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ABSTRACT

The ratio of fission yields from thick and
thin 0235 targets was measured in the energy region
where resonances can be resolved in order to measure
the variation in the kinetic energy distribution of
fission fragments from resonance to resonance. Also,
the ternary alpha yleld from a thick U235 sample was
compared with the thin U°>° foil binary fission yield
for several resonances as a measure of the variation
of the yield of ternary alphas per fission from level
to level. 1In each set of results differences in the
ratios were observed far outside the errors. The
data were found to be incompatable with a single
average value on the basis of a Chi-square test.
The data for each set were compatable with two
values of the ratios suggesting a grouping which
may correspond to the two possible J values of the
resonances.

Our assignments of the resonances to two groups,
made on the basis of variation in kinetic energy

distribution of fission fragments, agree well with

the assignments made by Cowan, et. al. from the radio-




chemical measurements on symmetric fission for
those levels with definite assignments in both
sets of data. A definite physical interpretation
of the results of relative variation of ternary
alpha yileld from resonance to resonance could not

be made because of the lack of measurements on

ternary alpha yleld with a thin U target.
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I. Introduction

The term fission embraces a number of
assoclated processes. The most common and syste-
matically studied of these is binary fission, in
which the nucleus divides into two fragments of
comparable size., Binary fission does not occur
with a unique division of the masses; on the
contrary, a wide range of fragment masses 1s
observed. In low energy neutron induced fission,
the most probable mass splitting 1s that 1into
two unequal fragments, and the yleld for fragments
of equal mass 1s very low. There are thus two
groups of fragments formed, a light group and a
heavy group, which give rise to the double-
humped mass distribution curve. The valley
between the two peaks represents symmetric fission,
corresponding to the equal mass split.

Although the Bohr and Wheeler(l) liquid drop
model of fission does not rule out the possibility
of fission into three fragments of roughly equal
masses, as suggested by Present(22 indications are
that only rarely (perhaps once in 10)+ or less) 1is
there divislon into three large fragments(B).
Another kind of tripartite fisslon was observed

by Alvarez(u) in the case of slow neutron fission

of U235 where a long range light nucleus is




emlitted in coincidence with two heavy fragments

of the conventional type. The work of Allen and
Dewan(5), and Fulmer and Cohen(6) established that
the long range particles produced in fisslon are
alpha particles in the overwhelming majority of cases.
It has been reported that other particles (p, 4, H3,
He3) also occur as the third particle in tripartite
fission, but there 1s a great deal of evidence(7) to
show that such fisslion 1ls extremely rare.

The mode of fission, where a long range alpha
particle is emitted along with the two heavy frag-
ments, will be referred in this work as "ternary
fission", and the long range alpha particles as
"ternary alphas". The emission of ternary alpha
particles in fission has been studied by many
investigators, and the results are summarized in
the reviews by Hyde(B), Halpern(9) and Perfilov(lo).
The alpha partilcles emitted in U235 fission have an
energy spectrum extending up to 29 MeV, with a broad
peak at 15 MeV. The angular distribution of the
alpha particles shows a strong peaking at an angle
a few degrees less than 900 with respect to the
direction of the lighter of the two fragments.

These observations on the energy and the angular

(11)

distributions are consistent with the picture

in which the alpha particle is emitted from a
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region between the fragments and not emitted by
the moving fragments.

Ternary fission has so far not been studied
as extensively as other aspects of fission, perhaps
because of its low probability (typically one alpha
particle in several hundred fissions). Nevertheless,
because of the time and place at which the alpha
particles are supposed to be emitted, an investi-
gation of ternary fission is expected to contribute
to our understanding of the actual scission stage
in nuclear fission.

All of thils is by way of introduction to the
motivation for thls work which was the search for
methods of determining J values of resonance levels.
All nuclei having non-zero spin (I), can form, with
the addition of an S wave neutron, compound nuclel
with two possible values of angular momentum, de-
noted by J = I + %. For example, U-22, with a
nuclear spin of 7/27, can form a compound nucleus
with J = 3 or J = 47, The measurement of the
angular momenta associated with slow neutron reson-
ances 1s desirable in order to study any property
of a series of levels of a given nucleus, e.g. to
investigate the statistical properties of nuclear

levels, or to test the spin assignments made in

multilevel fits to the cross-section data. Two




basic methods of determining J values are avail-
able: (1) measurement of the total cross-section

of polarized nuclel with polarized neutrons, and

(2) measurement of the resonance scattering and

the total cross-section at the resonance peak.

The first is limited to neutron energies at or

near the thermal reglon. No application of this
technique to fissile nuclides has yet been reported.
Measurements of neutron resonance scattering have

239 (12)

been successfully carried out on Pu s, Where

spins have been assigned to eight levels. Though
this method can be applied in principle to any
fissile target, in practice the small amount of
resonance scattering and large number of fast
neutrons produced in fission make 1t very impract-
ical. Therefore, it was desirable to look for a
more practical method.

It was proposed by Bohr(lz) that the nucleus
at the saddle point configuration should be cold
as the major part of its energy is bound in poten-
tial energy of deformation and so it should have
well defined nuclear states similar to ones of nuclei
at their equilibrium deformation. This would imply
that the fission process 1s a few channel process

rather than the many channel process which had

previously been assumed. Thus, many of the




characteristics of fission should be strongly
influenced by the specific fission channel through
which fission occurs. This was followed by a

(1&) that the ratio of

suggestion from Uheeler
asymmetric to symmetric fission yields might

depend upon the J values of the resonances. This
suggestion initiated a large number of experiments
to study the shape of the mass yield curve when
fission is induced with neutrons of resonance
energy. Radiochemical measurements did show
differences in the ratio of asymmetric to symmetric
fission for the few resonances studied(15), com-
pared to the same ratio for thermal neutrons; the
largest by far is a factor of five in the case of
the 0.3 ev level of Pu239. This measurement was
confirmed by the Oak-Ridge group(16) using a
back-to-back fission chamber arrangement. For U235
the effect was only about 20%. All of these measure-
ments were confined to neutron energles of a few
electron volts. The only extensive information

on mass asymmetry is provided by Cowan, et. al.(17)
for U235 from the "spinning-wheel" experiment,
utilizing a nuclear bomb explosion as an intense
neutron source. A>rotating wheel faced with U235

was exposed to the neutrons from the explosion

290.5 meters away and later analized radio-
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chemically. In this work a number of resonances
were definitely assigned to two groups, one having
a smaller and one having a larger peak-to-valley
ratio (asymmetric to symmetric fission ratio) than
1s observed in thermal fission of U°-°. This
grouping could correspond to two different spin
states.

With the advent of solid state detectors, and
the availability of high intensity of neutron bursts
from the Nevls synchrocyclotron, we thought it might
be feaslble to observe the mass distribution for
a large number of levels in the resonance region,
using large arrays of detectors 1n a back-to-back
fisslon chamber arrangement. However, it was found
subsequently by other groups that solid state detec;
tors were not adequate for detecting the small
changes expected for U235. The reason for this
arises from the fact that symmetric fission (which
comprises the valley of the double humped mass-dist-
ribution curve) is usually a small fraction of the
total number of events. A low energy tail in the
resolution function (along with the inherent
resolution))as well as absorption in the source
and 1n the dead layer* distorts this valley. It

is hard to observe small changes in symmetric

* Explained in Appendix 5,

-
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fission yields in the presence of these extraneous
effects. Nevertheless, some preliminary measure-
ments were made with the intention of applying the
method to Pu239, where the expected effects are
larger, and to apply some other ideas, to be
discussed below, which call for looking at the
extreme asymmetric fission region in order to achleve
the same objective.

Symmetric fission has frequently been
considered(18) to be a different mode of fission
from asymmetric so that the relative proportion of
the two modes may vary with the J value. An
alternative explanation of thig variation, at low
excitation energles, can be given without postul-
ating two fission modes. If we examine the dist-
ribution of total kinetic energy (the sum of the
kinetic energles of the two fragments) and the
mass distribution of the fragments for various
values of total kinetic energy, as shown in
figure 1, we see that the widths of the mass
distribution curves and hence the relative yileld
of symmetric fission lncreases with decreasing
total energy. Thus the symmetry of fission should
be correlated with the total kinetic energy dist-
ribution of fission fragments. For example, if the
total kinetic energy distributions for the different
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J values had the same shape but the peak energy were
slightly displaced from each other, the distribution
of lower mean energy would have a larger contribution
of low energy flsslon and hence a higher proportion
of symmetric fission. Also, the effects on the
total kinetic energy distribution should reflect
themselves on single fragment kinetic energy dist-
ribution. These ideas were proposed by Dr. Edward
Melkonian at the Washington A.P.S. Meetings of 1963.
Gulded by the above considerations, measurements
were made to look for a possible J dependence in the
kinetic energy distribution of fission fragments,
using the following fact. The ylelds of fission
fragments from a thick foil of uranium (thickness
much greater than the range of fission fragments)
1s proportional to the range of the fragments (as
shown in Appendix 2). Thus, if the mean of the
kinetlc energy distribution shifts towards higher
energy and/br the distribution becomes broader,
for the resonances corresponding to one particular
J value, 1t would show an effect of increased
fission yileld from thick uranium target, as
compared with the yleld from a thin target where
the fission fragment energy does not effect the
yleld. This approach has two advantages: (1) it
calls for measurements on a thick U target and thus

gives high yield, and (2) it requires only one



detector set. Although matching of individual
detectors in the set 1s necessary to ensure a
uniform energy discrimination on all detectors,
resolution requirements are not so severe as in
back-to-back arrangement.

The ideas, outlined above, have another
implication which can be useful., Although increa-
sed symmetric fission does indeed arise from an
increase in low energy fission, the yield of
extreme asymmetric fission should also increase,
due to the broadening of the low energy mass
yield curves. Radiochemically deduced mass yleld
curves for various isotopes at different incident
particle energies show a trend in this direction.
The practical application of this idea 1is that while
the symmetric region is very narrow and easlly
contaminated, the extreme regions are better
separated, and thus may be easier to study
experimentally. This particular application
will best be demonstrated by the planned measure-
ments on Pu239 using back-to-back chamber, which
were not implemented in the present set of
measurements.

As a completely different approach it
appeared as an interesting possibility that the
ternary alpha emission might show some correlation

with spin of the resonances. There was some
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“indication that the alpha yleld is higher for
symmetrlic than for asymmetric fission(19). The
ternary alpha yield was measured as a function of
neutron energy in the resonance range where we
could cover several resonances, presumably of
different spin values, thus studying the effect
of spin on ternary alpha emission and the
connection of alpha emission with the symmetry
of fission.
Three measurements were made, as functions of

neutron time-of-flight:

(1) the yleld of fission fragments from
a thin (EOOllgm/cme) source of U2, giving a
measure of the fission cross-section.

(2) the yield of fission fragments from
a thick foil of U->° (0.005", much thicker than
the range of fisslon fragments in U), giving
when combined with (1), an indication of a
possible variation of the fission fragment
energy distribution from level to level, and

(3) the yield of long range alpha
particles from the same thick source as in (2)
but covered with 6.5 mg/cm> Ad to absorb the
fission fragments and the natural alphas from U,
giving when combined with (1), a measure of the
variation of the yield of long range alpha

particles per fission from level to level.



ll.

The variations in (3) could be expected
because of two possibilities:

(a) the ternary fission probability may
vary from resonance to resonance.

(v) the ternary alpha energy spectrum
may differ from one resonance to other. Although
at the time of this experiment there was no experi-
mental clue for this, a very recent measurement
of Michaudon, et. al.(Bl) has given some indi-
cation of this type of variation. This effect
will produce a variation in the ternary alpha
yleld for thick U target, the reason being the
same as explained above for fission fragments.
The disentanglement of these two effects requires
an additional measurement of ternary alpha yleld
for a thin uranium target, which was not carried
out because the intensity was too low.

The pulse height information was also
recorded for each of these three measurements.
Along with the yleld measurements, some prelim-
inary work was also done with two sets of solid
state detectors, in back-to-back arrangement,
recording the energies of both the fission frag-
ments from U= (deposited on one set), as a
function of the energy of the neutron inducing the

fission event.




II. Experimental Equipment
A, Neutron Spectrometer

Time-of-flight neutron spectroscopy was
used to study binary and ternary fission yie

a function of neutron energy. A schematic d

12.

lds as

lagram

of the apparatus used in the experiment is shown

in Figure (2). The Columbia University Nevi
Synchrocyclotron, which is pulsed at 60 cyecl
per second, was used as the pulsed neutron s
The 350 MeV proton beam is deflected into a
inch lead target, which boils of several “ev

oration" neutrons of about 1-10 MeV energy p

s
es
ource.
3/4
ap-

er

proton, producing a burst of neutrons (the bulk

of the intensity 1s concentrated into 20 nan

second burst). The instantaneous evaporation

neutron intensilty i1s about 5 X 1018 neutrons

O=

per second. The neutrons are moderated using a

~1" thick polyethylene sheet. The system ha
(20)

described in detail . A short flight path

(~10 meters) was used to achieve reasonable

counting rates.
B. Detector

Semiconductor detectors were used be
they have several advantages over other dete

To obtaln maximum efficiency the detectors h

s been

cause
ctors.

ave to
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cover the whole beam area, which is 4" X 8" at
~10 meters, As yet, effective junction areas
have been limited largely by the dimensions of
available silicon crystals of adequate purity.
The biggest ingot size available (1% inch dia-
meter discs) was procured and the large effective

detector area was obtained through use of a form

of mosalc, Considering the problems and compli-
cations associlated with having all detectorf in
parallel, or all detectors in series a compromise
between the two was used. The detectors were
connected electrically in six sets of three
detectors 1in parallel and the resulting set

were then connected in series. One particular
detector assembly connected this way with leads
taken out from the six sets i1s shown in Figure
(3). Our detector array simulates a single

large detector and only one preamplifier was used
with 1t. The problem of assembling the array to
cover the whole beam area was not trivial and great
care was devoted to obtain a reasonable uniformity
of response throughout the effective area. This
required matching of all the detectors in the
array, so that the output signal obtained for a
monoenergetic source 1s independent of the det-

ector receiving the particle. The detector‘

fabrication technique, response to a-particles




and fission fragments, different type of
arrays, and the matching is discussed in de

in Appendices (3), (4) and (6).
C. Fission-Chamber

A fission chamber was constructed t
the full 4 in. X 8 in. size of the neutron
at the detector position at ~10 meters. Th

chamber consists of an evacuated enclosure

high, 15 in., wide, and 12 in. along the beam

tail

o us
beam
e

9 in

direction, made of aluminum with thin windows

in front and back. It 1s flanked by two
electrically shielded enclosures for making
electrical connections, attaching preamplif
etc. as shown in Figure (4). Inside the ch
there is provision for mounting several ban
surface barrier detectors. One bank of det
mounted in the chamber i1s shown in Figure (
The leads from the detector are taken from
to the electrically shielded enclosures thr
stupikoff vacuum seals, Figure (5).

The chamber is surrounded with cadm
to reduce the background due to low energy
neutrons, scattered by nearby objects in th

experimental area.

iers

ks o

L.
vacu

ough

ium

(4]

A "Voltage-sensitive" preamplifier was

used with the detector array instead of a

14,

S

e

3

amber

f

ectors

um
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"charge-sensitive” one (which are generally used
with the semiconductor detectors) because the
charge-sensitive configuration loses its charac-
teristic (output independent of the detector
capacitance) when the detectors connected in
serles are used (Appendix 7).

An RIDL Three Parameter Data Acquisition
System, hereafter called a Three Parameter System
or 3PS, was used to record the energies of the
fisslon fragments (or ternary alphas) as well
as the time-of-flight of the neutron which caused
the fission event. This system is described in
Appendix (9). The system uses a "Address~-recording"
where the information is punched on paper tape

event by event using a mechanical punch.
D, Timing Circuit

One unit of the 3PS i1s used to measure
neutron time:of-flight. For this purpose the |
A.D.C. of this unit is disconnected and only the
scalers are used. The time interval between the
neutron burst "START" and detector "STOP" pulses
is measured. This is done by counting the number
of cycles of some fixed frequency that occur between
"START" and "STOP" pulses.

The technique involves the use of a free

running oscillator, of a frequency higher than the
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desired frequency, for fundamental timing {an

80 mc crystal oscillator is used), This in
conjunction with a gated frequency dividing
circuit(el), (Figure 6),which provides the
gating feature and integrally divided output of
the desired frequency, yields a trailn of stable
timing pulses (in our case 20 mc pulses). The
result is a "quasi-pulsed crystal oscillator"
which has the frequency stability of the crystal
osclllator and starts coherently with a gating
signal to within one period of the crystal
oscillator frequency.

The block dlagram of the circuit is
shown in Figure (7). The start pulse triggers
a univibrator Ul., The output from Ul passes
through the gate G2, if there is no busy signal
from the analyzer, and flips the gating flip-
flop F4. When the detector stop pulse arrives,
it fires U2, which then fires U3. The output
from U3 resets the gating flip-flop. If des-
ired, the neutron burst start and detector stop
pulses can be delayed by choosing the widths and
polarities of the Ul and U2 output pulses. The
widths of the pulse from the gating flip-flop
determines the time for which the gated freq-

uency divider sends out 20 mc pulses. These



20 mc time signals pass through three flip-flop
stages and the 2.5 mc output thus obtained goes
to the 3PS scalers to be counted in four scaler
boards providing 10)+ channels. The information
collected on the three flip-flops i1s transferred
to the spare scaler board in the 3PS and is
punched on the paper tape along with the infor-
mation collected on other scaler boards. If the
information from these three flip-flop stages

1s ignored the analyzer provides .4 psec channel
width. The additional timing information collected
on the flip-flops reduces the channel width to
50 nsecs.

If a neutron burst does not produce any
fission event the overflow signal from the 3PS acts
as an artificial stop pulse, 4 msec after the start
pulse (the 4 msec arises from 10,000 channels in
the system, each corresponding to .4 usec).

Besides providing timing information as
explained above, the circuit performs several
other functions:

(a) It insures inactivity of the "pulsed-
osclllator" while the 3PS 1is busy with pulse
analysis or data punching. During this time the
busy signal inhibits the operation of G2, so that
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no start pulses get through the circuit.

(b) It provides a reset pulse to all
the scalers. Since the reset pulse 1s taken from
the output of G2, resetting 1s done just before
the arrival of the start pulse.

(¢) It provides a prompt gate signal for
the 3PS, as lndicated in the diagram.

(d) It provides a "strobe" pulse, which
enables the parallel transfer from the flip-flops
to the spare scaler board in the three-parameter

system,
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ITI. Experimental Details
A, Measurements

The measurements made fall into three
groups:

(1) Measurement of the yield of fragments
in the fission of U235, as a function of neutron
energy, for a thick uranium target (.005" thick,
which 1s equivalent to ~240 mg/ep?).

(2) Measurement of the yileld of the long
range particles emitted in the fission of U235,
as a function of energy of neutron producing
ternary fission. The same uranium target was
used for this measurement as in (1).

(3) The yleld of fission fragments from a
thin (200 pgm/cp°) source of U235, gilving a
measure of the fission cross-section as a function
of neutron energy.

The schematic diagram of the experimental
arrangement is shown in Figure (2). The fission
chamber contained a bank of surface barrier
detectors facing a 200 ugm/cmg 2o deposit,
on aluminium (.015"), followed by another bank
of surface barrier detectors facing the thick
uranium target. The set§up in the figure shows
the arrangement used during the thick uranium

fission yield measurements. When a fission
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fragment was detected, the detector bank gave

a pulse which was amplified by a gain 200 voltage
sensitive preamplifier. Then the signal was
diverted into two channels. The signal in one
channel was amplified and sent to ADC 2 for the
recording of pulse height information, while in
the other channel it was sent to a fast distributed
amplifier through an emitter follower. The ampli-
fled signal was sent to the timing circuit as a
detector stop pulse. When 1t received the detec-
tor stop pulse, the timing circult produced a
gating signal which was sent to the 3PS as a
"Prompt-Gate".

During this time interval when the prompt
gate slgnal was present, the 3PS recorded the
time-of-flight of the neutron which induced the
event, in the first parameter (as explained in
the description of the timing circuit) and the
pulse height of the fisslon fragment in A.D.C. 2.
The third A.D.C. was not used in these measurements
When the next neutron burst started, a pulse
sdpplied from the timing circuit reset all the
scalers Iin the 3PS, thus making 1t ready to
receive the next filssion event,

The discriminator bias in both channels was

adjusted to be the same. It was set at a very
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high level, for these thick U measurements
(~80 MeV), to keep the counting rates low enough
to be handled by the Tally punch and avoid the
problem of dead time correction. Thus, only
very high energy fisslion fragments were recorded.
For the ternary alpha yileld measurements an
aluminium foil, 6.5 mg/cm2 thick, was placed
between the detectors and the uranium foil.
This thickness of aluminium was enough to absorb
the fission fragments and the natural alpha par-
ticles from uranium, so that the detectors saw
only the long-range particles emitted in the
fission. In our measurement we counted all the
particles which were not absorbed in 6.5 mg/bme
thick aluminium and did not distinguish between
various kinds of particles. However, as was
mentioned before, these are predominantly ternary
alphas. These ternary alpha particles were recor-
ded 1n the same manner as the fission fragments.
The only difference was that the discriminating
level was set at about 2 MeV, Just above the noilse
level., The detectors were run at the hlghest bias
they could take, 90 volts. Thils was enough to
stop only 12 MeV alpha particles. Because of
this, the pulse height spectrum of alpha particles

as a function of neutron energy could not be too
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meaningful. Nevertheless, the pulse height
information was recorded to observe the vari-
ation of the mean position of the distribution.
For the thin uranium fission yield measure-
ments, connections were made to the preamplifief
from detector B, instead of detector A, Figure (2)
The discriminator blas levels were set just above
the level of the natural alpha particles from the
uranium source. Under these conditions all the
fission fragments emerging from the source in the

direction of detectors were counted.
B, «-Burst

The bremsstrahlung from the lead target
produces a very intense beam of y-rays. Although
some 60 cm thickness of lead and zinc was placed
in line between the lead target and the detectors
to reduce the y;rays, a burst of pulses still
appeared in the first few channels. The signals
were shorted to ground for first few microseconds

to eliminate spurious counts.
C. Time Resolution

The time resolution of the system depends upo:
three factors:
(1) Instrumental resolution: This is the

time uncertainty 1n nanoseconds divided by the

o)
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flight path length in meters. The timing width
depends upon the pulse length of the burst and
the channel width of the analyzer. Although the
data were recorded with 50 nanoseconds channel
width (7) such fine instrumental resolution was
not needed except at high energies, so that for
the final analysis purposes of this report, it
was integrated to T = 0.2 o sec in the computer
to obtain better statistical accuracy (i.e. more
counts per channel). The contribution of the
instrumental resolution to the width (Full width
at half maximum abbreviated as FWHM) of resonance

is given by the relation

AE _ 2AT

[ — -

E T
The flight time, T, 1s related to energy, E, as

T2.3
m R Sl
jiA W p.sec/meter

Thus, for the 10.5 meter flilght path used

(AE) 1yep, = 5.3 X 1074 g2/

(2) Moderation Effect: The slowing down
time of the neutrons coming from the moderator
introduces a smearing of the path length which
was calculated for the beam used for 200 meters
flight path work, to be 3.72 cm(za). Our measure-

ments were made using a side beam hole looking at
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the target at an angle. This increased the
smearing and estimations indicated this effect
to be more 1like 6 cm., The contribution of this
to the width (FWHM) 1s given as

AE _ 28D
E D

where D is the flight path (10.5 meters)

(AE)yop, = 11.4 X 1077 E

(3) Doppler Broadening: The broadening of
the resonances because of the thermal motion of

the uranium nuclei 1s given as (Appendix 1)

_ 1/2
(AE)DOPP. = ,034 E

(This 1s the full width at half maximum)

These effects broaden the widths of the
resonances. The actual width observed 1s the
square root of the sum of the squares of these
three contributions and the inherent total width
of the resonance, I'. Thus, for a resonance, at

an energy E, the expected width is

5 z 5
AE =\/(AE)§NST. + (8o, + (8E)popp, + T (ev)

which 1is

8E = /2.81 X 10°TE? +1.30 X 10 *EP+ 1,16 X 1078 4 12
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Typically the inherent widths of resonances
are negligible, in our work, in comparison to the
other contributions. These are plotted independ-
ently as a function of energy in Flgure (8) to
show their relative importance in different energy

regions.
D. Data Takling and Processing

The measurements presented here were made in
January, 1963, over a period of five weeks runnnng
time on the Nevis cyclotrcn. The actual data
accumulation time was close to 300 hours. During
the experiment the data were recorded, event by
event, on paper tape, each tape ~l1l000 feet long.
The data on one roll of tape, which records
~10,000 events, represented a run. The approx-
imate time taken for the runs were 1% hours,

2% hours and 3 hours for thick U fission, thin

U fission and ternary alpha measurements respect;
ively. Altogether one hundred and thirty two runs
were recorded, which includes about fifteen
exploratory runs of the three parameter measure-
ments (the time taken for these was ~5 hours

per run).

Some preliminary measurements were made
previously in 1961 and 1962 to study the ternary
alpha emission relative to binary fission in the
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resonance energy region. The results showed
variation of relative ternary alpha emission from
resonance to resonancé(23). To get reasonable
intensities only thick uranium targe@s were used,
which made the results open to some questions
which were examined in detail in the 1963 run.

The data of each run was totalized individually
on the IBM 1620 and examined for drifts, etc. Along
with the totalization process the data on tape was
converted to cards. Finally, 1t was transferred
to the magnetic tape using the IBM 1401. The
intermediate step of cards enabled us to make
certain checks without using 7090 computer time,
and also to get partial results during the run
to monitor the taking of data. The final total-
izatlon and the computations were done on the IBM
T090. The whole process 1ls shown symbolically in
Figure (9).

E. Correction for Timing Drifts

While comparing individual runs, some shifts
in the peak positions were observed which were
attributed to drifts in the "Timing Circuit."
These drifts were found to be a combination of a
linear shift (a shift in channel zero (A)) and a
proportional shift (ﬁhift in channel width (T)).
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The data were first corrected for these drifts
and then all equivalent runs were added together.
The correction procedure was the following:

The mean positions of flve isolated resonances
(8.8, 12.39, 19.3, 32.13, 39.5 ev) were determined
and a least squares fitting made to a function
A + 1x to get the two constants A and T for each
individual run. The most consistent set of these
two constants was chosen to be a standard and the
rest of the runs were normalized to match the
standard run. (This was done on the IBM 7090
computer). To improve the accuracy of the normal-
izatlon process the original ~50 ns channel width
data was broken up further into ten grids and the
events were apportioned uniformly among the new
grid channels. This procedure enabled us to work
with an enlarged time scale of artificlally pro-
duced channel width of 5 ns.

After adding the normalized runs together the
high energy fission yield spectrum (200 ev to 1 kev)
was compared with the high resolution measurements
of Michaudon, et. al.(zn), to check whether the
normalilzation procedure produced any distortion
effects in our spectrum. No distortion effects were
found and our fission yield curves were in close

agreement with the Michaudon, et. al. curves.
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IV. Analysis and Results
A. Overall Results

Figures (10) to (13) show the overall results
of the three measurements. In each case, the yleld
is plotted as a function of channel number (time-
of-flight of neutrons). Since the Doppler broad-
ening and time moderation effects are the limiting
factors on the overall resolution and not the
instrumental resolution (Figure T), for the region
between 2 ev to 16 ev, 1t 1s shown with detection
channel T = 1.0 us, Figure (10). The other threé
graphs, which cover the resonances up to ~ 1 KeV,
are plotted with v = 0.2 pus. Although the data
were taken up to the KeV region, the resonances
above ~60 ev are not resolved, so the analysis
was not extended beyond that. On the low energy
side the data extend only to the cadmium cut off
point.

B. Background

Thé background is the sum of all counts not
produced by neutrons which should have arrived in
the time interval considered. The background can
thus be caused by stray slow and fast neutrons
which arrive after being scattered from the
surroundings, by cosmic radiation, and by spurious

noise pulses in the detectors and amplifier, etc.
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C. Analysis of the Yield Measure-

ments and the Final Results.

It was required to find the areas under the
individual peaks for all three measurements to
study the variation in yilelds. The high level
density of U235 made it desirable to use an approach
which considers all levels uniformly and gives
contribution of individual peaks to the yleld curves.
A program was written by Dr. Melkonian, for the IBM
7090 Computer, which does the least square fitting
of the data to resolution broadened Brelt Wigner
peaks. The data supplied to the computer are the
known level positions, the widths of the levels which
are computed from the known perameters discussed
before, and the background function. The outline
of the program 1s as follows:

* The function® minimized 1is

No.of Points No.of Levels 5
‘ B y _
F = ? P, [iy,-(A+ -x-i)g-il Cy ¥, (%, XJ)] (1)

where P, 1s the weighting factor (= —lg-where oy 1is
o

1
error on Yi) associated with each data point Yi’ Yi

represents the number of counts in channel Xi'

A + g-is the background function. The constants A
1

* The interference between the levels was neglected.
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*
‘and B are suppliled. The function Yj 1s the
following:
N - ZI.+y2
where x = 2(E-Eo) ; oy = 2(E'~-Eo) & B = %Q
r r

E 1s the energy of the incoming neutron; E'is the energy

¥ dy (2)

of the neutron relative to the nucleus, & 1s the obser-
ved half width of the resonance at 1/e of the maximum,
and I' 1s the total natural width of the resonance
(r=r

g+ T, F Py).

This function 1is written in the followlng form:

-22 1 1

0
Y=\];~L",;—<{e [1+(x+BZ)2 +1+(x-az)2]dz
where 2 = 22 ¥
=

and evaluated numerically., The value of constants
CJ are determined by minimizing the function F. The
constants CJ giye the helghts of the resonances. The
product of the quantities C and A (width of the
resonance) are used as a parameter proportional to
the area of the resonance.
* The function ¥ has the same form as the Doppler

broadened Breit Wigner resonance function (Appen-
dix 1). The only difference 1s that the observed

width, A, appears in place of the Doppler width.
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The data were divided into several energy
intervals for the curve fitting. For each interval
a constant width of the resonance was chosen, since
the widths do not vary appreciably over the small
energy intervals considered. The program was also
set up to give a plot of the data and the computed
points. One representative computer plot of a small
section 1s shown in Figure (14). Because these plots
from the computer could not be compressed much and
so were hard to present, the results are plotted in
condensed form showing the data and the computed
least squares fits in Figures (15) to (25). Each
graph contains the results of the three measurements.

The following ratios were computed for the

resonances:

_. Area under the ternary alpha peak

R13 ~ Area under the fission yield (Thin U) peak

_ Area under the thick uranium fission yield peak

R23 " Area under the thin uranium fission yield peak

The numbers 1, 2 and 3 are assigned to the ternary
alpha, thick uranium (.005") fission and thin uranium
(200 ugm/cmg) fission data respectively.

The results are listed 1n Table 1, along with
the errors, which were assigned on the basis of the
number of events under each peak. In the last

column the ratic, R 12 of fission yleld from thick

2
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uranium and ternary alpha yleld from the same target
is also listed.

Although all the resonances from 2 ev to 60 ev
were analized, the results are gilven only for the
resonances for which the errors were less than ~15%.
A1l the tabulated ratios are in arbitrary units and
the absolute values of the numbers listed have no
physical significance. We were Interested only in
the relatlve variations from resonance t resonance.

The ratio, R23, in arbitrary units is plotted
for each level as a function of resonance energy in
Figure (26BL to look for the possible variation of
fission fragment energy distribution from resonance to
resonance. The variations observed are far outside
the errors. The data were found to be incompatible
with a single value of the ratlio, on the basis of a
Chi-square test. The data can be made statistically
consistent by taking two values of the ratlos, ~15%
apart, which might correspond to the two possible J
values of the resonances. These values are indicated
in Figure (26-B). Figure (27) displays these results
only for the resonances for which the ratio R23 could
be obtalined with a statistical accuracy of better than
6% to show the separation clearly.

The measured areas under the ternary alpha peaks

and thin uranium fission yleld peaks were used as a
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measure of the variation of the yleld of ternary
alphas per fission from level to level, This ratio
Rl3 1s plotted in arbitrary un}ts as a function of
resonance energy in Figure (26-A). Here again we
find that the data fit two straight lines, on the
basls of Chi-square test, but the difference here
between the two values of the ratios 1s ~12%,

Figure (28) shows a similar graph for the ratio
R21° Although this ratio does not have any direct
physical significance, 1t 1s exhlblted here because
it shows the maximum variation. The variatlons in
this ratio (R21) can be due to the combination of
three effects, variation in fission fragment energy
distribution, in ternary alpha energy distribution
and the variatlons in the ternary fission probab;
11lity from level to level.

Thus, both the ratios R23 and R13 fall into
two groups and the ratio R,q (which 1s the ratio of
Roz and R13) also shows a similar group formation,
but with a little more enhanced separation. The
study of one of these ratios may be a possible way
to assign the resonances to one or the other of the
possible J values.

Considering only the time;of;flight data, from
the three parameter measurements (described in

Appendix 10), we get a fission yleld spectrum as a
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function of neutron energy for a 50 ugm/bmz U
sample. This should be 1dentical with the results
discussed before for flssion yield from thin U
(200 ugm/bmz) because the two thicknesses are
not sufficiently different to produce the type
of effects discussed in the introduction. The
same area analysis was made on this data also
and the ratio of the yield from these two
thicknesses of uranium was computed for all
resonances. The ratilos (R43) 80 obtained fall
on a single straight line, Figure (29). This

gave a good check on our analysis procedure.
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V. Conclusions

The results, on the ternary alpha emission as a
function of energy of neutron inducing the ternary fis-
slon event, have established that the same resonances
appear in both the ternary and bilnary flssion cross-
section curves. No exception to thls has been found.

The variation observed in the ratio of the fis-
sion yields from a thick uranium target and a thin
uranium target shows that the fission fragment energy
distribution differs from resonance to resonance.

The ratlo of the ternary alpha yield (from ,005"
thick uranium) to the binary fission yileld (from 200
ugm/bm2U235 deposit) also shows varlations well outside
the errors, from one resonance to other, In this case a
definite physical interpretation of the result can not
be made. The observed effect can be caused either by
actual variation of the ternary fission probabllity or
by variations i1n the ternary alpha energy spectrum from
resonance to resonance or combination of the two effects.
To differentlate between these two effects one has to
make ternary alpha measurements with a thin uranium
sample also. This was not done because of the very low
probability of the process.

Recently, the probability of ternary fission of
U233 was measured by Panov(25) in the 1-10 ev neutron
energy region and he concluded that the probability of
ternary fission for U233 1s constant within statistical

error limits (~8%). If this conclusion can be extended
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to U235, it suggests that the effects we observed are
due to the differences in the energy distribution of the
ternary alpha particles. An indication of this type of
variation is exhibited in the data shown in Fig. (A-9).

Following the publication of our initial resultsczﬁ
on the varlation of ternary alpha yleld from thick U sam-
ple, Michaudon and co-workers(26)in Saclay studied ter-
nary alpha emission for 11 resonances between 3 and 21 ev.
The conclusions they have reached are: (1) the ternary
fission probability varies from resonance to resonance,
and (2) the alpha particle spectrum differs from one re-
sonance to other., These concluslons are in agreement with
our results, but quantitative figures for Michaudon et.al.
measurements were not available for detalled comparison.

It 1s seen that the varlations are much larger when
the ylelds of ternary alphas and fission fragments are
both measured for thick uranium sample, Figure (28). This
can be explained by postulating that the differences 1n
the energy distributions of the ternary alphas and the

fission fragments go in opposite directions.
The pulse height spectrum from thick uranium fis-

sion, (Figure A-10) where only the high energy part of the
spectrum was recorded, shows some variations, whereas the
mean of the total kinetic energy distribution,Figure (A-11)
does not show any significant variation outside the stat-
istlcal errors. This indicates that probably the width of
energy distribution changes while the mean position does

not. Better measurements are planned to study this in
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more detail.

Two strailght line fitting of all the three sets
of ratlos glve an indication that the variations can
be classified into two groups, which could correspond
to two different spin states of the resonances.

Comparison is made with the measurements of
Cowan, et. al.(17) where the ratio of symmetric to
asymmetric fission yleld was measured from 8.8 ev
to 40 ev for several resonances. They compared the
probability of symmetric fission in U235 for various
resonances with the probability of symmetric fission
at thermal energles. In thelr results four levels
showed an increase in symmetry and thilrteen levels
showed a decrease in symmetry. The assignment of
Cowan, et., al. are marked with letters L and H
(L, H meaning low and high symmetric fission
respectively; primes denote uncertain assignments),
in Figure (26) for comparison. For direct comparison
the ratio, Ry ( = thick U yield/thin U yleld) and
our assignments are also listed in Table 2 along with
Cowan, et., al. assignments, for the resonances
studied by them, There are seven levels for which
both groups (Cowan's and ours) obtained definite
results and for these levels the grouping of levels
into two classes is l1dentical. According to the
plcture discussed in the introduction relative yield

of symmetric fission increases with decreasing total
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energy. This effect of decrease 1in total energy will
produce the effect of decrease in yield for thick U
sample. Thus the increase in symmetric fission
corresponds to a lower ratio of thick U to thin U
fission in our case,

Thls agreement justifies the assumption made by
Dr. Melkonlan in his semiempirical picture that
each value of total kinetic-energy release impliles a
fairly definite relative symmetric mass yileld, so
that any variation in overall relative symmetric
mass yleld must arise from variations in the total
kinetilc-energy distribution.

Our results on ternary alpha yield do not cor-
relate well with the assignments of Cowan, et. al.

As was pointed out before that there 1s some evidence
that the alpha particle energy distribution varies
from level to level, so that with a thick source

as used here for ternary alpha measurements, the
results obtained reflect this effect as well as a
possible variation in ternary fission probability.

The resonance which we believe have been ident-
1flied to one or the other group with considerable
statistical accuracy (Figure 27) are following:

(1) 3.16, 19.3, 21.1, and 32.13 ev corresponding

to a higher mean kinetic energy.
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(2) 3.6, 6.4, 8.78, 12.39, 33.6, 34.45, 35.25,
and 39.5 ev corresponding to a lower mean kinetic
energy.

The two groups posslbly correspond to two
different spin states (J = 3 or 4) of the compound
nucleus U236. The absolute values of J can not be
assigned unless the J value is known of at least one

resonance level.,
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APPENDIX 1

Single Level Breit-Wigner For-

mula and the Doppler Broadening

For a single isolated resonance the fission
cross-section, Op, 88 @ function of neutron energy,
E, is given by the Breit-Wigner single level formula

= 7% 8TInTlr
(E-Eo)2 + I'2/y

Op

where 27X is the neutron DeBroglie wavelength, Pn

and I', the partial widths for scattering and fission

f
respectively, and I' the total width is the sum of

all the partial widths, and Eo is the energy at
exact resonance, The statistical welght factor, g,
depends on the angular momentum (I) of the target

nucleus and the angular momentum (J) of the compound

nucleus (g = = %—%—;—%).

This can be written in a slightly different form

as:
Gof

9 =1 + (‘E - EO)/E}E
ok

2
= 2 -
where o_. = 4T~ g T./p? gives the cross-section
at the resonance energy.
This formula applies properly in the centre of

mass system, the Doppler broadening arising from the
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thermal motion of the nuclei must be taken into

account to get the observed shape of the resonance.

Doppler Broadening

Let the velocity of the neutron in the lab
system be U and the component of the nuclear veloclty
along the neutron beam direction be V. Then the rel-
ative velocity of the neutron and the nucleus is

(U + V) and the relative kinetic energy is:

1 2 1/2
Ene1 =5 m (U + V) =En+(2mEn)/ v,

neglecting the %‘—-mv2 term. En 1s the neutron energy
in the Lab system.

If the target atoms were that of a gas they would
move with the Maxwellian distribution giving for the
fraction f of atoms with atomic mass M, having a

veloclty component V:

The probability for a given E is given as

rel

M_ (Epe1-Bp)®

_ (.M & T ZKT dE
f(Erel) dErel - (2wKT) e 2mEy (55%5%%
2
-1 e-(Erel"En) /a2 d4E
A.n.'f rel
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M=

where A = 2 mEnKT) is called the Doppler width
(half width at 1 of the maximum).
e
The cross section is given by the single level

formula (dropplng the subscript f) as

%

° = TY¥E, - E,)/T/2] °

The neutron energy, En’ is to be replaced by the

relative energy E We thus obtaln for the

rel’
effective cross section < o (E,) >

<a(E > = [ G(Erel) f (Erel) dE

rel
E, )2
o 1 - (Epe1 - Ep
= 5 I ¢© A2
1 + (En - EO) ma A
r2/y
Thls can be written as
(= -9)®
Oo B
<H(E)> = —— [ & dy

Where En--EO = X 3 Epe1-Eo - y and L = %‘-

24
r'/o r/2
Thus <0(En)> =oq, ¥ (B,x)
_(x-y)?
1 1 B2
Where Y (B,x) = [ e ay

™28 ‘1 + y2
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The resonance has its normal Breit-Wigner
shape 1f the width of the level, I', is large
compared to the Doppler width., If this is not
the case averaging over the thermal motion of
the nucleus is necessary. The integrations can
not be carried out analytically and use is made

of numerical methods and seriles expansions<27).
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APPENDIX 2

Ylields from Thick Targets

and Shielding Effects

The estlmates made here are to exhibit the
dependence of yield on the thickness of the target
and the range of the particles.

(A.) Fission Yield from a thick Uranium foil:

Assume that the fission fragments, produced
by neutrons, are emitted isotropically from the
foll of thickness, t, and the detectors are
biased so that all fragments with energy ]5:>EB
are counted. The number of counts from a layer

between x and x + dx is given by (Figure A-1(a))
0

dN=K [ 27 sin 6 4 6 dx (1)
(o}

Where K depends upon the neutron flux and the
fission cross section. eo 1s that angle at which
the particle upon emerging from the foill has just
enough energy to be counted. Let the range at this
energy be RB and the range corresponding to 1lts

energy Ro’ both measured in uranium. Then

= - __
RB - Ro cos eo (2)
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Thus
t eo
Yield a 2rf dx J sin © d6
(o] (o]
ort [ 1 £ ] (3)
a 2mT - T
2(RO - RB)

It 1s assumed here that all fission fragments have
the same range Ro’ which is of course not true, but
for our estimations it i1s not important. And the
thickness t of the foil 1s assumed to be less than
(Ro - RB).

The thickness of the foll which is effective
in contributing to the yleld cannot be greater than

(R. - RB), because the particles coming from deeper

o
thickness cannot be detected. Thus, for a virtually

infinite thickness of uranium, the yield 1s given as
T -
Yield a 2 [RO RB]

Where thickness t is put equal to (Ro - RB), the
maximum possible effective thickness.
(B.) Ternary Alpha Yield:

For ternary alpha yield measurements, the
uranium foil 1s covered with an aluminum foil of
6.5 mg/cm® thickness. Suppose & is equivalent
thickness of aluminium used in terms of uranium.

Now the angle 6 1s given by the relation

®|O> O

= R S
RB - Ro cos 6
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Thus giving
t + 26 ]

2(R, - Rg)

for a thin foll. For the thick foill we have to put

Yield a2r t [ 1 -

t = RO - RB -0, Ternary alphas have longer range,
so the effective thickness is larger.
(C.) Shielding Effect:

So far it was assumed that the neutron beam is
unattenuated in the passage through the foil. For
the virtually infinite foll used in our measurements,

we have to consider the exponential decrease of

neutron flux inside the foil.

_ -nox
I = I0 e

where Io is the flux which would be present at the
position, x, if the sample was absent, n 1s number
of atoms per cm3 and ¢ 1s the absorption cross
section., This is referred as shielding effect.
For heavily lonizing fission fragments the
shilelding effect is negligible in comparison to
ternary alphas, for which the range and thus the
effective thickness is much larger. The shielding
will tend to decrease the ternary alpha yield more
for the resonance with large cross section in
comparison to ones with smaller cross section.

The effects wlll be maximum at the peak positions
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where the absorptlion cross sectlion is maximum. The
percentage decrease in the yleld is calculated as
a function of the range of alpha particles and the
absorption cross section. (To calculate the exact
correction factor, it would be necessary to integrate
the effect over the entire alpha particle distribution
which gets complicated.)

Taking into account the attenuation of neutron
flux inside the foil, the expression for the yleld

can be written as

. 5
Naog' I [ dx e™* [ g o sin ©
) o

Where o' 1s the cross section for the production of
ternary alphas. Agaln, the alpha emission 1is assumed
to be isotroplc.

As before, the angle eo 1s given by the expression

cos ©_ =
S o)

! = -
Where R' = Ro RB.
Solving the integral we get

1 - -
N = 2T100 (1 - e nct) (no{R'—c}-l)+ e 9 1ot ]
(nc)eR’
For a very thick foil (as explained in part A)

- - = B!
t +06 = [RO RB] R

21T ! -
Io0 [e~2

N a
(no)2R?!

+2Z - 1]
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Where z = not = no (R' - &),

Expanding the exponential [Z < 11]:

2Tl o' 2 .3
N a 2 [ 2.20]
(no)2R! 21737
2° = n?¢"R'2(1 - %3- ; 0<KKR!
2
1- 26 1 Z Z
NGQWIOU’ [ ( ﬁT) (2 iy .é—)-l- ______ )]

When the shielding effect is absent (i.e. o = 0)
N' a 27T ot [ (1 - 2% ]
o 2 R!

Thus the correction factor for the shielding effect,

for a particle of range RO i1s given as

c = N - N' x 100%
N
2
c =32.2" | x 100%
3 12

where Z = no [RO - Ry - 5]

The decrease in yield, because of this shielding
effect, expressed as a correction factor, c, 1s
computed for various values of absorption cross
sectlon and several energies of ternary alphas

and given in Table (3).
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Actually the effects observed are the averages
over the whole energy distribution of the ternary
alphas. When this average 1s taken, the results
are close to the effects corresponding to 16 MeV
alpha particles. Thus, for the neutron energy where
the absorption cross section is 1000 barns, the
shielding effects will decrease the yield by 5%.
In U235 the highest peak cross section encountered
is 1000 barns. However, the results were computed
taking the total yield under the resonance, so it
is not the peak cross section which is to be con-
sldered but the average cross section over the
resonance. Thls reduces the effect considerably.
Thus, 1t was concluded that the shielding effects
could not change the results outside the experi-

mental error.
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APPENDIX 3

Surface Barrier Detector Fabrication

Our technique of fabricating a surface-barrier
detector is as follows:

(1) The crystal is lapped with fine alumina and
distilled water, unless already obtained in a lapped
form,

(2) The crystal is next put in a polyethylene
beaker, to which about 20 cc of etching solution is
added. The composition of etching solution used is:
concentrated nitric acid 10 volumes

40% Hydrofluoric acid 1 volume

Analytic reagent purity chemicals are used for
the etch. It 1s mixed in a clean polyethylene bottle
and allowed to stand 20 minutes before use.

The etching is done for about ten minutes to
produce a mirror like finish on the silicon surface.
Bubbles which occur on the surface during etching are
removed by occaslonal agitation with a polyethylene
rod.

(3) Demineralized distilled water is run into
the etch, and the crystal is washed by alternate
dilution and decantation, avoiding exposure of the
silicon to air in the early stages. In the presence

of a strong etch, exposure to air produces a brownish
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black stain on the silicon.

(#) The crystal is transferred to a clean

beaker and washed several more times with demineral-
1zed distilled water.

(5) Then 1t is boiled in demineralized distilled

ater for about five minutes.

(6) The crystal is then mounted with araldite

Epoxy resin) on a thin clean sheet of mlca, over
clrcular hole in the mica slightly smaller than
he crystal.

(7) After mounting, the crystal is kept in a
ust free box for a few hours to allow the araldite
o harden.

(8) The mounted crystal is given a short etch
or about 2 minutes, washed again thoroughly with
emineralized distilled water, and finally boiled
n demineralized distilled water for 5 minutes.

(9) The crystal is mounted in a vacuum evap-
rator, about 4 inches from the filament (tantalum
oat) and gold is evaporated on both sides of the
rystal.

To control the amount of gold deposited, a
lass plate with electrodes attached about a centi-

eter apart 1s mounted at the same distance from the

o

oat as the detectors. The leads from the glass plate

ire brought outside the vacuum system and used to

)]
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measure reslstance across the plate. As the evap-
oration proceeds, the observed resistance of the gold
film on the glass plate indicates when the evaporation
should be stopped.

(10) Electrical connections are made on both
sides using a thin gold wire attached to the silicon
surface with silver paste.

It 1s important to avoid touching the crystal
with the fingers at any stage of the fabrication.

After an initlal period of trials we were
quite successful in making detectors. To quote a
figure, once we made twelve 1 cm diameter detectors
all of which were good. Of course, in quoting yields,
1t 1s necessary to state the level of acceptance in
terms of resolution and break-down voltage. Out of
these twelve detectors, nine took up to 350 volts,
others broke down near 200 volts. For large area
detectors (~ 1" diameter), used in arrays, break-
down voltage wés generally not so high. In all,
some 120 such detectors were made. Out of these,

20 detectors took up to 150 volts and higher, others
were generally in the range of 20 volts to 100 volts
excepting a few which broke down at the bias of less
than 20 volts. For the 200 Q-cm resistivity material
used, the depletion layer necessary to absorb the

fission fragments requires only 10 volts bias.
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APPENDIX 4

Response of the Fabricated Detectors to

Alpha Particles and Fission Fragments

Figure (A-2) shows a pulse height distribution
of a-particles (Th228 source) for a detector 12 mm
in diameter resistivity 200 Q-cm, operating at 70
volts. For this detector the resolution width
(FWHM) was 85 KeV.

A typical pulse-heilght spectrum of fragments
from U235 thermal fission, striking a detector 2 cm
in diameter and 200 Q-cm resistivity 1s shown in
Figure (A-3). The observed energy ratio for the
two peaks was 1.62 and did not vary appreciably as
the detector bilas was raised from 20 volts to 180
volts., The observed ratio is much higher than that
usually observed (1.50), in time-of-flight measure-
ments(28). This higher ratlo was attributed to a
pulse-height-defect discussed in Appendix (5). It
was noticed that at higher bias, a tail develops on
the higher energy side of the fission spectrum as
shown in Figure (A-4). This 1s probably because the
detector depletion layer becomes sensitive enough to
absorb other particles, e.g. electrons. Thus, the
detectors were run at ~ 30 V blas except for ternary

alphas where deeper depletion layers are required;
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No collimation was used for the measurements shown
in these graphs. It was generally noticed that the
peak-to~valley ratlo lncreases appreciably if a
collimator is used to mask off the edges of the

detectors.
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The effect has been studied by many invest-
igatorsgjl) The measurements of Britt and Wigner(Bg)
indicate that the light fragments show a smaller
defect than the heavy fragments. Corrections for
this effect along with the window effect are made to
the pulse height data by calibration against the data
from the time-of-flight measurements(28>, whenever

necessary.
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APPENDIX 6

Detector Arrays and Matching

To obtain large effective areas we considered
two different types of arrays, which are following:
(a.) Parallel Detector Array:

One way 1s by connecting a large number of
detectors in parallel and thus simulating a large
detector, but this gives a large intrinsic capaci-
tance and thus low signal to noise ratio. A useful
formula for the size of the signal from a detector is
V=9 = 2N (mi111volts)

D D
where Q 1s the charge deposited on the detector by
the impinging particle, CD 1s detector capacitance
In pf and W 1s the energy of the particle detected

In MeV. For several detectors connected in parallel

- Q9
V = E:Ei
where Ci are the detector capacitances., Thus, with
an lIncreasing number of detectors in parallel, the
signal levels become smaller and thus more difficult
to work with,
(b.) Series Detector Array:

An alternative approach 1s to connect

Individual detectors in series to minimize the
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resultant capacitance. It has however, different
problems. For example, if a connection to one
detector becomes loose or detached the whole chain
becomes inoperative, which is not the case for the
parallel arrangement. Besides thils, for matching
we require to bring out the signal leads from the
vacuum chamber, for each detector to be connected
in serles. And if the leads are brought out from
each detector the stray capacitance becomes quite
appreciable to create trouble.

A compromise between the two was used by making
a series-parallel combination. The detectors were
connected electrically in sets of three detectors
in parallel, and the six resulting sets were then
connected in series,

Flve such detector assemblies were made. The
one used for ternary alpha detection was run at 90 V
blas. The other assemblies were used for fission
fragments and were usually run at 30 V bias., These
figures of 90 V and 30 V mean that each detector in
the assembly has thils particular bias applied. The
arrangement used for the voltage distribution in
the ternary alpha detector is shown in Figure (A-6).
This type of arrangement connects the six sets in
serles for A.C. operation and in parallel for D. C.

operation. Thus, one 90 V battery was enough to
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supply the bias for the whole assembly. For the
fission fragment detectors the bias requirements
were not high, so ordinary series connections were

made as shown in Figure (A-T7).

Detector Matching

The matching of the detectors in the array
(used as a single large area detector) to get a
uniform response requires: (1) matching of the
depletion layers and (2) compensating the effects
of stray capacitances to ground.

Figure (A-7) shows the electrical connections

for a detector array. Cl’ Ch o0 C5 refer to the

2
six sets of detector, each with three detectors in

parallel. Each detector set, C is tested separ-

i°
ately by putting a constant charge with a pulser and
a small input condenser (the other detectors being
bypassed) and the resistors, Ry (~ 10 K), are
adjusted untll the outputs are the same. This makes
the depletion layers approximately the same.

When the six sets were operated in series,
as in Figure (A-T), the resolution was worse than
expected. This effect was traced to stray capaci-
tances from the various detectors to ground (the

K's in figure). These stray capacitances were

reduced to minimum by shortening leads as far as

possible. Then capacitors (the o's in figure) were
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added 1in parallel with the C's, by trial and
error untll each set gave the same response to a
fixed charge input. A speclally constructed double
pulser (shown connected across detector No. 4 in
figure) was used for this test so that additional
grounds were not introduced.

The effect of stray capacitances seemed
unusually large. Therefore, the system of
capacitances of Figure (A-6) (excluding the o's)
was Investigated mathematically. A completely
rigorous solution 1is extremely complicated and
only a first order correction was calculated. For
a charge Q deposited on detector Cn’ the input
voltage to the preamplifier is given by (for a
total of N states in series)

N 1
(1- 3 K L] (1)

V =
1=1 1 j=1

n

Q)
o j©

showing that there is a variation of output with
n even if all the C's are the same.

To obtain an estimate of the magnitude of the
effect, assume all C's the same (=C) and all K's

the same (=K). Then,

v =% [ 1 - gN+n)2(N—n+1) _Ié:_ ] (2)
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The ratio of output of the top stage to that of the

bottom stage is

VN

B N (N-1) K
.\—,:-L—-1+ 5 5 (3)

For a representative array, N = 6, C = 5000 pf

and K = 20 pf, we get
V.
A = 1.06
1

This gives another reason for not putting all
eighteen detectors in series, since if k is still

the same per stage,

1
(Which is only indicative, once the first order
expansion in k/c¢ 1s no longer valid) and}a lot
more capacity (o's) would have to be added to the
upper stages, losing some of the advantage in
resolution otherwise gained by not connecting

detectors in parallel.



67.

APPENDIX 7

Preamplifier Selection

There are two types of preamplifier config-
uration one can use, The first, more commonly used
until the introduction of the solid state detectors,
is the "voltage-sensitive" type, and the second is
"charge-sensitive".

In the "voltage-sensitive" preamplifier of

gain A, the output voltage 1s given as

where Q 1s the charge deposited on the detector and
CD 1s the detector capacitance + input capacitance.
*
The corresponding expression for the "charge-

sensitive" configuration is

where Cf 1s the feedback capacitance of the pre-
amplifier,

The principle short coming of the voltage
sensitive configuration 1s 1ts sensitivity to

changes in detector capacitance. This was

* See Appendix (8-A).
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unimportant until the introduction of the solid

state detectors. Because of thils undesirable
dependence of output pulse helght on detector cap-
acltance with voltage-sensitive preamplifiers, charge
sensitive preamplifiers are preferably used with
semiconductor detectors. In the charge sensitive
configuration nearly all the charge appears across

the feed-back capacitor, C,., which can be chosen to

f
have very low temperature coefficient for high
stability.

Although charge-sensitive preampliflers are
superior to voltage sensltlve ones when used with
single detectors, complications arise when one wilshes
to connect several detectors to a single preamplifiler,
If one uses detector arrays connected 1n series, as
we did for our experiment, it turns out that the
charge-sensitive configuration no longer gives
an output independent of detector capacitancef.

Tt was pointed out by Fairstein(33) that the
charge sensitive configuration should be slightly
noisier than the voltage sensitive one; also, since
the voltage sensitive preamplifier has a very high

input resistance and a very low input capacitance,

1t permits fast rise times from detectors which

*  See Appendix (8-B).
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have an unavoidably large component of series
resistance combined with a high capacitance.

Since the use of detector arrays nullified
the maln advantage of the charge sensitive config-
uration, and since voltage sensitive preamplifiers
were otherwise superior for our work, we used voltage
sensitive preamplifiers in these experiments. The
gain 200 preamplifiers we used were designed by

J. Hahn in our laboratory.
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APPENDIX 8

A. Charge Sensitive Preamplifier with a Single Detector.
The equivalent circult of the system is shown in
Figure (A-8-a). In the dlagram Cp 1s the detector

capacitance, C_, the grild capacitance, Cf the feed

g
back capacitance and A the open loop gain of the
amplifier.

Let Q be the charge collected by the detector
when the particle hits the Qetector, a the charge

on Cg and CD together, and A the charge on C_.. Then

£
ql + qE‘ = Q (1)
ay = (€, +Cp) Vy (2)
Where Vl,is the voltage across CD
q2 =Q - ql = "Cf (Vout - Vl) (3)
and Vout = - AV1

From eqn (3)

Q - (cg + cD)v1 == Cp Voup + Cp Vq
Vout = - Cp + Cg p + Cp
Y

Usually the open loop gain is so large, that the
output voltage can be approximated as

Vo= - 2
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B. Charge Sensitive Preamplifier in Conjunction with

Two Semiconductor Detectors in Series.

The equlvalent circult for this configuration is
shown in Figure (A-8-b). We consider the case of par-
ticle being detected in detector 1. The charge dist-
ribution in various components is shown in the figure.

This gives following equations

@ =0 ¥y ' (1)
G =Q-a == (V-1 (2)
q? = =Co (Voyp = Vo) (3)
Vout = - AV, (%)

(5)

From eqn. (2)
o Q+CLV,

e ©

W

and from eqgn. (5) we get
Qz.Cl v1+[cg.+ Cp (1 +4) ]V2 (7)

Putting eqn. (6) in eqn. (7)

Q
V. =
2 70+ le(l + A) + ch (01 +C,)

Co

This expression along with eqn. (4) gives the expression
= Q

V.., = :
out Cf(l T 5:_1_> + OpH(C#C) (T + 01/02)
G

2 A



Which 1s no longer independent of the detector
capaclitance, even when the open loop gain (A)
1s big enough to make the second term in the

denomlnator negligible.

72.
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APPENDIX 9

Three Parameter System (3PS)

In our work we required recording of:

(1) the energies of the fission fragments as well
as the time-of-flight of the neutron which caused the
fission.

(2) the energy of the ternary alpha particles
emitted in fission along with the time-of-flight of
the neutron responsible for fission.

In order to record this information we procured a
R.I.D.L. Three Parameter Data Acquisition System, here-
after called a Three Parameter System or 3PS, which
provides analog-to-digital analysis of two or three
mutually coincident pulses, as desired.

The 8ystem consists of three separate analog-to-
dlgital converters, henceforth referred to as ADC's,
complete with triple coincidence logic and internal
amplifiers, three individual address scalers, two
scalers of lO3 and one scaler of 105. The 105 scaler
is used for time-of-flight measurements. Each unit
has an individual conversion gain selector to select
50, 100, 200, 500, or 1000 channels full range, and an
overflow selector to produce address overflow and
address reset pulses at 20, 50, 100, 200, 500 and 1000

channels.
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The time-of-flight data is stored in 80,000
channels with a channel width of 50 nsec by using an
external circuit which 1s described in Chapter IIT.

The low counting rate permitted us to use a "poor
man's" recording system. The data are recorded on
paper tape by a mechanical Tally punch as each event
occurs., The tape punch can handle up to 60 characters
per second.

While the event selected for analysis 1s belng
analized or punched, the 3PS glves a busy signal pulse.
The punching time required for an event (12 characters)
1s ~200 milliseconds, which 1s the dead time of the
system.

The system provides pulses suitable for a two
dimensional oscilloscope display of any two parameters,

during data accumulation.
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APPENDIX 10

Pulse Height Information and

Three Parameter Measurements

In general the statistical accuracy of the pulse
height data, which could be added together, was not
sufficient to allow us to reach any definite con-
clusions. Nevertheless, a short section 1s presented
in Figures (A-9), (A-10), and (A-11) for the three
cases. The lower part of Figure (A-9) shows the
ternary alpha yleld as a function of the time-of-
flight of neutrons (channel numbers with channel width
of 0.2 pusec). The points on top of this curve are
the mean positions of the ternary alpha energy dist-
ribution (calculated using the formula given in
Appendix (11)) corresponding to each neutron time-of-
flight interval. As was indicated before, the det-
ector depletion layer was not deep enough to absorb
the alpha particles of energy higher than 12 MeV,
and because of the thick uranium sample used the energy
distribution was distorted. However, some variation
outside the errors can be seen.

Figure (A-10) is a simillar curve corresponding
to the fission yield measurements with thick uranium
target. As previously mentioned the discriminator
bias was set quite high (~80 MeV) for these measure-

ments. Thus the pulse height distribution consists
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of only the high energy tail of the fisslon fragments
kinetic energy distribution. The variations in the
mean position of the distributions exhibit themselves
outside the statistical error. However, to decipher
any systematic trend appears not to be possible, with
this statistical accuracy.

Figure (A-11) is a part of the results from the
three parameter measurements which were made as expl-
oratory work for future measurements planned. In
these measurements two banks of detectors facilng
each other with one bank coated with ~ 50 ugm/bm2
U235 were used. For each fission event observed the
pulse height produced by each of the two flssion
fragments was recorded together with the time-of-flight
of the neutron causing the fission. The upper part of
this figure displays the mean of the total kinetic
energy distribution of the fisslon fragments as a
function of neutron energy, for the small section
near 35 ev., This does not show any marked variations
outside the statistical errors.

Pulse height information from the 200 ugm/bm2
uranium sample measurements was not examined in
detall, because the three parameter measurements,
which were much more elaborate, included the results

which could be extracted from those measurementvs.
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APPENDIX 11

The Mean Position and the Width of a

Peak and Theilr Statistical Errors

The mean position of the peak of a distribution
in a parameter X is defined as

2 X, N

- 1171
<CE> =S (1)

11

Where Ni 1s the number of times parameter X 1s equal

to Xi‘

The error in this 1s due to the statistical
standard deviation (JNi )

Differentiating w.r.t. to N, we get

J

s
X 5N

I<X> _ J o
a Ny "?Ni To(EN)

The error in < X > 1s glven by

2 s 2
X,°N X, N Ny X, ZX4N,N
S 2 5 4 1%4 N1 =L R

(SNJ = fﬁ} is substituted in this expression.

[S<X>]2=<X2>+<X>2 _2<X>2
N > Ni z Ni
2 2
<X > -<x>
<X > BT (2)

i
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The square root of the variance 1s defined
as the width of the distribution
W=<X > - <X>°

bl by 2
KN (:u.) 3)

1 171
Ny %N

e M

i

To find the error on the width, we follow

the same procedure

2 2 5 5 2
aw _ % %N 2111y X, . 2(1 X1Ny)
N, 2IN, («?iNi)2 (=n,)? (25,)?

Taking the square and putting (c(NJ)2 = N,

as before we get

2 I
( sw)2= R e e e R S A he

Z Ny

Therefore, the error on the width is given as

4

2
W = / Kt b KP5cx> + BEEIZ <> = <>
N
1
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APPENDIX 12

Pick-up Rejection Circuit

In a low counting rate experiment, spurious
pulses arising from electrical pick-up, transients,
etc., produce a significant background. In our first
preliminary run on the detection of long range a
particles in fissilon, we observed that the background
introduces quite a large uncertainty in the analysis.
Thus, it was found necessary to find a way of elim-
inating or at least reducing the acceptance of these
spurious pulses.

We looked for properties of the spurious pulses
by which they could be distinguished from genuilne
pulses. It was noticed that the pick-up occured as
a train of pulses, resembling a modulated signal of
many microsecond duration whereas the genuine pulse
rate was of the order of one per second.

The circult was designed to reject the pulses
with repetition rate less than 3 usec. The pulses
coming in at interval greater than 3 pusec were

treated as genuine pulses.

Description of the circuit:

The circuit is divided into two parts. The
upper part which passes the genulne pulses in the
absence of pick-up 18 called channel A, and the

lower part which gets triggered from pick-up pulses
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and blocks the pulses from getting through the final
gate (G2), channel B. Channel A consists of a
univibrator discriminator, a gate (Gl), and two
univibrators (U2 and U3) followed by the final gate.
Channel B consists of a flip-flop circuit followed
by four univibrators (U4, U5, U6 and UT).

For the moment we will neglect the gate Gl.

It passes the pulses Jjust as they come from the dis-
criminator as long as there 1s no anticoincidence
input pulse. This will be discussed later.

First let us discuss the case when a single
genuine pulse arrives, at time T = 0, at the discrim-
inator with amplitude greater than the discrimination
level. Ul puts out a 100 ns wilde pulse. Gl provides
exactly similar pulses with both polarities. The
leading edge of the negative pulse triggers U2 giving
a 3 pusec wide pulse., The positive output pulse from
U2 1s fed at the input of U3. As the univibrator can
only be fired by a negative going pulse, it gives an
output pulse after 3 usec, the width of which is ad-
Justed to be .5 pusec. This passes through G2 and 1is
accepted as a genuine pulse if no inhibitor pulse
arrives in time at the anticoincidence input of G2
to block it. The circult is so arranged that the
inhibitor pulse arrives if the first pulse is followed

by another pulse in less than 3 psec. Otherwise, no
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inhibitor pulse occurs until 3.5 psecs which is
«5 usec after the first pulse has gone through.
This 1s achieved in the following way.

The positive pulse output from Gl 1s sent to the
flip-flop input (a positive going signal is required
to fire a flip-flop). This pulse flips it from one
equilibrium state (-5V at the output) to the second
equilibrium state (OV.) and it stays in this state
till either a second pulse arrives at the input or a
reset pulse 1s applied (the pulse required to reset
the flip-flop is a positive going 5V signal). The
reset pulse 1s the trailing edge of the negative output
of U3. If no other pulse reaches the flip-flop input
for 3.5 usec, the reset pulse brings the flip-flop
back to the first equilibrium state, thus producing
a output pulse of 3.5 usec width. If a second pulse
arrives at the flip-flop input before 3.5 usec have
passed then reset pulse has no effect, and the width
of the flip-flop output pulse equals the separation
between the pulses.

Now let us consider the case of a train of
pulses with repetition rate t (t < 3 psec) and
amplitude large enough to fire the discriminator,

and discuss thelr passage through channel B.
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The first two pulses produce an output pulse from
the flip-flop of width t pusec (since t is less than
3 pusec the reset pulse is ineffective). U4 is fired
after t psec, whose leading edge fires US. U6 and
U7 are triggered after time intervals as shown in
the diagram. The negative outputs of U4 and U7 are
used as inhibitor pulses for G2. Thus, the inhibitor
pulses are present from t to (t + 6) usec and from
(t +7.5) usec to t + 13.5 psec. The gap of 1.5 usec
is not significant because no pulse can arrive during
this time, due to the gate Gl. As t is less than
3 psec the inhibitor pulse reaches G2 in time to
block the pulse from channel A, After 7.5 psec if
plick-up is still present the same process repeats

itself,

Gate Gl.

This gate was inserted to prevent pulses entering
the system after the flip-flop has given an output
pulse and firing of the flip-flop again before 1t has
had time to recover. The recovery time of these
modules 1s 10 nsec + 10% of the width of the output
pulse.

After the flip-flop output pulse occurs, anti-
coincidence input pulses to Gl from U4 and U6 close
the gate. The U4 pulse arrives after t usec and lasts
6 pusec, while the U6 pulse arrives after t + 4 usec
and lasts for 3.5 usec. So the gate is closed for
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7.5 usec after t psec. The two pulses provide an
inhibition time greater than the width of the U4 pulse,
which prevents the triggering of Uk before it has had
time to recover,

If a train of pick:up arrives with odd number of
pulses in 1t, there 1s some probability that the last
pulse will come at such a time interval which could
make 1t appear as a genulne pulse (no other pulse
following it in time interval of less than 3 psec).
The second inhibitor pulse in G2 gate, which stays on
for 5 psec after the time interval of t + 7.5 usec,
1s for blocking such a spurious pulse.

In short, the function of the whole cilrcult
i1s to take a pulse coming out of the discriminator
and delay it by 3 psec. In the mean time the job of
channel B 1s to sense whether another pulse follows
i1t in less than 3 psec., If 1t does, the net-work of
univibrators blocks the final gate and no signal out:
put is given. If it is not followed by any pulse with-
in next 3 psecs, the G2 1s open and the pulse passes
through.

The circult has an effective dead time of 13.5
usecs. Because of this, it can not be used for high
counting rate work. For our experiment it was very
useful, while taking data on 2000 channel anallzer.

It was not used while taking the data with three para-
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meter data acquisition system, because the recording
system has a dead time of 200 milliseconds (time taken
to punch the data on paper tape). Thus, even if a
train of pick;up pulses lasts for several hundred
microseconds, only the first pulse has some chance

of belng recorded, wh;ch is also reduced considerably

by the coincidence requirements.
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Figure 1

Figure 2
Figure 3
Figure 4

Filgure 5

Figure 6

Figure 7T
Figure 8
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FIGURE CAPTIONS

Lower curve: total kinetic energy distribution
of fission fragments from the thermal neutron
fission of U235. Upper curves: mass distri;
butions of the fission fragments for several
values of total fragment energy (ET). The
abscissa is the fragment energy (E) which is
proportlional to mass through the relationship
Mass = 236 E/Ep. The data are taken from

I. G. Schrgder, J. A. Moore and G. J. Safford,
Fiasion Fragment Mass Distribution, Columbia
University Pegram Nuclear Physics Laboratory
Report No. 208 (1960).

Block diagram of the experimental set-up.
Photograph of a Detector Array.

Photograph of the fission chamber with a
detector array mounted inside.

End-on view of the fission chamber showing
the electrically shielded enclosure used for
electrical connections.

Circuit diagram of the "Gated Frequency
Divider".

Block diagram of the Timing cilrcuilt.
Contributions to the width (FWHM) of reson-
ances from (a) Instrumental resolution (b)

Moderation effect, and (c¢) Doppler broadening.
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Figure 9 Symbolic block dlagram of various computers
used for the data processing.

Figure 10 Experimental curves for the three measure-
ments showing the overall results in the
energy interval of ~ 2 ev to ~ 16 ev. The
channel width (1) used for these i1s 1.0 psec.

Figure 11 Experimental curves for the three measure-
ments showing the overall results in the energy
interval of ~ 12 ev to ~ 40 ev. The channel
width of 0.2 psec is used for this region.

Figure 12 Experimental data in the energy interval ~ 39
ev to ~ 85 ev for the three measurements.

The channel width v = 0.2 usec 1s used.

Figure 13 Experimental data displaying the energy inter-
val of ~ 60 ev to ~ 1300 ev for the three
measurements with the channel width t= 0.2 psec.

Figure 14 A representative computer plot of the experi-
mental data and the computed curve. The levels
specified for the curve fitting are marked on
the curve.

Figures 15- Experimental data and the least square fitted

= curves for the three measurements. The
background used 1s also shown. The energy

levels, specified in the fitting, are indic-

ated on one curve.

N R R



Figure 26

Figure 27

Figure 28

Figure 29
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Ratio of alpha particle yield to thin uran-

ium fission yield (A) and the ratio of thick

uranium fission yield to thin U fisslon yield

(B). Both ratios are in arbitrary units.,

The assignments of Cowan et. algjzre indicated

by vertical lines with the letters H (L) in-

dicating high (low) degree of symmetric fis-

sion. The primed letters indicate similar

assignments with less certainty. The hori-

zontal lines drawn are from a least square

fitting of the data to two ratios.

Ratio Ryy (thick U fission yield/ thin U

fission yield) plotted as a function of res-

onance energy for only those resonances where

the ratio could be obtained with a statistical

accuracy of better than 60%. The horizontal

lines drawn on the data are taken from

Figure (26-A).

Ratio of thick uranium fission yield to thick |
uranium alpha yileld (Rel) in arbitrary units,
as a function of resonance energy. The hori-

zontal lines are the least square fitting to
the ratios.

Ratio (RAB) in arbitrary units, of fission
yield from two thin U targets (200 ugm/cm2

and 50 ugm/bme) as a function of neutron
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Figure

Figure

Figure

Figure

A-2

A-3

A-%4

A-5

91.
energy. The horizontal line drawn is a
least square fitting of the ratios.
Thickness effect on fission yield (a); and on
alpha yield (b).
Pulse height distribution of alpha particles

(Th228

source) for a detector 12 mm in dia-
meter, resistivity 200 Q-cm, operating at

70 volts.

Pulse height distribution of fission fragments
in the thermal neutron fission of U235. The
spectrum was taken with a 2 cm diameter sur-
face barrier detector of resistivity 200 Q-cm
at 45 V bias.

o0

fission fragment spectrum recorded for

a surface barrier detector, 1 cm in diameter
and of resistivity 200 Q-cm at two different
voltages. The spectrum shifted towards right
was taken at 180 V bias and the other at 22 V.,
Probing of the surface of a 2.2 cm diameter
surface barrier detector (200 Q-cm) using a
collimated Po source. The positions used on
the surface are shown along with the peaks
obtained. The peak shown in the upper left
corner was taken by moving the source to a

distance of 2 1/2 cm from the detector thus

making the whole surface of the detector eff-

ective.
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Figure

Figure

Figure

Figure

Figure

Figure

A-6

A-7

A-8

A-9

A-10

A-11

A-12

92.
Circuit diagram for the voltage distribution
in the ternary alpha detector array.
Circult diagram of a detector array along with
the double pulser used for the matching.
(a) Charge-sensitive preamplifier with a single
detector; (b) charge-sensitive preamplifier
with two detectors in series.
(2) Ternary alpha yield as a function of the
neutron time-of-flight (a small section);
(b) Average height (in arbitrary units) of
all the pulses corresponding to each time-
of-flight channel.
(a) Fission yield from thick U sample as a
function of the neutron time-of-flight ( a
small section); (b) Average height (in arbit-
rary units) of all the pulses corresponding
to each neutron time-of-flight channel.
(a) Fission yield as a function of the neutron
time-of-flight for a 50 ugm/cm2 U235 deposit;
(b) Mean of the total kinetic energy distrib-
ution of fission fragments corresponding to
each neutron time-of-flight channel.

Block diagram of the pick-up rejection cir-

cuit.




TABLE I

Energy | Ternary Alpha Yield | Thick U Fission Yield | Thick U Fission Yield
Nog (ev) |[Thin U Fission Yield | Thin U Fission Yield |Ternary Alpha Yield
1{2.02 | .623 + .103 .907 + .108 1.456 + .241 -
2| 3.16 | .815 + .0k42 .812 + .040 0.996 + .055
31 3.60 | .811 ¥ .030 760 ¥ .030 0.937 * .038
416.18 | .953 ¥ .087 .899 ¥ ,080 0.943 ¥ ,094
5({6.38 | .682 £ ,037 T34 E ogg 1.076 ¥ .058
617.09 | .790 ¥ .051 J74 F .0 0.980 ¥ .063
T7T|8.78 | .750 ¥ .013 730 * .012 0.973 + .017
81 9.28 | .707 £ .036 684 ¥ ,03%4 0.967 * Jolth
9111.65 | .695 + .082 755 + .081 1.086 + .128
10 12,39 | .741 ¥ .021 731 F ,020 0.946 F .027
11113.76 | .733 + .087 LIT4 ¥ ,083 1.056 ¥ .128
12 {14,0 .818 + .059 .688 ¥ .050 0.841 ¥ .062
13 {15.4 .660 + ,077 912 ¥ ,090 1.382 + ,161
14 116.09 | .676 % .077 .801 ¥ .083 1.185 + .135
15116.67 | .662 + .059 768 ¥ .063 1.160 ¥ .103
16 |18.05 | .797 * .086 769 ¥ .079 0.96% ¥ ,090
17 {19.30 | .731 ¥ .021 .810 ¥ ,022 1.108 + .032
18121.10 | .722 ¥ ,037 .823 + .039 1.138 * .058
19 122,98 | .945 ¥ .095 .850 + ,084 0.899 + .090
20123.50 | 934 + .085 894 + .077 0.957 + .087
21 123.67 | .653 ¥ .080 662 ¥ ,073 1.014% ¥ ,124
22 124,32 | .799 * .083 .858 ¥ ,081 1.074 ¥ .107
23125.60 | .757 ¥ .084 .838 ¥ .081 1.107 ¥ .123
24 27.87 | .872 ¥ .081 .881 + .077 1.010 + .09k
25(32.13 | .734% ¥ .039 .886 + .043 1.207 *+ .056
26 |33.60 | .792 ¥ .046 687 ¥ .040 0.865 * .ogo
27 |34.45 | .832 F .038 7H9 F 034 0.901 F .041
28:35.25 | .718 ¥ .021 758 ¥ .021 1,072 ¥ .031
29i38.40 | .716 ¥ .105 549 F ,08%4 0.767 * .109
30{39.50 | .829 ¥ .045 74O ¥ 040 0.892 + .048
31140.65 | .677 £ .086 .7T49 ¥ .085 1,106 + .140
32 44,76 | .798 * .076 .859 * .075 1.133 + .108
33 |47.0 .790 ¥ .062 .899 ¥ .064 1.138 ¥ .089
34 148.3 .626 £ 064 .808 ¥ ,068 1.291 £ .132
35(50.6 869 + .090 7T * 2079 0.89% + .092
36 |51.4 .696 + .048 735 * 046 1,056 + .072
37152 .4 791 + 064 .810 ¥ ,062 1.024 ¥ .083
38153.5 .651 * ,088 .784% ¥ ,089 1.204 ¥ ,162
4056.1 76 F 066 75 + .061 0.989 ¥ .085
41156.7 .696 F .062 664 ¥ ,055 0.954% + .085




TABLE IT

No Resonance | Ratio of Thick U Our Assignments Cowan et, al.

Energy to Thin U of Groupings Assignments
1| 8.78ev| .730 + .012 H L
2] 15.40 .912 + ,090 L L
3| 16.09 .801 + ,083 L L
4| 16.67 | .768 + .063 U L
5| 18,05 | .769 + .079 U L'
6| 19.3 .810 + ,022 L L
7] 21.1 .823 + ,039 L L
8| 22.98 .850 + 084 U L
9| 23.5 .89% + ,081 L L
10| 25.6 .838 + .081 U H
11| 27.87 | .881 + .077 L L'
12| 32.13 .886 + .043 L L'
131 33.6 .687 + .040 H L'
14| 34.45 | (749 + 034 H H'
151 35.25 .758 + .021 H H
16| 39.5 .TH0 + 040 H H

Notation for our assignments:
H—>}<K E >Low€; Lower average energy of the
fission fragments.

.—)
L—><KE >Higher Higher average energy of the
fisslon fragments.

U ~—> Uncertain

Notation for Cowan et., al. assignments:
L -— Low symmetrlic fission.
H— High symmetric fission.
Primes denote uncertain assignments.

* [Note: To make the two assignments identical, we have
indicated by H the group having lower average energy.]
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