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A GAS-PHASE UP ENRICHMENTMONITOR
FOR ENRICHMEh PLANT SAFEGUARDS

R. B. Stritbatker, J. W. Tape
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Akmtract

An in-line ●ridumnt ●atitor in being
developed to provia real-time enridmont data
for the W8-phame ~6 feed stream of an
●nriohment plant. Ths nondestx wtive qaIQa-ray
assay m.thcd oan be ured to datermina the
●r idwaent of MtUral ~6 W~th a r~hti~

precision of better than 19 for a wide range Of
preeeuren.

1. Introducticm

Om of ttm primary ●etrateg~ea for an
~ntornationml safeguards systcm ●t a uranim
enrichment plart is material ●mounting m the
dmlared feed, product, taila, ●nd wamte ●treama
of the facility. On-lim ●nrichment data --
binmd w~h on-line waightm for the fa9d, PrOdUCt,
●nd * ils cylinders are nooesaar y to implement

~.l~~>-’h’ dy~mic
material balanoa fu the

The parhrmance of an in-lins ●nr i oh-
ment monitor for liquid ~6 product, whir!!
has 4Juooaa8fuUy OperatMl ●t the Goodyear Atomic
diffuaico2plant ●incm 1973, ha~ been previously
raported. Eowever, feed stroame ●t ●nr ich-
monc plants #re typially in the gas phess, ●d
the enrichant princip19 ●mployed in the
Goodyear Atomic product acmitor is not feaaiblo
for ●omt qan-plwa ●nri dwmnt measurement.
The Qas-phmse ●nri dment is

lsqti:: goombining measurements of tho
totil urenium Uonoentratlona in the qas, A
NaI(Tl)-based itwline enndunent mcmitor i.
being dmwlopmd to provide real-tinm ●nridment
data for th qas-pham UF fed ●tream in th*

ffad ●nd withdraml build ng of an ●nritiottt
plmnt . The 235U ~no.ntcatia ia determined
f?~;, ● s“.ur.aient of 106-keV ~- rays from

The total utanium cxwmntration la
determ+ .m! W ●easuring the tranmisaiaf;g~u$

‘i. ‘F6 ~fi~ ~uc~:kov w=* rays
●rtternal

a, ase r imwit

To inveotiqato the Physirml prinulplos qxm
which the •nriti~nt ●nitor io b-ad, ● PIet-
tm iNtruMt m- tootod wider @ntroiled
laboratay Ooditions. NW laboratm y
Qnr~diMAt _itOr _B~@tC d S ~6 @a-
handllnil system, aamplo

241~
olmmtmr, MaI (Tl)

dataotor, an tranamiaaim =urea,
nuoloac olootrmias~ prenuro ●nd tamkmatur.
inetrumwntatlcm~ and ● data ●oquisitiem Syatom.
Iwo sQta of ●aasureaen~ have been Dwde, on,
ovar the lat-pronure rang. of 10 to MO torr
●nd the othor over tb hl~h-proeaure rango of
L75 to 700 tort. The lrw-proeeur~ data ware

bkm using a qaa-hendllng ●yst- epwated ●t
ambi ●nt temporat urt. A modified Qas-handling
uyatm, dmlqnaa to maintiln the ●ample otmmber
●t ● oonatant temperature of 60°C end to

pro~i& ~6 preg~~e- in ●xcess of 800 torr,
was used to perform the high-pressure measure-
---* .-... .- . T* stainless-steel oylindr i-l eample
ohamber uead for b ~h lw- and high-pressure
measuremanta haa ● 14.6-om diameter ●nd is 9.83-
= high. The top and bottom ohamber W1l S
throuqh whhh the var ioua radiations muet pas
are 0.079-oM thick. A different NaI (Tl)
dwtoctor was umed for each of the two pressure
ranqea. Eioth dmt~ctors were 12.7 cm in uhmeter
●nd had ● WaI liqht pipe. The lw-preeeure
meuuramente were performed with a 2. 54-cm-thick
deteotor and the high-pressure measurements with
● 2-oM- thick detector. Figure 1 ie ● schematic
of the prototype system ●hewing the orientation

~;l m@eof the detector, t chamber, ●nd the
location of the Am transmissionmource.

aasurements vere performed
:~h l~-;&;;~e 2fi~ ~urm , ●nd ● 200-PCi
xouroe ma used for the high-premeure measure-
ments. Tho tranam~es~on-aouroe strength ma
increaced to mapensate for the ●dditional
●tructura 1 and hi8ulati ng mater ial between the
xa~le ohamber ●nd titector required by the
heating ayntmm. The sample ohamber ie instru-
mented with thermc~ouplea and a precision
Capacitive manometer for temperature ●nd

~p~eted ~6 (0,2,%~~~’~, ~ntr~.ced
preeeure measurornents res

into tha sample ohamber by vapor transfer.
Uaasurements wer~ made of the cxmnt rates of
~~~- ●nd 60-keV qamoa rays from 235U ●nd

AM respwti vely ●nd of raton produced by
●n ●lectronic pulser. TIW thermocouple and

I —s241 Am TRANSMISSION
SOURCE

-\
UF6 GAC’

NaI (Tl)



manimet er read inga were 818s reoorded. A
fractirm of tha samplega8 was ramoved ty cryo-
kazmping, and the measurement were repeated.

3. Reeulta

The enridam~nt, I, is related to the
measurd count rate of 186-keV gamma rays, R, by

I = vCltnT60 , (1)

where R is corractal fcx deadtime loaaes and
attenuation in the gas, T60 is the trwrrnmis-
cion through the ~6 Of 60-keV W=a rays,

and C is a alibrat:a constant. Ttm determi-
naticm of ●nridiment I fra Bq. (1) Oan be

;~;:: :n5’3P ‘art” ‘h ‘-m”r-ent ‘f “U concentratia in tho sample
chamber, and tho aaaturemmrt of T60 yielding

I the total uranitmn concentratirm in the sample
chamber.

The dati were firmt ●rhilymad to &monatrate
tha ●ccuracy of detormi Ning ~6 densities,
and consequently total uranium concentrate mm,
frun the tranamisrnia of 60-keV gamma rays,
The I.IF

5
gas dennity determined from the

natural ogarithm of the 60-keV gaimna-ray trans-
mission was @mPared to the ~6 gas dAnSity
determined f ran che temperature and praaaure
measurements. The gas dandty was al,- ‘l~ted
frrm tho temperature ●rd preaaure data u-l ng
tha ●quation of state

PV(l + AP) ● nkT , (2)

where P it the pressure in rmi%a 01 torr, T is
the temperature in degreoa kclvia, k ~t the
BoltmmAn conmtant, n im the number of molocules,
and A tha second virial ooefflcient

A . 1,812 , 103T-3, (Ref, ~\

The UF6 density oaloulated at 7C0 torr and

60°C umi n~ tq, (2) is 3.7* greater than
predictd ~ tht ideal gas law. The n~~lised
ratioa of the denoity of ~6 datermlned from
the temperatui’e ●nd proasure meacurmenta to

J 1,02, 1 I 1 I v 1 I 1

the natural logi-’ ithm Of the 60-koV gamma-ray
transmission ue preaonted in Fig. 2 for the
p:esmure range of 176 to 680 torr. A similar
plot wam obtained for the data taken over the
1~-pressure range. FromI these data it was
concluded that the celationahip between the
rtntural logarithm of the transmission and the
gas denmity is llnear within the ●ccuracy of
the tamporature ●nd preaaure =aasur-enta over
W6 pr~~=~em of 10 t- 680 torr. The slight
slops indioatadby the data in Fig. 2 can be
●ttr ibutod to the uncertainty in the ●baolute
t~uparttures and pressures.

TO dm-strate that the enrichment man be
meemured ty the desoribad method, Eq. (1) was
used to detormtne ● relative anr ~ohment from
the data. The ga~a-ray paak areas wre ccrr-
rectod for tiadtime lctaaes urii ng an ●lectronic
p lsor method. The mount rate of 186-keV gamma
rays waa uxreotod for ●ttonuaticm leases in
the sample using the ●xpression tnT/ (T - 1),
whero T im thti txanmminaica of 186-keV ganm’ia
raym through the ~6. T ma determ~ned from
the measured transrdssicm ●t 60 keV raised to
the 0.21 pcamr, which is the ratio of ●ttenua-
titn ?oefficiants in 0$ for 60- ●nd 186-keV
gmwaa taya. Although the ●t$.enuatlon-correct~on
f ●ctor tnT/ (T - 1) is not wrpectad to be
●ccurate for cl~e-oeupled noomatr ies, it is
●dequate when the correction gactor is mall.
For the W6 pressures meamured, the ●ttenua-
tiW OOKrOCt~oll factor for 106-keV 9armna rays
is 10MS than ?*. Fig~re 3 mhow the ralative
●nriohmenLm determined ●ccording to ~. (1)
norms llxed to the weightd ●varaga of the
maasured valuem, A separate normalization waa
rwrloulated for the low- and high-pressure
maacurements. 7%0 enr ~ohment values represent

%k:”’p$’ of 4000.8
wasutemonts of &pleted

. * u)
“?

over the range of uF~
densities plotte 48 the pressure at 60°C,
Th. ●rror harm represent the atatistial preci-
sicm of the ■aamured values. The shaded erea
in Pi~, 3 ropreoonts the limits of ● ~lt
rohtive ●tandard deviation.

!4”
an 1 1 1 1 L J

no m Soo 400 soo%rmo
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Fig. 2, Ratioa of th~ ~6 w- den-lty
determined from tha temperature and
preeeure mahsureaenta ~ the natural
lo9sr lthm of the 60-keV ~~a-ray
tran-lrneion, The WIUU hew been
normalllad @ the we19hted ●verave of
ths ratioa, The itiloatd proaauros
arc for ● gas toac.rature of CO°C.
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P19. 3. Msulto of 4000-- maasuremants of the
relative enrichment of deplated (0.29)
~6 * Tho lm-preosure *ta (4) wera
maaaurod ●t 27°CI the hi9h- rossure

J’hta (0, were ●easured ●t 60 C. The
●ror bar- repremnt the ●tatiutloal
praolairnr of the meegured valueB. The
~6 denmitiom war ● mnverte3 to
preuurei ●t 60°c,



The gmna-ray background for these
maasuramenta oaoea fr- * primary *Ui cast

the buildup of 23% daughter products in the
aatiiple chamber and the 1.3 M! Of W6 in the
feed bottle. The lrat-preaaure da= were
maaaurad ●f tar ●bout 1 6Y of int~grated
●~aure of the chamber ●t 100 torr.
Conaaquontly, ●aaer,tially nona of the backgr
ma amaociated With the buildup of ?N:

daughtu products in the sample chmber. The
background under the lti6-keV peak, noet of which
originated from the 1.3 kg of W6 in the f-fl
bottle, resulted in ● signal--background ratio

of 0.9 ●t 100 torr. The hig-preaaure data were
taken with ● backgrouti aqul to that •~eoci
with an mquilibrim wnoentraticm of ?tg

daughtu products f r- 100 torr of depleted
~6 ● oaused by an equillbritm‘e bckgro?& ~ughtot prr)ductame
amcentratiun of
neaaured after ● lti-day ●xpcsure to 100 torr
~6 ● The mamured ●quilibria vmlua results
in a sigral-to-backg round ratio of ●bout 0.5
for depleted ~6/ deb=dent on the inte9ratim
?egion of the ga~a-ray peak but i nr.lapendant of
the operating preaaure.

The lw-preaaure G!* were used to normalize
● alculatia of the ●xpected precieirn of ●

1000-s enridment ●easurement for preaaures up
to 10 000 tarr ●t 155’C for rmtural and 39
enr iohed ~fi ● The ●ffect of the background
frrxa an ●quilibria om.~ntratim of 238U

&ughter products and an dxternal 1.3-kg ~6
aouroe Wae included in the maculation. The
reaulti of this tilculatim ●re prenented in
Fig. 4.

The plating of uraniun cm the Ohambsr walls
waa inve~tigated aa ● possible aourm of syate-

i“’=

rig. 1. Relative preoialcm of ● iOOO-a ●nriah-
●ent ■easurement alculeted for natural
(-M ourve) ●nd JO-enriohad (daahed
@llrVQ) W6 ●a ● f~ot~~ ~f preaaur~
●t 155°Co The Wma-rey background
inoludaa M ●atimate of the background

tratlar of ‘Uw&Th&r~$u%e~
aeaodatad

the eample otnmbar ●ti an ●xternal
l.bkQ W6 @OurO@.

matic error in the enrichment aaasurment. A
maaaurement of uranim plating waa par formad
after a llC-day integrated expoe ure of the
•ta~nle8s-~te~l -tir -116 ~ 100 torr ~s
at 20°C asld a 3-day exposure to an average of
300 torr ~6 at 60%. The maaaurement was
performed ~ evacuating the oha~; ●nd counting
the 186-keV ga-a rays from . The count
rate of 186-keV gama ray aaasured khen the
chamber waa ●vacated was 0.2 ~ o. 5s of the
COW)t rate fron 100 torr ~6. It waa conc!. u-
dad that ● negligible mount of plating occurs
m sta inlesa steel when kept in a cl-n vacuum
●nvironment.

4. conclusions

A prototype NaI (Tl) -based ●nr ichment nonitor
has bean developed and tested under controlled
laboratory mnditiona. The resu~ta of measure-
ments cm depleted W6 amstrate that the
❑ethod oan be used W determine Lhe enr ichent
of daplated to highly ●nriohed ~6 over ● wide
range of pressures. within the statiatioal
precieicm of the reported me&surementa, no
cyatematic ●rror in the relative ●nrichment as
● functicm of pressure ma obaez-red. Calcula-
tiam baned on the reported data indicate that
the enrichment an lM determined for netvral
~6 with ● relative precision of batter than
1S for preaaurea ranging from 250 to 9000 tozr
at 15SOC.

The ratio of ~tj *r.*ities dat-mined from
ter.perature ●nd pressurw maasuremonts to denmi -
tiea determined :rom gamma-ray trannmia8ion
●aaauremanta was chown to be mnatant within
the ●couracy of the temparmt ure and preaa uro
measuramenta. The ganna-ray tranamiaaion mgthod
of •~~uri!ig W6 dttn=itiea of ferS a precise
alternative to ocnven~icmai density or preasur.
maaa!urementm.

Buff i siant in formaticm ?ar L-n oktained
frcm the hboratory maamuraenta that a detailed
design of ● prototype field syatom has bean
initiated. A field taat ●nd ●valuation ctf ●

9a@-~ee ~6 ●ftr itient -miter in a pr@>~c-
tion enriohaont facility wil!, provida ~:urther
test lnformatim not wailable the
laboratccy,
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2. Ratica Of the ~6 ma *naity determined
fr~ the temperature ●nd preaaure meaaure-
menta to the natural logarithm of the 60-keV
germna-ray tranamiraicn. T& wluea have
been normalized to the weighted average of
the ratica. The indicated preaaures are
for w ga R temperature? of 60 CC.

3. RezU1ti of 4000-a mazaurment8 of the
relative ●nr ichment of depleted (0.2*)
;f~6 g The la-preaa ure dzta (A) were
meaaured at 27°Cl the high-preaa ure &ta
(0; were meaaured at 60°C. The error bars
represent the atatiaticel preciairm of the
mear. ured valuen. The W6 dena~ :iea were
conver ted to preaaures at 60°C.

4. ReL@d Ve preCid~ Of a lf)oo-a ●nrichment
measurement calculated for natural ;oolid
curve) and 39-enridwd (dzahed curvcj W6
●a ● functirm of preaaure ●t 155°C. The
gamna-ray backgremd includes an •stim,,t~
ef the background ●aaociated
btim amcentratia of 2s; ●n :;;;:;;

products in the sample chamber and ●n
●kterl~al 1.3-kg W6 Murce.


