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ABSTRACT

Using uranium enriched to approximately 30% in the 235 isotope
end febricated into one inch ocubes heving a density of 4,8 gmﬁmﬁ*with
the nuclear properties of UF,, & study has been made of seversl con-
ditions affecting the mass agsembled at criticrlity, The effect of
intermixed hydrogen on the criticel mass of U~-235 wns examined by in-
¢luding smell blocks of polyethylene with the cctive materinl, Other
variebles affecting the oriticol mrss ebout which some informetion wes
obteined eres type of reflector surrounding the core, density of U=-235,
homogeneity of the mixing of the hydrogenous end active mrterirls ond
the geometrionl shape of the essembly,

With no intermixed hydrogen but with the cctive mrteriel sur-
rounded by paraffin, it is possible to assemble more then 100 kg of U=-235
into a oube without olosely approcching oriticelity, Increcsing the hydro-
gen oontent rapidly lowers the oritioccl mass to 7,7 kg ond 4,0 kg &t hydro=-
gen to U=235 atomio rotios of 32 and 128 respectively,

The removal of the peraffin reflector approximately doubles the
oritical mass; interposing codmium or boron between the core and the
paraffin also inoreases the mass by sbout two in the ronge of moderation
studied,

Provided the cross-sectional area of & persllelepiped essembly
is sufficiently smenll, it is possible to extend its length indefinitely
without oriticelity ocourring, At en H/U-ZSS etomic rotio of 64, an
essembly 6" x 7" in oross=-section cen apparently be so extended,

A few meesurements on the density effect indicrte the oriticel
‘mess, at en H/U-235 atomic retio of 16, to very es the =1,7 powor of the
density; rt H/U-ZSS = 1,28, the eoxponent is about =2,
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CRITICAL MASS S'UDIES

o —

PART II

INTRODUCT ION

Apparstus wrnes set up in Leboretory F=05 of the inoperetive Thermal
Diffusion Plant at Ork Ridge for continuction of the oriticel mrss experi-
ments begun et Los Alemos, It wes the objective of these experiments to
investigoate the critical mrsses of U=235, when in o form simulating urenium
hexnfluoride, with no or only smr1l nmounts of hydrogen intermixed, ot o
density compereble with the maximum of condensed UF,, surrounded by hydro=-
geneous refleotor, ond in geometriccl configuration spprosching spherienl,
these oconditions being the most hezardous likely to ococur when UF6 is being
handled,

Critical Mnss Studies, Port I,lcontained reports of experiments performed
under the above conditions with urrnium of 95% isotopic concentrction of
U-235, This recport contoins the rocord of ~ similor set of experiments when
the cotive material oontrined urcnium of approximctely 30% isotopic concenw
trotion of U=235, Thus, from the two seorics of experiments, informetion is
obtoined relotive tothe effect of isotopiec concentrotion o oriticnl mnsses
under the experimental conditions studied,

MATERIALS USED; FPROPERTIES

The oritical cssemblics of this investigation were composed of two
types of smnll reotcngular blocks: "U-cubes" ond "H-cubes.," Finely ground
UF, ond appropricte quentitics of polytetrafluorocthylene (esscntielly
(Céz) ), mixed end mioropulverized together comprised the ingredients of’
the Ugcubes. The urcnium wrs enriched to o U-235 isotopic content of 29,83%,
Qurntitics of this mixture, cold-pressed at 40-50 tons per squ-re inoh
pressure with suiteble dies into one~inch ocubes, formed the urcnium-becring
building blocks of the oritical assomblies, The intention in meking these
oubes wns to secure o suitobly shoped block, cmencble to hrndling, possess=
ing chemiorl constituents rnd nuclerr chrrreteristics simulrting those of
condensed UF6. (Polytetrafluoroethylene is abbreviated poly TFE,)

The Heoubes were intorspersed in various lattice configurrtions among
the U-cubes to give controlled amounts of moderrtion to the rssembly, Hence,
the component material of these cubes wos selected for high hydrogen content,
Polyethylene (essenticlly (CH,) )* wrs chosen, since this compound possessed
desirable physiool propertics o8 well os considercble emounts of hydrogen.
Two sizes of H-ocubes, "one-inch™, (1" x 1" x 1") cnd "one=hc1lf inoh",

(1" x 1" x "), were provided to permit o wide renge of HsU rotios in the
assemblies, Tcble I conteins a quentitotive desoription of the blocks used
in the experiments,

i Beock, Cnllihan, Murray, A-3691, 2-11-47, In subsequent referenccs to

this report, it will be designoted as Part I,
* Chemiocnl annlyses showec tre nydrngen <o cerbon rotio to be equivalent to

CHy,92¢ )



TABLE I

Materials Used in Critical Assemblies

A, Properties of Uranium Plastic Cubes (U oubes)

Dimensions 1,004"
2.550 om
Volume 1,012 1n®
16,584 om®
Mnss 79.55 gm
Density 4,79 gm/om3
Totel U content 51,56 gm
3-255 oontent 15,38 gm
Fluorine content 24,69 gnm
Carbon content 2,64 gm
Oxygen sontent : 0,08 gm
Impurity (chiefly Al) 0,56 gm |

B, Properties of Polyethylenc Blocks (H cubes)

"One=Inch" size "One~half inoh" size

Dimonsions 1,005" cube 1,006" x 1,008" x 0,502"
' 2,553 om cube 2,555 x 2,555 x 1,275 om
Volume 1,015 in® 0.508 ind

16,632 om® 8,324 cmd
Mass 15,11 gm 7,61 gm
Density 0,91 gm/'cm3 0,91 gm/cm3
Hydrogen Content 2,09 gm 1,05 gm

8o




III,

Samples of both the polyethylene and the poly TFE materiels were

extmined chemiocally end spectroscopically for impurities having nuclear
oharecteristics which might affest thz values of critical messes. In
addition, independent neutron-ebsorbing tests were made on semples of the
meterials by Dr, E, O, Wollan of Clinton Laboratories, and Dr. J. R,
Dunning of Columbie University. No evidence was found of the presence of
undesirable impurities in sufficiemt quantity to affect the results of the
experiments,

APPARATUS

Experimental Table

It was the besio purpose in most experiments of this series to
determine the oritical emount of U=235 under the perticular condi-
tions of interest, This purpose could only be reelized by ectunlly
building an assembly to criticelity, or to the neer vicinity of
oriticnlity, under the desired conditions, The execution of this
proocedure usually involves some donger to the cxperimenter, for the
possibility is slwrys presont, however remotely, thet super-criticel
conditions mey inadvertently be echieved, with subsequent releese of
hazardous rediation,

For this reeson, it was deccided to cffect the ecturl ossembly
of ell near oriticrl eccumulctions in these cxperiments by remote
oontrol, with the operrtor at some distrnce from the nccumulctions
and protected behind suitcble shields from any rediction which might
coour, This wns acoomplished by building the desired cocumuletion
in two ports, seporcted by & suiteble distance, ond then, from &
remote point, bringing them slowly together, Onec part was built
elong an cdge of a stetionary platform, The othcer was built along
the faoing edge of & movable platform of the same height, which could
move on bell=bearings elong grooved steel trecks townrd or awcy from
the stotionary pletform., In Figure I the stetionary platform mey be
seon on the toble &t the right and the movable pletform is ot the left.
In prectice the moveble platform was equipped, on its lending edge,
with & 1/16" thick eluminium sheet to add stebility to.that port of -
the assembly when in motion, Fmpiricel investigation showed this
thickness of eluminium scperating the perts of the finel cssembly
to be equivalent to the some thickness of nir, An cppropricte correc-
tion wns mcde to the obsecrved messes for this seporntion ond, except
where noted, the results reportcd here cre for zero seperction of the
essembly parts.

In Figure 2 the moveble plotform of the experimentrl teble mey
be scen et the right while the operrting nosition from vhich essembly
is effeoted is behind the concrecte block vrll et +the left. In Figures
3, 4 end 5 & number of assemblies or vertirl rssermblies m~v be seen
on the stetionery and moveble plctforms,
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Control Mechonism

The motion of the pletform wns controlled by pneumetic pressure
on a double scting piston in a cylinder mounted under the stationary
platform, The piston rod extends from the cvlinder through o pocking
glend end is connected to the movoble trble through cn electro-magnetic
coupling. Electric switches at the opercting position control the
solenoid-operated cir-velves which cdmit pressure to the fore ond bock
frce of the piston,

. The moveble table is free ot ¢ny time during on ossermblyv onerrtion
to move svay from the stotionrry pletform to the 'end of its trrck, if
control or rutomctic safety deviees are ccturted, The forwerrd motion
of the toble during cn assembly is limited to the rote ot which on
oper~tor unscrews o vernier on the end of o rod extending from the
movable platform, through the shielding wall, to the operctor's posi-
tion.,

Instrumentation

Four completely indcpendent neutron detectors were mounted on or
under the experimentzl toble. Two of these were boron trifluoride
filled, poraffin encosed, ionigzotion chombers connected through amplify-
ing circuits to Brown recording potentiometers located in the operating
room which mnde conmtinuous records of the ncutron lcvel nenr the assem-

"bly, One of thése detectors wrns connccted to o sccond recorder, in
parcllel with the first, locoted beside the experimentcl toble for the
benefit of the experimenter during operr~tions prior to assembly of the
two perts.e The other two detectors were boronelined, paraffin enccsed,
proportionnl counters, connected through amplifying epperctus to scel-
ing cirecuits znd oudible counters loceted in the oversting room. An
eudible impulsc counter, in parallel with one of these, wns locoted
necr the experimental toble,

A one curie polonium=beryvllium ncutron source wes attoched to an
endless ceble possing near the four detectors in order thrt the operrtor
from o remote position could moke periodic checks of the neutron rcsponse
of the detectors. A second ncutron source of nbout 4 curies wns moin-
toined in close proximity to one psrt of the rccumulction during huild-
ing or cssembly. A sccond coble connected to this sourcc permitted
the operator to remove it os desired during "source-jerk" tests for
cpproach to criticality. The use of the response of the reasctivity of
ocn assembly to the removel of the neutron source es 2 mezsurc of the
nearness to criticclity is descoribed in Port I,

Automotic Safety Fectures

Severcl cutomntic sofety devices werc provided to distcsserbly the
motericl in case of high radiction, or of power or cir feilurc.

A counter-weight wos attoached by 2 cable over & pulley to.the
movable plotform so that autometic scparation of the two plotforms
would occur if the magrnietic coupling comnecting the movable platform
to the control pistor shotld become disengaged.

S



Switches and releys wore so cljusted thet failure of electrical
power would (a2) rutomntienlly overate the proper air vnlves to separato
the platforms and (b) de-ecnergize the mngnetic coupling, thus rllow-
ing the counter=weight to seprrote the plotforms. These oper~tions
were rlso effected when the nir suonly pressure dropned below o pre-
determined value well ebove the normesl oper~ting pressure in the
cylinder.

Two of the neutron detectors werc connccted indepcndently to this
gafety mechonism so thot cutomotic separcstion of the plotforms could
be cffccted by either detector in cnse the neutron density exceecded o
predetermined value,

All cutomotic safety devices were tested before etnch experiment,

QUTLINE OF A TYPICAL EXPERIMENT

A stonderd procedure was adopted for determination of eriticality
under any chosen sef of conditions,

Prior Planning

"A11 investigotors presenmt cgreed in cdvonce, on the plen of the experi-
ment, its objectives, nnd the rcsponsibility of each person., Five persons
usually participated in an cxperiment.

Epstrument Check

Before ench experiment o1l cutomotic sofety devices were tested, ond
the rcsnonse of each neutron detector wes checked.

Acecumulnrtion

The two platforms on the experiment-1l tehle were seprroted their
maximum distrnce, rnd on ecch of the two rdincent edges of the respcctive
platforms o predetermined qurntity of U ~nd H cubes wrs rsscmbled in o
chosen configurrtion, A neutron source w~s lept nearby to insure o con-
stent supply of "input" ncutrons into thc ~ssemblies, Figures 3, 4 ~nd 5
show typicnl exomples of asscmbly construction.

Assembly

When the two parts were completed cnd the thin oluminum shields suit-
2bly placed to prevent spillege or shifting of the locd on the moveble
platform in ctse of repid disassembly, the investigetors retired behind
the protecting wnlle The ports of the assembly werc slowly brought together
while coreful wotch wos mointrined over the neutron level. If criticality
wes reoched before they were completely together, or if complete cssembly
wos obtrined without recching criticality, the plotforms were separcted
and the amount of cctive mcterial in the assembly decrecsed or increased
ts necessary. The prrts were agoin brought slowly together.



v.

This was repected until sotisfactory informntion on the eriticality of the
perticuler configurction under investigation wes obtoined, Then the value
wes esteblished, the platforms were fully separeted ~nd the experiment wos
then considered complete.

It should be pointed out that the term "eriticolity" when used in
describing these experiments refers to the condition of essembly when, in
the cbsence of an externcl neutron source, the ncutron level remnins con-
stant after the lapse of sufficient time for the delayed neutrons to effoct
reproduction, Thrt is, assemblics were mode "deleyed eritieal”.

EXPERIMENTAL RESULTS

Following the procedure outlined above, determinctions of critiecnl
moss were mode for various conditions of ~eccumulntion. The one-inch
"U~cubes” of mock-up UF., ot 307 U~235 isotopic concentrrtion, were olter=-
noted with eppropricrte numbers of the nolvethvlene "H-cubes," in regular
lattice configur~tions of cubicnl or rectonguler shrpe, »nd the size of
the cssembly wes ndjusted to criticnlity under various conditions of inter-
est: untrmped, porsffin t-mped, ocndmium or boron shielded, etc. In #ddition
to the inform~tion on critic~1 mnsses estrblished, o number of incident~1l
focts of interest were obtrined,

The pertinent experimentol ~rrongements ond the results obt-ined ore
described in the following sections,

A, EFFECT ON CRITICAL MASé OF CONCENTRATION OF INTERMIXED HYDROGEN

1, Poraffin enclosed:

Completely porcffin encesed assemblies were built to oriticclity
with H-cubes intermixed with U-cubes in various rotios from.%H:ZU to
7H:1U, 1In oddition, extropoloted volues of eriticel mess were obtoined
from neutron multiplication mecsurcments on two assemblies contoining
lower amounts of intermixed hydrogen for which sufficient motericl to
recch criticelity wns not cvoilable, In one of these no H cubes were
used and in the other the ratio was 1H to 7U, The dote are presented
in Trble 2 and Figurc 6, Curve £,

2, Tith no reflector (air only):

Three criticrl assemblies were built, with H-cubc to U-cube ratios
of 1:2, 1:1 ond 4:1, respcctively, cnd in thesc coses no paraffin wes
placed around the assemblies., The pertinent dote sre presented in
Toble 8 ond Figure 6, Curve B,

~Te
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TABLE 2

EFFECT OF INTERMIXED HYDROGEN ON CRITICAL MASS (PARAFFIN REFLECTOR)

Experimental Conditions:
Cuhicel assembly
Completely para”fin enclosed
Lettice Configurations refer
to Figures 19, 20, 21 and 22

H~Cubes: U-cubes 0311 1:7 1:4 112 141 231 411 711
Lattice Configuration A H- S ; c B E G I
Size of Assembly (Cube Units)** |17x16x16%* 16x15x156% | 15x14x14+ | 12x12x12~ | 10x10x10~ | 10x10x9 |11x11x11~ 16x14x14
Ovevall Density gm/bma 4,8 4,3 4,0 3¢5 2,8 242 1.7 led
H-Cubes 0 454 598 570 498 - 596 1032 2800
J-Cabes 435] *** 3179%* 2392 - 1140 498 298 258 4C0
Total Cubes 4351 k*x 56337 2990 1710 | .996 894 1290 32C0
Atoms H/htoms U-235 -0 4,6 8. 16 32} 64 128 224,
Critical Mass U, kg - 215%ksk | 123.3 58,8 25.7 15.4 13,3 20,6
Criticel Mass U-235, kg 12 5%k* 64 k%% 36,8 17.5 Te7 4,6 { 4,0 6.2

* Not oriticael

**  These @assembly dimensions are given in the number of cubes (H and U) elong an edge. The actual

dimensions, in inches, are slightly lerger.,

KoKk

estimate of the criticel mass from multiplication meesurements is 125 kg.

probably near 160 kg.

This assembly was made of 1105 cubes each ocontaining 48,76 gm U~235 (95.3% assa
each containing 15,38 gm U~-235 (29,8% assay, which are described in this report
of 223.9 kg of U and 103,8 kg U~235,

g)

and 3246 cubes

making a total

This assembly was not criticel and e very conservative

**%x Extrapolated value from neutron multiplication in 49 kg U~235,

The value is more




Four str1k1ng facte appear from the date in Tables 2 and 3, end

Flgure 63

B,

a. The critical mass of U-235 with no intermixed hydrogen,
either with or without reflector, appears to be well
over 125 kg. Further discussion of this will be given
in Section V, F,

b. The value of the critical mess decreases sharply with
the addition of smell amounts of hydrogeneous material,

c. The values of criticel messes of esserblies with no
pareffin reflector are considerebly higher than those
of comparable assemblies paraffin encesed, and the
difference is much greater in essemblies of low modera-
tion, In those with little moderstion, there is a much
larger proportion of fast neutrons than in well-moderzted
essemblies, Neutrons in reletively larger numbers from
deep within the pile reach the surfece and escepe if no
reflector is present., In & well modersted essembly,
on the other hand, neutrons from locations reletively
near the surface are the only ones able to escape
whether & reflector is nresent or not;  hence, the
influence of & reflector is much less pronounced then
in the former cese.

de A minimum appears in experimentel curve A where the
hydrogen-U-235 atomic ratio is chout 125, This effect,
which is due to increcsing inhomogeneity in the H and
U mixing in the essemblies with increasing hydrogen
content, will be discussed further in the next section.
Curve C of Figure 6 shows the calculated critical messes
for this range of moderction,

EFFECT ON CRITICAL MASS OF INHOMOGENITY OF H:U MIXING IN
MODERATED ASSEMBLIES

The stacking of unit quantities of active matericl and modera=-
tor in the core of e&n assembly according to some reguler pattern
other then uniform and homogeneous mixing, mey, sccording to the
particuler circumstonces, result in either larger or smoller criti-
cel masses than those for homogeneous mixing., 1In the case of small
rectangular H and U cubes used in the experiments desecribed in this
report, the inhomogeneity effect when small rclative numbers of
H-cubes were used appears to be negligible. But for ossemblies con-
teining & 1:1 or larger retio of H to U cubes, the effect is aporei-
eble,

Greuling, of Clinton Laboretories, following methods indiceted
briefly in Part I, has mede celculetions which are of considersble
importance in the study of inhomogeneity effects. Using known
nuclear constants for the mnterials involved and for the inhomogen-
eous lattice configurations employed in the experiments, the volues

o



TABLE 3

EFFECT OF INTERMIXED HYDROGEN ON CRITICAL MASS (AIR REFLECTOR)

Experimental conditions:
Cubicel asscmbly

Lir feflector

Lettice configurctions
refer to Figures 19 and 20

Hecubes: U=-cubcs ‘1:2 1:1 4:1
Lattice Configuration c B G
Size of Assembly (Cube units) 16x1§x160 14x13x13§ 13x14313-
Overe1l Denmsity gm/em® 3,5 2.8 1,7
H-cubes D 1405 1232 1856
U=cubes | 2810 1232 268
Totel cubes: . 4215 2464 2320
Ltoms H/htoms U235 16 32 128
Criticcl Mess U, kg A.. 44,9 65.5 25,9
Critical Mess U-235, kg 43,2 18.9 7.1

of the critical messes to be expected for assemblies having H:U cubc ratios
of 1:1 and greater, were colculated, In Teble 4, o compcorison is made of
these calculeted values with those experimentally obtoined. The agreement
is quite good for H:U cube rotios scbove 1l:1., At lower H concentrations than
this, the effect of fast neutrons in causing fission, which have been neg-
lected in the calculetions, beceme apprecicble, and the nssumptions on which
the celculations are besed become invelid,

Celculations were also mrde of criticscl messes which would heve been
obtrined hmd the active material and the moderator been homogeneously mixed
in the core of the assembly. These values, presented 2lso in Teble 4, ond
in curve C of Figure 6, are not subject to verificction in the present ex-
periments, but the good sgreement, noted zbove, between theory cnd exveriment
in instonces of appreciablc inhomogeneity, leads to confidence in them.

-0~



Further, the values are not inconsistent with the data obteined with
the "Water Boiler" whlch glvcg e criticol mass of esbout 1,2 k? U-235 ot
H/U-235 atomic retio ¥ 500,

An attempt was made to experimentally estimnte the effect of the inhomo-
geneous placing of active end modersting mrterinls on the criticrl mess of
an asscmbly having e given moderation., This was echicved by examgersting
the inhomogeneity at an H to U-235 etomic ratio of 32 (1:1 H to U cube ratio),
Four esscmblies were built to criticality. In the first, H end U cubes were
elterneted along each coordinnte: in the sccond, single cubes were alter-
neted in two dircctions and groups of two H cubcs were alternated with peirs
of U cubes in the third, The third essembly had single cubes alternately
pleced z2long one axis with prirs alternnting along two. The fourth was built
with two H-cubes alternatecly placed with two U cubes in eech of the three
dimensions, In each instence the asscrbly was spproximotely cubicrl and
wes pareffin cnclosod. The date are given in Teble 5, If arbitrory "inhomo~
geneity factors” of 1, 2, 4 end 8 sre assigned, respectively, to these four
cascs and the plot of it agqlnst criticel mess, shown in Figure 7, oxtrepola-
ted to "zero inhomogeneity" onc obtzins about 7.5 kg as the mass of U-235
which would be critical et this moderation if they were intimntely mixed,

This mgrees, within the limits of the experimentel accurady and the
essumptions of the thcory, with the caleculeted value, 7.9 kg, given in
Teble 4,

Also inMableS are given the date obiained from two additionsl end similar
experiments with H:U-235 etomic retios of 16 and 8, In cascs of such low
moderetion no theoreticeal enelyses have been mede and the detza sre too meagre
to lead to definite conclu51ons. In the experiment with the H:U-235 retio
of 16 stecking arrengcments of //1 1/2 end 2/4 were studied, Of these the
intermediete "inhomegeneity", 1/2, gave & criticel mess less thsn thc others
by an emount greeter than the precision of the meesurement., This implies en
arrengement of the moderator and sctive materlal whlch is more fevoreble for
criticelity,

TABLE 4

COMPARISON OF EXPERIMENTAL AND

CALLCULATED VALUES OF CRITICAL MASS

H:U Critical Mass U-235

Cube H:U=235 Experimental Czlculated

Ratio. Ltomic Ratio | Latticed letticed Homogenous
1:1 32 7.7 kg 8.62 kg 7.91 kg
2:1 64 4,6 4,31 - 3,44
a2 128 4,0 3,57 1.80
711 224 | 6.8 5.76 1,22

zGreuling, E., "Theory of Water Tamved Water Boiler", LA-399
~1l-
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TABIE 5

EFFECT OF INHOMOGENEITY OF HsU MIXING

Cubical assembly
Completely parcffin enclosed
Iettice configuration rcfers
to Figurcs 19, 20, 21, & 22,

Overall H:U cubc ratio 121 1:2 1¢4

H to U=~235 Atomic Ratio 29 16 8

Overell Density gm/cm3 2.8 2.5 4,0

Teost Numbor 1/1 /2 4/4 8/8 /1 1/2 2/4 /2 ";,/4

Lattiue Configurrtion B i L K J F c o R D S

§ii§ccin§§:§mbly 10x10x10= | 10x10x10+ { 11x10x11=~ | 11x11x12- |13x12x11s 12x12x1z- | 15x12x12e | 16x16x14e | 16x14rler
- e : .

H-Cubes 498 527 558 646 585 570 645 612 598

U~Cubes 498 527 558 646 1170 1140 1290 2450 2392

Total Cubes - 996 1054 1116 1292 1755 1710 1935 5062 2990

Critical Mass U, kg 25.7 27.2 28.8 33,3 60.5 58,8 66,5 126.3 123,3

Critionl Mass U-235, kg 7,7 | 8 846 9,9 18,1 17,5 19.8 37,7 36,8




C.

EFFECT OF REFLECTOR ON CRITICAL MASS

A series of experiments was designed end executed with the object
of determining the effect of surrounding various fissionable assemblies
with materials having different neutron absorbing end reflecting pro-
perties, 'Boron, cadmium, paraffin and eir were investireted for shield-
ing end reflecting effects., Fissionzble assemblies of H and U cubes in
ratios of 1:2, 1:1 and 4:1 were studied,

The details of the experimental arrays and the results obtained are
presented in Teble 6 and in Figure 8, It is seen from the three curves
in Figure 8 that the critical masses of assemblies surrounded by cedmium,
in the region of moderation studied, are roughly double those of the same
assemblies surrounded by paraffin, Assemblies heving only e2ir as a re-~
flector have higher critical massés than those surrounded by cadmium or
boron. At the moderation studied, boron possesses better shielding pro-
perties, resulting in higher critical mess, than cadmium,

EFFECT OF GEOMETRY ON CRITICAL MASS

With other conditions fixed, the smellest critical mass is obteined
when & given assembly is in sphericel shape, since the ratio of surface,
through which neutrons can escape, to volume is smaller in this case
then in eny other, For practicol recsons, it would be desircble to know
the relations between criticcl masses in spherierl shepes to those in
cylindricel shrpes, Experimentrlly, efforts were directed to the deter=-
minrtion of differences in criticel mosses betveen cubes ~nd long rec-
tengular persllelepipeds,

Assemblies of H:U cubes in ratios of 1:2 snd 2:1 completelv enclosed
in peraffin were studied., In each series of exveriments, the (minimum)
criticel mess wes determined with the metericl in cubicrl configurction,
Then criticzl mnsses were determined with the matericl in rectrngulor
paralléelepipeds having successively smcller cross-sectionel ereas, necessi-
tating, of course, greater lengths, /4 cross-section was soon recched .
for which OrltICgllty apnarently could not be achieved, regerdless of
extension in length

The experimentel details and date are presented in Tebles 7 and 8
end in Figures 9 and 10, In the first series of experiments, where the
rctio of H cubes to U cubes wes 1:2, criticclity wes rezched when a
parallelepiped of 9 inches by 9 inches cross-section was extended to 40
inches, With 2 cross-section of 8 inches by 9 inches, it cppears that
cr1t1cclity could not have been achieved ot indefinite extension.

13
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TABLE 6

LFFECT OF REFLECTOR ON CRITICAL MASS

Cubicel assembly
Lattice configuration refers
to Firures 19 and 20

Hwcubes : U~cubes 132 1:1 4:1
Lattice
Configuration c B G
H to U-235
Atomic Katio 16 52 128
Shieldinyg Paraffin | Pareffin |Air Pareffin | Paraffin| Paraffin jAir Paraffin | Paraffinj Air
outside (Untamped ) outside |outside |(Untamped) outside [(Iniamped
cadmium cadmium | boron cadmium
038 gm 0438 gm | 0,46 gm 0,38 gm
¢d/cm cd/cm B/om Ca/om
S?iibgfvﬁ:f:?bly 12x12x12~] 156x15x15~ |16x16x16+4 }10x10x10~}12x13x12+| 13x13x134 [14x13x13+ {11x11x11=] 13x13%x12- 13x24x13
H Cubes 570 1117 1405 498 965 1118 1232 1032 1600 16566
U Cubes 1140 2235 2810 - 498 965 1118 1232 258 400 464
Total Cubes 1710 3352 4215 .996 1930 2236 2464 1290 2000 2320
Criticel Mass U, kg 58.8 115,2 144.9 25,7 49,8 57.6 63.5 13,3 20,6 23.9
Critical Mass U-235,kp 17,5 34,4 43,2 TaT 14,8 17.2 18,9 4,0 6.2 . 7.1




TLBLE 7
D e ————

EFFECT OF GEOMETRY ON CRITICAL MASS

Experimental conditions;
152 rotio of H-eubes to U-cubes
Lattice configuration: C, Figure 19

Atoms H/!toms U-235 = 16
Overall density = 3.5 gm/cm

Poraffin reflector

3

Size of Lssembly (cube units) [12x12x12- | 11x11x14+ | 10x10x19+ | 9x9x40~
H Cubes 570 578 848 1075
U Cubes 1140 1155 1295 2150
Totzl Cubes 1710 1733 1943 3225
Critical Mess U, kg 58,8 59,6 ¥ 6648 110.9
Critical Mass U-235, kg 17.5 17,8 © 19,9 | 33,1
TLBIE 8
EFFECT OF GECMETRY ON CRITICAL MASS

Experimental conditions:

2:1 ratio of H~cubes to U-cubes

Lattice configuration E, Figure 20

&toms H/Atoms U-235 = 64

Overall density = 2,2 gm/bms

Paroffin reflector
Size of Assembly 10x10x9 | 9x9x11+ | 8x8x17~ | 8x7x26+ | Tx7x59*

(cube units) _

H-cubes 596 604 712 976 1924
U-cubes 208 302 356 488 962
Total Cubes 894 906 1068 1464 2886
Critical Mess U, kg 15,4 | 15,6 18,4 | 25,2 (49,6)*
Critienl Mass U-235, kg ;‘ 4.5 4,8 5.5 7.5 (14.8)*

_ #Not critical

=15=




For the cese of H:U cube ratio of 2:1, en assembly 7 inches by 7 inches
in cross-section was extended to & length of b9 inches without its being
criticel, and indicetions were that indefinite extension would not heve pro-
duced critic~lity.

E, EFFECT OF DENSITY ON CRITICAT MASS

A brief investigation wes mede of the effect of density on critical mess
by stacking the H and U cubes in a cubicel assembly with aluminum specers
between the cubes., _These specers were sections of aluminum tubing 7/8" OD,
5/8" ID which were 3" or 1" long. The actual ratio of the H end U cubes in
the assembly was not changed, but the interposition of aluminum specers
reduced the overall stacking density of the assembly, Comparisons were mede
of the critical masses of cublcal asscmblies containing Hecubesl=cube Al
spacer ratios of 4:1:0, 4: 1 and 4:1:1, and also of assemblies containing
H-cube :U-cube :A1 spacer r«tlos of 1:2:0, 1:2.2, and 1: 2:1. The experimental
details and results are given in Tables 9 and 10,

From arguments presented in Part I, it would be expected that in the
ideal case, critical mess should very approximately inversely with the den-
sity squared, In actual assemblies it would be expected that greatest devia=-
tions from this "inverse square rule" would occur in assemblies relatively
largely affected by the surrounding reflector, i,c,, small, unmoderated
assemblies. Here, one would expect the numerical value of the negative
exponent of density to be soméwhzt less then two. Lerge, well moderated
assemblies would be expected to follow more nearly the inverse square rule.

The results obtained in these experiments are in moderste agreement with
these expectetions. In the assembly with low moderation, H:U~235 = 16, the
mass vericd as the -1,7 power of the density. In one instence of higher
moderzation, with an H:U-235 retio of 128 the éxponent is -2,1; in thc other
experiment it is -2.9, - There is no apparcnt resson for this difference and
the experiment was not repeated.

F, CRITICAL MASS BY EXTRAPOLATION OF NEUTRON MULTIPLICATION MEASUREMENTS.

If enough material is not available to build & critical assembly, or if
one does not desire to risk the hazards involved in meking en assembly criti-
cal, an estimate of the value of criticel mess under a given set of conditions
may be obtained by measuring the neutron multiplication by two or more sub-
critical assemblies which approach criticality by different amounts. Vith
fixed geometry of counters, assembly, reflector, etc., end = fixed location
and strength of source in successive assemblies, the multlplloatlon of "input”
neutrons in each assembly should be proportional to the nesrncss of approach
of that assembly to criticality. At crltlccllty, of course, the multiplica~
tion of each "input" neutron is infinitc,

If a2 graph is plotted of the reciprocal of neutron multiplication as a
function of the U=~235 mass in each respective asscmbly, o more or less lincar
curve is obtained, dcpending on the gcometry, characteristics of the counters,
etec. An cxtrapolation of this curve to zero rcciprocal multiplication gives,
as the intercept, an approximete value of the critical mess,



TABIE 9

EFFECT OF DENSITY ON CRITICAL MASS

Experimentel conditions:

4:1 ratio of H-Cubes to
U=cubes

Cubical assembly

Completely paraffin enclosed
H to U=~235 atomic ratio = 128
Lattice configuration refers
to Figures 20 and 23

Volume Ratio of Materials H:U:A 4:1:0 4:1:% 4:1:1
Lattice Configuration G W v
Size of Assermbly (cube units) 11x11x11- {12x13x12 |13x14x12-
Overell Density gm/bmﬁ 1.7 1.6 1.4
Density, gm U-235/cm® (¢) 0.19 0,17 0.16
Hecubes 1032 1364 1512
Ue~cubes | | 258 341‘ 378
Air Spaces (cube units) 0 170 378
Totel "Cubes" 1290 1875 2268
Criticalvﬂass U, kg 13.53 i 17.6 19.5
Critical Mass U-235, kg () 4,0 5.2 5.8
x* - 2.95 2.09"

* Md:ferqc; values of x Jelersined by comvarison with the 4:1:0 assembly

=17~



TABLE 10

EFFECT OF DENSITY ON CRITICAL MASS

Experimental éonditions:

1:2 ratio of H cubes to U cubes

Cubical assemblw _
Completely pareffin enclosed
H to U-235 atomic retio = 16
Lattice configuration refers
to Figures 19 and 23,

1" Volume Ratio of Materials, H:U:A 1;2:0 1:2:2 1:z'=1'
Lattice Configuration C U T
Size of Assembly, cube units 12x12x12 14x14x13 15x15x16
Overall Density, gm/bms 3.5 3.0 2.7>‘
Density, gm U-235/cm® (€) 0.62 0.54 0.47
H-cubes 570 755 903
U~cubes 1140 1510 1807
Air spaces, cubé units 0 377 904
Total "Cubes” 1710 2642 3614
Critical Mass U, kg 58,8 7749 93.2
Critical Mass U-235, kg, (m) 17.5 23.2 27.8

2.0
x* - 1,82 1,60

x
* Mo 9™ 3 values of x obtained by comparison with the 1:2:0 array

=18~




The reliability of the value of the criticel mass thus obtained depcnds
on the nearness with which the sub-critical assemblies epprosch criticelity,

The experiments on ncutron multiplication performed and results obteined
are described in the following peragraphs.

1, Comparison of "Extrzpolated” Valuc of Critical Mass With
That Directly Measured

Six sub-cititical essemblies having H:U cube ratio of 1l:4, were
built in the range from 50% to 95% critical, and the velues of necutron
multiplicetion meesured on the respective essemblies were used to ob-
tein an "extrepolated" velue of eritical mass from the plot in Figure
11, The estimated value so obtained was ebout 2% higher then the
dircctly measurcd velue of the criticel mpss of an assembly under
similer conditions. (The difference between the two dircetly meesurcd .
velues of the eriticel mass for this esscmbly avoncaring in Table 2 end
on Figure 11 is due to the former hav1ng been corrected for the effect
of the Al stacklng shicld, )

2, Criticel Mess of a Low-Moderation Assembly: H-cubes: U-cubes = 1:7

The 50 kg of U=-235 evailable in the U=cubes was not sufficient to
produce criticality in an essembly containing only 4.6 H atoms per U=235
atom. Four sub-criticel asscmbliés renging from 56% to 75% of the sub~

" sequently estimeted critical mess, were measured for ncutron multipli-
cation and the values obtained werc.used in Figure 12 to indicete &an
"extrapolated" critical mass. The value obtained, 64 kg of U=235,
appeers to be in good agreement with experimentel values obtsined for
other conditions,.

3e Critical Mass of Unmoderated issemblies

Using the 3248 30% U~cubes available in these experiments (49,92
kg U=235) and the 1105 95% cubes used in the Los Alamos experiments
(53,88 kg U-235) which ere described in Prrt I, it was possible to
build an assembly comtaining 103.8 kg U-235 at a density of 1.5 gm
U-235/cc. The 95% cubes were uniformly imter-spread emong the 30%
cubes, This assembly wrs quite far from criticnl, even vhen completely-
enclosed in paraffin,

Neutron multiplicetion measurcments were mede on this 2ssembly’
end on three similer esscmblies comteining less mcteriel, The data,
presented in Figure 13, leave considereblec uncerteinty as to the criti-
cel mess of U-235 to be expected under these conditions, Dete from the th
smaller ossemblics fn1l on & fairly good streight line, vhich by linecr .
extrepolation indicrtes & criticel mess of 125 kg U-2%5, The dete from
- the lergest assembly, which should corry grester weight, becruse the
essembly is neccrer criticel 2nd beccuse the dsta were corrobornted by o
second independent measurement, indicote thet the extropolotion should
not be linear, end thet the criticel mess is certrinly much larger then

~19-
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G.

125 kgéi Linear extrarolartion of the deta from the two largest essem-

‘blies only indicate the critical mass is around 160 kg, The true value,

for the conditions stated, is certainly at least 125 kg, end is probably
considerably larger,

EFFECT OF INTERACTICN BITWEEN TWO SEPLRATED ASSEMBLIES.

1, An Experiment on Arravs with no Reflector

The combined criticel mess of two untempcd arrays, scoersted by
verious distences, was determined in order to obtnin informrtion on
the effect of interaction between the two arreys., This process of
mutual exchenge of neutrons between separsted arrays is importent in
considering sefe seperations between stored conteiners of sctive moter-
iel,

A single array with no reflector and of dimensions ebout 14x14x12,5
inches of H:U-235 stomic retio equal to 32, was first essembled in the
usual manner and adjusted to criticality. The two hnlves of this assem=—
bly, which had been seperzted by 1/16" of aluminum, were then moved evert
and cubes were added to the respective halves in such & way as to pre-
serve a cross-section of 14" x 14" for the facing sides of the two arreys,
Sufficient quantities of metericls were added so thet oriticelity wes
echieved in successive trials at various separations up to 8", A grevh
of the total mess of U-235 in the system as e function of seperation at
eriticality is given in Figure 14,

In enother experiment, en elternative to mainteining a constent
erea of facing sides in the two arrays, two tests were mede in which
the respective halves were cubical in shape and arc also reported in
Figure 14,

- The effect of cedmium shiclding on interaction wes tested on five
asserblies which were built to criticality with a cedmium sheet inscrted
between the separsted halves,

As the most importsnt result obtoined from these experiments, it
wes found thet 90% of the critical mess of a single array could be
collected into each of two components separsted by as little as 8".
Although one could collset amounts of meterial in esch of two seperated
assemblies eauzl to thet in & single critical essembly only with complete
isoletion of the two, it appears that interaction, in the r=ngc of con-
centrations studied here, is less effective than hes previously been

calculated.

A conmparison with the epproximate 'bh.eory3 used by the Y-12 Speciel
Hezerds Group in estimating safe sepsrations of stored vessels or re~
actors is plotted an Figure 14. It wes assumed that the critical dimen-
sions of the halves arc related to those of the s ingle array by

£ = (1w (1)

3 - :
Murray, R.and Schmidt, G. W., "Interaction of Solutions of Uranium

Salt", A-7,390,20, don 2, 1947
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2.

where ) is the fractionnl solid angle subtended at one half by the
other and where K is the negative of the "buckling", a geometry
perameter familisr in pile design, (K, refers to the hypothctical
erroy equivrlent to the two separated halves and Ké to the single
eritienl assembly,) :

The largest possible«d; that formed at the conter of one frce
by the crea of the adjacent face, was calculated for veorious separa-
tions. Ké wo.s determined from the relation

© = 7, it +7Y, (2)

where 2, b and ¢ are the dimensions of the single critical cube., A

number of valuesof Ki, each charccteristic of the system composed of
the two parts sepornted.a porticular distonce were then obtoined from
equation (1), From these values of X,, and the fixed cross-scctioncl
area, ob, values of the third dimension, c¢?, of ossemblies equivalent
to the two separated hnlves were calculoted by equotion (2). The masscs
corresponding to these values of ¢! are those plotted in Figure 14,

It should be emphasized, however, thot the exact ngreement of
the experimental and calculated curves ot zero seporation is a ree=
sult of the normalization effected by the use of the single criticzl
cube's dimensions in evalurting K,.

It is cleer that the effect of separation is laerger then thet
assumed in these ceclculations. Thet is, the "degree of criticality”
of separated assemblies is much less thon erlculotions on the above
besis would indicote,

The result, that the cadmium shielding allows o smoller separne~
tion for the srme totel mass (or requires a larger totrl mrss at the
same separotion), was to be expected because some therml neutrons
are absorbed by the cadmium and thus prevented from enteringz the oppos-
ing holf. Thet this effect is rather smrll was also expected. The
percentage of the lecking neutrons thet are thermr1l is predicted by
the conservative untomped woter boiler theory4, to be considernbly
less thon 1% for this H:U-235 otomic rotio of 32.

Experiments on Seporcted Arrcys Portislly Enclosed in Poraffin

When two helves of what was intended to become 2 single cssembly
of active material surrounded by poraffin reflector were built ot
some distance apart and then brought together, thc exposed surfoce of
the two facing sides of the respective holves were composed of an
inner rectangle of zcctive moterial concentrieslly surrounded by poref-
fin reflector. As the holves are brought together, the exchonge of
neutrons between the facing rectangles of matericl in the two holves
is hindered only by the cir=gop scpercting them., Obvicusly the ex-
change of neutrons ceross the gap plays an importont role when criti-
cality is achieved with o gop still remnining. One would expect this
exchenge to be related to the totcl solid angle "seen" by the respec=
tive rectangles of active material in ench other, Calculotions by

4Murray, R. end Schmian, G, W., "Criticality 4in Untcmped Urm ium
Solutions", A-7,390,13, Februnry 4, 1947
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Murray end Schmidt® show thet the fractional solid angle between the
feces is essentially a linear function of seperation for distences
up to one or two inches,.

Experiments were performed to measure the effect of separation
between the two perts of an assembly on the total amount of active
material in the assembly required to produce criticality, It was
found that the critical amount of material required was very nearly
lineerly related to the separation between the halves, for separa-
tions up to two or three inches as shown, for exemple, in Figure 15,
¥he increrse in criticrl mess being ebout 20% for eech inch of sepora-
tion in this renge of separation., For separstions larger than ebout
three inches, the relation between criticel mess end sepcration devia-
ted from linearity as shown by the curve in Figure 14,

In the actual performence of the experiments edvengage was taken
of this practicelly linear reletion at small seprration of the prrts
of thc assermbly, Instead of minutely sdjusting the mass of the ect-
ive material until it wes criticsl with the two parts just in contact,
the experiment was done in the follo—ing menner. The mpss wes first
edjusted to be critical at & separation of & few tenths of 2n inch
end thet distance meesured, A smell changse in the mass was then mede
and a new criticel separation meesured. This wes reperted and e plot
of the datea extrapolated to zcro separrtion for the desired result.

EFFECT OF REMOVING SMALL AMOUNTS OF REFLECTOR FROM PARAFFIN
ENCLOSED ASSEMBLIES

In building peraffin enclosed critical essemblies of wvarious
dimensions, it wes sometimes difficult to avoid smnll crevices between
the pieces of paraffin, especially at the corners and top of the tssem=
bly. To study the effect this might have on the criticel mess, o de-
terminetion was made on one assembly having en H:U-235 ratio equal to
16, of the increase in mass required for criticality as successively
larger amounts of pareffin reflector were removed. It wrs found that
the percentage increcse in moss regquired for criticality was linearly
proportional to the percentage of surface not covered by reflector,
the mass increcsing obout 1.2% for each percent of reflector removed.
This wes true up to 10% of the totzl reflector, beyond which the ex-
periment was not carricd. The results are showm in Figure 16,

EFFECT OF ISOTOPIC CONCENTRATION ON CRITICAL TASS

Any chenge of the isotopic composition of the cctive meteriel
used in these experiments with e given degree of moderrtion, will
ceuse, &t the seme time, & change in the overell density of the essemw
bly, o chenge in the U-235 density and in the homogeneity of mixing

5
Murray, R. end Schmidt, G. V., "Methods of Calculatins Solid
Angles", A-7,390,16, November 25, 1946,
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of the active mnterial and the moderator, For éxample, consider two

ossemblies having an H:U-235 atomic ratio of 60, one build with uren-
ium hoeving o U-235 isotopic content of 30% ond the other of 95%. The

overc1ll density of the first would be 2,2 gm/bm s, that of the second

1,5 gm/bms. The flrsg would hove & Ue235 density of 0,31 gm/bm5 ond

the second 0,43 gm/cm The 30% moteritl would have been stacked in

an H:U cube ratio of 2: 1 and the 95% in o 6:1 pottern,

In this comparison of the results of the experiments vith those
described in Part I using material of 95% ossay, no attempt has been
mode to normelize the densities§ However, the effect of the inhomo-
geneity hos been considered by Greuling in those assemblics where the
neutrons are mostly thermnl, In Figure 17 have been plotted the
volues of the critical mass of the two isotopically diffeorent moter-
inls as & function of the degree of moderation. In acdition to the
experimentally observed data, the values caleculated for the cese of
uniform mixtures of the hydrogen ond U~235 are given. It is cvident,
es is expected, that the presence of U-238 tffects the criticel moss
most decidedly in the region of low moderation, i,e¢,, where the pro=~
portion of fast necutrons is lerge. In regions of hizh moderotion,
when corrections rre mrde for the effcets of 1nhorogcnvous mixing,
the criticrl rmoss depends on the cmount of U-235 prescnt ﬁnd is vcry
11ttle nffected by presence of U-238,

VI, SUMMARY OF RESULIS

Tabulation of the results obtoined in thesc experiments on urcon-
jum material of 30% U=-235 isotopic concentrntion is best presented in
grephical form, 1In Figure 18 where the volues of the criticrl messes
obtained are shown cs o function of the H:U-235 atomic ratio, as much
description as possible of the experimental conditions is given beside
each plotted point, Curves hove been drrwm through the experimental
data obtained from unenclosed asscriblies and from these enclosced in
paraffin, A comparison of the loetter with the values colculoted for
homogeneous nixtures of the hydrogen and the U-235 is shown in the
two lower curves, The volues for ossemblies of low moderation are
quite uncertain, The critical mosses obtained under various other
conditions as indicated arc given,
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