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Yield of Photo-Neutrons from U"' Fission Products in Heavy Water*
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(Received January 20, 1947)

The photo-disintegration of the deuteron has been used to study the hard y-rays emitted
by fission products of U23~. The neutrons created in the process were used as the indicator of
the presence of hard p-rays. The fission products were placed at the center of a 10" radius
sphere of heavy water. Conclusions about the periods and yields of the hard 7-rays were
made from the total number of photo-neutrons being captured in a large tank of oil surrounding
the sphere of heavy water. Eight half-lives were found: 2.5 sec., 41 sec. , 2.4 min. , 7.7 min. ,
27 min. , 1.6 hr. , 4.4 hr. , and 53 hr. The shortest one and longest one of these are least reliable.
Eighty-five percent of the photo-neutrons appear in the two shortest half-lives, the 2.5-sec.
component being three times as intense as the 41 sec. component. The total saturated activity
of the photo-neutrons for an infinite amount of heavy water was calculated from the 10"
radius sphere measurements to be about 1'6.5 percent of the saturated delayed neutron activity,
It is calculated that there must be of the order of one to 'two photons of energy above 2.2 Mev
emitted per fission by fission products with half-lives greater than one second.

I. INTRODUCTION

~HE threshold property of the photo-disin-
tegration of the deuteron can be used as a

crude y-ray spectrometer. The reaction

y+D +m+P—
requires that the energy of the 7-ray be at least
2.17 Mev' (the binding energy of the deuteron).
The use of this reaction immediately "resolves"
y-rays above the threshold from those below,
independently of the relative intensities of the
two groups. It is convenient to use the neutrons
created in the process as an indicator of the
presence of hard y-rays, since they may be
slowed down by a moderating medium to
thermal energies where they are easily detected.
The total relative number of photo-neutrons
produced is also a fairly easily determined quan-
tity. It is a measure of the relative intensity of
the hard y-rays. We have studied the periods
and yields of photo-neutrons produced in heavy
water by the 7-rays from U"~ fission products
and from these yields have estimated the cor-
responding yields of the high energy y-rays
themselves.
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II. APPARATUS

A schematic diagram of the apparatus is
shown in Fig. 1. It consisted of a ten-inch radius,
s-inch wall, aluminum sphere immersed in a
large tank of oil. A "rabbit" containing a sample
of enriched uranium oxide could be transferred
from the center of the Clinton Laboratories
chain-reacting pile' to the center of the sphere
in about 0.25 sec. by means of a pneumatic tube.
The sphere could be filled or emptied of heavy

*This document is based ori work performed at Clinton
Laboratory operated by Monsanto Chemical Company
under contract No. W-35;058-eng-71 for the Manhattan
Project and the information covered therein will appear in
Division IV of the Manhattan Project Technical Series,
as part of the contribution of Clinton Laboratories.

F. T. Rogers, and M. M. - Rogers, Phys. Rev. 55, 26
(1939).

FIG. 1. Schematic diagram of apparatus.

~ H. D. Smyth, Atomic Energy for 3IIilitary PurPoses
3 (Princeton University Press, Princeton, 1945), Chapter

VI; or Rev. Mod. Phys. 1'7, 392 (1945).
51'3
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FIG. 2. Sample of
film recorded

data.

water in about one minute by means of a siphon
arrangement. The number of photo-neutrons
created in the sphere of heavy water by the
fission product y-rays was determined by study-
ing the neutron distribution in the oil by means
of fission chamber detectors. The chamber could
be placed at chosen reproducible radia'1 positions
in the tank by means of a track and carriage
arrangement. Since some of the periods involved
are fractions of a second, it was necessary to keep
the initial counting rates quite high in order to
obtain good statistics throughout the run. An
available amplifier and scaling circuit found to
have a resolving time of 20 microseconds was
adapted for use in the experiment. Exposure
times and sample sizes were adjusted so that
corrections for missed counts reached 5 percent
only at the start of one or two of the runs. Fission
pulses from the amplifier were fed into a scale of
256. The data were recorded by photographing
the scaling circuit interpolation bulbs with an
open shutter oscilloscope camera. The film moved
past the neon bulbs in such a manner that each
bulb appeared on the film as a dashed line for the
period the bulb was lit. A time signal was im-
pressed on the film every 0.1 second by means of
a neon bulb and a revolving shutter driven by
a synchronous motor. Another signal lamp con-
nected through the electropneumatic control
switch recorded the length of an exposure.
Figure 2 shows a reproduction of a typical film.

III. METHOD

The method employed to measure the source
activity is based on the following theory. Con-
sider a point source of Q neutrons/sec. , h'aving
an arbitrary energy distribution (above thermal
energy), surrounded by an oil bath large enough
to absorb all the neutrons. It is known that the
absorption in the oil is caused almost entirely
by capture of thermal neutrons by the protons.
The number of captures of neutrons of energies

higher than thermal is negligible. In the steady
state the rate of production of neutrons must
equal the rate at which they are captured, or
Q = J'(nv) ~o;dv, where (m), is the flux of thermal
neutrons at any point in the oil, 0. is the macro-
scopic cross section for capture at thermal
energy, and the integral is extended over the
oil volume. Measurements with a fission chamber
detector give a counting rate F at any point in
the oil which is proportional to (ev)~, provided
correction is made for the epicadmium counting
rate.

For spherical symmetry, Qac J'FR'dR. In our
case, since there is negligible neutron absorption
in the heavy water sphere, the integral is taken
from Ro to ~, where Ro is the sphere radius.

The ion chamber was fixed in a given radial
position, the sample was sent into the pile for a
fixed exposure time, then sent to the center of the
sphere, and the resulting neutron counting rate
recorded on the moving film as a function of
time "t"after the end of the exposure. When the
activity had decreased to an acceptable' value,
the ion chamber was moved to the next radial
position and another exposure made with the
same sample. A single series usually comprised
exposures in four to eight positions. A complete
experiment required three complete series: (a)
with heavy water in the sphere, in which case
both delayed and photo-neutrons are present;
(b) with the sphere empty, so that the activity
is that caused by delayed neutrons alone;
and (c) with the sphere empty and the fission
chamber surrounded by cadmium, in order to
measure the delayed neutrons with epicadmium
energies. With heavy water in the sphere the
number of epicadmium neutrons was negligible.

The constancy of the pile power level and the
detecting instruments was checked by repeating
the initial exposure at the end of each experi-
ment. Instrument sensitivity alone was checked
by means of a Ra- Of: -Be source. Variations in the



PHOTO —NEUTRONS FROM FISSION PRODUCTS

Ios

Fr o. 3. Activity
XR' vs. R curves o'
at different times
5 after the end of
a 30-sec. exposure.

IO
IO II IR

R INCHES

I4 IO II IR I5 I4
R INCHES

TABLE I.* Delayed neutrons from U~3~. r =mean life,
v

&
=half-life, 8=energy in Mev, A = saturated exposure

yield relative to the yield of the 22-sec. period.

55.6
22.0
4.51
1.52
0.43
0.05

80.2
31.8
6.50
2.19
0.62
0.07

Z(Mev)

0.25
0.56
0.43
0.62
0.42

0.153
1.00
1.28
1.45
0.51
0.15

Total 4.54

+ Data for the first five periods from unpublished work of D. J.
Hughes, J. Dabbs, and A. Cahn; for the shortest period from D. Hall.

pile power-level were found to be less than one
percent over the period during which a set of
data was taken, so that the use of an exposure
monitor was not necessary.

For each exposure, a plot was made from the
film data of the counting rate in the particular
radial position as a function of f. From the group
of curves forming a series, other curves were con-
structed of (counting rate&&R') ss. R, for suc-

cessive 6xed values of t. Here, R is the radial
distance of the detector from the source at the
center of the sphere. The source activity at any
time is then proportional to the area under the
corresponding curve.

Examples of these (counting rateXR') ss. R
curves are shown in Fig. 3. With heavy water in

the sphere, the curves on a semi-log scale are
linear with a relaxation length (inverse slope)
which is constant and equal to 1.25 inches. This
indicates that the neutrons have been well

thermalized before they escape into the sur-

rounding oil. When the sphere is empty, the
semi-log plot of the neutron distribution shows a
decided initial curvature caused by slowing down

in the oil.
In general, the desired source activity due to

photo-neutrons alone, at a time I,~, is the differ-

ence between the areas under the corresponding
distribution curves, with and without heavy
water, after correctio'n for epicadmium activity.
By computing a number of points, a curve may
be drawn of source photo-neutron activity as a
function of time.

We assume that the data can be represented

by a formula of the form (1), where A„is the
photo-neutron activity of the source as a func-

tion of time t after the end of the exposure',

A„(t)= Q; g, (1—exp —[T/r; J) exp —P/r, j, (1)

1is the exposure time, 7.; the mean life, and c;, the
yield, is the activity of the ith radioactive com-
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FrG. 4. 3.75-hour
exposure with

D20. Curve No. 1
shows unanalyzed
data, which are de-

composed into
curves 2, 3 and 4

of half-lives, 53
hours, 4.4 hours,

and 1.6 hours,
respectively.
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Fxg. 5. Thirty-
m lnute exposure

with D20. Curve
No. 1 shows un-
analyzed data.
Curve No. 2 of
half-life 27 min-
utes is obtained
by subtracting

from curve 1 the
actlvl ties caused
by the 53-hour,

4.4-hour, and 1.6-
hollr pel lods.

4
TIME "t" IN HOVRS

ponent for T= ~, k=0. The longest period is
determined 6rst, at large values of t when all

shorter periods have died out, and its activity
subtracted from the total. The shorter periods
are determined, successively, by a repetition of
the process. A similar formula for Aq(t), the de-

layed neutron activity, was 6tted to the decay
curve taken with the sphere empty. In this case,
the yields and periods' were taken from Table I.

' The yields and periods of the delayed neutrons have
been studied by several groups of workers on the uranium
project, One of the earhest studies is that of A. H. Snell,
J.S. Levinger, R. G. Wilkinson, E. P. Meiners, and M. B.
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FIG. 6. Five-min-
ute exposure.
Curve No. 1

shows unanalyzed
data. Curve No. 2

of half-life 7.7
minutes is ob-

tained from curve
No. 1 by sub-

tracting the activ-
ities caused by the
4 longer periods.
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FH. 7. Three-
minute exposure.
Curve No. 1 is

the total activity Ioo
wj.th D2O. Curve
No. 2 is obtained
from curve No. 1
by subtracting the
delayed neutron
activity. Curve

No. 3, showing 2.4
minute half-Iife,

is obtained from
curve No. 2 by
subtracting the
activities caused
by the 5 longer

periods.
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By extrapolation to 1=0, T= ~, we can then
express the yields a; of each photo-neutron period
as fractions of the total delayed neutron yield
Ag(t =0, T= m ).
Sampson, Phys. Rev. 70, 111 (2946). The values in Table I
were taken from more recent unpublished work of D. J.
Hughes, J. Dabbs, and A. Cahn, and also from the work
of D. Hall.

IV. EXPERIMENTAL RESULTS

A. Periods and Uncorrected Yie1ds

The longest delayed neutron component has
a half'-life of 55 seconds, so for t &10 min. the
delayed neutron activity is negligible in com-
parison with that of the longer period photo™
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Fco. 8. Thirty-
second exposure

volume intepals.
Curve No 1 ls the
total activity with
DgO. Curve No. 2
is the total activ-
ity without D20.

Curve No. 3,
showing photo-
neutrons alone,
is obtained by

subtracting No. 2
from No. i.Curve
No 4 with half-
life 41 seconds, is

obtained from
No. 3 by subtract-
ing the activities
due to the 6 longer

periods.
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neutrons. Under these conditions, decay curves
of the gross activity with 020 in the sphere
represent photo-neutrons alone. Figures 4—6 show
the gross activity from 1=15 min. to 5=60 hr. ,
and the 5 component periods into which the data
may be analyzed. The half-lives of these com-

ponents are 53 hours, 4.4 hours, I.6 hours, 27
minutes, and 7,7 minutes. The longest period,
~q=53 hr. , was actually followed somewhat
beyond the 60-hr. limit of Fig. 4, but its half-life

is considerably less certain than those of the
shorter periods.

TssLE II. Photo-neutron yields and periods.
~(=half-life, v =mean life.
A =uncorrected photo-neutron yield relative to that of the 22-sec. .delayed neutron period.

B&=y-ray energy in Mev, from unpublished work of Hughes, Spathe, and Cahn.
—=factor to correct yields measured with the 10 in. radius sphere of DgO to an infinite sphere.E

a=correction for 7-ray absorption in the rabbit wall, Al tube, etc.
P=correction for multiple Compton scattering.

A&=A Xep/I'I, yield corrected to infinite volume of DgO.
Ay= 100 A,/4. 54, percent yield of photo-neutrons relative to the total yield of delayed neutrons.
AI ~2X0.01 Aq/100, ab'solute yield of photo-neutrons per fission using the value: fast neutrons/6ssion~2.
—=number of y-ray photons per photo-neutron in an in6nite volume of D20, assuming each collision reduces energy

below threshold.
C=correction factor allowing for photons not reduced below threshold in .first impact.

A~=absolute number of photons per fission.

Ref.
No.

1 53 hr.
2 4.4 hr.
3 1.65 hr.

27 min.
5 7.7 min.
6 2.4 min.

41 sec.
8 2.5 sec.

/6 hr.
6.3 hr.
2.4 hr.

39 min.
11 min.
3.4 min.

59 sec.
3.6 sec.

0.00038
.00119
.0093
.0082
.0124
.0276
.090
.225

(3) 1.69
(3) 1.69

2.62 1.62
2.60 1.63
30 169
2.65 1.63
2.25 1.52
3.4 1.77

1.06 1.085 0.00074 0.0163
1.06 1,085 .00232 .0515
1.06 1.052 .0168 .370
1.06 1.056 .0149 .328
1.06 1.085 .0242 .534
1.06 1.054 . .0504 1.11
1.06 1.01 .147 3.24
1.06 1.11 .469 10.31

Total~16%

0.0326
.101
.742
.656

1.065
2.23
6.50

20.7
3.2X 10-3

476 1.14 0.0015
476 1.14 .0042
670 1.09 .045
643 1.09 .038
476 1.14 .046
650 1.09 .132

2450 1.01 1.58
389 1.18 .67$

2.5
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do represent the photo-neutron activity as a
function of time fairly well.

If the heavy water were as pure as stated by
the manufacturer, the absorption of neutrons in
it would have been negligible. Since contamina-
tion might have been introduced during the
course of the experiment, the neutron absorption
of the heavy water was tested in the following
manner: An Sb-Be photo-neutron source was
placed at the center of the sphere and the neutron
distribution curves in the oil were obtained, with
and mithout heavy water. The y-rays from Sb
have energies less than 2.17 Mev and cannot
create any. photo-neutrons in the heavy water,
so the areas under the (counting rate) XR' vs. R
curves should be equal in the two cases. Actually
the areas were found to be the same within about
2 percent.

C. Corrections to Experimental Yields

In Table II, column 2 represents photo-
neutron yields (saturated activities) for our
sphere of heavy water relative to. the 22-sec.
delayed neutron period yield as j..00. In order
to correct these yields to the case of an infinitely
large sphere of D20 and complete y-ray absorp-
tion, it is necessary to know' the energy of the
7-rays. Conclusions about the initial energy of
the photo-neutrons could not be made from the
data of this experiment. The large amount of
heavy mater moderator slowed the neutrons
down to suc'h an extent that the shape of'the
distribution curve in the oil, where the measure-
ments were taken, mas no longer a measure of
the initial neutron energy. Hence, we have tried
to correlate our periods with those found by
W. D. B. Spatz, D. J. Hughes, and A. Cahn in

unpublished work on the same subject. Their
values for the y-ray energies are given in column

B~,Table II. For purposes of calculation we have
arbitrarily assumed an energy of 3 Mev for the
two longest periods, which were not reported by
Spatz, Hughes, and Cahn.

In D~O and for y-ray energies between 2 and
5 Mev. the photoelectric effect and pair produc-
tion are negligible in comparison with the
Compton effect. If me assume that every Comp-
ton scattering of a y-ray quantum by an electron
reduces the quantum energy below the y,e

threshold in D20, the fraction of the quanta
absorbed in a sphere of radius R cm, from a
central point source, is Fc 1——ex—p P(—p, +Ijv)R)
where IM,, is the linear "absorption" coefficient per
cm for Compton scattering and p, ~ is the coef-
6cient for the y,e reaction in D20. For this ex-
periment the effective thickness of heavy water
is 23.3 cm. p, =o,&(3.35&1023 per cms for D2O,
where 0„the Compton scattering cross section
per electron varies from about I.27X10 '~ cm'
at 2.5 Mev to 1.06X10 '5 at 3.5 Mev. p, ~ = 6.7
X l022+0-~ per cm', where 0.~, the y,n cross sec-
tion per deuteron varies from zero at 2.17 Mev
to about j.4&10 "cm' at 3.5 Mev. In Table II
are listed values of 1/F& the correction factor by
which the yields A must be multiplied to give
the yields for an infinite sphere of D20, for the
assumed energies B~.

A small correction, n= j..06„is listed in the
next column of Table II. This compensates for
the y-ray absorption in the 0.050-inch wall

thickness of the pneumatic tube, the fixed
0.125-inch thick Al tube through the center of
the sphere, and in the —,'6-inch thick wall of the
plastic rabbit.

Column P in Table II gives an additional cor-
rection necessary because not every Compton
scattering process reduces the energy of a y-ray
quantum below the y, n threshold, so that the
Aux of y-rays of energy above the threshold is
everywhere higher than that calculated using the
full Compton scattering cross section. P/F, is
then the ratio of the number of Y,e neutrons
produced by multiple scattered photons in an
infinite sphere of DIO to that produced by
multiple scattered photons in a sphere of radius
23.3 cm. The theory of the multiple scattering
correction was developed for us by Mr. E.
Greuling and Mr. H. Soodak.

Column A, in Table II is A. XaP/F~, the cor-
rected yield of photo-neutrons in an infinite D~O

medium, relative to the yield of the 22-sec.
delayed neutron period. Aq = 100XA,/4. 54 is the
percent yield relative to the total delayed neu-

trons (see Table I, column A). Column Ay= 2

X0.01XA~/100 is the absolute yield of photo-
neutrons per fission, calculated from the data in

column B, fable I, using the arbitrary value 2

for the number of instantaneous neutrons
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emitted per fission of a U~'~ nucleus and 0.01 for
the ratio4 of delayed to instantaneous neutrons.

D. Gamma-Ray Yields

We now compute the number of y-rays per
fission necessary to produce the photo-neutrons
of each, period, with yields Af in Table II. The
fraction of the total 7-ray quanta from a point
source which are absorbed in the y,n reaction in
an infinite D20 sphere is

provided each scattering process is assumed to
reduce the energy below the threshold. If we
take into account the fact that some scattered
quanta still have energy above the threshold,
the actual photo-neutron production will be
higher by a factor C, which will be small near
the threshold and increase with the initial energy
of the y-ray. In Table II are listed, for each
period, the values of 1/F„and of C. The absolute
yield of y-ray quanta per fission, A~, will be

A, =dr/Ii~C.

V. DISCUSSION OF RESULTS

A. The Effect of Possible Parent-Daughter
Contributions

In the analysis of the data as described above
it has been assumed that the hard y-ray emitters
are initial fission fragments. The interpretation
of the data is made uncertain because of the
possibility that the emitter of tI-. photon giving
the photo-neutron may be a daughter of the
initial fragment. In such cases the data would
yield the true period, but the amplitude deduce'd

by extrapolating the decay back to zero time

4H. D. Smyth, Atomic Brlergy for Military PN~'&'oses
(Princeton University Press, Princeton, 1945), Appendix 3;
or Rev. Mod. Phys. 1V, 459 (1945).

may be in error. If the daughter has a very much
longer life than its parent, the error will not be
large. If the two have comparable lifetimes the
saturated activities given may be a considerable
overestimate.

B. Number of Photons yer Fission

From the number of photo-neutrons per fission,
the number of hard photons per fission was cal-
culated from a consideration of the relative
probabilities of Compton and V,e collisions. The
results are given in column A~ of Table II. The
sum of the values in this column is 2.5 photons
per fission of energy above 2.17 Mev. The
highest single yield is 1.6 for the 41-sec. period.
This value, however, is subject to great uncer-
tainty. The assumed energy 8~=2.25 Mev is
very near the threshold, where the y,n cross
section is small and changing rapidly. If the
true energy is only slightly higher, the calculated
y-ray yield A ~ would be much reduced. However,
the highest observed yields of individual fission
products are only about 6 percent, so the y-ray
yields of the 2.5-sec. 41-sec., and 2.4-min.
periods are all much too high to be caused by
single isotopes. These high photon yields can be
explained by supposing that there are a large
number of high energy y-emitters with half-lives
too close together to be resolved in this experi-
ment.

C. Correlation of the Gamma-Ray Periods with
Known Fission Products

We have been unable, to correlate without
ambiguity our periods with those given for the
known fission products. It seems that in order to
accomplish this correlation it would be necessary
to repeat the experiment with individual fission
products or with groups of products each con-
taining a small number of members.




