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ABSTRACT

The multiplication factors for 300~1b product drums containing
uranium hexaflvoride were measured by placing a fission source in the
center of the drum and deriving the total number of'éeﬁcndary figslions
produced in the hexaflucride per primary fission in the source. The
measurements were made using material having isctopic concentrations of
U235 of 1.1% and 0.5368. The effect of a hydrogensous reflecter around
the drum was studied as was the degres of protection @o be gained by
cadmivm and boron jacketso‘ An extrapolation of the results indicstes
that a drum would become critical if it contained hexalluoride with about
104 isctopic comcentration of U232, if it were surroumded with water
and had no cadmium cover, If dry or cadmium—covered, the concentration

would have to be several times greater for criticality,
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We had been ssked %o make sowme neasurements which weuld a3d
in aerriving 2t en indication of the safetly zgainegd eriticslity of
certaie vessels, cslled tproduct Drume®, contsining enviched uranlum
hexafluoride iz feirly lerge amounts. Theoretical estimates had Deen
nade by B, Teller and atherslﬂ'whieh‘had besn used (together with a
generovs safedy factor) ta aet limlts for the enrvichment wh hieh could be
tolerated 4n these vessels, tul an aeccurate predlction was a1 fficuls
to make particularly with regard to the influence of hydregencus re-
flectors and the efficacy of cadmium coating on the drums. In view oF
the importence of the guestion frem the engineering standpoint, it was
desirsd $o obtain messuremente which would supplsment the estimetes gnd
2dd new informaetion ébeat the reflection from surroundings. The exper-
iments were to be done under conditions far from critical, bub the
meesured velues for the mulsiplication constant mlght serve &8s a Dbasis
for extrapolation to & valus for tﬁe eritical emrichment in the drums.
Preferably, this would be dome with the help of other measurementis taken
at higher enrichment levels. |

The experiments were simple in prineiple. If a besm of neutrons

1s admitted into & produst drum through & re-enbtrant tube and strikes

1 Konopinski, Metropolis, Tellsr and Woods, CP-RYS.
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& plug of fiseloneble material nsar the center o£ the vesgel, such an
arrangemend may’ba called & fission "gource’. Each figsion in the soures
will have a pradability k of pr@éuding directly &ncthar fission im the
materiel in the dwum. Eech of these flssions has zgain & probability of
pfuducing directly & third, smd we shall assume that thls probability is
agein k. Contlinuing under this aspumpbicn, one fisslon in ¢he sourecs
vill producs k ¢ kK- # coes = E__ fissions in the vessel. The as-
sumption af constant k is ineofre@@ insofar ag fissionsg of later gen-
erﬁ%ﬁcns may teke place nearer the surface of the vsssal and, therefors,

. have a reduced chence of reprodueing, but under the condltions of low en—
riehmeu%rpravaili#g in ouy experiments the later gemeralions sontriduis
80 1ilttls that the assumpiion is Justified. The ratio of the %otal mumber
of fisslons teking plocs per mimute in the vessel to the number taking
place per minute in the soures leeads, therefore, fo a valus for the re-
production feetor k. In the experimenis, the fission rate in the vessel
was measured by tekling dlstridution curves wilth a2 calibrated fission chame
ber scross two diameters of the vessel a% different positions on ite axisg,
and integrating the dlstributions nﬁm@rieally e glve a‘value for tha
whole v@sselq‘ The scurce @tréngth wvae measured in termg of fissions per
mimuta by determining the neubron output in 2 water bunk experiment, and
dlviding by'w?e Tha axperimenés were performed in two main series, sup-

plementsd by a-few miagellisnacus tests.




Brperimenis - First Serles

¥Fig. 1 is & dlggrem of the produet drum $otelly lmmersed in a
water bath, The waler, which was heated, served the double fumetion of
providing & hydrogenous reflector &s required for most of the readings,
and of keeping the hex in & liguid stale so as %o aveld cavities and
consequent localized perturbations im the counting rates. The drum ves
12° inside diameler, and bad convex ende om a 20% lmng_cylinarim&l BED=
tion. The walls were 1/4% thick menel. A cadmium jJasked 0.0807 thick
zould be closely fitted over the ocubtslds surface. A pressure gangs
connected to the interior of the vessel geve 2 convenient Indication of
the vaper pressurs, and hence the temperature, of the contente. The tem-
persture of the water bath was ususlly beld at 7:%. |

Thres nickel pipes, one lnch iﬁsid@ dlsmeter, passed completely
throvgh the water bath snd the érum. The uppsr yip@ passed through the
center of the druvm, an& the axzes of tha other two were, respeciively,
three inches &nd six inches delow 1%. 4 deap, %izhit cadmium thinble
extended inte the upper tube from itha Iafﬁhaﬂd.aidé in the Tigure; the
collimé&eé neutron beam entered the open end of this thimdle, traveled
down its leugib, and struck the scurca plug at the closed end. The pur-
pose 6f th@v@aémium thimble was %o elimirate thermal neulren scettering
from the source plug or the walls of the beam pipe into the contents of the
drem. As vill Ys geen later,sven ths epimcadmium scattering was serions,
The source plug wes an alumimum contalner filled with 31 grams of 10.3%

enriched '(503c
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The fission chawber is indicated in the mlddis hole. It was
built ab the end of e long sheft of 1/2% ¢thin-velled brass tubing,
which wes comnected through & detachable fitting to the housing of the
first stage of the smplifier, indicated at the right of the figure.
A platinum foil earrylng en elsetroplated film of enriched U30$5 as thick
a8 coﬁid be made Yo stick, was wrappsd into a cylinder and slipped intes
the end of the brese ftubs; it comstituted th@_groundﬁd elecirods for the
chamber. A stiff wire was rum down the axis of the brass tube and was
éup@arﬁed there by spaced insulstors. 1t was the high voliage elscirodas,
aend 1t was copnected &hraugh a high voltage condsnser to the grid of the
firet tube. The space batween the brass tube of the fiégian shamber and

the inslde of ths 1¥ nickel pipe was filled with appropriate subsionces

to prevent neuirom lezkage; viz. wood or hydrogemous plastic in the reglon

of the watarﬁc and anmular plugs filled with sormal URy in the regiom in-

gide the veseel., Other brass cspsules filled with UF& secupied unused
garts»of the other pipes whicha‘if left empty, might have permitied vo-
due lsakege, 3By interchanging plugs, the fission chember could be in-

serted inte the lower pipe.

Calibration of Flesim Chanber

The fission chamber could not be assumed to count vith 1004 ef-
ficiency because (1) 1t wes cylindrical, and (2) the ﬂgOg film was not
definitely thin to fission particles. 1% wes necessary, therefore, %o

obtein a faeter relating counts per minube in tha»éhamber to fissions

& . N . ’ -
These ars of ecoures removed when resdings are taken without watew.




per minute per miliigram of 25 on the foil.

This facter was oblained im thres independent ways.

(1) Catcher Method. 2 pilece of urepium meiel foil wee
wrepped in & close=Titting cellulose acetate envelope and irradiated
farkza minvtes (2) in the test veesel a§ a polnt at wvhich the fizeion
chember was eounting at the rate of 2582 per minute: and (1) in e
thermal column under a slow flux (ﬁs&sured with small ipdiom foils)
ef 2.95 x 109 neutr@ns/cmgwseea In the second caesge, wae of the valus
545 barns for the figsian eross section of 23%% leads %o the zonclusion
that f&eéi@as weTS taking place in the uranium foll st 2 rate of 2@h§ % "1‘;0;i
per minute per Bg 2350‘ This flsslon rate fesg@ﬁ@d\in.a connt on the
envelope or Yoetohex® of 5306OG aver thy time in%er?a1 apr$e§ for tha
eatcher gounting. The catcher in the vassel gove & similarly obhtained
count of 4186. Thersfors, fissions were taking placs in the vessel e%
g rate of (2.49 x lﬁh x ¥186) /53,600 or 1S40 per minmtevper ng ‘2359
The chembsr counting rate, as noted sbove, w&é 2682, so that the
counts per misute in the chamber musi bé maltiplied by 19&0/E6$2jﬁ: 0.72
to ghtain fiesiuna'psrlmingte per mg 235

The gatcher foil was made of the same size as the foll in
the fission chamber, so that varlatlion @f/fissian rate over the sxient

of the folle would not introduce arror.

- (2) gelivtration Agaivat Chamber With Weighed Foll. vhen the

fizsion chamber wae made, no miercbalance wag avelleble to welgh the
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ursnium dsposit. Afier the balence had been rspeired snother ghamber

was congtructed, similar iz size and shape, vhich contained 0,68 mg of

 T9% enriched Us0g (0,46 mg 235), This chamber was found to count with

0.122 of the sensitivity of the cbamber used through this first serles

of experiments. The 0.68 mg chamber gave a counting rate of 794 per
pioute in & thermel fluxz {(im thermasl column, wessured with indium foils)
of 53,500 neutrcna/emgmseca whence & counting efficieney of 39% can be do-
duced., The counte in the chamber used for the éxperiment must, therefore,

. 2 1
be muliiplied by 0,122 x 5.3 b:¢ T

= 0.68 to give fissions per

ninute per ng 235,

{3) ¢alibration Aeminst an Alpha-counted Foll. A& £lab Tigsion

chamber was Duili, which could be expected o count with 1009 efficisncy.
It conteined & foil wiéh & thin deposit of narmai vraniom, which was
found to emit SEL z 5 slphas per mimate in & 52% geometry, mnd herce
contained 0,0052 mg of 235, Im & csrizin peuiron flux, thlis chanbey
gave 143.5 counts per mimute, or {(essuming 1C0% effictency) 27,600
fisslons per minﬁte per mg 235, In the‘same fiuvx, ths feffectivel®
counting rate with the cylindrical chamber was 4% 000 per minute.

L4 000 céants per minute in t&e chambeyr; therefors, corresponded %o a
fission rate of 27,500 per minute per mg 235, znd ell readings in %h
chamber had to be multiplied by 27,600/4%,000 = 0.63 to obtain the

fizsicon rate,

L4

Actuslly, & third chember was used as an inferpediary inm this inter-
ealibretion, go that inordinately high counting rates could be avolded
by veing two flux levels.
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0f these three results the third is based on the more reliable

typee of measurement, snd we adopted it for use.

Effects of Soatbtered Besuirone.

The figeion chembeyr in the pipes running through the vessel
would regleter counie arlsing from neutrons of the fullowlng calegories:

(1) %eutrons from thermel fissione in the source plug;

{2) Peutronz from epi-cadmiuvsm fiesions in the source plugs

(3} Zpi-cadnium asubrons scattersd fram the beam by the scurce plmg:

{4) Stray neutrons from the beam or from the room.

4 clean way %o oliminatls the undesired neubrons and at the same
timae %o rebain 2 well-defined meéaning Tor the Yscurce strenghh? ssemed
to ke to beks té@ gifference betwesn counis with znd vithoub 2 cadmium
diek over the fuace of the BOUL 8 plug throughwhiehﬁhs bear entered.
Sueh & A fferencs wau;d represent the sffects of ﬁeﬁtraaa of the Tirst
kind aﬁlyo A similer difference messurement would be %tzken in measuring
the source strengih. Ve would thugbe dealing only with thermal fissions
in the source. As will be seen in our descripitlon of the regults, the
fissione from neubrons of salegoriess 2, 3 and Y comprised about thres-
guariers of the totsl, znd thers :gaalted a sericus less in the sccurzoy
of ths differsnce mossurements dboth for the scurcs strength and for the
fiseloms in the chamber caused by thermal fissloms in the source plug,
A eurve taken with no source plug present (upper pipe empiy) showsd
that there were few stiray neutrons: ondoudbiedly the epl-cadmium scatlered

neuvtrons wers the maln contridutors $o the counbs obleined with the
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-cadmium disk over the source faee. Abtempis were made io improve

thiz situation by thermelising the primary beam with graphite plmga'
placed at the optimum pesition im the hole through the plle reflector,
The eost in terms of intensity was, however, so great that the attempis
were sbendoned im fevor of the alternative &vprosch used in the second

series of oxperiments.

Source S¢rengih Determinationsg,

The source srrangement adopted after SQm@ preliminary work
wes & cylindrical aluminum cartridge 7/8% ID z 15/16" 0D x 21* in
length, containing 31.150 gm of UGy eariched to 10.3% 7230,

The neutron bear entering tbe soursge from the X-pile was
monitored by /8% diske of 0.006% indium held normsl Yo the beam in
& dummy aluminom cariridze interchengesble with the source. The
& fference betwgen saturataﬁ agtivitliss of sueh foile with aznd without
g 0.02% cadmivm shield wan teken 28 an lndex %a the slow neutron flux
in the beam.

Foil meesurements at bk h snds éf the source indicated that
about 154 of the slow flux entering the source was transmitted,

One method éf determining the effective source strength iz that
of releting moniior-foll sctivitiss in the beam &nd in the siendard
pile to determive the flux entering the source, and caleulating the
fission rete which should result s The frastion {q) of 8low neutrons

not trapsmitted through the source that produces fissioms of U235 iss
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= (235 fﬂﬁ%i@n@)/(@235 absorptlons ¢ USS° abeorptiens + U scabtering
' + 0 scattering)

=
8

2103 = /Um
2203 =z bU5 o BY97 x 2.7 + iz 8.5 ¢ 3 2 B

in a%temy%img‘%a gvaluabe the flux in %ho beam in berms of
sctivations in the stendard plle, 1t was found thet the 0.006% monitor
folls 2ve reletively "ihick® with regard % sctivities induweed by r&nd@m.
and by collinmated slow fluxes, améd alse with regard to ;gmab@crpti@n
within the foil., It wes, therefore, necessary fo svaluate sctivities
in $he beam end in the standard plle with folls of various thicknesees
(.001%, .002%, .QOM®, .006") end extrepolete Bo zexs thickmees from
these daté %oidetermine the ratio of besm %o standard-plle flux. This
ratio, gorresponding to & pile powsr of aboub 3500 kw, was foumd to bs
1180. The slow (C-neutron) fluz in the stendard-pils position used ia
8570 meutrans/cmgmseca #ince the cepiurs sross-section of indium for
slow neuirons 13 zpproximetely proportional to 1/?0 zn additional cox-
rection must be made %o teke accouvnt of the difference beoitwsen neutron
temperatures in the beam smd in the standard pile -- gboup 55098 and
330%, respsetively, -~ by %he fachor & %%%, = 1,25. The slow

(C-neutxon) fluz in the beam 2t 3600 kw is then:

oV S 1181 x 5570 = 1.25 = 1.564 ¢ 107 neu%r@ns/@mzm@@@o
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Singce the cross-ssctional ares of bthe source (7/6Y diameter)
was 3,57 @mga the frezetion of incident slow beubrons not tramasmitted
through the source was 0.85, and the fraction of thls perfion producing

U23§ fisslong was 0.063, the fisslon-sourse strength is given by

Qp = 1.26% x 1@7_x 3.87 x .85 x 0,63 x 80 = 158 x 108 fissions/min,

An altsrnaée nmetbsd of callibralling the soures is the usuel sub-
stitution proecedurs in s tenk of mangsnsse sulfate solution, by means
ef which the averaze sctivallions of the manganese by the fission souree
aﬁd b7 a stenderd sourcs sre comparsd.

&n open eylindrieal stesl tank wes used, of helght 30%, dismeter
27¢, and wall thickress ghoud 1/8“3 the wall and bottom of the tapk wers
covered with 0.02¢ cadmium. A 1% ID nigkel tube 1/8% thick, identical
with those fofming the measvring chaonels in the vessels af»ﬁFga pasasd
through a central dleweter of the %ank. The soliutlion used was composed
of sbout 1% by welght of MaSOy-ME0 in %ap waler.

The sample of maﬁgans@a to be counted was precipliated as the
carbonate by taking & semple of aboub 1 liter from $he $ank afier thorough
stirring, filiering the semple, adding 154 by volume of sajturated EE%G&
solution, heeting %o 2bout §59¢, und adding mn excess of (EEM)QCQB s02u-
tion. The precipltate was filtered ou$, weshed with water, and pressad

level while damp into a 1/2% x 23¢ x 1/16% pon milled into the surfacs




of an alumivum $ray, and dried. The irey supporied the sample axially
underneath the G=H counter ﬁubel

Ordinarily severel duplicabte samples were run, dhecause indi-
vidual fluetuadiong of 5% were nob umueuel. Aleo, long-life activitiss -
chiefly iven -- B0il% up graduslly in fthe solution deceuse of the con-
s8idereble stray peutron background in the vicinidy, and wers nmixed wiﬁh
the precipltete. I% waee, therefors, nscessary %o Tellow the dscay of
both the intentlopally-setlivated sample and s ba@kgéaﬁnd szmples teken
xmmeﬁiaﬁelé before Lrrsdiating the solution. The differsnce of these
Swo eurves epgreoed closely with the expecied mangeansse decsy curve, and
vas used a8 bhe basis for evelusiing the saturated zctivily of the men-
genegse resulting from the desired irradiation.

The steandard source used was a 0.5 g¢nm E@P’aCcR@ uwnit (C.L.#2)
of strength 5.27 x 166 é@u%ramg/se@o Stapderdizatlion runs were mads

by plaeing this sourcs in an aluminum cup atiached to the outside of

‘the nickel tube at the middle, so that ths scurce capsule itself was

in the sclutlon; a lining of 0.02° cadmivm extended from the mlddls

of the tube %o one end, duplicating the arrengement in the tes? vessal.
An irradiation %ime of 2 Vo 3 hours was found eatlsfactory.

- 4 e2libretion run with the fiséi@n sourgs was mads by align-

ing the nickel tube with the neutron beam, placing the cartridge of

enriched U@S 2t the middle of the tube in ite cadnium thimble, =nd




. | ~1%- " S

irradiating for 1 %o 2 hours &t & constant pile powsr level. Afier
the ssmple was taken, ths carbridge was removed and monitor foils
wvere rin at the ssurce pégitianc Twe runs had Yo be made, one with
& cadmium shisld in froat of the source, to determine bhe mctivation
resuliing from slow-nsutron fiasiénsc

The irradisation with the zienderd source wes repeated several
bimes. ILow intensity, irom contamivation, high backgrounds, and otherw
%r@ubleﬁam@‘fa@ta?g ceusad conpiderable inconsiszfency among the results.
The last determination wes méde wlth three 0.5 gw Ba - Oy - Be sources
at the eenter of ﬁé; §ankg the increased intensity, %ogsther with
. the 1awered background after rusi-proofing the temk, reeulted in s

velue which 12 belisved %6 be relisble within aboud 5%. Usable resulis

=

 for the saburetion sctivily, A, ave as follows:

642 counts/min (1 source)

595 @ i

580w 5

59 1 i W

598 # » (3 sources)/3
i & :

Average 2l

Bazoanse of the greater welght to be givem the lasd ﬁsﬁewmina%icﬁg to-
gether with other szperimentsl fastors, the velue ZQ 5 800 eountsfmin

is probably 28 good 28 can de sgsigned on the basis of these datam.

/
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A dstermination of Aé with ¢he Tission sourse in the tank

yislded the resultss

A (vnesversd scures) 18,950 counts/min

it

1]

A, {Ca-covered source)

ik 270 counts/min

4,680 countsfmin

i

Ay {slow fissions)

The fission source strengbh on ths basig of these resulis 1ss

.27 x 106

x 4680 =y 33 x 207
600

neulrons/see,

Qe =
which corresponds 3o 3.86 x 10° fissions/min.

The shove-meniioned ba@kgr@uﬁd irradiabion, however, vas made
thle the pils was running 2% helf the usual p@%@ré and the sxlrapola-
ﬁi@m %0 full power monditions iz noi very zablsfactory im view of the
smali a3 fference beiveen backgrecund and totel activity. Apother de-
termination w@s made in the zeme way, bub wlth nearly consbant phle

powar during both irradiaetions. The resulis are:

10,510 counta/uin

L)

A@ {uncovered sourcs}

88

5,680 counts/min

A (Gé-coversd sourcs)

LR

A {slow fissions) 3,830 counts/min

The zorreszponding evalustion of %@u?@@_gﬁwengmh is:

Q= 3.36 x 0! neutrensfsen,

N ox 8.1 = 108

fisstonefmin,
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The discrepancy betwesn this value znd that obtained by flux
measurements with foils, 15.8 x 108 fissions/min., has not been explained.
Because of the relative simplicity of the manganese-sampling method, the

result obtained by use of it is probably the more reliable,

Neutron Capbures in the Vater Heflector

An attempt was made to determine the rate of emlssion ol neutrons
from the product drum inte the surroundipg water reflector. The method
used was similar to that for calibrating the flssiom source by agtivation
of mangenesej the water bath was filled with a ﬁe&k Mnsoh golution and the
fission source irradlated 1n the vessel,

The relation of the rate of capture in the bath to that in the
standardizing tank with the standard source imwolves both the respecilve
satura?ed activities of the wanganese and the ratio of the volumes of waler
in the two tanks. Assuming that all neutrons emitted from the vessel are
céptured in the manganese scludlon at 2 total rate Q, the average rate of

capture in an elsment of volume AV is:

s &Y
AQ Rl

If the density f’ of manganegs in solution is such that Eﬁm capture mta)/{;}i@

then the menganese capture rate and hence average achtivation E:SOC }o .

If wiform semples weights w are taken for counting,
- O e w5
AV = %andé,gzé’;f ,ﬁg:ﬁf’“‘%“” e

where }{ includes counter calibretion and other constant factors )
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EG’V
then 8. = .2 “
Qs Eg v

Data were taken both with and without cadwmium enclosing the
vessel of UFgo In each case it was necsssary to determine the activation
of the manganese by two irradiations, one with a2 cadmlum shleld in front of
the sourcaaartfidge to exclude the effects of slow-neutron {issions, Aetually,
since the seturated activity of the managanese was not much different with
or without the éadmium cover on the vessel, only one background run was macs;
the resuliing data.qu@extrapsiatad to the other case by the ratio of fotel
saturated activitles with znd without the cedni.m shield on the vessel,

Results, monitored to about 3600 kw., are:

ﬁsgtotal) Ag(Blgnd) Ag(slom fissions)
Ungovered vessel 8770 L830% 19240
Cd-covered vessel 5730 4090 ’ 1640 i
The capture rate im the jJackel Qj is given bys
Qa(hz)s V
15 57s’y 3 where J and s refer to values
: (As}s VS

in the water jacket and in the standardization tank respectively.

5,27 % 196 x 1940 = 709
800 xz 282
4,28 x 107 neutrons/ sec

i

without C4 covering on the vessel, Q@

i

LR

With 0@ covering on the vessel, Q4 3,69 x 107 neutrons/ see.

$¢ will be noted thet both of these vesesulis exceed ths flesion-
source sirength as determined by mengsnese-sampling technigus. Since the
slow-Tiecion activity in each cage ig obteined as g smell dlffersnce of

large punbere, $hese resulis probably indieats only that the caplure rate

2 Brbrapolsted velue



=18 S

in the jacket is of the same order a5 the strength of thes source.

Results of Fission Counts - First Series of bkxperiments
Fig. 2 shows the fission distribubion curves as obtained with

and without cadmium on the scurce face; in the hole threes jinches below the

. source plug, with a cadmium jacket on the vessel snd the water reflector

present, T?e lower curve is the difference of the upper two. The figure

is given 25 an example of the nature of the experimental data. In Flgs.

3 and 4 only the difference curves are given, and accordingly no exparimental
points are indicated., Figure 3 refers to measurements in the hole three
inches belew the source, and Figure Arto the holz six inches below the

source, Three conditions of surroundings for the drum are treated in sach
figure, The large effect of a water reflector and its partial neutralization

by the cadmium are evident even on casual inspection.

The asymmetries in the distributions on either side of the axis were
unexpected, and we have not found an adequate explanstion for them. They
look like a scattering effect, but our method of teking differences wes
intended to eliminate that sort of thing. |

Fig. 5 shows the difference curves for the distributions teoken
with the source displaced from the center to a pesition near the wall of
tﬁa drum,

In describing the evaluation of k from these data, one should
first observe that the fission chamber detector had finite widﬂh, and;
therefore, the sharp rise in counting rate near the walls of the vessel

when the reflector and cadmiym were present must be partly discounted
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because of overlapping into the reflector region. Only such regions

of these curves were ussd as correspondsed to the chamver belng entirely
within the drum. A mean was struck between the halves of the curves on
either side of the axds, the averaged values of the ordinates were multiplied
by 2 7Y , and the resulting curves were separately plotted using a smooth
extrapolation to the drum wall when it was necessary to bridge thz uncertain
region mentioned just zbove., The areas ﬁmder these plots then gave the
product (fisslcn rate per mg. 25) % (erosse-sectional area).

To perform the integration in the vertizal direction, these products
were plotted against the distance along the axls, giving two points which,
together with zercs at the bottom and top of the hex in the drum and the
gonsideraticon of symmetry abou@ the eguatorial plane, sulficed to give 2
good iﬁteération for-tha product {fission raie per mg. 25) x (volume of hex
in cubic inches). When multiplied by the amount of 235 in ons cubic inch
of hex (442 mg for 1.1% enrichment), and corrected for neutron absorption
in the walls of the nickel pipe, {see Appendix A), this yielded the required
value for the total number of fissions taking place per minute imlthe whole
drum, The helght of the liguid hex in the vessel was estimated from the
welght {304 1lbs.), the density (59.1 g.per cu, in.) and the inside dianster
of the vessel, with reasonable approximetion for the convex bobtom and
correction for the wvolume occupled by the three internal pipes,

Treatment of the experimental date im this manner led to the
figures in the fifth coluan of the first section of Table II for the total

number of fissions taking place per minute in the drum.
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¥eagurerents in Neutron Capture in 238

In addition to the fission rate measurensﬁts, Bole neasurensnts
were attempted of the rate of capture in 238 in the hexafluoride drum.

These were dope in the middle and lowsr holes with no reflector arcund the
drum, and with the water reflector but no cadmlum Jackeh, As with the
fission measurements, differences had to be taken bhebtween results obiained
with and without 2 cadmium disk over the source face,

Five capéules of HBQS were placéd at intsrvals in the hole under
irnvestigation. They were spaced with UF;, plugs. After irradiation for cns
hour they were removed and disscived in nitric acid, After evaporating
nearly to dryness, the resulting nitrate was dissolved inm ether ang iwo
axtractions of the fisslon products and ths UX were made with water. Following
this the uranium was precipitated zs sodium uranyl acetate, and counted as
samples infinitely thick for beta rays., The decay of the 2J-minute UZB?
was féll@wad by growth of bete activity arising from UX, and the 239 activities
were all normalised to an equal UX growth rate, This whole procedurs was
calibrated by carrying it out in a known thermal flux, so thai the resulis
could be expressed im absolute verus; viz,, "captures per minube per mg. 2387,

The results are given in Table I, They are inaccurate because of
(1) the low activities involved, and (2) the necessity of taking differences
to eliminate the effects of scattered neutrons, These results were obtained
with material of 1.1% isotopic concentration ol 235; and the theraal fission

source sirength was 8.1 x 108 fissions per minute., The results give only a
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rough idea of the rate of capture; it will be noticed that when neo
rater was present the effect due to thermal fissions in the source was

too small to show above the srrora in the measurements.

\ | TABLE I

_ &aptufea per minube per milligram of U238

ok

Hole Source Distance from axis{inches)
FPace ’

=y =2 0 2 Dy

water, no cadmium Jacket Middle | Uncovered | 18.7 25.6 30.2 - 25.9

Cd-covered | 14.4 18.3 26.3 27.8 21.8

Difference: captures due

i
to thermal L}OB 703 3.9 ~ ..{i..lj:w (
fiszions in !
source ‘

hater, no Cd Jacket Lower ncovered 8.0 13.8 11.5 12.1 4.1 i

Cd@CQVeFed 797 6&8 é;\? 908 805

hifference 0.3 7.0 LB 2.3 5.6

No water Liddle luncovered | 15.8 20,7 25.& 27.6 16,8
Cd-covered | 17.4 21,0 25,2 27.% 17.6

. Difference =16 =0.3 0.4 +0.2 =0.8




Second Serles of Ixperiments

' Because of the troublesome effects of the scattered neutrons
from the beam source used in the first series of experiments, it was
thought desirable to repeat the fission chamber measurerents with &

"mock fission™ source of neutrons in the center of the vessel. The results
of such measurements should be more relizble because (1) ne differences
would have to be taken to eliminate the effects of undesired neutrons;

(2) the fission distribution curves might be expected to be more symmetric;
(3) the socurce strength could be deternined more accurately. A Po-Be

source was borrowed from Chicago for a few days, and during this time we
not enly repested all the fission chamber measurements on the vessel cénw
taining 1.1% material, but added a similar set of data for a drum containing

- depleted (0.536%) material and alsdlinvastigated the effect of a protectivs

Jacket of caleium borids, |

As the Po-Be source was much weaker than the beam source usad
sarlier, it was necessary to compensate for the cerresponding loss in

intensity by increasing the seneitivity of the detector. This was done
by bullding a new fission chamber, in which the diamster of the grounded

outer electrode was increased to one inch, and the high-voltage electrode
1

was expanded to a cylinder 1/2Y in diameter. Uranlum-plated foils were
mounted on both electrodes. This chamber was calibrated against the old
one by direct comparison in the same neutron flux. The result was that
counts per minuts in the new chamber had to be nultiplied by 0.135 to give
- fisslons per minute per milligram of 235. It may be noted that this cal-

ibration rests upon the same data as did the old one, namely measurement
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against the alpha-counted foil in the flat fission chanber independently
backed by checks by the catcher and welighipg methoda,

The cadmium thimble in the upper or source %Luoe vas naturally
dispensed with in this series of measurements, and the hole was symmetrically

filled on either slde of the Po-Be source with UF, plugs.

Results of Fission Counts = Second Series of kExperiments

Figures 6 and 7 give the experimental data for the middles and
lower holes, respectively, in the drum containing the 1.1% material, TFig. 8
gives "displaced source® distributions for the cass with reflector and no
protection. Figmres ¢ and 10 give centered source distribution curves for
the vess@l-cbntaining 0. 5363 maﬁarialo

These data were 2ll gubjected to the same type of numerical in-

tegration as was described above. The results are given in the sescond

saction of Table Il.

Source Strepgth

Ve did not have time to measure this for ocurselves, but instead
we accepted the value 4.75 x 106 neutrons per second on July 28 as obtained
by Friedman.

Use of Radium-Boron Source

¢

A two-gram radium~boron source was availsble, and a measurement

was taken with this source in the center of the depleted tank, with water
but no cadmium jacketu The result is given in the third section of Table II,

and it will be noticed that the k-value obtained is in closs agreement
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with that obtained in like circumstances with the Po-Be source, This
agreement may be btaken as an indication that the multiplication is not
a sensitive function of the snergy spectrum of the neutrons from the

soQUree,

Discussicon of Resulis

The results obtained with the radicactive sources as given in
Table II are probably'éccurate to abeuhilﬁﬁo_ Those ;bt&ined with the
beam source are less reliable, and should be considered as corroborating
figures, independently cbtained. |

A few rather obvious features of the results can De seen DY
comparison of the fission distribution curves, and in the figures of
Table II, They include (1) the very large eifect caused by the presence
of the water reflector; {(2) how this is very substantially raeduced by the
use of a cadmium jacket; (3) that boron is slightly bebter protection than
cadrium. Within the precision of the measurecents, the multiplication
factor is proportiocnal to the isotoplc concentration of U235¢

The readings with the displaced source were taken Lo chack thes
assumption inherent in the simple theory that a fiszion hes a uniform
chance of producing another fission, irrespective of the position in the
vessel., For the 0.536% material with water but no cadmiuw present, it is
seen that a value of %X of 0.089 was obtained when the source was near
the drum wall, as compared with k = 0,10 for the centered source. Appar-
ently, then, a [ission nsar the wall was 89% as effective in preducing

other fissions as was a fission near the center; if the reflection from




TARLE 13 L ]
Iso%opie Soures {Fisslons in Total Flssions
Concen= Position | 8hielding and Reflector Conditiouns Chamber/minf/mg! por min. in drum k
trabion 235) x {Volume :
pi 235 of druom in-gu.
in,)
= = = = Baam J0Ures Bguivalsnt 3trengihs 6.1 x 103 fisglong pery MInRip = o = « = = = = = « = = = =
1.1% I Gentered Water, cadnlum Jackst 11,3 = lﬁh | 5.6 % 107 | 0.06%
" " Hater, no jacked 306 x 107, | 20,3 x 107 I 0,20
'R " Fo water 2,97 = 1g 1,5 x 107 0,018
# Dleplaced| Water, mo jackes 15.3 x 10 10,2 = 107 0,33
= = = = Poloplun-Beryllium Source; Boulvelent Strongth: 1,06 x 108 fissions per 2lovie ¢ = = = = = = = -k
; i
1.1% Gentersd Yater, cadmium jackeb - 8.6 x 163 .3 = 192 0.0%9 ’
# 0 Water, no jacket 32,0 x 1953 21,2 x 10g 0.167
" u Ho water 3,94 x 10 2.0 x 106 G, 019
# a Yater, calcium boride Jacked 6,00 x 107 2.9 x 10 6 0,027
0.536% i Water, cadmivm jancke$ 10,5 x 109 2,54 x 3 0,023
# " Water, no jacket 373 = l()sh~ 12,0 » 10 6 0,10
0 9 No water 3,27 = 109 0.79 = 10¢ 0.0069
# Displaced | WYater, no jackeb 32,0 x 109 10,3 x 10 0,089
= = = = Badium=Boron Socurgs: Baguivelent Btresngih; .05 x ng fissions por MMl c = w o = v = = = = = =
0,536% Centered Water, no jaskes 37.0 = 107 11.9 x 196 0,10
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the swrroundings ﬁere absent thié figure would probably be much reduced.
However; & lérge correction is not involved even for tpe dry and the
jacketed drumé, because at these low concantratioﬁa the second generaltion
fissians‘already are making only & very small contribution.

It is of course of inberest to see how sne can use these results
in estimating aritical‘concentraﬁions for the product drums. It has besn
pointed out by meiler that the probability Fr offgeutran producing a fission
as it passes tonrough the zaterial is not as closely proportional to the

*
concentration p of 1235 as is the quantity Pf/ilef)v Accepting this,

. we can write

Pe
I S conste X P

Now Pp = k/y so thet if ¥k, and p, arse experimental values for a particular

arrangement, ,
ke st k,
const. = L oy = °
Po R VA ‘ PoV
*
This can be seen &8 follows: Neglecting padistive capturs in U235,
?f: mai G—f = -1
NZE gy *® Nog d; 12 §§§ o wjgg
Ws  d%

where st/N25 is the ratio of the numbers of U238 and U235 atoms, Viz.,
(1-p)/p; and a /g is the ratio of capture to fisslon cross sections,; viz.,

1/10, Substitution glves Py ® 10p/(3 + 9p) from which 1t ig clear that

Pp is not preopertionsl Lo P-. Cn the othser hand, we hava
po/(1~Pg) = 10p/(1-P)

the values of which aye nearly proportional Lo p when p is fairly small.
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In the case of criticality,

¢ ]
]
£
2
ct+
S
o
e
¥
o
%4

121

1.7
Q

Substitution of the experimental p - and k - values from Table II
| then gives the critical concentrations, Teking the most dangerous case,
viz,, the unjacketed drum_surroundeﬁ with water, one thus obitzins a critical
enrichment of 11§ from the experiments on the 1,1% material, and 3.1% from
the 0.536% material. The average of these corresponds to 9 kg of U235 in the
- drum for criticality. For the jackebted and dry drums, the critical amount
is several times larger.
In conclusion, it must be epphasized that both the measursmanis

and the method of exbrapolation to criticel concentrations are inaccurais.

£

The need for further work at higher concentrations is clearly indicate

o
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APPENDIX A

Correction for Neutron sbsorption in the Nickel Pipe

Inasmuch as 2ll of theSe measurements were taken with the
fission chawbers in nickel pipes inside the drums, it was important to
evaluate the correction required to take into account the peutron ab-
sorption in the pipe wall. A sample plece of the pipe was obbtained, and
measurements were taken by placing the fission chamber in our standard
graphite pile at & distance of sixteen inches from the Aa-Be source., Counts

were taken under the following conditions, with results as indicated:

(1) Fission chasber alons 4£20.9 counts per min,
{(2) Pission chawber in cadmium 3,2 n noon
) : (3) Fission chamber in nickel pipe 2447.3 ¢ L

(4) PFission chamber in nicksl pipe in Cd. 2,8 ¢ L
From these figures 1t is apparent that 57% of the caduium-sbsorbable

1

neutronsand about 88% of the spi-cadmium neutrons are transmitted by the tube wal
I3

The extent of the correction Lo be applied would seem to depend on the

£y

experimental conditions, For the case of water and no cadoium Jacket aboub

wo

7%% of the fissions in the chamber wers caused by the thermad neutrons
this can be seen in Table II by & comparison of the fisslons per mize

u%s in the chamber with and without the cadmium jacket, in the presence of
the water, Applying the pipe wall transmission corrections o the thermal
and epi-cadmium neutrens separately, one arrives at an overall correction
factor of 1.5. This factor was used for the corrected figures given in

Table JI for the cases of the bare drum surrounded with water, Far'the
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other cases, the correction will be smaller bscause there are many
fewer thermal neutrons. An accurate corvection is impossible without
more knowledge of the energy spectra of the neubtrons, and we have merely
applied a correction factor of 1.12,

These corrections were applied in evaluating the figures given

in column 5 of Table II from those given in column 4,
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