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LEGAL NOTICE
This report was prepared as an account of Government sponsored work. Neither the United
States, nor the Commission, nor any pereon acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with respect to the accu-
racy, completeness, or usefulness of the information contained in this report, or that the use
of any Information, apparatua, method, or process disclosed in this report may not infringe
privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damagea resulting from the
use of any information, apparatus, method, or process disclosed in this report.

As used in the above, “person acting on behalf of the Commission” includes anY em-

ployee or contractor of the Commission, or employee of such contractor, @ the extent that
such employee or contractor of the Commission, or employee of such contractor prepares,
disseminates, or provides acceas to, any information pursuant to hts employment or cootract
with the Commission, or his employment with such contractor.

This reportexpressesthe opinionsoftheauthoror
authorsand doesnotnecessarilyreflecttheopinions
or views of the Los Alamos ScientificLaboratory.
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Abstract

A description of criticality accidents is presented

along with a discussion of the characteristics of prompt

power excursions. Thirty-four accidental power transients

are described. In each case, enough detail is given to

visualize the physical situation, the cause or causes of the

accident, the history and characteristics of the transient,

the energy release, and consequences, if any, to personnel

and uro~erty. This review includes only those incidents

which occurred before January 1967.
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1. INTRODUCTION*

Since the beginning of the atomic energy industry there

have been no less than 34 occasions when the power level of

fissile systems became uncontrollable because of unplanned

or unexpected changes in the system reactivity. At least

three of these power excursions were planned as such, but

for various reasons the energy release was significantly

larger than expected. Of these 34 cases, six caused eight

deaths, two of which occurred in the early, rushed oace near

the end of

It iS

the causes

World War II.

hoped that this review will illuminate some of

of accidental excursions and aid to some extent

our understanding of the physical phenomena that control

their behavior. Such a study is of interest in itself, but

of more importance is the possibility that in time we may be

able to limit the magnitude of such

or eliminate radiation injuries and

excursions and minimize

oronerty damage.

*This chapter is the third edition of a review of critical-
ity incidents. The earlier two are “A Review of Criticality
Accidents,” Progress in Nuclear Energy, Technology, Engi-
neering, and Safety, Series IV, Vol. 3, Pergamon Press,
New York, 1960 and “A Review of Criticality Incidents,” Crit-
icality Control, Karlsruhe Symnosium, the Euro~ean Nuclear
Energy Agency, November 1961.
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Of these 34 unexpected and often very complicated

events, we may ask how many can be understood in a satisfac-

torily quantitative fashion. A brief answer is that it can

be done in several cases. In others we can fix certain

limits, and in a few we must restrict ourselves to qualita-

tive statements of the events. A complete analytical des-

cription of all events would be interesting and satisfy our

scientific curiosity; for some events, however, such a des-

cription probably never will be possible because of inade-

quate data.

This review attempts to include all those incidents in

which, for some short time, the reactivity and fission power

level were uncontrolled and increased independently of the

efforts of the operators or experimenters. During many of

these excursions the reactivity exceeded prompt critical, a

most dangerous situation because of the possible very short

periods for power generation, but, as will be seen, this

criterion is neither necessary nor sufficent to guarantee

personal injury or extensive property damage. Wherever

possible, an estimate of the maximum reactivity will be

made. It is realized that the list may not be complete,

and, in particular, near misses-- cases where a power excur-

sion was narrowly averted-- have not been discussed at all.

The causes and results of the several excursions will

“a

.
-..
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be discussed qualitatively, arranged according to type,

with some mention of their analyses (Section II), brief

mention of the large amount of experimental and theoretical

work in this field (Section III), and a summary of the

contents of the review with an attempt at applications to

production plant problems (Section IV).

II. THE ACCIDENTS(l-4)

Twenty-eight of the systems in which the excursions

occurred can be classified according to three major types.

These are (A) 10 water solutions of 235U or 239W
, (B)

nine metal assemblies in air, and (C) nine inhomogeneous

light- er heavy-water-moderated metal systems. The

remaining six assemblies are unique (in one case, unknown)

and will be discussed under (D), Miscellaneous Assemblies

A summary of the data concerning these accidents is

presented in Table I. For easy reference, the date, loca-

tiOn, active material, geometry, number of fissions, cause,

and resulting damage are listed.

II-A. Water Solutions of 235U or 239Pu

1. The Los Alamos Scientific Laboratory-- December 1949(1’5-7)

(Water boiler reactor, control rods removed by hand)

This incident occurred while two new control rods

(poisons) were being tested in the “water boiler” reactor.

9



The water boiler is a 12-in.-diameter stainless-steel

sphere containing 13.6 liters of a water solution of uranyl

nitrate. In 1949 it was reflected by a thick graphite

shield.

The rods had been installed, and the operator was

manually checking their dropping times. After several tests

of each rod individually, a safe procedure since one rod

was sufficient to maintain a subcritical reactivity, both

rods were pulled, held for about 5 sec and then dropped

simultaneously. A short time later the rods were pulled

again and dropped together a second time.

The removal of the two rods increased the reactivity

to about 3 cents* over prompt critical, corresponding to

a period of 0.16 sec. The power probably rose with this

period to a very broad peak of 2 or 3 x 1016 fissions per

sec and remained close to this value for about 1-1/2 sec.

The excursion was not detected immediately because all

equipment was turned off except for a a direct-reading

thermometer that showed a temperature rise of 25°C, equiv-

alent to a yield of 3 or 4 x 1016 fissions.

In this incident the operator received 2.5 R of gamma

radiation. No damage was done to the reactor.

*
The dollar, or 100 cents, is defined as the reactivity in-
crement between delayed critical and prompt critical.

u
.
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2. The Hanford Works, Richland, Washington--November 16,

1951(8)

(plutonium solution assembly, cadmium rod removed too

rapidly, remote control)

The critical assembly in which the excursion occurred

was a water solution of 1.15 kg of plutonium in the form

of plutonium nitrate contained in an unreflected aluminum

sphere 20 in. in diameter. The purpose of the experimental

program was to determine the maximum safe ❑ass of plutonium

for various container geometries and solution densities.

The excursion occurred during the approach to critical when

the sphere was 93% full, as a result of withdrawing a

remotely controlled hollow cadmium safety rod too rapidly

in a series of steps with insufficient time between steps.

The excursion yield was 8 x 1016 fissions, and a small

amount of fuel was forced through gaskets at the top of the

reactor assembly. As these gaskets sealed about 18 liters

of air above

considerably

the assembly

the fuel level prior to the incident, ~ressures

in excess of atmospheric must have existed in

during or immediately after the accident.

The published data suggest that the reactivity inser-

tion rate resulting from the safety rod withdrawal must have

been about 4.7 dollars/see which would lead to a fission

yield of about twice the observed value if known values of

11



temperature and void coefficients of reactivity are used.

In this case, however, the action of the scram circuit was

sufficiently fast that the cadmium rod most m?obably con-

tributed to the shutdown of the excursion. A slight reduc-

tion in the assumed reactivity insertion rate would lengthen

the time, making it even more certain that the excursion

was stopped by the falling noison rod.

In this excursion there was no nersonnel injury, but

plutonium nitrate solution contaminated the experimental

area. The rest of the building was successfully decon-

taminated in a few days, but before cleanuo of the test

area was completed a fire occurred and the building was

abandoned.

3. The Oak Ridge National Laboratory--May 26, 1954(9)

(Uranium solution assembly,

tilted from proper position,

operation)

central poison cylinder

shielded and remote

The experiment in progress was one of a series in

which the critical properties of aqueous solutions in an-

nular cylindrical containers were being investigated. The

outer cylinder was 10 in. in diameter, and an inner cadmium-

clad cylinder was 2 in. in diameter. The system was unre-

flected and consisted of 55.4 liters of a water solution

of U02F2 which contained 18.3 kg of enriched (93% 235U)

.
.

● ✎

✎
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uranium. The excursion occurred while the liquid level was

at 40 in. and more solution was being added slowly to

aporoach a delayed critical configuration. Figure 1 illus-

trates the experimental situation before and after the

accident. The inner cylinder was essentially a poison rod,

and when it became detached from its connection at the ton

and ti~ped to the side of the outer container, it fell to a

less effective nosition, allowing the system reactivity to

rise well over prompt critical, and causing a power excur-

sionof 1017 fissions.

The reconstruction of this incident was most thorough.

The tilting of the inner cylinder added reactivity to the

system at a rate corresponding to 3.33 dollars/see which

continued well into the Promot critical region. Using known

coefficients and generation times, an initial power spike*

16
of 5.1 x 10 fissions can be calculated. Since develo~ment

of this power spike required only -0.07 sec after the system

reached prompt critical (0.43 sec after the cylinder began

to tip), the cylinder was still falling, and it is charac-

teristic of such incidents that after such an initial snike,

the power adjusts to a value that cancels the reactivity in-

sertion rate. For this solution, the required mower was a
-“

*
The terms “power spike” and “plateau” are defined and dis-
cussed in Section III.
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few megawatts and it must have been fairly constant until

the inner cylinder reached its maximum displacement 0.91 sec

after inception of the transient. At this time the power

dropped sharply, and when the liquid began to drain the

system became safely subcritical.

Because of thick shielding no one was irradiated in an

amount greater than 0.9 rem, only a few tens of cubic centi-

meters of solution were displaced from the cylinder, and the

area was returned to normal experimental use in 3 days.

4. The Oak Ridge National Laboratory--February 1, 1956(9)

(Uranium solution assembly, wave motion created by

falling cadmium sheet, shielded and remote oneration)

In this experiment certain reactor parameters were

being investigated by measuring stable reactor neriods.

The system was a deep tank 30 in. in diameter, filled to a

depth of 5 in. with 58.9 liters of water solution containing

27.7 kg of 235U in the compound U02F2. Transfer of solution

from storage to the test cylinder was effected by the annli-

cation of air pressure to the storage vessel, and flow was

controlled by a remotely operated valve in a l/2-in.-

diameter line. With the control switch in the “feed”

position, this valve was open and the air nressure was

applied; with the switch in the “drain” nosition, the valve

was also open, but the air supply was turned off and the

...

..4
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storage vessels were vented to the atmosphere. When the

switch was in the intermediate “neutral” position, the

valve was closed and the storage vessels were vented.

The situation was

about 100 ml less than

of solution was added,

one in which the solution volume was

the critical volume. An increment

and the transient neriod decreased

rapidly to approximately 30 sec at which it seemed to

remain constant. Shortly thereafter the fuel control switch

was placed in the “drain” position, and the period meter

indicated a rapid decrease in period so that the safety

devices were actuated almost simultaneously by both manual

and instrument signal; the instrument trip point had been

set at a 10-sec period. Immediately thereafter the excur-

sion occurred. The burst yield was 1.6 x 1017 fissions, and

in this case a “considerable volume” of solution was forcibly

ejected from the cylinder.

Post-excursion tests showed that addition of solution

to the reactor could have continued for several seconds

after the control switch was placed in the drain nosition

if insufficient time were allowed for venting the omeration

pressure. This addition of solution

decrease in period that precipitated

increment of solution could not have

to account for the excursion.

15
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It has been observed that

low, large-diameter assemblies

the reactivity of such shal-

is very sensitive to the

solution depth but quite insensitive to changes in the

diameter. For this system, the estimated difference between

delayed critical and prompt critical is only 1 mm of de~th.

If the effective diameter were reduced to 20 in., the denth

would have to be increased only 1/2 in. to maintain delayed

critical. It is thought that the falling scram, a cadmium

sheet slightly deformed at the bottom, set up a wave system

which must have converged at least once and created a super-

prompt critical geometry.

In this case the analysis was directed to finding what

reactivity insertion rate would cause a power spike of the

required yield. The analysis was then examined to see if it

contradicted any known facts. It was found that a rate of

94 dollars/see was adequate to cause a power spike of 8-msec

duration over prompt critical, which would account for the

observed yield. The maximum excess reactivity would be

about 2 dollars over prompt critical, and the void volume

could be 12 times that of case 3, thus easily accounting for

the splashing of the solution.

A considerable volume of solution was ejected from the

cylinder, requiring a laborious chemical decontamination of

the assembly room. No damage was done except for distortion

16
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of the bottom of the cylinder. No one was irradiated in an

amount greater than 0.6 rem.

5. The Y-12 Chemical Processing Plant, Oak Ridge,

Tennessee-- June 16, 1958(10-12)

(Uranium process solution combined with wash water

in 55-gal drum, unshielded o~eration)

The nuclear accident occurred in a processing area in

which enriched uranium was recovered from various materials

by chemical methods in a complex of equinment. This re-

covery process was being remodeled at the time, and the

situation was further aggravated by an inventory then in

progress. The inventory required disassembly, cleaning,

reassembly, and leak testing of certain pieces of equipment,

particularly several long, 5-in.-diameter pipes used for

235Ustorage of aqueous solutions of . The shape and dimen-

sions of these pipes were such that contained solutions

could not become critical. The inventory procedures ex-

tended over several days, and operations had been reestab-

lished in the step immediately ahead of the accident area.

As a consequence of this close overlapping of operations

and irregularities in the function and operation of some

valves, a quantity of enriched uranium solution was inad-

vertently transferred from the area already in oneration

into the one still undergoing leak testing. It has been



established that the flow pattern from the storage ~iues

into a drum intended to receive water that had been used for

leak testing was such that the accumulated solution meceded

the water. The dimensions of the 55-gal drum (about 22 in.

in diameter) permitted the solution to become critical.

Further flow of water first increased the uncompensated

reactivity* for about 11 rein,then decreased it, and the

solution became subcritical after about 20 min.

When the system became critical the solution volume is

thought to have been 56 liters, a cylinder 23.45 cm high and

55.2 cm in diameter.
The 235

U mass at this time was 2.1 kg;

0.4 kg was added later when water was diluting the system.

During the excursion a radiation detection instrument con-

sisting of a boron-lined ionization chamber, amolifier, and

recorder was operating about 1400 ft away and cross wind

from the area of the accident. The trace shows that the

radiation intensity first

15 sec later drove it off

rein,the trace oscillated

It is possible that these

drove the Den off scale and about

scale again. During the next 2.6

an indeterminate number of times.

oscillations were decreasing

amplitude, but this cannot be proved by examination of

trace. This average high intensity field was followed

in

the

by

. .
.-

. ..

“.

*
“It is convenient occasionally to discuss the reactivity which
would pertain to a fissile system if the state of the system
were not altered by its power. This is referred to as the
“uncompensated” reactivity.

M
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a slowly decreasing level, described as about five times

background, for 18 min.

The power history can be reconstructed only qualita-

tively. The most likely source of initiation was neutrons

from the reaction
16
0 (a,n)

19Ne between 234
U alpha parti-

cles and the oxygen in the water, so that it is possible

that the system was over prompt critical before the first

excursion started. The reactivity insertion rate was about

17 cents/see at this time, a relatively low value, and the

first spike must have been determined by the reactivity

attained when the chain reaction started. Though there is

no way to estimate this, a reasonable guess is that the

first spike contributed about 1016 of the total yield of

1.3 x 1018 fissions. The second oscillation or spike (which

also drove the recording pen off scale) occurred in 15 see,

a quite reasonable time for existing bubbles to have left

the system. The oscillations for the next 2.6 min appeared

to be no greater than about 1.7 times the average power.

The power trace suggests that most of the fissions

occurred in the first 2.8 rein, in which case the average

power required to account for the observed yield is 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 level for the final 18 min.

19



During this incident 1.3 x 1018 fissions occurred.

There was no damage or contamination. Eight people were

irradiated in the amounts 461, 428, 413, 341, 298, 86.5,

and 28.8 rem. At least one person owes his life to the

86.5,

fact that prompt and orderly evacuation plans were followed.

6. The Los Alamos Scientific Laboratory--December 30,

1958(13,14)

(Separated phases in plutonium process tank, unshielded

operation)

The operations underway at the time of this incident

were those chemical steps used to purify and concentrate

plutonium from slag, crucible, and other lean residues

resulting from recovery processes. Typical and expected

solutions contained less than 0.1 g/liter plutonium and

traces of americium.

At the time of the accident, a physical inventory was

in progress so that the normal flow into the area was

interrupted, and residual materials in all process vessels

were to be evaluated for plutonium content. Reconstruction

of significant events indicates that plutonium-rich solids,

which normally would have been handled separately, were

washed from two other vessels into a single large vessel

that contained dilute aqueous and organic solutions. After

removal of most of the aqueous solution from this vessel,

. .
.

w.
.

..

..
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the remaining *52 gal of material, including nitric acid

wash, were transferred to the 225-gal, 38-in.-diameter

stainless steel tank in which the accident occurred. This

tank already contained -78 gal of a caustic-stabilized

aqueous-organic emulsion, and the added acid is believed to

have separated the liquid phases.

The bottom layer (87.4 gal) is thought to have con-

tained 60 g of plutonium; the top layer (42.2 gal) contained

3.27 kg of plutonium. Estimates indicate that the 8-in.-

thick layer was perhaps 5 dollars below delayed critical

and that the critical thickness was 8-1/4 in. When the

motor drive of a stirrer was started to mix the solutions,

the initial action was to force solution up along the tank

wall, displacing the outer portion of the upper layer and

thickening the central

system reactivity from

prompt critical, and a

region. This motion changed the

about 5 dollars subcritical to super-

power excursion occurred. None of

the gamma-sensitive recording meters within range of the

accident showed an ideal trace; they suggest, however, that

there was but a single burst. The excursion yield was 1.5

x 1017 fissions.

From post-excursion experiments (15)
in a similar geom-

etry it was observed that (1) there was no apparent delay

between start and full speed of the stirrer at 60 revolutions/

21



rein, (2) after 1 sec (i.e., one revolution) there was a

visible movement or disturbance on the surface, and (3) in

2 or 3 sec the system was in violent agitation. From these

observations it can be concluded that the system could have

been made critical in about 1 see, and in no more than 2 or

3 sec it must have been far subcritical and the burst

terminated.

Since it was estimated that initially the system was

5 dollars subcritical, the reactivity insertion rate must

have been about

consistent with

x 1017 fissions

5 dollars/see. This, with coefficients

the solution, leads to a burst yield of 2.2

with the burst completed in 1.65 see, 0.45

sec after prompt critical was reached.

observed yield (1.5 x 1017 fissions) in

reactivity insertion rate would have to

2 dollars/see. As this is inconsistent

volved, i.e., complete mixing in 2 see,

is to assume that the rate was somewhat

To obtain the

a single spike, the

be reduced to about

with the time in-

the only alternative

less than 5 dollars/

sec and that the excursion was terminated in about 2 sec

by the stirring action. One can guess that the initial

action was thickening of the upper layer, followed almost

immediately by distortion into a less critical, vortex-like

geometry by the action of the stirring blades.

This accident resulted in the death 36 h later of the

. .
.-

. .
.

. .

.

22



,.
.

. .
.

-.

.
. .

operator, who was looking into a sight glass when the motor

was turned on. The radiation dosage was estimated to be

12,000 t 50% rem. Two other persons were irradiated in the

amounts of 134 and 53 rem and suffered no ill effects what-

soever. There was no contamination or damage to equipment

even though the shock displaced the tank about 3/8 in. at

its

7.

supports.

The Idaho Chemical Processing Plant, Idaho Reactor

Testing Area--October 16, 1959(16)

(Enriched uranium solution siphoned from a safe to an

unsafe geometry, shielded operation)

This incident occurred in a chemical processing plant

which accepts, among other items, used fuel elements from

various reactors. The active material involved (34 kg of

enriched uranium, 93% 235U) was stored in a bank of safe

containers in the form of uranyl nitrate concentrated to

about 170 g
235

U/liter. During an air-sparging operation,

a siphoning action was initiated which transferred about

200 liters of this solution to a 5000-gal tank containing

about 600 liters of water. The resulting power excursion

created 4 x 1019 fissions, sufficient to boil away nearly

half of the 800-liter solution volume.

The siphoning rate was 13 liters/rein, but the reactivity

insertion rate depended on the degree of mixing; it could

23



have been as high as 25 cents/see. Since the 9-ft-diameter

tank was lying on its side, the solution configuration was

a near-infinite slab, and waves in the solution could have

caused violent fluctuations of the system reactivity.

The power history is a matter of conjecture - one can

guess that it was similar to that of the Y-12 incident.

is not unreasonable to assume an initial spike of about

fissions, followed by power oscillations and finally by

boiling for

found to be

most of the

is a result

time rather

15 to 20 min as much of the uranyl nitrate

crystallized on the inner walls of the tank

It

~017

was

and

water had left the tank. The very large yield

of the large volume of the system and the long

than of the violence of the excursion.

Personnel received no significant gamma or neutron

doses because of thick shielding, but beta dosages were 50 R

(one person), 32 R (one person), and small amounts for 17

persons, all obtained while the building was being evacuated.

The physical equipment involved in the excursion was not

damaged.

8. The Idaho Chemical Processing Plant, Idaho Reactor

Testing Area--January 25, ~9@7)

(Uranium process solution transferred from a safe to an

unsafe geometry, shielded operation)

This plant incident is thought to have been caused by

.,
.

-.

..

.
. .
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a bubble of high pressure air (residuum from an Oarlier line .

unplugging operation) forcing about 40 liters of ().20 g

235U/cm3 uranyl nitrate solution up a pipe 5 in. in diameter

into a vapor-disengagement cylinder 2 ft in diameter and 4

ft high. The excursion occurred in the cylinder, probably

as a single power spike since the 40 liters are only mar-

ginally sufficient to create a critical system in a tank of

this diameter. The yield was 6 x 1017 fissions, but no

estimates are available for the reactivity and power history.

Previous to the run with this solution, the portion of

the plant involved had been idle for about 12 months. Two

pumps pertinent to the operation were, at best, working

poorly, and a line may have been plugged. Apparently the

bubble of airwas caused by efforts

ties.

In this incident, irradiations

the process cell provided extensive

was contained, and plant operations

hour.

to cure these difficul-

were trivial because

shielding. The solution

were resumed within an

9. The Hanford Works, Richland, Washington--April 7,

~962(18, 19)

(Plutonium solution incorrectly siphoned)

This process plant (Recuplex system) accident involved

the clean-up of the floor of a solvent extraction hood, a

25



product receiver tank which could overflow into this hood,

a temporary line running from the hood floor to a transfer

tank, and the apparent misoperation of valves. The tes-

timony of witnesses and operators and the

of the investigating committee are not in

and the final triggering mechanism cannot

technical findings

full agreement,

be determined.

The most plausible (and simplified) course of events could

have been as follows. (1) The receiver tank overflowed

into the hood, leaving solution containing about 45 g Pu/

liter on the floor and in the sump, (2) the operator (con-

trary to orders) opened the valve that allowed this solution

to be transferred to the transfer tank, and (3) the later

addition of aqueous solution (10 to 30 liters at”O.118 g

Pu/liter) precipitated the burst through additional moder-

ation following mixing and/or de-aeration of the contents

of the transfer tank. Other mechanisms cannot be ruled out.

The total excursion yield in the transfer tank was

8 x 1017 fissions with the initial power spike estimated to

be no more than 1016 fissions. Following this spike the

tank was supercritical for 37-1/2 hr with the power level

steadily decreasing. Of the 22 people in the building at

the time (a Saturday morning) only three received signifi-

cant exposures to radiation. These were 110, 43, and 19

rem. The incident itself caused no damage or contamination

26
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but did precipitate final shutdown of the plant. The

Recuplex operation was designed originally as a pilot

and only later converted to production.

dent a new plant had been authorized.

Study of this incident is unique in

remotely controlled, television-equipped

Prior to the

the use of a

robot. This

plant

acci-

small,

device ~

was used to reconnoiter the building interior, fix precisely

the point of the incident (through use of an attached,

highly directional gamma probe), read meters,

mentation at specified locations, and operate

demand.

deposit instru-

valves upon

10. The Wood River Junction, Rhode Island, Scrap Recovery

Plant--July 24, ~964(20)

(Concentrated uranyl nitrate solution hand-poured into

a geometrically unsafe container, two power excursions.)

This chemical processing plant accident occurred in

the United Nuclear Corporation’s
235U scrap recovery facil-

ity. The plant was designed to recover highly enriched

uranium from unirradiated scrap material resulting from the

fabrication of reactor fuel elements. Because of startup

difficulties, an unusually large amount of uranium-con-

taminated trichloroethane (TCE) solution had accumulated.

The uranium in this solution (very low concentration) was

recovered by mixing the TCE with sodium carbonate solution.
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Prior to July 17, this operation was performed by hand in

small bottles (5-in.-diameter, n-liter-volume) of safe

dimensions, but on that date, because of the large amount of

solution, the operation was shifted to a sodium carbonate

makeup tank approximately 18 in. in diameter and 25-in.

deep--an unsafe. geometry for concentrated solutions, which,

however, were not expected in this particular area.

On the day before the accident, a plant evaporator

failed to operate properly, and a plug of uranium nitrate

crystals was found in a connecting line. These crystals

were dissolved with steam, and the resulting concentrated

235U/cm3) was drained into polyethylenesolution (240 g

bottles identical to those that normally held the very low

concentration TCE. A bottle of this concentrated solution

was mistaken for TC!Esolution, and the operator poured it

into the makeup tank. As the tank contained 41 liters of

sodium carbonate solution and was being agitated by an

electric stirrer, the critical state was reached,

burst occurred when nearly all of the uranium had

ferred. This burst of 1.0 to 1.1 x 1017 fissions

and a

been trans-

created a

flash of light, splashed about 1/5 of the solution out of

the makeup tank, and knocked the operator to the floor. He

was able to regain his feet and to run from the area to an

emergency building tpme 200 yards distant, but his radiation

28
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dose, estimated to be 10,000 rad, was fatal and he died 49 h

later.

One and a half hours after the excursion, two men

entered the area in order to drain the solution into safe

containers. In the process, they turned off the stirrer,

and, apparently, the change in geometry created as the

stirrer-induced vortex relaxed added enough reactivity to

create a second excursion (or possibly a series of small

excursions) . The estimated yield of this bUZ7St was 2 to 3

x 1016 fissions, and in this case no solution was splashed

from the tank. The occurrence of this second excursion

was not established until niuch later, as the alarm was

still sounding because of the first burst.

During this solution accident involving two distinct

periods of supercriticality, one man received a fatal

radiation dose, while the two men who were involved in the

second excursion received doses estimated at between 60 and

100 rads. Other persons in the plant received only trivial

irradiations, and no physical damage was done to the system,

although cleanup of the splashed solution was necessary. The

total energy release was equivalent to 1.30 A 0.25 x 1017

fissions.
. .

-.
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II-B. Metal Assemblies in Air

Los Alamos, New Mexico--August 21, ~945(1,5,21)

(Plutonium core reflected with tungsten carbide,

hand assembly)

Los Alamos, New Mexico - May 21, 1946
(1, 5,21)

(Plutonium.core reflected with beryllium, hand

assembly)

These two

core and were,

accidental

in several

excursions occurred in the same

respects, quite similar. The core

consisted of two hemispheres of delta-phase

with 5 roilsof nickel. The total core mass

the density was about 15.7 g/cm3.

plutonium coated

was 6.2 kg, and

In the first incident a critical assembly was being

created by hand stacking 4.4 kg tungsten-carbide bricks

around the plutonium core. The lone experimenter was moving

the final brick over the assembly for a total of 236 kg when

he noticed from the nearby neutron counters that the addition

of this brick would make the assembly supercritical. As he

withdrew his hand, the brick slipped and fell onto the

center of the assembly, adding sufficient reflection to

make the system superprompt critical, and a power excursion

occurred. As quickly as possible, he pushed off the final

brick and proceeded to unstack the assembly. He died 28

days later as a result of radiation injuries. The exposure

30
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was about 800 rep..

The yield of this incident was 1016
*

fissions. An

Army guard assigned t: the building, but not helping with

the experiment, was irradiated in the amount of 20 rep.

The nickel canning on the plutonium core did not rupture.

In

sting a

several

sphere,

the second incident, the techniques involved in cre-

metal critical assembly were being demonstrated to

people. The system consisted of the same plutonium

reflected in this case by beryllium. The top and

final hemispherical beryllium shell was being lowered slowly

into place; one edge was touching the lower beryllium hemi-

sphere while the edge 180° away was resting on the tip of a

screwdriver. The person conducting the demonstration was

holding the shell with his left hand with his thumb placed

in an opening at the polar point, while slowly working the

screwdriver out with his right hand. At this time the

screwdriver slipped from under the shell and the shell fell

completely on to the lower hemisphere. A burst occurred at

once, the shell was thrown to the floor, and all personnel

left the room.

*
The Los Alamos archives include some data and comments

about a “rerun’’(5~22) on October 2, 1945,performed to
determine the radiation dose received in the incident of
August 21, 1945. The yield of this “rerun” was about
6 x 1015 fissions, but the prompt critical state was not
reached. The maximum reactivity of the system during this
experiment was about 60 cents above delayed critical.
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The yield of this excursion was 3 x 10
15 fissions, and

again there was no plutonium contamination. The eight

people in the room were irradiated in the amounts - 900,

185, 116, 93, 41, 26, 18, and 18 rep respectively. The man

who nerformed the experiment died 9 days later as a result

of radiation injury.

Semiquantitative analyses of these two incidents can

be made. By analogy to similar near-solid metal critical

assemblies, (23)
a rough prompt-negative temperature coeffi-

cient of reactivity can be estimated (~ 3.6 x 10‘3 dollars/

‘C), and by comparison with the behavior of the Los Alamos

Godiva reactor (to be discussed), the fact that the nickel

coating did

over prompt

In the

not rupture indicates that the excess reactivity

critical was not more than 10 or 12 cents.

earlier incident, if the excess reactivity were

10 cents, the yield in the power spike would be 1.8 x 1015

fissions and the remaining fissions could have been created

in the plateau, in which region the power would be close to

~016
fissions/see. The time for this power to produce the

remaining fissions would be 0.8 see, a not unreasonable

value for the reaction time required to remove a brick.

Clearly, the observed yield can be satisfied with slightly

different assumptions.

The latter accident can be examined in the same manner.
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If the excess reactivity over prompt critical were, for

example, 1 cent, the spike yield would be 1.8 x 1014

fissions and the remaining 2.9 x 1015 fissions could have

occurred in the 0.28 sec before the shell was removed.

Again the assumptions are not unique.

3. The Los Alamos Scientific Laboratory--April 18,

1952(3,24)

(Jemima, a cylindrical, unreflected 235U metal assembly,

control 1/4 mile away)

The system in which this excursion took place was a

cylindrical, unreflected, enriched (93% 235U) uranium metal

assembly made up of a number of plates each 26.7 cm in

diameter and 0.8-cm thick. Figure 2 shows the assembly,

commonly called Jemima, in the scrammed condition.

Complete assembly of the two components had been made

previously with six plates in the lower component, but with

first three and then four plates in the upper component.

A plot of the reciprocal multiplication* versus number

of plates, or total uranium, shows clearly that the system

should not have been assembled with 11 plates. Nevertheless,

such an assembly was attempted following a computational

*
The multiplication is the ratio of the leakage neutron flux
from the enriched assembly to the leakage flux from an
identical normal uranium assembly each containing the same
neutron source. Clearly, the reciprocal multiplication goes
to zero at delayed critical.
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error made independently by two people. Contrary to oper-

ating regulations, a graph of the data had not been plotted.

The burst yield was 1.5 x 1016 fissions.

There is no way of determining uniquely the power

history experienced by the 92.4-kg mass without reproducing

the experiment. At the time the system was near prompt

critical, the lower component was coasting upward

ably inserting no more than 2 or 3 dollars/see, a

could cause a power spike of about 1015 fissions.
-w

and prob-

rate which

The power

would then stabilize at about 10~’ fissions/see, just enough

to compensate for the reactivity insertion rate, so that

most of the 1.5 x 1016 fissions must have occurred in this

plateau. The power dropped to zero when the automatic scram

system separated the two masses of metal.

During this remotely controlled operation no damage

was done to the system, even to the fissile material, no one

was irradiated, and the experimental area was not contami-

nated. The apparent self-terminating property of this ex-

(25-27) which becamecursion stimulated study of Godiva-I,

a facility for generating large bursts of fission spectrum

neutrons in less than 100 ~sec.

.,
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4. The Los Alamos Scientific Laboratory--February 3,

1954(4,26)

(Godiva, a bare 235U sphere, control rod misoperation,

control 1/4 mile away)

5. The Los Alamos Scientific Laboratory--February 12,

~957(28-3@

(-diva, a bare 235U sphere, added reflection, control

1/4 mile away)

These two excursions occurred in the Lady Godiva
(25-27)

assembly, an unreflected metal reactor fabricated in three

principal sections which when assembled formed a sphere.

Figure 3 shows Godiva in the disassembled state. The cen-

tral section was fixed in position by small tubular steel

supports, while the upper and lower sections were retract-

able by means of pneumatic cylinders, thus providing two

independent scram mechanisms. The critical mass was about

54 kg of uranium enriched to 93.7% 235U. It was operated

remotely at a distance of 1/4 mile.

The first accidental excursion occurred during prepa-

rations for a scheduled prompt burst, part of a program

to measure the parameters associated with excursions.

Normally, a burst was initiated by (1) establishing delayed

critical by adjusting control rods, (2) lifting the top

. . section to reduce reactivity and allow decay of the neutron
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population, and (3) lowering the top section into position

and rapidly inserting a burst rod worth slightly more than

1 dollar. A power excursion usually creating about 10
16

fissions in 100 ksec followed, and in 40 msec the system

was scrammed safely. As the only source of neutrons was

spontaneous fission, it was custGmary to assemble to an

excess reactivity of about 70 cents to accelerate the rise

to sufficient power for establishing the settings for

delayed critical in a reasonable time. This accidental

excursion was caused, apparently, because additional reac-

tivity was inserted by error after assembly to 70 cents but

before a fission chain started.

The excursion yield was 5.6 x 1016 fissions, about six

times the yield of the average burst. There was no radiation

hazard, spreading of contamination, personnel irradiation,

or significant damage to the major uranium parts. One piece

was slightly warped and required remachining, and several

light steel supporting members were bent or broken.

The second accidental excursion occurred during prep-

arations for an experiment in which Godiva was, to provide

a pulse of fast neutrons. Again the burst occurred during

assembly to establish, in this case, a fiducial point at about

80 cents excess reactivity. Control rods were to be adjusted

on the basis of this period. The extra reactivity is thought

. .
r
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to have been contributed by a large mass of graphite and

polyethylene that was to be irradiated. This mass had ,just

been moved close to Godiva, and either the change in reflec-

tion was underestimated or the material slumped further

toward Godiva.

The burst yield was 1.2 x 10
17

fissions, about 12 times

the standard excursion. The metal was severely oxidized, had

warped, and apparently had been plastic near the center.

The central burst rod was nearly ruptured, and at its center

must have been within 100°C of the uranium melting temper-

ature. Figure 4 shows several of the pieces. External

damage was limited to the supporting structure; radioactive

contamination consisted of oxide scale, and cleanup pro-

ceeded rapidly. Repair of Godiva was not practicable, and

construction of Godiva-II, (29) specifically designed for

burst operation was accelerated. Despite the severity of

the excursion, operating personnel were not irradiated.

The

critical

mentally

behavior of the Godiva system during superpromot

power excursions is well understood both experi-

and theoretically. Godiva-I experienced well over

1000 safe, controlled bursts, and a coupled hydrodynamics-

neutronics code describes the behavior of the system quite

adequately.

The first excursion (5.6 x 1016 fissions) must have had
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a period of 6.4 Msec, equivalent to a reactivity excess over

prompt critical of 15 cents. The excess reactivity of the

larger excursion

prompt critical,

The fission

is equivalent to

(1.2 x 1017 fissions) was 21 cents above

corresponding to a period of 4.7 Wsec.

17
yield of 1.2 x 10 in the second incident

the energy contained in 1.7 lb of high

explosive, but the damage (Fig. 4) was much less than would

have been caused by this quantity of H.E. The above-

mentioned code can predict the fraction of fission energy

converted to kinetic energy, and, in this case, only about

1.4$ of

able as

sistent

fission

6. The

the energy, equivalent to 0.024 lb H.E., was avail-

kinetic energy to do damage. The damage was con-

with this figure, and it is evident that most of the

energy was deposited as heat.

Los Alamos Scientific Laboratory--June 17, 1960(5)

(Graphite reflected, cylindrical 235U metal system)

The critical parameters of highly enriched (93%
235U)

uranium metal cylinders were being investigated in thick-

graphite (- 9 in.) and near-infinite water reflectors. In

the experiment of interest, an annular system of -48 kg was

built up on a cylinder of graphite which, in turn, rested on

a hydraulic lift device. This system was raised, by remote

control, into a volume of graphite resting on a stationary

steel platform. The system became critical before complete

-.
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assembly and was scrammed manually and automatically at

about 1 in. from closure. Following the scram signal, the

lift dropped rapidly and the system became subcritical, but

about 1/3 of the metal mass stuck in the graphite reflector

for a few seconds before falling to the floor. The burst

yield was 6 x 1016 fissions; there was no damage to the

fissile metal or any contamination. Personnel irradiations

were immeasurably small.

This incident was, in many respects, similar to the

case for Jemima. The reactivity sensitivity of this par-

ticular experiment was not measured after the power tran-

sient but, from examination of similar systems, the reac-

tivity insertion rate probably did not exceed a few dollars

per second and the first spike could have included 1015

fissions.

The fission yield was very close to that of the first

Godiva accident (February 3, 1954), and the two masses are

quite comparable. In the earlier case, all the energy

release took place during the power spike and some warping

of pieces and damage to supports was seen. In this more

recent transient, the metal was quite undamaged, thus

supporting the assertion that the initial power spike was

small compared to the total yield.

-.

.
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7. The Oak Ridge National Laboratory--November 10,
~961(31)

(235U metal, paraffin-reflected)

This power transient in about 75 kg of highly enriched

(w 93$235 U) uranium metal reflected with paraffin took

place while one portion on a vertical lift machine was

approaching the other, stationary, portion= The experiment

was the last of a series during which uranium or paraffin

had been added by increments to change the reactivity of

the complete system; all previous experiments had been sub-

critical when fully assembled. In this case the system

became supercritical while the lift was in motion, leading

to a burst yield of between 1015 and 1016 fissions.

The closure speed of the lifting device was 16 in./min;

delayed critical was later determined to be at a separation

distance of 2.7 in., and the sensitivity of the system at

this point was 8.6 dollars/in. Thus , the reactivity inser-

tion rate was 2.3 dollars/see and the lift slowdown, which

became effective at 1.94 in.,did not affect the course of the

transient.

The reactivity and power histories must have been

similar to those of the Jemima accident except that the per-

tinent scram-delay time was only 50 msec in this case. The

first spike could not have exceeded 1015 fissions, and the

remaining energy must have been created during the subsequent

plateau.

40
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The appearance of the metal (smooth, no oxide) and the

fact that the paraffin did not melt qualitatively confirmed

the yield estimate of 1015 to 1016 fissions. Personnel

irradiations were trivial, and the laboratory was ready for

normal use within 1-1/2 h.

8. The E. O. Lawrence Radiation Laboratory--March 26,

1963(32. 33)

(Beryllium-reflected, cylindrical metal system)

The critical assembly consisted of concentric cylinders

of enriched uranium metal surrounded by a beryllium reflec-

tor. The total enriched uranium mass of 47 kg was divided

into two parts with the central core on a lift device and

the larger diameter rings with the reflector on a fixed

platform. The approach to criticality was to be achieved

by lifting the core upward in a series of steps into the

hollow cylinder. The experiments were performed in a

heavily shielded vault, previously used as the area in

which the Kukla reactor produced prompt bursts of neutrons.

This stepwise procedure was successfully followed for

seven multiplication measurements, but after the eighth

apparently normal assembly, the system suddenly became

highly supercritical. An explosive sound was heard, scrams

and alarms were actuated, and after a few seconds the uranium

could be seen melting and burning. The yield was later
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measured to be 3.76 x 1017 fissions, but little or no

explosive energy was generated. About 15 kg of uranium

burned, and about 10 kg melted and spread over the floor.

Exposure to personnel in or near the building was low and

in no case exceeded 120 mrem. The vault was highly contam-

inated.

The incident is believed to have been caused by the

central cylinder of metal on the lift being very slightly

off center. When this was lifted into the fixed half, one

or more of the metal rings was carried upward. Following

the eighth assembly the system adjusted itself and the

rings settled properly around the central core, abruptly

increasing the reactivity. The rate is not known, nor is

the maximum reactivity. The first spike was probably small

(order of 1015 fissions) with most of the energy being

generated during a high plateau. Quenching came through

thermal expansion and melting.

9. The White Sands Missile Range--May 28, 1965
(34)

(Unreflected uranium-molybdenum metal fast burst reactor)

The success of the Godiva reactor in creating very

quick, intense bursts of near fission spectrum neutrons has

caused several similar reactors to be created for production

of pulsed irradiations. One of these is the White Sands

Missile Range Fast Burst reactor, which is composed of 96 kg

.
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of an alloy of highly enriched uranium and 10 wt/% molyb-

denum. This reactor design is somewhat similar to the

Godiva 11 reactors --seven rings and a top plate all

of which partially enclose a large central volume which, at

critical, Is filled with a safety block. TWO control rods

and a burst rod penetrate the rings, and the assembly is

held together by three metal bolts. Initially, these bolts

were of stainless steel, but just prior to the incident,

they had been replaced by three composed of the uranium-

molybdenum alloy, and recalibration of the reactivity worth

of various components was under way. The new worth of the

control rods, burst rod, minor components, and the first

1/2 in. withdrawal of the safety block bad been measured.

Further calibration of the safety block seemed to require

higher neutron flux than that given by a polonium-beryllium

neutron source, and to obtain a power of about lW an inter-

lock was bypassed and the safety block was set into motion

inward, approaching a state thought to be known. The

excursion took place as the safety block neared the 1/2 in.

position.

All scrams functioned as designed, but the short period

allowed a very high power level to be created, and the

excursion was actually terminated by thermal expansion of

the metal. Failure (snapping of the heads) of the new
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uranium-molybdenum assembly bolts and the tossing of the

two top rings and minor parts some 5 to 15 ft away followed.

This incident was well instrumented. The minimum period

was 9.2 Vsec, the maximum reactivity 1.15 dollars above

delayed critical, the reactivity insertion rate 2.2 dollars/

see, and the burst width 28 psec. The internal temperature

rise of 290°C suggested a fission yield of 1.5 x 1017, which

is only 1.4 times the maximum expected from normal operations.

During this unexpected burst, damage was limited to the

failu??eof the assembly bolts and very slight chipping of

the nickel coating of the rings. Personnel irradiations

were immeasurably small. One hour after the excursion,

entry into the cell was accomplished, and radiation levels

were determined to be higher than normal background but not

appreciably higher than those measured after a normal burst.

II-C. Water-Moderated Metal Systems

1. LOS Alamos, New Mexico--June 6, 1945(1s 5)

(Pseudosphere of uranium cubes, water-reflected, local

control)

The experiment was designed before the days of remote

control and was intended to establish the critical mass of

enriched uranium metal when it was surrounded by hydrogenous

material. The uranium mass of 35.4 kg was stacked in the

form of a pseudosphere constructed of l/2-in. cubes and
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blocks 1/2 in. x 1/2 in. x 1 in. The core was in a 6-in.

cubical polyethylene box, with the void space filled with

polyethylene blocks. The whole assembly was placed in a

large tank which was then partially filled with water.

The assembly became critical (unexpectedly) before

water had completely covered the polyethylene box. The

situation was aggravated because no scram device was built

into the system and the inlet and drain valves were 15 ft

apart. Before the system was reduced to a safe subcritical

state 5 or 10 sec later, a total of 3 to 4 x 1016 fissions

were created, an energy release sufficient to raise the

average temperature of the metal more than 200°C. As sub-

sequent examination of the polyethylene box showed that

it was not watertight, it is probable that water seeped

slowly into the assembly as the level was being raised

above the bottom of the box. The additional moderation

then caused the prompt-critical situation which was quenched

by boiling of the water within the box and next to the

metal cubes.

The characteristics of excursions of large masses of

fissile metal in water are, at best, poorly known. A

calculation by Hansen
(71) has shown that for a 6.85-cm-radius,

235U sphere in water, 15% of the fission occur in the outer

0.05 cm, and the fission density in this region is six times
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that at the center. A burst of 3 x 1015 fissions would

then raise the surface temperature 130°C while the central

regions would remain relatively cool with a temperature

rise of only 19°C.

been of this order

fissions occurring

Apparently the first spike must have

of magnitude with the majority of the

at a much lower average power.

In this excursion three people

exoosures in the amounts of 66, 66,

There was no contamination, and the

received radiation

and 7.4 rep respectively.

active material was used

again in 3 days.

Scientific Laboratory--February 1,2. The Los Alamos

~951(3,4,35)

(Critical separation experiment, two large
235U metal

masses in water, control 1/4 mile away)

A water-reflected system was set up in 1949 to obtain

the neutron multiplication of a single piece or arrangement

of fissile metal in water. The system had two scram devices.

The first, with a quick response, consisted of a pneumatic

cylinder which raised the unit out of the water, while the

second and slower action drained the tank. A traveling

support was added later so that critical separation dis-

tances between two units could be determined; a dropping

cadmium screen provided an additional scram.

The experiment which precipitated the excursion

. .
.

. .
-.

. .

46



. .

b

. .

. .

. . .

consisted of measuring the critical separation distance of

two enriched uranium masses in water, one a solid cylinder

of 24.4 kg and the other a hollow cylinder of mass 38.5 kg,

each of 93.5% 235U content. Sheet cadmium 10-mils thick

was fastened to the outer surface of the solid cylinder and

to the inside surface of the hollow cylinder, and a paraffin

slug filled

geometry of

At the

the cavity in the hollow cylinder. The general

this experiment is shown in Fig. 5.

completion of the critical separation experi-

ment (at a multiplication of 65.5), the assembly was

scrammed as a final flourish. Simultaneously, the water

started draining, the cadmium screen dropped, the solid

cylinder (left-hand body in Fig. 5) was lifting, and an

excursion (later determined to be 1017 fissions) was

observed as jamming of counters and evidence on television

of a vapor cloud above the water.

Later reconstruction of the accident showed that the

pneumatic tangential scram was first to be effective and

led directly to two types of difficulty. First, the center

of reactivity of the left-hand cylinder (Fig. 5) proved

to be below that of the stationary cylinder, and, second

the rapid lift through the water

which swung the cylinders closer

of the two effects was enough to

created Bernoulli forces

together. The combination

drive the assembly prompt
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critical and to have maintained this or a greater reactivity

for 0.2 sec if the power excursion had not occurred. In a

manner analogous to the earlier metal-water system, the

first power spike is estimated to have contained 6 x 1015

fissions. It is possible that one or more excursions into

the prompt region followed because boiling was the primary

.

4

. .
I

quenching mechanism.

In this excursion of 1017 fissions, no one was irra-

diated, and no contamination was found in the experimental

area. Damage to the uranium consisted of a very small

amount of oxide flaking and blistering. The ex~erimental

area was in use 2 days later.

3. The Argonne National Laboratory--July 6, 1952
(36)

(Reactor mockup, U02 particles in plastic, water-

moderated)

This accident occurred in a light-water-moderated core

in which 6.8 kg of 235
U oxide were embedded in strips of

polystyrene plastic. The oxide particles were mostly (all

but 0.5%) 10+ in diameter or less, the remainder, up to

40+ in diameter. Seven strips of the plastic fastened to

six zirconium strips 0.91 in. x 0.110 in. x 43 in., formed

one standard fuel element. The core was roughly cylindrical

and contained 324 fuel elements.
..

The zirconium fuel strips

and water occupied 60, 7.71, and 32.2%8 respectively, of
...
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the core volume.

The experiment

consisted of making

in progress

comparisons

at the time of the accident

of the worth of central

control rods of different design. The system became super-

prompt critical following an attempt (contrary to operating

regulations) to replace the central control rod when the

normal amount of water was in the core. Peripheral poison

rods were in position but were inadequate to maintain a

subcritical reactivity.

The quenching mechanism for this excursion of 1.22 x

~017 fissions was the near-uniform expansion of the plastic

as the 10-I.Aparticles became hot, and bubble formation in

the neighborhood

expansion forced

entire excursion

of the 40+A particles. This

most of the water out of the

was over about 0.6 sec after

started raising the control rod. The maximum

period) was nearly 100/see, the maximum power

plastic

core, and the

the operator

a(reciprocal

was 1.7 x

108 W, and the half-width of the power spike was 18.5 msec.

In this excursion, the core fuel elements were ruined,

but no significant amount of fissile material was lost.

The activity in the reactor room was above tolerance for

about a day. The core elements were removed after 5 days,

and decontamination was completed by a single application

of detergent and warm water. Four persons were irradiated
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in the amounts 136, 127, 60, and 9 rep respectively.

4. Atomic Energy of Canada, Limited, Chalk River, ontario- . .
“

December 12, 1952(37-39)
. .

-.
(NRX reactor, normal uranium rods, heavy-water-

moderated, graphite reflected)

The NRX reactor is a natural-uranium, heavy-water-

moderated system with the uranium rods cooled by a thin

sheath of light water flowing between the aluminum clad

rod and a slightly larger concentric aluminum cylinder.

Space for 198 fuel or control rods is available in a graph-

ite shielded “calandria” 8-3/4 ft in diameter and 10-1/2-ft

high.

Through a very complicated series of operator errors

and electrical and mechanical safety circuit failures, the

reactor was forced to be supercritical by about 60 cents.

Initially the power diverged rapidly, but because of a

slowly moving control rod the reactor gave every indication

of leveling off at a power of about 20 MW. Normally this

would have been a high but tolerable power, and very likely

the situation would have been controllable if the planned

experiments had not required reduced light-water cooling

flow for several of the fuel rods. At a power of -17 MW,

the cooling water commenced to boil in those channels with

reduced flow. This autocatalytic action (the light water
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was effectively a poison) increased the reactivity by about

20 cents, and the power rose again with a period estimated

to be between 10 and 15 sec. When the power reached 60 to

90 MW, the heavy-water

stopped.

The reactor power

moderator was dumped and the reaction

was greater than 1 MW for no more

than 70 see, and the total energy release has been estimated

at 4000 MW-sec or about 1.2 x 1020
fissions. The core and

4calandria were damaged beyond repair, and some 10 curies

of long-lived fission products were carried to the basement

by a flood of 106 gallons of cooling water. Personnel

irradiations were apparently low, and the reactor was

restored to operation in slightly more than 1 year.

5. The Argonne National Laboratory, Idaho Reactor Testing

Area - July 22, 1954(4W42)

(Borax reactor, aluminum-uranium alloy, water-moderated,

remote controi)

This excursion was an accident only in the sense that

it was larger than expected. The Borax-I reactor (43) had

been built as a temporary affair, steady-state and transient

studies were regarded

the reactor should be

to obtain the maximum

as complete, and it was decided that

forced onto a short period transient

amount of experimental information

before it was dismantled. The excess reactivity was chosen
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to produce a fission yield such that about 4% of the fuel

plates would melt.

The Borax-I reactor consisted of 30 MTR-type fuel ele-

ments moderated by light water. Each element

fuel ulates 2.845 in. x 0.060 in. x 24.6 in.,

aluminum-uranium alloy, clad with about 0.020

contained 18

consisting of

in. of alu-

minum. The whole core was in a semiburied tank 4 ft in

diameter and 13-ft high.

It had been estimated from earlier controlled prompt

excursions that about 4% excess k would put the reactor on

a period between 2.0 and 2.5 msec and that the resulting

excursion would release about 80 MW-sec of fission energy.

To perform this experiment a larger than usual fuel loading

was needed and a stronger central control rod was required.

The excursion, following rapid ejection of the control

rod, completely disassembled the reactor core and ruptured

the reactor tank. Very extensive melting of the fuel

plates occurred; some elements remained in the tank while

small pieces were found up to 200 ft away. “An example of

the force of the explosion was the carrying away of the

control rod mechanism. This mechanism, which weighed 2,200

lbs, sat on a base plate, about 8 ft above the top of the

reactor tank. Except for the base plate, about 4 ft

square, the top of the 10-ft shield tank was essentially

.
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unobstructed. The force of the explosion, plus the impinge-

ment of water and debris on the base plate tore the plate

loose from its coverage, and, as revealed by high speed

movies, tossed the mechanism about 30 feet into the air.,,(39)

The total energy release was 135 MW-sec or, assuming

180 MeV deposited per fission, 4.68 x 1018 fissions. This

energy is equivalent to that contained in about 70 lb of

high explosive, but it has been estimated that between 6

and 17 lb of H.E. would produce comparable damage. The

minimum period was 2.6 msec, and the maximum power was about

1.9xlo10wo It is apparent that the nuclear excursion was

completed before the steam explosion destroyed the system.

In this excursion the reactor was destroyed, but

because of the remote site physical damage was limited to

the

6.

reactor, and personnel were not irradiated.

Vinca, Yugoslavia - October 15, 1958(44)*

(Unreflected, D20-moderated, natural uranium assembly,

unshielded)

The critical facility at the Boris Kidrich Institute

in Vinca, Yugoslavia, is composed of an unreflected matrix

of natural uranium rods moderated by

*
I am indebted to Dr. T. J. Thompson

correct sequence of events. Some of
incident are taken verbatim from his
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aluminum clad rods are 2.5 cm in diameter and 210-cm long;

the total core uranium mass is 3,995 kg in a volume of

6.36 x 106 cm3. Two cadmium safety rods were installed but

were not interlocked with the flux recorder, and normally

the liquid level was used to control the system reactivity

(the critical level was 178 cm).

At the time of the accident, a subcritical foil

counting experiment was in progress. To obtain as much

activation of the foils as possible it was desired to raise

the multiplication to some high, but still subcritical,

level. This was done by raising the heavy water in the

tank in a series of steps. On the last step, two of the

BF3-lined chambers performed as before - leveling off at

a higher signal level, but the third behaved

and was disconnected.

After the assembly had been at this D20

5 to 8 rein, one of the experimenters smelled

erratically

level about

ozone, and

they realized that the system was

unknown power level. The cadmium

stop the reaction.

supercritical at some

safety rods were used to

Later investigation showed that both of the detecting

chambers which were believed to be working properly had

reached saturation and were reading a constant maximum value

even though the power level was rising steadily.
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Irradiations were very intense, being estimated at 400,

700, 850, 850, 850, and 1100 rem. Of the six persons

present, one died while the other five recovered after

severe cases of radiation disease. The critical assembly

absorbed the energy release of 80 MW-sec (- 2.6 x 1018

fissions) with no reported damage.

7. Centre d%tudes Nucleaires de Saclay, France - March 15,

~960 (45)

(U02 rods, uranium enriched to 1.5%)

The “Alize” critical assembly is a water-reflected and

water-moderated system utilizing, in this case, U02 rods as

fuel in which the uranium was enriched to 1.5%. The rods

were l-meter long and 1 cm in diameter with the total U02

mass equal to 2.2 tons.

The experiment in progress at the time of the incident

required a stable positive period at a very low power level.

To accomplish this the critical rod configuration was found

experimentally and the rod position required for the neces-

sary period was calculated. After allowing for the decay

of delayed neutron precursors the rods were withdrawn to the

predetermined position. However, for reasons unknown, the

operator then completely withdrew a rod which previously

was not fully out. This placed the system on a period of

about 1/4 sec.
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The subsequent power excursion created 3 x 1018 fis-

sions, but the peak temperatures in the U02 were less than

550°c ● The core was undamaged, and personnel irradiations

were trivial.

It was deduced that the quenching action must have

been due to the 238U Doppler effect. This judgment has

been substantiated by the recent SPERT experiments using a

similar core in which the uranium is enriched to 4%.

8. Stationary Low Power Reactor No. 1, Idaho Reactor

.
Testing Area - January 3, 1961

(44, 46, 47)

(SL-1 reactor, aluminum-uranium alloy, water-moderated)

The SL-1 reactor (originally known as the Argonne Low

Power reactor) is a direct-cycle, boiling-water reactor of

3 MW gross heat capacity, using enriched uranium fuel plates

clad in aluminum, moderated and cooled by water. Because

the reactor was designed to operate for 3 years with little

235U
attention, the core was loaded with excess . To coun-

terbalance this excess of
235

U, a burnable poison (10@ was

added to some core elements as aluminum-boron-10-nickel

alloy. Because these boron plates had a tendency to bow

(and, apparently, to corrode, increasing reactivity), some

of them were replaced in November 1960 with cadmium strips

welded between thin aluminum plates. At this time the shut-

down margin was estimated to be 3%, or about 4 dollars,

. .
.
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.
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compared to

rods, which

the initial value of 3-1/2 to 4%. The control

tended to stick, were large cruciform cadmium

sheets sandwiched between aluminum plates, The nuclear

incident was independent of the poor condition of the core.

After having been in operation for about 2 years, the

SL-1 was shut down on December 23, 1960,for routine main-

tenance; on January 4, 1961, it was again to be brought to

power. The three-man crew on duty the night of January 3

were assigned the task of reassembling the control rod

drives and preparing the reactor for startup. Apparently

they were engaged in this task when the excursion occurred.

The best available evidence (circumstantial, but con-

vincing) suggests that the central rod was pulled out

manually, as rapidly as the operator was able to do so.

This rapid increase of reactivity placed the reactor on

about a 4-msec period; the power continued to rise until

thermal expansion and steam void formation quenched the

excursion. The peak power was about 2 x 104 MW, while the

total energy release was 133 * 10 MW-sec. The subsequent

steam explosion destroyed the reactor and killed two men

instantly, while the third died in 2 h as a result of a

head injury. The reactor building and, especially, the

reactor room were most seriously contaminated by the reactor

water carrying fission fragments with it. Initial
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investigations were hindered by the high radiation field

(500 to 1000 R/h) in the reactor room. In spite of this

large radioactivity release from the core, very little

escaped from the building which was not designed to be air-

tight .

In many respects this reactor excursion resembled that

of the BORAX and SPERT destructive experiments. Each of

these, and especially SPERT, was instrumented to

follow just such an excursion. V. Nyer(47) notes that the

crucial quantity is the energy density in the core. This

is larger for the SL-1, but not grossly so, being 12% more

than BORAX and 60% more than SPERT. The prompt alpha for

SL-1 seems to have been slightly lower. The steam explosion

caused considerable damage in all three power transients

but especially in the BORAX hnd SL-1. In the SL-1 the core

was enclosed, and the water apparently was accelerated

upward more or less as a single slug. The energy acquired

by the water was sufficient to lift the entire reactor

vessel some 9 ft before it fell back to its normal position.

In the SPERT experiment, the steam explosion followed

the nuclear power spike by 15 msec. It is not known if

such a delay occurred following the SL-1 power transient.
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9. Mel, Belgium--December 30, 1965

(VENUS critical facility, U02 rods in H20-D20, 7%

enriched)

VENUS is a tank-type, water-moderated, critical assem-

bly machine, currently used for experiments apropos of the

“Vulcan” reactor. This is a “spectral shift” reactor, so-

called because the initial moderator of D20 will be diluted

with H20 to soften the spectrum and maintain reactivity as

the fissile material disappears. For the experiments in

progress, the composition of the moderator and reflector

was 70% H20 and 30% D20; this reflector extended 30 cm

above the top of the core, the height and diameter of which

were about 1.6 meters. The fuel was U02 in the form of

pelleted rods, the total mass of U02 was 1.2 x 106 g, and

the 235U enrichment was ?% .

The primary reactivity control was by motion of poison

rods (eight safety rods and two regulating rods); eight

absorbing

core.

Just

rods were available for manual positioning in the

before the accident, all safety rods were IN, a

regulating rod was IN, seven manual rods were IN, and a

regulating rod was being inserted; the reactor was subcriti-

cal by one safety rod and one regulating rod.

To perform an experiment with a new rod pattern, the
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operator of the reactor decided, first, to decrease reac-

tivity by inserting the last manual rod, waiting until the

second regulating rod was fully inserted. Then, as the

reactor should have been subcritical by one safety rod, two

regulating rods, and one manual rod, a different manual rod

located near the last one inserted could be pulled out of

the core and the reactor made critical again by lifting two

safety rods.

Such a program required a man to insert a manual rod

and to extract another one. The operator did not take into

account a rule written into the Safety Report of the reactor

according to which no manipulation of a manual rod in the

core should be performed without first emptying the vessel,

and he gave a written order to a technician prescribing the

loading of a manual rod followed by the unloading of another

one. The technician did not wait until the moving regul-

ating rod reached its bottom position and started the

manipulation in the wrong order. He first extracted a

manual rod instead of first inserting such a rod.

During the extraction of the manual rod the reactor

became critical.

ing over the edge

which was about 5

The technician had his left foot project-

of the tank and resting on a grating

cm above the reflector; his right foot

and leg were somewhat behind him and partly shielded. He
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noticed a glow in the bottom of the reactor, immediately

dropped the control rod, and left the room.

The energy release was about 13 MW-sec (4.3 x 1017 fis-

sions) and, apparently, the excursion was stopped by the

falling manual rod, although the scram may have been speeded

up by a combination of the emptying of the vessel, which was

automatically “provoked”, and of the Doppler effect. This

is not yet precisely known.

No steam was created, no damage was done to the fuel,

and there was no contamination, but the technician received

a severe irradiation, primarily of gamma rays. Some 300

measurements were made in a phantom during an experiment

8 days later and, roughly, the dose to his head was 300 to

400 rem, to his chest 500 rem, and to his left ankle 1750

rem, and at the end of his foot the dose approached 4000

rem. Medical treatment of the patient has been successful

except that the left foot had to be amputated.

II-D. Miscellaneous Assemblies

1. Los Alamos, New Mexico--February 11, 1945(48-52)

(The Dragon reactor, UH3 pressed in styrex, shielded

operation)

The Dragon reactor was the first fissile system de-
. .

. .

signed to generate prompt power excursions, and, to my

knowledge, it was the first reactor of any kind whose
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reactivity exceeded prompt critical. This was accomplished

(by intent) on January 18, 1945; the temperature rise is

quoted as 0.001°C,(48) and the yield (which is not quoted)

can be estimated to have

The Dragon was made

special plastic, styrex,

ical composition UC4H10.

been about 2 x 1011 fissions.

of enriched UH3 pressed with a

into small cubes of average chem-

The stacking for the final exper-

iments contained only 5.4 kg of this material, was diluted

with polyethylene, and was reflected by graphite and poly-

ethylene.

The reactor was made prompt critical for about 1/100

sec by dropping a slug of the active material through a

vertical hole in the remaining portion, which was stacked

on a heavy (3/8-in.) steel table. The falling slug of

active material was contained in a steel box, and its path

was closely defined by four guides. Generally, the fission

energy did not contribute to the quench of the excursion;

the burst size was determined by the background fission

‘Because of the similarity of the procedures used in these
experiments to tickling the tail of a dragon (pointed out
by R. Feynman), the experiment has been sometimes called the
“Dragon Experiment.” The name has stuck and is often
applied to the class of prompt=burst experiments where reac-
tivity is added and subtracted mechanically, and where
quenching mechanisms dependent upon the fission energy re-
leased do not contribute significantly to the shutdown
process.

. .
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rate and the stacking configuration on the table. Thus ,

the burst size could be controlled by (a) moving a reflector

nearer the assembly or (b) increasing the background fission

rate. Both techniques were often employed, and this may

have been the case in the final experiment because the

bursts were being made steadily larger. During the final

excursion of about 6 x 1015 fissions,
‘he ’10 cubes became

so hot that blistering and swelling occurred. The whole

system had expanded about 1/8 in.

In the final excursion the core material was damaged,

but no active material was lost, there was no contamination,

and no one was irradiated.

2. The U.S.S.R .--1953 or 1954(53)

This incident apparently took place during 1953 or

early in 1954. The location, date, facility, burst yield,

and causes are not mentioned. Two persons described as

being “close to the reactor” and “in close proximity to

the reactor” were subjected to “a short, general external

gamma and neutron irradiation” equivalent to 300 and 450 R,

respectively. Their exposures could have been caused by

a power excursion of any one of a large number of possible

systems but one suspects a small critical assembly, pos-

sibly metallic, whose stacking was unintentionally increased

to a reactivity well above delayed critical and possibly
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above prompt critical. It is unlikely that the burst yield

exceeded 1016 to 1017 fissions. It may be noted that the

radiation dose at 1 meter from a Godiva burst of 1016 fis-

sions is 400 R (30 R gamma and 370 R neutron) .

3. The Argonne National Laboratory, Idaho Reactor Testing

Area--November 29, 1955(54, 55)

(EBR-1, Enriched Uranium Fast Breeder reactor, shielded

operation)

Design of the EBR-I fast neutron reactor was started

in 1948 with the objectives of establishing possible

breeding values and demonstrating the feasibility of cool-

ing a metallic reactor with liquid metals. These objectives

were met, and, indeed, in early 1952 the plant furnished

more than enough electrical power for the reactor and the

reactor building; excess steam was blown to the condenser.

The reactor core consisted of cylindrical, highly

enriched, uranium rods slightly less than 1/2 in. in

diameter canned in stainless steel with a bonding of I’?aK

between the rod and”can.

kg was bathed in a stream

The final experiment

The total core mass of about 52

of NaK which served as a coolant.

was designed to investigate coef-

ficients of reactivity and, in particular, to study a prompt

positive power coefficient for the case of no coolant flow.

To do this the system was placed on a period of 60 sec at
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a power of 50 W. About 300 sec later the power was 1 MW,

the period had decreased to 0.9 see, and core temperatures

were rising significantly. The signal to scram the system

was given, but by error, the slow moving, motor-driven

control rods were actuated instead of the fast acting

scram - dropping under gravity of part of the natural ura-

nium blanket - as had been done to conclude similar exper-

iments. This change in reactivity caused a momentary drop

in power, but was inadequate to overcome the natural pro-

cesses (very slight bowing inward of the fuel elements)

adding reactivity to the system. After a delay of not more

than 2 see, the fast scram was actuated both manually and

by instruments and the experiment was completed.

It was not immediately evident that the core had been

damaged, but later examination disclosed that nearly one-

half the core had melted, and vaporized NaK had forced some

of this molten alloy into the reflector. The theoretical

analysis showed that the excursion was stopped by the fall-

ing reflector, after the power reached a maximum of 9 to 10

Mw. The total energy release was close to 14 MW-see, or

about 4.6 x 1017 fissions. The theoretical analysis was

carried further in an attempt to determine if the core

would have shut itself off in a noncatastrophic manner.

The conclusion was that the energy release could have been

.
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nearly 2-1/2 times the observed yield and have been obtained

in a nonexplosive manner.

During this incident no one received more than trivial

irradiation from airborne fission products, and the direct

exposure was essentially zero.

4. The Los Alamos Scientific Laboratory—July 3

1956(3” 4s 5)

(The Honeycomb critical facility, 235U foils moderated

with graphite, control 1/4 mile away)

The machine in which this excursion occurred is typ-

ical of several in existence. The Los Alamos machine con-

sists of a large matrix of 576 square aluminum tubes, 3 in.

x 3 in. x 6 ft, that is split down the middle with one-half

moveable on tracks. The “Honeycomb” in the disassembled

state is shown in Fig. 6. Generally the facility has been

used to simulate design features of complicated reactors

as there is considerable versatility in arrangements of

uranium foil and various moderating materials. Inhomog-

eneous stackings in this and other machines of the same

type are potentially the most dangerous critical assemblies

in existence today. This conclusion stems from the apparent

lack of any

the uranium

mechanism.

quenching mechanism short of vaporization of

foils or a sufficiently fast acting scram
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The stacking on July 3, 1956,consisted of 58 kg of

enriched (93% 235U) uranium in the form of 2- and 5-roil

foils arranged between slabs of graphite, with some addi-

tional beryllium reflector surrounding the core. The total

mass of graphite was 1139 kg. At the time, some changes

had been made in the reflector and graphite moderator, and

criticality was being approached for routine measurements.

While the cart was moving at about 0.2 in./sec, the system

became prompt critical, a burst occurred, and the scram

system ejected beryllium control rods (reducing reactivity),

and reversed the motion of the cart. The burst yield was

3.2 x 1016 fissions.

Apparently, this was a Dragon-type excursion in that

the excess reactivity was added and subtracted mechanically.

There was no damage and no contamination.

device remotely controlled from a distance

one was irradiated.

5. The Reactor Testing Area, Idaho Falls,

November 18, 1958 (56)

Since it was a

of 1/4 mile, no

Idab--

(Prototype aircraft engine, instrumentation failure)

The HTRE No.3 (High Temperature Reactor Experiment)

power plant assembly was a large (core diameter 51 in.,

length 43.5 in.) reactor with ni6kel-chromium-UOm fuel

elements, hydrided zirconium moderator,
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reflector. The experimental objective at the time of the

accident was to raise the power level to about 120 kW,

about twice that attained earlier in the day. This was

done with manual control until about 10% of desired power

was reached; at this point control was shifted to a servo-

mechanism which was programmed to take the reactor power to

120 kW on a 20-sec period. When about 80% of full power

was attained, the flux as shown on the power level recorder

began to fall off rapidly, and the servosystem further

withdrew the control rods; the power indication, however,

did not increase but continued to drop. This situation

existed for about 20 sec when the reactor scrammed automat-

ically, and within 3 sec the operator took action and also

scrammed the system manually. It is thought that the auto-

matic scram was triggered by melting thermocouple wires.

The primary cause of the accident was a drop in the

ion-collecting voltage across the detection chamber of the

servosystem with increasing neutron flux. This behavior

was, in turn, caused by the addition to the wiring of a

filter circuit designed to reduce electronic noise coming

from the high voltage supply or its connecting cable. Thus

this accident seems to be unique in that it was due solely

to instrumentation.

In this nonviolent power excursion of about 2.5 x 1019

. .
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fissions, all core fuel elements experienced some melting,

but only a few of the zirconium hydride moderator pieces

were ruined. The melting of the fuel elements allowed a

minor redistribution of fuel, decreasing the reactivity by

about 2%. Some reactivity was released downwind, but

personnel irradiations were apparently negligible.

6. The Los Alamos Scientific Laboratory - December 11,

1962 ‘5)

(Zepo critical facility, 235U foils moderated with

graphite)

This critical assembly consisted of

enriched uranium-graphite core on a lift

a large cylindrical

device and a sta-

tionary platform holding a reflector of graphite and beryl-

lium into which the core was raised. Most of the 235U was

placed in the graphite in the form of thin foils, and, in

this respect, the excursion characteristics should be

similar to those of the Honeycomb assembly. The experiment

planned at the time was concerned with measurements of the

axial fission distribution which was perturbed from its

normal value by an end reflector made up of layers of

graphite and polyethylene. For this reason, some fresh

235U foils had been placed in the assembly, and these were

used to obtain a reasonably precise value of the fission

energy release.



●

It was assumed by the crew that the assembly had been

run together and checked the previous day. This was not

the case, however, and the system became critical with the

ram in motion upward. The instrumentation scrammed the

core when the power was about 200 W, but before the lift

could coast to a stop and start down

exceeded prompt critical (Ak prompt ~

power was about 1 MW, and the maximum

the system reactivity

12 cents) . Peak

alpha was 40/sec.

The yield was 3 x 1016 fissions, but no damage

and personnel irradiations were unmeasurable.

atory was entered within 30 min.

was done

The labor-

111. CHARACTERISTICS OF PROMPT EXCURSIONS

AND QUENCHING MECHANISMS

Power excursions are regarded as dangerous because,

for extreme cases, the exponential rise of power is so

rapid that safety devices cannot react in time to prevent

damage to the system and irradiation of personnel. Indeed,

this is ofteq but not necessarily,the case. Some excur-

sions have been terminated by safety devices, while others

have been terminated by natural quenching mechanisms that

are roughly proportional to the fission energy that has

been generated. This self-terminating characteristic has

been demonstrated experimentally by the eight reactor
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systems that have been used in this field: the Dragon, (48)

(409 43) ~~~va-~, (25, 26)the Borax systems, the several

(57-59) (60, 61) ~diva-Spert reactors, the Kewb reactors,

~1 (29) ~riga, (62, 63)’Treat,
(64)

# and the Snaptran reactors.

Of these,the first three and the last no longer exist, but

the other five are working reactors. Several are no longer

concerned with providing information about prompt excursions

Per se, but are used to provide quick pulses of neutrons

for other experimental purposes.

The quenching actions utilized by the above experimental

reactors which have terminated many of the accidental excur-

sions are thermal expansion, rise in neutron temperature,

boiling, 238
U Doppler effect, and bubble formation from

fission fragments. The order here is of no importance, and

not all are independent. In addition, in some reactors,

more than one mechanism contributes to quench or shutdown

of the excursion, and in many cases additional quenching

actions set in when energy densities or temperatures reach

some threshold value. The ramifications of this subject are

varied and numerous, but the simplest and most generally

(65, 66) in whichapplicable case is that of the energy model

the change of reactivity is proportional to the release of

fission energy.

4..

.

For the special case of a step increase in reactivity,
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AK08 we can write

AK(t) = AKO - bE(t), (1)

where E(t) is the fission energy released to time t, and b

is a constant characteristic of the system. With this

assumption the reactor kinetic equations have been coded

for numerical solution by use of digital computers. Such

codes exist in many laboratories; the results quoted here

are from the Los Alamos RTS Code.
(67, 68) Figure 7 illus-

trates a series of computations for hypothetical systems

in which the step increase of AK is 1.20 dollars, the value

of b is constant, and the neutron lifetime, .4,is varied

from 10-8 to 10-4 sec. The power and reactivity traces

for the short neutron lifetime cases (simulating a fast

reactor) are characteristic of prompt excursions in such

systems. The very sharp rise and fall in power is called

the spike, and the relatively constant power following the

spike is the plateau. During the spike, the reactivity

changes by 2AK0 - it reflects about prompt critical. The

characteristics of these spikes are established almost

entirely by the prompt neutrons. The traces for A = 10-4

(simulating a moderated reactor) do not show the reflection

about prompt critical, and there is no well-defined plateau

following the spike. The time scale is of the order of the
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decay times of the delayed neutron precursors, and the

effects of these neutrons cannot be ignored in this case.

Figure 8 illustrates comparable data for a step

increase in reactivity of 1.0 dollar. The time history of

the reactivity and power in this case is quite different

and, indeed, is typical of excursions in the delayed crit-

ical region. The time scale is much extended, allowing the

possibility of mechanical devices shutting off the tran-

ient; power peaks are broader; and the reactivity now

attempts to reflect about delayed critical. It should be

noted that the implicit assumption of no heat loss from the

system cannot be realized in practice. Any such loss of

energy could only hold the power to values greater than

those plotted.

Some of the results illustrated in Figs. 7 and 8 can

be obtained analytically. For sufficiently large step in-

creases in reactivity above prompt critical, the delayed

neutrons may be ignQred and the kinetic equations integrated

to give the total excursion yield.
*

2AKP
E=—

b’ (2)

*
A similar result can be obtained for the delayed critical
region, but the implicit adiabatic assumption vitiates the
result.
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where AK is the step increase relative to prompt critical.
P

The half-width of the spike is given by

where # ==the neutron lifetime and the

(3)

maximum power is

(4)

The experimental systems which have been most inten-

sively studied and which exemplify best the data in Figs.

7 and 8 and many of the possible hazards in the nuclear

energy industry are the Godiva, Kewb, and Spert reactors.

Each of these will be discussed briefly.

Godiva I (discussed in Section I) and Godiva-II are

near-solid uranium (93% 235U) metal critical assemblies,

which were pressed into service as irradiation facilities.

At a few cents above prompt critical, controlled prompt

excursions provide an excellent experimental picture to

complement the curves of Fig. 7. The prompt negative

temperature coefficient of reactivity of about 4.3 x 10-3

dollar/°C (depending on the model) arises from thermal

expansion and is directly related to the disposition of

fission energy. The transient proceeds so rapidly that no

heat is lost from the system. When the step change of

reactivity is increased to 4 or 5 cents above prompt
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critical, a new effect sets in. The power level rises to

such high values that the thermal expansion lags the energy

deposition, and the simple ratio of E and AKP in Eq. 2 is

no longer true. At still higher step changes, the energy

release becomes proportional to the square and eventually

to the cube of the initial excess reactivity. Structural

damage from shocks commences at 10 or 11 cents, thus

providing a limit for repetitive bursts.

The transient behavior of solution systems has been

studied with the two Kewb reactors. The Kewb-A core was a

13.6-liter stainless steel sphere containing 11.5 liters of

enriched U02S04 solution. The reflector was thick graphite.

This reactor provided a means of studying transients in

solution systems during which the period was as short as

2 msec. The Kewb-B core was designed specifically to

extend these measurements to a period of 1 msec. It was

cylindrical, and during the transient experiments (UP to

about 5.2 dollars over prompt critical) contained 18 liters

‘f ‘02s04 ‘O1utiOn”

In the Kewb system two quenching mechanisms seem to be

dominant over a wide range of excursions. The first of

these is the rise in neutron temperature and thermal expan-

sion as the core temperature rises, which results in a

prompt temperature coefficient equal to -2 cents/°C at

.
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30‘c ● This effect is sufficient to account for the observed

yield of excursions starting near prompt critical, but is

inadequate for more violent transient experiments. The

second quenching mechanism is bubble formation.
(69) The

available evidence supports the contention that during the

spike void space consisting of many very small bubbles

(microbubbles) with internal pressures of from 10 to 1000

atm are created by the fission process. These small bubbles

later coalesce and leave the system, giving the observed

gas production coefficient of about 4.4 liters/MW-sec.

The growth of these microbubbles seems to involve the

repeated interaction between fission fragments and existing

microbubbles from earlier fissions. Thus a quenching mech-

anism proportional to the square of the energy release can

be invoked. This model is successful in describing the

solution transients, notwithstanding imprecise knowledge of

the manner in which the bubbles form and grow.

The family of Spert-I reactor cores (47) have been of

two general types, both heterogeneous, water-moderated and

reflected. The first had fuel in the form of the MTR-type

aluminum uranium-plates, and the cores have been designed

to include the range from undermoderation to the hazardous

region of overmoderation. The second Spert-I core was

composed of canned U02 rods of about l-cm diameter. The

76



.

. .

.

-.

.

uranium enrichment in these rods was 4%.

Transients on the plate-type reactors have been inten-

sively studied since 1957 to solve core design problems and

find the limitations of such reactors. In particular, the

period and energy release which can cause damage has been

carefully determined. The shutdown of a power transient in

the Spert systems is more complicated than in the simpler

reactors. The model developed includes (a) heating and

density change of the water, (b) heating of the core struc-

ture including its own geometry changes and moderator expul-

sion from such changes$ and finally (c) the boiling of

water next to the plates and loss of moderator when water

is expelled from the core.

This program was climaxed by a series of experiments

in 1962 during which the reactor period was forced to suc-

cessively smaller values. Damage in the form of blisters,

cracking, and warping to the central fuel elements commenced

during transients in which the period was 4.5 to 5 msec.

When the period was reduced to 3.2 msec, the core was

destroyed. However, for this last experiment, the reacti-

vity, period, peak power, and energy release were closely

predicted. The core was destroyed by a steam pressure

pulse starting some 15 msec after completion of the nuclear

phase. This effect was not predictable and is thought to

.
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have been caused by the successive collapse of near-molten

fuel elements.

(47) (4% enriched U02The second type of Spert-I core

rods in water) was tested during 1963 and 1964. Transient

experiments with this core have demonstrated the effective-

ness of the Doppler mode of self-shutdown and provide a

basis for analysis of accidents in similar power reactor

systems. Two attempts to destroy this core by placing the

reactor on very short periods (2.2 and 1.55 msec) have

failed. In each case the Doppler effect was operative, and

additional quenching developed because one or two fuel pins

(out of several hundred) cracked and caused local boiling.

These pins were thought to have been water-logged before

the test.

IV. SUMMARY

Some of the conclusions of Section II are summarized

in Table II. Where possible and appropriate, the excursion

fission energy is divided into that created in the spike

and that in the plateau. Some time intervals of interest

are also listed: the spike width at half maximum, the time

from prompt critical to peak power, and the duration of the

plateau. Also given are the maximum alpha (reciprocal

period), the peak power during the spike, the initial
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plateau power, and the probable quenching mechanism. Many

of these numbers are at best approximate so that no estimate

of probable error is attempted. As can be seen, the time

scales vary from microseconds to seconds, and for some ex-

cursions practically all fissions were in the plateau while

others consisted of a single spike.

Though the accidental excursions are too few to permit

reliable statistical conclusions, there are some observa-

tions that may be of general interest and importance. Of

the 34 excursions studied, six occurred in”production plants

(and therefore were a complete surprise), five in what must

be called working reactors (the water boiler, the second

Godiva accident, the Dragon, the SL-1, and the NRX), and

the remainder in critical facilities where the properties

of the assemblies themselves were being investigated. One

suspects that the frequency of accidents may be related to

the frequency of producing an unfamiliar critical configur-

ation although the statistics to prove this hypothesis are

not available.

The causes of excursions can be generalized to some

extent. Four resulted from failure of some part of the

experimental equipment during operation near critical, two

were induced by scram devices, the production plant acci-

dents must be related to inadequate control over large and
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complex systems, and two are unknown. The responsibility

for the others invariably returns to the personnel oper-

ating the facility, and these incidents must be attributed

to impatience, lack of planning or understanding of the

experiment, or to simple carelessness.

The thought often has been expressed that, for reasons

unknown, prompt critical accidents are limited in yield to

a range roughly between 1016 and a few times 1017 fissions.

Recent excursions have demolished this myth rather effect-

ively, for now the ratio of yields of the largest to the

4smallest excursions is over 10 . The ratio of fission

densities, though less, is still a rather large number. It

is quite true that as the fission density increases there

appear more effective (and destructive) quenching mechanisms,

such as boiling of water and melting and vaporization of

metals. For the special case of slow insertion of reacti-

vity, the fission densities corresponding to such phase

changes can be regarded as order of magnitude upper limits

for excursions of some systems, but these limits do not

apply in general.

A potentially most dangerous manufacturing plant acci-

dent is possible (but may not be credible) in the handling

and storage of large masses of fissile metal. The model to

which one goes for information in this area is the Godiva

80
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reactor, for which experiment and theory are well enough

established to permit extrapolations to catastrophic con-

ditions. One can imagine, for example, the consequences of

inserting 3 dollars excess reactivity (relative to delayed

critical) into Godiva; the resulting excursion would pro-

duce 1019 fissions, vaporize the entire mass, and possibly

destroy (but certainly damage) the building in which the

experiment was being performed. Under some circumstances

the consequences of this type of accident can be estimated

with reasonable accuracy. If the reactivity insertion rate

is known and if a source of neutrons is present and suffi-

ciently strong to guarantee that a.continuing fission chain

starts at or above prompt critical, the burst yield can be

calculated. A most extraordinary rate is then required to

produce a catastrophic explosion. The case for a quick

step increase of reactivity can also be calculated quite

exactly. If a neutron source is not present an explosion

could be created.

This situation in which no external source is present

and a high reactivity insertion rate is imposed on the

system has been a matter of experimental and theoretical

investigation at the Los Alamos Scientific Laboratory
(70)

using the Oodiva-11 reactor and at the Idaho Reactor Testing

Area using the Spert-I reactor. The background fission rate
“.’
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of Godiva-II is only 40/see, primarily from the spontaneous

fission of the 6.5% 238U, and quick (about 50 msec) changes

of reactivity to a few cents above prompt critical can be

made before a continuing fission chain is born. Generally

after such a step increase of reactivity there is a “wait

time” of the order of seconds before a continuing fission

chain develops. The statistics associated with these exper-

iments are illustrated in Fig. 9 where the fraction of the

bursts occurring in l-see intervals is plotted against the

wait time in seconds. The most probable delay is about 2

sec, and observed wait times have been as long as 11 sec.

These experiments are continuing for various steps and ramp

increases of reactivity.

The application of these results to some 235U metal

safety problems is a two-edged sword. The very low neutron

background associated with 235U could allow (for example)

sizable masses to fall together before a fission chain

started. An external neutron source to guarantee initiation

then would very substantially reduce the yield of such an

accidental power excursion. On the other hand, in some

cases the very real and possible wait times could allow

mechanical dispersion of the active material before a chain

started. An external neutron source would then be the

trigger for a power transient which otherwise might not have

. .
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occurred. This dilemma does not exist for plutonium metal

for which the spontaneous fission rate guarantees a strong

and reliable source.

A possible application of these results can be found

in the conflicting economic and safety requirements associ-

ated with complicated or multiple-fuel-element castings.

Some such operations now forbidden for safety reasons might

be reconsidered if heavy shielding were available to protect

operators and if strong neutron sources were present to

guarantee initiation. Under these conditions, the risk of

a nonexplosive power excursion might be acceptable.

The chemical plant incidents along with the Kewb reac-

tor (Section III) experiments bring to focus the possibility

that less stringent criticality rules may be applicable also

to some
235

U solution operations where the operators are

protected by heavy shielding. It is possible that signifi-

cant economic savings could be realized with no increased

radiation hazard if certain plants were designed with the

expectation that such incidents might occasionally occur.

The Kewb experiments provide much information on transient

pressures, temperatures, fission yields, and neutron and

gamma-ray fluxes associated with solution excursions. The

results also suggest that only with difficulty can a solution

system be forced to explode violently if it fills only a
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small fraction of the available volume. As was discussed,

enriched 235U systems probably require an external neutron

source.

These possibilities must be viewed with more caution

when plutonium solutions are considered. It is well known

that plutonium-rich, silica-like sludges tend to accumulate

in significant quantities in chemical plants that have been

in operation over a period of years. The second plant

accident was caused by such an accumulation; furthermore,

these deposits have been discovered in several plants,

sometimes in more than modest amounts. Fortunately, dis-

solution of the sediments has generally been accomplished

without incident. These deposits can be created with a

relatively low H/Pu atomic ratio (of the order of 20) thus

raising the possibility of an autocatalytic nuclear excur-

sion. One can imagine a mass of this material forced to

the critical state or above by immersion in water and,when

boiling commences, mixing caused by bubble action could

raise the H/Pu ratio. As mixing with water will (in this

case) reduce the critical mass, the net effect is to

increase the reactivity of the solution and cause the power

to diverge even more. However, even for such an apparently

dangerous situation it is difficult to imagine an explosive

reaction. Again, it is quite possible that thick shielding

.
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could nullify radiation hazards.

These chemical plant accidents also point up the pro-

blem of the large and complicated interconnected network of

piping and tanks required for dissolution of fuel elements

and separation of uranium, plutonium, fission fragments, and

alloying materials. All of the six plant accidents have

been caused by solutions flowing from safe to unsafe geome-

tries, and these transfers were caused by failures in the

network or were in some way associated with peripheral

operations. The possibility of nuclearly safing large

auxiliary containers and the insertion of positive blocks in

certain lines has been considered, but it would be presump-

tuous to suggest detailed design features in this review.

.

.
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Fig. 1. The ORNL uranium solution assembly showing the

normal and detached positions of the central poison

rod.
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Fig. 2. The

the

LASL Jemima enriched-uranium metal assembly in

scrammed configuration.
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Fig. 3. The LASL Lady Godiva assembly (unreflected enriched-

uranium sphere) in the scrammed configuration.
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Fig . 4. The burst rod and several sections of
showing the oxidation and warpage
the second accidental ~xcursion.
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Fig. 5. The LASL Aquarium assembly machine which was employed

for measurements of critical separation distances.
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