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ABSTRACT 

Two i n t e r n a l  standards have been synthesized and evaluated f o r  
a p p l i c a t i o n  i n  mass spec t romet r ic  ? n a l y s i s  o f  uranium. Each standard i s  
a m i x t u r e  o f  h i g h l y  enr iched L!33U and 236U. One i s  used t o  
r e f i n e  235U/ 238U r a t i o  measurements and t h e  o t h e r  f o r  i so tope 
d i l u t i o n  a p p l i c a t i o n s .  An i n t e r n a l  standard c o n s i s t i n g  o f  a m i x t u r e  o f  
242Pu and 244Pu has been c h a r a c t e r i z e d  f o r  use i n  p lu ton ium 
analyses. Prec is ions  o b t a i n a b l e  on pulse-count ing inst ruments have been 
improved t o  about 0.1%. 

I N T R O D U C T I O N  

Thermal i o n i z a t i o n  mass spect rometry  i s  sub jec t  t o  a number o f  
b iases  which must be c o r r e c t e d  f o r  i f  analyses o f  h i g h  accuracy are t o  
be obtained. Among these are  same t h a t  are r e l a t i v e l y  p r e d i c t a b l e :  
convers ion e f f i c i e n c y  a t  t h e  f i r s t  dynodes o f  e l e c t r o n  m u l t i p l i e r s  var-  
i e s  w i t h  mass, as does t h e  e x t r a c t i o n  e f f i c i e n c y  o f  t h e  drawing ou t  
p o t e n t i a l  f i e l d  o f  t h e  i o n  source ( l i g h t e r  ions are  more r e a d i l y  ex- 
t r a c t e d  than heav ie r ) .  There are,  however, a number of b iases t h a t  a re  
unique f o r  each sample and which are u s u a l l y  cor rec ted  f o r  only on an 
average bas is .  The t w o  most impor tan t  a re  f i  1 ament-source geometry and 
sample-f i lament chemist ry .  The F i r s t  of these a r i s e s  from t h e  f a c t  
t h a t ,  i n  thermal i o n i z a t i o n ,  a new f i l a m e n t  must be brought i n t o  pos i -  
t i o n  f o r  each sample; t h e  most common devices f o r  accompl ishing t h i s  
a r e  a sample i n s e r t i o n  probe o r  a carousel  .l With present  technology, 
i t  i s  impossib le  t o  o b t a i n  exact r e p r o d u c i b i l i t y  on the  scale necessary 
f o r  a p p l i c a t i o n  o f  a t r u l y  constant  b i a s  c o r r e c t i o n .  D e t a i l e d  conf igu-  
r a t i o n  o f  t h e  f i l a m e n t  o r  f i l a m e n t s ,  i t s  p o s i t i o n  r e l a t i v e  t o  t h e  i o n  
source, and t h e  l o c a t i o n  o f  t h e  sample on t h e  f i l a m e n t  a re  some of t h e  
obvious f a c t o r s  a f f e c t i n g  b i a s  due t o  geometry. 

Sample-f i lament chemis t ry  i s ,  i f  anyth ing,  more d i f f i c u l t  t o  con- 
t r o l  than geometr ica l  f a c t o r s .  Many vagar ies can be t raced t o  i n t e r a c -  
t i o n s  o f  t h e  sample w i t h  t h e  sur+ace, which i s  u s u a l i y  rhenium f o r  a 
s i n g l e  f i l a m e n t  system. The chemical form o f  t h e  sample must be r i g -  
o r o u s l y  c o n t r o l l e d ;  t h i s  i s  no t  as easy as i t  may f i r s t  appear because 
many elements are s e n s i t i v e  t o  excess oxygen, tend ing  t o  leave t h e  sur-  
face as molecular  ox ide  species r a t h e r  than t h e  des i red  metal ions.  
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Since n i t r i c  a c i d  i s  a common d i s s o l u t i o n  medium, i t  i s  not p o s s i b l e  t o  

e l i m i n a t e  p r i o r  t o  l o a d i n g  t h e  excess oxygen prov ided by t h e  n i t r a t e .  
Evaporat ion as ox ide species has profound e f f e c t s  on observed i s o t o p i c  
r d t i o s  by compl ica t ing  the  f r a c t i o n a t i o n  process. I n  t h e  case o f  u r a n i -  
um, 110 and U02 a r e  both more v o l a t i l e  than t h e  metal .  It i s  v i r t u a l l y  
imposs ib le  t o  c o n t r o l  evaporat ion o f  ox ide  species i n  a fash ion  repro- 
d u c i b l e  enough f o r  a n a l y t i c a l  use and impossib le  t o  e l i m i n a t e  t h e  oxygen 
t h a t  causes t h e  problem. 

Var ious means have been t r i e d  over t h e  years t o  counteract  t h i s  
problem. The most successful  has been t o  use a m u l t i p l e - f i l a m e n t  
arrangement. I n  t h i s  technique t h e  uranium sample i s  c a r e f u l l y  ox id ized  
a f t e r  i t  has been loaded on i t s  f i l a m e n t .  I n  t h e  mass spectrometer, the 
sample i s  evaporated as UO o r  UO2 and impinged on a second, hot 
(%21OO0C), f i l a m e n t  where both f ragmentat ion of molecular  species and 
produc t ion  of Ut occur.  The c r u c i a l  f a c t o r  i n  t h i s  k i n d  o f  ana lys is  
i s  t o  have t h e  vast m a j o r i t y  o f  t h e  sample evaporate as a s i n g l e  

spec 

gram 
a r e  

es; which species seems t o  be o f  l e s s  importance. 
However, m u l t i p l e  f i l a m e n t  arrangements r e q u i r e  samples o f  a micro- 
o r  so,  and t h e r e  are numerous a p p l i c a t i o n s  where such q u a n t i t i e s  
nconvenient o r  impossib le  t o  ob ta in .  For samples o f  a nanogram o r  

l e s s ,  s i n g l e - f i l a m e n t  thermal i o n i z a t i o n  i s  necessary, w i t h  a1 1 t h e  
a t tendant  woes o f  non-reproducib le  f i l a m e n t  chemistry.  Samples prone t o  
leave t h e  f i l a m e n t  as v o l a t i l e  oxides, such as uranium and plutonium, 
a r e  reduced on the  f i l a m e n t s  b e f o r e  a n a l y s i s  by heat ing  i n  benzene vapor 
o r  by adding a small  amount o f  sucrose t o  the  f i l a m e n t .  N e i t h e r  tech- 
n ique i s  f u l l y  e f f e c t i v e  i n  e l i m i n a t i n g  evaporat ion as oxides. 

Some progress has r e c e n t l y  been made i n  r e g u l a t i n g  surface i n t e r a c -  
t i o n s .  The r e s i n  bead sample l o a d i n g  technique, i n  which uranium and 
p lu ton ium are loaded onto t h e  f i l a m e n t  on anion r e s i n  beads, prov ides a 
reducing environment i n  i n t i i n a t e  contact  w i t h  t h e  sample and s i g n i f i -  
c a n t l y  reduces evaporat ion as ox ide  species I o n  microprobe 
s t u d i e s  reveal  t h a t  t h e  bead a l s o  seems t o  serve as a r e s e r v o i r  o f  
sample, feeding i t  t o  the i o n i z a t i o n  reg ion  i n  a c o n t r o l l e d  manner.4 
A d d i t i o n  o f  an overcoat o f  rhenium s l u r r i e d  i n  a sucrose s o l u t i o n  



3 

enhances i on  emission and a l s o  prav ides b e t t e r  c o n t r o l  o f  

evaporat ion.5 as does e l e c t r o d e p o s i t i o n  o f  a l a y e r  o f  rhenium over t h e  
s amp1 e .6 9 7 38 

For  bo th  s i n g l e  and m u l t i p l e  f i l a m e n t  c o n f i g u r a t i o n s ,  the  normal 
procedure i s  t o  a r r i v e  a t  a b i a s  c o r r e c t i o n  per  mass a p p l i c a b l e  t o  a l l  
samples. T h i s  b i a s  c o r r e c t i o n  i s  determined by r e p e t i t i v e  analyses o f  a 
c e r t i f i e d  standard whose i s o t o p i c  composi t ion i s  known t o  a h i g h  degree 
o f  accuracy; t h i s  standard i s  u s u a l l y  NBS U-500, where t h e  r a t i o  o f  
23511 t o  23811 i s  c lose  t o  one. The c o r r e c t i o n  f a c t o r  necessary 

t o  conver t  t h e  measured va lue o f  t h e  r a t i o  t o  t h e  t h e o r e t i c a l  i s  then 
t h e  b i a s  c o r r e c t i o n  r e q u i r e d  f o r  t h a t  ana lys is .  Several r e p l i c a t e  
analyses (we use a t  l e a s t  s i x )  a r e  performed, t h e  average o f  the  b i a s  
c o r r e c t i o n  obta ined from them, and i t s  value used i n  a l l  subsequent 

analyses o f  r o u t  i ne samples. 
The idea o f  app ly ing  an i n t e r n a l  standard i s  t h a t ,  i f  one knows t h e  

va lue  o f  one i s o t o p i c  r a t i o  ext remely w e l l ,  comparison o f  t h e  measured 
w i t h  t h e  known value a l lows c a l c u l a t i o n  o f  t h e  b i a s  c o r r e c t i o n  a p p l i c -  
a b l e  t o  t h e  s p e c i f i c  f i l a m e n t  and opera t ing  c o n d i t i o n s  i n  quest ion.  
Vagar ies i n  f r a c t i o n a t i o n  w i l l ,  i n  theory,  a u t o m a t i c a l l y  be cor rec ted  
f o r ,  and a more accurate a n a l y s i s  w i l l  r e s u l t .  To apply  t h i s  technique 
o b v i o u s l y  r e q u i r e s  a t  l e a s t  t h r e e  isotopes:  two f o r  t h e  i n t e r n a l  stand- 
a rd  r a t i o  and a t  l e a s t  one f o r  t h e  sample. B ias c o r r e c t i o n  i s  assumed 
t o  vary l i n e a r l y  w i t h  mass over t h e  r e l a t i v e  small  range requ i red  f o r  a 
s i n g l e  element, which i s  a v a l i d  approximat ion.  I t  i s  known not t o  be 
l i n e a r  over extended mass ranges. 

Appl i c a t i o n  o f  i n t e r n a l  standards t o  thermal i o n i z a t i o n  mass spec- 
t r o m e t r y  was f i r s t  suggested by D i e t z  e t  al .9  It has been app l ied  f o r  
many years i n  s t r o n t i u m  analyses, where the  n a t u r a l  abundance r a t i o  o f  
i s o t o p e s  86 and 88 p r o v i d e  a b u i l t - i n  i n t e r n a l  standard f o r  c a l c u l a t i n g  
t h e  b i a s  t o  be a p p l i e d  t o  determine t h e  abundance o f  t h e  rad iogen ic  
nucl i d e ,  87Sr . lo  It has been a p p l i e d  t o  molybdenum, 
n i c k e l  , I1 and o t h e r  elements as w e l l  as t o  ~ r a n i u r n . ~ , ~ 2 , ~ ~  The 
t h e o r y  behind i t s  . a p p l i c a t i o n  has been e x t e n s i v e l y  t r e a t e d  by 
D o d s o n . 1 4 ~ ~ ~  

T h i s  paper presents  more ex tens ive  r e s u l t s  w i t h  regard t o  t h e  
a p p l i c a t i o n  o f  i n t e r n a l  standards t o  uranium i s o t o p i c  analyses than have 
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been a v a i l a b l e  p r e v i o u s l y  and should a l l o w  a r e a l i s t i c  appra isa l  o f  i t s  

va l  IR over widespread i s o t o p i c  and concen t ra t i on  ranges. We a1 so r e p o r t  
t h e  f i r s t  development of a p lu ton ium i n t e r n a l  standard, and we p o i n t  out  
t h e  area l i m i t i n g  f u r t h e r  advance. 

CALCULATIONAL CONSIDERATIONS 

Recause o f  t h e  small  s i z e  o f  t h e  samples being analyzed, pulse- 
coun t ing  d e t e c t i o n  systems are iised on a l l  t h r e e  mass spectrometers 
employed i n  t h i s  work; these m u l t i - s t a g e  ins t ruments  have been p r e v i -  
ous l y  descr ibed 917 Previaus work us ing  i n t e r n a l  standards 
addressed t h e  case o f  analogue, as opposed t o  d i g i t a l ,  ou tpu t  
Although a lgeb ra i c  s o l u t i o n s  o f  t h e  simultaneous equations i nvo l ved  are  
poss ib le ,  an i t e r a t i v e  approach i s  g e n e r a l l y  used. Resu l ts  f o r  b ias  
c o r r e c t i o n s  obta ined i t e r a t i v e l y  were i d e n t i c a l  t o  those obta ined ana- 
l y t i c a l l y  i n  an independent ly  devel oped computer program.18 

Pulse count ing  y i e l d s  ou tpu t  i n  d i g i t a l  form and s i m p l i f i e s  t o  some 
e x t e n t  t reatment  o f  t h e  da ta  by a l l o w i n g  c o r r e c t i o n s  t o  he made d i r e c t l y  
t o  t h e  counts c o l l e c t e d  f o r  any g iven mass. The equat ions i nvo l ved  have 
been so lved f o r  t he  genera? case and are  app l i cab le  t o  any element. I n  
these equations, s u b s c r i p t s  a and b represent  t h e  i n t e r n a l  standard i s o -  
topes and c t h e  a n a l y t e  i so tope;  s u b s c r i p t s  t, s, and m r e f e r  respec- 

t i v e l y  t o  t h e  t r a c e r  ( s p i k e  or t he  i n t e r n a l  standard), unspiked sample, 
and m ix tu re  a f  sample and sp ike;  C r e f e r s  t o  counts and R t o  i s o t o p i c  
r a t i o s ,  Thus, Rats r e f e r s  t o  t h e  i s o t o p i c  r a t i o  o f  i so tope  a t o  
i so tope  c i n  t h e  unspiked sample. For the  case o f  uranium, a=233, 
b=236, and c=238. To d e r i v e  t h e  necessary equat ions,  which are com- 
p l e t e l y  general,  we need t o  c o r r e c t  f o r  t h e  c o n t r i b u t i o n  o f  t h e  sp ike  
( i n t e r n a l  s tandard)  t o  t h e  sample mass (mass c )  and f o r  t h e  c o n t r i b u t i o n  
o f  t he  sample t o  t h e  sp i ke  masses ( a  and b) .  A l g e b r a i c a l l y ,  we need t o  
c a l c u l a t e  C s t ,  Cat, and Ccs.  It i s  thus  necessary t o  
know t h e  i s o t o p i c  composi t ion o f  t he  sp ike  and t h e  sample p r i o r  t o  ana- 
l y z i n g  t h e  mix tu re .  
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We s t a r t  by d e f i n i n g  t h e  number o f  counts f o r  a given i so tope i n  

t h e  m i x t u r e  o f  sp ike  and sample as t h e  sum o f  i t s  c o n s t i t u e n t s .  We have 
chosen mass %” here, b u t  mass “a“ cou ld  o b v i o u s l y  be s u b s t i t u t e d  and 
e q u i v a l e n t  r e s u l t s  a b t a i  ned I 

‘bm - - ‘bs “bt 

- 
‘cm - + 

But we know that  

- 
‘bs - ‘CS Rbcs 

and 

- 
‘ct - ‘bt R c b t ’  

Thus , by s u b s t i t u t i o n  , one o b t a i n s  : 

‘bm = ‘csRbcs “bt 

and 

- 
‘CS - ‘cm ‘b tRcbt *  

Hence 

( 3 )  

( 4 )  

( 5 )  

T h u s ,  t h e  number of counts o f  two i n t e r n a l  standard isotopes cor rec ted  
f o r  t h e  c o n t r i b u t i o n  of t h e  sample are c a l c u l a t e d  from t h e  f o l l o w i n g  
equat ions:  
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C ‘am - Rats cm c = -  
a t  1 e RacsRcat’ 

- ‘bm - ‘bcsCcm - 
‘bt - RbcsRcbt ’  

The counts o f  t h e  ana ly te  i so tope due t o  the  sample can then be 
c a l c u l a t e d  f r o m  e i t h e r  C a t  o r  Cbt: 

- 
‘cs - ‘cm - ‘atRcat or- 

To c a l c u l a t e  t h e  b ias  c o r r e c t i o n  pes mass, f, necessary t o  apply  t o  t h e  
da ta ,  t h e  f o l l o w i n g  equat ion i s  used: 

where M, i s  t h e  re levan t  i s o t o p i c  mass. 
I n  t h e  i t e r a t i v e  schemep t h e  var ious  co r rec ted  counts a re  est imated 

u s i n g  equat ions 8-10 and an approximate b i a s  c o r r e c t i o n  c a l c u l a t e d  us ing 
equat ion  11. The new va l  sles o f  counts c a l c u l a t e d  by app ly ing  t h i s  b i a s  
c o r r e c t i o n  are  then i n s e r t e d  i n t o  equations 8-10 and t h e  process re- 

peated u n t i l  successive values o f  a t e s t  r a t i o  ( * 3 5 ~ / * 3 * ~  if 
ref inement  o f  t h a t  r a t i o  i s  requ i red ;  233U/238U o r  236U/ 

238U f o r  i s o t o p i c  d i l u t i o n  work) agree t o  w i t h i n  1 porn. T h i s  
u s u a l l y  takes t h r e e  01“ f ou r  i t e r a t i o n s  and i s  accomplished automat ica l  l y  

i n  t h e  computer programs t h a t  process the  data.19320 The i t e r a t i v e  
p ro toco l  i s  o u t l i n e d  i n  Table 1. 
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Table 1. I t e r a t i v e  Gal c u l  a t i o n a l  Procedure 

1. Correct  a l l  mass p o s i t i o n s  f o r  deadtime and background. 
2. Correct  r e l e v a n t  mass pos-itions f o r  c o n t r i b u t i o n s  From second 

component: major  s p i k e  components f o r  sample c o n t r i b u t i o n ;  
sample peaks f o r  sp ike  c o n t r i b u t i o n .  

mass p o r i  t ions. 

f a i l s ,  o therw ise  proceed t o  f u r t h e r  c a l c u l a t i o n s .  

3. C a l c u l a t e  b i a s  c o r r e c t i o n  per  mass and apply  t o  counts a t  a l l  

4 .  Check t e s t  r a t i o  f o r  convergence; r e t u r n  t o  step 2 i f  t e s t  

EXPERIMENTAL 

Synthes iz ing  two uranium spikes was necessary because o f  t h e  scar-  
c i t y  o f  h i g h  p u r i t y  236U. I so tope d i l u t i o n  procedures r e q u i r e  
about 1 mg o f  sp ike  per sample, and t h e  t o t a l  I1.S. supply o f  23% 
o f  g r e a t e r  than 99% p u r i t y  i s  o n l y  about 50 mg, Enough h i g h  p u r i t y  
23% was obta ined f o r  use i n  re f inement  o f  235U/238U 
r a t i o s .  I n  t h i s  case, sample and sp ike  were e q u i l i b r a t e d  on a g lass 
microscope s l i d e ;  o n l y  a few nanograms o f  sp ike  were consumed f o r  each 
sample. To reduce u n c e r t a i n t y  i n  t h e  c o r r e c t i o n  o f  23% f o r  con- 
t r i b u t i o n  from t h e  sp ike,  sample-spike r a t i o s  o f  between 5- and 20-to- 
one were used. 

I s o t o p e  d i l u t i o n  work, where t h e  23% need not be monitored as 
t h e  i s o t o p i c  composi t ion o f  t h e  sample i s  known, presents  l e s s  s t r i n g e n t  
demands f o r  i s o t o p i c  p u r i t y  of the sp ike  components. There i s  a r e l a -  
t i v e l y  abundant supply o f  236U o f  about 89% i s o t o p i c  p u r i t y ,  and we 
obta ined some f o r  t h i s  purpose. E q u i l i b r a t i o n  i n  t h i s  case i s  done i n  
v i a l s  c o n t a i n i n g  sample s o l u t i o n  and about one m i l l i g r a m  of mixed sp ike  
i n  d i l u t e  HN03 so t h a t  t h e  spike-sample m i x t u r e  y i e l d s  a 233U/ 
23% r a t i o  of  about one. 

The two components (233U and 23611) were mixed t o  give a 

r a t i o  o f  about one i n  each spike.  The i s o t o p i c  composi t ions o f  t h e  
i n d i v i d u a l  components and o f  t h e  two r e s u l t i n g  i n t e r n a l  standards are 
g i v e n  i n  Table 2. 
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Table 2. I s o t o p i c  Composit ion o f  Uranium I n t e r n a l  Standards ~ . _ _ _ _ -  ~ - - -  

.-- Iso tope 233 234 _- 235 236 2 38 - 2 3 3/ 2 36 

High P u r i t y  Spike 
233 Component 99.925 0.0317 0.0032 0.0014 0.038 
236 Component 0.0108 0.0008 0.201 99.674 0.113 
M i x t u r e  46.935 0.0155 0.1084 52.864 0.0771 0.88785 

Low P u r i t y  Spike 

233 Component 99.528 0.185 0.062 0.015 0.209 

236 Component 0.000 0.119 9.25 89.27 1.32 
M i  x t u  re 47.899 0.153 4.903 46.250 0.795 1.03566 - - - -- -__I 

These sp ikes were f i r s t  i s o t o p i c a l l y  c a l i b r a t e d  by us ing t h e  
well-known 2351J/238U r a t i o  o f  NBS U-500 as t h e  i n t e r n a l  

s tandard t o  determi  ne t h e  233~/236u r a t i o ;  t h e  
235U/238U r a t i o s  i n  the  sp ikes were then es tab l i shed  by 
ana lyz ing  t h e  sp ikes a lone and us ing  t h e  known 233U/236U 
r a t i o s  as i n t e r n a l  standard r a t i o s .  Results o f  these analyses are  g iven 
i n  Table 3. The p rec i s ions  quoted are  standard dev ia t i ons  ca l cu la ted  
f r o m  t h e  formula 

n 2 s = 7: [ ( x  - xi) / ( n  - 1)] ’ /2, where xi 
i =1 

are  t h e  i n d i v i d u a l  values and x t h e  average o f  n de terminat ions .  

Table 3. C a l i b r a t i o n  of  Uranium I n t e r n a l  - Standards 

H i  gh P u r i t y  0.88785+0.00070 - 0.002051 - +O .000003 0.001458+0 - .000030 
Low P u r i t y  1.03566+0.00022 - 0.10196 - +0.00005 0.01657 - +0.00003 
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The c o n c e n t r a t i o n  of t h e  low p u r i t y  sp ike  was determined by c a l i -  

b r a t i o n  w i t h  g r a v i m e t r i c a l l y  prepared s o l u t i o n s  o f  NBS 11-950 (na tura?  
uranium). Knowledge o f  t h e  c o n c e n t r a t i o n  o f  t h e  h i g h  p u r i t y  sp ike  was 
unnecessary. 

RESULTS AND DISCUSSION 

The e f f e c t  o f  t h e  h i g h  p u r i t y  i n t e r n a l  standard was evaluated by 

process ing t h e  data from r e p l i c a t e  analyses o f  two samples us ing bo th  
t h e  b i a s  c o r r e c t i o n  c a l c u l a t e d  on t h e  b a s i s  o f  t h e  i n t e r n a l  standard and 
t h e  average b i a s  c o r r e c t i o n  i n  r o u t i n e  use f o r  the  inst rument  i n  
quest ion.  Thus t h e  da ta  f o r  each sample were i d e n t i c a l  f o r  t h e  two 
processings; o n l y  t h e  ca l  c u l  a t i o n a ?  procedure was changed. Both samples 
were e q u i l i b r a t e d  w i t h  t h e  s p i k e  i n  s o l u t i o n  b e f o r e  load ing  on t h e  
f i laments .  The r e s u l t s  obta ined are  g iven i n  Table 4. Table 5 conta ins  
d e t a i  1 ed r e s u l t s  f o r  NBSO? 0 e 

Table 4.  ComDarison o f  Resu l ts  w i t h  and w i t h o u t  
Use' o f  an I n t e r n a l  Standard ~ - -  

Without  R i  as Wi th  Bias 
Cor rec t  i o n  

X Mass Correction 235,j/238u Sample Analyses 235u/238u % Mass 

NBS U O l O  6 0.012172 0.296 0.012192 0.234 
- +O .000043 - +o .000009 

SALE H-66 6 0.025770 0.296 0.025702 0.384 

- +O .000053 +O .000029 
I 

S i g n i f i c a n t  improvement i n  p r e c i s i o n  was noted f o r  each sample. Ne i ther  
o f  t h e  two 235U/238U values can be compared d i r e c t l y  t o  t h e  
accepted one f o r  t h e  sample i n  quest ion s ince  each r e f l e c t s  a c o n t r i b u -  
t i o n  from the  sp ike.  Tables 4 and 5 a l s o  l i s t  t h e  average b i a s  cor rec-  
t i o n  per mass a p p l i e d  i n  each case. The value a p p l i e d  when no i n t e r n a l  
s tandard c a l c u l a t i o n s  were done (0.296%) was der ived  i n i t i a l l y  by ana- 

l y z i n g  NBS-U500 and then by r e f i n i n g  through r o u t i n e  checks aga ins t  
NBS-UO10. The average values repor ted  i n  Table 4 f o r  the  i n t e r n a l  
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Table 5. FIBS U 010 w i t h  and w i t h o u t  I n t e r n a l  Standard C a l i b r a t i o n  

Recrul a r  ( w i t h o u t  1 

1 
2 
3 
4 

5 
6 

Avg . 
S.D. 
RSD, % 

1 
2 
3 
4 
5 
6 

Avg . 
S.D. 
RSD, % 

233/238 

0.87763 0.01 221 5 0.98781 0.296 
0.8791 2 0.01 21 97 0.98929 
0.87282 0.01 21 33 0.98661 
0.86603 0.012106 0.98327 
0.87644 0.01 2205 0.98751 
0.87592 0.01 21 76 0.98723 

0.87466 0.01 21 72 0.98695 
0.00472 0.000043 0.00201 
0.5 0.4 0.2 

I n t e r n a l  Standard ( w i t h )  

233/238 235/238 236/23a BC /mas s 

0.87652 0.01 2206 0.98732 0.321 
0.87758 0.01 21 83 0.98851 0.335 
0.87793 0.012182 0.98891 0.179 
0.87752 0.01 21 88 0.98844 0.033 
0.87720 0.01 21 99 0.98808 0.267 
0.87686 0.01 21 95 0.98770 0.266 

0.87727 0.01 2191 0.9881 6 0.234 
9.00052 0 .O00009 0.00058 0.113 
0.06 0.08 0.06 48. 
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standard c a l c u l a t i o n s  were based on t h e  averages obta ined from the  s i x  
samples (See Table 5 )  which a r e  themselves averages o f  t h e  t e n  
i n d i v i d u a l  de termina t ions  which comprise an a n a l 6 i s .  Each one thus 
represents  about 60 i n d i v i d u a l  determinat ions.  

The v a r i a t i o n  from sample t o  sample (and sometimes from run t o  run)  
o f  t h i s  b i a s  c o r r e c t i o n  per  mass g r a p h i c a l l y  i l l u s t r a t e s  the  power o f  
t h e  i n t e r n a l  standard. Even though grea t  care i s  exerc ised t o  take  data 
under as n e a r l y  i d e n t i c a l  c o n d i t i o n s  as poss ib le ,  we have observed the  
b i a s  c o r r e c t i o n  per  mass t o  vary from more than 0.5% p e r  mass t o  nega- 
t i v e  values. Table 6 t a b u l a t e s  t h e  v a r i a t i o n  o f  b i a s  c o r r e c t i o n  w i t h i n  
a s i n g l e  ana lys is .  

One o f  t h e  c r i t i c a l  parameters i n  normal i s o t o p i c  analyses i s  t o  be 
sure data are taken on approx imate ly  t h e  same p o r t i o n  o f  the  i s o t o p i c  
f r a c t i o n a t i o n  curve f o r  each sample. Th is  i s  u s u a l l y  est imated on a 
t i m e  - vs temperature coord ina te  system and i s  a t  bes t  o n l y  a crude ap- 
p rox imat ion .  To i n v e s t i g a t e  t h e  e f f e c t  o f  t h e  i n t e r n a l  standard on t h i s  
parameter, we performed r e p e t i t i v e  analyses on t h e  same f i l a m e n t  load-  
ing .  The r e s u l t s  a re  shown i n  Table ?, where c o n c e n t r a t i o n  r e s u l t s  f o r  
SALE sample H-66 a r e  repor ted.  Each p o i n t  l i s t e d  represents  t h e  average 
o f  a t  l e a s t  15 runs, more than enough f o r  a normal complete analys is .  
The e f f e c t  o f  t h e  i n t e r n a l  standard i s  obvious; o n l y  near t h e  end, a f t e r  

more than 4 hours o f  opera t ion  a t  over 1750°C, does it f a i l  t o  produce 
an accurate r e s u l t .  F r a c t i o n a t i o n  a t  t h i s  p o i n t  i s  severe and i o n  
c o u n t i n g  r a t e s  are q u i t e  low. It thus appears t h a t  the  requirement t o  
t a k e  data a t  h i g h l y  reproduc ib le  t ime-temperature p o i n t s  i s  not  as 

s t r i n g e n t  when an i n t e r n a l  standard i s  used; t h i s  i s  a powerful  
advantage. 

One o f  t h e  i n t e r e s t i n g  observat ions made i n  t h e  course o f  these 
exper iments i s  t h a t  t h e  mass spec t romet r ic  a n a l y s i s  may not  always be 
t h e  l i m i t i n g  f a c t o r  i n  t h e  accuracy o f  a measurement. Two SALE 1-1-66 
samples were prepared i n  p a r a l l e l  ; a l l  a n a l y t i c a l  steps, i n c l u d i n g  
weighing, d i s s o l u t i o n ,  and s p i k i n g ,  were c a r r i e d  out  independent ly.  The 
uranium concent ra t ions  determined are  g iven i n  Table 8. Note t h a t  no 
c o n c e n t r a t i o n  f o r  p r e p a r a t i o n  1 i s  as h i g h  as the  lowest  f o r  p repara t ion  
2; t h e  two da ta  se ts  have no over lap.  It seems reasonable t o  conclude 
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Table 6. V a r i a t i o n  o f  Rias w i t h i n  a S i n g l e  Ana lys is  

Run B ias  (% Mass) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

0.644 
0.454 
0.462 
0.632 
0.521 
0.837 
0.633 
0.530 
0.543 
0.500 

Avg . 0.576 
S.D. 0.115 -l.l.l_- 

Table 7. Uranium Resu l ts  from a S i n g l e  Resin Bead 
Run t o  Exhaustion (SALE H-66) 

- - . - . - . - ~ - . ~  
Avg. B ias Corr. I n t .  Std. Avg. B ias Corr. I n t .  Std. 

Run 238/233 - 238/233 W t .  % W t .  % 

1 
2 
3 
4 
5 
6 
7 
0 
9 

10 
11 

0.6342 
0.6403 
0.6372 
0.641 7 
0.6380 
0.6476 
0.6386 
0.6203 
0.6388 
0.6354 
0.6350 

0.4352 
0.6341 
0.6341 
0.6338 
0.6342 
0.6342 
0.6340 
0.6339 
0.6347 
0 -6345 
0.6348 

87.82 
88.66 
88.23 
88 -86 
88.34 
89.68 
88.43 
85.93 
88.46 
87.97 
87.93 

87.96 
87.80 
87.80 
07.77 
87.81 
87.82 
87.79 
87.81 
87.89 
87.85 
07.90 

Avg . 0.6370 0.6343 88.21 87.84 
S.D. 0 .O067 0.0004 0.92 0.06 

0.07 %RSD 1.05 0.07 1.05 
-l_l-- 
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t h a t  u n c e r t a i n t i e s  i n  weighing, p i p e t t i n g ,  etc.,  a t tendant  upon sample 

p r e p a r a t i o n  are  t h e  source o f  t h i s  phenomenon. llnder normal c o n d i t i o n s ,  
t h i s  f a c t  would not have been observed: t h e  p r e c i s i o n  f o r  a l l  seven 
analyses i s  - +0.05%. 

A systems c a l i b r a t i o n  check was made by analyz ing r e p l i c a t e  load- 
i n g s  o f  a s e r i e s  o f  NBS standards. The r e s u l t s  are g iven i n  Table 8. 
A l l  samples were e q u i l i b r a t e d  w i t h  t h e  h i g h  p u r i t y  sp ike  on g lass micro-  
scope s l i d e s .  The dimples i n  t h e  s l i d e s  were used t o  h o l d  the  so lu -  
t i o n s ;  t h e i r  volumes were 30-40 uL. This  al lowed mix ing  about 30 p L o f  
sample w i t h  about 10 1lL of  sp ike  s o l u t i o n .  E f f o r t s  t o  achieve e q u i l i -  
b r a t i o n  i n  t h e  f i l a m e n t s  f a i l e d .  The volume o f  each f i l a m e n t  i s  about 1 
p L ,  and, due t o  t h e  canoe shape,z1 c a p i l l a r y  a c t i o n  drew t h e  b u l k  

o f  t h e  s o l u t i o n  t o  t h e  two ends. This  seemed t o  prevent adequate mix ing  
o f  successive 1 p L  l o a d i n g s  o f  sample and sp ike i n  about 20% o f  the  
cases. To reduce c o r r e c t i o n s  t o  t h e  235 mass p o s i t i o n ,  an approximate 
1O:l sample t o  sp ike  r a t i o  was used. It should be noted t h a t ,  f o r  the 
NBS-U500 standard,  t h i s  r a t i o  r e q u i r e s  a c o r r e c t i o n  t o  the  235 p o s i t i o n  

of  about 1%. 
The r e s u l t s  l i s t e d  i n  Table 9 deserve some comment. We c o n s i s t e n t -  

l y  obta ined p r e c i s i o n s  o f  about - + O . l % ,  and a t  h i g h e r  enrichments (5% o r  
more), we were c o n s i s t e n t l y  b e t t e r  than t h a t  f i g u r e  except f o r  NBS-U970; 

our  r e l a t i v e l y  poor r e s u l t s  (+0.3%) - f o r  t h i s  standard are  unexplained. 
I n  t h e  t h i r d  column o f  t h e  t a b l e ,  we l i s t  t h e  values obtained by 
d i v i d i n g  t h e  measured 235/238 r a t i o  by t h e  c e r t i f i e d  values; t h e y  are 
thus  a measure o f  our accuracy. We were accurate t o  - +O.lX or b e t t e r  i n  
a l l  cases b u t  one; NBS-U750 s t u b b o r n l y  re fused t o  conform. The o r i g i n a l  
s e t  o f  s i x  qeasurements and a secand s e t  o f  s i x  gave r e s u l t s  t h a t  were 
s t a t i s t i c a l l y  i n d i s t i n g u i s h a b l e ;  t h e  r e s u l t s  i n  t h e  t a b l e  r e f l e c t  a l l  
t w e l v e  measurements. Our p r e c i s i o n  on t h e  235/238 r a t i o  was - +0.04%, and 
we are 0.17% h i g h  f o r  t h e  average value. We have no exp lanat ion  o f  t h i s  
un less t h e  c e r t i f i e d  va lue i s  s l i g h t l y  i n  e r r o r ,  

Resu l ts  a re  
g i v e n  i n  Table 10. Again, t h e  power of the  technique i s  ev ident ,  w i t h  
r e l a t i v e  standard d e v i a t i o n s  of b e t t e r  than 0.1%. The poorer p r e c i s i o n  
r e p o r t e d  f o r  t h e  300 s e r i e s  sample undoubtedly r e f l e c t s  i t s  known l a c k  
o f  t h e  des i  red homogeneity. 

The low p u r i t y  s p i k e  was evaluated us ing  SALE samples. 
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Table 8. Analyses of SALE H-66: Two Preparations 
(Concentrations i n  % U) 

Rep1 i cate Pre2 -_I 1 Prep 2 

87.738 
87.744 
87.742 

87.823 
87.803 
87.81 3 
87.836 

Avg 87.741 87.819 
S.D. 0 .003 0.014 
RSD, % __ -_-_ 0.003 0.01 6 

Tab1 e 9.  Systems Cal i b r a t  i an 

St anda r d  Pct.  235 5/8 Meas.-5/8 Theo. % RSD 

005 
950 
01 0 
020 
030 
050 
loo 
290 
500 
750 
930 
970 

0.4895 
0.720 
1.0037 
2.038 
3.046 
5.010 
10.190 
20.013 
49.696 
75.357 
93.336 
97.663 

0.9999 
1 .oooo 
0.9992 
1.0008 
0.9999 
1.0008 
1 .(IO01 
1.0001 
1.0002 
1.0017 
1.0004 
1.0009 

0.10 
0.14 
0.1 1 
0.14 
0.1 1 
0.03 
0.05 
0.08 
0.07 
0.04 
0.08 
0.31 

Avg e 1.0003 0.11 
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Table 10. Q u a n t i t a t i v e  Resu l ts  of SALE Samples 

H-66 
- Analys is  Pct. u 

1 87.80 
2 87.75 
3 87.78 
4 87.79 
5 87.70 
6 87.74 

Avg . 87.76 
S.D. 0.04 
Pct  RSD 0 .04 
Reference 87.78 
Avg/Ref 0.9998 

300 Ser ies  
Anal y s i  s Pct .  u 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

88.06 
88.10 
87.97 
88.09 
88.15 
88.15 
88.19 
87.98 
87.97 
88.04 
88.06 
88.09 
88.00 
88.02 

Avg . 88.06 
S.D. 0.07 
Pct  RSD 0.08 
Reference 88.08 
Avg/Ref 0.9998 



16 

I n  a d d i t i o n  t o  t h e  uranium i n t e r n a l  standards, we have synthe- 
s ized,  charac ter ized ,  and put i n t o  use one of  plutonium. The isotopes 
chosen f o r  i n t e r n a l  standard use were 242 and 244. The composi t ion o f  
t h e  enr iched iso topes  and t h e  r e s u l t i n g  m i x t u r e  are g iven i n  Table 11 
and t y p i c a l  r e s u l t s  i n  Table 12. 

Table 11. Pu I n t e r n a l  Standard 

235 2 39 240 241 242 244 
__I_ 

High 242 0.0004 0.0048 0.0518 0.0246 99.853 0.0648 
High 244 0.0015 0.0409 0.0863 0.0008 0.911 98.950 
M i  X 0.00056 0.02258 0.06813 0.00892 50.0343 49.8655 

Table 12. Typ ica l  Resu l ts  Using t h e  Pu I n t e r n a l  Standard 

2381239 2401239 241 /239 
NBS 947*, c e r t i f i e d  0.00358 0,241 39 0.03469 
NBS 947, measured 0 .(I0359 0.241 33 0.03468 

RSD, % 0.6 0.08 0.12 
Std. Dev. 0 * 00002 0.00020 0 .OOQ04 

Corrected t o  February 15, 1983 

We had no t e s t  sample f o r  p lu ton ium analogous t o  t h e  uranium ones 
prov ided by SALE, bu t  ex te rna l  p r e c i s i o n  o f  measurements o f  unknown 
samples was about what we obta ined f o r  t o t a l  uranium: b e t t e r  than 

Widespread a p p l i c a t i o n  o f  a p lu ton ium i n t e r n a l  standard i s  pre- 
- +0.1%. 

c luded by t h e  l a c k  o f  a v a i l a b i l i t y  o f  244Pu. It i s  very expensive 
t o  produce, and, a t  t h e  t ime o f  w r i t i n g  (August, 1985), t he  ou t look  f o r  
f u r t h e r  p roduc t ion  i s  b leak.  
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It i s  p a r t i c u l a r l y  d i sappo in t i ng  t h a t  t h i s  is t he  case because t h i s  

technique would have a profound e f f e c t  on safeguards. Wi th  the  l a t e s t  
s t a t e - o f - t h e - a r t  i so tope  r a t i o  mass spectrometers,  p rec i  s ions o f  b e t t e r  
than - t O . O l %  have been at ta ined.13 Table 13 l i s t s  r e s u l t s  obta ined 
us ing  our new Vacuum Generators VE-354 i so tope  r a t i o  mass spectrometer.  
A prospec t i ve  uranium i n t e r n a l  standard made o f  a m ix tu re  o f  enr iched 
23% and 23611 was analyzed i n  r e p l i c a t e ,  and NBS U-500 was used 
as t h e  i n t e r n a l  standard. The two r a t i o  columns con ta in  values f o r  t he  
m i x t u r e  o f  t h e  proposed sp ike  and NBS U-500 and those w i t h  the  con t r i bu -  
t i o n  o f  t h e  NBS standard s t r i p p e d  away; i t  i s  t h i s  second value t h a t  
would be used as the  i n t e r n a l  standard r a t i o .  Prec is ions  o f  t0.005 per -  
cent  were obta ined and are comparable t o  many t i t r i m e t r i c  techniques; i t  
i s  t h e  p o s s i b i l i t y  o f  o b t a i n i n g  such h i g h  q u a l i t y  analyses Prom 
microgram-sized samples {as opposed t o  m i l l i g ram-s i zed )  t h a t  i s  so 
a t t r a c t i v e  t o  safeguards. The i n t e r n a t i o n a l  program, admin is tered by 
t h e  I n t e r n a l  Atomic Energy Agency { I A E A )  f rom Vienna, analyzes several  
thousand samples a year.  The cos t  savings t h a t  could be r e a l i z e d  by a 
d r a s t i c  reduc t i on  o f  sample s i z e  i s  enormous. 

- 

Table 13. I n t e r n a l  Standard Ana lys is  Using VG-354 

M ix tu re  Sample 
P o s i t i o n  233/236 2331236 

-_l__-.ll---_l____ _I- 

1 
2 
3 
4 
5 
6 
7 

Avg . 
S.D. 

RSD, X 

Q .888260 
0 .a881 46 
0 A881 74 
0.888209 
0.8881 61 
0.88821 3 
o .ma254 
0.888202 
0.000044 

0.005 

0.889491 
0.889377 
0,889405 
0.889440 
0.889393 
0.889444 
0 ,889486 
Q .889434 
0.000044 

0.005 
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There i s  c u r r e n t l y  under way a j o i n t  experiment i n v o l v i n g  t h e  I A E A ,  
ORNL, t h e  French nuc lear  l a b o r a t o r y  a t  Saclay, and t h e  French reproces- 
s i n g  f a c i l i t y  a t  LaHague. ORNL's p a r t i c i p a t i o n  i s  funded by the  I n t e r -  
n a t i o n a l  Safeguards P r o j e c t  O f f i c e  under ISPQ Task A-126. Samples o f  
spent r e a c t o r  f u e l  were taken a t  LaHague and sp iked w i t h  an i n t e r n a l  
s tandard composed o f  a m i x t u r e  o f  uranium (23% -t- 23%) and p l u -  
ton ium ( 2 4 2 ~ ~  + 2 4 4 ~ ~ 1 ,  A re ference sample was processed i n  
p a r a l l e l  w i t h  t h e  spent fue l  samples. Samples were shipped t o  the  v a r i -  
ous l a b o r a t o r i e s  bo th  on r e s i n  beads and as res idues o f  d r i e d  s o l u t i o n s .  
Resu l t s  frorn t h e  two techniques w i l l  be Compared, as w i l l  r e s u l t s  
ob ta ined us ing  t h e  i n t e r n a l  standards t o  those obta ined us ing an average 
b i a s  c o r r e c t i o n .  It i s  hoped t h a t ,  s ince  i n t e r n a l  standard c a l c u l a t i o n s  
c o r r e c t  each ins t rument  t o  t h e  same r a t i o ,  t h e  r e s u l t s  us ing t h e  new 
techn ique w i l l  c l e a r l y  demonstrate i t s  s u p e r i o r i t y .  One poss ib le  l i m i -  
t a t i o n  on p r e c i s i o n  was encountereed i n  t h e  f a c t  t h a t  t h e  242Pu/ 
244Pu r a t i o  was about 2. Our technique o f  ana lyz ing  p lu ton ium and 
uranium s e q u e n t i a l l y  from a s i n g l e  r e s i n  bead demands t h a t  we analyze 
p lu ton ium a t  temperatures low enough t o  l i m i t  uranium c o n t r i b u t i o n  o f  
t h e  238 mass p o s i t i o n  t o  manageable l e v e l s .  I n  p r a c t i c e ,  we analyze 
p lu ton ium a t  count ra tes  o f  100,000 pe r  second f o r  t h e  most abundant 
i so tope.  A t  a count r a t e  o f  50,000 pe r  second f o r  244Pu, i n t e r n a l  
p r e c i s i o n  f o r  a t y p i c a l  s i n g l e  run i s  l i m i t e d  t o  - +0*14%; f o r  an e n t i r e  
a n a l y s i s  of ten  runs i t  would be - +0.04% based on count ing  s t a t i s t i c s  o f  
244Pu alone. Doubling t h e  count r a t e  reduces these l e v e l s  t o  I +0.10% 
and I_ +0.03%, respec t i ve l y .  A t  our normal count ing  r a t e  f o r  uranium o f  
300,000 per  second, t h e  va lues are  - +0.06% and - +0.02%. Fo r  these 
samples, we are thus opera t ing  i n  a range where we are  c lose  t o  being 
coun t - ra te  l i m i t e d  i n  our p r e c i s i o n  and any inc rease i n  count r a t e  w i l l  
be r e f l e c t e d  d i r e c t l y  i n  an improvement i n  p r e c i s i o n .  

Recause t h e  s c a r c i t y  o f  su i  t a b l e  enr iched isotopes precludes wide- 
spread a p p l i c a t i o n  o f  t h e  i n t e r n a l  standard technique i n  the  most 
s t r a i g h t f o r w a r d  manner, i t  i s  d e s i r a b l e  t o  exp lo re  a l t e r n a t i v e s .  One 

idea  wor th i n v e s t i g a t i n g  i nvo l ves  s p i k i n g  concentrated spent fue l  
s o l u t i o n s  w i t h  a m i x t u r e  o f  uranium and p lu ton ium comprised o f  a s i n g l e  
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enr iched i so tope  of each element. These two i so topes  would serve as 

i s o t o p e  d i l u t i o n  markers and cou ld  be r e l a t i v e l y  abundant (and hence 
re1 a t  i vel  y i nexpensi ve) i so topes .  235U and 24oPu suggest thern- 
se lves  f o r  t h i s  r o l e .  Other p o s s i b i l i t i e s  are 23% ( r a r e  and expen- 
s i v e )  and 239Pu ( p l e n t i f u l  but  t h e  most abundant isotope i n  spent 
f u e l ) .  238Pu and Z4lPu a re  u n s u i t a b l e  because o f  t h e i r  sho r t  
h a l f  l i v e s .  I n t e r n a l  standards would then be added a t  t he  a n a l y t i c a l  
l a b o r a t o r y  and would serve s o l e l y  t o  c a l i b r a t e  t h e  ins t rument .  I n  t h i s  
manner, a minimum of t he  iso topes  i n  sho r t  supply would be used; i t  i s  
p o s s i b l e  t h a t  each f i l a m e n t  could be spiked i n d i v i d u a l l y ,  thus reducing 
t h e  amount o f  each i so tope  t o  e i t h e r  a microgram o r  a nanogram per f i l a -  
ment, depending upon ins t rumen ta t i on .  

There a r e  two drawbacks t o  such a plan. The f i r s t  i s  t h a t ,  f o r  
each sample, t h r e e  analyses w i l l  be requ i red  instead f o r  two. These 
w i l l  be t h e  unspiked sample, t h e  sample p l u s  i so tope  d i l u t i o n  sp ike,  and 
t h e  sample p lus  i so tope  d i l u t i o n  sp i ke  p lus  i n t e r n a l  standard. The sec- 
ond drawback i s  t h a t  a much l a r g e r  c o r r e c t i o n  f o r  t he  c o n t r i b u t i o n  o f  
sample t o  the  i so tope  d i l u t i o n  mass p o s i t i o n  w i l l  have t o  be made than 
was p r e v i o u s l y  requ i red .  l l ranium composi t ion i n  spent f u e l s  has a 235 
con ten t  of about 1% and should thus not  impose insuperab le  d i f f i c u l t i e s .  
On t h e  o the r  hand, 24*Pu o f t e n  reaches 20% abundance, and s a t i s f a c -  
t o r y  c o r r e c t i o n  for i t s  c o n t r i b u t i o n  i s  p rob lemat ic .  A se r ies  o f  exper- 
iments t o  eva lua te  t h i s  procedure i s  being planned and should be c a r r i e d  
ou t .  

CONCLUSIONS 

Appl i c a t i o n  o f  i n t e r n a l  standards c l e a r l y  leads t o  s i g n i f i c a n t l y  
enhanced p r e c i s i o n  and w i l l  be o f  enormous b e n e f i t  t o  programs such as 
safeguards where h i g h l y  p r e c i s e  r e s u l t s  are requ i red .  A t t a i n i n g  pre- 
c i s i o n s  o f  0.1% has been long-sought goal o f  mass spec t romet r i s t s  i n  
smal l  sample ana lys i s .  Whi le we cannot c l a i m  t o  have reached t h i s  p o i n t  
y e t ,  i t  does seem t o  be w i t h i n  reach f o r  t he  f i r s t  t ime. A b i g  step 
c o u l d  be made toward i t  i f  23611 and 244Pu i n  g rea te r  than 99.92 
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p u r i t y  were t o  become a v a i l a b l e  i n  s u f f i c i e n t  q u a n t i t i e s .  I t  would save 
enormous time ( t o  say n o t h i n g  o f  ted ium) i f  a s i n g l e  i n t e r n a l  s tandard 
could serve b o t h  t o  r e f i n e  23511/23811 measurements and i n  i so-  

t o p i c  d i l u t i o n .  The i n e l u c t a b l e  b a r r i e r  o f  p r e c i s i o n  i n  most o f  t h i s  
wopk i s  about 0.0490, which i s  imposed by coun t ing  s t a t i s t i c s .  Our goal 

i s  t o  approach t h i s  b a r r i e r  as c lose ly  as p o s s i b l e .  
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