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Apsrrace

we raport dera :s of tne Javeispmer:t f a
nigh-accuracy rlgh-fracision syscem (or tne ncn-
amstructive assay 5f 23%U 1n sclutlcn  Tha
¥ystem Can meASula SAM[ 28 wlln SSRCAAETATLICRS
rarnging from o 1-300 g -3% v using z00-mi
sample8 at iow conientrarione  3d-mi mampiss
at nijr concertraricns  and (000-s msagsuremant
rimen Tne accurac; and precisicn 3ceis of 0 1%
were =sgenrlally atrained for corcentraticns
above 100 3t This ct-ilf= dySrem dJaslgned
f>r a productich plant envirofiment represants a
s1g~ificant 1mprovement 1 the astata >f tre art

I. _Incrodystion

In 1932 tne Los Alamos Natloral Labsratory
Safeguards Assay gIoup was asked S develiop 4 new
apsay system f5r < 2y ir soigtion form: Suc-
cepuful completion Sl ctre froject required a
sigrificant agvancament 1n rhe state Sf the are

ve Crose transmisglsh-corractad padsive
Jamma-ray assay Sf _ne 183 7-xev gamma ray from

33y as tna meaguremen: tacrnijue wirn a 169y
SGurce for rransmingicn measuresants and an <4iam
dourca for race-ices corrections

Tr1s caper Jdescrives :he <ysrem g perform-
ai.ce and deveispment wve assume famijlarity with
tre prirciples of trarnsmigsicn-csirected passive
gemma-ra; assd; applled tc 23%y sclutione

£.__Syatem Cemign and Ferformance Paremeters

Tne desigr and parfcrmarce paramecars pro-
v144d Uy tne user that LInfiucriced system design
are lisred beliow-

23%y concentrazlon Fange

0! v371 to %00 g 1
Gample sile

I0mL -- 1 ro %00 g
; mL -G | mj 1o 10 2-1
LY ]

L1L00 » par sampis 4all mamp,eB
ACCuluCy ard LInZislohn
0 1% relative tor rign ~oncantraticns
Sampio vial
coMmerclal soulce
Sample [ll1ing
Automaric f1ilare
d.pth
Sample rrangpzit
preumaric :arcir

thus & varlab.e samgle

Ryatam

The ;35-.1 £ .nCanLrg
Srqera -f magnitude Lnc
qssire ra rovide ming
re1.,"0 «AR'@: r&A.|:1Ng

15n rarge cf neariy 7

rAZrQd =-1th rne Be[ §

uM mample v MR (D
15 1 Ir.l‘nm wltifi T,

-

:-m] samples

Tre counting rime =f 1 s
flusnces rne artalnacle sta 1zal precisison
Tre jzalL of 0 1V ac~uracy ¢ ned rere as tne
A1ffererce Catwegen tre maagaured value anrd rrnie
true -alue’ 18 Btrongly 1nflusnced Dy thne consis-
tency Sf tne cailbration srandarde ava'liitle

Tre properciag Sf trne sampi= .1ais als> 1a-
fluence he a<curacy n1gh preclsisn requlres
tre rigrest posslble sampie founting rates whi h
means small samplie-to-dsrector distances ta
few cm for nilgh-ievel Rdiutlons. even lass (or
low=leva] $dluLlons) The smali d1istances 1in-
cresase the sengltivity oOf tne assay to varliatiers
in sample 4dimensions and sample positicn arising
from manufecturing toierances 1n the sample vial
dimercions.

The sampie viais were monufactured from
polyprogpylene wnicn nag jess rigidity and 4:-
nengisnai stablilty than some cther plastics:
irré effacts from samplc vlal dimensional varia-
tions INncreesed probieas with assay #CCuracy

variabie sanple daptns poaed znotner 41f(1-
Cult propiem- Tne automatlc sampie fil11rg Bys-
tem readuces i3DOr CCBIE Svar -re aiternarive of
acCurate plpetring. bDut causes varlaDle sampie
deptnes. The tcarsmigslcn-<crrected passlve astay
technique CAnR handie thils proplem Lf tne sampie
deptn 18 eltrer CONgrtant of KnQwn A separate
device was neaded tG aCC.rata'y seapule Lre
samp.e dspth

narturally 1n-

1__Parformance Leveicoment
Sounct suratien

Tne twd cholCul [Or & Zoun:lng <onfiljura-icn
wAr@ an Lp-lOGEINRG JAOMEIry oI 4 §lde-lonklrng
geomerry Tnane twc _onfigurarions meamure
funq,mantally A1fferant juantirirg

Tre up-10cKLIRg JeOomatly vlews tne bporeom f
4 Cylindrical sclutlOon Fample viewlrnj rre =- 172
sampie voliume {t meas..rey tne U meng 1R
the total sample 83lution --Olume -l
4 manp meagurement Sf the sampie seiution 1t
ylelde & reacir 1n g 233,59 sampia  wicn
3 234, g szampie Jecarminad tre Lat-h mams ~an
.o found from tna Latch 4enal.y aAnd patc

Tne nide-i1~CE1Ng jAOMEtry viewg & ¢
mat~r mfined particn af aoluticn
FATAlL=]1 81744 vial LLIY 'LL R U
views.] rhRiR r@TRAnlju- FaB 'S e -4
1 rermg 3 mclurls
1 fre rat-n
y ;- et rne L.

antrarian

w1y (LY B T
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rages o[ up-looK1ng jaonetry

=95y g sampie)

Tre entire samplie 12 viewad
most efficient use of rrg i1mitad eample
volume and trhe pesSt SCAt18rlsAl [rec1sicn
for a given tcral sampie 2128 Aas muchn Am A
factor of Z certer trnan rhe ajrtertatlive

A 1% deviation from cne stated sampis deptr
reauits 1n 0 i%-0 2%% deviaricns 1n cha €35,
assay f5r sampie-ra~detector disrarces of
Secmis 2 cm For & 3-cm sample-to—de-
tector distance. trie sample depth varilatlch
BuST Ce iess tran U I mm t~ xeep assay er-
rors from tnis effect telow 0 iV This aBs-
sumes a 20 cmé x 1 9-Cm deep samplie :3J mi)
The sampie and catch temperatures mav be

Eroviding rns

aifferent Oniy tctal mass 18 beinj
neasured

JeOmetlry 18 mCie COmMpACt taxing iems plant
space

Elllﬁ!AD1ﬂ3!lz§§_32219951ﬂﬂ_3!2m!£11
- - .

The sample depth and diameter must be [ixead
sr xnown The sampie-tc-detector distance
BuSt Ne CORStant For a J-cm 41stance a

iV change in rhe distance resuits 1n ADOut

U 8% cnange 1n the assay. This sensitivity
is trhe geom~tr; # bljgest disadvantage and
Means that sampie-to-detector distances mufr
te heid tc abcut :0 04 mm rO xeep the

assay orror beicw U i%

Sampie depr’. MusSt be accurateiy measured or
fixed by cereful plpetting

Sample transport throuqh the pneumatic
rabppilt may CausSe SOMe 8GiuflON tG hang up
in rne threads because sf a poor seali. Tnhis
Car pert.rbd the sAmpie qeometry and cause

an assay error

Eeze of sampling 18 the Dlggest advantage
The sample vGiume needs oniy axceed that
required o f1l1 the voiume deflned py thne
<ol llmator

B8mali variaticns 1n thne campie-to-colllmator
distance nave Littie effect on trhe =gmay

12 970wy
cess afficient use of liaited semple vOliume
glves poorer greclslon than ajternative
method

Sample thicknang Oypt De Cor:Bzant Or xnown
Asgay aorror .s apprcrimately 1 | with mam-
pPle thizxnass Grror Thys thicxness toler-
ances must De oh the ordar of t0 01 mm t¢
xe8p tne assery arror from tris affect Delow
0N

Corrections uust be made for any temparzrture
d1{farences Latwesn the sampla and tne

ngtcn  Diffnrences of a few tera of degrees
Ceislul can lead tn arrors of severa] tentng
of a percent Expanaion £fic1erta as
we,l a8 TIMGEratuf®s MuBt L ¥~ wn 5
correct trip affece

Sa rre L p-|3CKLGG '3 Uy =
merry pIrlmarli; pecause 1t Sffered r
sic1iity of artairing O 1% RSD precisicn 1a
1000-8 csunt times for >100-g L sciutlcna
Afrer crocmlng tha Sounrlng conflguratish

we specliled samp e vial di1mensicng Trese sy=-
tem3 are mos: efficlent wnen rne jreatest sample
«SluMe 18 CI1GSeST rc tre detecrcr bur rne sample
dlameter srouid nor Jreatly axceed tre detecrtar
CrySTAl dlameter we crcse the sampie Jilamerar
tS Ce neadrily e5ual G rne Jerectsr Jdlameter and
accepred tre sampie Jdeprn trat came with 1t

Th1ls Jave sampie 8olurlon Jimensions for the
nign-1e.ei t1-300 g-2; system of 35 03 cm diam
120 cmér by 1 9 cm deep 130 mb: and a iow 1evel
8cluticr Jdilamerer Sf 6 63 cm. =1tr a deptn of

3 7] cm (200 mb).

Botties are made of poiypropylene with
screw-rop ilds. with potrom tnicxness (oo pborh
nign~- and iow-levei Dotties of | 3 mm

we carried oSut extensive UESTS On pliot [una
cf the comprerclaliy manufacturea botties. care-
fuily seasurinj the deviaticn from fiarness 1In
tlig borttie bottoms. Var.etions in tnig [lairess
can cCaute assay errorr. pecause 5f the changing
soiution-to—detector distance. Typlrcai bowlng
in the cente- of the bottie pottom 1s 0.004-

0 609 1n (0 i0-0 13 mm). put 1B NnOT expected to
be a problem uniess it cnanges from bottle to
bottie Figure 1 shows the 4istribpution Sf the
average powing for a sampie of 25 potties we
42 not expect the dilstridution from -0.602 ro

-0 005 in t> De a problem. Howaver rhe two
outilers around -0.007 in. couiu e a prooiem
These would caude an assay error of -eariy 0 I\
Tnils error ~ouid De significant when compared
with tne requested accuracy of 0 1%

Ve aiso measured tne crangmission of tne
empty bottles at 186 xev to Jotermine 1f veria-
£16n8 woull significantly affect the sampie
L anSisl8s10n meas.reoment. These res.its ANOwed
an assay error of absut 0 03\ from sampie bottle
trunsM!gnicy variapility It 1= Clear trhat the
szmple vials llmit our ablilty tc artain § iV
accurate assays
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-
v

bl

Tne measyreament Seajueanc{® CNSSER wag - 14
typlcally calied a .=o—-pans a3zsay In £his
appruash tre shutrar 18 Sparned and tre rrans-
missisn 2ouw: @ 18 Sounted Only tRe rranamlsslon
dara are arnalyzed f-om rnils spectrum Ther 1n
a geccrd pass. the Shurrar 13 Ciosad and tne
passive sigrai from rre <73, sampie 15 countad
witnout interference {rom the "rarsmissichn
source Tre tora. 1000-3 count time 18 dlvided
Detweer the (WG measulrements It 1s Clear tnat
trg mCcre time devored tS the passlve Measuramert
rhe bDeatter tre flnal statisricaj precisisn wiil
be provided rhe precisicon of rtre transmissicn
megsyulrelarnit 18 aiso ajequare Th1s regjulresa
Countilrg at rign rates Jduring the trarnsmissicn
measurament 'O cbraln the Dest jrecisicn 1 a
mlrlmum tlme  <1gh races Ai8C requlr® a rate
nigh ercugh 1n tre 60-xev <4ian reference
SGurce pear to prevent 1ts scatistical precislon
from cortributing significantiy to tne overail
assdy precision Theése requiresents lead tc
eeronger 1% ctransmissicr sources. stronger
24ian reference sources. and gross nigh-ievei
SYStGM COurt rates 1r the range of 30-i00 x~g

Most of the pileup and dead-time iosser
arise 1n the mailr ampiifier ve found tnat a
1-.8 anpiifier time conrstant aliowed adequate
resdolution and minimized plleup losses For
shcrter time COnstants the [eSCiution was uh-
acceptapie The resolution of commercilai U8
gated inteqrator amplifiers was too pocr at the
low energies of these measuretzents to uBe

A 430-MHZ clioCkx rate. Wilkinson type ADC
coupied wirh data coiiection 1in only 1024 chan-
neis reduces dead time from the ADC digitization
process so tnat tne presence Oof the ADC 1s trans-
parent to the syftem

The [1nai electronic 1mprovement was the us?
cf new gemerarion digitai gain and zers stabcill-
zarlon moduies. which enabled us tO cComputer-
control the stablilizer settings a recessaly
feature for tne sophisticated. woO-pass seasure-
ment procedure.

Count-TiRe OPLARIZATIQN

optrimiiing the division of the totsi count-
ing time between trie Ahutter-open and shuttar-
rlosed weasurements 1a desirable Decavse (1) pas-
8lve ccunt rate varies with solution concentra-
tion and (2) transmission Court rate veries withn
time 132-day raif-11fe of 169D trensmission
30urze) and with 3Giuricn concentratior

The sampla assay 18 [prspofciona] to the
product of two 1ndepe-dent facters {11 thre
total corrected passive 186-xev count rate
rcorrected for plieup ard dead time) and (2: the
BARple attenuatilon correctlon factor If tne
statlistical precislion cf tnese two factois 18
xnown for a Jiven count [lmg. then ar expression
can De derlved that glvas the dlvimlon cf tne
total counting time that minimizes the statistl-
cal preslslon ot the rample assay Ing ienerting
tnig approacr ieads to & mndifled assay sequence

1 Z1o8e snutrer Count [asslve sampie 100 .
and save data Ln MCA

F Open Ehylter and ~Guft Tranem1BsiCr BOulce
for 100 s

(W]
- I-'
2y

=

£

S Spraln «
] Jorrlnuye Span-snutte

sSurce 11f needeq

W

racail passi.s Jara and

fonrinue passlve samplie count for remal
of 1rs sprimue fracrion

& Compute f1mal assay resulit

Flgulfe i Shows A Lypllal SPrimum TOurnt _Llme
variation for sciution sampies of 93% 235y usirg
a weii-gacayed 169yp rransmisszion scurce

Tr18 CCurt tlde Optimizatiorn applles prima-
rily o nir-,evei 8ciut1ons Por low-level
851yt16n8 BejOw aDCut 0 1 g & tre d1visiSh 1s
neariy aiways 100 8 snutrer spen ard 300 s
snurter closed

Bacxaround Reducrion

Soms speclal Cacxground reductior mathods
ware neceasary to lmprove detecrisn sensitiviey
for very low concentration (sciutions <i m371»
Severai sources of packground were 1der:tified

1. Natural bacxgrcund

2 The americlum referance source. taped tc tne
detecror ena cap. contribute: Dackground
from wesX gamma r&ys with arergles >i86 xav

3. The 8% transmission source has gasmas
up t2 300 xeV. whizh can penatrate tne
tungsten shutter.

4 Activated 1mpurities 1n rne Yh03 and its
aluninrum Capsule can producCe nign-eriergy
gaAERA rays tnat canr easlly penetrate tne
st.ytter Hign-energy gamma rays froa iron.
n'cxel. 2in<. mangaragse <ccobalt. scandium.
Guropium. and iutetim nave bsen oDRerved

Ve took tne fcliowing steps 0 reducé bacxgrourd
from these 80 :rces

1 Two-1n -thlck. nigh-purity lead shielding
reduced natural pacxground. The same shileld
18 also usad for nign-level detectors

2 A weacer 24lam rclerence source 16 used
for the |ow-leve]l detectors. The weaxer
sOurce does not cCauSe precision probiens
DecauSe tre measulement pracisicn 1n tnis
ce88. 13 TOmp.etely domineteg by rre 186-xev

U count rate

k] ve increased the turigstan SNyutter Tricxnang
from | 9 cm to 2 9 cu Oon thne 1ow-level
heads

4 wWe uSed uitra-pure Yb203 (¥9 399% 1in tra
Source capsules

3 ve fabricated tna source capsuies from
resaarch grad~ ultra-nigh-purlty aluMifium
(99 9993 - \»

(] Wwe ulled & larger <OllImator cpening ro al.Ow

4 lowar ytterDlum &<rivity and trum tass
1apullty activarion

Thne ultra PIJNn-Fullty Alumlnym 1= tRe aZyf~a
“apRule yeamed tS pro-1de INe Jreatsst paceground
reducticn wrign —Cyupled witn the lncregae ! snatrer
rnicxresy

The steps Jes<riced AlGve [=].ieq rre
GAZEJPrOund <onLlifuum from -0 2% —Syre v
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OPTIMUM PAASIVE (Bbutie: Closed)
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1 ) 100 1080
U CONCENTRATION ig &)

PF1g 2 - Typical varlarcisn >f Sptimum count-fime
d1vision as a funcrion of concenitracion.

~0.09 count/s in 186-xev peax wirdow This
compares very favorapiy with the ~0.04 counrs-s
coboerved in heavily srileided detsctors nct set
up for molution cssay The (0 09-councs/s pack-
ground gives & 3 o. 1000-s detection iimit of
about 0.1 mg 233yst 1n & 200-mp sampie.

Thesu background Count rates at iLos Alamos
12200 = altitude) are about iwice those at sea
level.

Iransmisalon correction

ACC rate transmission or attenuation correc-
tions accounting (or relf-absorprion of the assay
gaxma ray 1n the sapis are essential for 0.1%
Bq4asuredent accuracy. Low—level solutions have
a transaission of around 0.4% 1ndependent >f
uranium concantcration. The transmission of nign-
level solutions ranges from 0 ) atr 400 g/t ro
about 0.8 at 1 3J/%.

The transmlseion <orrection [ormailsa uses
4 numerlcal integration tachnique that accsunts
for the f1inite exrent of potn the sanple and
detectot. A procedure deveicped py Ciined
characterizes tne detec.si efficlercy as a func-
tion of encrgy and source positlion  Inis cnar-
acterization was done onco for a dstector simliar
to those used 1n thls sysrem. Tne gsame wvlfficlen-
CY paramaters are uded for bo:n nRigh- and (o~
level detectors The grimary pafaseters needed
for the correction ére sempioe radius sampie
depth. sampie -ranrsaission. and sample-to-
detector dietance 1ne reduirement for accurace
xnowiegge of the s>iuticn Aeptr arisas from 1its
use 1n °nis correcrzicn factor caiculation wnicn
tax®s about L2 8 on a Micro POP/ 11 compurer

4. __Pacforaance Temtang
High-Level DetestorR

Por accurate callbration tre= aysrem reeds
standa:ds made 1n en ana’yti1:ai Cremistry labora-
tory The system can meajure relative 233y
mase of 4ifferent geolutions of maimilar concentra-
tion with extremely r1gh precis1l n (<0 0%\ RgD»
under iaboratcry conditicons LAallbratio.: stan-
Jards are nacessary [2 place rnmse maasuremants
on ar apsoluls scaie

; variaricn fre an

ra [ew tanths oL A per:
wlln SSRCANEZATLON when wa chsSarve varlatlons
St 20 SV, we firsr s.spacr rwc 1tems (1 porcie

vAC1AT15nS and (2) arrors 1n the s51utlorn “can-
dards It 18 41ificult rd unravel rrhese rJo
offects Dul we -AnR rfy Gy measuring the scan-—
dards ar large sample-to-datector distances
110=-20 cmi far-ti1eid- gjeomerry measSuremanrs
fefarence i snows trat i r effects from varla-
t1ons 1o pottle dimensicns and solutlon deptns
aignifi-antly decrease as rre sample-to-derecror
d1scance 1rncreases. If tne sama reiatlve parrarn
amcng standards persists 1n far-field measure-
tne sciutlon standards are prcbabiy 1n
arror If rna pattern cnangeées as the sampies are
moved Closer to tne detacror- a bDertle variation
error 18 probably present

Tnese far-field measuremerits are extremeiy
lerngeny. 9Jbtalnlng a scatistical pracisicn o
<0 1% RSD for a concentration of 10 g-L may
take severai days of measurement time. Measure-
ments at 20 cm are lmpracrical at cConcentrations
bei1ow 10 ¢g/L.

Figure 3 compares resuits from twc sers of
standards (solld squares and open circies)
These are measurements in the norsal assay
geometry. Not Only does the 80114 square set
Seem tG De consimtent i(max spread <0 2%).- 1t
indicates wnich atanda~ds of tne Spen cC1lrciss are
lixely to De 1in error. tnat 18 6 2 g-t. 20 g-1
and 100 g-4. PFar-field neasurements ccnfirmed
that these were Boiution standard errors. not
bottie variations. These data (squares) 1ndicate
that the goal of 0.1\ accuracy (cata snow a
spread of 0 07N R3D apout thelr mean) is achiev-
able under carsful conditions- ali botties ware
riand selected and the S0iyticn deftn was KXnown
and constant These condlt°ors are not lilxely
tc be prasert 1in routine use.

Low-Level Detegtors
For the concertration ra~ge 10”4 o

:07! g y7L. tne 1000-s meagurement precision
13 expected tc Le =ignificantly pocrer tnan the
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sevare because Sf
distarce ( m
sampie transmisaisr
corncentraticn from 1 g ut whicn
potentialiy makes aAccurarte iow-la.esi assays
easla- tran nigr-jevel assays Transmiaslon
variatiors wiil arise from macrix composition
Variations. Dut tne effecrs wlil crnange rhe
Trangm1sslor orly abcut 10%.
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