below 1.6 Mev, rotational bands
characterized by K ;( 3/2 are predominant at the saddle point and lead to less
energyv-dependent and smaller anisotropy. Thus a detailed comparison of the
properties of thorium-232 fission induced by neutrons of 1.6 Mev with that in-
duced by neutrons of sufficiently different energy to provide large contribu-
tions from rotational bands other than K = 3/2 should indicate how deeply

the rotational structure at the saddle point effects the fission process.

In view of the theoretical aspects of thorium-232 fission outlined
above and because of the growing importance of thorium-232 in many nuclear
applications, this experimental study of the neutron induced fission of
thorium-232 was undertaken.

II. EXPERIMENTAL PROCEDURE

A 50-}.Lgm/cm2 sample of thorium-232 was electrochemically de-
posited onto a 25-;¢gm/cm2’ Zapon film. This source was supported over a
5-inch diameter area by a Lektromesh grid,(lz) The completed sample was
placed between two halves of a conventional back-to-back electron collection
chamber.(13) The chamber was carefully evacuated before each run and then
filled to an atmosphere and a half with a mixture of 90% argon and 10% meth-
ane. Under these conditions the resolution of the detector for 5-Mev alpha
particles was 1 to 2%, full width at one-half maximum.

The voltage pulses derived from the electron collection chamber
were amplified and converted to digital information. This digital represen-
tation of the ionization occurring within the chamber was recorded in such
a manner that the one-to-one time correlation between the two fragments
resulting from a given fission event was maintained. Final data reduction
was carried out with the aid of a digital computer. The actual electronic
circuitry utilized is shown schematically in Fig. 1.

The analyzed proton beam from a Van de Graaff accelerator was
used to produce neutrons by means of the Li’(p,n)Be’ reaction.(14) The
fissicn chamber was placed near the target. The geometry and target thick-
ness were arranged so as to provide a neutron energy spread of {70 kev at
the thorium sample. The mean energy of the incident neutrons was known
tot 5 kev. The chamber was frequently rotated to avoid any possible angular -
dependent effects due to the chamber structure or source support.




The experiment was executed on three separate occasions spread
over some eighteen months. FEach experiment consisted of four separate
measurements, two at an average incident neutron energy of 1600 kev and
two at 1475 kev. Following the measurements, a comparison of the
thorium-232 fragment energies with those resulting from californium-252
spontaneous fission was made. 15,16 The californium secondary standard
was calibrated against uranium-235 thermal neutron-induced fis sion.(17
Since thorium-232 and uranium-235 fission fragment energies are not
widely different, this method of energy calibration avoids any significant
errors due to the energy and mass dependence of the ionization defect.(18)

III. RESULTS

The prominent characteristics of thorium fission are shown in Fig. 2.
It is at once evident that there is no pronounced difference between thorium
fission induced by 1.475-Mev neutrons and that induced by 1.600-Mev neutrons,
Actually, any differences between the two plots in Fig. 2 are wel] within
the statistical uncertainty of the measurements. A typical "one-sided"
fragment energy distribution is shown in Fig. 3. This two-dimensional
distribution can be obtained from Fig. 2 by reflection of the latter about the
line of symmetry and projection to either of the individual fragment energy
axes. The apparent peak to valley ratio in Fig. 3 is 12:1, indicating a large
fission asymmetry and good chamber resolution.

Summing, in a one-to-one manner, the two fragment energies result-
ing from the binary thorium fission yields the total fragment kinetic energy
distribution shown in Fig. 4. The average total fragment kinetic energies
at the two incident neutron energies are essentially equivalent. The full
widths at half maximum of the distributions agree within the experimental
error of ~ *1.0%. Similar total energy distributions were obtained at spe-
cific mass ratios. Although of less precision, these results clearly indicate
that the speed in total fragment kinetic energy is smallest at the most probable
mass split.

Figures 5 and 6 show, respectively, the mass ratio distribution and
mass yield as determined in this experiment. In Fig. 6 the primary mass
vield curve obtained from chemical studies is compared with this work,
assuming (19) a value of %= 3.0. The agreement with the chemical data is
reasonable in view of the uncertainties of the chemical measurements and the
fact that the two techniques really measure different quantities. The chemical
values must be extrapolated over a three-dimensional charge-mass surface
to the primary yields while the detector in this experiment actually measures
ionization, a quantity slightly dependent on the mass and charge of the massive
particles. Amnother source of possible variation between the chemical and
ionization mass vyield curves is the energy of incident neutrons. In the chem-
ical studies fission was induced by "fast" neutrons while this experiment
utilized neutrons of specific energies.




The dependence of the total fragment kinetic energy on mass ratio
is shown in Fig. 7. The qualitative shape of the curves is characteristic
of asymmetric fission. However, there is a rather more pronounced de-
crease in the total energy as symmetry is approached than is evidenced
in most fission.(15,17,20

The characteristics of thorium fission illustrated in the above
figures are numerically summarized in Table I. The table also gives
results from other pertinent work. From the table it is evident that the
fragment kinetics of thorium-232 fission induced by 1.475, 1.600 and
14.0 Mev-neutrons are similar. However, a detailed comparison of this
work with that of Protopopov _e_t_a;Il_.(‘i) shows that the probability of sym-
metric fission increases by at least an order of magnitude when the inci-
dent neutron energy is raised from 1.600 to 14.9 Mev.

Table I

THORIUM-232 FISSION PROPERTIES

Average Kinetic Average Kinetic Total Average
Average Incident Energy, Light Energy, Heavy Fragment Kinetic
Neutron Energy Fragment Fragment Energy Most Probable
(Mev) {Mev) {Mev) (Mev) Mass Ratio Reference
1.475 95 £ 2 60 = 3 155+ 4.5 1.47 £ 0.05 This work
1.600 95 + 2 60 £ 3 155 + 4.5 1.47 + 0.05 This work
14.9 96* 62% 157 £ 4.0% 1.43 £ 0.05 4
"fast” 91%a 60%*a 1.5112 1
"fast" 92.6%a 58.3%a 1.5912 2

. Not corrected for ionization defect.

1 "Single sided" measuremenis giving peak ratios only.

*  Denotes most probable values.

Iv. CONCLUSIONS

From the above experimental results it is evident that thorium-232
fission induced by 1.600-Mev neutrons is experimentally indistinguishable
from that produced by 1.475-Mev neutrons. The process is a highly asym-
metric neutron-induced fission qualitatively similar to the slow neutron
fission of uranium-235. The mass asymmetry and total kinetic energy of
the fragments agree very well with the systematics of neutron induced and
spontaneous fission.(16,3) This is illustrated in Fig.8. The thorium-232
total kinetic energy continues the trend toward decreasing energy with
smaller values of the parameter ZZ/A1/3.(21’16) The mass of the
thorium-232 heavy fragment is 138, in agreement with the systematic
constancy of this quantity for all fissile nuclei that have neutron numbers
less than 152.




The anisotropy of thorium-232 fission fragments near threshold, as
measured by Henkel and Brolley,(lo) is shown in Fig. 9. Clearly evident
is the pronounced dip in® (0°)/a>(90°) (fragment emission in the direction of
incident neutrons/perpendicular fragment emission) corresponding to the
sharp peak in the fission cross section. Using the Bohr collective
model,(éas) Willets and Chase(7) have explained the thorium angular anisot-
ropy at an incident neutron energy of 1.600 Mev. Their fit to the experi-
mental distribution of Henkel and Brolley(lo) is shown in Fig. 10. From
this figure it is evident that the angular distribution of the anisotropy tends
to zero at zero degrees in a very precipitous manner. Such behavior in
terms of the collective model can only be obtained by fission through
saddle point states belonging to the K = 3/2 rotational band. All other
reasonable K bands result in angular distributions tending toward zero
degrees with zero slope. The inset in Fig. 10 shows the contributions of
the I = 3/2, 5/2 and 7/2 total angular momentum components to the K = 3/2
band necessary for the experimental fit. Analytically, this mixture is
given by(7)

w(6) = 0.63 wgg + 05180.)22 +0.33 072 +0.68x1/2
Thus it seems clear from the experimental and theoretical knowledge of
anisotropy that a very large portion of thorium-232 fission at an incident
neutron energy of 1.600 Mev proceeds through K = 3/2 rotation saddle
point states. All members of this band have the same parityo(7:8) Further-
more it is argued that £ = 3 neutrons are the major contributors to this
band. Thus the parity of this set of levels must be negative. This assump-
tion is supported by current optical model interpretations of neutron
phenomena in this energy rangea(z'2

At a lower incident neutron energy of 1.475 Mev, the anisotropy of
thorium fission is considerably smaller than that at E,; = 1.600 Mev. This
indicates that there are sizable fission contributions from saddle point
rotational bands other than K = 3/Zn As a result of the absence of any
measurable differences in fission fragment energetics of mass asymmetries
at the bombarding energies of 1.600 Mev and 1.475 Mev used in this experi-
ment, we must conclude that fragment anisotropy and energetics are not
sensitive to the rotational quantum number K.

In the above we have, a priori, assumed that the collective nuclear
motion greatly influences fission at and just above threshold. It may well
be that such basic phenomena as fission asymmetry are rooted very deeply
in the energetics of fission. In this eventuality one would expect the
collective nuclear motion to so slightly perturb the basic properties of the
process as to make the measurement of the effect exceedingly difficult.
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