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by
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ABSTRACT: To determine the effects of fractionation on gamma-
ray exposure rates in fission-product fields, spectra of gamma-
rays emitted by fractionated products of thermal neutron fission
of 235U were studied. Controlled fractionation was brought
about by sweeping the rare gas fission products out of sealed
samples at 10 to 15 seconds after fission using programmed
automatic equipment. Spectra were measured at nine selected
times (viz., 1/i4, 1/2, 1, 2, 5, 10, 24, 4$ and 72 hours) after
fission. The detector used was a calibrated and highly col-
limated 5" x 5" NaI(Tl) crystal. The gamma-ray spectra were
unfolded from the pulse-height distributions by means of an it-
erative method. The number of fissions that had occurred in
each sample was determined by radiochemical analysis for 99Mo.

The type and time of fractionation studied in this work is of
particular interest in predicting the effects of nuclear explo-
sions, but is also applicable to certain possible nuclear reactor
incidents.
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INTRODUCTION

In studies of nuclear bomb debris, fractionation of the radio-
active species resulting from the detonation has been observed on
many occasions (1,2 ?3). The phenomenon of fractionation is defined
by Freiling (4) as any alteration in composition which caused the
debris sample to be nonrepresentative of the detonation products
taken as a whole". Fractionation can be caused by a number of
different processes and can occur at various times after detonation.
Freiling hat discussed fractionation in several papers (4,5,6). The
work of Adams et al (7,8) and that of Norman et al (9,10) is of in-
terest in consideration of fractionation processes. Many others have
made contributions to fractionation information; among them are
those who have participated in symposia (11,12) on fallout.

According to some calculations (6,13), it is possible for frac-
tionation to have a large effect on the gamma-rays emitted by the
fission products in fallout. To our knowledge, no laboratory studies
have been performed on the radi.ological effects of fractionation
under controlled conditions.

In previoua work (14-18) we have measured the gamma-rays from
unfractionated products of fission as a function of time. The pro-
ducts studied were those of slow neutron fission of 23 U and 23 U.
The work describei here was undertaken to show quantitatively the
effect of very early rare gas fractionation. This is only one of
many possible fractionation processes, but it can result in very
marked losses or enhancements of certain mass chains in nuclear
debris.

The studies involved the measurement of the gamma-ray pulse-
height distributions from fission products that had been fractionated
in the laboratory in a controlled manner. Pulse-height distributions
were taken on the fraction of the fission products remaining after
removing the rare gases at the same times after fission as in the
studies of unfractionated fission products (viz., 1/4, 1/2, 1, 2, 5,
10, 24, 48 and 72 hours). In addition, pulse-height distributions
were obtained at 1 and 2 hours after fission on the decay products
of the rare gases which were removed at 10-15 seconds after the mid-
point of a 10 second irradiation. The time at which the rare gases
were removed (viz., 10-15 seconds after fission), corresponds approx-
imately to the condensation time of a nuclear weapon of about 10 KT
yield.

The results of the work show the nature and extent of the de-
crease in photon emission and exposure rates due to the early re-
moval of the rare gas fission products and the consequent lack of

1
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descendants of these products at later times in the main body of the
fision product mixture.

EXPERIMENTAL

In order to measure the desired ganma-ray spectra, gamma-ray
pulse-height distributions were obtained on the fractions of gross
fission products remaining after the removal of the rare gases. The
same nine elapsed times selected for the unfractionated work were
used in order to permit a direct comparison of the fractionation
effects. In addition to the measurements on the solid residue, the
rare gases were trapped and the jamma-rays of their descendants were
examined at the widely used one-hour-post-fission point, and also at
two hours after fission.

The main steps in the experimental procedure were: (1) assembly
of the detector shield and pulse-height analyzer system, (2) cali-
bration of the detector, (3) preparation and packaging of the sample
(4) irradiation of the samples, (5) collection of the rare gas fis-
sion products, (6) measurement of the pulse-height distributions,
(7) readout of the data in a form suitable for machine computation,
and (8) radiochemical determination of tne number of fission events
in each sample. Steps (1), (2), (6), (7) and (8) were performed in a
manner that was essentially identical with previous descriptions
(14,17).

Preparation and Packaging of :amples

Uranyl stearate was prepared by mixing warm aqueous solutions
of sodium stearate and uranyl nitrate in a similar fashion to that
used by Wahl (19) in preparing barium stearate. First the enriched
uranyl nitrate was obtained by dissolving uranium metal foil in
dilute HN03 , evaporating to dryness and dissolving in distilled H20.
The original foil had an abundance of 93.2% of the mass-235 isotope.
Spectrographic analysis had shown that the foil was 99.8% pure
uranium. Uranyl stearate was used because it was reported to be
highly effective in emanating rare gas fission products. Its emana-
ting power was determined by Wahl (20) to be >95% for the 3-sec 92Kr.
The use of enriched uranium permitted the physical dimensions of the
sample to be small enough to make good counting sources.

Packaging for irradiation and counting was designed to prevent
the escape of any fission fragments from the samples, while permit-
ting subsequent radiochemical determination of 9"Mo. It was also
necessary to design the packaging for the rapid removal of the gaseous
fission products from the uranyl stearate samples at a desired time
after fission. Therefore, the uranyl stearate powder was sandwiched
between Whatman j42 filter paper discs and then heat-sealed between
polyvinyl alcohol films as described below. Polyvinyl alcohol film
was selected because it is acid-soluble and may be dissolved with
the entire uranyl stearate packet for the subsequent determination
of 9 Mo. This determination was used to calculate the number of
fissions that had occurred in the sample.

2
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A cylindrical cavity having a volume of about 0.75 ml was pro-
vided in the rample for holding the uranyl stearate. This cavity was
formed by stacking eight pieces of filter paper which had been cut
into rings with an inside diameter of 0.80 cm and an outside diameter
of 1.43 cm. The stack of rings whose inner core was filled with ura-
nyl stearate, was sandwiched between two filter paper discs of the
same outside diameter. Approximately 36 mg.of uranyl stearate was
introduced into the cavity for each sample.

This packet of filter papers was pressed tightly together and
heat-sealed between two pieces of .08 rm thick polyvinyl alcohol
film. It was proposed to pentrate this packet with hollow needles
for the purpose of withdrawing the gaseous fission products. In or-
der to provide a leak-proof seal when these needles were withdrawn,
a self-sealing rubber gasket was placed on one side of the packet,
and another piece of polyvinyl alcohol film was placed on top of the
gasket and again heat-sealed. This arrangement gave a very tight
seal, and kept the uranyl stearate firmly in place.

The uranyl stearate package was placed in a high density nylon
rabbit. Nylon was used because it is tough and can withstand the
force of impact after transport in or out of the reactor. The spec-
ially designed rabbit (cf Fig. 1) was composed of two parts, which
screwed together. The cap was 2.44 cm long with a circular opening
for needle penetration into the uranyl stearate sample. The body was
a solid piece of nylon 2.44 cm long. A polyethylene disc on top and
up to six additional filter paper discs beneath the packet were used
to position the uranyl stearate precisely when the cap was screwed
tightly onto the body. The overall dimension of the rabbit when
assembled was 2.49 cm outside and approximately 3 cm long.

Irradiation and Counting of Samples

The samples were irradiated in a pneumatic rabbit facility of
the reactor of the Aerojet-General Corporation at San Ramon, Calif-
ornia. This reactor can operate at power levels up to 250 KW. At
the maximum power level the slow (I ev) neutron flux in the rabbit
facility was - 4 x 10'2n/(cm2 -sec). The Cd ratio for Au was about
4.5.

In Table I are given the reactor power level and the counting
periods (relative to the midpoint of the irradiations) of the pulse-
height measurements. The time intervals were measured with a stop
watch or electric clock. The duration of each irradiation was 10
sec. Power levels were chosen to provide samples that would give the
best possible counting statistics, without producing excessive dead
time in the pulse-height analyzer or creating instrumental calibra-
tion shifts. In general, the relative dead time for the shorter
counting intervals was -10% and did not exceed 20%. The )ive-time
for each counting interval was obtained from a live timer. The
counting intervals were chosen so as to give good counting statis-
tics and to minimize decay effects.
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Table 1

Counting Times of Samples

Elapsed time after Reactor Period of count (after
Mid-Point of Irradiation Power Mid-Point of Irradiation)

(hr) (kw)

1/4 4o 14-16 min
1/2 4o 28-30 min
1 125 57-63 min
2 125 114-126 min
5 250 4.75-5.25 hr

10 250 9.5-10.5 hr
24 250 23-25 hr
48 250 46-50 hr
72 250 69-75 hr

Prior to counting, each uranyl stearate sample was fastened
with tape to a thin sheet of polyethylene that was stretched over a
polyethylene R-ray absorber 4.3 cm thick. Reproducible geometry was
obtained by placement of the sample in the center of a series of con-
centric rings drawn on the polyethylene absorber. However, for count-
int of the gaseous fission product samples, a different polyethylene
S-ray absorber was used. It had the same overall dimensions, but had
a cylindrical well cut into it in order to position the samples for
counting. The well was 1.59 cm diameter and 0.343 cm deep. The de-
sign of this arrangement was such that the activated charcoal con-
taining the gaseous fission products would have very nearly the same
counting geometry as the solid uranyl stearat sample. This made
possible the direct comparison of the respective pulse-height data of
the solid and the gaseous fission product fractions.

The pulse-height data were recorded and made ready for entry
into the computer in the same manner as described in previous re-
ports (14, 17).

Collection of Gaseous Fission Products
A semi-automatic gas-trapping system was constructed. The

apparatus was composed of 3 parts: a snap-on rabbit receiver assem-
bly, a gaseous fission product collection train, and a semi-automatic
timing circuit. Figure 1 shows schematically how the apparatus was
assembled.

5
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The snap-on rabbit receiver assembly was made up of four parts:
a quick disconnect, an aluminum cylinder, a movable needle support,
and a solenoid.

The brass quick disconnect is commercially available. It was
screwed into an aluminum cylinder which contained a top and a bottom
compartment separated by a 0.32 cm thick partition. A circular hole,
1.19 cm diameter, was drilled through the center of this partition.
The top compartment received the nylon rabbit after irradiation.
This compartment was fitted with four spring-loaded pawls which
snapped in behind the rabbit on its arrival from the reactor and
held it tightly in position. Each pawl was cut to a slightly dif-
ferent length to allow for some variation in rabbit length.

Two 22-gauge stainless steel syringe needles were silver-solder-
ed to a movable brass support which was fitted loosely into the bot-
tom compartment. The two needles were separated by a distance of
0.95 cm. They were positioned in the support so that the needle
points would penetrate into the filter paper packet surrounding the
irradiated uranyl stearate sample, but would not enter the cavity
containing the uranyl stearate. One needle was a gas-entry needle
through which helium was introduced for sweeping the gases out of the
irradiated uranyl stearate sample. The other needle was a gas-exhaust
needle through Which the gases from the sample were withdrawn.

A solenoid was clamped firmly to the aluminum cylinder. The
armature of the solenoid was- bolted to the brass needle support, so
that the needles moved up or down as the solenoid was energized or
de-energized. The needle support was seated on a cylindrical stop
by a pull-back spring when the solenoid was de-energized.

Rubber tubing was used to connect the gas-entry needle to a tank
of helium through a flowmeter and a supply valve. The flow-rate used
was approximately 75 cc/min to provide a strong flow of helium during
the gas-sweeping process. A hypodermic glass syringe (Yale type, 1
cc volume) was pressure fitted into the exhaust needle. Rubber tub-
ing, connected to the syringe, was passed through a Fischer electro-
hosecock and connected to one arm of a gaseous fission product col-
lection trap cooled in liquid nitrogen. The other arm of this trap
was connected to one arm of a larger U-tube trap containing activated
charcoal cooled in liquid nitrogen. This U-tube was used to absorb
waste gaseous radioactive products to prevent them from escaping in-
to the atmosphere. Care was necessary when handling this trap, be-
cause it could become saturated with atmospheric gases which would
expand rapidly and dangerously upon warming The other arm of the
trap was connected to a vacuum pump for evacuation of the air to per-
mit a rapid sweeping of the sample with He.

The trap for the collection of gaseous fission products is
shown in Fig. 2. It was made from a stainless steel pipe cap and
plug with a 1/8 in. pipe thread. The bottom of the cap was machined
to 0.010 in. thickness to minimize gamma-ray absorption. Two holes,
each about 1/8 in. diameter, were drilled through the plug. Copper
tubing 1/8 in. diameter was inserted through each hole mnd silver

6
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soldered to the plug. One piece of copper tubing protruded about 3
mm into the cavity and the other tubing was even with the bottom of
the plug. To the other ends of the copper tubing were silver-
soldered short pieces of larger diameter copper tubing for convenient
connection to rubber tubing. Copper tubing was used because it is
more readily sealed than steel. Each collection trap was checked for
leaks by pressurizing with helium at 20 psig.

Approximately 350 mg of activated charcoal, occupying a volume
of 0.36 ml was introduced into the pipe plug. The plug was screwed
tightly into the cap with the aid of teflon sealing tape. A drying
tube containing silica gel was connected to each arm of the trap at
least one day prior to experimental use. This was necessary to
assure that the trap was sufficiently dry to prevent moisture from
plugging it when cooled in liquid nitrogen.

In a typical experimental run the helium gas was allowed to
flow continuously. The power for th,_ vacuum pump and the Microflex
timers was turned on. This closed the fission gas evacuation tubing
at the point where it passed through the electro-hosecock and de-
energized the solenoid which actuated the needle support.

The rabbit containing the uranyl stearate sample was driven by
CO2 gas pressure into the reactor for irradiation. The remote con-
trol starting switch initiating the Microflex timers (see Fig. 1)
was closed manually at the midpoint of the 10 sec irradiation. The
Microflex timers operated the equipment automatically for the next
steps. The first Microflex timer introduced a precise 10 sec de-
lay after closure of the switch. At the end of the 10 sec. delay
period, the second Microflex timer was actuated. This energized the
solenoid and drove the needles into the uranyl stearate package.
Simultaneously, the electro-hosecock was opened, allowing helium to
flow for 5 sec. At the end of 5 sec, the timers automatically closed
the electro-hosecock and de-energized the solenoid circuit allowing
the electro-hosecock to pinch shut the rubber tubing and simultan-
eously retracting the needles from the sample package. Finally, the
two lengths of copper tubing on each gaseous collection trap were
sealed with the aid of a hydraulic crimper. The irradiated samples
were then allowed to decay for the desired period, removed from the
rabbit and prepared for gamma spectral measurements.

Separate irradiations were utilized for measurements of the
gaseous fission product fraction and of the solid fraction. Prepara-
tion of the solid fraction for gamma-ray measurements was simplified
by not utilizing the gaseous fission product traps because of the
tendency of the traps to plug. Several samples of the solid frac-
tions were prepared for measurements at various times, and duplicate
samples of the gaseous fission products were collected for measure-
ments of that fraction.

8
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DATA PROCESSING AND RESULTS

The processing of the experimental data was performed in a
manner similar to that described previously (16,17). However, four
different computers were used. A portion of the data was processed
on a UNIVAC-1108 while the work was being done at the U. S. Naval
Radiological Defense Laboratory.

When data processing was started at the Naval Ordnance Labora-
tory an IBM-7090 was used. Later, the laboratory obtained a
CDC-6400. During the period of changeover, Control Data Corporation
made a CDC-6600 available. Consequently some modifications were made
in the programs to accommodate them to each of the computers.

The gamma-ray spectra were obtained by unfolding the pulse-
height distributions into 100 energy bins, identical with those
utilized in the previous work (14, 15). The mid-bin energit- and
the widths of the energy bins are listed in Table 2.

The unfolded spectra from the fraction remaining after removal
of the rare gases (i.e., the "solid" fraction) are given in Table 3.
The results of the unfolding of the gamma-ray spectra of the species
trapped on activated charcoal (i.e., the"gaseous" fraction) are con-
tained in Table 4.

Figure 3 shows the pulse-height distributions of the two frac-
tions at 1 hour post-fission. The distributions at 2 hours post-
fission are given in Fi ure 4. Spectral-density histograms are given

-tof this work with other results that vary in energy bin width.

DISCUSSION

The photon emission rates for the fractions obtained in this
work are compared with the results for unfractionated fission
products (17) in Table 5. The photon emission rate from the solid
fraction is decreased about 9 to 28% over the 3 day time pericd with
the smallest decrease at 3 days after fission. The members of sever-
al of the prominent mass chains removed by rare gas fractionation
that exist at 3 days after fission are either stable, comparatively
long-lived or pure 0-ray emitters. Therefore it is suggested that
the number of photons emitted by the solid fraction does not appr oach
with time the number emitted by unfractionated fission products but
will vary with increasing elapsed time after 3 days post-fission.

The sum of the photon emission rate from the gaseous fraction
and that from the solid fraction is appreciably less than that from
unfractionated fission products. The losses are ascribed to the
deposition of fission products along the path of the gases from the

9
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irradiated sample to the activated charcoal trap (see Figure 1).
Radioactivity was observed all along the pathway. This deposition
is believed to have resulted from the decay of the rare gas fission
products to other elements which are not gaseous at room temperature.
The atoms of these elements quickly adsorb onto surfaces. The solid
fraction should give a more reliable quantitative measurement of the
effects of fractionation than the gaseous fraction. However, quali-
tative indentification of constituents should be easier in the sim-
pler spectra of the gaseous fractions.

The solid fractions obtained in the experimental work are con-
sidered to approximate reasonably well the radiochemical composition
of fractionated close-in fallout. (Such fallout would most likely
have a somewhat greater portion of the rare gas descendants than the
solid fractions, but would also be depleted in mass chains which con-
tained volatile members other than the rare gases.) Hence, the gamma-
ray spectrum of the solid fraction should be similar to that emitted
by close-in fallout material. Within limits, it is possible to make
some comparisons of the results of this work with the calculations
of Crocker (21). These are given in Table 6. Considering the
assumptions involved, the agreement is good.

Examination of Figures 3 and 4 permits one to identify some
prominent photopeaks in the pulse-height distributions of the gaseous
fractions. The gamma-rays emitted in the decay of 92y probably con-
tribute to the 0.45 and 0.55 MeV peaks, while the decay of 1 3 9 Xe
would be expected to contribute to the 0.15, 0.25, and 0.45 MeV
peaks. Contributions to the peaks ato.15, 0.45, 0.55, 1.02, 1.45,
2.25 and 2.65 MeV are expected from the decay of 13 Cs. Other
contributors undoubtedly exist, but those mentioned above have the
proper yields, genetic relationships, and half-lives to be prominent.

10
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Table 2

Energy and Width of Energy Bins

Bin Mid -bin Width Bin Mid- bin Width
No. Energy (MeV) (MeV) No. Energy (MeV) (MeV)

1 0.07 0.0]. 51 1.47o 0.05
2 0.08 0.01 52 1.520 0.05
3 0.09 0.01 53 1.570 0.05
4 0.10 0.0]1 54 1.620 0.05
5 0.. 0.0] 55 1.670 0.05
6 0.12 0.01 56 1.720 0.05
7 0.13 0.01 57 1.770 0.05
8 o.14 0.01 58 1.820 0.05
9 0.15 0.0] 59 1.870 0.05

10 o.16 o.01 60 1.925 o.6
11 0.17 0.0 61 1.985 .06
12 0.18 0.0]. 62 2.045 o.o6
13 0.20 0.0 63 2.165 .o6
13 0.19 0.0]. 63 2.105 o.o6
15 0.215 0.02 65 2.225 .06
16 0.235 0.02 66 2.285 0.06
17 0.255 0.02 67 2.35 .06
18 0.275 0.02 68 2.405 0.06
19 0.295 0.02 69 2.765 0.06
20 0.315 0.02 70 2.525 0.06
21 0.335 0.02 71 2.585 0.06
2 0.355 0.02 72 2.6h5 0.0623 o. 375 0. 02 73 2.705 m~6

__24 o. 395 0.0o2 74 2.770 0.0o7

25 0.420 0.03 75 2.840 0.0726 0.450 0.03 76 2.910 0-07
27 o. 48o o. 03 77 2.980 o. o7
28 0.510 0.03 78 3.050 0.07
29 o.54o 0.03 79 3.12C 0.07
30 0.570 0.03 80 3.190 0.07
31 0.600 0.03 81 3.265 0.08
32 0.630 0.03 82 3.345 0.08
33 0.665 o.o4 83 3.425 0.08
34 0.705 o.04 84 3.505 0.08
35 0.745 o.o4 85 3.535 0.08
36 0.785 0.04 86 3.665 0.08
37 0.825 .04 87 3.750 0.09
38 0.865 o.04 88 3.84o 0.09
39 ..905 0.04 89 3.930 0.09
4o 0.945 o.o4 90 4.020 0.09
41 0.985 o.04 91 4.115 0.10
42 1.025 o.04 92 4.215 0.10
43 1.070 0.05 93 4.315 0.10
44 1.120 0.05 94 4.415 0.10
45 1.170 0.05 95 4.515 0.10
46 1.220 0.05 96 4.615 0.10
47 1.270 0.05 97 4.715 0.10
48 1.320 0.05 98 4.320 0.11
49 1.370 0.05 99 4.930 0.11
50 1. 420 0.05 100 5. k14 0.11



NQLTR 71-103

mo crOOD 0 r-D '.or-- --*111 0t-4 Oat 0 0-4Oq O ' oko nH c'
HOH-VO C'j-J44--fH N C t CMth-NCjOH O\%HO C CC

t-~ E-C.--- tW t- I-- -. co co Cco Ic- t'---C. l -- t- c C.-rs-co 0

N WHHt nH-t4 l MDr4D n2I 4I M .H H C\ 0Ci LM

C12O

coo

E-

C400t %Q 0 Nw% OO 4L qw- n\O *con aint. (MO~o H JOWDI-

ZOCl) U 0 CC --t[- El- t--E- t-00- CC 000 t t- -t-[- t -t 00

Hi

P4 4 H H H Wc~~ N-nD H--C.N--NN H m0C N OMHOHC4
n ~ ~ UC( H E-t- l -- t- t - O I-El - C O O t- k (O D O -- t-Cl-t- t

Ojr

r)r4 to 0GE4 ~ om 4n% -t H0n0% D O00 ~
0 H :4 ko HC.-cOj cOUCc Ua%%D n'a~O. M \0 oaCj H % c'm l

o CI 1.1\r4H H C'CJ cHCJ.A HcI-
0 2 U\ t - -t-cl l l l l l-t-t .\0 Oko D t l lk

E-1 4nc~jC~M- \OM\C'.- HHO '% oO C0 HcvvrmO Lf0\ji-r H

P44

o :4 MN nN MO Hr1 H H NNNcoHH -H H 0HHl C~C~j

r-i D U\ko ko 1 2 nU1t\ U\nnnLn wnt\U\n nnDwU



NOLTR 71-103

N --.t t0 mL-C'vOJCi u O' MHO' MOOD H i 0 H H.t 0

c\i

:V 00 nmo ~0 O\Co \,o o 0i r H 4O0C\J CM'H4C H --- ,\M -\,o
U"\ H 0H H '10 :tH rl )H 00 H H Hi - HcX-oor40 E- -AD %D

l C nuLn\rrH COD0tt H CW-t4H MnC\B o tC OcO LNCWH
00 oiH N t - HcOCY)HCJ 0 H 0l1C\J(M I.-t CY MM 0 CO rIHO

U"\-t C~ijrnH :tH QoC\i OJL nH H riH H H H nC H m HCN

H ----------

0
P4

M H ) t- LcJH H 0D Cj iD HC~jrI ~ ~t-~ HC'JC'J\C0\H HH -trt 4 N

H- Lr\ n nUn nUl nrL( tCL)Z* n Lr\ nU\Lr\nn L\UMn

0 0 cy4t~ (\ cI00 0 LO' \10 N # I \j \D0OD ---t (Y co O Coj

U-\ 0 LP)0 \0 t- C\jOJC\ lo ~k\0 Lr\co CV)(\ CJC'JHO0H C'j 0 MO L
H - \H'0 \10H HH ri01\ -HH- H H Cj CjC' HHHH H HIr- o0)t

>0

koE-o0 - ~ ntL\ \0t00a - Q()-tL 1 -00

rx13



NOLTR 71-103

L' CDCOCC tHCO CO O H = ON0O aHU O~aNGNMON GNMM

M4 cOLn~ 4 - o kD - n cn 0iko t- m NON-tOa%\l oLn H M%
Jcn a CM%-HHHcm H H r qV4H coD '.o t nU)Lt -t m c? cUiJ

:4 k OH'o H~ -- -tCrno MH co 0cn Nc H CO.D fl Hrq st- Ln~o
HOMtl-H H HHrqH t-.O --rmcm j cm ~H HHHI - H 04 c -

cu t-W o - - E E-00 o 000000co co ODco coco co ) O )

:4 C~ ChMH m COWHOcr 004 HnL W caow~. orrow
H L -L--* - -j H i W IL-- t-~a W a i q qONCoo iqCO %D a-t -.t

H H E~-'.H HHHHW D O'-O'.DU -t ~Iz - *%n -.t*()C'j HHr

0

ri M --t 0 0~rcrc ONC'O. --t JC--t \J HC '\ )CH Hco w t- mml

ri HH r c0H Hqt-W t- E- W k LA.:*\ LfN nzt CfN'HHH

H N NJ'JH' 'H H HH H HHHH rq - t- I-co Hr-I 1\.DC)

ta\ MCC~a4 Hmo CO Ov-t C'jHH qmtkk ON.O' zt mLnrtc0

>*0

C4 r-CrMLC.t '.Ot-COi H(\MU\~ '.OE-cOO HC\JM--tU

14



NOLTR 71-103

H H4Ct MO t-OLCO Ln " nt H C.JOjO 0 mU"
HqCM (C\(J H MOO\ mmOO'DO Hcir-IMHf4tCq L C1OOOO

E- mmmmmONOO 0ooo ma moa MONO 0

M -i O-E-~-- t-- H t-[H%'%, n kO ' , E-H - - MH qME--.

N'OJH NHH HHHHiH H r H H -H HCj CjC'j (e

I -.- - cc)h~) ~--t C'jr,000~ LCILC'-- :tn nt.-OD H no -H

MNNNCC'H HHHHH H H H NO 00co co co -4 HH H

H CoOCOcOQ2 ococoWCOCO0 00) aOa\ a\GGoa'mm wwcOwwocc

t-) 0 t-.t 0R. OHCnOm H M-Lfw cMi0OMc 0 1~,0 H

w1 tC, 1- -- t- t-0 co 0OD 00c coc0a)OD000o0 oODc cOco 0 co
4 H

0

(Y k \t-L1m) NNNNNc' H qH HH UNO o 00t- OMO'i HHHr-

.ILr M 0H c'J 10C' j l'- t -c4O t0\1m 'OCj (MH H Y) t-ko
i HrHOcO tl\O'.tnC= CY (Y) CUjCM CUCj O \jN CC~j rl

\HH\O\, ,00 t'0' 0 \,O\D\, CO OkOt- ,- - C C\ t- -- L L-t- -t- -

n (' U"\kof n n-*-* \0 4C'JC'*'JCM CQ mN J lHHHH r H H rIHH

14 %'.t-cOO10 H-cUCm--tLr) .ot-oo'mo H-cUjcy)Lfu, \f-OO'MO

H

15



NOLTR 71-103

TABLE 4

GAMMA-RAY SPECTRA OF GASEOUS FRACTION OF 236 U FISSION PRODUCTS
[PHOTONS/(FISSION SEC)]

ENERGY TIME AFTER FISSION ENERGY TIME M
BIN NO. 1 H 2 H BIN NO. 1 H 2 H

1 (73 894 26 g~g63
2 24 8186314 l255 6)15 (7 70

(12 62 16 29 6 612
5 (9)34 829 30 6 29 6)12

6 ()8 894 317
(7)286 728 32
(6)13 7)27 33 19 7 22

9 (6)17 759 34 771 7)24
10 (6)17 780 35 (7)37 7)23

21 614 367962 6 3
()7 7 94

20 ~ 77O ()18 7~73(7)41

15 (6)19 061476

16 (6)37 7)36 41 (6)41 (7)38
19 76 56 7 16 42 o71

20 (7)70 17)18 45 (7)73 74

22 (6)1 (7)1 46 48 ~ 728
246}12 74461973

25 (621 50
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TABLE 4 (Continued)

- ENERGY - A-FTERISONL ENERGY TIM AFTER PISSiN

BIN NO. 1 H 2 H BIN NO. 1 H 2H

51 (5)27 9,2 76 7'r)9 8)56
52 6 4Z 0 7 7 18 8 48

7)30 )78 79 725 8 63
55 (7)20 845 80 (7)29 (8)71

56 7 5 (8)55 8 987
57 712 82 725
58 6 241 (734 83®(62483 (7)22
59 6 15 7 5 84 718
6o 610 (7)53 85 7)14 )45

61 (6)18 (7)27 86 (7)12 (8)38

62 (6)31 76 87 (7)12 (8)39
0 6819 7 )45 88 (87 82

61 6)1 (25 749 872 38 44

667 64 90 712 8 39

S65 624 91 10 834
6 6 7 84 92 84 8 30
N7)78 7 81 93 81'76 8 27

69 (7)70 760 94 8 70 8 25
70 (7)81 17 38 95 ~ 8 67 ~ 8 22

71 (6)15 (7)25 96 (8)72 ~ 8)22
72 (6)31 (7)47 9z (8)82 8)25
73 (6)28 6)10 98 (8)90 ~829

761 (6)1 7)56 99 (892 ~ 8)32
75 (7)30 (7)13 100 (7)11 8)36

17
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TABLE 5

PHOTON EMISSION RATES OF PRODUCTS
OF THERMAL-NEUTRON FISSION OF 23"U

Photons/Fission-Sec Fraction of Gross
Fission Products

Time After Grossa
Fission Gaseous Solid Fission Gaseousb Solid
(hr) Fraction Fraction Products Fraction Fraction

0.25 --- 6.2xlo-4  8.lxlo'4 0.77

0.5 --- 3.lxlO "4  4.3xlO "4  -- 0.72

1 2.2xi0-5 1.5xlO "4  2.OxlO'4 0.11 0.75

2 6.2x10 "6  5.9xi0 -5  7.9xlO 5  .8 0.75

5 --- 1.6xlO-5  2.OxlO 5  -- 0.80

10 --- 6.5xlo "6  8.xlO6 -- 0.80

24 --- 2.6x1O"6  3.6xlO-6  -- 0.72

48 --- 1.4xO 6  1.6xO -6 -- o.88

72 --- 8.6x10"7  9.4xi0-7  -- 0.91

aFrom unfractionated products of thermal-neutron fission

given in reference 17.

bThese values are low due to loss of a portion of the activity

in the gas fraction that was deposited in the needle and tubing
leading to the trap.
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TABLE 6

PHOTrON E14ISSION RATES OF "FRACTIONATED FALLOUT"
PHOTONS/FISSION - SEC

tTime Calculated
tAfter (Moderate

Fission Solid Loss of Experimental
I(hr) Fraction Chains) Calculated

-4 -5
25.9xl10 4 .1X10- 1.2

15 1.6x10-5  1.2x10-5  1.3

24 2.6xlcA 2.9xl0 6  0.90

48 1.4x106  1.5x106  0.93

72 8.6x1&-7  9.7xl0-7  0.89

19
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FIG. 3 PULSE-HEIGHT DISTRIBUTIONS OF FRACTIONATED PRODUCTS OF THERMAL-NEUTRON
FISSION OF 235U AT 1 HOUR AFTER FISSION.
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FIG. 4 PULSE-HEIGHT DISTRIBUTIONS OF FRACTIONATED PRODUCTS OF THERMAL-NEUTRON
FISSION OF 235U AT 2 HOURS AFTER FISSION.
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FIG. 5 GAMMA-RAY SPECTRAL-DENSITY HISTOGRAMS OF THE SOLID FRACTIONS FROM PRODUCTS
OF THERMAL-NEUTRON FISSION OF 235U AT SELECTED TIMES AFTER FISSION.
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FIG. 6. GAMMA-RAY SPECTRAL- DENSITY HISTOGRAMS OF THE SOLID FRACTIONS FROM PRODUCTS.-

OF THERMAL-NEUTRON FISSION OF 235U AT SELECTED TIMES AFTER FISSION,
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FIG. 7 GAMMA-PAY SPEC TRAL-DENSITY HISTOGRAMS OF THE SOLID FRACTIONS FROM PRODUCTS

OF THERMAL-NEUTRON FISSION OF 235U AT SELECTED TIMES AFTER FIS SION.
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FIG. 8 GAMAMA- RAY SPECTRAL- DENSITY HISTOGRAMS OF THE GASEOUS FRACTIONS FROM
THERMAL- NEUTRON FISSION OF 235U AT I HOUR AND 2 HOURS AFTER FISSION.
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