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Dr. Aleksandr Nikolayevich Zakharov

This paper is humbly dedicated to Dr. Zakharov, a respected Russian scientist, who died in a nuclear
criticality accident in June of 1997. He and this author exhibit many professional parallels illustrated by this present
paper, in preparation at the time of his death. Both have performed many hundreds of critical approach experiments
over their respective careers. The particular assembly responsible for Dr. Zakharov's death bears a remarkable
similarity to those described in this document. Both involved enriched uranium metal. Both were in the form of nesting
hemispherical shells. Both were being manually assembled. Both involved a metallic reflector - his was copper instead
of mild steel. Both experimental laboratories were large-sized rooms with thick walls.
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ABSTRACT

Sixty-nine critical configurations of up to 186 kg of uranium are reported from very early
experiments (1960s) performed at the Rocky Flats Critical Mass Laboratory near Denver, Colorado.
Enriched (93%) uranium metal spherical and hemispherical configurations were studied. All were
thick-walled shells except for two solid hemispheres. Experiments were essentially unreflected; or they
included central and/or external regions of mild steel. No liquids were involved. Critical parameters
are derived from extrapolations beyond subcritical data. Extrapolations, rather than more-precise
interpolations between slightly supercritical and slightly subcritical configurations, were necessary
because experiments involved manually assembled configurations. Many extrapolations were quite
long; but the general lack of curvature in the subcritical region lends credibility to their validity. In
addition to delayed critical parameters, a procedure is offered which might permit the determination of
prompt critical parameters as well for the same cases. This conjectured procedure is not based on any

strong physical arguments.
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INTRODUCTION

This document is the fifth in a series of six peer-reviewed papers written under the International
Criticality Safety Benchmark Evaluation Project (ICSBEP). All six place into the public domain previously
unpublished or inadequately documented experimental data generated at the Rocky Flats, Colorado, Critical
Mass Laboratory (CML). The ICSBEP is administered for the Department of Energy by J. Blair Briggs of
the Lockheed Martin Idaho Technologies Company, Idaho National Engineering and Environmental
Laboratory (INEEL). The previous four** papers were published between 1994 and 1997.

In this fifth study, a series of sixty-nine critical parameter determinations for spherical and
hemispherical thick-walled shell assemﬁlies of 93% enriched uranium metal were performed at the Rocky
Flats CML in the mid-1960s. All critical parameters were obtained from extrapolation of well-subcritical
data. This was done for safety reasons. Configurations were manually assembled; and safety precluded
manual assembly all the way to criticality.

In many cases, the fissile metal also had regions of mild steel in intimate contact ihside and/or outside
it. Other than steel, all cases were essentially unreflected except for experimental apparatus. In particular, no
hydrogenous or other liquids were nearby. These results were published5 in 1967, but that internal company
document contained inadequate detail for computer codes of the 1990s. The purpose of this paper is to

supply missing detail.

1 Robert E. Rothe, "Experimental Critical Parameters of Plutonium Metal Cylinders Flooded with Water."
INEL-96/0250. September, 1994.

2 Robert E. Rothe, "Experimental Critical Parameters of Enriched Uranium Solution in Annular Tank
Geometries." INEL-96-0386. April, 1996.

3 Robert E. Rothe, "Critical Experiments on an Enriched Uranium Solution System Containing Periodically
Distributed Strong Thermal Neutron Absorbers." INEL/EXT-97-00293. September, 1996.

4 Robert E. Rothe, "Critical Experiments on Single-Unit Spherical Plutonium Geometries Reflected and
Moderated by Oil." INEL/EXT-97-00665. May, 1997. :

5 Robert E. Rothe, "Critical Masses for Partially Steel Reflected Enriched Uranium Metal Assemblies."
RFP-1021. September, 1967.




Experiments included spherical and hemispherical geometries of enriched uranium metal, all built of
nominally 313-mm-thick nesting hemispherical shells. Two assemblies were solid hemispheres; but most
were hollow centered, forming thick-walled spherical or hemispherical shells. The largest spherical
configuration had a nominal inside radius of 110 mm; the largest hemispherical case, 90 mm. This central
cavity contained either air or mild steel. In other cases, mild steel was also placed outside the fissile metal.

Whenever steel was used, either inside and/or outside the uranium assembly, these regions, too, were
built up of nesting hemispherical shells of the same 313-mm thickness. Both uranium and steel components
had the same nominal radial dimensions; so either could be substituted for the other whenever desired. No

case, however, found steel sandwiched between regions of uranium in this program.

The smallest component (a 20-mm-radius solid hemisphere) was omitted from every hemispherical
assembly except two. This was done to form a cavity to receive an external neutron source, needed for
safety. Both matching 20-mm-radius components were omitted from all spherical assemblies. This omission
existed whether the innermost region contained mild steel or not. Steel on the outside was up to 80-mm
thick.

This study, like all experiments performed at Rocky Flats, was used to provide nuclear criticality
safety data to ensure continued safety of plant operations. Data from every program were used two ways in
those early days of nuclear criticality safety. First, they were applied directly to plant operations if those
operations were deemed suitably similar to experiments. The degree of similarity required was often left to
the discretion of the Criticality Safety Engineer. Secondly, they were used to compare experimental results
with calculations from then state-of-the-art computational methods in vogue at the time. Again, details of
this comparison were often left to the discretion of the Safety Engineer.

Computational methods before the advent of Monte Carlo codes required certain conditions of
geometrical symmetry. Only spherical or geometries well-approximated by infinite cylinders or slabs could be
calculated. Because of that limitation, only solid and hollow spherical experiments - but not hemispherical

ones -could have been calculated in those days.



Usually, the geometry of experimental programs at Rocky Flats bore a strong physical resemblance to
some plant operation. This became almost a requirement at Rocky Flats but was possibly less true ét other
Ebomtoﬁes. This Rocky Flats practice facilitated direct comparison but limited the scope of combuter
validations. The present program modeled pressing and metal-forming operations at Rocky Flats. Here,
thick, flat, slab-like ingots were'placed in a press and formed into hemispherical shapes to be machined to
final dimensions in a later operation. Steel simulated the inner punch and outer die of this operation. Results
in air from this program simulated the newly-formed hemisphere removed from the press and otherwise
unreflected. The criticality safety of these same components reflected and moderated by hydrogenous liquids
and other materials was gleaned from other studies published as internal Rocky Flats publications®”*’ and as
Journal articles'®™>* Two still-classified reports™*'* were also published.

§ Grover Tuck, "Enriched Uranium Metal Measurements, No. 1." RFP-907. July, 1967.

7 B. B. Emst, C. L. Schuske, and H. W. King, Empirical Analysis of Spherical and Hemispherical
Assemblies of Enriched Uranium Metal." RFP-937. June, 1967.

% B. B. Emst, "Critical Masses of Oil Reflected, Enriched Uranium Metal Assemblies with Polyurethane
Centers." RFP-1017. September, 1967.

9 Bruce B. Emst and Grover Tuck, "Critical Masses of Spherical and Hemispherical Steel-Moderated, Oil-
Reflected Enriched Uranium Metal Assemblies." RFP-1025. November, 1967.

1 Grover Tuck, "Critical Masses of Spherical and Hemispherical Enriched Uranium Assemblies."
JOURNAL OF NUCLEAR ENERGY, 23, pp 663-672. 1969. .

1 Donald C. Coonfield, et al, "Critical Mass Irregularity of Steel-Moderated Enriched Uranium
Assemblies with Composite Steel-Oil Reflectors." NUCLEAR SCIENCE AND ENGINEERING, 39, pp
320-328. 1970. :

2 C. Hunt and Robert E. Rothe, "Criticality Measurements on Uranium Metal Spheres Immersed in
Uranium Solution." NUCLEAR SCIENCE AND ENGINEERING, 46, pp 76-87. 1971.

3 D C. Hunt and Robert E. Rothe, "A Criticality Study of Fissile-Metal and Fissile-Solution
Combinations." NUCLEAR SCIENCE AND ENGINEERING, 53, pp 79-92. 1974.

14 E C. Crume and G. Tuck, "Criticality Measurements and Calculations of an Enriched Uranium Sphere
Reflected by Oil." RFP-786(classified). Date unknown.

15 R E. Rothe and N. L. Pruvost, "Enriched Uranium Metal Criticality Measurements and Calculations."
RFP-1027(classified). September, 1967. ‘




These experiments, even though quite old, should prove especially useful to the ICSBEP because of
the very large masses considered. Experimental data are readily available for computer validation for masses
often encountered in a production plant - up to several kilograms. Even larger masses up to about 50 kg
(Godiva) are quite well understood. Little experimental data exists, however, for significantly larger masses.
Confidence in any computational model used over any given range of masses would certainly be improved if
that same model were found to predict criticality for significantly larger masses equally well. These results
provide that missing experimental data. In summary, then, the special value of these results lie in their very

large mass, far outside the normal range encountered in a production plant.

This paper requires more recollection of important information than any of the first four written under
the ICSBEP. This is so because adequate documentation of some information is missing for the following
reasons: (1) This author was just out of graduate school and lacked experience in data collection. (2)
Documentation of more remote materials was not needed in the 1960s for computer methods then available;
and the wealth of detail required for Monte Carlo codes of the 1990s was not envisioned. (3) The entire
program, itself, was somewhat arbitrarily chosen by this author simply because the resulting data seemed
interesting and useful. It was never an official program of the laboratory; and it never fell under the auspices
of a formal, written, plan. This last reason is totally inconsistent with policies and procedures in place
throughout the industry after about 1970.

This introduction ends on a somber note with a brief reference to a Russian experimental program
that appears to have been similar to this one. Sadly, an accident during the Russian study caused the death of
Dr. Aleksandr Nikolayevich Zakharov. The accident took place June 17, 1997; and Dr. Zakharov died three
days later. A preliminary description of the Russian experiment reveals several commonalities between it and
these aged studies at Rocky Flats. Although details have not been published in the literature, both are
believed to have involved the manual assembly of nesting hemispherical shells of enriched uranium in an
approach toward criticality. Both are known to have used highly enriched uranium metal. Both are known
to have employed a non-fissile metal on the outside of the uranium as a neutron reflector. Copper was used
in Russia, mild steel at Rocky Flats. Both were done by experienced persons in the field of nuclear criticality
- in what appears to be quite similar facilities. This paper is respectfully dedicated to Dr. Zakharov.




l

THEORY

Approaches to criticality were monitored by a method called the Reciprocal Mulnplz‘cdtion
technique. This was done to ensure safety. Here, the fact is used that the instantaneous neutron flux at any
and every point within a system increases as criticality is approached. This flux is proportional to a neufron
count rate measured at some fixed distance from the assembly being built using one or more neutron
detectors. At any radius, R, of a growing assembly, this count rate, C(R), will be some factor greater than at
the start of an experiment, C,, for which R = 0. This ratio, C(R)/C, is called the Multiplication of the
system'®. The inverse of this is the reciprocal multiplication already mentioned, mathematically, Co/C(R).

At the critical radius R., C(R.) would be essentially infinite relative to that initial count rate; and
C,/C(R) would, obviously, approach zero. This produces an attractive feature for graphing safe critical
approaches. Extrapolating graphs to infinity (multiplication) is nebulous whereas extrapolations to zero
(reciprocal multiplication) are clearly defined.

For safety, especially when humans are present, all parameters of critical approach experiments
should be fixed save one. Otherwise, changes in the reciprocal multiplication curve could be attributed to
either true increased multiplication or to the manner in which neutrons respond to changes in other
parameters. In this program, the one variable changed was the radial thickness of tixe fissile metal region of
the assembly. All other features remained fixed.

Another important definition is the neutron reproduction factor, k. It and the true multiplication, M,
are related by the following equation:

k=M)[M+ 11=[1+0M]' ~1-1/M)

16 Actually, this empirical ratio is only an approximation to the true multiplication because of other
complications to the theory which are explained later.
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At criticality, k equals unity; and the expression on the right is only a good approximation near there. [It is
the first two terms of the series expansion of 1/(1+) when & is small compared to unity.] The term 1/M is
very close to (or at least proportional to) the reciprocal multiplication already defined. That is,

CJ/CR) ~ /M.

Procedural limitations did not permit manual construction all the way to criticality; the possibility of a
criticality accident was too great. The allowed limit was a multiplication of ten'”. That is, assemblies could
be built until the observed count rate was ten times greater than that with no fuel present. These limiting
assemblies remained still well subcritical. Therefore, critical values need to be extrapolated from actually
accrued subcritical data.

Any extrapolation of essentially linear data is much more reliable than that which derives from some
strongly non-linear function. Figure 1 shows a comparison between the reciprocal multiplication for a
selected case plotted against both its radial thickness and its mass'®. The radial thickness plot is very close to
linear between C,/C ~ 0.65 and the limiting value (0.1); so the extrapolation to criticality, C/C = 0, is
considered much more reliable than that for the much-more-curved mass-based function. Shown in Figure 2
is the relationship between reciprocal multiplication and the hemispherical radius of the enriched uranium
shells for this same experiment. This figure is discussed more extensively in the Appendix.

In the example of Figure 1, the extrapolated critical radius is 101.7 + 20.126 = 121.8 mm and critical
mass is 66.7 kg. For this example only, the two curves were not extrapolated independently’®. The critical
mass of the bottom curve was calculated from the 121.8-mm radius and the density and the mass

Y7 An inspection of tables in the Appendix reveals a few examples where this limit was exceeded. Evidently,
limits were regarded more as a safety objective than as a true limit in those early days. Adherence to limits
was much more respected in later years at Rocky Flats.

** Obviously, the two parameters are related; mass is proportional to the cube of the radius.
' On the contrary, all critical masses quoted in this paper were the result of independent extrapolations.

This is the same case as example E-2 in the appendix, but the results in the appendix are from a more careful
analysis.
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Figure 1. Reciprocal multiplication curves were much more linear when
graphed against a radial parameter instead of a mass-based one.
This hemispherical assembly, free of any mild steel, is one example.
The open circle emphasizes that this critical mass was derived from
the critical radius.




Reciprocal multiplication (1/M = C/C(R))
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Figure 2. Possibly, prompt critical parameters can be obtained from reciprocal

multiplication curves by extending the extrapolation into the physically
unreal region of negative Cy/C. This illustrative example is the same
experiment represented by Figure 1.




extrapolation forced to that point. Therefore, in this example only, the two curves are constrained to produce

self-consistent parameters.

Assuming that this linearity of the radial function implies a closer correlation between actual
multiplication and the count rate ratio, then the neutron reproduction factor, k, for any radial thickness
slightly smaller than 101.7 mm and, therefore, close to criticality may be calculated by the above equation.
That value of k may be compared with a computer calculation for the smaller and subcritical geometry. In
summary, once validated for the critical case, the computer code may also accurately predict k for slightly
subcritical systems from the data published here.




PROCEDURE

Experiments began by retrieving enriched uranium and mild steel shells from storage. Uranium was
stored in ordinary commercial pressure cookers identical to those used in cooking. These provided
mechanical protection, served as contamination control, and helped ensure security. Many were nested
within cookers to reduce the number of containers. The total storage limit was 10.5 kg per cooker. During
storage, nesting the parts never resulted in placing adjacent parts in contact with one another for fear they
would stick together. Instead, one cooker contained every other even numbered part (02, 06, 10, 14, 18, 22,
and 26), while another contained 04, 08, 12, 16, 20, 24, and 28. Two other cookers contained a similar
distribution of seven odd numbered parts each. Larger components approached the safety limit with fewer
shells per container; and the largest ones were stored individually. The author does not recall how or where
the mild steel parts were stored. They were, of course, uranium contaminated; so that condition had to have

been taken into consideration.

Retrieved parts were spread about a few meters from the assembly table. They rested on rolling
carts, other tables, or any flat surface other than the experimental table itself. They were widely spaced from
one another and introduced no significant reactivity. The number of parts taken from storage was only a few
greater than those actually used in the subsequent experiment. The number needed could actually be quite
well anticipated beforehand. These parts were spread around the room in a one-layer planar array. The
minimum distance of these parts from the assembly area is recalled to be at least 2 m. The maximum may
have been 5 m. The number of excess parts is recalled to have ranged from zero to, perhaps, five.

Parts were assembled in incremental stages into a growing hemispherical or spherical geometry. The
detailed sequence of this construction is described later. The process has safety implications because criticali-
ty is being approached. For that reason, neutron count rates were obtained at each stage. This neutron flux
was converted into a reciprocal multiplication as described previously. At each increment, this reciprocal
multiplication was graphed against that radial thickness. Again, Figure 1 illustrates this procedure for one

example.

Any given experiment could be characterized by four independent parameters:

10
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(1) The geometry, either spherical or hemispherical.
(2) The inner radius of the enriched uranium region.
(3) The thickness, if any, of mild steel outside the uranium.

(4) The presence or absence of mild steel inside the uranium.

The one dependent parameter varied in every approach toward criticality was the outside radius of the
enriched uranium region. The thickness was, of course the difference between this and the second parameter,

above. Equally obvious, the mass of the assembly was simply the sum of the masses of the individual parts.

The reciprocal multiplication technique began by placing a small Po-Be neutron source” about a
meter from two neutron-sensitive radiation detectors. The exact location of this source was chosen to be
easily reproducible; so it could be returned at each stage. Generally speaking, this was at the bottom of the
central cavity of the sphere. Counting neutrons for a fixed interval of time yielded the initial count rate, C.
When mild steel was present outside the uranium (the 3rd parameter), it was included in this C, count; but the

interior steel, if any, (4th parameter) was not. Of course, no uranium was ever present for this initial count.

The technique continued by placing an agreed-upon number of enriched uranium parts in the proper
location. Assemblies were supported on some kind of mount to keep them from falling off the experimental
table. The number of shells to be assembled was clearly known by past experience or other data to be far
subcritical. After returning the Po-Be source to its standard location, a new and greater neutron count rate
was obtained. This yielded the first reciprocal multiplication 4data point. Administrative procedures called for
this first increment to less than double C,; many times, the addition of the first shells did not result in a
doubling of the initial count rate.

The assembly was then dismantled and the next increment agreed upon. The size of this next addition
was determined by extrapolating the reciprocal multiplication curve developed so far to the number of
additional shells which would, again, less than double the neutron flux. Again, smaller increments were often

the case.

2 The currently popular 22Cf neutron source had not yet become available for common use.

11




These additional shells would, of course, be added to the outside of the previous uranium region; and
this iterative procedure was continued until the multiplication safety limit was approached. The experiment
was required to end there; so the critical parameter had to be obtained from an extrapolation of these data
beyond that limit.

If the series under study had a steel-reflecting layer of thickness T outside the uranium, new uranium
parts would replace some or all of the steel components. In this case, replaced steel was put away and larger
shells added to the outside to retain the thickness T before the uranium was returned. Finally, the neutron
source was returned to its standard position and a new neutron flux counted, converted to a reciprocal
multiplication, and graphed. If the series also had interior steel, that metal was returned along with the
uranium. Thus, each step along the way always had the same amount of mild steel inside and the same radial

thickness of mild steel outside; and all parameters were fixed except for the radial thickness of the uranium

region.

This procedure was very labor intensive, especially for spherical geometries. It required nearly
complete disassembly for each increment and a lot of handling of both stéel and uranium hemishells.
Nonetheless, any other sequence of assembly would have called into question the meaning of an extrapolation
to criticality. For example, if an arbitrary bottom hemisphere had been built too close to the expected final
radial thickness and the top hemisphere built following procedures outlined in the text, the extrapolation of
the reciprocal multiplication curve to criticality would nof predict a critical sphere. Instead, it would predict
the critical thickness of a top hemisphere above a fixed hemisphere of the starting size.

The extrapolation of actual subcritical data to criticality is not as obvious as it might first appear.

Four related quantities can be measured for each critical configuration:

e the number of uranium metal parts,
e the outside radius of the uranium region,
o the radial thickness of the uranium region, and

o the total mass of uranium metal.




Clearly, the first three are related to radius. The outer radius equals the inner radius of the series plus the
radial thickness; and the radial thickness equals the number of shells times their nominal thickness. The mass

is more complicated. It is related to the cube of the radius and the density, reduced as it is due to tolerance

gaps.

The first of these four was the most straightforward and, for that reason, the actual property used to
generate safe critical approaches. The number of shells is an integer and, therefore, easy to graph quite
unambiguously. That is, the actual reciprocal multiplication curves generated during the experiment consisted
of graphs relating C/C(#) to the number, #, of uranium shells present.

For the earliest report, then, of these data (RFP-1021), two critical parameters were determined: the
critical number of shells and the critical mass. The former was extrapolated; the latter was derived from that
extrapolated number. The conversion of the first to the critical uranium mass was done according to the
following procedure. The mass of the largest assembly built was obtained by summing the actual masses of
its parts. This often was two dozen or more hemishells. Next, if the extrapolated number of shells predicting
criticality were, for example, say, an additional 3.6 hemishells, then the mass of the next three actual
components which could have been added if administrative procedures would have allowed it plus 60% of
the mass of the fourth hemishell would be added to that mass. This procedure is illustrated by Table I,
wherein the critical mass of one case (an unreflected, air-centered spherical assembly having an 80-mm inner

radius) is calculated as done for that early report.

This procedure introduces a small arbitrariness for spherical assemblies. Roles of the largest two
hemishells forming the largest spherical shell could have been reversed; or the average of these two parts
could have been used for the appropriate fraction of last full spherical shell. In the example of Table I, these
different approaches would reduce the 124,985 g total mass by only 1 g and 0.4 g, respectively - truly
negligible compared to the precision of the graphical extrapolation of the number of parts itself.

Critical parameters determined anew in 1997 for this paper were independently extrapolated from the
subcritical data. These extrapolations included the outer radius and the mass of the enriched uranium. The
extrapolation methods will be discussed later in this paper.

13




Table I. A Sample Calculation of the Critical Mass of Enriched Uranium from the Extrapolated Critical
Number of Hemishells as Done for a 1967 Rocky Flats Report.

Uranium Components Number of Mass
Uranium parts (kg)

Largest assembly built 26 103.591°
Next full shell® 2 11.004
Next hemishell® 1 6.495
60% of mate to above 0.6 3.895

Total at critical 29.6 124.985
(say, 125.0)

* reciprocal multiplication was 0.086 for the 26 parts # 39 to # 64.

® mass of parts # 65 and # 66

° mass of part # 67. Part # 68 (6.492 kg) could have been used instead by reversing the roles of
these two hemishells in the last two lines.
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ENRICHED URANIUM

Rocky Flats was a major producer of both enriched uranium and plutonium components for the
United States' nuclear weapons stream at the time these experimental parts were fabricated (1965). This
changed a year later when the uranium work was shifted to Oak Ridge, Tennessee. After that, Rocky Flats

focused on processing, manufacture, and recovery of plutonium.

Before that separation, Rocky Flats assumed it would require criticality safety data for both fissile
materials for many years to come; and these data would come from the CML on site. However, uranium
experiments continued even after separation because they were much less expensive. The intention was to
apply uranium data to plutonium applications. The shape of a critical curve would be determined using
uranium experiments and then normalized to plutonium applications with a few (more expensive) plutonium
experiments. Sometimes, this normalization would be computational. The intended procedure never came

into use with the advent of Monte Carlo codes.

Fabrication of these experimental parts followed standard production procedures then in use. Large
slab-like ingots of high-purity enriched uranium metal were rolled into thick, flat plates of suitable thickness.
These were annealed to relieve stresses introduced by rolling. The next step was to draw these into
hemispheres by pressing into an outer die using an inner punch. Rough hemispheres were again annealed to
relieve stresses introduced by forming. Finally, these oversized "bowls" were machined to final radial

dimensions.

Each part was machined to a nominally 313-mm-thick hemispherical shell less tolerances required for
a slipfit. The only exceptions to this were the two smallest components: nominally 20-mm-radius
hemispheres weighing 296 g each. Figure 3 shows eleven parts viewed from above. The smallest (lower
right) was the part not used in this program The shell to its left fit inside the larger shell to the left of the
bottom row. The two slipped, in turn, inside the shell to the left of the middle row. Then, all three fit inside
the shell to the right of that one and so on. All eleven parts shown here formed a hemisphere about 53.3 mm
in radius. Tt would have weighed 5719 g if the parts shown were odd; 5725 g, if even.

15
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Figure 3. Eleven of eighty nesting enriched uranium hemispherical shells are shown.
Even-numbered shells could form one hemisphere; odd-numbered, the other.
Shells were black in color because of an oxide coating; and they were shiny
because of a thin coat of grease used to control contamination.
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Isotopic composition was determined during forming and machining operations according to routine
Rocky Flats production procedures. These results were then merely reported along with the delivered
product. Subsequent analyses couldnot be made of the metal itself without damaging the machined finish.
The uranium was analyzed, however, in later years using the oxide rubbed off a surface during cleaning.
Table II reports two measurements of isotopic content. The "1965" column is associated with initial
fabrication; the "1971" column, from oxide. Both columns sum to 100%; and this causes one to wonder if
the Z%U content was measured directly. It might have been assumed to be the difference between 100% and
the sum of the other three measured isotopes. This is not recalled for certain. Values in the table are here
offered as the best available some 30 years later. The Z*U content is not reported, although this author does
recall occasional measurements of this isotope by the Analytical Laboratory. Whenever measured, this
isotope was always found to be "less than the detectable limit". This somewhat hazy recollection may pertain
to the metal, although moét are recalled to have pertained to the enriched uranium solution, also used in a
great many experiments at the laboratory. The best guess, three decades later, is that the enriched uranium
metal contained negligible amounts of *U.

Table II. Isotopic Content of Enriched Uranium Metal

Uranium Weight-Percent

Isotope 1965 | 1971
233 not recorded
234 1.00 1.02
235 93.19 93.16
236 0.40 - 047
238 5.41 5.35

Fortunately, all records from the Rocky Flats CML are being retained at the Los Alamos National
Laboratory Archives?. This collection does contain additional Analytical Laboratory measurements
pertaining to isotopic composition. Possibly, a refined average for the isotopic distribution could be obtained
from a survey of those data; but that effort was not deemed justified at this writing.

21 Roger A. Meade, Archivist. Archive number: A-96-051.
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No measurement of metallic impurities within the fissile metal could be found during an exhaustive
search of available records. Because parts were fabricated at Rocky Flats following normal procedures,
however, a good estimate could be recovered from the Rocky Flats archives. This would yield at least

nominal values for this missing information.

The bulk density of the uranium metal was probably the nominal 18.664 mg/mm®, often quoted in
textbooks. A survey of documents pertaining to these specific parts specifies 18.675 + 0.05 mg/mm’, very
close to the nominal value. One early publication lists this density as 18.76 + 0.06 mg/mm’; but this is
thought to be a typographic error.

The effective density of an assembled configuration was reduced due to the necessary machining
tolerances on each shell. The inside radius of any given component had to be sufficiently larger than the
outside radius of the next smaller component to permit the two to slip-fit together. A typical such gap was
about 0.1 mm. Those gaps plus five small holes drilled through each component reduced the overall effective
density of an assembly to about 18.13 + 0.07 mg/mm®. Specific densities within this range are presented for
each assembly in the 69 tables in the Appendix.

Table IIT describes each hemishell precisely giving its inside radius, outside radius, and mass. These
are the values measured at manufacture (1965) and the ones employed throughout this paper. All represent
finished parts after machining and with all holes drilled. Odd numbered parts are given to the left, even, to the

- right. Subsequent weighings - even 5 and 32 years later - revealed only small differences of seldom more

than one gram®; one gram is about the readability of a certified precision balance. Such weighings always
followed a careful cleaning which included a solvent removal of residual grease and oils and a gentle soft-

paper wiping of loose oxide.

2 More often than not, these changes were increases in mass rather than loss due to abrasion or the ngors
of chemical cleaning. A possible explanatlon of increased weight might be the additional absorbed oxygen in
the surface coat as the black oxide of uranium builds up.
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Table III. Physical Parameters of the Enriched Uranium Hemishells Manufactured in the 1960s for the
I Rocky Flats Critical Mass Laboratory

I Odd-Numbered Hemishelis Even-Numbered Hemishells

Tnside Outside Total Inside Outside Total
Part # Radius Radius | Mass® | Mass® Part # Radius Radius | Mass® | Mass®
(mm) (mm) (4] (8) (mm) (mm) ®) €4)

01 c 20.015 296 0 02 c 20.009 296 0
03 20.126 23.371 176 176 04 20.126 23.377 176 176
05 23.475 26.696 233 409 06 23473 26.698 234 410
07 26.800 30.035 302 711 08 26.791 30.027 302 712
09 30.127 33.352 377 1088 10 30.123 33.351 376 1088
11 33437 36.697 465 1553 12 33.44 36.698 466 1554
13 36.798 40.025 555 2108 14 36.801 40.024 554 2108

15 40.168 43.381 653 2761 16 40.162 43.376 652 2760
17 43.457 46.697 767 3528 18 43.463 46.698 766 3526
19 46.786 50.045 890 4418 20 46.783 50.039 890 4416
21 50.173 53.372 1005 5423 22 50.128 53.358 1013 5429
23 53.464 56.692 1147 6570 24 53458 56.693 1150 6579
25 56.794 60.027 1288 7858 26 56.790 60.015 1286 7865
27 60.113 63.346 1445 9303 28 60.121 63.344 1440 9305
29 63.451 66.707 1612 10915 30 63.441 66.696 1612 10917
31 66.784 70.025 1779 12694 32 66.792 70.030 1777 12694
33 70.060 73.296 1949 14643 34 70.098 73.338 1951 14645
35 73417 76.658 2134 16777 36 73.428 76.665 2130 16775
37 76.824 80.027 2349 19126 38 76.711 80.027 2342 19117
39 80.128 83.364 2527 21653 40 80.075 83.292 2511 21628
41 83.462 86.683 2722 24375 42 83.443 86.680 2741 24369
43 86.782 89.996 2945 27320 4 86.764 89.995 2953 27322
45 90.095 93.328 3188 30508 46 90.104 93.329 3179 30501
47 93.418 96.667 3442 33950 48 93.432 96.683 3450 33951
49 96.771 99.999 3656 37606 50 96.775 100.001 3658 37609
51 100.119 | 103.340 3912 41518 52 100.104 103.336 3918 41527
53 103.445 | 106.696 4207 45725 54 103.427 106.685 4208 45735
55 106.743 | 110.009 4464 50189 56 106.773 110.013 4461 50196
57 110.113 - | 113.348 4733 54922 58 110.112 113.315 4729 54925
59 113.439 | 116.660 5003 59925 60 113.444 116.670 5025 59950
61 116.765 | 119.987 5323 65248 62 116.785 120.015 5326 65276
63 120.108 | 123.358 5660 70908 64 120.111 123.363 5650 70926
65 123486 | 126492 5509 76417 66 123.507 126.505 5495 76421
67 126.671 | 130.030 6495 82912 68 126.639 129.996 6492 82913
69 130.085 | 133.321 6599 89511 70 130.087 133.313 6598 89511
71 133432 | 136.690 6982 96493 72 133.34 136.707 6973 96484
73 136.789 | 140.014 7262 103755 74 136.787 140.010 7244 103728
75 140.085 | 143.317 7619 111374 76 140.096 143.322 7613 111341
77 143420 | 146.656 7984 119358 78 143.530 146.657 7952 | 119293
79 146.801 | 150.043 8415 "| 127773 80 146.798 150.062 8413 127706

a) These are the same masses as listed in the “1965 Manufactured” columns of Table IV.

b) Sum of the mass of all smaller hemishells and the one associated with each entry except that the 296 g center core hemisphere is

excluded.

¢) This inside radius would be zero except that the cylindrical pole hole drilled through each component renders this parameter ill-

defined.
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The right-hand-most column of each half of the table gives the total mass of all components in an
assembled hemispherical geometry up to that hemishell, but it does not include the 296 g smallest part
(nominally 20-mm-radius). Taking the appropriate two masses from this column and subtracting them yiélds
the mass of the corresponding thick-walled hemispherical shell. Then, using this mass, the outside radius of
the largest shell, and the inside radius of the smallest, the density of the hemispherical assembly may also be
calculated.

Individual densities of hemispherical shells calculated from masses and radii of Table III range
from 18.10 to 19.25 mg/mm’ with an average of 18.73 mg/mm®. These densities compare well with the
nominal 18.664 mg/mm® textbook bulk density mentioned earlier. The greatest densities are fdr parts
37 and 78. The masses of parts 37 and 78 are reasonably close to those of their counterparts; but the
radial dimensions seem to be significantly different. It should be noted that for the larger hemishells, a

small error in radius will result in a relatively large discrepancy in density.

The variation in density of individual components manufactured at the same time and with the
same bulk material, as these parts were, is almost certainly not a function of material variations. Rather

these variations demonstrate the human errors in measuring radial dimensions.

Masses (only) have been remeasured on other occasions. A comparison is presented in Table IV.
The first column repeats the 1965 manufactured values from Table IIl. The next represents a reweighing of
the cleaned first 36 parts in April of 1970. These parts were among the most often used at the CML. All 80
parts were again weighed in 1997 - 32 years after manufacture - just prior to being given to the Los Alamos
National Laboratory (LANL) for use in their critical experiments facility. This is the third column. Other
than being weighed at Rocky Flats, not much is known abdut these 1997 masses; but some care in
measurement is assumed for two reasons: (1) results agree so well with the 1965 masses and (2) this was an

interagency transfer of accountable material.

One additional column of masses is presented in Table IV; but the date and origin of this set is not
known. A typed list containing dimensions and masses of all 80 hemishells was discovered during a records
search in preparation for the present paper. For each part number, both inside and outside radii are identical
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to the 1965 dimensions to six significant figures. That high precision suggests that the origin of both was the
same; the probability of independent measurements being so identical with that precision is nil. These two
pages, however, also contain mass data - expressed to an unbelievable nine significant figures. These masses
differ sfgniﬁcantly from all the other mass data. They are assumed to be in error but are recorded here out of

a sense of complete and accurate reporting.

The 1970 reweighing data combined with the 1997 transfer to LANL substantiates the 1965 masses
because of the very small differences observed. The data of unknown origin are not considered credible
because of the discrepancies and because these data calculate to unreasonably low densities - about 17.63

mg/mm’.

Masses in Table IIT and repeated in the first column of Table IV were obtained at Rocky Flats as a
routine step during manufacture. Although the specific balance used is not known, procedures at Rocky Flats
would have required a certified precision balance. The second column masses were obtained at the Rocky
Flats CML using their 5 kg balance® certified by the Rocky Flats Standards Group. Transfer masses (1997)
were also obtained at Rocky Flats and probably employed another certified balance.

Even-numbered parts were always assembled to form one hemispherical shell; odd-numbered parts,
the other. No assembly mixed odd and even parts in the same hemisphere. No effort was made to keep
either set on the top or bottom of a spherical assembly. Hemispherical geometries always used even-
numbered parts.

Figure 4 shows two nested hemispheres flanked by the next larger shells. One hemisphere is
composed of even-numbered parts; the other, odd. Parts were actually so well machined that the plane
surface of an assembled hemisphere never revealed individual shells except upon very close inspection. Parts

were intentionally nested poorly for this photograph to illustrate nesting.

% Masses in excess of 5 kg were obtained by offsetting one side of the balance with certified known masses
of a few kg.
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Figure 4. Enriched uranium hemispheres actually nested so well that individual
shells could not be seen in the surface of the equatorial plane except
upon very close inspection. These hemispheres were intentionally
misaligned to highlight nesting.
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Each hemishell had five holes drilled in it, one at the pole and four smaller ones equally spaced in a
plane parallel to the equatorial plane and a little below it. The pole hole was 7.14 mm in diameter with a
tolerance of +0.13 mm and -0.05 mm. Both faces were counterbored to relieve sharp edges. The mass of
enriched uranium removed amounted to about 3 g, including counterbores. The purpose of the pole hole was
to receive a 6.35-mm-diameter rod to align nested shells. No alignment rod was needed in this program
although other programs used them.

Five such rods ‘had been machined of the same enriched uranium metal; but these were never used
because they never were found to be a useful length. Instead, steel or stainless steel rods, commercial

threaded screw stock, or hollow tubes were used in these other programs.

The four smaller holes (pry holes) were intended to be used only if two or more nested shells became
stuck together through oxidation, vacuum, congealed grease, or any other physical mechanism. Happily, this
worry proved unfounded; shells never stuck together. Each hole was 3.18 mm in diameter. They were
drilled parallel to the equatorial plane (not radially) and one-third of the outside radius down from this plane
toward the pole. Each hole reduced the weight of a shell by about 0.5 g, 2 g for all four holes.

Figure 5 shows a cross section of these components. Although drawn from a construction drawing
last revised in February of 1965, the figure represents actual shells well.
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Figure 5. Both enriched uranium and mild steel hemishells were machined
from this construction drawing. Tolerances were kept extremely
small on these high-quality components.
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OTHER MATERIALS

Hemispherical mild steel shells were sometimes nested to build up a steel interior inside hollow
spherical or hemispherical enriched uranium assemblies. Sometimes, similar but larger shells were added to
the outside of the uranium region to form a steel reflecting layer. Of course, sometimes no steel was used at
all.

Steel parts were machined to the same nominal dimensions as the uranium; so each shell was
nominally 313 mm thick less machining tolerances required for a slip-fit. The bulk density of the steel was
7.86 mg/mm’; and values around that appear on many Rocky Flats documents associated with machining.
This density was reduced to about 7.65 mg/mm?® because of tolerance gaps and assorted holes drilled into the
hemishells®, More accurate densities for specific combinations of shells in any application can be calculated

from available data. This reduction in density is about the same as found for uranium components.

Precise outer radii and masses for steel hemishells are listed in Table V. Apparently, no inner radii
were measured. The machining requirement was simply that adjacent parts must slip-fit within one another.
Most thicknesses and some density data were recorded. Thicknesses were found for most parts after #20.
These data are culled from a number of sources and are believed consistent with one another. Thicknesses

are discussed further later.

Parts #01 through #20 were delivered in June of 1965, #21 through #50, the next month, and #51
through #70 in October of that year. The outside radius of each was recorded on the Rocky Flats "Internal
Transfer" document for the shipment. Masses of the first 80 parts were measured in May of 1966, well after
receipt and well after some use. In all cases where the mass was also reported on the plant's "In Process
Inspection Form", generated during machining, no discrepancies were noted between kthe two. Parts
numbered #81 through #108 and #115 and #116 contained both the outside radius and mass on these same
inspection forms; and their transfer document supports radial dimensions. The inspection form for shells
#109 through #114, unfortunately, did not record a mass.

% One reference to this effective density quotes 7.62 mg/mm°®. The difference is well within measurement
uncertainty.
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The outside radius for shell #106 is entered in the table as recorded even though it is believed in error.
That shell should have had a radius of about 193.3 mm, not 189.94 mm. The smaller radius is associated
with part #103; a simple copying error is suspected. Shells #111 and #112, also, appear to have a wfong
_radius; a value close to 203 mm was expected, not 201.04 mm. This also may have been a copying error.
Since no masses were found, however, the possibility exists that both shells (larger than any uranium part)
may have been machined very thin: 0.61 and 0.89 mm, respectively. If so, shells #113 and #114 would have
been abnormally thick. A copying error appears more likely because one radial thickness (#113) was
measured and would be inconsistent with the thin/thick shell hypothesis.

A graph of the first 60 shells reveals a fairly uniform, but, of course, non-linear, increase in mass.
Above that, however, masses seem to scatter about expected values. This is probably due to slight variations
in thickness for these larger shells. The functional relationship between mass and outside radius is expected
to approach a more linear one for large shells. In the limit of infinite radius, the two would be truly linearly
related.

The table also presents the thickness of most shells. These are a little less certain because they were
obtained from maximum/minimum thicknesses obtained during machining of each shell. The average of those
limits is presented in the table; and that is not necessarily a true average because the distribution between
maximum and minimum thickness is probably not uniform. The range between limits was also rather large,
averaging about 0.12 mm with a few as large as 0.28 mm. Tabled thicknesses should be considered to have
an uncertainty of + 0.06 mm. Still another anomalous observation is that those few thickness measurements
recorded directly in metric units tended to be a little smaller than those measured with a commercial

American micrometer.

An average thickness for these steel shells, quoted in one early publication, was 3.28 mm, quite
similar to the uranium. This is close to the radial thickness estimated from density information assuming each
shell is simply thinner than its nominal 313-mm-thick goal. If an equal amount had been machined away from
each surface to produce the desired tolerance gap, the effective density would be that reduced mass divided

by the unreduced volume. The density ratio equals the mass ratio since volumes are the same; and masses are
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proportional to the thickness of a shell. The ratio of these steel densities® is 0.9733; so the thickness
calculated this way would be 3.24 mm, in fair agreement with a rough average of the thicknesses given in the
table. '

Each steel shell had a 7.14-mm-diameter pole hole intended for use in tying an assembly together; but
no such tie bolt was used in this manual assembly study. Four 3.17-mm-diameter pry holes were drilled
below the equator as in the uranium; and these were intended for use only if two shells should ever stick
together. They never did; so these holes were never used. All five holes are identical in size, location, and

orientation to those drilled into the uranium.

The mild steel was type SAE 1018. Other than the principal element, iron, metallic impurities
included between 0.15 and 0.20 wt-% carbon, between 0.60 and 0.91 wt-% manganese, and a maximum of
0.04 wt-% phosphorus and 0.05 wt-% sulphur. The source of these impurities’ ranges is not certain.
Because steel shells were not all machined at one time, the material probably was not all from the same batch.
Still, all steel was nominally the same SAE 1018.

Most other experimental programs using these steel and uranium parts involved eventual immersion
into some kind of fluid. A coating of petroleum jelly was used in these other programs both to protect both
metals against corrosion and to exclude seepage of moderating liquids. That jelly was not needed in this
study; so all metal parts were wiped reasonably dry for these experiments. Complete removal, however, was
difficult. The four small pry holes may have contained some residual jelly. A very thin coat may have
remained on component surfaces; but this thickness (if any) is difficult to estimate. An evaluator may choose
to ignore this material or perform a sensitivity study to determine its effect. The petroleum jelly was 85%
carbon and 14.8% hydrogen. It had a density of 0.816 mg/mm®. Impurities, in parts per million, included:
aluminum, 20; calcium, 7; copper, 23; and iron, 5. All others added to less than 5 ppm. The source of these

impurity values is not certain.

25 The similar ratio for uranium, including tolerance gaps and holes, was 0.97246 suggesting that both
materials had comparable tolerance gaps.
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TEMPERATURE

These experiments were performed at room temperature. This probably varied between about 18 and
21°C, dependmg upon the season. This guess is based on past temperature recordings of other experimental
programs in the same facility. No logged entries identify temperatures in this room during these early years.
Experiments appear to have been done between August, 1966, and the following February. This suggests fall

and winter conditions; so, probably, the lower end of the above range is more likely correct.

Uranium metal is not a strong alpha particle emitter. Unlike plutonium, which is quite warm to the
touch due to energy dissipated within the metal through radioactive decay, uranium remains cool to the
touch. Both uranium and steel shells probably remained very close to room temperature during the entire

program.
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APPARATUS

Many details of this experimental program are difficult to document three decades later. This is
especially true of the equipment and hardware used. Fortunately, the most important information, critical-
approach data leading to critical parameters, was very well documented. Several reasons explain this dearth
of equipment details. (1) The whole study was a somewhat informal program initiated by this author alone;
and that did not seem to warrant a logbook for detailed record keeping at the time. Thus, any written
information now available had been recorded on loose pages at best. (2) No detailed Experimental Plan,
which would have contained at least intentions about the experiment, was written. Such documents were not
required then. (3) The current (1990s) need for a wealth of descriptive detail to large distances from the
fissile material, itself, was not foreseen. Finally, (4) the ultimate usefulness of this data was not immediately

appreciated.

In spite of these shortcomings, safety considerations which became common in the 1970s and beyond
were still employed. For example, the entire program was carefully thought out and discussed with others
before any experiments were performed. An external neutron source was employed to manifest any actual
reactivity changes into changes in neutron count rate. Two independent neutron-sensitive detectors were
used to generate reciprocal multiplication approaches. Redundancy minimized the possibility of a single
instrument's failure causing an accident. Finally, two knowledgeable persons participated in almost every
critical approach.

A consequence of this minimal documentation is that some information now considered important
must be recalled from memory 30 years and 1600 experiments later. Fortunately, this author recalls this
study quite well. Still, the possibility exists that some details, especially concerning apparatus, may be less
certain. Whenever that is the case, the fact will be duly noted. |

Tables
Two different tables were used to support experiments at a comfortable working height. Both were
made of steel; but no analysis of either steel's composition is known. One is referred to as the "heavyweight"
table because it had been manufactured at Rocky Flats out of steel angle stock. It was stout. Most spherical
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experiments and those steel-centered hemispherical ones which were not reflected by steel on the outside
were performed on this table. The other is the "lightweight" table; it had been purchased commercially. Most
hemispherical experiments were performed on this except for those steel-centered ones which had no extémal
steel reflector.

The heavyweight table measured 2.13 m long by 0.61 m wide. The working surface stood 0.96 m
above the concrete floor. It is recalled to have been constructed of horizontal and vertical lengths of steel
angle stock welded together. A reasonable geometrical description of the table's frame would be to consider
it an open rectangular parallelepiped with each of 12 edges composed of angle stock. This author recalls that
the angle stock was about 75 mm wide; but it could have been as large as 100 mm. It was perhaps 6 mm
thick. It would not have been much thicker but could have been a little thinner. These estimates are based on
standard sizes available in the industry.

The table's top surface was solid and probably steel, although it could have been aluminum. If
aluminum, it would have been 13 mm thick. If stée], it could have been between 6 and 13 mm thick. This
detail is, unfortunately, not at all recalled. Again, estimates are based on materials commonly found at Rocky
Flats. A small number of experiments were recorded as being performed with a "50-mm-thick" plastic slab
covering the table. foese experiments are identified by reference to this tabletop in the table's title in the
Appendix. Although this top is not recalled by this author, written documents report its use; and these are
believed.  This plastic would almost certainly have been one of the commercial forms of
polymethylmethracrylate. The thickness of 50 mm is probably quite accurate. It should be assumed to cover
the entire tabletop.

The table extended orthogonally out from a thick concrete wall. The distance between the closest
edge of the table and the wall probably was about 100 mm. The table is recalled to have been a considerable
distance from any other concrete wall or other neutron-reflecting surface. A more specific location along the
east wall of the room in which experiments were performed is not recalled. Experimenters worked from both
sides of this table; but they always stepped away from the area while neutrons were being counted.
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Both radiation detectors stood vertically at the wall end of this table. They were taped to lengths of
76 mm x 76 mm steel angle stock, 6.4 mm thick, attached to the table's vertical members. Counters were
backed by a 0.3-m square sheet of 1.6-mm-thick cadmium bent to a right angle and taped to the angle stock.
This cadmium reduced wall-returned neutrons seen by the detectors. The full length (0.35 m) of each
detector was covered by a 353-mm by 113-mm plastic block to moderate neutrons from the fissile assembly
into the thermal energy range more easily counted by the detectors. Each block was 50 mm thick. Figure 6,
which is derived from a similar figure in Reference 5 (RFP-1021), shows a plan view of this table with the
approximate location of the center of fissile assemblies marked by a small rosette. Proportional counters (~-

50 mm diameter) are shown at the corers of the left end of the table.

The lightweight table was a little different. A small portion of it is shown in the photograph of
Figure 7 which is included only because it illustrates construction. This table measured 1.53 m long by 0.71
m wide. The working surface stood 0.87 m above the same concrete floor. It was constructed of lightweight
sheet metal, probably 1.5 to 2.5 mm thick. The top surface was the same metal, and legs were formed of the
same stock in a "T" cross section. Legs were inset a little from each corner. Figure 8 shows an elevation of
this table with the approximate location of the center of fissile assemblies marked by a rosette. This table
was, in fact, a commercial steel table often found in industrial settings. It was probably bolted together.

The location of this table within the room is not accurately recalled, although this author does recall
that it was not very close to any concrete wall. The table was probably about centered in an open area in the
southeast comer of the room and reasonably well-removed from significant neutron reflectors.

Experimenters could walk all around this table; but, as before, they stepped away during counting.

Both radiation detectors rested side by side on the floor almost directly below the fissile assembly.
They were backed by a large sheet of 1.6-mm-thick cadmium to reduce floor-returned neutrons seen by the

' detectors. The full length (0.35 m) of each detector was covered by a 480 mm by 690 mm plastic block to

moderate neutrons from the fissile assembly into the thermal energy range more easily counted by the
detectors. This block was 50 mm thick.
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Figure 6. The heavy-weight table was used on many experiments. It was
fabricated by welding together steel structural shapes. The material
of its top surface is not known, an unfortunate omission. One end
of the table was close to a thick concrete wall.
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Figure 7. The light-weight table was used on remaining experiments. It was
a commercial table purchased for general laboratory use. It was not
close to any significant environmental reflector. The sheet plastic
covering shown was not present during experiments.
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Figure 8. Some assemblies were built directly upon the thin surface of the light-weight
table. An external neutron source was placed in a 20-mm-radius cavity in the
center; and neutron detectors were placed on the floor.
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Assembly Mounts

All spherical assemblies were built on an aluminum support consisting of a short length of a vertical,
right circular, cylindrical shell welded to a thin, round, bottom disk. Actually, three such mounts were niade;
they differed in the diameter of the vertical cylinder. Their outer diameters, designed to accommodate
spheres of various size, were 81, 136.5, and 208 mm with thicknesses of 3.2, 4.8, and 6.4 mm, respectively.
All three cylinders were 203 mm tall. The top edge was chamfered to fit spherical loads better. The circular
aluminum disk was 0.41 m in diameter by 12.7 mm thick. A cross section of one of these mounts is shown in
Figure 9. The specific aluminum alloy is not known. The disk had a short length of aluminum bar stock
welded vertically at its center. The bar stock was either 12.7 or 19 mm in diameter and 90 £ 13 mm tall.
This was threaded to receive a mounting bolt for all other programs; but no such bolt was used in these
studies. Stability relied on the weight of the assembly.

Unfortunately, the specific mount used on each experiment was only specified on one experiment.
There, the "smaller cylinder mount" had been used. This suggests to this author that the other two were

more common; but even that is conjecture.

Mounts used with hemispherical assemblies are less well known. At lease three are known to have
been used. Some experiments were done directly on the table's flat surface with the pole down. Assemblies
rested on their 7.14-mm-diameter pole hole, relying on this small flat to keep them from rocking. Such a
procedure would not have been allowed in subsequent decades but was deemed acceptable at the time;
workers paid attention not to bump the table holding a delicately balanced hemisphere. Still other
experiments recognized this potential; and the hemisphere was constructed on a cork ring somewhat shaped
like a large donut with an almost square cross section. Use of this ring was probably not recorded
consistently and may have occurred more often than noted. Although a mental picture of these cork rings is
quite clear, no example could be found to permit accurate dimensions. The outside diameter of a cork ring
was about 150 + 20 mm, the radial thickness about 50 + 20 mm, and the vertical thickness about 40 + 10
mm. With such a ring, the pole hole of any assembly would have been only a few millimeters above the
table's surface.
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Figure 9. The mount for spherical assemblies (shown in cross section) was constructed of an
aluminum cylinder welded to a flat disk. Cylinders of three diameters were fabricated
but which mount was used on which experiment was seldom recorded.
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A third support was used for hemispherical experiments having no steel outside the uranium but with
steel in the central cavity. It was a welded grid of heavy aluminum bars attached to a pair of aluminum end
plates. A drawing is shown in Fig 10. This mount was designed for water-reflected experiments in another
program. There, it would be stood vertically as shown in the figure. In this application, however, the support
was rotated 90° counter clockwise to lay horizontally. Hemispheres were assembled with their pole hole up,

not down. The equatorial plane of the hemisphere was 80 mm above the table's surface.

The overall length between end plates of this massive mount was 0.71 m maintained by three
aluminum bars. Although their size is not specified, these bars probably were the same as the three
orthogonal, horizontal, aluminum bars upon which the assembly, itself, rested directly: 51 mm wide by 9.5
mm thick. The latter three were about 0.41 m long. End plates were probably oval rather than round; but
this is inferred from the figure and not recalled specifically. The thickness of the end plates, also, is not given
but was probably 13 mm.

No other materials stood close enough to the fissile assembly under construction during neutron
counting intervals to be considered any significant neutron reflection. Even the experimenters moved a

considerable distance away from the table at these times to avoid any influence from human beings.
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Figure 10. Hemispherical assemblies were supported in a number of ways. One was
this aluminum mount made for another program. In that program, this mount
kept the equatorial plane of hemispheres vertical as shown here; but, for these

manual-assembly experiments, the mount was rotated 90° to place the pole up.
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ENVIRONMENT

Experiments were performed in Room 101, called the Assembly Room, of the Rocky Flats Plant's
Critical Mass Laboratory (CML). Most of the 1700 critical and critical-approach experiments performed at
Rocky Flats between 1964 and its closure in 1989 were performed in that room. It is a large concrete room
containing only a few items large enough and/or close enough to the fissile assemblies to provide any

significant neutron reflection.

Assembly Room
The interior of this room measured 11.28 m in the east/west direction by 10.67 m in the other. It 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 thicker because
people occupied rooms to the north; and the small additional shielding would further protect them from
radiation during experiments. The ceiling varied between 0.61-m and 0.71-m thick. The concrete floor was
poured separately and was 0.15-m thick but rested directly upon compacted earth.

A sketch of this room is contained in Figure 11. Two rosettes mark the general location of the two
tables used in this program. The rosette for assemblies on the heavyweight table close to the east wall is fairly
well-defined in the east/west direction but may have been closer to the south wall than shown. The location
of the lightweight table is not at all well known except that it was somewhere in the southeast portion of the
room and far from any wall An overhead photograph of the room, taken many years after these
experiments, is shown in Figure 12 with the north wall at the top (same orientation as the previous figure).
Much of the equipment seen in this figure was not present during this program: sets of trays at the bottom,
the cabinet and two carts to the lower right, the cylindrical tank and its hardware near right center, and the
house and other equipment seen on both halves of the Horizontal Split Table. This table which was present
during this program is in the center of the photograph. These experiments were performed, then, somewhere
in the lower third of this photograph. Again, rosettes mark approximate table locations.

The Assembly Room's concrete walls contained two layers of crossed steel rebar to strengthen the

concrete. One layer was about 80 mm in from the outer surface; the other, the same distance out from the
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Figure 11. The thick-walled concrete room in which experiments were performed
was called the “Assembly Room”. The rosette close to the east wall
approximately locates the centers of assemblies built on the heavyweight
table. The other rosette provides a similar location for the lightweight table.
The dot in the northeast corner pertains to Figure 13.
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Figure 12. This overhead photograph is oriented the same as Figure 11 and shows
both areas where experiments were performed by rosettes. It shows the
room in the late 1970s, long after this study was finished; much of the

equipment shown was not present then.
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inner. Horizontal rebars were #8 on 0.3-m centers. Vertical bars were #6 on the same centers.

Approximately 7,000 kg of steel strengthens the concrete.

Specifications for the concrete poured in 1964 were quite common for industrial applications. Type 1
Portland cement was used at 307 kg/m®. The maximum water content in the fresh mix was 30 kg/m®; 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.

In later years, the room would be painted a number of times. These were not just cosmetic; instead,
paintings were aimed at improving the leak-tight integrity of the room. The first painting had probably not
yet been done at the time of these studies, although this detail is not recalled for certain.

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 passageway used for personnel access. Solid fissile materials and small experimental components
were introduced here too. The passageway 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 passageway 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 it would not make the two right-angle tumns to propagate down the
hallway.

The second opening was diagonally across the room. It was in the south wall but at the east side.
This was an equipment doorway connecting directly to the out-of-doors. The opening was twice as large
(2.44-m square) to accommodate movement of larger and heavier components. 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-
high size effectively would stop any radiation streaming south out of the room.

Both openings could be closed off and sealed by closing strong, steel, "blast doors" with a rubber seal
between them and doorjamb. These doors are omitted from the sketch for clarity. One such door existed at
the north passageway; and two existed at the south opening. Each door was 1.22-m wide by 2.59-m high
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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.

Both blast doors in the south wall were closed during these experiments because no equipment would
be moved in or out then. The blast door at the north access way, however, was intentionally left open for

safety reasons. This provided an egress route for personnel in some unforeseen event.

Equipment

The closest large item to either experimental table was the Horizontal Split Table. It was situated
within the east portion of the Assembly Room. Its overall dimensions were about 5.4 m long by 2.2 m wide;
and it rose about 0.7 m above the floor. Although the table had a complicated geometry of honeycombed
steel webbing and structural steel channel, a conservative approximation to its steel content would be a 25-
mm-thick vertical rectangular shell measuring 5.4 m by 2.2 m on the outside sﬁpporting two horizontal and
co-planar table tops. Each top would be 1.9-m-long by 2.2-m-wide and 50 mm thick. This is the most steel
that the table would have contained. One tabletop would be located at each end of the rectangle. The long
dimension of this table was parallel to the east wall. The southeast corner of the Split Table was 2.44 m west
of the east wall and 4.18 m north of the south wall. This very heavy table was never moved during the
lifetime of the laboratory.

The fissile solution containment enclosure was in the west half of the room. A very early photograph.
of it, even before the first experiment of any kind at this laboratory, is Figure 13. The picture also shows a
small portion of the Horizontal Split Table in the foreground. The containment enclosure was about centered
north/south within the Assembly Room; and it was 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.
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Figure 13. This 1964 photograph of the Assembly Room predates any experimentation at
the Rocky Flats laboratory. The view is from the east wall at about the middle
of the north half of the Horizontal Split Table, seen in the foreground. The east
wall of the Fissile Solution Containment Enclosure is seen behind the table. A
small dot on Figure 11 locates the cameraman.
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An air-handling deck existed in the southwest corner of the room but well above the floor. This deck
can not be seen in any figure. It was an all-steel structure 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 channel iron.

The room's travelling crane (also not seen) was a heavy-duty industrial "5-Ton" crane built into the
room a short distance below its ceiling. Its massive steel I-beams ran east/west with a bridge for orthogonal

movement.
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EXPERIMENTAL RESULTS

This paper, unlike others in the International Criticality Safety Benchmark Evaluation Project séties,
does not report parameters for actual critical systems. This is so because of safety considerations. Critical
approaches were constructed manually; and the risk of an accident was too great to permit criticality while
personnel were present. Dozens of other programs at Rocky Flats did, in fact, intentionally achieve criticality;
but, for these, reactivity was added remotely so the danger to personnel was eliminated.

Even these other experiments never were precisely critical. That is almost impossible to attain
because a very long time is required to establish a truly infinite reactor period. Instead, critical parameters
were always interpolated between two very closely similar states. One was slightly above and one slightly
below criticality. Thus, precise criticality is never actually achieved in any experimental study; it is always
either interpolated between bracketed data or extrapolated from subcritical data.

Critical parameters from this study are the result of a rather lengthy extrapolation of subcritical data.
Long extrapolations are considered valid in this study beca