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The ratio of binary to ternary fission in U5 has been measured using solid-state detectors and aluminum
absorbers, for two reactor beams, having cadmium ratios of 30 to 1 and 200 to 1, and for incident neutron
energies of 0.003, 0.0253, 0.08, and 0.3 eV. Furthermore, a new method of measuring this ratio without the
use of absorbers is presented. The results obtained show that the binary-to-ternary fission ratio in U5 is
a constant to a precision of 3% in the energy region between 0.003 and 0.3 eV. The measurements performed
with the two reactor beams, having cadmium ratios of 30 to 1 and 200 to 1, gave for this ratio 518413 and
512414, respectively. The measurement performed without an absorber gave a value of 490420 for the
30-to-1 cadmium-ratio beam. It is concluded that the binary-to-ternary fission ratio in U is a constant in
the energy region considered to within the precision of the present experiment.

I. INTRODUCTION

HE relative probability of ternary fission with
emission of long-range alpha particles in the ther-
mal neutron fission of U%% has been measured by several
investigators.I2 These data are not in good agreement
and there is a considerable spread in the reported re-
sults. It has been suggested® that this variation could
be due to the fact that the probability for this process
varies with the energy of the incident neutron.

The purpose of the present experiment was both to
look for a possible variation, with incident neutron en-
ergy, of the relative probability of ternary fission with
emission of long-range alpha particles, that is, of the
binary-to-ternary fission ratio, in the thermal neutron
fission of U5, and to measure this ratio to a higher pre-
cision than had hitherto been obtained. The measure-
ments performed fall into three groups:

a. Determination of the ratio of binary to ternary
fission for two reactor beams having different cadmium
ratios.

b. Search for a possible variation of this ratio in the
thermal region by performing a relative measurement
of the binary-to-ternary fission ratio in the neutron en-
ergy region betewen 0.003 and 0.3 eV.

c. Measurement of the binary-to-ternary fission ratio
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for reactor neutrons by a new method which permits
the simultaneous determination of this ratio and of the
energy distribution of the long-range alpha particles
without having to correct for the energy loss in air,
aluminum, or other stopping material.!

II. RATIO OF BINARY TO TERNARY FISSION
FOR REACTOR NEUTRONS

The ratio of binary to ternary fission in U%% has been
measured using two neutron beams, from the Brook-
haven National Laboratory graphite reactor, with cad-
mium ratios of 30 to 1 and 200 to 1.2 Care was taken
in both sets of measurements to maintain the same
geometry.

A. Apparatus and Experimental Procedure

The neutron beam was incident on a 1in.X1 in, U%5
target containing 0.5 mg/cm? of highly enriched®® U2s
deposited! on a 0.015-in.-thick aluminum plate. A 300
Q-cm resistivity surface-barrier gold-silicon detector was
mounted 1 cm from the source and out of the neutron
beam. (A 300 Q-cm resistivity detector was employed
for the purpose of counting ternary alpha particles and
not for determining the shape of the energy distribu-
tion.) A 0.696-mil aluminum foil could be placed be-
tween the counter and the source and 4 mm from the
former. The purpose of this foil was to stop all natural
alpha particles and fission fragments from reaching the
detector, while alpha particles of energy greater than
6.2 MeV were detected by the counter. The pulses from
the detector were fed into a low-noise charge-sensitive
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F1c. 1. Experimental arrangement and block diagram of the
associated electronics used to measure the binary-to-ternary
fission ratio with an aluminum absorber.

preamplifier,'® amplified, and recorded on a 400-channel
pulse-height analyzer. The counter and source arrange-
ment are shown in Fig. 1 together with a block diagram
of the associated electronics.

The mode of operation was as follows : With the 0.696-
mil aluminum foil removed, the binary fission events
were recorded in the analyzer for a preset time. The
aluminum foil was then inserted between the counter
and the source. Ternary alpha particles were then re-
corded for a preset time. The aluminum between the
counter and the source was then removed and a new
cycle started. The cycle was repeated until the desired
statistics were obtained.

Before and after a ternary fission run, the natural
alpha spectrum from the source was recorded. This
measurement served two purposes. It calibrated the
energy scale of the system, and checked the stability
of the equipment during the ternary fission runs. Once
the calibration was obtained and proper corrections
made, the ratio of counts, normalized to time, with and
without the aluminum foil, between the source and de-
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F16. 2. The fission-fragment distribution obtained from
an 0.5-mg/cm?-thick U foil.
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tector, yielded the ratio of binary to ternary fission for
the energy distribution of the neutron beam.

B. Results

A typical spectrum of a fission distribution obtained
is shown in Fig. 2. As can be seen from this figure, the
high resolution of the detector for fission fragments per-
mits an accurate determination of the number of fission
fragments incident upon the counter. In a binary fission
event either of the two heavy fragments may be de-
tected, whereas in ternary fission only the ternary alpha
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F16. 3. The alpha particle spectrum from ternary fission using
an 0.696-mil aluminum absorber to filter out the fission fragments
and the natural alpha particles in a detector whose depletion layer
is too thin to stop the most energetic alpha particles.

particle can pass through the absorber foil. Thus, the
observed binary fission rate has to be corrected by this
factor in order to obtain the desired binary-to-ternary
fission ratio.

Figure 3 shows the distribution (with a U2 calibra-
tion line) obtained in a typical ternary alpha run. As
can be seen from this figure, this distribution is obscured
below 5 MeV by background which arises from the in-
teraction with the aluminum foil and the counter ma-
terial of both the neutrons and gamma rays associated
with the fission process. Furthermore, because of the
shallow depletion layer of the counter, alpha particles.
of energy greater than 11 MeV “pile up” at this energy.
The distortion in the distribution due to this effect is
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TaBLE I. Ratio of binary to ternary fission for two reactor
beams of different cadmium ratios.
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unimportant as long as there is a clear boundary be-
tween the ternary alpha particles and the background
below 5§ MeV.

The unresolved tail in the ternary alpha distribution
below 5 MeV (shaded area in Fig. 3) accounts for ap-
proximately 29, of the total distribution and contri-
butes the main error in the determination of the total
number of long-range alpha particles detected.

The ratio of binary to ternary fission obtained from
the measurements performed with both reactor beams
are shown in Table I. The errors quoted result from both
the unresolved low-energy portion of the spectrum and
from the statistical error.
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Fi16. 4. Schematic diagram of the experimental arrangement
used on the Columbia University crystal spectrometer.

III. RATIO OF BINARY TO TERNARY FISSION IN THE
NEUTRON ENERGY REGION BETWEEN
0.003 AND 0.3 eV

The dependence of the probability of emission of long-
range alpha particles on the energy of the incident neu-
trons in the thermal region was investigated by making
a relative measurement of the binary-to-ternary fission
ratio for incident neutron energies of 0.003, 0.0253, 0.08,
and 0.3 eV, respectively.

A. Apparatus and Experimental Procedure

The Columbia University crystal spectrometer! at
the Brookhaven National Laboratory graphite reactor
was used to measure the binary-to-ternary fission ratio
at incident neutron energies of 0.0253, 0.08, and 0.3 eV.
These measurements were performed with the same de-
tector and source arrangement used in the measure-
ments of Sec. II which were placed on the spectrometer
arm. The counting procedure employed at the selected
neutron energies was the same except that a BF; counter
was used, in addition, to continuously monitor the neu-
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F16. 5. Schematic diagram of the experimental arrangement used
to obtain the ratio of binary to ternary fission at 0.003 eV.

tron beam so that corrections could be made for reactor
fluctuations. A mechanical monochromator’1® was em-
ployed to eliminate order contamination in the neutron
beam (Fig. 4).

The measurement of the binary-to-ternary fission
ratio at 0.003 eV was also performed on the spectrom-
eter arm so as to preserve the same beam geometry (slit
arrangement), except that the direct beam was used in
conjunction with a beryllium filter®® at liquid-nitrogen
temperature and a mechanical monochromator!”8 to
select the desired neutron energy. This experimental
arrangement is shown in Fig. 5. The measurement was
performed with the same detector and source arrange-
ment as on the spectrometer runs, and the same count-
ing procedure was employed.

B. Results

The fission and long-range alpha particle distribu-
tions obtained were similar to those shown in Figs. 2 and
3, respectively. The relative values of the binary-to-
ternary fission ratio were obtained by taking, at each
neutron energy, the ratio of the total number of fission
events to the number of counts above 7 MeV in the
corresponding ternary alpha spectrum. This restriction
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. Fic. 6. Deviation of the binary-to-ternary fission ratio from
3;% mean value in the neutron energy region between 0.003 and
.3 eV.
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on the ternary spectrum was imposed so that no cor-
rection would be necessary for the background present
below 5 MeV. The only corrections made were, there-
fore, for the small fluctuations in the reactor beam
intensity.

The results obtained are shown in Fig. 6. This figure
illustrates the deviation of the binary-to-ternary fission
ratio from its mean value in the neutron energy region
between 0.003 and 0.3 eV. The errors indicated result
entirely from the statistical error.

IV. MEASUREMENT OF THE RATIO OF BINARY TO
TERNARY FISSION FOR REACTOR NEUTRONS
USING AN ANTICOINCIDENCE METHOD

The excellent geometry provided by solid-state de-
tectors has led to a new method of measuring the binary-
to-ternary fission ratio.

A. Apparatus and Experimental Procedure

A thin VYNS foil of effective thickness 8 pg/cm?
coated by evaporation with® 80 pg/cm? U5 was
mounted between two surface-barrier gold-silicon detec-
tors in a vacuum chamber. A neutron beam from the
Brookhaven National Laboratory graphite reactor, with
a cadmium ratio of 30 to 1, was incident upon the foil.
This counter and foil arrangement, together with a
block diagram of the associated electronics, are shown
in Fig. 7. Of the two detectors used, one (the ternary
alpha detector) had a resistivity of 3000 Q-cm and was
capable of detecting alpha particles of energy greater
than 30 MeV ; the other (the fission detector) had a 300
Q-cm resistivity. These two detectors were so placed
~ with respect to the foil that all fission fragments inci-
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F16. 7. Experimental arrangement and block diagram of the
associated electronics used in the coincidence-anticoincidence
method.
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T16. 8. Distribution of ternary alpha particles obtained
with the anticoincidence technique.

dent upon the alpha detector had their corresponding
fragments incident upon the fission detector, i.e., a
shadow detector. Furthermore, since long-range alpha
particles are emitted within the range of angles 90°+60°
with respect to the line of emission of the fission frag-
ments,” the two detectors were arranged so that for any
long-range alpha particle incident on the ternary alpha
detector the associated fission fragments would fall out-
side both detectors. The pulses from the alpha detector
were recorded on a 400-channel pulse-height analyzer. A
gate from a coincidence-anticoincidence circuit, which
demanded coincidence or anticoincidence between the
alpha and fission counters, triggered the analyzer.

The mode of operation was as follows: To prevent
the recording of the fission fragments in the ternary
alpha detector an anticoincidence condition was de-
manded between the alpha detector and the fission de-
tector, while, to prevent the recording of the long-range
alpha particles in the ternary alpha detector, a coinci-
dence condition was demanded between the alpha detec-
tor and the fission detector. The ratio of binary to
ternary fission was then determined from measurements
of the pulse spectrum of the ternary alpha detector with
a coincidence and with an anticoincidence requirement.

B. Results

The measurements performed with the anticoinci-
dence arrangement described above is shown in Fig. 8.
As can be seen from this figure, the ternary alpha distri-
bution is limited below 6 MeV by the natural alpha
particles from the target. This arises from the fact that
the natural alpha particles from the source fulfil the
anticoincidence condition. To minimize this effect,
highly enriched U%5 was used. A typical fission distri-
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Fi1G. 9. Fission-fragment distribution obtained with the
coincidence technique.

bution obtained with the coincidence requirement is
shown in Fig. 9.

The binary-to-ternary fission ratio obtained with this
method is 490-£20. The error quoted results from that
part of the spectrum hidden by the natural alphas and
from the statistical error.
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V. DISCUSSION OF RESULTS

The results of the present experiment show no varia-
tion in the binary-to-ternary fission ratio in U5 for the
two neutron beams used, the energies considered, or for
the two different methods employed in obtaining the
data. These values are in good agreement with the latest
value for thermal neutrons obtained by Nobles.”® Fur-
thermore, the measurements performed at the four neu-
tron energies confirm the results of Auclair® and Genin
et al.? for this same region.

It is therefore concluded that, for the energy range
considered, the ratio of binary to ternary fission in U5
is a constant within the precision of the present experi-
ment. The considerable spread in the reported results
for this ratio in this energy region cannot be explained
by assuming that it varies with the energy of the inci-
dent neutrons.
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