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FOREWARD

We, of the early decades at Pajarito Site, Los Alamos, were near a number of accidental
bursts of radiation in the course of critical experiments. In the first of these, the person at the
controls exclaimed “a disaster!” With a quarter-mile separation protecting operators, each of
these ‘‘disasters” proved to be without consequence. Nevertheless, errors that led to them should
have been avoided, and accounts of these accidents were disserminated to discourage recurrence.

A serious process criticality accident at Los Alamos was another matter, because protection
of operators was supposed to have been provided by cniticality safety practices instead of built-in
features such as shielding or distance. In this case, publication brought out obscure causes that
demanded consideration in the discipline of criticality safety.

The value of publication of both types of accident led William R. Stratton of the Pajarito
Group to bring together all available descriptions in his A Review of Criticality Accidents, the
linchpin of this account.

Hugh C. Paxton
Los Alamos, NM
August 1999



PREFACE

This document is the second revision of A Review of Criticality Accidents. The first was
issued as report LA-3611 in 1967 and authored by William R. Stratton.! At that time, he was a
staff member in the Critical Experiments Group at Los Alamos and a member of the Atomic
Energy Commission’s Advisory Committee on Reactor Safeguards. The first revision was pub-
lished with the same title in 1989 as document NCT-04.2 This revision was carried out by
David R. Smmth, a colleague of Stratton’s in the Cntical Experiments Group during the 60’s and
70’s and the Laboratory’s Criticality Safety Officer. In 1980, the criticality safety function was
removed from the Critical Experiments Group and made a separate entity in the Laboratory’s
Health and Safety organization with Smith as the first group leader.

With the advent of cooperative research and information exchanges between scientists in the
Russian Federation (Russia, R.F.) of the Former Soviet Union and Los Alamos National Labora-
tory in the early 1990s, discussions began to investigate possible joint work in the field of nuclear
criticality safety (to be referred to hereafter as simply “criticality safety”). By 1994, interactions
were ongoing between Los Alamos and four Russian sites with criticality safety interests: the
Institute of Physics and Power Engineering (IPPE) in Obninsk; the All Russian Scientific Re-
search Institute of Experimental Physics (VNIIEF) in Sarov (formerly Arzamas-16); the All
Russian Scientific Research Institute of Technical Physics (VNIITF) in Snezhinsk (formerly
Chelyabinsk-70); and the Kurchatov Institute (KI) in Moscow.

Cniticality safety staff at IPPE have regulatory oversight responsibility for the four major
fissile material production and handling sites where process facility criticality accidents have
occurred. These are the Mayak Production Association (Mayak), the Siberian Chemical Combine
(Tomsk-7) in Seversk, the Electrostal Machine Building Plant in Electrostal, and the Novosibirsk
Chemical Concentrates Plant in Novosibirsk. Thus, criticality safety staff from these four sites
were directly involved in the 13 Russian process accidents described herein. The other three
institutes, Arzamas-16, Chelyabinsk-70, and the Kurchatov Institute have critical experiment and
reactor development capabilities; accidents in this category have occurred at these sites.

This report, planned to be published in both English and Russian language versions, is the
fruit of cooperative efforts of criticality safety specialists in both countries. It not only includes
all of the Russian criticality accidents, but also revises the US and UK process facility accidents
reported in the second edition. The revisions to the US and UK process accident descriptions are
mainly expansions of the text to include information that was previously only in reference docu-
ments. In a few instances, technical corrections were necessary. The expanded descriptions are
provided for the benefit of the broader audience that this document has been attracting over the
years.

Finally, as this report was almost to be pﬁmed in September 1999, a criticality accident
occurred at the JCO fuel processing facility in Japan. Printing was delayed unti] this most recent
accident could be fully understood and documented herein. It is the goal of the authors that with
this expanded report, the causes of criticality accidents and their consequences will be better
understood and the safety and efficiency of operations with significant quantities of fissile mate-
rials will be enhanced.
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- A REVIEW OF CRITICALITY ACCIDENTS

ABSTRACT

Criticality accidents and the characteristics of prompt power excursions are discussed. Sixty
accidental power excursions are reviewed. Sufficient detail is provided to enable the reader to
understand the physical situation, the chemistry and material flow, and when available the admin-
istrative setting leading up to the time of the accident. Information on the power history, energy
release, consequences, and causes are also included when available. For those accidents that

- occurred In process plants, two new sections have been included in this revision. The first is an
analysis and summary of the physical and neutronic features of the chain reacting systems. The
second is a compilation of observations and lessons learned. Excursions associated with large

power reactors are not included in this report.

INTRODUCTION

This revision of A Review of Criticality Accidents'>
represents a significant expansion of the prior edition
with the inclusion of one Japanese and 19 Russian
accidents. In the first two parts of this report, 60
criticality accidents are described. These are divided
into two categories, those that occurred in process
facilities (22), and thus were unexpected, and those that
occurred during critical experiments or operations with
research reactors (38).

These two categories are based on the following
considerations. Process facilities carrying out operations
with fissile material avoid criticality accidents through
physical and administrative controls. These controls are
intended to prevent critical or near—critical configura-
tions from ever occurring in the facility. Operating
personnel are usually not technical experts in criticality
physics. Under normal working conditions, however,
operating personnei can be close to (arm’s length from)
potentially critical configurations. In contrast, reactor
and critical experiment research facilities purposefully
plan and achieve near—critical and critical configura-
tions. These operating personnel are usually experts in
criticality physics. Although they carry out hands-on
operations with fissile material under restrictions similar
to those found in process facilities, the planned near-
critical and critical configurations are performed under
shielded or remote conditions.

In most cases, the descriptions of the Russian
accidents are somewhat lengthier than those that
occurred in other countries. This is attributable to the
lack of generally available references for the Russian
accidents. In other words, the descriptive information in
this report is all that is effectively available for these
accidents. It has been gleaned from both the original
Russian notes and discussions with those who had
personal knowledge of the accidents. With the exception
of the addition of the six Russian critical experiment
accidents, Part 11 of this report is basically unchanged
from that of the second edition.

Although this edition is planned to be available in
both English and Russian language versions, decisions
had to be made concerning units and terminology,
particularly in the English language version. We have
attempted to conform to common international usage.
However, units-as originally reported are sometimes
retained for historical accuracy. Also, we have chosen
generally understood terminology and avoided terms
that might be facility or industry specific. For example,
the word “vessel” 1s used to describe most solution
holding containers. Thus “filter vessel” is used instead
of “filter boat,” a common U.S. chemical industry
term. .

In Part 111, a brief discussion of analytical methods
and quenching mechanisms for power excursions is
reproduced from the first revision. Two appendices are
also new Lo this revision. Appendix A 15 a reproduction
of LA-11627-MS, Glossary of Nuclear Criticality
Terms? (supplemented with one additional definition)
10 assist the reader. In Appendix B diagrams of each of
the 22 process vessels in which the accidents took
place are shown along with tabular summaries of the
system parameters (mass, volume, etc.).

The emphasis of this revision has been threefold.
First, it was to include the one Japanese and 19
Russian accidents. Fourteen of these took place in
process facilities and six happened during critical
experiments and research reactor operations. A second
focus of this effort has been to thoroughly review the
eight process facility accidents described in the prior

-revision of this document and their supporting

references. This led to some technical corrections and
modest expansions of the process descriptions for the
benefit of the expanded andience that this report has
attracted over the years. Third, two analyses of the 22
process accidents are included. These are (1) physical
and neutronic characteristics with an emphasis on
understanding systematic features and (2) observations
and lessons learned from these accidents.



. PROCESS ACCIDENTS

The 22 criticality accidents that occurred during
process operations are each described in one to several
pages, accompanied by schematics and photographs
when available. These are the accidents that are
directly relevant to process criticality safety. In all
cases the level of detail is sufficient to understand the
physical conditions. The neutronic, physical, radiologi-
cal, and human consequences of the accidents are
presented. Causes are included for those accidents for
which this information was reported in the original
documentation or was available from those with first
hand knowledge. _

As supplements to the descriptions, two new
sections have been added to Part 1 of this revision. The
first new section presents the results of simplified re—
constructions of the physical and neutronic aspects of
each accident. These re—constructions are compared 10
known conditions for criticality. In addition, the energy
releases, both the first spike and the total excursion
yield, are discussed with respect to expected values
based on data from the SILENE, CRAC, and KEWB
experiments.*>¢ Complementing this section is
Appendix B that contains diagrams of the vessels in
which the 22 accidents occurred and tables showing
the parameters (fissile mass, volume, etc.) of the
simplified re-constructions.

In the second new section, observations and lessons
learned, extracted from a thorough review of all of the
accidents, are presented. This process was necessarily
subjective since in many-cases there were obvious

B Russian Federation BB United States

operator actions that were directly related to the
accident, but seldom were the operator’s thoughts
reported. This summary of lessons learned should
prove valuable as a training tool. It may also assist.
management by providing insight into major risk
contributors thus helping to reduce risks and to prevent
accidnts.

A chronology of the accidents that occurred in
process facilities is provided in Figure 1. Below are
listed highlights of these 22 process accidents.

» 21 occurred with the fissile material in solutions or
slurries.

* One occurred with metal ingots.

» None occurred with powders.

» 18 occurred in manned, unshielded facilities.

* 9 fatalities resulted.

« 3 survivors had limbs amputated.

* No accidents occurred in transportation.

» No accidents occurred while fissile material was
being stored.

* No equipment was damaged.

* Only one accident resulted in measurable fission

product contamination (slightly above natural lev-
els) beyond the plant boundary.

» Only one accident resulted in measurable exposures
(well below allowable worker annual exposures) to
members of the public.

Japan

M United Kingdom

45 50 - 55 60 65 70

75 80 85 90 95

Figure 1. Chronology of process criticality accidents.

A. ACCIDENT DESCRIPTIONS

The 22 accident descriptions are presented chrono-
logically in this report without regard to country.
Figures 2,3, 4, and 5 are provided to orient the reader
as to the accident locations in the Russian Federation,
the United States, the United Kingdom, and Japan,
respectively. The capital cities are also included, as

3]

wel] as Obninsk in Russia, where no accidents have
occurred but where the Russian coeditors of this report
work at the IPPE. The 1PPE houses the regulatory
body that oversees the four production sites (Mayak,
Tomsk-7, Electrostal,-and Novosibirsk), where the
process accidents occurred.



Figure 2. Map of the Russian Federation showing the sites of the process criticality accidents, the capital, Moscow, and Obinisk, the location of the regulating
authority, IPPE.
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Figure 3. Map of the United States showing the sites of the process criticality accidents, and the capital, Washington.




Figure 4. Map ot the United Kingdom showing the site of the process criticality accident and the capital, London.
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the site of the process criticality accident and the capital, Tokyo.
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Figure 5. Map of Japan show
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1. Mayak Production Association, 15 March 1953

Plutonium nitrate solution in an interim storage vessel; single excursion; one serious exposure, one significant

exposure.

The accident occurred in a plutonium processing
building. The plutonium had been recovered from
irradiated uranium rods. After separation from the fuel
rods, the plutonium in the form of nitrate solution, was
put through several purification steps. Operations were
performed on 6 hour shifts, 4 shifts per day. The
buiiding was not equipped with a criticality alarm
system.

Following purification, the plutonium nitrate
solution was routed through a staging area before
being sent on for further processing. Operations
performed within the staging area included mixing,
dilution, volume measurement, sampling for plutonium
concentration and purity, and interim storage. Pluto-
nium solution that failed purity requirements was
returned for further purification. The staging area
consisted of a concrete cell and adjacent space located
in the corridor outside of the cell. Figure 6 shows the
layout of the concrete cell and corridor.

The staging area contained 15 identical short right
circular cylindrical stainless steel vessels, each with a
unique identification number. The vessels were
400 mm in diameter and 320 mm high with the
cylindrical axis oriented vertically. The staging area
was not equipped with radiation monitoring instru-
ments. Criticality control was implemented by a
500 gram plutonium mass limit per vessel. Criticality

safety support consisted of part time effort by a staff
physicist. Operators were not trained in criticality
safety.

The 15 vessels were separated into 2 linear arrays.
The first array containing 7 evenly spaced vessels was
located near the back wall of the concrete cell. This
array was installed in May 1952 and was supphed with
solutions through permanently installed transfer lines.
The concrete cell was 3 m wide, 2 m deep, and 2.5 m
high. Top surfaces of the vessels were less than 1 m
above the cell floor. Located in front of the array was a
vertical, 200 mm thick cast-iron plate. In addition, a
125 mm thick cast-iron top plate was located horizon-
tally above the 7 vessels. This plate had cutout holes
above each vessel to allow access for making hose
connections. Cadmium plates were positioned verti-
cally between the 7 vessels. Procedures required that,
for criticality safety purposes, vessels 2, 4, and 6 never
contain solution. This constraint was expected to
reduce neutronic interaction between the vessels.

The second array containing 8 evenly spaced
vessels was located in the corridor outside the concrete
cell. This second ‘array was installed after realization
that the first array had inadequate capacity for the
volume of plutonium solution being processed. Each
vessel in the array was individually shielded by
approximately 175 mm of cast-iron on 4 sides and

Cast iron -

<)

Vacuum Pump

Corridor

Cast Iron

Figure 6. Layout of vessels

and equipment in the staging area.
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with the concrete floor and wall on the remaining 2
sides of the vessel. The criticality accident occurred in
vessel 18.

Staging operations involved solutions being
transferred between vessels in an array and between
arrays. Vacuum transfers between the two arrays were
performed by manually connecting hoses up to 7 m in
length. The vacuum systemn was located in a room
adjacent to the concrete cell. To prevent plutonium
solution from entering the vacuum system, a vacuum
trap, located in the concrete cell, was used. This
vacuum trap vesscl was made of glass to allow for
visual ingpection.

Procedures required that written instructions for
each shift be reviewed by operating personnel at the
beginning of the shift. A team of two or three people
performed operations. Procedures also required that
shift personnel review the results of solution sampling
analysis. '

On Sunday, 15 March 1953, the written instructions
alerted shift personnei that two transfers of plutonium
solution were scheduled to arrive at the vessels in the
concrete cell. Table 1 shows the contents of the seven
vessels as recorded in the operational log before the
accident. It should be noted that in violation of
procedures, vessels 2 and 4 were in use, and the S00
gram mass limit was being ignored. A plan was
prepared to receive the first transfer of plutonium
solution. The plan specified that the contents of
vessels 2 and 4 were to be transferred to vessel 18,
which was located 1n the second array. The operational
log showed vessel 18 was empty. Based on the values
in Table 1 and the assumption that vessel 18 was
empty, this transfer would result in vessel 18 having
the solution volume and plutonium mass given in
Table 2.

Two operators performed the transfer of solution
from vessels 2 and 4 to vessel 18. One operator was
positioned next to vessel 18 and the other was in the
cell near vessels 2 and 4. Following completion of the
transfers, the operator next to vessel 18 disconnected
the hose. Immediately after disconnecting the hose, the
operator noticed foaming and violent gas release from
the vessel. With his hands the operator also observed
that the vessel temperature was elevated well above
room temperature. The operator in the cell noticed that
solution had accumulated in the glass vacuum trap. The
operator in the corridor immediately reconnected the
transfer hose to vessel 18. Both operators then decided
to transfer the contents of vessel 18 back to vessel 4.
The loss to the vacuum trap during the excursion
explains why criticality did not re—~occur during this
transfer. Water and nitric acid were then added to
vessel 4 to dilute and cool the contents. The operators
then split the contents of vessel 4 by transferring it to
vessels 22 and 12 located in the corridor.

on

Table 1. Contents of Vessels 1 through 7 as
Recorded in the Operational Log Before the
Accident.

Solution

Vessel Pu Mass Pu Conc.
Number  Volume ( £) (g) (g/ )
1 15.0 672.0 44 8
2 10.0 58.0 5.8
3 15.5 567.0 36.6
4 16.0 566.0 354
5 0.0 0.0 0.0
6 0.0 0.0 0.0
7 0.0 0.0 0.0
Total 56.5 1863.0

Table 2. The Expected Contents of Vessel 18
after the Planned Transfer.

Vessel Solution ©  Pu Mass Pu Conc.
Number Volume ( ¢) (2) (g/ ?)
18 26.0 624.0 238

Neither of the two operators had any training in
criticality safety and neither recognized that a critical-
ity accident had occurred. They did not expect that
there would be any health effects and they elected to
not report their observations. They continued to
perform the work of the shift by receiving 15.5 7 of
solution containing 614 g of plutonium into vessel 5.

Two days following the accident, 17 March 1953,
the operator positioned near vessel 18 at the time of the
accident abruptly became ill and requested medical
assistance. An investigation was started after the
operator reported his illness. The investigation deter-
mined that the operational log at the beginning of the
shift on 15 March 1953 was in error (Table 1). The
contents of vessel 1 at the beginning of the shift was
actually 10 ¢ of solution containing 448 g of pluto-
nium, and not 15 € of solution with 672 g of pluto-
nium. That is, vessel 1.contained 5 ( less solution than
was recorded in the operational log. The investigation
also determined that the missing 5 ¢ had been trans-
ferred into vessel 18 before the beginning of the shift.
Table 3 shows the actual contents of vessel 18 at the

Table 3. The Actual Contents of Vessel 18 at the
Time of the Accident.

Vessel Solution Pu Mass Pu Conc.
Number Volume ( £) €] (g/ ?)
] 5.0 - 224.0 44 8
2 10.0 58.0 5.8
4 16.0 566.0 35.4
Total 31.0 R42.0 272




time of the accident. However, the investigation was
not able to determine who made the transfer or when it
had taken place.

As part of the ivestigation, both experiments and
calculations were performed to estimate the conditions
for criticality in vessel 18. The results determined that
30 ¢ of solution containing 825 g of plutonium
(27.5 g/ #) would be required for criticality. These
values agree closely with the best estimate of the
contents of vessel 18 at the time of the accident, 31 ¢
of solution with 848 * 45 g of plutonium (27.4 g/ £).
One contributing cause of the accident was the
unrecorded transfer of 5 ¢ of solution from vessel ! to
vessel 18.

The accidental excursion resulted in approximately
2 x 10'7 fissions. This estimate was based on a
temperature increase of 60°C in 31 £ of solution. The

60°C temperature rise was based on the coarse
observation that the solution following the accident
was at or near the boiling temperature. The accident
caused no physical damage to any equipment. The
operator positioned in the cell received an estimated
dose of 100 rad. The operator near vessel 18 received
an estimated dose of 1,000 rad. He suffered severe
radiation sickness and amputation of both legs. He died
35 years after the accident.

Procedures in place before the accident were
unambiguous in specifying that vessels 2, 4, and 6
were to never contain solution. The presence of
solution in vessels 2 and 4 at the beginning of the shift
prior to the accident illustrates that proceduores were
being violated. The entries in Table 1 also shows that
the mass limit of 500 g per vessel was being violated.

2. Mayak Production Association, 21 April 1957

Uranium precipitate, U(90), buildup in a filtrate receiving vessel; excursion history unknown; one fatality, five

other significant exposures.

This accident occurred in a large industrial building
housing various operations with highly enriched
uranium. Operations were being conducted under the 6
hour shift, 4 shifts per day mode prevalent at Mayak.
Rooms typically contained several gloveboxes sepa-
rated from each other by about two meters and
interconnected by various liquid transfer and vacuum
lines. The accident took place in a filtrate receiving
vessel that was part of batch mode, liquid waste
processing and recovery operations.

A layout of the glovebox and its equipment is
shown in Figure 7. This was a typical one workstation
deep by two workstations wide glovebox. The normal
process flow was as follows: the main feed material,
impure uranyl nitrate, was generated in upstream
U(90) metal purification operations. This, along with
oxalic acid, was introduced into the precipitation
vessel, which was equipped with a stirrer and an
external steam/water heating jacket. A batch would
typically contain a few hundred grams of uranium feed
in about 10 £ of liquid; concentration was usually in
the 30 to 100 g U/ £ range. The stirrer operated
continuously during the process to prevent the accumu-
lation of oxalate precipitate on the vessel bottom.
Precipitation of the urany) oxalate trihydrate proceeded
according to the following reaction:

UO,(NO3), + HyCq0y +3H,0 — U0;C,0,4 #3H,0 1 +2HNO,

The oxalate precipitate slurry was then vacuum
transferred to a holding tank from which it was drained
into a filter vessel. The precipitate containing the
uranium was collected on the filter fabric, and the
filtrate was pulled through by vacuum and collected in
a filtrate receiving vessel, where the accident took
place. This vessel was a horizontal cylinder 450 mm in
diameter by 650 mm in length and had a volume of
approximately 100 £. As indicated in the figure, the
filtrate was removed through a dip tube and transferred
to an adjacent glovebox.

A two tier hierarchy of procedures and requirements
was in place at the time. Upper level documents

* described operations covering large work areas in

general terms, while criticality guidance was contained
in operating instructions and data sheets posted at each
glovebox. Specifics associated with each batch, such as
the fissile mass, time, temperature, and responsible
operators, were recorded on the data sheets that were
retained for one month. Important entries from the data
sheets were transcribed to the main shift logs that were
retained for one year.

Operational and fissile mass throughput consider-
ations dictated the design and layout of glovebox
equipment. Thus, major pieces of equipment were not
necessarily of favorable geometry. Limitation of the
fissile mass per batch was the primary criticality
control throughout the glovebox. The procedure called
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Figure 7. Equipment layout for the oxalate precipitation
and filtration process. ’

for the U(90) mass per batch to be less than 800 g. The

fissile mass was determined from the known volume

and concentration of the uranyl nitrate. Historically this
had resulted in relatively accurate fissile mass control.

However, in spite of the fact that the operator followed

the available procedures and did not violate criticality

controls, there were several factors which contributed
to the accumulation of uranium far in excess of that
expected: )

+ The temperature of the precipitating solution was an
important process variable, but there was no moni-
toring device such as a thermocouple. Temperature
rise was controtled by the heating time, routinely
about 10 minutes; the solution was not brought to
botling. In addition to temperature, the stoichiom-
etry of the solution was important, but control of

-the uranium concentration was rather imprecise.
Therefore the supernatant (the precipitate bearing
liquid) that was fed to the filter vessel could have
had an elevated temperature and/or acidity, result-
ing in a higher uranium concentration than antici-
pated. After the supernatant (now called the filtrate)
entered the filtrate receiving vessel it would cool,
resulting in additional precipitation of uranyl
oxalate trihydrate and its slow accumulation into a
hard, thin crust over much of the lower inside of the
filtrate receiving vessel.

= While not known for sure, it was suspected that
minor defects in the filter fabric might also have
contributed to an increased rate of precipitate accu-
mulation in the filtrate vessel. Procedures called for
the filter fabric to be replaced based on either visual
evidence of defects or unusually high flow rates
through the filter.

S

+ Operating instructions required a fissile mass ac-
countability balance between the incoming and
product fissile streams. If the difference was less
than 5%, then the next batch could be introduced
into the glovebox; but if the difference exceeded
5%, then it was required that the vessels be cleaned
out. Operating procedures required that these ves-
sels be cleaned out on a specified schedule; how-
ever, there was apparently no limitation on the
number of batches that could be processed between .
cleanings if the 5% threshold was not exceeded.
Also, there was no iracking of the fissile mass as it
accumulated between cleanings.

»  There was no on-line instrumentation for measuring
process parameters such as uranium concentration
or accumulation in the receiving vessel.

+ There was no operationally convenient way to
visually inspect the inside of the receiving vessel.

« Finally, a likely major contributor to the accident
was a procedural change that had occurred two
months before. In an attempt to minimize personnel
contamination and process downtime associated
with the previous practice of routine physical/me-
chanical cleaning of the vessels, it was decided that
a simple acid flushing of the vessels would be ad-
equate. Two months after the implementation of this
procedural change, the accident occurred.

While not a requirement for criticality control, the
radiation control personnel routinely checked for
urantum buildup with portable gamma-ray instruments
from outside of the glovebox. They had not reported
any increase 1n the normal background radiation field
before the accident.

The criticality accident occurred during what was
thought to be routine vacuum filtration of a batch of
uranyl oxalate trihydrate precipitate slurry. Looking
though the glovebox window, the operator observed the
filter. vessel fabric bulge upward, followed by a violent
release of gas and ejection of some of the precipitate
out of the filter vessel and onto the glavebox floor. The
operator instinctively gathered up the precipitate by
hand and put it back into the filter vessel. Immediately
after (seconds, not minutes), the operator began to feel
ill. The release of gas or vapor continued for about
10 minutes, at which time sufficient solution had been
ejected from the filtrate receiving vessel into the
vacuum trap of an adjacent glovebox to cause the
excursion to stop.

There was no criticality alarm system or other
means for alerting the operator or nearby personnel
that a criticality accident had occurred. Furthermore,
the operators had no criticality safety training. Ongi-
nally, the circumstantial evidence of the gas release in
the filter vessel and the sudden sickness of the operator
were puzzling to the operational personnel in the room.
The fact that a criticality accident had occurred was




determined by a radiation control person called to the
scene. Measurements indicated that an intense gamma
radiation field was emanating from the filtrate receiv-
ing vessel. These measurements were made about 15 to
20 minutes after the accident. The radiation control
person immediately ordered a prompt evacuation of the
area.

About 5.5 hours after the event, the exposure rate
was measured to be 18 R/h at a distance of 1.5 m from
the filtrate receiving vessel. It was estimated that this
exposure rate corresponded to a fission yield of
approximately 1.0 x 107 fissions. Seventeen hours
after the accident, measurement of the specific activity
of the 2*Na in the operator’s blood showed
245 Bg/cm?3. Based on analysis done at that time, this
activity was consistent with an absorbed whole body |
dose of about 3,000 rad. The operator died twelve days
after the accident. . :

Five other operators had been in the room at varying
distances from the reacting vessel at the time of the
accident. They received doses estimated to be upwards

of 300 rad. All of them suffered from temporary
radiation sickness but recavered without apparent
long-term health effects.

After dismantling the glovebox and cleaning the
various pieces of equipment, a total of 3.06 kg of 35U
was discovered in the filtrate receiving vessel. This
material was primarily in two forms: a thin, hard crust,
due to long-term buildup, and a flocculent precipitate,
the concentration of which decreased with height in the
vessel. The accident caused-no mechanical damage 10
this vessel, and the room was not contaminated. The
glovebox was taken apart, cleaned, and reassembled
with essentially the original equipment. The operation
was resumed after just a few days. During the down-
time, a radiation meter was installed on the glovebox,
operating instructions were revised, and enhanced
operator training was implemented. ‘

This accident led to the decision to set up an in—
plant critical experiment measurement capability to
better determine critical parameters for vessels in
routine use. The next criticality accident at Mayak on
2 January 1958 involved this critical experiment set up.

3. Mayak Production Association, 2 January 1958

Uranyl nitrate solution, U(90), in an experiment vessel; one prompt critical burst; three fatalities one serious

exposure.

This particular accident was unique in that it
occurred during operations with a vessel used for in-
plant critical experiments. However, since the accident
occurred well after the cessation of an experiment and
during handling operations associated with transferring
the fissile solution into favorable geometry bottles, it
has been categorized as a process criticality accident.

After the 21 April 1957 accident, it was decided to
set up a small-seale experiment capability for measur-
ing the critical parameters of high concentration,
highly enriched urany! nitrate solution. This was
deemed necessary in light of the widespread use of
unfavorable geometry process vessels, the uncertainties
in the critical parameters, and in recognition of two
prior criticality accidents at the same plant. Previously,
critical vessel dimensions and critical solution concen-
trations, masses, and volumes were estimated based on
calculations, since directly applicable experimental
results were unavailable in Russia at that time. The
experimental capability was set up in the same building
where large volumes of this material were being
processed, giving efficient access to the fissile solution.

The small critical experiment setup, shown in
Figure 8, was located in a separate room in the main
process building. It had only been in operation for two
months at the time of the accident. During measure-
ments, the critical experimenters worked at a control

panel located a few meters away from the setup and
shielded by a 500 mm thick, water—filled slab tank
located 600 mm from the experiment vessel. There
were no criticality alarms installed in the building.
This was the first day of work after the New Year’s
holiday. While the plant generally ran continuously on
four 6-hour shifts daily, there was only one team of
critical experimenters. They were working on their first

. shift of the new year, 13:00 to 19:00. Other plant

operators were involved in preparing the fissile
solution and in assembling the experimental apparatus,
but the critical experiments were performed solely by
this dedicated, knowledgeable team.

The prior series of experiments had focused on
determining critical parameters for smaller vessels and
had been concluded before the end of the year. During
the last working days of December the equipment for
the next experimental series had been assembied. This
was the first experiment conducted with this larger
vessel. It was a cylindrical stainless steel vessel,

750 mm inside diameter, with a wal! thickness of 2 to
4 mm, representative of the vessels in common use at
the facility. The fissile solution, of known concentra-
tions and volumes, was added from an overhead,
graduated cylinder 3 £ in capacity.

The experiment vessel was bolted 1o a stand and sat
atop an 8 mm thick steel support plate approximately

11
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Figure 8. Layout of the experimental equipment.

0.8 m above the concrete floor and at least 1.5 m from
any walls. Thus it was without appreciable reflection,
approximating many in-plant situations. The vessel
capacity was in excess of 400 ¢, permitting critical

states to be measured over a wide range of conditions. A
central guide tube accommodated a neutron source, and

the leakage neutron flux was monitored with a
BF; proportional counter located beneath the tank.
Approach—to—critical measurements employed the
standard inverse multiplication technique.

After each experiment was completed, written

procedures catled for the solution to be drained through
a line to favorable geometry 6 liter bottles. This process
was to be repeated unul the entire experiment vessel had

been drained. After filling some of these 6 liter botiles,

the experimenters judged the remaining solution volume

to be highly suberitical. It was then decided to circum-

vent the routine, tedious draning process and manually

pour the remaining solution of 418 ¢ U(90)/ £ from the
vessel (there are no records of the molarity of the

solution). To accomplish this, the neutron source and its

guide tube were removed and then the vessel was

unbolted from its stand. Then three of the experimenters
manually lifted the vessel and began to move it (in order

to directly pour the contents into containers) when the
excursion occurred.

They immediately noticed a flash (due to
Cherenkov radiation), and simultaneously. fissile
solution was violently ejected, reaching the ceiling
about 5 m above. The three experimenters dropped the
vessel and, along with a fourth experimenter who was
located about 2.5 m away from the excursion, went
immediately to the change room, showered, and were
transported to the hospital. The combination of
additional reflection from-the three experimenters and
the change in the geometry of the solution volume was
sufficient to cause the system to exceed prompt critical.
The small neutron background, estimated at only
100 neutrons per second, apparently also contributed to
delayed initiation and thus to increased excursion
energetics.

Based on fission product activity in the solution, the
single—pulse yield was evaluated to be approximately
2 x 1017 fissions. Total neutron and gamma absorbed
doses were estimated at 6,000 % 2.000 rad for the three
who lifted the tank and 600 rad for the coworker at
2.5 m. The three massively exposed workers died in
five to six days. The fourth experimenter survived but
had acute radiation sickness, followed by continuing
health problems. She developed cataracts® and lost
sight in both eyes some years later. Due to the severe

*While the likelihood of contracting cataracts is significantly increased for hundreds of rad doses. there is not a direct one-to-one

correlation.

12



consequences of this accident. the experimental
apparatus was disassembled and the critical expenment
_program at the plant was terminated.
Some of the factors that contributed to the accident
are listed below.

+  Violation of the procedure that stipulated the com-
plete draining of the experiment solution into 6 liter
bottles.

« Unbolting and removing the experiment vessel
when it contained solution. This was not speciti-
cally permitted in the operating procedure.

4. Oak Ridge Y-12 Plant, 16 June 195878210

»  The design of the experiment stand that made 1t
relatively easy to unholt and remove the experiment
vessel.

+ The additional reflection provided by the operators
and by lowering it closer 1o the floor.

«  The lack of knowledge and awareness of the opera-
lors as to the large reactivity changes that can occur
with shape changes of solutions havine H/D << I

Uranyl nitrate solution, U(93), in a water collection drum; multiple excursions; seven significant exposures.
A ; s /7 5 i 7

This accident occurred in the C-1 Wing of Building
9212 1n a process designed to recover enriched
uramum, U(93) trom various sohd wastes. The solid
wastes would be dissolved in mitric acid, punified.
concentrated, and then converted to uranium tetrafluo-
ride. A similar system, using newer technology, had
been installed and was operating in the B-1 Wing of
the building. However, because of delays in the startup
of UF, conversion equipment, the solution it praduced
was being transferred to the C-1 Wing for final
CONVErsion.

In the days immediately before the accident, the
entire facility (Building 9212) had been shutdown for a
fissile material inventory. Due to the complexity of the
facility, the inventory required several days, and not al}
processes were restarted and stopped at the same time.
By the day of the accident, production had already
resumed in the B-1 Wing but had not in the C-1 Wing.

Figure 9 is a simplified diagram of the C-1 Wing
vessels and equipment involved in the accident. The
inventory required the disassembly and cleaning of the
three, 5 mch (127 mm) diameter vessels™ (FSTK 1-2.
FSTK 6-1, FSTK 6-2) used to store uranyl nitrate
solution. Before resumption of operations, it was
necessary to reassemble and 1o leak test the vessels.
This entire process usually required several, §~hour
shifts to complete.

At ~01:00 during the shift preceding the accident
(23:00 Sunday, 15 June, to 07:00 Monday, 16 June),
the C-1 Wing supervisor noted that uranyl nitrate
solution was present in a 6 inch (152 mm) diameter
glass standpipe that was part of the pH adjustment
stationo(Figure 9). He nstructed an operator to drain
the standpipe. At 05:00, the supervisor again noted
uranyl nitrate in the standpipe and questioned the
operator as to whether it had been drained earlier. The
operator confirmed that it had been, and upon further

The spacing and dimensions of the pipes were such that they could not be made critical for the intended solutions.

investigation, they determined that solution was
leaking into the standpipe through valve V-2. The
valve was closed, and the standpipe was again drained.

A107:00, on 16 June, the routme shift change
occurred and the C-1 Wing supervisor was relieved.
Accounts as to whether he informed his replacement of
the uranyl nitrate leakage incidents were conflicting,
but there was no mention of it in the operating log.

A108:00 an additional C-1 Wing supervisor arrived.
Among other tasks, one of his duties was 10 oversee
the leak checking of the three vessels. The vessels had
been cleaned and reassembled the previous week.
Furthermore, operations had not resumed in the C-1
Wing. Because of this information, the supervisor
considered it unnecessary to check the vessel level
indicator panel or to be concerned ubout the open or
closed condition of any of the vesse! valves. The
supervisor assigned two operators to leak check the
three vessels (which simply involved filling them with
water), giving them specific instructions to check
valve V-1 because the B-1 Wing had resumed
operations.

Unknown to anyone at the time, uranyl nitrate had
been leaking from the B-1 Wing through valve V-1°
from the early hours of the previous shift until about
13:30, when one of the operators checked it (and by
applying pressure completely closed the valve), as
mstructed by the supervisor. Before this, the urany]
nitrate had been collecting in vessel FSTK 1-2, '
because valve V-3 had also been open.

Shortly before 14:00, the operators completed the
leak check of vessels FSTK 6-1 and 6-2, and opened
valves V-4, V-5, and V-11 to drain the water from i
these vessels into a 55 gallon (208 ) drum. One of the
operators remained near the drum (as was the general
practice during leak checking) specifically to monitor
the situation for any unusual conditions. Because
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Figure 9. Simplified diagram of the C-1 wing
vessels and inlerconnecting piping invalved in the
accident.

valve V-3 was already open. and the flow pattern from
the three vessels was such that any Liquid in vessel
FSTK 1-2 would flow into the drum first, the urany!
nitrate sofution preceded the water. At approxi-

mately 14:05, the operator looked mnto the drum and
noticed vellow-brown fumes rising from the liguid. He
stepped away from the drum and within a few seconds
saw a blue flash indicating that an excursion had
occurred. Almost immediately thereafter, the criticality
alarm sounded, and the building was evacuated. Further
flow of water increased the uncompensated reactivity
for about il minutes, then decreased it. The solution
became subcritical after about 20 minutes.

Later studies determined that a full 15 minutes
elapsed between the time valve V-11 was opened and
the system reached the critical point. It 1s unknown why
the aperator stationed near the drum (6 years of expert-
ence with uranium processing) did not notice the yellow
colored uranyl nitrate pouring into the drum.

At the time the system became critical, the solution
volume is thought to have been ~56 ¢ in a cylinder that
was 234.5 mm high and 552 mm in diameter. The
235U mass at the time was 2.1 kg, with 0.4 kg being
added later. while water was further diluting the system.
During the excursion a radiation detection instrument
(boron lined ionization chamber, aimplifier, and re-
corder) operating ~430 m from the accident location
was driven off the scale by the radiation intensity. The
trace from this detector also shows that about 15
seconds after the initial excursion it was again driven off
scale. During the next 2.6 minutes, the trace oscillated
an indeterminate number of times. It is possible that the
oscillations were decreasing in amplitude, although it
cannot be confirmed by examining the trace. This was
followed for 18 minutes by a slowly decreasing ramp,
about five times above background:

The excursion history can be reconstructed only
qualitatively. The most likely source of initiation was

i4
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neutrons from (¢./1) with the oxygen in the water. Thus,
it is possible that the system reactivity shightly exceeded
prompt criticality before the first excursion. The reactiv-
ity insertion rate was estimated to be about 17 ¢/s at the
ume. The size of the first spike must have been deter-
mined by the reactivity attained when the chain reaction
started. Although there is no way to be certain, a reason-
able estimate 15 that the first spike contributed about

6 % 10'® fissions of the total yield of 1.3 x 10'8 fissions.
The second excursion, or spike (which also drove the
recording pen off the scale), occurred in 15 seconds, a
quite reasonable time for existing radiolytic gas bubbles
to have left the system. The excursions for the next

2.6 minutes appear to have been no greater than about

1.7 times the average power.

The trace suggests that most of the fissions occurred
in the first 2.8 minutes, in which case the average power
required to account for the observed yield 1s about
220 kW. After this. the system probably started to boil,
causing a sharp decrease in density and reactivity and
reducing the power to a low value for the {inal
18 minutes. .

Figure 10 is a photograph taken of the 55 gallon drum
shortly after the accident. There was no damage or
contamination. Eight people received significant radia-

" tion doses (461, 428,413, 341, 298, 86.5, 8§6.5, and

28.8 rem). At least one person owes his life ta the fact
that prompt and orderly evacuation plans were followed.
One person survived 14.5 years, one 17.5 years, the
status of one is unknown, and five were alive 29 years
after the accident. -

Shortly after the accident, a critical experiment was
performed at the Oak Ridge National Laboratory
(ORNL) that simulated the accident conditions. This was
done to provide information about probable radiation
exposures received by the people involved in the
accident.

The plant was returned to operation within three days.
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5. Los Alamos Scientific Laboratory, 30 December 195812

Plutonium organic solution in an organic treatment tank; single excursion; one fatality, two significant exposures.

The operations performed at the facility where the
accident occurred were those chemical steps used to
purify and concentrate plutonium from slag, crucible,
and other lean residues that resulted from recovery
processes. Typical and expected solutions contained
less than 0.1 g Pu/ ¢ and traces of americium. An
annual physical inventory was in progress at the time
of the accident; thus, the normal flow of process
streams into the area was interrupted so that residual
materials in all process vessels could be evaluated for
plutonium content. This accident occurred at 16:35
near the end of the last workday before the New Year’s
holiday.

A reconstruction of significant events indicates that
unexpected plutonium rich solids, which should have
been handled separately, were washed from two
vessels into a single large vessel that contained dilute
aqueous and organic solutions. After most of the
aqueous solution had been removed from this vessel,
the remaining approximately 200 £ of material,
including nitric acid wash, was transferred to the
1,000 f, 1000 mm diameter, stainless steel tank in
which the accident occurred. The tank contained about
295 ¢ of a caustic stabilized aqueous organic emul-
sion, and the added acid is believed to have separated
the liquid phases.

The aqueous layer (330 £) is estimated to have
contained 60 g of plutonium; the organic layer (160 ()
contained 3.! kg of plutonium (Figure 11). A photo-
graph of the tank is shown in Figure 12. Analyses
indicate that this 203 mm thick layer was perhaps 5 $
below delayed criticality and that the critical thickness
was 210 mm. When the stirrer was started, the initial
action forced solution up the tank wall, displacing the
outer portion of the upper layer and thickening the
central region. The motion changed the system
reactivity from about 5 § subcritical to superprompt
critical, and an excursion occurred. None of the
v-sensitive recording meters within range of the
accident showed a definitive trace; they did suggest,
however, that there was a single spike. The excursion
yield was I'5 x 107 fissions.

Based on post excursion experiments in a similar
geometry vessel, there was no apparent delay between
start and full speed of the stirrer, 60 revolutions per
minute. After I second (1 revolution), there was visible
movement or disturbance on the surface, and in 2 or 3
seconds the system was in violent agitation. From
these observations it can be concluded that the system
could have been made critical in about | second; while
bubble generation must have been the dominant
feedback mechanism for terminating the first spike, the
system was permanently driven subcritical by the
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mixing of the layers. The average plutonium content in
the fully mixed solution was 6.8 ¢/ £ a value less than
the limiting critical concentration for an infinite
homogeneous metal-water system.

From these time intervals and the estimate that
initially the system was 5 $ subcritical, the reactivity
insertion rate would have been about S $/s. Using
coefficients appropriate for the solution, this insertion
rate leads to a spike yield of 2.2 x 1017 fissions with
the spike completed in 1.65 seconds, that is, 0.45

“seconds after prompt criticality was reached. To obtain

the observed yield (1.5 x 10'7 {issions) in a single
spike, the reactivity insertion rate would have to be
reduced to about 2 $/s. Because this is inconsistent
with the time tnvolved (about 3 seconds before
complete mixing). the only alternative is to assume that
the rate was somewhat less than 5 $/s and that the
excursion was terminated in about 3 seconds by the
stirring action. One can surmise that the initial action
was thickening of the upper layer at the same time
reflection was added by the aqueous liquid. This was
followed almost immediately by distortion into a less
critical, vortex-like shape by the action of the stirring
blades and then permanent shutdown due to a uniform
concentration of less than 7 g/ {.

Thermocouple
Well

Sight Port

Sight Porl
| 160 ¢
Sight Organic
Gauges ©
330 ¢
I~ Agqueous

Figure 11. Configuration of solutions (agueous and
organic) in the vessel before the accident.



The entire plutonium process area had been
reviewed by the Luboratory’s Nuclear Criticality
Safety Committee about a month before the accident.
Plans were underway to replace the large-volume
process vessels with a bank of more favorable geom-
etry, limited diameter pipe sections (6 inches in
diameter by 10 feet long each). Adminisirative controls
that had been used successfully for more than 7 vears
were considered acceptable for the additional six to
eight months that would be required to obtain and
install the improved equipment.

Following the accident, procurement of fuvorable
ceometry equipment was accelerated and installation
was completed before restarting operations. The

downtitne was about six weeks, To provide enhanced
safety, improved techniques for the sumphing of solids
were implemented and the importance of adherence to
procedural controls was emphasized.

The accident resulted in the death, 36 hours tater, of
“the operator who was looking into a sight glass when
the motor was turned on. The dose (o his upper torso
was estimated 10 have been 12,000 + 50% rem. Two
other persons apparently suffered no ill effects after
receiving radiation doses of 134 and 53 rem. No

mged even thoueh

e &

equipment was contaminated or da
the shock associated with off-axis bubble generation
displaced the tank about 10 mm at its supports.




6. Idaho Chemical Processing Plant, 16 October 1859"

Uranyl nitrate solution, U(91), in a waste receiving tank; multiple excursions; two significant exposures.

This accident occurred in a chemical processing
plant that accepted, among other items, spent fuel
elements from various reactors. The fissile material
involved in the accident (34 kg of enriched uranium,
U(91), in the form of urany] nitrate concentrated to
about 170 g U/ £y was stored in a bank of cylindnical
vessels with favorable geometry. The tmitiation of a
siphoning action. madvertently caused by an air
sparging operation, resulted in the transfer of about
200 ¢ of the solution to a 15,400 ¢ tank containing
about 600 ¢ of water.

Before the accident, a campaign was underway to
process stainless steel clad fuels by sulfuric acid
dissolution followed by impurity extraction in three
pulse columns. Intermediate between the first and
second cycle extraction, the solution was stored in two
banks of 125 mm diameter by 3050 mm long pipe
sections, often referred to as pencil tanks. There was a
line leading from the interconnected banks of pencil
tanks to the 5000 gallon (18900 £) waste receiving
tank, but it was purposefully looped 600 mm above the
top of the tanks to avoid any possibility of gravity drain
from the pencil tanks to the waste tank. Only deliberate
operator actions were thought capable of effecting
transfers 1o the waste tank.

On the day of the accident the operators, following
routine written procedures, initiated sparging opera-
tions to obtain uniform samples for analysis. While the
pressure gauge that indicated the sparge air flow was
showing expected pressures from one of the banks, the
gauge associated with the other bank was not function-
ing. There was not another gauge on this bank and the
operator proceeded to open the air (sparge) valve until
circumstantial evidence indicated that the sparge was
operating. However, the air sparge was apparently
turned on so forcefully that it caused the hiquid to rise
about 1,200 mm, from the initial liquid height in the
pencil tanks to the top of the loop leading to the waste
tank, which initiated a siphoming action.

Although the siphoning rate was |3 liters per
minute, it is difficult to relate this directly to the
reactivity insertion rate since it also depended on the
degree of mixing. The reactivity insertion rate could
have been as high as 25 ¢/s. Because the 2.73 m
diameter by 2.63 m long waste receiving tank was
lying on its side, the solution configuration approxi-
mated a near infinite slab. Waves in the solution could
have caused large fluctuations in the system reactivity.
After the accident, much of the uranyl nitrate was
found crystallized on the inner walls of the tank, and
‘most of the water had evaporated. The resulting
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excursions generated 4 » 101 fissions, sufficient to
boil away nearly halt of the 800 ¢ solution volume that
eventually terminated the excursions.

The excursion history is a matter of conjecture.
There were only strip chart recordings from continuous
arr moniors at vanious distances from the tank. Some
of these apparently stopped recording unon bein
driven to a very high level while those in lower
radiation fields (generally tarther away) may have been
influenced by fisston product gases. It 1s not unreason-
able 1o assume that an initia} spike of at least 107 fis-
sions was followed by multiple excursions and, finally,
by boiling for 15 to 20 minutes. The very large yield is
a result of the large volume of the system and the
relatively long duration, rather than of the violence of
the excursion tank.

Because of thick shielding, none of the personnel
received significant prompt gamma or neutron doses.
During evacuation of the building, airborne fission
products (within the building) resulted in combined
beta and gamma doses of 50 rem (one person), 32 rem
(one person), and smaller amounts to 17 persons.
While the evacuation proceeded relatively rapidly, the
general evacuation alarm was never activated; it was a
manually activated system. The reason offered was that
the accident occurred during the graveyard shift, and
the small workforce left their work areas promptly and
were all accounted for at the guard station. Afterwards
it was acknowledged that Jocal radiation alarms
sounded relatively frequently and had somewhat
conditioned operators to not evacuate until the second
or third separate alarm had sounded.

It was also noted that the normal building egress
was used by all personnel; none used the prescribed
and clearly marked evacuation route. This led to a
bottleneck at the exit point, which could have been
severe during the day shift with ten times as many
workers present. Thus exposures could probably have
been reduced somewhat if immediate evacuation by the
proper route had occurred. Equipment involved in the
excursion was not damaged.

Several factors were identified by investigating
committees as contributing to the accident:

+ the opera