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H n e r y y - r i i s p e r a i v e x - n y f l u o r e s c e n c e a n a l y s i s fKRFA) can ;>e used to measure 
nonde^uruc t I v ^ l y pure and -.lxeu U/Pu c o n c e n t r a i . j n s in p r o c e s s s t r e a m s ,ind 
hold canK s o l u t i o n s . The i.J2-ke-' .;amtna ray tram ^ C o e x c i t e s t he a c t i n i d e 
K x r ays which a r e d e t e c t e d tay a iiPl> d e t e c t o r , A computet ' - and d i s k - b a a e d 
a n a l y z e r sys t em p r o v i d e s c a p a b i l i t y t o r making o n - s t i e a m a n a l y s e s , aim the 
n o n i n v a s i v e measurement Ls e a s i l y a d a p t e d d i r e c t l y to a p p r o p r i a t e s l s e d 
p i p e s used in a chemica l r e p r o c e s s i n g p l a n t . Measurement t i m e s depend on 
c o n c e n t r a t i o n and purpose but vary frum 100s to 500a fur p r o c e s s c o n t r o l c<f 
s t r o n g t o weak s o l u t i o n s . A c c o u n t a b i l i t y measurements r e q u i r e b e t t e r a c c u r a c y 
thus more t i m e ; and for s o l u t i o n s c o n t a i n i n g p lu ton ium, r e q u i r e a measurement 
of t he s o l u t i o n r a d i o a c t i v i t y made w i t h 3n a u t o m a t i c s h u t t e r t h a t e c l i p s e s 
t h e two e x c i t i n g s o u r c e s . P lu tonium i s o t o p i c lbunaances can a l s o be o b t a i n e d . 
C o n c e n t r a t i o n s i n s i n g l e or dual e l emen t s o l u t i o n s from l e s s t h a n 1 g / i to over 
200 c./l a r e d e t e r m i n e d to an a c c u r a c y of 0.2™ a f t e r c a l i b r a t i o n of t h e s y s t e m . 
For mixed s o l u t i o n s t he unknown r a t i o of LI to pu i s L i n e a r l y r e l a t e d t o t he 
net L'/Pu K x - r a y I n t e n s i t i e s . C o n c e n t r a t i o n v a l u e s t o r r a t i o s d i f f e r e n t than 
the c a l i b r a t i o n r a t i o r e q u i r e only s m a l l c o r r e c t i o n s t o t h e v a l u e s d e r i v e d 
from a ^ . . i l i b r a t i o n po lynomia l . Minor f i s s i o n produc t c o n t a m i n a t i o n does not 
p r e v e n t c o n c e n t r a t i o n d e t e r m i n a t i o n s by XRfA. The compute r -based sys tem 
a l s o a l l o w s r e a l - t i m e dynamic c o n c e n t r a t i o n measurements t o be made. 

KEY. '*URb^*. X-ray f l u o r e s c e n c e a n a l y s i s , n o n d e s t r u c t i v e m e a s u r e m e n t s ; uranLum, 
P lu ton ium c o n c e n t r a t i o n and i s o t o p i c s d e t e r m i n a t i o n s ; r e p r o c e s s i n g 
p l a n t p r o c e s s c o n t r o l , a c c o u n t a b i l i t y , i n v e n t o r y c o n t r o l , dvnaraic 
c o n c e n t r a t i o n measurements , o n - l i n e t e a l - t i m e m e a s u r e m e n t s ; compute r -
based sys t em. 

INTRODUCTION 

Product A c c o u n t a b i l i t y and Process C o n t r o l 

In the e v e n t t h a t s p e n t n u c l e a r fue l i s r e p r o c e s s s e d to r e c l a i m uranium or p lu ton ium, 
s e v e r a l n o n d e s t r u c t i v e a n a l y t i c a l t e c h n i q u e s can be used t o o b t a i n p r o c e s s c o n t r o l and 
p roduc t a c c o u n t a b i l i t y l n f o n r a t i o n . G e n e r a l l y , r e p r o c e s s i n g b e g i n s w i t h d i s s o l u t i o n of 
t he spen t f u e l f o l l o w e d by s e p a r a t i o n o£ t h e f i s s i o n p r o d u c t s ; and f i n a l l y p u r i f i c a t i o n 
oE t h e d e s i r e d a c t i n i d e e l r j a e n t s , uranium and p l u t o n i u m . These two e l e m e n t s may a p p e a r 
in s e p a r a t e s t r e a m s o r may occur t o g e t h e r a s a c o p r o c e s s e d s t r e a m . The s i n g l e a n d / o r 
dual element streams wi l l usually be concentrated and sent to a hold tank for account­
a b i l i t y . Throughout the separation there is a need to control the process» that i s , to 
monitor and regulate the act inide concentrations in order to sat isy chemical engineering 
or c r i t i c n l l t y safety considerations.. 

*Work performed under the auspices of the U.S. Department of Energy by the Lavrence Livermore 
Laboratory under contract number W-7403-ENG-48. 
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Input concentrat ions Into the various process, hold, and final accountabi l i ty tanks 
will encompaas a wide range of concentrations. Values from less than 1 g / l to perhaps 
more Chan 200 g / l can be expected. Furthermore, a wide range in the uranium to plutoniuro 
rat io may occur in coprocessed streatua. These varluus process streams and tank concentra­
tion „> can be monitored on-l ine, rapidly, nondestructlveiy, and quan t i t a t ive ly using the 
analyt ical technique or energy dispersive x-ray rluurescence analysis (XRFA). The technique 
also provides suf f ic ien t accuracy tor Safeguards accountabil i ty purposes over the ent i re 
range of single or dual element stream cuncentratIons expected at a reprocessing f a c i l i t y . 

Eventually, the cupracessed product may be precipltated .i:ml converted to a powder 
blend of uranium and plutonium oxide. This mixed oxide (MUX) pmnuci may lie packaged 
Ln standard amount M e ,^ , canis ters containing i<KW j ; ut MOX. Since spc-nt fuel receLved 
from different reactors will not have the same burnup, the oLementai. and isotupic 
compositions ut various MGX batches will d i f f e r . Thus, tor accountab i l i ty , inventory 
control , and subsequently fuel fabrication purposes, there Is a need to know the percentage 
of plutonium enrichment. Furthermore, Lhe isotoplc composition oi the product Is required 
for £Lsslonabil i ty Information. These N O measurements, eur Iclimen t and isotoplcs can be 
made by the non.desrructi.ve technique of .^amma-ray spectrometry. Descriptions ut these 
measurement procedures l anu techniques" can r.e found el^ewhere. This paper is limited 
to a discussion of how energy -iapersive XRFA can be used to quan t i t a t ive ly measure act inide 
solution concentrat ions that are encountered t hroughout reprocessing f a c i l i t i e s . 

overview or XRFA 

The analyt ical technique of XRFA depends upon the ab i l i ty to exci te atoms wtthii. a 
sample, and to measure accurately trie c h a r a c t e r i s t i c x rayo emitted from the excited atoms. 
The storas may be excited in many different ways. These include the use of ordinary x-ray 
tubes, with or without f i l tered anodes; i r r a d i a t i o n by .1,3 , y , or x rays from radioisotopes; 
bombardment by charged par t ic les from acce le ra to r s ; bombardment by e l ec t rons , as in electron 
micraprobes; t r r a . i a t t o n by secondary x rays from a selected target element, or by polarized 
x or •- rays such as from synchrotron rad ia t ion ; se l f - exc i t a t ion , i t the sample contains 
rad ioac t iv i ty ; and by observing x rays that follow cer ta in nuclear decay modes. 

Phenoraenologically, XRFA can be understood as follows. Assume that a flux of exciting 
radiat ion composed of photons of energy, E-, i s incident on a sample. A small part of the 
incident rad ia t ion t lux may not in te rac t with tne sample at a l l ; another part may sca t t e r , 
e i ther with or without some energy loss ; and part of the tlux may be completely absorbed by 
the sample. A simplified representation of one Interaction is i l l u s t r a t e d in Fig. U Lf 
the incident quantum ia to ta l ly absorbed, and if Ep(keV) i s greater than the binding energy 
ut one of the atom's e lect rons , then one of the shel l electrons wi.ll be ejected. This 
creates a vacancy In one of the atomic s h e l l s , which leaves the atom in an excited s t a t e . 

If the vacancy created is in the K-shel l , then I t may be f i l l ed by a t r ans i t ion of an 
electron from an outer shell into the inner shel l vacancy. This r e s u l t s in e i ther the 
emission of one of the atom's charac te r i s t i c x rays or an Auger e lec t ron (which rarely 
escapes the sample). U an x ray is emitted and escapes the sample, i t i s avai lable for 
spectroscopic analysis . Since a l l of the characteristic x rays associated with an element 
ate well.~krtown., i t ia possible to identify most of the elemental cons t i tuen ts of a sample 
through x-ray fluorescence analysis . A moL'e detai led discussion of the technique can be 
found elsewhere.-* 

The next sec t ion describes the experimental equipment, including the computer-based 
analy t ica l support instrumentation, and the procedures used in obtaining and reducing 
the data* The sect ion ent i t led "Experimental Results" wil l present r e s u l t s obtained on 
single and dual element n i t r a t e solutions for a range of concentrat ions. This section also 
discusses the e f fec t s that any fission product ac t iv i ty in the process streams will have 
on the determination of actinide concentrat ions. 
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Exciting radiation 
of energy E p (keV! i! 
incident on an atom 

It is transmitted, 
scattered. 

or absorbed 

The vacancy is filled by 
an atomic transition >nto the 

K-L-or M- . . . shell 

L series 

If absorbed, a K, L, or M . 
photoelectron is ejected 

if E p > B.E. (K 

The atom then 
emits an 

Auger electron 
or 

a characteristic 
K, L or M x-ray 

F i g . 1. A r e p r e s e n t a t i o n of e n e r g y - d i s y e r s l v e x - r • ; :.'. - lo teseence a n a l y s i s (XRFA). The 
n-uuber of e l e c t r o n s w i t h i n a s h e l l and t h e number of s h e l l s depend on t h e p a r t i c u l a r atom. 

EXPERIMENTAL EQUIPMENT AND PROCEDURES 

E x c i t a t i o n Source Requi rements 

Camma r a y s c a n be used t o e x c i t e x r a y s trom a tom- w i t h i n a s a m p l e . The b i n d i n g 
e n e r g i e s of K e l e c t r o n s In uranium and p l u t o n l u m a r e 113.59 and 121.72 keV, r e s p e c t i v e l y . 
S ince the p r i m a r y ^amma ray e m i t t e d by J 'Co has un energy o t 122 .05 keV, i t t s an optimum 
e x c i t i n g r a d i a t l o r i f o r t h e s e two a c t l n i d e e l e m e n t s . The e x c i t i n g r a d i a t i o n i s u s u a l l y 
c o l l l m a t e d In some f a s h i o n t h a t depends on t h e geometry of t he s amp le . T h i s r e d u c e s t he 
r a d i a t i o n f l u o r e s c e n c e n t , oc the s c a f u r from, nonsample m a t e r i a l s . In t h e a p p l i c a t i o n 
of i n t e r e s t he re t he sample was a s o l u t i o n c o n t a i n e d w i t h i n a c y l i n d r i c a l g e o m e t r y , u s u a l l y 
a s t a i n l e s s s t * e l c e l l . The c o l l l m a t e d 122-KeV gamma rays I n t e r a c t w i t h a toms in the 
s o l u d o n , c r e a t i n g x r a y s c h a r a c t e r i s t i c of t h o s e elemenLo d i s s o l v e d I n t h e s o l u t i o n . 
A p o r t i o n of t h e e m i t t e d x r ays s t r i k e t he d e t e c t o r , and from the e n e r g i e s and i n t e n s i t i e s 
d e t e c t e d t he e l e m e n t a l c o n c e n t r a t i o n s In t h e s o l u t i o n can be d e t e r m i n e d . 

L i t h i u m - d r i f t e d s i l i c o n * S t ( L l ) , i s a n e x c e l l e n t r a d i a t i o n d e t e c t o r f o r x r ays w i t h 
l e s a t h a n 30 keV of e n e r g y , but i t becomes v e r y i n e f f i c i e n t fo t r a d i a t i o n d e t e - t l o n above 
60 keV. S ince th*» K x - r a y e n e r g i e s of u ran ium and p lu tonium ex tend from 94 t o 122 keV, a 
l i t h i u m d r i f t e d o r h l g h - p u r l t y germanium d e t e c t o r , Ge(Ll) or HPGe, i s u s e d . For t h i s work 
a Hl-mm d e e p , 200-mm- HPGe d e t e c t o r was used* I t hud an energy r e s o l u t i o n of 515 ev FWIIM 
fo r the 122 .05-keV gamma-ray peak of 5 - C o . S i n c e 5 7 C o a l s o e m i t s 5 7 0 - and (>92-keV gamma 
r a y s wi th b r a n c h i n g i n t e n s i t i e s of about Q.IH2, a s we l l aB o t h e r weaker gamma r ays above 
300 keV, t h e i r i n t e n s i t i e s must he s t r o n g l y a t t e n u a t e d by i n t r o d u c i n g s h i e l d i n g between 
t h e s o u r c e and t h e d e t e c t o r . 



Clear l ; - ' , i. ;\f_- x - r a y i n t e n s i t y r e c a r d e u by t h*- iietti^Cjr i n c r e a s e : , .is t he sa . ip le to 
J e t t ' c t o r d i s t a n c e d e c r e a s e s . However, a:- r he ' . . s tance i s .lucriijht?.!, l e s s s h i e l d i n g Is 
p o s s i b l e be tween the ' nt-*rtse ^'Cu ^ : u r c i ' s ind tin* .1-.' te-" r-',. . The h i g h e r energy ^amnw r a y , 
which paas t h r o u g h Hevin-et s h i e l d i n g (a t u n g s t e n ,-il [oyj and i n t e r a c t w i t h t he HPU*i d e -
tec to , . ' , c r e a t e .1 Coiapton continuum t h a t a p p e a r s a s a c o n s t a n t , e n e r g y i n d e p e n d e n t b a c k ­
ground b e n e a t h t h e L' and l'u x r a y s . This background c o n t r i b u t i o n i n c r e a s e s wi th d e c r e a s ­
ing amounts of s h i e l d i n g , de^radti\)> t h e x - r a y 5 l g n a l - r . u - n o i s e r a t i o . A d d i t i o n a l high Z 
s h i e l d i n g la r e q u i r e d a r o u i d the d e t e c t o r hous ing (.abovi' the c r y u s t a t j LU reduce background 
r a d i a t i o n d e t e c t e d trom the l o c a l env i ronment and s o u r c e - i l r s a m p l i n g . :•: r a y s truai lean 
ana Hevimet : an a Lac be e x c i t e d bv t lie source, cmima r a y a ; h e n c e , a b s o r b e r s ut cadmium and 
.-.upper .ire used a s L ine r s un the top and but torn s u r t . u e s i<i e l i m i n a t e t h e s e :< r a y s . A 
c e n t r a l U.^-'.nro c o L U i a a t l o n ho le l i ned w i t h cadmium a l lows pa r t it L hi- y. r.ivj r e l e a s e d 
w i t h i n the sample tu s t r i k e the do tec t a r -

The s o u r c e - d e t e r t o r ul Li.iat ion us&eaibl y V s shown in I-1 ^ . 2 . U i .̂  " . - cm Ln d I ame 1 e r 
.ind "i. ' 1 cm t h i c k . Two ^ '00 -.OUCJ^S ar» •-•>] L Imar nd M c:" r jar<' ; ••.' Vj ! r . s . The • ad t.iai 11 v 1'- y 
was e ie i . t ropLu ted on to t 1. ̂ -tnm-d Lime I ei --.pot -m . 1 i e k 1 • 1 :. j 11 «u»i e-icast 'd : n a welded 
- s t a i n l e s s s t e e l c a p s u l e * ••. ."i Tim 1 :i diair.et>r um 1, .. vim Uu.-w.. '"he ). j7-miii t b i . k s f.a; ;i i u s s 
sti 'Hi :Uate l :id U t t ed '. n ; i,-. J is pat T. "-£ £ he " ' ' f t >:-i ': i .:'. :<• box , wni i ' i was ^sed 
wiu-ui :ui!\di\.ay, i L i. i t ' J k „ '0 . . i ' . in ib . ?if .ourc t - l f - ' v ! u c > 1 ' 1 u ' . i o i .issinnhlv -iiio l i m i i - i -
a i t r o g e n ; UN) dewur .ire s e p a r a t e irum, and Loe.itec r. «* i c^-, "lie ',!iv.> - .o^. i t w.Vi -ised 
when rundl iiii* so Lac ions .. on ta In tug ,>luto:r. urn -•>> tiiar nit aaiiu-i r.! »". wo: I j. l.c . • ->n t I n»_*ii in 
the L-VfPL O ! a S ' | ) i a . 

oi:i; .uter-^a^eii AU.LL-^ • s ••• .M«';n 

'< r. i \ s ijiai 11 «u t r^u ' h e i;>':UL ion .am p i e s • m e c i tec ted bv the tiP'.e Ue tee t o r , and t he i r 
:•• r r e s p o n d i n g p u l s e s were p r e a n p i i t led and rou ted to a Canberra 1 -1L J a m p l i f i e r and WhSA 
p i l e - u p r e j e c t o r . Val id o .rput p u l s e s *ers: p r o c e s s e d by 1 Nur l f . i r Data NDbOO p u l s e he igh t 
inaLyzer (PliA). 'Hie PHA, wi th i t s own U;>1-11 m i c r o p r o c e s s o r , was c o u p l e d to an 1,51-.' 1 
microcomputer t h a t had a }-K l b - b i t - w o r d memory. A iuaL 1 Loppy d i s k was coup led to the 
1.3 L-11 ana each d i s k has a UlbK-byte { Li*8K~vord J c a p a c i t - ' . .Also, ,1 lunl hard d i s k system 
-jitf a l()M-byte c a p a e l t y was coupLed to tlie L i L - l i . o t h e r sys tem p e r i p h e r a l s i nc luded a 
i l a z e l t i n e v i d e o t e l e t y p e w r i t e r t e r m i n a l , in LA-IHU i . i^h-speed l i n e o r i n t i ? r , and a T e k t r o n i x 
l i ^ i t a l d a t a p l o t t e r . 

The .-•luiputcr :nd d i s r . -based PHA - a p a b l l i c y adds i J out. i der.it; i e acinuni »t ve rs . i t 1 1 I tv 
to tin- I'Kpet imenta J ;ys tem. In t a c t , In aa tutuaL r e p r o c e s s i n g m ^ t a I \ a t ion a c ompate r - t a s e d 
iat.i ana l .-s La s vstem wool d be e s s e n t l a l , and p; chabl y 1 inked '. .> the p l a n t ' s . ' ' -n t ra l i ;:i'd 

.-.imputer , - e r t u r . This pdri ' i . : i i lar svHti»m a l lowed M K C C S S I V P s p e c r r i 1 i h<? s t o r e d on d isk 
uiu p e r m i t t e d s p e c t r a l a n a l y s i s t J !je ,-arrit.-d out s Laul raneous 1 y wi th d a t a a c q u i s i t i o n , 

'..hat eve r autotnu t i c . .na lys i s sequence i s des I red , apprcpi la te sol f win- "an he wr i t ? en and 
s t o r e d m ! loppy ,ir hard d i s k . 

V.Xl'KKIMENTAi. RESULTS 

Spec t ra uid .'.one en t r a t ton Ka'u;es 

Pure ' . 'raniutr S o l u t i'Mis. 'IVe p r e s e r t wot k t ocus sed on pure ur.mi'ini s o l u t i a n c o n c e n t r a ­
t i o n s in t h e r a n ^ e rrom O.b g U/1 la IhO g U/L. l . a r l i e r work1* I n v e s t i g a t e d "solutiona from 
Less than L to a lmos t ^UU g U/L. The top spuctcuBi shouv in f i g . 3 l a che. r e s u l t oE an x - r a y 
fluorescence nnLysls of 3M uranium n i t ra td solution at 17b g U/L concentration cuntai.-iH 
in a 23.^-nun diameter atainlesa s tee l c e l l with 1.7-aim wall thickness. Total analysis time 
was 200 l ive time seconds at 26£ analyzer dead time usLtig two d*5 mCi 5?Co sources. T\̂ e 
energy region extends from 0 to about 225 keV (55 aV/channel). Tlie broad, intense peak 
centered at about channel 15 70 is a r e su l t of the primacy excit ing radia t ion (122. U5**keV 
gamma rays) Incoherently or Compton sca t te r ing through a mean angle of 140°, The cadmium 
K, iand K ti x. rays appear below channel 500 and resuLt from fluorescence of the Lnner wail 

*Avatlable from Isotopes Products Laboratories, Burbank, CA, Reference to a company or pro­
duct name does not imply approval or recommendation of the product by the University ot Cali­
fornia or the !'. S. Department of Energy to the exclusion of others that may be sui table . 
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25.4 mm diameter 
j tain I ass steel ceil 

22.0 mm inside 
diameter 

122 kaV 

0.37 mm 1 rays 

stainless steel 

Cu 
Cd J™ • * = • = ' 

VI 
Hevimet 

(W *• 0.02 Cu) 

A c r u , . » s e c t i o n >i the cy L Lnd r l c a l 
-\ •'.•: I tier -ind d e t e c t a r - c o l l i m a t o r a s s e m b l v . 
•. L . I I ^ H s t e e l p l a t e i s p a r t ..£ the bot tom 
. , v e box a s s e m b l y . 

Cd X-rayi 

1 ;—'--^ ' q 
200 s XRFA ™ * I 

176 g U/V Nitrate Solution j 
in Stamlesi Stwl Cell I 

lCP ' j -

1 0 a L ^ ; . 

w 
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Fit ; . 3- The ro; 3 p r . - t r i m i s a :0U i c c o m l , 
•^O^b-chaunt L, XRFA or u ran ium n i t r a t e 
s o L u r U n a t W*> g U l . The s o l u t i o n in a 
25.-*-aim d i a m e t e r s t a i n l e s s s t e e l c e l l wi th 
1.7-mm Lni.'k w a l l a . The Lower two s p e c t r a 
shuw tin* i '•- to 125-keV r e g i o n expanded. The 
mure i n t e n s e peaks r e p r e s e n t I7h % [','1; t he 
l e s s i n t e n s e ones 3.3 •; _, I . The broad 
Incohe ren t I.y s c a t t e r e d peak a t Sb *cV i s 
;:ior>- i n t e n s e for r.he weaker • i o l u t i o n . 

: i l e l d i n g . t!a (n and :LTO - ;•> l\ i zo 
•jsud : o r .:ero st ab I L Iza t LOT. , vl: 11 u 

used tor ,-,a in s tah 1 i i zat. t on . The 
ohere-at s c a t t e r i n g <J£ the - ' O.o sou 

A : iearl , . t l a t p l a t e a u ot U) cuuntti or ie:.a e x i s t s above channe l 2200, 
troin tlie Owipton d i s t r i b u t i o n ot h i g h e r ene rgy gamma rays ( 3 4 0 - , 352- , 

i ::ier • J ; •• t : ;:e !er. eet.>r :u 1 i Liaat io;. •; 
i l l .vu.i r M . m i i . Hie Ki Cd x ray wa-
aranium K il x - r a v Mir K i 1 p i utjiiluni J was 
Ub . - . r sL-V ^uaimu-ruy peaks r e s u l t trow *. 

e r f • i a e d t o r 

anc 
o u r c e cm' .Shions. 
Th is p l a t e a u r e s u l t s 
70 - and 690-knV, 

lit a l . J which p e n e t r a t e the Meavimet s h i e l d i n g and Compton s c a t t e r o u t at" or In to the MPCe 
•ie t ee t o r . 

The lower s e c t i o n of F ig . 3 shows an expanded view at" t h e SO- t o 130-keV r e g i o n ot 
two s p e c t r a , one r e p r e s e n t i n g 17b g U / l , t h e o t h e r 3 .27 g U / l . Tlie d a t a a r e shown as i t 
e q u i v a l e n t . m i n t i n g t i m e s (200s) were used t o r t he two c o n c e n t r a t i o n s . Note t h a t as the 
s o l u t i o n c o n c e n t r a t i o n t n c r e a s e s , t he x - r a y pesk i n t e n s i t y I n c r e a s e s a s e x p e c t e d , but the 
I n t e n s i t y nf t h e i n c o h e r e n t s c a t t e r i n g peak d e c r e a s e s . The i n t e n s i t y of t he c o h e r e n t l y 
s c a t t e r e d 122.05-keV peak a l s o i n c r e a s e s w i t h c o n c e n t r a t i o n ; however , most o t t h e c o h e r e n t 
s c a t t e r i n g o b s e r v e d h e r e occu r s off of t he s t a i n l e s s s t e e l c e i l . The s i n g l e t Kn2 and 
KnL uranium x ray peaks appea r a t about c h a n n e l 1720 and 1790, r e s p e c t i v e l y ; w h i l e the 
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Ka x cay nu l t i p i e t ;>: iK>l t- K - J 1- u ^j J and ^ ^ 2 r -̂c** T K-'.J a p p e a r u t d f i.iidnnelt> iUUu 
And J1001 r e s p e c t i v e l y . Only t!'.e I n t e n s i t i e s a t t h e Ka A r«vs j r e d e t e r m i n e d ana u s u a l l y 
nnly the Kai peak I s used Lr. e s t a b l i s h i n g ;i c a l i b r a t i o n r e l a t i o n s h i p ' d i s c u s s e d OelowJ. 
The Kal x - r a y peak c o n t a i n s i .Qxl ' .P c o u n t s for the 17b g U/1 s o l u t i o n ; w h i l e f<jr the 
1.27 g i_!/l s o l u t i o n t he k'al peak c o n t a i n s 7bO0 c o u n t s . ThLs l a t t e r f i g u r e c o r r e s p o n d s 
co an a c c u r a c y of 1.15Z trutn s t a t i s t i c s a l o n e l o r a 200-secand c o u n t i n g a n a l y s i s (4- ra inutes . 
c l u c k t ime} t h r a u g n s t a i n l e s s s t e e l p i pr;. 

Pure P l u t o n i u m S o l u t i o n s , "lie c o n c e n t r a t i o n tange examined t o r pure plutoniura 
s o l u t i o n s e x t e n d e d from 1.3 g Pu/1 to bU.-* g !'u/ L. The top spec t rum shown in r i g . » Is 
r h e r e s u l t nf an x - r a y f l u o r e s c e n c e a n a l v s ' s j t 3M plu tonlum n i t r a t e s o l u t i o n wi th UIJ.M g 
Pu/L c o n t a i n e d In t he 25.^-mra s t a i n l e s s s t e e l c e l l with 1.7-mm wa l l t h i c k n e s s . T o t a l 
a n a l y s i s t ime was 200 l i v e time seconds a t ne / i r lv 4*ii dead t i m e . The e n e r g y r e g i o n Is 
the nana? is t h a t l . ir F i g . 1, i . e . •! -225 keV. Note however, t h a t t he - l a t u r a l rad l o a c t i v , t y 
a r i s i n g ' mm the pi ' . i toniaii I s o t o p e s and t h e i r fieray produces idds numerous liammu rays 
t h r o u g h o u t '-he s p e c t r u m . 7h*- b r o a d , i n t e n s e , 'iompton s c a t t e r e d p^ak ; i om t h e 122.05 'KeV 
e x c i t i n g r a d i a t i o n i s - . t i l l p rn ia inent , auL no l o n g e r domina tes t h e s p e c t r u m . The very 
s t r o n g pea it j u s t above channe l L00O Ls t h e 39. 5J~keV ganma ray from t h e -lecay or -*4 * Am, a 
d a u g h t e r a c t i v ' t y oi -"*'•?',]. Tills peak would not be n e . r l y so I n t e n s e In f r e s h l y r e p r o c e s s e d 
s o ' u t Lons. 

The top spec tr'-an In '.he lower s e c t lor. ••<1 F i g . •* shows an expanded / l ew u t L he lU- t " 
!30 keV r e g i o n or the- h , j . - ( g ! u/L s u L u t l o n s p e c t r u m . The o t h e r s p e c t r u m i s a 200s count 
ol the s o l u t i o n r a d L u a c t i v i t v . It was o b t a i n e d u s i n g an a u t o m a t i c s h u t t e r tha*. can 
t o t a l l y e c l i p s e t h e two ^'Co e x d t i n g s o u r c e s . The f i r s t two peaks In t h e r a d l o a c t I v i t y 
spec t rum ( a t c h a n n e l s 1/20 and L7b0) a r e t he &i2 x rays of uranium and neptunium 
(L'Kal a t 179U and NpKol a t U 3 5 ) , which a r e r e s u l t s of t h e ^ d e c a y s ol - 3 a P u and - 4 f ) ? u 
to ^ 4 n a n c i - 3 b r ( a n t j -*+lAm t o -37j»p ^ r e s p e c t i v e l y . The complex m u t t i p l e t l o c a t e d between 
c h a n n e l s l b65 a n d L 9 0 0 , i s a composi te of t h e - 4 l A m 102.9?-keV, - J^Pu 10'J.-JZ-keV, ^ ' H u 
IGl .nB-keV, aad ~^?u 104.2A-kev gamma r - . y s . The p re sence of t he ^ P u 9 ^ . 7 8 keV -jnd t h e 
- fc^Am -W.'ii keV gamma r ays on the upper ene rgy s i d e of t he uranium Kil x ray a t channe l 1790 
LS a l s o c l e a r l y e v i d e n t . The weak s a t e l l i t e Located a t a b o c r c h a n n e l 1910 i s from the 
&i2 s - r a y a t p l u t o n l u m and the 99.3b-keV gamma ray from -^"Pu . The p Luton turn x ray i s a 
r e s u l t nf t h e gamma-ray a c t i v i t y w i t h i n t he s o l u t i o n seJ f - r l u o r e s c l n g t h e r e s i d e n t p l u t o n l u m . 

r\! 1 of t h i s a d d i t i o n a l x - and gamma-ray a c t L v l t v adds c o n s i d e r a b l e •-omplexity to the 
-i.j-ic c. -JH. C l e a r l y , t he i :omplexity added w i l l depend both on the p lu ton l iun : * i m p L e s and the 
•i^e •>: m e so L ut ion s i n c e r e p r o c e s s i n g . Because i t i s i m p o s s i b l e to know t h i s c o n t r i b u t i o n 
a p r i o r i , t he e x p e r i m e n t a l p r o c e d u r e , t h a t l e a d s to the most a c c u r a t e q u a n t i t a t i v e r e s u l t s , 
i s to s u b t r a c t Che s o l u t i o n r a d i o a c t i v i t y d a t a from the XRFA d a t a to o b t a i n the n e t , 
e x t e r n a l l y e x c i t e d , p l u t o n l u u x - ray i n t e n s i t i e s . Tills r e q u i r e s two c o u n t i n g p e r i o d s , one 
l o r s o l u t i o n f l u o r e s c e n c e , a second for s o l u t i o n r u d L o a c t l v t t y . The l e n g t h ol each m e a s u r e ­
ment p e r i o d w i l l be governed by the d e s i r e d purpose of the measurement and the s o l u t i o n 
c o n c e n t r a t i o n . That l a , p r o c e s s c o n t r o l c o n c e n t r a t i o n v a l u e s need not be de t e rmined a -
a c c u r a t e l y a s t h o s e t o be used for a c c o u n t a b i l i t y or Lttventory p u r p o s e s . As a g e n e r a l 
r u l e , If e q u a l c o u n t i n g t imes a r e used fo r the XRFA and s o l u t i o n r a d i o a c t i v i t y measu remen t s , 
s u f f i c i e n t l y a c c u r a t e c o n c e n t r a t i o n v a l u e s can be o b t a i n e d . 

F i g . 5 shows t h e K J 2 and Kal x r a y s of uranium and p lu tnn lu ta o b t a i n e d In two s e p a r a t e 
XRFA s p e c t r a , one t a k e n of pure 60 .5 g U / 1 ; t h e o t h e r a r e s u l t of t h e n e t ( t o t a l XRFA minus 
s o l u t i o n r a d i o a c t i v i t y ) XRFA spect rum from 6 0 . 4 g p u / i . Only t h e 9 0 - t o 107-keV r e g i o n 
of t he s p e c t r a a r e shown. Both a r e 200a c o u n t s ; however , t he p l u t o n l u m s o l u t i o n was 
e x c i t e d 34 days a f t e r t he uranium s o l u t i o n and has not hecn c o r r e c t e d f o r decay of t he 
5 7 C o s o u r c e s . I n c l u d i n g c o r r e c t i o n s for b o t h t h e c o n c e n t r a t i o n d i f f e r e n c e and the h a l f - l i t e , 
t h e f l u o r e s c e d I n t e n s i t y for p lu ton ium i s 2 . 22 g r e a t e r than t h a t fo r u r a n i u m . Tills 
a r i s e s p r i m a r i l y from the f a c t t h a t t h e K edge of p lu tonlum ( 1 2 1 . 7 2 keV) i s n e a r e r the 
e x c i t i n g r a d i a t i o n ( 1 2 2 . 0 5 ke-V) than i s t h e uranium K - a b s o r p t i o n edge ( 1 1 5 . 5 9 kuV). The 
c a r e f u l o b s e r v e r w i l l n o t e nea r c h a n n e l 1850 t h a t the plutonium s p e c t r u m in F i g . 5, which 
I s t h e d i f f e r e n c e be tween the two s p e c t r a shown in F'.g. 4, shown more c o u n t s , y e t more 
s t a t i s t i c a l f l u c t u a t i o n , than the uranium s p e c t r u m . 
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Co 7 Lett most peaks .ire K:il and Kai or uranium, 
respectively; the two right most peaks are 
these same x rays tor plutonium. The solution 
concentrations .ire nearly equal; however, no 
correction fur exciter halt-Life has been applied 
to either spectrum* The plutonium 3pectrum is 
the difference spectrum (XRFA - act ivi ty J of 
the two spectra shown in the lower part of Fie. 4, 

1600 1700 1B0O 1900 2000 2100 2200 2300 y p 6 

C h a n n e l n u m b e r 

Fig. 4. The top spectrum shows ar. XRFA ot plutonium nitrate with b0.4 g Pu/l i.i the stain­
less steel ce l l . The lower p-*j spectra show an expansion of the 30- to 125-keV region for 
t:.e XRFA spectrum and i ts natural radioactivity (two exciting sources ecl ipsed) . The 
• ut terance hat^-jpn the two yields the net XRFA spectrum (see Fig. 5). 

Spectrum Analysis* The number of counts in an x-ray line must be determined to 
calibrate the XHFA technique, or deduce an unknown solution concentration once the system 
is calibrated. For pure uranium solutions the total or gross number of counts within a 
tixed channel window surrounding the Kal x ray can be used to ca l i b r a t e 4 the system. For 
pure plutoniura or mixed uranium-pLutoniura solutions this method will not yield quantitatively 
accurate concentrations. Instead, the net counts above the background continuum must be 
determined. 

The peaks of interest in XRFA spectra are x rays which have a more complicated shape ^ 
than gamma rays. Gamma-ray peak shapes arising from germanium detectors consist of a gaussian 
distr ibution, plus short and long-term ta i l ing components an the *.awer energy side of a 
peak. The gaussian term arises because of the s t a t i s t i c a l sharing of energy deposited 
between electron-hole production and phonon production (vibration or heating of the 
germanium crystal s t ructure) . The full width at half the maximum peak height (FVHM) of 
this gaussian depends on the detector capacity, peak energy, and pulse amplifying electronics. 
The short-term t a i l is a result of the in t r ins ic charge collection capabil i ty oi a detector, 
which depends primarily on the germanium material quality and detector configuration 
(planar, coax, 5-sided). For a given detector the energy dependence of the gaussian FWHM 
and short term t a i l components is defined by measuring strong singlet gamma rays throughout 
the spectral region of interest . Tile long term ta l l Is sample dependent, e.g. massive 
samples give r i se to more small angle, forward scattered gamma rnys than do point sources. 

An x-ray peak shape includes al l of the effects arising for gamma rays plus an 
intr insic Lorentziatt line shape, which extends symmetrically to both lower and higher energies 
'bout the peak centrold* For the U and I'u K« x rays, the Lorentzlan widths vary from 106 
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to 114 eV. 'Die d i s t r i bu t i on observed in a spectrum, then, i s a convolution of the Lorentzian, 
gaussian, and short-and Long-term ta i l ing components. Figure b shows the form a l l of these 
components take for the K.̂ 2 and K/-U x rays of uranium. 

The gamma- and x-ray f i t t ing algorithms were combined into a code ca l led GRPANL 
(group ana lys i s ) . ^ To determine the energies and/or in t ens i t i e s of one or more peaks within 
a spectral region, the user must specify (1) the number of peaks in that region; (2) whether 
they are gamma or x rays; (3) If x rays, the i r Larentzian widths; (4) t h e i r approximate 
peak pos i t ions ; (5) the i r in t ens i t i e s , or -j-ecify If they are to be determined; (6) the 
background slope over the region, if any; and (7) the approximate (or exact) values for 
the peak shape parameters (gaussian FV/HM, short-and long-terra t a i l ing amplitudes and s lopes) . 
Generally, the l a t t e r are known from strong s ingle t gamma rays that were recorded and analyzed 
e a r l i e r . The energy ca l ib ra t ion for the region is specified by entering the conversion 
gain (eV/channel) and the Lntercept energy, or by entering the energies of two strong peaks 
in that region. Thus, L'RPANL is a code used tu determine the i n t e n s i t i e s of peaks with knuwn 
pos i t ions , and la not a general purpose code designed to resolve mul t ip le t s of unknown 
complexity. 

For an analysis of the pure uranium solut ions the same channel region (from 1'J96 to 
1812) was used for a l l of the concentrations measured. Similarly, for pure pLutonium solu­
t ions , the region from 1780 to 1910 was used, and for mixed so lu t ions , the region lb9fc to 
L91b waa used. A somewhat wider window was used when carrying out an tsotopic analysis of 
the natural rad ioac t iv ty spectrum. 

Cal ibrat ion. Sets of solution standards have been prepared using ACS grade natural 
uranium (for pure uranium) and plutonium metcl (for the pure plutonium so lu t i ons ) . Suffi­
cient HHO3 acid wan used to adjust the acid concentration to 3.0M. At l e a s t two runs and 
generally three were made for each concentration. All data were obtained using the 
same 25.4-mm s t a i n l e s s s tee l c e l l , which was thoroughly rinsed and dried between solution 
changes. A f iducia l l ine was inscribed lengthwise on the outside of the c e l l . Two luc i te 
"feet" captured and posi t ively positioned the ce l l on the s t a in less s t e e l floor of the glove 
box. These "feet" and the fiducial l ine on the c e l l allowed the c e l l to be accurately 
repositioned above the source-exciter , and detector-coll traation housing. 

Figure 7 shows the net counting rate ( l e f t ordinate scale) for the uranium or plutonium 
K J1 x ray as a function of solution concentration (top sca le ) . The plutonium count rate is 
2.2A greater than uranium for a given concentration when corrected for h a l f - l i f e (the two 
curves are not resolved, in Fig. 7) . As the concentration increases, there i s less than a 
linear increase in the count r a t e . This decrease in the count rate slope is a combination 
of increasing se l f -absorpt ion of the Kol x ray within the solution and an effect ive decrease 
Ln the solut ion volume (penetration of the exciting radiation) as the concentrat ion is 
Increased. Clear ly , the net count rate observed wil l depend on the ^7Co source strength 
(T L/2 " - 7 0 d )> c n e experimental geometry, the ce l l or pipe wall th ickness , and the HPGe 
detector eff ic iency. Furthermore, at 150 g U/l the rate of change of count rate with con­
centrat ion becomes less sens i t ive , i . e . a IX change In count rate corresponds to almost a 1% 
change tn concentrat ion for the 25.4-mm c e l l . The observed count ra te is a lso sensi t ive to 
changes in geometry, and to changes Ln the system dead time which var ies with concentration. 
Air bubbles ln a flowing stream wouid also affect the observed count rate. Thus, i t is not 
desirable to use the count rate va concentration curve to define a calibration relationship. 
Rather, i t is better to define one that is independent of the source h a l f - l i f e and system 
dead time; that i s Insensitive to minor changes In geometry and stream flow condit ions; 
and* tha t id mare sensi t ive to concentration changes with increasing concentration. 

tt was noted tn the two spectra shown in the lower portion of Figure 3 that as the x-
ray intensity increases^ the U0° Incoherently scattered 122-keV radiation peak intensity 
near 86 keV decreases. A ratio of the net Kol x-ray Intensity to a portion of the spectrum 
that includes the incoherent peak i s more sensit ive to concentration than the count rate. 
The concentration in g / l can be related to thla ratio through the relationship: 
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where *!Kal U the net number of counts In e i ther the uranium or plutonium Kol x-ray peak, 
(U is the yroso number of counts Ln Che incoherent peak channel 1500-lbaO, and K Is a 
nonlinear ca l ib ra t ion patametor having uni ts of g / 1 . This ra t io is Independent of source 
exci ter h a l f - l i f e , changes In dead time, and small changes in geometry. 

The lower portion of Figure 7 shows the behavior of K (r ight ordinate scale) vs 
th i s ra t io (lower scale) for the s ta inless s t ee l c e l l containing a uranium n i t r a t e 
solut ion. A s imi lar ly shaped rela t ionship ex is t s for the plutonium K ca l ib ra t ion p a r ^ e t e r . 
The increase in K at higher concentrations Is ef fec t ively a resul t of increasing self-
absorption of the U or Pu Kai x rays and decreasing fluoresced volume as the solut ion 
concentration increases . A least squares f i t Co ln(K.), expresBsed as a polynomial function 
of the natural logarithm of the parenthetical r a t i o , resides in the equations shown as 
insets in Fig. 8 at the top for uranium, and at the bottom for piutonlum. Also shown 
Is the percentage deviat ion between the calculated and experimental K as a function of 
solution concentration in the c e l l . The mean absolute value difference Is 0.28% with a 
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erro;~ bar shown .it t-ach individual ...unLuiiir^^ m cai :L> t.it hm '.'dlue represents* ' he 
reproducaDi l i ty or p rec i s ion obtained to r i runs. "Hie counting s t a t i s t i c s obtaJned for 
the Kul x ray far ar.y s ing le run varied bvUvi:;! *. I',; and G . j i . 

Mixed Uranium-Plutonium Solu t iuns . ~'ht* prob-V': •• ; .isi^i- ! . i l - . t ion concent : a t ions 
at i n t e r e s t to r mixed U-Pu so lu t ions extends : r-m -u-v«rnl ,;tar..s per l i t r e to perhaps 
severa l hundred grams per LLtre. The uranium t«. ,'Lutuniurci r a t i o may have almost any value 
but for t i l ls s tudy W«JS confined from 2 . ) t-- i • > ' . ;1 to 1. Tal-le I l i s t s the range of 
so lu t ion concentr . i t ions measured far th ree d i f fe ren t uranium to plutoulum r a t i o s , and 
ind i ca t e s in paren theses the estimated concen t ra t ion er ror made In s o l u t i o n p repa ra t ion . 
Both stock s o l u t i o n s were !3M n i t r a t e s o l u t i o n s . The est imated u r r u r s vary trura 0.11 for 
the most concent ra ted so lu t ion to Just over I™ tor tht-* weakest s o l u t i o n . 

L' (..;, I. J P11 

lO.-W(h) . , ; u i , : ) .53 i ,3 / "..OUU) I ).:>•-,•• f ) L . ' i h ( l ) 
) j . ' i ( ) ( l i ; 1 3 . ' i ( j ) l j . l n ; t , j U . O H * ) - ' i . ^ l L J j '> . . ) ' :>U, 
7 1. J O C h ,1 l ' , , . . , ^ \ 9 , i M . u U i J ; •.^•.02{b) ' i l . H l C ^ 1.">.-J7(7 ) 

I?5. >(1) 50-JM3J 

a) "he maximum ^stimatetl -itror made In the so lu t ion prepara t ion is, shrjt.i; !n paren theses . 

Three 90- to 107-keV spec t ra are shown in Figure 9. Th^ top spectrum represen t s a 
10003 KRfA 01 a n i t r a t e so lu t ion con ta in ing 175.5 g L'/1 and 50 g Pu / I . The middle spectrum 
represents a 1000s spectrum of the s o l u t i o n r a d i o a c t i v i t y obtained by e c l i p s i n g the two 
e x c i t a t i o n s o u r c e s . This complicated spectrum conta ins a t o t a l of in gamma and x rays 
within a 10 keV region and suggests why an accura te q u a n t i t a t i v e a n a l y s i s of the top spectrum 
is very d i f f i c u l t . The lower spectrum Is the d i f fe rence between the top two s p e c t r a , 
that i s , the net f luoresced I n t e n s i t i e s of the uranium and pluconlum K'i x - r a y s . Note tha t 
'.he neptunium s rays b'.'cn in the upper spectrum are completely absent in the lower spectrum. 
Their presence in the upper s;«ictruHi i s s o l e l y a r e s u l t of the s o l u t i o n r a d i o a c t i v i t y being 
counted s imul taneous ly with the f luoresced a c t i v i t y . It is necessary to usn ORPAN'L on the 
lower spectrum to c o r r e c t l y resoivc LIK.il from PuKu2 seen near channel 1900. For a l l mixed 
so lu t ions '..he same region t, channel lb9b to 19ib) was analyzed. 

The top two spec t ra shown in Figure l) wore accumulated for count ing times that might 
he used tor an a c c o u n t a b i l i t y measurement. The to ta l clock time requ i red fur both measure­
ments was about -o minutes, and the resul t ing accuracy in the peak, area determinations 
for the d i f ference spectrum i s under 0,3X for UKul and about 0.42 for PuK at. Thus, resu l t s 
accurate to bet ter than 0. 5£ can be obtained far high concentration so lut iuns In l e s s than 
one hour, and without the necessity of doing any o f f - l i n e analyses . in the event process 
control information were needed for such a concentrated mixture, an e n t i r e measurement 
would require no more than ten minutes, i . e . a 100a l i v e time f luorescence count and a 
100s rad ioac t iv i ty nmaaureraent, plus ana lys i s time. The overal l accuracy of the concentra­
tions determined would then be of the order of 1*. 

The top spectrum •shown in Figure 10 represents a 500a fluorescence of a mixture contain­
ing 35.1 g U/l plus 10 g Pu/1. Once a s o l u t i o n ' s total act inlde concentration f a l l s below 
50 to 60 g / l j the spectral region containing the U-Pu x rays of i n t e r e s t cannot he accurately 
analyzed by CRPANL unless a dis tr ibut ion for scattered radiation from pure n i t r i c acid ia 
subtracted from the fluoresced data. The intens i ty d i s tr ibut ion of the incoherently 
scattered e x c i t i n g radiation in the v i c i n i t y of the uranium and plutonlun x rays decreases 
by more than a factor of ten within 12 keV, and does 30 with a s t eep , compound exponential 
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: e r . t . y ac-_-.irate i:> . . i iLrji ' :-.c \ r o c e s s 
ru'T. 1 bt rv . T'r.e- '. in.'t ~ p e c ' r u n Is j sum --: 
' '" *.o _ut : on ' ^ r i a f i r a i rati i>i;\c t W L ty ,1'us t 
. s spect rum U pure n i t r i c a c i d (dashed 
tin.- cotit t nuuin I * 

r Vjd,. 4 . rhre-e 9 l)~ t c 10 7-keV r e g i u n ^x-c f r . ) .ji n ixed J-Pu n i t r a t e 
?0.-V g P u / t . The ton s p e c t r i n '-cul-J -rovldn s u t 1 1 c l e n t accuracy :•:. 
ment . The m i d d l e svsc t ru ra snows the _olutt^n:. i riaLur.nL r a d i o a c t i v e ; 
the c e n t r a l s p e c t r u m r e s u l t s in t he iov.-»r s p e c t r u m , ' .\e . e t \KFA o! 

-~i th 1 7 ̂ >. S i, Vi 1 p lu s 
r an •iccounCdDLlity tneasure -
•/ . The top spec t rum : t inus 

t h e m i x t u r e . 

s l o p e (. s«e a l s u F i g u r e "5, 
• jxcLting id Lat ion t->r p 
l i n e s ) in the lower s p e c 

n U r l c .ict.; i s r . ' H l V : t e d 
e s u i t i n g from niie s c a t t e r e d 
nnt lnuum l e v e l (.dashed 

The peaks t h a t a p j e a r In the luwur spe<. t run- ••* F igure 
500s s o l u t i o n r a d i o a c t i v i t y «pei_ train t*- i pure n 1 r r i : w i l l 
used to d e t e r m i n e t h e n e t uranium and P lu ton ium x- ray i n t e n 
which I s t he d i f f e r e n c e between the upper i-id luwer s p e i t r 
• icc i ' rac y Ln the chaune 1 to channel iat . i '.;-. the -'. t t : v r-iv:^ 
t!m sane a s t h a t i t t h e o r i g i n a l dflta, ;>ir t ii. ; : iar ' . y '.:: -on 
channel 1900. Thus , i n o r d e r to o o t a i n a r e a L i s t U i 
t i t , a c o n s t a n t i s add*d to t h e e n t i r e r e g i o n . The i 
equa l to the nea.» v a l u e of the s t a n d a r d d e v i a c l o n s !• 
the p r e - and p a y t - b a c k g r o u n d r e g i o n s ( I . e . i b£ i6 - l i 93 
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v la L Ion 

The 500t. l i v e - t i m e XRK spectrum ahown in F i g u r e 10 r e p r e s e n t s t he amount of time t h a t 
might be used for a p r o c e s s c o n t r o l measurement of s o l u t i o n s hav ing median v a l u e uranlutn-
p lu tonium c o n c e n t r a t i o n s . If t he t y p i c a l 202 a n a l y z e r dead time i s i n c l u d e d , t he XRF.V 
measurement would r e q u i r e 10 n.inucea ( c l o c k t i m e ) , and would y i e l d c o n c e n t r a t i o n v a l u e s 
a c c u r a t e to abou t 2ii, even wl thu it making a q u a n t i t a t i v e c o r r e c t i o n for t h e s o l u t i o n r a d i o ­
a c t i v i t y . That i s , in o r d e r to c o n t r o l t h e chemica l p r o c e s s i t may be s u f f i c i e n t to d e t e r m i n e 
the s o l u t i o n c o n c e n t r a t i o n to only 3 few p e r c e n t . This assumes t h a t t he p lu ton iun : I s o c o p i c s 
do not va ry w i d e l y from day to day ( o r b a t c h t o b a t c h ) . However, t o r a c c o u n t a b i l i t y or 
I n v e n t o r y c o n t r o l measurements where b e t t e r a c c u r a c y I s r e q u i r e d , t he s o l u t i o n r a d i o a c t i v i t y 
laust be measured and t h e more exact q u a n t i t a t i v e p r o c e d u r e s d e s c r i b e d above used . Account­
a b i l i t y measu remen t s c a n n o t be done as q u i c k l y a s those to r p r o c e s s ^ - r n t r c i ; and g e n e r a l l y , 
w i l l a l s o r e q u i r e r e p l i c a t e a n a l y s e s . 
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Ci.lJ.tj rat. ion -..t Mixed i o i o t i o n s . J u s t a s was iion»: .'or trie pure 'irar. ran ^r pi ' i t o n ; -AT; 

swlut l e n t , U. i s pus.t»it>Le *.o ( l eLt ra i-af i •_•» L Lbr a t i u n par aai-*ter , V., ro r trie m x e d s o l u t i o n s , 
i towever, :jei..t<:bt: the . ' 't 'u r a t i o c m ' . ' iry, i\ w i l l ne va i iu o n l y t o r a singl*-' va lue of t n e 
uranium to plutunl t im r a t i o . Seven ot t h e LI s o l u t i o n s measured (*i<'t Table \j had a 
concert t ra r . Ion rati '-) of J. :. t j i , t h u s Y. was e v a l u a t e d for thl:-, r a L i o . The smooth :u rv» 
-.hov.Ti in t h e t i p p o r t i o n jf f i g u r e 11 shows the bi-havlor ->t tl v e r s u b t h e r a t i o ot t h e n e t 
c o u n t s c o n t a i n e d In both the uranium and p iu toniua i K'tl x rays to t he a r e a of the g r o s s 
i n c o h e r e n t peak ( c h a n n e l s L5G0-Lo^0). Note t h a t t he numera to r uf t h e a b c t s s a now c o n t a i n s 
the t o t a l a ^ t l n i d e Kr*l x - r a y I n t e n s i t y . The r e s u l t i n g po lynomia l fo r ln(K) la shoun an an 
i n s e t in t he tr.p most nraph ot F i g u r e 1 1 . The f i t of t h i s e x p r e s s i o n to the e x p e r i m e n t a l 
l iata I s shown in t he lower K*"aph , J f F i g u r e 1 1 . The aeun fo r t he a b s o l u t e v a l u e s of t h e 
di 1 t e r e n c e s i s 0 . lb-*). 27 L The -?rror b a r s shown for each pu l o t r e p r e s e n t the r e p r o d u c i ­
b i l i t y o b t a i n e d t o r 3 r u n s ; w h i l e for any s i n g l e run of any m i x t u r e , b e t t e r than 0 .6« 
••otintLn^ s t a t i s t i c s were o b t a i n e d In NPuKoi , and b e t t e r rhan i. "U for 'JUK'-»1. 

Tin- o r a n low t o [iluLonUiai r a t i o I s not a lways 3 . 5 . ^ ' . v r t l i e l c s h , t tie t o t a l a c t l a i d e 
<-QCU euLr. i t t un may be o b t a i n e d from t h e c a l i b r a t i o n paramete r po lynomia l a f t e r a smal l 
c o r r e c t i o n i s a p p l i e d . The n e c e s s i t v t o r ' I l l s c o r r e c t i o n Jepend-s in trie l.'/Pu r a t i o . 
C l e a r l y , t o r s o l u t i o n s c u n t a i u L n ^ unknown c o n c e n t r a t i o n s ol '•', and Po, t h e i r r a t i o Is 
a l s o unknown. However , because t h e i r t luo r e s ^ e n c e •? f f i:: lent. '--JA , t he 11" foil jc-ray e n e r g i e s , 
.tnd t h e i r a b s o r p t i o n c o e f f i c i e n t s a r e ve rv n e a r l y eT.ua I , t h e i r a c t u a l c o n c e n t r a t ion 
r a t i o I s aea rLy equa l to the r a t i o of t He i r e x p e r i m e n t a l .ounr. r a t e s . The top yraph Ln 
Mtfure l c shows t h a t Ihu observed U/Pu Count r a t e r a t i o I n c r e a s e s L i n e a r l y wi th t h e 
r a t ! o ot c o n c e n t i 'at Ion ot V/Pu. Th is 1 I nea r r e l a t lonsn l ;• ho M R t rue •>:''•? the ran^e r row 
' , i'u - J . ! to ,.71'u =< 7, the • o n c e n t r a t ion r a t i o s range examined In r h i u s t u d y . That I s , 

The a p p r o x i m a t e t o c a i a c t l n l d e c o n c e n t r a t i o n can be d e t e r m i n e d from the c a l i b r a t i o n 
p o l y n o m i a l shown a t ' t h e top o t F i g u r e l i . Then, a smal l c o r r e c t i o n I s a p p l i e d . That 
c o r r e c t i o n i n p e r c e n t i s g iven by ,1P, and I t s behav io r vs c o n c e n t r a t i o n r a t i o i s shown 
in t h e l o w e r ^ r a p h r;£ F igu re 12« T h i s c o r r e c t i o n I s p o s i t i v e t o r a l l : J / ?u r a t i o s g r e a t e r 
than 3 . i ( i - e . , K y i e l d s too sma l l of a t o t a l a c t i n l d e c o n c e n t r a t i o n ) or n e g a t i v e for 3 l [ 
r a t i o s of U/l Ju l e s s than 3 -5 . Thus , t he t o t a l a c t l n i d e c o n c e n t r a t i o n I s g iven by 

LOU ' 

.M>U) - -1.9H + 0 . 3 9 { '^f~r \ <*) 

The i n d i v i d u a l plutcnLura and uranium c o n c e n t r a t i o n s a r e vjiven :jv 

ecu) . J L [ c(«+ru)] (6) 
C+R) 
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-"1 
* ; . , . . i . The. ;pper g raph shows '-lie K e a L l b r a -
• i on pa ramete r vs t-xper l i a en t a l r<uiu t o r n i x e d 
vji-'itLor.s ' l ev ins ", 1'u • 3 . 5 / 1 . Note t h a t t he 
•-- ,1 vnnrciai e x p r e s s l-.in 11» baaed 3n c he sum JT 
• i*1 nut x r.-iv po.ik i n t e n s i t i e s of uranium and 

l a ton ium. The i n d i v i d u a l e r r o r b a r s I n d i c a t e 
i u p r u d u c i h i l l t y c e a u i t i r ^ from t h r e e I n d i v i d u a l F i g . 1 
r u n s . r e l,i t i i 

and ,-ic 
p l o t 
be app 
•J/Pu c 

-1P(%) •- -1.98 + 0.59 / NUKol 
\ N P U K Q 1 T U 

1 2 3 4 5 6 7 8 
U/Pu concentration ratio 

2. The upper graph shows a l inear 
unship between observed V/Pu net .-aunts 
tuai U/Pu concentrat ion, Tlie Lower 
hows the correction factor -P that uust 
l ied to the concentrat ion value va the 
onccntration r a t i o . 

It is clear that the l inear relationship!; shown InFl-;- LJ will n^c ne-. essar ; 1 v V i c i>">r 
i..ir*;y rat ios (greater than 2 r)/l) or very sna i l r a t ios ( less than I ) . To insure ^niLdity 
-if the XRFA method, i t must be calibrated over the ent i re range of concentrations and 
elemental ra t ios that i r e expei-ted to occur. 

Jynaptc Concent ra t Ion Measurements. One of the advantages offered by the nondestructive 
\VS\ technique Is I t s a b i l i t y to yield concentration values for flowing streams. Appropriate 
precautions must be taken to insure that the stream will not be subject to foam or sporadic 
a i r bubbles at the measurement location. In the ea r l i e r work* detai led experiments were 
carried out to demonstrate the techniques a b i l i t y to make dynamic concentrat ion measurements. 
Here, only a summary of those resul ts will be presented. 

The top section of Figure 13 shows a sec of 24 measurements. The f i r s t and last six 
measurements were made with the solution s t a t i c , while the central 12 measurements were made 
with the solution flowing at 80 1/h. The s tat ic and flow results overlap well within the 
precision of their standard errors. The flow system consisted of a reservoir and tygon 
tubing connected to a 25 mm diameter pyrex c e l l and a peristalt ic pump, Thn pump forced 
Che solution to circulate through the tubing and ce l l and return to the reservoir by a 
cylical squeezing action. Once a known volume of a specific concentration is introduced 
Into a dry c e l l and tubing system^ additional small volumes of pure acid or of a more 
concentrated solution wil l change the Ini t ia l concentration accordingly. 
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T-.e '.-iw«:- v-.-. t lou <t riH'ii"" '. - n i ' i ' i t . M ' - ' i ' . -i cyri-isic '.o-it.eulr-i 11 ,u ae - i suremet i t . 
I n i t i a l l y , LOU. 'J n l o t che ; -VJ. . 4 ' ; ( 1 s l .uul . i rd V K U I : , : , ' - . I - l n \ r-.J ;•- .-••; i n i ' j t : ie : ! ' . -
syjti.-ra wi th the c« l 1 and t ub ing c r y . ApP r f J p r l u t e volumes •.' I" li'iO-i w n - c.rfl-iulateo: 
dnJ measured out , t hen L"t rodui.ei 1 <i t t e g , I . i r 1 ;"it._- :"'.'.»I '1 in:.-- the ! luw s . ^ t p n . TM s ..j-j.-ie^ 
a c o n c e n t r a t i o n r e d u c t i o n of e x a c t l y ..i» >;; : . / I i ^ r e*icn of r i v t t i m e ^ . Then, appropr l . t te 
volumes >t mote c o n c e n t r a t e d uranium n i t rat. '; d i l u t i o n s were- '. nt rodur- eti U; i n c r e a s e the 
• •o lu t ton - o n r e n t r a t i o n 1. o ^ :,71 t o r «^ch of t h r e e stt-;>s. Th is b rough t t h e c o n c e n t r a t i o n 
to about ' J ! g U / l , whereupon ;i p * 1 * ' ~ a l c u l a t e d v o l u m e t r i c - n l d l t i o n of 3M HNO-i r e t u r n e d 
the s o l u t i o n tu i t s o r i g i n a l lOo.u ^ L,7 L c o n c e n t r a t i o n . 

The ;M<i>,e 11 ce of U.'Os wan se l ec t cd on the ban lb ot c u r ! t e r dynamic c o n c e n t r a t i o n 
r u n s . ;.i wu*. somewhat Longer -ban the t line r e q u i r e d to r the s o l u t ion vil-um- to reach 
•"jui 1 LIT LUQ a f t e r i n t r o d u c t i o n >r an . i d d l t i o n a l vnLumu. Kac'r. I J'1'; a n a l y s i s h.:d approx imate iv 
'. !ie same s t a t 1 s t ..•:-il a c c u r a c y >t -HJ.'il^, however , t h e mean VAUIL-J mtl p r e c i s i o n s I n d i c a t e d 
at t.*nt::i u u c c e n s l v e c o n c e n t r a t ton a r e de te r in lneu iruin ;u^t the measur rmen t s naue w i t h i n t i . a t 
i n t e r v a l . Note t h a t the. mean of the t L r s t and Las t Live dynamic r u n c e n t r a t L O U H mB.'isurentr.ts 
i s . N,-. .'>-«-o. b3 g ' • ' '*! i n ex^e l L«iit a^retMnent wi t ; , t he mo a:: va lue <J ; 1-,".'. L "!-*-". -o- ^ ,", 1 
irum the t i . rs t I1* s t a t i c / f l a* cycLe measurement 1 ; . 

F i s s l u n P r o d u c t ; In Product litreumti. It i s p o s s i b l e t h a t a d d i t i o n a l l e v o i s it 
r a d i o a c t i v i t y might he a s s o c i a t i v e with t h e r e p r o c e s s e d a ^ t l n l d e p r o d u c t s . rhese <u: t '.'.• 1: : t s 
iiLght he p u r p o s e l y added Ce .g . vf»i>, or - ^ ^ n ) , o r they could ;>e r l s s l o n p r o d u c t s , J b l - h 
•-•ere not - :onjpletely s e p a r a t e d dur in^ the e a r l i e r s t a g e s -A chemica l pur 1 £ i r a t Lun. It ! i 
fieyoiui t he scope ot t l i l b r e p o r t to J l s c u s a t h e r e j i l l v c . idvantayes -JT 1 l a . idvan taneh 
)t tdiiln^ <nch -JpLkes. ' . u t i i c e i t t o s«v Uiar i i ' i l ^ n l t iv.ant Veve^-i .f ic t lv ' . : . - / . re 
'.omul hi t he p r o c e s s a t ream and prnduct. t 'oras - sn lu t l u i i ' i or . l x i ae s , i l ien manv J! L hi-
inndes t rue t Ivo a n a l y t i c a l teehu i'piew, \'li'.i:li have r e ' p i i r o d year-. A atjvt; lupi^ent t l ae and 
it , l^r.l i Leant a i s t s , nay not b.> -isi-abl-;. For t he purp'.'Ses -.»: t hi 'j ^1 udv , 1 ; liaple 
e spe t lmun t was c o n d u c t e d In o rder to e v a l u a t e t he b e h a v i o r <jr t he /.UFA techn ique , to 
•uidl t lonnL L e v e l i of a c t i v i t y in the proct'jH -jr prod-jet s t r e a m s -

Ln o r d e r t o s i m u l a t e f l s s l u n p roduc t a c t i v i t y i n the - i ra ln l e s s Ht' iel ' : e l l , « . ^ *nCL i r 
l ^ ' C s a c t i v i t y wa.s c h e m i c a l l y p repared Ln n i t r i c i c id s o l u t i o n , and Loaded i n t o t he sane 
c e l l a s t h a t used t o c o u n t t he pure and mixed a c t l n l d e s o l u t i o n s . "or t h e coun t ins; 
geometry used t h r o u g h o u t t h e s e e x p e r i m e n t s , t h i s a c t L v l t y r e p r e s e n t e d ve ry n e a r l y the 
ILmLclat; coun t r a t e t h a t t he non-op t lmlzed commerc ia l e l e c t r o n i c s c o u l d p r o c e s s . 'Die 
system dead t ime a p p r o a c h e d 1Q%. The Lower s p e c t r u m Lr\ FI&. LA shous a 500s >'KFA of the 
•)<J- to 1'17-keV r e n 1 - " " , j t -1 LO. *; ^ "J/1 pLus A. b >; P u / l aiixed s o l u t i o n . The t-jp s p e c t n u n 
r e p r e s e n t s a iUOs c o u n t ol t i l l s s o l u t i o n pLus 4.B mCl ot ^ ' t ' s a i . t i v l t y . Tlios, assuming 
t h a t t h e r e w.?re no f i s s i o n product i'.aiwnn ray^ w i t h i n t he 90- to L0?-keV r e g i o n , t he maj'ir 
e t r e c t ot l l s s i o n p r o d u c t a c t i v i t i e s un XRFA in p r o c e s s ur p roduc t -it reams I s t o r a i : i e 
the background con t inuum IcveL in the r e g i o n of t oe x - r i y peaks oi' i n t e r e s t , Tut tlie .<. r ; r / s 
can s t i l l be a n a l y z e d a c c u r a t e l y . The? t c p s p e c t r u m , rl ien, c o r r e s p o n d s t n a sr>11 j t i o n 
c o n t a i n i n g 10. J ^ - , 'L , A.b g P u / l , and 2. 7 .? rat;i,:gPu oi l l s s i o n p roduc t ^amma-ray a c t i v i t y . 
S ince t h e s y s t e m ' s c o u n t i n g e L e c t t o n i c s were ve ry near t h e i r maxlraun c o u n t r a t e L imi t , any 
f u r t h e r i n c r e a s e in t h e s t r e a m ' s uranium or pLutonium c o n c e n t r a t i o n would Lock-up or s h u t -
oii t he e l e c t r o n i c s , r h e r e t o r e , i t h i g h e r p l u t n n l u m aoLut ion c o n c e n t r a t i o n s were e x p e c t e d , 
then the d e c o n t a m i n a t i o n f a c t o r s Ln the e a r l i e r s t a g e s it s e p a r a t i o n would have to he 
improved. That i s , a soLut lon c o n t a i n i n g ahou t 150 g 11/1 and A5 g Pu/ l c o u l d be counted 
Li I t c o n t a i n e d Less t h a n 2-b mCi of f i s s i o n p r o d u c t a c t i v i t y per gram of pLutnntum, 

Relative laotoplc Abundances* The abbolute abundance of each of the plutonium 
isotopes, except ' ^ P u , can be detetmiaed from measurements ot the solut ion radioact ivi ty 
and concentrat ion. A radioact ivi ty measurement i s made when an automatic, horseshoe 
stiaped shut ter la act ivated to eclipse the two excit ing sources* The ul t imate purpose 
of, and thus the accuracy requited from, the isotoptc abundance measurement wi l l govern 
the measurement time. For example, a 1000s XRFA and solution rad ioac t iv i ty measurement 
of a 175 g U/1 plus 50 g Pu/l solution was suf f ic ien t ly long enough to accurately determine 
Lts concentrat ion for accountability or inventory control purposes (see discussion above). 
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Ch»"" 
S-L,;. ' « . Twtj ^ 0 - tij ! >7-MiV s p e c t r a wi th 
•; upper spec t rum) and w i t h o u t (.lower spec t rumj 
r i s s L n product .ic 11 v t t y wi t h i n the su l o t i o n . 
The mixed J - fu '.<4utU>n hay a c o a e e n t r a t i un >i 
L ' J . J ^ 1/1 p lu s *.'j >; I ' u . i . NearLy Ju m was 
r e q u i r e d t'„ recur; i the upper s p e c t r u m because 
•it yxvttbbivc o.eaa t ime c a u s e d by t lie M S E I U I I 

, . pro.iuc t rad ' .uac t 1 v i t v ! ̂ y mv_l/i* I'u }. 

i , i : t he LIJO t o p i c 
cv sun " , . U ; , r h 
r i s e s not b e c a u s e 

'"j-.'.areu 
r e n t e r 
r n c u c t 
».' t e TT3 i 

a b u n d a n c e " t the .same s n L u t i o n were a l s o d e s i r e d to an e q u i v a l e n t 
hen t h e IGUUs r a u t o a c t i v l t y measurement t Ime i s i n s u l t i c i e n t . 

a lack, -yi b ' - l u t i o n r a d i o a c t i v i t y , but nc-^ause t he liPCe d e t e c t o r 
s t an o r d e r or magn i tude f u r t h e r away from the sample than I t need b e , <* r e s u l t 
s h i e l d i n g r e q u i r e d for the XRFA measu remen t . If an a d d i t i o n a l d e t e c t o r were 

immedia t e ly a d j a c e n t to the p i p e , t he a c t i v i t y count r a t e would be 
Tlius , an optimum •system for an o n - l i n e a c c o u n t a b i l i t y 

mi'^ht c o n s i s t of two d e t e c t o r s , one devo t ed 
thi 

ana l 

c o n s i d e r a b l y 
measurement of t he t i n a l 

. . . . ._. , _ . _ . , ..„ „ XRFA, d ie o t h e r o p t i m i z e d to 
r e l a t i v e I so t o p i c abundances from the s o l u t i o n r a d l o a c t i v i t 

jra --.'inId be programmed t o c o n t r o l bo th d e t e c 
1 d a t a r e d u c t i o n r e q u i r e d for bo th a n a l y s e s . 

The compute r -
y s t e m s , t h e i r n e a s u r e -

\RY 

The e x p e r i m e n t a l r e s u l t s d i s c u s s e d above have demons t r a t ed t ha t ene rgy d l ipe r ^ l v e 
x - r av i I j u r e s i - encc a n a l y s i s (EDXRFAJ can d e t e r m i n e t he c o n c e n t r a t i o n Jt u r an ium, 
p i u t o n i u n , or mlxnd u ran i inn -p lu ton ium s n l u t l o n s Ln f lowing n s t a t i c s t r e a m s . 
The ELJXRFA t e c h n i q u e i s n o n d e s t r u c t i v e and can be adap ted d i r e c t l y to p i p e l i a e s in 
v i c l l l t i e s t h a t have p r o c e s s or p roduc t s t r e a m s c o n t a i n i n g t he se a c t i n l d e e l e m e n t s . 
The t e c h n i q u e can a l s o be usee to make o f f - l i n e measu remen t s . By vising an a u t o m a t i c 
shut t e r to e c l i p s e t he e x c i t i n g r a d i a t i o n , t h e n a t u r a l r a d l o a c t l v i ty of t he s o l u t i o n 
m i x t u r e can be m e a s u r e d . Thus , t h e r e l a t i v e p lu ton ium t s o t o p i c abundances can hf 
de te rmined fur plutonlura s o l u t i o n s ; whi le for uranium s o l u t i o n s , the degree of enr lc lunent 
in 235|j , : i l n ^ , deduced a f t e r c a l i b r a t i o n of the sys tem. 

The time required for the measurement depends en the purpose of the measurement 
ind the c o n c e n t r a t i o n or' the s o l u t i o n . G e n e r a l l y , measurements made to c o n t r o l o r 
monitor the proces s chemis try need not be made as a c c u r a t e l y as those f c r a c c o u n t a b i l i t y 
and tnver.-iry c o n t r o l . Typical a n a l y s i s t imes for process contro l Informat ion are 
from 1Q0 • ••» 500 s e c o n d s for s o l u t i o n c o n c e n t r a t i o n s from s e v e r a l hundred to a feu-
grams per i : f " i * , r e s p e c t i v e l y * Longer measurement t imes are required for Inventory 
c o n t r o l purposes where a c c u r a c i e s b e t t e r than \X are d e s i r e d . The XRFA method i s capable 
of y i e l d i n g such accuracy If i t i s c a r e f u l l y c a l i b r a t e d and reproduc ib le c o u n t i n g geometry 
i s mainta ined. 



-if:-

r-'ur c o n c e n t r a t e d s o l u t Lons cnnta in : :i;< "nl :< "-1 u r m l ' i : ; and p lu-on iun ; , ' he " . '^I ' . r i jutL ' jns 
f u til.- omnium / . - ray i n t e n s i t i e s T r'>m pi -iron i i.m d»;r_ay ir.d to thK pi j f j i ; i urn x - r a y 
I n t e n s i t i e s from i t s ^ainma-ray a c t i v i t i e s 'ausi oi- P r o v e d . This i s accoi^pl i shed by <iob-
cra r - t lng ' .via trie c o m p u t e r ; t h t s o l u t i o n rad iua--1 !v 11 v spectrum fron the XJU-'A s p « c L r ' a . 
Then, the unknown uranium to plutonium coru unt ra t Ion r a t i o Is d e t e r m i n e d from m e n e : 
i n t e n s i t i e s u t t h e i r x r a y s , and the I n d i v i d u a l c o n c e n t r a t i o n s a r e c a l c u l a t e d from 
s Ira pit; e x p r e s s t ons . "ftius , accoun t ibl!1Ly measurements may r e q u i r e : rom jne to two hour s , 
t he Longer r imes he i r\& requLruu fur the Wfinker e u n c e n i r a t I o n s . ; kit , s i n c e o n - l i n e 
r e s u l t s '%nn be o b t a i n e d au tnmarLea ;1y , ami w i thou t any ;ier onue I. •.amp I • ^;ii •• r;n. t ! in , 
I'.U- ait* thud sin ' l id s 1.111 be cod t - e t tec t l v e . 

f i n a l l y , a c t l n l d e s o l u t i o n c o n c e n t r a t i o n s :-m hi; measured , -"/en : r o sin-*! i -nao-.n'. 
• it : l e s i o n jjr'irlui:. L rati Louct L1/ I t y iixtat", In t he product, solol ' , ' • - ; . W - \ Ir-il t ira; 
!-••. Lor lb t he maximum .mint r a t e t i ia t L he e l e c t r o n i c s m n 'Kindlf. 'A-,--. ,v t Irs id-; ;-.-!'.iy 
Ir.tt-tinl t L'jh s t i m u l a t e d fjv t he i2L-kf>V e x r t r i n y r - i d l a t l o n :r_m. C.J ii>: su t "~ ic 1 en t !;•• 
I n t e n s e t o S»i seen above 1 ;•« l e v e l a UT f i s s i o n p roduc t background -.unt; noma; and the 
x - r a y s u in be a n a l y z e d without: a s a c r i f i c e In nioasuri-nipiic i ccu rucy , nvtiii for r e l a t l v c L v 
Low s o l u t i o n c o n c e n t r a t i o n s . in c o n c l u s i o n t h e n , t h i s t e chn ique shou ld pru^e tu be of 
^ r « a t L n t e r e s t to »nr Ichment f a c i l I t i e s and t i spen t nne l e a r I ue 1 r e p r o c e s s i n g fac i l t r i e s 
In which s i n g l e or ma I e lement acr inLde s o L u t l o n s must b»* measured - T n l t . o red for 
. oi.e n u t r a t Lou and i so r. . .p ic c o n t e n t . 
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