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ABSTRACT

Experiments are deseribed on the critical sizes of zssemblies
of fluorinated, hydrogenous mixtures containing 2L% enriched uranium.
A hydrogenous reflector was used. The critical masses of the uranium as
e function of the amount of hydrogen in the mixture under the sxperimenial

conditions of denslty and effective molecular weight were as follows:

¥o. of Atoms H Density of Effective Molecular  Critical Mess
vper Atom U, Mixture welght of 2% U.
30.9 1.67 654 .9 kg
15.1 1.95 537 25,2
11.0 2.1l 506 3l.2

The effect of cadmium and boron shielding between the‘uranium
mixture apd the surrounding reflector was also studied, and an experiment
was made on varying the shape from a cublecal to an elongsted geometry. 4an
attempt ig made to interpret the criticality results in terme of pure UFg,
leading to the result that at this isotoplic concentration, and a density
of k.5, about 36 kg of UFg would be critical if lumped surrounded closely

by hydrogenous material.



INTRODUCTION

In another report1 an account has been giwn of experiments de-
signed to indicate the safety against criticality of vessels containing
UFG” under varying conditions of neutron reflection from surroundings, and
of protection by cadmium and boron coatings. The measurements were taken
with‘nearly normel material, under conditions far from critical. The tem-
porary availeability of some material of higher enrichment has now allowed
the experimentation to proceed a step further., This report describes experi-
ments on the size of actual critical assemblies of fluorinated mixtures, in
hydrogenous reflectors and with hydrogenous materiel mixed into the active
body. The effect upon criticality of cadmium and boron coverings was also

studied directly, and an experiment was made involving variation of the

shape of assembly.

EXPERIMENTAL

For the sake of eafety.and flexibility, UF6 itself was not used for
these measurements, Instead, & mock-up mixture of enriched U303 and fluoro-
carbon was made. 0308 was chosen in preference to U3 because of the hygro-
scopic nature of the latter. The fluorocarbon was in the form of ¢ll known
as 2144, The mixture was pasty, eand it was necessary to package 1t in cubes
covered with aluminum foil 0.005 inches thiclk; 1n size the cubes ware mostly

1" x 1% x 1%, The average effective composition of the mixture as stacked

1 Snell, et al., MonP-l7



in the critical assembles could be expressed as

0, g3 ®5.30 F3.60 o.u °

in which the Al fraction was somewhat variable from one assembly to another,
but wes unimportent in any case., The corresponding proportions by weight

are:

Us55.8%; 0:10.6%; C:15.0%; F:16.1% and Al:2.5%

From their known scattering and absorption cross-sections, the carbon,
oxyFen and aluminum could be expected to have only a small effect on the
pile insofar as neutrons were concerned. Apart from its density (3.5 for
the mix, but considerably lower as actually stacked), this mixture was,
therefore, & reasonable and practical approximation to UI‘G.> It would have
been slightly prefereble to have a higher fluorine content, but the admix-
ture of more 214l would have resulted in a substance too soupy for use in
a building-block structure.

The preparation of the mterial and the packaging were done for
us at the point of origin., A detailed analysis of the materlal was also
given us: it is reproduced in the appendix,

The experimental arrangement is indicated in Fig, 1. Since all
measurements were to be taken in the presence of a hydrogenous reflector,
a bed of paraffin six inches thick was arranged on & table top. The as-

semblies of cubes were rectangular, and they were erected on the center of



the paraffin bed. Paraffin blocks were built around the four sides and

cr the top. ®0 as to provide a complete hydrogenous reflector or "t amper!
8ix inches thick. TFor such assemblies as actually became criticel, the
final avproach was made by adding the last blocks of paraffin to the tamper.,
The agsemblies of cubes of active material sometimes required structural
reinforcement, and this was provided by aluminum trays, which were laid
horizontelly at two-inch intervals and arranged with spacers as indlcated
in the figure, which carried the weight of the overlying layers and reduced
the squeezing of the oily mixture from its aluminum-=covered cubes.

An gluminum tube 7/8 inches in diameter, running vertically
through the tamper down to & position near the center of the pile, served
for the insertion of a neutron source for multiplication measurements.
These extra amounts of aluminum are included in the average composition
of the pile as given above.

As a sgfety precaution, one side of the paraffin reflector was
built upon a hinged leaf attached to the table. This leaf was supported by
a prop. which could be jerked out either by a sclenoid or by hand, using a
long cord. The solemold was actusted by a "Monitron"e placed about ten feet
distant. If the radiation should exceed a certain level, it would then trip
the monitron, which would actuate the solenoid, thereby dislodging the nrop
and dropping one face of the reflector away from the pile.

As measuring instruments. four slow neutron detectors were set up

ae follows: (1) A BFé chamber outside of the reflector, connected to a

2 ¢. Ballou, CP-3104



D. C. amplifier and an Fsterline-Angus recorder. This instrument was

used only for visual observation of the level of assemblies that actually
became critical; (2) a flat fission chamber, six inches square, containing
about 100 mg of 0235° Thies chamber was placed inside the reflector, direct-
1y below the pile; (3) two boron proportional counters, which were set up
outside of the reflector, about 24 inches from the center of the pile. The
positions of these four detectors are shown in Fig. 1.

For those assemblies which did not reach critical, a 500 mg
Ra-Be source wae placed in the vertical aluminum tube in the pile, and the
reciprocals of the counting rates on the boron counters and the fission
chamber were plotted against the amount of materiel in the usual manner.
Extrapolation to zero reciprocal counting rate then gave some idea of the
critical mass.

In most of the assemblies, some hydrogen was mixed into the active
pile. This was done by building lattice structures with alternating blocks
of the mix and of polythene plastic. The dimensions of the lattice elements
were, however, not small compared with the presumed mean free path of the
neutrons in the pile, and; t herefare, a "correctim for inhomcgeneity" was
necessary to exprese the critical masses in terms of a uniform distribution
of the hydrogen in the material. Dr. Teller indicated how this can be ap-
plied. If the critical mass for the homogeneous arrangement is taken as i

times the critical mass for the heterogeneous arrangement, then i is given by

SIS (1)
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where C is the average inverse cedmium ratio for U fission, i.e. the

ratio (activity of Cd-covered foil)/(activity of uncovered foll) and R

is given by
A N
1 4 ____E_ @ _,_,.-H;..m, ° k4 o @”gz‘
R o= — w3 | 0£(235) (1a)
N N
1 ¢ % H v 0 a(H)
235 6 £(235)

in which AH/AM is the retic of an average thermal neutron densities in

the hydrogenous blocks and in the mix, Nﬁ/H235 is the ratio of the number

of atoms of hydrogen to the number of atoms of 0235 in the pile, d"a(H)/ o’f(zyj)
1s the ratio of self-evident cross-sectlons, viz. 0,31/550, and v is the vol-
ume ratio of polythene to mix in the assembly. Furthermore, we have

NH/N.‘,5 =157

0.2u

in which the figure 15 is derived from the density and composition of the
polythene and the mix (see appendix) and the figure 0.24 is the isotopic

abundance of 235 in the uranium. R can then be written

1+ 0,035 Av°/A,

R = > . . (1v)
1 v 0.035v"




The messurements required for the correction for inhomogeneity
are, therefore, (1) the average thermal flux through the cubes of mix and
polythens; (2) the average cadmium ratio for 0235 through the cubes of mix
and polythene. To obtain these quantities, a few cubes were split into
halves, and small foils of indium and 244 enriched U30g were prepared.
These foils measured 1* x 1/4% and when laid centrally between the halves
of the split cubes, built into the pile, and activated by running the crit-
ieal assemblies at a sufficient power level, they gave measurements of the

required average fluxes and cadmium ratios. In the case of the 0305 foils,

gamma rays were counted so &8 to reduce the natural UX background, and the
activities were measured about 2 hours after activation in order to elimi-
nate ths effect of the 23-minute 0239: thus only figsion product gammas wers
counted, Such measurements were made with and without cadmium. Corrections
were made for foil welghts, and activations were kept to the same duration
and normaliged for intensity by an integrated count on one of the boron

counters.

EXPERIMENTAL RESULTS

It seems most straightforward to describe the various assemblies,
suberitical and critical, approximately as they were built and meanured.
It 18 easiest to express the dimensions in terms of the cubes. Actually,
the cubes were not exactly 1" x 1" x 1" and they did not pack perfectly,

e.g. & base 11 cubes by 11 cubes would measure 11-5/8% x 11-5/8%, To



cover this imperfection of stacking, a mean density will be given for
each pile. The lattices used are characteriged by their respective
values of v, which is taken as the ratio of the number of polythene

cubes to the number of cubes of mix.

Pile No. 1 gPuro Mixz v=0

Thieg pile was made entirely of the cubes of U3°8 = CFp

mixture, with no added hydrogen. It was built on a base 11 x 1l cubes,
and when a height of 10 layers was attalned, 1t contained all of the
available enriched material., This amounted %o 71.1 kg of the mix. The
effective density us derived from these figures was 2.98.

Even when completely paraffin-tamped, this pile was far from
critical. Only a slight neutron multiplication was apparent, as can be

geen from the following counting rates taken with the Re-Be source in

the plle:
Pile Height _____ Counting Rates (counts per min)
Boron Counter #1 25 Chamber
10 layers 24.3 x 64 ug.7 x 64
8 layers 21.6 x 64 4.0 x 64

The neutron multivlication is so emall that a guess as to the critical

size would be most uncertain.



Pile No. 2 v = 2. Mean stacked density 1.67

This pile was built in a latiice structure such as is indicated
in the insert of Fig. 5. Built on a base of 11 cubes x 11 cubes, it became
eritical at a height of 12 layers less 9 cubes of wix, or 11.8 layers. It
then contained 471 cubes or 28.9 kg of mix, and 15.5 kg of polythene, and

its effective composition was U02°83 Celas FBQGO Al 830090 The folils for

the measurement of the correction for inhomogeneity were placed in the sixth
layer from the bottom. The counts were as represented in the following
diagrem, iz which "P% means polythene and "M" means mix; and the subdivi-

sions are intended to indicate the cubes:

Composition of 1" cubes M P P M P P M

In foil act. (A; and Ay) 21y 384 | 524 298 | %50 &4 323

Inverse Cd ratio for 25 (¢)| 0.10 | 0.076 |0.10 [0.20| -- - ——

Face of € 1> 4g of
pile pile

Teking mean values of AH“ AMD and C, one obtains on ingertion
into the formulae (1) & value for 1 of 0.92. The pile, if homogeneous,
would, therefore, have been critical at a total mass of 43 kg instead of
a total maes 46,7 kg as actually built.

For the critical esizes of plles of this composition when covered

with cadmiuvm or boron, see piles No. 8 and No. 9.



Pile No. 3 v = 1. Mean stacked density 1.95

The cubes were built up in a simple cublic lattice, on a base
which measured 11 x 11 cubes. The pile became critical, when completely
tamped, at @ height of 12 layers plus 6 additional rows. It then con-

p

tained~h5°7 kg of the mix and 12.1 kg of polythene. The effective com-

position was 002383 cl3nu F3n60 Aloah 315010

The measurements for the correction for inhomogeneity were
in the seventh layer from the bottom. The results of the measurements

wvere as follows:

Composition of 1" cubes: P M P M P M

Indium foil activity(laandAu) 149 108 169 157 193 119

Inverse Cd ratio for 25 (C) 0.18 10.16 }o0.U40 0.21

T ™
Face of & 182 Axis of
pile pile

These figures give mean values for Ay/Ay and for C of 1.26 and 0.29
respectively. Insertior of these figures in the formulae (1) gives a

correction factor 1 for inhomogeneity of 0.99.

Effect of cadmium

Cadmium sheets were placed on the four sides and top of ths

pile, inside of the paraffin reflector, and counts were taken at different
vile heights for an extrapolated determination of the critical mass.

The resuits are plotted in Fig. 2. Extrapolation is very uncertain,
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but one might guess that the pile could become critical at a helght of
20 to 24 layers. Thig, however, would be an unfavorable shape, and prob-
ably the best wc can do 18 to guess that a complete covering of cadmium
might increass the critical mass of a paraffin-surrounded pile of this

composition by a factor of about 2. .

Pile No. 4 v = 3. Mean stacked density 2.35

This pile was built on a base of 1l cubes x 11 cubes, in a
lattice as shown in the insert of Fig. 3. It reached a height of 13
layers without becoming critical, although completely paraffin tamped.
It then contained 64.0 kg of mix and 8.4 kg of polythene. Its effective
composition was U°2°83 0903 Fsas Alooh H705 o Neutron counts were taken
with the Ra-Be source in the central tube after each of the first few
layers was removed during the disassembly, and the resulting plot is
given in Fig. 3. There was not enough neutron multiplication to permit

reliable extrapolation to the criticel size.

Pile Fo. 5 v = 3/L4. Mean stacked density 2.1l

Thie pile was stacked on a base of 11 cubes by 1l cubes, accord-
ing to the lattice pattern indicated in Fig. 4. 1t beceme critical at
a height of 1Lk-L/11 leyers, when completely paraffin-tamped. It then con-
tained 992 cubes or 62 kg of mix and T4l cubes or 11.9 kg of polythene.

The effective composition was U0p g3 Cyj 3 F: 6 Alg y Hy;- Measurements
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were teken for the inhomogeneity correction in the seventh layer from

the bottom, the results being as follows:

Composition of 1" cubes P M M P M

Indium foil activity(Ay and Ay} 191 | 107 129 20k 159

Inverse Cd ratio for 25 0-.11 | 0.23 | 0.31 0.21
T

Face Aii.

Insertion of the respective averace values for the thrze mix and
the two polythene cubes into the formulae (1) lead to 1 = 0.99.

To try to obtaln an idea of the effectiveness of & cadmium coating
on this pile, sheets of cadmium wers placed between the oile and tha paraffin
on the top end the four vertical sides. Neutron multiplication measurements
wvere then made as the pile started to be disassembled, and the reciprocal
counting rates are plotted in PFig. 4. It is impossible to deduce a critical
mass from this plot: all one can say is that the cadmium on five facee
reduced a criticel assembly to one that was far from critical. The effect
of cadmium seems to be larger than it was for Pile No., 3, which contained

more hydrogen (compare Figs 4 and 2); this is clearly to be expocted.

Pile No. 6 and Pile Ro. 7 Effect of cadmium and boron v = 2.

Maan stacked density 1.67
These two piles were built with ths object of testing ithe effect
upon critical size of a complete cadmium (oile #6) or boren {pile #7)
shield between the pile and hydrogenous tamper. The lattice was that of

pile No. 2 and {8 shown in Fig, 5. It will be recalled that pile #2
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became critical for a mix content of 31.2 kg, Pile No. 6 was built on
base 14 x 14 cubes, and became critical at a height of 12-10/14 layers,
when paraffin-tamped outside of the cadmium, Its mix conten? was then
51.4 kg, and the cadmium bad increased the critical mass by a factor of
1.7.

A test of the effect of a safety rod was made in pile Ko.6. A
boron-filled aluminum tube, 5/8% in diameter, was inserted vertically to
& depth of 6 inches at a point five inches from each of two adjoining
vertical faces. Counts were taken,6 and their reciprocals are plotted in
Tig. 5. It looks as if criticality would have been reached at about 1}}
layers, which would mean that the boron rod increased the critical mass
by only 64.

The boron covering used in pile Fo. 7 consisted of flat hollow
iron shields, filled with boron carbide or calcium boride, and bolted to-
gether to make a hollow cubical box. The iron walls of the shields were
1/8" thick. They were welghed before and after filling, and the surface
density of the boron was found to be 1.2 g/eme0 The pile was built on a
base 14 i 14 cubes, and Fig 6 shows the plo% of reciprocal counting rates.
The critical height is clearly close to 12.6 layers. There was a complete
paraffin reflector outeide of the boron sheili.

it seemed curious that the boron-covered pile No. 7 became critical
at a slightly smaller mass than the cadmium—covered pile No. 6. Since the
restacking might have changed the mean density a little, a more direct

comparison was made by replacing the boron on the top and the four sides of
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pileNo. 7 v th cadmium. The counting rates with the source inseried were
taken in both cases, end those for t he completely boron-covered pile wvere
several per cent higher. The boron shield, as used, was therefore a little
exolanation

scattering from the 1/8* thickness of iron between the lattice and the boron,

which was not present when the cadmium was in place.

Pile No. 8 and Pile No. 9 Test of elongated geometry v = 2.

Mean stacked density 1.67

These two piles were built of the lattice shown in Fig 6, and
were comnletely paraffin-tamsed, without cadmium or boron. They were
elongeted horizontally. The 25 chamber was under the ceatral part, and the
source hole was in the center. Pile No.8& was started on a cross section
of & cubes x & cubes, and was lengthened symmetrically by adding a layer
on both ends between readings. Counter No. 2 wae on the perpendicular bisector
of the axie of the pile. The plots of the reciprocal counting rates in thise
counter and in the 25 cheamber, as & function of length, are given in Fig.7.
The curves flatten so much that 1t is doubtful if the pile could ever be
made critical by increasing its length.

Pile No. 9 was similarly builtn except that its cross section was
9 cubes x 9 cubes. It decame critical at a length of 24,7 layers. The
counting rates as it approached critical are plotted in Fig.7 for comparison
with those of pile No. 8.

For the critical size of a nearly cubical pile of the same com-

position, see pile No, 2.
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It 1s difficult to deduce information of & goneral nature
from these few measurements. We shall content ourselves with the ob-
servation that this hydrogen-uranium mixture, which became critical in
a paraffin-tamped 11 x 11 x 11 cube would probably also become critical
in a long, paraffin-tamped parallel piped with a cross section 8% x &%,
and that further reduction in the cross section would demand great increases
in length for criticality until at 8 x 8, even an infinite length wouléd de
?ubcriticalo Incomplete as it 18, this information may be of use in the
design of piping which must be held below critical, for a safety factor
can be apvlied which easily overshadows the inaccuracies in the experi-

mental results,

SUMMARY AND DISCUSSION OF RESULTS

The following table gives collected results for all piles which
actually became critical, with explicit statement of the NH/NU ratios, as
derived from the stacked emounts of polythene and mix, expressing the

critical maases in terms ¢f uranium.

ile No \ Ba/%y Stacked Critical Mass Ciritcal Mass
Density of Enriched U in of Enriched U im|
Heterogeneous Pile| Homogensous Mix,
2 2 30.9 1.67 16.2 kg 14.9 ke
3 1 15.1 1592 25.5 25.2
5 3/4 11.0 2.1 34,6 .2
(Cd—Coverec(l) 6 2 30,0 1.67 28.7
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Because of the limited amount of material, its rather low densitiy,
and its high molecular weight, we were unable to obtain a direct criticelity
for the quantity of prime interest, viz., the critical mass for UFB containing
Zhﬁ enriched uranium, From the critical masses of the hydrogen-containing
nixtures actually built, one may however e mmine the trend as the hydrogen
contant is reduced. Fig.8 is a logarithmic plot of the critical mass
against the Np/N; retio. Making use of the knowledge that the critical
mass must be finite for small values of Nﬁ/ﬂuo and that therefore the curve
must flatten, 1t seems reasonable to conciude that the critical mase for
pure mix would have been between 75 andié}O kg, with the most probable
value at 110 kg. In considering the interpretation of this result in terns
of UIBQ it is most important to take into account iarge correction factors
arising from the difference in molecular weight and possible differences
in density. The critical mass can be expected to vary as (molecular weight)3
x (density)"2 in the absence of a hydrogenous reflector and perhaps as
(molecular weight)2°u x (density)‘1°6 when such a reflector is present. If
#olid UFg has a density 4.5, the critical mass would be probably about
36 kg when surrounded by a hydrogenous reflector, but it might be as low
as 25 kg. This estimate is in fact in fair apreement with the results of
the work described in Report MonP-47 on the nearly normal UFg. If one
stretches the figures to their moet dangerous extreme; viz., a density of
5 for the UF;, variation as (demﬁ.ty)‘=2 x (molecular weight)3o and 75 kg
for the critical mase of the mix, one can arrive at a lower limit of 10 kg

for the critical mass of UFg containing 214 enriched urenium.



16

AFPENDIX

The following data on the physicel properties and chemical

constitutions of the various substances used for these experiments were

kindly svpplied by the people who prepared the material:

(1)

(2)

(3)
(1)

(5)

(6)

(M
(8)

Composition of mix:

Weight ratio of U3°8 to fluorocarbon Masns
2.38 : 1 16,822.3 g
2,11 25,431.1
1.90 20,903.7
1.75 3,307.8
2.71 4 604 3

Weighted mean composition: 67.8% U30g 32.2¢ fluorocarton,
Analysis of fluorocsrbon: 51.8% F by weight
Effective composition: lehe F,
Weight of sluminum on each 1" cube of mix: 1.5 g.
Composition of polythene: 13.5¢ H by weight.
Effective composition: 051057
Weighted average percent U in the Uz0gs 84,044 (by weight}
Bffective composition: U02¢82
Weighted averape isotopic constitution of the uranium: 23.96% ve35,
Dengity of polythene: 0.91i5

Density of mix: 3.5
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