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I SUMMARY

This report describesthe results of various investigations made
by United Nuclear Corporation into the nuclear physics aspects
of the accidental criticality which occurred on July 24, 1964,
at Wood River Junction, Rhode Island. This report is therefore
a supplement to the earlier United Nuclear Corporation report
dated August 21, 1964 which described the incident itself.

17

Total fissions which occurred are estimated to be 1.3 x 107,
Evidence that a second excursion took place is described and
the possible mechanisms are evaluated. Estimates of doses re-
ceived by personnel are given and the methods of calculation
are described. The postulated events leading to the criticality
and the statement in the earlier report that the criticality oc-
curred due to the accidental pouring of a concentrated solution
of uranyl nitrate from safe to non-safe geometry are verified by
the results of these subsequent investigations.
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Il INTRODUCTION ’

The Critical Incident

On July 24, 1964, ot approximately 6:06 pm, an accidental nuclear excursion occurred at
the Fuels Recovery Plant of the United Nuclear Corporation in Wood River Junction, Rhode
Island. One employee was exposed to lethal radiation and died some 49 hours ofter the in-
cident; five other personnel were exposed to radiation in excess of 1.25 rems. A description
of the plant, the background to the incident and a qualitative description of what occurred
are contained in @ United Nuclear Corporation report dated August 21, 1964, entitled
"Nuclear Incident at United Nuclear Corporation, Wood River Junction, Rhode Island,

July 24, 1964",

The Objective of the Nuclear Investigation

On July 27, 1964, the United Nuclear investigation task force was formalized. One im-

- portant sector of the total investigation was the nuclear (or physics) aspects of the incident.

The objectives of the nuclear aspects investigation included the following:

1. Reconstruction of the initial conditions surrounding the criticality
and the nature of the system which went critical.

2. Determination of whether criticality continued ofter the initial
excursion or if subsequent excursion occurred. -

3. Estimate of the total number of fissions which occurred.

4, Estimates of the radiation doses received by exposed personnel.

This report contains the results of the nuclear physics investigation which continued through
August, September and October 1964 following the incident. As such, this report is a
supplement to the earlier United Nuclear Corporation report dated August 21, 1964,

The Investigation

Prior to beginning the decontamination and cleanup, the investigating team made a very
thorough survey of the entire plant to observe the conditions left by the incident. Many
photographs were taken and samples were taken from all jars and bottles located in that
portion of the plant where the incident occurred. Coins from the pockets of plant personnel,
a watch and samples of metallic material from the room in which criticality occurred were
collected for activation analysis. The decontamination effort was controlled so that no per-
tinent evidence was destroyed. No uranium bearing material was moved in fhe plant until
its relevance to the incident had been established.

The conditions relating to the establishment of criticality were almost completely unknown.
There were no records of the chemical composition and strengths of the solutions whose
mixing led to the criticality. The data obtained subsequently were not all consistent. One
objective of the physics investigation was to reconstruct a sequence of events which is con-
sistent with most of the data. It will be useful to set forth here briefly the facts as they
were known a few days ofter the incident occurred. The adequacy of any detailed recon-
struction must be measured against its compatibility with these facts.
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The Investigation - {Continued)

The Operator carried up to the third floor of the tower area an 11 liter polyethylene
bottle which he believed to contain trichloroethane and which, in fact, contained a solu-
tion of enriched uranium. He started to pour the contents of the 11 liter bottle info a
tank which is normally used for making up an aqueous sodium carbonate solution. The
volume of carbonate solution and the strength of this solution in the tank at the time of
the incident were unknown. The uranium in the 11 liter bottle was approximately 93%
enriched. Neither its concentration nor its acidity were known. At the time of the
pouring, the solution was being agitated by an electric stirrer. When the bottle was
nearly empty, an excursion occurred. An unknown volume of solution was expelled

from the tank and the nuclear alarm sounded.

The first radiation readings ofter the criticality alarm sounded were taken by the Super-~
visor at the emergency building. At Criticality plus 5 minutes, levels of 90-100 mr/hr
were read; at Criticality plus 10 minutes, the level was 50-60 mr/hr. By Criticality
plus 30 minutes, the level at the emergency building was 10-20 mr/hr and that level
continued for the next two hours. The building is located approximately 450 feet from
the vessel in which criticality occurred.

Approximately 1-3/4 hours later, the Plant Superintendent and the Supervisor entered
the building in order to drain the solution remaining in the tank into a safe geometry.
The Superintendent was wearing a regulation film badge, containing both a photographic
film and an indium foil. The Supervisor had previously given his regular radiation badge
to the health physicist and was now wearing a visitor's badge which contained only in-
dium foil but no film. They proceeded together to the third floor of the tower. The
Supervisor stayed at the door, about 15 feet from the stainless steel tank and the Superin~-
tendent entered the room. The polyethylene bottle was found mouth down, in the tank.
The Superintendent removed the bottle and placed it on the floor, turned off the electric
stirrer and immediately left the room. He and the Supervisor then went to the first floor
and proceeded to drain the sodium carbonate solution from a 3" diameter glass column
into jars which are 6.25" diameter and hold approximately 1 gallon. During the draining
of this carbonate solution containing only a very small amount of uranium, the Superin-
tendent unsuccessfully attempted to start the material draining down into the 3" diameter
glass column. On the assumption that the uranium precipitate had settled into the drain-
pipe at the bottom of the vessel and was thus preventing material from draining, the
Superintendent went to the third floor and restarted the stirrer. He then assisted the
Supervisor in filling the gallon jars on the first floor. The first few jars thus contained
mainly sodium corbonate or a mixture of sodium carbonate and solution from the carbonate
tank; the last jars filled contained only solution from the carbonate tank. In all, 12 gal-
lon jars were filled.

During the draining operation, one gallon jar, 3/4 full (3 liters) was dropped and its con-
tents spilled onto the floor. An additional 1-2 liters was spilled when the drain hose on
the second floor slipped out of the funnel. This draining operation took approximately

20 minutes. The film badge worn by the Superintendent showed an exposure fo 50 R of
goamma rays. Silver coins which were in the pocket of the Superintendent and indium
foils worn by both men indicated that they had been exposed to thermal neutrons.
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The Investigation - (Continued)

To achieve the aforementioned objectives of the physics investigation it was important to
know the volumes of solutions involved and their concentrations. The strength of the
vranium solution would provide information which would be helpful in determining the
origin of the particular bottle which was used. The total volume in the system at the
time criticality occurred affects both the fraction of neutrons which leaked from the sys-
tem and the energy spectrum of the neutrons. The latter is needed to interpret the fast
neutron activation data.

The yield (total number of fissions) is desired in order to determine the total energy re-
lease and to provide some insight into the quenching mechanism which terminated the
excursion. In conjunction with a good model for a transient analysis, it can also aid in
determining the initial excess reactivity.

The determination of the lethal dose which the victim received may shed some light on
the biological effects of radiation. Accurate determinations of the dose may help in
understanding the immediate cause of death. Correlation of the several methods of es-
timating whole body dose has already led to the refinement of one fechnlque and may
lead to others.

The determination of the dose received by the Superintendent and the Supervisor was the
most difficult task. They were exposed to neutrons and gamma rays but only the gamma
ray exposure of the Plant Superintendent was known. Both the neutron and the gamma
ray doses of the Supervisor were unknown. In order to determine the total exposures of
each man, it was necessary to establish the origin of these irradiations.
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Il DISCUSSION OF THE NUCLEAR ASPECTS

Reconstruction of the Incident

On the basis of chemical data, analysis of activations, criticality and shielding calcu-
lations, a reasonable reconstruction of the incident has been prepared. Details of the
arguments leading to this reconstruction will be found in later sections of this report.

The carbonate tank contained 41 liters of 0.54 molar sodium carbonate solution. The

polyethylene bottle contained 11 liters of uranyl nitrate with a concentration of 256

grams per liter. While the Operator was pouring the uranium solution into the tank, an
excursion of approximately 1.0 x 10 fissions occurred. The radiolytic gas formed
(probably enhanced by CO) from a chemical reaction between the uranyl nitrate solu-
tion and the sodium carbonate solution) ejected 10 to 11 liters of solution from the tank
and left 2 kgs. of uranium in the tank in. 41 - 42liters of liquid. Twenty to thirty
seconds after the excursion, the solution reacted chemically in such a manner as to pro-
duce a large volume of CO9 gas bubbles with a subsequent rise in the liquid surface
and formation of a precipitate containing the majority of uranium. After the gas left
the system, the surface dropped leaving some uranium precipitate deposited on the wall

- of the tank. During the next hour and three-quarters, additional precipitate dropped

into the drain line. During this period of time the tank was either subcritical or became
so long before the re-entry of the Plant Superintendent and the Supervisor.

One and three-quarters hours after the incident the Plant Superintendent and the Super-
visor entered the building and went to the third floor of the tower. The Supervisor staved
on the landing outside the door. The Plant Superintendent entered the room, removed
the bottle from the tank and placed it on the floor. He turned off the electrical stirrer
ond immediately left. After he had passed the Supervisor and just as he started down the
stairs, a second excursion resulted from the flattening of the top surface of the liquid in
the tank. The reactivity associated with the surface distortion was 0.021 in k. This ex-
cursion was temporarily terminated by the formation of the bubbles of steam and radio-
lytic gas. The steam resulted from local boiling in the vicinity of the small precipitate
particles which also served as nucleation sites.for the radiolytic gas. The excursion was
permanently terminated by settling of the precipitate to the bottom of the tank.

During this excursion, the Supervisor was subjected to the radiation resulting from 2-3 x
1016 fissions at a distance of 15 feet from the tank. The Plant. Superintendent was at
about the same distance but was shielded by a 12".hollow concrete block wall.

Both men returned to the first floor and attempted to drain the carbonate tank. Due to
the precipitate clogging the 1/2™ drain pipe, = only the material in the 3" diameter
column could be drained. The Superintendent returned to the third floor and restarted
the stirrer. This removed the block at the drain pipe. Because part of the uranium
precipitate had entered the drain and more soon followed; and-because the stirrer was
operating, the tank did not go critical a third time. The Superintendent returned to

the first floor and assisted the Supervisor in draining the remaining solution.



o

Page 7

{ A. Reconstruction of the Incident - (Continued)

].

Data on Uranium and Sodium Contents

Appendix A-6 presents the detailed data concerning the uranium and sodium con-
tents of the 37 liters of material drained from the tank and of the spilled material.
The conclusions from direct analyses are:

Uranium in the 37 liters 2000 gm.

Total uranium content 2820 gm.
Sodium in the 37 liters 715 gm.
Total sodium content 1010 gm.

Assumlng that the container Y poured by the Operator contained 2820 gm. uranium
in 11 liters gives a uranium concentration of 256 gm/liter which is not inconsistent
with the information concerning the plugged evaporator which led to the produc-
tion of highly concentrated material.

The Two Configurations in the Tank

The draining of the tank resulted in 37 liters of drained liquid and 4- 5 liters of
spilled liquid. One spill from a jar estimated to be three-fourths full was about

3 liters and the second spill of 1-2 liters occurred when the tygon tube slipped out
of the second floor funnel. The 37 liters of drained liquid contained 2000 gms. of
uranium or a concentration of 54 gms/liter. The first conclusion is that the final
tank configuration, before draining, contained 41-42 liters with a uranium con-
centration of 54 gms/liter.

Using the 54 gms/liter concentration, it is found that 52 liters is the volume con-
taining 2820 gms. Thus, the total volume was 52 liters. Subtracting from this total
volume the 11 liter contents of the safe geometry container, there results the con-
clusion that the initial volume of the carbonate solution was 41 liters. This con~
tained 1010 gms. of sodium carbonate or a molarity of 0.54. Into this was poured
11 liters of uranyl nitrate solution containing 2820 gms. of uranium at a concentra-
tion, then, of 256 gms/liter. Following the excursion, there remained 41-42 liters
in the tank. Thus the spill from the first excursion contained 10-11 liters.

Mixing Experiments

Mixing experiments were performed in a glass tank of the same diameter (18") as
the actual carbonate tank. Movies were taken of four mixing runs. In each, 10
liters of uranyl nitrate solution containing 230 gms. of uranium per liter were
poured from the safe geometry container into the tank with the stirrer on. The
tank contained successively,

1. 50 liters of 1 molar N02CO3

2. 50 liters of 1/2 molar N02CO3
3. 40 liters of 1/2 molar Nc12CO3
4

. 33.7 liters of 1/2 molar N02C03
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A.  Reconstruction of the Incident - {Continued)

3.

- Mixing Experiments - (Continued)

In all cases, a natural pouring took about 20 seconds with 10 and 30 seconds repre-
senting fast and slow pours. In all cases, it was clearly evident that the stirrer ac~
tion produced an essentially homogeneous solution. The yellow color of the poured
stream could be seen hitting the liquid in the tank and then spreading rapidly, with-
in two seconds, to produce a uniform yellow color throughout the tank.

The effect of the stirrer on the shape of the liquid surface could be seen at volumes
ranging from 33.7 liters to 60 liters. The distortion of the surface was clearly evi-
dent in all cases. The liquid was pulled down in the region above the stirrer blade
and piled up in the diametrically opposite position in a non-stationary pattern
which seemed to have a disturbing wave travelling around the circumference. At
44.7 liters, which was the volume some time after pour No. 4 (following the pre-
cipitate formation) and was also close to the volume of the final configuration in
the accident, the surface was distorted with amplitudes of about 3 cms. Upon
turning off the stirrer, there seemed to be an initial time lag following which the
surface begins to flatten out; the total time to obtain a significantly flattened sur-
face was several seconds.

In pours 1 and 2, the initially-clear carbonate solution was first somewhat clouded
by air bubbles produced by the stirrer action. As the uranyl nitrate spread through-
out, the solution became light yellow in color. After some seconds it became
definitely darker, indicating the presence of gas evolution. At the end of the pour,
the solution was again light yellow in color and fairly clear, showing no visible
precipitofe particles. Pour No. 3 followed the pattern of No. 1 and No. 2, be-
coming even darker until some 20 seconds after the pour, at which time the surface
rose up and foamed for some 15 seconds before subsiding. The final solution again
looked clear, but a sample drawn off showed a slowly-settling precipitate. In

pour No. 4 even more violent foaming occurred, resulting in a 25% increase in
volume. After the CO2 had been expelled, a precipitate was seen sticking to

the glass where the foaming took place, and fhe solution was thick with precipi-
tate particles.

Bench scale experiments on the chemical aspects of the mixing are reported in Ap-
pendix A~3. The acidity considerations are consistent with the formation of pre-
cipitate in pours No. 3 and No. 4 and the non-formation in Pours No. 1 and

No. 2. The foaming is the result of the evolution of large amounts of CO9 in
the reaction leading to the precipitate formation. As also reported in Appendix
A-3, the precipitate particles formed during the foaming process are about one
micron in size. When the solution is allowed to settle, there is agglomeration of
particles into aggregates of about 20 microns in size.
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B. Evidence of a Second Excursion

The present evidence indicates that two (2) excursions took place. The fissions estimated are:

First excursion 1.0-1.1x10 ¥/
Second excursion 0.2-0.3x 1017
Total fissions 1.3+ .25x 10/

1. The First Excursion

The first excursion took place while the Operator was pouring uranium solution into the
tank. Owing to the absence of a neutron source, it is possible for the excursion to take
place some time after criticality is achieved.

About 1017 fissions occurred in the first excursion. The only feasible shut down mecha-
nism is the formation of H9 and Oy bubbles (radiolytic gas) by the dissociation of water.
Calculations based on experiments and analysis with KEWB (Appendix B-1) indicate such
an energy release occurs with an excess reactivity of 1.7 dollars. This requires a criti-
cal mass of 2.0 kg. which was available. An inertial pressure of 30 - 50 psi was esti-
mated. Pressures in excess of 10 psi have been observed to splash solutions out of the
containers,

Chemical analyses indicate that 10-11 liters containing 500 - 600 gms. of U-235 were
ejected. The remaining solution was found to be very nearly critical (Appendix B-1).
Actually there is an uncertainty in the amount of uranium present in solution which re-
duces the estimate of reactivity. The force of the excursion and the violent frothing
during the evolution of CO2 following the excursion tended to leave uranium above
the liquid level on the tank wall. Precipitate was also likely to settle in the 1/2" dia-
meter drain pipe below the tank (the drain valve was open). Uranium removed reduces
the reactivity about 2¢/g. :

It is likely that the system was left about one dollar below delayed critical. The shut-
ting off of the stirrer increased the reactivity by about 2.5 dollars resulting in a second
excursion. The KEWB experiments show that a step insertion of 1 dollar (100 milli-
seconds) would give about 3 x 10 16 fissions. No ejection of solution would be expected.
The precipitate particles serve as nucleation sites and the five (5) liters of radiolytic gas
generated is more than enough to quench the reaction until the gas leaves the system.

In addition, local boiling of the water near the precipitate particles can release large
volumes of steam. Settling of the precipitate could account for the permanent shut down
but no definitive calculations have been performed.

2. The Second Excursion

The most difficult part of this nuclear aspects investigation has been explaining how the
Superintendent and Supervisor were exposed to neutrons. The primary evidence for an
excursion, as opposed to operation at constant power, comes from the relative neutron
exposures of the two (2) men.
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B. Evidence of a Second Excursion - (Continued)

2.  The Second Excursion - (Continued)

At the time of his entry into the building, 1-3/4 hours dfter the initial burst, the
Superintendent had in his pockets two dimes and a silver dollar which were examined
for neutron induced activity. When positive indications of neutron exposure were
found from these analyses, the indium foils on the badges which the two men wore in-
to the building were located for further investigation. At the suggestion of Dr. Marvin
Mann, samples of hair were sent to LASL for analysis. The USAEC arranged for the two
men to be examined at the MIT Whole-Body Radiation Counter on July 30, 1964, be-
fore knowing of the coin activations.

The film badge of the Superintendent indicated a gamma dose of 50 R. The data con-
cerning his neutron exposure are given in Table I11-D-6 in Section 11I-D. The Super-
visor did not wear a gamma film badge but only an indium badge; his gamma dose must,
therefore, be estimated. The data concerning his exposure to neutrons is given in
Table 111-D-6 in Section {II-D. The data in this table indicate the Supervisor was ex-
posed to greater neutron fluxes than the Superintendent.

Three possible explanations for the source of neutrons were considered. These are:

a. At the time of their entry the reactor was critical and operating at a low
power in the neighborhood of 100 watts and they received their exposure
while on the third floor of the tower.

b. Either the reactor was critical at some low power or a second excursion
occurred just prior to their draining the tank and they received their ex-
posures from delayed neutrons while on the floor below.

c. A second excursion took place while they were both on the third floor.

These three possibilities are discussed below.

3.  Continued Criticality at Low Power

-

The only evidence to support this assumption is the radiation intensity measured at the
emergency shack with a survey meter. These data are tabulated in Appendix A-2.

Figure I11-B-A following shows the variation of dose rates at the emergency shack as
a function of time.

Also shown on Figure |11-B-A is a curve showing the predicted variations (Perkins and
King correlation) of fission product gamma decay rate as a function of time ofter in-
staneous fission. It is seen that the measured dose departs from the predicted varia-
tions in the time period from 30 - 150 minutes, during which time the readings are
roughly constant. The draining of the tank took place about 105 minutes after the
initial burst. The plateau at abeut 12 mr/hr from 24 - 84 minutes suggests continued
operation at about 100 watts, However, the continuation of this plateau after 105 -
minutes suggests a different explanation such as contamination of the instrument on

a nearby source such as discarded clothing.
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Variation of Measured Dose Rates at Emergency Shack with Time After the Initial Criticality
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B. Evidence of a Second Excursion - (Continued)

3.

Continued Criticality at Low Power - (Continued)

The neutron exposure of the Superintendent would require his being exposed to a num-
ber of fissions given by the following:

2
Y=1.72x 103 (§) ~ (111-B-1)

where R is the distance in inches of the Superintendent from the center of the tank.
This calculation is based on the total uncollided neutron current density, Jg, esti-
mated from the whole body sodium activity. If most of the exposure to neutrons is
assumed to take place when the Superintendent is standing near the tank, the rela-
tion of Js fo the average thermal flux in the Superintendent's body, €, , is given by:

JS =1.12 ¢ th (See Page 21, Equation 111-D-3 for derivation) (lll-B-?)
@, is given in Table 1I-D -6, Page 30

Then JS =2.81 x 109 n/cm2.

The current density to fission conversion factor in the final configuration is given in
equation (111-C-8). If the hair sample and silver coins activity measurements are used,
higher fission yields would be obtained.

The Superintendent was within one (1) foot of the tank surface for about 10 seconds.
This corresponds to a fission rate of 0.94 x 1013 £/sec. which corresponds to 300 watts
which power would produce higher radiation readings (30 mr/hr) at the emergency
shack than were observed. This power would have produced 8500 R/hr. of gamma ra-
diation at the tank surface. Several hundred R/hr. were observed.

The main evidence against continued criticality is the relative exposure of the two
men. Continuous operation is inconsistent with the neutron flux to which the Supervisor
was exposed since his nearest distance from the tank was 15 feet and his exposure was
greater than that of the Superintendent (See Table 11I-D-6, Page 30)

Exposure by Delayed Neutrons

The Supervisor could have been exposed to delayed neutrons if the tank had been
operating at constant power until it was drained or if an excursion had taken place

just before it was drained. Calculations were made for neutron leakage from the one
gallon jars with a delayed neutron source. Each delayed neutron in the gallon jar pro-
duced 0.17 fission neutrons and resulted in a leakage of 0.99 neutrons (Appendix B-1).
The leakage is largely composed of delayed neutrons. Each delayed neutron in the 3"
diameter column is expected to produce less fission neutrons. (The existence of fission
neutrons is important because activation of the hair requires neutrons with energy 2.5
Mev, whereas the maximum energy of the delayed neutrons is 0.6 Mev.). The whole
body neutron dose for the Supervisor, based on blood sodium is approximately 6 rad.
from the data in Table I1I-D-12,
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Evidence of a Second Excursion - (Continued)

4,

Exposure by Delayed Neutrons - (Continued)

A crude calculation indicates that the gamma dose from fission products would exceed
the neutron dose by at least a factor of 100 for all times greater than 30 seconds after
an excursion. Consequently, the assumption of delayed neutrons producing the neutron
dose requires that we ascribe a gamma dose of about 600 R to the Supervisor. Both
clinical evidence and medical laboratory findings indicate a much lower dose. There-
fore this alternative was discarded.

Exposure to a Second Burst

The most likely explanation for the neutron exposures of the Superintendent and the
Supervisor is the following:

The initial burst expelled 10 or 11 liters of solution which was sufficient to make the
container subcritical. This is substantiated by the criticality studies and chemical re-
sults presented in Sections B-1, A-3 and.A-6 of the Appendix as follows:

a. The multiplication factors, assuming the solution to be homogeneous, are given in

Table B-1-1, Appendix B-1
42 liter case: k =1,043
41 liter case: k=1,035
b. The distortion of the top surface decreases the reactivity by about 2.1%.
The presence of the stainless steel stirrer causes a .0075 to .009 decrease in k.

d. The presence of a concrete wall 15" away from the tank surface increases the re-
_activity approximately by .004.

e. The fempercfure coefficient of reactivity is computed to be 3.1x10 4/°C A
yield of 1017 produces an elevation of temperature of 20° C. during the first ex-
cursion; this decreases k by about .006.

f.  Uranium content analysis (Appendix A-6) shows that there are some uncertainties
in the total U involved in the accident. The results for the total uranium found
in the solution drained from the tank are: '

Idaho Falls, USAEC 1,934 g.
Oak Ridge National Lab. 1,978 g.
United Nuclear Corp. 2,087 g.

An average of 2,000 g. has been taken in the crmcthy calculations. The U-235
reochvnfy worth is estimated to be 1.50 x 107 /g. of U-235. The enrichment in
U-235 is approximately 93.2%. Then the uncertainty in k from the error in
uranium content determination is about 1%.

g. The presence of precipitate particles result in a small but negative effect on re-~

activity due to self-protection in the particles; ~ -.006% in k.
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B. Evidence of a Second Excursion - (Confindé_d)

5.

Exposure to a Second Burst ~ (Conﬁnue‘/d)

In addition, the pouring.and n mlxmg experiments indicated that, following a period of
rapid .gasevaluatiori“and pouring, precipitate particles were left attached to the tank
walls above-the Final liquid level. Some of the uranium may therefore not have been in
the final solution. The net result of these factors is that the criticality of the solution
is estimated to have been in the range 0.99< k< 1.0.

The Superintendent and Supervisor went to the third floor. The Supervisor stayed af the

dAane whila tha € mbanmdant o ~d ad tha hattla me Frirmad A tha etierar
W) wllllc lllc JUPGI llllcllucl'l VVCIII |ll’ lcl'luvcu lllc UUIIIG’ ullu IUIIICU Ull lllc allllcl .

The Superintendent passed the Supervisor in the doorway and had started down the stairs
when the surface of the solution became flat enough to cause an increase of reactivity
which resulted in a second excursion. The hypothesis of a second excursion is supported
by the activation data. Estimates of the fission yield and doses using samples in and on
the Superintendent and Supervisor's bodies presented below cmd in Section 111-D can be
undersi’ood only on the basis of a second burst,

Fissions in the Initial Burst

The number of fissions in the initial burst has been estimated at 1.0 - 1.1 x 10]7 in two
ways. The activation of material in and on the body of the Operator who left the room
shortly ofter the initial criticality, provides one estimate. The ratio of fission products
found outside the tank to material inside it provides another.

With respect to the first method, the calculation is sensitive to the distance assumed be-
tween the deceased and the tank. Table 1{-D-4 shows estimates of the neutron dose at
different parts of the Operator's body. The distance of the Operator from the tank was
selected to give the proper ratio of dose at the pubic hair area to dose at the head hair
area. The location of the pubic hair area was estimated at 25.67 cm from the tank sur-
face (48.53 cm from the center of the solution). Total neutron current density incident

on different parts of the body is evaluated in Section 11i-D and presented in Table 111-D-4.
Neutron current density to fission conversion factor in the initial configuration is given by
Equation III-C-7. Table lli-B-1 following shows estimates of the number of fissions in the
initial burst from several sources of data. A yield of 1 x 1017 fissions seems reasonable.

For the second method, we use the data in Table HI-C-1 which shows that fission products
from 0.25 x 1017 fissions were outside the tank. Take the amount of material ejected of-
ter the initial burst to be 11 liters. Let:

Y1

yield of initial burst

Yo = subsequent yield
Y = Y] + Yp, total yield.

Using an extrapolation length of 2.5 cm and taking account of the axial flux distribu-
tion, the average flux in the top 11 liters is found to be 0.64 of the average flux in
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TABLE [11-B-1

FISSIONS IN INITIAL BURST

(assuming pubic hair in tank
center plane at 25,67 cm from
the tank surface)

Estimated Yields Remarks
Pubic Hair 1.16 x 107
Head Hair 1.16 x 10]7 assuming 86 cm from pubic hair to head
when standing erect
Indium Foil 0.93 x ]0]7 assuming 41 cm distance between pubic
hair and foil
Na in Blood 1.02 x 10]7 based on an average body distance of

55 cm from the tank center line. (32.5
cm from the surface of the tank)
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Evidence of a Second Excursion - (Continued)

- 6.

Fissions in the Initial Burst - Continued)

the total volume (52 liters). Therefore, fission products from

11
Y] x0.64x-5—2 = 0,136 Yl

~ fissions are eiecfed from the tank.

An additional Y, fissions in 41 liters, followed by a spill of 4 liters during draining,
results in additional fission products from

(0.864 Y, + Y2)x -411 = 0.975Y, +0.0845 Y1

1 2

fissions being outside the tank. Referring to Table II-C-1, we then have:

7

(0.0845+ 0.136) Y, + 0.0975 Y = 0.25 x 107

2

Measurements give three values for the total yield. This equation was solved for
those three values with the following results:

Distribution of Fissions

Y x 107 Y]xw” szw”
1.05 1.18 -0.13
1.26 1.03 0.23
1.55 0.80 0.75

We conclude that a total yield of 1.26 x 10]7 fissions leads to about 1 x 10]7

fissions in the initial burst. This is in good agreement with the value found

‘above.
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Estimates of the Total Number of Fissions Which Occurred

Fission product analysis, sodium activation in the tank solution and activation of isolated
samples (stainless steel clamps, screwdriver) provide the bases for the estimates of the total

yield.

]6

Fission Product Analysis

Radiochemical analyses of the fission products are described in Appendix A-5. The
resulting total yield, Yy is estimated to be:
Yy = (1.30.25) x 10" fissions

This value is believed to be the most reliable estimate of the total yield and is con-
sistent with the indirect estimates presented below. The value is an average of the
measurements made at various laboratories; the data are presented in Tables A-5-2
and A-5-3, Appendix A-5,and summarized in the following table

TABLE 1-C-1
Total Yield x 1017 Estimated from Fission Products

Fission Products
Found in Tank Found Outside Total Remarks (Note 1)
0.81 0.24 1.05 NSEC
1.01 0.28 1.29 ORNL
1.30 (0.25) 1.55 AEC-ID
(Note 2)

Note 1: Laboratories are identified as follows:

NSEC - Nuclear Science and Engineering Corporation
AEC-ID - Health and Safety Division, Idaho Falls
ORNL - Health Physics Division at Oak Ridge

Note 2: Assumed, not reported.

Sodium Activation Analysis

Measurements of Sodium 24 activation and total sodium concentration in supernatant
liquid samples taken over a precipitate in the jars filled with the solution found in
the tank and spills are presented in Appendix A-4. The Na24/Na23 atom ratio is
assumed to be the same throughout liquids and solids of the tank materials because of
the strong mixing action of the electric stirrer and the diffusion process.
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Estimates of the Total Number of Fissions Which Occurred - (Continued)

2.

Sodium Activation Analysis - (Continued)

24 /Nc123

atom ratio in each sample.

Let E—j be the Na
N

Then the corresponding volume average fime-ihfegrafed activation flux (essentially
thermal) is given by

»%

o N _C-
Oy, s = -N-l (1N1-C-2)

where Oy is the maxwellian average activation cross section for Sodium 23, (.475 %
.009 barns).

A mean value for the volume average time-integrated thermal flux is then evaluated:

@:th = (.96 + .38) x 10+14 n/cm2 (111-C-3)

where we assumed 40% error in the flux determination caused mainly by the probable
precision of £ 30% and the relative accuracy of = 15% in the determination of Sodium

24, (Appendix A-4).
The total fission yield is then given by:

Y = Ny o x 8 (11-C-4)
where

- N, is the number of U-235 atoms present

25

- % is the microscopic thermal fission cross section of U-235

(Thé product N 1.23 cm? for 1 gram of U-235)

0O =
25 f
The yield has been calculated for two values of N5 corresponding to:
a. The amount of uranium (1900 gms.) necessary to reach prompt critical initially,

b. The final configuration (42 liters, 2120 gms.).

The yields are 2.24 x 1017 and 2.62 x 1017, respectively. It is believed that about
3/4 of the fissions occurred in the first burst and 1/4 in the final configurations. A
reasonable estimate is

Y1 =(2.40.9) x 1017 fissions

This method assumes that the solution in the tank is uniformly mixed.
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C. Estimates of the Total Number of Fissions Which Occurred - (Continued)

3. Activation Analysis of Isolated Samples

Activation analysis of isolated samples provide another basis for determining total yield
estimates. Methods of converting activation measurements into total* neutron current
density incident on the samples are discussed in Appendix B-5. It must be noted, how-
ever, that these methods make use of calculated leakage spectra from bare systems. The
contribution of neutrons reflected from the walls and floor in the sample activation is
difficult to assess, particularly where the neutron reaction is essentially thermal. Hence,
total yields are best estimated using threshold activation reactions since it is reasonable
to assume that a negligible amount of reflected fast neutrons may be incident on the
samples.

From each of the threshold reactions, effective activation cross sections have been deter-
mined for the calculated leakage spectra (Appendix B-5), Section 2.2) above 3 Mev.
From the measured activations one can then determine ¢p., the flux above 3 Mev. Since
the calculations also give the leakage above 3 Mev per }ission, the number of fissions is
determined.

The total current density of neutrons incident on the sample is then given by
Wy o
Iy = ] ] (HI-C-5)
e

where the subscript 1 denotes the highest energy group used in the calculations (E23 Mev);

@ is an approximately averaged value of the cosine of neutron incidence angles in th
the energy group 1. It is shown in Appendix B-5, 2.3 that &), = 0.67 on the
tank outer surface and tends towards untity as the distance from the tank in-
creases’

J+,1 is the fraction of neutrons leaking from the core in group 1 (Appendix B-2).

@y s the neutron flux in group 1. CP] can be determined from the activation
measurements using the corresponding effective cross secﬁons,b"E = 3 Mev®

P, =-§fﬂ°— (11-C~6)
(E = 3 Mev)

where N*/No is the measured activated-to-target atom ratio.
(Appendix A=7).

* The term total in this context means integrated over all energies.
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C. Estimates of the Total Number of Fissions Which Occurred - ( Continued)

3.

Activation Analysis of Isolated Samples ~ ( Continued)

Neutron leakage to fission conversion ratio are given in Appendix B~2. Assuming an
inverse square distance attenuation, incident neutron current densities per fission are

: 2 2
_ -4 9 n/cm
J+ = 1.21 x10 " x (-R-) Tission (11-C-7)
for the initial configuration (52 liters) and
2 .
— -4 9.2 n/cm
J, = 1.63 x 10 (-R—) Fissor (111-C-8)

for the final configuration (42 liters). R is the distance in inches from the tank axis
of symmetry to the sample.

Estimates of J. and total yields assuming that all fissions occurred in the initial and
final configuration respectively are presented in Table 11I-C-2 following. It can be
seen in the table that two of the three measurements on the stainless steel clamp 174
away from the tank give much higher estimates of the fission yield than all the others,
Discarding these two measurements as inconsistent, the estimates may be considered as
independent estimates of the yield and the mean value and the probable error can be
estimated. ‘

Assuming that all fission occurred in the initial configuration,
Yy = (1.76%.20) x 107 Fissions
Assuming that all fissions occurred in the final configuration,
Yr= (1.274.16) x 10"7 fissions
In the initial configuration, it is assumed that all the fissions occurred when the to-

tal uranium solution (11 liters) is poured in the tank. The criticality studies (Appen-
dix B-1) and the victim's testimony showed that the system reached the delayed super-

" critical state with the addition of approximately 8 - 10 liters of solution. The yield

estimate in the initial configuration may therefore be too high. Further, the measure-
ments accuracy is probably £20%. A reasonable estimate of the total yield from the
activation measurements is, therefore,

Yo = (1.320.4) x 107 fissions



ESTIMATES OF TOTAL YIELD FROM THRESHOLD ACTIVATION MEASUREMENTS

A + +24 ot = Total uncoliided ~Total Yield, | Total Yield,
: . (N'/N)x10 Te.3 J Current Incident Initigh~-. __ Final
ltem Reaction Laboratory E=3 41 < g N S, .
. on Sample, JS Configuration Conﬁg_tfrohon
(Note 1) (x1 0?24c'm2) (n/em 2) .

Screwdriver ' - .
Chem. sep. | Fe>*(n, pyMn>? AEC-ID 1.56 x 10'2 13.41 2.09 x10"% | 1.72x107 |1.28 x10"7
Scanned " n 1.25x 10'2 13.41 1.68 %103 | 1.39x10"7 |1.03 x107

" . UNC-P 1.68 x 1012 13.41 2.25 x10'0 | 1.86x10"7 1.14 w107
- . ] " | 12 17 17

55 Hose Clamp _ AEC-ID 3.64 x 10 13.41 4.88 %102 | 1.62x107 | 1.20 x10
. at9" . .

Ni*S(n, p)Co°° " 5.31 x 10" .17 5.93 x10'2 | 1.96x107 | 1.45 x107

" NSEC. 4.68 x 10" 11.17 523 x10'2|1.73x107 |1.28 x10"7

$S Hose Clamp | Fe>*(n, p)Mn>" AEC-ID | 1.06x10'° 13.47 1.42 x10" [ 2.86x10"7 |36 x107
ot 174 A | L . }

C Ni*2(n, p)Co>° " 1.80% 10'° 1n.17 210 x10M | 7.17x107 |53 x107

" UNC-P 0.53 x 10'° a7 0.592 x10'" | '2.02x10"”7 | 1.50 x 107

—

Note 1: Calculations of activated to target atoms,’ N+/ No’ is presented in Appendix A=7

61 3bog -
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D. Estimates of the Doses Received by Personnel

1.

Estimates of Total Dose Received by the Deceased Operator

There are four sources of data from which to make estimates of the magnitude of the
absorbed dose of ionizing radiation received by the deceased Operator. These are:

a.
b.
c.

d.

Radioactive sodium in blood serum samples
Phosphorus beta activity in pubic and head hair samples
Indium foil gamma ray activity

Film badge clip, spring and rivet. neutron activation

Each of these sources of evidence was used to evaluate independent values for the
exposure of the Operator to neutrons and gamma rays.

.

Blood Sodium Activation

Fast neutrons entering the body are moderated by the hydrogen, oxygen and
carbon and reach the thermal energy range with a distribution throughoui_;_fhe
body which is approximately independent of the neutron initial energies. A
small fraction of these neutrons is captured in the normal sodium to form the
radioactive isotope Na24 which decays with a 14.8 hr half life by emitting a
beta particle and two gamma rays of energy 2.75 Mev and 1.38 Mev. As blood
is continually pumped throughout the body, the Na24 concentration assumes a
constant value which is approximately independent of body orientation.

The use of N024 in a body as a dosimetric system for monitoring nuclear inci-
dents is discussed in detail by the originators of the method at Oak Ridge

National Laboratory (ORNL), (References 1, 2, 3 and 4 - Appendix C). The
general method of relating the Na24 activation measurements to the total un-
collided incident neutron density, Js, along with the assumptions used in the
calculation, is given in Appendix B-5, Sections 1.2.3. It is found that

Jg =& vmc:n
a

Aman % oth ~ (I-D-1)

where:
ﬁo, the Maxwell average body thermal absorption cross seciion, is calcu-
lated to bé equal to .0206 cm=1; &, the spectral average probability that
a neutron ‘is captured in the body as a thermal neutron,is estimated to be
equal to 0.435 at 9" from the surface of the tank. (Appendix B-5, Sec-
tion 2.7).
\% and A are the body volume and area projected on a surface nor-
mal fo the neulton beam. The method assumes the body can be replaced by
a cylindrical phantom of radius, Ro = 15 cm. Then qug = 23.56 cm.

man

+ The human body is several mean free paths thick for fast neutrons.
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a. Blood Sodium Activation - (Centinued)

f{')o. is the Maxwell average time integrated thermal flux in the body. It
is related to the activated fo target Nd "atom ratio by:

- N*/N .
® oth ~ ¥ o{h ' (111-D-2)

with ?fh being the Maxwell average sodium activation cross section,

o .. = .475 barns.

th

Then, Equation ([[1-D-1) becomes:

Js = 1,128, = 2.32x10%% x N (111-D-3)
S : oth ’ N

The neutron dose to incident current density conversion factors are
calculated in Appendix B-3. It is shown that the spectral differences
in fast leakage spectra for the configurations thought to be the actual
ones is negligible. Then, the overall average first collision neutron
dose per incident neutron current is:

M _ -9 -D-4
D, ' = 1.50x107" 57— (i1l-D-4)
In addition, an overall "maximum" neutron dose per incident neutron
current is computed as

(max) -9 _rad
D = 2.45x10 " ——— -D-5
o x o/ em2) . _(lll D-5)

The gamma-to-neutron dose ratio depends on the type of configuration .
In the initial pouring excursion, it is shown in Appendix B-4 that

D
| D'% =1.75 ~ (111-D-6)

n
Experimental data on sodium activation are presented in Appendix A-8.

The sqdium activity in blood serum corrected for decay is equal to 2.64
x 107 ic/cc of blood serum. The sodium 23 concentration in blood

serum is 3.21 g/2.
Then the number of N024 atoms is given by
o < 2:64x107° 3.7 10" (111-D-7)

A
where 3.7 x 1010 is the number of disintegration per sec. per curie and
N is the decay constant for Na 24

N* =7.51 x 10" atoms of Na24/ce
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Blood Sodium Activation - (Continued)

The number of Na23 atoms is equal to

24 i |
N=3.21 x 1073 x 023X 10 _ (g 4, 107) x 10%Vcc

where .6023 x 1024 is the Avogrado.'s number, Then,—,'-:l'-*= E894 P 10]_5_-1 X 10-24.

Introducing this ration into Equations (11i-D-2) and l11-D-3) yields

@, = 1.88x10'2 n/em?

s = 2.07 x 1012 n/cm?

Use of Equations ([1I-D-4), (l1I-D-5) and (111-D-6) gives the dose received by the
Operator

Dn(]) = 3,110 rads

D ™) _ 5,100 rads
Dy =3,430 rads

An independent estimate of the dose received by the Operator using the blood
sodium activation measurement can be made using experimental results and calcu-
lations performed at ORNL in connection with the Y-12 Plant accident. (See
Reference 13, Appendix C). ORNL experimental data are given in Table 7 of
(Reference 1, Appendix C) and yield the following conversion factor for the first
collision dose: :

_ 5 rad
fE = 1.65x10 pc/ml of whole blood
or ‘
_ 5 rad
fE = -9%8x10 pe/ml of blood serum

where we assume that whole blood contains 83 MEQ/liter or 1.096 g. of sodium
per liter of whole blood. Then the first collision neutron dose received by the
Operator is given by

Dn“) = 2.64x1072 % .98 x 10° = 2,590 rads.

The difference with the calculated value of 3110 rads can be explained as follows:

The Rhode Island and Y-12 Plant configurations are different. The neutron leak-
age spectrum from the Rhode Island system is expected to be harder than that of the
Y-12 Plant. From the data given in Reference 13, Appendix C, the corresponding
increase in dose is estimated ot approximately 20%.
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Hair Sulfur Activation

The high sulfur content of human hair has been utilized to estimate incident fast
neutron dose by D. F. Peterson, et -al, at Los Alamos Scientific Laboratory (See
Reference 14, Appendix C). The procedure is based on the fact that phosphorus
is almost completely absent in hair and hence, the $32 (n, p p32 reccflon is un-
contaminated by fhermal neutron activation of P3! in the P! (n, 7 ) P32 reac-
tion. The method of P32 beta activity measurements on heav:ly contaminated
specimens is described in Reference 14, Appendix C. p32 decays with a 14.2
day half life; the fractional abundance of sulfur in hair is assumed to be .05
g./g. of hair. The reaction energy threshold is approximately 1.8 Mev. It
should be emphasized that this method does not yield the average body exposure.
However, the fixed anatomical location of hair offers the distinct advantage of
providing a relative estimate of dose distribution.

The experimental data are presented in Appendix A-8. The number of dis inte-
grations per minute per gram of hair, D(0), is related to the activated phos-
phorus to target sulfur atom raﬁo'..-N-, by the following relation

N* 32 1
N = [6023x 104 x .05 * & D(© (11-D-8)

where A is the decay constant in minute~1

(A= 17 20;629?)(60 = 3.389x 107 minute™)
then
. ) |
% = (3.136 x10°) x 107*  p(y (1-D-9)

In Appendix A-8, 8,990 and 2, 160 disintegrations per minute per gram of pubic
and head hair respectively are reported. Then '

* -
%J = 2.82x10') x 10724, pubic hair
P.P

(111-D-10)

-24

N*
] "(68x10 )x]O , Head hair
P.H.

The method employed to relate N total current incident on a sample located
on the body surface is discussed in Appendix B-5. It is seen that the total un-
collided neutron current density incident on the sample is given by

Jg =, id | (111-D-11)
(7+24 ) i1

where cc is the albedo for neutronsin group 1 (E>3 Mev) evaluated in Appendix -

B-5, Section 2-4: <, = .036. .

2 is the neutron flux in energy group 1 (E3 3 Mev) which is related to% through
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Hair Sulfur Activation - (Continued)

the use of the appropriate effective sulfur activation cross section, -5'E' =3 Mev. |
7 is evaluated in Appendix B-5, Section 2.2 as T3~ . 398 barns. ‘

Since the operator was near the tank surfcce,ml -is taken as .70. Thus, Equa~
tion (111-D-10) can be written

Jg = 5.99, = 14.82x 1024 & -H-*(n/cmz) (IN-D-12)

The calculated doses are then obtained by introducing Equation (l11-D-10) into
Equation (111-D~12) and using the conversion ratios given by Equations (111-D-4),
(I11-D-5) and (l11-D-6). The results are summarized below

TABLE I11-D-1

Pubic Hair Head Hair

Flux of neutrons above | @ .= [ ¢p(E)dE 7.09 x ]O” 1.71 x 10”
3 Mev !
l/em?) |

Total uncollided inci- 2 12 12
dent current density JS (n/cm”) 4.18x 10 1.01x10
First collision neutron 1))
dose Dn (rad) 6,270 1,515
Maximum neutron dose Dn(mcx) (rad) 10, 240 2,475
Gamma dose - Dy (rad) 10, 970 2,650

Indium Foil Activation

Indium becomes activated with a 56 minute half life and a 50 day life. Mea-
surements were performed only on the longer lived activity which is due to
In114m produced by the reaction.

113 114m
n

| (n’T) In

The ln] 14m decays with a half life of 50 days, emitting a .190 Mev gamma ray
with a branching ratio of 96.5% and a .722 Mev gamma ray with a branching
ratio of .035.. Measurements on either ¥ -ray may then be converted into the
number of In''“ atoms produced in the irradiation burst after use of the appro-
priate branching ratio, self absorption of the o -ray in the foil, counter effi-
ciency, and decay time between irradiation and counting.
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Indium Foil Activation - (Continued)

*
Idaho Falls measurements and calculations of activated to target atom ratios, N
for the Operator's foil are presented in Appendix A-7. It is shown that,

using .0423 as the abundance of in113 in natural Indium, these ratios are:

N = (5.44 x 1013 x 10724
fora .212 g, foil sample and
N 24

N = (5.62x10'% x 10

for a .221 g. foil sample.
It is shown in Appendix B-5 that

* @ V
| E =/ o (E) P(E) dE (11-D-13)
[o]

where @ (E) is the time integrated flux in dE averaged over the sample volume and
@(E) is the reaction activation cross section. For an essentially thermal reaction,
Equation HI-D-13 can be written

o o o d
H’* =@ “wn| FFF on o
° Pih " th

where th is the Maxwell average thermal activation cross section for In113, oy,
= 49.6 barns; P41, and @y}, are the Maxwell average thermal fluxes at the foil

location in the absence and the presence of the foil respectively, i.e., $th — f,
the thermal self shielding factor. Poth

(111-D-14)

The thermal self shielding factor is determined by the total absorption cross sec-
tion of the indium foil (¢ = 196b at 2200 m/sec) and by the thickness. A thick-
ness of about 102 cm. thén corresponds to .074 absorption mean free paths at
2200 m/sec, resulting in a self protection factor f which is a few to several per-
cent below unity. Secondly, the ratio of In114m gctivation by non-thermal
neutrons to activation by thermal neutron is estimated to be in the neighborhood
of 10%. Therefore, it is true to within several percent that

N = :

N = %o “ih (in-p-15)
The relation between total uncollided current incident on a sample location on
the body and the thermal flux has been derived in Appendix B-5.

J = @Poth
S . 1 . ,
1/2 fth (R) Ji, th (-ﬁ—;h+ 2 cﬁ_h) +2b,J+’ non th (111-D-16)
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c. Indium Foil Activation - (Continued)

where:

fth (R) is the correction factor for scattered thermal neutrons. At foil posi-
tion (R¥218") as discussed in Appendix B-5, Section 2-6, half the calculated
4.3 correction factor is used.

J+, th 9dji  non th are the thermal and non-thermal fractions of the nor-
malized leakage spectrum. (Appendix B-2).

B ¢}, is the average cosine of the thermal neutrons angular distribution. As-
suming that the Operator was near the tank, it is seen in Appendix B-5,
Section 2.3 that @i = 0.60,

oh is the thermal neutron current albedo at the body surface,octh = 0.80.

b, the non-thermal to thermal neutron current albedo, is estimated in Appen-
dix B-5, Section 2.5 as b=0.14

Equation I11-D-16 can therefore be written

J = Poth
S 2,15 x .075 x[_1_+ 1.6] + 0.925 x 0.28
0.6 '
or
Jg = L7 x @ (11-D-17)

Conversion ratios from total neutron density incident on the foil to doses are
given in Equations (I{I-D-4), (I1I-D-5) and (I1I-D-6). The results are sum-
marized below: ' : ‘
TABLE }i|-D-2

OPERATOR FOIL
Sample No.1 | Sample No. 2

12

Thermal flux af foil |°°°ﬁ°n’(90fh (n/cm2) 1.10 x 10]2 1.13 x 10

Total.uncollldedzneutron density incident 1.40 x ]0]2 1.44 x ]012
on foil Jg, n/em

First collision neutron dose, Dn(]) (rad) 2,100 2,160

Maximum neutron dose, Dn(mux) (rad) 3,430 3,530

Gamma Dose, Dy (rad) 3,700 3,780
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The threshold reaction Fe94 (n, p) Mn54 is used to determine the fast neutron
flux at the film badge location and then the total neutron current density inci-
dent on the badge. It is shown in Section HI-C and in Appendix B-5 that, the

activated to target atom ratio,

-Hi, is related to_the flux of neutrons above 3

Mev through an effective reaction cross section @ g ~ 3 Mév such that

N* _ =
N 0-E=3 mev (Pl

reaction,

TE_3 Mev =0.442 barns

(11-D-18)

‘TE—? Mev has been evaluated in Appendix B-5, Section 2.2 for the Fe54 (n,p)
Mn>4

(111-D-19)

The total neutron current density incident on the badge is then given by Equa-

tion (I11-D-11).

Jg = 5.9 9,

N
Measurements and values of —

= 13.35 N7

(x ]024)

(111-D-20)

are given in Appendix A-7. The results are sum-

marized below. N
TABLE 111-D-3
Clip Spring Pin
Flux above 3Mev(P] (n/cm2) 7.28 x ]0” 9.46 x 10” 10.25 x 10”
Total i2ncident neutron density 4.30 x ]012 5.58 x ]012 6.05 x ]012
(n/em*)
First collision neutron dose,
Dn(‘) (rad) 6,450 8, 370 9,075
Maximum neutron dose Dn(max) 10,535 13, 670 14, 820
(rad)
Gamma ray dose D+ (rad) 11,290 14, 650 15,880

The results using the film badge clip, spring and pin activation measurements are
not felt to be very reliable because (1) the internal consistency of the measure-
ments is poor and (2) the cross section information for the .fe. 54 (n, p) reaction
(Appendix B-5, Section 2.2)is incomplete and hence, calculated effective cross
sections may be incorrect. '
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Summary of the Calculated Doses Received by the Operator
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e.
The calculated doses received by the Operator are summarized in Table 111-D-4.
Note that the values given in the table are rounded off computed values. An
average value for the two indium activation measurements is given.
TABLE 1II-D-4
Dose Received by the Operator
Total uncollided| "First Collision" [Maximum neu-| Gamma
incident current | neutron dose tron dose dose
JS, n/cm2 D (]), rads D(qu), rads | Dy, rads} D.(])-i- Dy D(max)_’_ Dn
n n " rads | 7 rads
N024 in 12
2,07 x 10 3,110 5,100 5,430 8,540 | 10,530
blood
Pubic hair 4,18 x 10]2 6, 300 10, 200 11,000 | 17,300 | 21,000
Head hair | 1.01 x 102 1,500 2,500 2,700 | 4,200 | 5,200
Indium foil {4 43 « 1012 2,150 3,500 3,750 | 5,900 | 7,250
(on chest 9
pocket)
Film Badge+
(on chest
pocket) 12
Clip 4.30 x 10 6,500 10, 500 11, 300 17,800] 21,800
Spring 5.58 x 1012 8, 400 13,700 14,700 | 23,100 28,400
Pin 6.05 x 10]2 9,100 14,800 15,900 25,000f 39,800

+Results based on the film badge Iron 54 activation are not consistent nor reliable.
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D. Estimates of the Doses Received by Personnel

2.  Estimates of Doses Received by the Superintendent and Supervisor

The doses received by the Superintendent and the Supervisor are estimated using the
following sources of information.

a. Na24 activity in whole body
b. Phosphorous activity in hair samples

c. Indium foils neutron activation, although it is not sure that the indium foil
attributed to the Superintendent was actually worn by him (Appendix A-7)

d. Silver coins neutron activations for the Superintendent

e. Cr51 activity in watch for the Supervisor

Methods used to determine the doses are discussed in Appendix B-5 and the experi-
mental data are presented in Appendices A-7 and A-8.

The use of thermal activations at large distances from the tank leads to a large uncer=-
tainty in the dose estimates because it is difficult to relate the thermal flux to the fast
neutron current which contributes most of the dose. The reflection of thermal neutrons
by the walls is the cause of the uncertainty. It should be noted that the activation of
hair yields doses in conflict with all other measurements of fast flux. The sodium acti-
vity in the body results mainly from non-thermal neutrons and is more reliable. Each of
the five methods employed is discussed in turn.

a.

Sodium Activation’'in Whole Body

Measurements made at the Massachusetts Institute of Technology on sodium acti-

~vation in the whole body (Appendix A-8 are as follows:

!(4.6 + 0.5) x 10—9 curies for the Supervisor
2.2+ 0.3) x 10-9 curies for the Superintendent

as of 5:00 PM, EDT, 30 July 1964. The Supervisor's and Superintendent's weights
are 83 and 90 kgs., respectively; body density is taken as 1 g./cc. Then the ac-
tivities in pc/cc corrected for decay are given by:

(3.73+ 0.41) 10-5 K< for the Supervisor
<

[(1.64 + 0.29) ]0-51&8 for the Superintendent

Concentration of sodium 23 in whole body is 1.51 mg/liter (Appendix A-8) or
(3.95 x 10"5) X 1024 atoms of Na23 per cc. The ratio of Na24 to Na23 atoms

are readily computed:

N+
L

=(2.69 % 0,.29) x 10—24 for the Supervisor
<

*

~ = (1.19£ 0.16) x 10_24 for the Superintendent
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Sodium Activation in Whole Body

e it

Use of Equations (I1I-D-1), (I11I-D-4) and (li1-D-5) yields the total uncollided current
density on the body, J., and the doses received by both men. The gamma to first col-
lision neutron dose for §he total configuration is:

D
7 134 (In-D-21)

5 (M
n

The results are summarized in Table HI-D-5. At this distance @ is 1.245 with large
uncertainty.

TABLE llI-D-5
24, . .. . .
Na“ Activation ~ Doses Received by the Supervisor
and the Superintendent
Supervisor Superintendent
Thermal flux cp (n/cm2) 5.67 x10° 2.51 x 107
oth " :
Total inc'bdenf current density 2.2 « 109 9.8 «x 108
JS (n/em®)
"Filat) collision" neutron dose 3.3 1.5
D'/, rads
n
M?xim m neutron dose 5.4 _ 2.4
D \MaX) " rads '
n
Gamma dose Dy, rads 4.42 2.0
Precision of the values 50% 50%
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Phosphorous Activity in Hair

Measurements made at Los Alamos (Appendix A-8) on sulfur activation in hair samples
provided the following disintegration rates per gram of hair corrected for decay (dpm/
g. of hair): '
Superintendent Pubic Hair: 38
Head Hair: 12

Supervisor Pubic and Chest Hair: 51.8

The head hair sample was taken aftera haircuft\?pd the scmfle mag therefore be somewhat
diluted. Use of Equation (I1I-D-9) gives fheT\l— ratio of P32 to $32 atoms for each sample.

Since both the Supervisor and the Superintendent were approximately 15 feet away from
the critical assembly, the average cosine of the angular distribution of neutrons of energy
higher than 3 Mev{ {, is approximately 1. This value of [ ; is introduced in Equation
(111=D=11) to compute the total neutron current density incident on the hair samples.

_ - N -D-
Jg = 8.26¢, = 20.75 T (11-D-22)

whereCp . is the neutron flux above 3 Mev at the hair location. The calculated values
of(.p v JS’ and doses are summarized in Table 111-D-6.

TABLE Il1-D-6

Summary of Results Relating to the Hair Analysis

Supervisor Superintendent

2‘;"3’; ;’;‘fr Pubic Hair | Head Hair
(N*/N) x 1024 1.62x10° | 1.19x10° | .38x10°
Neutron flux above 3 Mev(p ., 9 2.99 x ]09 95 « ]09 _,

4,07 x 10

n/cm

jofcl mcnzden'r current density 3.36 x ]09 2.47 x ]010 .79 x ]010
5’ n/cm

I;lr(s{)cor!::ls;on neutron dose 50.4 37.1 1.9
n ]

Maximum neutron dose,

D (max) rads 82.3 60.5 19.4
n t

Gamma dose 07, rads 67.5 49,6 15,9
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Indium Foil Activation

Methods of calculating thermal flux at the foil location and the corresponding total inci-

dent neutron current density have been described in Section 111.D.1.C. Experimental re-

sults and calculated ratios of In 114m to In 113 atoms are presented in Appendix A-7 which
also describes the assumption that a certain foil was worn by the Superintendent.

ln”4m to In”3c|fom ra’rio,%kx 1024
Superintendent's presumed foil 6.14 x 1010
Supervisor's foil 10.0 x 1010

The thermal Maxwell average thermal fluxes at the foil location are computed using
Equation (I1I-D-14). The relation between total incident current density and thermal flux
is given by Equation (11l-D-15) in which 1 is taken as the average cosine of the thermal
neutron angular distribution and 11.5 as the correction factor for scattered thermal neu-
trons (see Appendix B-5). Hence, we may write:

N* +24

Jeo = 0.40CPofh = ,00805 NI 10 (111-D-23)

S

The calculated neutron current density incident on the foil and doses are presented in
Table 11-D-7 following.

TABLE [il-D-7

Summary of Results Relafing to the Indium Foils
Supervisor Superintendent
Thermal flux n/cm2 2.02 x 109 1.24 x ]09
P oth? ) )

Total uncollided current density JS n/cm2 0.81 x 109 0.50 x ]09
"First Collision" neutron dose, Dn(])’ rads 1.2 0.75
Maximum neutron dose, Dn(max), rads 2.0 1.22
Gamma ray dose, Do, rads 1.6 1.0
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Silver Coin Activations (Applies to Superintendent only)

Experimental results and calculations of Ag110m to Ag 109 afom ratio presented in Ap-
pendix A-7 show that there are discrepancies between measurements made at United Nu-

~ clear Corporation Pawling Laboratories (UNC-P), the USAEC ldaho Falls Health Physics

Division (AEC-ID), and at Oak Ridge National Laboratory (ORNL). The question of the
accuracy of Ag110m determinations is dealt in detail in Appendix A-7. The conclusion
has been reached that the results obtained at UNC-P are reasonable and are in good
agreement with results from ORNL. The values calculated from AEC-ID measurements
should be reduced by about 31% to account for the contribution of the 0.935 Mev and
higher energy gamma rays. Even so, the agreement is not satisfactory as can be seen in
the following summary.

" TABLE NI-D-8

Summary of Results Relating to the Superintendent's
Silver Coins
| Ratio of Ag' O™
Item Laboratory ' A 109 Comments
g atoms,
N*/N x 1024
Dime #1 (right side pocket UNC-P 9.10 x 107 .66 Mev Y -ray
of trousers UNC-P 10.04 x 107 .88 Mev ¥ -ray
Dime #2 (left hip pocket) UNC-P 8 x 107
AEC-ID 15 x 107 | Notel
ORNL 7 x 109 | Note2
Silver dollar (right side UNC-P 5.42 x 107
pocket) AEC-ID 7.78 x 107 Note 1
ORNL 6.66 x 107 Note 2

NOTE 1 Measured values were reduced by 31% (Appendix A-7).

NOTE 2 Letter, J. Auxier to M. Shapiro, 11/11/64 in which Ag110m
activities are given as 15,1+ 1.5 and 16.3 + 1.6 picocuries/gm.
for dollar and dime respectively.
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The thermal flux at the coin locations is computed using Equation (l1I-D-14). Since the
non-thermal contribution to the activation is negligible, Equation (I11[-D-14) can be
written: ‘ '

%*= oth Gthf where Teh = 2.84 barns. | (111-D-24)

The self protection correction factors are estimated as follows:
Considering the coins as slab é)f thickness t in (g/cm2), the Maxwell average absorp-

tion cross section, Kq, in-%m— for the coins is calculated
A= 0.6023 |.10xEH 4 00 x L

63

L =~ 0.39%“_

where: 3.34 and 77.1 are the Maxwell average absorption cross sections of copper and
silver respectively (in barns):

- .10 and .90 are the weight fraction of copper and silver respectively
in the coins;

- 63 and 109 are their atomic masses.

The number of absorption mean free paths in the coins, i _t, can be evaluated if the
weight and cross section area of the coins are measured.

For the silver dollar: ﬁq;] dollar = .39 x 111%-5- = 0.671

2.47
2.50

Self protection as a function of.&%f_in slab geomefry+ is tabulated and plotted in
Reference 12, Appendix C. '

We obtain

= 0.385

For the dimes: ﬁaﬂ dime = .39 x

i:dollc:r = 0.49

f =0.61

dime
Then the thermal fluxes are computed by introducing these values into Equation (111-D-24),

Z;e relation between LPofh and J

» the total current density incident on the coins is given

s
Jo = A0 (I-D-25)

Conversion factors for doses are given in Equations (111-D-4), (111-D-5) and (l11-D-21).
The results are summarized in Table 111-D~-9. It must be noted that after corrections, the
results based on silver coin activation are consistent except for the dime in the left hip
trouser pocket, which was measured at Idaho Falls.

+ Coins are assumed to be placed in a homogeneous region, which is not correct.



TABLE 111-D-

10

Doses Received by the Superintendent Based on Silver Coin Activation

Total Uncollided

First Collision

Maximum Neutron

Item Laboratory | Thermal Flux2 Current Density Incident | Neutron Dose, | Dose rads Gamma Dose
oth’ n/em JS, (n/cmz) Dn(]), rads Dn(mcx) Dr s rads

Dime inright | UNC-P | 5.28 x 10° 211 x 1010 3.16 5.16 4.23

side trouser 9 10

pocket UNC-P | 5.82x10 .233 x 10 3.49 5.70 4.67

Dime in left | UNC-P | 4.64x10° 185 x 10'° 2.78. 4.45 3.72

hip trouser + 9 10

pocket AEC-ID" | 8.70 x 10 .347 x 10 5.21 8.50 6.98
ORNL 4.10 x 10° 164 x 10'° 2.46 3.93 3.29

Silver doflar | UNC-P | 3.90 x 10° 156 x 100 2.34 3.82 3.14

in right side + 9 10

trouser pocket| AEC-ID 5.00 x 10 .224 x 10 3.36 5.47 4.50
ORNL 4.71 x10° 189 x 100 2.83 4.62 3.80

+ measured values were reduced by 31% (Appendix A-7)

Ge 9bny
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Cr5] Activity in Watch Case (Applies to Supervisor only)

The same approach as was used for the silver coins was followed fo compute the thermal
flux at the watch case. The composition of the watch case, given in Appendix A-9, is
Cr -12.62%; Ni -12.51%; and Fe -75%. A thermal absorption cross section for that
composition is then evaluated and taking a thickness of .9 g/cm2 for the watch case,

it is found that igt > .03, which yields a self protection factor of .97. Then, fromthe
Cr?'! activation measurements, presented in Appendix B-7, one gets:

N 6.8x10'0 (111-D-27)
N
Introducing Equation (l11-D-27) into Equation (111-D-24) yields:
10
_ 6.8x10

_ 9 , 2
CPoth = 97 x12.0 = -84 %107 n/em®,

Total uncollided current density incident on the case is obtained using Equation (111-D-22).

9

Jo. = .40x5.84x 10" = 2.34x109 n/cm2.

S

The first collision neutron dose is given by:
Dn(]) = 3.5 rads.

The maximum neutron dose is:

Dn(mux) = 5.73 rads.

The gamma dose is:

D/f = 4,7 rads.

Conclusions

The doses received by the Superintendent and the Supervisor, based on the sources of
information considered in this section, are summarized in Tables 111-D-10 and 111-D-11
on the pages following.

In Appendix B-4, it is shown that the gamma dose from fission products received by a
person standing at one foot from the extraction column during the draining of the tank
could range from 40R to 114R. The higher dose results if draining started within 2
minutes after the second excursion and the lower, if draining started after 6 minutes.
At 10 feet, the doses are lower by a factor of 23. The film badge worn by the Superin-
tendent indicates a fotal gamma exposure of 50R. Of this, approximately 1-7R result
from direct exposure to the second excursion based on blood Na activation, coin and
indium foil activation. The remainder can be attributed to the dose received in the
draining operation.



Doses Received by the Superintendent During Second Excursion

TABLE 111-D-10

et

N
——mred

Total Incident

Uncollided

First Collision
Neutron Dose

Maximum
Neutron Dose

Gamma Dose

“ém Current Density Dn(l) + Dy| D (max) + Dy
JS, (n/cmz) Dn(]) rad Dn(mox)’ rad | Dgr, rad rad rad
Whole body Na24 8
activation 9.8 x10 1.5 2.4 2 3.5 4.4
Indium foil (presumed) .5 x 108 .75 1.2 1.0 1.75 2.2
Silver coins,right hand -
trouser pocket 9
dime (average) 2.25x 10 3.3 5.4 4.5 7.8 9.9
UNC silver dollar 1.56 x 10 2.3 3.8 3.1 5.4 6.9
AEC-ID " " 2.24 x 109 3.4 5.5 4.5 7.9 10.0
ORNL 1.90 x 10 2.8 4.6 3.8 6.6 8.4
Left hip trouser pocket 9
dime UNC-P 1.85x 10 2.8 4.5 3.7 6.5 8.2
" AEC-ID 3.47 x 109 5.2 8.5 7. 12.2 15.5
" ORNL 1.63 x 10 2.5 3.9 3.3 5.8 7.2
Hair- pubic 2.47 x 1010 37 61 50 87 m
head .79 x 1010 12 19 16 28 35

/€ 9bny



TABLE 111-D-11

Doses Received by the Supervisor During Second Excursion

Total Incident First Collision Maximum Gamma Dose 1) (max)
Current Density Neutron Dose Neutron Dose D rad Dn + Dy Dn + Dy
ltem - s (n/cm?) Dn(1), rad Dp{max), rad 7 rad rad
Whole body ' ) '
Na24 activation 2.2 x109 3.3 5.4 4.4 7.7 9.8
Indium foil 8.1 x108 1.2 2.0 1.6 2.8 3.6
51 qetivity i .
Cro” activity in 2.34 x 109 3.5 5.7 4.7 8.2 10.4
watch case
Chest and pubic hair 3.36 x 1010 50.0 82.0 68.0 18,0 150.0

8¢ abpg
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There is no direct measurement of the gamma exposure of the Supervisor. From the
blood sodium activation data, a gamma exposure of ~5R is estimated. The dose re-
ceived during the draining operation should be of the same order of magnitude (~50R)
as that received by the Superintendent. It may be somewhat higher due to the dif-
ference in the activities of the two men in the draining operation. '

It must be noted that the dose values derived from the hair analysis and some silver
coin activation measurements are inconsistent with the other calculated dose results.

Doses based on hair activation measurements are too high for the following reasons:

(1) The neutron dose based on the Superintendent's pubic hair analysis

(2)

is about 500 rem, using an RBE of 8.3 calculated from the spectrum
to which personnel was exposed. The gamma exposure shown by
the film badge is 50 rem. A total exposure of 550 rem’is clearly
inconsistent with the medical findings. The same conclusion is
reached when the Supervisor's exposure is estimated from the hair
analysis (~740 rem).

It must be noted that the Superintendent's head hair analysis leads
to a much smaller dose which is probably due to the fact that the
sample was taken after some haircuts. Indeed, the pubic and head
hair should have been exposed to equal doses because the incident
fast neutron flux should form a broad, approximately parallel beam
over the entire body at a distance of 15 feet from the source.

There was no observable peak in the vicinity of 0.81 Mev when the
Co78 activity in the Supervisor's watch case was measured. The ex-
perimental response from 770 kev to 845 kev has been summed up for
the measurements with and without the watch case. The peak inte-
gral value given in Appendix A-7 is the difference between these
sums. The calculated Co58 to Ni98 atom ratio is:

N* 8

N (1.35+ 1.06) x 10

The effective cross section for the Ni58 (n, p) reaction used to com-

pute the fast neutron flux above 3 Mev is 0.531 barns (Appendix B-5),

Section 2.2. Then the flux above 3 Mev is:

¢, = (2.54£1.99) 108 n/cm?

The ratio of this flux value to that computed from the hair analysis
(4.07 x 109 n/cm2) is less than 1/16. If the flux above 3 Mev was
equal to 4 x 107 n/cm2, the 0.81 Mev Co98 peak would have been

clearly visible.

It is finally concluded that the activation of blood sodium provides the most reliable
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24

estimate of the doses. The estimated doses are summarized as follows, based on Na

activation in the body:

Operator

Superintendent

Supervisor

First collision neutron dose
Whole body* neutron dose
Gamma ray dose

Whole Body Dose

First collision neutron dose
Whole body neutron dose
First burst gamma dose
Second burst gamma dose

Total

First collision neutron dose
Whole body neutron dose
First burst gamma dose
Second burst gamma dose

Total

3,100 rad
5,100
5,400
10, 500 rad
0.8-3.0 rad
1.2-5.0rad  10-41 rem’
1-5 1-5
49-45 49-45
60-91 rem

1.2-3.5 rad

2-6 rad 16.6-49.5rem
2-5 rad 2-5
45-49 45-49
64-104 rem

*This is also known as the maximum neutron dose Dn(max).

+ .
Neutron dose was corrected from rad to rem using an RBE of 8.3 calculated from the
spectrum to which personnel were exposed. No conversion was attempted for the
Operator because of the uncertainty in the value of the RBE for lethal doses.
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IV CONCLUSIONS

The following conclusions were reached

A.

The first excursion occurredwhen a solution of concentrated uranyl
nitrate (256 gms/|.) was poured from safe geometry into an 18" dia-
meter vessel. Approximately 2600 grams of U235 were in the system

when criticality first occurred.

A second excursion probably occurred in the system, which still con-
tained approximately 1870 grams U235, when the electric stirrer was
turned off and the flattening of the liquid surface added approxi-.
mately 0.02 in k. '

Total fissions which occurred are estimated as

17

First excursion 1.0 - 1.1x10

Second excursion 0.2 - 0.3 x 10]7

Total  1.320.25 x 10/
Radiation doses received by personnel were estimated to be
Operator 10, 500 rads

Superintendent 60 - 91 rems

Supervisor 64 -104 rems
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EXPERIMENTAL DATA
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Miscellaneous Measurements

Activation measurements were mode at several |c|borutor|es that

will be referenced along with their data. It will be seen that

activation determinations for some particular samples dlffer some-

Number Identification
A-1 Physical Measurements of the Acc%dent Environment A-l 1-1.9
A-2 Rudiuﬁon. Readings in the Period Following.the Incident A-2.1 -2.3
A-3 lnvesffgoﬁon of ‘the Chemical Aspects Relating to the Incident A-3.1-3.6
A-4 ° Sodium Activation Analysis for Supernatant Liquid Samples '. A-4..l - 43
A-5 Radiochemical Anoly;is of the Fission Products A-5.1-5.,6
A-6 Determination of Uranium and Sodium Contents in Tank A-6.1 = 6,4>
A-7 Activation Almallysis of Metallic Samples A-7.1-7.10
A-8 Hair Sulfur and Blood and Whole Body Sodium Activation A-8.1 &8.2
- Measurements

A-9 Spectrogruphid Analysis of Metallic Samples A-é,] ‘
A-10 A-10.1-10.5

times by large factors and these discrepancies remcnned unexplained
after long discussions. Therefore, observed detector responsesalong
with the various correction factors used to derive \the activation will

be presented in this data
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THE ACCIDENT ENVIRONMENT

Criticality occurred in the carbonate make-up tank located in the third floor tower room.
Figure A-1-A is a drawing of the plant layout. A door is 15 feet from the tank, reached
by the stairwell and opens outward from the room into the landing. Between the stair-
well and the tower room is a hollow concrete block wall. Figure A-1-B is a photograph
of the room taken from the vicinity of the door. The wall switch operates the stirrer
motor. The four-foot, 11 liter polyethylene container is shown on the floor in its final
position following its removal from the tank by the Superintendent. The drain pipe can
be seen leading from the bottom of the tank down past the valve, bending first to the
wall and then to the left. The complete drainage path through the funnel on the second
floor and into the pulse extractor column on the first floor is shown in Figure A-1-C.
The second valve, tubing and funnel on the second floor are shown in the: photograph,
Figure A-1-D. A photograph of the extractor column (1-C-9) into which the tank was
drained and out of which full jars were drawn off, is shown in Figure A-1-E. The yel-
low precipitate and clear supernatant liquid remaining in the columns may be seen. The
photograph of Figure A-1-F shows some of the "gallon" jugs drained from the carbonate
tank through column 1-C-9. . '

The carbonate tank is made of stainless steel. It consists of a cylinder 1/8" wall thick-
ness, 18" outside diometer, 23" high, flanged on top, and at the bottom welded to a
rounded steel cap whose bottom point on the inside is 3-5/8" below the cylindrical
piece. (See Figure A-1-G) The liquid volume with the stirrer in place was measured
as a function of liquid height. The results are:.

Height of Liquid Surface

Volume of Liquid Measured from bottom of .
(liters) cylindrical portion (inches)
30-1/2 5
41 7-9/16
51 10-1/16

Again using the bottom of the cylindrical portion of the tank as reference point, the
center of the stirrer blade which is close to the lower end of the stirrer rod, is 2-3/4"
in alhfude and 3-1/2" from the tank wall. The stirrer rod is at an angle to the vertical
(32 ) As the blade revolves, its tip approaches to within about 1-1/2" of the tank
wall and drops to @ minimum altitude of about 1-3/4". The stirring action is quite
strong at volumes in the 40-50 liter range. Air is sucked in, vortices are formed, and
the surface departs from horizontal by several centimeters in altitude. The surface
shape does not remain stationary, exhibiting slow changes under constant stirrer action.
A photograph taken from moving pictures is given in Figure A-1-H. The stirrer blade is
201 g of stainless steel and the stirrer rod is 10 g/cm of stainless steel.

The drain pipe down to the second valve on the second floor (Figure A-1-D) has a total
length of 29-3/4" and flow area of 0.304 in 2, leading to a contained volume of 1.8
liters. The extractor column (1-C-9), shown in Figure A-1-E, has an inside dlcmeferof
3 inches.



TABLE A-7-6

Factors Used at UNC=-P in Calculation of Activations

Page A-7.7

Gamma Gammd
Item Energy Isotope | Detector (i) | Branching| - Attenuation 7\_] :
(Mev.) Efficiency | Ratio Factor (sec. )
‘ 51 - ' -7
Clamp #2 320 | Cr .128. .098 .805 2.88 x 10
* -
(away from tank) .810 C058 .0397 1 .881 1.11 x 10 7
Screwdriver 1.29 | Fe | .00299 44 | L8 1,78 x 1077
. 835 | mMn>* | .o0454 1 77 2.65 x 1078
Supervisor's 320 | | 194 098 | .944 2.88 x 107
Watch Back 810 | co®® | .o606 1 .963 1.11 x 107
Indium Fols %0 [ w4 a2 1855 | .950 1.60 x 107
Dime #1 660 | Ag''O™ | L0575 1.3 .946 3.17 x 1078
880 | Ag'1O™| o413 .95 .954 3.17 x 1078
Dime #2 660 | ag''O™ | o575 1.3 .946 3.17 x 1078
Silver Dollar 660 | AgV1O™ | L0492 1.3 .915 3.17 x 10°8
Gold Ring 411 | A0 | .oosss 1.0 .55 2.97 x 107°

(i)

that all of the activity is due to C658. Since there is a
which cannot be resolved, the activation which is reported

The assumption has been m
small contribution from Mn
is an over-estimate.

Detector efficiency includes the total detection efficiency, the peak-to-total ratio, a
disk and coincidence loss corrections. To calculate the number of disintegrations per -
minute at time 0 the following expression is used:

Peak Integral x Decay Correction
Detector efficiency x Branching Ratio. x Gamma Attenuation Factor

D(0) =
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Figure A-1-D

View of Second Floor Tower Room
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Figure A-1-E Page A-1.6

The Solvent Recovery Column (1-C-9) as seen after Make-Safe Operation. (Right Hand
Column showing yellow precipitate and clear supernatant liquid).




Figure A-1-F Page A-1.7

Jars of Irradiated Material Drained from Tank after Incident (Looking east toward
Evaporator (Precipitator) area).




FIGURE A-1-G

CARBONATE MAKE-UP TANK

Level for*
51 liters ———p

Level for
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304 L Stainless
: Steel Vessel

1/8" wall
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_/
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CARBONATE MAKE-UP TANK
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(no longer exists)

Fuels Recovery Plant
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Figure A-1-H

Full Scale Experiment - View of the Surface Distortion

Caused by the Electric Stirrer Action

Page A-1.9
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RADIATION READINGS IN THE PERIOD FOLLOWING THE INCIDENT

Beta/gamma instrument surveys of the plant area were conducted by the Superintendent and
Supervisor with a low range counter and aofterwards with two Victoreen CDV-720 Model 3A
counters which can read dose rates above the 100 r/hr range.

The first two surveys with the low range meter were conducted to establish the 100 mr/hr boun-
dary at 7:15 pm and 7:30 pm on July 24, 1964. No penetration of 100 mr/hr boundary was at-
tempted. A complete discussion on these two surveys can be found in Reference 5 (See Appen-
dix C) and the 100 mr/hr paths are shown in Figures A-2-A and A-2-B following.

At 7:45 pm, the Superintendent and Supervisor made the third re-entry with the objective to
make the plant safe from further criticality. Using the high range meters on the 500 r/hr. scale,
no significant reading was seen until the Superintendent held it over the edge of the tank at
which time it read 200-300 r/hr. Within two seconds the Superintendent removed the instrument.

Because this reading is important in view of a complete description of the events following the
initial criticality and the possible second critical excursion, a calibration survey of the two CDV-
720 counters was made by the Radiological Office of the Rhode Island State Council of Defense
(Reference 6, Appendix C) using 120 curies of Cesium 137.

The meters were found to be reading correctly to within 5% on all ranges. However, in reference
to response time, in a radiation field of 550 r/hr, a reading of 300 r/hr was recorded in 2.3
seconds. Further, the specifications of CDV-720 state that after warm up of two minutes the
meter responds to 95% of final reading of all dose rates measured on each scale in no more than

9 seconds. In conclusion, reading of 200-300 r/hr at the edge of tank may indicate an actual
500 r/hr dose rate if the reading time is two (2) seconds.

Other readings of interest for the subsequent calculations are the radiation intensity measure-
ments at the emergency shack which is located approximately 450 feet from the incident. The
data are summarized as follows: -

Radiation Measurements at the Emergency Shack (using a low range counter)
Time aofter initial criticality (minutes) Radiation Intensity mr/hr
4 100
9 60
24 « 10-20

84 12
144 12
184 12
540 2-3

The draining of the tank took place about 105 minutes after the initial burst. Hence, the plateau
at about 12 mr/hr seems to continue after the entry of the personnel into the tower.

Gamma dosimetry of the film badge worn by the Superintendent showed an exposure of 50 r. The
Supervisor did not wear a gamma-sensitive film badge.
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INVESTIGATION of the CHEMICAL ASPECTS RELATING to the INCIDENT

An investigation of chemical aspects relating to the incident has also been conducted by United
Nuclear Corporation. Tests and analyses were made on a laboratory scale at White Plains andon
a large scale at Pawling using solution of sodium carbonate and natural uranyl nitrate in an at-
tempt to duplicate experimentally the conditions of the accident. The following discussion sum-
marizes the observed behavior of uranyl nitrate and sodium carbonate solutions.

Conditions under which precipitation is induced when a uranyl nitrate solution is mixed with a
sodium carbonate solution at room temperature are quite limited. The principal factors which
determine whether precipitation will occur are:

1. pH of the solutions after mixing.
2, Concentration of sodium carbonate solution.
3. The relative volumes of the uranyl nitrate and

sodium carbonate solutions.

4, The concentration of free acid in the uranyl
nitrate solution.

Of these, pH is the most significant factor. Precipitation occurs only if the resultant pH aofter
mixing is <6.0. At higher pH, uranium remains in solution as the soluble tri-carbonate complex.
The factors enumerated above are interrelated since the combination of factors must be such that
final pH is<6.0.

When the uranyl nitrate is added at a fast rate to a stirred sodium carbonate solution, the mixed
solution is initially yellow-green in color. As the pH approaches 6.0, the color of the solution
changes to orange. This color change is followed by evolution of carbon dioxide gas and preci-
pitation then occurs. The elapsed time between the addition of the uranyl nitrate and the occur-
rence of precipitation is variable and appears to depend upon the pH of the mixed solutions and
speed of stirring. At a final pH of 5.5, the time between mixing and precipitation is approxi-
mately 10 seconds. The time interval is increased if the final pH is higher, amounting to more
than 1 minute at a pH of 6.0. For the conditions postulated at Rhode Island (11 liters of uranyl
nitrate solution containing 256 g. uranium per liter added to 41 liters of 0.54 molar sodium car-
bonate), the pH of the mixed solution was observed to be 5.5 and elapsed time 10 seconds be-
tween mixing and precipitation.

Although the precipitate forms at a pH of 6 or less, the precipitate does not redissolve when the
pH of the suspension is increased after precipitation occurs. The pH can be increased 1o 7.0 -

7.5 by boiling the suspension. Heating at lower temperatures, however, does not increase pH

significantly.

The composition of the precipitate corresponds to the compound, sodium uranyl tricarbonate
(NagUO2(CO3)3). A yellow crystalline precipitate that had been separated from the tank
solution was analyzed at Idaho Falls AEC. The conclusion is that the compound is moderately
soluble sodium urany| carbonate with a suggested formula to be NagUO2(CO3) 3.2 H0.
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The photographs in Figures A-3-A, A-3-B and A-3-C show the results of a laboratory test which
closely approximated the initial concentrations and volumes: 41'ml. of 0.54 molar sodium car-
bonate was mixed with 11 ml. of natural uranyl nitrate solution containing 255 g. uranium per
liter. Mixing was made by a magnetic stirrer. The photographs were taken 15 seconds, 2 hours
and 3 hours after mixing, respectively. The photograph in Figure A-3-D indicates the size of
individual particles and agglomeration of particles. The precipitate appears to be highly ag-
glomerated with individual particles of 1 micron or less. The average size of agglomerates is
estimated to be 20 microns, '

Full scale experiments indicate further:

1. The electric stirrer quickly dispersed the poured uranium solution throughout
the volume. A reasonable pouring time is anywhere from 10 to 30 seconds.

2. Considerable bubble formation (presumably CO,) took place 20 seconds after
all the solution had been poured. A maximum increase of 25% in volume oc-
curred.

3. With 40 liters of solution in the tank, the motion of the stirrer caused severe
distortion of the surface. Moving pictures that were taken show that a varia-
tion of £ 3 cm.occurred.

4. The formation of the precipitate probably occurred during the gas formation.
On this basis, it may be expected that the initial criticality occurred before
the precipitate formed and while the solution was homogeneous.



Figure A-3-A

Photograph taken 15 Seconds after Mixing

(see text for chemical composition)
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Photograph taken 2 Hours after Mixing

(see text for chemical composition)
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Figure A-3-C

Photograph taken 3 Hours after Mixing

(see text for chemical composition)
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Figure A-3-D

Photomicrograph of Precipitate Particles

500 X
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SODIUM ACTIVATION ANALYSIS of SUPERNATANT LIQUID SAMPLES

A simple method, in principle, of estimating the numbers of fissions which occurred in solution
is to determine the ratio of Sodium 24 to total sodium.

Samples of liquid taken from over the precipitate in the 22 jugs filled during the plant clean-up
were sent for analysis to Nuclear Science and Engineering Corporation (NSEC) and to Oak Ridge
National Laboratory (ORNL).

Because of the short half life of N02 (15.0 hours), there was no time to dissolve the precipitate
and only samples from the supernatant liquid were sent. It is assumed that the ratio of Sodium’ 24
to total sodium atoms is constant in both supernatant and precipitate.

A description of samples taken is given in Table A-4-1 following. NSEC received the samples
on July 29, 1964 and gamma spectrometry was performed at 8PM on nine (9) samples. The other
samples were assayed at a later date but too late to obtain sngmflcanf results. No results were
reported by ORNL.

Table A-4-2 summarizes the results of activation measurements along with the total sodium con-
centrations measured at ORNL.

The absolute accuracy of the N024 determination is probably no better than £ 15%. (See Reference
7, Appendix C).

Sample 2 was also measured at United Nuclear Corporation, Pawling Laboratories (UNC=P).
Comparison after decay correction with the NSEC yields a ratio:

N* (UNC-P)  3.115x 100
N |

N* (NSEC) = 2.42 x 1010

= 1.29

which falls within the absolute accuracy.
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Description of Samples Taken for Sodium Activation Analysis

Sample Number Descripﬁ;)n '
1. 1 gallon on floor - hot,
2 1 gallon on floor - hot,
3 1 gallon on floor - hot ,
4 " 1 gallon on floor - hot,
5 1 gallon with funnel 0;1 floor - not hot,
6 11 liters on floor - not in all-safe cart,
7 11 liters on floor - in all-safe cart ~ label marked " concentrated liquid from
precipitator that has been filtered" ,
8 11 liters on floor - not in all-safe cart - abéut 10% full - label marked
' ' "ADU filtrate",
9 11 liters on floor - in all-safe cart - label marked "1-13-16 wash from evapo-
rator -~ TCE wash from evaporator”,
10 11 liters on floor - in all-safe cart - almost empty - label marked "O. K.
liquor that has been filtered" ,
11 Floor spill behind bottles at the rear of the room,
12 11 liters on floor - in all-safe cart - leaking - not sampled,
13 Floor spiH. from Ieaking bottle of sample No. 12,
14-21 1 gallon - first floor tower,
22 Spill from first floor tower,
23 - Second floor spill was dry, no sample.
24 Spill from third floor tower.



Results of N024

TABLE A-4-2

Activation Measurements

Page A-4.3

Sample | Measured N024 Disintegra(‘llz»n N¢:124 Concentration|  Total Na Concentra‘lzzn
Number | Rate on 7/29/64 ot 8 pm At Time ‘0, N; in In Sample e23 (mg/cc)
(dpm/cc) atom/cc
] 8.1 x 10% 2.97 x 10'° 212
2 6.6 x 10° 2.42 x 10'° 20.1
3 5.6 x 10% 2.05 x 10'° 17.8
4 5.0 x 10% 1.83 x 101° 17.0
15 7.0 x 1104 2.56 x 10'° 22.1
18 4.5x10* 1,65 x 10'° 2.2
20 5.3 x 10% 1.94 x 10'° 20.6
21 6.1x10% 2.23 x 10'° 20.5
24 2.0 x 10° 7.32 x 100 77

(1) See Reference 8, Appendix C, Bibliography

(2) See Reference 9, Appendix C, Biblipgrcphy
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RADIOCHEMICAL ANALYSIS OF THE FISSION PRODUCTS

Brief Description of the Samples Taken

On August 6 and 7, 1964, the uranium solutions and precipitates involved in the nuclear
accident were processed to dissolve the precipitates and obtain homogeneous samples for
analysis. The solutions and precipitates were contained in 17 one-gallon polyethylene
bottles. The amounts of solution and precipitates varied from bottle to bottle. The volume
of each bottle which was more than 50% full was adjusted by transferring under pressure
one half of the contents into an empty bottle. Thus each bottle described in Appendix
A-4 which showed some activity at contact was divided into two (2) portions that are
identified by HA and HB in Table A-5-3. Approximately 5N. nitric acid was added in
small portions to dissolve the precipitate. A 50 ml. sample was then withdrawn by
pipette and subdivided for distribution. The acidified bottles were finally weighed and
stored.

The same procedure was followed to obtain samples from the material remaining in the
solvent recovery column 1-C-9. Twenty-five (25) samples containing 10 ml. of the
homogenized and acidic solutions which presented some activity at contact were sent
for analysis to NSEC, ORNL and AEC ldaho Falls. In addition, two (2) weighed com-
posite samples of materials from clean-up water were obtained and sent on August 31,
1964 with identification Numbers 1 and 2,

Radiochemical Methods of Determining the Number of Fissions

From a known volume of the solution containing the non-volatile fission products, a
single fission product is isolated and its concentration (in atoms/cc.) determined. The
number of atoms is obtained from the absolute disintegration rate of the sample (corrected
for losses during isolation and purification), a knowledge of its decay scheme and of its
radioactive decay constant. From the known fission yield of the isolated fission product,
the corresponding number of fissions per cc. is then evaluated. Hence, the following

equation is used:
D

e->"t AY

where D = disintegration rate of the fission product

(Table A-5-1)

Number of fissions per aliquot counted =

t . .
e = correction factor for decay of the fission product

t = elapsed time from incident
N =decay constant of the fission product
Y  =fission yield of the isolated fission product

Further if the specific gravity, (O of each sample is measured and the total weight in the
entire solution from which the scmple was withdrawn, L is known, then the total num-
ber of fissions events can be computed.
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Results

The isolated fission products used in the analysis of the Rhode Island Incident are Molyb-
denum-99, Barium-140 along with its daughter Lanthanum-140, and Cerium-141. The
analytical procedures used in the analysis are described in Reference 10 in Appendix C.
Constants used in calculations are given in Table A~5-1. Results and summation of total
number of fissions are presented in Tables A-5-2 and A-5-3.

Conclusions on the total number of fissions that occurred in the solution are summarized
as follows: '

NSEC: 1.05 x 1017 fissions
ORNL: 1.30 x 10]7 fissions
AEC-ldaho Falls 1.55 x 10]7 fissions

The measurements made at Idaho Falls on three (3) different fission products are in very
good agreement. Comparison with results from other laboratories is, however, rather
poor. NSEC gives a probable accuracy of 20% on their results. The same error is cer-
tainly applicable to the ORNL results.

Fission product analysis in supernatant liquid samples described in Appendix A-4 were
performed. The results were used to determine which of the bottles contained solutions
from the incident. They are presented in Table A-5-4,

TABLE A-5-1

Constants Used in Fission Product Analysis

. Half Fission Y -ray Branching
Nuclide Life Yield Energy Ratio
Ba 140 . 12.8 d. 6.35% 1.6 Mev 0.88
Ce 141 32.5 d. 6.00% 140 kev 0.48
Mo 99 66 hr. 6.06% 750 kev 0.163




TABLE A-5-2

AEC-IDAHO FALLS Measurements and Results (Note 1)
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Ba 140 Ce 141 Mo 99
Bottle 0.170
Bottle |Volume 1.73 Fissions 0.110  Fissions | Decay Chem. 0.820  Fissions
Number | (ml.) Zl 54 (x1015) | (x10%)  (x ]0]5) Corr.  Yield 2‘0.700 (x ]015)
HA1 1,874 33,486 10.4 1.67 7.8 420 0.783 602 8.6
HA2 1,211 42,057 8.39 1.97 6.1 540 .580 577 9.2
HA3 865 53,474 7.23 2.25 4.9 195 .307 1,050 8.2
HA4 932 36,771 5.67 1.50 3.7 545 .527 438 6.0
HA15 1,718 38,405 10.9 1.25 5.8 420 .543 218 4.1
HA17  |1,162 34,678 6.63 2.55 7.4 195 .650 980 4.8
HA18 1,507 41,050 10.2 2.31 8.9 195 650 1,205 8.1
HA20 |1,256 40, 041 8.29 1.93 6.2 420 .947 773 6.1
HA21 1,854 35, 482 10.9 1.61 7.6 420 .650 595 10.0
1-1C91, 886 45,767 13.4 1.81 8.7 196 .527 1,480 15.0
‘nA2-1C91, 102 9,427 2.57 .91 2.7 545 .783 137 1.5
HA3-1C91, 403 6,736 1.56 74 2.2 420 413 200 4.1
HA4-1C9 740 6,501 .75 .78 1.5 195 .610 245 8.2
HB!1 1,649 8,346 2,27 1.31 5.4 420 .650 190 2.9
HB2 1,731 5,299 1.51 1.04 4.5 195 .543 125 1.1
HB3 1,977 5,804 1.79 1.17 6.0 196 .703 192 1.5
HB4 1,087 3,425 .58 .85 2.3 194 .853 85.4 .30
HB15 1,955 6,010 1.95 1.14 5.7 540 .820 81.5 1.5
HB17 2, 181 1,356 .46 .102 .57 194 .670 450 4.5
HB18 2,537 3,932 1.66 .78 4.8 420 .547 77.9 2.2
HB20 1,516 12,286 3.06 1.30 5.0 420 .650 383 5.3
HB21 2,275 7,322 2.75 .89 5.5 545 IV 89.6 2.2
HB1-1C9j1, 9211 34,106 10.8 1.66 8.6 545 .850 611.5 11.0
LR2-1C902, 196 3,220 1.16 .94 5.3 194 747 63.5 -.51
_-1co,746 | 2,678 .78 .66 3.1 545 .683 30.2 .61
Total (Note2) | . 1.26x10" 1.30x 10"  1.28x107

Z - Events per minute in the index photopeak
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Note 1

Note 2

Page A-5.4
TABLE A-5-2 (Continued)

See Reference 11 in Appendix C.

Fission events in spills and clean-up water were not counted.



TABLE A-5-3
ORNL and NSEC Fission Products Measurements-Ba 140
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ORNL MEASUREMENTS

NSEC MEASUREMENTS

Sample e:t:li t ?ge/r;si;y l\ior.liissions ;::\ltsﬁs:ion I()g(jl:;f)y Neor. :(i:ssions Tczi;alB ;i:lsgon Even

Number ?g? = p(x ?0'12) Boﬂle(i 1ro‘5) * p(x10]2) " (x10'2)
HA 2216 || 1.167 3.78 8.376 |[1.1575| 3.5 6.701
HA2 1469 [ 1.151 4.60 6.757 l1.1697| 4.3 5.40
HA3 1077 [|1.173 | 5.52 5.945 J1.1834| 5.3 4.82
HA4 1133 | 1.151 4.06 4.600 |1.1535] 3.8 3.73
HA15 2051 1.163 | 3.80 7.794  [1.1629] 3.9 6.88
HA17 1372 [1.130 | 3.71 5.090 l 1.1468| 3.6 4.31
HA18 1829 [[1.148 | 4.76 8.706 [1.1604| 4.3 6.78
HA20 1512 [{1.153 |  4.53 6.849 [1.3216] 4.2 4.80
HA21 2195 [11.139 |  4.00 8.780 [1.1670| 3.6 6.77
HAl-1C9 | 2256 [1.162 | 4.78 10.784  [1.1795| 4.6 8.80
HA2-1C9 | 1250 [ 1.091 1.17 1.463  ||1.0881 .97 1.11
HA3-1C9 | 1562 | 1.075 .841 1.314  [1.0906 .70 1.00
HA4-1C9 | 852 | 1.081 701 0.597  |[1.0850 .63 495
HB1 1796 [ 1.092 1.02 1.831  [|1.1044 .97 1.58
HB2 1937 [|1.092 .537 1.040  [1.0943 .54 .956
HB3 2189 [ 1.079 694 1.519  [l1.0978 .52 1.037
HB4 1228 [[1.075 .331 0.406  [1.1226 .31 .339
HB15 2178 | 1.089 .707 1.540  [|1.0794 .54 1.089
HB17 2438 |1.086 .189 0.461  |[1.0966 13 ,289
HB18 2827 | 1.092 514 1.453  [1.0914 .39 1.010
HB20 2730 [1.111 1.53 4177 [r.ns2| 130 3.182
HB21 2533 | 1.084 .861 2.181  [1.1040 .70 1.606
HB1-1Co | 2222 [1.144 | 3.71 8.243 |[1.1045| 3.5 7.041
HB2-1C9 | 2384 | 1.063 .326 777 10612 .27 .606
HB3-1C9 | 1910 |1.058 .336 642 111.0750 .24 426
Subtotal 1.01 x 1017 .81 x 1017
No. 1 56,240 | 1.129 1.521 x10'% | 0.26 x 107 [1.129 |.43x10'2 | .22x 10"
No.2 |111,132[1.069 |.0210x10'% | 0.02 x 107 |1.069 |.019x10'2 | .02 x 10"
TOTAL 1.29 x 107 1.05x 10"

*Density Measurements were made at UNC, Rhode Island
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TABLE A-5-4

Ba-140 Disintegration Rate Measurements for Supernatant Liquid Samples

Sample No. *

Fissions/ml ¥

VO O N O D WO —

AN-—-O*O(D\IQUIACO—‘O

3.5x10
3.9x 1011
3.8x 1011
3.3x101

1.3x 108

1.5x 108
5.0 x 108
2.7 x 1011
1.8x 1010
1.1x101
1.2 x 108
2.9x 1011
4.2x 1011

2.3x1012

* = Identification of the sample is given in Appendix A-~4.

+ - NSEC Measurements.
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DETERMINATION OF URANIUM AND SODIUM CONTENTS IN TANK

The samples taken for fission product analysis (Appendix A-5) were also used to determine
the uranium and sodium concentration in the vessel where criticality occurred. Uranium
in samples taken from the drained tank solution was determined spectrophometrically at
UNC-Rhode Island, Oak Ridge National Laborcn‘ory (ORNL) ond Idaho Falls-AEC.
Uranium in spills and clean-up water and sodium in all samples were measured at ORNL.
Results are presented in Tables A-6-1 and A-6-2,

The enrichment of uranium in U-235 was taken as 93.2%. However, ldaho Falls measure-
ments on a surface ionization mass spectrometer gives the following isotopic composition of
uranium,

U-235 92.75%
U-234 1.00%
U-236 .26%
U-238 -5.62%

The sodium to uranium ratio was computed for each original bottle described in Appendix
A-4. This was done by combining the results for HA-1 and HB-1 to obtain the result for
sample 1, etc. The results are presented in Table A-6-3.

It can be seen that two jars (17 and 18) have an unusually high ratio indicating they con-
tained a mixture of solution from the tank and plain sodium carbonate solution which was
contained in the pipe and column below the tank prior to the incident.

Hence, to determine the correct amount of sodium found in jars, the amounts of sodium and
uranium in samples 17 and 18 were subtracted from the total sodium and uranium to evaluate
a corrected sodium to uranium ratio.

Total Na - Na in samples 17 and 18 = 601.92 g.
Total U - U in samples 17 and 18 = 1883.45.

Corrected-— = , 358 which leads to a total Na content of (.358) (2820) = 1010 g. which
correspondsl'£o a sodium carbonate molarity of 0.54 when dissolved into 41 liters. In spills
and clean-up water, the sodium to uranium ratio is equal to .56, which indicates presence
of sodium in the detergent used to clean up the plant.

In conclusion, the chemical data that will be used in calculations are:
Uranium found in the jors:...... cereceanes cevenene 2000 g.
Uranium found on floors, walls: .............. .... 820g.

Sodium found in the jars (corrected for the amount
of sodium in the pipe and column below the tank): .. .358 (2000) =715 g.

Molarity of the sodium carbonate solution: ........ 0.54
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Total Uranium and Sodium Measurements ORNL and UNC-Rhode Island Results

' ORNL = Results UNC Resulis
,ample Botile | Specific | Total U | Total U Total | Total [Weight|Total U [Total U
Number | Weight| Gravity | mg/grof | in Bottle | Na Na in [Ratio |in gper [in
(gr/cc) | Solution | (gr) (mg/cc)| Bottle Na g of Bottle
‘ (9) U [Solution (g)
HA-1 2216 1.167 69.6 154,234 18.9 35.891 .23 .06281 i 139.187
HA-2 1469 1.151 62.0 91.078 | 18.2 23.23} .26 | .07376! 108.353
HA-3 1077 1.173 80.2 86.375 19.0 17.441 .20 .08447; 90.974 |
HA-4 1133 1.151 62.0 70.246 17.3 17.03| .24 .06411 72.637
HA-15 2051 1.163 65.2 133.725 | 18.6 32.80| .25 | .06623; 135.838
HA-17 1372 1.130 45.3 62.152 | 21.9 | 26.59| .43 | .04794: 65.774
HA-18 1829 1.148 57.7 105.533 | 19.4 30.91 | .29 | .05952| 108.862
HA-20 1512 1.153 70.6 106.747 | 20.2 26.49 | .25 | .06483] 98.023
HA-21 2195 1.139 59.8 131.261 19.4 37.39 | .28 | .06424] 141.007
HA-1-1C9 2256 1.162 68.2 153.859 | 16.0 31.06| .20 | .07335] 165.478
HA-2-1C9 1250 1.091 27.4 34.250 | 14,2 16.27 | .48 | .03080| 38.500
HA-3-1C9 1562 1.075 23.2 36.238 | 13.1 19.03 ] .53 | .02537| 39.628
HA-4-1C9 852 1.081 21.6 18.403 12.7 10.01 | .54 02369 20.184
HB-1 1796 1.092 32.5 58.370 | 18.4 30.26 | .52 | .03446| 61.890
L =2 1937 1.092 25,2 48.812-| 18.4 32.64 | .67 | .02773| 53.713
| HB-3 2189 1.079 26.4 57.790 | 16.7 33.88 | .58 | .02840| 62.168
HB-4 1228 1.075 21.4 26,279 | 15.8 18.05 | .69 | .02366| 29.054
HB-15 2178 1.089 27.7 60.331 18.2 36.40 | .60 | .02989| 65.100
HB-17 2438 1.086 25.0 60.950 | 21.0 | 47.14 | .77 | .02702| 65.875
HB-18 2827 1.096 31.1 87.920 | 19.8 51.26 | .58 | .03310| 93.574
HB-20 2730 1.111 38.0 103.740 | 19.8 | 49.50 | .48 | .04028| 109.964
HB-21 2533 1.084 29.7 75.230 | 18.6 | 43.46 | .58 | .03126| 79.182
HB-1-1C9 2222 1.144 59.2 131.542 16.8 32.63 | .25 06626 | 147.230
HB-2-1C9 2384 1.063 20.0 47.680 | 14.8 33.19 | .70 | .02066| 49.253
HB-3-1C9 | 1910 | 1.058 | 18.8 35.916 | 14.0 | 25.27 | .70 | .02369| 45.248
Sub Total 1,978.661 757 .82 | 2,086.669
# 56240 1.129 13.48 671,250 6.88 ] 342.502
#2 111132 1.069 1.39 144,472 1.08] 112.243

TOTAL | 2,794.483 1212.565
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Tofal‘ Uranium Evaluation - AEC - Idaho Falls Measurements

Bottle Number | Bottle Volume ml Uranium (gms)
HA-1 1874 136
HA-2 1211 98,3
HA-3 865 82.1
HA-4 932 71.0
HA-15 1718 132
HA-17 1162 59.4
HA-18 1507 101
HA-20 1256 101
HA-21 1854 132
HA-1-1C9 1886 150
HA-2-1C9 1102 32.6
HA-3-1C9 1403 35.5
HA-4-1C9 740 17.4
HB-1 1649 92.2
HB-2 1731 47.8
HB-3 1977 55.9
HB-4 1087 25.5
HB-15 1955 66.3
HB-17 2181 59.5
HB-18 2537 87.3
HB-20 1516 64.4
HB-21 2275 76.4
HB-1-1C9 1911 123
HB-2-1C9 2196 47.9
HB-3-1C9 1746 37.2
Solids (20.694 g) 2,40
TOTAL 1,934 gms
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TABLE A-6-3

Sodium to Uranium Weight Ratios in Original Bottles

Sample Na/U
1 .31
2 .399
3 . 356
4 | .363
15 .357
17 .599
18 .425
20 . 361
21 .392
1C9-1 .223']
1C9-2 .604 average Na/U ratio in
1C9-3 .620 > column 1C9 is . 366
1C9-4 54 ]

Page A-6.4
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ACTIVATION ANALYSIS OF METALLIC SAMPLES

The samples collected for data included:

1. Isolated samples taken from the incident room: screwdriver, hose clamps
"~ at 9" and 174" from the tank surface.

2. Samples located on the deceased Operator: indium film badges, clip,
spring and pin attached to the film badge, gold ring.

3. Samples located on the Superintendent: dimes, silver dollar, indium

foil.
4. Samples located on the Supervisor: watch case, indium foil.

Analyses were performed at United Nuclear Corporation-Pawling Laboratory (UNC-P),
(Reference 15, Appendix C) and at Idaho Falls-Health and Safety Division, USAEC
(AEC-ID) (Reference 16, Appendix C). In addition, the stainless steel clamp located
9" away from the tank was analyzed at Nuclear Science and Engineering Corporation
(NSEC) (Reference 17, Appendix C).

Mild steel objects were analyzed for:

a. Fe-59 from the thermal Fe-58 (n, ) Fe-59 reaction

b. Cr 51 (if any) from the thermal Cr-50 (n, ) Cr-51 reaction
Mn-54 from the fast Fe-54 (n,p) Mn-54 reaction .
d. Co-58 (if any) from the fast Ni-58 (n, p) Co-58 reaction

(2]

Indium foils and silver coins were analyzed for In-114m and Ag -110m from the thermal
In=113 (n, ) In-114m and Ag-109 (n, 7) Ag-110m reactions respectively.

The results of the activation measurements are presented in Tables A-7-1 through A-7-4.



TABLE A-7-1
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Summary of Experimental Results for Isolated Samples

Ratio of Activatedto
forget atoms

2. Thermal -
Reactions

(chem. sep.)

. Number of
Reaction Laboratory Item Activated hﬂ f U(E)(P (E)dE
Atoms n/ cm2) x bcrn
1. Fast Feottn, Mo+ | AEC-ID |Screwdriver | 1.75x1010]  1.56 x 1012
Reactions | scanned
chemically AEC-ID | 1.40x10'°  1.25x10'2
separated .
scanned UNC-P z 1.88x10'%|  1.68x10'2
r__________
54 54 ‘ ,
Fe™ (n, p)Mn AEC-ID Sf hose clamp at 4.14 « ]09 3.64 10”
(chem. sep.) 9" from tank .
58 58 B '
(mPICO™ | gD " 5.51x10° | 5.31x10"]

scanned NSEC " 4,86 x 109 4,68 x 10
Fe54(n, p)Mp54 3

11

scanned

AEC-ID |SShose clampat 8 10
scanned 174" from tank 1.18 x 10 1.06 x 10
58 58
s':;m(:é PICo™ | AEc-ID ! 1.95 x 108 1.88 x 10'°
} Ni25(n, p)Co28 , 7 10
. scanned UNC-P " 5.49 x 10 .53 x 10
w
Bl PEe>” | AEC-ID |Screwdriver | 4.97x10'°|  4.79 x 10'2
(chem. sep)
. 10 — 3
scanned AEC-ID 4,92 x 10 4.74 x 10
scanned UNC-P " 7.10x10'%] _¢.84x 1212
58 55
Fe™ (n,7)Fe AEC-ID SShose clamp at 10 12
(chem. sep) 9" from tank 3.39x 10 3.26 x 10
50 5]
(Ccfheé"{gs AEC-ID ’ 3.52 x 101! 2.92 x 1013
scanned NSEC ’ 2.30 x 101! 1.91 x 10'°
58 59
Fe”(n,7)Fe SS hose clamp at 9 11
scanned AEC-1D 174" from tank 2.34x 10 2.44x 10
0 Y
SCC’:Nij)C' AEC-ID : 1.93x 10'° 1.61 x 10'2
Ol | uNc-p ! 1.24 x 10'° 1.03 x 1012
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Summary of Experimental Results for Samples Taken on Operator

_ Ratio of Activated to
Item Laboratory Target Atoms Reaction
Ng/N A/  (ER(E)dE
(n/em )x
1. Fast Film Badge . 1 varns
Reaction Clip AEC-ID 3.22x 10 Fe™ (n,p)Mn
Spring " 4.18x 10" !
Pin ! 4.53x 10! "
2, Essentially | Film Badge
Thermal Clip AEC-ID 2.13 x 10]2 Fe58(n, 7)Fe59
Rgachons Spring " 2.90 x 1012 "
Pin " 3.17 x 102 !
‘| Indium Badge 13
No. 1 AEC-ID 5.44 x 10 In113(n,7)In114m
No. 2 " 5.62 x 103 ’
Gold Ring UNC-P 5.23x 10'3 Au197(n, NAU198
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Summary of Experimental Results for Samples Taken on the Superintendent

(All Reactions are Essential Thermal)

Ratio of Activated
to Target Atoms
It Laborat ' ' Reacti
em aporg OI’Y NMNA=‘I?0-(E)(P(E)dE eacrion
(n/ cm2) x barn’
Dime No. 1 9
.66 Mev-7 | UNC-P 9.10 x 10 Ag109(n, 2)Ag110m
.88 Mev-7 . 10.04 x 10°
Dime No. 2 9
UNC-P 8.06 x 10 Ag109(n,7)Ag110m
AEC-ID 19.0x 107"
Silver Dollar UNC-P 5.42 x 10° Ag109(n,»)Ag1 10m
AEC-ID 9.84 x 107
Indium Foil (presumed) | UNC-P 6.14 x 1010 In113(n, M) In114m

*  |If the values are reduced by 31% to account for contribution of .937 Mev~-%¢
and high-energy gammas, one gets 15 x 107 and 7.78 x 10? for the dime
and dollar respectively.
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Summary of Experimental Results for Samples Taken on the Supervisor

Ratio of Activated
to Target Atoms

ltem Laboratory N B/NAT '/:!?"'(E)(P(E) dE Reaction
(n/ cm2) x barn
1. Essentially | Watch Case UNC-P 6.8 x 1010 Crso(n,'i)CrSI
Thermal , ‘
Reactions | Indium Foil UNC-P 10.0 x 10'° In'13(n, in 4™
2. Fast Watch Case UNC-P (1.35+ 1.06) x 108 Ni58(n. P)C058

Reaction
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Gamma ray spectrometry was used to determine absolute disintegration rates. AEC-ID employs
a standard 3" x 3" Nal (TI) crystal coupled with a 400 channel pulse height analyzer. UNC-P
uses a 2" x 2+ in Nal crystal coupled with the same type of analyzer. NSEC uses the 3" x 3"
in Nal crystal coupled with a 512 channel analyzer.

Comparison of the activation results obtained at these laboratories show they are not always
consistent. It is, therefore, useful to present the correction factors (which enter the deter-

_ mination of the activation from the observed detector response) that were used at AEC-ID and

UNC-P, Tables A-7-5 and A-7-6 present the constants used in the calculations of activities
by AEC-ID and UNC-P respectively.

TABLE A-7-5

Constants Used at AEC-ID in Calculation of Activation

Nuclide | g’;m(m“:;") A Sovntine 1
Energy (cm) (Note 1)

Fe 59 1.3 |45 d 0.44 3 38.7
Mn 54. 0.84 314 d 1.0 3 25.7
Cr 51 0.31 27.84d 0.09 3 10.4
in 114m 0.72 50 d 0.035 3 22.1
Ag 110 0.88 249 d 0.72 3 27.0
Co 58 0.81 71 d 1.0 24,6

Note 1 A composite factor for the gamma-ray measured containing the ab-
solute detection efficiency, peak-to-total ratio, and correction for
a 760 mg cm™“ polystryene beta absorber. Values were taken from
a table of gamma-ray conversion factors (Note 2). To calculate
disintegrations per minute ot time 0, the following expression can
be used:

(Peak integral) (1/TPA) (Decay Correction
( Branching Ratio)

Note 2 G. Olson USAEC Report IDO 14613, January 1964,



TABLE A-7-6

Factors Used at UNC=-P in Calculation of Activations
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. Gamma Gamma
Item Energy Isotope | Detector (i) | Branching| - Attenuation 7\_]
(Mev.) -Efficiency | Ratio Factor (sec. )

#- 51 | -7

Clamp #2 320 | cr 128 098 | .805 2.88 x 10

* - -

(away from tank) | .810 | co™ | .0397 ] 881 111 x 107
Screwdriver 1.29 | Fe’ | .00299 44 | .8 1.78 x 1077
| 835 | mMn>* | .o0454 I 77 2.65 x 1078
Supervisor's 320 | | 194 098 | .944 2.88 x 107
Watch Back 810 | co® | .o606 1 .963 1.11 x 107
Indivm Foils 190 | MM | 312 1855 | 950 1.60 x 10~
Dime #1 660 | Ag''™| 0575 1.3 .946 3.17 x 1078
880 | Ag'1O™| o413 .95 .954 3.17 x 1078
Dime #2 660 | Ag''O™| o575 1.3 946 3.17 x 1078
Silver Dollar 660 | AgN1O™ | o492 1.3 915 3.17 x 10~8
Gold Ring A1 | A’ | .oosss 1.0 .55 2.97 x 107°

*  The assumption has been m
small contribution from Mn

is an over-estimate.

that all of the activity is due to C658
which cannot be resolved, the activation which is reported

. Since there is a

(i) Detector efficiency includes the total detection efficiency, the peak-to-total ratio, a
disk and coincidence loss corrections. To calculate the number of disintegrations per -
minute at time 0 the following expression is used: ' :

D(0) =

Peak Integral x Decay Correction

Detector efficiency x Branching Ratio. x Gamma Attenuation Factor
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Because of the inconsistency of the results on the silver coins, the factors in Table A-7-6
were experimentally verified. Silver foils, bare and indium covered, were irradiated in a
known thermal flux. The thermal flux was determined by Pratt and Whitney personnel at
CANEL from the activation of manganese foils adjacent to the silver foils.

The expected counting rates from sub-cadmium activations using data in Table A-7-6 and
the measured thermal flux were compared with the measured counting rates for two gamma
ray energy ranges. For the range 0.600 to 0.735 Mev, the ratio of expected to measured
count rate was 1.07. For the range 0.82 to 1.00 Mev, the ratio was 0.96. The use of
data in Table A-7-6 yields results which agree within £ 6% with experiments.

* Tables A-7-7 and A-7-8 contain the activation results obtained in two laboratories. The
activation of the Ag!10m i the dime and the silver dollar as reported by Dr. Olson of the
AEC was based on net integrated counts between .82 and 1.0 Mev of 187 for the dime and
818 for the dollar. These values should be reduced by 25% to account for the contribution
of the ,935 Mev gamma ray and by an additional 6% to account for the contribution of the
higher energy gamma. .

It must be noted that dime No. 1 and the silver dollar were taken from the right hand poc-
ket of the Superintendent's trouser while dime No. 2 was in the left hip pocket.

The Superintendent's indium film badge was not positively identified. Two badges found in
the guard's desk at the Rhode Island plant showed radioactivity. The more active badge
was assumed to be the Superintendent's.
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Activation of Samples: AEC-ID Results
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Peak Integral (events

Nuclide Sample Wt., g. Decay Correction 'fd/ lbf'* per minute)

Fe 59 4,245 1.24 0.86 54.5

Mn 54 4,245 1.03 200.7
Screwdriver Scanned as a 1" Disc

Fe 59 9.53 1.22 0.75 1072

Mn 54 9.53 1.03 0.68 3823
Film Badge Clip

Fe 59 1.6 1.17 9.96

Mn 54 1.6 1.02 19.43

_ Film Badge Spring -

Fe 59 594 1.52 3.87

Mn 54 .594 1.05 9.1
Film Badge Pins

Fe 59 .596 1.52 4.4

Mn 54 .5%96 1.05 9.9

. Hose Clamp 9" from Vessel (chemically separated)

Fe 59 697 1.30 6.88

Mn 54 .697 1.02 9.83

Cr 51 .178 1.53 285

Co 58 110 1.16 82.3
Hose Clamp 174" from Vessel. (scanned)

Fe 59 .708 1.34 ' 0.5

Mn 54 .708 1.04 0.28

Cr 51 .178 1.60 14.7

Co 58 110 1.19 2.54
Indium Foils (scanned)

No. 1. 212 1.15 34.4

No. 2 .221 1.15 7.2
Silver Coins

Dime #2 2.23 1.10 .93* 4.68

Dollar 17.7 1.10 .88* 20.4

1
o

—;—é—- absorption of gamma rays in the source



TABLE A-7-8

Activation of ~Samp|é§ - UNC-P Results
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Gamma : Mass(g) | Decay
item Energy Peak Integral Of Correc-
3 (Mev.) S Isotope | tion
| Clamp No. 2 .320 72,700 counts in 1,416 minutes . 1207 5.09
away from tank .810 8,000 counts in 1,416 minutes .847 1.92
Screwdriver 1.29 4,938 counts in 100 mins. .062 1.26
.835 13,015 counts in 100 mins. 1.282 1.035
. Supervisor's .320 2,400 counts in 1,556 mins. .0246 4,03
Watch Back ~.810 200+150 counts in 1,556 mins. .390 1.71
-Indium Foils .
Supervisor 190 6,775 counts in 941 mins, -.043 1.67
‘Superintendent* .190 2.2 counkper minute 0197 1.64
.Dime No. 1 .660 | 6,000 counts in 900 mins. 1.08 1.06
.880 3,600 counts in 900 mins. 1.08 1.06
Dime No. 2 .660 6'counts'r.;er minute ' 1.08 1.075
Silver Dollar .660 8,000 counts in 300 mins. 8.58 1.06
-Gold Ring 411 | 156,500 counts in 10 mins. 1.5%* 1.3
* It is assumed that the foil was worn by the superintendent.
**  Approximate. . weight of gold in the ring.

NSEC results for the hose clamp at 9" are given directly in disintegrations per minute measured

on July 31, 1964:

Co%8. 1.2x 10

3

and Cr5]z l.7x]04,

The weight of the sample was 0.6 g. Data on the factors used are not mentioned.

The experimental results were used to compute the number of activated atoms, N, per g. of

the target A and the ratio of activated atoms to target atoms,

sequent calculations of fluxes since it can be shown that

N
A

5

(o]

(o o]

o (E) @(E) dE

where T(E) is the activation cross section.

. This ratio is useful for sub-

A summary of the activation calculations is presented in Tables A-7-1, A-7-2, A-7-3 and

A-7-4.
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HAIR SULFUR and BLOOD and WHOLE BODY SODIUM ACTIVATION MEASUREMENTS

Hair samples from the UNC accident were submitted to analysis and results of the Los
Alamos measurements (Reference 18, Appendix C) corrected for decay are as follows:

Sample Disintegration Rate
(dpm/g. of hair(1)
Operator - Pubic hair 8990
Head hair 2160
Superinfendenf - Pubic hair 38 .
' Head hair 12(i0)
Supervisor - Pubic and i
Chest hair 51.8(ii)

(i)  Abundance of sulfur in all samples: 0.05 g./g. of hair

(ii)  Haircut before sample was submitted

(iti) . Decay had gone to ~4.5 half lives before analysis

A precision of £+ 5% and an accuracy of + 30% are claimed for the data.

When fast neutrons are moderated to thermal energy in the body, a small fraction of them
are captured by a (n,%) process in the Na 23 in the body giving rise to Na 24 which, by
virtue of its emission of high energy gamma rays is easily detected. (Half life of 14,8 hrs.)

It has been shown (Reference 19, Appendix C) that

1. The probability of neutron capture in Na 23 in the body is not a strong
function of the energy of the fast neutrons. .

2. The probability of thermal capture for neutrons initially in the fast region

is higher than the probability of capture in the thermal region.
3. Na 23 is uniformly distributed in the body and in the blood system.

The results of Na 24 activation measurements are summarized in the medical report from
the Massachusetts General Hospital to the division of Compliance, USAEC. (Reference

20, Appendix C).

Sample of blood serum were cbtained from the Operator at 7 hours and 16.5 hours after

the accident and sent for analysis.

Gamma spectra from these samples were essentially identical and were consistent only
with the presence of Na-24. Both samples were extrapolated to zero time and indicated
a sodium activity of that time of 2.64 x 10~2 micro-curies per ml. of blood serum.
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Body burden measurements on the Superintendent and Supervisor were made by the Depart-
ment of Physics, Massachusetts Institute of Technology, on July 30 and 31, 1964. Na24
activity was found in both of them and appeared to be generally distributed on and/or in
their bodies. The measurements on their hands and chest showed no significant dispropor-
tionate excess activity in these regions. Assuming the Na 24 to be distributed uniformly
the whole body activity is calculated to be:

(4.6 £0.5) x 10-9 curies for the Supervisor

(2.2+0.3) x 10~? curies for Superintendent
both as of 17:00, July 30, 1964.

Correcting these measurements for decay assuming that both men were exposed to neutrons
on July 24, 1964 at 20:00, the activities at time zero were:

3.102 x 1076 curies for the Supervisor
1.484 x 1076 curies for the Superintendent

The respective weights of the Supervisor and the Superintendent are 83 and 90 kilograms.
Assuming a density of 1 g/cc for the body, the disintegration rates per cc. can then be
calculated. The total sodium concentration in blood serum was measured (Reference 20,
Appendix C) as 3.21 g/liter. Total sodium concentration in the whole body is derived
from the fact that 105 g. of Na are found in a "Standard Man" weighing 69.5 kgs. using
the body atomic comparison (Reference 21, Appendix C). Thus, one obtains a concen-~
tration of 1.51 g. of Na per liter of man.

The data on Na activation are summarized as follows:

N023 Concentration A24= N024 D(O) Disintegra~
Laboratory (gm/liter) Activity tion rate (dpm/cc)
(/<o)
Operator Blood serum 2 4
(Mass. General 3.21 R.64 x 10” 5.86 x 10
Hospital)
Supervisor Whole body 1.51 k.73 x ]0-5 83
MIT
Superintendent W};‘::i body 1.51 | .64 x ]0-5 3.6
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SPECTROGRAPHIC ANALYSIS OF METALLIC SAMPLES

Mild steel objects, including the screwdriver, film badge clip, spring and rivets, were
analyzed for Fe-59 and Mn-54 produced from the Fe-58 (n,¥) Fe-59 and Fe-54 (n, p)
Mn-54 neutron reactions. When no other activation products deriving from alloy steel
were present, the conventional composition of 99% iron was assumed along with the
natural isotopic abundances of 5.84% and .31% of Fe~54 and Fe-58 respectively.

This composition was verified by X-ray analysis at Idaho Falls on the film badge clip
and the screwdriver.

When Cr-51 and Co-58 products were detected, the samples were submitted for analysis.
The analytical results reported by Lucius Pitkin, Inc. and Idaho Falls are as follows:

Sample Composition | ~ Laboratory
$S hose clamps at 9" and 1740 Fe-71% Cr-17% USAEC-Idaho Falls
' o Ni-11% Mn 1-2%
SS hose clamp at 9" | Cr-19.2%  Ni 9.42% | Lucius Pitkin, Inc.
SS hose clamp at 174" Cr-18.79%  Ni-8.42% | Lucius Pitkin, Inc.
Supervisor's watch case | cr-12.62%  Ni-12.51%| Lucius Pitkin, Inc.

It can be seen that the watch case has an unusual Cr to Ni ratio. It is thought that the
case is chromium plated. The silver coins were assumed to have the composition given
by the Federal Reserve Bank: 90% Ag ~ 10% Cu.
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MISCELLANEOUS MEASUREMENTS

Level of Activation in Tank and Stirrer Materials .

Both the tank and the shaft of the stirrer were examined to determine the level of activa-
tion of the materials in them. In both materials the activity was observed with a Nal
scintillation counter feeding a multichannel pulse height analyzer so that a representa-
tion of the energy deposited in the Nal crystal by the gamma-rays emitted in the material
was obtained. From these distributions it is possible to determine the energy of the gamma
ray emitted and in general to correlate this energy with the expected activity in the con-
stitutents of stainless steel.

There are three activities which are expected:
1. the Cro! produced by low energy neutron absorption in Cr50
2. Co8 produced by a fast neutron n, p reaction in Ni58
3. Mnv4 produced by a fast neutron n, p reaction in Fe54

‘In an 18-8 stainless steel the Co®8 activity is expected to dominate the gamma ray pro-

duction in the vicinity of 800 Kev. In a low nickel steel, however, the Mn54 activity
may be important.

The exact composition of neither the tank nor the stirrer rod was known. In both cases,

a prominent peak at 320 Kev corresponding to the gamma ray emitted by Cr51 was observed
and a well defined peak in the vicinity of 810 Kev, the energy of the gamma ray emitted
by C058., was observed. To expedite the interpretation of the data, the manner of deter-
mining the relative intensities of the observed activity is to evaluate the amplitude of the
peak of the appropriate gamma ray line in each measurement and to compare these peak
amplitudes. No attempt to subtract background, to account for shifts in resolution, or
possible shift in the relative contributions of Co58 and Mn54 to the 800 Kev peak has

been made.

The results for the stirrer rod are shown in Figure A~10-A. These results were obtained
with the detector collimated so that a 1" (approximately) length of the stirrer rod was
viewed at a time. The indicated points are therefore the average activation over a 1"
interval. The stirrer blade which was removed from the shaft to make these measurements
was located approximately 1" from the end of the shaft, that is, at the position labeled
"1 in.". The decrease in the observed activity at this end of the rod may in part be the
result of the presence of the stirrer blade itself during the irradiation.

The results for the stainless steel tank wall are shown in Figures A-10-B and A-10-C.
Here the four sets of measurements represent traverses made along the tank wall parallel
to the axis of the tank, viewing an area of the tank approximately 1" high and 4" wide.
o . o ..
The four traverses were made 90~ apart around the wall of the tank with the 0 position
representing the weld seam which was located facing the wall of the plant building. In
this coordinate system, the stirrer blade was located at approximately 235°. The data
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in this set of curves is reported in exactly the same way as the data for the stirrer rod is
shown, the peak amplitude for the 320 Kev line representing the intensity of the activity
for the Cro! and the peak of the 310 Kev line representing the fast activation. Substan-
tially less structure is evident in these curves than is apparent in the thermal neutron dis-
tribution represented by the Cro1 activity in the stirrer rod. The fast neutron activation
of the tank wall shows some variation with azimuth, the variation being larger near the
top of the tank than it is near the bottom of the tank. The azimuthal variation in the
thermal neutron distribution is most prominent at the weld, which suggests that there may
be a difference in composition, a difference in the chromium content, in the vicinity of
the weld.
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APPENDIX B-1 Page B-1.1
_CRITICALITY STUDIES ON THE RHODE ISLAND INCIDENT

Introduction

The radiochemical analysis of samples taken from the deceased Operator, the Superintendent
and the Supervisor and chemical results on uranium contents in the solution showed the possi-
bility of at least two critical excursions. The following study gives the results and a brief de-
scription of the methods of solution to two basic criticality problems associated with what is
thought to be the initial and final conditions of the Rhode Island assembly. In addition, a
number of pheripheral problems are also treated in order to get a complete picture of the cri-
tical events.

The first problem considers the initial pouring of the uranium solution by the deceased Opera~-
tor. Eleven (11) liters of uranyl nitrate aqueous solution, having a total-uranium concentra-
tion of 255 g. per liter (enriched to 93.2% in U-235), were gradually ¥ poured into a 1/8" wall
stainless steel cylindrical vessel of inner diameter 17-3/4" and height 26-1/8"++. Forty-one
(41) liters of .54 molar strength of sodium carbonate solution were already in the vessel before
the pouring process. The critical conditions (volume, height and mass U-235) of the cylindri-
cal solution are to be determined here. An estimate of the final multiplication factor, k, when
all eleven (11) liters are poured is also to be made. This is referred to hereafter as the Con-
tinuous Pouring Problem.

The second problem analyzes the assembly in the final conditions. Consider the solution of the
first problem after pouring the eleven (11) liters of uranium solution. Assume that a given
amount of the homogeneous solution is spilled out. The problem consists of evaluating the mul-
tiplication factor, k, for the resulting configuration. Chemical analysis shows that approxi-
mately ten (10) liters of the solution were ejected. Thus, an estimate of k for this configura-
tion is desired. This is referred to hereafter as the Final Configuration Problem.

The peripheral problems concern the Final Configuration Problem and are to estimate the ef-
fect on reactivity of:

. Temperature rise over a reasonable range.
. Height increase of the uranium solution.

. Presence of a 336 g. stainless steel stirrer.

hWN -

. Presence of a wave at the top surface of the liquid (&3 cms. above and below
the unperturbed surface) due to the action of the stirrer.

5. Effect of the presence of a concrete wall fifteen (15) inches from the tank.
6. Effect of self shielding in precipitate molecules.

7. Neutron leakage from the 3" drain pipe and gallon jug with delayed neutrons
as a source.

8. Prompt neutron lifetime of the system.

9. Shutdown mechanisms.

+ Static cases are only treated; rate of pouring is not pertinent.

++ The actual stainless steel vessel had a slight curved bottom. This
is not taken into account.
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2. General Methods of Solution and Confidence in Results

The methods of solving these problems are briefly:

a. All one-dimensional reactivity calculations employed the UNC DTF
Code (SN method) together with the Hansen-Roach (LASL) 16 group
cross section set. Anisotropic scattering cross sections were used for
hydrogen. '

b.  An equivalent-sphere model was used in all "k" calculations. This
is based on equating geometric bucklings of a sphere to that of the
actual finite cylinder under study employing experimental extrapola-
tion distances for UO2F2 solutions contained in 1/16" Al vessels.
The core compositions of cylinder and sphere are taken to be identi-
cal and the "k" of the equivalent sphere is then taken to be the "k"
of the finite cylinder.

To attain some confidence in the above calculational approach, the above methods

were used fo analyze previously measured UOF9 = H9O critical systems. In addition,
the results of the two major problems were compared to experimental curves of UO5F; -
H2O solutions in stainless steel containers. In each case agreement with experiment was
excellent, :

To estimate the effect of distortion of the top surface of the tank solution caused by the
action of the electric stirrer, a set of two dimensional problems were solved using UNC
2DF code (S| method). To avoid excessive machine time, the Hansen-Roach 16 group
cross sections were collapsed to four (4) groups using UNC FAINT-group collapsing
code. Although the four group structure used was not as accurate in calculating the
multiplication factor, the assumption'is that the reactivity change predicted from two
such calculations is correct. '

Results for Specific Problems

a.  Continuous Pouring Problems

The results are displayed in Figure B-1A. The effective multiplication
factor is plotted as a function of various variables; number of liters of
uranium solution formed in the tank, amount of U-235 in the tank, to~
tal volume of mixture in tank, height of solution in tank and hydrogen-
to-U-235 atom ratio.

It can be seen that the multiplication factor in the absence of the elec-
tric stainless steel stirrer, distortion of solution top surface, temperature
and self shielding in precipitate particle is equal to 1.111 when all
eleven (11) liters are poured. In the same condition, criticality of the
system is obtained when 7.2 liters of uranium solution have been poured.
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The base case reactivity needed to produce criticality is 1.028, computed from Table

B-1-4 as follows:
-Base Case Reactivity
Stainless Steel Effect
Surface Distortion
Wall Reflection
No Top SS Reflection,

From Figure B-1A, the critical parameters are:
Critical Volume
Critical Mass (U-235)
" Height

b. Final Configuration Problem

1.028
-.008
-.021
+,004
-.003

1.000

49 liters
1.90 kgs.
30.70 cms.

The results are presented in Figure B~-1-B. The effective multiplication
factor is plotted as a function of solution volume and height. It is
thought that 10 to 11 liters of solution had been expelled during the
initial excursion. Thus, the final configuration has a volume of 41 to
42 liters. Figure B-1-B shows that the corresponding multiplication
factors are 1.035 and 1.043 without perturbations.

The critical conditions are summarized using data from Table B-1-4.

41 liters 42 liters

Base case reactivity 1.035 1.043
Stainless steel stirrer -.008
Surface distortion -.021
Wall reflection +.004
No top SS reflection -.003
Temperature increase (20°C) ~-.006
Self Pr::feec::::l ;:;d precipi- 002
Corrected reactivity 0.999 1.007 -

Critical mass, U-235 20659. 2116g.
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!
c.  Verification of the Equivalent Sphere Method
The method is used to analyze two UO3F = HyO (93.4% U enrichment)
criticals contained in 1/16" stainless steel vessels reported in ANL 5800
i (2nd Edition, p. 183). Data and results of calculating these via the
f equivalent sphere procedure are given below in tabular form:
| : Vol. | Dia. | Height Crit.mass | Radius k
| Case (liters) | ems. | cms. L/D | H/U U-235 kg. | Eq.Sph. | calculated
A Crit. A| 30.8 | 38.1 | 27.0 | .71 | 499 1.61 18.58 .995
i Crit.B | 41.6 | 50.8|20.5 | .40 | 499 | 2.17 [18.43 | _+.

+ the slightly smaller equivalent radius would yield a slightly smaller
value of k. ’

Comparison of two calculated results to experimental values of similar con-
figurations are presented in Figure B-1-C, B-1-D and B-1-E.

d.  Peripheral Problems

In the following problems, the volume is 42 liters. The composition is fixed
at 54.05 g-235/liter, 45.2 g Ncl2 CrOB/Iifer, H:U-235 is 509.

(1) Effect of Temperature Rise

Changes in solution density caused by increasing the temperature
are assumed to be similar to that of water. One dimensional prob-

. lems were run to estimate reactivity changes due to given uniform
temperature increases. It is found that

ak=-2.3x 10-4 per degree centigrade

An estimate of the change in thermal base gives - 0.8 x 10_4/°C.
Combining this with the density effect gives the total temperature
coefficient as: -3.1 x 10-4/°C.

(2) Effect of Increasing the Solution Height

This effect can be obtained directly from Figure B-1-B. To go
from critical to prompt critical, one can read that the solution
height must be increased by 0.43 cm.
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| FIGURE B-1-C
" Critical Mass for Unreflected Stainless Steel Containers -
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- Cylinders Contained Uranyl Fluoride Solutions Enriched to 93.4% U-235. Beck, et al, K-343.)

Figure B-1-C extracted from Y~1272, = Y-12 Plant Safety Handbook, March 1963.

Note: * Final Configuration **Continuous Pouring
FIGURE B-1-D .
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Figure B-1-D extracted from Y-1272, Y-12 Plant Safety Handbook, March 1943.
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FIGURE B-1-E

Critical Height as a Function of the Diameter for Unreflected Stainless Steel Reactors
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"d. Peripheral Problems - (Continued)
(3) Effect of the Stainless Steel Stirrer

The stainless steel stirrer position in the tank is shown in the rough
" sketch of the tank in the 42 liter final configuration.

] =™ 323° B
| 4508
All Figores 617
. n ems. . |
iquick
\ = c‘r\“‘Ltzvcl t
} L 263
| |62 Wers)
165 ,
S . y

—f 8Y f— (E

The mass in solution is estimated from data of Appendix A-1.

Mass of stainless steel in blades = :200.9 g.
Mass of stainless steel rod = 134.5¢.
Total mass of stainless steel in

solution = 335.4g¢.

Five replacement calculations (stainless steel replacing its volume
of liquid) were performed in spherical geometry corresponding to

the 42 liter cylindrical case. In all cases the core masses have
been conserved and the volumes have been increased to accomodate
the inserted stainless steel. As in all previous calculations, volumes
of cylinders are increased by height, appropriate equivalent spheres
generated and the k's calculated.

The starting point of the calculations is the 42 liter final configura-
tion without stainless steel in the core. - Five hundred (500) grams of
stainless steel are then inserted into this cylindrical configuration
increasing the volume to 42.063 liters. The equivalent sphere for
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d. Pheripheral Problems - (Continued)

3.

Effect of the Stainless Steel Stirrer - (Continued)

this new cylindrical volume (when compared to the volume of the
no-stainless steel sphere case) accomodates 798 grams of stainless
steel. The position and manner of inserting these 798 grams, to-
gether with their effects is given in Table B-1-1.

The results show that in view of the position of the stirrer in the
tank the effect of the stirrer stainless steel on reactivity can be
taken as

(-.3%g) x 335 g = -100¢ or -.4 cm in solution height.

Effect of A "Wave" Formation Due to the Stirrer Action

The problem here is to estimate the effect on reactivity of a "wave"
produced on the surface of the 42 liter final configuration. This per-
turbation is taken as + 3 cms about the unperturbed liquid-line as a
result of experiments (Appendix A-3).

To estimate this effect, a set of two-dimensional problems were
solved using UNC's 2DF code. To avoid excessive machine time,
the Hansen-Roach 16 group cross sections were collapsed to four
groups using UNC's FAINT-group collapsing code. Results of one
and two dimensional, 16 groups and 4 group reactivity calculations
are given in Table B-1-2. A rough sketch of the geometry used in
the calculations is shown in Figure B-1-F.

The effect of the distortion of the top surface of the liquid is to
decrease the reactivity by 2.1% or 2.6 dollars.
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Estimates of Worth of Stainless Steel Stirrer in 42 Liter Final Configuration

Am?unf of ‘ Danger | k with* Stain-
Stainless Steel e . .
Case Position of Insertion Coeff. + less Steel in
(gms) Inserted
Into Sphere ¢/ gram Core
a 798 Homogeneous distribution, -.134 1.035
mixed with core materials

b 798 . At center of core (solid -.270 1.027
. stainless steel sphere; 2.89
cms. radius)

c 798 At 10 cms; (solid stainless | -.301 1.025
~ steel shell; .08 cms thick) :

d " Thickness of stainless steel confainerA : 1/16"; 1.037
increased from 1/16" to 1/8" +.012 1/8"; 1.043
e 200 100 gms.,r=0to.r=2.5 cms.

100 gms.,r=2.5tor=5.1cms. -.465 - 1.036

Mixed with core materials

* k without stainless steel in core = 1.043
+ 100/= .0075 in k.

(5) Effect of the Presence of A Concrete Wall 15 Inches from the Tank

An estimate of the effect on the reactivity of a concrete wall reflector
15" from the tank surface was made from three criticality calculations.
Case 1 is the bare spherical core equivalent to the 42 liter final con-
figuration, Case 2 in the came core with a 30 cm. thick spherical shell -
of water surrounding the core and Case 3 places the watershell at 30 cm,
from the core. It is found that the reactivity decreases approximately
proportionally to the inverse square distance. Assuming that the concrete
wall thickness ( 4") is an infinite reflector slab and that half of the neu-
trons leaking from the core are incident on the wall, gives the following
estimate for the positive change in reactivity due to the wall presence:

Ak . . .

—k— =+.,004 or + .50 dollar or + .20 cm in solution height.
This estimate is in good agreement with the 0.3 cm decrease in solution
height computed at Los Alamos. (Reference 22, Appendix C)
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Effect of Surface Distortion

Page B-1.12

Number Number of Dimensions Remarks
of Groups 1D 2D
16 1.043 1.028 Flat surface
4 1.035 | 1.022 Flat surface
4 0.999* 1.001 Parabolic surface

* Estimated by perturbation theory
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FIGURE B-1-F

ROUGH SKETCH OF THE WAVE GEOMETRY
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d. '_PHeripherol Problems; (Continued)

©)

@)

Effect of Self Shielding of Precipitate Molecules

Appendix A-3 concludes that the precipitate consists of particles with
a suggested composition NagUO2(C0O3)3. 2H20, that the individual
particles are about 1 micron in size, and that, upon settling, agglo-

‘merates are formed with sizes of about 20 microns. Assuming a speci-

fic gravity of 5 (it is difficult to see how a value as high as 10 is pos-
sible), an absorption cross section of 600 barns leads to a macroscopic
thermal absorption cross section of 3 cm=1. A sphere 20 microns in

. diameter then has a radius which is 3 x 10~3 absorption mean free

paths, leading to a self-protection factor of .997. Thus, the effect
of particle size is to reduce the effective mass of uranium by 0.3%.
Combining this with a thermal utilization of 0.8 leads to a 8k/k of

(1 -.8) (0.3%) =0.06%. The effect is small.

Effect of Delayed Neutrons in Subcritical Geometries

The final configuration solution was drained through the 1-C-9 sol-
vent recovery column (see Appendix A-1) into one-gallon polyethy-
lene containers. The effect of the delayed neutrons in the container
geometry was evaluated using the one-dimensional cylindrical geo-
metry with an axial buckling. Delayed neutrons were introduced
with a uniform spatial distribution and energies in the 0.1 to 0.9
Mev range. The results are presented in Table B-1-3.

TABLE B-1-3

Effect of Delayed Neutrons in Gallon Jug

Delayed neutrons injected .cvvvvoereenianensss.13.0
Fission neutrons produced «o.ccvcevesccosssecess 2.2
Number neutrons leaked . ccvvviicernrennonseees12.9

Number neutrons absorbed ... vvvveeeeeerereenes 2.3

For the 3" column, more neutrons are expected to be leaking out of
the system and less neutrons born in the column.

In order to estimate the neutron dose received by the Supervisor while

‘draining the final configuration solution, calculations were performed

to estimate the neutron leakage resulting from subcritical multiplica~
tion of delayed neutrons of the drain line and the containers into which
liquid was poured.
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Pheripheral Problems - (Continued)

(8)

©)

Prompt Neutron Lifetime

The prompt neufron lifetime of the 42 liter final configuration was calculated by
inserting a "pure" absorber uniformly throughout the core and reflecfor of the
equivalent sphere fo effect approximately a 1% change in k. This 1. absorbing
nuclide, with 1 barn absorption cross section at thermal, has been averaged

. over the same group structure and manner of the Hansen-Roach cross sections.

The prompt lifetime was computed to be

L = 2.7 x 107 sec.

Shutdown Mechanism

Calculations of the transient behavior were made based on KEWB experiments
(References 23 and 24, Appendix C). Generally, the calculations show that
for stable periods >10 ms ( Ak<1.25 dollars), radiolytic gas (H2 and Op) bub-
bles are formed at the rate of 5.3 liters/MW-sec., but no large pressures are
generated. For periods <5 ms ( Ak>2dollars), large pressures are generated
and solutions are splashed out of open containers.

For the latter case, a digital computer code, KINETICS, based on the Equations

- of Reference 23 (Appendix C) was prepared. The code was checked by com-

paring the predicted peak power and energy releases with the calculations of
Reference 23 (Appendix C) for the 24 liter bare cylinder KEWB core (core 5,

- experiment 3041). Calculations were made for a 42 liter (45 cm dia.) core
representing the carbonate tank. The results were as follows:

Reactivity Insertion, Energy Release
Dollars MW-sec. Fissions
2.125 5.3 1.7 x 1017
3.25 , 12.1 3.8 x10!7
4.38 22.3 7.05 x 1017
5.51 32.6 10.3 x 1017

17

From these results, a step insertion of 1.7 dollars is required to explain the 10
fissions in the initial burst.

For the second excursion of about 3 x 10]6 fissions (I MW=-sec), the precipitate
particles act as nucleation sites for the radiolytic gas. About 5.3 liters are
formed, decreasing the density by 5.3/42 = 12.6%. From Table B-1~4 this re-
duces the reactivity by 0.046 if all the gas is present at one time.



e

e N

\\

Summary of Results

Results of the pheripheral problems are presented in Table B-1-4 below

TABLE B-1-4

Reactivity Perturbations on the 42 Liter Configuration

Wall reflection

Density effect

Temperature coefficient
Stainless steel stirrer
No stainless steel reflector top

Surface distortion

Self-Protection (20u dia.)

Prompt neutron lifetime -

Reactivity Critical Height
-3.1 x 1074 9¢c 0.015 cm/®C
- .0075 0.4 cm
- .003 0.16 cm
- .021 1.12 ecm
+ .004 -0.21 cm
- .0006 +0.03 cm

2.7 x 1079,

-.0037/ % density
decrease

0.19cm/% den-

sity decrease

Page B-1.16

Comparison of these calculated reactivity results with independent calculations performed at
Los Alamos (Reference 25, Appendix C) on the final configuration solution gives additional
confidence in the criticality results stated in this section as shown in Table B-1-5 below

TABLE B-1-5

Comparison of Calculated Parameters for Final Configuration Solution

Parameter LASL*CaIcuIafed UNC Empirical Conversion
of Data (LASL)

Dollar vs. height 1$=0.48 cm 1$=0.43 cm -

Stainless Steel increased height | increased height -

Stirrer effect by 0.57 cm by 0.40 cm
Wall (15" distant  |decreased height | decreased height -

effect) by .3em by .2cem

Critical height 23.8 cm 23.7 em 23.8 cm
(including stirrer and

wall effects)

* See Reference 25, Appendix C
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CALCULATIONS OF NEUTRON LEAKAGE SPECTRA

It is necessary, for both dose calculations and activation computations, to obtain a spectrum

for the neutrons leaking from the initial and final configurations. Methods of computing neu-
tron leakage which have been used in this work are the multi-group transport programs UNC-
DTF described in the criticality calculation (Appendix B-1) and the UNC SANE Monte Carlo
code (Reference 26, Appendix C). The system configurations which have been considered in
these calculations are based on volume and material composition of the core solution obtained
at different stages of the study. Generally, an equivalent sphere model of the system is used.

Case 1 is based on preliminary data obtained from the testimonies of the plant personnel.

Case 2 is thought to be the initial configuration determined from chemical and activa-
fion measurements.

4

Case 3 is thought to be the final configuration.

In order to relate the incident neutron current on the human body surface to the back current
density from the body, two additional systems were evaluated.

Casé la is the same core as Case 1 with a 30 cm thick spherical shell model man placed
30 cm from the core.

Case 1b places the same man model in contact with the same core.

Table B-2-1 summarizes characteristics and data for the various configurations. The equiva-
lent sphere method may lead to some errors in interpreting activation measurements on objects
located near the cylindrical tank surface. Indeed the out-current density varies along the
axial and radial direction on the core outer surface. Further, the average lateral leakage is
expected to be different from the average bottom and top leckage in a cylindrical configura-
tion, particularly for low height to diameter ratios. Hence, a second approach was employed.
Two dimensional transport calculations of the final configuration for which largest differences
are expected have been performed.

Table B-2-2 presents the results obtained for the leakage neutron spectra normalized to one
neutron leaking out of the system, J'+(E). It can be seen that:

(1)  There are negligible changes in spectrum in all spherical bare cores (Cases 1, 2
and 3). Comparison of calculations at different values of multiplication factor .
when the uranium content in each of these cases is varied, also indicates negligi-
ble changes in the leakage spectrum.

(2)  The two dimensional calculations of the final configuration (Case 3) shows that:

(@) Total, side and consequently top and bottom leakage spectra are
approximately identical.

(b) The equivalent sphere method gives a very good leakage spectrum.

(3)  The presence of man increases the low energy part of the spectrum and has a
negligible effect on the non-thermal leakage spectrum.
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TABLE B-2-1
Spherical Calculational Models ,
Volume |Cylindrical [Equivalent Sphere |SS Reflector U-235 Molarity of |Other Reflector
Case |[(liters) Height (cm) [Radius (cm) Thickness (cm)| (kg) NOZCOB‘ Regions
1 67 40.81 24.6 .36 1.83 1 bare
la 67 40.81 24.6 .36 1.83 1 30 em thick tis-
» sue at 30 cm
1b 67 40.81 24.6 .36 1.83 1 30 cm thick tis-
sue against core
2 52 32.58 22,14 .36 2.61 .54 | bare
3 42 26.3 20.06 .36 2,11 .54 | bare
TABLE B-2-2
Leakage Spectra of Neutrons Escaping from Cores
gmrirfg IE:\;vrzry Spherical Models J+,g* 2 Dimen:;ogg:ecé:ulculafions
g E Case 1 |Case la [Case Ib | Case 2 | Case 3|Total Leakage[Side Leakage
1 3 Mev 114 .092 .073 113 113 11 112
2 1.4 211 169 137 .206 .207 .203 .206
3 .9 .080 .066 .056 .081 .082 .081 .081
4 4 .108 .088 .076 .108 .109 . 109 .108
5 1 .102 .083 .073 .101 .102 .102 . 101
6 .017 .066 .054 .049 .065 .065 .065 .065
7 .003 .043 .036 .035 .042 .042 .043 .043
8 |550 ev .038 .032 .032 .037 .037 .038 .038
9 (100 ev .035 .030 .031 .034 .034 .034 .035
10 30 .024 .021 .022 .023 .023 .023 .024
11 10 .022 .018 .020 .02] .020 .021 .021
12 3 .023 .020 .021 .022 .021 .022 .022
13 1 .020 .018 019 .019 .019 019 .020
14 .4 .017 015 .016 016 .015 .016 015
15 | . 040 | .037 | .045 |.036 | .035| .03 035
16 |Thermal .123 .223 .294 076 .074 .075 .072

* J+,g = ]
alE g
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In conclusion, spectral differences will be neglected in the remainder of these calculations
when only leakage from a bare reactor is considered.

It is interesting to plot the total neutron current density escaping from the core normalized
to one neutron born in the core, J,» versus the height or volume of the tank solution. In
Figure B-2-A, J, is shown to be approximately a linear function of the core volume and
therefore of the solution height, since for both the initial and final configuration the core
composition is the same.

The change of reactivity due to the distortion of the solution top surface is estimated to
2.1% in k. If we assume that most of this change is due to increased leakage, the number
of neutrons leaking out of the core per neutron born is increased by about 2%. The neutron
leakage to fission conversion ratios that are used in the subsequent calculations correspond
approximately to the prompt critical state of the tank in the initial and final excursions
respectively. They are evaluated at the outer surface of the core.

Initial Excursion: Case 2

J, = 1.21 x 10-4 n/cm2 per core fission.

Second Excursion: Case 3

J, = 1.63x 10-4 n/cm2 per core fission

(using 2.43 neutrons born per fission)

Comparison with two dimensional calculations of the final configuration show that 48% of
the neutrons escape from the lateral cylinder surface in contact with the solution and the
total number of neutrons leaking per fission is equal to that obtained from the equivalent
sphere calculations. Of course, the number of neutrons per cm?2 escaping from the core
differs since the sphere surface is minimum.
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The SANE Monte Carlo code was used to calculate the flux leakage spectra at the outer
surface of the equivalent sphere obtained for Cases 1 and 2. The 32 energy group struc~
ture of the SANE code is presented in Table B-2-3, along with the 16 energy group

~ structure of the transport code, denoted by "DTF". It can be seen that SANE gives a

more detailed flux picture, particularly in the high energy range. However, there is no
thermal group in the SANE code; neutrons slowing down below 0.037 ev are "killed".

When compared with "DTF", the difference in the fluxes was well within the standard
deviation (15%) on the fluxes computed by SANE. Due to different group structure, the
values tabulated in Table B-2-4 are summations over the appropriate groups, to permit
comparison. The lower leakage at thermal energies for SANE versus DTF is expected.

Figure B-2-B gives a plot of the normalized flux spectrum at the outer core surface for
the initial configuration (Case 2) along with the normalized fission spectrum. It can be
seen that the use of effective fast reaction cross sections averaged over a fission spectrum
is not a valid approximation.



TABLE B-2-3

Energy Group Structure (ev)

SANE DTF Groups
1.8017 (7)* 1.800 (7)*
1 1.4032 1 3.000 (6)
2 1.0928 2 1.400
3 8.5108 (6) 3 9.000 (5
4 6.6282 4 4,000
5 5.1621 5 1.000
6 4.0202 6 1.700 (4)
7 3.1310 7 3.000 (3)
8 2.4384 8 5.500(2
9 1.8990 9 1.000
10 1.4790 10 3.000 (1)
11 1.1518 11 1,000
12 0.89703 12 3.000 (0)
13 0.69861 13 1.000
14  0.54408 14 4,000 (-1)
15 0.42373 15 1.000 (-1)
16 0.3300 16  Thermal
17 0.12140
18  0.44661 (5)
19 0.16430
20 0.60442 (4)
21  0.22235
22 0.81799
23  0.30092
24 0.11070
~25 0.40725 (2)
26 0.14982
27 0.55116 (1)
28 0.20276
29 0.74591 (0)
30 0.27440
31 0.10095
32 0.03713%7

K Note: (N) = x 10N

Page B-2.6



Compérison of "SANE" and "DTF" Fluxes at the Quter Core Surface

TABLE B-2-4

DTF “DTF Flux SANE “SANE Flux

Groups n/cm® ~n Groups | n/cm? -n

Case 2 1 8.49 (-6) 1-7 8.59 (-6)

2 1.56 (-5) 8-10 1.44 (-5)

3 6.58 (-6) 11-12 7.61 (-6)

4 8.97 (-6) 13-15 8.42 (-6)

5 8.59 (-6) 16-17 7.62 (-6)

6 5.59 (-6) 18-19 7.05 (-6)

7-9 1.06 (-5) 20-24 1.12 (-5)

10-15 | 1.31(-5) 25-31 1.23 (-5)

16 | 7.35(-6) 32 4,61 (-7)
Total 8.49 x 1075 7.76 x 1072 (£ 15%)

S | S —|

Case | 1 5.46 (-6) 1-7 4,69 (-6)

2 1.04 (-5) 8-10 9.28 (-6)

3 4,21 (-6) 11-12 4,27 (-6)

4 5.73 (-6) 13-15 5.69 (-6)

5 5.49 (-6) 16-17 4,62 (-6)

6 | 3.60(-6) || 1819 | 3.23(-¢)

7-9 6.40 (-6) 20-24 7.35 (-6)

10-15 | 8.01(-6) 25-31 6.33 (-6)

16 | 6.67 (-6) 32 1.01 (-7)

Page B-2.7




FIGURE B-2-8
Comparison of SANE Flux Leakage Spectrum and Fissior: Flux Spectrum
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NEUTRON DOSE TO INCIDENT NEUTRON FLUX CONVERSION RATIOS

Overall average ™first collision” neutron dose per unit incident neutron flux

It is usual to compute a first collision neutron dose which is the absorbed dose re-
ceived by a small amount of tissue. The first collision neutron dose includes all
the energy imparted to tissue by the first collision of neutrons. This excludes the
energy deposited in the body by the hydrogen capture gamma rays and multiple
neutron scattering. '

A curve of the conversion factor as a function of energy, Do(])(E), is given in
NBS Handbook 63. Table B-3-1 lists average values of the conversion ratio in
each of the 16-groups used in the transport calculations.

The overall average first collision neutron dose per neutron incident on the tissue
then evaluated

© 16

-50(]) = DO(])(E) J+ (E) =; ‘DO:g(]) X ‘j+:g | (8-3-])

where J'+(E) is the normalized leckage spectrum evaluated in Appendix B-1 and Do
is the average conversion ratio in group g. ’
Since the spectral differences for the configurations thought to be close to the ac-
tual ones are negligible, the overall average first collision neutron dose per unit
incident neutron current is

(M 2 ? _rad _’
D, = 1.50x10" R,



TABLE B-3-1

Group Values for First Collision Neutron Dose for Unit

Incident Neutron Flux

Group Lower Energy D () *
Number, g | in Group 9 rad/(n/ cm2)
1 3 Mev 4 x 10-9
2 1.4 Mev 3 x 10-9
3 Mev 2 x 10-9
4 Mev 1.7 x 10-9
5 . Mev 1.0 x 10-9
6 .017  Mev .3 x 10-9
7 .0035 Mev .05 x10-9
8 550 ev .01 x10-9
9 100 ev .002  x10-7
10 30 ev .001  x10-?

R 10  ev .001  x10-9
12 3  ev .0017 x 10-?

13 1 ev .0026 x 10-9
14 4 ev .005 x10-9
15 d ev .006 x10-9
16 Thermal .024  x10-9

+ Extracted from Figure 1, NBS 63.

Page B-3.2
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‘ . + er s s
Overall average maximum neutron dose per unit incident neutron flux

It is also of interest to evaluate an overall average "maximum® neutron dose which
the dose absorbed in a 30-cm thick infinite slab of tissue. The conversion factors
have been computed by Neufeld and Snyder (Reference 27, Appendix C).

Table B-3-2 lists the values of the group average of maximum dose conversion ratios
used in the calculations.

The overall average "maximum™ neutron dose per unit incident neutron flux is then
evaluated
16
max '
2 <
[ g=] ’ »

It is found that

= (max) _ 5 45 x 1077 ra}/(n/cmz)

C

+ Often called "whole body dose”.
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TABLE B-3-2

Group Values for "Maximum" Neutron Dose for Unit Incident Neutron Flux

GroupgNumber Energy Range Bcfmax)%;)‘ (rad / cmz)*
1- 3 .9 Mev ' 5 x10-7 '
4- 6 .9 Mev <E< .017 Mev. 1 x1077
7-15 17 Kev <E<1 ev 0.6 x10-7

16 Thermal 0.32 x10-7

* Extracted from Figure 2-3 and Table 2-2, p. 18-19, H.Goldstein,
"Fundamental Aspects of Reactor Shielding", 1959, Addison,Wesley.

It is of interest to note that

=M [ (1) = 1.63
o - D
)
which is in good agreement with the NBS plot of this ratio as a function of energy.

+

The fast neutron contribution to the neutron dose is preponderant as shown below:

Neutron Energy Fraction of Neutrons | Contribution to the
Range ' in that Range Neutron Dose
E > 3 Mev 113 ' .30 .
3 Mev >E>1.4 Mev 206 , .41
1.4 Mev >E>.9 Mev .081 1

Hence 80% of the neutron dose is due to neutrons of energy higher than 1 Mev.

-+ NBS Handbook 63, Figure 15, p. 64.
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- GAMMA RAY DOSE and GAMMA RAY-To-NEUTRON DOSE RATIO CALCULATIONS

The gamma dose at the surface of the tank was computed as follows:

1.

The prompt fission gammas were divided into six energy groups as shown in

Table 8.1 of ANL 5800.

2. Capture gammas in materials other than U and H were shown to be negligible.

5‘

The U capture gamma spectrum was assumed to be the same as the prompt fission
spectrum and H was assumed to yield 1.1 two Mev gammas per capture.

The tank was treated as a sphere of radius ro having the correct volume, and
the gamma source ‘distribution was taken as proportional to 1 - .

fo
Buildup in leaking from the sphere was taken into account by using the buildup
factors for water (Reference 28, Appendix C)

The leakage from the sphere was computed as follows:

2
Source density = 1 -LQ_

To

Build-up: A]e-dl By >A2e"c‘.2“lr

Current density at point P due to source in r sin © dr 297 d6 is then given by

(]"J'-f (Aed'l'w-i- AedZMr)r sin® 270 dGcosW
41rR
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The total gamma ray source in the sphere is

n r
o 2 2
S=?/7/ (1 -—ra)r sin © dr d©
o o o

The fraction of gamma rays which leaks from the sphere is then given by

7 r '
[o]
// CII _
o Jo 15, 13 212 48 e © (212 +81 +8)

15 2

1 1 _3 o ]

o

. 3 2 L 7

15 : 2 L° -2L° +8 -e © (2L2 +8L +9
+ A - o ° o o -
L2 2 3 -
> L

where

]o=2 (”H.d’l) o

L=2(p+dy) 1
The gamma ray dose at the surface of the equivalent sphere was computed to be

- ~-13
D{ =3.28 x 10 ra%ssion for Case 3
Doyf =3.17 x 10713 ra% . for Case 2
ission

Doy =3.07 x 1073 rad for Case 1

fission
(See Appendix B-2 for definitions of cases)

Fission product gamma rays in the first two seconds after excursion are negligible compared with
prompt and capture gamma. The emission rate at short times after excursion is given as + eecv
per fission (t in sec). (Reference 29, Appendix C). This is compared to a computed

value of approximately 10 Mev fission for the prompt gammas and 1.18 Mev fission for the
uranium-capture gamma rays.

In the cases of bare reactors, the fission distribution at the core boundary is approximately 1/40
of the central value. Thus the assumption of a parabolic distribution should be reasonably ac-
curate. However, in cases where the effect of tissue is approximated by a spherical layer of
water at 30 cm from the tank, the boundary value is 1/11 of the central value. Thus, the gamma
density distribution may perhaps be regarded as the superposition of a parabolic distribution and
a uniform distribution.
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The gamm.a dose per core fission at the tank surface in the presence of a 30 cm thick spheri-
cal layer of tissue placed at 30 cm from the surface (Case 1a) was computed to be

13 rad

—157 = 3.28 x 10° Fission

Hence, comparison between Cases 1 and 1a shows that the presence of the spherical layer of
tissue increases the gamma ray dose by approximately 7% and the neutron dose by about 20%.
The effect on the gamma to neutron dose ratio is less than 10%. However, the real effect of
the human body can be considered negligible since the fraction of neutrons leaking from the
core and incident on the body placed against the tank is less than 13% when the body is as-
sumed to be a right cylinder of 15 cm. in radius. This fraction decreases as the distance
from the body to the tank increases.

The gamma ray to neutron dose ratio that will be used in subsequent calculations is evaluated
as follows: '

In the initial configuration (Case 2), the first collision neutron dose at the surface
of the equivalent sphere is estimated to be (using the results presented in Appendix
B-2)

| 2
p Do -9 -4 em”__ -13_rod
Dn =1.50x 10 E:/ndﬁ x 1.21 x 10~ e lsswn"l’m x 10

fission
cm :
and therefore,

Dy

Dn(l

)= 1.75 (initial configuration).

Similarly, for the final configuration (Case 3),

M

D =1.50 x 10-9 rad ~ x 1,63 x 10—4 n[gmz
n n/ 2 core fission
cm
M 13
D =2.45x10 ° _rad
n fission

and therefore,

D
-z _ 1.34 (final configuration)
NG |

n
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Gamma Dose From Fission Products in Drain Line

The Supervisor and Superintendent drained the mixture from the carbonate tank into gallon bottles.
The radiation levels in the vicinity of the column are estimated below. The extraction column
from which the liquid was drained, on the first floor, has a length of 250 cm and a diameter of
7.62 cm. It contained 11.4 liters. Assuming that this was filled with solution from the tank, it
contained a fraction equal to 11.4/52 = 0.22 of the original reacting liquid and, it is assumed, of
the fission products from the original burst. Using the fission product emission data given in

" Goldstein (Figure 8.10) at 1-3/4 hr. = 6300 seconds one obtains 5 x 10~5 Mev/sec.-fission. Thus,

for an initial excursion of 1017 fissions, 6300 seconds prior, the activity in the column is

17 -3
s, = 10° x 5 x ‘2‘20 x 22 _ 44 x 10° Mev/cm=sec.

Rockwell (Reference 30, Appendix C) presents an equation for the flux from a line source assum-
ing no absorption of gammas

~
N

S )
=L F (6 0) h{ 6™\
§ 4T a , 1-.‘-"0—:&'

where "a" is the distance from the base of the line source to the detecter and 8 = arc tan L)
where "h" is the height of the line source. ' a
For a = 305 cm (10") using the graph on page 385 of Reference 30, Appendix C., one obfains
F (40° 0) =0.7. Then @ =8 x 105 Mev/cm2 -sec. and the dose, using the conversion factor
1 R/hr = 5.854 x 105 Mev/cm? -sec. is
Dof = 1.41 rad/hr..

At 1 foot from the column the dose will be a factor of 23.2 higher or 32.7 rad/hr. For this posi-
tion the assumption of a line source' with no absorption yields a slightly high dose.

For the second excursion the material in the column represents a fraction of the total fission pro-
ducts equal to 11.4/41 = 0.27. Assuming the second burst had 2 x 1016 fissions and using the
fission product emission rate of

-i—f_fMev/ sec.-fission (Reactor Handbook, page 27)
the source strength after 120 seconds would be

2 x 1016 X .27 x .62

= 1.1 x 10! .-
121 % 250 X Mev/sec.~cm

" and the dose rate at 10*, scaling the previous result would be 35 R/hr. At 1' the rate would be

810 R/hr.
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Since the draining took place over a period of 20 minutes, the doses from the second excursion
should be integrated over the period of time from 2 to 20 minutes. If this is done using a 1/t
time dependence, then the total dose received is the initial rate multiplied by 0.128 or

at 10° D 4.5R

2-20 =

at1' Dy py =104R

It is possible that draining did not start until 6 minutes after the second excursion in which case
the integrated dose between 6 and 20 minutes would have been

at10' . D =1.4R

6-20

at 1' =32 R

Dg_20

Dose at Tank Surface Due to Fission Product after 6300 Seconds (1-3/4 hr)

Calculations have been performed to determine the gamma dose at the center of the side wall of
he cylindrical tank at 6300 seconds after 1017 fissions. The fission product spectrum due to
Perkins and King (Goldstein ~ Figure 8.10) for this time was used. :

Eo Mev/sec.
25 .35 x 107°
.65 1.7 x 11

1.12 .8

1.57 1.2

2.0 .5

2.4 4

3.0 .18

3.1 x'|0-5 Mev/sec.

Applying the geometrical formula for leakage from a cylinder due to Rockwell (Page 360)
(Reference 30, Appendix C) the total dose rate is calculated to be 800 R/hr. when the attenua-
tion in the 1/8" steel wall is accounted for.
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CONVERSION OF ACTIVATION MEASUREMENTS TO TOTAL INCIDENT DENSITY

General Relations

a. Determination of the Neutron Flux at the Sample

Samples are analyzed for activation products and measurements are made on either
a given gamma ray or beta radiation emitted by the activated isotope which decays
with a half life Ty /9. These measurements may then be converted into the number
of atoms produced in the irradiation, Ng, aofter use of the appropriate correction
factors that are given in Appendix A.

The number of atoms of the isotope, Nas which produce a particular activation is
obtained by spectrographic analysis of the sample and the knowledge of the abun-
dance of the isotope in the natural element. Hence, one may write that

N [
T\T§=/‘ o(E) @(E) dE (8-5-1)
A

where o(E) is the reaction activation cross section and @ (E) the time integrated
flux seen by the sample.

Two types of neutron reactions are considered in the following analysis when the
activation is due essentially to thermal neutrons and when the activation is due to
fast neutrons above a threshold energy, Ey.

(1) Essentially Thermal Activation Reaction

Then Equation B-5-1 can be written as

Ng
NA'z“’rh oy * @E) o) dE (B-5-2)

non th
and introducing the thermal self shielding factor through

-

by, = O

may be written as

—— —

N
N_B =Yoth “th F+f non th 76 7@ (8-5-3)

A
Wi “th

where @ oth is the maxwellian thermal flux at the sample in the absence of ther-
mal neutrons self shielding in the sample and oy, is the maxwellian averaged
thermal activation cross section.
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In most cases, the non-thermal contribution is negligible andf@ o4}, may be evaluated
if f and 0°th are known. Sometimes the resonance region contribution to the activa-
tion is not negligible as in the case of gold. It will be shown, then, that a correction
factor can be evaluated.

(2) Threshold Reactions

For threshold reactions Equation B-5-1 can be written

B / ! /
- = O(E) YPE) dE (B-5-4)

T

To determine the flux required to produce a given activation, one desires an effective

cross section, E’E, such that
o)

¢ / p
. RO

E pE o & [ (B-5-5)

The usual approach is to assume that, above the threshold energy, the flux spectrum
at the sample is similar to a fission spectrum. Hence, if X¢(E) is the normalized fis-
sion spectrum, the effective cross section in Equation B-5-5 is given by

(o]

o(E) X, (E) dE
- E
0, = (B-5-6)

©
/ Xf (E) dE
E

where we assume that E=E1. The numerator of Equation B-5-6 is obtained directly
by activation measurements in a GODIVA-type reactor. It was shown, however, in
Appendix B~2, that such an approximation is not valid by comparing the Monte Carlo
leakage flux spectra from the accident configuration to a fission spectrum.

58

Therefore cross section information for the fast reactions of interest (i.e.,532, Ni
ond Fe4 (n, p) reactions) was obtained and the point values were averaged over the

calculated leakage flux spectrum. This, however, assumes that the fast leakage flux
spectrum has the same shape with and without a body present. It will be shown that

this assumption is reasonable. Results on cross sections are presented in Section 2

of this Appendix.
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Relation of the Neutron Flux to the Total Neutron Uncollided Current Density Incident
on the Sample

To translate from neutron fluxes to total neutron current density incident on the sample,

JS’ several methods may be used depending on the type of situation.

~ The sample (screwdriver, clamps) is isolated.
- The sample (film badge, hair) is located on the body surface.

- The sample (blood sodium activation, whole body sodium activation) is taken from
the human body.

Each of these methods will be treated in the following sections.

(1) Isolated Sample

The incident neutron current is related to the angular flux as follows:
1
J +(E) = W(E) PE,W)JW (B-5-7)

o
or

LB =0E ¢0E - (B-5-8)
where @(E) is some appropriately averaged value of the cosine of the angle
at which neutrons of energy E are incident on the sample.

A subsequent average over the energy group, g, yields

)y =00, - ©-5-9)

IFj, . is the fraction of the leakage current from the core (Appendix B-2) found
in enérgy group g, and Jg is the total uncollided current integrated over all
energies and incident on the sample, '

J = number of neutrons leaking, : .
s 47T R |

then v
J+’g = fg (R) J+, g JS (B-5-10)

where f4 (R) is a correction factor for the contribution of neutrons scattered
from the walls and floor in energy group g at distance R from the center of the
tank.

Introducing Equation B-5-9 into Equation B-5-8 yields

J. =B Py (B-5-11)
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For purposes of the study, fg (R) is taken equal to 1 for all non-thermal neutrons.
An evaluation of fih (R) is shown in Table B-5-7.

Sample in Contact with the Human Body

The Equation B-5-9 must be written

@ =2ta g - (B-5-12)
g 4y Wg

where J-, g is the neutron current density in group g "reflected" from the body.

®, is the average value of the cosine of the angle at which neutrons reflected from
the body are incident on the sample. [t will be assumed that the angular distribu-
tion of the neutrons leaving the human body is approximately semi-isotropic.

W’ = 0.5
g
The reflected current in group g consists of

- neutrons in group g incident on the body and reflected in the same group.

- neutrons in group g’<g (i.e., of higher energy) which slow down in the body and
reflected in group g.

Then, if the albedos

oC J—-—Q-and b, = J-’g (97<g) are evaluated,
9 J+, g g9 J+ g

Equation B-5-12 can be written

@, = .J+,g[=1__ + 21% + 22 b g g (B-5-13)
w ‘ ’

g<g

Use of the normalized leakage current spectrum given in Appendix B-2 and
Equation B-5-10 then yields the relation of the flux with the total uncollided
neutron current incident on the sample.

@ = ) f.R) . i _ 4
o 51— Jt.g 5 * 205 |+ 2 ) b, o (B-5-14)
<g J

The factor f, (R)/2 is used because the presence of the body reduces by a factor
of approxlmately two the contribution of room scattered thermal flux.
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Hence, for fast threshold reactions, if we evaluate the flux above 3 Mev (g=1),
then bg, g =0 and

T = . . (B-5-15)
(17)—]+2“ P J+,1
where
Q
@ =/ @ECE (B-5-16)
3

For thermal reactions. we define a non-thermal albedo, b, and

P
Jg=" 1 oth (B-5-17)
— - e ’.) -
o R g th Gy + 2 ) + 25, b
where | =1 = .
J+, non th J+, th

Sample Taken from the Body Volume

The method is based on the following assumptions:

- the activated isotope is initially uniformly distributed in the body.

- the reaction is essentially thermal.

- the body can be replaced by a cylindrical phantom of radius, Rg. and the inci-
dent neutrons form a beam normal to the cylindrical axis.

Let p .= Maxwell average thermal cross section of the body, (cm=1}.

\%

man

Body volume

Body area projected on a surface normal to the beam.

A

man

n

a(E) = the probability that a neutron of energy E will be captured as a thermal
neutron in the human body.
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Then the total number of neutrons incident on the body and captured as thermal
neutrons is equal to the total number of thermal neutron absorptions in the body.

(e o)
a) J, ) A dE =9  J_V (B-5-18)

n man
o

where® 4}, is the thermal flux derived from the activation measurements. Using Equa-
tion B-5-10

‘/;(E) J,(B)dE = [uth i ® /;(E) s (E)dgj I (B-5-19)

non th

where j+ (E) is the uncollided normalized incident current. The quantity in brackets
is the number of absorptions per uncollided neutron incident on the body. It can be
greater than unity because of the contribution of the scattered thermal neutrons.
Denoting this quantity by @, then the total uncollided neutron current density incident
on man is given by

(B-5-20)

Then 2,200 meter cross section assuming unit density for the body and the elemental
abundance in the standard man has been calculated by Hurst, et al, (Reference 31,
Appendix C)and is equal. to .02339 em=1. Hence

g =_“/-’2’:x .02339 = .0206 cm"!

It is customary to assume R = 15 cm. Then
2
TR K
man  _ o _ T _
A = 2rh " 2 xRc> = 23.56 cm

Then Equation (B-5-20) becomes

¢
Jg = 0.4853 —&%ﬂ (B-5-21)
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Conclusions

The preceding analysis shows that the activation measurements can be con-
verted to total uncollided current density incident on the sample if the fol-
lowing factors are evaluated properly.

- Thermal activation cross sections, Tp the

- Self shielding correction factors.

- Non thermal contribution to the thermal activation.

- Effective cross sections for fast reactions F‘E.

- Average cosine of the neutron incidence angle, D.

- Thermal and Fast albedos, L and oc] .

- Non thermal to thermal albedo, b.

- Average thermal absorption probability for total incident neutrons, @.

- Correction factor for contribution of scattered thermal neutrons, ffh'

The calculations of these factors are described in Section 2 following except

for the second and third items (Self-Shielding and Non-Thermal Contribution)
which were considered in specific cases.
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2. Calculations of Various Factors

a.

"Thermal Activation Cross Sections

Thermal activation cross sections are taken from BNL 325. Table B-5-1 presents
data used in subsequent calculations.

TABLE B-5-1

Thermal Activation Cross Seciions

2,200m Cross Section Maxwell Averaged Cross
Nuclide (barns) Section (pth (barns)
Na23 | 0.536 0.475
cr0 13.5 12.0
Fe 98 1.0 0.8865
Ag10? - 3.2 2.84
In113 56 49.6
Au197 100 88.7

Effective Cross Sections Threshold Reactions

The (n, p) reactions in $32, Ni58 and Fe58 are used in the activation measurements.
It was evident from a comparison of the leakage flux spectra evaluated by the SANE
Monts Carlo code with a fission flux spectrum that the validity of using fission spec-
trum averaged cross section was questionable. (See Figure B-2-B). Hence activa-
tion cross sections for the accident analysis were computed directly from the basic
cross section data using the SANE leakage spectra (See Appendix B-2) and compared
to calculated and measured fission spectrum averaged activation cross sections.

Cross section information for the (n, p) reaction in $32; Ni58 and Fe54 is presented

in Figures B-5-A, B-5-B and B-5-C on Pages B-5.10, B-5.11 and B-5.12. In the

case of Fe54(n, p) Mn54 reaction, the data is clearly insufficient. However, for $32
and Ni 28 sufficient cross section data is available to give a good degree of reliability.

Table B-5-2 presents computed effective cross sections, @ o
i)
= E -5-
o o(E) P, (E)E (8-5-22)

o

where WN(E) is the normalized flux spectrum.
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In subsequent calculations, it will be assumed that the incident flux is not per-
turbed by the presence of the body for fast neutrons (E>= 1 Mev). Hence, fast

neutron flux above energy E can be computed directly from Equation B-5-5 using
the effective cross section

T =0 ]

E o X T (B-5-23)
/ (PN(E)dE

E

TABLE B-5-2

Activation Cross Section (millibarns), o

1 2 3 4
§32(np), p32 45 57 | -- | 65
Ni%8(np), Co°8 60 | 115 | 99 | 91
Fe34(np), Mn4 49 | 101 | 65 | --

1. Cross section averaged over spectrum obtained from "SANE".
2. Cross section averaged over fission spectrum ANL 5800, Table 1-11

3. Cross Section used by AEC Idaho Falls in activation calculations.
"Radiochemical Analysis of the UNC Incident at Wood River Junction,
Rhode Island", D. G. Olson, September 17, 1964.

4, NSE 10, 4, 308 (fission spectrum averaged)

Table B-5-3 presents the effective cross sections for E =3 Mev, 1.4 Mev and 0.9
Mev. :

TABLE B-5-3

Effective Cross Section Averaged Over the Fast Neutron Flus, -EE (in barns)
(Note 1)

7 7 5
3 1.4 0.9
$32(n, p), P32 .398 | .141 | .13
Ni58(n, p), Co®8 .531 188 | .150
Fe 54n, p), Mn54 442 | 157 | 125
(Note ])?E is defined as follows: ) /coa—q,dE
O'E =Y0 ______ , Ein Mev

[ (pdE
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FIGURE B-5-A

3

4 5 6 7891

&

!

sum

HLLL

i
)

113

4 B'6 78901

100

4 D 6 78901

3

10

5 6 78901

4

3
E (Mev)

2

1.0

5 6 78901

4

3

—
3
[+ 8
—_
L=
o
L M
“mw 2]
I N -
: a&l 8
o *
5
o3 G R
c< o
£ 0 n)
o v 2V
8 8>
.m:ne 58
-z o =
D o M <
HlV./\\ M_\/
.9 w
-IT%® 52
R =
i e
B I ; d
A2 snnal ! i 431 sadas kos —le—
R = ==
== = ESE =
=
Tl
e
E=s =
= 5 =
by m d M~
it emin T :
i i 2 !
: 3
HH i
b
S8UN I] 3461
s T
SRR T
o i
[T
i !




Page B-5

4

FIGURE B-5-8

1 T a 8 4 B 067801 2 8 4 5 67801 2 3 4 5 617801
9 ; ";‘ N i ) 11| .._ ; '.:_-. = = = : i= :- i .".-Vx. T ."
8 i Hili T Fri : T ! r{x : : i
7 i £33 iy i
o vy X i
; b ES i
b H Higt i ERe= g i %
2 i L SR L :
a = £ :,ﬂ ‘ ] = : EgBEsis d::
13 + 3
= i i ek Hl H
8 : W i i 3
1 g \ I ]
: A Jiodin
Activation Cross Section, in barns BTl AL
1 ]
1 L - !
* == s iHiH
: z == g
7 !
¢ i ithld : s ‘
=== £ : HEIRESEESE o
i HHIESE i
i it
8 : .:“ =
; il J
! H
alli, i Ilul ERAd b R e it Tl
© J. W. Meadows & J. F. Wholen - Phys. Rev. 130, 2022 (1943)
t J. Konijn & A. Lauber - Nuclear Phys, 48, 191 ( (1963)
@ B. L. Robinson & R. W. Fink (Pile Neutrons) Bull.A.P.S.1,40 (1956)
‘e L A3 A,a L. Gonzalez, J.Rapaport, + J.J.VanLoef - Phys. Rev. 120 1319 (196
s e : O J. Meadows & J. Whalen, Wash 1039, 3 (1962)
v K.Nakai, et al. J.Ph.Sec.Japan_17, 1215 (1962) (in NSA)
4 <'cJ. M. F. Jeronymo et al. - Nucl. Phys_ 47, 157 (1963)

X R. N. Glover & E. Weigold - Nucl. Phys. 29, 309 (1962)

‘= EANDC(CAN) 16 p 1 (1963

+ D. L. Allen, Proc,Phys.Soc.(Lond.) 704,195 (1957)

O D. L. Allen, Nucl.Phys. 24,274 (1961)

* R.S. Storey, W. Jack & A. Ward ~ Proc. Phys Soc.(Lond.) 75, 526 {196
v J. F. Barry, NRDC 138, p. 6(1963) quoted in Kon||n & Lauber

m Hup ‘n'n}‘ FH [ TH e ot |
‘ kit

i el A ‘iﬁ l” “ lll_hi . 1 H
3 « B 06 789010 3 '4 5 (5 7 8 0 ]00
E (Mev) ‘

[ ]



FIGURE B-5-C

Page B-5.12

3 4 5 6 7801 2 3 4 5 67801
H ilitfsi - BERS EERE T T T
0 i
i
! 3
T
il
e
I Fe
i ;,A"'
] 4
1
.‘ I}
i . }IV ‘i; A= == =
8 if: i =
. 1]’1 fEE=s
] i
o i i e
& i 2:’.7_-;",“,“’_—:_ BEES
= il j’ﬂgi HESSE
8 , I
p | T
e :i; i
f i !
I il
i niuP
.04 a2 54 [l JHH I il
0 £ R t
s fe”  (n,p) Cross Section .
7 ‘ 7
¢ X J. J. VanLoef T ¢
5 == Sizajsce Nuclear Physic 24, 340 (1961 T
I===s= S g::_ it
A D. G. Gardener & A. D. Poularikes, 4 i
s Nuclear Physic 35, 305 (1962 i s
i i -
e i l N
1)
Hl i
i |
.001 2 3 4 5 678 o1

5 6 78910 2 3



C.

Page B-5.13

Evaluation of the Average Cosine of the Neutron Incidence Angles

The output of the 16~group one dimensional transport calculations gives currents and fluxes
averaged over the angular distribution in each energy group at the outer surface of a pre-
determined region.

Table B-5-4 presents the values of @ o at the outer surface of the core and at 10 feet from
the core for the fast and thermal energy groups. The value ofl g is insensitive to the core
model and variations offl) g with energy are negligible. In conc?usnon @ g depends strong-
ly on the location at which flux and current are evaluated. Near the oufer surface of the
core, the angular distribution is not too far from the semi-isotropic angular distribution
(w=.5). As the distance from the tank increases, the angular distribution fends to become
normal.

In calculations concerning the superintendent and the supervisor which are thought to
have been standing 15 feet away from the tank, we will assume that the neutrons are nor-
mally incident on the body,w g =1.

TABLE B-5-4 .
Average Cosine of the Neutron Incidence Angles

Ror
Group Energy Range 9 w4
_ (Mev) At Core Surface | At 10 Feet
1 E>3 .67 .86
2 3>E<1.4 .66 .86
3 1.4>E>.9 .62 .86
>, E>.9 65 .86
g=1,2,3 . . _
16 . | Thermal .60 .84

Fast and Thermal Albedo Calculations

Cases 1a and 1b described in Appendix B-2 were used to-evaluate the reflected to inci-
dent current ratio at the body surface in a given energy group. In the high neutron
energy range, contribution from slowing down neutrons to the reflected current is ex-
pected to be negligible and therefore, these ratios give a good estimate of the albedos,
eg. Fast neutron albedos are given in Table B-5-5 for the neutrons of energy higher
than 1 Mev. It can be seen that a small percentage of neutrons are reflected back above
3 Mev. As the energy decreases, the albedo increases, but the calculations become less
reliable because of the man model used in the calculations. Indeed, use of a spherical
layer of tissue makes it possible to have a high energy neutron be reflected back from
some point of the spherical shell of tissue and be incident on another point with its
energy in the range considered.
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If we note that the albedo a should not depend on the placement of the spherical
shell of tissue with respect to the spherical core, comparison between Case 1a

and Case 1b shows that the results obtained in group 3 (0.9<E<1.4 Mev) are already
not very reliable. Therefore, only albedos in Group 1 and 2 will be used.

TABLE B-5-5
Evaluation of Fast Neutron Albedos, oté
il J- g
0o = =

g g
Group Energy Range (Mev) | Case la Case 1b
1 E>3 .036 .037
2 3>E>1.4 . 051 .059
3 : 1.4 >E>.9 ’ .090 112

The probability that a thermal neutron incident on the body is reflected back is
known to be 0.80 (NBS Handbook 63). '

°?h =0.80

Evaluation of the Non Thermal to Thermal Neutron Current Albedo-b.

As previously described (Appendix B-5, Section 1) the back thermal current den-
sity, J_ 4 0 due to direct thermal albedo (txt xJ, h) and to a non-thermal -
- thermal ’alfbedo whereby non thermal neutrons enber the’ Lody, become thermal in-

side the body and leave as thermal neutrons.

By arguments presented below, the non-thermal to thermal albedo, b, is estimated
to be about 0.14,

b 0.14

The argument runs as follows. The albedo b depends only on the spectrum of non-
thermal neutrons incident on the body. Further, the non-thermal incident spectrum
should be close to the non-thermal leakage spectrum from a bare reactor; in other
‘words, the presence of the man is assumed to have a negligible effect on the non-
thermal spectrum incident on him.

Thus, what is desired is the fast-thermal albedo of a thick water layer for a leak-
age spectrum corresponding to the bare core Case 1 calculation of Appendix B-2.
But the albedo for this case cannot be obtained from the UND DTF calculations
because there is no water reflector present. However, the fast-thermal albedo
can be obtained from the UND DTF printouts for Cases 1a and 1b. Case la has a
30 cm. thick spherical water shell placed 30 cm. from the core. Case 1b places
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the same man model in contact with the core. The non-thermal spectrum incident
on the man are given in Table B-5-6. In Case 1, it is simply the leakage spectrum.
In Cases 1a and 1b, it is the spectrum incident on the man model.

It is seen from the table that the appropriate spectra form closely an arithmetic pro-
gression proceeding from Case la to Case 1b to 1. The albedo values, b, are there-
fore assumed to form an arithmetic progression. The albedos in Cases 1a and 1b are

obtained from the equation

Iy = 0800, +b]

using the printout values for the J's at the surface of the 30 cm. thick spherical
shell. The results are that

+ non th

b=10.20 in Case la
b=0.17 in Case 1b

from which it follows from the above arguments that for Case 1

b=0.14.

TABLE B-5-6

Non-Thermal Spectrum Incident in Man in Cases 1, la, 1b Values Given
Are Normalized to One Non-Thermal Neutron Leaving the Core

(NS:’:J: ﬁ:;c;ler’ g Case 1 Case la Case 1b
T .13 09 .10
2 .24 a7 19
3 092 | .07 .079
4 12 .10 1
S .12 .10 .10
6 .075 .070 .070
7 -049 .053 .050
8 .043 .051 .046
9 .040 .051 044

10 .028 .036 .031
1 .025 .033 .028
12 .026 .036 .030
13 .023 .033 .027
14 .019 .027 .023
15 .045 .084 .063
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Accurate calculations by stochastic methods (Reference 32, Appendix C) in 30 cm.
thick tissue slab show that approximately 70% of the non-thermal neutrons incident
on the slab are slowed down to thermal and somewhat under 60% of the non-thermal
incident neutrons are captured as thermal neutrons in slab geometry. Hence, one
estimates that in the neighborhood of 10% of the non-thermal incident neutrons
come out as thermal neutrons,

Correction Factor for Scattered Thermal Neutrons

Since the albedo of thermal neutrons in the concrete walls and floor is high, the
thermal fluxes fall much less rapidly with the distonce from the tank than the non-
thermal fluxes. The relative fast-to-thermal fluxes have been evaluated for the
isolated sample activation measurements. The activated-to-target atom ratios g-:‘
are given in Table A-7-1, Appendix A-7. Thermal cross sections are presente

in Table B-5-1, Effective cross sections to evaluate fluxes of neutrons above

3 Mev are given in Table B-5-3. Using the data, thermal and above-3-Mev fluxes
are calculated and given in. Tables B-5-7 and B-5-8. Ratios of thermal to fast
fluxes appear in Table B-5-9.

TABLE B-5-7
Maxwell Average - Thermal Fluxes
Item Analysis Laboratory zgh(n/ cm2)
Screwdriver Fe58(n,)’) Fed?
(Tank Surface) (chem. Sep.) AEC-ID 5.40 x 1012
(scanned) AEC-ID 5.35x 1012
(scanned) UNC-P 7.72 x 1012
Stainless Steel Fe58(n,?')Fe59 .
Clamp (chem. sep.) AEC-ID 3.68 x 1012
(9" From 50 51
Cr¥(n, x)Cr2°
Surface) (chem. sep2) AEC-ID 2.43 x 1012
(scanned) UNC-P 1.59 x 1012
Stainless Steel Fe58(n, p)Fe59 _ .
Clamp ' (scanned) AEC-ID 2.75 x 101
(174" From Cr50(n,¥)Cr5!
Surface) (scanned) AEC-ID - 1.34 x 1011
(scanned) UNC-P .86 x 1011




TABLE B-5-8

Fast Neutron Fluxes Above 3 Mev
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Item Analysis Laboratory | & 1 (n/ cm2) A
Screwdriver (Tank Surface) Fed4(n, p)Mn54
| | | (scanned) AEC-ID 3.53 x 1012
(chem. sep.) | AEC-ID 2.83 x 1012
(scanned) UNC-P 3.80 x 1012
Stainless Steel Clamp Fed4(n, p)Mn4
(9" From Tank) (chem. sep.) | AEC-ID 8.24 x 1011
Ni98(n, p)Co8
(chem. sep.) | AEC-ID 10.00 x 10!
Ni98(n, p)Co™®
(scanned) UNC-P 8.81 x 1011
Stainless Steel Clamp Fe34(n, p)MnS4
(174" From Tank) (scanned) AEC-ID 2.40 x 1010
Ni58(n, p)C058
~ (scanned) AEC-ID 3.54 x 1010
Ni98(n, p)Co8
(scanned) UNC-P 1.00 x 1010




TABLE B-5-9

Thermal to Above 3 Mev Flux Ratios and Correction Factors, ffh
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- A
Item Laboratory | R cPth/ (p] fﬁ: (R) ff;?ﬁge
Screwdriver on
(chem. sep.) | AEC-ID 1.91 2.89
(scanned) AEC-ID 1.52 2.30
(scanned) UNC-P 2,03 3.07
2,75
Stainless Steel Clamp 18"
at 9"
(chem. sep.) | AEC-ID 4.47 6.77
(chem. sep.) | AEC~ID 2.43 3.68
(scanned) UNC-P 1.80 2.72 ,
4.3
Stainless Steel Clamp 183"
at 174"
(scanned) AEC-ID 11.46 17.3
(scanned) AEC-ID 26.42 | 40.
(scanned) UNC-P 8.60 | 13.
23.

By definition, the correction factor fi},(R) is the ratio of the thermal flux at
the sample to that from the uncollided radiations. Since no correction is
being made for the fast fluxes, we have

-(Eth/ ?l] measured
q)fh/(p l] calculated

fth (R) =

(pi'h/qﬂ calculated is evaluated from the leakage flux spectra given in Appen-
dix B-2. Jt is approximately equal to 0.66. Values for f,, (R) are also tabulated
. th

in Table B-5-9.
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However, when the sample is not isolated or inside the man but on the body surface, it
sees approximately half of the thermal scattered neutrons. Therefore, the calculated
factors in Table B-5-9 will be reduced by a factor of 2 when used for such samples.

Average Thermal Absorption Probability for Total Incident Neutrons on Body

Letting a(E) be the probability that a neutron of energy E will be captured as a thermal
neutron in the human body, the spectral average absorption probability, @, is defined as
the probability that a neutron incident on the body will be absorbed thermally per un-
collided neutron incident on the body.

a = / a(E) Je (E) f(E,R)dE , (B-5-25)
a = ay ffh(R) J+fh + / a(E})’ j+(E)dE (B-5-26)
non f

where i}, (R) is the correction factor for thermal scattered neutrons evaluated above and
J+(E) is the normalized incident current spectra given in Appendix B-2.

The table below presents values for a(E) estimated by Hurst, Ritchie and Emmerson for
the case of a right cylinder of radius 15 em. and tissue equivalent composition.

Neutron Energy a(E)
Thermal 0.18
5 kev 0.40
0.5 Mev 0.51
2.5 Mev 0.50
5 Mev 0.42
10 Mev 0.33

For the configurations of interest here,

a = .377 + .0135 fth(R)

Fof R =1,3=.3

Table B-5-10 presents the values of a versus the distance R.



TABLE B-5-10

Estimates of G

R ffh(R) a
9" 2,75 0.414
18" 4.3 0.435

183" 23.. 1.245
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Director of Regulations
U. S. Atomic Energy Commission
Washington 25, D. C.

Attention: Mr. Harold L. Price

SUBJECT: Supplemental Report of the Accidental Criticality at

Wood River Junction, Rhode Island, July 1964
Reference:  United Nuclear Corporation Report Dated August 21, 1964

Gentlemen:

My transmittal letter to the referenced report which was UNC's first report of the
July 24, 1964 incident mentioned that at a later date UNC planned to submit a
supplemental report. The supplemental report was to concentrate on the nuclear
physics investigation which we hoped would be of some interest to the nuclear
community.

The attached report has now been completed and includes a significant amount of

original work. Copies of this report are being sent to all recipients of the origi-
nal report and we trust the contents will be of general interest.

Appreciation is again expressed to the Atomic Energy Commission personnel who
have consulted and assisted in several phases of this work.

Very truly yours,

J&.«A. Lindbelg

Vice President

JAL/b



