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ABSTRACT

T
B

Expérimen 8.

gre described on the critical sizes of assemblies

of fluorinated, ﬁyirogendus mixtures conteining 2% enriched uranjum.
A“hydrogenous reflector was used. The critical magsses of the uranive as
a funcfion of the amount'of'hydrbgen‘in the mixture under the experimental

ccnditionsuof density end effactive molacular weight were as follows:

Fo. of Atoms B - Density of -  BEffective Molecular  Critical Mass
per Atom U, Mixture weight of 244 U.
30.9 : 1,67 654 14.9 ke
15.1 1.95 537 agoa
11.0 2.14 . 506 : S 342

~

The effect of cadmivm anéd boron shielding.be%ween the urenium
mixture and the surrounding reflector was also studled, and an experiment
was made on varying the shape‘from 4 cublcal to an elongated geometry. /An‘
attemptfig @ngltpf;ntegpretfthe criticallity results 1n-termg of pure UFgo
leading to the result that at this isotopic concentration, and a density

1of k.5, about 36 kg of UFg would be,critiéal.ifflumped surrounded closely

by hydrogenous material.
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IRTRODUCTI O

. In gnother report1 an account has been giwn of-experimeﬁts de-
signed to indicate the safety against criticality of veﬁseie containing
UF%D under varylng conditions of neutron réfléction from surroundings, and
of protection by cadmium and boron coatings., The measurements were token
with nearly normel materiel, under conditlons far from critical. The tem-
porary aveilebility of some material of higher enrichment has now allowed
the experimentation to proceed & step further., This report describes experi-
meﬁts on the size of actuai critical assemblies of fluorinated mixtures, in
hydrogenous reflectors and with hydéogenoﬁe materisl mixed into the active
body; The effect upon criticality of cadmium and borom coverings was also
studiéd directly, and an experiment was made involving variation of the

shape of assemdbly.

EXPERIMENTAL

For the sake of safety and flexibility°40F6'1tself was not used for
these measurements, Instead, a roksup mixﬁure of enrichgd UBOg'and flubron
carbon wes made. U303 was chosen in preference to‘UOB because of the hygro-
scopic nature of the latter. The fluorocarbon was in the form of oilvknoun
as 2144, The mixture was pa‘sty0 and it was necessary to package it in cuhes

covered with sluminum foil 0.005 inches thick; in size the cubes were mostly

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

1 Snell, et al., MonP-Uy
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in the critical assembles could be expressed as

0, g3 ®5.30 ¥3.60 Ato.4

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

ares

Us55.8%; 0:10.6%; C:15.0%; F:16.14 and Al:2.5%

From their known scattering and absofptién cross-se‘dtionsD the carbon,
oxygen 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, a reasonable and practical apprdximation to UFEQ It would have
been slightly preferable to have a higher fluorine content, but the admix-
ture of more 21l would have resulted in a substance too soupy for use in
a bullding-block structure.

The preparation of the mterial énd the packeglng were done for
us at the point of origin. A detailed analysis of the material was also
given us; 1tiié reproduced in the appendix. |

The experimental arrangement is indicated in Flg. 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 a table top. The as-

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



tﬁe paraffin bed. Paraffin blociks were bullt around the four sides and

on the top, so as to provide a2 complete hydrogenous reflector or ftampert
8ix 1nche§ thick, For such assemblies as actually became criticalw'the
final appréach Qae made by adding the last blocks of paraffin to the tamper.
The assemblies of cubes of active matérial_sometimes required structural
reinforcement, and this was provided by aluminum traye, which were laid
horizontally at two-inch 1ntervéls and arfhnged.with spacers as indicated
1q the figure, which carried the weight of the overlying layers and reduced
the squeezing of the oily mixture from ite aluminum-covered cubes. |

An gluminum tube 7/8 4inches in diameter, running vertically
through the tapper down to a position near the center of the pile, served
for the insertion of a neutron source fbr multiplication measurements.
fhése éiira aﬁéuntérbaniumi#um-are inclu&ed in the average composition
, of the pile as given ‘above.
) o 'As a safety precautionﬂ.one side of the paraffin reflector was
built upon a hinged leaf sttached to the table. This leaf was supported by
a prop° which could be Jerked out either by a solenoid or by hand, using a
long cord - @he solenoid was actuated by a "Monltron“2 nlaced about ten feet
distant, If ihe‘§d§¥§tion should exceed & certain level, it would then trip
tﬁe hbnitroh;‘whiéﬁ w&uid'ébtuaﬁeethéséolénoidﬁ-thereby dislodgihg the prdp
and dropping one face of thg reflector away from the pileo
e As measuring instrumentsa four slow neutron detectors were set up

as followss (1) A BF3 chamber outside of the reflector0 ‘connected to a

2 C. Ballou, CP-310k -



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

used only for visual observation of the level of assemblies that actually
bécame criticalg (2).a flat fission chamber, six inches square, containing
about 100 mg of 02350_ This 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 Flg. 1. |

For those assemblies which did not reach‘critiéaln & 500 mg
Ra-Be source was placed in the vertical aluminum tube in the pilegland the
reciprocals of the counting rates on the boron counters and the fission
chamber were plotted against tﬁe amount of material in the usual manner.
Extfhpolation to zero reciprocal counting rate then gave some idea of the
critical mass.

In most of the assemblies, some hydrogeﬁ was mixed into the active
" plle. This was done by bﬁilding lattice structures with alternating‘blocks
of the mix and of polythene plastic. The dimensions of thé_iattice elements
were, ho#ever» not émall compared with the presu@ed mean frée path of the
neutrons in the pile, and, t herefore, a "correctim for inhomogenelty" was
necessary to express the critical masses in terms of a uniferm distribution
of the hydrogen in the material. Dr. Teller indicated how fhi# can be ap-
plied. if the ceritical mass for the homogeneous arrangement is taken as i
times the critical mass for the heterogeneous arrangement, then i is given by

- T3 (1-C)r (1)

-
T
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where C is the average inverse cadmium ratio for U fission, 1.e. the

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

is given by
A it |
1e B _E o ¥ . O’BQH) i ‘
2 = Y Tess 01(235) (1a)
5 ,
1 4 g v _CaH)

Yoz5 , 6 £(235)

in which AH/AM is the ratic of an average thermal neutron densities in
the hydrogenous blocks and in the mix, HH/N235 lg the ratio of the number

of atoms of hydrogen to the number of atoms of 9232 in the pile, O’a(ﬂ)/ 65(235)

is the retio of self-evident cross-sections, viz. 0.31/550, and v is the vol-
ume ratio of polythene to mix in the assémblyo Furthermore, we have

NH/N25 =157

o.24
in wvhich the figure 15 is derived from the density and composition of the
polythene and the mix (see appendix) and the figure 0.24 ie the isotopic

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

)

2
1+ 0.035 A v
R= AH [ . (1v)




The measurements required for the correction for inhomogeneity
are, therefore, (1)4the everage thermgl flux through the eubes of mix and
polythene; (2) the average cédmium ratio for 0235 through thé cubes of mix
and polythene, To obtain theee quantities, a few cubes were split into
halves, and smell foils of indium and 2U4 enriched U30g were prepared.
These £oils measured 18 x lfh“; and when laid centrally betweenithe halves
of the split cubes, built into the pile, and activated by running the crit-
lcel assemblies at a sﬁfficiént power leveIQ they gave'ﬁqasurements of the

required average fiuxes and cadmium rapioso In the case of the 0308 foils;

gemma rays were counted so as to reduce the natural UX background, and the
activities were measufed about 2 hours after activaetion in order.to elimi=
nate the effect of ihe 23-minute 0239: thus only fission product gammas were
counted, Such measurements wefe made with and without ca@mium; Corrections
were made for foil weights, ard activations were kepf to.the'eame'duration

and normaligzed for intensity by en integrated-count on one of the bdoron

counters.

EXPERIMENTAL RESULTS

It seems most straighfforward to describe the various assemblies,
suberitical and eritical, approximately as they were bullt and mesasured.
It 18 easiest to express the dimensions in terms of the cubes. Aefuallyg
the cubes were not exasctly 1% x 1" x 1", and they did not pack perfectly,

©.2. & base 11 cubes by 1l cubes would measure 11-5/8% x 11-5/8Y, To
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cover this lmperfection of stacking, & mean density will be given for
each pile. The lattices used are characterized by their respective
velues of v, which 18 taken as the ratio of the number of polythene

cubes to the nmpmber of cubes 61’ mix,

Pile Wo. 1 (Pure Mix) v =10

This pile was made entii-ely_.of.the cubes of Uz0g ~ CFp
‘mixture, with no added hydrogeﬁo 1%t was built on a base 11l x 11 cubes,
and when a height of 10 layers gaé attained, it contslned sll of the
 available enriched matertal, ‘This emounted to 71.1 kg of the mixz. The
effective density as derivéd frpm these figures was 2.98. |

Even when eompletely:paraffinetamped° this pile was far from
eritical. On).y a sligl}t neutron multiplication was apparent, as can be

seen from the following counting rates taken with the Ra-Be source in

the pile:
Pile Height . ___Counting Rates (counts per min)
| Boron .Counter $1 25 Chamber
10 layers : 24.3 x 64 48.7 = 64
8 layers : © 21.6 x 64 44,0 x 64

°

The neutron maltipliication is so small that a guess a8 to the criticel

slze would be most uncertsin. . =~



 Plle Ho. 2 V= 2. Meen stacked deneity 1.67

This pile ;as built in 2 lattice structure such as is indicated
in the insert of Fig. 5. ‘Built on a base of 11 cubes x 11 cubes, it became
ceritical at a height of 12 layers less G cubes of mix, or 11.8 layers. It
then contained.h7l cubesg or 28,9 kg of mix, and 15;5 kz of polythene, snd

ites effective composition was 002983 02168 FBQGO Alg y 330090 The foils for

the measurement of the correction for inhomogeneity were placed in the sixth
. !

layer from the bottom. The counis were &8s represented in the following

diagram, in which "P¥ ﬁeans polytbene 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 aeﬁo (Ag and 4y) 21k 384 5214 1298 | 550 541 323

Inverse Cd r@tio for 25 (c)u 0,10 0;076 O§10 0.20]| == g —
Face of E T Axig of
plle : pile

Taking mean values of Ago Ay, snd C, one obtains on ingertion
into the formulas (1) a value for i of 0.92. The pile, if homogeneous,
would, therefore, have been critical at a total mass of 43 kg instead of
2 total mase 46.7 kg as actuslly built, |

?pr the critical sizes of plles of this composition when covered

with cadmium or boron, see piles No. & and Ho., 9.

°
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Pile No, 3 v = 1. Mean etacked density 1.95

The cubes were built up in a simple cuﬁic lattice, on a base
which measured 11 x 11 cubes. %he pile became.e'rwical0 when completely
tamped, at & height of 12 layers plus 6 additional roan 1% then con-
tained 45.7 kg of the mix and 12.1 kg of polythens. The effective com-
position was 00298316130u FBnGQ A;oou 315310

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

were as follows:

Composition of 1 cubeg; P M P M i P M

Indium foil activity(Agendsy)|1k9 108 {169 [157 193 139

Inverse Cd ratio for 25 (C) - lo.18 -{0.16 |o.u0 |o0.21

4 - ~
Face of 123 Ui d "~ Axis of
pile ‘ pile

These figures give mean values for Ap/Ay and for C of 1.26 and 0.29
respectivelyo'lnséitioq qg_thesg“figures»in the formulae (1) zives a

correction factor 1 for inhomogeneity of 0.99.

Bffect of cadmium

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

pile, inside of the paraffin reflector, and counts were taken at different
pile heighte for an extrapolisted determination of the ceritical nass,;

The results are plotted in Figo 2. Extrapolation is very uncerteain,
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i

but one might guess that the ﬁile could become §r1t1cal at a héighﬁ of
20 to 24 layers. This, howevérn would be an unfavorable shape, and prob-
ably the best we can do is to guess that a complete covering of cadmium
mnight 1ncféase the criﬁical mass of & paraffin-surrounded plle of this

composition by a factor of about 2.

Pile No, ¥ v = 3. Mean stacked density 2.35

This plle vas built on & base of 1l cnbes.x 11 cuhes;’in a8
lattice as shown in the insert of Fig. 3. It reached a height of 13
layers without becoming critiecal, éithough completely paraffin tamped.
It then contained 64.0 kg of mix and &.4 kg of polythene. Its sffective
eompogitioﬁ vasg U02083 6903 3306 Alon# By .5 ° Neutron counts were teken
wvith the Ra-Be source in the central tube after each of the first few
layers was removed during the'diaassémblyo and the resulting plotvis
given 15 Feg. 3. Thé@e was nol enough geutrdn multiplication %o permit

reliable extrapolation to the eritical size.

Pile Fo. 5 v'= 3/4. Mean stacked density 2.14

Thie pile was stackéd on & base of ‘11 cubés by 11 cubes, accord-
ing to the lattice pattern indicated in Fig. 4. It became eritical at
"a height of 14-L/11 layers, whén complstely paraffin-tamped., 1I¢ tﬁen con-
tained 992 cubes or 62 kg of mix and THH.cubas or lloé kg of polythene.

The effective composition was U°2°83 C11.1 F3°6 Alocu Hyyo Memsurements
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were taken for the inhomogeneity correction in the seventh layer from

the bottom; the results being as follows:

Compoeition of 1% cubes P | M M P N

L

Indium foil activity(Ay end Ay) 291 | 107 129 204 159

Inverae Cd ratio for 26 0.11 | 0.23 | 0.31 0.21

Faco o - Aﬁis

Insertion of the r;spactive‘avarage vaiuéu for the three mix and
the two polythene cubes into the formulas (1) lead to 1 = 0.99. ,

To try to obtain an idea of the effectiveness of a cadmium coating
on this pile, sheets of cadmium were placed betugen the plle and the paraffin
on the top and the four vertical sides. Neutron multiplicstion ﬁeasurements
were then made as the pile started to be disassemdbled, and the reciprocal
counting rates are plotted in Pig. 4. It is impossible to deduce a critical.
mags from this plot: all one can eay is thaf the cadmium on five faces |
reduced a critical assembly to one that was far from critical. The effect

of cadmium seems to be larger then it was for Pile No. 3, which contained

more hydrogen (compare Figs 4 and 2): this is clearly to be expected.

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

Mean gtacked density 1.67
These two piles were built with the object of testing the effeet
upon critical size of a éomplete cadmium (pile #6) or boron (pile #7)
shield between the pile and hydrogenous tamper. The lattice was that of

pile Wo., 2 and is shown in Fig. 5. It will be recalled that pile #2



a3 I

became critical for a mix content of 31.2 kg. Pile.ng_;6 was duilt on
base 14 x 14 cubes, and beceme critical at & height of 12-10/14 layers,
vﬁen paraffinotamﬁed outside of the cadmium. Its mix content was then
51.4 kg, and the cadmium had increased the critical mass by a factor of
1.7-

A test of the effect of a safety rod was ma@e in pileiﬂ&oéo A
‘boronefllled aluminhm tube, 5/8“ in diameter, wes inserted vertically to
a depthAof 6 inches at & point five inches from each of‘two adjoining
vertical faces. Counts were taken, and their reciprocals are plotted in
Me. 56‘ It looks as if criticality would have been feached at about 1}%
layers, which would meen that the boroﬁ rod increased the criticai nass
by only F%,_ . |

The boron covering used in pilemho 71 consisted of flat hollow
"{ron shields, filled with boron carbide or calecium boride, and bolted to-
gether to make a hollow cubical box; The iron walls of the shields were
1/8" thick. They were weighed before end after filling, and the surface
density of ﬁhg'boron was found to be lJé g/emao The pile was built on a
base 14 x 14 cubes, and Fig 6 shows the plo% of reciprocal counting rates.
The criticel height is clearly close té 1206 layers. There was & complete
paraffin réflector outaside of the boron sheild.

It seemed curious that the boron-covered pileEbon became critical
at a siightly smaller mass than thes cadmiumccOQered pile N;)o 6. Since the
restacking might have changed the mean density a littlie, a more direct

comparison was made by replacihg the boron on the top and the four sides of

[
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plleFo. 7 4 th cadmium, | The cou.nting' rates with the source inserted were
taan in both cases, and those for t he completely boron-covered pile were
several per cent higher. The boron shield, as used, was therefore & little
less effective than the cadmium. Possidly the explanation for this lies in
scattering from the 1/8" thickness of 1r6n between the lattice and the boron,

which was not present when the cadmium was in place.

Pile No, 8 and Pile Wo, 9 Test of clongated geometry v = 2.
Mean stacked density 1.67 ‘
These two piles were duilt of the lattice shown in Figl 6, and
were complef;ely péraffinatampedo without eadmiumf or boron. They were
elongated horizontally. The 25 chambé:: was under the central part, and the
source hole was in fhe center. Pile No.8 wes started on a cross séction
of 8 cubes x 8 cubes, and was léngthened symmetrically by adding a layer
on both ende between reﬁdtngso countér ¥o. 2 was on the perpendiculgr ﬁise‘ctor
of the axis of the pile. The plots of thg reciprocal counting rates in this
counter and in the 25 chember, as & function of length, are given in ljig.7,,
The  curves flattan so mch that it is dou'.tbtful if the pile eould ever be
made critical by increasing its length. |
. PlleNo. 9 was similarly builtg except that its crﬁss section was
9 eybes x 9 cubes.,‘ 1t beecame critical at ; length of 24,7 layers. The
counting rates as 1t approached critical are plotted in Fig;7 fof comparison
with those of pile No. 8.
Por the criticel size of'a‘nearly cubical pi:le of fhe same ¢Om-

position, see pile No, 2.

v
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It is difficult to deduce 1nformatiop of & general nature
from these few measurements. We shall'content ourselves with the ob-
pservation that this hydrogen-uranium mixture, which became critical in
a paraffin-tamped 11 x 11 x 11 cudbs would probably also become critical
in & long, paraffin-tamped parallel piped with a eross section 8% x 8%;
and that further reduction in the cross section would demand great increases
in length for criticality until at 8 x 8, even an 1hf1n1te length would be
suberitiecal. Incomplete as 1% s, tﬁis 1nf6rmation may be, of use in the'
design of piping which must be held below critieal, for a safety factor
can be applied which easily overshadove the insccuracies in the experi-

mental resulés.

SUHMARY AND DISCUSSIOR OF RESULTS

The following table glives colleeted results for all piles which
ectually became critical, with explicit statement of the NH/NU ratios, as .
derived from ihe stacked amounts of polythene and mix, expressing the

critical masses in terms of uranium.

ile Ko v B/ ¥y Stacked | Critical Mass . Ciritcal Mass
Density of Enriched U in of Enriched U im|
Hetorogeneous Pile| Homogeneous Mix,

. 130.9 1.67 16.2 kg 149 kg

2
3 1 5.1 - 1.9 25.5 25.2
‘ 5 3 /Y 11,0 2012 2 :
(Ca-Covered) 6 2 30,9 1.67 ' 28 ¢
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Because of the limited amount of material, its rather low density,
and its high molecular weight, we were unable to obtain a direct criticelity
for the quantity of prime interest, vig., the critical mess for UFB containing
244 enriched urapium, From the critical maeses of the hydrogen-containing
mixtures actually builtn one may hbWEver emmine the trend as the hydrogen
contantlig reduced. Fig.£ is a logarithmic plot of the critical maes
agaiﬁst the NH/Nﬁ ret 10, Making use of-éhe knowledge that the critical
mass must be finite for emall values of Nﬁ/NUD end that ;herefore the curve
must flatten, it seems reasonsable ;o conclude that the eritical mass for
pure mix would have'been between 75 and;EBO kg, with the most probable
value at 110 kg. 1In cbnsidgring fho interpretation of thias result in terms

of Ulgg it 18 most important to take into account iarge correction factors -
\grisiqg from_the difference in moleeularAveight anﬂ possible differences

in density. The eritical mass can be expected to vary as (méleculgr weight)3
x (deneity)°2 in the abseneg of a hydrbgenoug reflector and perhaps as
(moleecular v?ight)2°u x (density)ﬁi°6‘when such a reflector is éreseﬁtﬁ 1f
s0l1id UFg has & density 4.5, the critical mass would be probably about

36 kg wvhen surrounded by a hydrogenous reflector, but it might be as low

as 25 kg. This estimate 1; in fact in fair epreement with the results of
the work deseribed in Report MonP-U7 on the nesrly normal'UFG° If one
stretehes the figures to their most dangerous extreme; viz., a density of -
5.for the UFg, variation as (density)’a x (molecular weight)3o and 75 kg
for the.critical mass of the mix, one can arrive at a lower limit of 10 kg

for the eritical mass of UFg containing 214 enriched uranium.
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APPENDIX

The following data on the physical properties and chemical

conatltut.‘..ona of the various substances used for these experiments were

kindly supplied by the people who prepared the material;

(1)

(2)

(3)
(4)
(5)
(6)

(N
(8)

Composition of mix:

Veight ratio of 0308 to fluorocarbon Magss
2,38 3 1 16,822.3 g
2.11 s 25,431.1
1.90 . 20,903.7
1.75 . 30307.8
2.7 4 6043

~ Weighted mean composition: 67 .84 U304, 32.2% fluorocarbon,
Analysis of fluorocsrbons 5108'% F by weight |
Bffoctive compositions Clo% F. |
Weight of sluminum on each 1% cube of mix; 1.5 g
Composition of polythene: 13.54 H by weight.
Effective composition: 031.387
Weighted average percent U 1n. the 03033 84,044 (vy we.ight)
Effective composition: an'> g2
Welighted average 1sotopip constitution of the uranium; 23.96¢ 0235°
Density of polythene: 0.915

Density of mix: 3.5
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Variation of Critical Mass
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