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I NTRODUCT I ON 

Ma te r ia l  a c c o u n t a b i l i t y  i s  the  bas ic  and most d i r e c t  means for  safe- 
guarding nuc lear  f a c i l i t i e s  against  c landes t ine  d i ve rs ions  o f  nuc lear  
ma te r ia l s .  Su rve i l l ance  and containment, which a r e  indispensable suppor t ing  
measures f o r  ma te r ia l  a c c o u n t a b i l i t y ,  do no t  p rov ide  those charged w i t h  
safeguarding an i n s t a l l a t i o n  w i t h  t h e  assurance beyond the  shadow o f  a 
doubt t h a t  a l l  o f  t h e  input  and ou tpu t  uranium w i l l  i n  f a c t  be measured. 
For t h i s  reason, some method t o  complement ma te r ia l  a c c o u n t a b i l i t y  i s  
des i rab le .  

Those w h o  a r e  concerned w i t h  developing non- in t rus i ve  techniques f o r  
safeguarding uranium enrichment p l a n t s  under the Nuclear Non-Pro l i f e ra t i on  
Trea ty  have perceived the  p o s s i b i l  i t y  t h a t  data on t h e  2 3 4 U  concentra- 
t i o n s ,  and t h a t  o f  2 3 6 U  when present,  i n  a d d i t i o n  t o  t h a t  o f  t h e  2 3 5 U  i n  
t h e  cascade w i t h d r a w a l  and feed streams may p rov ide  a means t o  e i t h e r  
cor robora te  t h e  ma te r ia l  a c c o u n t a b i l i t y  r e s u l t s  o r  i n d i c a t e  t h a t  t h e  
i n t e g r i t y  o f  the  dec lared cascade opera t i on  i s  suspect. 
r e t i c a l  study has been conducted t o  determine whether complete i s o t o p i c  
measurements on enrichment cascade streams may be usefu l  for  safeguards 
purposes. Numerous s teady-state multicomponent concent ra t ion  g rad ien t  
and p r o d u c t i v i t y  c a l c u l a t i o n s  have been made t o  develop t h e  fundamental 
data f o r  t h i s  study. The r e s u l t s  o f  t h e  c a l c u l a t i o n s  have been repor ted 
i n  a se r ies  of  f i v e  r e p o r t s . [ l ]  
appra isa l  i s  made o f  the  p o t e n t i a l  va lue o f  u t i l i z i n g  the  measurement o f  
2 3 4 U  and 236U concentrat ions-  as w e l l  as  t h a t  o f  2 3 5 U  i n  enrichment cascade 
feed and withdrawal streams a s  a safeguard technique. 

SUMMARY AND CONCLUS IONS 

A bas ic  theo- 

I n  t h i s  paper, a b r i e f  rev iew and 

The r e s u l t s  o f  the  c a l c u l a t i o n s  made to  determine the  behavior o f  the  
minor uranium isotopes i n  separat ion cascades and the r e s u l t s  o f  t h e  th ree  
p l a n t  t e s t s  made t o  subs tan t i a te  the  v a l i d i t y  o f  t h e  c a l c u l a t i o n s  a re  
reviewed b r i e f l y .  Based on the  f a c t  t h a t  the  2341J and 2 3 6 U  cancentrat ians 
r e l a t i v e  t o  t h a t  o f  2 3 5 U  i n  cascade withdrawal streams depend on t h e  n 
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: " cascade f lowsheet,  i t  i s  concluded t h a t  t h e  use o f  minor isotope concen- 
_ -  t r a t i o n  measurements (MIST) i s  a p o t e n t i a l l y  va luab le  ad junct  t o  ma te r ia l  

account ing f o r  safeguarding a 235U enr ichrnent cascade. Another charac ter -  
i s t i c  o f  MIST which q u a l i f i e s  i t  f o r  safeguards a p p l i c a t i o n s  under the  NPT 
i s  t h e  f a c t  t h a t  i t s  a p p l i c a t i o n  would be e n t i r e l y  non - in t rus i ve  on pro- 
cess technology and p r o p r i e t a r y  in fo rmat ion .  

R E V I E W  OF THE BEHAVIOR OF THE M I N O R  URANIUM ISOTOPES I N  2 3 5 U  ENRICHMENT 
CASCADES 

Minor Isotope Concentrat ion Dependence 

The study has shown t h a t  t h e  s teady-state concentrat ions o f  the  
uranium minor isotopes r e l a t i v e  t o  t h a t  o f  t h e  2 3 5 U  i n  t h e  wi thdrawal 
streams o f  a separat ion cascade a r e  determined by the  f o l  lowing parameters: 

A. The 235U top produc t  enrichment. The 234U concent ra t ion  r e l a t i v e  
t o  t h a t  of 235U i n  bo th  the  product and t a i l s  streams increases 
w i t h  inc reas ing  2 3 5 U  concent ra t ion  i n  t h e  product stream. This  
i s  i l l u s t r a t e d  i n  F igu re  1 which i s  a p l o t  o f  the  2 3 5 U  t o  2 3 4 U  
concent ra t ion  r a t i o s  i n  t h e  product and t a i l s  streams o f  a 
squared-of f  cascade, designed t o  y i e l d  product a t  4% 2 3 5 U  and 
t a i l s  a t  0.25% 235U f rom na tu ra l  uranium, when the cascade i s  
operated to  withdraw product w i t h  2 3 5 U  concent ra t ions  grea ter  
than the  design product  concentrat ion.  

The 236U concent ra t ion  r e l a t i v e  t o  t h a t  o f  2 3 5 U  decreases i n  
the  product  and t a i l s  streams w i t h  inc reas ing  2 3 5 U  product con- 
cen t ra t i on .  F igure  2 i s  shown t o  i l l u s t r a t e  t h i s .  The r a t i o s  o f  
t h e  2 3 5 U  t o  2 3 6 U  concent ra t ions  i n  t h e  product and t a i l s  streams 
represent the  r e s u l t s  o f  c a l c u l a t i o n s  f o r  var ious  2 3 5 U  product 
concent ra t ions  f o r  t h e  same cascade when i t  i s  fed o n l y  w i t h  a 
reac to r  t a i l s  uranium (RTU1)l which has a 2 3 5 U  concent ra t ion  o f  
2.5%. 

B. The 235U dep le t i on  i n  t h e  t a i l s  stream. 
r e l a t i v e  t o  t h a t  o f  235U i n  bo th  t h e  Droduct and t a i l s  streams 

The 2 3 4 U  concent ra t ion  

increases w i t h  inc reas ing  2 3 5 U  t a i l s  concent ra t ion .  This  i s  
i l l u s t r a t e d  i n  F igure  3 i n  which t h e  2 3 5 U  t o  231tU c o n c e n t r a t i o n  
r a t i o s  i n  t h e  wi thdrawal streams o f  t h e  same f i x e d  cascade o f  
t h e  two preceding f i g u r e s  a r e  p l o t t e d  versus t h e  235U t a i l s  
concentrat  ion. For t h i s  s e t  of  data,  t h e  product  concentrat  ion 
was mainta ined a t  i t s  design va lue  o f  4% 2 3 5 U  and the  t a i l s  
concent ra t ion  was va r ied  by changin t h e  feed r a t e .  The 2 3 6 U  

stream but  decreases i n  t h e  t a i l s  stream w i t h  inc reas ing  235U 
t a i  1 s concentrat  ion. 
feed t o  t h e  cascade i s  comprised of reac to r  t a i l s  U (RTUl) and 
n a t u r a l  U i n  constant  p ropor t i ons  w h i l e  the  t o t a l  r a t e  o f  feed 
i s  va r ied  t o  o b t a i n  t h e  var ious  235U t a i l s  concentrat ions.  

concent ra t ion  r e l a t i v e  t o  t h a t  o f  B 5U increases i n  t h e  product 

F igure 4 demonstrates t h i s  behavior.  The 

lRTUl i s  one o f  two species o f  reac to r  t a i l s  uranium used i n  t h i s  s tudy t o  
c a l c u l a t e  t h e  e f f e c t s  o f  non-normal uranium feeds. 
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C.  The use o f  uranium o the r  than na tu ra l  as a feed t o  the cascade. 
Obviously 2 3 b U  w i l l  appear i n  cascade withdrawal streams o n l y  i f  
uranium con ta in ing  the  isotope, such as uranium recovered from 
spent r e a c t o r  f u e l ,  i s  o r  has been fed t o  t h e  cascade. When non- 
norma1 uranium i s  fed, the 234U and 236U concentrat ions r e l a t i v e  
t o  t h a t  o f  235U i n  cascade withdrawal streams a r e  a f f e c t e d  by 
both t h e  r a t i o  o f  the concen t ra t i on  o f  t he  2 3 5 U  t o  t h a t  o f  the 
minor isotope and the  235U concentrat ion i n  t h e  non-normal 
uranium, and by the f r a c t i o n  o f  t he  t o t a l  feed i t  comprises. 

The 2 3 4 U  concen t ra t i on  r e l a t i v e  t o  t h a t  o f  235U may be depressed 
o r  enhanced by t h e  use o f  t h e  non-normal uranium depending upon 
i t s  i s o t o p i c  composit ion, t h a t  i s ,  upon the 2 3 5 U  t o  2 3 4 U  con- 
c e n t r a t i o n  r a t i o  and the 2 3 5 U  concentrat ion.  F igure 5 demonstrates 
the e f f e c t  o f  feeding one o r  t he  o t h e r  o f  two species o f  reac to r  
t a i l s  uranium i n  va r ious  p ropor t i ons  w i t h  na tu ra l  uranium on t h e  
235U t o  2 3 4 U  concen t ra t i on  r a t i o s  i n  t h e  withdrawal streams o f  
a f i x e d  cascade. The reac to r  t a i l s  uranium, designated as RTUI ,  
has a considerably  h ighe r  235U concen t ra t i on  and 2 3 5 U  t o  2 3 4 U  
concen t ra t i on  r a t i o  than does t h a t  designated as RTU2. Figure 6 
i s  t h e  counterpar t  t o  F igure 5 i l l u s t r a t i n g  t h e  behavior o f  the 
2 3 5 U  t o  2 3 6 U  concen t ra t i on  r a t i o s  i n  t h e  product and t a i l s  
streams. The 235U t o  2 3 6 U  concen t ra t i on  r a t i o  i n  RTUI i s  a l s o  
considerably  greater  than i t  i s  i n  RTU2. 

D. The ex i s tence  o f  an a d d i t i o n a l  product stream. When the  w i t h -  
drawal o f  a second product stream i s  begun, the  minor isotope 
concentrat ions i n  the  f i r s t  product stream w i l l  be a f f e c t e d  even 
i f  the  2 3 5 U  concentrat ion i n  i t  remains unchanged. The minor 
isotope concentrat ions r e l a t i v e  t o  t h a t  o f  2 3 5 U  i n  the  t a i l s  
stream a r e  a l s o  a f f e c t e d .  The magnitude o f  t h i s  e f f e c t  depends 
upon the  degree o f  enrichment o f  t he  a d d i t i o n a l  product and the  
f r a c t i o n  t h i s  product represents o f  t he  t o t a l  cascade produc- 
t i o n .  Figure 7 i s  presented t o  i l l u s t r a t e  how the  2 3 5 U  t o  2 3 4 U  
concen t ra t i on  r a t i o s  i n  the  f i r s t  product stream and the  t a i l s  
stream a r e  a f f e c t e d  by the  ex is tence o f  an a d d i t i o n a l  product 
stream. 

E. The r a t i o  o f  feed streams and/or t he  r a t i o  o f  product streams i n  
the  case o f  more than one feed and/or more than one product 
stream. When the cascade mode o f  operat  ion normal l y  c o n s i s t s  o f  
more than t h r e e  ex te rna l  streams, t h a t  i s ,  more than one feed 
stream and/or more than one product  stream, the re  i s  an i n f i n i t e  
set  o f  combinations o f  e x t e r n a l  stream r a t e s  f o r  which the  2 3 5 U  
concentrat  ion i,n t h e  cascade withdrawal streams can be maintained 
constant.  However, t h e  minor isotope concentrat ions i n  t h e  w i t h -  
drawal streams w i l l  be a f f e c t e d  by the  changes i n  the stream 
rates.  F igures 5 and 6, which have a l ready  been presented f o r  
i tem C, above, i l l u s t r a t e  t h i s .  Whi le t h e  2 3 5 U  concentrat ions 
i n  the  cascade product and t a i l s  stream a r e  constant a t  t h e i r  
design values, and t h e  y i e l d  o f  product i s  increas ing a s  the 
p r o p o r t i o n  o f  r e a c t o r  t a i l s  i n  t h e  feed i s  increas ing,  t he  minor 
isotope concentrat ions a r e  changing. 
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F. The cascade design o n l y  when i t  deviates considerably  from 
i d e a l i t y .  I n  general ,  t he  s teady-state 2 5 3 U  concentrat ions 
r e l a t i v e  t o  t h a t  o f  2 3 5 U  i n  the  wi thdrawal streams o f  a squared- 
o f f  cascade d i f f e r  measurably from those o f  t h e  corresponding 
idea l  cascade o n l y  when the separa t i ve  e f f i c i e n c y  o f  the squared- 
o f f  cascade i s  l ess  than 30%. The 2 3 6 U  concentrat ions a re  some- 
what more sens i t i ve ,  becoming measurably d i f f e r e n t  when the 
separa t i ve  e f f i c i e n c y  o f  t h e  cascade i s  less than 96%. 

G. Process gas losses. Ca lcu la t i ons  show t h a t  t h e  minor isotope 
concentrat ions r e l a t i v e  t o  t h a t  o f  2 3 5 U  i n  cascade withdrawal 
streams a r e  a f f e c t e d  by process gas losses t h a t  a r e  un i fo rm ly  
d i s t r i b u t e d  along t h e  cascade. Th is  e f f e c t  becomes ba re l y  
measurable o n l y  when the  l o s s  r a t e  i s  g rea te r  than about 1.5% o f  
t he  cascade feed r a t e .  

Minor Isotope Concentrat ion Independence 

The study has demonstrated t h a t  t h e  s teady-state concentrat ions o f  
the uranium minor isotopes a re  independent o f :  

A. The stage separat ion f a c t o r .  I t  has been shown t h a t  the minor 
isotope concentrat ions r e l a t i v e  t o  t h a t  o f  235U i n  the  w i t h -  
drawal streams o f  a gaseous d i f f u s i o n  cascade and a gas c e n t r i f u g e  
cascade a r e  independent o f  the magnitude o f  t h e  2 3 5 U / 2 3 8 U  
separat ion f a c t o r .  Furthermore, the minor uranium isotope 
concentrat ions i n  the  wi thdrawal streams o f  a gas c e n t r i f u g e  
cascade a r e  e s s e n t i a l l y  i d e n t i c a l  w i t h  those of a gaseous d i f -  
f u s i o n  cascade when the  235U concentrat  ions i n  the  corresponding 
withdrawal streams a r e  t h e  same and the  i s o t o p i c  composit ion 
o f  any non-normal feeds and t h e i r  feed r a t e s  i n  p r o p o r t i o n  t o  
t h a t  o f  t h e  n a t u r a l  feed a r e  t h e  same f o r  both cascades. Conse- 
quent ly ,  the u t i l i z a t i o n  o f  t h e  uranium minor isotope concentra- 
t i o n s  i n  cascade feed and withdrawal streams as a safeguard 
technique w i l l  not  r e q u i r e  any d i s c l o s u r e  o f  s e n s i t i v e  technology 
o r  p r o p r i e t a r y  data f o r  t he  cascade being safeguarded. 

6.  The cascade s ize.  The minor uranium isotope concentrat ions 
r e l a t i v e  t o  t h a t  o f  235U i n  cascade streams a r e  independent o f  the 
cascade s i z e .  
i s o t o p i c  composi t ion and i n  t h e  same p r o p o r t i o n  t o  n a t u r a l  feed 
and y i e l d i n g  the  same 2 3 5 U  concentrat ions i n  t h e i r  wi thdrawal 
streams w i l l  have the  same 234U and 236U concentrat ions i n  
corresponding product and t a i l s  streams regardless o f  how much 
t h e  separa t i ve  capac i t y  o f  one cascade i s  g rea te r  than t h a t  o f  
t h e  o t h e r .  

Two wel l -designed cascades us ing feeds o f  t he  same 

CASCADE TEST DATA 

The bas i c  background in fo rma t ion  on t h e  behavior o f  t he  minor uranium 
isotopes i n  separat ion cascades which has been presented was developed 
from s o l u t i o n s  o f  sets  o f  simultaneous multicomponent concen t ra t i on  
g rad ien t  and m a t e r i a l  balance equations. It i s  t h e r e f o r e  important t o  
e s t a b l i s h  t h e  v a l i d i t y  o f  t h e  repor ted c a l c u l a t i o n s  by comparisons o f  
measured i s o t o p i c  g rad ien ts  w i t h  p red ic ted  values. Three p l a n t  t e s t s  have 
been conducted a t  the Oak Ridge Gaseous D i f f u s i o n  P lan t  f o r  t h i s  purpose. 
The sample data from the  f i r s t  t e s t  which was obta ined by standard r o u t i n e  
analyses on a s i n g l e  stage mass spectrometer proved t o  be too  badly 
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sca t te red  t o  make a s a t i s f a c t o r y  comparison. However very good agreement 
was obta ined i n  t h e  second t e s t [ 2 ]  and t h i r d  t e s t s  [ 3 j  between the measured 
and p red ic ted  values f o r  t he  2 3 5 U  t o  2 3 4 U  concen t ra t i on  r a t i o s  when the  
determinat ions were made by h igh  e r e c i s i o n  scans on a three-stage mass 
spectrometer. The r e s u l t s  f o r  2 3  U i n  t h e  second t e s t  a r e  presented i n  
F igure 8. The observed 2 3 5 U  t o  2 3 6 U  concen t ra t i on  r a t i o s  i n  the second 
t e s t  on the o t h e r  hand showed a l a r g e  d e v i a t i o n  from the  p red ic ted  values. 
This  was due t o  t h e  2 3 6 U  concentrat ions n o t  being a t  s teady-state when the  
samples were drawn from the cascade. Un fo r tuna te l y ,  t h e  2 3 6 U  concentra- 
t i o n s  i n  t h e  several  c y l i n d e r s  con ta in ing  t h e  p a r t i a l l y  enr iched uranium 
fed  t o  the  cascade du r ing  the  th ree  days j u s t  p r i o r  t o  t h e  t ime o f  
sampling had v a r i e d  by a f a c t o r  o f  three.  A t  t h e  t ime o f  the cascade 
sampling a t  t h e  s t a r t  o f  t h e  t h i r d  t e s t ,  t he  pr imary o b j e c t i v e  o f  which 
was t o  make an i n d i r e c t  measurement[4] o f  t h e  cascade inventory  by means 
o f  t r a n s i e n t l y  enhanced 236U concentrat ions,  t he  236U concentrat ions along 
t h e  cascade were everywhere < 10 ppm. Due t o  the imprec is ion o f  t he  
analyses a t  such low concentrat ions,  t he  236U data d i d  n o t  c l o s e l y  match 
t h e  c a l c u l a t e d  cascade curve, but was sca t te red  on both s ides o f  i t ,  thus 
g r o s s l y  v e r i f y i n g  i t. 

APPRAISAL AND APPLICABILITY OF M I S T  

The subject  o f  u t i l i z i n g  measurements o f  t h e  uranium minor isotopes 
as a safeguard technique has come t o  be known by i t s  acronym: MIST. The 
data which have been obta ined i n  t h i s  study d e f i n i t e l y  i n d i c a t e  t h a t  M I S T  
has t h e  p o t e n t i a l  o f  being a use fu l  ad junct  t o ,  but  no t  a s u b s t i t u t e  f o r ,  
m a t e r i a l  a c c o u n t a b i l i t y  f o r  safeguarding a 2 3 5 U  enrichment f a c i l  i t y .  Be- 
cause the  234U and 236U concentrat ions r e l a t i v e  t o  t h a t  o f  2 3 5 U  i n  the  
cascade withdrawal streams r e f l e c t  t he  cascade f lowsheet2 i n  a s p e c i f i c  
way, MIST can be q u i t e  va luab le  i n  con f i rm ing  o r  c o n t r a d i c t i n g  the  
dec lared f lowsheet and can serve as a means o f  determin ing t h e  ac tua l  one 
when i t  f a i l s  t o  con f i rm  the  declared one. I n  o rde r  t o  u t i l i z e  MIST, the 
f l o w  r a t e  o f  a t  l e a s t  one stream (product, feed o r  t a i l s )  must be known. 
The most use fu l  a p p l i c a t i o n  o f  M I S T  would be f o r  a m u l t i - f e e d  and/or 
mu l t i - p roduc t  case wherein the re  e x i s t s  u n l i m i t e d  combinations o f  stream 
feed and withdrawal ra tes  t h a t  w i l l  y i e l d  2 3 5 U  concent a t i o n s  i n  the  w l t h -  
drawal streams t h a t  a r e  unchanged from the  declared va 
isotope concen t ra t i ons  t h a t  vary w i t h  the stream r a t e s  

ues but minor 

P a r t i c u l a r  Q u a l i f y i n g  Features o f  M I S T  

The c a l c u l a t i o n s  and c o r r e l a t i o n s  which have been made and rep0 
demonstrate t h a t  t he  use o f  234U and 2 3 6 U  concentrat ion measurements 
enrichment cascade feed and withdrawal streams has th ree  fea tu res  wh 
q u a l i f y  i t  as a safeguards technique. These are:  

(1) The procedure does n o t  r e q u i r e  any d i s c l o s u r e  o f  process 
technology o r  s e n s i t i v e  p r o p r i e t a r y  i n fo rma t ion .  

ted 
i n  
ch 

(2) I t requ i res  data o n l y  on cascade e x t e r n a l  streams and there- 
f o r e  the re  would be no need f o r  access t o  process equipment 
by safeguards inspectors .  

21n i t s  usage i n  t h i s  study, t h e  word @aWAheet r e f e r s  t o  the  f l ow  r a t e  
and t h e  235U concentrat ion of each of the cascade feed and withdrawal 
streams. 
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( 3 )  The technique i s  app l i cab le  to  both o f  t h e  enrichment processes 
c u r r e n t l y  i n  use: gaseous d i f f u s i o n  and c e n t r i f u g a t i o n .  

I 
C a p a b i l i t y  Required for  the App l i ca t i on  o f  MIST 

An o rgan iza t i on  vested w i t h  the  r e s p o n s i b i l i t y  o f  app ly ing  M I S T  t o  a 
2 3 5 U  enrichment f a c i  1 i t y  would have t o  possess personnel, equipment and 
know-how t o  perform the  f o l l o w i n g  tasks:  

(1) Make s u f f i c i e n t l y  accurate analyses on cascade feed and w i t h -  
drawal samples for  t h e  234U, 235U, and 2 3 6 U  concent ra t ions  
the re in .  

( 2 )  Design an optimum or n e a r l y  optimum squared-of f  cascade t o  do 
t h e  separat ion j o b  corresponding t o  t h e  design flowsheet 
dec lared for  t h e  cascade under safeguards superv is ion.  

( 3 )  Carry o u t  four-component concent ra t ion  grad ien t  and p r o d u c t i v l  t y  
c a l c u l a t i o n s  for  var ious  f lowsheets f o r  any s p e c i f i e d  cascade. 

Appl i c a t  i o n  Costs 

No a t t e n t i o n  has been g iven i n  t h i s  study t o  the cos t  o f  u t i l i z i n g  
MIST. Mat ters  such as  t h e  number o f  samples which w i l l  have t o  be 
analyzed, t h e  cost  o f  h i g h  p r e c i s i o n  i so top ic  analyses, t h e  number of  
inspectors ,  requirements for  back-up personnel and t h e  cos t  o f  computing 
w i l l  determine t h e  a p p l i c a t i o n  c o s t .  The number o f  inspec tors  and t h e  
numbers o f  samples requ i red  should no t  be i n  excess of what i s  necessary t o  
c a r r y  ou t  ma te r ia l  account ing procedures. The incremental cos t  o f  MIST 
w i l l  l a r g e l y  be due t o  a n a l y t i c a l  cos ts  and t h e  requirements of back-up 
personnel t o  s e t  up the approp r ia te  c a l c u l a t i o n s  and i n t e r p r e t  t h e  r e s u l t s .  
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