
42 3 4 4 5 6  0 0 0 2 7 8 7  9 

x 



. . . . . . . . . - 

1 
This :epoii >.+as prnpernd as an account of !vork sponsor& by an aGer,cy of the 
UnitcdStatesG0vc:nment. Nc;::~: i i ~ = ~ n i i e d S t a t s s G o ~ e i i i , ~ r ? n !  noranyagcncy 
therse!. nor anv of thcir %?plUyee; b x k e s  any w,?vc:ty, eA?icS or iiilpl!sc'. or 

8-y  le:^ liability or responsiblii?9 for $19 xcuracy.  coi-i?p;&nex. or 
ss 3f any inforiiiaiioii, apparatus. FiGd<ICt .  or proczss disclosed, or 

represents that i ts use i*fould not infringe privately o w r ~ c l  riyilts. 4eferencn hsrein 
to any spsci!!c cornimicial product, pioceZr,S 3r service by trade "a:nc, :;adexark, 
riianufacturor, or other dcos not neceesailiy constituto or i r ip;y its 
endoisem??, recomimndation, or favoring by the IJnitbc! S?a::?r, Soveiiiixeht or 
any agency thereof 'I :cas and spinions of authors express& herein do not 

those of the Unit~dStatesC;c\.,r~~i i ial l ;  or any agency 



ORNL/TM-9842 

Cont rac t  No. DE-AC05-840R21400 

INSTD: A Computer Program t o  Perform I n t e r n a l  Standard Calculi a t ions  for 
I s o t o p i c  R a t i o  Mass Spectrometr ic Data Using General Solut ions t o  the 

Equa t i ons 

D. H. Smith 
A n a l y t i c a l  Chemistry D i v i s i o n  

Date Published - November 1985 

NOTICE This document contains information of E preliminary nature. 
It is subject to revision or correction and therefore does not represent a 
final report. 

OAK R I D G E  NATIONAL LABORATORY 
Oak Ridge, Tennessee 37831 

ope r a t e d  by 
MARTIN MARIETTA ENERGY SYSTEMS, I N C  

f o r  t h e  
DEPARTMENT OF ENERGY 





T A B L E  OF CONTENTS 

Page 

L I S T  OF TABLES.  . . . . . . . . . . . . . . . . . . . . . . . . .  V 

ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  v i i  

INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 

D E R I V A T I O N  OF THE EQUATIONS . . . . . . . . . . . . . . . . . . .  2 

RESULTS AND D I S C U S S I O N  . . . . . . . . . . . . . . . . . . . . . .  10 

CONCLUSIONS . . . . . . . . . . . . . . . . . . . . . . . . . . .  12 

REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . .  14 

iii 





LIST OF TABLES 

Page 

Table 1: Symbol Summary . . . . . . . . . . . . . . . . . . . . . .  2 

Table 2: Structure and Contents o f  Data  Files . . . . . . . . . . .  8 

Table 3: Sample B i a s  Calculat ions . . . . . . . . . . . . . . . . .  11 

V 





ABSTRACT 

A computer code has been developed t o  per form i n t e r n a l  standard 

c a l c u l a t i o n s  on i s o t o p i c  r a t i o  mass spec t romet r ic  data. S o l u t i o n s  t o  t h e  

re1 evant a1 gebra ic  equat ions are  complete ly  general and appl i c a b l e  t o  any 

element. one i s  

o t h e r  through an i t e r -  

o f  

on 

The program incorpora tes  two methods o f  b i a s  c a l c u l a t i o n :  

th rough a n a l y t i c a l  s o l u t i o n  o f  t h e  equat ions and the  

a t i v e  process. O e r i v a t i o n  o f  t h e  equat ions i s  out 

r e s u l t s  a r e  given. Also discussed i s  an at tempt t o  

o f  unspiked sample b i a s  i n t o  t h e  c a l c u l a t i o n s .  

ined,  and examples 

ncorpora te  ca l  c u l  a t  

v i  i 





INTRODUCTION 

One o f  the  most i n t r a c t a b l e  problems c o n f r o n t i n g  the  i s o t o p e  r a t i o  

mass s p e c t r o m e t r i s t  i s  t h a t  o f  i s o t o p i c  b i a s  d u r i n g  evaporat ion i n  t h e  

ana lys is  o f  s o l i d  samples. Because evapora t ion  i s  a f u n c t i o n  o f  the mass 

o f  the  moiety i n  quest ion,  l i g h t  i so topes  evaporate a t  d i f f e r e n t  r a t e s  than 

heavy. This  i s  an ext remely d i f f i c u l t  process t o  c o n t r o l  i n  a reproduc ib le  

manner. Recent research has l e d  t o  advances i n  t h i s  area. Rokop e t  a l .  

have developed a rhenium o v e r p l a t i n g  technique t o  p r o v i d e  b e t t e r  c o n t r o l  o f  

the evaporat ion process (1). Smith and C a r t e r  have used an o v e r l a y e r  o f  

rhenium powder t o  t h e  same end (2). While these techniques help,  they are 

cumbersome t o  use and i n  any case do n o t  e l i m i n a t e  the  problem. I n t e r n a l  

standards address the  s i t u a t i o n  i n  an e n t i r e l y  d i f f e r e n t  way. Ins tead o f  

t r y i n g  t o  c o n t r o l  evaporat ion,  t h i s  technique at tempts to  c a l c u l a t e  the 

b i a s  a p p l i c a b l e  t o  the  p a r t i c u l a r  f i l a m e n t  i n  quest ion.  T h i s  i s  done by 

s p i k i n g  the  sample w i t h  a t r a c e r  composed o f  a m i x t u r e  o f  two h i g h l y  

enr iched isotopes. The r a t i o  o f  these iso topes  i n  the  i n t e r n a l  standard 

( a l s o  c a l l e d  a double s p i k e )  i s  known t o  the h i g h e s t  p o s s i b l e  degree o f  

accuracy and prec is ion .  By comparing the measured va lue o f  t h i s  r a t i o  t o  

the known, c a l c u l a t i o n  o f  the b i a s  c o r r e c t i o n  p e r  mass f o r  t h a t  p a r t i c u l a r  

ana lys is  can be made; b i a s  i s  assumed t o  vary l i n e a r l y  w i t h  mass, a good 

approximat ion over  t h e  r e l a t i v e l y  smal l  mass ranges i n v o l v e d  i n  i s o t o p i c  

r a t i o  measurements. I n  t h i s  way, p r e c i s i o n  o f  analyses i s  improved by 

about a f a c t o r  o f  f i v e  o v e r  u s i n g  an average b i a s  c o r r e c t i o n .  

D ie tz  e t  a l .  were t h e  f i r s t  t o  suggest use o f  a s y n t h e t i c  m i x t u r e  f o r  

t h i s  purpose (3).  Since then i t  has been w i d e l y  adopted and used f o r  many 

elements. Work i n  t h i s  l a b o r a t o r y  has concentrated on uranium and 

p lu ton ium (4,5). Computer codes a p p l i c a b l e  on ly  t o  our pu lse-count ing data 
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system were developed (6 ,7 ) ;  t h i s  procedure manipulated t h e  counts 

c o l l e c t e d  f o r  each i so tope  t o  make t h e  necessary co r rec t i ons .  Recent 

a c q u i s i t i o n  o f  a Vacuum Generators VG-354 i s o t o p i c  r a t i o  mass spectrometer 

and r e c e i p t  of funding t o  exp lo re  i t s  a p p l i c a t i o n  t o  gas samples r e q u i r i n g  

t h e  h ighes t  poss ib le  accuracy and p r e c i s i o n  l e d  t o  t h e  need f o r  a 

cal c u l  a t i ons .  

A-126 (8 )  and 

es o the r  than 

comple te ly  general computer program t o  per form the  necessary 

our p a r t i c i p a t i o n  i n  I S P O  p r o j e c t  

ng r e s u l t s  generated i n  l a b o r a t o r  

An a d d i t i o n a l  i n c e n t i v e  was 

t h e  d e s i r a b i l i t y  o f  process 

ORNL. 

D E R I V A T I O N  OF THE EQUATIONS 

General appl i c a t i o n  o f  t h e  i n t e r n a l  standard technique requi  res t h a t  

t h e  equations i nvo l ved  operate on i s o t o p i c  r a t i o s  r a t h e r  than counts. I 

have adopted t h e  general approach o f  C a l l i s  (9), bu t ,  u n l i k e  him, I have 

de r i ved  the  a n a l y t i c a l  s o l u t i o n  f o r  t h e  quadra t ic  equation. The symbols 

used i n  t h e  f o l l o w i n g  d e r i v a t i o n  are  sumniarized i n  Table 1. 

Table 1: Symbol Summary 
_m_- 1__-- 

Symbol Descr i  p t  i on 

R 
N 
F 
M 
€3 
f 
rn 
S 

t 
a 
b 
C 

d 

r a t  i os 
numbers o f  atoms 
atom f r a c t i o n s  
masses 
b i a s  c o r r e c t i o n  
b ias  c o r r e c t i o n  per mass 
m ix tu re  
sample 
t r a c e r  ( s p i k e )  
f i r s t  i so tope o f  t r a c e r  ( i n t e r n a l  s tandard)  
second i so tope  o f  t r a c e r  
sample i so tope  f o r  i so tope  d i l u t i o n  c a l c u l a t i o n s  
o the r  sample iso topes  
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Thus the  i n t e r n a l  standard r a t i o  t o  which the measured va lue i s  t o  be 

c o r r e c t e d  i s  denoted by Rabt. 

Any measured r a t i o  i n  t h e  a n a l y s i s  o f  the m i x t u r e  o f  sample and t r a c e r  

can be de f ined as the a c t u a l  r a t i o  t imes a b i a s ;  t h i s  r a t i o  i s  i n  t u r n  

comprised o f  c o n t r i b u t i o n s  f rom t h e  unspiked sample and the t racer .  I n  

equat ion form: 

BijRijm = (NSFis + NtFit)/(NsFjs + NtFjt) 

R i j x  = F .  Tx /F j x  

(1) 

where i, j represent  t h e  r e l e v a n t  i so topes  a, b ,  c,  d. We a l s o  know t h a t  

(2) 

where x represents  m, s, t. 0y s o l v i n g  Equat ion (1) when expressed i n  

terms o f  b and c f o r  t h e  m i x t u r e  

S i m i l a r  expressions f o r  A&, 

= F  A t c  bc 
FSc 

( 3 )  

a p p r o p r i a t e  v e r s i o n  o f  Equat ion (1). 

( 3 )  f o r  Rab, we have: 

Adc may a l s o  be d e r i v e d  from t h e  

Ns = F b t ( R a b t  - Rabm B )  ab 

5 Fbs(RabmBab - Rabsl 

By rear rang ing  and subs ti t u t i n g  

r e l a t i o n s h i p :  

Ns /Nt  = AbcFct/Fcs 

we o b t a i n :  

Going now t o  the v e r s i o n  of Equat ion 

(4) 

f o r  N s / N t  from the f o l l o w i n g  

( 5 )  
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Since the  term Abc i n  Equat ion ( 6 )  con ta ins  i n  t u r n  a term f o r  the 

b ias,  Bbc (see Equat ion (3)), i t  i s  necessary t o  d e r i v e  an express ion 

r e l a t i n g  the two b i a s  terms (Bab and Bbc); they are  n o t  independent 

and bo th  are i n t e g r a l  m u l t i p l e s  o f  the  b i a s  c o r r e c t i o n  p e r  mass. We know 

t h a t  : 

(l-Bab)/(Mb"Ma) = (l'Bbc)/(Mc"Mb) = . ( 7 )  

Bbc = 1-(Mc-Mb) ( l-Bab)/(Mb-Ma) = l - p (  1-Bab)  

By rearrangement we can g e t  Bbc i n  terms o f  Bab: 

(8) 

where p i s  the  r a t i o  o f  mass d i f f e r e n c e s ,  (Mc-Mb)/(btb-Ma). BY 

s u b s t i t u t i n g  t h e  f u l l  express ion f o r  Abc (Equat ion (3)), i n c o r p o r a t i n g  

i n  i t  the  r e l a t i o n s h i p  descr ibed i n  Equat ion (89, we a r r i v e  a t  a quadra t ic  

equat ion i n  Bab whose s o l u t i o n s  are, o f  course, r e a d i l y  

Using the  s tandard a l g e b r a i c  form f o r  a q u a d r a t i c  

(ax2 t- bx + c = 0) and f o r  t h e  s o l u t i o n s  (x  = (-b + - ( b 2  - 
4ac)1/2)/2a), we o b t a i n  f o r  the c o e f f i c i e n t s  a ,  b, c :  

a = -  PRabmRbcm PRabm R b c t  R bcm / R  bcs 

= RabmRbct - RabmRbcm(l'P) + RabmRbctRbcm(l-P)'Rbcs 

- 'abmRbct - PRbctRabt  Rbcm/Rbcs - PRabsRbcrn 

RbctRabtRbcm(lmP)/Rbcs + RbctRabt  - RabsRbcs 
c =  m 

+ RabsRbcm(l"P) . 
Equations 9-11, together  w i t h  the general s o l u t i o n  o f  a q u a d r a t i c  

obta ined a 

equat ion  

(9) 

(10) 

(11) 

equa t i  on, 

a l low an a n a l y t i c a l  value f o r  t h e  b i a s  t o  be obtained. Once a value f o r  

B,b i s  known, va lues f o r  t h e  b i a s  f o r  any r a t i o  may be r e a d i l y  

c a l c u l a t e d  through use o f  equat ions s i m i l a r  t o  Equat ion (8). The r a t i o s  o f  

most i n t e r e s t  a r e  the one used i n  i so tope d i l u t i o n  c a l c u l a t i o n s  (Rbcm 
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o r  Racm: e i t h e r  w i l l  y i e l d  e x a c t l y  the same r e s u l t  i n  t h i s  c o n t e x t )  

and those represented by Rdcs, which i nc lude  the  r a t i o s ,  such as 

235/238, whose values a r e  t o  be r e f i n e d  by a p p l i c a t i o n  o f  t he  i n t e r n a l  

standard p ro toco l .  Rbcm i s  c a l c u l a t e d  by app ly ing  t h e  c a l c u l a t e d  

b i a s  c o r r e c t i o n ,  Bbc, t o  the measured value o f  Rbcm. Uns p i ked 

sample r a t i o s  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 ion :  

(12) - 
Rdcs - RdcmBdc - ( R d c t  - RdcmBdc)/Abc 

where 

Bdc = 1 - (Mc - Md)(l - Bab)/(Mb - Ma) . ( 1 3 )  

While Equations 9-13 a l l o w  d i r e c t  c a l c u l a t i o n  o f  a l l  des i red  

parameters, a lgebra  o f  such complex i ty  must be checked t o  v e r i f y  i t s  

correctness. Wi th  the a n a l y t i c a l  s o l u t i o n s  i n  hand, i t  i s  a s imple ma t te r  

t o  implement an i t e r a t i v e  process t h a t  c i rcumvents much o f  the algebra. 

Using Equat ion ( 6 )  as a s t a r t i n g  p o i n t ,  we can o b t a i n  a value f o r  Bab 

f o r  use i n  the  i t e r a t i v e  loop:  

‘ab = (RbctRabt/Rbcs + AbcRabs)’(AbcRabm + Ratam R b c t  /R bcs )’ (14)  

To execute the  loop, one i n i t i a l i z e s  a l l  b iasses t o  1.0, c a l c u l a t e s  a value 

f o r  Abc, and then eva lua tes  Bab. This  value i s  compared t o  the one 

obtained i n  the prev ious  i t e r a t i o n  (Bab = 1.0 f o r  t h e  f i r s t  i t e r a t i o n ) ;  

when successive i t e r a t i o n s  y i e l d  values f o r  t he  b i a s  t h a t  are a n a l y t i c a l l y  

i n d i s t i n g u i s h a b l e ,  the process has converged and i t e r a t i o n  i s  terminated. 

The t e s t  value for convergence i s  a r b i t r a r y  b u t  should be w e l l  below 

expected a n a l y t i c a l  u n c e r t a i n t i e s ;  I have used 1 x l f l  i n  t h i s  program. 

It usual l y  takes f o u r  t o  s i x  i t e r a t i o n s  be fo re  convergence occurs. 

A case t h a t  occurs w i t h  some frequency i s  t o  have the i n t e r n a l  

standard i nco rpo ra ted  i n  the  sample r a t h e r  than i n  the  spike. This  w i l l  be 
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the case, f o r  example, when one i s  ca l  i b r a t i n g  a proposed i n t e r n a l  standard 

f o r  concentrat ion.  It i s  h i g h l y  d e s i r a b l e  t o  e x p l o i t  the enhanced accuracy 

access ib le  through t h e  i n t e r n a l  standard and r e l a t i v e l y  easy t o  do so w i t h  

a few a lgebra ic  manipulat ions.  To address t h i s  s i t u a t i o n ,  one interchanges 

sample and sp ike  r a t i o s  p r i o r  t o  da ta  process ing;  Rabs, Rabt, 

Rbcs 3 and Rbct are t h e  r a t i o s  invo lved.  The equat ion f o r  

c a l c u l a t i o n  o f  re1 evant  r a t i o s  (Rdct)  takes on a d i f f e r e n t  form: 

Rdct  = Abc(RdcmBdc .. R d c t )  + RdcmBdc . (15) 

Rdct appears i n  t h i s  equat ion r a t h e r  than Rdcs because sample 

and sp ike  have been i n terchanged. 

The i s o t o p i c  r a t i o s  d e r i v e d  f rom t h e  unspiked sample i n  t h e  above 

d e r i v a t i o n s  (Rabs, Rbcs, etc.)  are n e a r l y  always c a l c u l a t e d  

from analyses i n  which an average b i a s  c o r r e c t i o n  has been used. It i s  

tempting t o  inc lude another v a r i a b l e  i n  t h e  d e r i v a t i o n s  t h a t  represents  the 

c o r r e c t i o n  necessary t o  apply t o  t h e  average b i a s  c o r r e c t i o n  used f o r  

processing unspiked sample data t o  make i t  c o n s i s t e n t  w i t h  the i n t e r n a l  

can be accomplished by i n c l u d i n g  the  appropr ia te  standard analys is .  Th is  

term i n  Equat ion (3) :  

NS/Nt = F .  /F. (R 
J t  JS 

where B i j s  represents  

j t  - B i  j m R i  j , " ) / (Bi  j m R i  jm - B i  j s R i  js 1 ( 1 6 )  

the sample b i a s  and B i j m  the m i x t u r e  

b ias ;  i t  i s  c a l c u l a t i o n  o f  B i j m  t h a t  was the goal o f  the e a r l i e r  

d e r i v a t i o n .  I n  Equat ion (16), i, j represent  a, b, c as they d i d  before.  

The parameters which we wish t o  e x t r a c t  a l g e b r a i c a l l y  a re  t h e  b i a s  t o  be 

app l ied  t o  a n a l y s i s  o f  the  m i x t u r e  whose data we a r e  c u r r e n t l y  processing, 

Babm, and the b i a s  adjustment t o  apply t o  the  r a t i o s  o f  the unspiked 

sample, Bdcs. By f o l l o w i n g  l o g i c  analogous t o  t h a t  used t o  a r r i v e  a t  

equat ions 9-13, we ob ta in :  
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Babm = (Rbct  ‘abt/( RbcsBbcs + AbcBabsRabs )/(AbcRabm 

+ ‘abmRbct /m bcs B bcs 1 

and 

Bdcs = (AbcRdcmBdcm - R d c t  + Rdcm6dcm”(AbcRdcs) 

where Abc i s  d e f i n e d  i n  a manner s i m i l a r  t o  Equat ion ( 5 ) .  

(18) 

The a lgebra 

i n v o l v e d  i n  o b t a i n i n g  an a n a l y t i c a l  s o l u t i o n  t o  these equat ions i s  q u i t e  

formidable and wasn’t attempted. An i t e r a t i v e  approach s i m i l a r  t o  tha t  

a1 ready descr ibed was re1 a t i v e l y  s t r a i g h t f o r w a r d  and was implemented t o  

eva lua te  the  v a l i d i t y  o f  t h i s  approach. A l l  b iasses were i n i t i a l i z e d  t o  

1.0 and values o f  Babm and Bdcs r e p e t i t i v e l y  c a l c u l a t e d  u n t i l  

b o t h  b i  asses converged. 

One more case remains t o  be descr ibed: t h a t  o f  a “ b u i l t - i n “  i n t e r n a l  

standard. Th is  a r i s e s  i n  t h e  case o f  an element among whose isotopes are 

a t  l e a s t  two t h a t  a re  not  rad iogen ic  and whose r a t i o  i s  thus i n v a r i a n t  i n  

nature.  This  r a t i o  can then be used as t h e  i n t e r n a l  standard r a t i o  t o  

c a l c u l a t e  t h e  b i a s  necessary t o  apply  t o  r a t i o s  i n v o l v i n g  rad iogen ic  

i so topes  whose values w i l l  va ry  from sample t o  sample. The c a l c u l a t i o n s  

i n v o l v e d  i n  addressing t h i s  s i t u a t i o n  are  much s imp ler  than f o r  those 

a1 ready descr ibed. Th is  i s  because no c o r r e c t i o n s  f o r  “unspi ked sample’’ 

c o n t r i b u t i o n  are  necessary; t h e  b i a s  i s  c a l c u l a t e d  d i r e c t l y  by comparing 

t h e  measured r a t i o  t o  t h e  known. Examples where t h i s  s i t u a t i o n  a r i s e s  a r e  

f o r  s t ron t ium,  where i n t e r n a l  standard procedures have been a p p l i e d  f o r  

many years i n  geo log ica l  age-dat ing s tud ies ,  and f o r  k r y p t o n  and xenon. 

PROGRAM DESCRIPTION 

A FORTRAN computer program, INSTD, was developed t o  implement t h e  

above system o f  equations. Data se ts  from var ious mass spectrometers were 



8 

i n p u t  and s to red  i n  f i l e s  on t h e  d isc .  Two f i l e s  were used, 1SBOOK.DAT and 

1SIIAT.DAP. The s t r u c t u r e  and contents  o f  these f i l e s  a r e  l i s t e d  i n  Table 

2. 

Table 2: S t r u c t u r e  and Contents o f  D a t a  F i l e s  

F i l e  - Size Var iab le  Desc r i  p t i on 
I SBOOK 301,30 I T I T  D e s c r i p t i v e  t i t l e .  
- 

LREC Record number i n  

NREP Number o f  rep1 ica tes .  
SMW 6T Sample weight.  
SPW GT Spike weight.  

ISDAT where da ta  s t a r t .  

ISDAT 2001,16 ABM1 X I s0  top i c abundances . 

ISBOOK i s  a bookkeeping f i l e  t h a t  con ta ins  the i n f o r m a t i o n  necessary 

f o r  p roper  access t o  ISDAT f o r  up t o  300 samples. It a l s o  conta ins a 

d e s c r i p t i v e  t i t l e  and the weights necessary t o  per form iso tope d i l u t i o n  

c a l c u l a t i o n s .  ISDAT c o n t a i n s  mass spec t romet r ic  da ta  i n  the form o f  

i s o t o p i c  abundances i n  atom percent.  From 

values f o r  m i x t u r e  r a t i o s  a re  c a l c u l a t e d .  

In fo rmat ion  concern ing the unspiked samp 

the a p p r o p r i a t e  d i s c  f i l e s .  These f i l e s  

these a1 1 necessary i n i t i a l  

e and the  s p i k e  a r e  read f rom 

are those used f o r  s i m i l a r  

f u n c t i o n s  i n  the  main da ta  process ing programs f o r  i s o t o p i c  mass s p e c t r a l  

data from our f o u r  pu lse-count ing inst ruments (6,7). The i n p u t  r e q u i r e d  

f o r  INSTD are  the  f i l e  r e c o r d  numbers i n  S P I K E - O A T  f o r  the s p i k e  

composi t ion and 0UT.DAT f o r  the  unspiked sample composit ion. 

The i n p u t  sequence f o r  INSTD f i r s t  o f f e r s  an o p t i o n  t o  e x i t ,  t o  

process o l d  data o r  e n t e r  new, o r  t o  e d i t  an e x i s t i n g  record.  The l a s t  

o p t i o n  prov ides  the  o p p o r t u n i t y  t o  c o r r e c t  an o l d  d a t a  s e t  t h a t  has one o r  

m r e  erroneous e n t r i e s .  Keyboard prompt ing i n s t r u c t i o n s  should be 
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se l f -exp lanatory .  One o f  the p r o v i s i o n s  i n  t h i s  branch i s  t o  a l l o w  

p r i n t i n g  a s h o r t  t a b l e  o f  con ten ts  f o r  t he  da ta  f i l e s .  

The da ta  p rocess ing  branch r e q u i r e s  f i r s t  the r e l e v a n t  reco rd  numbers 

f o r  t h e  sp i ke  and f o r  t he  unspiked sample. There i s  then an o p t i o n  f o r  

i n p u t  o f  m i x t u r e  data: they may come from an a l ready  e x i s t i n g  d i s c  f i l e  o r  

they may be i n p u t  manually from the  keyboard e i t h e r  as i s o t o p i c  r a t i o s  o r  

as i s o t o p i c  abundances i n  atom pe rcen t  form. I f  i s o t o p i c  r a t i o s  a re  the 

form of i npu t ,  t he  program asks f o r  t he  mass o f  the denominator; i t  i s  

necessary t o  e n t e r  a l l  r a t i o s  w i t h  the  same denominator. I s o t o p i c  r a t i o s  

are converted t o  atom percents,  and a l l  da ta  are s to red  on the d i s c  i n  

f i l e s  ISBOOK and ISDAT. Maintenance o f  these f l ” l e s  i s  a u t o m a t i c a l l y  

c a r r i e d  o u t  by the program: t h e  l a s t  reco rd  o f  each f i l e  conta ins  the 

record number i n  t h a t  f i l e  l a s t  w r i t t e n  i n t o ,  and these i n d i c e s  a re  k e p t  

updated by t h e  program. The t i t l e  i s  en tered ,  and we igh t  i n f o r m a t i o n  f o r  

the sample and sp i ke  fo l l ow .  Ra t ios  o r  atom percents  are then entered; the 

number and i d e n t i t y  o f  the iso topes  or r a t i o s  a re  assumed by t h e  program; 

the opera to r  has no cho ice  i n  the matter.  These, however, are the  na tu ra l  

ones f o r  t he  element i n  quest ion,  w i th  i s o t o p i c  abundances en tered  i n  o r d e r  

o f  i nc reas ing  mass and i s o t o p i c  r a t i o s  i n  o rde r  o f  i n c r e a s i n g  numerator 

mass; t h e  number o f  i so topes  i s  determined by the  number appear ing i n  the 

mass and abundance f i l e  (MASSAB.DAT) (6,7). Data e n t r y  f rom the  d i s c  

requ i res  o n l y  the r e l e v a n t  reco rd  number; t h e  d i s c  f i l e s  c o n t a i n  a l l  o t h e r  

ne cess a ry i n f  o rma t i  on. 

Data process ing  proceeds au tomat i ca l l y ,  and o u t p u t  i s  g iven  f o r  a l l  

three methods o f  c a l c u l a t i o n :  a n a l y t i c a l  s o l u t i o n ,  i t e r a t i o n ,  and i t e r a t i o n  

i n c l u d i n g  sample bias. The program cont inues  t o  ask f o r  a reco rd  number 
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f o r  m i x t u r e  da ta  u n t i l  a 0 ( z e r o )  i s  entered, a t  which i t  branches back t o  

the o r i g i n a l  o p t i o n  o f  e x i t ,  da ta  processing, o r  e d i t i n g .  

The computer program was implemented on a DEC 11/23, an LSI-11 system 

w i t h  20 megabytes o f  hard d i s c  da ta  storage. The program c o n s i s t s  o f  

several  modules; i t  was n o t  p o s s i b l e  t o  use a s i n g l e  module due t o  dynamic 

memory over f low d u r i n g  compi la t ion.  These modules a r e  INSTD, the main l i n e  

c a l l i n g  program t h a t  c o n s i s t s  p r i m a r i l y  of subrout ine  c a l l s ;  INSTD1, which 

conta ins i n p u t  r o u t i n e s  and i n i t i a l i z e s  var ious  parameters; INSTDE, which 

performs the c a l c u l a t i o n s  and ou tpu ts  r e s u l t s ;  and ISED, t h e  f i l e  e d i t i n g  

r o u t i n e  f o r  ISBOOK and ISDAT.  These modules are  l i n k e d  i n  o v e r l a y  mode, 

w i t h  each i n  t u r n  be ing  c a l l e d  i n t o  core f o r  execut ion.  Var iab les are 

t r a n s f e r r e d  between modules v i a  COMMON statements. 

RESULTS AND DISCUSSION 

Resul ts  o f  analyses performed on a v a r i e t y  of mass spectrometers were 

input .  One o f  the f i r s t  da ta  se ts  was of samples analyzed on one o f  our 

mu1 t i - s t a g e  ins t ruments  whose da ta  had a l ready been processed by program 

MSC (6,7) and had been subjected t o  the i n t e r n a l  standard p r o t o c o l  embodied 

there in .  I t  was g r a t i f y i n g  (and a b i g  r e l i e f )  t o  f i n d  t h a t  each program 

gave i d e n t i c a l  values f o r  the  b i a s  c o r r e c t i o n  per  mass f o r  t h e  var ious 

samples tested. Data obta ined u s i n g  our  Vacuum-Generators VG-354 were 

entered and processed us ing  INSTD. The power o f  t h i s  ins t rument  was 

v i v i d l y  demonstrated by the  f a c t  t h a t  a p r e c i s i o n  of I +0.005% was ob ta ined 

f o r  seven r e p l i c a t e  samples o f  a m i x t u r e  of a prospec t ive  233-U/236-U 

i n t e r n a l  standard and NBS U-500; the 235/238 r a t i o  o f  the l a t t e r  was used 

as the  i n t e r n a l  standard r a t i o .  

C a l c u l a t i o n  o f  the b i a s  r e q u i r e d  by the  unspiked sample i n  the  

i t e r a t i v e  process descr ibed above was evaluated. Typ ica l  r e s u l t s  are 
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presented i n  Table 3 f o r  both c u r r e n t - i n t e g r a t i n g  and pulse-count ing 

instruments. The mass spectrometers i n  quest ion are i n  the I A E A  l abo ra to ry  

near Vienna. Tabulated are  the  236/238 uranium r a t i o s  both w i t h  and 

w i thou t  c a l c u l a t i o n  of unspiked sample bias.  Also inc luded a re  the  values 

f o r  b ias  c o r r e c t i o n  p e r  mass ca l cu la ted  i n  the normal i n t e r n a l  standard way 

(column labe led  "Mixture w i t h o u t " )  and w i th  c a l c u l a t i o n  o f  unspiked sample 

b ias  inc luded;  the l a t t e r  i nc lude  the b ias  ca l cu la ted  f o r  the sample-spike 

mix tu re  (colurm labe led  "Mix tu re  w i t h " )  and the adjustment t o  the  unspiked 

sample b ias  necessary t o  b r i n g  i t  i n t o  conformance w i t h  the cons t ra in t s  

imposed by the i n t e r n a l  standard (column labe led  "Sample w i th " ) .  

Table 3: Sample Bias Ca lcu la t i on  

Sampl e 

M115-1 
-2 

M215-1 
-2 
-3 

M315-1 
-2 

M115-1 
-2 

M215-1 
-2 

M3 15-1 
-2 

P a r t  1: Cur ren t  I n t e g r a t i o n  Resul ts  

236/238 236/238 Mix tu re  M ix tu re  
w i t h o u t  w i t h  w i t h o u t  w i t h  
236/238 236/238 Mix tu re  M ix tu re  
w i t h o u t  w i t h  w i t h o u t  w i t h  

0.39288 0.39281 -0.159 -0.156 
0.39046 0.39045 -0.023 -0.021 
0.40855 0.40854 -0.016 -0.014 
0.40838 0.40836 -0.031 -0.029 
0.40855 0.40854 +o. 009 + O . O l l  
0.39324 0.39323 +O. 01 5 +0.016 
0.39301 0.39300 -0.011 -0 009 

P a r t  2: Pulse-count ing Resu l ts  

0.38939 0.38937 +o. 129 +O. 132 
0.39076 0.39077 +0.403 +o. 402 
0.40389 0.40839 +0.213 +O. 213 
0.40818 0.40816 +O. 068 +0.070 
0.39352 0.39352 +0.132 +o. 133 
0.39260 0.39259 +O. 182 +O. 183 

Samp 1 e 
w i t h  

-0.562 
-0.355 
-0.390 
-0.327 
-0.231 
-0.253 
-0.263 

-0.536 
+O. 133 
-0.060 
-0.477 
-0.230 
-0.159 
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The conc lus ion  I reach by a n a l y s i s  o f  the r e s u l t s  i n  Table 3 (and 

o thers  n o t  t a b u l a t e d )  i s  t h a t  c a l c u l a t i o n  o f  unspiked sample b i a s  i s  of 

doubt fu l  value. Changes wrought i n  the 236/238 r a t i o ,  which, due t o  i t s  

use i n  i so tope d i l u t i o n  c a l c u l a t i o n s ,  i s  the  most impor tan t  one, a re  

i n s i g n i f i c a n t ,  g e n e r a l l y  one p a r t  i n  40,000 a r  so. The e f f e c t  on the 

c a l c u l a t e d  b i a s  c o r r e c t i o n  p e r  mass f o r  the  mix tu re  i s  a l s o  very smal l ,  

we l l  below s t a t i s t i c a l  u n c e r t a i n t y .  I n  a d d i t i o n ,  the  adjustment t o  the 

b ias c o r r e c t i o n s  t o  be a p p l i e d  t o  t h e  unspiked sample are s u s p i c i o u s l y  

large. I n  t h e  s e c t i o n  o f  Table 3 devoted t o  r e s u l t s  from a c u r r e n t -  

i n t e g r a t i n g  instrument,  the b iasses c a l c u l a t e d  f o r  the  unspiked sample 

should be approx imate ly  equal t o  those c a l c u l a t e d  f o r  the  mix tu re ;  there  i s  

no th ing  i n h e r e n t  i n  the  m i x t u r e  t h a t  should cause lower  b i a s  cor rec t ions .  

Yet the  adjustments t o  the  b i a s  c o r r e c t i o n  f o r  the  unspiked sample l i s t e d  

i n  Table 3 a r e  roughly  an o r d e r  o f  magnitude l a r g e r  than the corresponding 

mix tu re  b i a s  c o r r e c t i o n s  (severa l  ten ths  o f  a percent  per mass versus 

several  thousandths). Th is  does n o t  seem t o  he a probable r e f l e c t i o n  of 

r e a l i t y .  A p o s s i b l e  exp lanat ion  t h a t  may m i t i g a t e  t h i s  canc lus ion  t o  some 

e x t e n t  i s  t h a t  the 235/238 r a t i o ,  which was used t o  determine the unspiked 

sample b i a s  c o r r e c t i o n ,  i s  l e s s  than 0.01. I t  i s  p o s s i b l e  t h a t  a h i g h e r  

r a t i o  would y i e l d  more r e a l i s t i c  adjustments t o  the unspiked sample b i a s  

cor rec t ion .  A f i r m  d e c i s i o n  i n  t h i s  m a t t e r  awai ts  f u r t h e r  experiments. 

CONCLUSIONS 

There can be no doubt t h a t  use o f  i n t e r n a l  standards i s  j u s t i f i e d  

whenever a p p l i c a t i o n  i s  poss ib le .  Improvements i n  p r e c i s i o n  and accuracy 
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o f  f a c t o r s  o f  f i v e ,  which can be r e a l i z e d  by t h e i r  a p p l i c a t i o n ,  are n o t  

easy t o  come by. The program descr ibed i n  t h i s  paper, embodying general 

s o l u t i o n s  t o  the  system o f  simultaneous equations, should r e c e i v e  

widespread a p p l i c a t i o n  a t  ORNL. It w i l l  be a r e l a t i v e l y  s imp le  ma t te r  t o  

i nco rpo ra te  i t  i n t o  the p r i n c i p a l  mass spec t ra l  data  process ing  programs 

(MSC) once t h e  VG-354 i s  l i n k e d  i n  the network t o  our h o s t  computer. I t  

w i l l  have d i r e c t  a p p l i c a t i o n  t o  our p r o j e c t  t o  measure accura te  i n e r t  gas 

i s o t o p i c  r a t i o s .  The f a c t  t h a t  the s o l u t i o n s  a re  general w i l l  enhance 

t h e i r  f l e x i b i l i t y  and make them adaptable t o  any a n a l y t i c a l  s i t u a t i o n  i n  

which i n t e r n a l  standards a r e  used. 
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