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neutrons of various energies.
INTRODUCTION

THE photofission of heavy nuclei has not yet been
investigated with sufficient thoroughness. Most
of the literature (see reference 1, for example)
has been concerned with a) fission cross sections,
b) the number of neutrons per fission event, c) the
mass distribution of fragments, and d) the corre-
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A double ionization chamber was employed to study the energy distribution of U%® photo-
fission fragments. Gamma rays with E’Y max = 70 Mev were produced by the synchrotron
of the Physico-Technical Institute. A topological plot of the fragment kinetic energy distri-
bution is compared with diagrams representing the fission of heavy elements induced by
gamma-ray beam
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lation between the directions of fragments and the
gamma-ray beam.

Only two papers have appeared on the energy
distribution of fragments,?3 which is important
both for the understanding of the fission mecha-
nism and for reactor technology.! The data pre-
sented in references 2 and 3 were obtained by
means of pulse ionization chambers with elec-
tron collection. The apparatus was able to reg-
ister the energy of only one fragment per fission.
We believe it is extremely important to determine
the energy distribution of fragments as completely
as in the case of neutron-induced fission.>™® A
comparison of the distributions for photofission
and for neutron-induced fission could be very im-
portant for the further development of fission
theory.

The present paper reports some results ob-
tained by our laboratory during 1955 in investiga-
tions of the photofission of heavy nuclei, particu-
larly U8,

EXPERIMENTAL PROCEDURE

For the measurement of photofission fragment
energies we used two pulse ionization chambers
with electron collection (Fig. 1). The target ma-
terial was deposited on the common high-voltage
electrode 5 of the chambers, which are more fully
described in references 5, 6 and 13. Figure 1 is
a block diagram of our apparatus. Voltage pulses

FIG. 1. Block diagram of apparatus. LC —lead collimator,
PIC — pulse ionization chamber, 1- ionization chamber en-
trance window, 2 —compensating electrode, 3 — collecting
electrode, 4 —screening grids, 5- common high-voltage elec-
trode, 6 — Zapon film bearing layer of uranyl nitrate, 7 — aper-
ture for passage of gamma-ray beam (present in all electrodes);
(the second half of the chamber is a mirror image of the first
half); 8—exit window, R, and R, —resistors from which volt-
age pulses are taken, 9 - preamplifiers, 10 — main amplifiers,
11-time gate, 12— control circuit of loop oscillograph, 13 —
MPO-2 loop oscillograph.

from the resistors R were amplified by the pre-
amplifiers 10 and were then fed to the time gate
11, which blocked the amplifier outputs except
when gamma rays were passing through the cham-
bers; this was done in order to obviate electrical
induction produced by the synchrotron. Pulses
passing through the time gate and control circuit
12 reached the MPO-2 loop oscillograph 13 for
motion-picture recording. The ionization-cham-
ber electrodes were positioned perpendicular to
the direction of the gamma-ray beam. -

The synchrotron of the Physico-Technical In-
stitute of the USSR Academy of Sciences provided
a gamma-ray beam with Evyy,54x = 70 Mev, which
was defined by a lead collimator LC. Compen-
sating electrodes in the ionization chambers
served to compensate pulses induced by the gam-
ma radiation. Compensation was facilitated by
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increasing the duration of gamma-ray pulses
from 10 to 1500 usec. The maximum gamma-
ray energy of 70 Mev was selected to produce a
greater intensity in the giant resonance region,
since photofission is known to result mainly from
the absorption of photons in this energy region.

The target was a layer of uranyl nitrate, con-
taining a natural mixture of uranium isotopes,
which was deposited on a Zapon film fastened in
a brass ring of 40 mm inside diameter. A thin
layer of aluminum deposited on each side made
the film an electrical conductor; its thickness in-
cluding the aluminum was 30 pug/cm?. The thick-
ness and uniformity of the uranyl nitrate layer
were determined from the alpha-particle spec-
trum of natural uranium. The spectrum regis-
tered on the uranyl nitrate side is shown in Fig.
2; the spectrum registered on the film side does
not differ essentially. The thickness of the uranyl
nitrate deposit was 320 ug/ cm?. The alpha-parti-
cle energy peaks were used as reference values
in determining the fission fragment energies.

" 476 EMev

FIG. 2. Alpha-particle spectrum of natural uranium
registered on the uranyl nitrate side of the target.

Chuvilo® found that all detected fragments from
a natural uranium target result, to within 1%,
from the fission of U*®, The film-recorded am-
plitudes V; and V, of heavy and light fragments
were proportional to the number of ion pairs pro-
duced by each fragment in the chamber, i.e., they
were proportional to the kinetic energies E; and
E, of the fragments. We have assumed that the
energy required to produce an ion pair is identical
for fragments and alpha particles. We measured
the pulse heights on a flat projection obtained by
means of a photographic enlarger.

Thus each fission event was associated with
two numerical values E; and E,; the indices
1 and 2 pertain to the chambers (chamber 1 was
closer to the synchrotron target). Figure 3
shows Wik = njk /nik max, the distribution (in
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FIG. 3. Topological plot — contour lines of the surface
Wik (E,, E,). The coordinates represent the energies E, and
E, of the two fragments in Mev.

relative units) of the numbers of cases njx of
different pairs of values for E; and E,. Cor-
rections for energy losses in the target amounted
to 5%. Figure 3 also shows lines representing
E,/E, = const. All results are given without cor-
rections for source thickness and the ionization
defect. Errors in the positions of the maxima

in the graphs equal half of the interval width used
in plotting.

RESULTS AND DISCUSSION

The contour lines of the surface Wji were
plotted in Fig. 3 for intervals AWjk = 0.2, thus
revealing only the most general features of the
surface. However, detailed topological informa-
tion is very important for the understanding of
the fission mechanism. Because of the discrete-
ness of the data we studied slices of Wji of
finite width in different directions. We found it
most useful to consider slices formed by planes
parallel to the coordinate planes, perpendicular
to the principal diagonal and to the XY plane,
and by planes perpendicular to the XY plane
and intersecting the latter along lines of constant
E;/E,. We were interested in the dependence of
njx and N =Znjx on E; and E,, i.e., on the
local topology and ‘“‘mass’’ of the slices. We
shall show that the type of slice and N are de-
termined by the limitations imposed on i and k.

The main characteristic of the surface
Wik (E4, Ey) is its mirror symmetry with re-
spect to the vertical plane through the principal
diagonal (E; = E,). This symmetry denotes that
either a heavy or a light fragment is ejected in
a given direction with equal probability.

Any asymmetry of these fragments would
easily be detected in Fig. 4, which represents
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FIG. 4. Photofission fragment yield of U** as a function
of the mass ratio m,/m, = E,/E,.

the total number of cases in slices of type

A (E{/E,) as a function of E{/E,. Figure 3
shows that the most probable fragment energies
are 87 and 61 Mev, while Fig. 4 indicates that
the most probable mass ratio is 1.36. Thus the
ratio of the most probable masses, mj,/m;
=E;/E; = 1.43, does not equal the most prob-
able mass ratio. Similar discrepancies are

found in the neutron-induced fission of UZ2%
U238 5,8

and

If it is assumed that a U?® nucleus loses two
neutrons in each photofission event, the most
probable light and heavy fragment masses will
be 100 and 136, thus agreeing, within the limits
of error, with radiochemical results for 2% 10

A second important characteristic of Wi
is the presence of two pronounced symmetrical
hills having ridge lines parallel to the coordinate
axes. This indicates constancy of the most prob-
able energies E; and Ep, of light and heavy
fragments for different intervals AE; and AE,.

Similar hills have been found on the corre-
sponding surfaces for the neutron-induced fission
of U%5, U233, Pu®*® and Pu®4,5-% and for the spon-
taneous fission of Cf2%2. 11 In these cases the
median lines of the ridges were curves whose
tangents formed small angles with the coordinate
axes. Figure 3 clearly shows that when E;/E,
=m,/m, =const there is considerable spread
of the combined fragment energy ZE =E; + E,
and a smaller spread of the most probable values
of this energy. Figure 5 shows the number of
instances nj; as a function of ZE for different
slices between adjacent planes E,/E; = const.
Between E;/Ey;=1.2 and E;/E, = 1.1 the curves
exhibit two peaks. For larger values of E;/E,
the most probable value of the combined energy,
corresponding to the left-hand peak in Fig. 5, is
reduced. For E;/E, =1.5to 1.4 this peak be-
comes a barely perceptible step, and for E;/E,
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FIG. 5. Total fragment (kinetic) energy SE =E, + E, in
U*® photofission for different mass ratios E,/E,.

=1.6 to 1.5 it disappears completely. The right-
hand peak, which is just noticeable for E;/E,
=1.1to 1.0, is gradually transformed into the
only peak with the change of E;/E, from 1.6 —
1.5 to 1.9—1.8.

Wahl!? has observed a similar characteristic
of the combined-energy distribution for Uu2h
fission induced by 14-Mev neutrons, although a
clear separation of the two peaks was not ob-
served.

The left-hand peak of the curves in Fig. 5 re-
sults from the existence of a bridge connecting
the two hills of the Wji surface. This bridge
is absent in the spontaneous fission of Cf*? and
slow-neutron fission of U2¥ but appears with
increasing energy of the neutrons that induce
U?% fission. Fission in which the points of the
Wjk surface are on the bridge is often called
symmetric. We note, however, that not only
actually symmetric fission, but many asym-
metric fissions are represented by points near
the bridge.

Figure 6 shows the total number of fission
events corresponding to vertical slices of ZE
= const at 3-Mev intervals. The most probable
value, ZEpr, was 150 Mev. It is interesting that
the bridge on the Wjk surface is most pro-
nounced for ZE < ZEpp.

We shall now consider the total number of
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FIG. 6. Total fragment energy from photofission of U***.

fissions as a function of E; for E, =const at
1.5 -Mev intervals (Fig. 7). This corresponds

to the measurement of fragment energies in only
one of the two chambers. The dashed curves in
Fig. 7 represent the energy distributions of heavy
and light fragments as determined by means of
both chambers. Our curves are in satisfactory
agreement with reference 3 when a correction for
target absorption is introduced, but differ con-
siderably from reference 2.

Our data also provided us with the energy
spectra of fragments for three intervals of ZE
(Fig. 8). It is here seen that the valley between
the peaks in Fig. 7 does not characterize sym-
metric fission, because each ordinate in Fig. 7
is the sum of the corresponding ordinates for the
three curves in Fig. 8, and a peak of the curve in
Fig. 8c almost coincides with valleys of curves
a and b.

In conclusion, we present a summary of the
quantities that usually characterize the energy
distribution of fission fragments. The authors
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FIG. 7. U** photofission fragment energy E, measured
with a single chamber. The dashed curves represent light and
heavy fragment energies measured separately by means of two

chambers.

FIG. 8. U?** photo- g
fission fragment ener-
gy E, in one chamber
for three different in-
tervals of total frag-
ment energy: a— &@

105 < ZE < 135 Mev; 90

b—-135 < 3E < 165
Mev; c-165 <3E
< 195 Mev.
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