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ABSTRACT

Calorimetry provides a method to establish the traceability of the
nondestructive assay (NDA) of plutonium utilizing the traceability of calori-
metric assay and its relative insensitivity to sample matrix.  Efforts at
Mound Laboratory to establish the traceability of the calorimetric assay of
plutonium are described.  Results from the Plutonium Metal Exchange Program
and a calibration alternatives experiment are the basis for determining the
bias between calorimetric assay and chemical assay.  The probable cause of the
bias is identified.  Current uses of calorimetric assay for NDA measurement
control and extension of calorimetry to dynamic calibration of RDA are dis-
cussed.
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INTRODUCTION - The nondestruct ive assay (NDA) o f  special nuclear 
mate r ia l  s  (SNM) has been under development f o r  several years, p r i m a r i l y  as 
p a r t  o f  the  domestic and in te rna t iona l  safeguards e f f o r t s  [I, 23. For many 
scrap and waste mater ia ls ,  NDA provides the most accurate and cost  benef ic ia l  
measurement ava i lab le  and the demonstrated speed and p rec is ion  o f  NDA has l e d  
t o  i t s  increased use f o r  product qua1 i t y  cont ro l .  NDA i s  idea l  f o r  many 
inspec t ion  purposes s ince the instrumentation can be por tab le  and sample 
i n t e g r i t y  i s  maintained. 

The major 1  i m i t a t i o n  o f  NDA i s  the d i f f i c u l t y  i n  maintain ing con t ro l  
o f  measurement accuracy. This l i m i t a t i o n  ar ises p r i n c i p a l l y  from the sensi- 
t i v i t y  o f  the NDA measurement t o  sample matr ix  mater ia ls  and t o  sample 
geometry [3]. This has l e d  t o  the requirement t h a t  assay standards used f o r  
NDA c a l i b r a t i o n  represent as near ly as possib le the samples being measured. 
Large e r ro r s  i n  NDA measurements occur when the sample d i f f e r s  s i g n i f i c a n t l y  
from the standards [4]. Techniques f o r  detect ing these d i f ferences and fo r  
co r rec t i ng  the NDA instrument response f o r  them are general l y  undeveloped; a  
notab le  exception i s  the  transmission measurement f o r  measuring absorption i n  
gamna-ray assay [5]. 

The cur ren t  dependence o f  NDA on assay standards has been re f lec ted 
i n  considerat ions o f  the  t r a c e a b i l i t y *  o f  NDA. Considerable emphasis has 
been placed on the t raceabi  1  i t y  o f  NDA c a l i b r a t i o n  standards [3 ,  61 w i t h  
co r rec t i on  f o r  d i f fe rences between standards and samples discussed, but  not  
i n  the framework o f  t r a c e a b i l i t y .  On the other hand, Glancy [7] has proposed 
comparative measurements t o  cor rect  f o r  these d i f ferences,  and more recen t l y  
Bingham [8] discussed , t raceabi  1  i t y  o f  NDA and brought i n t o  focus the p rac t i ca l  
r e a l i t i e s  o f  too much dependence on c e r t i f i e d  c a l i b r a t i o n  standards and the 
necess i ty  o f  developing methods t o  account f o r  d i f fe rences between standards 
and samples. 

The ca lo r ime t r i c  assay o f  plutonium i s  an NDA measurement w i t h  two 
important  features: 

1)  Calor imet r ic  assay can be, and i s  being, conducted w i t h  
t r a c e a b i l i t y  establ ished and maintained [9, 19, ll], 

2) The ca lo r ime t r i c  assay o f  p l  utonium-bearing sol  i d s  i s  
re1 a t i v e l y  i nsens i t i ve  t o  sample matr ix  and geometry 
[9, 10, 121. 

These features o f  ca lo r imet r i c  assay have l e d  t o  i t s  use f o r  pluton- 
ium NDA measurement con t ro l  [I 2, 13, 14, 151. This paper discusses the con- 
t i n u i n g  e f f o r t s  t o  es tab l i sh  and maintain the t r a c e a b i l i t y  o f  the ca lo r imet r i c  
assay o f  plutonium and the  current  and proposed use of ca lor imet ry  i n  pro- 
v i d i n g  t r a c e a b i l i t y  f o r  o ther  plutonium NDA measurement methods, p r i n c i p a l l y  

*The use of the word traceabi 1 i t y  fol lows 10 CFR 70.57 (a )  (4 ) -  
"T raceab i l i t y  means the a b i l i t y  t o  r e l a t e  ind iv idua l  measurement r esu l t s  t o  
nat iona l  standards o r  nat iona l  l y  accepted measurement systems. . . I' Opera- 
t i o n a l l y ,  the word i s  used t o  mean cont ro l  of measurement b ias  so systematic 
and random e r r o r  statements are va l id .  
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by m in im iz i ng  t h e  NDA e r r o r  due t o  d i f f e r e n c e s  between s tandards and samples. 
1 Conceptual ly ,  c a l o r i m s t r i c  assay i s  d iscussed as t he  c o n t r o l  measurement i n  

an NDA measurement system. 

TRACEABILITY OF THE CALORIMETRIC ASSAY OF PLUTONIUM - The c a l o r i -  
m e t r i c  assay o f  p l u ton ium c o n s i s t s  o f  a  measurement o f  sample power ( w a t t s )  
a r i s i n g  f rom r a d i o a c t i v e  decay and a  de te rm ina t i on  o f  t h e  p l u ton ium e f f e c t i v e  
s p e c i f i c  power ( w a t t s l g  o f  Pu) which i s  used t o  conve r t  t h e  sample power 
measurement t o  p lu ton ium con ten t  [9, 101. Mathemat ica l l y ,  t h e  p l u ton ium 
con ten t ,  M, o f  t h e  sample i s  de f i ned  as: 

where W = .sample power, and P .is t h e  e f f e c t i v e  s p e c i f i c  
power o f  t h e  sample. e f f  

F i gu re  1  diagrams t h e  t r a c e a b i l i t y  o f  t h e  c a l o r i m e t r i c  assay o f  
p l u t o n i  urn w i t h  measurement startdardc~ and o t h e r  ' t raceabi  1  i ty  a u t h o r i t i e s  
inc luded .  The separate p a r t s  o f  t h e  c a l o r i ~ n e t r i c  assay measurement shown 
i n  F i g u r e  1  a r e  d iscussed i n  t h e  f o l l o w i n g  sec t i ons .  

Ca lo r imete r  Power ------- Measurement - The c a l o r i m e t e r  power measurement 
uses s tandard  f o u r - t e r m i n a l  e l e c t r i c a l  power measurinq techniques documented 
i n  ANSI N15.22-1975 [9]. Both t he  s tandard r e s i s t o r s - a n d  s tandard  EMF c e l l s  
a r e  c a l i b r a t e d  aga ins t  standards c e r t i f i e d  by t h e  Nati.ona1 Bureau o f  Stand- 
a rds  (NBS).  C a l i b r a t e d  Pu-238  heat  standards a r e  a v a i l a b l e  f r om Mound 
Labora to ry .  These heat  standards have been c a l i b r a t e d  i n  severa l  c a l o r i -  
meters aga ins t  e l e c t r i c a l  standards w i t h  d i r e c t  t r a c e a b i l i t y  t o  NBS. I n  
a d d i t i o n ,  two o f  these standards were measured independent l y  by NBS i n  an 
e n t i r e l y  d i f f e r e n t  t ype  o f  c a l o r i m e t e r  [:16]. There were no s i g n i f i c a n t  
d i f f e r e n c e s  between Mound c e r t i f i c a t e  va lues and t h e  NBS i c e  c a l o r i m e t e r  
measurements. These heat  standards a re  now be ing  used f o r  c a l o r i m e t e r  c a l i -  
b r a t i o n  f o r  bo th  weapon and nonweaporl programs w i t h i n  ERDA. Moreover, d i s -  
cuss ions a r e  i n  progress t o  c e r t i f y  and d i s t r i b u t e  these heat  s tandards 
under NBS auspices i n  a  manner s i m i l a r  t o  p l u ton ium assay and p lu ton ium 
i s o t o p i c  s tandards.  

E f f e c t i v e  S p e c i f i c  Power Dete rmina t ion  - The e f f e c t i v e  s p e c i f i c  
power de te rm ina t i on  i s  a1 so t r a c e a b l e  t o  t h e  n a t i o n a l  measurement svstem bv 
two a l t e r n a t e  rou tes .  The most d i r e c t  i nvo l ves  t h e  e m p i r i c a l  meth& [9, 1bJ 
o f  de te rmin ing  t h e  e f f e c t i v e  s p e c i f i c  power P . This  method i n v o l v e s  t h e  
c a l o r i m e t r i c  measurement o f  a  smal l  a1 i q u o t  o? 61 uton ium and t h e  d i s s o l u t i o n  
and chemical  a n a l y s i s  o f  t h e  p l u ton ium con ten t  o f  t h e  a l i q u o t .  Th is  p rov ides  
a d i r e c t  measure o f  t h e  P va lue i n  w a t t s l g  o f  p lu ton ium.  The t r a c e a b i l i t y  
of  t h e  e m p i r i c a l  method i f f e s t a b l i s h e d  through t h e  use o f  NBS c e r t i f i e d  p l u -  
ton ium assay standards and t h e  p r e v j o u s l y  mentioned c a l o r i m e t e r  s tandards.  

The a l t e r n a t e  method o f  de te rmin ing  P i s  c a l l e d  t h e  computa- 
. t i o n a l  method [', 101. Th is  method i n v o l v e s  m&$furine t h e  r e l a t i v e  we igh t  

f r a c t i o n s ,  R., o f  a l l  p l u ton ium iso topes  and Am-241 r e l a t i v e  t o  t o t a l  p l u -  
tonium. ~ h e l e  we igh t  f r a c t i o n s  a r e  then m u l t i p l i e d  by t h e  s p e c i f i c  power, 

. P., o f  each i s o t o p e  t o  g i v e  t h e  e f f e c t i v e  s p e c i f i c  power o f  t h e  p a r t i c u l a r  
i s o t o p i c  composi t ion : 

Fall 1977 



where i is summed over a1 1 pl utoni um isotopes and Am-241 . 

The traceability of this method relies on the use of NBS certified plutonium 
isotopic standards to calibrate the isotopic measurements (i.e., m s s  spec- 
troscopy, gamma-ray spectroscopy, and/or alpha pulse height analysis). The 
spe'cific powers, as well as the half-lives used for making the calculation, 
are those recommen.ded in ANSI N15.22-1975 and are thus open to scientific 
scrutiny. 

Identification of Measurement Bias - An important part of estab- 
lishing the traceability of calorimetric assay has been the determination of 
measurement bias relative to chemical assay and, where possible, the identi- 
fication of the source(s) of that bias. Toward that end, Mound Laboratory 
participates in the ERDA Metals Exchange Program reporting both chemical 
a3say and calorimetric assay measurements on nominal 8-9 metal samples 
received quarterly. Plans are being made for similar participation in the 
SALE program. Further, Mound Laboratory is conducting a calibration alter- 
nates experiment for the NRC to qualify calorimetric assay over the range of 
plutonium isotopic composition expected in commercial fuel cycles. The 
results of these efforts will now be discussed with emphasis on identifying 
bias. 

The results of calorimetric assay and chemical assay measurements 
from these two programs are presented in Table 1. The chemical assay for 
the metals exchange samples (H and R) was a by-difference assay. The values 
shown are the effective exchange mean values calculated by Mound Laboratory. 
The calorimetric assay results are from Mound Laboratory measurements using 
the computational method for determinin,g Peff following ANSI N15.22-1975. 

The assay values shown in Table 1 for oxide 1 and oxide 2 are 
initial results from the calibration alternatives experiment. The chemi- 
cal assay values are from coulometric measurements; the average of coulo- 
metric measurements by Mound Laboratory and New Brunswick Laboratory (NBL) 
is shown for oxide 1 while the assay value for oxide 2 is a Mound measure- 
ment. The calorimetric assay results are from calorimetry measurements 
at Mound and isotopic measurements from Mound and NBL; the average of 
isotopic measurements from both laboratories* was used for oxide 1 while 
the Mound measurement was used for oxide 2. Again the computational method 
was used to determine peff. 

The comparison (bias) of calorimetric assay and chemical assay in 
Table 1 and the subsequent discussion does not distinguish between the 
different chemical assay methods since they are considered the best methods 
for the types of samples on which they were used. 

* Only the Mound alpha pulse height measurements of Pu-238 and Am-241 
were used. 
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Table 1 

Bias Between Chemical and C a l o r i m e t r i c  Plutonium Assay 

A t t r i b u t e  "H" ~ e t a l ~  " R "  ~ e t a l ~  Oxide #1 Oxide #2 

Pu-238 (wt .  %)  0.01 0.02 0.06 0.25 

Pu-239 (wt .  %)  93.67 93.65 86.56 73.21 

L 

Pu-240 (wt .  %)  5.95 5.91 11.71 22.58 

Pu-241 (wt.  %)  0.35 0.40 1.48 2.97 

Pu-242 (wt .  %)  0.02 0.02 0.20 0.99 

Am-241 (wt .  %)  0.09 0.10 0.01 0 :06 

Sample 
weight  ( g )  8 

Number o f  
samples 

Pu-Assay 
( c a l o r i m e t r y )  

Pu-Assay 
(chemis t ry )  

a ~ o u n d  Laboratory metal exchange r e s u l t s  f rom March 1973 t o  September 1975 
f o r  R-metal; December 1973 t o  September 1975 f o r  H-metal. September 1974 
resu l  t s  excluded. 

b ~ y - d i  f f e rence  assay 

C ~ o u l  ometry 

d ~ u - ~ s s a y  ( ca lo r ime t r y -chemis t r y )  
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I n  an a t t emp t  t o  r e s o l v e  such measurement b iases,  t h e  ERDA Ha l f -  
l i f e  E v a l u a t i o n  Committee* has been e s t a b l i s h e d  t o  r e s o l v e  e x i s t i n g  d i s -  
c repanc ies  i n  p l u ton ium h a l f - l i f e  va lues.  Wh i le  t h i s  work i s  s t i l l  i n  
p rogress ,  seve ra l  exper iments  have been completed and t h e r e  a r e  s t r o n g  
i nd i ca t i ons . . , t ha t  t h e  h a l f - l i f e  va lues o f  Pu-239 and Pu-240 a r e  somewhat 
low.  To - ' t es t  t h e  e f f e c t  o f  p o t e n t i a l  r e v i s i o n s  i n  t h e  h a l f - l i v e s  and t hus  
t h e  s p e c i f i c  powers, t h e  observed b iases  between chemical  assay and c a l o r i -  
m e t r i c  assay were r e c a l c u l a t e d  us ing  t e n t a t i v e  va lues o f  24,119 years** and 
6570 yea rs  [17] f o r  t h e  Pu-239 and Pu-240 h a l f - l i v e s  r e s p e c t i v e l y .  Table 2  
sumnarizes t h e  e f f e c t  o f  these  h a l f - l i f e  va lues on t h e  b i a s  between 
t h e  c a l o r i m e t r i c  and chemical  assay measurements presented i n  Table 1. 

The b iases  f o r  c a l o r i m e t r i c  assay u s i n g  ANSI N15.22-1975 h a l f -  
l i v e s  and a l s o  s u b s t i t u t i n g  bo th  t e n t a t i v e ,  new h a l f - l i v e s  a r e  shown d i a -  
g rammat i ca l l y  i n  F i g u r e  2. The e r r o r  bars  shown a r e  p r i m a r i l y  due t o  
u n c e r t a i n t i e s  i n  t h e  s p e c i f i c  powers used t o  c a l c u l a t e  P  I n c o r p o r a t i o n  
o f  t hese  new h a l f - l i f e  va lues  does reduce t h e  b iases.  ~ 6 f l h e r  work i s  
p lanned on t h e  Pu-240 h a l f - l i f e  and i t  i s  expected t h a t  t h i s  e f f o r t  w i l l  
reduce t h e  b i ases  and decrease t he  assoc ia ted  u n c e r t a i n t i e s .  

APPLICATIONS OF CALORIMETRIC ASSAY FOR PLUTONIUM NDA MEASUREMENT 
CONTROL - For ove r  f i v e  years ,  t he  ERDA A1 buquerque Operat ions Of f i ce  (ALO) 
has used c a l o r i m e t r i c  assay t o  v e r i f y  c o n t r a c t o r s '  accuracy statements f o r  
p l u t o n i u m  NDA measurements 113, 141. Table 3  shows t h e  ca tego r i es  o f  sc rap  
and f eed  m a t e r i a l s  from wh ich  samples have been se lec ted .  The v a r i e t y .  of 
ma. ter ia1 s  i l l u s t r a t e s  t h e  independence o f  c a l o r i m e t r i c  assay f rom sample 
m a t r i x ,  an a t t r i b u t e  which,makes i t  i d e a l  f o r  t h e  ALO v e r i f i c a t i o n  program. 

ALO i n s p e c t o r s  s e l e c t  assayed samples f r om a  c o n t r a c t o r ' s  i n -  
v e n t o r y  and send them t o  Mound Labora to ry  f o r  c a l o r i m e t r i c  assay. The 
r e s u l t s  a r e  used by ALO t o  v e r i f y  t h e  c o n t r a c t o r ' s  accuracy s ta tement  o r  t o  
i d e n t i f y  t h e  measurement b i a s .  An impo r tan t  r e s u l t  has been inc reased  
emphasis by t h e  c o n t r a c t o r s  on t h e i r  measurement c o n t r o l  programs and, 
s i g n i f i c a n t l y ,  an inc reased  use o f  c a l o r i m e t r i c  assay. 

An impor tan t .  s p i n - o f f  has been t h e  r e t e n t i o n  o f  some o f  t h e  samples 
by t h e  c o n t r a c t o r s ,  a f t e r  c a l o r i m e t r i c  assay a t  Mound Laboratory ,  as NDA 
assay s tandards.  Us ing  s tandards which o r i g i n a t e d  i n  t h e  i n v e n t o r y  i s  an 
e f f e c t i v e  way o f  m i n i m i z i n g  standard-sample d i f f e r e n c e s  and r e s u l t i n g  mea- 
surement b iases.  The use o f  these samples as assay s tandards thus  s a t i s f i e s  
t h e  two c u r r e n t  requ i rements  f o r  e s t a b l i s h i n g  t r a c e a b i l i t y  o f  t h e  NDA 
measurement: 

1 )  T h e s t a n d a r d s p r o v i d e t r a c e a b i l i t y o f t h e N D A c a l i b r a t i o n ,  

2 )  The s tandards min im ize  standard-sample d i f f e r e n c e s .  

* Cu r ren t  member l a b o r a t o r i e s  a r e  Los Alamos S c i e n t i f i c  Labora to ry ,  
Lawrence L ivermore  Labora to ry ,  Argonne Na t i ona l  Laboratory ,  Rockwel l -  
Rocky F l a t s  P l a n t ,  t h e  Na t i ona l  Bureau o f  Standards and Mound Labora to ry  
( W .  W. Strohm, Mound Labora to ry ,  chai rman) .  

* *P re l im ina ry  va lues :  The Pu-239 h a l f - l i f e  measurements o f  t h e  H a l f - l i f e  
E v a l u a t i o n  Committee a r e  completed and a r e  t o  be pub l i shed .  
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Table 2 

E f f e c t  o f  H a l f - l i f e  Values 
on C a l o r i m e t r i c  Assay B i a s  

" R "  Metal "H" Metal  Oxide #1 Oxide #2 

% B ias  Using: 

ANSI H a l f - l i v e s  -0.25 -0.17 -0.09 -0.20 
\ 

ANSI except  
Pu-239 = 24119 y r .  -0.1 3 -0.05 0.00 -0.15 

ANSI except 
Pu-239 = 241 19 yr. 

and Pu-240 = 6570 yr. -0.04 +O. 04 +0.15 +O. 03 

Table 3 

V e r i f i c a t i o n  Program has Inc luded a 
Wide Va r ie t y  o f  Pu-Bearing M a t e r i a l  

Oxides 

Meta ls  

Mixed Oxides 

I n c i n e r a t o r  Ash 

Ash Heel 

F l  u o r i  des 

Sand, Slag, and Cruc ib les  

Graph i te  Scarf ings 

Greenca ke 

Pu-238 Scrap 

Mixed N i t r i d e s  



Because o f  day-to-day v a r i a b i l i t i e s  i n  t he  process and i n t e r -  and 
i n t r a - b a t c h  v a r i a b i l i t i e s ,  t he  f a c i l i t y  measurement c o n t r o l  program must 
accept  t he  respons ib i  1  i ' t y  o f  ma in ta in ing  t r a c e a b i l  i t y  once i t i s  estab- 
1 ished. 

ALO l a b o r a t o r i e s  us ing  samples from the  v e r i f i c a t i o n  program a re  
Los A1 amos S c i e n t i f i c  Laboratory and Rockwell -Rocky F l a t s  P lan t .  The ERDA 
Chicago O f f i c e  sent  several  scrap samples t o  Mound Laboratory t o  be c a l  i- 
b r a t e d  s p e c i f i c a l l y  as NDA assay standards. These have been d i s t r i b u t e d  
t o  Battel le-Columbus and Argonne Nat iona l  Laboratory. 

DYNAMIC CALIBRATION OF NDA - Measurement c o n t r o l  programs f o r  NDA 
ins t ruments  a r e  designed t o  ensure the  qua1 i t y  o f  the  measurements. Thes'e 
programs a r e  ex tens i ve  and inc lude,  f o r  example, p repara t ion  o f  standards, 
c a l i b r a t i o n  procedures, and opera tor  t r a i n i n g  programs. For h igh- throughput  
p l a n t s ,  a dynamic c a l i b r a t i o n  procedure us ing  c a l o r i m e t r y  as a measurement 
c o n t r o l  technique i s  be ing  developed. 

The dynamic c a l i b r a t i o n  technique se lec ts  c u r r e n t  samples from the  
i n v e n t o r y  o f  i tems be ing  assayed t o  become c a l i b r a t i o n  samples. The samples 
se lec ted  f o r  c a l  i b r a t i o n  a r e  standardized us ing  re1  i a b l e  methods t raceab le  
t o  t h e  n a t i o n a l  measurement system. Dynamic c a l i b r a t i o n  o f f e r s  several  
advantages: i t  prov ides  cont inuous r e c a l i b r a t i o n  o f  t he  measurement system; 
i t  a u t o m a t i c a l l y  accounts f o r  i n t r a -  and i n t e r - b a t c h  process v a r i a t i o n s ;  i t  
prov ides  a l i n k a g e  between measurement systems t o  reduce n e t  systemat ic  
e r r o r ;  and i t  reduces t h e  need f o r  s torage o f  c a l i b r a t i o n  standards. 

I n  an ac tua l  process, the  cos t  o f  us ing  chemical techniques t o  
prepare dynamic c a l i b r a t i o n  standards might  be p r o h i b i t i v e .  The product  
must be destroyed, e x t r a  waste and scrap streams are  generated, and extended 
a n a l y t i c a l  c a p a b i l i t i e s  a r e  requ i red .  For these reasons c a l o r i m e t r i c  assay 
i s  be ing  developed as an a l t e r n a t e  method f o r  t he  p repa ra t i on  o f  dynamic 
c a l i b r a t i o n  standards. 

C a l o r i m e t r i c  assay should he e , f f e c t i v e  because. i t  can be t raced  t o  
a n a t i o n a l  measurement system, i t  can g i ve  absolute assay from f i r s t  p r i n c i p l e s  
s ince  i s o t o p i c  composi t ion i s  known as a p a r t  o f  process c o n t r o l  informa- 
t i o n ,  and i t  i s  nondest ruc t ive .  F igure  3 i s  a f l ow  diagram which shows how 
dynamic c a l i b r a t i o n  might  be used i n  a process. 

CONCLUSION - The c a l o r i m e t r i c  assay o f  p lutonium has been demon- 
s t r a t e d  t o  p rov ide  e f f e c t i v e  measurement c o n t r o l  f o r  p lutonium NDA and 
should be used more f o r  t h a t  purpose. With an app rop r ia te  measurement 
c o n t r o l  program, c a l o r i m e t r i c  assay can prov ide  t r a c e a b i l i t y  o f  p lutonium 
NDA now. 
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