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The kinetic-energy distributions and the correlation of the angular anisotropy and the mass asymmetry
of the fission fragments have been determined in the fission of U%® induced by 4-MeV neutrons. The kinetic
energies of the pair of fragments emitted parallel and perpendicular to the incident beam direction are
measured by solid-state detectors and recorded by a three-dimensional analog-to-digital converter in-
corporating a printout arrangement. The observed variation of the total kinetic energy Ly and the mean-
square deviation og? are found to be different from that observed for the case of thermal fission. For the
near-symmetric fragments the total-kinetic-energy distributions show a small peak at an energy of about
125 MeV in addition to the main peak at 163 MeV. The anisotropy has been found to increase with the
asymmetry in the region of mass ratios 1.2 to 1.7. The different possibilities leading to the observed de-
pendence of the anisotropy on the asymmetry are discussed.

I. INTRODUCTION

O understand the mechanism of the mass division
in fission, it is important to know whether the
mass division depends on the quantum state of the
fissioning nucleus at the saddle point. This dependence
can be determined by a study of the correlation of the
angular anisotropy and the mass asymmetry of the
fission fragments, since the work of many authors'—5
has shown that the angular distributions of the fission
fragments are consistent with the Bohr model® of
definite saddle-point states. The anisotropy has been
observed to be related to the asymmetry in the case of
photofission” of Th??, charged-particle-induced fission®
of Th*? and 14.9-MeV neutron-induced fission® of U8,
However, in all these cases the observed connection
between the anisotropy and the asymmetry could arise
because of fission taking place at various excitation
energies due to the evaporation of neutrons, and there-
fore, these observations are not sufficient to show any
inherent dependence.’® The direct dependence can be
determined in the study of the fission of the compound
nucleus excited below the binding energy of a neutron,
so that fission takes place only at a single excitation
energy.
In the experiments reported here, the relation
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between the anisotropy and the asymmetry has been
studied in the fission of U%%induced by 4-MeV neutrons.
The kinetic energies of the pair of fragments emitted
nearly along and perpendicular to the direction of the
incident beam are measured by back-to-back solid-state
detector systems and recorded by a three-dimensional
analog-to-digital converter. The data have been
analyzed to obtain the distributions in the mass and the
total kinetic energy of the fragments emitted at angles
of 0 and 90° with respect to the direction of the incident
beam. The results show that the angular anisotropy
depends on the mass asymmetry of the fragments. The
observed variation of the total kinetic energy with the
mass ratio is also discussed.

II. EXPERIMENTAL ARRANGEMENT
AND METHOD

A schematic diagram of the experimental arrange-
ment is shown in Fig. 1. Neutrons were produced by
the T (p,n)He? reaction using the 5.5-MeV Van de Graaff
generator. The maximum energy of the neutrons was
about 4.2 MeV, and the spread in the energy of the
neutrons due to the slowing down of the protons in the
target and the divergence of the neutron beam was
estimated to be about 200 keV. The uranium target was
prepared by electrospraying about 300 ug of U5 over
an area of 1 sq cm on to a VYNS foil coated with a thin
layer of gold. The thickness of the VYNS foil and the
gold layer was estimated to be about 10 and 15 ug/cm?
respectively. The uranium foil and three identical
solid-state detectors of the diffused-junction type were
mounted inside a vacuum chamber (Fig. 1). Each
detector had a resistivity of 5500 Q-cm, window thick-
ness of less than 1 u of silicon, and a sensitive depth of
about 160 x, and was operated with 50 V reversed bias.
The distance between the surface of one of the detectors
(referred to as common detector) and the foil was about
0.2 cm so that most of the fragments emitted in the
backward hemisphere were detected by it. At each of
the angles of 0 and 90° with the incident direction the
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F16. 1. Schematic diagram of the experimental arrangement.

fragments were detected with an angular spread of
about +18°. The divergence of the incident neutron
beam was calculated to be approximately 3°. The
neutron flux at the uranium target was about 6X10°
neutrons/cm?/sec. The number of fission fragments
detected by the common detector was about 40/min,
and that detected by each of the 0 and 90° detectors
was about 3/min.

Identical charge-sensitive preamplifier-amplifier sys-
tems were used for amplifying pulses from the detectors.
The coincidence between the pulses from the 0° detector
and the common detector (or the 90° detector and the
common detector) was used to gate the detector out-
puts. The gated output pulses were fed to three analog-
to-digital converters (ADC) each one employing a
Wilkinson gate and an 83.3-kc/sec crystal-controlled
subharmonic oscillator. The ADC systems were fol-
lowed by an automatic printout arrangement which
printed the three numbers separately. If the fragment
was detected by the 0° detector, the number corre-
sponding to the 90° detector was zero and vice versa.
The output pulse heights were transformed into energies
by a calibration of each of the detector systems using
the kinetic energy distribution for the thermal fission
of U5 as obtained by the time of flight technique.! To
compare the kinetic energy distribution obtained by the
solid-state detector to that obtained by the time-of-
flight method, the latter was corrected? to represent
the kinetic-energy distribution after neutron emission.
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As the peak positions in the kinetic-energy distribution
of single fragments are nearly the same'®:* for the fission
induced by thermal neutrons and by medium energy
neutrons, the above calibration procedure is justified.
The fragment masses were calculated using the mo-
mentum conservation relation M Er=MygEy where
M;, E;, and My, Ex are the mass and the kinetic
energy for the light and the heavy fragments respec-
tively. The data were analyzed using the computer
TIFRAC.

The total number of runs carried out over a period
of 20 days was 15. To ensure the stability of the cali-
bration of the detector systems and the associated
electronics, checks were made at the end of each run
and the data were analyzed separately for each run.
The total number of events recorded both in the 0 and
90° directions was about 40 000. The counts N (0°) and
N (90°), from the 0 and 90° detectors respectively, were
also separately monitored to determine the anisotropy
of the fragments.

III. EXPERIMENTAL RESULTS

The ratio N(0°)/N(90°) as determined from the
monitor counts of the 0 and 90° detectors has been
found to be equal to 1.1540.03. This value, uncorrected
for geometrical resolution, compares favorably with the
value of 1.134-0.020 obtained by Simmons and Henkel,*
and of 1.18+0.02 obtained by Leachman and Blum-
berg.’® From the calculated mass distributions, the
following results are obtained

N1(0°)/Nz(0°)=1.01-£0.01;
N 1,(90%)/N £(90°) = 0.99:0.01

where Nz and Ny are the total number of the light and
the heavy fragments, respectively. It can be seen that
within the statistical accuracy of one percent the
numbers of the light and heavy fragments emitted in
the 0° direction are equal. This shows that the angular
distributions are symmetric about 90° implying that
the light and the heavy fragments have identical
angular distributions. This is in agreement with the
results of the previous work®!%-18 but in disagreement
with the work of Brolley ¢t al.® on the fission of Np*7
by 14.3-MeV neutrons where the light and the heavy
fragments were found to have different angular
distributions.
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The results of the measurements are summarized
compactly in the contour plots of Figs. 2(a) and 2(b)
which have been drawn from the E;— Ey matrix by
interpolations between two points and represent the
probability distribution N (Ez,Eg). The number labeled
on each of the contours gives the relative frequency of
occurrence of the events defined by the contour. The
mass distributions of the fragments emitted at angles
of 0 and 90° to the incident beam, as obtained from the
analysis of the data, are shown in Fig. 3(a). These

ENERGY OF HEAVY FRAGMENT E (MeV)

distributions have been corrected for the systematic
effects of the emission of neutrons as described by
Terrell?® and Britt e/ al.* The error AM 4 in the calcu-
lated mass My is given by

AMyg=Mgzg— M z*
={vu—~[Mu*ve/(Mug*+Mr*)]},
2 J. Terrell, Phys. Rev. 127, 880 (1962).

2 H. C. Britt, H. E. Wegner, and S. L. Whetstone, Jr., Nucl.
Instr, Methods 24, 13 (1963).
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F1c. 3. (a) Mass yields of the fragments emitted in the 0 and
90° directions plotted against the heavy fragment mass. These
distributions are the observed yields uncorrected for the effects of
the neutron emission. (b) Mass yields of the fragments emitted
in the 0 and 90° directions plotted against the heavy fragment
mass after correcting for the systematic effects of the neutron
emission on the assumption that the pair-fragments emit equal
number of neutrons. For comparison, the uncorrected mass yield
of the 0° fragments is also shown as crossed points.

where M gz*, M * are the corrected masses of the light
and heavy fragments, respectively, and vy and vy are
the number of neutrons emitted from the fragment of
mass M g and the total number of neutrons from both
fragments, respectively.

The variation of vy with the fragment mass division

RAMANNA, AND RAMA RAO

was calculated using the measured values of the total
kinetic energy K}, for each mass division, on the energy-
balance considerations, as described later. Since there
exists no information on the variation of number of
neutrons with the fragment mass in the case of the
fission of U%5 by 4-MeV neutrons by direct measure-
ments, it was assumed that = vy =vy/2. This assump-
tion may not be fully justified at medium excitation
energies, especially in the region of the symmetric mass
divisions. As the corrected values appear to be closely
dependent on the nature of the variation of »(M), the
applied corrections can be considered only approximate.
The corrected distributions are shown in Fig. 3(b). For
comparison, the uncorrected mass distribution of the
fragments emitted in the 0° direction is also shown in
the same figure. The values Mz of the average heavy
fragment mass are found to be (139.040.2) and
(138.62-0.2) for the fragments emitted in the 0 and 90°
directions respectively. The variances o of the ob-
served mass distributions for the 0 and 90° fragments
are found to be same and equal to 65.3. The value of
the variance for both the mass distributions obtained
after correcting only for the systematic effects of
neutron emission is 61.9. This latter value includes a
variance of about 2.0 due to the dispersion® resulting
from the varying directions and number of emitted
neutrons, an estimated variance of about 0.8 due to the
experimental energy resolution of the semiconductor
detectors, and a variance of about 1.0 due to the spread
introduced by the thickness of the uranium foil. The
estimated variance due to the neutron spread effect is
approximate because of the assumption that vr=vgy
=vr/2. The estimate of the spread introduced by the
uranium target is also approximate owing to the possible
nonuniformity in the coating of uranium target.
Further, the target thickness affects the yield of the
near symmetric fragments resulting in a lower peak-
to-valley ratio. However, all the above dispersions are
expected to be the same for the 0 and 90° mass distri-
butions in the geometry employed, and will cancel out
if the comparison of these two mass distributions is
involved. The 0 and 90° detector systems were found to
give identical kinetic energy and mass distributions of
the fission fragments in the case of the thermal neutron
induced fission of U5, thus ensuring identical responses
of the two detector systems. The effect of the center-of-
mass motion on the mass distribution in the 0° direction
was estimated and was found to be insignificantly small.

The anisotropy {N (0°)/N (90°)} for the various mass
ratios as calculated from Fig. 3 is shown in Fig. 4. This
plot is independent of the effects of the neutron emission
on the mass distributions, if it is assumed that the
characteristics of the neutron emission are the same for
emission from the fragments emitted along the 0 and
90° directions. The variation of the average kinetic
energy with the fragment mass ratios for the two cases
as observed in the present experiment supports this
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~shown in Fig. 3 (a).

assumption. From Fig. 4 it is seen that the anisotropy
increases with the mass ratio in the region of mass ratios
between 1.2 to 1.7. Further, in the regions of lesser
statistical accuracy the anisotropy seems to decrease
for mass ratios greater than 1.7 and to increase for mass
ratios lesser than 1.2. Earlier measurements by Baranov
et al.!® for the fission of U8 by 3-MeV neutrons using a
double ionization chamber do not show the increase in
the anisotropy between the mass ratios of 1.25 and 1.65,
but the anisotropy was found to be higher for the mass
ratio of 1.0 than for 1.25. The variance o of the mass
distributions obtained by Baranov ef al.'® is about 85,
which is significantly higher than the value obtained in
the present work. This shows that the mass resolution
obtained in their work is poorer, probably because of
the use of a thicker source and gridded ionization
chamber as compared to solid-state detectors. This
might have been responsible for masking the dependence
of the anisotropy on the asymmetry in their experiment.
A larger anisotropy for the symmetric fragment group
was also found by Manley? in the study of fission of
U238 induced by neutrons of energy from 1.2 to 1.7 MeV,
using the photographic emulsion technique, but the
mass resolution in this work is not sufficient to obtain
detailed information about the variation of the an-
isotropy with the asymmetry.

The average total kinetic energies of the fragments
and the rms deviations of the distributions are found
to be as follows:

Ex(0°)= (165.4=£1.1) MeV;

F,(90°) = (166.0-£1.1) MeV;

05,(0°) = (11.70=20.06) MeV ;
0£,(90°) = (10.85-20.06) MeV.

The variation of the average total kinetic energy K
with the fragment mass ratio after correcting for the

2 J, H. Manley, Nucl. Phys. 33, 70 (1962).
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effects of neutron emission is shown in Fig. 5(a) along
with that for the case of thermal fission.! The events
shown in the symmetric region of mass ratios between
1.0 and 1.1 have a significant contribution from the
regions of the higher mass ratios owing primarily to the
target thickness effects. Hence the values of Ey, op,?
and other parameters determined in this region (shown
by open points) do not exactly correspond to the mass
ratios indicated. However, the trend of variation of E,
does show a significantly larger value of E; at symmetry
as compared to the value in the thermal fission. For
the calculation of the correction AEj to the measured
total kinetic energy K the following approximate
expression?! was used:

AEy={E/(A—vr)}{viR+ (va/R)}, )
where R= (M g/M ). The correction to the measured
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Fic. 5. (a) Plot of the average total kinetic energy K of the
fragments against mass ratios. The values of E; have been
corrected for_ the effects of neutron emission. The observed
variation of B} with the fragment mass ratios, as observed (Ref.
11) in the thermal neutron fission of U5, is also shown. (b) The
variance og;? of the total kinetic energy of E; of the fragments
plotted against fragment mass ratios for the 90° data. (c) Total
number »7 of the neutrons emitted for the various mass divisions
as calculated on' the energy balance considerations using the
measured values of Zj. In the data for the 4-MeV neutron-induced
fission in the region of mass ratios 1.0 to 1.1 (shown by dotted
line) there is a significant contribution from the higher mass ratios.
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values of E; has been applied on the assumption of
VL=VH= VT/ 2.

The calculated error AE, is only weakly dependent
on the nature of variation of »(M) and therefore, the
errors in the values AEj calculated on the assumption
of vL=vup=vr/2 are very small. From the observed
values of Ej;, uncorrected for the neutron emission

E IN MeV

effects, the total number of neutrons »r emitted for
each mass ratio is calculated on the energy balance
consideration, and are shown in Fig. 5(c). However,
the values of AE, are not appreciably changed if the
corrected values of K are used in the calculations. In
these calculations, the values of the energy released and
the neutron binding energies have been taken from
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Milton,? and it has been assumed that for each mass
division the average energy emitted as gamma rays is
7.5 MeV and the average emission energy of the neu-
trons is 1.2 MeV. It can be seen from Fig. 5(a) that the
variation of E} with the fragment mass ratios is nearly
the same for the fragments emitted parallel and
perpendicular to the incident neutron beam, indicating
that the characteristics of the neutron emission for
various mass ratios are the same for the two cases. The
variation of the mean-square deviations og? of the
total kinetic-energy distributions with the mass ratios
for the 90° data is shown in Fig. 5(b). A similar
variation of og,? has been found for the 0° data. The
observed variation of o g,? is different from that observed
by Milton and Fraser! for the thermal fission of U3
but agrees with recent experiments? in the medium
energy fission and the trend calculated by Fong.?
Figures 6(a) and (b) show the distributions in the
total kinetic energy of the fragments emitted at angles
of 0 and 90° with the incident neutron direction, for
the various fragment mass ratios. An interesting feature
of the distribution in the region of the fragment mass
ratios of 1.00 to 1.11 is the appearance of a second small
peak at an energy of about 125 MeV in addition to the
main peak at about 163 MeV. This feature is more
pronounced in the case of the 0° distributions. For the
fragment mass ratios higher than 1.11, the low-energy
peak disappears, with an indication of a similar small
peak at an energy of about 120 MeV appearing again
for the very asymmetric fragments. Komar et al.2% have
reported similar double-peaked distributions for the
total kinetic energy of the near symmetric fragments in
the case of fission of Th?? induced by 14-MeV neutrons.

IV. DISCUSSION
(A) Kinetic-Energy Distributions

The average separation of the effective charge centers
at the scission point for the various mass divisions can
be obtained from the measured variation of E; with
fragment mass ratios as the kinetic energy arises from
the Coulomb repulsion between the fragments at
scission. The elongation of the fissioning nucleus at
scission for the various mass divisions can be expressed
in terms of a parameter 8 which can be defined as the
ratio of the actual distance between the charge centers
to the distance if the fragments were formed spherical,
and is given by the relation

B={Z17Znue®} /{Exro(A 1344 n')} @)

2 J. C. D. Milton, University of California Radiation Labora-
tory Report UCRL-9883, Rev. 1962 (unpublished).
( “6 H) C. Britt and S. L. Whetstone, Jr., Phys. Rev. 133, B603

1964).

% P. Fong, Argonne National Laboratory Report No. ANL 6797,
1963, p. 416 (unpublished).

26 A. P. Komar, B. A. Bochagov, and V. I. Fadeev, Dokl. Akad.
Nauk SSR 152, 858 (1963) [English transl.: Soviet Phys.—
Doklady 8, 978 (1964)].
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F1e. 7. Variation of the calculated 8 with the fragment mass
ratios for the thermal and 4-MeV neutron-induced fission of U5,
B is the ratio of the actual distance between the effective charge
centers of the fragments at the scission point to the distance if
the fragments were formed spherical. In the data for the 4-MeV
neutron-induced fission in the region of mass ratios 1.0 to 1.1
(shown by dashed line) there is a significant contribution from the
higher mass ratios.

where Z1?, Zy? are the most probable charges for the
fragments of mass numbers 47 and A4 g, respectively.
The values of 8 calculated for different mass ratios,
using the measured values of F; and the tabulated
values? of Z1? and Zy?, are shown in Fig. 7 for thermal
and 4-MeV neutron-induced fission.

For thermal fission the occurrence of the minimum
value of B8 at the mass ratio of 1.27 can be explained by
the shell effects, as the heavy fragment in this case is
doubly magic. A value of 8 in the region of mass ratios
1.19 to 1.48 for the case of 4-MeV neutron-induced
fission higher than for thermal fission signifies that the
shell effects are less predominant at higher excitation
energies. For all the other mass divisions, the value of
B is higher for the thermal fission than for the 4-MeV
neutron-induced fission, showing that at higher ex-
citation energies the nucleus undergoes less stretching
up to the scission, indicating that the “tensile strength”
of the nucleus decreases with the increase in the ex-
citation energy. The largest difference in the values of
B for the two cases, occurs in the case of symmetric
fragments, showing that the symmetric fragments are
formed in a significantly more stretched configuration
in the thermal fission. For this reason, the symmetric
fragments produced in the thermal fission emit more
neutrons than those produced in the medium energy
induced fission [Fig. 5(c)]. These differences in the
characteristics of the symmetric fragments with regard
to their kinetic and excitation energy suggests that
these are produced by different mechanisms in the two
cases. Further evidence of the existence of the two
different mechanisms can be drawn from the obser-
vation of the presence of the small low-energy peak in
the total kinetic-energy distribution for the near sym-
metric region [Figs. 6(a) and 6(b)].
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(B) Anisotropy versus Asymmetry

It has been shown by several workers'=® that the
measurements of the angular distribution of the fission
fragments are consistent with the predictions of the
Bohr model® of definite saddle-point states. On the
basis of this model a dependence of the anisotropy on
the asymmetry can arise if the final mass division
depends on the saddle-point shapes and each saddle-
point shape has a different sequence of the quantum
numbers. From the results of the present experiment,
a dependence of the final mass division on the saddle-
point shapes, in at least the medium energy induced
fission, can therefore be inferred. The dependence of
the saddle-point quantum numbers on the different
shapes can arise for various reasons. On the basis of
the analysis of Halpern and Strutinski’ and Griffin,?
the anisotropy increases with the decrease in the value
of K¢, where K¢? is the mean square of the projection
of the total angular momentum I on the nuclear sym-
metry axis. On statistical arguments it has been shown
that

K32= ]e{fT/h2= constJest (Eex'—Eth)”Z/ﬁ2 , (4)

where J.; and T are the effective moment of inertia
and the nuclear temperature respectively of the nucleus
at the saddle point. Ee is the initial excitation energy
of the nucleus and Ey, is the fission threshold which is
equal to the deformation energy at the saddle point.
The observed correlation can, therefore, be associated
either with the variation of Jet or T or both with the
saddle-point shape of the nucleus. However, the
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evaluation of Jo¢ for the various mass divisions requires
a detailed knowledge of the corresponding saddle-point
shapes about which at present very little is known. The
observed increase in the anisotropy with the asymmetry
in the region of the mass ratios 1.2-1.7 implies that the
product JessT' decreases with the increase in the mass
ratio. At about 5-MeV excitation energy of the uranium
nucleus and for the distortions which occur at the saddle
point, the moment of inertia of the nucleus is probably
close to the rigid body value. It has been shown® that
for rigid body rotations, J.; decreases with the in-
creasing distortion at the saddle point. Both Je and
T will, therefore, separately decrease, if Ey, increases in
this region of the mass ratios. Hence, the observed
variation of the anisotropy, implies that the saddle
point deformation energy Ey, increases with the asym-
metry in the saddle-point shape in the region of mass
ratios 1.2 to 1.7.

The purpose of the present discussion on the ob-
served variation of the anisotropy with the asymmetry
has only been to point out the various possibilities
leading to the observed dependence. A quantitative
estimate of the various factors affecting the dependence
of the anisotropy for the various saddle point shapes is
necessary for more detailed discussion.
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