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ABSTRACT

Forty-nine critical configurations are reported for experiments involving arrays of 3 kg

plutonium metal cylinders moderated and reflected by water. Thirty-four of these describe

systems assembled in the laboratory, while 15 others are derived critical parameters inferred from

46 subcritical cases. The arrays included 2x2xN, N = 2, 3, 4, and 5, in one program and 3x3x3

configurations in a later study. All were three-dimensional, nearly square arrays with equal

horizontal lattice spacings but a different vertical lattice spacing. Horizontal spacings ranged

from units in contact to 180 mm center-to-center; and vertical spacings ranged from about 80 mm

to almost 400 mm center-to-center. Several nearly-equilateral 3x3x3 arrays exhibit an extremely

sensitive dependence upon horizontal separation for identical vertical spacings. A line array of

unreflected and essentially unmoderated canned plutonium metal units appeared to be well

subcritical based on measurements made to assure safety during the manual assembly operations.

All experiments were performed at two widely separated times in the mid-1970s and early

1980s under two programs at the Rocky Flats Plant's Critical Mass Laboratory.
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INTRODUCTION

These critical and critical approach experiments were performed at the Rocky Flats

Critical Mass Laboratory (CML) located northwest of Denver, Colorado. That plant was

operated for the Department of Energy (DOE) by The Dow Chemical Company and by

Rockwell International during the experimental programs involved. It was briefly operated by

EG&G Rocky Flats, Inc.; but now it falls under the umbrella of Kaiser-Hill.

The 95 experiments were conducted in two programs widely separated in time. The first

program ran from late 1973 through early 1976, although an 11-month-long interruption occurred

in 1975 to complete certain facility maintenance projects. A television documentary program

was filmed for viewing in the greater Denver area in November, 1975; the stated purpose of this

effort was "to show the safe manner in which such experiments are done" to the public. The

second began in May of 1982 but ended abruptly in January, 1983. Both programs measured

critical separations for square-pitched arrays of plutonium metal cylinders flooded with water.

The same set of nominally 3-kg plutonium parts were used for both; and they were doubly-

canned in the same fashion for all cases. The two programs differed in the details of the array and

in the tank in which the experiments were performed.



The first program studied 2x2xN arrays, with N = 2 to 5, that varied in pitch in all three

directions1. The closest spacings found the fissile units (larger than the plutonium metal itself

because of its double containment) actually in contact Wider spacings were also studied. For

some cases, the vertical lattice spacing was quite large. These experiments were performed

within a rather small diameter aluminum tank. The array was built in air, moved into the tank,

and then remotely flooded with water to a very high indicated multiplication. Administrative

procedures did not allow criticality to be actually achieved; but the extrapolation to criticality

was usually quite small from this administrative limit. Occasionally, the extrapolated result is

quite uncertain; and this situation is clearly pointed out. Because of the tank's small diameter and

the somewhat thin region of water below the array, the assumption of effectively infinite water

reflection all the way around an array is probably not good. A second design flaw was that the

support trays for the plutonium metal contained a great deal of aluminum. One final defect was

that the stainless steel cans used to contain the hazardous metal were much too thick. In spite of

these flaws, the equipment is well defined; and the results can be used to validate computational

techniques quite well.

1 In an array designated XxYxZ, horizontal parameters are referred to as X and Y; and the
vertical as Z. These letters also refer to numbers of cans. Lattice spacings in each of these direc-
tions are designated AX, AY, and AZ.



The second program solved the problem of too much aluminum by loading the plutonium

in "sleeves" which contained much less aluminum. The less-than-infinite-reflection question was

addressed by locating the nominally cubical arrays in a quite large cubical tank. The tank, itself,

was constructed of thick-walled plastic panels; so the combination of water and thick plastic did

approximate infinite reflection quite well. A wide range of arrays were planned to be studied in

this tank; indeed, an elaborate set of experiments were projected. Unfortunately, only a few

3x3x3 arrays were studied before the program was terminated because of a contamination release,

discussed later. For most of these 3x3x3 arrays, the vertical lattice spacing (AZ) remained fixed

while the horizontal lattice spacings (AX = AY) were varied a little above and below this vertical

spacing. In all cases, AX was the same as AY.

These experiments were not published at the time they were completed because of a

management decision to proceed onto the next experimental study. The thought was that Rocky

Flats had the data and could use it internally without taking the time and effort to publish the

results for others to use. This thinking recognized that the Rocky Flats CML had a very

ambitious program of important experimental studies planned. These were viewed so urgent that

they preempted publication of the present results. True, the proposed programs would have

introduced novel concepts of quantifying subcritical systems for code validation and the



measurement of differential flux parameters throughout a variety of systems.

Fortunately, the bypassed data is being published in this paper and one to follow in 1996

under a DOE (DP-45) contract administered by the Idaho National Engineering Laboratory

(INEL) as the Criticality Safety Benchmark Evaluation Project. The 1996 paper will publish

critical data on annular tanks filled with fissile solution. It, too, will report experimental results

from two different experimental programs.



THEORY

Approaches to criticality were monitored by a method called the Reciprocal

Multiplication technique to ensure safety. Here, the fact is used that the neutron count rate at

any and every point within a system increases as criticality is approached. At the critical height,

Hc, this count rate, C(HC), may be ten thousand to one million times greater than at the start of an

experiment, Co. This ratio at criticality is essentially infinite relative to that initial count rate and

is called the Multiplication of the system2. The inverse of this multiplication is the reciprocal

multiplication already mentioned, mathematically, C(/C(H). This ratio approaches zero when

criticality is reached, an attractive feature for graphing safe critical approaches. For safety,

reciprocal multiplication curves should have all parameters fixed save one. In this program, that

one was the water height in the tank with all other features constant.

Another important definition is that of the neutron reproduction factor, k. It and the true

multiplication, M, are related by the following equation:

Here, the last term on the right hand side is very close to the reciprocal multiplication already

defined.

2 Actually, this empirical ratio is only an approximation to the true multiplication because of
other complications to the theory which are explained later.



The increasing neutron flux is related to the increase in reactivity of the system.

Reactivity, p, and the reproduction factor are related by:

p=[k-l] /k.

The term really pertains to the state of the system relative to criticality but is often loosely

applied to the physical addition of that one parameter being varied, water in this case. Adding

water to these arrays added "reactivity" to the system through increased neutron moderation and

reflection.

The reciprocal multiplication technique begins with the completely assembled plutonium

array securely positioned within the tank but with very little water introduced. The neutron

count rate at this initial condition is noted for each of several very sensitive neutron detectors

called proportional counters positioned nearby. These counters detect a constant percentage

(usually about 25%) of the neutrons incident upon them. Plutonium is a fairly strong

spontaneous neutron emitter; and the integrated count rate there is called Co. Each cylinder in the

array contributes differently to this Co for each neutron detector because of different distances

between the two. Clearly, at the start of an experiment when the tank is empty (H=0), this ratio

is unity.

As the first water is introduced into the array, the major cause of changes in the observed

count rates is due to improved thermalization of the spontaneous neutrons from each cylinder in



the array. More fission-energy neutrons are brought into the energy range where they can be

detected by the boron (a slow neutron absorber) within the counters. Thus, the apparent neutron

flux increases significantly with no true increase in the reactivity of the system. Some small

absorption of these neutrons by the hydrogen present also happens. These effects alter the

energy spectra seen by the detectors and, therefore, the instrument's detection efficiency, not the

absolute number of neutrons incident upon them, as no significant real increase in the closeness to

criticality (reactivity) has yet occurred. This is the reason that the count rate ratio observed later

in the experiment is not a precise measure of the true multiplication.

These neutron physics arguments also justify why the initial neutron count rate, Co, for

most of the experiments reported here was taken with some small, but pre-determined, amount of

water already added to the array. This eliminated the source-neutron moderation problem and

produced a reciprocal multiplication curve more responsive to true reactivity additions. Usually,

either 100 mm or 140 mm of water was added to the array before this initial count rate was

measured.

The reciprocal multiplication technique continues by graphing the neutron count rate

ratio, Co/C(H), against the critical approach parameter - the water height, H, in this case.

Eventually, as enough water is added to stabilize detector response effects, further water

additions really do increase the reactivity of the system bringing it closer to criticality; and the



reciprocal multiplication ratio truly decreases in some fashion characteristic of the configuration

under study. The source neutron moderating and absorbing effects continue to exist; but they are

greatly overshadowed by orders of magnitude by the increased reactivity.

The reciprocal multiplication technique ensures safety by allowing experimenters a

continually improving estimate of the point at which criticality is projected to occur as the water

height increases. At frequent intervals during the critical approach, water additions are

interrupted to measure the current value of (VC(H) and this result plotted on the reciprocal

multiplication graph. The shape and linearity of this decreasing function is used to estimate the

greater height, Hc, at which criticality would be predicted to occur. Based on such an analysis,

both experimenters agree upon the next increment of water to be added and the rate at which it

could be added safely.

During this procedure toward criticality, the possibility always exists that some

particular reciprocal multiplication curve might exhibit a sudden downward tendency such that

criticality would, indeed, occur at a much lower height than predicted if water additions continued

unabated. This would-be uwsafe feature was guarded against by a simple administrative

expedient. During the addition of each water increment, both experimenters had continual

information giving the instantaneous neutron flux for each detector. The administrative control

was that the next data point in the reciprocal multiplication curve would be taken before the



neutron flux had increased a factor of e (« 2.718), even if that occurred at a height lower than

agreed upon. This administrative control was, itself, protected by adopting a smaller factor;

doubling the count rate to take the next data point became the operational goal.

This procedure continued until the administrative limit on the indicated multiplication of

the flooded system (M = 50), imposed on the first experimental program, was reached. Then,

the critical height was extrapolated from this data. Most curves were quite linear and the last two

points accurately extrapolated the critical height. The shorter the extrapolation, of course, the

better the prediction. Some curves had gentle curvature such that the last three data points made

a better prediction. Figure 1 shows two examples.

Usually, the critical height by this extrapolation procedure and the actually obtained

critical height - had this been allowed procedurally - would have been indistinguishable from one

another. This was not always the case as illustrated by Fig. 2. These three reciprocal

multiplication curves illustrate the differing degrees of confidence to be placed in an extrapolated

critical height. The procedure accurately predicts criticality for the AZ = 128.3 mm case3: 343 +

1 mm. The widest spacing (138.7 mm) is just as confidently subcritical. The middle case,

however, is much less certain. The slope of the reciprocal multiplication curve is quite shallow

3 Array spacing parameters are discussed elsewhere in the text.
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and its derivatives (curvature) appear not well defined. As a result, the quoted critical height

reflects a large uncertainty. Indeed, this case may well have proven subcritical had more water

been added.

Both experience and common sense suggest that these extrapolations should have a

smaller uncertainty when the very high multiplication administrative limit is reached well within

any one region and not near the boundary between two portions of the apparatus. For example,

good extrapolations are expected when criticality would occur in the middle of a plutonium layer

or midway between the two layers; but poorer data may result near the boundary because of

changing physics concepts at work. Figure 1 supports this observation. Another place where

extrapolated data may be questionable is in the first several millimeters above the last layer of

plutonium metal. There, the curve is changing in its slope and its first few derivatives, as well as

the rate of change of these qualities, as various physics aspects approach equilibrium.

The second experimental program did not have the same administrative restriction

preventing criticality. Therefore, eight of ten critical configurations in that study actually

achieved a slightly supercritical condition. During these last, small, water additions until the

reciprocal multiplication ratio, Co/C(HC), equals zero (criticality), the neutron flux becomes so

large that the proportional counters used to graph this critical approach begin to suffer dead-time

losses in their observed counting rates. The detectors can not physically detect the same

12



percentage of neutrons incident upon them that they did at the start of the experiment. This

physical defect is non-conservative from a safety perspective. The actual multiplication extant

would be larger than indicated.

This recognized and understood flaw was compensated for by abandoning the reciprocal

multiplication technique in favor of another method for the final attainment of criticality. Other

radiation detection equipment, known as ionization chambers, produce a quasi-DC current

proportional to the instantaneous neutron flux incident upon them. These detectors are known

not to experience dead time losses until neutron fluxes many orders of magnitude greater than

those encountered in these experiments are reached. These same detectors, however, were not at

all sensitive to neutron fluxes early in an experiment. Thus, ionization chambers, alone, could not

have been used for a safe critical approach. In anticipation of this need, ionization chambers had

been placed in the vicinity of the experimental apparatus, in many cases right alongside the

proportional counters.

Both ionization chambers and proportional counters were equally viable beginning

somewhere about the middle of the experiment. Both yielded nearly identical extrapolated

predictions of the critical water height. Both were followed by the observers for safety; so the

transition from the reciprocal multiplication technique to ionization chamber data was no

compromise of safety.
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In those eight critical cases, incremental additions of water continued until the situation

developed that the neutron count rate continued to rise slowly even after the water addition had

ceased. At this point, the entire experimental system was very slightly supercritical (delayed

critical). This exponential growth in the neutron count rate with no more water additions defined

the positive reactor period, mathematically, the time required to increase the neutron flux by a

factor of e (~ 2.72). In the case of the present experiments, periods of between +3 and +8

minutes were the goal. This supercritical water height would be maintained only long enough to

measure it accurately. Then, a very small amount of water was returned to storage. This

rendered the system very slightly subcritical and produced a negative reactor period4. Again,

negative periods of between -3 and -10 minutes were the goal in this program. This slightly

subcritical water height would also be maintained just long enough to measure it accurately.

The eight critical heights quoted in this paper under the second program are the result of a

linear interpolation between the reciprocal periods at these slightly supercritical and slightly

subcritical water heights. An example of this interpolation is shown in Fig. 3. The validity of

this interpolated critical height was demonstrated in the literature5.

4 Sometimes, only a longer positive period (closer to precise criticality) resulted from these
small changes.

5 Robert E. Rothe, NUCLEAR SCIENCE AND ENGINEERING: 35 (1969).
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Two of the eight critical cases were extrapolated from very high multiplications as in the

first program but for other reasons. The reservoir contained simply an inadequate supply of

water. Figure 4 shows one of these experiments where criticality was projected to occur in the

middle of the upper layer of plutonium. The curve displays an interesting structure which

supports the arguments made earlier that physics changes would occur near boundaries between

the several levels of an array.

Once criticality had been measured (actually or by extrapolation), all necessary data had

been obtained; so the experiment was terminated. Keeping the system at or very near criticality

any longer only increased the risk of an accident and added to the (really very small) fission

product inventory. The water was simply allowed to flow back to storage. As expected, the

neutron count rate on the proportional counters would return to the Co value; and the ionization

chamber currents would return to their initial near-zero level.

Figure 5 points up the importance of the initial water increments on the physics of source

neutrons. Two experiments are shown having critical heights of 483 + 2 mm and 656.0 + 0.5

mm. Both used an tank empty of water to set Co; and the first three hundred millimeters of

water only absorbed and moderated neutrons for the particular detector locations to yield a

significant decrease in the number of neutrons counted. From there to about 100 mm short of the

subsequent critical height, these physics effects and the true increase in flux due to increased

16
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reactivity were in competition with one another. The curves exhibit a most interesting structure

that takes considerable study to understand. Only during that last 100 mm or so did the

reciprocal multiplication approach technique take on the true nature of a significant approach to

criticality through the addition of essentially pure reactivity.

Even this type of experiment was safe to perform even though it was not the ideal

experimental methodology. The only requirements to ensure safety is that the neutron

population be continuously monitored and graphed at least before the previous point had been e-

folded in magnitude and that a suitably slow method of adding reactivity (water) existed such that

abrupt changes in the curve could be recognized.

One small theoretical point concludes this section. The intrinsic source of neutrons

within piutonium means that even a precisely critical system would not exactly have a precisely

infinite reactor period. Instead, the few thousand neutrons per second "pumped into" a precisely

critical system would, themselves, be continually replaced. The result is that even a precisely

critical piutonium system would yield a very slowly growing neutron flux rather than a precisely

constant one. The effect is really very small and is only theoretically important.
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PROCEDURE

Water Flow

Arrays to be eventually flooded with water were first assembled in air a distance from the

tank in which criticality would be achieved. The exact way this air assembly was done differed

with the two series of experiments. The end result, however, was the same — a rigid array posi-

tioned within the tank for later flooding with water. The water would add reactivity through

neutron moderation between fissile units and through neutron reflection back into the array.

The water was stored in a reservoir a short distance from the tank. It was pumped into

the tank through a simple distribution manifold; and four different flow rates were available for

safe control over reactivity addition rates. Incremental water additions were continued until the

administrative multiplication limit was reached (first program) or criticality was achieved forming

a very-low-power nuclear reactor (second).

Critical systems were allowed to remain very slightly super delayed critical for several

minutes while the height of the water was carefully measured. After that, a very small amount of

water was allowed to drain back to storage. This yielded a very slightly subcritical condition; and

that water height was also measured. After that, all water was allowed to flow back to the

reservoir, and both criticality and the experiment were quickly ended.
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A delayed critical system is never very far from an accidental prompt-critical nuclear

criticality, sometimes called an excursion6 This unplanned condition must be avoided because of

its severe consequences ~ an intense burst of radiation, lethal to anyone in the immediate

vicinity, and the formation of a large inventory of very radioactive nuclides with very long half-

lives. If such an event were to occur, it would have to be terminated as quickly as possible to

mitigate consequences. One of these consequences is the tendency for second, sometimes more,

excursion spikes to develop.7'8 Quick action can prevent these repeated criticalities. Toward this

goal, all critical experiments are performed with at least two (redundant) safety shut down

mechanisms. These are called SCRAM9 devices.

6 In this section, italics define terms having special meaning for this paper.

7 William R. Stratum, "A Review of Criticality Accidents", PROGRESS IN NUCLEAR
ENERGY, SERIES IV, VOL. 3, Pergamon Press (1960).

8 William R. Stratton (revised by David R. Smith), "A Review of Criticality Accidents",
NUCLEAR CRITICALITY INFORMATION SYSTEM: DOE/NCT-04 (March, 1989).

9 The word SCRAM comes from the early days of nuclear research. Dr. Enrico Fermi led a
team in the assembly of the world's first nuclear reactor in 1942 at the University of Chicago.
Dr. Norman Hilberry, later the Director of the Argonne National Laboratory, was given a hand
axe and instructed to chop a rope which would then allow a boron plug, called "Zip", to fall under
gravity into the core. This rapid addition of negative reactivity was hoped adequate to render the
reactor subcritical if some accident had happened. Dr Hilberry was referred to as the Safety
Control Rod Axe Man, or "SCRAM"
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The SCRAM devices for these experiments consisted of two larger-diameter lines which

also connected the experimental tank and reservoir. They were separate from but schematically

parallel to the water's normal addition and return routes. Each SCRAM line had an electrically

operated SCRAM valve which had to be energized to keep it closed and, thus, hold the water in

the experimental apparatus. These valves were located just below the tank, one on each line. A

schematic drawing of the tank/reservoir system is shown in Fig. 6. The 3x3 array, pictured as

shaded squares, represents some XxYxZ array of plutonium metal cylinders placed into an

empty tank. Some water (darker shading) has already been transferred from the reservoir into the

tank via the submersible pump located at the bottom of the reservoir which rested on the floor.

The drawing accurately depicts neither program but illustrates both in a general way. For

example, the tank in which the 3x3x3 array was studied was not located as close to the reservoir

as shown while the relative spacing displayed more accurately reflects the situation for the 2x2xN

arrays of the first program.

One important safety feature was that the SCRAM lines had to be sized large enough to

permit water to flow away from the tank through only one line faster than the fastest water.

addition rate available. The failures assumed are that one SCRAM valve fails to function and

that the pump fails to turn off.
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Figure 6. A generalized schematic view of the equipment used in both
experimental programs.
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Water was pumped upwards through the three normally-closed, electrically-controlled

valves shown by upward arrows on the figure. The three valves yielded fill rates of about 10 to

12 liters per minute ("fast"), half that rate ("medium"), and about 0.5 liter per minute ("slow").

A fourth was possible by a combination of the "medium" and "slow" routes simultaneously. The

fourth valve (to the left) allowed the normal return of water back to the reservoir. The author is

unsure whether the water also flowed back through the reverse direction of one or more of the fill

routes; but this lost recollection is considered unimportant.

Manual Assembly

The reciprocal multiplication technique was used in many ways to ensure safety. Both

water-flooded critical approaches and the earlier construction of arrays in air used this technique.

In the later cases, large amounts of fissile materials were brought into close proximity and

accidental criticality was possible. The safety of such operations was of utmost importance. In

fact, an accident during manual assembly operations would have more severe consequences than

one during a critical experiment because people would be present. Critical experiments were

controlled remotely; so the worst possible accident would not injure people.

Detailed manual assembly procedures differed for the two series of experiments. Both

are described below; but several aspects remained in common. Both began with the canned
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plutonium metal laid out in a clearly subcritical arrangement. The parts remained in their safety-

approved storage containers10 distributed around the room on safety-approved rolling carts.

Experiments were administratively governed by a document called an Experimental Plan.

This proposed procedures and set operational limits; and its approval by supervision formally

adopted those proposals. Requirements of the Plan were conservative with respect to any DOE-

based documentation. Two administrative safety limits were imposed on the manual assembly

procedure:

(1) The maximum multiplication for any array built with people present could not exceed

ten.

(2) The incremental multiplication introduced by adding one or more fissile units could

not more than e-fold the previous value before taking the next reciprocal multiplication

point.

10 These containers are worthy of comment because they helped keep the plutonium
metal cool by drawing away its heat into other materials. Each stored one canned plutonium
cylinder and was constructed of stainless steel sheet. A small cylindrical cavity, about 150 mm
in diameter by 120 mm high, was centered within a larger cylinder, about 500 mm in diameter by
350 mm high. Space between the two was filled with water which served as a neutron moderator;
and the inner cavity was lined with lead which lowered the g-ray dose. The plutonium was
stored within this cavity and accessed via a water-filled, lead-lined lid.
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The first limit was complicated by the fact that each new cylinder added source neutrons as well

as reactivity. This issue was addressed differently for each program and is discussed later in this

section. The second limit was administratively simplified by agreeing to take the next data point

near about double the previous one. Doubling is conservatively smaller than e-folding; and a

small error resulting in an increase greater than two did not violate the approved Experimental

Plan.

The plutonium was a strong y-ray emitter because of its age; so manual assembly

procedures were carried out within a three-sided plastic shield (76 mm thick) lined on all faces

with 3-mm-thick lead sheet. The lead reduced the y dose to workers; and the plastic lowered the

energy of the neutrons, again reducing risk. Still, both persons wore lead aprons and many

devices on their bodies to monitor radiation doses received. They also worked as quickly as

safety would allow to reduce exposure time. The canned cylinders were often handled with a

long-handled threaded rod screwed into the hole in the outer can. This kept the metal well away

from human tissue. The rod was not always used because the time required to screw it into the

can's top sometimes led to a longer exposure time than a simple and quick hand transfer. Fingers

can tolerate more radiation than internal organs. Still, lead-lined rubber gloves were worn when

making such transfers. No worker received worrisome doses of radiation following these

procedures. Considerable effort had been spent beforehand doing "time and motion" studies to

select safest handling procedures.
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First Program

Assembly:

Every array had the same sequential set of numbered cylinders in a given layer. That is,

the lowest tray contained the four lowest numbered cylinders, the second tray the next four, and

so on. For each tray, the lowest numbered cylinder was in the northwest corner of the array

during its assembly; and higher numbered cylinders followed clockwise from there. This does not

assure any known azimuthal orientation of the array within the tank because possible rotations

of the array itself during transfer to the tank were not noted. Still, the relative placement of

specific cylinders is identified. This procedure at least kept small uncertainties due to very small

differences in cylinder masses systematic rather than random.

After the lowest tray was filled with its square array of four11 cylinders, the next higher

tray was located at the desired AZ spacing and four more cylinders added. This process was

repeated until 2,3, 4, or 5 vertical layers were full. Although only 2x2xN arrays were actually

flooded with water in an approach to criticality, larger arrays were assembled in air. Figure 7, for

example, shows a 3x3x3 array under construction.

11 The intent of this study was to consider trays of 3x3 and 4x4 patters of cylinders too; but
the study was terminated before proceeding past 2x2 arrays on each tray.

27



Figure 7. The manual assembly of arrays for the first experimental
program took place inside a three-sided radiation shield.
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The set of trays with the desired AX = AY lattice spacing were selected and set aside.

The number of trays equaled the number of vertical layers in the intended array. The bottom tray

was different from other trays in a set. It was set in place within the shield, speared by four long

threaded rods, one in each corner and welded to a common bottom plate. Thus, the bottom tray

plus the common bottom plate was essentially identical to all subsequent trays of a given set.

This bottom tray was elevated above the table by four aluminum feet which would later hold the

array above the bottom of the tank and allow water to reflect the bottom of the array.

One by one, the canned plutonium was added to this first layer of the array using the

long-handled rod. When that plane was filled with the desired square array, an aluminum cover

plate was lowered over the four corner rods. This served as a retainer to keep the plutonium in

place. Next, the desired AZ was set by lowering identical sets of machined spacers, called shims,

over the four corner rods. These spacers were aluminum pieces drilled to slip-fit over the

threaded rods. These were prepared in a variety of lengths so that many, many AZ spacings

were possible.

A second tray was slipped over the four rods and lowered onto the shims. It was then

filled with plutonium cylinders, one at a time, and another cover plate completed the second

layer. Additional layers, up to five, were built in the same fashion.
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The 2,3,4, or 5 layers resulted in a wide range of final heights for finished arrays; but the

four corner threaded rods were of a fixed length. Unused length of threaded stock was covered by

sets of hold down tubes. These were thin-walled aluminum tubes intended to transmit pressure

from the top-most lifting cross to the top cover plate of the highest tray. The X-shaped lifting

cross was fastened at the very top of the four corner rods by sets of nuts and washers above and

below each leg. This cross clamped the entire array vertically into a rigid, stable assembly.

All this preliminary air assembly was done on the south end of a heavy-weight steel table

upon which the three-sided radiation shield had been erected vertically. The open face of the

shield faced south; so the free floor area south of the table could be filled with plutonium parts

destined for assembly. This heavy-weight table is the "Horizontal Split Table" used for a

number of other experimental programs at Rocky Flats. It is described generally in this paper but

in much greater detail in the literature12. The table's geometry is really very complicated; but a

reasonable simple model can be used for computer purposes: two nearly identical boxes placed in

a north/south direction and mirror images of one another. The north table is far enough away

from the south to be unimportant (although the combined length of both is about 5 m). The

south table, which supported the three-sided shield, may be viewed as consisting of four steel

sides of a six-sided box. The box has no north face nor bottom. Its dimensions are about 1.9 m

12 G. R. Goebel, et al, "Progress Report for Period October 1, 1978 through December 31,
1978", REFERENCE CRITICAL EXPERIMENTS, U. S. Nuclear Regulatory Commission:
NUREG/CR-0642, RFP-2888, RC (April, 1979). See Figs. 8 to io and Table vi.
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N/S by 2.1 m E/W and about 0.8 m high. The complicated and varied thickness of the four steel

surfaces may be approximated as about 10 mm thick, each.

The completed array was lifted from the heavy table by a 5000 kg travelling crane using a

4-legged chain sling attached to eye bolts welded to the lifting cross. The array was swung into

position above the tank and lowered into the experimental tank which would later receive water.

Figure 8 shows a 2x2x3 array being transferred in this manner. The three-sided shield rests on the

south portion of the heavy table at the bottom of the photograph; and the suspended array

partially obscures the open-top tank. The Experimental Plan allowed up to 194 kg of plutonium

to be swung about the room suspended by this crane, a feat hardly understandable in the 1990s.

The tank used was marginally small, a defect eliminated in the second experimental

program. This first tank was small enough in diameter that, although a considerable amount of

water existed outside an array, it probably was not enough to be effectively infinite. The bottom

was, likewise, not essentially fully reflected, although the tank was tall enough that this full top

reflection was achievable. Usually, 200 mm of water is considered an essentially infinite

reflector.
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Figure 8. A three-layered array is shown being transferred from
the manual assembly shield toward the open-topped
experimental tank of the first program.
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Reciprocal Multiplication:

Two neutron detectors were located near the three-sided shield in anticipation of manual

assembly procedures. The reciprocal multiplication procedure began by determining Co, the

neutron count rate with either one or two13 fissile cylinders located in their positions in the

bottom layer of the ultimate array. Whichever number was used is uncertain. Then, more

cylinders were added to the array monitoring the neutron count rate. About the time this rate

doubled, the next reciprocal multiplication point would be taken. Toward the end of an array's

construction neutron data would be taken after each can was added even if that did not double the

count rate. Cylinders were added until a tray was full; then the next empty tray was added and

filled in turn until the intended array was fully constructed.

This procedure was safe because the neutron flux was continually monitored by both

experimenters throughout the entire movement of the metal even though data were only graphed

near doubling. One watched an electrical meter which displayed the instantaneous count rate

while the other physically added the plutonium. Both listened to an audible sound giving the

same important information. Continual monitoring such as this permitted the experimenters to

assure they never violated the e-folding count rate limit.

13 If two, the argument was offered that two adjacent cylinders were well-known to be so
subcritical as to provide essentially no reactivity.
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The three-sided shield was recognized as a neutron reflector, itself. No difference in

reciprocal multiplication curves was ever observed with personnel close to the shield or a

considerable distance away. For this reason, these curves were developed without regard to the

location of personnel. This shield also served another safety purpose. It represented more

neutron reflection than the array would experience during its transfer into the tank; so this

assured that unforseen neutron reflection would not be encountered enroute adding unexpected

reactivity.

One administrative policy was approved to speed up data collection. Any array clearly

less reactive than some previously assembled array could be built without the generation of a

reciprocal multiplication curve. This practice safe because both experimenters, as discussed

above, had continual audible knowledge of changes in count rate as each cylinder was brought into

place.

The shape of a reciprocal multiplication curve generated following this procedure was

extremely conservative. This conservatism probably would have prevented the construction of,

say, 4x4x4 arrays, although it posed no problems for the arrays actually built. Each new can

added both source neutrons and true multiplication neutrons due to increased reactivity; but both

were counted as the latter. The result of this situation is that the reciprocal multiplication curve

at any stage of manual assembly tended to underestimate the critical number of fissile units.
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Furthermore, an indicated multiplication of ten would be reached long before that much real

reactivity existed. The situation was further complicated in that each fissile unit added neutrons

differently than its neighbors or units in another tray because of differing distances from cans to

detectors and differing amounts of water between the two.

Critical Approach:

Once the array was securely situated inside the tank, the experimental room was vacated

and locked up. The ventilation to and from the room was shut down to isolate the atmosphere.

This isolation assured that the consequences of a criticality accident would be completely

contained. The experimental addition of water up to the allowed multiplication limit of 50 could

then begin safely.

Water was added to a depth of 100 or 140 mm before the background neutron count rate,

Co, was established. The reason for this was discussed in the previous section. The

subcriticality safety of the procedure was assured by early experience in flooding arrays with

water. That first increment of water added essentially no reactivity but greatly modified the

energy spectra of the neutrons. In addition, both experimenters monitored the detectors

continuously even during this early stage of the experiment; so any anomaly would be quickly

seen.
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The rate at which water could safely be added to an experiment was strongly a function of

how close the system was to criticality. Early in an experiment, essentially no reactivity, p, was

introduced even through fairly large water additions. There, it was safe to add the water at the

greatest available rate. Later in an experiment, slower addition rates became necessary to keep

the rate of change of the neutron population, Ap/AH, within limits allowed by the Experimental

Plan. In those cases where the multiplication limit was reached within a millimeter or two of the

extrapolated critical height, the very slowest addition rate was often needed. On some very

sensitive experiments, even this rate had to be "pulsed" because even very small increments of

water produced large increases in reactivity.

Those experiments whose lattice spacing parameters would eventually result in a

subcritical array upon full reflection would still start out the same. Large additions of water

produced very little reactivity. The water addition rate had to slow down when Ap/AH became

large. By the time, however, that a reasonable amount of water had been added above an array

that was destined to remain subcritical, one could safely add the last water at the fastest possible

rate. Clearly, Ap/AH approaches zero as the effectively infinite height of water above the array

was approached. One small perturbation went contrary to this asymptotic behavior. Water

added much in excess of that necessary for effectively infinite top reflection would absorb some

neutrons and lessen those detected. This manifested itself by a small rise in the reciprocal
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multiplication curve at such great water heights14. The start of this phenomenon was often seen

as an experiment was about to be ended.

This asymptotic behavior could be used to determine additional critical situations which

were not actually obtained. The closer a given array was to being critical - even though it

remained subcritical upon full top reflection - the higher the asymptotic multiplication would be.

Accordingly, the reciprocal of that multiplication, referred to as the asymptotic inverse neutron

count rate in later figures, would be closer to zero. A precisely critical system would have a

reciprocal multiplication of zero.

Several subsets of eventually subcritical experiments were characterized by all the same

physical parameters except one. That one parameter was the vertical lattice spacing (AZ). As

AZ approached the critical spacing, the asymptotic inverse count rate became smaller. A graph

of these asymptotic inverse neutron count rates against AZ, extrapolated to zero, yielded the

derived critical case. That was the value of AZ that would have formed a just critical system

14 This physics phenomenon suggests a safety caution for future researchers. If much too
much reflector liquid is added over and above that necessary to approximate full reflection, then
an accidental shift in hardware that causes an unplanned excursion might take a long, long time to
shut down. The SCRAM mechanism is the draining away of the reflector liquid; and a large
amount of that liquid would have to drain away before the reduction in reactivity even begins.
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with full water reflection on top of the array. This case was never actually obtained in any

experiments but was derived from subcritical cases.

A lower bound to this asymptotic critical AZ would be any experiment within the same

subset of otherwise identical parameters for which AZ was small enough that criticality did, in

fact, occur. A total of 15 asymptotic critical values of AZ were determined in this manner; and

13 of these had a lower bounding critical case.

The experiment was considered ended when either the critical water height had been

determined or when the asymptotic inverse neutron count rate ratio had been obtained. The

water was simply drained back to the reservoir. Sometimes, a small quantity of water was

returned through the normal return route, shown by a downward arrow in Figure 5, or through

one or both of the two SCRAM lines; but either option was accomplished via a spring-loaded

push button. It was easier to just SCRAM the experiment; and this was generally the case.

Second Program

Assembly:

The second series of experiments was to have had a wide range of XxYxZ array

parameters; but circumstances reduced the study to only 3x3x3 arrays. These arrays were

centered in a thick-walled plastic tank. The size of this tank was selected such that the thick
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walls of the plastic tank plus the water between the tank and the boundary of an array yielded an

effectively infinite neutron reflection for a flooded array. Most of this came from the added

water; but the last reflection came from the tank, itself. The reason for this was to reduce the

amount of water needed to be added during an experiment

This was not just a convenience; it had safety implications. Suppose only water had been

used to provide full side reflection to the array. The entire perimeter, then, have had, say, a 250-

mm-thick blanket of water surrounding it. If some portion of the array were to move

unexpectedly and a criticality accident occurred, the length of time required for this huge volume

of water to drain back to storage would delay the shutdown of the accident. This, in turn, would

greatly increased the consequences of the supposed accident.

Plutonium cans were slid inside sleeves, later stood vertically, made of light-weight

perforated aluminum instead of horizontal trays. The reason for this change was to reduce

greatly the amount of aluminum used in an experiment because aluminum displaced moderator

between units. Since these sleeves stood vertically, the spacing between the three cylinders

within each sleeve became AZ; and nine identical sleeves would be needed to build the 3x3x3

array. Thus, this program differed from the first in that AX = AY became the finely-tuned

variable whereas horizontal spacings had been defined by machined holes in the first.

Furthermore, the vertical spacing was limited to 4.124 mm increments because of the perforation
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pattern of the sleeves; and this was larger than the 2.54 mm steps (thinnest shims) of the first

program. The specific locations of the 27 cylinders by sequential cylinder number is not known,

although the lowest numbered cylinders were used to construct the 27-unit array.

One sleeve at a time was transferred to the tank for final positioning until nine sleeves

completed the 27-unit array. A box-like framework of aluminum was built to hold sleeves firmly

at top and bottom, parallel to one another, vertical, and in the desired AX and AY lattice spacing.

This framework was centered within the plastic tank. Plastic pieces at top and bottom fit inside

the sleeve with close tolerance and provided this positioning.

At the bottom, nine machined plastic bottom disks were clamped in place, carefully

located to produce the desired AX = AY. Three sets of three disks provided this matrix. Each set

of three disks was clamped to a long, narrow, aluminum bottom slotted bar by tightening bolts to

hold the disks against the bar. This defined the bottom AX. Next, the three slotted bars (each

with three previously positioned disks) was clamped to a slotted plate - which also served as the

bottom of the cubical framework. This, too, was done by tightening bolts holding the bars to the

plate. These slots were at right angles to the slots in the bars. This defined the bottom AY.

Figure 9 shows one of these bottom slotted bars (right) with five bottom disks clamped in place,

although five sleeves in a row were never actually studied.
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Figure 9. Top and bottom (right) slotted components for setting
AX and AY in the second experimental program.
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The result of this procedure was a square array of nine disks located as well as possible

by this clamping technique in a 3x3 pattern close to the plane of the bottom plate. The disks

would later position the bottoms of the nine sleeves. These disks and bars were very carefully

positioned because any error here would impact the vertical lattice spacings quoted in this paper.

Sensitive measuring equipment was used to position these; and measurements were made on the

final assembly for best accuracy. Still, the uncertainty of these placements was probably a little

larger than errors in the location of machined holes in trays.

Positioning the sleeves near the top of the array was done in a fashion similar to the

bottom - slotted components at right angles to one another - except for one added complication.

The sleeves needed to be put into position over a bottom disk at a slight angle and then rotated

into the vertical position. This required vertical clearance. To facilitate this, a plastic top disk

was screwed downward from the assigned AX = AY position after the sleeve was stood

vertically, applying pressure to the top of the sleeve.

The top AX and AY were set by carefully locating the centers of these screws; and the

downward pressure held the sleeves firmly against the floor. The screws were located by

clamping square aluminum top blocks at the proper AX spacings along the length of a long,

narrow, aluminum top slotted bar and directly above the corresponding disks at the bottom. The

screws were centered in these top blocks and carefully drilled and tapped to keep the screw
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normal to the block as the screw turned. The three top slotted bars were clamped, in turn, to

slots in opposite top rails of the aluminum framework. This set AY at the top. Care was taken

to line these top bars directly above the nearly identical bottom bars. Figure 10 shows much of

this top positioning detail.

With this configuration and the long screw withdrawn, the sleeve could be rotated

longitudinally into place before the screw turned to clamp the top disk onto the top of the sleeve.

A top slotted bar and one top positioning disk assembly, composed of a top block, top disk, and

the screw, is seen to the left of Fig. 9.

The sleeves were loaded within the same three-sided shield used in the first program. The

shield, however, was laid on its side to allow gravity to maintain separation between units during

loading. Sleeves, likewise, were horizontal during loading. The back wall of the shield was flush

with an outside edge of the Horizontal Split Table to allow workers to move about behind the

shield, handling the plutonium cylinders. One wing of the shield formed the surface upon which

the sleeve was loaded. The other wing formed a top shield to protect worker's heads and upper

bodies. A single mechanical jack supported the weight of this upper wing.

Each sleeve was elevated above the bottom wing of the shield by an aluminum cradle.

The cradle was 0.85 m long and 13 mm thick. Four V-grooved pieces supported the length of the
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Figure 10. Detail of the top of an assembled 3x3x3 array
of the second experimental program.
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sleeve, locating its centerline 89 mm above the bottom wing. The plutonium cylinders were slid

into the sleeve, one at a time. Since the sleeve was horizontal, the cylinders had to be moved

purposefully rather than under the influence of gravity. A couple of lead bricks at the foot of the

sleeve prevented its movement while the cylinders were added. This detail is well illustrated by

Fig. 11 with only the sleeve and its fissile cylinders missing.

The AZ spacings were selected by placing stainless steel15 pins through selected diametri-

cally opposed holes in the perforated aluminum. The bottom pin was put in place before the

first cylinder was ever added. Records state that the bottom can was 251 mm above the bottom

of the sleeve. Since, the slotted bottom plate of the framework was 13 mm thick, the bottom of

the lowest level of cylinders should have been 264 mm above the bottom of the tank; but the

15 A humorous event occurred when this method of selecting AZ was demonstrated to the
Rocky Flats safety review team which had to approve the Experimental Plan. The intention had
been to employ lengths of 3-mm-diameter aluminum welding rod as pins because of the goal to
replace stainless steel with aluminum wherever possible. A stainless steel can, identical to the
fissile unit's outer container but which contained lead simulation, had been fabricated. So much
confidence was placed in the method that no trial loadings were performed. As a demonstration
to the committee, this simulated fissile unit was allowed to slide the full length of the sleeve. The
can sheared the aluminum rod cleanly away and fell on through! After a moment's chuckle, the
team suggested stainless steel pins. Although this was adopted, aluminum would have worked.
The intent was never to allow plutonium cans to fall freely to their intended vertical spacing.
Aluminum pins would have borne that procedure. In addition, later data showed that a line array
of fissile units in contact was subcritical.
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Figure 11. The three-sided shield used for loading plutonium cylinders
into sleeves in the second experimental program.
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reciprocal multiplication curves taken during the critical approach suggest this height was 261

mm. The cause of this discrepancy is not known. It is probably not important because it means

that one does not know the thickness of the effectively infinite bottom reflector water thickness

to better than about 3 mm. It is important in another sense, because the experimental results

given later are reported relative to the bottom of the tank. Consequently, these critical water

heights, while still just as precise as claimed, may have accuracy uncertainties of a couple of

millimeters.

Subsequent pins were inserted a pre-determined number of holes above the lower pin; and

this set AZ. No pin was placed above each cylinder, allowing gravity to hold the unit in place.

When the three fissile units were so positioned within a sleeve, the sleeve was manually removed

from the shield, stood vertically, and connected to a lifting scissors. The loaded weight of each

sleeve was less than 10 kg, so the scissors was adequate support. The room's crane was used to

move the sleeve into position above the tank as shown in Fig. 12. Then, the sleeve was lowered

into the tank and manually positioned to the desired (X,Y) coordinates alongside existing sleeves.

The scissors-like device was removed.

Reciprocal Multiplication:

Construction of these air arrays in the second program called for two manual assembly

reciprocal multiplication curves, not just one. One demonstrated that the plutonium could
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C5-t-WHT-696-0o

Figure 12. Loaded sleeves were transported by crane using a scissor
device to grip the sleeve in the second experimental program.
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safely be loaded into a sleeve reflected as it was by the three-sided shield. The other monitored

the safe collection of nine sleeves into a 3x3 pattern within the tank.

The former was done once and then not repeated for subsequent sleeves. Specifically, a

line array of seven canned plutonium metal cylinders were assembled using the reciprocal

multiplication technique. This was recorded for 40 mm, 30 mm, 20 mm, 10 mm, and zero

spacing between cylinders. All cases remained well subcritical. In fact, no estimate of a critical

number is possible with any spacing. The data suggests that even an infinite line-array of such

units might be subcritical. With this fact established, any array of fewer than seven units was

allowed without requiring a reciprocal multiplication curve. This procedure assumed all fissile

units were sufficiently similar to one another that small mass differences would not impact the

conclusion.

The particular application of the reciprocal multiplication technique in loading sleeves

into the clear-plastic tank for the second program benefitted from experience learned from the

first. The issue was the distinction between source neutrons and neutrons due to real reactivity.

With the neutron detectors in place, a single canned plutonium cylinder was moved all around the

inside of the plastic tank; and the number counted in a prescribed length of time was noted. In

essence, a "map" was constructed giving the contribution to each counter from source neutrons

from one can. Again, the assumption is that all cylinders were essentially identical.

49



Mathematically this mapping function could be called C0(X, Y,Z). This function was found to be

quite independent of X and Y. Only changes in Z made any appreciable difference; and this

mappmg function became C0(Z).

The approach taken was that the first sleeve at any (X,Y) position would produce the

same neutron flux at each detector as the sum of the three fluxes produced by the source mapping

cylinder at heights Z\, Z2, and Z3 plus any true multiplication between the three cylinders. If

cylinders were, indeed, identical to one another, then this would be precisely true. The line-array

studies within the 3-sided shield revealed that three cylinders in a separated line array produce

little multiplication; so the reciprocal multiplication observed for that first sleeve would be

almost unity.

Additional sleeves add three more sources of neutrons each plus an increasing amount of

true multiplication between the many cylinders in the several sleeves. The reciprocal

multiplication for this second series of experiments was calculated for each neutron detector

assuming the numerator, Co, was simply:

where i = 1,2, and 3 levels and there are J sleeves. The denominator was simply the observed

neutron count rate due to the completed array thus far with J sleeves of 3 cans. Note that this
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denominator still included source neutrons plus true multiplication neutrons. Mathematically,

this may be written:

Reciprocal Multiplication = 1
C0 + C0M 1 + M

Since M is as large as 10 during the manual assembly of an array, the right hand expression

reduces to the familiar value of 1/M near the point of interest.

This proved to be a very practical way to build the array safely. The multiplication limit

often was never even approached closely; and the addition of any one sleeve never came close to

doubling the multiplication. Another advantage of loading the plutonium into the sleeves within

the three-sided radiation shield was that it approximated the reflection that would be seen by the

sleeves as they were lowered into the thick-walled plastic tank. The walls of this tank did pose

some reflection. Recognizing this, the neutron flux rate was constantly monitored both visually

and audibly by both experimenters as the sleeve was slowly lowered into the tank.

The 3x3x3 array at the lattice spacings chosen proved to be very interesting because of

their very sensitive dependence upon spacing. When this was realized, early in the second

program, two additional steps were taken. Both were intended to minimize random errors even

though some systematic uncertainties remained. As each sleeve was lowered into the tank and

tipped to one side, the weld bead on the sleeve was rotated to face the same direction as all other
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sleeves. Furthermore, while each sleeve was tipped, it was tapped hard enough to cause each

inner container of plutonium to slide to the low side of the sleeve. Then, the sleeve was gently

raised to its vertical position. The result was that all plutonium metal would be systematically

off to the same direction and any subsequent rotations (intentional or accidental) could be deter-

mined by examining the sleeve's weld seams.

Critical Approach:

The room was vacated, secured, and its ventilation shut down as in the first program

before the experiment was begun. The Experimental Plan for this second program allowed the

critical condition to be achieved, unlike the first.

The background neutron count rate, Co, was established at a water height of 100 mm for

the first few experiments; but this was changed to 250 mm afterward. The reasons for not

starting a reciprocal multiplication curve from zero water height were the same as in the first

program.

Water was added at the fastest possible rate early in an experiment Usually, this rate had

to slow down to keep the reactivity addition rate within limits of the Experimental Plan. Critical

experiments retained these slow rates right to criticality. The few subcritical cases returned to

faster fill rates as full reflection was approached. Two subcritical cases had not yet fully
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achieved asymptotic inverse neutron count rates before the reservoir ran out of water. These

experiments were not repeated even after additional water was added. This added reservoir

capacity was achieved by piping two standard drums (on their side) into the existing reservoir

and adding correspondingly more water. Details of this capacity expansion are not well recalled

and were not documented in the 1980s.

The experiment was considered ended when criticality had been achieved at a measured

water height. The water was simply drained back to storage either as a simple SCRAM of the

experiment or an initial slower drain using the normal return route.

53



TEMPERATURE

These experiments were performed using nominally room temperature water. This varied

between about 18 and 21 °C, depending upon the season. Two logged entries verify nominal

temperatures. Water temperature during one experiment was recorded at 18.9 °C; and at the start

of another, air temperature was reported to be 20.3 °C. The water always had ample time to

come into equilibrium with this temperature during the many hours before any experiment began

because the same water was used over and over again from a storage reservoir. That storage

reservoir was in the same room as the tank in which the experiments were performed.

The plutonium metal, however, was quite warm due to energy dissipated within the

metal. The source of this heat was the constant emission of naturally occurring ~ 5 MeV a-

particles which came to rest within the metal. A quantity of this plutonium, built into an array in

air but within an open-topped container, resulted in a heat loading worthy of discussion. The

metal's temperature would be reduced as the water added during an experiment drew heat from it.

The water mass was so much greater than the metal's that a simple heat-energy balance

calculation suggests that the water temperature would hardly rise at all. Still, the heat source

continued unabated; so the metal would always be a little bit warmer than the water. This small

effect would expand the plutonium a little, relative to non-radioactive metal in water, lowering its

density some amount.
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Between experiments, the metal would heat up again as this constant heat source reached

radiative equilibrium with the air and achieved a constant temperature. This thermal cycling

proved to be a problem to be discussed in a later section.

The precise temperature of a doubly-canned plutonium fissile unit at equih'brium with its

air environment during storage was never actually measured. That data would have helped

estimate the adiabatic temperature of the assembly (and, therefore, the density of the metal) at

the time criticality was achieved. Even though that temperature was never measured, one

qualitative fact is known. The stainless steel cans were too uncomfortably warm to be held in the

hand for a long time and, so, were clearly well above body temperature (they felt warm to the

hand).

This temperature was estimated by a rather simple empirical expedient. A comparable

chunk of metal (0.5 kg of cast iron) was heated to various temperatures using hot water and held

in the bare hand. The goal was to attain a temperature that matched the author's recollection from

a decade ago of what it felt like to hold the canned plutonium. The result of this "kitchen

experiment" was that the doubly-clad fissile unit's ambient temperature, in air, was about 43 + 3

°C. This determination was surprisingly clear; a 40 °C temperature felt too cool, 46 °C, too hot.
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Water was always added slowly during an experiment, especially throughout the half-

hour before and during the critical condition. This allowed the water and the metal to attain an

equilibrium temperature adiabatically. Mathematically, this can be stated as follows:

{M(Pu)C(Pu) + M(SS)C(SS)}T(can) + M(water)C(water)T(room)

= [M(Pu)C(Pu) + M(SS)C(SS) + M(water)C(water)]T(final)

where T(final) is that equilibrium temperature sought. Masses and specific heats are denoted by

the letters M and C, respectively. T represents temperature. The first line of the equation repre-

sents the situation before the water floods the metal; the second line corresponds to the flooded

situation.

This heating/cooling cycle happened about 50 times during the first series of experiments

and 20 more times while studying the 3x3x3 array. A contamination release problem resulted

from this repeated thermal cycling; and this is discussed in a later section. Another theoretical

consequence of this thermal cycling is the change in density of the plutonium metal already

mentioned. A simple calculation reveals that the change from 43 °C to 22 °C increased the

density about 0.1% (to 19.58 mg/mmj.
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FISSILE MATERIAL

The fissile components were machined plutonium metal cylinders sealed within thin-

walled aluminum cans having mild steel lids crimped in place much like a canned food product.

The plutonium fit within this can quite closely. One could not sense any movement of the metal

cylinder within the can when the can was gently rocked in the hand. This produce can was, in

turn, placed within a thick-walled stainless steel can fabricated in two halves which were glued

together. The produce can, however, fit quite loosely within the stainless steel outer container.

A significant "rattle" was heard when the completed unit was rocked in the hand.

In spite of this looseness, routine handling tended to center the inner container within the

outer. This was determined using a lead-filled simulation can and the bottom half of a stainless

steel can. The inner can was placed randomly - including completely off center - within the outer

and then tapped, jiggled, and handled in approximately the same manner as recalled from years

earlier. The results of this imprecise reconstruction were that the inner can would generally seek

about the center of the outer can.

Figure 13 shows a double cut-away of the plutonium metal inside the duminum can

inside, in turn, the stainless steel secondary container. Four stages are illustrated in Fig. 14. The

upper left shows a bare cylinder in early 1983. The dark coloration is a thin film of oxide on an
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Inner can

Outer can

2392-WHT-8M-01

Figure 13. Plutonium metal (shaded) fit closely within aluminum inner
cans which had rolled steel lids (both: single cross hatch).
These slipped rather loosely inside stainless steel cans
(double cross hatch), composed of two parts glued together
at a stepped joint.
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Errata

Experimental Critical Parameter of Plutonium

Metal Cylinders Flooded with Water

(INEL-96/0250)

The photographs in Figure 14 (Page 59) and the photographs in Figure 34 (Page 167) should be
interchanged.



.4-.

C254-WHT-696-07

Figure 14. Four stages of the double containment of plutonium metal.
The aluminum cans seen in two views actually contain a
lead simulation of the plutonium cylinder (note hole in lid).
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otherwise pure plutonium metal piece. Sharp edges formed during machining were broken,

forming a small but unmeasured radius visible in the picture. The metal is being held within a

glovebox at the Rocky Flats Plant (RFP). The upper right shows the aluminum can with the

steel lid. This photo is of a lead-filled can (simulating plutonium); the hole in the lid's center

betrays this fact. The aluminum can has been placed in the lower section of the two-piece

stainless steel outer container in the lower left photo. The spacious radial tolerance is evident

here. The finished fissile unit is pictured at the lower right. The white patch near the step joint

seam is residual glue. This photo was also taken through a glovebox window even though the

unit was not contaminated until placed within the glovebox in early 1983.

The plutomum metal cylinders were fabricated at the Hanford facility in the early-1960s

for the Lawrence Radiation Laboratory (LRL) at Livermore, California16. The isotopic

composition reported in the 1971 reference is given in Table I. These data were determined from

about 10% of the entire lot. Elemental impurities, determined by spectrographic analysis,

expressed in mg of impurity per jig of plutonium (ppm) are also given.

16 H. F. Finn, N. L. Pruvost, O. C. Kolar, and G. A. Pierce, "Summary of Experimentally
Determined Plutonium Array Critical Configurations", UCRL-51041, TID-4500, UC-46, May
10,1971.
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Table I.

Plutonium Metal Isotopic Composition

isotope

weight-percent

239

93.56

240

5.97

241

0.46(a)

242

0.01

Elemental Impurities in Plutonium Metal

(parts per million, ppm, by weight)

Ag

Al

B

Ca

Cr

Cu

<1

5

1

100

20

5

Fe

Mg

C

Mn

Na

35

20

180

5

1

Ni

Pb

Si

Sn

Ti

50

<1

15

<2

5

Total metallic: 265 ppm

(a) Measured in July, 1965, and decaying with a 13.2-year half-life (see text).

The reference acknowledged that the 241Pu isotope is, in fact, decaying with a 13.2-year

half-life. This beta decay forms a very gamma-active isotope, 241Am. Figure 15 shows the

calculated ingrowth of this hazardous isotope between 1965 and 1983 when all cylinders were
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1960 1965 1970 1975 1980
January of the year shown

1985

Figure 15. The calculated component (solid line below shading) of the
isotope241 Am between the year the cylinders were machined
and their return to production (vertical arrow). The shading
suggests the uncertainty because the date the plutonium was
last cleansed of Americium is uncertain.
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returned to production. The calculation is purely theoretical and assumes only the stated nuclear

decay scheme. No consideration was given to the growth of 241Pu through other processes nor the

decay of 241Am by any scheme. The solid curve at the bottom of the shaded region assumes no

241Am existed when the 241Pu content was measured in 1965. The year the plutonium was last

cleansed of Americium is not known; so some uncertainty in the amount of the higher-Z isotope

exists, represented by the shaded region.

The practical consequence of this ingrowth of Americium was two-fold. The isotope is

fissile but with different cross sections than 241Pu; and the cylinders become quite a severe

external radiation hazard to the experimenters. Handling had to be streamlined and performed

quickly but safely. The time-honored principals of reduced exposure time, greater distance, and

increased shielding were called into play wherever possible.

The plutonium was sealed into the inner container about the time of manufacture; but

these units were not placed into the stainless steel containers until many years later. The set of

130 such units were used in critical and subcritical experiments at LRL for more than four years;

but that study was terminated in September, 1969. A few years later, the entire lot was shipped

to Rocky Flats, still in aluminum cans, for continued use in critical experiments.
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Seven additional units, identical to the plutonium except they were uranium, were

manufactured at RFP to serve as "substitution" cylinders. The plan was to achieve criticality

with an all-plutonium array and, then, repeat the experiment with a few substituted cylinders.

Five were about 93%-enriched 235U with a mass of 2903 + 9 g; and two were depleted uranium,

essentially all 23SU with masses of 2956 and 2970 g. None of the seven were ever used, although

they are still in storage at RFP. Six other cylinders were fabricated and canned as part of this

"substitution" set. These were borosilicate glass which would absorb neutrons when placed in an

array. Their mass was 330 + 3 g; and height and diameter were 45.0 + 0.3 mm and 64.7 + 0.1

mm, respectively. These were never used either but still exist.

Production needs for plutonium metal at Rocky Flats required half the inventory be

returned to the production stream soon after the material arrived at RFP (December, 1973). This

left only 65 fissile units for further experimentation. The number was adequate to build a 4x4x4

array, smaller than the 5x5x5 array possible with the original set.

The second canning within stainless steel was felt necessary at RFP to prevent

contamination release in case an aluminum container split open if accidentally dropped. The two

halves of the stainless steel can were glued together with a thin coat of RTV (Room Temperature

Vulcanization) silicone rubber sealant17, similar to a commercial bathtub caulking compound. The

17 RTV Sealant distributed by Rutland Products of Jacksonville, IL, and Gastonia, NC.
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amount of glue used was not measured but may be described as "a thin bead of finger width

wiped all the way around the step". The elemental compositions of these non-fissile materials is

presented in Table II. Finally, a threaded hole (nominally 6.3 mm in diameter by 3.9 mm deep)

was centered in the outer can's top surface. This was used for handling with a long-handled rod

to reduce radiation exposure.

Detailed dimensions of the two cans are given in Fig. 16. The entire inner can is

illustrated; but only one side of the outer is shown in cross section. The two containers are

drawn to the same scale; but the separation between the two is exaggerated for clarity.

Rocky Flats experiments would immerse these containers in water and do so

repeatedly. The RTV sealant was expected to exclude water from the inner can and, ultimately,

from the plutonium itself. Use of this sealant was questionable based on eventual developments.

Evidently, the inadequacy of the glue permitted one of the metal cylinders to become

unintentionally and unknowingly wet. This converted some of the metal into a plutonium
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Table II.

Elemental Compositions of Non-Fissile Materials
in the Doubly-Canned Plutonium Units

element

Al

C

Cr

Cu

Fe

Mg

Mn

Ni

P

S

Si

Sn

Zn

all
others

nominal
alloy

aluminum
can

[96.05]

0.25

0.7

1.05

1.25

0.30

0.25

0.15
max

3004

mild steel
lid

o.os

[99.2]

037

0.015

0.025

0.01 max

0.30 (*)

mild
steel

stainless
steel

0.03 max

18.0/20.0

[65/74]

2.0 max

8.0/12.0

1.0 max

304L

silicone
sealant

(#)

RTV is a

silicone polymer

containing fumed

silica and is

believed not to

contain any

strong neutron

absorbers.

"RTV" I

Ordinary font represents textbook values or ranges compositions.
Bold font represents compositions quoted from the 1971 reference.
Square brackets represent values determined "by difference".
(*) The tin was plated on the surface of the steel as tin-plate.
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Figure 16. Detailed dimensions (mm) of the aluminum inner and stainless steel
outer can, shown only in one side section. Both are to the same scale;
but the separation between the two is exaggerated for clarity.
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compound at some time prior to the last one or two critical experiments. Consequences of

thermal heat cycling and possible radiation damage to the glue leading to the formation of

compound are discussed in a later section.

Exactly when this moisture seepage began is not known. After it did start, at least that

one plutonium metal cylinder could be suspected of consisting of a small amount of plutonium

compound in addition to the metal, itself. Even so, the stainless steel outer container is known

not to have leaked during any experiment; so the stainless steel outer container confidently

contained all its plutonium in one form or the other.

Each plutonium component was a machined right circular cylinder. The original weights

for the full set of 130 cylinders have been reported to vary between 3004 and 3043 g with an

average of 3026 + 8 g. The exact masses of the 27 cylinders used in both experimental programs

are given in Table III. The total and average masses of cylinders used in 1 to 5 trays of four

cylinders each for the first experimental program and the same data for the 27 cylinders of the

second program are given there. Interestingly, the average mass of every subset of cylinders is

equal to or greater than the average of the full set of units. Therefore, the other 103 must have

contained cylinders a little lighter than the ones used.
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Table III.

Precise Plutonium Masses for the Several Arrays
Studied in Two Experimental Programs.

Plutonium
Cylinder

Can
Number

066
067
068
069
070
071
072
073
074
075
076
077
078
079
080
081
082
083
084
085
086
087
088
089
090
091
092

Plutonium
Cylinder

Mass
(9)

3025
3032
3031
3032
3034
3035
3014
3028
3020
3022
3008
3028
3028
3033
3025
3027
3032
3031
3025
3031
3032
3029
3029
3031
3033
3035
3034

Array Parameters

configuration a

2 x 2 x 1

2x2x2

2x2x3

2x2x4

2x2x5

3 x 3 x 3

total
plutonium

mass
(g)

12,120

24,231

36,309

48,422

60,541

81,754

average
plutonium

mass
(g)

3030 ±3.4

3029 ±6.8

3026 ±8.4

3026 ±7.4

3027 ±6.8

3028 ±6.3

number
of

cylinders

4

8

12

16

20

27

pr
og

ra
m

F
irs

t 
ex

pe
rim

en
ta

l
S

ec
on

d

a. The lowest tray contained cylinders #066 to 069, the next higher tray
contained #070 to 074, and so on. For each tray, the lowest numbered
cylinder was in the northwest corner and higher numbered cylinders
followed clockwise from there.
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The aluminum cans weighed 19.2 g each according to the 1971 reference. The cans were

deep-drawn and seamless. Sides were 0.37 mm thick; but the irregular bottom was much thicker:

0.87 mm. The steel lid of the inner can weighed 8.28 g; and it was 0.21 mm thick.

Unfortunately, the stainless steel cans were not weighed upon manufacture; so this weight was

derived another way. The first eight finished cans were weighed. The mass of the associated

plutonium cylinder (from Table III), one aluminum can, one steel lid, and an assumed 0.5 g of glue

was subtracted from that recorded weight. The result of this indirect measure for the mass of a

stainless steel can was 899 + 27 g. Fortunately, one can from the set still exists. It weighed 915

g, in agreement with the indirect measure.

The plutonium was weighed after machining but before canning. Such a hazardous

material must be handled carefully; and, for this reason or some unknown other, weights were

recorded upon fabrication but dimensions were not. The dimensions given below are

"recommended working values" derived and suggested by the authors of the 1971 Reference. The

average height (H) and diameter (D), referred to on Fig. 13, was 46.33 + 0.15 mm and 65.25 +

0.05 mm, respectively. The density was 19.53 + 0.08 mg/mm3.

The parameters given in the preceding paragraph are for the fall compliment of 130

cylinders originally manufactured. The mass of the bare plutonium metal cylinder was never

again measured either at LRL or at RFP. No record could be found listing the masses of cylinders
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returned to production in 1983. Only the serial numbers of the items kept was noted. This

absence of occasional weighings of these important items stems from the fact that they were

sealed within containers plus the hazards of handling this carcinogenic and pyrophoric material.

Only the combined mass of the metal in its enclosures would have been possible; and even this

was not done. This blemish is not considered important.

Individual cylinders were so similar to one another that small differences in dimensions

and weight are considered inconsequential. Each cylinder was considered a precise substitute for

any other. Still, the set selected for any experiment began with serially sequential units starting

with the lowest number still on hand - #066; and all experiments with a given array description

used the same units in the same positions. Only the lattice spacings were varied to vary experi-

mental conditions.

A statistical discussion of the impact of the reduction in number of cylinders on the

physical parameters is interesting. If one assumes the goal was to manufacture all 130 cylinders

to be identical, variations in mass, height, and diameter would be fully random throughout the

entire lot. Then, the averages of these three parameters are expected to remain the same. This

conclusion is based upon the following argument: the average of any large subset from a much

larger set of nearly identical measurements is that the two averages should be the same; but the

standard deviation of the smaller set is expected to be larger than that of the larger set.
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Mathematically, this may be expressed as follows where x represents any parameter of the whole

set of 130 cans and Xi and X2 represent the retained and discarded 65 cans, respectively:

<x2>]

8x2=5x1
2

and

or

if = 8x2.

Using this argument, this author recommends increasing the standard deviations given in the 1971

reference for dimensions H and D by V2. This is not necessary for the weights because specific

masses for specific experiments are given in Table III.
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WATER REFLECTOR/MODERATOR

The water used in both experimental studies was ordinary tap water at room temperature.

This is probably an adequate description for this section; but some applications may require

greater detail.

Rocky Flats' raw water comes from nearby Ralston Reservoir and is treated at the plant

before being distributed. According to the Denver Water Board, raw water delivered to Rocky

Flats is sampled periodically for a variety of properties. Results for one recent 26-month-long

period are presented in Table IV. Experience indicates that these properties neither change much

seasonally nor over a span of years; so the tabled data is considered representative. Uncertainties

given could be increased (perhaps doubled) to account for the published data coming from a

different time.

The treatment program for raw water at Rocky Flats, also, has been relatively unchanged

over many years. Water used in these studies received no special treatment because of its use

nor subsequent analysis. Rocky Flats adds aluminum sulfate and lime to adjust the pH to about

8.0. In addition, caustic flake, chlorine, and an FDA-approved polymer (to aid coagulation) are

added to between 20 and 60 parts per million (ppm). Rocky Flats uses about 2400 liters of

water per minute during normal plant operations.
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Table IV.
Measured Properties of Water Coming to Rocky Flats

Between January, 1992, and March, 1994.

Analysis

General (mg/L, unless stated)
Alkalinity as calcium carbonate
Dissolved oxygen
Hardness as calcium carbonate
pH (std. units)
stream flow (cfs)
Temperature (°C)
Total Dissolved Solids
Total Suspended Solids

Metals (mg/L)
Barium
Calcium
Copper
Iron
Magnesium
Manganese
Sodium

Ions (mg/L)
Ammonia-Nitrogen
Chloride
Nitrate-Nitrogen
Phosphorus
Sulfate

Radiological (pCi/L)
Alpha
Beta

Microbiological (per lOOmL)
Fecal Coliform
Fecal Strep
Total Coliform

average

17
10.3
49
7.9
82
10
37
2

0.02
3

(0.012)
0.12
1.5

0.012
1

0.02
0.7

(0.05)
0.03
5.1

(less than 1)
(less than 2)

6
(11)
(27)

std. dev.

4
1.5
27
0.1
38
3
3
2

0.00 '
1

0.04
0.0

0.007
0

0.01
0.3

0.00
0.2

6

Values in parentheses are estimates of typical values, not measured averages.

74



Results of the plant's 1994 water-sampling program over the first three months were

obtained. Turbidity was usually less than 1, occasionally between 1 and 10, but seldom higher

(30 max) NTU18. The average total alpha count was less than 1.0 pCi/liter with a maximum

allowed limit of 15. The average total beta count was 2.4 mrem/yr-equiv out of an allowed 4.0.

Copper and lead generally remained about 1% and 30%, respectively, of the allowed limit. Iron

varied between much less than the limit to 10 times the limit on one measurement. Coliform, a

bacterium, were always absent.

Water used for the first series of experiments was discarded before the second program

began; so both series began with fresh water. Within each program, however, the same water

would be used over and aver again. Water for both programs was stored in the same aluminum

reservoir between experiments. That reservoir, however, had previously contained an oil which

had been used to approximate water on a series of previous critical experiments19 involving oil-

reflected uncanned plutonium metal spherical geometries. The reservoir had been cleaned with

soapy water and rinsed as well as possible when the oil was discarded in favor of water; but this

was difficult to do because of the design of the reservoir and the inaccessibility of its interior.

For that reason, it may have contained trace residues of this oil. On one occasion very early in

18 This unit of turbidity is Nephelomepry.

19 D. C. Hunt and M. R. Boss, "Plutonium Metal Criticality Measurements", JOURNAL
OF NUCLEAR ENERGY, 25 Pergamon Press (1971).
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the first program, water pumped through the system on the first three experiments was observed

to be slightly discolored. It was discarded in favor of fresh water.

Late in the first program, so much water was needed for the 2x2x5 arrays that the amount

in the reservoir proved insufficient. These two experiments were so close to criticality and the

reciprocal multiplication curve so well defined that the extrapolation of critical heights was

considered adequate.

The existing reservoir was far too small for any anticipated experiment in the second

program. This problem was solved by connecting two 55-gallon drums to the reservoir for added

capacity. These do not show in any figure; but all water storage was well removed from the

vicinity of the experimental tank.

Water was changed twice during the second program. The first was not due to oil

contamination at all. A few valves had been discovered to contain iron components which began

to rust That water was changed at the same time the components were changed to brass ones;

this occurred after the seventh experiment in the series. The second change occurred after the

eleventh experiment. Evidently, changing components released a trapped pocket of oil because a

faint skin of oil was found on the surface of the water in the reservoir.
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Oil was not chosen as the moderator/reflector material for the present studies for two

reasons. Oil is a hydrocarbon; and, while it does contain somewhere near the same hydrogen

atomic density as water, it does not represent water perfectly. The second reason is that the

Rocky Flats Fire Department recommended against its continued use because of increased fire

risk. To the oil's credit, however, bare plutonium metal withstood many immersions in this oil

with no apparent chemical attack. Water, on the contrary, is very incompatible with plutonium

metal.

Water used in the present experiments was not contaminated with oil as stated above.

Still, a sensitivity study assuming some oil contamination might be desired. Texaco 522 oil is

described by the manufacturer as a dry, pure, hydrocarbon oil with a carbon-to-hydrogen ratio of

6.8 and a density of 0.889 mg/rnm_. Unfortunately, the water was never analyzed for oil

contamination, impurities, or anything else. The assumption was made that the water was

simply and exactly H2O; and this was deemed adequate.
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APPARATUS

Equipment used for both experimental programs was the same up to the experimental

tank and its contents. The storage reservoir and water distribution plumbing was essentially the

same. Only the locations of the two relative to the experimental tanks varied with the two

studies.

Materials used were sometimes specified in detail but other times not. When not

specified, aluminum alloy is assumed to be probably Type 6061 aluminum because that was the

common material used for general construction at Rocky Flats. Stainless steel components,

likewise, probably were either Type 304 or 304L for the same reason. Plastic components were

probably either of two common commercial methyl methacrylate polymers: Plexiglas20 or

Lucite21. These, too, were in common use at Rocky Flats. One other common methyl

methacrylate (at Rocky Flats) was carefully avoided; it was a fire-retardant plastic that contained

bromine, chlorine, and phosphorus.

20 Registered trademark of AtoHaas North America, Philadelphia, PA.

21 Registered trademark of ICI, Wilmington, DE, now but the trademark of E. I. Du Pont de
Nemours, Wilmington, DE, then.
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Reservoir

The reservoir was almost a rectangular parallelepiped. It was 1.88-m long by 0.66-m

wide. The top surface was level; but the bottom was sloped for drainage. One end was 0.381-m

high, the other, 0.356 m. The reservoir was constructed of 4.76-mm-thick Type 6061-T6

aluminum plate except for the top; it was thicker (12.7 mm) to support the weight of a person.

The reservoir was externally braced at the thick end with aluminum angle stock about 25 mm on a

side. Similar bracing was found at one-third and two-thirds the length; but the shallower end had

no such stiffener. The reservoir was elevated above the floor by aluminum angle stock at both

ends. The thicker end had a 51 mm by 51 mm angle (9.5 mm thick); the other was 76 mm by 51

mm angle, also 9.5 mm thick. This difference matched the sloped bottom. The top surface was

fitted with two rectangular access plates; and a submersible pump would later be placed at the

deeper end. Two nominally 25-mm-diameter threaded pipes welded into the top surface would

later be connected to the SCRAM lines; and a coupling welded into this top was used to connect

the pump to the distribution manifold.

In the first experimental program, the bottom of the experimental tank was centered 0.3 m

above the top surface of the reservoir and also centered along its length and width. An aluminum

channel framework outside the experimental tank provided this support. The fact that some

water remained inside the reservoir when criticality was attained must be recognized. That water
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provided additional bottom reflection to the array under study, although the higher the critical

height, the less reflector and the further away it was.

The reservoir was a few meters away from the experimental tank for the second program.

The two had been separated for two reasons. One avoided the question of possible additional

reflection; the status of water in the reservoir is insignificant with that separation. The other was

because an experimental tank of a different geometry had been designed. It more closely

approximated infinite reflection to the array.

The capacity of the reservoir was about 430 liters. This proved adequate for most

experiments of the first series; however, two later experiments lacked sufficient water. Criticality

had to be determined by extrapolation because of that limitation. The second study employed a

much larger experimental tank and needed more water. Additional capacity was added in the

form of two 55-gallon drums laid on their side and piped into the reservoir.

Water Distribution

The water distribution system was constructed mostly of copper tubing and brass valves.

The pump used to move water from the reservoir into the tank was an inexpensive submersible

one resting on the bottom of the reservoir. Control valves were actuated by electric solenoids.

The pump operated continuously during an experiment; but water did not move unless called for
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because valves were closed. Experimenters remotely opened appropriate valves to admit water

at the intended rate. The fastest was that attained with the chosen pump and a single copper

line. Two lesser rates were accomplished by placing cupped metal diaphragms in two parallel

lines. These diaphragms had small holes of different sizes drilled in them. Different flow rates

resulted simply from the increased impedance of these holes. This simple expedient worked very

well. A fourth flow rate resulted from both solenoid valves on the two diaphragmed lines

opening at the same time.

Both SCRAM valves were screwed directly to the bottom of the tank. This assured that

any experiment could accurately be described as having no water columns projecting below the

bottom surface of a tank. Steel pipe (not copper tubing) connected these valves to the reservoir

in the first program. The second was a little different because the water storage and the

experimental tank were so far apart. Clear plastic tubing (nominally 25 mm diameter) connected

the two. Smaller plastic tubing connected the tank to the water distribution system at the

reservoir.

Water heights in an experimental tank were indicated outside by a simple U-tube sight

gauge. This 12.7-mm-diameter clear plastic tube from a fitting at the bottom of the tank was

clamped vertically to the tank. Water heights, relative to an adjacent calibrated linear scale, were

read remotely by a closed circuit television camera. The camera was mounted on a vertical shaft
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and could move up and down with the water level. This eliminated water height inaccuracies due

to parallax resulting from a fixed-height camera merely rotating vertically.

First Program:

Tank

The aluminum experimental tank was a right circular cylindrical shell 711 mm in outside

diameter; and this was the design reference parameter22. The shell was formed by rolling 6.4-mm-

thick Type 6061-T651 duminum plate, welding along the vertical side seam. The tank stood

1.31-m tall over its top stiffening ring welded to the rolled plate. It had a flat bottom but was

open at the top. The radial width of the stiffening ring was 25 mm; and its inside diameter was

673 mm. The ring was 32 mm high but heavily chamfered at both top edges and the bottom

inside edge. This chamfer facilitated movement of hardware into and out of the tank.

The bottom had the same thickness and composition as the rolled side. Both SCRAM

connections were welded there as pipe couplings diametrically opposed from one another but

near the outside of the tank. The fill connection coupling was 90° between and also welded near

the outer edge. The only other hole in the bottom was a welded coupling for the water height

measurement. It, too, was near the outer edge but was rotated 15° from the SCRAM valve

diameter.

22 A dimension more important to the final design. Other dimensions might vary a little due
to material thickness and other reasons; but the reference dimension must be held.
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Three ports were welded to the side 0.43 m above the bottom. These were intended to

receive, later, radiation detectors projecting radially inside the tank; but this design was never

used. The presence of detectors would have excluded water which would alter the moderation of

the array under study; and it limited the design of arrays to be placed into the tank. Still, the

three ports, on 120° centers, formed small pocket of water outside the smooth boundary of the

right circular cylinder. Each pocket was a cylinder about 64 mm in diameter projecting 38 mm

from the side.

Most features described above are clearly evident in Fig. 17. The tank has been wrapped

in a thermal insulation blanket in anticipation of an interesting experiment23 never actually

performed. The insulated piping to the right of the picture and the hardware (pump) behind it

were part of the same design. The insulated lid would help retain heat; but it was really used as a

dust cover for the tank between experiments. (It never was in place during an experiment.) One

SCRAM line is visible at the bottom of the tank in the foreground. One of the never-used

detector ports is right of center. The tall pipe and fixture at the very top left of the photograph

was associated with an attempt to measure water height by another method which failed.

23 The plan was to measure the temperature coefficient of reactivity for any kind of uranium
metal system of interest reflected and moderated by a liquid. The critical parameter of the metal
would be measured for room temperature liquid. Then, the experiment would be repeated at a
measured, elevated temperature. If the heated liquid were added slowly, the uranium would
achieve that same temperature. The difference in critical parameters would be the desired
coefficient of reactivity.
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Figure 17. The tank for the first experimental program is shown wrapped in
thermal insulation blanket for a future study that never materialized.
The cover was not present during experiments. The insulated line
at the right is part of that same future study.
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Trays

The plutonium was contained in trays defining the AX and AY horizontal lattice spacings.

Then, similar trays were stacked vertically to establish the desired AZ spacing. Horizontal

spacings were limited to those available from the seven patterns machined. A much wider range

of vertical spacings were possible because of the way these were set.

Trays of a given pattern came in sets. For each set, five were identical; and these would

be used for the second through sixth layer, if an array was built that high. The set also included

one tray of slightly different design; this was the bottom tray. Figure 18 shows one such set.

Each tray of the set of five was constructed of two flat, parallel, horizontal, square

aluminum plates. The upper one had circular holes machined in it to define AX and AY. Holes

were just large enough to receive canned plutonium cylinders with an easy slip fit (763 mm); and

it located the plutonium. The lower plate had no holes and kept cylinders from falling through.

Both were 6.4-mm thick. The aluminum alloy was probably Type 6061 as discussed above.

The equal length and width of these square plates was derived from Fig. 18 by a clever

means. The lattice spacing for this tray is 120 mm ("4.72 inches"). The ratio of both one and

two times this distance to the full width of the plate was measured several times across sets of

three holes in the same plane of the camera. This approach provided several measures of the
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Figure 18. Examples of the types of trays used in the first program.
The bottom tray is to the left.
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plate width. Only parallax effects contribute error; and this was reduced by multiple readings

over many regions of the photograph. The result of this effort was 456 + 3 mm. Next, this

dimension was converted to English units and then rounded to the nearest dimension that would

reasonably have been requested of a metal fabricator. The result of all this detective work is that

the plates are claimed to be probably 18 inches square (457 mm). Corners of both plates were

rounded to a radius of about 25 mm as inferred from the photograph. Each plate's edges were

also rounded to prevent cuts.

The two plates were separated by four short lengths of aluminum bar stock, one in each

corner. This raised the higher plate to about the mid-plane of the plutonium. A second set stood

immediately above the lower four and provided vertical spacing for a later cover plate for the

tray. Thus, eight short lengths of small, round bar stock and two square plates were welded

together to form a typical tray. Holes were drilled in each corner for reasons explained later. Bar

stock pieces were turned and bored before assembly. Each was 30.6 mm high, 24.5 mm in

diameter, and had a 13.2 mm hole. The mass of one was 27.6 g.

The bottom tray was different. It differed only in that the lower plate was not welded in

place. Thus, the bottom tray consisted of a single plate with array-spacing holes plus eight short

lengths of bar stock, four on either side of the plate.
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Seven sets of six trays were fabricated in this fashion. Three were for cylinders in

horizontal contact with one another; so their design was still different. Rather than having a

square array of round holes, only one square hole was machined in the plate defining the array.

Side lengths were just large enough to accept 2 ,3 , or 4 plutonium cylinders on a side, so arrays of

4,9, and 16 cylinders in contact could be built. The complete set of all trays built for this study

is listed in Table V and shown in Fig. 19. Spaced arrays are to the right, in-contact trays to the

left. One tray from the 2x2 set with zero spacing is missing from the photograph.

Only five of the seven were actually used because arrays larger than 2x2xN were not

studied. Thus the second and third trays of Table V were unused. The last four sets, however,

were used by leaving some positions unoccupied. Several 2x2 spacings are possible this way;

and some of them used the diagonal distance between holes as the lattice spacing. Two patterns

found the array off center with respect to the tray. Specific patterns studied in this program is

presented in Table VI. The third column associates trays with Table V; and the last column gives

the average mass of an upper tray and the mass of the bottom tray.
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Figure 19. The full compliment of trays fabricated for the first experimental
program. Three sets for arrays in contact (76 mm) are seen to the
left. The bottom tray, different from all the others, rests on top of
each set. Only the two sets to the far left were not used. One 2x2
tray is missing from the photograph.
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Table V.
Available Trays for the Horizontal Spacings

of the First Experimental Program

Horizontal

Array Pattern

2x2

3x3

4x4

4x4

4x4

3x3

3x3

AX = AY

(nun)

in contact (76 mm)

in contact (76 mm)

in contact (76 mm)

90.0

100.0

100.0

120.0

Hardware

The bottom tray was filled first. It was slid over four long lengths of threaded stainless

steel rod stock, one in each corner. Each threaded rod (V-20) weighed 1161 g and was screwed

into a turned stainless steel cylinder 102 mm long by 25 mm in diameter24, weighing 386 g each.

The purpose of these four "feet" was to elevate the lowest layer of plutonium such that a nearly

24 The diameter of these seems to be smaller than the short aluminum bars used in tray
construction judging by Fig. 7; but this is attributed to shadows in the photograph. The diameter
quoted, although not recorded at the time, is consistent with the known length of the cylinders
and a typical density of stainless steel.
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Table VI.

Occupied and Vacant Positions for Specific
Trays Employed in the 2 x 2 x N Arrays

of the First Experimental Program.

Horizontal
Lattice

Spacing
Ax=Ay

76 mm

90 mm

100 mm

120 mm

141 mm

170 mm

180 mm

200 mm

Positions
Occupied (°)

or
Vacant (•)

0 O
0 O

• O O -
• O 0 •

• o o •
< o o -

• o o
• o o

• o •
o • o
• 0 •

• o •
o • o
• o •

o • o •
O • 0 •

o • o

0 • O

Tray
Designation:
array pattern
and spacing

2x2@ 76mm

4 x 4 @ 90 mm

4 x 4 @ 100 mm

3x3 @ 120 mm

3 x 3 @ 100 mm

3 x 3 @ 120 mm

4 x 4 @ 90 mm

3x3 @ 100 mm

Tray
Masses (g)
upper tray(s)

lower tray

7056 ± 75
3410

6196 ±88
2485

6216 ±99
2603

6733± 140
3206

6661 ± 74
3185

6733 ±140
3206

6196 ±88
2485

6661± 74
3185
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effectively infinite thickness of water would reflect the bottom of any subsequent array. The

stainless steel component were rigidly attached to the bottom-most plate of the whole final

assembly. The detailed method of making this plate-with-four-corner-rod baseplate assembly

rigid is not recalled. Still, it was very secure. Figure 7 shows they were not welded and welding

aluminum to stainless steel is not possible. This plate was composed of aluminum and was 6.4

mm thick by 457 mm square. Again, corners and edges were rounded. The combined weight of

this baseplate and its stainless steel components was 9660 g.

The overall height of one corner rod (specifically, the northwest) screwed into its

stainless steel foot was 1250 mm; and this dimension became the reference for all subsequent

measures of heights of an assembled array or any component thereof. Other corner rods may

have varied a few'millimeters in length; but this information was not recorded.

After the bottom tray was filled with its intended plutonium, a cover plate was lowered

into place. The bottom surface of this plate was co-planar with the tops of the cans and the

upper four pieces of bar stock welded to the tray. Later, similar cover plates would be installed

above each layer of plutonium. The purpose of the plates was to keep the plutonium in place

even if the array should tip over. The plates weighed 3505 + 77 g. Each plate was 457 mm

square with rounded corners and edges, 6.4 mm thick, and made of aluminum. They, too, had a

hole in each corner which lined up with holes in trays and the baseplate assembly.
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The overall vertical thickness of any loaded tray was 82.55 mm. This was calculated but

not measured. The dimension is from the bottom surface of a tray to the top surface of the

associated cover plate.

Successive vertical layers were separated one from another by sets of stainless steel

spacer pieces, or shims. The vertical lattice spacing, then, would be the sum of these shims on

one threaded rod plus the 82.55 mm of a tray. Stainless steel was used because the material

would maintain dimensions better than aluminum. Shims were made of round bar stock bored to

slip-fit over the corner rods and are shown in Fig. 20. Sets of four identical shims were made in a

variety of lengths in 5.08-mm increments up to 50.8 mm. Twenty pieces of each length were

machined. Just one set, only 2.54-mm thick, completed the collection and permitted finer

increments. One, two, or more shims were slipped over each threaded rod to achieve the desired

AZ. This construction allowed quite large spacings in small increments of 2.54 mm. The average

diameters of all shims were 25.48 + 0.01 mm outside and 15.89 + 0.01 mm (hole). Lengths,

averaged over 10 measurements of each size, is presented in Table VII. The same table also give

one-twentieth of the combined weight of 20 identical units.

Care was taken to keep these spacer shims free of dirt and grease; and they were handled

gently to prevent burrs from forming. The vertical lattice spacings quoted in this paper may,

therefore, be accepted with good confidence.
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Figure 20. Some combination of these spacer shims on each threaded rod
plus the 82.55 mm thickness of a tray defined AZ for the first
experimental program. The thinnest shim is not shown.
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Table VH.

Dimensions of the Spacer Shims

Used to Set AZ

Thickness

(mm)

50.90 + 0.01

45.72 + 0.02

40.70 + 0.07

35.50 + 0.01

30.59 + 0.01

25.32 + 0.02

20.26 + 0.04

15.43 + 0.02

10.32 + 0.01

5.22 + 0.02

2.54

Mass

(g)

124.5

111.5

99.5

86.8

74.8

62.0

49.5

37.8

25.2

12.6

5.7

After the last layer of plutonium was in place and covered, some amount of threaded

stock existed above the top tray. For a three layer array with small spacing, this would be

considerable. A five-layer array with a wide AZ would have much less. Whatever was exposed

was covered by one or more lengths of stainless steel tubing. Again, four of each length, one for

each corner, were necessary. These hold-down tubes (see Fig. 21) transmitted force from the
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Figure 21. Hold-down tubes transmitted force from the lifting cross to the
top of the array. Shims of Fig. 20 are seen to the left center
(smallest one missing).
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lifting device, secured at the top of the threaded stock, down to the top of the highest array.

With this assembly technique, the completed array was mechanically very secure and solid.

Hold-down tubes were 15.88 + 0.07 mm in outside diameter and 13.42 + 0.01 mm inside.

They were manufactured in 152.4-mm-long increments up to a length of 1067 mm; but shorter

ones (25.3, 50.9, and 102.0 mm long) provided a much greater selection. Lengths and masses of

these are given in Table VIII.

An X-shaped holding cross was placed onto the four threaded rods on top of the hold-

down tubes. The whole assembly was made secure by nut-and-washer combinations atop each

rod. A second nut locked the first. The lifting cross is believed to have been made of stainless

steel; but neither the material nor dimensions were recorded; nor is the item, itself, available two

decades after experiments. The cross shows clearly in Fig. 8 and is not expected to influence

reactivity of any array very much, even though it was in place during experiments. It was an

integral part of the structurally sound assembly. A 4-legged chain was used to lift the finished

array into the tank; but this was removed during experiments.
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Table Vm.
Aluminum Hold-Down Tubes

Length (mm)

25.3

50.9

102.0

152.1

304.5

457.3

609.5

761.0

914.0

1066.3

Mass (g)

10.3

22.0

45.0

69.0

138.8

207.5

275.5

342.8

415.0

486.5

Summary

A cross section view of the experimental equipment for the first experimental program is

shown in Fig. 22. Water is shown heavily shaded and has been added to the tank to a level just

above the first tray of fissile units in this arbitrary instant in time during an experiment The

trays illustrated were for 3x3 arrays; but the central position is vacant. In this figure the tray is

shown to include the cover plate contrary to the terms as used in the text. Both vertical and
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Stiffening ring

Threaded stock
Hold-down nut

f Cover plate

Tray< Middle plate

I Bottom plate
Az shims

Weld fill'

Water
fill line

X
Scram valves (2)

Hold down
tube

Tank

Plutonium

Figure 22. Cross section of the apparatus used in the first experimental program.
Components named are described in detail in the text. Water (shaded)
is shown at some point early in an experiment. The tank and plutonium
cans were round, but the array and its hardware were square. In this
illustration, a 2x2xN array uses trays intended for a 3x3 pattern.
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horizontal array lattice spacing parameters are clearly defined. Doubly canned plutonium metal

cylinders are shown by light shading.

Second Program:

Tank

The plastic experimental tank was a nearly equilateral cubical cylindrical shell with a

metal bottom and no top. The inside size (711 mm) was the reference dimension25 for

fabrication. Walls were formed of four flat plastic pieces 813-mm long and nominally 102-mm-

thick plastic, although experience shows that thick plastic tends to be about 5% thinner than its

nominal dimension26. Each side was formed by the face of one panel and the edge thickness of

another. Therefore, although the thickness of the stock used was never measured, the outside

dimension of the square tank probably was 910 mm rather than the target design of 915 mm. The

plastic walls stood 1016-mm tall.

25 These dimensions are somewhat more important that others during fabrication. Other
dimensions may vary for several reasons; but reference dimensions must be held and
subsequently verified.

25 G. R. Goebel, I. Oh, and R. E. Rothe, REFERENCE CRITICAL EXPERIMENTS,
Progress Report, July 1, 1978 - September 30, 1978. U. S. Regulatory Commission.
NUREG/CR-0499 (RFP-2868). (1979).
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Walls material was never analyzed for this program; but similar methyl methacrylate

stock in common use at Rocky Flats had been analyzed for other experiments27. These analyses

yielded, in weight-percent: H = 8.03; C = 59.72; O = 32.14; and, other = 0.11. The same

composition is assumed for this program.

Walls were bolted together with a sealant between joints to make the finished tank leak

tight. Edges were machined to make them smooth and aid the seal. Seven bolts were used in each

vertical corner; but details of the sealant are not recorded. Lifting eye bolts were screwed into

each corner at the top.

The bottom of the tank was an aluminum alloy 19.1 mm thick and about 0.91 m square.

The specific alloy is not known. The bottom was bolted to the tank also (32 bolts, total); and a

sealant made it water tight. The finished tank never leaked. Three water connections were drilled

and tapped into the bottom. These were 19 mm in from the walls and close to the centers of

opposite walls. Two were for the nominally 25.4-mm SCRAM lines; the last was a 13-mm

diameter fill line.

27 R. E. Rothe and I. Oh, BENCHMARK CRITICAL EXPERIMENTS ON HIGH-
ENRICHED URANYL NITRATE SOLUTION SYSTEMS, Nuclear Regulatory Commission.
NUREG/CR-0041 (RFP-2710). (1978).
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The tank rested above the floor on a mild steel framework welded together but not

painted. The framework was 889 mm square and stood 762 mm high; but short leveling bolts

screwed at the bottom increased the height above the floor a few rnillimeters. The top was

formed of 76-mm-tall channel stock; but neither its linear weight nor other dimensions were

recorded. The channel may have been 76 mm by 38 mm stock. Legs butt-welded to the channel

appear from photographs to be 50 mm by 50 mm angle stock. Two steel gussets at each corner

strengthened the tank stand. The tank, but not much of the support stand, can be seen in Fig. 23.

Sleeves

The trays of the first program contained a large amount of aluminum. This complicated

computational modeling. The issue was resolved in the second program by using thin perforated

aluminum sheet stock to form sleeves. The material was Type 3003-H14 aluminum with 3.2-

mm-diameter holes on 4.8-mm centers in a triangular pattern. The commercial flat sheet stock

was 1.6 mm thick.

It was sheared to length and a suitable width to be rolled into a cylindrical sleeve just large

enough to permit a slip-fit for the canned plutonium units. Sleeves were spot welded along their

seams. Finished sleeves were 914-mm long. Finally, stiffening collars were spot welded to the

top and bottom of each sleeve. These were 1.6-mm thick, 25-mm wide, and rolled to fit snugly

102



C254-WHT-696-13

Figure 23. The plastic tank of the second experimental program contained
up to 81 kg of plutonium metal in an array flooded with water.
Water was removed for this three-quarter overhead photograph.
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on the outside of a sleeve. Figure 24 shows one end of a sleeve with a can staged for loading.

Diametrically opposed 11-mm-diameter holes were drilled 22 mm below one end for later lifting.

Fabrication was carefully done to assure a given row of holes azimuthally around a sleeve

remained co-planar because these holes would later be used to locate cylinders vertically. Thus,

any pair of diametrically opposed holes were at the same height above the bottom of the sleeve.

All sleeves were fabricated so carefully that a given number of holes above the bottom

corresponded to the same height on all sleeves.

Lengths of L-shaped stainless steel welding rod were used to support cylinders in a

sleeve. These were long enough to pass through a sleeve and tight enough not to work loose.

The welding rod (3.2 mm diameter) was ground to a dull point to facilitate insertion.

The lowest pin was usually positioned such that about 250 mm of water would later exist

below the array. After that plutoniurn cylinder had been slid into place, the next pin would be

inserted by counting holes from this lowest pin. The second pin could be exactly vertically

aligned with the bottom one; and the AZ spacing would be some multiple of the 4.8 mm hole

spacing. Another option was to rotate the pin one column; and this would provide a spacing half

way between because of the triangular pattern of the holes. The third pin was installed in the

same fashion after the second cylinder had been inserted. The third pin would remain in the same
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Figure 24. A canned cylinder is about ready to be inserted into an aluminum
sleeve in this staged photograph. Many details of sleeve fabrication
are visible.
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vertically aligned column of holes or would revert back to the first column, if the second pin had

been in a rotated column. The final cylinder was inserted into the sleeve.

All this was done with the sleeve lying horizontal. The sleeve was then removed from the

3-sided shield, stood upright carefully, and moved into its final position in the ultimate array. All

three cylinders settled gently down upon their respective L-shaped pins. No pin was used above

cylinders; gravity held the fissile units in place.

A scissor-like device was used to lift a loaded sleeve into place. This does not need

description, however, because it was never present during any experiment.

Apparatus

The first program allowed easy variations in AZ within small increments. The second

varied the other two lattice spacings; but the vertical spacing, set by pins during manual

assembly, was more difficult to change. Horizontal changes were accomplished using slotted

components. A bar slotted in one direction was clamped onto a plate slotted in the orthogonal

direction. This procedure had to be followed both at the top and bottoms of sleeves. In spite of

the apparent complexity of this method, the final array was positioned very accurately; and the

sleeves were truly vertical and parallel to one another.
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(Framework)

A welded open framework welded, in turn, to a solid base plate began this positioning

device. The framework (705 mm square) just fit easily inside the plastic tank. It was 978 mm

tall, including the bottom. That bottom was a 705-mm square by 12.7-mm-thick aluminum plate;

but other edges of this cuboid were constructed of 25 mm x 25 mm x 3.2-mm-thick aluminum

angle stock. All aluminum pieces were welded together to form a rigid assembly. Two

rectangular notches (178 mm by 50 mm) were cut into the bottom to allow water to flow freely

into and out of the tank. These were centered along opposite edges of the bottom with the long

dimension parallel to the edge.

Slots at top and bottom and along opposite edges of the frame allowed other components

to be clamped; and this clamping was used to set one of the two horizontal dimensions of an

array, say, arbitrarily, AX. Figure 25 shows frame and slots. Opposite edges of the bottom

plate were slotted. These were chamfered on the bottom side such that flat head machine screws

remained flush with that surface. Angle pieces at the top had matching slots directly above those

below. Slots along the top angle material had no chamfer. All slots were 6.5-mm wide to

provide sliding clearance for a standard American bolt size; and they were centered 15.9 mm in

from an outer edge. Each of the four slots was actually divided into two lengthwise. This

preserved the strength of the material by breaking up the slot with a web of solid material. The
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•705 zm-WHT-tow-ou

Figure 25. Slots in the framework at top and bottom allowed infinite
adjustment in one direction. Slots in orthogonal bars (only
one shown) at the top and at the bottom allowed the same
in the other.
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length of each slot was 295.3 mm; and the web in the middle was 19.1 mm wide. This left 47.6

mm to the outside edges of the framework.

The orthogonal position, AY, was also located by slotted members. Top and bottom bars

for this were identical. The aluminum bar stock measured 76.2 mm by 12.7 mm thick; and each

was 705-mm long. A 6.5-mm-wide slot bisected the width and was 610-mm long. The slot came

to within 46.6 mm of each end. All slots (top and bottom bars) were chamfered for use with flat

head screws. Two holes were drilled (0.64 mm diameter) in each end of each bar for clamping to

the framework described above. Each hole was located 15.9 mm in from a side and the same

distance from an end of the bar stock. Nuts and bolts (rather than cutting threads into the stock)

were used to clamp these bars to the bottom plate and to the top angle stock.

(Bottom Positioning)

The bottom position for each sleeve was defined by a round plastic disk. Disks were

15.9-mm thick and 76 mm in diameter and just fit within a sleeve's bottom. Each was chamfered

(45°) at the top to a diameter of 50 mm. This and breaking other turned edges facilitated inserting

a sleeve. Finally, a hole was drilled and tapped in the precise center of the bottom of each disk to

receive the flat head machine screw.
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Three of these disks (for the arrays studied here) were carefully located along the slotted

bar; and the flat heat screw tightened on the underside to clamp the disk to the bar. Future sleeve

locations Yl5 Y2, and Y3 were set in this fashion with the desired spacing, AY, between each pair.

This could be done slowly and carefully on a workbench because no radioactive materials were

involved. Precision was assured by gradually tightening the screws with measurements iterated

between. Three slotted bars were fit with three disks each such that all three sets were identical.

These three assemblies were then clamped to the bottom plate of the framework by a

similar procedure. This set the X-direction and the chosen AX. The existence of a web in the

middle of the slot along each side of the bottom plate permitted a perfectly centered bar assembly

because the two clamping screws on each end of the bar spanned the web.

When finished, both AX and the specific locations Xi, X2, and X3 had been precisely set

by clamping three bars to the bottom plate. In like fashion, both AY and the specific locations

Yi, Y2, and Y3 had been precisely set by clamping three disks onto three bars. A final

examination assured the proper locations of all nine disks destined to receive loaded sleeves. This

procedure found the bottom of a sleeve raised above the bottom of the tank by the thickness of

the framework's bottom and the thickness of the bar: 31.8 mm. The right hand bar in Fig. 9

shows five disks (not three) so positioned along a slotted bar.
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(Top Positioning)

The same aluminum bars were used at the top as at the bottom to set AY. The top,

however, needed to have vertical adjustability to permit a sleeve to be rotated into place and then

a top component screwed down upon the sleeve to make the assembly rigid. This was

accomplished by two pieces joined by a long screw rather than the one turned disk used at the

bottom.

Square aluminum blocks were slid along the top slotted angle and clamped, using two flat

head machine screws, at the proper locations to establish AY at the top. Each block was 76.2-

mm square by 12.6-mm thick. This clamping, too, could be done in the absence of radioactive

materials; so time could be taken to do the task carefully. A third hole was drilled and tapped in

the precise center of each block for a long screw with a popular American thread design (V'-20).

Care was taken to keep this hole truly orthogonal to the block because a small angular error

would displace the top of a sleeve from its intended coordinates.

A round plastic disk at the end of the long screw fit inside the top of the sleeve but had a

lip that would press down upon the sleeve itself. Each disk was 82.6 mm in diameter by 12.7

mm thick. The disk was machined to a 72.6-mm diameter leaving a 3.2-mm-thick lip and a 3.2-

mm-thick region at this smaller diameter. This smaller diameter just fit within a sleeve at its top.
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Finally the bottom half of each disk was chamfered to 45° for easy insertion into a sleeve. A

central hole was drilled and tapped for the long machine screw.

The long screw (probably stainless steel) was partially threaded onto a square block.

Then, the round plastic top disk was screwed onto the end of this screw. A locking nut at the

end prevented the disk from turning relative to the screw as it came into contact with the sleeve.

All this assembly detail at the top of an array for the second experimental program is well

illustrated by Fig. 10. In addition, several L-shaped pins used to set AZ can be seen at the

bottom of the photograph.

Summary

A cross section drawing of this second experimental program is shown in Fig. 26. The

figure attempts to tie together all of the complicated features described above. Rather than

showing three identical sleeves the way they actually were, different aspects are emphasized by

the three regions occupied by a sleeve. The central one shows a sleeve. Only the bottom pin is

illustrated. To the right, just the canned plutonium cylinders are shown; but sleeves and pins are

absent. Positioning disks are shown dotted. The left side shows these disks designed to hold a

sleeve. Vertical adjustability of the top disk has been omitted from this figure for clarity. The

framework is drawn undersize relative to the tank, also for clarity.

112



Aluminui
tank bottom

Plastic
sleeve-holding
fixture

Square plastic tank

Canned plutonium
cylinder

Aluminum sleeve

Stainless steel
L-shaped pin

Framework

SCRAM valves (2)

Fill line 2392-WHT4M49

Figure 26. Cross section of the apparatus used in the second experimental program.
Components named are described in detail in the text. The central column
shows a sleeve in place. The one to the right shows the plutonium cylinders
with the sleeve not shown. Only sleeve positioning disks are shown to the left.
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ENVIRONMENT

Experiments were performed within Room 101, usually called the Assembly Room, at the

Rocky Flats Plant's Critical Mass Laboratory. Most of the 1700 critical and critical approach

experiments performed at Rocky Flats since 1964 were carried out in that room. It is a large

concrete room containing only a few items large enough and/or close enough to the flooded

plutonium arrays which, sensibly, could provide some neutron reflection to those systems.

The closest large item was a Horizontal Split Table, another one of the reactivity addition

devices belonging to the laboratory and used on other programs to achieve criticality. Nearby

stands an elevated mezzanine used on still other programs. The Assembly Room, although large,

still lacked adequate floor space at certain times in the past; so this elevated platform was built

above the equipment doorway. That space became available for experimental purposes even

though raised a few meters above the floor. This platform was not built yet at the time of the

first program. A third large feature of the larger room was a walk-in containment room. Most of

the fissile solution experiments were performed there. The purpose of this room was to prevent

the spread of contamination upon the inevitable small leaks expected when handling fissile

solution. Fourth, an air handling deck existed several meters away. This structure supported the

room's heating and cooling equipment. The final component described is the heavy equipment

travelling crane built into the room for general use. This crane was used in both programs to
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move the fully assembled plutonium array (first program) into the tank or one of nine sleeves

loaded with plutonium (second) into its tank.

The Assembly Room contained other smaller pieces of equipment; but these are

considered too small and too far away to be worth of description. Large portable tool boxes and

normal clutter found around any productive laboratory are included in this list

No materials in this section of environmental reflection were chemically analyzed for their

elemental composition specifically for these two studies. Therefore, material descriptions are

given rather generally with the code validator required to use typical compositions for the kind of

material used.

Room

The interior of the Assembly Room measured 11.28 m in the east/west direction by 10.67

m in the other. The room was 9.75 m high. Concrete walls and ceiling were formed in one,

continuous, monolithic (seamless) pour in 1964. The north wall was 1.52-m thick; but the other

three were only 1.22 m. The north wall was made thicker because people occupied rooms to the

north; and the small additional shielding would further protect them from radiation during

experiments. The thick ceiling varied between 0.61-m and 0.71-m thick. The floor was poured

later and was 0.15-m thick but rested directly upon compacted earth. Interestingly, the floor was
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isolated from the walls by thin rubber pads; so the floor is, indeed, free to creep small amounts

over long times without cracking the rest of the structure.

Two layers of crossed steel rebar strengthened the concrete. One layer was about 80 mm

in from the outer surface; the other, the same distance out from the inner. Horizontal rebars were

#8 size on 0.3-m centers. Vertical bars were #6 size on the same centers. Approximately 7,000

kg of steel strengthens the concrete. A detailed neutronics calculation would include this material

in the elemental description of the concrete.

Specifications for the concrete poured in 1964 were not unusual for industrial

applications. Type I Portland cement was called for using 307 kg/m3. The maximum water

content in the fresh mix was 30 kg/m3; and the water had to be pure. Allowed aggregate sizes

ranged from 6 to 18 mm; and this rock had to be low in amorphous siliceous materials.

The room had been painted a number of times since being built. These were not just

cosmetic; instead, paintings were aimed at improving the leak-tight integrity of the room.

Because of the possibility of a small overpressure at the moment of a hypothetical criticality

accident, the room was required to retain a very low leak rate due to an intentional overpressure.

The room would be repainted inside and out every few years to improve containment. Most
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paints used were two-component epoxy paints; and the floor, at least, is recalled to have been

painted with a specific such paint called Amercoat®.

The roof was especially difficult to keep leak tight. Paints used were more severely

exposed to weather because of standing water and longer exposure to the sun. Another problem

contributing to cracking was the very test done annually to verify that few leaks existed. The

room was intentionally over pressurized to 1.13 g/mm3 and the net upward force on even this

moderately thick concrete surface came to a surprising 680,000 kg! Future facilities requiring

maximum containment should probably seek other ways to verify the status than the destructive

test imposed here.

Two doorways penetrated this room. One in the north wall at the west end was a 1.07-

m-wide by 2.44-m-tall passage way used for personnel access. Small experimental components

were introduced here too. The passage way extended the full thickness of the north wall plus

1.07 m (2.59-m total) before making a 90° turn east. The wall backing the first passage way was

also very thick. A similar turn back north after a 1.52-m-long hallway completed a Z-shaped

labyrinth. The purpose of this labyrinth was to prevent radiation streaming out of the room in

the event of a nuclear criticality accident. It might pass through the closed steel door; but only

insignificant quanties would make the two right angle turns to propagate down the hallway.
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The second opening was diagonally across the room. It was in the south wall but at the

east side. This was an equipment door way connecting directly to the out-of-doors. The

opening was larger to accommodate movement of larger and heavier components: 2.44-m square.

This equipment opening was backed by a sliding concrete shield door. This massive shield was

1.07-m thick. Its 3.05-m-wide by 2.78-m-bigh size effectively would stop any radiation

streaming south out of the room due to that same hypothetical accident.

Both door openings were protected against radiation streaming by the methods described

above; but two other consequences of the hypothetical accident would must be protected against.

One, the formation of a large inventory of radioactive daughter products from the fission process

accompanies such an accident. Some of these daughter products would be gaseous and all needed

to be contained. Second, a very small explosive blast could, possibly, result. The worst possible

explosive yield has been estimated to be much less that a single stick of dynamite. The

containment of these two side effects was accomplished at the two openings by the use of strong

blast doors with a rubber seal between them and the room. One such door existed at the

personnel passage way; and two were used at the heavy equipment opening. Each door was

1.22-m wide by 2.59-m high and 0.10-m thick, although the fairly thick door was constructed as a

honeycomb to reduce its weight. All three blast doors were made of steel; and each can be

modeled as two 6.4-mm-thick plates on either face separated by 25 linear meters of honeycomb

material (steel) 6.4-mm thick by 90-mm wide. Each door weighed about 425 kg.
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Experimental Tank

Both experimental tanks were located in about the same place within the Assembly

Room. This was on the east side of the room and slightly south of center. Figure 27 shows the

first tank in a nearly overhead view. The east wall is to the top of the picture. Measurements

had not been made of the location of this tank with respect to adjacent walls two decades ago; so

this information had to be inferred from this photograph and from measurements on stationary

objects such as the Horizontal Split Table. By this indirect method, the center of the

experimental tank was about 5.0 m from the south wall and about 1.3 m from the east.

The round tank stands above the rectangular reservoir, aligned east/west with its long

dimension. The figure also shows the location of the 3-sided shield used for manual assembly of

arrays. This is in about the center of the south edge of the Split Table. An assembled array is

within the shield. Unused trays are to the far right of the picture; and many of the hold-down

tubes are neatly arrayed on the Table for the photograph.

The experimental tank for the second program was measured a little better; but, still, this

was done relative to the Horizontal Split Table. Fortunately, this remains in its original location.

By this still indirect method of measurement, the center of the second tank was about 5.5 m

north of the south wall and about 1.75 m west of the east. The relative placement of the plastic

tank and the Horizontal Split Table can be seen in Fig. 23; the Table is to the far left (west).
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C254-WHT-696-1S

Figure 27. The open-topped experimental tank for the first experimental
program is shown in the upper center of this aerial view. East
is to the top of the picture. The equipment immediately to the
right of the tank was designed for another program but never used.
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Possible Neutronic Influences

The Horizontal Split Table has already been described in adequate detail in the Procedure

section of this paper and will not be repeated here. The south half of this table was used for the

manual assembly of a full array (first program); and the north half, for the loading of sleeves

(second). That half of the Split Table about centered in Fig. 27 also doubled as an elevated

working platform permitting access to both tanks.

The elevated mezzanine measured 4.9-m east/west by 3.0 m wide. It was 0.2-m thick. It

was built in the southeast corner of the room above the equipment access doors. The bottom

stood 3.4 m above the floor. The platform was supported by four nominally 0.2 m by 0.2 m

steel "H" columns tied together with about 20 m of the 0.2 m by 0.08 m channel iron. This

mezzanine was not built yet at the time of the first program.

The fissile solution containment enclosure was on the other side of the room. Generally,

it was about centered north/south and also about centered in the west half of the room. The room

was constructed mostly of stainless steel (1.6 mm thick); but it had an estimated 30% of its

surface covered with 13-mm-thick plastic windows. The room was 5 m north/south by 3 m and

stood 6 m tall. The nearest wall to the experimental tanks was approximately 5 m away.
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The air handling deck existed in the southwest corner of the room. This all-steel structure

was 4.8 m east/west by 2.4 m and stood 4.5 m above the floor. It was constructed of about 30 m

of nominally 0.2-m-sized channel iron. The room's travelling crane was a typical heavy-duty (5-

ton) industrial crane built into the room a short distance below its ceiling. Its massive steel travel

I-beams ran east/west with a bridge for orthogonal movement. No record was kept of where the

bridge nor the crane's winch was situated at the time of the experiments.
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RESULTS

Critical water heights obtained from the first experimental program were interpolated

from very reactive but still subcritical situations. This was due to an administrative limitation.

The second program did permit criticality to be achieved; and many such cases are reported.

Still, however, two experimental results are derived from extrapolation for other reasons.

First Program

The distinction between a critical and a critical approach experiment is that the former

achieved criticality while the latter might or might not have done so had additional water been

added. This program was restricted to critical approach experiments. This kind of experiment

simply ended when a multiplication limit was reached. The intent of this study was to predict

critical configurations, for that is the data of interest to safety personnel. Usually, this was

confidently the case. Sometimes, however, critical approach experiments showed clearly that a

subcritical system would still exist even with a large amount of water covering the array. Both

results proved useful. The problem with this method is that a few cases were unclear as to what

would actually happen if additional water were to have been added.

Arrays studied here ranged from square to rectangular; but they were performed within a

round tank. The consequence of this observation is that water outside an array varies in
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thickness azimuthally around it. Furthermore, that thickness is marginally close to the thickness

normally considered approximating an effectively infinite reflector thickness. The literature28'29

reveals that about 100 mm reflector is a minimum approximation of this thickness30. That

minimum existed at the bottom and more than that existed at the top of all fully reflected

assemblies; but some of the wider-spaced arrays may not have had that reflector thickness all the

way around. Code validators are cautioned to include much of the exterior detail provided in this

paper because of this possible failing.

Water heights are quoted relative to the top surface of the bottom of the tank (H = 0.0

mm). The vertical elevation of the array within the tank is defined by the apparatus; so any

water height, critical or not, can also be associated with components of the array. Accuracy in

water heights more than 100 mm above an array is unimportant; but critical heights falling

somewhere within an array must be carefully calculated with respect to the array itself.

28 H. C. Paxton and N. L. Pruvost, "Critical Dimensions of Systems Containing ^ U , 239Pu,
and 233U 1986 Revision", LOS ALAMOS NATIONAL LABORATORY, LA-10860-MS. (1987).

29 H . C . Pax ton , et. al. , "Crit ical D i m e n s i o n s o f S y s t e m s Conta in ing U 2 3 S , Pu 2 3 9 , and U 2 3 3 " ,
LOS ALAMOS SCIENTIFIC LABORATORY and OAK RIDGE NATIONAL
LABORATORY, TTD-7028. (1964).

30 Conservatively, this thickness is often increased to 200 mm.
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One important adjustment to the measurement of water heights was made midway

through the program. This was the result of water height observations made on a tank partially

full of water but with no array so people could be present near the tank. The height was read by

experimenters both directly and via closed circuit television; and the actual depth of water in the

tank at a number of points within the tank was also determined. Both television and direct

viewing yielded 380 mm in this one case. The internal measurement, however, averaged 378 mm.

The difference of 2 mm was eliminated by sliding the external calibrated scale upward to force

both direct and remote viewing to read 378 mm.

This correction was made between experiments #24 and #25. All water heights, critical or

not, quoted in this paper prior to the 24th experiment have been lowered 2 mm to account for

this error in scale setting. All heights after this experiment are simply those recorded.

Experimental results for 2x2x2 arrays are presented in Table IX. Similarly, results for

2x2x3, 2x2x4, and 2x2x5 arrays appear in Tables X, XI, and XII, respectively. Footnotes to

these tables appear in Table XIII. Each table is subdivided into 3 to 7 sections characterized by

the horizontal lattice spacing; and that spacing is specified at the right Within each subdivision,

experimental results are arranged in order of increasing vertical lattice spacings, given in the 5th

column.
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Table IX.

Experimental Results of 2 x 2 x 2 Arrays.
(24.231 kg plutonium)

bequentiai
Experiment

Number

ano
footnotes*

Vertical Parameters of the Array

total length
of spacer

shims
between
each tray

(mm)

height
of upper

surface of
top tray

(mm)

total length
of hold down

tubes
above
trays
(mm)

HORIZONTAL LATTICE SPACING
13
14
21
19
16 c

b
20
18 d
22 e
17
15 f
55 f

50.8
101.6
132.1
152.4
203.2

218.4
254.0
284.5
304.8

•

-

316.0
366.8
397.2
417.6
468.4

483.6
519.2
549.6
570.0
182.6
182.6

863.6
863.6
812.8
787.4
736.6

736.6
685.8
660.4
635.0

1016.0
1016.0

HORIZONTAL LATTICE SPACING
30
31

b
32
35
34
33

25.4
50.8

76.2
78.7
88.9

101.6

290.6
316.0

341.4
343.9
345.1
366.8

914.4
889.0

863.6
889.0
863.6
838.2

HORIZONTAL LATTICE SPACING
6
8

10
11 c

b
28

9
29

7

18.03
43.4
45.7
50.8

53.3
56.1
61.0
68.8

283.2
308.6
310.9
316.0

318.5
321.3
326.1
334.0

914.4
889.0
914.4
863.6

889.0
889.0
889.0
863.6

HORIZONTAL LATTICE SPACING
24
26 c

b
27
25
23 '

0
10.16

12.7
20.3
50.8

265.2
275.3

277.9
285.5
316.0

939.8
939.8

939.8
889.0
889.0

VERTICAL
LATTICE
SPACING

Az
(mm)

Ax = Ay
133.4
184.2
214.6
235.0
285.8
270 ±30
301.0
336.6
367.0
387.4

00

00

Ax= Ay
108.0
133.4
157.2 ± 0.5
158.8
161.3
171.5
184.2

Ax= Ay
100.6
126.0
128.3
133.4
133 ±1
135.9
138.7
143.5
151.4

Ax= Ay
82.6
92.7
93 ±1
95.3

102.9
133.4

Critical Height3

(mm)
or

Asymptotic
Inverse
Neutron

Count Rate

...at
Water
Height
(mm)

= 76 mm
202 ± 0.5
235 ± 1
246 ± 2
463 ± 3
610± 60/40

0.0241
0.0267

530

300 ± 7
i 0.0373

0.0391
0.0421

770
383
383

= 90 mm
235.5 ± 0.5
308.8 ± 0.5

0.014
0.053
0.139
0.230

544
554
567

= 100 mm
263 ± 1
343 ± 1
351 ± 0.5
460 ± 50/20

0.088
0.121
0.220
0.324

518
516
526
536

= 120 mm
296 ± 1
390 ± 20

0.077
0.235
0.782

478
485
516

* Footnotes can be found in Table XIII.
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Table X.

Experimental Results of 2 x 2 x 3 Arrays.
(36.309 kg plutonium)

oequei nidi

Experiment
Number

footnotes*

49

41

43
42
40

45

46
44

36

39
38
37

61
62
60

59

47

Vertical Parameters

total length
of spacer

shims
between
each tray

(mm)

height
of upper

surface of
top tray

(mm)

of the Array

total length
of hold down

HORIZONTAL LATTICE SPACING
304.8 957.3

HORIZONTAL LATTICE SPACING

b
91.4

93.2
96.5

101.6

530.5

534.1
540.7
550.9

HORIZONTAL LATTICE SPACING
c
b

66.0

67.8
73.4

479.3

483.3
494.5

HORIZONTAL LATTICE SPACING

b
35.6

38.1
40.6
50.8

418.8

423.9
428.9
449.3

HORIZONTAL LATTICE SPACING
b

10.16
12.7
17.8

368.0
376.6
383.2

HORIZONTAL LATTICE SPACING
5.08 357.8

HORIZONTAL LATTICE SPACING
0 347.7

tubes
above
trays
(mm)

254.0

660.4

685.8
660.4
685.8

736.6

711.2
711.2

787.4

787.4
762.0
762.0

838.2
838.2
838.2

838.2

863.6

VERTICAL
LATTICE
SPACING

Az
(mm)

Critical Height3

(mm)
or

Asymptotic
Inverse
Neutron

Count Rate

Ax = Ay =
387.4

Ax = A y
174.0
174.3 ±0.2
175.8
179.1
184.2

Ax = Ay =
148.6
149.2 ± 0.4
150.4
156.0

Ax = Ay =
118.1
118.6 ±0.4
120.7
123.2
133.4

Ax = Ay =
87 ±2
92.7
97.0

100.3
Ax= Ay =

87.6
Ax= Ay =

82.6

76 mm
255 ± £

= 90 mm
616± 2

0.047
0.115
0.197
100 mm

...at
Water
Height
(mm)

734
741
751

440 ± 40

0.060
0.211
120 mm

460 ± 2

0.065
0.165
0.555
141 mm

0.101
0.161
0.373
170 mm
0.837
180 mm
0.500

683
694

624
629
649

568
573
580

558

548

* Footnotes can be found in Table XIII.
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Table XL

Experimental Results of 2 x 2 x 4 Arrays.
(48.422 kg plutonium)

Sequential
Experiment

Number

and
footnotes*

Vertical Parameters of the Array

total length
of spacer

shims
between
each tray

(mm)

height
of upper

surface of
top tray

(mm)

total length
of hold down

tubes
above
trays
(mm)

HORIZONTAL LATTICE SPACING
51

b
52
50
53

71.1

73.7
81.3
81.3

643.6

651.2
674.0
674.1

558.8

558.8
533.4
533.4

HORIZONTAL LATTICE SPACING
b

56
58
57

45.7
48.3
50.8

567.5
580.0
582.6

660.4
635.0
635.0

HORIZONTAL LATTICE SPACING
63

b
64
65

12.7

20.3
22.9

468.3

491.2
498.8

736.6

711.2
711.2

VERTICAL
LATTICE
SPACING

Az
(mm)

Critical Heighta

(mm)
or

Asymptotic
Inverse
Neutron

Count Rate

Ax = Ay = 100 mm
153.7
154.6 ± 0.4
156.2
163.8
163.8

684 ± 2

0.043
0.210
0.171

Ax= A y = 120mm
127.0 ± 0.2
128.3
132.5
133.4

0.040
0.153
0.221

Ax= Ay = 141 mm
95.3

102.2 ±0.3
102.9
105.4

421 ± 3

0.032
0.128

...at
Water
Height
(mm)

851
874
874

813
780
783

691
696

Footnotes can be found in Table XIII.
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Table XII.

Experimental Results of 2 x 2 x 5 Arrays.
(60.541 kg plutonium)

Experiment

Number

and

footnotes*

Vertical Parameters of the Array

total length
of spacer

shims
between
each tray

(mm)

height
of upper

surface of
top tray

(mm)

total length
of hold down

tubes
above
trays
(mm)

VERTICAL
LATTICE
SPACING

Az
(mm)

Critical Height3

(mm)

or

Asymptotic
Inverse
Neutron

Count Rate

...at
Water
Height
(mm)

HORIZONTAL LATTICE SPACING Ax = Ay = 90 mm
76 c

b
75 g
74 g

99.1

104.1
106.7

909.0

929.3
939.5

304.8

279.4
254.0

181.6
182± 2
186.7
189.2

1000 ±100/20

0.096
0.126

1082
1053

HORIZONTAL LATTICE SPACING Ax= A y = 120mm
70 c

b
69 i

48.3

50.8

705.8

716.0

508.0

584.2

130.8
131 ± 1
133.4

810 ±90/30

0.104 I 916
HORIZONTAL LATTICE SPACING Ax= Ay = 127 mm

67
68
66

40.6
43.2
58.4

675.3
685.5
746.4

533.4
533.5

h

121.3 ± 0.4
123.2
125.7
141.0

0.080
0.176
0.659

875
885
946

HORIZONTAL LATTICE SPACING Ax = Ay = 170 mm
71

73
72

7.62
10.16

512.8

543.2
553.4

685.8

h
h

82.6
86 ±1
90.2
92.7

470.5± 1

0.198
0.318

743
754

* Footnotes can be found in Table XIII.
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Table XIII.

Footnotes to Tables IX to XII of Experimental Results.

a The uncertainty suggests the confidence in the extrapolated critical height.
It is not a mathematically derived statistical parameter.

b Not a measured data point. This "asymptotic" vertical lattice spacing, Az,
between trays is that which would yield a just critical system with about 200 mm
of water above the highest tray. The result is derived from the subcritical
data on the following line(s) for fully top-reflected systems. The uncertainty,
sometimes quite large, suggests the confidence in the extrapolated value
of this critical A z.

c The uncertainty is unusually large because experimental limitations required
the experiment be terminated before the full structure of the reciprocal
multiplication curve had developed. Indeed, this run - shown as critical here -
might have proved subcritical with a very high multiplication had the water
reflector addition continued.

d This experiment was terminated by the neutron multiplication limit before the
asymptotic water height of about 200 mm above the array was achieved.
The neutron ratio shown is 16% lower than that measured because neighboring
experiments exhibited that change as the same amount of final water reflector
was added. No other experiment has had this somewhat arbitrary adjustment
made to it.

e This clearly anomalous critical case amidst adjacent subcritical values of
A z is discussed in the text and in Figure 30. No other experimental case
falls outside such bounding situations.

f The fully-reflected 2 x 2 x 1 array is expected to be nearly identical to the
2 x 2 x 2 array with a very large region of water between the two layers.
Compare these two cases with Experiment 17.

g The transfer pump used to add water to the array lost its prime due to insufficient
water in the reservoir. The experiment was not repeated with additional water
because the reciprocal multiplication curve had almost become fully asymptotic.
Only these two experiments experienced this water-shortage problem.

h The length of the hold-down tube was not recorded. This oversight can be
rectified by assuming the sum of this column and the previous one is about
1200 mm. Any error introduced by this assumption is acceptably small.

i Even though only one subcritical data point exists, a curve (and not a straight
line) was drawn through the point to estimate the asymptoticAz of footnote b.
Specifically, that curve was drawn parallel to the one for the quite similar N = 5,
A x = Ay = 127 mm case. The asymptotic Az was also bounded on the low side
by the probably critcal case at Az = 130.8 mm.
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Close vertical lattice spacings often corresponded to critical configurations; and these data

appear as bold face type in the last column. Uncertainties assigned to these critical heights give

this author's estimate of the accuracy of the extrapolation. For example, the first four critical

heights of Table IX are quite confidently believed. Small variations among the four are attributed

to the length of the extrapolation and to small differences in curvature of their reciprocal

multiplication curves. The fifth critical mass in this example, on the other hand, has a very large

uncertainty. This illustrates the problem of being forced (administratively) to end an experiment

before the structure of the reciprocal multiplication curve had fully developed. In this fifth case,

the curve and its derivatives were still changing in some unclear fashion when the limit was

reached; and the final status was not clear. Indeed, this particular vertical lattice spacing (285.8

mm) may have proven very reactive but still subcritical upon fall reflection. It may not have been

critical at all.

Wider vertical lattice spacings than those for which criticality was predicted, led to

subcritical systems upon full water reflection above the array. These cases are also presented in

the last column of each table but in ordinary font. They, alone, are not as valuable to the safety

analyst; but the fact that the reciprocal multiplication asymptotically achieved upon full

reflection was smaller for systems closer to criticality could be used to infer one additional critical

point. This useful data is the vertical lattice spacing that would have been just exactly critical

upon full water reflection above the array. These critical lattice spacings appear in italics in the
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fifth column. These 15 cases are not experimental data points actually built. Rather, they

represent derived data.

An example of this is shown in Fig. 28. Data presented here are taken directly torn the

second block (AX = AY = 90 mm) of Table IX. The two critical points are shown as dots to the

left of the vertical dashed line. Lacking any further information no curve other than, possibly, a

straight line can be drawn. Four other experiments, however, were subcritical upon full reflection

and had increasingly smaller asymptotic reciprocal multiplications with decreasing AZ. The

smooth curve to the right of the vertical dashed line predicts quite accurately that vertical spacing

which would have been critical upon full reflection. This provides a vertical asymptote to the

two critical points discussed earlier. Therefore, combining this asymptote at AZ = 157.2 + 0.5

mm with the two critical data points allows a reasonable construction of the solid curve to the

left. Pairs of vertical lines with serifs at top and bottom are not error bars. They show the

vertical positions of both trays. For example, criticality occurred in the left hand case at a point

just below the center of the upper layer of plutonium cylinders and near the top of this same

layer in the 133.4 mm case.

The procedure used in Fig. 28 was repeated many times; and the results appear in Fig. 29.

The third case from the right is a repeat of Fig. 28. The other 13 produced the derived results

(italics) published in Tables IX to XII. The 15th inferred critical case - 2x2x2 arrays in contact
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Figure 28. Two critical heights (dots) are plotted to the left of the vertical asymptote
(dashed line). This asymptote is determined from subcritical arrays at wider AZ.
Both combine to produce the heavy solid curve of critical configurations to the left.
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(76 mm) - does not appear in Fig. 29 because the critical spacing fell far outside the range of Fig.

29. Still, the same technique was followed to obtain the 270 + 30 mm result.

Downward vertical arrows to the left of some curves represent critical cases actually

achieved. These would naturally be a lower bound to the derived critical data sought They are a

lower bound but not necessarily the greatest lower bound; so the arrow is sometimes well to the

left of the curve while at other times the two are indistinguishable. Curves at N = 2 (120 mm)

and at N = 3 (100 mm) are good examples of close lower bounds. The N = 4 (100 mm) case

shows the lower bound well below the derived spacing.

Some subjectivity exists within this method of analysis. Many curves are quite well

represented by straight lines drawn through the two points available. The three curves to the

right, however, show considerable curvature. Two were necessarily curved to match lower

bounds; but the N = 2 (90 mm) case simply exhibits curvature. Systematic trends were also

employed to help generate these (possibly arbitrary) curves. For example, no curve drawn with

good confidence is anywhere significantly concave; all show convex curvature or a linear

relationship. This unexplained property was used to draw curves, not necessarily straight lines,

through even just two data points in some cases. Uncertainties expressed in these derived critical

situations are an attempt to evaluate the quality of these results. Those applying these data are
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cautioned to generate their own asymptotic values from the data provided, if they are not

confident of the author's.

The first block of Table IX (76 mm) exhibits one unexplained anomaly. That is the

apparently critical case having a vertical lattice spacing of 367.0 mm. When analyzed following

procedures used in other cases, a critical height of 300 + 7 is suggested. This is given in Table IX

even though the result is highly suspect. It is questionable because this "critical" case was

sandwiched between two configurations for which criticality was not attained. Figure 30

presents the three reciprocal multiplication curves for the three spacings. Again, trays are

represented by horizontal lines with serifs. The widest spacing had a greater asymptotic

reciprocal multiplication, as expected, than that for the smallest. The middle spacing (dots),

however, fell unexpectedly outside this envelope. All three curves were indeed coincident upon

one another up to a water height of 230 mm. The two smaller spacings remained coincident for

20 additional millimeters; but at 260 mm and greater heights, the middle spacing exhibited lower

reciprocal multiplications. This is the anomaly. Interestingly, this is the one experiment of the

entire first program not participated in by the author.

Competing physics phenomenon do not preclude the possibility that one spacing might

lead to a critical configuration while adjacent ones do not. A delicate balance between moderation

136



o

0.70

I 0.60

0.50

0.40

0.30
^—«

0 0.20
O

1 0.10
CD

0.00

Ax=Ay = 76 mm
(all 3 curves)

A z = 387.4 mm

A z = 362.0 mm .

A z = 336.6 mm a

100 140 180 220 260 300 340 380 420 460 500
Water Height (mm)
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result is questionable.
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and absorption between layers could lead to this result. That is not believed to be the case,

however, in experiment #22.

The last three experiments in the first block of Table IX deserve some discussion. The

first of these involve two layers of plutonium metal with a very large spacing (almost 0.4 m)

between them. These two layers might be neutronically decoupled from one another such that

the asymptotic multiplication of that subcritical array might be about the same as for a single tray

of plutonium. That, indeed, is very nearly the case. In fact, the difference in asymptotic

multiplication for one layer and two widely spaced layers is even smaller than the difference in

the same parameter between two supposedly identical experiments (#15 and #55).

One interesting array is not included in Table IX because the fully reflected 2x2x2 array

was very, very subcritical. This was an array for which AX = AY = 200 mm. Apparently, the

array is so widely separated that the plutonium units do not interact with one another. This

array was even studied at all because the vertical spacing, AZ, was as small as possible: trays in

contact. The conclusion here is that double (stacked) plutonium cylinders do not interact with

one another in such a widely spaced 2x2 planar array. These stacked cylinders weigh about 6 kg

each.
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Experiments show fairly good repeatability. Two identical experiments, #50 and #53 of

Table XI, were performed 11 months apart. The repeated array had been reconstructed; and the

subcritical results are substantially in agreement with the earlier experiment.

Specific cases for which criticality occurred at some water height less than full reflection

in all directions are most valuable to the code evaluator on a case-by-case basis. Can codes

accurately predict experimental results? The 15 derived data points, however, correspond to

situations wherein an effectively infinitely reflected system would be just critical at the given AX

= AY for a specific AZ. Figure 31 illustrates this viewpoint. The four derived data points of

Table IX are shown by dots and a smooth curve connects them. The other three curves connect

the data for the data of Tables X, XI, and XII, respectively. The one large uncertainty in the

2x2x2 study is shown by the error bars.

Smooth curves are drawn through the available data. No effort is made to justify the

functional form of the curve. Each curve is drawn on its own merits; and the fact that curves

have different shapes is not understood. The fact that the 2x2x2 curve almost intersects the other

three is, likewise, unexplained. Still, to the extent that these data are believed, interpolated critical

conditions may be validated by the code enthusiast The equilateral cases having all three lattice

spacings the same might prove of special interest.

139



300

I
as
a
o
CC
i_

a>

1
E

o
o
CM

CO

_o

O

200

N
<

*o
CB
a.

CO

03

(0o

100

+ 2x2x5
S 2x2x4
® 2x2x3
. 2x2x2

80 100 120 140 160

Horizontal Lattice Spacing, Ax =Ay
ZJM-WHT.SM.22a

Figure 31. Inferred asymptotic vertical lattice spacings are graphed against
horizontal spacings. The curves generate other fully water-reflected
arrays to be evaluated. The fine line corresponds to equilateral
arrays which would be just critical when fully reflected.

140

J



Second Program

Criticality was attained in this second program. This improves the accuracy of quoted

critical parameters; but the matter is somewhat complicated by the intrinsic source of neutrons

associated with plutonium. Uranium experiments lack this intrinsic source. Criticality is

normally attained in the presence of an external source that is removed as criticality is achieved.

Slightly supercritical and slightly subcritical cases are easily distinguished. Plutonium

configurations are more complicated. Even slightly subcritical configurations can exhibit a growth

in neutron population because of the influence of intrinsic source. The effect is small and hardly

important. All critical parameters quoted in this second study are more confidently known than

any extrapolated results from the first.

These arrays were nearly equilateral cubical ones and the tank was also almost a cubical

shell. The question of azimuthal side reflection is less important because a good amount of

reflector water existed on all faces of a fully-reflected array. In addition, the tank was composed

of thick plastic walls. The walls plus the water formed a very good approximation to effectively

infinite reflection on all six faces of the cube. For this reason, environmental reflectors and other

nearby components are probable less important.

Water heights are quoted relative to the top surface of the framework used to support

sleeves, not the very bottom of the tank. This (H = 0.0 mm) surface is 12.7 mm above the
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original bottom of the tank. The reason for this choice is that the framework's bottom plate was

only a little smaller than the aluminum bottom of the tank; so any very small amount of water

"below H = 0" may be ignored.

Experimental results for several 3x3x3 arrays are presented in Table XIV. All

experiments except the last had a vertical lattice spacing, defined by pins through the sleeves, of

127.5 mm. This was not an easy parameter to change. As before, critical heights are reported in

bold face type in the last column; and the uncertainties given suggest confidence in the accuracy

of results.

The first two critical heights are, sadly, the result of extrapolations. The reason, however,

is not due to administrative limitations. Rather, the enlarged reservoir simply had not been filled

with quite enough water. The shape of the reciprocal multiplication curve had almost

approached its asymptotic behavior such that the critical heights were well identified. Therefore,

these experiments were not repeated with more water when it was added for later approaches.

Three experiments had long, thin neutron detectors immersed in the water. These were

intended to give a different neutronic view of the critical approach; but the data proved useless.

142



Table XIV.

Experimental Results for 3 x 3 x 3 Arrays.
(81.754 kg plutonium)

Sequential

Experiment

Number

and

footnotes

9 a
10 a
12
13
14
15 b
16 c
17
18
19
20
21
22

HORIZONTAL

ARRAY

SPACING

Ax = Ay

(mm)

120.0
127.0

f 129.0
[129.0
131.0
130.0
130.0
130.0
130.0
130.5
131.0
130.75 !
128.0

VERTICAL

ARRAY

SPACING

Az

(mm)

127.5

131.0

ro
n

te
r?

CD 5

lo
ng

, 
th

in
 r

de
te

ct
or

 in

CO

o
Z

Critical Water
Height
(mm)

or
Asymptotic

Inverse Neutron
Count Rate Well

Above Array

483 ±2
584 ±1
606.0± 0.51
606.8± 0.5J

0.12
623.0± 0.5]
629.1 ± 0.11
628.2 ± 0.3 f
630.8 ± 0.5j
658.0 ± 0.5

0.16
0.08

656.0± 0.5

a. These critical heights were extrapolated from very high
multiplication. A larger uncertainty is associated with
this procedure.

b. Experiment 15 was repeated as Experiment 16 with only several
sleeves rotated through specific angles as discussed in the text.

c. Experiments 17 through 22 used a systematic sleeve loading
technique designed to reduce random error by keeping all
plutonium systematically to one side of the tolerance within
the outer cans.
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Detector presence is documented in Table XIV because of the possible influence due to the

absence of water when the detector was present. The effect is believed small; two otherwise

identical experiments except for the presence of the detector yielded identical results within the

quoted uncertainty. This is so even though the detector was about 25 mm in diameter and almost

a meter long. It is thought to have been placed just inside the plastic wall but where with respect

to the array is not recorded.

Two situations bare a certain reciprocity with respect to one another. This warrants

some discussion. The last experiment had a vertical lattice spacing (131.0 mm) equal to the

horizontal lattice spacing of, actually, two (repeated) experiments. Likewise, the horizontal

lattice spacing of this last experiment (128.0 mm) was very close to (but not identical) to the

vertical lattice spacing of the two repeated runs (127.5 mm). When the two equal spacings were

smaller than the third, criticality occurred at 656.0 + 0.5 mm. The reciprocity case proved to be

subcritical even though one spacing (127.5 mm) was slightly smaller than the partner. The

explanation for this is that two of the three dimensions of the critical case were smaller than the

counterpart, while, in the other case, only one of three spacings were smaller than the other two.

Experiments #15 and #16 were also identical except for one small feature. Sleeves were

neither changed or moved between the two except that they were rotated about their vertical axis.

The purpose was to determine whether or not the space between the inner aluminum can and the
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secondary containment stainless steel can might prove important. For this study, the central

sleeve remained as is. Center sleeves along each side were rotated 180° and corner sleeves were

rotated 90°. The repeated experiment showed a surprising 6.1 mm increase in the critical water

height. This far exceeded the propagated uncertainties of the two experiments. The conclusion

was that the exact location of the plutoniurn metal within its container was an important

parameter.

With a random loading of sleeves into an array, this feature would contribute to an

uncomfortably large random error in the results. This problem was lessened by altering

procedures a little such that the random uncertainty became a systematic one.

Toward that end, all experiments from #16 to the end of the program installed the same

cylinders in the same sleeves in the same azimuthal orientation and with confidence that the

plutonium metal would be systematically off to the same side. This was accomplished by

orienting each sleeve with its weld bead arbitrarily rotated to the same direction (east). Just

before the sleeve was rotated into its vertical orientation, the sleeve was tapped so as to cause the

plutonium to migrate toward the east side. Then, the sleeve was moved to vertical adiabatically

such that the off-centeredness would remain systematically constant.
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In contrast to this approach, an earlier section discussed the tendency for the inner cans

to center themselves within the outer under routine handling. That is still true, so the inner cans

are believed not to be folly in contact with the east wall of the outer; but, with this methodology,

at least the displacement from center was systematic.

This technique of aligning sleeve seams was used for one of the most sensitive set of

experiments ever performed anywhere, to this author's knowledge.

The vertical lattice spacing, AZ, remained fixed (127.5 mm) throughout the entire set of

experiments about to be described. This corresponded to pins situated 31 holes apart in the

perforated aluminum sleeves. Only AX and AY were varied by carefully setting the slotted

members. The first had AX = AY = 131.0 mm; and the fully reflected array proved to be well-

subcritical with a multiplication of only about 8! The second had the horizontal lattice spacing

reduced only one millimeter (130.0 mm); and the array attained criticality close to the top of the

array (about 586 mm). Next, the spacing was widened to halfway between the two (130.5 mm).

This time criticality occurred 27.2 mm higher but still well below an effectively infinite reflector.

For the final experiment of this series, the horizontal lattice spacing was increased a minuscule

0.25 mm to 13.075 mm. This array, finally, remained subcritical upon full reflection; and the

multiplication was only 12.5 - really quite unreactive!
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In summary, a very small change in one parameter, the horizontal lattice spacing, caused a

system which had been critical with only partial reflection of its top surface to become

significantly subcritical with full reflection. Indeed, this small change (0.25 mm) is fast

approaching the limit of one's ability to even set that parameter! That is the reason for the

emphasis given to the entry in the second column for experiment #21 in Table XIV.

The two subcritical spacings (130.75 mm and 131.0 mm) can be combined with the

nearest critical case (130.5 mm) to draw another curve similar to those in Fig. 29. A gently

convex smooth curve using this information suggests a value for the critical asymptotic horizontal

lattice spacing of 130.55 + 0.05 mm!

This fully reflected just critical derived data point became the asymptote (horizontal

dashed line) of Fig. 32. Dots are obtained directly from Table XTV; and error bars are shown

when uncertainties are larger than the dot itself. Four dots at 130.0 mm show repeated

measurements. Arrowheads point at the perfectly equilateral case AX = AY = AZ = 127.5 mm.

That critical water height would be 588.00 + 0.05 mm. The horizontal bar with serifs in Fig. 32

represents the highest (3rd) level of plutonium cans.

The reciprocal multiplication curve for the manual loading of nine sleeves into position for

the subsequent flooding of experiment #9 proved interesting. This was the closest spaced array
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(AX = AY = 120.0 mm) built within the plastic tank; and, yet, the final multiplication of the

system was a paultry 3. The surprising fact is that 81 kg of plutonium confined to such a small

space and so close to thick hydrogenous materials was so unreactive. Later, water would add a

lot of reactivity, however, as criticality was achieved between the second and third levels of

plutonium.
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UNCERTAINTIES

Uncertainties reported here have one of three meanings depending upon the application.

Which is used is made clear in the text. When the result of a statistically significant sampling, the

uncertainty is the conventional standard deviation calculated for the average. Examples include

many measurements in the Apparatus section. Here, for example, twenty shims of each size

were available and accurate averages and precise standard deviations could be reported.

The second kind of uncertainty is best exemplified by the critical water heights reported

here. Certainly, multiple measurements were not made; that would have been both expensive and

risky. These uncertainties are simply good guesses at the confidence placed in the quoted value.

Sometimes this uncertainty was small, sometimes, large; but that depends on other factors

explained elsewhere.

Occasionally, only a very few measurements of some parameter were made. The number

was too few for a good statistical analysis but more than one. In these cases, the average was

traditional; but the uncertainty was estimated in still a third way. Decades of experience in

scientific measurement suggest the following observation: the range observed for a small set of

measurements is often a good estimate of about three times the standard deviation of a much
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larger set on the same parameter. This notion is not at all mathematically rigorous. Still, some

uncertainties were estimated in this fashion.

All three are claimed to express about the same confidence in the parameter. One

standard deviation in the purely statistical cases represents about a 67% confidence in the value

quoted. About the same confidence is claimed for estimated parameters, too.

Even when uncertainties are not specifically given, the number of significant figures

expressed signify confidence in the value. For example, 1.9 m implies a good likelihood that the

true value lies between about 1.85 and 1.95 m. The 1.9-m-thick concrete walls of the Assembly

Room are a good example. At the other extreme, 3185 g implies that the true weight of the object

in question lies between 3184 and 3186 g, a much greater precision. This example is taken from

the last entry in Table VI, the mass of a particular tray. This much lower uncertainty is certainly

related to quality certified balances used for weight measurements.

Some material compositions were measured by analytical methods on samples drawn

from a larger lot. Other materials are simply reported by their common name; and elemental

composition should be obtained from the literature. An example of the former is the elemental

composition of the plastic used in the second program. Examples of the latter include un-
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analyzed Type 6061 aluminum alloy and Type 304 stainless steel. Both were used in both

programs.

A possibly surprising conjecture is that an analytical determination of elemental

composition is not always better than assuming an industry-wide standard composition. This

arguable assertion is defended on human factors considerations. A less-important component or

one where many samples would be expensive, difficult to obtain, or both are often deduced from

a single sample. People do not expend the time and resources to obtain statistically significant

numbers of samples in these cases. This single sample is subject to possible inhomogeneity; the

sample may not represent the whole. Even a perfect analysis would yield wrong results. A

single sample is also subject to unavoidable analytical uncertainties. Most analytical

measurements of elemental compositions are not a great deal better than + 1 % ; and any error in

laboratory technique worsens the result. Here, even a perfectly homogeneous sample would,

again, yield wrong results.

A single sample of a common material readily available from a number of sources and

manufactured under strict production controls is probably much better described by that

industry-wide standard composition than by an analysis of a single sample. Alloys of aluminum,

stainless steel, and steel and common plastics fall in this category. On the other hand, uncommon
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materials, ones with little manufacturing controls, or materials prepared in the field should be

sampled and analyzed.

Precision in elemental composition is more important for components which are a major

influence on reactivity. Close in and larger items need better understanding of their composition.

Concrete immediately adjacent to an array would need to be analyzed; while concrete walls a

great distance away may be described more approximately. The composition of the concrete

walls of the Assembly Room is probably not very important.

Water height measurements in these two programs is a good example of the distinction

between accuracy said precision. The top surface of the liquid, under the influence of gravity, is

certain to be flat and horizontal. As long as measurements are made away from a meniscus, the

precision is limited only by the ability to read the calibrated scale installed for that purpose. At

least two factors contribute to accuracy problems, however. One is the possible erroneous

positioning of this scale. This, in fact, was the case in the second study; but, fortunately, it was

discovered and corrected. A second, more subtle, source of inaccuracy is the possible slope

and/or unevenness of the bottom of the tank. If the sight gauge happened to connect to the tank

at, say, a local high point in the bottom, all water heights would read systematically too low.
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Both programs employed reciprocal multiplication data in a number of ways, especially

the asymptotic value under full reflection. This information is certainly very dependent on the

chosen relative geometry between the fissile material, the radiation detectors, and the changing

water levels. Still, the relative data from a number of otherwise similar experiments are claimed

to be functionally related to one another provided these important geometries do not change.

Typically, the numerator, Co, resulted in about 2500 neutrons being counted in a fixed interval of

time; and the related uncertainty would be + 50 neutrons. The asymptotic multiplication was

usually at least 10; so the denominator, C(H), would have been about 25000 neutrons counted

over the same interval, with an uncertainty of about +158 neutrons. The uncertainty, then, in

most asymptotic reciprocal multiplication values would be about + 5% or slightly better.
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A HYPOTHETICAL SITUATION

This section discusses an accident condition that never happened; that is important. Its

potential was recognized after-the-fact. The notion is discussed here as a warning to those who

would design future experiments. Criticality did not result from the supposed accident; but the

interesting conclusion of this discussion is that the resulting subcritical system could not have

been SCRAM-ed! This fail-safe safety shut-down procedure would have carried the subcritical

system right through prompt criticality.

The key to this predicament is the "bumpy" shape of certain reciprocal multiplication

curves. In particular, the concern stems from competing physical phenomenon taking place when

a number of layers of plutonium metal are widely spaced. Water passing over the lowest layer

both moderates and reflects neutrons back into that layer. Neutrons from the layers above, still

in air, are relatively unaffected by this water.

As the water rises between the two layers, neutrons from the second layer begin to

become moderated; and the reactivity increases sharply. Both of the first two layers are actively

interacting with one another. Higher layers still are relatively unimportant. Some level of water

between the two arrays corresponds to optimum moderation. More water does not increase

reactivity. Instead, the small absorption cross section of hydrogen comes into play; and
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additional water only absorbs neutrons. This is manifested by a decrease in multiplication

which, naturally, leads to a rise in the reciprocal multiplication curve.

Further water additions now begin to reflect the plutonium of the second layer. The

curve again turns downward; but the "bump" has been formed. This phenomenon is repeated

between each layer assuming all are equally spaced the same wide AZ. The condition does

decrease in size as successive layers are filled. Figure 33 shows one specific example obtained

from an actual experiment from the first program. The first bump peaks just below the center of

the second layer of plutonium; but it is a fairly large bump. The second appears near the bottom

of the third layer and is somewhat smaller. A third is seen in the middle of the fourth layer; but it

is quite small. No subsequent structure is seen throughout the rest of the experiment.

The example proved to be subcritical upon full top reflection. After the asymptotic

reciprocal multiplication was recorded, the water was simply allowed to flow safely back to the

reservoir. The same structure of the curve retraced itself as the water returned to storage. When

completely drained, the experiment was ended.

Mechanical shifts in hardware are always possible. Care was taken in experimental design

to minimize that possibility; but a slippage of, say, a tray a small amount was possible. The

hypothesized accident is that such a slippage does occur. This movement of components is
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Figure 33. Structure in a reciprocal multiplication curve, such as seen here, can
lead to unsafe, although improbable, situations. An equipment shift
at about 480 mm could result in a criticality accident (arrow) during
the supposedly safe shut-down mode.
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adequate to increase the reactivity significantly. That shift alone could result in a prompt

criticality; but that kind of accident has always been recognized. Indeed, the SCRAM design is

designed to mitigate consequences of such an event. An equipment shift producing prompt

criticality is assumed not to be the case, however.

The first response to this circumstance would be relief and a sense of good fortune that

the accident, although it significantly increased reactivity, did not result in a nuclear worker's

worst nightmare. Suppose, however, that the accident had occurred at about 480 mm in the

example shown in the figure. The wise experimenter would realize before activating the safety

SCRAM that the reciprocal multiplication curve always retraces its structure as the water flows

away from the tank. Doing so if this dreadful case would result in a prompt critical accident

about 20 mm into the water return.

This hypothetical situation is highly improbable. First, the probability that a particular

shift would cause a reactivity increase of just the proper magnitude is exceedingly small. An

immediate criticality or a small shift of some relatively harmless reactivity increase is far more

likely. Second, the chances that the slippage took place at 480 + 2 mm (arbitrarily chosen as the

width of the major portion of the bump in this example) out of the 1000 mm in the example is

approximately 1 in 250.
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THE INCIDENT

The morning of December 20,1983, was to have been just another in the series of critical

experiments described in this paper. Another in the second series of critical experiments

described in this paper would be performed. After the experiment, the array, a little over 81 kg

of plutonium, would be untouched even after the water had drained away. The 27-unit array

occupied a cubical space less than half a meter on a side and stood centered in the open-top clear

plastic tank.

That evening, contamination was found on the floor of the Assembly Room; and that was

identified as plutonium the next day. The event was regarded seriously31. Plutonium

experiments had been uncommon throughout the history of the laboratory; and future uranium

experiments did not want to be hampered by the questionable cloud of being performed in a

plutonium-contaminated facility. The rest of the pre-Christmas week was spent decontaminating

the floor. The first week of January, 1983, was spent on routine matters with only a couple of

logged references to the final cleanup of the contamination.

31 Still, the alarm was not out of proportion. Neither the contamination level nor the floor
area affected were large. The author's personal record book that day and the next reports the
following simple notes following several sentences reporting routine daily operations:
"Discovered hot floor" and "Hot floor discovered to be caused by Pu cylinder".
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A casual inspection of the experimental apparatus the morning of January 11, 1983, to

verify normalcy revealed just the opposite. The system was definitely not as it had been when

last inspected. A small handful of a light-greenish dust lay strewn around the floor of the clear

tank. The powdery substance was unevenly distributed within an irregular region about 0.3 m

across; it lay just below one corner of the array and could easily be seen through the thick, but

clear, walls. The first thought was to wonder what foreign substance had fallen or blown into the

tank.

Looking up the corner sleeve, above the powder, an uncharacteristic outward dent in the

vicinity of the middle can in this sleeve was quickly noticed. The aluminum was sharply bent.

Naively, the two abnormalities were not connected at first. A still-closer look from outside the

tank revealed a wedge-shaped band of the same green granules at about the mid-section of that

same can. The powder could be seen through the holes in the perforated aluminum. The two

events were finally connected and the observers realized that something was definitely abnormal.

The top half of the stainless steel can had been pushed upward and canted jauntily to one

side. It was this tip of the can's lid that had dented the sleeve. With disbelief, observers finally

recognized the full scope of the situation. One can had ruptured and, somehow, a plutonium

compound had formed. These have lower densities than pure metal so required much more space

than available within the inner can and, evidently, even within the spacious tolerances of the
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larger can. The compound had continued to grow until it pushed against the outer can's glued-

together seam. Its organic silicone may have become ineffective through age, thermal cycling,

radiation damage, or any combination. The lid pushed upward under this force, separated from

the bottom, and tilted within the sleeve as the compound continued to exert pressure. Granules

leaked through the holes in the perforated metal of the sleeve and fell to the floor of the tank.

The puzzle was quickly pieced together further. Water was the most likely foreign

material to contact the plutonium metal because the cans had repeatedly been immersed in water.

The sealant had been expected to prevent this. Evidently, the seal had failed. The

incompatibility of water and plutonium is well known. The combination produces an oxide of

plutonium by a vigorous chemical reaction. The specific oxide was later understood to be

plutonium dioxide (PUO2). The color was correct, although one recognized plutonium expert32

pointed out that plutonium dioxide may take on several colors - including the olive-green

observed.

This situation constituted a serious radiological emergency. Prompt and decisive - but

critically safe - actions were called for. The facts that the oxide seemed to be well-contained at

the bottom of a deep (even though open topped) tank and that there did not seem to be any air

turbulence within the room which might have spread the contamination were gratefully

32 Private communication with Jess M. Cleveland, Boulder, Colorado.
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recognized. The room was quickly posted to forbid casual entry, the manager of the Critical

Mass Laboratory was notified, and the radiation safety technician was asked to perform a careful

survey of the area around the outside of the tank. The goal of this last action was to determine if,

indeed, the contamination was contained within the tank as suspected. Fortunately, the survey

confirmed that point totally.

A length of flexible heavy-weight plastic sheet was cut to a size large enough to cover the

top surface of the tank and fold down over the sides a small amount. This sheet was slowly and

carefully moved into position without disturbing the dust. The plastic was taped in place with

wide vinyl tape, forming a "lid" for the previously open tank.

Water had been drained back to the reservoir after the last experiment three weeks earlier.

The possibility was recognized that it might be contaminated, depending on exactly when the

leak happened relative to the last experiment. Both SCRAM lines were disconnected at the

reservoir; and their inner surfaces showed no contamination. Droplets of water clinging to the

tubing were, likewise, not contaminated. The water in the reservoir was uncontaminated.

Evidently, all loose plutonium had been, indeed, contained to the interior of the tank.

The immediate emergency had been stabilized; and time could be taken to think through

the next actions. Still, urgency remained because the condition of other 26 cans was not known.
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A careful visual inspection through the walls of the tank and the perforated metal of the sleeves

revealed no other oxide nor cans with partially separated seams. All cans could be seen clearly,

even the central sleeve of three.

Many plutonium experts from around the plant gathered within that first hour to map out

strategy. It was determined that all 27 plutonium cans should be returned immediately to the

production stream at the Rocky Flats Plant. This was accomplished by carefully removing the

nine sleeves, one at a time. The cans would not be separated from their sleeves until relocated to

another building. Each sleeve was separated from the experimental array by hand and slowly

pulled up into a waiting flexible plastic sleeve considerably larger that the metal sleeve. The

dented one containing the leaking cylinder was saved until last. This entire operation was closely

monitored by a team of radiation protection personnel.

The bagged sleeves were loaded into shipping containers. They were shipped to two

buildings on plantsite (Buildings #771 and #371) within a few hours of first discovery. To their

credit, no worker was contaminated nor did contamination ever escape the tank during this entire

operation!

The status of stored cans which had not been part of the fated array was also suspect.

The decision was made to return these cans, too, to the same production buildings. That
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operation was completed about 4:00 AM the morning of January 12, 1983. Weary workers

returned home to sleep; but the situation was fully stabilized. Plutonium metal experiments at

Rocky Flats were ended until a new set of cylinders could be obtained.

The plutonium was recovered and returned to the production stream over the next few

weeks. This was accomplished by skilled chemical operators in both buildings. The author was

present at the opening of a few plutonium cylinders; and photographs were taken to document

concluding phases of this serious event. Three of the four panels of Fig. 34 come from this

effort. Most of the bare plutonium appeared black and showed no evidence of attack from water.

They looked just like the upper left hand panel of Fig. 14 which portrayed happier times. Black

is the surface coating which quickly forms on the silver-colored metal; so the color surprised no

one. A few aluminum cans were found badly corroded revealing that the same problem would

have been imminent. They were coated with a surface deposit not inconsistent with water vapor

repeatedly being evaporated to dryness between experiments. One can was found with its

aluminum side split open; see the upper right photo. A decade later, no one can recall whether

any oxide was found in the stainless steel can. The vast majority of this metal cylinder was still

quite solid, but its entire surface was discovered uniformly covered with the yellow-green scale

when removed from the aluminum can. One cylinder fell into two pieces as it was being removed
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A second unwanted event occurred during the analysis and evaluation actions subsequent

to the initial discovery. One sleeve containing three apparently undamaged stainless steel cans

had been transferred to a Rocky Flats analytical laboratory (Building #559) for uncanning. The

purpose was to determine the status of apparently unharmed cans. The entire sleeve was bagged

into a glovebox; and one stainless steel can was extracted from the sleeve. The sealant's grip was

pried loose and the inner can removed. That aluminum can was opened much like one would

open a can of produce, exposing the bare plutonium.

The fissile metal was black in color, as expected; and it appeared to be in excellent

condition. The plutonium was removed and set upon the glovebox's floor while uncanning debris

was gathered up. The author studied the can through the window of the glovebox for he had

never seen the bare metal, the subject of so many experiments over so many years.

Within a few moments, a surprising event occurred. The surface began to emit sparks.

An inquiry into this curious phenomenon garnered immediate attention. Expert's immediately

recognized that the glovebox must have contained air instead of nitrogen, an inert gas unable to

support combustion, as thought. Metallurgists quickly explained that the metal was about to

combust in a fiameless, rapid oxidation because of direct contact with air. Nothing could be done

to stop it.
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It could be controlled, however. A stainless steel can about the size of a shoebox and

containing magnesium oxide sand was quickly bagged into the glovebox. The sand would form a

thick, heat-insulating cushion. Metal tongs were used to lift the cylinder onto the sand. By this

time, the plutonium cylinder - almost imperceptibly at first - began to assume a very dark red

color. Minutes later, it was a dull-red and glowing. The glow brightened and approached bright

orange while all concerned stood helplessly by. At its brightest, the plutonium cylinder and a

glowing charcoal briquette at a picnic cookout would have been indistinguishable. The can burned

itself in half; and this dismal moment is captured in the lower right hand photograph of Fig. 34.

Within an hour, the fire was gone, a pile of ash replaced the cylinder, and the color of the

burning metal appeared on the faces of the technical staff. A mistake had been made. No more

cans were opened in an oxygen atmosphere.

Even though the destruction of this one cylinder by fire was an unplanned event, it is

important to recognize that no harmful consequences resulted. No person was hurt or

contaminated. No contamination outside the glovebox (which was already heavily contaminated
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Figure 34. Various stages of the plutonium contamination incident of
January, 1983, including the complete combustion of a cylinder.
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internally) occurred. The cost of recovery was small. No plutonium was lost; all was recovered

from the sand.

The following explanation is offered for the entire sequence of events surrounding the

contamination release of 1982/83. In the first experimental program, stainless steel cans were

exposed to about 75 thermal cycles. Here the cans rose in temperature between experiments only

to be shocked by the introduction of cooler water during the next experiment. Cans did not leak

because the sealant was fresh and served its purpose well. A few years passed between the two

experimental programs. During this time the sealant deteriorated. Sometime during this second

study, a very small amount of water found its way into the outer can of at least one fissile unit.

The aluminum would have resisted this water forever; but the can did have a steel lid. Evidence

reveals that this steel did not rust through. Instead, the water evidently seeped through pin holes

in the rolled joint between the two metals. This moisture began to attack the metal. The

plutonium compound is a lesser density than metal. The cans lacked space for this low-density

material and pushed the cans apart to make the needed space.

The chemical attack is so rapid that the formation of sufficient compound to cause the

observed failure is believed to have occurred in a few hours. The favorable aspect of this

conclusion is that the last experiment would therefore have involved pure metal only with no

need to consider the reactivity of plutonium dioxide.
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LESSONS LEARNED

Involvement with these plutonium components has spanned about two decades. They

came to Rocky Flats in 1970; and this paper is published in the mid-1990s, most of one person's

professional career. This section summarizes personal reflections about how events might have

been better managed over that time as a guide to future persons involved in the nuclear criticality

safety industry. Plutonium is costly to the United States government to create, manufacture,

safeguard, inventory, handle, and dispose of. This issue, alone, justifies improvements. Further-

more, the apparent direction for the nuclear industry in the 1990s suggests that criticality

experiments will, most likely, be difficult to perform; so this paper also presumes to serve as

another purpose. It is another33 attempt to archive experimental techniques used to obtain the

nuclear criticalily data upon which much of the nation's safety evaluations are ultimately based.

This paper should have been written as two documents a decade apart and one and two

decades ago. Reporting experimental data in the open literature many years after the fact is

difficult to do. Information needed, such as geometry descriptions and elemental compositions of

involved materials, is hard to find. Details become hazy in the memory; and even the best

33 Robert E. Rothe, "Critical Experiments on an Enriched Uranium Solution System
Containing Periodically Distributed Strong Neutron Absorbers and An Archival Record of
Typical Procedures for Performing Critical Experiments at the Rocky Flats Critical Mass
Laboratory", EG&G, Inc, Golden, CO. NSTR 013-93. (September, 1993).
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recorder relies upon a surprising amount of "recent memory" in writing a paper. One argument

offered at the time the unwise decision was cast to bypass publication has proven false. The

contention was that: "Rocky Flats "had" the data; so why spend time and money publishing it?"

This was believed by management even though all information was still contained in bits and

pieces in record books, loose-leaf notebooks, and human memories. The data was thought

available to Rocky Flats' safety specialists to use in their evaluations whenever they wished.

That may have been true in the months following experiments; but it certainly is not true years

later. Memories can fade and books and records could become lost or forgotten, although that has

not occurred in this case. The current trend in the industry is to require documented validations

of data used in safety evaluations. The absence of published data only enforces the need for

prompt publication and peer-review of new information.

The first of the two experimental programs reported here possessed two major design

flaws. Too much stainless steel surrounded each plutonium cylinder; and the fissile units were

surrounded by too much aluminum. The plutonium, itself, was too decoupled from the all-

important moderation and reflection effects of water. Aluminum, especially, is not a strong

influence on the neutronics of arrays because the element does not have high absorption or

scattering cross sections. Rather, it served more as a "diluent" to the physics effects being

studied. In spite of these conditions, the experimental data presented here is valuable and

pertinent. It must simply be modelled accurately, precisely, and completely.
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The second program solved one of those problems. Excess aluminum was avoided by an

important design change; but the large amount of stainless steel in the second enclosure was not

changed. The original aluminum produce cans providing the first containment remained loosely

positioned within these thick stainless steel cans. As a result, only part of the decoupling

weakness of the first program was eliminated. Again, the resulting data is still valid if modelled

correctly.

The proposed third program would have eliminated both short comings and solved

another problem as well. The new plutonium cylinders would be contained in two, close-fitting,

stainless cans. A prototype of this design, artfully laid out for the photograph, is shown in Fig.

35. The amount of stainless steel would be greatly reduced. The resulting double containment

would have been better because the relatively weak aluminum inner container was to be replaced

by a much stronger material. The uncertainty of just exactly where the fissile metal was within

the can would have been eliminated by the tighter fit. This location issue was addressed as well

as possible in the second program; but exactly how well is not certain. These cylinders would

have been held rigidly in place with only small amounts of aluminum forming the superstructure.

An additional problem solved with this new design would be that fresh plutonium would

have been a much smaller radiological handling problem. The original plutonium was too old and
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Figure 35. The proposed double containment for planned future studies
with fresh plutonium metal. All welds would have used
electron beam welding to secure good seals.
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contained a great deal of 241Am which posed a worrisome personnel exposure threat. Fresh

material would not have that drawback.

Sadly, the third program never got underway.
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FUTURE EXPERIMENTS

Before the contamination incident of January, 1983, many more experiments had been

planned for the second series of experiments. These would have employed the same doubly-

canned fissile units in the same thick-walled plastic tank. Various numbers of cylinders in

various arrays with both equal and unequal numbers and lattice spacings in each direction were to

have been studied. Additional cylinders, also doubly-canned, had been built for a series of

"substitution" experiments. Except for materials, all were otherwise identical to the plutonium

units. Some were high-enriched (~ 93% 235U) uranium metal, a different fissile material. Others

were depleted uranium (close to 100% 238U), a dense, non-fissile metal. Still others were

borosilicate glass, a strong neutron absorber. Experiments planned for these substitution

cylinders would have first measured the critical water parameters of selected all-plutonium arrays

and then repeated them with one or more cylinders replaced by the substitution ones. These

experiments were expected to provide quite sensitive measures of certain fission, scattering, and

absorption cross sections. Sadly, none of these cylinders were ever used.

Immediately after discovering the contamination incident, a vigorous program of future

experiments were still envisioned. The naive plan was to clean up the well-contained contamina-

tion and continue with only a short delay, using the same cylinders. An early analysis showed
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this assumption was not reasonable. The second can's glued together parts were not impervious

to water. A new design would be required.

Two other long-standing problems, present in both of these programs, were to be

resolved at the same time. The old plutonium was very y active due to its 241Am content; and

containers having much less stainless steel was planned. New metal would contain almost no

241 Am and be much safer to handle. The contamination incident would have had some positive

effect.

Rocky Flats set out in earnest in the mid-1980s to redesign a new set" of doubly-canned

plutonium metal cylinders. They would still weigh about 3 kg each and have about the same

cylindrical dimensions. That mass equalled the nominal upper limit encountered for most metal

operations at the plant; only a few special geometries allowed greater mass. The nearly

equilateral geometry would yield criticality parameters very close to the most reactive geometry

(spherical); and, yet, cylinders are much easier to fabricate. Also, exactly the same geometry,

rather than truly equilateral, would allow comparisons between new and old data.

The metal would be in its most-dense phase, a-phase, with a density of 19.6 mg/mm3.

Cylinders would fit tightly into the inner can, allowing very little movement. Still, the coefficient

of expansion and possible phase changes yielding lower densities was considered recognizing that
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the metal would be cycled thermally. The can was designed to withstand a temperature increase

of 150 °C which would produce a 12% increase in volume. Note that the full change to 8-phase

metal (p = 156.8 mg/mm3) would produce a 24% increase in volume; and the cans might not have

withstood that phase change. That magnitude change might occur in response to an accidental

criticality excursion.

The new containment, shown in another section as Fig. 35, was to consist of one sealed

stainless steel can which just slip-fit into a second sealed can of the same material. Both would

be fabricated with quite thin walls. Top and bottom disks were machined from the same stainless

steel bar stock. Punching from sheet stock might result in imperfectly flat lids. Even though side

walls were thin, steps were machined at top and bottom to receive the lids.

The first action would be to weld bottom lids onto each of the two nesting cylinders.

Electron-Beam (E-B) welding would avoid distorting the cans through heat. Then, the machined

plutonium would have been slipped into the smaller can with very little tolerance. First, the

metal was to have been measured and analyzed thoroughly; one would never again have access to

the pure metal. The next step would have been to weld the smaller can's upper lid to its step.

The singly-canned unit would be decontaminated before being dropped into the outer can and its

lid welded in place. A final cleaning would result in a nearly ideal experimental fissile unit for

many year's of use.
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About 150 pair of cans were fabricated at Rocky Flats. These still exist somewhere at the

plant but were never received at the laboratory. One pilot set was delivered (Fig. 35).

Dimensions are given in Table XV. The fit of one can inside the other is so good that several

seconds are required for the smaller to settle to the bottom of the larger when simply dropped.

No plutonium metal was ever canned in these new containers.

Table XV.

Dimensions of the Proposed New Doubly-Canned

Plutonium Metal Fissile Units.

Inner Can

(mm)

Inside

Diameter

65.63

Outside

Diameter

67.67

Height

49.05

Outer Can

(mm)

Inside

Diameter

67.82

Outside

Diameter

70.23

Height

51.08

All four lids were 1.04-mm thick.

One of the first experimental uses with these new units would have been to repeat

experiments already performed with the old. This would evaluate empirically the worth of excess

stainless steel and unwanted Americium, not leaving that important comparison to mere calcula-

tional efforts. Non-uniform arrays were planned, too, wherein non-constant lattice spacings in

each direction could be studied. Perhaps a spacing related to, say, the cosine function across an
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array in each direction might prove more reactive than a uniform array. Triangular pitched arrays

were also planned.

Another unique plan was to devise a means of shifting one unit or one array parameter

very small, but measured, amounts while an array is still critical. These could be termed

"perturbation experiments"; small uncertainties in array construction would only appear as a

systematic bias. Fine-tuned effects would be measured without questioning whether or not the

array had shifted between experiments. One might have measured the change in the critical height

or, for a truly small perturbation, just the change in the nuclear reactor period. One related study

would rotate a cylinder while the array was still critical. Any change in the reactor period would

be a very sensitive measure of azimuthal homogeneity.

The study of arrays moderated and reflected by reduced density water were also

proposed. These would simulate a building's fire-protection sprinkler system. Other common

hydrogenous liquids were planned also: oils, chlorinated hydrocarbons, and a host of others

encountered in a production plant. One array would be constructed and would remain unchanged

while different liquids flooded the tank.

A long-time goal at Rocky Flats was to measure empirically the temperature coefficient of

reactivity of plutonium. Any array would be adjusted to criticality using ordinary room
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temperature water; and then that same array would be remeasured using very hot water. This

would need to be performed slowly and in an insulated tank to assure thermal equilibrium.

Possibly, a water immersion heater and a water circulation device to assure mixing could

accomplish this sensitive experiment without every leaving the critical condition.

One final plan was to couple two of the 3 kg units together to form a single 6 kg

plutonium cylinder. Many arrays could be studied afresh using this now-larger fissile unit. This

exact concept was already studied in the 1960s program performed with the units at another

laboratory. Since many 3 kg units in a line array are not critical, planar arrays of these long

cylinders would also have been possible.

None of these planned experiments have ever been performed. They continue to be of

significant value to the nuclear community in the 1990s and beyond. The entire field of nuclear

criticality safety, both in the United States and abroad, needs this - and a host of other -

experimental data.

The absence of a United States nuclear weapons production program does not diminish

the need for such data in the least. Nuclear weapons need to be dismantled; and that will call for

data from this type of experiment. Component materials need to be processed and stored; and

both tasks require this type of data. Recovery operations are different than manufacturing ones;
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so the data needs are different now than in past decades. The United States even plans to assist

in the destruction of Russian weapons; so even a greater total mass of fissile material will be

involved. Furthermore, routine operations in different countries may have been sufficiently

different to require data in the United States never before recognized. All these needs are not

predicated upon how much plutonium might be economically crammed into a given storage vault.

Rather, the need for further experiments is predicated upon the continued nuclear criticality safety

of this necessary storage.

The nation's needs for further experimental criticality data and the need to retain a facility

capable of this responsibility has been recognized by the Defense Nuclear Facilities Safety

Board. The United States Department of Energy set out to respond to recommendations set forth

in their published document34. Wisely, the DOE solicited advice from many technical experts.

One such discussion took place in Golden, Colorado, in the summer of 199335. That advice was

easy to give; laboratories all over the United States had their own future programs well-mapped

out years into the future. One published document36 resulting from that meeting was an

34 "RECOMMENDATION 93-2 TO THE SECRETARY OF ENERGY", John T.
Conway, Chairman, Defense Nuclear Facility Safety Board. (March, 1993).

35 Reference the meeting at Golden in 1993.

36 Debra Rutherford, Editor, "Forecast of Criticality Experiments and Experimental Programs
to Support Nuclear Operations in the United States of America: 1994-1999", LA-12683
(Reissued, July, 1994).
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extensive compilation of all important, projected, and proposed experimental programs.

Programs presented in the Forecast, and its periodic revisions, could keep several Critical Mass

Laboratories very busy for decades.

This paper concludes with a poignant observation relating to the author's professional

career. A young scientist, fresh from graduate school, came to Rocky Flats the summer of 1964.

He watched construction of the building that would later become the Critical Mass Laboratory.

During 30 years, 1700 experiments were performed there. Sadly, his retirement and that of the

building, itself, seem to be happening at just about the same time.
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