
./- 
NUREG/CR-3474 

Long-Lived Activation Products 
in )Reactor Materials 

Prepared by J. C. Evans, E. L. Lepel, R. W. Sanders, C. L. Wilkerson, 
W. Silker, C. W .  Thomas, K. H. Abel, D. R. Robertson 

Pacific Northwest Laboratory 
Operated by 
Battelle Memorial Institute 

, Prepared for 
. U.S. Nuclear Regulatory 

Commission 



DISCLAIMER 
 

This report was prepared as an account of work sponsored by an 
agency of the United States Government.  Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights.  Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof.  The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 
 
Portions of this document may be illegible in 
electronic image products.  Images are produced 
from the best available original document. 
 



I NOTICE 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, or any of their 
employees, makes any warranty, expressed or implied, or assumes any legal liability of re- 
sponsibility for any third party's use, or the results of such use, of any information, apparatus, 
product or process disclosed in this report, or represents that i t s  use by such third party would 
not infringe privately owned rights. 

I 

1 I 

NOTICE 

Availability of Reference Materials Cited in NRC Publications 

Most documents cited in NRC publications will be available from one of the following sources: 

1. The NRC Public Document Room, 171 7 H Street, N.W. 
Washington, DC 20555 

2. The NRC/GPO Sales Program, U.S. Nuclear Regulatory Commission, 
Washington, DC 20555 

3. The National Technical Information Service, Springfield, VA 22161 

Although the listing that follows represents the majority of documents cited in NRC publications, 
it is not intended to be exhaustive. 

Referenced documents available for inspection and copying for a fez from the NRC Public Docu- 
ment Room include NRC correspondence and internal NRC memoranda; NRC Office of Inspection 
and Enforcement bulletins, circulars, information notices, inspection and investigation notices; 
Licensee Event Reports; vendor reports and correspondence; Commission papers; and applicant and 
licensee documents and correspondence. 

The following documents in the NUREG series are available for purchase from the NRC/GPO Sales 
Program: formal N RC staff and contractor reports, NRC-sponsored conference proceedings, and 
NRC booklets and brochures. Also available are Regulatory Guides, NRC regulations in the Code of  
Federal Regulations, and Nuclear Regulatory Commission Issuances. 

Documents available from the National Technical Information Service include NUREG series 
reports and technical reports prepared by other federal agencies and reports prepared by the Atomic 
Energy Commission, forerunner agency to the Nuclear Regulatory Commission. 

Documents available from public and special technical libraries include all open literature items, 
such as books, journal and periodical articles, and transactions. Federal Register notices, federal and 
state legislation, and congressional reports can usually be obtained from these libraries. 

Documents such as theses, dissertations, foreign reports and translations, and non-N RC conference 
proceedings are available for purchase from the organization sponsoring the publication cited. 

Single copies of NRC draft reports are available free, to the extent of supply, upon written request 
to the Divipion of Technical Information and Document Control, U.S. Nuclear Regulatory Com- 
mission, Washington, DC 20555. . * 

pies of industry coefles and standards used in a substantive manner in the NRC regulatory process 
are fmaikined at the NRC Library, 7920 Norfolk Avenue, Bethesda, Maryland, and are available 
there for V6ferencduse by the ppublic. Codes and standards are usually copyrighted and may be 
purchased from the originating organization or, if they are American National Standards, from the 
American National Standards Institute, 1430 Broadway, New York, NY 1001 8. 

s 9  ' 

$6.00 
GPO Printed copy price: 



NUKEG/CR--3 4 7 4  
I 

TI34 017215 

~ Long-lived Activation Products 
I 1 in Reactor Materials 

Manuscript Completed: July 1984 
Date Published: August 1984 

Prepared by 
J. C. Evans, E. L. Lepel, R.  W. Sanders, C. L. Wlkerson, 
W. Silker, C. W. Thomas, K. H. Abel, D. R. Robertson 

Pacific Northwest Laboratory 
Richland, WA 99352 

, 

, 

Prepared for 
Division of Engineering Technology 
Office of Nuclear Regulatory Research 
US.  Nuclear Regulatory Commission 
Washington, D.C. 20555 
NRC FIN 82296 

WBTICE 
PQRTlbNS OF THIS REPORT ARE ILlE64BLE. 
It has been reproduced from the hest 
availahle copf to permit the broadest 
possible avrllability. 

-.-L - 

J 



c 



ABSTRACT - 

% The purpose o f  t h i s  program was t o  assess t h e  problems posed t o  r e a c t o r  - 
decommissioning by 1 ong-1 i ved a c t i v a t i o n  produc ts  i n  r e a c t o r  c o n s t r u c t i o n  
m a t e r i a l s .  Samples o f  s t a i n l e s s  s t e e l ,  vessel  s t e e l ,  concrete,  and concre te  
i n g r e d i e n t s  were analyzed f o r  up t o  52 elements i n  o rde r  t o  develop a data base 
o f  a c t i v a t a b l e  major, minor,  and t r a c e  elements. Large compos i t iona l  v a r i a -  
t i o n s  were noted f o r  sow elements. Coba l t  and n iob ium co l i cen t ra t i ons  i n  
s t a i n l e s s  s t e e l ,  f o r  example, were found t o  vary by more than an o rde r  o f  
magnitude. A thorough e v a l u a t i o n  was made o f  a l l  p o s s i b l e  nuc lea r  r e a c t i o n s  
t h a t  c o u l d  l ead  t o  l ong  l i v e d  a c t i v a t i o n  products .  I t  was concluded t h a t  a l l  
ma jor  a c t i v a t i o n  produc ts  have been s a t i  s f a c t o r i  l y  accounted f o r  i n  decommis- 
s i o n i n g  p l a n n i n g  s t u d i e s  completed t o  date. A d e t a i l e d  s e r i e s  o f  c a l c u l a t i o n s  
was c a r r i e d  ou t  u s i n g  average values o f  t h e  measured compos i t ions  o f  t h e  appro- 
p r i  a t e  ma te r i  a1 s t o  p r e d i c t  t h e  l e v e l  s o f  a c t  i v a t i  on produc ts  expected i n  
r e a c t o r  i n t e r n a l s ,  vessel  w a l l s ,  and b i o s h i e l d  m a t e r i a l s  f o r  PWR and BWR 
geometries. A comparison i s  made between c a l c u l a t e d  a c t i v a t i o n  l e v e l s  and 
r e g u l a t o r y  g u i d e l i n e s  f o r  sha l l ow  l a n d  d i sposa l  acco rd ing  t o  10 CFR 61. T h i s  
a n a l y s i s  shows t h a t  PWR and BWR shroud m a t e r i a l  exceeds t h e  Class C l i m i t s  and 
i s ,  t h e r e f o r e ,  g e n e r a l l y  u n s u i t a b l e  f o r  near -sur face  d i sposa l .  The PWR co re  
b a r r e l  m a t e r i a l  approaches t h e  Class C l i m i t s .  Most o f  t h e  remain ing  massive 
components q u a l i f y  as e i t h e r  C lass  A o r  B waste w i t h  t h e  b i o s h i e l d  c l e a r l y  
C lass  A, even a t  t h e  h ighes t  p o i n t  o f  a c t i v a t i o n .  Se lec ted  samples o f  a c t i -  
va ted  s t e e l  and concre te  were sub jec ted  t o  a l i m i t e d  rad iochemica l  a n a l y s i s  
program as a v e r i f i c a t i o n  o f  t h e  computer model. Reasonably good agreement 
w i t h  t h e  c a l c u l a t i o n s  was ob ta ined  where comparison was poss ib le .  I n  p a r t i c u -  
l a r ,  t h e  presence o f  94Nb i n  a c t i v a t e d  s t a i n l e s s  s t e e l  a t  o r  somewhat above 
expected l e v e l s  was c o n f i  rmed. 
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EXECUTIVE SUMMARY 

T h i s  r e p o r t  p resents  t h e  r e s u l t s  o f  a three-phase p r o j e c t  t h a t  was 
designed t o  assess t h e  p o t e n t i a l  problems posed t o  l i g h t  water  r e a c t o r  (LWR) 
decommissioning by l o n g - l i v e d  a c t i v a t i o n  produc ts  produced i n  t h e  major  con- 
s t r u c t i o n  m a t e r i a l s  o f  t h e  reac to r .  Reactor  components i n v e s t i g a t e d  i n c l u d e d  
t h e  b i o s h i e l d ,  p ressure  vessel ,  vessel  c ladd ing ,  and s t a i n l e s s  s t e e l  i n t e r n a l s .  

I n  t h e  f i r s t  phase o f  t h e  study, samples were s o l i c i t e d  f rom a l l  u t i l i t i e s  
i n  t h e  U n i t e d  S ta tes  w i t h  r e a c t o r s  under c o n s t r u c t i o n ,  and a l a r g e  number o f  
a p p r o p r i a t e  samples were obtained. A few samples were o b t a i n e d  f r o m  o p e r a t i n g  
and shutdown reac to rs ,  a lso .  Samples were analyzed f o r  up t o  52 e lements by a 
combinat ion of  a n a l y t i c a l  techn iques  i n c l u d i n g  i n s t r u m e n t a l  n e u t r o n  a c t i v a t i o n  
a n a l y s i s ,  energy d i s p e r s i v e  X-ray f l u o r e s c e n c e  a n a l y s i s ,  and a number o f  spe- 
c i a l  s i n g l e  element techniques.  The s t a i n l e s s  s t e e l  samples ana lyzed showed 
l i t t l e  v a r i a b i l i t y  i n  t h e i r  major  element composi t ion,  b u t  v a r i e d  w i d e l y  i n  t h e  
con ten t  o f  a c t i v a t a b l e  t r a c e  elements, n o t a b l y  c o b a l t  and n iob ium, b o t h  o f  
which showed c o n c e n t r a t i o n  ranges o f  more than  a f a c t o r  o f  10. Selenium, 
bromi ne , and molybdenum a1 so showed very wide v a r i  a b i  1 i t y  , b u t  a r e  n o t  p resen t  
i n  s u f f i c i e n t  q u a n t i t i e s  t o  r e s u l t  i n  t h e  p r o d u c t i o n  o f  s i g n i f i c a n t  l e v e l s  o f  
a c t i v a t i o n  products .  The vesse ls '  s t e e l s  showed no unusual c o m p o s i t i o n a l  
f ea tu res .  Niobium l e v e l s  were, i n  genera l ,  much lower  than  i n  t h e  s t a i n l e s s  
s t e e l  samples. The l o n g - l i v e d  a c t i v a t i o n  i n v e n t o r y  should be dominated 
p r i m a r i l y  by a c t i v a t i o n  o f  i r o n ,  c o b a l t ,  and n i c k e l .  
n iobium, t r a c e  elements a re  o f  n e g l i g i b l e  impor tance a t  t h e  c o n c e n t r a t i o n  
l e v e l s  found. 

A wide range o f  compos i t iona l  v a r i a t i o n  was seen i n  t h e  c o n c r e t e  samples 
s tud ied ,  r e f l e c t i n g  g e o l o g i c  d i f f e r e n c e s  i n  t h e  q u a r r y  s i t e s  used f o r  t h e  
aggregate. The compos i t ion  o f  t h e  c o n c r e t e  samples s t u d i e d  was, on t h e  aver -  
age, very  s i m i l a r  t o  t h a t  o f  t y p i c a l  c r u s t a l  rock  f o r  most e lements o f  i n t e r -  
es t .  
a concre te  a d d i t i v e .  Whi le  t h i s .  d i d  i nc rease  t h e  c o n c e n t r a t i o n  o f  some t r a c e  
elements up a f a c t o r  o f  2 o r  more, i t  does n o t  appear t o  r e p r e s e n t  any s i g n i f i -  
can t  problem w i th  respec t  t o  t h e  i n v e n t o r y  o f  l o n g - l i v e d  r a d i o n u c l i d e s .  The 
48 reba r  samples s t u d i e d  showed a r e l a t i v e l y  c o n s t a n t  compos i t ion  t y p i c a l  o f  
carbon s t e e l  . 
n i c k e l  and adds s i  gn i  f i cant  amounts o f  i r o n  , c o b a l t  , and' molybdenum. The 
i n v e n t o r y  o f  o t h e r  elements was comple te ly  dominated by t 6 e  c o n c r e t e  i t s e l f  
w i t h  t h e - r e b a r  o f  n e g l i g i b l e  importance. 

The second phase o f  t h e  s t u d y k o n s i s t e d  of t h e  c a l c u l a t i o n  o f  expected 
l e v e l s  o f  l o n g - l i v e d  a c t i v a t i o n ' p r o d u c t s  i n  t h e  major  r e a c t o r  components f o r  
v a r i o u s  t i m e  scales.  A thorough e v a l u a t i o n  was made o f  a l l  p o s s i b l e  a c t i v a t i o n  

Wi th  t h e  e x c e p t i o n  o f  

A few o f  t h e  r e a c t o r  s i t e s  sampled used f l y  ash i n  smal l  amounts (4%) as 

The reba r  component domi na tes  t h e  b i  osh i  e l  d ' compos i t ion  f o r  
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produc ts  t h a t  c o u l d  be produced i n  s e n s i b l e  q u a n t i t i e s  i n  a LWR. F i f t y - t w o  
i so topes  w i t h  h a l f - l i v e s  g r e a t e r  5 f i v e  yea rs  were considered.  It was con- 
cluded, t h a t  w i t h  a few excep t ions  t h e  a c t i v a t i o n  i n v e n t o r y  i s  overwhe lming ly  
dominated by thermal  neu t ron  cap tu re  w i t h  N-P and N-a r e a c t i o n s  o f  impor tance 
o n l y  f o r  5%ln, 14C, and 3T p roduc t ion .  
g i b l e  importance. A thorough rev iew  o f  a l l  a v a i l a b l e  c r o s s - s e c t i o n  i n f o r m a t i o n  
was c a r r i e d  o u t  f o r  b o t h  s low and f a s t  neu t ron  reac t i ons .  T h i s  i n f o r m a t i o n  was 
i n c o r p o r a t e d  i n t o  a m u l t i g r o u p  computer code s p e c i f i c a l l y  w r i t t e n  f o r  t h a t  
purpose. The code was used t o  c a l c u l a t e  expected l e v e l s  o f  a c t i v a t i o n  p roduc ts  
i n  r e a c t o r  i n t e r n a l s ,  vessel  c ladd ing ,  vessel  w a l l s ,  and a t  v a r i o u s  depths i n  
t h e  b i o s h i e l d s .  Average m a t e r i a l s  compos i t ions  t a k e n  f rom t h e  f i r s t  phase o f  
t h e  study'  were used i n  t h e  c a l c u l a t i o n s .  A s e r i e s  o f  c a l c u l a t i o n s  was c a r r i e d  
o u t  f o r  b o t h  p ressu re \  water  r e a c t o r  (PWR) and b o i l i n g  water  r e a c t o r  (BWR) 
geometries. The m a j o r i t y  of t h e  a c t i v a t i o n  p r o d u c t s '  i n v e n t o r y  o f  t h e  r e a c t o r  
was found t o  r e s i d e  i n  t h e  co re  shroud w i t h  o n l y  a few i s o t o p e s  domina t ing  t h e  
t o t a l  a c t i v i t y  l e v e l s .  
5 yea rs  t o  about  
A f t e r  100 years ,  "Nb w i l l  be t h e  dominant gamma e m i t t e r  w i t h  
t i o n ,  because o f  i t s  s m a l l  i n n e r  b remsst rah lung branch, f r o m  58Ni .  The n i c k e l  
i so topes  dominate t h e  t o t a l  a c t i v i t y  a f t e r  about 20  years.  
i s  seen i n  t h e  vessel  w a l l  i t s e l f  b u t  w i t h  a somewhat d im in i shed  impor tance f o r  
Co and N i .  A c t i v a t i o n  l e v e l s  i n  t h e  vessel  w a l l  and vesse l  c l a d d i n g  were found 
t o  be reduced by a f a c t o r  o f  15 f o r  t h e  BWR geometry. 
f o r  t h e  b i o s h i e l d  conc re te  was, o f  course, q u i t e  d i f f e r e n t  w i t h  a much more 
complex m i x  o f  i s o t o p e s  poss ib le .  On t h e  100-year t i m e  sca le ,  t h e  t o t a l  
a c t i v i t y  o f  conc re te  i s  dominated by t r i t i u m ,  w h i l e  on t h e  l ong - te rm d i s p o s a l  
t i m e  s c a l e  o f  hundreds t o  thousands o f  y e a r s  t h e  t o t a l  a c t i v i t y  i s  t o t a l l y  
dominated by 41Ca r e p r e s e n t i n g  about  99% o f  t h e  t o t a l  a c t i v i t y .  Maximum 
a c t i v a t i o n  l e v e l s  f o r  41Ca do n o t  appear t o  r e p r e s e n t  any s e r i o u s  hazard  
p o t e n t i a l ,  however. 
w i t h  6oCo o f  r e l a t i v e l y  minor  impor tance a f t e r  t h e  f i r s t  20  years .  
found t o  be a minor  c o n t r i b u t o r  t o  t h e  b i o s h i e l d  a c t i v a t i o n  i n v e n t o r y .  
10% r e b a r  component, t h e  6oCo c o n t r i b u t i o n s  f rom t h e  r e b a r  and conc re te  a r e  
approx imate ly  equal  . A comparison was made between c a l c u l a t e d  a c t i v a t i o n  
l e v e l s  a t  v a r i o u s  p o i n t s  i n  PWR and BWR systems and t h e  r e g u l a t o r y  g u i d e l i n e s  
s t a t e d  i n  10 CFR 61 f o r  s h a l l o w  l a n d  d i s p o s a l  o f  t h a t  m a t e r i a l  f o l l o w i n g  decom- 
miss ion ing .  
dominant c o n s i d e r a t i o n .  
1 i m i  t s  f o r  nea r -su r face  d i s p o s a l  w h i l e  the '  co re  b a r r e l  approaches these  l i m i t s .  
A s i m i l a r  s i t u a t i o n  e x i s t s  f o r  t h e  BWR shroud. C o n t r o l  rods  a r e  d i f f i c u l t  t o  
model and w i l l  r e q u i r e  a separa te  d e t a i l e d  study. A t  l e a s t  f rom a d i r e c t  a c t i -  
v a t i o n  s tandpo in t ,  the:  rema in ing  massive components w i l l  q u a l i f y  as Class A o r  
B waste. Some s u r f a c e  decontaminat ion  may be r e q u i r e d  t o  remove o t h e r  sources 
o f c  a c t i v i t y ,  however. A c t i v i t y  i n v e n t o r i e s  f o r  t h e  t o t a l  r e a c t o r  system were 
c a l c u l a t e d  f o r  shutdown a f t e r  30  EFPY of  ope ra t i on .  

Photonuclear .  r e a c t i o n s  a r e  o f  n e g l i -  

Coba l t -60  was found t o  dominate t h e  t o t a l  a c t i v i t y  f rom 

mino r  c o n t r i b u -  
years ;  i t  dominated t h e  gamma dose f o r  up t o ' 1 0 0  years .  

A s i m i l a r  p a t t e r n  

The a c t i v a t i o n  p a t t e r n s  

Gamma a c t i v i t y  f rom t h e  b i o s h i e l d  i s  m a i n l y  due t o  15'Eu 
Rebar was 

For  a 

Us ing  those  s p e c i f i c a t i o n s ,  i n  genera l  , 63Ni l e v e l s  become t h e  
On t h a t  bas i s ,  t h e  PWR shroud exceeds t h e  Class C 

Fo r  t h e  PWR case, t h e  
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t o t a l  was 1.7 m i l l i o n  c u r i e s  o f  i s o t o p e s  w i t h  h a l f  l i v e s  g r e a t e r  t h a n  5 y e a r s  
w i t h  o n l y  1700 C i  i n  t h e  b i o s h i e l d .  For  t h e  BWR case, 530,000 C i  were e s t i -  
mated f o r  t h e  r e a c t o r  i n t e r n a l s  w i t h  146 C i  i n  t h e  b i o s h i e l d .  The r e s u l t s  o f  
t h i s  work a r e  f u l l y  c o n s i s t e n t  w i t h  a number o f  p r e v i o u s  s t u d i e s .  It appears 
t h a t  a l l  s i g n i f i c a n t  a c t i v a t i o n  p roduc ts  have been s a t i s f a c t o r i l y  cons ide red  i n  
t h e  decomiss ion ing s t r a t e g i e s  c u r r e n t l y  under c o n s i d e r a t i o n .  

The t h i r d  phase o f  t h e  work c o n s i s t e d  o f  a rad iochemica l  a n a l y s i s  o f  
neu t ron  a c t i v a t e d  samples o f  s t e e l  and concrete.  T h i s  was i n t e n d e d  as a check 
on t h e  c a l c u l a t i o n  method. 

W i t h i n  t h e  framework o f  t h e  samples a v a i l a b l e ,  o n l y  a l i m i t e d  v e r i f i c a t i o n  
o f  t h e  p r e d i c t i v e  c a p a b i l i t y  was p o s s i b l e .  
and 93M0 were found t o  be p resen t  a t  app rox ima te l y  t h e  expected l e v e l s  based 
on a n e u t r o n  f l u x  n o r m a l i z a t i o n  u s i n g  t h e  meacsured 55Fe l e v e l s  t o  a d j u s t  t h e  
p r e d i c t i o n s .  
i t s  measured l e v e l s  were somewhat h i g h e r  t h a n  expected. 
appears t o  be a t t r i b u t a b l e  t o  ep i the rma l  c a p t u r e  i n  t h e  c o r e  r e g i o n  f o r  t hose  
p a r t i c u l a r  samples. 
europium i s o t o p e s  was v e r i f i e d  w i t h  good agreement between measurement and c a l -  
c u l a t i o n  ob ta 'ned  f o r  a number o f  s h o r t e r - l i v e d  i so topes .  I t  was n o t  p o s s i b l e  
t o  determine 'lCa a c t i v a t i o n  i n  t h e  r a t h e r  l o w - l e v e l  samples used i n  t h i s  
study. 

I n  t h e  s t e e l  samples, 5 9 N i ,  6 3 N i ,  

The presence of 94Nb i n  s t a i n l e s s  s t e e l  samples was v e r i f i e d ,  and 
The d i sc repancy  

For t h e  conc re te  samples, t h e  dominant r o l e  o f  t h e  





1 . 0 INTRODUCTION 

T h i s  r e p o r t  p resen ts  t h e  r e s u l t s  o f  a s tudy sponsored by t h e  U.S. Nuc lear  
Regu la to ry  Commission (NRC) t o  i n v e s t i g a t e  t h e  problems posed t o  even tua l  
decommissioning o f  l i g h t  water  r e a c t o r s  (LWR) by n u c l e a r  a c t i v a t i o n  o f  ma jor  
r e a c t o r  c o n s t r u c t i o n  m a t e r i a l s  t o  i s o t o p e s  w i t h  h a l f - l i v e s  o f  impor tance on t h e  
t i m e  s c a l e  f o r  decommissioning and d i sposa l .  T h i s  i n f o r m a t i o n  i s  o f  impor tance 
i n  t h e  des ign  o f  decommissioning s t r a t e g i e s  and i n  t h e  f o r m u l a t i o n  o f  r e g u l a -  
t o r y  g u i d e l i n e s  f o r  imp lement ing  those s t r a t e g i e s .  The program i s  d i v i d e d  i n t o  
t h r e e  major  tasks.  The f i r s t  t a s k  c o n s i s t s  o f  t h e  assess ing  o f  t h e  l e v e l s  o f  
major, minor, and t r a c e  elements i n  t h e  major  c o n s t r u c t i o n  m a t e r i a l s  used i n  
p ressure  wa te r  r e a c t o r  (PWR) and b o i  1 i ng water  r e a c t o r  (BWR) c o n s t r u c t i o n .  
These m a t e r i a l s  c o n s i s t  p r i m a r i l y  o f  conc re te  (cement, f l y  ash, sand and aggre- 
ga te ) ,  rebar ,  vessel  s t e e l  and s t a i n l e s s  s t e e l  i n t e r n a l s .  Samples o f  t h e s e  
m a t e r i a l s  were s o l i c i t e d  f rom a l l  u t i l i t i e s  i n  t h e  U n i t e d  S t a t e s  w i t h  r e a c t o r s  
under c o n s t r u c t i o n ,  as w e l l  as from a number of  o p e r a t i n g  r e a c t o r  s i t e s .  A 
comprehensive program of  chemical a n a l y s i s  was c a r r i e d  ou t  on these  samples f o r  
up t o  52 elements. 
a c t i v a t i o n  p roduc ts  produced i n  m a t e r i a l s  o f  r e p r e s e n t a t i v e  compos i t i on  as 
d e f i n e d  by t h e  chemical  a n a l y s i s  work. 
p o t e n t i a l l y  i m p o r t a n t  n u c l e a r  a c t i v a t i o n  pathways f o r  more than  40 i s o t o p e s  
w i t h  h a l f - l i v e s  r a n g i n g  f rom a few y e a r s  t o  t e n s  o f  m i l l i o n s  o f  y e a r s  f o r  
i n c o r p o r a t i o n  i n t o  a computer model so t h a t  no i m p o r t a n t  a c t i v a t i o n  p roduc t  
would be over looked.  F i n a l l y ,  samples o f  a c t i v a t e d  m a t e r i a l  were ob ta ined  f rom 
seve ra l  o p e r a t i n g  o r  decommissioned r e a c t o r s  and were s u b j e c t e d  t o  rad iochemi  - 
c a l  assay f o r  s e l e c t e d  1 ong-1 i ved i sotopes . 

The second t a s k  c o n s i s t s  of e s t i m a t i n g  expec ted  l e v e l s  o f  

A thorough assessment was made o f  a l l  

1.1 REVIEW OF PROPOSED DECOMMISSIONING STRATEGIES 

Accord ing  t o  a r e c e n t  U.S. Department o f  Energy (DOE) survey  (U.S. DOE 
1981) t h e r e  a r e  now a t o t a l  o f  75 c e n t r a l  s t a t i o n  e l e c t r i c  power r e a c t o r s  
o p e r a t i n g  i n  t h e  U n i t e d  S ta tes  w i t h  an a d d i t i o n a l  81  under c o n s t r u c t i o n .  
A l though t h a t  number i s  now reduced due t o  p r o j e c t  t e r m i n a t i o n s ,  i t  i s  s t i l l  
l a r g e .  
o f  4 0 y e a r s .  These r e a c t o r s  w i l l ,  a t  some t i m e  i n  t h e  f u t u r e ,  rep resen t  a 
problem w i t h  r e g a r d  t o  t h e  u l t i m a t e  d i s p o s i t i o n  o f  t h e  massive components o f  
t h e  r e a c t o r  s t a t i o n .  
t i a l  amounts o f  a c t i v a t i o n  p roduc ts  formed ove r  t h e  l i f e  o f  t h e  r e a c t o r .  
a c t i v a t i o n  p roduc ts  b e g i n  decaying immedia te ly  upon shutdown and have a wide 
range o f  h a l f  l i v e s .  The t y p e  o f  problem caused by s p e c i f i c  i s o t o p e s  i s  t o  a 
l a r g e  e x t e n t  a f u n c t i o n  of  t h e  p a r t i c u l a r  decommissioning s t r a t e g y  chosen. 
Accord ing  t o  Smith, Konzek and Kennedy (1978) "...decommissioning i s  de f ined,  
f o r  a n u c l e a r  f a c i l i t y ,  as t h e  measures taken  a t  t h e  end o f  t h e  f a c i l i t y ' s  

The o p e r a t i n g  l i f e  span o f  t hese  r e a c t o r s  i s  e s t i m a t e d  t o  be o f  o r d e r  

T h i s  problem i s  comp l i ca ted  by t h e  presence o f  substan-  
These 
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o p e r a t i n g  l i f e  t o  assure t h e  con t inued  p r o t e c t i o n  o f  t h e  p u b l i c  f rom any 
r e s i d u a l  r a d i o a c t i v i t y  o r  o t h e r  p o t e n t i a l  hazards p resen t  i n  t h e  f a c i l i t y . ”  
Severa l  b a s i c  approaches have been considered.  The f i  r s t  approach i n v o l v e s  
immediate dismantlement over  a 4-year pe r iod ,  s h o r t l y  a f t e r  f i n a l  c e s s a t i o n  of  
power p r o d u c t i o n  opera t i ons .  
R i v e r  decommissioning, and more r e c e n t l y ,  i n  t h e  Sodium Reactor  exper iment .  A 
number o f  decommissioning p r o j e c t s  c u r r e n t l y  be ing  i n i t i a t e d  have a l s o  op ted  
f o r  immediate dismantlement. Examples i n c l u d e  t h e  B r i t i s h  Windscale Advanced 
Gas-Cooled Reactor  and t h e  Japanese JPDR, as w e l l  as t h e  S h i p p i n g p o r t  s t a t i o n ,  
which w i l l  be t h e  l a r g e s t  such p r o j e c t  a t tempted t o  date.  A s i g n i f i c a n t  
advantage of t h i s  procedure i s  t h e  c o n t i n u i t y  on s i t e  o f  s t a f f  f a m i l i a r  w i t h  
a l l  aspec ts  o f  t h e  r e a c t o r  ope ra t i on .  An a l t e r n a t i v e  t o  t h e  f i r s t  approach i s  
some t y p e  o f  s a f e  s to rage  w i t h  a d e f e r r e d  dismantlement. The de fer rment  would 
t y p i c a l l y  be o f  t h e  o r d e r  o f  30 t o  50 years .  The p r i n c i p a l  purpose o f  t h e  
d e f e r r a l  p e r i o d  i s  t o  a l l o w  decay o f  r e s i d u a l  r a d i o a c t i v i t y  t o  more manageable 
l e v e l s .  The f i r s t  o p t i o n  may, i n  f a c t ,  be more c o s t  e f f e c t i v e ,  w h i l e  t h e  
second o f f e r s  reduced r i s k  o f  exposure t o  b o t h  t h e  decommissioning workers  and 
t h e  p u b l i c .  The goal o f  b o t h  of t hese  o p t i o n s  i s  t h e  removal of a p o t e n t i a l  
l ong - te rm hazard f rom t h e  immediate e n v i r o n s  and, i d e a l l y ,  t h e  r e t u r n  o f  t h e  
l a n d  t o  u n r e s t r i c t e d  use. The remain ing  o p t i o n  t o  be cons ide red  i s  permanent 
i n-p l  ace entombment . Th i  s o p t i  on i n v o l  ves sea l  i ng a1 1 of t h e  remai n i  ng  h i  g h l y  
r a d i o a c t i v e  components i n  a s t r u c t u r a l  i n t e g r a l  w i t h i n  t h e  b i o l o g i c a l  s h i e l d  
a f t e r  removal o f  f u e l  assembl ies and o t h e r  r e a d i l y  removable h i g h  a c t i v i t y  
components. T h i s  o p t i o n  was g e n e r a l l y  cons ide red  t o  be r a t h e r  a t t r a c t i v e  u n t i l  
r e c e n t l y .  T h i s  t y p e  o f  o p t i o n  was, f o r  example, o r i g i n a l l y  implemented a t  t h e  
Pa th f i nde r  r e a c t o r  near  Sioux F a l l s ,  South Dakota, w i t h  convers ion  o f  t h e  t u r -  
b i n e  t o  o i l - f i r e d  peak l o a d  use. Permanent entombment does, however, r e q u i r e  a 
long- te rm commitment t o  a s u r v e i l l a n c e  and m o n i t o r i n g  program, as w e l l  as t h e  
guarantee o f  complete s t r u c t u r a l  i n t e g r i t y  f o r  an i n d e f i n i t e l y  l o n g  p e r i o d  o f  
t ime.  
i s o t o p e s  w i t h  ve ry  l o n g  h a l f - l i v e s ,  such as 5 9 N i    TI,^ = 80,000 y )  and ‘‘Nb 

scale.  
be a v i a b l e  u l t i m a t e  s o l u t i o n  t o  t h e  decommissioning problem. 

T h i s  was b a s i c a l l y  t h e  approach used i n  t h e  E lk  - 

T h i s  i s  necessary because o f  t h e  presence of a l a r g e  i n v e n t o r y  o 

=20,000 y )  which do n o t  undergo s i g n i f i c a n t  decay on a h i s t o r i c a l  t i m e  
Thus, permanent o n s i t e  entombment i s  no l o n g e r  g e n e r a l l y  cons ide red  t o  

I n  t h e  i n t e r e s t  o f  s i m p l i c i t y  and c l a r i t y  t h e  NRC has r e c e n t l y  adopted t h e  
f o l l o w i n g  d e f i n i t i o n s  and pseudoacronyms t o  d e f i n e  t h e  o p t i o n s  i n v o l v e d  
( C a l k i n s  1982): 

a Decommission means t o  remove t h e  p r o p e r t y  s a f e l y  f r o m  s e r v i c e  and 
d ispose o f  t h e  r a d i o a c t i v e  r e s i d u e  t o  a l l o w  u n r e s t r i c t e d  use of  t h e  
p roper t y .  

a DECON means t o  immedia te ly  remove a l l  r a d i o a c t i v e  m a t e r i a l  t o  p e r m i t  
u n r e s t r i c t e d  r e l e a s e  o f  t h e  p roper t y .  

6 



0 SAFSTOR means t o  f i x  and m a i n t a i n  p r o p e r t y  so t h a t  r i s k  t o  s a f e t y  
i s  acceptab le  f o r  t h e  p e r i o d  o f  s to rage,  f o l l o w e d  by decontamina- 
t i o n  and/or  decay t o  t h e  u n r e s t r i c t e d  l e v e l .  

0 ENTOMB means t o  encase and m a i n t a i n  p r o p e r t y  i n  a s t r o n g  and s t r u c -  
t u r a l l y  l o n g - l i v e d  m a t e r i a l  (e.g., conc re te )  t o  assure  r e t e n t i o n  
u n t i l  r a d i o a c t i v i t y  decays t o  an u n r e s t r i c t e d  l e v e l .  

A thorough rev iew o f  t h e  p r a c t i c a l  c o n s i d e r a t i o n s  i n v o l v e d  i n  n u c l e a r  
f a c i l i t i e s  decommissioning i s  g i ven  i n  t h e  U.S. Department o f  Energy (DOE) 
Decommissioning Handbook (Manion and LaGuardia 1980). A t e c h n i c a l  and economic 
assessment has been c a r r i e d  ou t  f o r  PWR's by Smith, Konzek, and Kennedy (1978) 
and f o r  BWR's by Oak e t  a l .  (1980). 

I n  r e v i e w i n g  t h e  expected problems posed t o  decommissioning by a c t i v a t i o n  
produc ts ,  i t  becomes r e a d i l y  apparent  t h a t  t h e  p a r t i c u l a r  i s o t o p i c  m ix  respon- 
s i b l e  f o r  a g i ven  l e v e l  o f  problem i s  t o  a l a r g e  e x t e n t  r e l a t e d  t o  t h e  t y p e  o f  
decommissioning s c e n a r i o  considered.  I f  immediate d ismant lement  i s  chosen, 
i s o t o p e s  w i t h  h a l f - l i v e s  down t o  one y e a r  o r  l e s s  w i l l  be p r e s e n t  i n  s i g n i f i -  
can t  q u a n t i t i e s .  Wi th  t h e  d e f e r r e d  d ismant lem n t  o p t i o n  i t  i s  u n l i k e l y  t h a t  
i s o t o p e s  w i t h  h a l f - l i v e s  s h o r t e r  t han  t h a t  o f  Co (T1/2 = 5.3 y )  would be o f  
s i g n i f i c a n t  i n t e r e s t .  I n  b o t h  cases, much l o n g e r - l i v e d  i s o t o p e s  must be con- 
s i d e r e d  as pos ing  a p o t e n t i a l  d i sposa l  hazard. I n  genera l ,  most o f  t h e  e f f o r t  
i n  t h e  area  o f  n u c l e a r  waste d i s p o s a l  has been focused on problems a s s o c i a t e d  
w i t h  s t a b i l i z a t i o n  o f  wastes generated by t h e  f u e l  cyc le .  Wh i le  t h e  a c t i v i t y  
l e v e l s  produced by t h e  f u e l  c y c l e  a r e  o f  course  many t imes  h i g h e r  t h a n  t h o s e  
r e s u l t i n g  f rom a c t i v a t i o n  p roduc ts  a lone,  f u e l  c y c l e  waste i s  i n h e r e n t l y  more 
compact and t h u s  amenable t o  a d i f f e r e n t  t y p e  o f  d i s p o s a l  techno logy ,  such as 
v i t r i f i c a t i o n  o r  r e t r i e v a b l e  s to rage.  
b i o s h i e l d ,  vesse ls ,  and i n t e r n a l s  by t h e i r  ve ry  b u l k  r e q u i r e  a comp le te l y  
d i f f e r e n t  d i s p o s a l  t rea tmen t  such as near -su r face  b u r i a l .  Thus, each component 
must be cons idered independen t l y  w i t h  r e g a r d  t o  t h e  r i s k  posed by r e l e a s e  o f  
1 ong-1 i ved i sotopes. 

E O  

The massive components compr i s ing  t h e  

1.2 

1.2.1 

LONG-LIVED ACTIVATION PRODUCTS 

Scope o f  Problem 

Long- l i ved  a c t i v a t i o n  p roduc ts  a r e  d e f i n e d  i n  t h i s  c o n t e x t  as any r a d i o -  
n u c l i d e  p roduc t  o f  a h a l f - l i f e  g r e a t e r  t h a n  5.3 y e a r s  wh ich  can be produced i n  
s e n s i b l e  q u a n t i t i e s  i n  a n u c l e a r  r e a c t o r  by t h e  bombardment o f  neu t rons  o r  
gamma r a  s upon a s u i t a b l e  t a r g e t  m a t e r i a l .  
l i f e  o f  "Co, i s  somewhat a r b i t r a r y .  It i s  based on t h e  e x p e c t a t i o n  t h a t  on a 
t i m e  s c a l e  o f  a few years ,  6oCo w i l l  be o f  dominant impor tance.  

The cho ice  of  5.3 years ,  t h e  h a l f -  

T h i s  s i m p l y  
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serves  t o  d e l i m i t  t h e  d i s c u s s i o n  somewhat. Table 1.1 g i v e s  a l i s t  o f  52 i s o -  
topes  conforming t o  t h a t  d e f i n i t i o n .  A wide v a r i e t y  o f  n u c l e a r  r e a c t i o n  e x i t  
channels  were considered.  These i n c l u d e  N-y, N-ZN, N-P, N-a, N-D, N-T, N-N1, 
neu t ron  induced f i s s i o n  (N-F) and photonuc lear  r e a c t i o n s .  The l i s t  i s  by no 
means exhaus t i ve  s i n c e  a number o f  t h e  more e x o t i c  r e a c t i o n s  ( i n c l u d i n g  reac-  
t i o n s  induced by secondary p ro tons  and complex m u l t i p l e  neu t ron  c a p t u r e  reac-  
t i o n s )  a r e  i n  p r i n c i p l e  poss ib le ,  b u t  o f  n e g l i g i b l e  importance. 
i s o t o p e s  shown i n  Table 1.1, a r e  i n  genera l ,  o f  n e g l i g i b l e  impor tance because 
o f  a v a r i e t y  o f  nuc lea r  p r o p e r t i e s  and t a r g e t  abundance cons ide ra t i ons .  T h i s  
l i s t i n g  s imp ly  serves t o  d e f i n e  t h e  magnitude o f  t h e  problem. A complete d i s -  
cuss ion  o f  t h e  n u c l e a r  c o n s i d e r a t i o n s  i n v o l v e d  i s  g i ven  i n  S e c t i o n  2.1. It i s  
e v i d e n t  f rom an examinat ion  of  Table 1.1 t h a t  a wide v a r i e t y  o f  i s o t o p e s  can be 
produced f rom t h e  abundant neu t ron  f l u x e s  p resen t  under t y p i c a l  n u c l e a r  r e a c t o r  
o p e r a t i n g  c o n d i t i o n s .  I n  p r a c t i c e ,  o n l y  a few i s o t o p e s  a r e  expec ted  t o  t o t a l l y  
dominate t h e  i n v e n t o r y  o f  a c t i v a t i o n  p roduc ts  f o r  any g i  ven t y p e  o f  cons t ruc -  
t i o n  m a t e r i a l .  
ments found i n  t h e  m a t e r i a l s  o f  i n t e r e s t .  
i s o t o p e  i s  n o t  n e c e s s a r i l y  t h e  same chemical  element as t h e  t a r g e t  i s o t o p e  even 
f o r  d i r e c t  n e u t r o n  c a p t u r e  r e a c t i o n s .  
example, can be produced i n  good y i e l d  from Mo, a major  c o n s t i t u e n t  o f  Type 304 
s t a i n l e s s  s t e e l ,  t h e  most commonly used component o f  r e a c t o r  i n t e r n a l s .  T h i s  
i s o t o p e  i s  no rma l l y  cons ide red  as a f i s s i o n  p roduc t  i n  f u e l  c y c l e  cons ide ra -  
t i o n s .  It i s  t h e  f u n c t i o n  o f  t h i s  program t o  s o r t  o u t  v a r i o u s  c o n s i d e r a t i o n s  
o f  t h a t  t y p e  w h i l e  e n s u r i n g  t h a t  no i m p o r t a n t  a c t i v a t i o n  p roduc t  i s  ove r looked  
i n f u t u r e  d i  scuss i  ons o f  r e a c t o r  decommi s s i  o n i  ng s t r a t e g y .  

Most o f  t h e  

T h i s  i s  due p r i m a r i l y  t o  t h e  abundance p a t t e r n s  o f  t a r g e t  e l e -  
It shou ld  be no ted  t h a t  t h e  p roduc t  

Technetium-99  TI,^ = 213,000 y )  f o r  

1.2.2 Review o f  E x i s t i n g  I n f o r m a t i o n  

Comprehensive i n f o r m a t i o n  on i n v e n t o r i e s  o f  l o n g - l i v e d  a c t i v a t i o n  p roduc ts  
i n  power r e a c t o r s  i s  r e l a t i v e l y  l i m i t e d  t o  date.  Em h a s i s  has tended t o  be 
p laced  m a i n l y  on a s h o r t  l i s t  o f  i so topes ,  such as 6’Co and 55Fe. One reason 
f o r  t h i s  i s  t h a t  p r a c t i c a l  exper ience w i t h  decommissioning o f  l a r g e  n u c l e a r  
f a c i l i t i e s  i s  r a t h e r  l i m i t e d ;  however, DOE and a number o f  u t i l i t i e s  a r e  p lan -  
n i n g  seve ra l  l a r g e  d i s m a n t l i n g  p r o j e c t s  so t h i s  may change somewhat i n  t h e  near  
fu tu re .  
da te  used a t  l e a s t  t e m p o r a r i l y  t h e  SAFSTOR o r  ENTOMB op t ions .  
t o t a l  r a d i o a c t i v e  i n v e n t o r y  a r e  made as p a r t  o f  t h e  r a d i o l o g i c a l  s a f e t y  ana ly -  
s i s  f o r  entombment. For  example, t h e  Hallam Nuc lear  Power F a c i l i t y  was e s t i -  
mated t o  c o n t a i n  300,000 C i  o f  a c t i v a t i o n  p roduc ts  a t  t h e  t i m e  o f  i t s  entomb- 
ment (Atomics I n t e r n a t i o n a l  1970). The t o t a l  r a d i o a c t i v i t y  sea led  i n s i d e  con- 
ta inmen t  a t  t h e  Piqua Nuc lear  Power F a c i l i t y  was es t ima ted  a t  260,000 C i  
(Atomics I n t e r n a t i o n a l  1969). 
BONUS F a c i l i t y  nc luded h a t  about 50,000 C i  o f  a c t i v i t y  were entombed con- 
s i s t i n g  of  71% %e, 29% “Co, and 4% 63Ni  (Puer to  R ico  Water Resources 
A u t h o r i t y  1970). 

Most o f  t h e  s m a l l e r  power r e a c t o r s  t h a t  have been decommissioned t o  
Es t imates  of  

The a n a l y s i s  conducted f o r  t h e  entombment o f  t h e  

These a r e  f a i r l y  r e p r e s e n t a t i v e  examples o f  t h e  t y p e  o f  
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TABLE 1.1. Long-Lived A c t i v a t i o n  Produc ts  w i t h  H a l f - L i v e s  
Greater  t han  5 yea rs  

I sotope 

l 4 C  

3 6 ~ ~  
2 6 A l  

3 y A r  
4 1  

6U 
63;; 

7% 

' l K r  
85Kr 

9 ' ~ r  
9 3 ~ r  

92mNb 

93mNb 
93 

97Tc 
98Tc 
"Tc 

l o 7 P d  
108m 
1 13m:d9 
121mS, 

12qI 
1 3 3 ~ a  
135cs 

137cs 

193Pt  

*05Pb 

210mgi 

231 
239:; 

2088, 

23311 
23611 

12.3 
1.6E6 

5730 
7.2ES 
3.01E5 

269 
1.03E5 
3.7E6 
80000 
5.272 
100 

65U0U 

2.1E5 
10.7 

29 
9.5E5 

2.7E7 

12 
3500 
20000 

2.6E6 
4.2E6 
2.13E5 

6.5E6 
130 
14.6 
50 

1.59E7 
10.4 
2.3E6 

30.1 

60000 
18 
1 .OE8 
36 
1.8E6 
93 
1 3  
8.6 
150 
33 
1200 
30 
241 
50 

1.4E7 

3.68E5 
3.5E6 
1.58E5 
2.3E7 
2.14E6 
24390 

T a r g e t  Eleinent 

L1 
Be 
B 
IN 

A 1  
c1  
K 
K 
Ca 
Fe 
N i  
c o  
N 1 
cu 
Se 
B r  

U, Th 
S r  

U, Th 
Kb 

U, Th 
2r  

U, Th 
Nb 
Mo 
Nb 
Mo 
Nb 
Mo 
Ku 
Ru 
Mo 

U, Th 
Pd 

Cd 
Sn 
Sb 
Te 
Ba 
Ba 

U, Th 
Ba 

U, Th 
Ce 
Sm 
Sm 
Eu 
Eu 
Sm 
Eu 
Eu 
Tb 
E r  
Ho 
H f  
I r  
P t  
P t  
Pb 
Pb 
B i  
B i  
Th 
U 
U 
U 

P r i  nc 1 p a  1 
P r o d u c t i o n  Node 

N-Q 
N-y 
N-P  
IN-P 

N-2N 
N-Y 
N-a 
N - P  
N-Y  
N-0 
N-Y 
N-y 
N -Y  
N-P 

N-y,  N-2N 
N-P 
N-F 
14-Q 

N-F 
N-P 
N-F 
N-Y 
N-F 

N-2N 
N-P 
N - ~ 1  
N-Y 
N-Y 
N-P 
N-Y 
N-P 
N-Y 
N-F 
N-Y 
N - Y ~  

N -Y 
N-P 
N-Y 
N-P 
N-P 
N-F 
N-P 
N-F 
N-Y 
N-Y 

N-2N 
N-2N 
N-2N 

N-N 

N-Y 
N-Y 
N-Y 

N-2N 
N-Y 
N-Y 
N-Y 
N-Y 

N-Y 

N-2N 

N-2N 

N-2N 
N-2N 
N-Y 
N-Y 
N-Y 

N-Y 
N-2N 

( a )  E6 = X l o 6  
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i n f o r m a t i o n  a v a i l a b l e  f rom pas t  decommissioning a c t i v i t i e s ,  The one e x c e p t i o n  
i s  t h e  E l k  R i v e r  Reactor, which u n t i l  r e c e n t l y  was t h e  o n l y  power r e a c t o r  i n  
t h e  U n i t e d  Sta tes  t o  be comp le te l y  d ismant led.  The d i s m a n t l i n g  o p e r a t i o n  o f  
t h e  58.2 MWTh r e a c t o r  was s u c c e s s f u l l y  completed between 1972 and 1974 ( U n i t e d  
Power A s s o c i a t i o n  1974). 
d isposed o f  d u r i n g  t h e  decommissioning (Rura l  Coopera t ive  Power A s s o c i a t i o n  
1971). About 90% o f  t h e  a c t i v i t y  was p resen t  i n  t h e  c o r e  shroud w i t h  most o f  
t h e  remain ing  10% i n  t h e  vessel .  
o f  s o i l  c o n t a i n i n g  low l e v e l s  o f  a c t i v i t y  were removed f o r  d i s p o s a l  (Rura l  
Coopera t ive  Power A s s o c i a t i o n  1971). As p a r t  o f  t h a t  work, a c o r e  was taken  o f  
t h e  b i o s h i e l d  and s u b j e c t e d  . t o  gamma r a y  ana lys i s .  Approx imate ly  equal  amounts 
o f  6oCo and 152Eu were found w i t h  minor  amounts o f  22Na. 
Kennedy (1978) i n  t h e i r  r e e v a l u a t i o n  o f  t h a t  da ta  have commented on t h e  improb- 
a b i l i t  o f  f i n d i n g  22Na under those  c o n d i t i o n s  and were s u r p r i s e d  t h e y  d i d  n o t  
see 1511Eu. They were c o r r e c t  on bo th  accounts, because t h e  p r i n c i p a l  gamma r a y  
energy o f  154Eu i s  w i t h i n  0.1 KeV o f  t h e  p r i n c i p a l  gamma r a y  o f  22Na and unre-  
s o l v a b l e  even w i t h  t h e  h i g h  r e s o l u t i o n  d e t e c t o r s  a v a i l a b l e  today.  T h i s  work i s  
main l y  o f  impor tance i n  t h a t  i t  v e r i f i e s  t h e  impor tance o f  t h e  europium i s o -  
topes i n  a c t i v a t i o n  o f  b i o s h i e l d  concrete.  

- 
An es t ima ted  10,000 C i  o f  a c t i v a t e d  m a t e r i a l  was 

I n  a d d i t i o n ,  1224 m3 o f  conc re te  and 1377 m3 

Smith, Konzek and 

More r e c e n t l y ,  t h e  Sodi um Reactor  Exper imenta l  (SRE) ,  a m a l  1 exper imenta l  
power r e a c t o r  l o c a t e d  near  Los Angeles, was success fu l  l y  decommissioned 
( K i t t i n g e r ,  Ureda and Conners 1982). 
mined t h a t  o n l y  t h e  i n n e r  25 cm o f  t h e  b i o s h i e l d  con ta ined  s u f f i c i e n t l y  h i g h  
l e v e l s  o f  a c t i v a t i o n  p roduc ts  t o  r e q u i r e  d i sposa l  as low l e v e l  waste. The 
u n a c t i v a t e d  p o r t i o n  c o u l d  t h u s  be s a f e l y  b u r i e d  i n  p lace,  The t o t a l  volume o f  
contaminated s o l i d s  removed t o  o f f s i t e  b u r i a l  was 3850 M3. 

I n  t h e  course of  t h i s  work i t  was d e t e r -  

Perhaps t h e  most complete combined exper imenta l  and t h e o r e t i c a l  a n a l y s i s  
o f  a c t i v a t i o n  produc ts  was c a r r i e d  o u t  by Woolam (1978)  and Woolam and Pugh 
(1978) f o r  B r i t i s h  Magnox r e a c t o r s .  These r e a c t o r s  a r e  gas-cooled g r a p h i t e  
r e a c t o r s  o f  v a s t l y  d i f f e r e n t  des ign  f rom t h e  PWR and BWR des igns  used i n  t h e  
U.S. The s t u d y  
c o n s i s t e d  o f  two p a r t s .  I n  t h e  f i r s t  phase r e p o r t e d  by Woolam (1978), s e v e r a l  
samples o f  a c t i v a t e d  m i l d  s t e e l  and conc re te  were t a k e n  f rom a c c e s s i b l e  areas 
d u r i n g  a scheduled outage. The s t e e l  samples were sub e c t e d  t o  rad iochemica l  
a n a l y s i s  t o  de termine t h e  l e v e l s  o f  59Fe, 54Mn, 6oCo, !lOmAg, l24,125sb, 6 3 ~ i ,  
94Nb, lohAg, 152Eu and 166mHo. 
s e c t r o  t r y  
lY4Cs, "Sr, dggrc and 65Zn. A ' p a r t i a l  chemical a n a l y s i s  was a l s o  c a r r i e d  o u i  
on t h e  samples t o  a t tempt  t o  r e c o n c i l e  t h e  measured a c t i v i t i e s  w i t h  neu t ron  
t r a n s p o r t  c a l c u l a t i o n s .  It was o n l y  p o s s i b l e  t o  do t h i s  i n  a somewhat q u a l i t a -  
t i v e  manner s i n c e  t h e  samples a v a i l a b l e  were from reg ions  n o t  r e a d i l y  amenable 
t o  accu ra te  neu t ron  t r a n s p o r t  c a l c u l a t i o n ,  a p e r s i s t e n t  d i f f i c u l t y  i n  t h e  pres-  
e n t  work as w e l l .  It i s  r a t h e r  c l e a r  t h a t  t h i s  work c o u l d  be b e s t  accomplished 

Never the less,  some aspects  o f  t h i s  s t u d y  a r e  v e r y  r e l e v a n t .  

The conc re te  samples were ana lyzed by amma 
152,154,155Eu 60c0, 59Fe, 1 6 0 ~ b ,  182Ta, 181Hf, 51cr, ?24Sb 
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d u r i n g  an a c t u a l  decommissioning p r o j e c t .  Woolam (1978) used a p a i r  o f  i n d i c e s  
which he d e f i n e s  as the  dose c o n t r i b u t i o n  and d i sposa l  t o x i c i t y  i n d i c e s  f o r  
p r i o r i  t i  z i  ng the  r e l a t i v e  impor tance o f  var ious  i s o t o p e s  on d i f f e r e n t  t ime  

t l i n g  and d i sposa l .  The r e s u l t s  o f  t h i s  s tudy i n d i c a t e d  t h a t  on a 10 year  t ime 
sca le  the  d i s m a n t l i n g  dose would be dominated i n  m i l d  s t e e l  by 6oCo, bu t  i n  
concre te ,  15'Eu would dominate. On a 100-year t ime  sca le  108mAg and 94Nb tend 
t o  dominate i n  s t e e l ,  whereas 15*Eu i s  s t i l l  t h e  most impor tan t  dose p roduc ing  
i s o t o p e  i n  concrete.  The s i t u a t i o n  i s  cons ide rab ly  d i f f e r e n t  f rom t h e  s tand-  
p o i n t  o f  d e b r i s  d i sposa l ,  w i t h  63Ni  dominat ing  t h e  s i t u a t i o n  f o r  a 10 t o  
100-year t ime  sca le  i n  s t e e l ,  and 5 9 N i  impor tan t  on a g r e a t e r  than 1000-year 
t i m e  sca le .  Europium-152 dominates t h e  d i sposa l  problem f o r  conc re te  on a 
10-year sca , bu t  on the  l onger  t ime sca le  o f  100 yea rs  o r  more, t h e  very 
l o n g - l i v e d  "Ca dominates. . The i n d i c e s  f o r  dose and d i sposa l  t o x i c i t y  advo- 
ca ted  by Woolam (1978) appear t o  be u s e f u l  f o r  p r i o r i t i z i n g  t h e  r e l a t i v e  impor-  
tance o f  va r ious  i so topes .  The dose t o x i c i t y  .i ndex approach has consequent ly  
been adapted t o  t h e  present  work as w e l l .  The second stage o f  t h e  Magnox 
P r o j e c t  as r e p o r t e d  by Woolam and Pugh (1978) 'is more t h e o r e t i c a l  i n  na ture .  
Represen ta t i ve  chemical compos i t ions  o f  major c o n s t r u c t i o n  m a t e r i a l s  were 
combined w i t h  a p p r o p r i a t e  c ross  s e c t i o n s  and neu t ron  t r a n s p o r t  i n f o r m a t i o n  t o  
c a l c u l a t e  expected a c t i v a t i o n  l e v e l s  i n  s t a i n l e s s  s t e e l ,  m i l d  s t e e l ,  g raph i te ,  
and concre te .  These da ta  were then used t o  c a l c u l a t e  a c t i v a t i o n  l e v e l s  and 
dose r a t e s  as a f u n c t i o n  o f  shutdown t ime.  A d e t a i l e d  i n v e n t o r y  o f  r a d i o a c t i v e  

- scales.  The i n d i c e s  were used t o  t r e a t  independent ly  t h e  problems o f  disman- 

components was worked ou t  f o r  t i m e  c a l  o f  10 and 100 y r s .  I s o t o  es  
i n c l u d e d  i n  t h e  i n v e n t o r  i n c l u d e  "C, "Fe, 60Co, 5 9 N i ,  "Ni , 94Nb, P08mAg, 
3H, 3 6 C l ,  41Ca, 151Sm, 152Eu and 154Eu. 

A s i m i l a r ,  though more l i m i t e d  study, has r e c e n t l y  been c a r r i e d  ou t  on 
t h e  decommissioned Gudremmingen U n i t  A Nuc lear  Power S t a t i o n  i n  t h e  Federa l  
Repub l i c  o f  Germany (Bergemann e t  a1 . 1982). T h i s  s tudy i n c l u d e d  chemical and 
rad iochemica l  a n a l y s i s  o f  b i o s h i e l d  cores, Charpy-V-notch samples o f  vessel  
s t e e l  and samples o f  t h e  a u s t e n i t i c  s t e e l  feedwater sparger  r i n g .  S t e e l  sam- 
p l e s  were analyzed f o r  6oCo, 54Mn and 63N i .  
f o r  6oCo, 54Mn, 6 3 N i ,  134Cs and 15'Eu. Neutron f l u x  c a l c u l a t i o n s  by one- and 
two-dimensional neu t ron  d i f f u s i o n  codes were used t o  c a l c u l a t e  expected a c t i -  
v a t i o n  l e v e l s  i n  those samples. I n  genera l ,  e: l tcel lent  agreement was ob ta ined.  
T h i s  demonstrated t h e  r e l i a b i l i t y  o f  t he  c a l c u l a t i o n  method p rov ided  adequate 
chemical i n f o r m a t i o n  i s  a v a i l a b l e .  Th is  s tudy  showed a t o t a l  a c t i v i t y  inven-  
t o r y  f o r  t h e  r e a c t o r  p ressure  vessel  and i n t e r n a l s  o f  1.4 x 10 C i  6 y e a r s  
a f t e r  shutdown. It was a l s o  found t h a t  a c t i v a t i o n  o f  t h e  b i o s h i e l d  above t h e  
l i m i t  f o r  u n r e s t r i c t e d  re lease  i n  t h e  Federa l  Repub l i c  of Germany (FRG) was 
c o n f i n e d  t o  t h e  i n n e r  concre te  r i n g ,  c r o s s i n g  t h e  10-l '  C i / g  l e v e l  a t  about 
110 cm s h i e l d  th i ckness .  

B i o s h i e l d  samples were ana lyzed 

6 

11 



The most comprehensive approach t o  t h e  a c t i v a t i o n  produc ts  problem c a r r i e d  
ou t  i n  t h e  U n i t e d  S ta tes  was t h a t  adopted by Smith, Konzek, and Kennedy (1978)  
as p a r t  o f  t h e i r  PWR Decommissioning Assessment Program. A s i m i l a r  approach 
was a l s o  used by Oak e t  a l .  (1980)  i n  the  p a r a l l e l  program a p p l i e d  t o  a BWR. 
D e t a i l e d  neut ron  t r a n s p o r t  c a l c u l a t i o n s  were c a r r i e d  ou t  f o r  t he  re fe rence  
r e a c t o r s  u s i n g  the  one-dimensional d i f f u s i o n  code A N I S N  (Engle 1967). Repre- 
s e n t a t i v e  compos i t ions  o f  m i l d  s t e e l ,  s t a i n l e s s  s t e e l  and concre te  were 
ob ta ined  f rom a v a r i e t y  o f  l i t e r a t u r e  sources. The neut ron  t r a n s p o r t  data,  
c o l l a p s e d  i n t o  t h r e e  energy groups, were combined w i t h  the  compos i t ion  da ta  t o  
c a l c u l a t e  expected a c t i v a t i o n  l e v e l s  f o r  30 e f f e c t i v e  power yea rs  (EFPY) v i a  
code O R I G E N  ( B e l l  1973). By i n t e g r a t i n g  over  the  a x i a l  f l u x  d i s t r i b u t i o n ,  an 
approximate r a d i o n u c l i d e  i n v e n  o r y  was b t a i n  d f o r  v a r i  t y  o l ong -  i v e d  
a c t i v a t i  n p roduc ts  i n c l u d i n  'ti, 14C,  Q 6 C l ,  "Ar, 4PCa, 6gCo, "Ni, 61Ni, 
93mNb, "Nb, 9 3 ~ o ,  "Tc and q52Eu as w e l l  as a number o f  s h o r t e r - l i v e d  i s o -  
topes. The t o t a l  es t ima ted  a c t i v i t y  i n  n e u t r o n - a c t i v a t e d  components a t  shu t -  
down a f t e r  30 EFPY was about 5 m i l l i o n  c u r i e s  f o r  a PWR and s l i  h t l y  h i g h e r  f o r  
a BWR. From these c a l c u l a t i o n s  i t  was shown t h a t  t he  decay o f  8 3 N i  c o n t r o l s  
the  t o t a l  s p e c i f i c  a c t i v i t y  a f t e r  about 15 years ,  w h i l e  6oCo dominates t h e  dose 
r a t e  f o r  up t o  80 years. 
They concluded t h a t  t he  r a d i a t i o n  dose r a t e  f rom t h e  i n t e r n a l  components o f  t h e  
r e a c t o r  would remain above acceptab le  l e v e l s  f o r  thousands o f  years  and f o r  
t h a t  reason permanent entombment (ENTOMB) i s  n o t  a s a t i s f a c t o r y  decommissioning 
approach. These two s t u d i e s  p rov ided  a reasonably  good unders tand ing  o f  t he  
a c t i v a t i o n  produc ts  s i t u a t i o n  i n  l a r g e  LWR nuc lea r  genera t i ng  s t a t i o n s .  I t  i s  
t h e  purpose o f  t he  present  program t o  supplement t h a t  i n f o r m a t i o n  w i t h  a b e t t e r  
data base o f  compos i t iona l  i n f o r m a t i o n ,  as w e l l  as t o  p rov ide  c o n f i r m a t i o n  o f  
t h e  presence o f  such i so topes  a t  94Nb. 

A f t e r  t h a t  t ime t h e  dose r a t e  i s  determined by 94Nb. 

1.2.3 D e s c r i p t i o n  o f  Research Program 

To supplement i n f o r m a t i o n  gaps i n  t h e  programs p r e v i o u s l y  desc r ibed  i n  
Sec t i on  1.2.2, a three-phase program was c a r r i e d  ou t  t o  p rov ide  a more focused 
approach t o  t h e  l o n g - l i v e d  a c t i v a t i o n  produc ts  problem. 
of t h e  program was t h e  need t o  assure t h a t  no i m p o r t a n t  mode o f  a c t i v a t i o n  
capable o f  hav ing  an adverse e f f e c t  on decommissioning p l a n n i n g  was be ing  over-  
looked. One o f  t he  major  areas of u n c e r t a i n t y  i n  t h e  Smith, Konzek and Kennedy 
(1978)  assessment was t h e  l a c k  of comprehensive compos i t iona l  i n f o r m a t i o n  on 
the  major  c o n s t r u c t i o n  m a t e r i a l s  of i n t e r e s t .  I n  p a r t i c u l a r ,  i n f o r m a t i o n  on 
key t r a c e  elements such as europium was unava i l ab le .  
ence compos i t iona l  i n f o r m a t i o n  cou ld  be i n f e r r e d ,  t he  range o f  v a r i a b i l i t y  was 
p o o r l y  known. The present  program was designed t o  c o r r e c t  some o f  these 
d e f i c i e n c i e s  by p r o v i d i n g  major, minor, and t r a c e  element analyses on samples 
of concrete,  rebar ,  s t r u c t u r a l  s t e e l ,  vessel s t e e l ,  vessel c ladd ing ,  and 
s t a i n l e s s  s t e e l  i n t e r n a l s .  A l l  u t i l i t i e s  i n  the  coun t ry  w i t h  r e a c t o r s  under 
c o n s t r u c t i o n  were contac ted  and samples o f  o p p o r t u n i t y  ob ta ined  w i t h  good 

Cen t ra l  t o  the  goa ls  

I n  a d d i t i o n ,  where r e f e r -  
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geograph ica l  d i v e r s i t y ,  I n  a d d i t i o n  t o  whole concre te  samples, i n d i v i d u a l  
concre te  components i n c l  u d i  ng cement, sand, aggregate, and f l y  ash were 
ob ta ined  t o  pe rm i t  assessment o f  t he  re1 a t i  v ~ !  impor tance o f  v a r i o u s  components 
i n  t h e  concre te  mix i n  p roduc ing  l o n g - l i v e d  a c t i v a t i o n  produc ts .  I n  a d d i t i o n  
t o  t h e  c o n s t r u c t i o n  o r  a r c h i v e  samples ob ta ined  th rough  the  u t i l i t i e s ,  a number 
o f  samples i n c l  u d i  ng a c t i  va ted  concre te  and s t e e l  were o b t a i  ned f rom o p e r a t i n g  
o r  shutdown reac to rs .  These samples were taken as p a r t  o f  a second r e l a t e d  
program aimed a t  assess ing  a l l  o t h e r  sources o f  r a d i o a c t i v e  con tamina t ion  pres-  
e n t  i n  LWR s t a t i o n s .  Shutdown r e a c t o r s  sampled i n c l u d e  P a t h f i n d e r ,  Humboldt 
Bay, and I n d i a n  P o i n t  No. 1. Samples were a l s o  taken a t  two o p e r a t i n g  p l a n t s ,  
Turkey P o i n t  and M o n t i c e l l o ,  d u r i n g  scheduled shutdowns. A chemical a n a l y s i s  
f o r  up t o  52 e lements was c a r r i e d  ou t  on these samples by a combina t ion  o f  
X-ray f l uo rescence  and i n s t r u m e n t a l  neu t ron  a c t i v a t i o n  a n a l y s i s  supplemented by 
s p e c i a l  s i n g l e  element techn iques  on s e l e c t e d  samples. 

To u t i l i z e  t h e  chemical a n a l y s i s  r e s u l t s  ob ta ined  i n  the  f i r s t  t ask  f o r  
c a l c u l a t i n g  expected a c t i v a t i o n  l e v e l s ,  a cornputer code (ACTIV) was w r i t t e n  t o  
s a t i s f y  t h e  needs o f  t h a t  task .  I n i t i a l  a t tempts  t o  c a r r y  ou t  these c a l c u l a -  
t i  ons u s i n g  t h e  t h r e e  group genera l  i zed a c t i v a t i o n  code O R I G E N  proved u n s a t i s -  
f a c t o r y  due t o  t h e  inadequacy o f  i t s  da ta  base f o r  l o n g - l i v e d  iso topes .  Rather  
than  a t tempt  t o  adapt t h i s  r a t h e r  l a r g e  and cumbersome code t o  t h e  needs o f  
t h i s  program, a s imp le r  s e r i e s  o f  s e m i - i n t e r n c t i v e  codes were w r i t t e n  t o  run on 
a PDP-11 o r  VAX minicomputer. The program accesses a s e r i e s  o f  compos i t ion ,  
f l u x ,  and c r o s s - s e c t i o n  l i b r a r i e s ,  which can be combined i n  any a p p r o p r i a t e  
order ,  a l l o w i n g  complete f l e x i b i l i t y  o f  use and r e l a t i v e  ease o f  da ta  base 
maintenance. A c a r e f u l  e v a l u a t i o n  o f  t h e  bes t  a v a i l a b l e  c r o s s - s e c t i o n  in fo rma-  
t i o n  was made i n  c o n s t r u c t i n g  and m a i n t a i n i n g  these l i b r a r i e s  and reeva lua ted  
seve ra l  t imes  be fo re  c a r r y i n g  ou t  f i n a l  c a l c u l a t i o n s .  Neutron f l u x  i n f o r m a t i o n  
used i n  these c a l c u l a t i o n s  was taken  f rom t h e  A N I S N  c a l c u l a t i o n s  o f  Smith, 
Konzek and Kennedy (1978) and Oak e t  a l .  (1980)  supplemented by t h e  code DOT 
c a l c u l a t i o n s  of G r i t z n e r  e t  a l .  (1977). 

The t h i r d  phase o f  t h e  program was des igned t o  v e r i f y  t h e  presence o f  
l o n g - l i v e d  a c t i v a t i o n  produc ts  i n  s e l e c t e d  samples r e p r e s e n t a t i v e  o f  t he  major  
c o n s t r u c t i o n  m a t e r i a l s  invo lved.  Samples ob ta ined  f o r  rad iochemica l  a n a l y s i s  
i n c l u d e  s t a i n l e s s  s t e e l  i n t e r n a l s ,  vessel  s t e e l  and b i o s h i e l d  concrete.  
Samples were f i r s t  subsampled i n  o rde r  t o  reduce them t o  manageable l e v e l s  o f  
a c t i v i t y  f o r  l a b o r a t o r y  ana lys i s .  They were then  sub jec ted  t o  n o n d e s t r u c t i v e  
gamma ray  ana lys i s .  F o l l o w i n g  n o n d e s t r u c t i v e  ana lys i s ,  t h e  samples were 
d i g e s t e d  and sub jec ted  t o  a s e r i e s  o f  i n g l e  element r a d i  chemical separa t i ons  
t o  assay l e v e l s  o f  6oCo, 63Ni ,  59Ni, gZNb, 108mAg, 152,158Eu, 9 3 ~ 0  and 151Sm. 
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2.0 REVIEW OF NUCLEAR PROPERTIES 

To f u l l y  unders tand t h e  s e t t i n g  i n  which n u c l e a r  a c t i v a t i o n  occurs  i n  a 
power r e a c t o r ,  a thorough unders tand i  ng o f  t h e  n u c l e a r  c o n s i d e r a t i o n s  i nvo l  ved 
i s  u s e f u l .  T h i s  w i  11 be rev iewed bo th  f rom t h e  s t a n d p o i n t  o f  genera l  r e a c t i o n  
sys temat i cs  as w e l l  as f rom a s tandpo in t  o f  i s o t o p e - s p e c i f i c  p r o p e r t i e s  f o r  
some o f  t h e  more i m p o r t a n t  a c t i v a t i o n  produc ts .  

2.1 ACTIVATION REACTIONS 

I n  genera l ,  t h e  most i m p o r t a n t  t y p e  o f  a c t i v a t i o n  r e a c t i o n  i s  thermal  
neu t ron  cap tu re  i n  which an i s o t o p e  of mass A cap tu res  a neu t ron  t o  produce a 
p roduc t  o f  mass A+1, which can, i n  some ins tances ,  be t h e  s h o r t - l i v e d  pa ren t  o f  
a l o n g e r - l i v e d  daughter  a t  a tomic  number Z + l  o r  Z-1. 
m a l l y  maximal i n  t h e  thermal  reg ion ,  which, a t  room temperature,  i s  0.025 eV. 
Neutron c a p t u r e  c r o s s  s e c t i o n s  a r e  d e f i n e d  f o r  a thermal  r e g i o n  ( 0  t o  0.5 eV) 
and an ep i the rma l  r e g i o n  (0.5 eV-1 MeV). 
enormously f rom i s o t o p e  t o  i sotope, depending upon n u c l e a r  s t r u c t u r e  f a c t o r s  
and can span some n i n e  t o  t e n  o r d e r s  of magnitude i n  extreme cases. 
o f  v a r i a b i l i t y  i s  i l l u s t r a t e d  i n  F i g u r e  2.1 f o r  some s e l e c t e d  cases. 

Capture r a t e s  a r e  n o r -  

Neut ron  c a p t u r e  r a t e s  can va ry  

T h i s  range 

I n  t h e  ep i the rma l  r e g i o n  between 1 eV and a few KeV, e s p e c i a l l y  f o r  
e lements w l  t h  i n t e r m e d i a t e  and h i g h  mass numbers, t h e r e  a r e  o f t e n  p a r t i c u l a r  
ene rg ies  f o r  which t h e  i n t e r a c t i o n  r a t e  i s  e x c e p t i o n a l l y  h igh .  
occurrence o f  a p a r t i c u l a r  r e a c t i o n  i n  t h i s  resonance r e g i o n  i s  p r o p o r t i o n a l  t o  
t h e  i n t e g r a l  o f  t h e  c r o s s  s e c t i o n  as a f u n c t i o n  o f  n e u t r o n  energy m u l t i p l i e d  by 
t h e  f l u x  d e n s i t y .  T h i s  i s  r e f e r r e d  t o  as t h e  resonance i n t e g r a l .  I n  t h e  case 
of  LWRs, neu t rons  a r e  n o t  w e l l  t he rma l i zed ,  p a r t i c u l a r l y  near  t h e  i n - c o r e  
reg ion .  Th is  r e s u l t s  i n  a r a t h e r  l a r g e  c o n t r i b u t i o n  f rom t h e  resonance i n t e -  
g r a l  f o r  some i s o t o p e s  . U n f o r t u n a t e l y ,  resonance i n t e g r a l  s a r e  n o t  a lways we1 1 
known, p a r t i c u l a r l y  f o r  ve ry  l o n g - l i v e d  i so topes .  I n  t h a t  case i t  i s  necessary 
t o  assume a smooth background c o n t r i b u t i o n  t o  t h e  resonance i n t e g r a l  compr i s ing  
a f a c t o r  o f  0.45 t i m e s  t h e  thermal  c r o s s  sec t i on .  T h i s  r e p r e s e n t s  a m ino r  
source o f  u n c e r t a i n t y  i n  c a l c u l a t i n g  expected c a p t u r e  r a t e s .  
t h e  r e l a t i v e  impor tance of t h e  resonance c o n t r i b u t i o n  f o r  some key i so topes .  

The r a t e  o f  

F i g u r e  2.2 shows 

2.1.2 N-2N Reac t ion  

Neutrons produced by f i s s i o n  have a d i s t r i b u t i o n  o f  e n e r g i e s  r a n g i n g  up t o  
These h igh-energy neut rons  a r e  e v e n t u a l l y  slowed down t o  thermal  

A t  most p o i n t s  i n  t h e  r e a c t o r  o u t s i d e  o f  t h e  core,  t h e  f l u x  

about 15 MeV. 
ene rg ies  by repeated  e l a s t i c  and i n e l a s t i c  s c a t t e r i n g  i n t e r a c t i o n s  w i t h  t h e  
modera t ing  medium. 
i n  t h e  h igh-energy r e g i o n  i s  cons ide rab ly  reduced ove r  t h e  low energy reg ion .  
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FIGURE 2.2. R e l a t i v e  C o n t r i b u t i o n  o f  Resonance Capture f o r  Se lec ted  I s o t o p e s  

Never the less,  neut rons  i n  t h a t  r e g i o n  a r e  capable o f  i n d u c i n g  a c t i v a t i o n  reac-  
t i o n s ,  one o f  t h e  more prominent- o f  which i s  t h e  N-2N r e a c t i o n  w i t h  t h e  p roduc t  
nuc leus o f  mass A-1.  The t h r e s h o l d  f o r  t h e  r e a c t i o n  i s  dominated by t h e  
neu t ron -b i  n d i  ng energy, consequent ly ,  t h i  s t y p e  o f  r e a c t i o n  i s t y p i  c a l  l y  
l i m i t e d  t o  ene rg ies  above about 8 MeV and i s  t h u s  r e l a t i v e l y  un impor tan t  com- 
pared t o  neu t ron  capture .  
mass r e g i o n  where c ross  s e c t i o n s  above t h e  t h r e s h o l d  can exceed two barns. 

N-2N r e a c t i o n s  a r e  ma in l y  o f  i n t e r e s t  i n  t h e  h i g h  
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Tab le  2.1 shows a number o f  p o s s i b l e  N-2N r e a c t i o n s  and t h e i r  r e s p e c t i v e  t h r e s -  
h o l d  energ ies.  Most i n v o l v e  r e l a t i v e l y  e x o t i c  t a r g e t  elements. I n  a d d i t i o n ,  
some o f  t h e  p o s s i b l e  N-2N r e a c t i o n s  shown compete w i t h  thermal  neu t ron  c a p t u r e  
and t h u s  r e s u l t  i n  a t r i v i a l  c o n t r i b u t i o n .  An example would be 60Ni(n,Zn)59Ni 
versus 58Ni ( n , ~ ) ~ ' N i .  The l a t t e r  r e a c t i o n  i s  expected t o  dominate by a t  l e a s t  
t h r e e  o r  f o u r  o rde rs  o f  magnitude. 

2.1.3 y-N - 
I n  a d d i t i o n  t o  t h e  cop ious  f l u x  o f  neut rons  p resen t  i n  an o p e r a t i n g  

r e a c t o r ,  t h e r e  i s  a l s o  a very  h i g h  f l u x  o f  photons o r  gamma r a y s  produced by 
a v a r i e t y  of processes i n c l u d i n g  f i s s i o n ,  thermal  neu t ron  capture ,  r a d i a t i v e  
neu t ron  capture ,  r a d i o a c t i v e  decay and be ta  induced b remss t rah l  ung. I n  
p r i n c i p l e ,  t h e  h i g h  energy end o f  t h e  photon spectrum i s  capable o f  p roduc ing  
some minor  l e v e l  o f  a c t i v a t i o n  by t h e  photonuc lear  e v a p o r a t i o n  process. The 
same t h r e s h o l d  c o n s i d e r a t i o n s  app ly  as f o r  N-2N r e a c t i o n s  s i n c e  t h e  n e t  reac-  
t i o n  i s  i d e n t i c a l .  
r a t h e r  t h a n  t h e  s t r o n g  i n t e r a c t i  on and consequent ly  have much 1 ower i n t e r a c t i o n  
r a t e s  pe r  p a r t i c l e .  Neutron t r a n s p o r t  c a l c u l a t i o n s  c a r r i e d  o u t  by G r i t z n e r  
e t  a l .  (1977) f o r  b o t h  PWR and BWR geometr ies show t h a t  t h e  photon f l u x  pe r  
energy group above 8 MeV i s  approximate ly  t h e  same as t h e  neutron f l u x  p e r  
energy group i n  t h e  same reg ion .  Photonuc lear  r e a c t i o n s  can t h u s  be s a f e l y  
i gno red  because t h e y  a r e  i n  any case i n  a p r a c t i c a l  sense i n d i s t i n g u i s h a b l e  
f rom t h e  equ i  v a l e n t  N-2N r e a c t i  on . 

Photonuclear  r e a c t i o n s  a r e  coup led  v i a  t h e  e lec t romagne t i c  

TABLE 2.1. 

Product  Target  
I s o t o p e  I s o t o p e  
26A1 2 7 ~ 1  

5Fe 
59Ni 
7 9 ~ e  
92Nb 
133Ba 

1 4 6 ~ m  
15%b 

1 6 3 ~ 0  
193Pt 
205Pb 
2O%i 

237Np 

56Fe 

ONi  

80Se 
93Nb 
13$a 
1 47 Sm 
15'Tb 

164Er 

206Pb 
l g 4 P t  

2 0 9 ~  i 

23% 

N-2N React ions  

Abundance 
(%) 

100 
91.8 

26.1 

49.8 
100 

2.4 
15.0 

100 

1.6 
32.9 
24.1 
100 

99.3 

Q (MeV) 
13.06 
11.20 

11.39 
10.02 

8.83 
9.47 
6.35 

8.13 

8.84 
8.38 
8.09 
7.46 

10.11 
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2.1.4 N-X (Charged P a r t i c l e  React ions)  

A number o f  n u c l e a r  a c t i v a t i o n  r e a c t i o n s  a r e  p o s s i b l e  a t  r e a c t o r  n e u t r o n  
energ ies  i n v o l v i n g  charged p a r t i c l e s  i n  t h e  e x i t  channel . Th is  i n c l  udes N-P, 
N-D, and N-a r e a c t i o n s  p r i m a r i l y .  These r e a c t i o n s  t y p i c a l l y  have much lower  
energy t h r e s h o l d s  than  N-2N r e a c t i o n s  and are,  i n  most cases, exoerg ic .  Th i s  
i s  t o  some e x t e n t  counter-ba lanced by t h e  n e c e s s i t y  f o r  t h e  o u t g o i n g  p a r t i c l e  
t o  overcome t h e  coulomb r e p u l s i o n  b a r r i e r  t o  escape f rom t h e  nuc leus.  Thresh- 
o l d s  f o r  charged p a r t i c l e  r e a c t i o n s  thus  c o n s i s t  o f  two p a r t s ,  an energy 
t h r e s h o l d  t e r m  r e p r e s e n t i n g  t h e  mass d i f f e r e n c e  between i n i t i a l  and f i n a l  
s t a t e s  and a coulomb b a r r i e r  term. The ‘coulomb b a r r i e r  i s  n o t  i n  i t s e l f  an 
a b s o l u t e  t h r e s h o l d  because p a r t i c l e s  of lower  energy can escape t h r o u g h  t h e  
b a r r i e r  by quantum mechanical t u n n e l i n g ;  however, i t  s e v e r e l y  l i m i t s  t h e  
i n t e r a c t i o n  c ross  s e c t i o n  below t h a t  l e v e l .  Table 2.2 l i s t s  a number o f  
r e p r e s e n t a t i v e  a c t i v a t i o n  r e a c t i o n s  i n v o l v i n g  charged p a r t i c l e s  i n  t h e  e x i t  
channel t o g e t h e r  w i t h  t h e  energy t h r e s h o l d  Q, t h e  coulomb b a r r i e r  V and t h e  

I- 

t o t a l  energy t h r e s h o l d  T. The coulomb r e p u l s i o n  t e r m  V i s  g i ven  by 

2 
Z1Z2e 

R1 + R 2 
v =  

where R = 1.6 x 10-13A 1/2 cm. 
and t h e  o u t g o i n g  p a r t i c l e ,  r e s p e c t i v e l y ,  and A i s  t h e  c o r r e s p o n d i n g  atomic 
number. 
used t o  denote t h e  r e s p e c t i v e  n u c l e i .  
o f  r e a c t i o n  i s  m a i n l y  o f  impor tance f o r  t a r g e t  elements o f  low a tomic  number. 
Probably  t h e  b e s t  known N-P r e c t i o n  i s  14N(n,p)14C which, due t o  i t s  r e l a t i v e l y  
low t o t a l  energy t h r e s h o l d ,  has an a p p r e c i a b l e  i n t e r a c t i o n  c r o s s  s e c t i o n  even 
a t  thermal  energ ies .  The most p r o l i f i c  N-a r e a c t i o n  i s  t h e  w e l l  known 

and i s  h i g h l y  e x o e r g i c  due t o  t h e  s t a b i l i z i n g  e f f e c t  of t h e  a l p h a  p a r t i c l e  
b i n d i n g  energy. N-a t h r e s h o l d s  go up r a p i d l y  w i t h  a tomic  number due t o  t h e  
coulomb term. The o n l y  o t h e r  i s o t o p e  o f  impor tance p o t e n t i a l l y  produced by 
t h i s  mechanism i s  36C l .  
5%n. 
removed. 
n o t  o f  s i g n i f i c a n c e  a t  r e a c t o r  energ ies  except  f o r  t h e  s p e c i a l  case o f  t h e  
aforement ioned L i  r e a c t i o n  i n  which t r i t i u m  i s  t h e  r e s i d u a l  nuc leus.  

Z r e p r e s e n t s  t h e  charge of t h e  p r o d u c t  nuc leus 

R i s  t h e  a p p r o p r i a t e  n u c l e a r  rad ius .  The s u b s c r i p t s  on Z and R a r e  
From t h i s  i t  can be seen t h a t  t h i s  t y p e  

‘Li(n,a) 3 H reac t ion .  T h i s  r e a c t i o n  has t h e  m i n i m u m  p o s s i b l e  coulomb b a r r i e r  

The o n l y  N-D r e a c t i o n  of  no te  i s  t h a t  p r o d u c i n g  
It has a ve ry  h i g h  t h r e s h o l d  due t o  t h e  f a c t  t h a t  two nuc leons a r e  

For  t h e  same reason N-T r e a c t i o n s  have even h i g h e r  t h r e s h o l d s  and a re  

6 

2.1.5 ~ , ~ l , y - y l  ( I n e l  a s t i  c S c a t t e r i n g )  

Another  p o s s i b l e  t y p e  o f  a c t i  v a t i o n  r e a c t i o n  i s i ne1 a s t i  c s c a t t e r i n g  o f  
e i t h e r  neut rons  o r  photons i n  which a p o r t i o n  of t h e  energy o f  t h e  incoming pa r -  
t i c l e  i s  absorbed by t h e  t a r g e t  nuc leus w i t h  no n e t  change i n  nuc leon number. 
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TABLE 2.2. A c t i v a t i o n  Reac t ions  I n v o l v i n g  Charged P a r t i c l e s  

Product 
I s o t o p e  
1%e 
14c 
63Ni  
7 9 ~ e  
92Nb 

94Nb 
121sn 
135cs 
l 3 7 C S  

5 3 ~ n  
3H 

81 K r  
1 4 N t 3 H  

5%nt3H 

3% 1 

Target  
I s o t o p e  

4N 

79Br  

1% 

63cu 

9 2 ~ 0  
9%0 

lZ1Sb 
135Ba 
137Ba 
54Fe 
~i 

8 4 ~ r  
6O 

56Fe 

39K 

Abundance 

19.8 
99.6 
69.1 
50.7 

14.8 

9.1 
57.3 

6.5 
11.2 

5.8 
92.5 
93.3 

(%) 

0.56 
99.8 
91.8 

R e a c t i o n  
N -P 
N-P 
N -P 
N-P 

N -P 
N-P 
N -P 
N-P 
N -P 
N-D 
N-a 

N- a 

N-a 

N -T 
N -T 

Q(MeV) 
0.23 

-0.63 
-.0.72 
-0.62 
-0.42 

1.26 

-1 -16 
-0.58 

0.39 
6.63 

-5.60 
-1.36 

-2 -66 
14.50 

11.93 

V(MeV T(MeV) 
1.14 
1.58 
5.07 
5.79 

6.70 
6.70 

7 -58 
8.09 

8.09 
4.74 
0.59 
6.26 

10.97 
1.60 

4.20 

0.91 
0.95 
5.17 
5.17 

6.28 
7.96 

6.42 
7.51 

7.70 
11.37 
-5.01 

4.90 

8.31 
16.10 

16.23 

The t a r g e t  nuc leus  i s  r a i s e d  t o  an e x c i t e d  s t a t e  wh ich  can be a l o n g - l i v e d  
metastable.  Two such cases a r e  shown i n  Table 1.1, 93mNb (T1/2 = 12 y )  and 
113mCd (TlI2 =14.6 y ) .  They a r e  i n c l u d e d  f o r  completeness. 

2.1.6 N-F (Neutron Induced F i s s i o n )  

The r e m a i n i n g  t y p e  o f  a c t i v a t i o n  process c o n s i d e r e d  i s  n e u t r o n  i nduced  
f i s s i o n .  
g e o l o g i c  o r i  g i  n can c o n t a i  n s i  gn i  f i c a n t  amounts o f  u r a n i  um and t h o r i  urn. 
F i s s i o n  a c t i v a t i o n  w i l l  t h u s  e i t h e r  occu r  due t o  d i r e c t  f i s s i o n  o f  n a t u r a l l y  
abundant 235U, o r  due t o  m u l t i p l e  n e u t r o n  cap tu re .  
n e u t r o n  t o  produce f i s s i o n a b l e  233U which produces f i s s i o n  p r o d u c t  b c a p t u r -  

tem. 
t a n c e  compared t o  f u e l  c y c l e  d e r i v e d  f i s s i o n  p r o d u c t  c o n t a m i n a t i o n  b u t  a r e  
i n c l  uded f o r  completeness . 

T h i s  i s  p r i m a r i l y  o f  i n t e r e s t  i n  b i o s h i e l d  m a t e r i a l s ,  which b e i n g  of  

Thorium-232 can c a p t u r e  a 

i n g  a second neutron.  The same c o n s i d e r a t i o n  a p p l i e s  t o  t h e  23%-33$u sys- 
F i s s i o n  p r o d u c t s  produced i n  t h i s  manner a r e  l i k e l y  t o  be o f  m i n o r  impor -  
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2.2 ISOTOPE PROPERTIES 

A number o f  a c t i v a t i o n  produc ts  s t u d i e s  i n c l u d i n g  t h i s  one have demon- 
s t r a t e d  t h a t  a few i so topes  t e n d  t o  dominate hazard  p o t e n t i a l  i n  r e a c t o r  con- 
s t r u c t i o n  m a t e r i a l s .  These i so topes  deserve s p e c i a l  a t t e n t i o n  w i t h  respec t  t o  
p r o d u c t i o n  mode and decay 

2.2.1 Gamma E m i t t e r s  

The p r i m a r y  l e v e l  o f  
o f  d ismant lement  r e v o l  ves 
t u n a t e l y ,  t h i s  i n v o l v e s  a 

p r o p e r t i e s .  

concern about a c t i v a t i o n  produc ts  f rom a s t a n d p o i n t  
around i so topes  e m i t t i n g  e n e r g e t i c  gammas. Fo r -  
r e l a t i v e l y  l i m i t e d  l i s t  o f  i so topes  w i t h  h a l f - l i v e s  

on t h e  g r e a t e r  t h a n  5-year t i m e  sca le .  

2.2.1.1 6Oco 

Cobal t -60 i s  produce a lmost  e n t i r e l y  by thermal  and ep i the rma l  neu t ron  
c a p t u r e  on 100% ab dan t  "&. Although o t h e r  p r o d u c t i o n  modes, i n c l u d i n g  
60Ni(n,p)60Co and "Cu(n,a) Co a r e  i n  p r i n c i p l e  p o s s i b l e ,  t h e  r e l a t i v e l y  h i g h  
neu t ron  c a p t u r e  c ross  s e c t i o n  (37 ba rns )  and t h e  f a c t  t h a t  c o b a l t  i s  a r a t h e r  
common i m p u r i t y  p a r t i c u l a r l y  i n  s t a i n l e s s  s t e e l  render  a l t e r n a t e  p r o d u c t i o n  
mechanisms i n s i g n i f i c a n t .  Cobal t -60 (T1 = 5.27 y )  decays by emiss ion  f a 

which, i n  t u r n ,  decays t o  t h e  ground s t a t e  w i t h  t h e  emiss ion  o f  1.173 and 
1.332 MeV gamma r a  s w i t h  c l o s e  t o  100% abundance. Th is  combina t ion  o f  
p r o p e r t i e s  makes 66Co t h e  dominant dose p roduc ing  i s o t o p e  i n  t h e  r e a c t o r  
i n t e r i o r  on t h e  10-year t i m e  sca le .  
c i e n t l y  h i g h  i n  t h e  h i g h  f l u x  r e g i o n  near  t h e  c o r e  t h a t  a s u b s t a n t i a l  p o r t i o n  
(up  t o  o n e - t h i r d )  o f  t h e  s t a b l e  c o b a l t  may be t ransmuted o v e r  t h e  l i f e  o f  t h e  
r e a c t o r  . 

medium energy b e t a  p a r t i c l e  (0.32 MeV, 9 6 % )  t o  t h e  2.5057 MeV l e v e l  o f  68Ni  

The p r o d u c t i o n  r a t e  o f  6oCo i s  s u f f i -  

2.2.1.2 1 5 2 , 1 5 4 ~ ~  

The two europium i so topes  a r e  t h e  dominant a c t i v a t i o n  p roduc ts  i n  b i o -  
s h i e l d  conc re te  on a t i m e  s c a l e  o f  10  t o  20 yea rs  o r  l onger .  
l a r g e  neu t ron  c a p t u r e  p r o d u c t i o n  c ross  s e c t i o n s ,  5900 barns f o r  152 and 
390 barns f o r  154. Europium-152 i s  produced p r i m a r i l y  by thermal  neutrons,  
whereas 154 a l s o  has a r a t h e r  s u b s t a n t i a l  resonance i n t e g r a l  (1635 barns) .  To 
f u r t h e r  comp l i ca te  ma t te rs ,  europium-152 i t s e l f  has an ex t reme ly  h i g h  burn-up 
c ross  s e c t i o n  [13,00O1barns) so t h a t  i n  reg ions  o f  h i g h  f l u x ,  e s s e n t i a l l y  a l l  
o f  t h e  europium can be conver ted  t o  153 and 154 w i t h  t h e  151 and 152 t o t a l l y  
depleted.  Under l ower  f l u x  c o n d i t i o n s  t y p i c a l  o f  t h e  b i o s h i e l d  area, burn-up 
i s  f a r  l e s s  impor tan t ,  b u t  t h e  expected i s o t o p e  r a t i o  i s  nonetheless v a r i a b l e ,  
depending upon t h e r m a l i z a t i o n  parameters . 
complex decay schemes. Europium-152 (T  
p r o p e r t y  o f  decay ing  bo th  by b e t a  emiss ion  and by e l e c t r o n  capture .  

Both have ve ry  

Both i s o t o p e s  have p a r t i c u l a r l y  
= 13 y )  has t h e  somewhat unusual 1 /2  Beta 

21  



decays t o  a number o f  e x c i t e d  s t a t e s  i n  152Gd account  f o r  27% o f  t h e  decay r a t e  
w i t h  most o f  t h e  remainder p o p u l a t i n g  e x c i t e d  s t a t e s  i n  152Sm by e l e c t r o n  
capture.  The r e s u l t i n g  gamma 
cascade i s  ve ry  complex w i t h  i n t e n s e  gamma r a y s  r a n g i n g  i n  energy f r o m  122 KeV 
t o  1408 KeV. 
g r e a t e r  t h a n  1% abundant. 
l e s s  complex decaying p r i m a r i l y  by be ta  emiss ion  t o  a number o f  e x c i t e d  s t a t e s  
i n  154Gd. 
and 1278 KeV. There are,  as w e l l ,  numerous l e s s  i n t e n s e  peaks. 

The p o s i t r o n  branch i s  of n e g l i g i b l e  impor tance.  
- 

A t y p i c a l  gamma r a y  spectrum o f  15'Eu shows more t h a n  30 peaks 
The decay scheme o f  154Eu (T1/2 = 8.5 y )  i s  somewhat 

I n t e n s e  gamma r a y  peaks i n c l u d e  those  a t  123, 724, 876, 996, 1005 

2.2.1.3 94Nb 

Niobium-94 (T1/2 = 20,000 y )  i s  produced by thermal  neu t ron  c a p t u r e  f rom 
100% abundant 93Nb w i t h  a c ross  s e c t i o n  o f  1.15 barns. 
s i o n  w i t h  a maximum be ta  energy o f  473 KeV t o  a s i n g l e  l e v e l  i n  '4.10 a t  
1574 KeV. 
r e s u l t s .  
l e v e l s  o f  n iob ium i n  r e a c t o r  i n t e r n a l s  s t a i n  ess would l e a d  t o  p r o d u c t i o n  o f  
s i g n i f i c a n t  amounts o f  t h e  ve ry  l o n g - l i v e d  "Nb, a good dea l  o f  a t t e n t i o n  has 
been focused on t h i s  i so tope .  F o r  l o n g  d e f e r r a l  i n t e r v a l s  p r i o r  t o  d i sman t le -  
ment, i t  may i n  f a c t  rep resen t  t h e  p r i n c i p a l  c o n t r i b u t o r  t o  personnel  exposure 
d u r i n g  dismantlement. 

I t  decays by b e t a  emis- 

A cascade of  two  100% abundant gammas o f  703 and 871 KeV each 
S ince  Stevens and Pohl (1977) p o i n t e d  o u t  t h a t  presence o f  h i g h  

1 O h  2.2.1.4 Ag 

S i l v e r - 1 0 %  (TlI2 = 130 y )  i s  produced by thermal  n e u t r o n  c a p t u r e  on 52% 
abundant Io7Ag. 
r e v i  sed downward c o n s i d e r a b l y  i n  r e c e n t  years.  
survey o f  t h e  l i t e r a t u r e  t h a t  t h e  g e n e r a l l y  accepted va lue  o f  t h r e e  barns  was 
about an o r d e r  o f  magnitude t o o  h igh.  The c u r r e n t l y  accepted va lue  a c c o r d i n g  
t o  Mughabghab, Divadeenam and Holden (1981) i s  0.33 f 0.08 barns. 
chemical measurements made by Woolam (1978a) on a c t i v a t e d  Magnox r e a c t o r  compo- 
nents  r e s u l t e d  i n  a f a c t o r  o f  f i v e  disagreement between s i l v e r  c o n t e n t  e s t i -  
mates based on l l hAg  and lohAg, sugses t i ng  t h a t  t h e  c r o s s  s e c t i o n  may s t i l l  
be l ower  y e t .  
1 arge resonance i n t e g r a l  t o  produce ll@'Ag was p r o p e r l y  accounted f o r  i n  t h e  
c a l c u l a t i o n .  The reduced c r o s s  s e c t i o n  c o n s i d e r a b l y  d im in i shes  t h e  impor tance 
of t h i  s i sotope f o r  genera l  decommi s s i  o n i  ng  c o n s i d e r a t i o n s ,  however, t h e  use o f  
l a r g e  amounts o f  s i l v e r  i n  PWR c o n t r o l  rods w i l l  nonethe less  r e s u l t  i n  a l a r g e  
i n v e n t o r y  of lohAg i n  t h e  r e a c t o r  a t  t h e  t i m e  o f  shutdown. 
decays p r i m a r i l y  by e l e c t r o n  cap tu re  (91%) t o  lo8Pd r e s u l t i n g  i n  a s e r i e s  o f  
e n e r g e t i c  gammas o f  434, 614, and 722 KeV, r e s p e c t i v e l y .  

The neu t ron  cap tu re  c r o s s  s e c t i o n  f o r  t h i s  i s o t o p e  has been 
Wool am (1978b.) conc l  uded f rom a 

Radio- 

It i s  n o t  c l e a r ,  however, i n  t h a t  work whether o r  n o t  t h e  r a t h e r  

S i l v e r - 1 0 8  m 
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2.2.1.5 133Ba 

Barium-133 (TI,? = 10.7 y )  i s  produced b a combina t ion  o f  e p i t h e r m a l  
neut ron  c a p t u r e  r e a c t i o n s  on 0.1% abundant 13'Ba. Barium-132 has a n e u t r o n  
c a p t u r e  cross s e c t i o n  o f  o n l y  0.76 barns and a resonance i n t e g r a l  o f  e i g h t  
barns . Normal ly  t h i s  i s o t o p e  s h o u l d  be o f  n e g l i g i b l e  importance, however, 
s i g n i f i c a n t  amounts o f  133Ba can be produced i n  c o n c r e t e  c o n t a i n i n g  b a r i t e  as a 
h i g h  d e n s i t y  aggregate. Th is  a p p a r e n t l y  was t h e  case w i t h  t h e  Nor th C a r o l i n a  
S t a t e  U n i v e r s i t y  research r e a c t o r  c u r r e n t l y  be ing  decommissioned, which shows 
r e l a t i v e l y  h i g h  l e v e l s  o f  133Ba i n  t h e  b i o s h i e l d  concre te .  
s e r i e s  o f  r e l a t i v e l y  low energy gammas, a t  276, 302, 356, and 382 KeV. 

- 

Barium-133 emi ts  a 

2.2.1.6 Other Gamma Emi t te rs  

I n  a d d i t i o n  t o  t h e  i so topes  ment ioned above, a number o f  t h e  o t h e r  poten-  
t i ~ a l  a c t i v a t i o n  produ s sh wn i n  T b l e  1 1 emi t  n r e t i c  mma rays  These 
i n c l u d e  26A1, 92Nb, '"Cs, 958Tb, 196Ho, i78mHf, fg5m'1r, "'Pt, and 208g.i 

These i so topes  s h o u l d  r e s u l t  i n  a n e g l i g i b l e  dose c o n t r i b u t i o n  due t o  d i r e c  
a c t i v a t i o n .  There i s ,  o f  course, t h e  p o s s i b i l i t y  o f  a l a r g e  i n v e n t o r y  o f  157Cs 
t h a t  may be p r e s e n t  due t o  f u e l  rup tu res .  Other  sources o f  gamma r a d i a t i o n  
i n c l u d e  beta- induced bremsst rah lung and i n n e r  b remsst rah lung f r o m  e l e c t r o n  
c a p t u r e  iso topes .  
d iscussed s e p a r a t e l y .  

The l a t t e r  e f f e c t  i s  r a t h e r  impor tan t  f o r  59Ni  and w i l l  be 

2.2.2 Pure Beta E m i t t e r s  

S tud ies  o f  dose e f f e c t s  r e l a t e d  t o  decommissioning a c t i v i t i e s  such as 
those c a r r i e d  o u t  by Smith, Konzek and Kennedy (1978) have amply demonstrated 
t h a t  pure  be ta  e m i t t e r s  do n o t  rep resen t  a se r ious  c o n t r i b u t i o n  t o  dose d u r i n g  
d i s m a n t l i n g  o p e r a t i o n s  due t o  t h e  low p e n e t r a t i n g  power o f  b e t a  r a d i a t i o n .  I n  
c o n s i d e r i n g  p o t e n t i a l  d i sposa l  hazards, however, a1 1 abundant ly  produced i s o -  
topes must be considered.  

2.2.2.1 - 3T 

T r i t i u m  can be produced i n  a r e a c t o r  by s e v e r a l  mechanisms. Neutron cap- 
t u r e  on deuter ium i s  p o s s i b l e  though o f  r e l a t i v e l y  l ow  y i e l d  i n  LWR's due t o  
t h e  l ow  n a t u r a l  abundance o f  deuter ium (0.015%) combined wi th  i t s  ex t remely  low 
neu t ron  c a p t u r e  c ross  s e c t i o n  (0.53 mb). 
e r a b l y  more i m p o r t a n t  i n  D20-moderated r e a c t o r  des igns such as t h e  Canadian 
CANDU f o r  example o r  i n  t h e  numerous D20 moderated research  r e a c t o r s  around t h e  
wor ld .  N-T r e a c t i o n s  by f a s t  neutrons a r e  o f  n e g l i g i b l e  importance. 
t h r e s h o l d s  f o r  t h i s  r e a c t i o n  on t h e  two most abundant t a r g e t s  p resent ,  5gFe and 
l60,  a r e  bo th  o v e r  16  MeV. 
amounts o f  L i .  
t h e  h i g h l y  s e n s i t i v e  'L i (n,a) T reac t i on .  

Th is  r e a c t i o n  i s ,  o f  course, c o n s i d -  

Th 

B i o s h i e l d  m a t e r i a l s  w i l l ,  o f  course, c o n t a i n  sma l l  
T r i t i u m  i s  t h  s expected t o  be p r e s e n t  i n  t h e  b i o s h i e l d  due t o  ts T r i t i u m  (T1/2 = 12.33 y) decays by 

23 



emiss ion  o f  a be ta  w i t h  an 18.6 KeV endpo in t .  
r e s u l t s  i n  a r e l a t i v e l y  low hazard p o t e n t i a l  f o r  t r i t i u m .  However, i t  i s  v e r y  
mob i l e  i n  t h e  env i  ronment. 

The r a t h e r  low b e t a  energy 

2.2.2.2 l $ e  

B e r y l l i u m - 1 0  i s  something o f  an i n t e r e s t i n g  c u r i o s i t y  as an a c t i v a t i o n  
product .  P roduc t i on  by d i r e c t  neu t ron  cap tu re  on 100% abundant 'Be i s  u n l i k e  
except  perhaps i n  research  r e a c t o r s  t h a t  use b e r y l l i u m  r e f l e c t o r s  t o  produce 
neu t ron  beams. I n  any case, t h e  thermal  ca t u r e  c ross  s e c t i o n  i s  smal l  ( 8  mb 
Tab le  1.3 r e v e a l s  t h a t  t h e  N-P r e a c t i o n  on '0 ,  [ l % ( N , P ) l % e l  has a s i m i l a r  
t h r e s h o l d  t o  t h a t  o f  t h e  well-known N-P r e a c t i o n  p roduc ing  14C. The b e s t  

Y 

. 
exper imenta l  va lue  o r  t h e  r e a c t o r  spectrum-averaged c ross  s e c t i o n  i s  an upper 
l i m i t  o f  0.18 barns S i n c e . t h e  a tomic  number o f  b e r y l l i u m  l i e s  o u t s i d e  o f  t h e  
semiempi r i ca l  formu a t i o n  used i n  t h i s  work, code THRES2, ( P e a r l s t e i n  1975, 
P e a r l s t e i n  1973) i t  i s  d i f f i c u l t  t o  es t imate .  The abundant use o f  boron f o r  
r e a c t o r  power l e v e l  c o n t r o l  s u g g e s t s , t h a t  a c o n s i d e r a b l e  amount o f  '%e may be 
produced i n  c o n t r o l  rods, shim rods, and i n  p r imary  r e a c t o r  coo a n t  when b o r i c  
a c i d  i s  used as s o l u a b l e  poison. B e r y l l i u m - 1 0  (T1/2 = 1.6 x 1 0  y )  decays by 
be ta  emiss ion  w i t h  a 556 KeV be ta  endpo in t .  

li 

2.2.2.3 1 4 C  - 
Carbon-14 i s  produced i n  a r e a c t o r  p r i m a r i l y  by t h e  N-P r e a c t i o n  on 

n i t r o g e n .  As t h e  p r i n c i p a l  component o f  t h e  atmosphere, n i t r o g e n  occurs  as a 
h i g h l y  v a r i a b l e  t r a c e  i m p u r i t y  i n  v i r t u a l l y  a l l  m a t e r i a l s  i n c l u d i n g  s t e e l  and 
concrete.  
endpo in t .  

Carbon-14 (T1/2 = 5730 y )  decays by b e t a  emiss ion  w i t h  a 156 KeV 

2.2.2.4 63Ni  

N i c k e l - 6 3  i s  by f a r  t h e  most abundant a c t i v a t i o n  p roduc t  expec ted  t o  be 
p resen t  i n  a LWR on t h e  t i m e  s c a l e  o f  d e f e r r e d  d ismant lement .  
100 y e a r s  makes i t s  p r o d u c t i o n  op t ima l  f o r  t h a t  t i m e  sca le .  It i s  produced by 
d i r e c t  neu t ron  cap tu re  on n i c k e l  w i t h  a 14.6 barns  c ross -sec t i on .  The problem 
i s  somewhat min imized by t h e  r e l a t i v e l y  low abundance o f  t h e  t a r g e t  i so tope ,  
62Ni  (3.6%). 
s t a i n l e s s  s t e e l  i n  t h e  h i g h  f l u x  reg ion .  
r e l a t i v e l y  low> energy be ta  w i t h  a 66 KeV endpo in t  energy. 
p r o d u c t i o n  i s  t h u s  n e g l i g i b l e  f o r  t h i s  i so tope .  

I t s  h a l f - l i f e  o f  

T h i s  i s  o f f s e t  by t h e  presence o f  l a r g e  amounts o f  N i  i n  

Bremsst rah lung 
N icke l -63  decays by emiss ion  o f  a 

2.2.2.5 - "Tc 

Technetium-99 i s  no rma l l y  cons idered i n  most r e a c t o r  c o n t e x t s  as a f i s s i o n  
roduc t  s i n c e  t h e  mass 99 i s o b a r  i s  e s s e n t i a l l y  a t  t h e  low mass peak of t h e  

$35" f i s s i o n  y i e l d  curve  a t  6.1% abundance. It i s  a major  source o f  concern 
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f r om a s t a n d p o i n t  o f  n u c l e a r  waste d i sposa l  due t o  i t s  l o n g  h a l f - l i f e  
(213,000 y )  and i t s  p o t e n t i a l l y  h i g h  env i ronmenta l  m o b i l i t y .  I t s  d e t e c t i o n  and 
i d e n t i f i c a t i o n  i s  a l s o  a b i t  d i f f i c u l t .  Technetium-99 can be roduced as an 
a c t i v a t i o n  p roduc t  as w e l l  by neu t ron  cap tu re  on 24% abundant !%o t o  produce 
66h 99M0. 
neu t ron  cap tu re  c r o s s - s e c t i o n  o f  0.14 barns and resonance i n t e g r a l  o f  6.6 barns 
a r e  smal l  b u t  s i  gni  f i  can t  s i n c e  molybdenum 1 i ke n i c k e l  , i s  a ma jo r  c o n s t i t u e n t  
o f  t h e  s t a i n l e s s  s t e e l  used i n  r e a c t o r  i n t e r n a l s  i n  t h e  h i g h  f l u x  reg ion .  
Technetium-99 decays by emiss ion  o f  a be ta  w i t h  a 298 KeV endpo in t  energy. 

Molybdenum-99 i n  t u r n  decays t o  t h e  much l o n g e r - l i v e d  99Tc. The 

2.2.2.6 Other  Beta E m i t t e r s  

I n  a d d i t i o n  t o  t h e  i s o t o p e s  s p e c i f i c a l l y  d iscussed above, Tab le  1.1 
c o n t a i n s  a l a r g e  number o f  o t h e r  i s o t  es which a r  ess n i a l l  
e m i t t e r s .  These i n c l u d e  3 6 C l ,  79Se, 8pKr, 'OS,, "Zr,  f 2 i S n  !f28yrEn:ei$5Cs. 

None o f  t hese  a r e  expected t o  b f m a '  r impor tance as a c t i v a t i o n  p roduc ts  
a l though,  as was t h e  case w i t h  f3SCs, '*Sr w i l l  be p resen t  i n  some m a t e r i a l s  
due t o  t r a n s l o c a t i o n  e f f e c t s  f rom r u p t u r e d  f u e l  and i s  o f  ma jor  impor tance due 
t o  i t s  re1  a t i  v e l y  h i  gh b iohazard  p o t e n t i  a1 . 
2.2.3 E l e c i r o n  Capture I so topes  

A number o f  a c t i v a t i o n  p roduc ts  decay by c a p t u r e  o f  o r b i t a l  e l e c t r o n s  t o  
A few o f  t hese  deserve s p e c i a l  d i s c u s s i o n  due i s o t o p e s  o f  a tomic  number Z-1. 

t o  t h e i r  unusual p r o p e r t i e s .  

2.2.3.1 59Ni  

N i cke l -59  i s  c e r t a i n l y  one o f  . the most i m p o r t a n t  a c t i v a t i o n  p roduc ts  w i t h  
ex t reme ly  l o n g  h a l f - l i f e  (80,000 y ) .  It can be produced by a v a r i e t y  o f  mecha- 
n i  sms, however, t h e  most i m p o r t a n t  overwhelmingly  i s thermal  n e u t r o n  c a p t u r e  on 
68.3% abundant 58Ni .  
amounts o f  n i c k e l  p resen t  i n  r e a c t o r  i n t e r n a l s ,  and t h e  modera te ly  h i g h  produc- 
t i o n  c r o s s - s e c t i o n  (4.6 ba rns )  combine t o  produce 59Ni  i n  abundance p a r t i c u -  
1 a r l y  i n r e a c t o r  i n t e r n a l  s. 
o f  t h e  t i m e  t o  t h e  ground s t a t e  of 5 9 C ~ .  
energy X-rays and e l e c t r o n s  c h a r a c t e r i s t i c  o f  c o b a l t .  
energy i s  c a r r i e d  away by a mono-energetic n e u t r i n o .  
centage o f  decays i n  t h e  e l e c t r o n  c a p t u r e  process,  t h e  t r a n s i t i o n  energy i s  
d i v i d e d  between a gamma ray and n e u t r i n o ,  a process known as i n n e r  brems- 
s t rah lung .  N i c k e l - 5 9  has t h e  unusual 
p r o p e r t y  o f  hav ing  an e x c e p t i o n a l l y  h i g h  t r a n s i t i o n  energy f o r  i t s  h a l f  l i f e ,  
1.07 MeV. The t o t a l  number o f  quanta p e r  e l e c t r o n  ca t u r e  d i s i n t e g r a t i o n  due 

t r a n s i t i o n  energy i n  MeV. 
gamma rays  up t o  1.07 MeV energy about one i n  every  thousand decays. 

The h i g h  abundance o f  t h e  t a r g e t  i s o t o p e ,  t h e  l a r g e  

N i  cke l -59  decays p u r e l y  by e l  e c t  r o n  c a p t u r e  100% 
These decays a r e  accompanied by low 

Most o f  t h e  t r a n s i t i o n  
I n  a ve ry  smal l  p e r -  

Normal ly  t h a t  branch i s  ve ry  minor. 

t o  inner -bremsst rah lung i s  app rox ima te l y  7.4 x 10' 4 9  E where E i s  t h e  
N icke l -59  t h u s  produces a cont inuous  spectrum o f  

Due t o  
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i t s  r a t h e r  s u b s t a n t i a l  p r o d u c t i o n  r a t e  i n  a l l  p a r t s  o f  t h e  i n n e r  containment, 
59Ni  i s  t h u s  one o f  t h e  l i m i t i n g  i s o t o p e s  f o r  dose c o n s i d e r a t i o n s  a f t e r  decay 
o f  o t h e r  sho r te r -1  i ved r e s i d u a l  a c t i v i t y  has occurred.  

2.2.3.2 - 93M0 

Molybdenum-93 i s  o f  s p e c i a l  i n t e r e s t  due t o  t h e  presence o f  l a r g e  amounts 
o f  molybdenum i n  r e a c t o r  i n t e r n a l s .  
3500 yea rs ,  b u t  i s  p o o r l y  known. Molybdenum-93 has t h e  unusual p r o p e r t y  t h a t  
i t  i s  produced p r i m a r i l y  by ep i the rma l  neu t ron  capture .  
s h e l l  o f  t h e  t a r g e t ,  14.8% abundant 92M0, i s  c l o s e d  a t  50 neutrons,  i t s  thermal  
c a p t u r e  c r o s s - s e c t i o n  i s  ve ry  low (0.02 barns) .  
0.81 barns  i s  a l s o  modera te ly  low. It can a l s o  be produced by N-2N on 9.3% 
abundant '410. 
has a r a t h e r  l ow  y i e l d .  
cance as an a c t i v a t i o n  p roduc t  t h a n  o r i g i n a l 1  
than  90% o f  t h e  t i m e  t o  a 30.4 KeV l e v e l  o f  "Nb. That  l e v e l  i s  i t s e l f  a long-  
l i v e d  a c t i v a t i o n  produc t ,  93mNb, which decays t o  t h e  ground s t a t e  by i n t e r n a l  
t r a n s i t i o n  w i t h  a 13.6 y h a l f - l i f e .  

I t s  h a l f - l i f e  i s  t hough t  t o  be around 

Since t h e  neu t ron  

The resonance i n t e g r a l  o f  

S ince t h e  t h r e s h o l d  f o r  t h i s  r e a c t i o n  i s  n e a r l y  1 0  MeV i t  a l s o  

It decays g r e a t e r  
Molybdenum-93 i s  t h u s  l i k e l y  t o  be o f  l e s s  s i g n i f i -  

a n t i c i p a t e d .  

2.2.3.3 41Ca 

Calcium-41 i s  o f  p a r t i c u l a r  i n t e r e s t  due t o  i t s  l o n g  p h y s i c a l  and b i o -  
l o g i c a l  h a l f - l i f e .  B i o s h i e l d  conc re te  c o n t a i n s  ex t reme ly  h i g h  l e v e l s  o f  
c a l  c i  urn. 
e r a t i  ons w i t h  r e s p e c t  t o  b i  osh i  e l d  concre tes ,  t h e  most v o l  umi nous a c t i  va ted  
component o f  t h e  r e a c t o r .  Cal c i  um-41 i s produced e n t i  r e l y  by thermal  neu t ron  
cap tu re  on 96.9% abundant 40Ca. Since t h e  t a r g e t  nuc leus  i s  doub ly  magic i n  
neu t ron  and p r o t o n  number ( twen ty  each) i t s  n e u t r o n  c a p t u r e  c r o s s - s e c t i o n  i s  
n o t  ve ry  l a r  e (0.41 ba rns )  and t h e r e  a r e  no i m p o r t a n t  resonances. The p r o -  
d u c t i o n  o f  4qCa i n  b i o s h i e l d  m a t e r i a l  i s  min imized by t h e  r e l a t i v e l y  low 
neu t ron  f l u x  escap ing  f r o m  t h e  vessel  i n  a LWR. Presumably, t h i s  s i t u a t i o n  
would be somewhat worse f o r  deuter ium moderated o r  f a s t  b reeder  des igns.  
Calcium-41 decays p u r e l y  t o  t h e  ground s t a t e  o f  41K w i t h  an approx imate  
103,000year  h a l f - l i f e .  
p u b l i c a t i o n s  r a n g i n g  f r o m  80,000 t o  130,000 y. 
va lues  as g i ven  i n  t h e  Seventh E d i t i o n  o f  t h e  Tab le  o f  Iso topes ,  (Browne, 
Dai r i  k i  , and Doebler  1978), have g e n e r a l l y  been adopted.] I t s  t r a n s i t i o n  
energy o f  0.43 MeV i s  c a r r i e d  away by t h e  n e u t r i n o  w i t h  i n n e r  b remsst rah lung of 
min imal  importance. 
amounts t o  o n l y  3.6 KeV mos t l y  i n  t h e  fo rm o f  Auger e l e c t r o n s .  
t h e  I C R P  model, ( I C R P  1959) however, c a l c i u m  has a b i o l o g i c a l  h a l f - l i f e  o f  
f o r t y - f o u r  y e a r s  and a f r a c t i o n  t o  t h e  bone of g r e a t e r  t han  50%. 
i n  a r a t h e r  low c a l c u l a t e d  MPCw f o r  t h i s  i s o t o p e  (1.1 x mCi/cm3). I n  
s p i t e  o f  i t s  low decay energy, t h e  MPCw i s  cons ide rab ly  l o w e r  t h a n  t h a t  of 

Cal c i  um-41 i s t h u s  1 i k e l y  t o  domi na te  t h e  1 ong-term d i  sposal  cons i  d- 

[The h a l f - l i f e  i s  p o o r l y  known and i s  shown i n  v a r i o u s  
I n  t h i s  work t h e  h a l f - l i f e  

Decay energy a v a i l a b l e  i n  t h e  fo rm o f  i o n i z i n g  r a d i a t i o n  
Accord ing  t o  

T h i s  r e s u l t s  
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6"Co, f o r  example. 
i s o t o p e  has ve ry  un favo rab le  decay p r o p e r t i e s  f o r  r o u t i n e  d e t e c t i o n  a t  t h a t  
l e v e l .  
c r e t e  does n o t  appear t o  rep resen t  any s i g n i f i c a n t  b iohazard.  However, t h e  
hazard p o t e n t i a l  o f  t h i s  i s o t o p e  i s  wor th  n o t i n g .  
n i f i c a n t  l e v e l s  o f  c a l c i u m  such as conc re te  shou ld  be c a r e f u l l y  exc luded f r o m  
exposure t o  h i g h  neu t ron  f l u x e s  i f  poss ib le .  

The problem i s  f u r t h e r  comp l i ca ted  by t h e  f a c t  t h a t  t h i s  

The r a t h e r  low s p e c i f i c  a c t i v i t y  found i n  PWR and BWR b i o s h i e l d  con- 

M a t e r i a l s  c o n t a i n i n g  s i g -  

2.2.3.4 Other  E l e c t r o n  Capture I so topes  

Other  i s o t o  es  shown i n  Tab le  1.1 deca i n g  pure1 by ground s t a t e  e l e c t r o n  
cap tu re  i n c l u d e  g%ln, 137La, 145Pm, l g 3 P t ,  jo5Pb and 108gi. These i s o t o p e s  a r e  
expected t o  be o f  m i  n o r  impor tance b u t  a r e  i n c l  uded f o r  cornpl e teness.  

2.2.4 Alpha Emi t t e r s  

7i n c l  udej3$,Tabl e 1.1 decay by a1 pha emi s s i  on, i n c l  u d i  ng  
4 6 ~ m ,  SehsS:' is8:opss Np and . I n  gen r a l ,  y i e l d  these  i s o t o p e s  shou ld  

be ve ry  l o w ' w i t h  ;he p o s s i b l e  e x c e p t i o n  o f  '39Pu. The '"Pu i n v e n t o r y  o f  t h e  
r e a c t o r  conta inment  i s  i n  a l l  p r o b a b i l i t y  dominated by o t h e r  sources o f  Pu con- 
tami  n a t i o n  un less  t h e  r e a c t o r  o p e r a t i  on i s e x c e p t i o n a l  l y  c l e a n  and t h e  conc re te  
used i s  e x c e p t i o n a l l y  h i g h  i n  uranium. 
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3.0 CONSTRUCTION MATERIALS 

3.1 SOURCE OF SAMPLES 

Reference a n a l y t i c a l  samples o f  c o n s t r u c t i o n  m a t e r i a l s  were s o l i c i t e d  f rom 
a v a r i e t y  o f  sources. A l l  u t i l i t i e s  w i t h  r e a c t o r s  i n  t h e  c o n s t r u c t i o n  phase 
were con tac ted  and requested  t o  p r o v i d e  a p p r o p r i a t e l y  r e p r e s e n t a t i v e  samples o f  
b i o s h i e l d  m a t e r i a l s  and major  r e a c t o r  components. 
r e p r e s e n t i n g  69 d i f f e r e n t  c o n s t r u c t i o n  p r o j e c t s  were contac ted .  
y i e l d  of samples proved somewhat l e s s  t h a n  a n t i c i p a t e d ,  b u t  appears adequate 
f o r  t h e  goa ls  o f  t h e  program. 
t h e  complex o r g a n i z a t i o n a l  s t r u c t u r e  i n v o l v e d  i n  a t y p i c a l  r e a c t o r  c o n s t r u c t i o n  
p r o j e c t .  An a l t e r n a t i v e  source o f  samples was o p e r a t i n g  o r  shutdown r e a c t o r s .  
These samples were t a k e n  d u r i n g  o n s i t e  v i s i t s  on a r e l a t e d  program. I n  a d d i -  
t i o n  t o  u t i l i t y  sources, s t e e l  samples were a l s o  made a v a i l a b l e  th rough  vessel  
s u r v e i l l a n c e  programs. 
n u c l e a r  use was a l s o  p rov ided  by t h e  s t e e l  manufacturers .  

A t o t a l  o f  27 u t i l i t i e s  
The a c t u a l  

Samples were a l s o  r a t h e r  slow t o  a r r i v e  due t o  

A s e l e c t i o n  o f  Type 304 and 316 s t a i n l e s s  s t e e l  f o r  

3.2 CONCRETE 

Concrete samples were ob ta ined  f rom 13 r e a c t o r  s i t e s  w i t h  good geographi -  
c a l  d i v e r s i t y .  A f u l l  l i s t i n g  o f  t h e  samples o b t a i n e d  i s  g i v e n  i n  Table 3.1. 
Samples were e i t h e r  t e s t  pou r ings  used f o r  compressive s t r e n g t h  t e s t i n g  o r  co re  
samples taken  w i t h  a 3 i n .  diamond c o r i n g  b i t .  
cases accompanied by match ing i n g r e d i e n t s  f o r  a n a l y s i s  i n  o r d e r  t o  de termi  ne 
t h e  o r i g i n  o f  any u n u s u a l l y  h i g h  c o n c e n t r a t i o n s  o f  t r a c e  elements. 
i t y  of m a t e r i a l s  used i s  represented  by t h e  samples ob ta ined.  
aggregate used i n  conc re te  manufacture a t  n u c l e a r  p l a n t s  i s  g e n e r a l l y  t y p i c a l  
of whatever rock  can be q u a r r i e d  l o c a l l y  economica l l y .  The h i g h  c o s t s  asso- 
c i a t e d  w i t h  t h e  use o f  h i g h  d e n s i t y  .aggregate has resulted i n  a f a r  more 
l i m i t e d  use t h a n  was common i n  t h e  e a r l y  days o f  n u c l e a r  r e a c t o r  development. 
Two samples o f  h i g h  d e n s i t y  aggregate appear ing  t o  be i l l m e n i t e  and magne t i t e  
were p r o v i d e d  f rom t h e  Susquehanna P r o j e c t .  Severa l  r e a c t o r  p r o j e c t s  a r e  a l s o  
u s i n g  coa l  f l y  ash as an a d d i t i v e  t o  t h e i r  cement. Samples were o b t a i n e d  f r o m  
t h e  E n r i c o  Fermi No. 2, H a r t s v i l l e  , B e l l e f o n t e  and P a l o  Verde No. 2 p r o j e c t s .  
S ince coa l  f l y  ash t y p i c a l l y  tends  t o  c o n c e n t r a t e  some n o r m a l l y  r a r e  t r a c e  e l e -  
ments, t hese  samples a r e  o f  some i n t e r e s t .  

The samples were i n  seve ra l  

The d i v e r s -  
The coarse  

3.3 REBAR 

I n  t h i s  work r e b a r  i s  e s t i m a t e d  t o  compr ise a t  l e a s t  10% by we igh t  o f  t h e  
b i o s h i e l d .  I n  some newer r e a c t o r s  i t  may be c o n s i d e r a b l y  h ighe r .  
element compos i t i on  o f  r e b a r  i s  t h u s  o f  some i n t e r e s t ,  p a r t i c u l a r l y  s i n c e  t h e  

The t r a c e  
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TABLE 3.1. B i o s h i e l d  M a t e r i a l s  (Uni r r a d i a t e d )  

H i  gh 
F l y  Dens i t y  Ord ina ry  

Type Rebar Concrete Cement Sand Ash Aggregate Aggregate - -- React o r  
Pa lo  Verde No. 2 PWR 6 2 1 1 1 2 
Enr i co  Fermi No. 2 BWR 4 2 1 1 1 
Wol f  Creek PW R 10 3 1 1 2 
Susquehanna BWR 1 1 1 2 1 
H a r t s v i l l e  BWR 2 1 1 1 3 
B e l l e f o n t e  PWR 4 4 1 1 1 3 
Rancho Seco PW R 1 1 

Pa th f  i nder  PW R 3 

WPPSS No. 1 PW R 4 4 1 2 
Turkey P o i n t  No. 4 PWR 2 
Humbol d t  Bay BWR 4 
Wate r fo rd  No. 3 PW R 3 2 1 

use o f  r e c y c l e d  m a t e r i a l s  i n  i t s  compos i t ion  can, i n  p r i n c i p l e ,  r e s u l t  i n  an 
unusual t r a c e  element d i s t r i b u t i o n .  
shown i n  Table 3.1. 

A good s e l e c t i o n  o f  r e b a r  was ob ta ined  as 

3.4 CARBON STEEL 

Samples o f  carbon s t e e l  used f o r  vessel  w a l l  f a b r i c a t i o n  were ob ta ined  
from seve ra l  sources. These samples a r e  i n  genera l  Charpy impact  specimens 
used f o r  vessel  s u r v e i l l a n c e  programs. I n  seve ra l  cases match ing  i r r a d i a t e d  
samples were a1 so ava i  1 ab1 e. 

3.5 STAINLESS STEEL 

A s e l e c t i o n  o f  s t a i n l e s s  s t e e l  was ob ta ined  f rom seve ra l  sources. Most 
r e a c t o r  i n t e r n a l  s a r e  c o n s t r u c t e d  of Type 304L s t a i  n l  ess s t e e l  w i t h  occas iona l  
use o f  316 o r  Incone l  f o r  s p e c i a l  purposes. 
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3.6 CONTROL RODS 

No a t tempt  was made t o  o b t a i n  c o n t r o l  rod  m a t e r i a l .  Due t o  t h e  n a t u r e  o f  
t h e  m a t e r i a l  i t  would be a fo rm idab le  a n a l y t i c a l  problem and ve ry  d i f f i c u l t  t o  
model f rom an a c t i v a t i o n  s tandpo in t .  BWR c o n t r o l  rods a r e  composed o f  boron 
carb ide .  They shou ld  c o n t a i n  a s u b s t a n t i a l  i n v e n t o r y  o f  '%e and 14C, as w e l l  
as t h e  i s o t o p e s  assoc ia ted  w i t h  t h e  s t a i n l e s s  s t e e l  c ladd ing .  PWR c o n t r o l  rods 
a re  a m i x t u r e  o f  Ag, Cd, and I n .  
c o n t r o l  rods i s  t h u s  l i k e l y  t o  be l a r g e l y  dominated by 252 day l l anAg  i n  t h e  
s h o r t  t e r m  and by 130 y e a r  lohAg on t h e  l o n g e r  t i m e  sca le .  
wor thwhi  l e  determi  n i  ng these  i n v e n t o r i e s  empi r i  c a l  l y  ; however , t h e  sampl i ng and 
a n a l y s i s  o f  c o n t r o l  rods  was beyond t h e  resources  o f  t h i s  program. 

The i n v e n t o r y  o f  a c t i v a t i o n  p roduc ts  i n  PWR 

It would be 

TABLE 3.2. S tee l  Samples 

S u p p l i e r  
En r i co  Fermi No. 2 
Susquehanna 
Bel  l e f o n t e  

No r t  hanna 
P a t h f i n d e r  
B a t t e l l e  Columbus 
U.S. S t e e l  
Westi nghouse 
Wate r fo rd  No. 3 
Turkey P o i n t  No. 3 

Vessel Vessel 
S tee l  C1 add ing  

1 1 

(Uni r r a d i  a t e d )  

Carbon S t a i  n l  ess 
Stee l  S t e e l  

I n t e r n a l  s I n t e r n a l s  I n c o n e l  
2 

1 1 1 

1 
1 
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4.0 CHEMICAL ANALYSIS PROGRAM 

4.1 ANALYTICAL TECHNIQUES 

An a n a l y t i c a l  program was implemented t o  o b t a i n  i n f o r m a t i o n  on up t o  
52 elements. The program r e l i e d  ma in l y  on two mu l t i e lemen t  i n s t r u m e n t a l  
methods; i n s t r u m e n t a l  neu t ron  a c t i v a t i o n  (INAA) and energy d i s p e r s i v e  X-ray 
f l uo rescence  (XRF). The a n a l y t i c a l  procedures used a r e  desc r ibed  below. 

4.1.1 I n s t r u m e n t a l  Neutron A c t i v a t i o n  A n a l y s i s  (INAA) 

Sample P r e p a r a t i o n  

Geo log ica l  m a t e r i a l  such as sand, cement, aggregate m a t e r i  a1 s, and con- 
c r e t e s  were ob ta ined  f o r  a n a l y s i  s f rom v a r i o u s  r e a c t o r  c o n s t r u c t i o n  s i t e s .  
A l i q u o t s  of each s o l i d  m a t e r i a l  were p u l v e r i z e d  and ground t o  l e s s  t h a n  150 pm 
(100 mesh) u s i n g  a Spex Shat terbox.  The prepared samples were t h e n  s t o r e d  i n  
p o l y e t h y l e n e  b o t t l e s  f rom which a l i q u o t s  were taken  f o r  a n a l y s i s  by b o t h  I N A A  
and XRF. 
p o l y v i  a1 s f o r  I N A A  a n a l y s i  s. 

A l i q u o t s  o f  100 t o  200 mg were weighed i n t o  ac id -c leaned  2/27 dram 

Meta l  c o n s t r u c t i o n  ma te r i  a1 s such as rebar ,  s t a i  n l e s s  s t e e l  s, and v a r i o u s  
o t h e r  meta l  m a t e r i a l s  were prepared f o r  a n a l y s i s  by machining. 
each meta l  m a t e r i a l  were taken  as shavings o r  d r i l l  t u r n i n g s .  The samples were 
c leaned w i t h  a l c o h o l ,  a i r  d r i e d ,  and s t o r e d  i n  p o l y e t h y l e n e  b o t t l e s .  A l i q u o t s  
o f  100 t o  200 mg f o r  ' ' longs" and 4 0 0  mg f o r  " s h o r t s "  were t h e n  weighed i n t o  
ac id -c leaned 2/5 dram p o l y v i a l s  f o r  a n a l y s i s  by I N A A .  

A l i q u o t s  o f  

Sample A c t i  v a t i  on and Count i  ng 

The s t r a t e g y  used f o r  I N A A  a n a l y s i s  o f  these r e a c t o r  c o n s t r u c t i o n  mate- 
r i a l s  i n v o l v e d  two i r r a d i a t i o n s  and f i v e  c o u n t i n g  pe r iods .  The f i r s t ,  a s h o r t  
i r r a d i  a t i  on ( " s h o r t s " )  , was f o l l  owed by two counts.  The second i r r a d i  a t i  on 
was f o l l o w e d  by t h r e e  counts  w i t h  an i n c r e a s i n g  decay t i m e  f o r  each c o u n t i n g  
pe r iod .  A summary o f  t h e  n u c l e a r  p r o p e r t i e s  i n v o l v e d  i s  g i v e n  i n  Tables 4.1 
and 4.2. 
and o t h e r s  i s  g i v e n  by Laul  (1979). 

A thorough rev iew  o f  t h e  procedures f o r  I N A A  used i n  t h i s  l a b o r a t o r y  

Shor ts  Ana lys i  s 

Samples and s tandards  were i r r a d i a t e d  i n  t h e  252Cf -neut ron  m u l t i p l i e r  
The samples were i r r a d i a t e d  f o r  f a c i l i t y  o f  P a c i f i c  Northwest abo ra t  ry. 

3 minu tes  a t  a f l u x  of -2 x 10 n*cm-'*s-l. The i r r a d i a t i o n  and c o u n t i n g  was 
c o n t r o l l e d  by a PDP 11/10 computer which was p a r t  o f  a Tracor  Nor the rn  
computer-based d a t a  a c q u i s i t i o n  system (TN-11 system) (Wogman e t  a1 . 1978). 

b 
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TABLE 4.1. P roduc t i on  and P r o p e r t i e s  o f  t he  Nucl ides Observed i n  a "Shor ts "  I r r a d i a t i o n  

I s o t o p i c  C r o s s - S e c t i o n  H a l f - L i f e  I n t e n s i t y  M a j o r  y-Rays 
P o s s i b l e  I n t e r f e r e n c e s  E lement  R e a c t i o n  Abundance (%) ( b a r n s )  t l / Z ( m i n )  ( y ' s  per  100 d i s )  (keV)  

F i r s t  Count 
A1  AI (n.v ) 2 8 ~ i  100. 0.231 2.24 100 . .  
Ca 4 8 ~ a  ( n  ,y 4 9 ~ a  0. 187 1.1 8.719 92 

T i  50Ti  ( n , ~ ) ~ l T i  5.2 0.179 5.80 93.4 

V 5 1 ~ ( n , y ) 5 2 ~  99.75 4.88 3.746 100 

cu 65CU (n .y )66CU 30.8 2.17 5.10 8 
w 
P Second Count 

Na 23Na(n,y)24Na 100 0.53 901.2 1 no 
100 

CI 3 7 ~ ~  (n ,y ) 3 8 ~ 1  24.23 0.428 37.29 31. 

42 
K 41K( n ,y ) 42K 6.71 1.46 741.7 18.8 
Mn 55Mn ( n  100 13.3 154.7 98.87 

27.2 
14.3 

Sr "Sr ( n  ,y )87m~r 9.8 0.84 168.3 82 

~d 1 3 8 ~ a  ( n  ,y 13'8a 71.7 0.4 82.9 22 

DY '640y(n,y)165Dy 28.1 2700 140.0 3.58 

1778.7 

3084.4 
319.7 316.5 ( l n 2 1 r ) ,  3200 (51Cr) 

1423.06 
1039.2 

1368.6 

2754.1 
1642.2 
2167.6 

1524.6 
846.7 

1810.7 
2113.0 

388.4 
165.8 
94.7 

841.5 (152mEu), 843.8 (27Mg) 

2112.1 (116%) 



w 
cn 

TABLE 4.2. P roduc t i on  and P r o p e r t i e s  o f  t h e  Nuc l ides  Observed i n  a "Long1' I r r a d i a t i o n  

I S O t q l c  
Element R e a c t l o n  Abundance ( $ 1  

N3 

K 

GO 

AS 

B r  

Mo 

Sb 

La 

Sm 

Yb 

n 

U 

F l r s t  Count  

23Na(n,y)24Na 
41  42  

71 

75As (n  ,y,)76As 

K(n,y) K 
72 

Ga(n.y) Ga 

82 
818r(n,y)  B r  

m(n,y) 15'sm 1 5ZS 

174Y b(n ;y 1 75Y b 

Second Count  

Cr  5 0 ~ r  (n,y ) 5 1 ~ r  

Rb 85R b(  n .y b 
Ba 130 

Ba(n,y 1 131Ba 

Ce 1 4 0 ~ e ( n , y )  141 ~e 

Sm 152~m(n ,y )  15'srn 

Yb I6'Y b ( n  .y ) 69Y b 

Yb( n,y ) 7 5 Y  b 
174 

Yb 

Lu (n ,y ) 77Lu 
176 

Lu 

100 

6.71 

39.9 

100 

49.3 

24.1 

57.3 

99.9 

26.6 

31.6 

28.6 

99.275 

4.35 

72.17 

0.106 

88.5 

26.6 

0.135 

31.6 

2.61 

Cross-Sect l o n  
( b a r n s )  

0.53 

1.46 

4.6 

4.4 

2.7 

0.13 

6.2 

9.2 

204 

65  

38 

2.7 

15.9 

0.447 

8 

0.56 

204 

3500 

65 

2000 

Ha I f  -L l  te 
TI ,- 

0.6258 

0.5151 

0.5883 

1.097 

1.4725 

2.751 

2.681 

1.678 

1.95 

4.19 

0.9938 

2.346 

27.70 

18.82 

12.0 

32.55 

1.950 

32.02 

4.19 

6.71 

I ntensl ty 
(y's p e r  100 d l s )  

100 

18.8 

95.6 

45 

6.08 

3.41 

70.7 

43.0 

83.4 

88.7 

12.6 

70 

42.98 

95.5 

28.3 

2.83 

6.0 

21 

26.2 

11.4 

15.0 

10.2 

8.79 

21.67 

42.1 

48.4 

28.3 

21.7 

2.83 

6.0 

18.4 

M a j o r  y-Ray s 
(keV) 

1368.6 

1524.6 

853.95 

559.1 

657.0 

1216.0 

554.3 

619.0 

776.5 

140.5 

739.6 

564.1 

487.0 

1596.5 

103.2 

282.5 

396.3 

479.5 

685.8 

228.1 

277.6 

320.1 

1077.2 

216.0 

496.2 

145.4 

103.2 

177.2 

282.5 

396.3 

208.4 

P o s s l b l e  I n t e r f e r e n c e s  

834.8 (54t4n) 

554.3(82Br), 563.1 ( J4Cs), 564.1 ( "'5 b )  

657.6 ("OmAg) 

1221.4 ( l B 2 T a )  

558.5( Ge). 559.1( As). 551.5( W )  

618.2 (le7113 
778.8( 152 E") ,  7 7 3 . 7 ( " ' ~ e )  

142.6( Fe)  145.4 ( Ce) 

744.2 I1 lomAq)  

559.lt562.8 ( 

482 .2 I l 8 'H t ) ,  492.3 (115Cd)22.4815.8817.9 ("OmAg) 

1596.7( Ga) 

1 0 3 . x '  5 3 ~ 4 )  

77 76 187 

59 141 

76 
As), 564.0+566.4 (152Eu) ,  563.2+569.3 (134C53 

72 

277.6(239Np), 279.21203Hq), 279.5175Se), 283.31 19'1r) 

392.5( 160Tb) ,  398.512"Pa), 400.6L 75Se)  

482.2( 181Ht) ,  484.611921 r )  

686.8( ' lomAq),  682.3( "'Tb). 692.8(233Sb), 688.6( 152Eu)  

228.5L 177mLu) ,  227.9( '"Sb), 229.31 "'Tal 

279.2Izo3Hq), 279.61 Se) 75 

316.51 19'1r), 319.7( 14'Nd) 

215.71 160Tb) 

497. i ( lo3~")  

1 4 2 . 4 1 ~ ~ ~ e )  

100.1 I lMZTa  ), 103.21 53Gd), 106.1 I 2'9Np 1 

179.4( !8ZTa)  

277.6( ~ p )  279.21 H g l .  279.5( Se) .  283.31 I r )  
239 203 75 112 

392.5(16'Tb), 398 .5 (233~a) .  400.6( 75 Se) 

2 0 5 . ~ ~ ~ ~ ~ 1  r )  



TABLE 4.2. ( con td )  

l s o t o p l c  Cross-Sect lon 
Element Reac t lon  Abundance t $ )  (ba rns )  

T h l r d  Count 

sc  

Cr  

Fe 

c o  

N1 

Zn 

Se 

Rb 

S r  

Z r  

Kl 

4 5 ~ c ( n , y  ) 4 6 ~ c  

5 0 ~ r  (n,y ) 5 1 ~ r  

58Fe( n,y ) 59Fe 

I 
5 9 ~ o (  n ,y 1 ' O C ~  

S B ~ 1 ( n , p ) 5 8 ~ o  

6 4 ~ n  ( n ,y ) 5 ~ n  

7 4 ~ e ( n , y  ) 7 5 ~ e  

85Rb ( n .y )'%b 

8 4 ~ r ( n , l  ) 8 5 ~ r  

"zr ( n  ,y )95~r  

Io9Ag(n.y) lomAg 

100 26 

4.35 15.9 

0.29 1.14 

100 37 

68.3 4.6 

48.6 0.78 

8.7 52 

72.17 0.447 

0.56 0.3 

17.4 0,055 

48.7 4 

Sb 123Sb(n,y)124Sb 42.7 

cs 1 3 3 ~ s ( n , T ) 1 3 4 ~ s  100 

Ba '%a ( n ;I ) '''Ed 0.106 

~e 1 4 0 ~ e ( n , y ) 1 4 1 ~ e  88.5 

Eu 51Eu ( n , y )  52Eu 47.9 

Tb I5'Th (n,y ) 160Tb 100 

Yb 16'Yb( n,y ) 16'Y b 0'. 135 

Hf "OHf (n,y) "'Hf 35.2 

4.0 

27 

8 

0.56 

5800 

23 

3500 

14 

21 

7.4 

Ha I f -L I  f e Il/m 

83.80 

27.70 

44.56 

1925.5 

70.78 

244.0 

118.4 

18.82 

64.35 

63.98 

252.2 

60.20 

753.1 

12.0 

32.55 

4821.2 

72.1 

32.02 

42.45 

115.0 

26.95 

I n t e n s l t y  Ma jo r  y-Rays 
(y 's  per  100 d l s )  (keV) 

100 

100 

10.2 

56.5 

43.5 

100 

100 

99.4 

50.75 

54.0 

58.0 

8.79 

99.3 

43.1 

54.5 

94.4 

72.8 

34.3 

49.0 

85.44 

21.67 

42.1 

48.4 

14.3 

10.1 

20.7 

4 .O 

30.0 

21.7 

32.4 

81 

16.4 

27.1 

37 

889.2 

1120.5 

320.1 

1099.2 

1291.6 

1173.2 

1332.5 

810.8 

1115.5 

136.0 

264.7 

1077.2 

514.0 

724.2 

756.7 

657.8 

884.7 

937.5 

169.10 

195.8 

216.0 

496.2 

145.4 

964.0 

1085.8 

1408.1 

215.7 

879.4 

177.2 

133.0 

482.0 

1189.0 

1221.4 

311.9 

P o s s l b l e  I n t e r f e r e n c e s  

884.7( ""Ag) 

1115.5(652nl, 1120(Bkgd), 1121.3( "'Tal 

316.5(1921 r )  ,319.1( 14'Nd) 

1102.9( 16'Tb) 

1 2 8 9 . 1 ( Y a ) ,  1292.0( 152EU) 

1 177.8(160Tb) 

511.0 ( A n n l h l l a t l o n  peak)  

656.5( 152Eu ), 661.6tEkgd I 

884.5(l9'1r). 

2 15.7 ( 160T b l  

497.1 ( lo#" 1 

142.4(59Fel 

962.3(160Tb), 966.2( l6'Tb1 

2 16.0( '"Ea I 



The computer based TN-11 system opera ted  a pneumatic t r a n s f e r  r a b b i t  s h u t t l e  
which by o p e r a t o r  i n p u t  and program c o n t r o l  i r r a d i a t e d  t h e  sample f o r  a s e t  
l e n g t h  o f  t ime ,  a l l o w e d  t h e  sample t o  decay f o r  a s e t  t ime ,  and counted t h e  
sample f o r  a p r e s e t  l e n g t h  o f  t ime.  The c y c l e  was then  repeated  as many t i m e s  
as necessary. 
t o  decay f o r  5-min whereupon a 5-min count  was i n i t i a t e d .  A d d i t i o n a l l y ,  a 
30 minu te  decay was a l s o  observed b e f o r e  a count  o f  30-min was i n i t i a t e d .  

" 

I n  p a r t i c u l a r ,  a f t e r  a 3-min i r r a d i a t i o n ,  t h e  sample was a l l o w e d  

The d e t e c t o r  system c o n s i s t e d  o f  2 Ge(L i )  d iodes  o f  105 cm3 and 110 cm3 
v o l  ume i n  an opposed geomet ry r e s u l  t i  ng i n an e x c e p t i  onal  l y  h i  gh c o u n t i  ng 
e f f i c i e n c y .  
spacers i n  t h e  ac id -c leaned r a b b i t  tube.  Data was s t o r e d  on f l o p p y  d i s k s  f o r  
subsequent d a t a  r e d u c t i o n .  

Ac id-c leaned p o l y v i a l s  were used t o  c o n t a i n  t h e  sample and as 

Longs A n a l y s i s  

Sampl s and s tandards  were i r r a d i a t e d  f o r  7 hours  a t  a f l u x  o f  1 x 
lo1' n.cm-'.s-' i n  t h e  r o t a t i n g  rack  ( l a z y  Susan) o f  t h e  250 kW T r i g a  r e a c t o r  
opera ted  by Westinghouse-Hanford. The samples and s tandards were r e t u r n e d  t o  
t h e  l a b o r a t o r y  and repackaged i n  c l e a n  p o l y v i a l s  f o r  c o u n t i n g  on s e v e r a l  h i g h  
e f f i c i e n c y  germani urn d iodes.  
t h r e e  t i m e s  f o l l o w i n g  de lays  of 3, 7, and 25 days. The da ta  was c o l l e c t e d  on 
4096 channel ana lyze rs  which were i n t e r f a c e d  t o  a PDP 11/44 computer. The 
computer was used b o t h  f o r  da ta  m a n i p u l a t i o n  and s to rage,  as w e l l  as f i n a l  d a t a  
r e d u c t i  on. 

The a c t i  va ted  sampl es and s tandards  were counted 

Data Reduct ion  

The s p e c t r a l  d a t a  was reduced w i t h  t h e  use of a PDP 11/44 computer and t h e  
program CANGAS (Lau l  , Wi lkerson and Crowe 1978). Th i s  program uses an o p e r a t o r  
c r e a t e d  l i b r a r y  w i t h  t h e  pa ramet r i c  i n f o r m a t i o n  necessary f o r  each n u c l i d e  peak 
sought (see Tab le  4. l .and 4.2). The sample s p e c i f i c  a c t i v i t y  was t h e n  compared 
t o  t h e  s tandard  s p e c i f i c  a c t i v i t y  t o  o b t a i n  c o n c e n t r a t i o n s  i n  ug/g. 
i n t e r f e r e n c e  c o r r e c t i o n s  were a l s o  made th rough  t h e  use o f  t h e  CANGAS program. 

S p e c t r a l  

Standard R e s u l t s  

The f o l l o w i n g  s tandards  were ana lyzed t o  o b t a i n  s p e c i f i c  a c t i v i t i e s  f o r  
each n u c l i d e  peak and as a means o f  q u a l i t y  assurance: 

NBS SRM 1633 Coal Fly Ash 
NBS SRM 123C S t a i n l e s s  S tee l  
NBS SRM 1155 S t a i n l e s s  S tee l  
I A E A  S o i l - 5  
USGS BHVO-1, Hawai i an B a s a l t  
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USGS PCC-1, P e r i d o t i t e ,  and 
Various s i n g l e  element s tandards (Zn, U, Mo and Ag) 

Tab le  4.3 shows t h e  average r e s u l t  ob ta ined  by t h e  ' ' sho r t s "  a n a l y s i s  o f '  
NBS 1633 f l y  ash, NBS 123C s t a i n l e s s  s t e e l ,  and NBS 1155 s t a i n l e s s  s t e e l .  
Tab le  4.4 shows t h e  average r e s u l t  ob ta ined  f o r  t h e  ' ' longs" a n a l y s i s  o f  NBS 
1633 f l y  ash, NBS 123C s t a i n l e s s  s t e e l ,  NBS 1155 s t a i n l e s s  s t e e l ,  I A E A  s o i l - 5 ,  
USGS BHVO-1, and USGS PCC. There i s  e x c e l l e n t  agreement between t h e  average o f  
t h e  exper imenta l  r e s u l t s  f o r  " s h o r t s "  and ' ' longs' '  w i t h  t h e  recommended o r  b e s t  
va lues.  

4.1.2 X-ray F luorescence A n a l y s i s  (XRF) 

The X-ray f l uo rescence  procedure u t i l i z e d  i n  t h i s  work i s  a r a t h e r  h i g h l y  
automated mu l t i e lemen t  techn ique  capable o f  p roduc ing  a r a t h e r  l a r g e  amount o f  
h i g h  q u a l i t y  i n f o r m a t i o n  on a s h o r t  t i m e  s c a l e  a t  r e l a t i v e l y  min ima l  cos t .  It 
i s  a p p l i c a b l e  t o  a wide range o f  sample t y p e s  i n c l u d i n g  g e o l o g i c a l  m a t e r i a l s ,  
waters ,  o i  1 s , meta l  s, b i  o l  og i  c a l  m a t e r i  a1 s ,  glasses,  e t c .  I n  most cases sample 
a n a l y s i s  proved t o  be a r o u t i n e  ma t te r .  A modest l e v e l  o f  t echn ique  deve lop-  
ment was r e q u i r e d  f o r  cement samples due t o  t h e i r  ve ry  h i g h  c a l c i u m  l e v e l s .  A 
m o d i f i c a t i o n  o f  t h e  fundamental parameters d a t a  r e d u c t i o n  code was a l s o  
requ i  r e d  f o r  t h e  s t e e l s  a n a l y s i  s p a r t i c u l a r l y  f o r  t h e  h i  g h l y  r a d i o a c t i  ve 
samples (Ni e l  son, Sanders , and Evans 1982). 

i s  a r e l a t i v e l y  s imp le  ma t te r .  

Sample P r e p a r a t i o n  

Sample p r e p a r a t i o n  f o r  XRF 
i n i  t i a1 l y  t r e a t e d  as desc r ibed  
pressed i n t o  500 mg p e l l e t s  and 
i n  t h e  fo rm o f  shav ings o r  t u r n  
py lene  f i l m s  on 35 mm s l i d e  h o l  

Samples were 
n Sec t i on  411.1. Powdered samp es were t h e n  
mounted i n  35 mm s l i d e  ho lde rs .  S t e e l  samples 
ngs were sandwiched between 0.1 m i l  p o l y p r o -  
e r  mounts. I n  a few cases s t e e  d i s c s  were 

a1 so machined f o r  compari son w i t h  t h e  t u r n i  ngs. 
were ob ta ined  and t h e  s i m p l e r  s t e e l  t u r n i n g s  method was adopted f o r  a l l  o t h e r  
samples. T h i s  comparison i s  desc r ibed  i n  more d e t a i l  i n  N ie lson,  Sanders and 
Evans (1982). 

I n  genera l  e q u i v a l e n t  r e s u l t s  

A n a l y t i c a l  Procedure 

Three energy d i  s p e r s i  ve X-ray f l uo rescence  systems were u t i  1 i zed i n  t h i  s 
work. 
a r y  source systems manufactured by Kevex were used. 
60 kV and 80 kV X-ray tubes  r e s p e c t i v e l y  a re  n o r m a l l y  used f o r  t h r e e  separa te  
runs  w i t h  T i ,  Z r ,  and Ag secondary sources p roduc ing  c h a r a c t e r i s t i c  r a d i a t i o n  
t o  f l u o r e s c e  t h e  sample. 
a 2 4 1 A ~  i s o t o p i c  source i s  used f o r  e lements w i t h  h i g h e r  a tomic  numbers such as 
Ba. 

For  e lements w i t h  l ow  and i n t e r m e d i a t e  a tomic  numbers a p a i r  o f  second- 
The two systems, employ ing  

A f o u r t h  bombardment w i t h  l ow  energy gamma r a y s  f rom 

Th is  system was developed in-house and shares d a t a  a c q u i s i t i o n  and 
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TABLE. 4.3. Compari son of Exper imenta l  and Reported Standard Values f o r  " s h o r t s "  Ana lys i  s 

NBS 1633 Coal F l y  Ash NBS 123C Stee l  NBS 1155 S tee l  
Element Expt. Reported(a ) Expt. Repor ted(b)  Expt. Reported ) 

(19 Samples) 

12.9 -f 0.3 

4.9 $ 0.5 

0.70 t 0.04 
235 1 

--- 
3400 i 600(17) 

44 f 9 (14)  
1.7 0.3(13) 

497 f 22 (17) 
1350 t 140(15) 

2740 f 120(15) 
8.9 f 0.5(15) 

12.7 t 0.5 

4.7 i 0.6 
0.74 t0.03 

235 -f 13 

3200 f 400 
42 f 10 

1.61 f 0.15 
496 f 19 

1700 f 200 
2700 200 

--- 

8.8 i 2.3(') 

( 5  Samples) 

0.049 0.007 
--- 
--- 

294 -f 8 

1160 f 150 
--- 
--- 
--- 

14990 f 300 

(6  Samples) 

0.022 f 0.004 

--- 
472 f 14 

1640 f 60 

Data taken  f rom Ondov e t  a1 . (1975). 1" b Data taken f rom NBS Standard C e r t i f i c a t e s .  
( c )  Data taken f rom Gladney (1980). 
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r e d u c t i o n  w i t h  t h e  two Kevex systems. 
System 80 mu1 t i  channel ana lyze r  w i t h  mu1 t i  p l e  anal  og t o  d i g i t a l  c o n v e r t e r s  
i n t e r f a c e d  t o  a DEC PDP 11/34 computer. A l l  d a t a  r e d u c t i o n  i s  done on l i n e  by 
t h e  PDP 11/34. A fundamental parameter method i s  used which u t i l i z e s  coheren t  
t o  i n c o h e r e n t  peak s c a t t e r i n g  r a t i o s  t o  c a l c u l a t e  t h e  a b s o r p t i o n  p r o p e r t i e s  o f  
t h e  m a t r i x .  The program (SAP3) makes peak o v e r l a p  c o r r e c t i o n s ,  g r a i n  s i z e  
c o r r e c t i o n s ,  s e l f - a b s o r p t i o n  c o r r e c t i o n s ,  e t c .  These r e s u l t s  a r e  t h e n  recon- 
c i l e d  a g a i n s t  a l i b r a r y  o f  t h i n  f i l m  s tandards t o  c a l c u l a t e  a f i n a l  r e s u l t .  
The SAP3 program has undergone c o n t i n u a l  improvement and upgrading. 
t i o n  o f  t h e  most r e c e n t  v e r s i o n  o f  t h i s  work i s  g i v e n  by N i e l s o n  and Sanders 
(1982) .  

Data a c q u i s i t i o n  u t i l i z e s  a Canberra 

A d e s c r i p -  

Standard R e s u l t s  

I n  o r d e r  t o  v e r i f y  t h e  accuracy o f  t h e  method q u a l i t y  assurance samples o f  
s tandard  r e f e r e n c e  m a t e r i a l s  a r e  r u n  p e r i o d i c a l l y .  Tables 4.5 and 4.6 show 
comparisons w i t h  accepted va lues f o r  NBS s t e e l  and NBS f l y  ash s tandards.  
genera l  , agreement i s exce l  1 e n t  . I n  

TABLE 4.5. Compari son o f  Exper imenta l  and Repor ted Val ues 
f o r  XRF A n a l y s i s  o f  Steel  

E l  eme n t 
NBS 1155 Expt. 

( 4  samples) 
0.148 f 0.017 
456 f 86 
18.1 f 0.05 
1.76 f 0.063 
64.83 f 0.096 
12.1 f 0.082 
0.158 f 0.0096 
200 f 62 
108 f 21 
<2 5 
(1 4 
<12 
<11 
(1 1 
4 4  
2.22 f 0.019 

R e m r t e d  ( a  ) 

47 0 
18.45 
1.63 
64.5 
12.18 
0.169 

2.38 

( a )  Data t a k e n  f r o m  NBS C e r t i f i c a t e  o f  A n a l y s i s .  
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TABLE 4.6. Comparison o f  Exper imental  and Reported Values 
f o r  XRF A n a l y s i s  o f  Fly Ash 

E l  emen t 
A1 ( % )  
S i  (%)  
s (%)  

NBS 1633A Expt. 
( 4  samples) 

15.9 f 1.3 
23.4 f 1.1 
0.342 f 0.013 
1.88 f 0.018 
1.17 f 0.038 
0.816 f 0.026 
302 f 32 
194 f 58 
174 f 36 
9.53 f 0.29 
139 f 11 
122 f 15 
241 f 13 
58 f 4 
156 i 12 
10.0 f 1.7 
133 f 5 
842 f 19 
88 f 3 
239 f 5 
28.7 f 1.3 
33.7 f 0.37 
1642 f 199 
73.9 f 5.05 

4.1.3 Other A n a l y t i c a l  Methods Used 

Rep0 r t  ed  
14.0 f 0.2 
22.8 f 0.80 
0.27 f 0.02 
1.88 f 0.06 
1.11 f 0.01 
0.84 f 0.01 
300 f 40 
196 f 6 
190 f 15 
9.40 f 0.10 
127 f 4 
118 f 3 
220 f 1 0  
58 f 6 
145 f 15 
10.3 f 0.6 
131  f 2 
830 f 30 

29 f 3 
1500 f 200 
72.4 f 0.4 

I n  a few s e l e c t e d  cases s p e c i a l i z e d  a n a l y t i c a l  procedures were u t i l i z e d  t o  
add a l i m i t e d  amount o f  d a t a  t o  t h e  t o t a l  i n f o r m a t i o n  base. 
flame atomic a b s o r p t i o n  f o r  L i ,  g r a p h i t e  fu rnace  a tomic  a b s o r p t i o n  f o r  Ag, and 
a combustion t r a i n  method f o r  n i t r o g e n .  
N a t i o n a l  Bureau o f  Standards f o r  a n a l y s i  s by prompt gamma a c t i  v a t i o n  a n a l y s i  s .  

These i n c l u d e  

A few samples were a l s o  sen t  t o  t h e  
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4.2 CHEMICAL ANALYSIS RESULTS 

4.2.1 S t a i n l e s s  S tee l  

Chemical a n a l y s i s  r e s u l t s  f o r  t h i  r t e e n  samples 
s t a i n l e s s  s t e e l  a r e  g i ven  i n  Table 4.7. Th is  da ta  

o f  n u c l e a r  grade 
s summarized i n  

As m igh t  be expected, elements i n v o l v e d  i n  t h e  a l l o y  process c o n t r o l  

Type 304L 
a b l e  4.8. 
show ve ry  

l i t t l e  v a r i a b i l i t y .  These i n c l u d e  Fe, C r y  and N i .  A c t i v a t i b l e  t r a c e  e lements 
on t h e  o t h e r  hand show a s u r p r i s i n g l y  l a r g e  v a r i a t i o n .  O f  p a r t i c u l a r  no te  i s  
c o b a l t  which shows a range o f  more than  an o r d e r  o f  magnitude w i t h  t h e  average 
va lue  about seven t i m e s  h i g h e r  than  t h e  l owes t  value. T h i s  suggests  t h a t  had 
g r e a t e r  a t t e n t i o n  been g i ven  t o  process c o n t r o l  and ba tch  s e l e c t i o n  o f  s t e e l s  
p r i o r  t o  cons t  r u c t i  on, a cons ide rab ly  reduced 6oCo i nven to ry  woul d r e s u l t  , t h u s  
b o t h  reduc i  ng t r a n s l o c a t i o n  problems d u r i  ng o p e r a t i o n s  and m i  n im i  z i  ng doses 
d u r i n g  d i sman t l i ng .  
two samples f rom t h e  Enr ico  Fermi p r o j e c t  f rom d i f f e r e n t  hea ts  were ve ry  low i n  
n iob ium ( < 5  ppm) w i t h  o t h e r  samples r a n g i n g  up t o  200 t o  300 ppm, somewhat 
above t h e  160 ppm now adopted by t h e  s t e e l  manufac turers  as an upper  bound f o r  
n u c l e a r  grade s t e e l .  Severa l  o t h e r  a c t i v a t i b l e  e lements a l s o  showed marked 
v a r i a b i l i t y  i n c l u d i n g  Se, B r ,  and Mo. Europium was i n  genera l  below d e t e c t i o n  
l i m i t s  f o r  t h a t  m a t r i x ;  however, a t  l e a s t  one o t h e r  more abundant r a r e  e a r t h ,  
cer ium was found a t  h i g h l y  v a r i a b l e  l e v e l s  sugges t ing  t h a t  t h e r e  may be some Eu 
p resen t  a lso .  The o r i g i n  o f  t hese  l a r g e  v a r i a t i o n s  i n  t r a c e  element concent ra -  
t i o n  i s  a b i t  unc lear .  A t  l e a s t  f o r  some e lements such as Coy Nb, and Mo, i t  
may be i n  p a r t  due t o  c ross  con tamina t ion  between batches o f  o r d i n a r y  and 
s p e c i a l t y  s t a i n l e s s  s t e e l s  produced i n  t h e  same c r u c i b l e s .  

The n iob ium r e s u l t s  showed a ve ry  wide v a r i a b i l i t y .  The 

4.2.2 Other  Reactor  I n t e r n a l s  S t e e l s  

Tab le  4.9 t a b u l a t e s  t h e  chemical  compos i t ions  o f  some s t e e l s  used i n  a 
The t h r e e  Type 316 samples more l i m i t e d  a p p l i c a t i o n  f o r  r e a c t o r  i n t e r n a l s .  

analyzed conta ined c o b a l t  l e v e l s  s i m i l a r  t o  t h e  average f o r  t h e  304. 
r e l a t i v e l y  low i n  n iob ium b u t  about  t e n  t i m e s  h i g h e r  i n  molybdenum. 
i n c o n e l  samples were ve ry  h i g h  i n  niobium, p a r t i c u l a r l y  t h e  P o i n t  Beach sample 
which con ta ined  about 5% Nb. T h i s  was an a c t i v a t e d  sample f r o m  t h e  f u e l  sup- 
p o r t  s t r u c t u r e  which d i d  i n  f a c t  c o n t a i n  a s u b s t a n t i a l  l e v e l  o f  94Nb. 

4.2.3 Vessel S t e e l s  

They were 
The 

Tab le  4.10 l i s t s  t h e  compos i t ions  o f  10  vessel  s t e e l s .  The da ta  i s  
summarized i n  Table 4.11. E i g h t  o f  t h e  samples were r e c e i v e d  v e r y  l a t e  i n  t h e  
program and consequent ly  were ana lyzed o n l y  u s i n g  XRF. The B e l l e f o n t e  sample 
i s  i n t e r e s t i n g  i n  t h a t  i t  shows a smal l  amount o f  europium p resen t  i n  s p i t e  o f  
b e i n g  ve ry  l ow  i n  cerium, i n  c o n t r a s t  t o  some o f  t h e  s t a i n l e s s  s t e e l  samples. 
Carbon s t e e l  i s  i n  genera l  r a t h e r  l ow  i n  c o b a l t .  V a r i a t i o n s  i n  c o b a l t  i n  
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TABLE 4.7. Chemical Analyses o f  Type 304 S ta in less  Steel  

U.S. Steel  

0.13 
402 

0 
U.S. Steel  U.S. Steel  North Enrico Enrico Humbol d t  Point B e l l e -  

(2) (3) Anna Susquehanna Fermi Fermi Mont ice l lo  Bay Westinghouse Beach Fonte Waterford 

525 430 
5 9 37 4.7 5.1 4.0 

<50 <50 130 165 200 <50 

<3 
19 

<200 
580 

130 < 50 <60 <70 <60 
<3 

<o. 3 <o. 1 <0.03 <0.05 
<200 <200 1000 1030 1350 <lo00 410 <zoo 

680 720 260 280 190 570 
<500 
<300 

16.5 

69.9 
1.85 

<500 
200 .690 

Cr % 19.9 
Mn % 1.66 
Fe % 68.0 

Co ppm 750 

Ni % 10.3 

19.2 19.4 17.7 19.0 19.0 18.0 17.6 18.0 

68.0 69.0 74.1 76.4 72.6 70.7 71.0 68.7 
1.76 1.76 1.13 1.30 1.24 1.57 1.63 1.89 

17.3 20.2 18.3 
1.20 1.11 1.58 
69.4 71.2 69.9 

1720 

10.8 10.4 8.8 

2900 2510 8150 
2230 200 142 

600 52 140 
1500 78 90 

<9 <30 
<1 <1 
<10 <10 

820 1240 1720 2265 229 2570 

10.0 9.5 10.6 10.8 9.6 10.4 9.1 11.0 9.4 

6620 
740 
430 
370 
<40 

5000 
44 
60 
95 

2700 2300 2850 2860 504 300 2220 1270 
51 86 136 < 20 134 <15 1520 310 
50 70 <40 <40 56 74 50 160 
57 86 94 81 187 96 200 80 
<10 <10 <2 <5 2.5 25 70 <20 
<2 <2 <1 <2 1.4 <0.9 
<10 <10 <9 <13 <18 <9 

<10 
8 

<10 
0.20 
<4 

7 
190 
2200 
<6 
17 

<loo0 
<o. 2 
<o. 2 
<O. 05 

<4 
<4 

<4 <7 
<4 <7 
110 71 
1900 4500 
<7 <1.4 
12 16.1 

<o. 3 
<lo00 <500 

<2 
<0.2 <0.05 

<0.2 <0.05 
<0.08 <0.07 

0.48 
<o. 1 

<1 
<2 <5 
<3 1.4 

<3 
<0.8 <0.36 
140 220 
<10 93 
<9 <0.6 
<5 <2 

<7 
<7 
300 
5500 
<5 

15.4 
<O. 7 
<500 
0.094 
440 
0.15 

<O. 06 
<o. 9 
<1 

<3 
<0.9 
<2 

<7 
<6 
<6 
510 
<2 

11.1 
<0.4 
<500 
<O. 07 
446 
<O. 05 
<O. 03 

<6 <10 <10 
<6 <20 <10 
<5 70 10 
78 2300 2300 
<2 

<in 
<10 
30 

3200 

<7 <10 
<20 <7 20 

16 
2200 

120 63 200 
2300 3900 2400 

<7 
12.6 
<O. 3 
<500 

<6 
7.3 

<loo0 
<o. 2 
<o. 2 
<0.07 

6.9 
<O. 3 
<700 
<2.1 
419 

<O. 06 
<o. 1 
0.71 
<1 

<2 

<o. 2 
550 
0.054 

<o. 1 
<1 0.22 

<1 

<2 
<o. 9 

<1 

<4 
<O. 5 

<3 
(1.5 
194 

<1 
<2 

<0.8 

<O.B 
142 
<10 
<9 
<4 

<1 
<2 

<O. 7 

<0.8 
157 
<10 
<9 
<5 

<1 
<o. 2 
110 
118 
<O. 8 
<3 

<1 
0.42 
7.2 
111 
<0.9 

1.1 
520 
139 
<1.5 
<3 

50 
<2 

<0.8 <1 
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TABLE 4.9. Chemical A n a l y s i s  o f  S tee l  Used f o r  Reactor  I n t e r n a l s  

. .  

1J.S. S t e e l  
SS 316 

0.18 
35 7 

5 
< 50 

<3 
14 

<200 
6 30 

16.8 
1.30 

65 

1630 

13.2 

2600 
71 
60 
95 
<9 
<2 

0.23 
<5 
6 

12 

2.06 

<5 
11 

<o. 2 

<o. 2 
<O. 07 

<9 

<1 
<2 

<0.8 

<O. 7 
105 
< 30 

<4 

U.S. S t e e l  
SS 316 

6 

<zoo 

17.3 
1.30 

65 

1340 

12.5 

2900 

50 
75 
<9 
<2 

<5 
6 

64 

2.12 

13 

<O. 2 

<o. 2 

<9 

<1 
<2 

<0.8 

218 
<30 

<5 

I1.S. S t e e l  
SS 316 

<2 

<200 

17.2 
1.52 

64 

1450 

12.5 

2200 

60 
86 
<9 
<2 

<5 
<6 
12 

2.16 

12 

<o. 2 

<o. 2 

<9 

<1 
<2 

<O. 8 

108 
< 30 

<4 

46 

. .  

Su sq ue ha  n n a 
I n c o n e l  

SB 166 

4.1 
1160 

26 
<60 

2280 
270 

15.2 
0.23 
9.96 

574 

74.5 

2240 
<9 
13 
33 
<3 

<o. 7 
<11 

<11 
<8 

385 

0.19 

<2 
2.3 
<20 

<zoo 
<0.03 

400 
0.045 

<O. 05 
<o. 2 
<O. 5 

<2 
<1 

<0.9 
1.2 
2.8 
<60 

<1 
<0.8 

P o i n t  Reach 
I n c o n e l  Susquehanna 

710 SA 508 

6.8 
120 
63 

690 
121 

15.1 0.38 
0.65 

17.5 115 

115 

57.3 0.93 

450 1000 
2330 <9 

40 <40 
96 
<1 
16 
32 

<7 
< 7  

49600 <8 

2.72 0.76 

<6 
1619 

<30 
<300 

0.064 
4.1 

<o. 2 
0.042 
0.40 
1.2 

<O. 7 
<O. 4 
<o. 5 

1.2 
60 

<60 
<O. 5 
<I 



TABLE 4.10. Chemi cal Analysis o f  Vessel Steels 

GP55 P21 -- PU P337 RR-1 - - ~  GP85 - 

70 

0.13 
1.23 
97 

0.72 

1100 
<70 
<50 
470 
<20 

<10 
<10 
20 
20 

0.59 

90 

Bel l e f o n t e  

6.6 
613 
<40 
20 

<400 
0.26 

74 

0.36 

98 

151 

0.72 

675 
(4 
24 
63 

(0.7 
0.85 
23 
<8 
<7 
<7 
<8 

0.64 

< 7  
6.1 
<o. 2 
(270 
0.10 
(1 

n. 76 

P34 

<90 

0.083 
1.20 
97 

0.62 

1480 

<50 
80 

< 20 

<70 

(10 
<20 
(10 
10 

0.56 

P147 

<90 

0.078 
1.23 
97 

0.66 

1410 
210 
( 50 
50 

< 20 

(10 
<10 
(10 
20 

0.56 

<40 

SA 302 

0.30 
84 
40 

<50 

<3  
14 

<2 
<30 <80 <90 <90 <90 <80 

Cr % 
Mn % 
Fe % 

0.06 
1.49 
98 

0.11 0.34 
1.32 0.20 
97 98 

0.35 0.09 0.073 
0.44 1. 1.16 
97 96 97 

93 

N i  % (0.3 0.68 0.75 

1140 800 
170 <70 
<50 <50 
260 200 
(20 <20 

0.76 0.66 0.70 

1900 
22 

( 20 
160 
<9 
(2 
72 

0.1 5 
(4 
(4 
40 

1000 1450 1780 
<70 140 160 
<50 300 150 
190 3600 250 
<40 <30 <20 

<10 <20 
<10 <10 
20 (10 
20 10 

<10 (20 <10 
<10 120 <10 

10 <10 40 
<in <io < i o  

Mo % 0.45 0.54 0.57 0.63 0.53 0.57 

<2 
16 

<800 
<o. 2 

(0.09 
<o. 2 

0.017 
0.031 
0.45 
(1 
0.81 
0.12 
0.21 
0.13 
5.9 
<50 <50 
0.18 
0.20 

(0.6 
<1 

<o. 3 

<O. 3 
5 

<40 
<4 
<2 

(40 (40 <50 7730 60 

47 



TABLE 4.11. 

Average 

0.30 
84 

23 f 24 
,330 2 400 

40 
12 f 12 

14 
0.26 

<2 
<80 

0.17 f 0.13 
1.02 2 0.41 

98 

122 2 4 1  

0.66 i 0.13 

1274 2 400 
100 
= 80 

532 i 1085 
0.7 
0.85 

48 2 35 
0.15 
< 20 
<I0 

18.8 12.2 
0.56 f 0.05 

<2 
11 7 
<o. 2 

0.10 
273 
<1 

0.017 
0.031 
0.45 

<0.8 
<1 

<o. 2 
0.21 
0.13 

5.5 2 0.6 
820 2430 

0.18 
0.20 

Vessel S t e e l s  Composi t ion Summary 

% 
S.D. ( a )  

102 
102 

100 

34 

20 

31 

204 

65 
10 

64 

Range 

6.6 t o  40 
<50 t o  613 

<3 t o  20 

<30 t o  90 

0.06 t o  0.36 
0.2 t o  1.49 

93 t o  151  

<0.3 t o  0.76 

675 t o  1900 
<4 t o  210 

<20 t o  300 
50 t o  3600 

23 t o  72 

<8 t o  40 
0.45 t o  0.63 

6.1 t o  16 

No. o f  
Mea su remen t s Range 

F a c t o r ( b )  Used 
1 
1 

6.1 2 
712 2 

1 
2 
1 
1 
1 

10 

10 
10 
10 

2 

10 

10 
753 1 0  

10 
72.0 10 

1 
1 
2 
1 

10 
10 
10 
10 
1 
2 
1 
1 
1 
1 
1 
1 
1 

2 
2 
2 
1 
1 
2 

10 
1 
1 

( a )  R e l a t i v e  s tandard  d e v i a t i o n  expressed as a percentage of t h e  

(b) Range f a c t o r  shown i s  t h e  r a t i o  o f  t h e  h ighes t  t o  lowest  va lue  
average va lue  

measured 

48 



carbon s t e e l  a r e  p robab ly  r e l a t e d  t o  t h e  o r i g i n a l  o r e  body r a t h e r  t h a n  any 
manu fac tu r ing  a r t i f a c t s ,  as may be t h e  case w i t h  s t a i n l e s s .  

4.2.4 Rebar 

Tab le  4.12 l i s t s  r e s u l t s  f o r  t h e  a n a l y s i s  o f  a t o t a l  o f  48 r e b a r  samples 
w i t h  a summary i n  Tab le  4.13. The compos i t i on  i s  r e l a t i v e l y  c o n s t a n t  b o t h  
w i t h i n  a g i ven  s i t e  as w e l l  as between s i t e s .  
f o r  t h e  vessel  s t e e l s  a t  about 100 ppm. Except f o r  t h e  Wolf Creek samples, a l l  
a r e  low i n  niobium. An i n t e r e s t i n g  f e a t u r e  o f  t h e  reba r  i s  t h e  presence o f  
measurable amounts o f  s i l v e r  i n  a number o f  t h e  samples. T h i s  may be caused 
by t h e  use o f  r e c y c l e d  m a t e r i a l s  i n  t h e  manufacture o f  rebar .  
i n v o l v e d  a r e  t o o  smal l  t o  r e s u l t  i n  any s i g n i f i c a n t  amount o f  a c t i v a t i o n  
produc ts .  

The c o b a l t  i s  about  t h e  same as 

The amounts 

4.2.5 Concrete 

Tab le  4.14 l i s t s  conc re te  composit on r e s u l t s  f o r  36 samples t a k e n  a t  
12 s i t e s .  I n  most cases, compos i t i ona l  v a r i a t i o n  was r a t h e r  min ima l  a t  a g i v e n  
s i t e  whi 1 e 1 a rge  d i  f fe rences  a r e  seen between s i t e s  r e f  1 e c t i  ng geo l  o g i  c a l  
d i f f e r e n c e s  between quar ry  s i t e s .  
Tab le  4.15. 
magnitude. 
t h e  WPPSS s i t e  wh ich  uses a b a s a l t  aggregate t h a n  a t  s i t e s  such as Turkey P o i n t  
o r  t h e  two TVA r e a c t o r s  which use a l imes tone  aggregate. 
concre tes ,  however, a r e  h i g h e r  i n  o t h e r  a c t i v a t i b l e  e lements such as Ca, and 
U. Each r e a c t o r  would t h u s  have t o  be handled i n  a s i t e - s p e c i f i c  f a s h i o n  i f  a 
d e t a i  l e d  a c t i  v a t i  on p roduc ts  i nven to ry  i s r e q u i  red. Thi  s s i t u a t i o n  i s i 11 u- 
s t r a t e d  i n  Tab le  4.16 which t a b u l a t e s  t h e  c o b a l t  t o  europium r a t i o s  f o r  seve ra l  
concre tes .  T h i s  r a t i o  v a r i e s  by about  a f a c t o r  o f  t h r e e  t h u s  making a s i g n i f i -  
can t  d i f f e r e n c e  i n  whether 6oCo o r  15’Eu would dominate. 

The range o f  v a r i a t i o n  i s  summarized i n  

The europium i so topes ,  f o r  example, would be much more abundant a t  
Range f a c t o r s  f o r  key e lements a r e  between one and two o r d e r s  o f  

The l imestone-based 

The b i o s h i e l d  conc re te  o b t a i n e d  i n  t h i s  s tudy  can be regarded as rep re -  
s e n t a t i v e  o f  r a t h e r  o r d i n a r y  rock.  T h i s  !s i l l u s t r a t e d  i n  F i g u r e  4.1 i n  wh ich  
t h e  average e lementa l  abundances g i ven  i n  Table 4.15 a r e  no rma l i zed  t o  t h e  
average c r u s t a l  abundance p a t t e r n  g i v e n  by Mason (1966). The l a r g e  e r r o r  ba rs  
s imp ly  r e f l e c t  t h e  average range o f  v a r i a b i l i t y .  The dashed l i n e  i n  t h e  f i g u r e  
a t  u n i t y  rep resen ts  t h e  compos i t i on  o f  t y p i c a l  c r u s t a l  rock.  Most o f  t h e  e l e -  
ments p l o t t e d  f a l l  c l o s e  t o  o r  below t h i s  l i n e .  Ca lc ium and s u l f u r  a r e  h i g h e r  
due t o  t h e  a d d i t i o n  o f  cement. 
magnitude h ighe r .  These i n c l u d e  As, Se, Mo, Sb, and Pb, none o f  wh ich  i n f l u -  
ence t h e  a c t i v a t i o n  p roduc ts  i n v e n t o r y  s i g n i f i c a n t l y .  I n t e r e s t i n g l y ,  Eu and Co 
b o t h  p l o t t e d  b e l  ow c r u s t a l  abundance. 

A few o t h e r  e lements were up t o  an o r d e r  o f  
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TABLE 4.12. Chemical A n a l y s i s  o f  Rebar 

cn 
0 

WPPSS #1 Rancho Seco B e l l e f o n t e  Wolf Creek Enr ico Fermi Susquehanna Palo  Verde Water ford 
(4) (1) (4) (10) (4) (1) (11) (3) 

0.10 
77 f 5 
6.5 f 0.9 
<400 
(3 
50 

<0.1 
<3000 
223 f 38 

0.11 f 0.02 
1.30 f 0.05 

98 

117 f 9 
1258 f 83 
2765 f 280 
59 f 11 
(30 

148 f 67 
(3 

<0.6 
(30 
0.40 
<lo 
(5 
(5 

193 f 20 
5.0 f 1.4 
48 f 3 

<1 
<200 
<0.1 
<0.3 
<0.04 
<O .08 
(3 

<0.03 
(1 

<0.1 
<0.7 
<0.5 

7.7 f 1.0 
150 
<0.6 
<3 

10.5 
<500 
<loo 

(0.1 
5 00 
280 

0.12 
0.80 
98 

126 
1150 
4000 
160 
<50 
162 
<3 

(30 
(10 
(20 
<200 
4 5 0  
<150 

6 
101 
(1 

<200 
<0.1 

<4 
<0.04 
<0.09 

<2 
<0.4 

(1 
<0.1 
<0.8 
(0.5 

<0.7 

12 
<110 

<4 
<0.6 

6.9 f 2.4 
59 f 12 

< 30 
900 f 700 

<O .05 
<600 
79 f 22 

0.16 f 0.015 
0.90 f 0.13 

98 

85 f 11 
1130 f 150 
3200 f 320 
40 f 25 
(40 

117 f 8 
<1.5 
<0.4 
16 f 5 

<9 
<7 
<6 
(6 

261 f 75 
3.5 

36 f 6 
(0.2 
<500 
(0.2 
<2 

(0.02 
0.055 f 0.014 

<1 

(0.7 
0.49 f 0.23 

<0.5 
(0.6 
19 f 7 
<60 

0.3 f 0.1 
<0.6 

6.5 f 1.5 

(50 
<400 
<O .05 
<600 

149 f 211 

0.15 f 0.05 
0.79 f 0.06 

98 

80 f 4 
1250 f 300 
2670 f 1690 
50 f 36 
(40 

121 f 16 
<1 

<0.5 
(15 
<7 
<7 
(6 

151 f 31 
274 f 140 
3.4 f 1.2 
32 f 8 
<0.3 
<300 
<0.2 

2.2 f 0.8 
<0.02 

0.05 f 0.01 
<1 

<0.7 
<0.2 
<0.3 
<0.3 
13 f 7 
<60 
<0.3 
<0.7 

6.2 f 0.1 
<loo 
<30 
<400 
<0.04 
<700 

220 f 190 

0.12 f 0.04 
0.93 f 0.31 

98 

83 f 14 
780 f 300 
2633 f 790 
51 f 6 
<40 

93 f 11 
<1 

<0.4 
<20 
<8 
<7 
<6 
<6 

216 f 80 
<3 

32 f 13 
<0.3 
<500 
<0.03 

2.1 f 0.4 
<0.01 
<0.04 

<1 

<0.6 
<0.6 
<0.4 
<0.5 

12 f 10 
<60 
<0.3 
<0.4 

5.6 
296 
73 

<loo0 
<0.06 
<700 
334 

0.16 
0.77 
98 

115 
1200 
2530 
56 
<10 
101 

<1.5 
<3.7 
<40 
(20 
<10 
<10 
<lo 
263 
(2 
43 

<0.6 
(400 
<0.21 
2.6 
(0.02 
<0.08 

(0.8 
<0.2 
<0.4 
0.51 

17.1 
100 
(0.6 
(0.9 

8.1 f 2.3 

<60 
<400 

0.18 f 0.12 
<600 

182 f 157 

0.14 f 0.05 
1.1 f 0.2 

98 

115 f 9 
1200 f 200 
2670 f 1060 
53 f 30 
<40 

156 f 59 
<0.7 

1.6 f 1.0 
<lo 

<8 
(7 
<6 
(7 

231 f 48 
6.7 f 4.2 
36 f 5 
(0.3 
<400 
(0.3 

(3 
<O. 03 
<O. 05 
<0.9 

C0.7 
<0.1 
~0.3 
~ 0 . 5  
26 f 16 
<60 

0.32 f 0.09 
<0.5 

<400 
<140 

0.09 f 0.01 
0.94 f 0.012 

98.5 

590 f 60 
3550 f 110 

<90 
(70 

(30 

(20 
< 10 
<10 
(10 
<10 

133 f 6 

157 f 6 

< 80 

Note: Numbers i n  p a r e n t h e s i s  i n d i c a t e  number o f  samples analyzed a t  each s i t e .  
averages and standard d e v i a t i o n s  f o r  t h a t  number of  samples. 

Numbers i n  the t a b l e  a r e  



TABLE 4.13. 

Average 
0.10 

77  
7.2 t 1.7 

180 t 170 
= 40 

= 50 
tn. 1 
<700 

201 ? 8 1  

103 t 19 

1070 t 250 
2980 t 550 

67 t 41 

(1.1 

(20 
0.40 

218 t 48 
4.2 ? 1.7 

4 7  t 24 

tn.6 
<400 

<n. 3 

m.04  
(0.09 

a . 0 4  

a . 6  
cn.x 

15 i 6 
(11.6 

<0.6 

(0.9 

Rebar Composition Summary 

% ( a )  
S.D. - 

23 
94 

41 

19 

19 

19 
23 

18 
62 

< 50 
20 

<2 

(10 
< i n  

(40 

4n 

22 

51 

< 3  

<1 

<1 

39 
<90 

Range 

5.6 t o  10.5 
59 t o  296 
< 3  t o  73 

74 t o  334 

0.09 t o  0.16 

0.77 t o  1.30 

80 t o  126 
590 t o  1260 

2530 t o  4000 
40 t o  160 

93 t o  162 

<0.4 t o  3.7 

<5 t o  151 
1511 t o  274 

(2.0 t o  6.7 
32 t o  101 

7 .7  t o  26.0 

Range 
F a c t o r (  b ,  

1.9 
5.0 

724 

4.2 

1.8 

1 . 7  

1.6 
2.1 

1.6 
4.0 

1.7 

<9.3 

1.8 

3.4 
3.2 

7 

No. of  
Measurements 

Used 
1 
1 
7 
2 
7 

1 
7 

7 

8 

78 
8 
8 
7 

7 
0 

7 
a 
8 
1 
8 
7 

8 
8 
7 
7 

5 
5 

7 

6 
7 
7 

4 
2 
7 

7 
7 
7 

( a )  H e l a t i v e  S t a n d a r d  I k v i a t i o n  expressed as a percentage o f  t he  average 

( b )  Range f a c t o r  shown i s  the  r a t i o  o f  t he  h i g h e s t  t o  lowest  va lue 
value. 

inedsirrerl. 
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TABLE 4.14. Chemical Ana lys i  s o f  B i  osh i  el d Concrete 

wppss Rancho @co B e l l e f o n t e  H a r t s v l l l e  Wolf Creek Palo Verde Enrlco Fermi Turkey Point Pa th f inder  Humboldt Bay Waterford Susquehanna 
Element (4 )  ( 1 )  (4 )  ( 3 )  ( 3 )  (2 )  (2 )  ( 2 )  ( 3 )  ( 4 )  (2 )  ( 5 )  

5.5 f 0.3 
21.5 f 1.7 
0.81 f 0.33 
0.46 t 0.12 

59 f 12 

1.2 f 0.4 
14.0 f 2.2 

17.4 f 0.6 
7900 f 1400 

180 f 8 
37 t 4 

990 f 100 

5.0 t 0.2 

24 f 2 
23 f 3 
44 f 19 

340 t 80 
14 f 2 
29 2 50 

(1 
(1 

35 f 4 
367 f 11 

26 f 6 
144 t 6 
9.3 f 1.0 
8.0 f 7.4 

(3 
0.10 t 0.11 
0.20 f 0.04 

6.8 f 3.7 
13 f 24 

1.1 t 0.3 
480 ? 80 

21 f 4 
42 t 6 
20 f 2 

1.2 2 0.1 
4.2 f 0.3 

4.0 t 0.3 
0.69 f 0.03 
0.3 f 0.3 

2.4 f 0.1 
0.36 t 0.03 

3.6 f 0.1 
0.73 f 0.07 

1.3 f 0.7 
24 f 32 

4.2 f 0.6 
1.40 f 0.05 

1.0 t 0.2 

H ppm 6100 f 30 
8 ppm 15.3 f 0.2 
N ppm 107 f 47 
Na ppm 15500 f 1300 

6000 
26 

140 
13500 

5.7 
23.9 
0.92 
0.44 

56 

1.1 
12.3 

16.2 
4100 

150 
209 
710 

3.6 

15 
70 
46 
68 
12 

6.6 
(1 
(1 
29 

422 
16 
92 

5.4 
2.5 

( 3  
(0.4 

0.35 
<3 

1.0 
1.3 
630 

15 
28 
14 

0.42 
1.0 
3.0 
0.48 
2.9 

(0.4 
1.6 
0.31 
2.7 
0.46 
1.1 
8.0 
3.3 
1.5 

650 f 160 510 f 30 390 f 10 18200 f 1600 5240 t 1950 

1.5 f 0.3 1.3 f 0.3 1.8 f 0.1 
3.9 f 0.7 4.2 f 0.5 12.3 f 2.2 

(0.5 (0.5 (0.9 
0.26 f 0.05 0.33 t 0.02 0.25 f 0.08 

23 ! 4 

0.29 f 0.04 0.31 f 0.05 0.93 f 0.06 
32.4 f 1.9 34.7 f 2.8 26.8 f 1.7 

2.9 f 0.4 2.3 f 0.6 1.09 f 0.03 
840 f 80 850 f 130 660 f 360 

39 f 4 37 f 12 28.5 f 1.4 
30 2 19 f 4 31 f 2 

127 ? 11 214 f 15 340 f 70 

0.9 f 0.3 1.1 f 0.2 1.05 f 0.12 

4.1 f 0.5 
35 f 6 

77 f 13 
3.3 t 0.4 

13.6 t 5.1 
3.99 f 0.14 

2.4 f 1.0 
15 + 2 

21 f 4 

560 i 120 

35 f 6 

3.0 f 1.4 

(0.4 

(9 
1.0 t 0.3 
0.7 f 0.2 
112 t 22 

11.6 2 1.3 
18 f 2 

10 t 1 

1.9 f 0.8 

1.8 t 0.5 
0.38 f 0.04 

0.29 f 0.03 

0.98 
0.23 
0.80 
0.22 
0.8 
9.6 
2.4 
4.0 

f 0.07 
f 0.03 
t 0.10 
f 0.03 
f 0.4 
t 3.8 
f 0.3 
f 0.5 

3.0 f 0.7 
31 t 8 
16 f 4 
33 f 8 

3.7 f 0.8 
4.6 f 1.2 

0.57 f 0.32 
1.4 f 0.4 

13 f 2 
490 f 10 
6.9 t 1.7 6 t 1 

33 t 9 40 + 4 

940 f 50 

1.6 f 0.6 
28 f 3 
11 f 2 

15.0 f 1.4 
7 f  6 

4.2 f 0.4 
(0.3 

1.0 0.2 
32.7 t 1.5 

2.0 0.7 1.3 i 0.2 
4.8 f 1.2 1.8 

(0.3 (0.2 

(9 ( 8  
0.8 f 0.3 0.3 t 0.1 
0.7 f 0.2 0.36 f 0.02 
93 f 12 360 t 30 

7.9 f 1.4 8.7 f 0.4 
14.1 f 0.9 14.1 f 2.5 

1.4 f 0.3 1.34 t 0.05 
0.27 t 0.06 0.31 t 0.02 

0.24 f 0.04 0.19 f 0.03 

0.79 
0.18 
0.98 
0.20 

0.5 
5.4 
1.9 
2.8 

0.11 
0.04 
0.07 
0.04 
0.3 
3.2 
0.5 
0.7 

0.64 f 0.05 
0.15 f 0.03 
1.39 f 0.15 
0.17 t 0.03 

(0.5 
7.8 f 8.3 
1.9 f 0.1 
2.8 f 0.4 

6.1 t 0.1 2.0 t 0.4 
26.7 f 2.7 9.2 f 4.0 

0.27 f 0.12 0.42 t 0.06 
(0.5 (0.2 

56 : 22 51 6 

2.5 f 0.3 0.60 2 0.04 
9.2 f 2.1 17.5 t 3.5 

5.3 f 1.1 3.0 f 0.6 
2100 f 300 1030 f 260 

34 f 7 32 f 7 
47 t 12 26.7 t 1.3 

290 50 270 f 20 

1.9 2 0.4 1.1 f 0.3 

5.6 f 2.0 3.8 f 1.0 
30 f 4 14 t 4 
28 f 7 10 f 4 
90  60 33 t 6 
13 i 1 5.5 f 1.0 

13.6 + 1.7 4.9 + 1.9 
2.0 i 0.3 
2.0 t 0.9 
170 f 110 22 f 3 
220 f 40 310 80 

6.7 t 2.4 
160 f 6 52 f 17 
9.2 f 1.1 1.8 f 0.7 
7.2 f 0.9 3.5 t 0.5 

0.71 f 0.26 
5.6 f 1.6 

96 f 97 

(0.3 (0.2 

( 8  ( 6  
1.4 0.1 0.5 t 0.4 
6.2 t 2.2 0.54 f 0.01 

28 2 2 9.4 f 0.6 
52 2 1 15.5 t 0.7 

(17 

885 t 7 7060 f 9750 

3.9 f 0.3 1.7 f 0.2 
0.77 f 0.01 0.34 f 0.06 

0.78 f 0.14 0.29 f 0.06 
3.0 f 0.6 1.15 f 0.07 

0.85 f 0.08 
3.0 2 0.8 0.9 f 0.2 

0.15 f 0.11 

0.90 f 0.32 0.24 f 0.04 
3.9 t 0.4 0.6 2 0.3 

34 t 6 5.9 f 5.2 
12 f 2 2.11 f 0.06 

2.7 f 0.8 3.0 2 0.7 

0.19 f 0.01 
5.7 2 0.8 2.0 f 1.2 

176 t 23 

0.53 f 0.01 
8.5 t 1.3 

(0.2 
0.20 f 0.04 

11.0 f 1.5 

0.047 f 0.002 
29.4 f 0.9 

0.73 f 0.01 
230 f 40 

56 f 5 

0.50 f 0.01 

1.1 t 0.10 
(14 

8.4 f 0.5 
1.05 f 0.7 

0.26 f 0.04 
1.7 2 0.3 
2.5 t 0.4 
680 f 40 
3.0 f 1.1 

27 f 4 
(2 

26 f 16 

(0.2 

(10 
0.16 f 0.01 
0.52 0.01 

(20 

6.2 t 0.7 

13.3 t 0.6 
19.1 t 0.2 

10 f 4 

0.89 f 0.08 

2.9 f 0.2 

(20 

0.61 f 0.04 
0.11 f 0.015 

0.55 f 0.20 

0.38 f 0.01 
0.20 f 0.05 
0.65 t 0.04 

0.092 t 0.06 
0.39 f 0.16 

(6 
0.75 t 0.09 

4.4 t 0.3 

0.11 f 0.01 

1830 6320 f 1480 18940 f 1690 

2.1 2.2 t 0.3 5.1 f 0.5 1.6 t 0.1 12.7 

(0.1 (0.1 (0.4 (0.2 
0.3 

25.4 f 1.6 20.3 f 2.71 32.4 f 2.4 

0.20 f 0.04 0.20 f 0.07 0.43 f 0.11 

46 t 19 58 f 31 

0.61 f 0.11 0.84 f 0.12 0.080 f 0.001 0.5 
8.3 f 1.9 8.5 f 2.8 12.0 f 1.6 15.0 

2.4 f 0.6 14.7 f 2.0 6 
620 f 30 2850 f 140 600 f 14 3600 

16 f 3 115 f 8 490 

214 f 6 590 t 60 80 f 4 640 
40 2 16 540 t 330 200 

24 1.2 t 0.1 4.4 t 0.7 0.70 f 0.09 

2.1 t 1.7 
44 f 3 
12 f 2 
30 f 6 

5.9 f 0.6 

0.71 f 0.21 
3.3 t 1.3 

260 f 100 

54 f 13 

36 f 5 

3.0 f 0.3 

20 f 3 

4.5 f 2.2 

2.1 t 0.1 

17.0 f 2.6 
87 f 4 
32 f 4 

106 f 18 
18 f 4 

6.2 t 1.1 
1.2 f 0.3 
3.5 f 1.8 

38 f 6 
240 f 40 

18 f 3 
90 f 14 

5.6 0.5 
16 f 3 

11.9 f 0.4 
10.9 t 1.1 
15.2 f 15 

1.8 t 0.3 
2.8 f 1.2 

(1.1 
(0.8 

2.92 f 0.06 
361 f 15 
4.7 f 0.4 
40 f 4 

3.7 t 0.05 
4.35 f 0.27 

31 
70 
60 
80 
20 

9 
0.56 

1 
40 

410 
20 
90 

7 
10 

(0.3 (0.5 (0.5 

(9 (4  
0.40 + 0.11 0.9 + 0.2 0.8 

(1.4 0.32 0.02 0.94 i 0.20 
160 

12.5 + 0.3 16.4 + 0.7 10 
280 f 40 840 t 100 434 f 47 

26.4 f 0.4 31 i 4 . 20 
(23 (20 

1.55 f 0.12 3.4 f 0.5 
0.21 f 0.18 1.01 f 0.13 

0.27 f 0.05 0.77 f 0.11 
1.8 f 0.3 2.6 t 0.5 

0.88 + 1.11 2.4 f L . 2  
0.19 i 0.05 0.49 t 0.05 

1.9 + 0.6 3.1 f 0.8 
0.23 i 0.03 0.66 f 0.15 

2.1 f 1.7 1.3 f 0.6 
15 f 13 560 t 660 

3.36 f 0.01 4.4 f 1.0 
1.8 0.6 2.1 t 0.3 

( a )  Based on ana lys is  o f  i n g r e d i e n t s .  
Note: Number i n  parenthas is .  



TABLE 4.15. B i o s h i e l d  Concrete Composi t ion Summary 

Average  

16100 
20 

= 20 
= 120 

7390 t 7640 

3.1 t 2.0 
16.8 t 9.5 

(0.5 
0.31 ? 0.10 

45 t 18 

0.75 t 0.67 
18.3 t 9.7 

6.5 2 6.3 
2121 t 2320 
103 t 140 
109 t 159 
377 2 290 

3.9 t 6.4 

9.8 t 10.3 
38 2 25 
25 t 17 
75 2 90 
8.8 2 6.4 
7.9 2 7.9 
0.92 t 0.56 
2.4 1.5 
35 2 44 
438 f 208 
18.2 2 25.6 

71 f 44 
4.3 f 3.0 
10.3 f 10 

<3 
<0.2 
~0.3 

<7 
1.8 t 3.7 
1.3 1.8 
950 t 1950 
13.0 6.9 
24.3 f 13.5 
2.0 2 1.3 
0.55 f 0.38 
0.41 0.24 
2.3 f 1.3 
-0.9 

1.4 2 0.9 
0.27 + 0.13 
2.2 i 1.5 
0.44 t 0.31 
1.4 i 1.1 
61 2 158 
3.5 2 3.0 
2.7 t 0.9 

% 
S . D . ( b )  Range 

103 

67 
57 

32 

40 

89 
53 

97 
105 
136 
146 
77 

172 

105 
65 
68 
120 
73 
100 
61 
61 
127 
47 
147 
62 
69 
104 

202 
139 
106 
53 
55 
63 
69 
59 
54 

63 
48 
71 
70 
81 
258 
85 
36 

176 t o  18940 

0.53 t o  6.1 
3.9 t o  32.4 

0.20 t o  0.46 

11  t o  59 

0.047 t o  2.5 
8.3 t o  34.7 

0.73 t o  17.4 
230 t o  7900 
13.3 t o  490 
29.0 t o  540 
56 t o  990 

0.50 t o  24.0 

1.1 t o  31.0 
11.9 t o  87.0 
10 t o  60 
8.4 t o .  340 
1.05 t o  20 
0.89 t o  29 
0.26 t o  2.0 
1.0 t o  5.6. 
2.5 t o  170 
220 t o  940 
3.0 t o  96 
27 t o  160 
1;3 t o  9.3 
1.8 t o  36 

0.16.+ 13.0 
0.32 i 6.2 

<20 t o  7060 
2.9 t o  28 

. 6.2 t o  52 
0.42: t o  4.2 
0.11 2 1.2 
0.11 t o  0.78 
0.55 t o  4.3 

0;38 3.0 
Oil5 t o  0.50 
0.65 t o  5.7 
0.092 t o  0.90 
0.39 t o .  3.9 
5.4 t,o 560 
0.75 t 120 
1.4 t 4;4 

Range 
F a c t o r ( a )  

1 oa 
11.5 
8.3 

2.3 

5.9 

53.2 
4.2 

23.8 
34.4 
36.8 
28.4 
17.7 

48.0 

28.2 
7.3 
6 .0 
40.5 
19.1 
32.6 
7.7 
5.6 
68.0 
4.3 
32.0 
5.9 
7.2 
10.0 

81.3 
19.4 
353 
9.7 
8.4 
10.0 
10.9 
7.1 
7.8 

7.9 
3.3 
8.8 
9.8 
10.0 
104 
16.0 
3.1 

. .  

No. o f  
Measurements ( a  ) 

Used 

2 
C r u s t a l  
Abundance 
2 
2 

11 

11 
12 
12 
12 

8 

12 
12 

11 
12 
11 
11 
12 

12 

11 
12 
12 
12 
12 
12 
7 
9 
12 
12 
12 
12 
12 
12 

2 

11 
10 
12 
11 
11 
11 
11 
11 
7 

R.E. 
R a t i o  
11 
11 
11 
11 
11 
12 
11 
11 

( a )  Range f a c t o r  i s  t h e  r a t i o  o f  t h e  h i g h e s t  t o  l o w e s t  v a l u e  

( b )  R e l a t i v e  s t a n d a r d  d e v i a t i o n  e x p r e s s e d  as a p e r c e n t a g e  of t h e  

3 

measured. 

a v e r a g e  va lue .  
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TABLE 4.16. Coba l t  t o  Europium R a t i o  i n  B i o s h i e l d  Concrete 

WPPSS 
Ranch Seco 
Bel l e f o n t e  
H a r t s v i l l e  
Wolf Creek 
Pa lo  Verde 
Enr i co  Fermi 
Turkey P o i n t  
P a t h f i n d e r  
Humbol d t  Bay 
Average 
Range 
Range Fac to r  

20.0 
15.0 
10.8 
15.2 
9.7 
7.2 

11.5 
10.0 
10.0 
17.0 

7.2 t o  20.0 
2.8 

12.6 i 4.0 (31%) 

4.2.6 Concrete I n g r e d i e n t s  

I n  a d d i t i o n  t o  t h e  whole conc re te  samples, a s e l e c t i o n  o f  conc re te  i n g r e -  
d i e n t s  was a l s o  c o l l e c t e d  i n  o r d e r  t o  ob,tain a b e t t e r  unders tand ing  o f  t h e  
o r i g i n  o f  t h e  t r a c e  e lements i n  t h e  concre te .  
i n  Tables 4.17 t o  4.20 f o r  cement, coarse aggregate, sand aggregates,  and f l y  
ash, r e s p e c t i v e l y .  These were r e t a b u l a t e d  f o r  t h e  Pa lo  Verde, E n r i c o  Fermi, 
and H a r t s v i l l e  s i t e s  r e s p e c t i v e l y  on Tables 4.21 th rough  4.23. I n  most cases 
t h e  coarse and f i n e  aggregates are.  o f  ve ry  s i m i l a r  composi t ion.  
i s  no rma l l y  about  75% aggregate, t h e  aggregate tends  t o  dominate t h e  composi- 
t i o n  f o r  most elements. A few e lements a r e  c o n t r i b u t e d  m a i n l y  by t h e  cement. 
These i n c l u d e  S ,  Ca, S r ,  and i n  some cases Zn. The use o f  coa l  f l y a s h  as a 
cement s u b s t i t u t e  has become more common i n  r e c e n t  years .  Severa l  o f  t h e  
r e a c t o r  s i t e s  i n c l u d e d  i n  t h i s  s tudy  p r o v i d e d  f l y  ash a long  w i t h  o t h e r  i n g r e -  
d ien ts .  Fo r  t h e  H a r t s v i l l e  samples, a r e g r e s s i o n  a n a l y s i s  was c a r r i e d  ou t  t o  
determine t h e  r e l a t i v e  c o n t r i b u t i o n  o f  each component on an element by element 
bas is .  
w i t h  19.7 f 4.5% cement and 4.0 f 0.5% f l y  ash. 
agreement w i t h  t h e  e n g i n e e r i n g  s p e c i f i c a t i o n s  f o r  t h e  conc re te  which r e q u i  r e  
4.9% f l y  ash. The f i t  i s  q u i t e  good f o r  most e lements as shown i n  F i g u r e  4.2 
which g i v e s  a p l o t  o f  t h e  s tandard i zed  r e s i d u a l s .  A l though t h e  f l y  ash i s  a 
r e l a t i v e l y  smal l  f r a c t i o n  of  t h e  t o t a l  conc re te  by we igh t  i t  has a d i s p r o p o r -  
t i o n a t e l y  l a r g e  i n f l u e n c e  on t h e  t r a c e  element con ten t .  
g r a p h i c a l l y  i l l u s t r a t e d  i n  F i g u r e  4.3 w i t h  t h e  dashed l i n e  r e p r e s e n t i n g  t h e  
we igh t  pe rcen t  c o n t r i b u t i o n  of f l y  ash. A l l  e lements except  Ca, Mn, and S r  
p l o t  w e l l  above t h e  l i n e ,  w i t h  t y p i c a l  va lues  r a n g i n g  f rom 20 t o  40%. Elements 
whose c o n c e n t r a t i o n s  a r e  more t h a n  doubled by t h e  a d d i t i o n  o f  f l y  ash i n c l u d e  

These i n g r e d i e n t s  a r e  summarized 

S ince  conc re te  

T h i s  da ta  gave a good f i t  t o  an aggregate component o f  73.4 f 9.6%, 
T h i s  i s  i n  reasonab ly  good 

T h i s  s i t u a t i o n  i s  
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TABLE 4.17. Chemical A n a l y s i s  of Cement 

Element WPPSS 

Na % 
A1 % 
S i  % 
P %  
S %  
K %  
Ca % 

Fe % 

0.076 
2.3 

11.0 
<O. 6 

1.4 
0.56 

41.6 

2.99 
1100 

28 
66 

1090 

2.17 

29 
32 
77  

988 
8.0 
2.9 
1.6 

14 
853 
9.0 

17 
4.1 
4.1 

<O. 3 
3.8 
<4 

514 
12 
22 

1.7 
0.38 
0.27 
1.6 
0.96 
0.40 
1.6 
0.28 
1.4 
6.9 
3.5 
2.2 

<n. 3 

B e l l e  Fonte  

0.090 
2.5 

10.4 
<O.  6 

1 .3  
0.49 

45.5 

4.3 
960 

44 
52 

280 

1.86 

7.0 
32 
72 

6.3 
8.4 
0.62 
0.56 

18 
1140 

15 
<3 

3.0 
<1 

0.2 
0.62 
1.2 
134 
18 
28 

3.2 
0.64 
0.51 
1.4 

0.31 
1.6 
0.32 
0.54 

17 
. 3 . 8 '  

2.8 

230 

H a r t s v i  1 l e  
0.14 
2.4 

11.4 
<O. 6 

0.88 
0.40 

46.1 

3.5 

41 
28 

191 

2.00 

5.3 
34 
27 
56 

5.1 
6.5 
0.52 
0.42 

12 
789 
8.6 

<3 
3.1 
<1 

<o. 5 
0.48 

<5  
159 
11 
20 

1.7 
0.38 
0.29 

1.0 
0.18 
1.2 
0.26 
0.47 

< 3  
2.5 
1.9. 

850 

Wolf  Creek 
0.25 
2.2 

< O .  7 
1.0 
0.27 

46.0 

3.9 

51 
7 2  

658 

3.35 

4.4 
43 
17 
33 

7 . 1  
12.5 

1.1 
<o. 4 

7.5 
2210 

9.7 
<4 

2.8 
<l. 5 
<O. 3 

0.61 
1.4 
2120 

13  
25 

2.3 
0.50 
0.36 

1.3 
0.30 
3.0 
0.37 
1.0 
<3 

4.1 
3.5 

i n .  9 

in60 

Used f o r  B i  o s h i e l  d Concrete 

Pa lo  Verde 
0.10 
2.2 

10.0 
<O.  6 

1.6 
22 

48.5 

4.3 
1810 

43 

347 

2.12 

9.9 
62 
85 

470 
5.8 

22 
1.3 
0.73 

16 
460 

11 
76 

7.1 
4.7 

<O.  7 
1.29 

< 3  

17.8 
29 

2.4 
0.58 
0.35 

1.9 
1.13 
2.2 
0.63 
0.72 

33 
3.2 
1.5 

105 

210 

E n r i c o  Fermi 
0.24 
2.6 

10.9 
< O .  6 

1.1 
0.7 

45.3 

4.2 
1210 

43 
67 

414 

1.78 

5.5 
36 
18 
37 

7 . 1  
6.8 

<o. 2 
<O.  4 

22 
205 

15  
55 

3.9 
5.0 

< O .  4 
0.59 

<4 
266 

16 
26 

2.5 
0.51 
0.38 

1.4 
0.34 
1.9 
0.35 
0.86 

< 3  
3.3 
6.0 

Su sque hanna 
0.20 
2.2 

10.7 
<O.  6 

1.1 
60 

46.1 

3.1 
IO40 

36 
272 
616 

2.29 

7.8 
108 
43  
31 

1 . 5  
5.5 
1.7 

<O.  2 
28 

1500 
7.6 

32 
2.2 

20 
<O.  4 

0.63 
1.32 
128 

10.8 
21 

1.6 
0.33 
0.26 

0.87 
0.18 
1.1 
0.26 
3.3 

20 
2.6 
1.7 

57 



TABLE 4.18. Chemical A n a l y s i s  o f  Coarse Aggregate f o r  Bi o s h i e l d  Concrete 

WPPSS Eel l e  Fonte  H a r t s v i  l l e  
Element ( 4 )  ( 3 )  ( 3 )  

2.15 f 0.06 
7.08 f 0.13 
29.1 f 1.6 

<0.6 
<0.2 

1.67 t 0.13 
4.4 t 0.3 

23.1 f 1.7 

1.08 f 0.13 

243 f 29 
35 f 2 

1128 5 75 

6.17 f 0.24 

26 f 3 
22 f 4 

26.3 f 3.7 
93 f 6 

19.0 f 0.8 
2.4 2 0.2 

1.5 
<0.8 

43 2 4 
315 f 13 

28 f 3 
186 f 22 

3.9 t 0.7 

0.6 f 0.5 
1.15 f 0.06 
557 f 25 

24.8 f 3.5 
49 f 8 

5.2 f 0.4 
1.7 f 0.05 

0.90 t 0.05 
5.5 f 0.6 

1.05 f 0.17 
2.87 t 0.15 
0.49 f 0.049 

4.5 t 0.7 
0.93 t 0.15 

<1 
9.3 f 0.5 
5.0 t 0.95 

12 2 3 

0.046 

1.6 5 0.5 

0.043 f 0.018 
0.41 f 0.18 

0.2 
<o. 2 

0.135 f 0.066 
35.5 5 1.4 

0.85 f 0.36 

0.036 f 0.005 

2 f 0.2 

12.3 f 6.1 
16.8 f 5.7 

87 2 19 

0.26 f 0.11 

0.95 f 0.43 

10.3 f 4.1 
40.7 f 2.9 
0.97 0.85 

2.1 2 1.7 
0.3 f 0.3 
2.5 f 0.8 
6.8 2 3.4 
471 f 28 
6.8 f 0.6 

11.9 2 3.1 
<1 
<2 

<o. 2 
0.25 f 0.13 

<1 
42 f 29 

6.3 f 2.5 
6.6 f 2.7 

0.21 2 0.07 
0.17 f 0.05 

0.95 

0.52 f 0.13 
0.12 f 0.03 
0.65 f 0.81 

0,067 f 0.15 
<O. 3 

<7 
0.78 2 0.42 

2.6 f 0.7 

0.90 f 0.33 

0.045 f 0.019 
0.43 t 0.02 

<2 
<O. 5 

0.18 f 0.07 
0.32 f 0.04 
34.4 f 3.6 

1.03 f 0.13 

0.051 f 0.013 

7.8 f 0.9 
253 f 118 

0.36 f 0.03 

0.98 f 0.18 
19.3 f 1.5 
6.4 f 1.1 

15.3 f 5.0 
1.6 5 0.7 

0.85 2 0.12 
0.5 f 0.4 

0.89 t 0.03 
10.6 2 1.4 
426 f 28 
3.9 f 0.7 
27 f 3 

<1 
<1 

<o. 2 
0.068 f 0.02 

<2 

5.03 f 0.90 
8.95 f 1.20 
0.79 .f 0.15 
0.16 2 0.02 
0.14 f 0.02 
0.73 t 0.15 

0.50 f 0.13 
0.091 .f 0.018 

0.83 f 0.03 

0.18 0.03 
2.8 f 0.7 

0.82 f 0.16 

9.9 f 2.0 

49 f 10 

0.11 f 0.02 

1.0 t 0.1 

Wolf Creek 
( 2 )  

0.052 0.03 
0.43 t 0.20 

<5 
<1 

<o. 1 
0.11 f 0.06 
38.3 f 0.6 

0.67 f 0.26 

0.054 f 0.127 

9.2 t 2.6 
9.5 f 0.9 

537 f 118 

0.60 f 0.008 

1.08 f 0.03 
25 f 6 

6.7 .f 0.4 
10.4 f 6.2 
2.9 f 0.9 
2.6 2 1.3 ,: 

0.29 f 0.18 
0.77 f 0.49 

5.8 2 2.5 
1065 2 78 

3.2 f 0.1 
18 5 6 

<1 
<1 

<o. 1 

<1.4 
63 f 4 

3.1 2 1.1 
1.5 f 1.5 

0.57 t 0.18 
0.096 f 0.017 
0.090 t 0.005 
0.505 -+ 0.049 

0.27 0.06 
0.096 f 0.003 

0.24 t 0.13 
0.064 t 0.031 
0.165 2 0.007 

<6 
0.50 f 0.21 

2.6 f 0.7 

0.20 f 0.01 

P a l o  Verde 
(2 )  

2.07 f 0.09 
7.1 f 0.5 

33.3 2 0.2 
<O. 5 
<o. 2 

2.9 f 0.6 
0.98 5 0.06 

5.0 f 0.05 

0.20 f 0.03 

29.5 t 0.7 
50 f 11 

384 2 23 

1.8 f 0.07 

3.98 f 0.75 
9.7 4.7 

15.5 f 3.5 
43.1 f 3.0 
13.1 f 5.4 
8.6 2 2.5 

<O. 3 
0.95 f 0.49 

109 2 17 
131 6 

39 12 
198 9 

12.5 f 2.1 
7.1 2 2.7 

<O. 3 
1.0 f 0.4 

<4 
825 f 199 

30.5 f 0.4 
63.0 f 6.0 

4.8 f 0.3 
0.88 f 0.17 
0.94 t 0.13 
6.0 f 1.6 

3.5 f 0.4 
6.9 .f 0.3 

0.92 f 0.01 
2.0 2 0.6 

15.5 f 0.7 
13.8 t 3.9 

3.4 

Susquehanna 
(Normal ) 

0.12 
1.11 
4.7 

<O. 5 
0.13 
0.37 

30.6 

1.44 

0.060 

16 
13.7 

192 

0.57 

2.0 
31 

10.2 
16.1 
14.3 

1.6 
<o. 2 

2.6 
16 

557 
5.3 

32 
1.7 
1.9 

<o. 2 
0.12 
0.55 

7 1  
7.4 

12.2 
1.2 
0.25 
0.18 
1.2 

0.53 
0.13 
0.78 
0.13 
0.20 
5.0 
1.25 
1.42 

Susquehanna 
(High D e n s i t y )  

0.007 1 
0.36 

<o. 1 
0.55 

1.5 

0.088 

50 

670 

68 

8.4 
89 
42 
22 
21 

11.8 
<O. 3 
<O. 3 

40 
5.7 

<3 
10.8 

<3 
19 

<o. 2 
2.3 

<o. 4 
212 
2.6 
4.4 
0.62 
0.18 
0.34 
0.50 

0.58 
1.2 
0.31 
0.85 
7.7 
28 

0.87 
5.95 

Note: Number i n  p a r e n t h e s i s  i n d i c a t e  number of samples analyzed a t  each s i t e .  Numbers i n  t h e  t a b l e  a r e  
averages and standard d e v i a t i o n s  f o r  t h a t  number o f  samples. 
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TABLE 4.19. Chemical A n a l y s i s  o f  Sand Aggregate f o r  B i o s h i e l d  Concrete 

E lemen t  WPPSS Bel l e f o n t e  

2.2 
7.5 

27.1 
<O. 6 
<o. 2 

1.5 
4.6 

27 
12400 

280 
33 

1220 

7.0 

27 
23 
23 

102 
20 

2.4 
2 

<O. 8 
46 

354 
33 

193 
12 

2.1 
0.039 
0.30 
1.2 
611 
25 
47 

5.7 
2.0 
0.93 
6.3 
0.9 
3.1 
0.58 
4.2 
0.89 

1 
9 

4.5 
1.2 

0.038 
.o. 39 

<1.8 
<O. 4 
0.12 
0.12 

38.0 

0.95 
230 
11 
12 
83 

0.24 

0.59 
9 

6.5 
30 

0.94 
3.5 
0.36 
2.4 
6.0 
485 
7.0 

12 
<I 
<1 

0.17 
0.37 
0.60 

37 
8.5 
7.6 
1.3 
0.30 
0.27 
1.3 

0.78 
2.2 
1.9 
0.063 
0.11 

<2 
0.88 
1.5 

H a r t s v i  1 l e  

0.045 
0.75 
2.4 

<O. 5 
0.12 
0.29 

36.6 

0.97 
450 
8.8 
8.4 
237 

0.35 

0.96 
19 

7.4 
15.5 
1.0 
0.95 
0.91 
0.86 
9.4 
422 
4.5 

25 
<I 

1.5 
<o. 1 

0.089 
0.77 

40 
5.1 
8.6 
0.77 
0.16 
0.13 
0.83 

0.50 
0.91 
0.85 
0.10 
0.16 
3.5 
0.98 
0.90 

W o l f  C reek  

1.05 
3.84 

37.8 
<1 

<o. 3 
2.72 
0.46 

0.54 
740 
8.2 

48.3 
47 

0.58 

1.91 
6.9 
9.9 
9.3 
8.4 
2.4 
0.82 
1.5 
101 
124 
8.0 

60 
2.8 
<1 

<o. 2 
0.29 

<0.8 
1007 
16.4 
22.8 

2.2 
0.66 
0.33 
1.6 

1.05 
0.19 
2.5 
0.28 
0.48 

12.5 
3.6 
1.9 

Pa lo  Verde 

2.03 
6.79 

34.0 
<0.4 
<o. 2 
2.85 
0.72 

6.0 
1900 

40 
13.2 
225 

1.85 

4.9 
15 
13 
31 
14 

11.1 
2.3 

<O. 8 
126 
180 
26 

210 
7.4 
6.0 

<O. 3 
1.0 
<2 

1000 
25 
48 

3.1 
0.79 
0.61 

2.1 
0.40 
7.1 
0.62 
2.5 

15 
7.7 
1.7 

Susquehanna 
E n r i c o  Fermi  ( N o r m a l )  

0.73 
2.7 

22.6 
<O. 5 
0.15 
0.82 

14.4 

3.4 
1180 

32 
43 

420 

1.36 

4.3 
28 
16 
33 

6.3 
4.4 

<o. 2 
4.2 

27 
170 
10 
69 

2.6 
2.2 

<O. 3 
0.32 

<4 
232 
8.5 

16.3 
1.5 
0.40 
0.30 

0.89 
0.20 
2.1 
0.20 
1.4 
9.2 
1.9 
1.7 

0.41 
4.9 

32.6 
<O. 4 
<o. 2 

1.41 
0.36 

7.1 
12200 

73 
73 

7 20 

2.92 

10.4 
32 
24 
58 

9.7 
11.2 
<O. 4 
<O. 5 

73 
47 
28 

263 
15 

4.3 
<O. 4 
0.71 

<o. 2 
335 

33.7 
60.8 

5.2 
1.14 
0.86 

2.90 
0.59 
8.6 
1.08 
1.8 

12 
8.4 
3.0 

Su sque  ha n na 
( H i g h  D e n s i t y )  

0.35 
2.7 

0.10 
0.90 

18.1 

2510 
815 

1120 

38.2 

139 
187 
24 

297 
43 

<1.2 
<O. 8 
<O. 8 

35 
131 
5.2 
162 

16 
4.7. 

<O. 5 
0.11 

<o. 1 
54 

1.3 
4.1 
0.27 
0.17 
0.15 

<O. 4 

0.32 
0.10 
6.0 
1.22 

<O. 7 
165 
0.12 

<O. 4 
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TABLE 4.20. Chemical A n a l y s i s  o f  Fly Ash U s e d , i n  B i o s h i e l d  Concrete 

Element Bel l e f o n t e  

15.1 
<O. 8 

0.25 

<0.25 
2.78 
0.87 

37 
7 800 

32 0 
170 
160 

4.00 

61  
165 
190 
180 

76 
170 
9.6 
5.1 
157 
720 

93 
240 

3 0  
34 

1.2 
9.1 

19 
1180 

103 
191 

17.4 
3.6 
3.0 
9.1 
2.1 
6.9 
2.5 
8.2 
9 4  
28  
1 4  

H a r t s v i  1 l e  
0.35 

10.1 
<O. 8 

1.0 
1.78 
2.10 

23 
6000 

63 0 
153 
21 8 

12.4 

3 0  
111 

82 
2 83 

19 
43 

7.0 
3.5 
130 
3 44 

51 
229 
'2 5 

104 
<1 

15.2 
<8 

7 40 
48 

104 
7.8 
1.8 
1.5 
4.8 
1.6 
5.0 
1.5 
4.7 

95 
15.5 

29 

60 

Enr i co  Fermi 
0.28 

13.8 
<O. 8 

0.45 
1.63 
2.98 

26 
7 040 

216 
137 
146 

5.40 

43 
97 
90 

111 
36 
40 

12.1 
5.3 
111 
82 1 

63 
193 

25 
19 
<2 

3.0 
12 

82 0 
70 

133 
10.6 

2.3 
1.7 
6.0 
1.22 
5.4 
1.8 
3.4 

54 
19.1 

9.0 

Palo Verde 
1.44 
3.3 

<O. 8 
0.41 
1.34 
1.14 

10.5 
2600 

42 
26 

2 01 

3.94 

11 
22 
50 
93 
22 
49 

1.7 
6.7 

78 
240 

1 4  
160 
5.1 
21 

0.27 
1.7 

29 
82 0 

26 
44 

3.4 
0.84 
0.53 
1.6 
0.47 
4.8 
0.58 
51 
78 

14.4 
7.2 



TABLE 4.21. 

Concrete 
182 00 

6.1 
0.27 
2.5 
9.2 

5.3 
21 00 

34 
47 

290 

1.9 

5.6 
30 
28 
90 
13 

2.0 
2.0 
170 
22 0 

96 
160 
9.2 
1.4 
885 
3.9 
0.77 
0.90 
3.9 

34 
12 

2.7 

Concrete I n g r e d i e n t s  ( P a l o  Verde) 
Elemental Concen t ra t i ons  

Coarse 
Aggregate 

2 07 00 

7.1 
C0.2 

2.9 
0.98 

5.0 
2 000 

30 
50 

3 84 

1.86 

3.98 
9.7 

15.5 
43 
13 

8.6 
0.95 
109 
131 
39 

198 
12.5 

1.0 
82 5 
4.8 
0.88 
0.92 
2.0 

15.5 
13.8 , 

3.4 

6 1  

Sand 
2 03 00 

6.8 
c0.2 

2.9 
0.72 

6.0 
1900 

40 
13.2 

225 

1.85 

4.9 
15 
13 
31 
41 

11.1 
cO.  8 
126 
180 

26 
21 0 
7.4 
1.0 

1000 
3.1 
0.79 
0.62 
2.5 

15 
7.7 
1.7 

Fly Ash 
14400 

3.3 
~ 0 . 4 1  

1.34 
1.14 

10.5 
1600 

42 
26 

2 01 

3.94 

11 
22 
50 
93 
22 
49 

6.7 
78  

240 
1 4  

160 
5.1 

21 
82 0 
3.4 
0.84 
0.58 
51 
78 

14.4 
7.2 

Cement 
1000 

2.2 
1.6 
0.53 

48.5 

4.3 
1810 

43 
105 
347 

2.12 

9.9 
62 
85 

47 0 
5.8 

22 
0.73 
1 6  

46 0 
11 
76 

7.1 
1.29 
2 1  0 
2.4 
0.58 
0.63 
0.72 
33 

3.2 
1.5 



TABLE 4.22. Concrete' I n a r e d i e n t s  (En r i co ,  Fermi ) 
Elemental CGncentrat ions 

Element Concrete 
5220 

2.0 
0.42 
0.60 

17.5 

3.0 
1030 

32 
27 

27 0 

1.1 

3.8 
1 4  
1 0  
33 

5.5 
4.9 
5.6 

22 
31  0 
6.7 

52 
1.8 
0.5 

1.7 
0.34 
0.24 
0.6 
5.9 
2.1 
3.0 

7 06 

Sand 
- 7300 

2.7 
0.15 
0.82 

14.4 

3.4 
1180 

32 
43 

42 0 

1.36 

4.3 
28 
16 
33 

6.3 
4.4 
4.2 
27 

170 
10 
69 

2.6 
2.2 
232 
1.5 
0.40 
0.30 
1.4 
9.2 
1.9 
1.7 

F l y  Ash 
2800 

13.8 
0.45 
1.63 
2.98 

26 
7 040 

216 
137 
146 

5.40 

43 
97 
90 

111 
36 
40 

5.3 
111 
82 1 
63 

193 
25 

3.0 
82 0 

10.6 
2 .3 
1.8 
3.4 

54 
19.1 

9.0 

Cement 
2400 

2.6 
1.1 
0.70 

45.3 

4.2 
1210 

43 
67 

41 4 

1.78 

5.5 
36 
18 
37 

7.1 
6.8 

(0.4 
22 

2 05 
15 
55 

3.9 
0.59 
266 
2.5 
0.51 
0.35 
0.86 

<3 
3.3 
6.0 
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TABLE 4.23. 

Concrete 
510 

1.3 
0.33 
0.31 

34.7 

2.3 
85 0 

37 
19 

21 4 

1.1 

3.0 
31 
16 
33 

3.7 
4.6 
1.4 

13 
49 0 
6.9 

33 
2.0 
0.8 
93 

1.4 
0.27 
0.20 
0.5 
5.4 
1.9 
2.8 

Concrete Ingredients (Hartsvi 1 l e )  
Elemental Concentrations 

Coarse 
Aggrega :e 

45 0 

0.73 
0.88 
0.32 

34.4 

1.03 
51  0 
9.9 
7.8 
253 

0.36 

0.98 
19 

6.4 
15.3 

1.6 
0.85 
0.89 

10.6 
42 6 
3.9 

27 
<1 

0.068 
49 

0.79 
0.16 
0.11 
0.18 
2.8 
1.0 
0.82 

63 

Sand 
45 0 

0.75 
0.12 
0.29 

36.6 

0.97 
45 0 
8.8 
8.4 
237 

0.35 

0.96 
19 

7.4 
15.5 

1.0 
0.95 
0.86 
9.4 
42 2 
4.5 
25 
<1 

0.089 
40 

0.77 
0.16 
0.10 
0.16 
3.5 
0.98 
0.90 

Fly Ash 
3450 

10.1 
1.0 
1.78 
2.10 

23 
6000 

63 0 
153 
218 

12.4 

30 
111 

82 
2 83 

19 
43 

3.5 
130 
3 44 

51 
229 

25 
15.2 

7 40 
7.8 
1.8 
1.5 
4.7 
95 

15.5 
29 

Cement 
1400 

2.4 
0.88 
0.40 

46.1 

3.5 
85 0 

41 
28  

191 

2.0 

5.3 
34 
27 
56 

5.1 
6.5 
0.42 
12 

7 89 
8.6 

<3 
3.1 
0.48 
159 
1.7 
0.38 
0.26 
0.47 

<3 
2.5 
1.9 



TABLE 4.24. Weighted Least  Squares F i t  t o  Concen t ra t i ons  
o f  Elements i n  H a r t s v i l l e  B i o s h i e l d  Concrete 

Element 
Na 
A1 
S 
K 
Ca 
sc 
T i  
V 
C r  
Mn 
Fe 
co 
N i  
cu  
Zn 
Ga 
As 
B r  
Rb 
S r  
Y 
Z r  
Nb 
Sb 
Ba 
Sm 
Eu 
Ta 
W 
Pb 
Th 
U 

Percent  C o n t r i b u t i o n  
Aggregate Fly Ash Cement 

44.4 
38.5 
29.2 
58.6 
74.6 
30.6 
44.7 
16.2 
34.6 
79.0 
22.4 
23.9 
55.6 
38.7 
33.7 
29.3 
18.8 
73.9 
47.6 
64.7 
46.9 
66.6 
31.2 

8.5 
32.5 
46.6 
44.4 
39.7 
29.4 
36.8 
39.2 
30.0 

18.61 
28.4 
13.3 
19.7 

0.2 
39.8 
32.7 
63.6 
34.5 

4.0 
43.4 
40.8 
17.8 
23.5 
33.7 
30.5 
46.7 
16.5 
36.1 

2.9 
29.1 
33.4 
42.8 
79.3 
32.9 
25.8 
27.4 
32.6 
47.4 
54.7 
34.0 
53.0 

Aggregate = 73.4 f 9.6% 
F l y  Ash = 4.0 f 0.5% 

Cement = 19.7 f 4.5% 

64  

37.0 
33.1 
57.4 
21.7 
25.2 
29.6 
22.6 
20.2 
30.9 
17.1 
34.3 
35.3 
26.7 
37.8 
32.6 
40.1 
34.5 

9.7 
16.3 
32.4 
24.0 

0.0 
26.0 
12.3 
34.6 
27.6 
28.3 
27.7 
23.2 

8.5 
26.8 
17.0 
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ELEMENT 

F I G U R E  4.3a. C o n t r i b u t i o n  o f  F l y  Ash t o  Elemental Concen t ra t i ons  
o f  H a r t s v i l l e  B i o s h i e l d  Concrete 

V, Sb, Pb, and U. T h i s  i s  a r e l a t i v e l y  minor  change, f a l l i n g  w e l l  w i t h i n  t h e  
normal range o f  v a r i a b i l i t y  of t hose  e lements anyway. A d d i t i o n  o f  f l y  ash t o  
cement does n o t  t h e r e f o r e  appear t o  cause any unusual problems w i t h  rega rd  t o  
a c t i v a t i o n  produc ts ,  p rov ided  t h e  p r o p o r t i o n  added i s  kep t  smal l  as was t h e  
case w i t h  t h e  H a r t s v i l l e  samples. 
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5.0 A C T I V A T I O N  CALCULATIONS 

. 5.1 CALCULATION METHOD 

I n  o r d e r  t o  f u l l y  determine t h e  expected l e v e l s  o f  a c t i v a t i o n  p roduc ts  i n  
t h e  va r ious  c o n s t r u c t i o n  m a t e r i a l s  p r e v i o u s l y  d iscussed,  a s u i t a b l e  computer 
model was requ i red .  Early i n  t h e  program i t was determined t h a t  t h e  a v a i l a b l e  
sof tware such as t h e  O R I G E N  code used by Smith, Konzek, and Kennedy (1978) i n  
t h e i r  work was a t  t h e  same t i m e  over-des igned f o r  t h e  t a s k  and i n f l e x i b l e  i n  
i t s  a p p l i c a t i o n  t o  l o n g  l i v e d  a c t i v a t i o n  p roduc ts  f o r  which a l i m i t e d  d a t a  base 
was a v a i l a b l e .  
codes s p e c i f i c a l l y  des igned f o r  t h i s  purpose. An a d d i t i o n a l  goal  was t h e  
i n c l u s i o n  o f  m u l t i - g r o u p  f a s t  neu t ron  r e a c t i o n s .  The program was des igned t o  
be run  on P D P - 1 1  min icomputers i n  a f u l l y  i n t e r a c t i v e  fash ion .  T h i s  approach 
proved ve ry  success fu l  and was e v e n t u a l l y  adapted t o  a VAX/ l l -780 system i n  
o r d e r  t o  o b t a i n  adequate computing speed f o r  t h e  l a r g e  number o f  cases con- 
s idered .  T h i s  f a m i l y  o f  programs c o n s i s t s  o f  t h r e e  main programs t o  genera te  
f l u x ,  compos i t ion ,  and n u c l e a r  da ta  l i b r a r i e s ,  a s e r i e s  of i s o t o p e  s e l e c t i o n  
f i l e s  s t r u c t u r e d  t o  match t h e  i s o t o p e  w i t h  t h e  c o r r e c t  c r o s s - s e c t i o n  l i b r a r y ,  
and a main program t o  c a r r y  o u t  t h e  a c t i v a t i o n  c a l c u l a t i o n  i t s e l f  and s t o r e  t h e  
r e s u l t s  on a d i s k  f i l e .  A f u l l  documentat ion and l i s t i n g s  o f  t h e  f a m i l y  o f  
programs a r e  i n c l u d e d  i n  t h e  Appendix. 

It was t h u s  dec ided i n s t e a d  t o  develop a s e r i e s  o f  s i m p l e r  

A l l  n u c l e a r  parameters a r e  t a b u l a t e d  i n  a s e r i e s  of l i b r a r i e s  c r e a t e d  by 
code NUCLIB. F i v e  d i f f e r e n t  k i n d s  o f  l i b r a r i e s  can be c rea ted .  These i n c l u d e  
N-y, N-2N, N-P, N-D, and N - a  r e a c t i o n s  i n  separa te  l i b r a r i e s  t h u s  a l l o w i n g  
f l e x i b i l i t y  t o  e v a l u a t e  t h e  r e l a t i v e  impor tance of those d i f f e r e n t  r e a c t i o n  
modes f o r  t h e  same p roduc t  i s o t o p e  i f  des i red .  
c o n t a i n s  i n f o r m a t i o n  on t h e  t y p e  of r e a c t i o n ,  t h e  mass of t h e  p roduc t  i s o t o p e ,  
t h e  number o f  e lements i n  t h e  p r o d u c t i o n  cha in ,  t h e  i s o t o p i c  abundances, h a l f -  
l i v e s ,  f i s s i o n  y i e l d s ,  p r o d u c t i o n  c r o s s - s e c t i o n s  and match ing  resonance i n t e -  
g r a l s  as w e l l  as t h e  cor respond ing  burnup c r o s s - s e c t i o n s  f o r  each i s o t o p e  
hav ing  a s i g n i f i c a n t  c o n t r i b u t i o n  t o  t h e  f i n a l  p roduc t  i so tope .  I n  c o n s t r u c t -  
i n g  these  p r o d u c t i o n  cha ins ,  i t  was necessary t o  make a s u b j e c t i v e  d e c i s i o n  on 
t h e  s i z e  o f  t h e  c h a i n  based on a v a i l a b l e  c r o s s - s e c t i o n  d a t a  ( o r  l a c k  o f  i t ) .  
Fo r  most i so topes ,  o n l y  thermal  neu t ron  cap tu re  o r  resonance c a p t u r e  was 
impor tan t .  These i n c l u d e  3T, 14C,  
60C0, 6 3 N i ,  81Kr 90Sr 94Nb 99Tc, lohAg, l lanAg,  145Pm, 151Srn, 15*Eu, 154Eu, 
155Eu, 166mHo, ''stif, 23311, 236U, and 239Pu. The o t h e r  f o u r  l i b r a r i e s  
con ta ined  i n  a d d i t i o n  t o  t h e  N-y i n f o r m a t i o n ,  an e x c i t a t i o n  f u n c t i o n  f o r  t h e  
a p p r o p r i a t e d  f a s t  neu t ron  r e a c t i o n .  

Each b l o c k  o f  l i b r a r y  e n t r i e s  

These were con ta ined  i n  t h e  N-y l i b r a r y .  

These c r o s s - s e c t i o n s  were i n c l u d e d  i n  
0.5 MeV i reme s fr 0 t 15 M I t opes  t a b u  a t e d  n t h e  N-2N l i b r a r y  
i n c l  uded !SF 
15&rb, and 295Pb. The N-P l i b r a r y  containe; 39Ar ,  5%n, 63Ni , '85Kr,  "Nb, 

!$Ni, "Zn, 9gSe, "kb, $'Zn 9 3 ~ o ,  49Tc, lz1Sn 133Ba 146Sm, 
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93Zr ,  lo6Pd, lZ1Sn, 134Cs,135Cs 
impor tance was t h a t  p roduc ing  53Mn. 
85Kr, and 93Zr .  

137Cs, and 155Eu. The o n l y  N-D r e a c t i o n  o f  
The N-a l i b r a r y  con ta ined  o n l y  3 6 C l ,  55Fe, 

A second program, FLUX1 was used t o  c r e a t e  f i l e s  c o n t a i n i n g  t h e  r e a c t o r  
c o n d i t i o n s  i n c l u d i n g  temperature,  thermal  neu t ron  f l u x ,  ep i the rma l  f l u x ,  and 
f a s t  f l u x  i n  t h i r t y  energy groups up t o  15 MeV. T h i s  da ta  was then  permanently 
s t o r e d  on a d i s k  f i l e .  It was t h u s  p o s s i b l e  t o  c a l c u l a t e  a c t i v a t i o n  i n  v a r i o u s  
p a r t s  of t h e  r e a c t o r  by s imp ly  u s i n g  d i f f e r e n t  f l u x  f i l e s  f o r  each s e t  o f  
c a l  c u l  a t i  ons . 

A t h i r d  program, COMPOS, was used t o  assemble f i l e s  o f  compos i t i on  i n f o r -  
mat ion  on d i f f e r e n t  m a t e r i a l s .  
f i l e  c o n t a i n i n g  f i f t y  element names t o g e t h e r  w i t h  t h e i r  a tomic  number and 
a tomic  weights .  Composi t ioh f i l e s  were c r e a t e d  f o r  seve ra l  average representa-  
t i v e  m a t e r i a l s  i n c l u d i n g  t y p e  304L s t a i n l e s s  s t e e l ,  carbon s t e e l ,  concre te ,  and 
rebar .  

T h i s  program i n  t u r n  r e f e r e n c e s  a master  da ta  

F i l e s  c r e a t e d  i n  t h e  above desc r ibed  manner were t h e n  a v a i l a b l e  f o r  e d i t -  
i n g  and u p d a t i n g  a s  more i n f o r m a t i o n  became a v a i l a b l e .  They c o u l d  be combined 
i n  t h e  a p p r o p r i a t e  o r d e r  t o  c a r r y  ou t  a c t i v a t i o n  c a l c u l a t i o n s ,  v i a  code ACTIV. 
Code ACTIV per formed i n  t h e  f o l l o w i n g  manner. 
reques ted  and assigned, t h e  f l u x  f i l e  was t h e n  requested,  opened and read. 
thermal  and ep i the rma l  f l u x e s  were read, t h e  ep i the rma l  f l u x  conver ted  t o  f l u x  
p e r  u n i t  l e t h a r g y  and a cadmium r a t i o  computed. 
t h e  f a s t  f l u x  i n p u t  i n t o  an a r ray .  
c a r r i e d  o u t  a u t o m a t i c a l l y .  
sequence, w i t h  t h e  match ing  l i b r a r y  f i l e  opened, rewound i n  each case, and t h e  
n u c l e a r  i n f o r m a t i o n  i n p u t .  
t h e  a p p r o p r i a t e  chemical e lements l o c a t e d  and i n p u t .  
r e q u i r e d  t o  o b t a i n  t h e  c o r r e c t  da ta  f o r  Th and U i n  o r d e r  t o  compute a f i s s i o n  
c o n t r i b u t i o n .  Depending upon r e a c t i o n  type ,  seve ra l  i n d i c e s  were a d j u s t e d  t o  
a1 1 ow s e l e c t i  on o f  t h e  a p p r o p r i a t e  element and i sotope combi n a t i o n s  d u r i  ng t h e  
a c t u a l  a c t i v a t i o n  c a l c u l a t i o n .  The a c t i v a t i o n  c a l c u l a t i o n  i t s e l f  was done by 
repeated  c a l l s  t o  s u b r o u t i n e  NCAP. 
d e p l e t i o n  r o u t i n e  i n c l u d i n g  f i s s i o n ,  m u l t i p l e  n e u t r o n  c a p t u r e  and f a s t  n e u t r o n  
reac t i ons .  Thermal c r o s s - s e c t i o n s  a r e  tempera tu re -co r rec ted  f rom t h e  2200 m/s 
value. P roduc t i on  and d e p l e t i o n  i s  done by a r e p e t i t i v e  numer ica l  i n t e g r a t i o n  
of atoms produced a t  a l l  p o i n t s  i n  t h e  c h a i n  versus  atoms l o s t  t o  decay o r  
burnup, i n  3 day inc rements  f o r  30 yea rs  w i t h  r e s u l t s  p r i n t e d  f o r  1 y e a r - i n t e r -  
va l s .  
ma jor  c o m p e t i t i o n  between b e t a  decay and burnup o f  i n t e r m e d i a t e  products .  
t h a t  case, b e t a  decay i s  s e l e c t e d  f i r s t .  
due t o  t h e  r e l a t i v e l y  coarse mesh s ize .  T h i s  approach i s  a l s o  r a t h e r  c o s t l y  i n  
terms o f  computa t ion  t i m e  w h i l e  u s i n g  ve ry  smal l  amounts o f  memory, t h u s  making 
i s  s u i t a b l e  f o r  use on smal l  low c o s t  computers. Computation speed was q u i t e  

The compos i t i on  f i l e  was f i r s t  
The 

The tempera tu re  was read and 
The remain ing  p a r t  o f  t h e  c a l c u l a t i o n  was 

The f i r s t  groups o f  i s o t o p e s  were s e l e c t e d  i n  

F o r  each case, t h e  compos i t i on  f i l e  was rewound, 
A second pass was 

NCAP i s  b a s i c a l l y  an i s o t o p e  p r o d u c t i o n  and 

T h i s  i t e r a t i v e  method i s  reasonably  accu ra te  p r o v i d e d  t h e r e  i s  n o t  a 
I n  

T h i s  c o u l d  r e s u l t  i n  a minor  e r r o r  
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s a t i s f a c t o r y  on t h e  VAX system ave rag ing  o n l y  a few seconds pe r  i s o t o p e .  

o f  t h e  method, a comparison was made w i t h  a code O R I G E N  c a l c u l a t i o n  f o r  seve ra l  
cases w i t h  common d a t a  bases. 

T h i s  
- a l s o  r e s u l t e d  i n  ve ry  min imal  computer cos ts .  I n  o r d e r  t o  v e r i f y  t h e  accuracy 

R e s u l t s  agreed t o  w i t h i n  a few pe rcen t .  

5.2 CROSS-SECTION SELECTION 

I n  t h i s  work, a c a r e f u l  rev iew  was made o f  a l l  a v a i l a b l e  i n f o r m a t i o n  i n  
o r d e r  t o  c o n s t r u c t  t h e  most r e l i a b l e  c r o s s - s e c t i o n  d a t a  base. T h i s  was checked 
and updated seve ra l  t i m e s  b e f o r e  t h e  f i n a l  c a l c u l a t i o n s  were undertaken. R e l i -  
a b l e  c r o s s - s e c t i o n  i n f o r m a t i o n  f o r  a l l  i s o t o p e s  o f  i n t e r e s t ,  b o t h  s t a b l e  and 
r a d i o a c t i v e ,  has i n  t h e  pas t  been r a t h e r  d i f f i c u l t  t o  o b t a i n .  T h i s  s i t u a t i o n  
has improved markedly i n  t h e  l a s t  few yea rs  p a r t i c u l a r l y  f o r  t he rma l  n e u t r o n  
c a p t u r e  c ross -sec t i ons .  Resonance i n t e g r a l  i n f o r m a t i o n  i s  g e n e r a l l y  u n a v a i l -  
a b l e  f o r  i s o t o p e s  w i t h  seve ra l  i s o m e r i c  s t a t e s .  The s i t u a t i o n  i s  p a r t i c u l a r l y  
t r u e  f o r  f a s t  n e u t r o n  r e a c t i o n s ;  however, t h i s  i s  a very m ino r  problem s i n c e  
t h e y  c o n t r i b u t e  a n e g l i g i b l e  amount t o  t h e  a c t i v a t i o n  p roduc ts  i n v e n t o r y .  

5.2.1 N-y-The rmal 

Severa l  sources o f  thermal  n e u t r o n  c r o s s - s e c t i o n  i n f o r m a t i o n  were a v a i l -  
able. These i n c l u d e d  t h e  Seventh E d i t i o n  o f  t h e  Table o f  I so topes ,  (Browne, 
D a i r i k i  and Doebler 1978), t h e  T w e l f t h  E d i t i o n  o f  t h e  G.E. Char t  o f  t h e  
Nuc l i des  (Walker, K i rouac and Rourke 1977), and v a r i o u s  p u b l i c a t i o n s  f rom t h e  
Brookhaven N a t i o n a l  Neutron Cross-Sect ion Center such as Mughabghab, Divadeenam 
and Holden (1981). I n  genera l ,  s a t i s f a c t o r y  p r o d u c t i o n  c r o s s - s e c t i o n  i n f o r m a -  
t i o n  was a v a i l a b l e  f o r  a l l  i m p o r t a n t  i so topes .  I n f o r m a t i o n  on burnup c ross -  
s e c t i o n s  i s  r e l a t i v e l y  scarce and does rep resen t  a minor  area o f  u n c e r t a i n t y  
s i n c e  burnup can be i m p o r t a n t ,  p a r t i c u l a r l y  i n  t h e  h i g h  f l u x  r e g i o n  where t h e  
shroud i s  l o c a t e d .  

5.2.2 N-y-Epi thermal 

Epi thermal  c r o s s - s e c t i o n s  (resonance i n t e g r a l s )  were t a k e n  f r o m  t h e  same 
source as t h e  thermal  c ross -sec t i ons .  I n  some cases o n l y  t h e  t o t a l  resonance 
i n t e g r a l  was a v a i l a b l e  f o r  seve ra l  i s o m e r i c  s t a t e s .  I n  t h a t  case i t  was 
a r b i  t r a r i  l y  assumed t h a t  t h e  resonance i n t e g r a l  d i  s t r i  bu ted  between i somers i n 
t h e  same manner as t h e  thermal  c ross -sec t i ons .  I n  cases where no resonance 
i n t e g r a l  was l i s t e d ,  a 1 / V  c o n t r i b u t i o n  o f  0.45 t i m e s  t h e  thermal  c r o s s - s e c t i o n  
was a u t o m a t i c a l l y  i n c l u d e d  i n  t h e  c r o s s - s e c t i o n  l i b r a r y  as t h e  d e f a u l t .  
resonance i n t e g r a l  can be an i m p o r t a n t  c o n t r i b u t o r  t o  t h e  t o t a l  a c t i v a t i o n  even 
f o r  t h e  min imal  1 / V  case s i n c e  t h e r e  a r e  r e g i o n s  o f  t h e  r e a c t o r  where t h e  
cadmium r a t i o  i s  l e s s  t h a n  u n i t y .  

The 
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5.2.3 F a s t  Neutron React ions 

F a s t  neu t ron  r e a c t i o n  da ta  i s  i n  many cases n o t  a v a i l a b l e  f o r  t h e  appro- 
p r i a t e  l o n g - l i v e d  i so topes .  I n  o r d e r  t o  a v o i d  t h i s  d i f f i c u l t y ,  t h e  computer 
code THRES2 ( P e a r l s t e i n  1973, 1975) was ob ta ined  f rom t h e  N a t i o n a l  Neutron 
Cross-Sect ion Center t o  c a l c u l a t e  f a s t  neu t ron  e x c i t a t i o n  f u n c t i o n s .  THRES2 i s  
a semi -emp r i c a l  code which uses we1 1 -measured e x c i t a t i o n  f u n c t i o n s  combined 
w i t h  known n u c l e a r  r e a c t i o n  sys temat i cs  t o  compute unknown c r o s s - s e c t i o n s  f o r  
up t o  19 d f f e r e n t  r e a c t i o n  t ypes  f o r  p roduc t  i s o t o p e s  w i t h  atomic numbers i n  
t h e  r e g i o n  Z = 21  t o  Z = 83. 
success fu l  a t  p r e d i c t i n g  accu ra te  e x c i t a t i o n  f u n c t i o n s ,  p r o v i d e d  t h e  p roduc t  
n u c l e i  a r e  n o t  t o o  f a r  f rom s t a b i l i t y .  A f u r t h e r  l i m i t a t i o n  i s  t h e  i n a b i l i t y  
of t h e  code t o  p r e d i c t  independent i s o m e r i c  y i e l d s .  
done on t h e  b a s i s  o f  s p i n  s e l e c t i o n  f a c t o r s ,  however, t h a t  was n o t  necessary 
f o r  any o f  t h e  i s o t o p e s  cons ide red  i n  t h i s  work. Only a few i s o t o p e s  o f  
impor tance l i e  o u t s i d e  t h e  atomic nu b e r  range covered by THRES2. These 

a v a i l a b l e  i n  t h e  open l i t e r a t u r e  f o r  e v e r y t h i n g  excep t  "Be. Code THRES2 
produces c r o s s - s e c t i o n  d a t a  i n  0.5 MeV i n t e r v a l s  f r o m  0 t o  20  MeV, making i t  
ve ry  s u i t a b l e  f o r  use i n  t h e  a c t i v a t i o n  c a l c u l a t i o n s  i n  t h i s  work. 

T h i s  code has been demonstrated t o  be reasonably  

T h i s  c o u l d  i n  p r i n c i p l e  be 

i n c l u d e d  3 9 A r ,  3 6 C l ,  14C, "Be, and '5 T. A p p r o p r i a t e  ex e r i m e n t a l  d a t a  was 

5.3 NEUTRON FLUX INFORMATION 

Thermal and e p i t h e r m a l  neu t ron  f l u x  i n f o r m a t i o n  used i n  t h i s  work was 
taken  from t h e  A N I S N  c a l c d l a t i o n s  c a r r i e d  o u t  by Smith, Konzek and Kennedy 
(1978) and Oak e t  a l .  (1980). 
form by t h e  a u t h o r s  o f  t h o s e  r e p o r t s .  
PWR case. Neutron t h e r m a l i z a t i o n  v a r i e s  c o n s i d e r a b l y  w i t h  r a d i a l  d i s t a n c e  f r o m  
t h e  a x i a l  c e n t e r l i n e  o f  t h e  f u e l  zone, r e s u l t i n g  i n  a complex s i t u a t i o n  f o r  
n u c l e d r  a c t i v a t i o n .  T h i s  i s  i l l u s t r a t e d  i n  F i g u r e  5.2. The co r respond ing  
s i t u a t i o n  f o r  a BWR i s  shown i n  F igu res  5.3 and 5.4. A l l  c a l c u l a t i o n s  done i n  
t h i s  work were f o r  t h e  case o f  c o r e  a x i a l  midplane. An approx imate t o t a l  
i n v e n t o r y  can be o b t a i n e d  by i n t e g r a t i n g  t h i s  d a t a  ove r  t h e  a x i a l  n e u t r o n  
d i s t r i b u t i o n  as g i v e n  by t h e  A N I S N  c a l c u l a t i o n .  
neu t ron  spectrum t h e  m u l t i g r o u p  code DOT r e s u l t s  o f  G r i t z n e r  e t  a l .  (1977) were 
used and reno rma l i zed  such t h a t  t h e  i n t e g r a l  f l u x  above 1 MeV agreed w i t h  t h a t  
g i ven  by A N I S N  c a l c u l a t i o n s  shown i n  F i g u r e s  5.1 and 5.3. 

That i n f o r m a t i o n  was p r o v i d e d  i n  i t s  o r i g i n a l  
The da ta  i s  shown on F i g u r e  5.1 f o r  t h e  

I n  o r d e r  t o  o b t a i n  a f a s t  

5.4 RESULTS OF A C T I V A T I O N  CALCULATIONS 

An e x t e n s i v e  s e r i e s  o f  a c t i v a t i o n  c a l c u l a t i o n s  were c a r r i e d  o u t  i n  t h e  

I n  t h i s  d i scuss ion ,  a l l  r e s u l t s  a r e  
manner desc r ibed  above, u s i n g  t h e  average composi t ions o f  t h e  a p p r o p r i a t e  
m a t e r i a l s ,  as r e p o r t e d  i n  S e c t i o n  4.2. 
r e p o r t e d  f o r  c o r e  a x i  a1 midplane, u s i n g  volume averaged one-dimensional  n e u t r o n  
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ANISN C a l c u l a t i o n  f o r  Westinghouse PWR 
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t r a n s p o r t  da ta  f o r  t h e  components o f  i n t e r e s t .  R e s u l t s  a r e  r e p o r t e d  f o r  t h e  
most massive r e a c t o r  components, b o t h  i n t e r n a l  and e x t e r n a l ,  e x c l u s i v e  o f  t h e  
f u e l  i t s e l f .  Two r e f e r e n c e  geometr ies were used, a Westinghouse PWR and a GE 
BWR. 

5.4.1 I n t e r n a l s  

Tab le  5.1 l i s t s  t h e  c a l c u l a t e d  r e s u l t s  f o r  t h e  40 most s i g n i f i c a n t  
a c t i v a t i o n  p roduc ts  produced i n  a PWR shroud, co re  b a r r e l ,  t he rma l  pads and 
vessel  c ladd ing .  T h i s  rep resen ts  t h e  s p e c i f i c  a c t i v i t y  o f  each i s o t o p e  a t  t h e  
t i m e  of shutdown a f t e r  a 40 y e a r  o p e r a t i n g  h i s t o r y  a t  75% d u t y  f a c t o r .  Most o f  
t h e  a c t i v i t y  i s  l o c a t e d  i n  t h e  shroud, w i t h  a drop o f f  i n  s p e c i f i c  a c t i v i t y  o f  
about t h r e e  o r d e r s  of magnitude o u t  t o  t h e  vessel  c ladd ing .  The 6oCo l e v e l  i n  
t h e  shroud was c a l c u l a t e d  t o  be 0.13 Ci/gm based on an average c o b a l t  concen- 
t r a t i o n  o f  1414 ppm. Smith, Konzek, and Kennedy (1978) c a l c u l a t e d  0.12 Ci/gm 
u s i n g  an upper bound f o r  t h e  Co c o n t e n t  o f  1500 ppm. I n  t h i s  work i t  was found 
t h a t  t h e  Co c o n t e n t  o f  s t a i n l e s s  s t e e l  can be up t o  t w i c e  t h a t  h i g h  a f f e c t i n g  
t h e  6oCo i n v e n t o r y  co r respond ing ly .  
t h e  most abundant i s o t o p e s  as a f u n c t i o n  o f  t i m e  on t h e  decommissioning and 
d i s m a n t l i n g  t i m e  scale.  The s i t u a t i o n  i s  h e a v i l y  dominated by o n l y  a few 
i so topes .  
20 yea rs ;  however i t  w i l l  dominate t h e  gamma dose f o r  80 t o  100  yea rs .  A f t e r  
about 100 yea rs ,  94Nb becomes t h e  dominant gamma e m i t t e r  w i t h  a sma l l  c o n t r i -  
b u t i o n  f rom 59Ni.  
a f t e r  about o n l y  20 years.  N i c k e l - 6 3  w i l l  be dominan f o r  t h e  f i r s t  few 
hundred y e a r s ,  a f t e r  which t h e  s t e e l  c o n t a i n s  m a i n l y  "Ni f o r  s e v e r a l  hundred 
thousand years.  
cons ide red  a l o n g - t e r m  d i s p o s a l  t i m e  sca le .  F i g u r e s  5.7, 5.8, and 5.9 
i l l u s t r a t e  b a s i c a l l y  t h e  same s i t u a t i o n  f o r  t h e  c o r e  b a r r e l ,  t he rma l  pads, and 
vessel  c ladd ing ,  w i t h  dec reas ing  l e v e l s  o f  a c t i v i t y  w i t h  i n c r e a s i n g  d i s t a n c e  
f rom t h e  core.  M ino r  d i f f e r e n c e s  i n  t h e  p a t t e r n s  r e s u l t  f r o m  changes i n  
n e u t r o n  t h e r m a l i z a t i o n  f o r  d i f f e r e n t  p a r t s  o f  t h e  r e a c t o r .  T h i s  r e s u l t s  i n  a 
somewhat i n c r e a s e d  impor tance f o r  1 4 C .  Another i n t e r e s t i n  d i f f e r e n c e  on 
F i g u r e s  5.8 and 5.9 i s  t h e  appearance o f  minor  amounts o f  q52Eu i n  t h e  o u t e r  
p o r t i o n s  o f  t h e  r e a c t o r .  T h i s  i s  caused by t h e  d i m i n i s h i n g  impor tance o f  
burnup of 15'Eu as t h e  n e u t r o n  f l u x  drops o f f .  
c o n t r i b u t i o n ,  however, due t o  t h e  ve ry  l ow  abundance o f  europium i n  t h e  
s t a i  n l  ess s t e e l  

F i g u r e  5.5 s.hows t h e  s p e c i f i c  a c t i v i t y  o f  

Cobal t -60 dominates t h e  t o t a l  a c t i v i t y  from f i v e  y e a r s  t o  about 

The n i c k e l  i s o t o p e s  t e n d  t o  dominate t h e  t o t a l  a c t i v i t y  

The l a t t e r  case i s  i l l u s t r a t e d  i n  F i g u r e  5.6 wh ich  can be 

T h i s  s t i l l  r e p r e s e n t s  a t r i v i a l  

Table 5.2 g i v e s  t h e  e q u i v a l e n t  r e s u l t s  f o r  a BWR geometry. Due t o  t h e  
l a r g e r  s i z e  o f  t h e  core,  s p e c i f i c  a c t i v i t i e s  a re  s i g n i f i c a n t l y  l o w e r  i n  t h e  BWR 
case, ave rag ing  about a f a c t o r  o f  f o u r  l o w e r  i n  t h e  shroud and a f a c t o r  o f  
t h i r t e e n  lower  f o r  t h e  vessel  c ladd ing .  T h i s  i s  a b i t  d e c e p t i v e ,  however, 
s i n c e  t h e  l a r g e r  masses o f  t h e  BWR components p a r t i a l l y  o f f s e t s  t h e  l ower  
f l u x e s  i n  t h e  p r o d u c t i o n  o f  t h e  t o t a l  r a d i o n u c l i d e  i n v e n t o r y .  
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TABLE 5.1. A c t i v a t i o n  o f  PWR I n t e r n a l s  (C i /gm)  Type 304L 
S t a i n l e s s  Stee l  30 EFPY a t  Core A x i a l  Midplane 

I s o t o p e  H a l f  L i f e  ( y )  Shroud Core B a r r e l  
3T 

l 4 C  
3% 1 
39Ar  
4 1 ~ a  

53Mn 
54Mn 

55Fe 
5 9 N i  

6 3 N i  

7 9 ~ e  

81Kr 
85Kr  

6Oco 

6 5 ~ ~  

92mNb 

9 3 ~ r  
9 3 ~ o  
94Nb 

99Tc 

121mSn 

133Ba 

1OrnAg 

129* 

134c* 
135cs 

137cs 
1 4 5 ~ m  
14hh 

1 5 1 ~ m  

152Eu 
154Eu 

155Eu 
158Tb 
166mH, 

17rnHf 

205Pb 
233" 

239Pu 

12.3 
57 30 

3.0 E+5 

269 
1.03 E+6 

3.7 E+6 
0.85 

2.7 
8.0 E+4. 

5.272 
100 

0.67 
6.5 E+4 

2.1 E+5 
10.5 

29 
2.7 E+7 

9.5 E+5 

2.0 E+4 
2.1 E+5 

130 
50 

3500 

1.6 E+7 
10.4 

2.06 
2.3 E+6 

30.1 
17.7 
1.0 E+8 

93 

13 

8.6 
4.76 
150 

00 
30 

1.4 E+7 
1.6 E+5 

2.4 E+4 

1.0 E-5 

2.5 E-5 
5.1 E - 7  

<1.5 E-7 
4.7 E-9 

3.2 E-9 
6.5 E-3 

2.1 E - 1  
1.1 E-4 

1.3 E - 1  
1.8 E-2 

6.4 E-4 
6.1 E-10 

7.6 E-10 
(8.5 E-? 

2 E-6 
1.2 E-12 

1.1 E-10 
9.4 E-7 
4.0 E-7 
1.3 E-7 
<1 E17 

4.8 E-9 
<6 E-13 
<3 E-6 
<7 E-6 
<4 E - 1 1  

<2 E-6 
8.9 E-10 
1.0 E-16 
4.6 E-9 

0 
5.6 E-7 

4.1 E-7 
1.9 E-9 

1.6 E-7 
4.3 E-8 

1.8 E-12 
<3.6 E-10 

<7.0 E-9 
78 

9.6 E-6 
3.0 E-6 
6.4 E-8 

<8 E-9 
5.6 E-10 

2.1 E-10 
3.6 E-4 

2.4 E-2 
1.9 E-5 

1.4 E-2 
2.4 E-3 

4.5 E-5 
4.6 E - 1 1  

3.4 E-12 
1.9 E-8 

<5 E-9 
6.5 E-14 

3.9 E-12 
3.9 E-8 

2.9 E-8 
8.2 E-9 

(9 E-9 
3.4 E-10 

< l e 4  E-14 
<3 E-7 
<1 E-6 
<9 E-13 

<5 E-8 
1.4 E-10 

1.3 E-17 
4.5 E-9 

9.1 E-10 
6.0 E-7 

1.4 E-7 
1.7 E - I O  
1.3 E-8 
2.8 E-8 
1.3 E-13 

<1.0 E-10 

<2.3 E-9 

Vessel 
Thermal Pads C l a d d i n g  

2.2 E-6 

4.6 E-7  
1.0 E-8 

<4.2 E-10 
8.6 E - 1 1  

1.0 E-11 
1.8 E-5 

3.7 E-3 
3.0 E-6 

2.0 E-3 
3.8 E-4 

5.9 E-6 
4.7 E-12 

3.5 E-14 
9.5 E-10 

<2.6 E-9 
3.2 E-15 

2.9 E-13 
2.1 E-9 
3.0 E-9 
4.2 E-10 

<1.1 E-9 
1.7 E - 1 1  

<7.9 E-16 
<4.5 E-8 

<1.7 E-7 
<5.1 E-14 

<2.7 E-9 
2.2 E - 1 1  
6.7 E-19 
2.9 E-9 

1.7 E-7 
6.2 E-8 

5.0 E-9 
8.5 E-12 

1.1 E-9 
3.1 E-9 

1.3 E-14 
1.1 E - 1 1  
1.4 E-10 

3.3 E - 7  
6.6 E-8 
1.4 E-9 

6 E-10 
1.2 E - 1 1  
6.9 E-12 
1.2 E-5 

5.4 E-4 
4.3 E - 7  
3.3 E-4 
5.4 E-5 

9.9 E - 7  
1.2 E-12 

2.1 E-15 
1.3 E-10 

<3.6 E-10 
2.0 E-15 

8.6 E-14 
1.1 E-9 
7.5 E-10 
2.4 E-10 

<2.2 E-10 
1.1 E-11 

<1.1 E-16 
<7.1 E-9 
<2.3 E-8 
<7.8 E-15 

<4.2 E-10 
3.1 E-12 
4.3 E-19 
5.9 E-10 

7.6 E-8 
1.2 E-8 

5.2 E-10 
5.6 E-12 

3.0 E-10 
1.2 E-9 

3.4 E-15 
3.4 E-12 

9.6 E - 1 1  
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F I G U R E  5.8. A c t i v a t i o n  o f  PWR Thermal Pads Type 304 S t a i n l e s s  
Steel  30 EFPY 
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TABLE 5.2. A c t i v a t i o n  o f  BWR I n t e r n a l s  (Ci /gm) Type 304L S t a i n l e s s  
S t e e l  30 EFPY a t  Core A x i a l  Midplane 

I s o t o p e  

3T 
14c 
3 6 ~  1 
3 9 A r  
4 1 ~ a  
53Mn 
5%n 
55Fe 
59Ni  
6OCO 
63Ni  
6 5 ~ n  
7 9 ~ e  
81 K r  
85Kr 
90%- 
92mNb 
932 r 
9 3 ~ ~  

4Nb 
99 

12 lmSn 

133Ba 

1 o&Ag 

1291 

134cs 
135cs 
137cs 
1 4 5 ~ m  
1 4 6 ~ m  
151sm 
152Eu 
154Eu 
155Eu 
158-rb 
166rn~, 

&"Hf 
05Pb 

233" 
239Pu 

H a l f - L i f e  (Y) 

1.2 OE+01 

2.70Et02 

5.7 OE+03 
3.00E+05 

1.00E+05 
3.7 OE+06 

2.7 O E t  00 
8.00E+04 
5.30E+00 
1.00E+02 

6.50Et04 
2.1 OE+05 
1.1 OE+01 
2.9 OE+01 
2.7 OE+07 
9.50E+05 
3.50E+00 
2.00E+04 
2.1 OE+05 
1.30E+02 

8;50E-01 

6.70E-01 

5.00Et00 
1.6 OE+07 
l000E+01 
2.1 OE+OO 
2.3 OE+06 
3.00E+01 
1.80E+01 
1000E+08 
9.30E+Ol 
1.3 OE+01 
8.60E+00 
4.80E+oo 
1.5 OE+02 
1.20E+03 
3.00Et01 

1060E+05 
2.40E+04 

1.40E-07 
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Shroud 

1.30E- 05 
7.30E-06 
1.60E-07 
1.90E-08 
1.40E-09 
4.60E-10 
8.30E-04 
5.90E- 02 
4.30E-05 
3.2 OE-02 
5.7 OE- 03 
1.1 OE-04 
1.00E-10 

<1.60E-l l  
<5.80E-08 
<1.50E-07 

4.50E-14 
1.00E-11 
7.7 OE- 08 
6.3 1 E-08 
1.50E-08 

<2.00E-08 
7.6 OE-1 0 

C4.2 OE-14 
(7.40E- 07 
<2.40E-06 
Q.7 OE-12 
<1.50E-07 
c3.1 OE-1 0 

2.90E-17 
3.80E-09 
2.2 OE-14 
9.1 OE-07 
3.60E-07 
3.80E-10 
2.80E-08 

C3.7 OE-08 
2.9 OE-13 

<1.60E-10 
<2.70E-09 

Vessel 
C1 addi  ng 

2.50E-08 
4.9 OE- 09 
1. COE-10 
5.30E-11 
9.1 OE-13 
1.40E-12 
2.00E-06 
4.1 OE-05 
3.2 OE- 08 
2.40E-05 
4.00E-06 
7.1 OE-08 
1.7 OE-13 

<9.40E-18 
<9.00E-12 
<2.50E-ll 

3.80E-16 
1.2 OE-14 
7.7 OE-1 1 
4.9 OE-11 
1.50E-11 

<1.50E-11 
2.00E-12 

<7.60E-18 
<6.00E-10 
<1.70E-09 
<6.40E-16 
~ 3 . 5  OE- 1 1 
~ 2 . 3  OE-13 
7.90E-20 
3.1 OE-1 1 
6.7 OE-09 
8.00E-10 
2.9 O E - 1  1 
1.1 OE-12 
1.90E-11 

<7.50E-11 
4.5 OE-16 

<2.2 OE- 13 
<5.80E-12 



5.4.2 Pressure Vessel Wall  

Tab le  5.3 l i s t s  c a l c u l a t e d  a c t i v i t i e s  i n  p ressu re  vessel  w a l l s  f o r  b o t h  
PWR and BWR geometr ies.  The BWR case r e s u l t s  i n  s p e c i f i c  a c t i v i t i e s  about a 
f a c t o r  o f  15 l ower  as p r e v i o u s l y  discussed. The a c t i v a t i o n  p a t t e r n  i s  s i m i l a r  
t o  s t a i n l e s s  s t e e l  w i t h ,  however, a d i m i n i s h e d  impor tance f o r  t h e  Co and N i  
i s o t o p e  One i n t e r e s t i n g  consequence o f  t h i s  i s  t h a t  a f t e r  about 80 y e a r s  
decay, '52Eu a c t u a l l y  dominates t h e  gamm a c t i v i t y .  That would o n l y  be t r u e  
f o r  about 20 t o  30 y e a r s  a t  which p o i n t  g4Nb becomes t h e  dominant gamma 
e m i t t i n g  i s o t o p e  w i t h  no f u r t h e r  s i g n i f i c a n t  decay o c c u r r i n g  on a h i  s t o r i c a l  
t i m e  scale.  T h i s  s i t u a t i o n  i s  demonstrated on F i g u r e s  5.10 and 5.11. 
F i g u r e  5.11 appears somewhat more complex t h a n  t h e  e q u i v a l e n t  case f o r  
s t a i n l e s s  s t e e l .  T h i s  i s  somewhat o f  an a r t i f a c t  o f  t h e  p l o t t i n g  method which 
i s  c o n f i n e d  t o  f o u r  decades o f  r e l a t i v e  i m p o r t  ce. t o  t h e  l ower  abundance 
o f  N i  i n  carbon s t e e l  , o t h e r  i s o t o p e s  such as 'IC andDYgC1 become more 
noteworthy on t l o n g  t i m e  sca le ,  however, t h e  a b s o l u t e  l e v e l s  a r e  ve ry  low. 
I n  t h e  case of '% i n  a PWR vessel  w a l l .  Fo r  example, c a l c u l a t e d  l e v e l s  f a l l  
more t h a n  a f a c t o r  o f  500 below Class A d i s p o s a l  l i m i t s .  

5.4.3 B i o s h i e l d  Concrete 

A c t i v a t i o n  l e v e l s  o f  PWR b i o s h i e l d  conc re te  a t  t h e  t i m e  o f  shutdown a r e  
g i ven  i n  Table 5.4 f o r  seve ra l  depths,  i n  t h e  b i o s h i e l d .  The maximum a c t i v a -  
t i o n  occu rs  between 1 0  and 20 cm f r o m  t h e  i n n e r  s u r f a c e  f o r  most i s o t o p e s  due 
t o  neu t ron  t h e r m a l i z a t i o n  by t h e  concrete.  A c t i v a t i o n  l e v e l s  f o r  t h e  decommis- 
s i o n i n g  and d i s p o s a l  t i m e  s c a l e s  r e s p e c t i v e l y  a r e  shown on F i g u r e s  5.12 and 
5.13. These p l o t s  a re  conspicuously  more complex t h a n  t h e  co r respond ing  p l o t s  
f o r  s t e e l s .  T h i s  i s  due t o  t h e  much more complex m i x t u r e  o f  major ,  minor ,  and 
t r a c e  elements found i n  t h e  g e o l o g i c a l  m a t e r i a l s  f rom which c o n c r e t e  i s  f a b r i -  
cated. On t h e  100 y e a r  t i m e  s c a l e  t h e  t o t a l  a c t i v i t y  i n  c o n c r e t e  i s  dominated 
by t r i t i u m .  t h e  l ong - te rm d i s p o s a l  sca le ,  t h e  t o t a l  a c t i v i t y  i s  c o m p l e t e l y  
dominated by "Ca, compr i s ing  about 9 
100-year t i m e  s c a l e  i s  m a i n l y  due t o  q'2Eu w i t h  sbCo b e i n g  o f  r e l a t i v e l y  m ino r  
impor tance a f t e r  t h e  f i r s t  20 years.  
gamma a c t i v i t y  f o r  seve ra l  hundred y e a r s  a f t e r  which t i m e  t h e  m a t e r i a l  w i l l  be 
e s s e n t i a l l y  n o n r a d i o a c t i v e  w i t h  r e s p e c t  t o  gamma r a y  emiss ion.  The comparable 
d a t a  f o r  a BWR a r e  g i v e n  i n  Table 5.5. A c t i v a t i o n  l e v e l s  a r e  reduced by about 
one o r d e r  o f  magnitude due t o  t h e  g r e a t e r  d i s t a n c e  f rom t h e  c o r e  cen te r .  

o f  t h e  t a l .  Gamma a c t i v i t y  on t h e  

Europium-152 w i l l  i n  f a c t  dominate t h e  

5.4.5 Rebar 

A c t i v a t i o n  o f  r e b a r  was cons ide red  independen t l y  i n  t h i s  s tudy.  Es t ima tes  
o f  t h e  r e l a t i v e  p r o p o r t i o n  o f  r e b a r  t o  conc re te  a r e  d i f f i c u l t  t o  o b t a i n .  An 
examina t ion  o f  t h e  b l u e p r i n t s  f o r  t h e  WNP No. 1 Reac to r  p r o j e c t ,  f o r  example, 
showed an e s t i m a t e d  we igh t  percentage o f  r e b a r  of about l o%,  however, t h i s  i s  
v e r y  u n c e r t a i n  and v a r i e s  c o n s i d e r a b l y  w i t h  l o c a t i o n .  Tab le  5.6 * l i s t s  t h e  
c a l c u l a t e d  r e s u l t s  f o r  PWR b i o s h i e l d  rebar .  The t i m e  dependent l e v e l s  a r e  
i l l u s t r a t e d  i n  F i g u r e s  5.14 and 5.15. 
vessel  w a l l  b u t  a t  reduced l e v e l s .  The comparable s i t u a t i o n  f o r  a BWR i s  g i v e n  
i n  Tab le  5.7. As was t h e  case w i t h  t h e  concrete,  a c t i v a t i o n  l e v e l s  a r e  reduced 
about a f a c t o r  o f  10 r e l a t i v e  t o  a PWR. 

The p a t t e r n  i s  s i m i l a r  t o  t h a t  o f  t h e  
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TABLE 5.3. 

I s o t o p e  

3 
14, 
3% 1 
39Ar  
4 k a  
53Mn 
5 4 ~ n  
55Fe 
59Ni  
6oco 
63Ni  
6 5 ~ n  
7 9 ~ e  
81Kr 
85Kr  
9% 
92mNb 
9 3 ~ r  
9 3 ~ 0  
94Nb 
999Tc 

12 l m S n  

3Ba 
12g1 

134cs 
135cs 
137cs 
1 4 5 ~ m  
1 4 6 ~ m  
151sm 
152Eu 

54Eu 
155Eu 
158Tb 
166mH0 
178mHf 
205Pb 
233" 
239Pu 

A c t i  v a t i  on o f  Pressure Vessel Wal l  s ( C i  /gm) 
30 EFPY a t  Core A x i a l  Midplane 

H a l f - L i f e  (Y) 

1.2 OE+01 
5.7 OE+03 
3.00Et05 
2.70E+02 
1.00E+05 
3.70E+06 

2.7 OE+OO 
8.00Et04 
5.30E+00 
1.00Et02 

6.50E+04 
2.1 OE+05 
1.1 OEt01 
2.9 OE+01 
2.7 OE+07 
9.50Et05 
3.5 OE+OO 
2 . 00E+04 
2 . 1 OE+05 
1.30E+02 
5 . 00E+00 
1.60Et07 
1.00E+01 
2.10E+00 
2.3 OEt06 
3.00E+01 
1.80E+U1 
1.00E+08 
9 . 3 OE+01 
1.30Et01 
8.60E+00 

1.5 OEt02 
1.20E+03 
3 . 00E+01 

1.60E+05 
2.40E+04 

8.5 OE- 01 

6.70E-01 

4.8OE+oo 

1 . 40E-07 

PWR BWR 
~ 

1.30E-05 
7 30E- 06 
1.6OE-07 
1 . 9 OE- 08 
1.4OE-09 
4.6OE-10 
8.3OE-04 
5.90E- 02 
4.3 OE- 05 
3.2OE-02 
5.7 OE-03 
1.1 OE-04 
1 . 00E-10 

<1.6OE-11 
<5.80E-08 
<1 . 50E-07 

4.5 OE-14 
1.OOE-11 
7.7OE-08 
6.31E-08 
1.5OE-08 

<2 . OOE- 08 
<7.60E-18 
<4.20E-14 
<7.40E-07 
<2.40E-06 
<2 . 7 OE- 12 
<1.50E-07 
<3.1 OE-10 
2.90E- 1 7  
3.80E- 09 
2.20E-14 
9 . 1 OE-07 
3.60E-07 
3.80E-10 
2 . 80E- 08 

<3.7 OE-08 
2 . 90E-13 

<1.60E-10 
C2.7 OE- 09 

2.50E-08 
4.9 OE- 09 
1.00E-10 
5.30E-11 
9.1 OE-13 
1.40E-12 
2.00E-06 
4.10E-05 
3.2 OE-08 
2.40E- 05 
4.00E-06 
7.10E-08 
1.70E-13 

(9.40E-18 
<9.00E-12 
<2.5 OE- 1 1 

3.80E-16 
1 . 20E-14 
7.70E-11 
4.90E-11 
1.5 OE-11 

<1.50E-l l  
2.00E-12 

(7.6 OE- 1 8 
<6.00E-10 
<1.70E-09 
<6.40E-16 
<3.50E-11 
<2.30E-13 

7 90E-2 0 
3.1 OE-11 
6.70E-09 
8.00E-10 
2.90E-11 
1 1 0e-12 
1.90E-11 

<7.50E-l l  
4.50E-16 

<2.2 OE-13 
<5.80E-12 
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YEARS AFTER SHUTDOWN 

FIGURE 5.10. PWR Vessel Wall 30 EFPY - Decommissioning Time Scale 
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TABLE 5.4. A c t i v a t i o n  o f  PWR B i o s h i e l d  (Ci /gm) Average Concrete 
30 EFPY a t  Core A x i a l  Midplane 

I s o t o p e  
3T 
14r 
36; 1 
3 9 A r  
41Ca 
53Mn 
5 4 ~ n  
55Fe 
5 9 N i  
6Oco 
6 3 N i  
6 5 ~ n  
7 9 ~ e  
81 K r  
85Kr  
9 0 ~ r  
92mNb 
9 3 ~ r  

94Nb 
99 

121rnSn 

33Ba 

9 3 ~ ~  

1 OB,, 
1291 

134cs 
135cs 
137cs 
145Pm 
1 4 6 ~ m  
151~m 

52Eu 
4Eu 

155Eu 
158Tb 
166mHo 
17%Hf  
'05Pb 
233" 
239Pu 

H a l f - L i f e  (Y)  
1.20Et01 
5.7 OEt03 
3.00Et05 
2.70Et02 
1.00Et05 
3.7 OEt06 

2.70Et06 
8.00Et04 
5.30Et00 
1.00E+02 

2.1 OEt05 
1.1 OEt01 
2.90Et01 
2.7 OEt07 
9.50Et05 
3.50Et00 
2.00Et04 
2.1 OEt05 
1.3 O E t  02 
5.00Et00 
1.60E+07 
1.00Et01 
2.1 O E t  00 
2.30Et06 
3.00Et01 
1.80Et01 
1.00Et08 
9.30E+01 
1 . 30E+01 
8.60E+00 
4.80EtOO. 
1.50Et02 
1.20E+03 
3.00E+01 
1.40Ei-07 
1.60E+05 
2.40Ei-04 

8.50E- 01 

6.70E-01 
6.50Et04 

I n n e r  Edge 
5.00E-06 
1.7 OE- 09 
9.80E-11 
2.7 OE-08 
1.20E-08 
1.70E-14 
2.80E-08 
2.90E-06 
1.60E-11 
2.2 OE-07 
2.00E-09 
2.20E-08 
2.30E-15 
1.1 OE-16 
4.30E-11 
4.5 OE-1  1 
1.40E-18 
3.00E-14 
1.20E-12 
7.50E-12 
2.80E-13 

<3 60E-12 
<6.50E-13 

1.40E-17 
1.30E-09 
8.3 OE- 09 
9.50E-16 
5.1 O E - 1  1 
5.90E-12 
3.90E-19 
1.40E-09 
2.40E-07 
5.60E-08 
1.7 OE- 09 
2.20E-13 
3.3 OE-1 1 
3.40E-10 
2.80E-16 
2.80E-12 
4.00E-11 

1 0  cm 
8.3 OE-06 
2.80E- 09 
1.50E-10 
1.20E-08 
1.90E-08 
7.40E-15 
1.2 OE-08 
4.70E-06 
2.60E-11 
3.60E- 07 
3.3 OE- 09 
2.5 OE- 09 
2.80E-15 
5.50E-17 
4.2 OE-11 
7.3 O E - 1  1 
1.20E-19 
2.9 OE-14 
5.60E-13 
5.3 OE- 1 2 
1.40E-13 

<3.20E-12 
~ 5 . 2  OE-13 

2.2 OE-17 
2.00E-09 
1.60E-08 
1.40E-15 
7.60E-11 
9 . 80E-12 
1.7 OE-19 
1.40E-U9 
3.90E- 07 
4.80E-08 
1.30E-09 
9.60E-14 
3.90E-11 
1.80E-10 
2.7 OE-17  

1.70E-11 
1.20E-11 

24 cm 
4.40E-06 
1.50E- 09 
7.90E-11 
3.1 OE-09 
1.00E-08 
1.90E-15 
3.1 OE-09 
2.50E- 06 
1.40E-11 
1.7 OE-07 
1.70E-09 
1.20E- 08 
1.40E-15 
7.60E-18 
1.7 O E - 1 1  
3.80E- 11 
1.90E-19 
1.30E-14 
1.40E-13 
2.00E-12 
3.7 OE-14 

<1.40E-12 
<1.80E-13 

1.20E-17 
1.00E-09 
8.70E-09 
7.50E-16 
4.00E-11 
5.2 OE-12 
4.40E-2 0 
6.1 OE-1 0 
2.1 OE-07 
2.00E-08 
5.00E-10 
2.5 OE-14 
1.3 OE- 1 1 
5.3 OE-11 
1.2 OE-16 
5.70E-13 
3.7 OE-12 

55 cm 
2.5 OE-07 
8.30E-11 
4.40E- 12 
1.60E-10 
5.60E-10 
1.00E-16 
1.70E-10 
1.40E-07 
7.90E-13 
9.2 OE- 09 
9.80E-11 
6.40E-10 
7.90E-17 
1.70E-20 
9.40E-13 
2.10E-12 
1.00E-2 0 
7.00E-16 
4.40E- 15 
9.40E-14 
1.30E-15 

<7.30E-14 
<1.20E-14 

6.60E-19 
5.70E-11 
4.9 OE- 1 0  
4.2 OE-17 
2.20E-12 
2.90E-13 
2 30E-2 1 
3.1 O E - 1 1  
1.2 OE- 08 
1.00E-09 
2.40E-11 
1.3 OE-15 
5.6 OE- 13 
2.1 OE-12 
6.60E-18 
2.50E-14 
9.3 OE- 1 4  
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TABLE 5.5. A c t i v a t i o n  o f  BWR B i o s h i e l d  (Ci/gm) Average Concrete 
30 EFPY a t  Core A x i a l  Midplane 

I s o t o p e  

3T 

14c 

3 6 ~ 1  

41Ca 

3 9 A r  

53Mn 

54Mn 
55Fe 

5 9 N i  
6OCO 

6 3 N i  
6 5 ~ n  

79Se 

81Kr 
8 5 K r  
9 0 ~ r  

92mNb 

9 3 ~ r  

9 3 ~ 0  
94Nb 

"Tc 

121mSn 
1 O h A g  

1291 

134cs  

135cs 
137cs  
145p, 

146sm 

l 5 l S r i l  

1 3 3 ~ ~  

1 5 2 ~ ~  

54Eu 

155Eu 

158Tb 
166m~, 

17&Hf 
205Pb 
233" 

239P" 

I n n e r  t d y e  

4. WE-07 

1 .70 t -10  

1.10E-11 

4.70E-09 

1.10E-09 

3.80E-15 

4.90E-09 

2.90E0-07 

1.60E- 12 

2.80E-08 

2.00E-10 

2.00E-09 

3.20E-16 

7.20E-19 

6.30E-12 
4.30E-12 

3.70E-19 

2.90E-15 

9.40E- 14 

6.10E-13 

2.20E-14 

<3.10E-13 

<1.20E-13 

1.30E-18 

1.30E-10 

8.50E-10 

9.90E-17 

5.30E-12 

5.80E- 13 

8.20E-20 

1.20E-10 

2.40E-08 

4.70E-09 

1.40E-10 

4.80E- 14 

5.10E-12 

2.70E-11 

3.40E-17 

2.20E-13 

3.10E-12 

10 cin 
8.60E- 07 

2.90E-10 

1.60E-11 

1.9 OE - 09 

2.00E-09 
1.50E-15 

2.00E-09 

4.90E-07 

2.70E-12 

3.5OE-08 

3.40E-10 

2.50E-09 

3.30E-16 

4.50E-19 

4.60E-12 
7.40E-12 

2.10E-19 

2.90E-15 

4.50E- 14 

4.70E-13 

1.10E-14 

<3.10E-13 

<7.40E-14 

2.30E-18 

2.10E-10 

1.70E-09 

1.50E- 16 

8.00E-12 

1.00E-12 

3.30E-20 

1.30E- 10 

4.20E-08 

4.50E-09 

1.20E-10 

2.00E-14 

3.30E-12 

1.50E- 11 
3.00E-17 

1.50E-13 

1.30E- 12 
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20 Cln  

6.50E-07 

2.20E-10 

1.20E-11 

8.30E-10 

1.50E-09 

6.70E-16 

8.7OE-10 

3.60E-07 

2.00E-12 

2.50E-08 

2.50E-10 

1.70E-09 

2.20E-16 

1.60E-19 

2.90E-12 

5.60E-12 

6.50E-20 

2.00E-15 

2.00E-14 

2.90E-13 

5.20E-15 

<2.10E-13 

<4.30E-14 

1.70E-18 

1.50E- 10 
1.30E-09 

1.10E-16 

5.90E- 12 

7.60E-13 

1.50E-20 

8.50E-11 

3.20E-08 

3.00E-09 

7.10E-11 

8.60E-15 

1.80E-12 

7.60E- 12 

2. OOE- 1 7  
8.10E-1.4 

5.20E-13 

3 0  ciri 

3.40E-07 

l . lOE-10  

6 .  OOE- 12 

3.20E-10 

7.60E- 10 
2.  W E - 1 6  

3.30E-10 

1.90E-07 

1.10E-12 

1.30E-08 

1.30E-10 

8.70E-10 

1.1UE-16 

3.40E-20 

1.40E- 12 

2.90E-12 

2.4OE-20 

9.7UE-16 

7.2UE- 15 

1.30E- 13 

2.0OE-15 
<1.00E-13 

<2.00E-14 

8.90E-19 

7.80E- 11 
6.60E-10 

5.70E-17 

3.00E-12 

4. OOE- 13 

5.50E-21 

4.20E-11 

1.60E-08 

1.4OE- 09 

3.30E-11 

3.20E-15 

8.10E-13 

3.10E-12 

9.50E- 18 

3.60E- 14 

1.60E-13 

60  crii 

1.73E-08 

5.78E-12 

3.15E-13 

2 .65 t -11  

3 .Y lE-11 
2.14E-17 

2.7bE-11 

9.66E-09 

5.47E-14 

6.41E-10 

6.81E-12 

4.4YE-11 

6.16E-18 

8.69E-23 

8.06E-14 
1.49E- 13 

2.10E-21 

5. U7E-17 

3.56E-16 

6.72E-15 

9. WE-17  
<5.13E-15 

<1.23E-15 

4.58E-20 

4.03E-12 

3 .41E l l  

2.97E-18 

1.58E- 13 

2.04E-14 

4.61E-22 
2.14E-12 

8.44E-10 

7.35E-11 

1.69E-12 

2.71E-16 

4.09E-14 

1.56E- 1 3  

5.20E-19 

1.80E-15 

7.81E-15 



I s o t o p e  
3 
14, 
3", 
3 9 ~ r  
4 1 ~ a  

'r4n 
54Mn 
55Fe 
5 9 N i  
6oco 
6 3 N i  
65Zn 
7 9 ~ e  
81Kr 
85Kr 
90s r 
9 2 9 h  
93Zr 

135cs 

239Pu 

TABLE 5.6. A c t i v a t i o n  o f  PWR B i o s h i e l d  (Ci/gm) Average Rebar 
30 EFPY a t  Core A x i a l  Midplane 

Hal f - L i  f e  ( Y )  
1.20E+01 
5.70E+03 
3.00Et05 
2.70Et02 
1.00Et05 
3.70E+06 

2.70E+00 
8.00Et04 
5.30Et00 
1.00Et02 
6.70E-01 
6.50Et04 
2.10Et05 
1.10Et01 
2.90Et01 
2.70Et07 
9.50Et05 
3.50Et03 
2.00Et04 
2.10E+05 
1.30Et02 
5.00Et00 
1.60E+07 
1.00E+01 
2.10E+00 
2.30E+06 
3.00E+01 
1.80E+01 
1.00E+08 
9.30Et01 
1.30Et01 
8.60E+00 
4.80E+00 
1.50E+02 
1.20E+03 
3.00E+01 
1.40E+07 
1.60E+05 
2.40E+04 

8.50E-01 

I n n e r  Edge 
2.50E-08 
1.10E-09 
6.70E-14 
1.40E- 10 
3.20E-12 
4.30E-13 
7.00E-07 
7.30E-05 
4.50E-10 
3.40E-06 
5.50E-08 
2.00E-08 
4.60E-15 

<4.50E-17 
<2.10E- l l  
<1 .50E- l l  
<l. 9OE-17 

4.50E-15 
2.50E- 11 

< 7. OOE- 11 
5.70E-12 
7.60E-11 
2.00E-12 

(4.60E-18 
< 5.40E- 10 
<3.80E-09 
<3.20E-16 
<le 70E-11 
<le 20E- 13 
<7.20E-21 
<2.80E- l l  
<3.90E-O8 

9.10E-09 
<4.10E-l l  
< 5.40E- 13 
<2.80E- 11 
< 1.20E-10 
<4.20E-16 
<4.80E-13 
<la 30E-11 

10 cm 24 cm 
4.10E-08 
1.80E-09 
2.90E-14 
6.20E- 11 
5.20E- 12 
1.90E-13 
3. UOE-07 
1.20E-04 
7.40E-10 
3.70E-06 
9.30E-08 
2.20E-08 
5.50E-15 

<2.30E-17 
<1 .50E- l l  
<2 .40E- l l  
< 5.80E- 18 

4.80E- 15 
1.20E-11 

<4 .90E- l l  
2.60E-12 
6.80E-11 
8.40E-13 

<8. UOE-18 
<8.20E-10 
<7.30E-09 
<4.80E-16 
< Z e 6 0 E - l l  
<2.00E-13 
<3.40E-21 
<2.90E- 11 
<6.40E-08 
<7.,80E-09 
<3.60E- 11 
<2.30E-13 
<le 70E- 11 
<6.70E- l l  
<4.00E-16 
<2.90E-13 
<5.80E-12 

2.20E-08 
9.50E- 10 
7.60E- 15 
1.6OE-11 
2.70E-12 
4.90E-14 
7.90E-08 
6.20E-05 
4.00E-10 
1.80E-06 
4.90E-08 
1.10E-08 
2.80E-15 

<3.20E-18 
<6.30E-12 
<1.3OE-l l  
<1.50E-18 

2.10E-15 
2.90E- 12 
<le 80E- 11 
6.10E-13 
3.00E-11 
2.2OE-13 

<3.90E- 18 
<4.30E-10 
<4.00E-09 
<2.50E-16 
<le 30E-11 
<1.10E-13 
<8.80E-22 
<le 30E-11 
<3.50E-08 
<3.30E-09 
<1.20E- l l  
<6.10E-14 
<5.70E-12 
<1 .90E- l l  
<1.80E-16 
<9.70E-14 
<1.20E-12 

55 cm 

1.30E-09 
5.40E- 11 
4.00E-16 
8.70E-13 
1.50E-13 
2.50E-15 
4.20E-09 
3.50E-06 
2.20E-11 
9.6OE-08 
2.80E-09 
5.70E-10 
1.60E-16 

<7.0OE-21 
<3.50E-13 
<7.10E- 13 
<7.90E-20 

1.10E-16 
9.60E- 14 

<8.70E-13 
1.8UE- 14 
1.50E-12 
1.20E- 14 

<2.20E-19 
<2 .40E- l l  
<2.30E-10 
<l. 40E-17 
<7.40€- 13 
<5.90E-15 
<4.60E-23 
<6.30E-13 
<2.0UE-09 
<le  70E-10 
<4.90E-13 
<3.20E-l5 
<2.50E-13 
<7.6OE-13 
<9.80E- 18 
<4.30E-15 
<3.10E-14 
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F I G U R E  5.14. PWR Bioshield Rebar - 10 cm Depth 30 EFPY - 
Decommissioning Time Scale 

94 



10-7  

t 

10-9 

10-10 

IO-’ 

-- - UPPER LIMIT 

10-12 

YEARS AFTER SHUTDOWN 

F I G U R E  5.15. PWR B i o s h i e l d  Rebar - 1 0  cm Depth 30 EFPY - 
Low Term Disposal  Time Scale 

95 



I s o t o p e  

99 

121mS, 

1 3 3 B ~  

1 o&A, 

1 2 g 1  

1 3 4 c s  
135cs  
137cs  
145Pm 
1 4 6 ~ m  
151sm 
15'Eu 
154Eu 
155Eu 

58Th 
166mH0 
"-Hf 
205Pb 
233" 

239P" 

TABLE 5.7. A c t i v a t i o n  o f  BWR B i o s h i e l d  (Ci/gm) 
30 EFPY a t  Core A x i a l  Midplane 

H a l f - L i f e  ( Y )  

1,20E+01 
5.70E+03 
3.00E+05 
2.70E+02 
l.OUE+05 
3.70E+06 

2.70E+00 
8.00E+04 
5.30E+00 
1.00E+02 

6.50E+04 
2.10E+05 
l . l O E + O l  
2.90E+01 
2.70E+07 
9.50E+05 
3.50E+00 
2.00E+04 
2.10E+O5 
1.30E+02 
5.00E+01 
1.60E+07 
1 . 0 0 E t 0 1  
2.10E+00 
2.30E+06 
3.00E+01 
1.80E+01 
1.00E+08 
9.30E+01 
1.30E+01 
8 .60Et00  
4.80E+00 
1.50E+02 
1.20E+03 
3.00E+01 
1.40E+07 
1.60E+05 
2.40E+04. 

8 .50E-01 

6.70E-01 

Inner Edye 

2.46E-0Y 
1.06E-10 
1.17E-14 
2.49E-11 
3.13E-13 
Y.48E-14 
1.23E-07 
7.19E-06 
4.42E- 11 
2.98E-07 
5.40E-09 
1.77E-09 
6.64E-16 

<3.01E-19 
<3.21E-12 
<1.43E-12 
<2.95E-18 
<4.30E-16 

1.99E-12 
<5.69E-12 

4.46E-13 
6.47E-12 
3.90E-13 

<4.40E-19 
<5.53E-11 
<3.93E-10 
<3.42E-17 
<la 86E- 12 
<1.86E-14 
<1.64E-21 
<2.37E-12 
<3.92E-09 
<7.74E-10 
<2.83E- 12 
<1.18E-13 
<2.25E-12 
<9.81E-12 
<5.04E-17 
<3.85E-14 
<1.02E-12 

10 crn 
4.31E-09 
1 . 8 5 t - 1 0  
4.72E-15 
1.00E-02 
5.36E-13 
3.85E-14 
4.97E-08 
1.22E-05 
7.69E-11 
3 .71 t -07  
9.52E-09 
2.21E-09 

6.55E-165 
<1.86E-19 
<2.00E-12 
<2.48E- 12 
<l. 20E-18 
<5.00E-16 

9.6UE-13 
<4.40E-12 

2.10E-13 
6.50E-12 
1.58E- 13 

<7.70E-19 
<8.065E-11 

<7.70E-10 
<5.10E-17 
<2.70E-12 
<2.04E- 14  
<6.6UE-22 
<2.60E-12 
<6.90E-09 
<7.70E-10 
<2.40E-12 
<4.80E-14 
<1.50E-12 ' 

< 5.60E- 12 
<4.44E-17 
<2.50E-14 
<4.44E-13 

20 cln 

3.23E-09 
1.3YE-10 
2.07E-15 
4.41E-12 
4.00E-13 
1.68E- 14  
2.18E-08 
9. 08E-06 
5.75E-11 
2.60E-07 
7.13E-09 
1.55E-09 
4.43E-16 

<6.606-20 
< 1.20E- 12 
<1.85E-12 
<5.20E-19 
<3.10E-16 

4.20E-13 
<2.65E-12 

8.7OE-14 
4.30E-12 
6.90E-14 

<5.7UE-19 
< 6 . 3 0 E - l l  
<5.80E-10 
< 3 . 7 0 E - l l  
<2.00E-12 
<1.50E-14 
<2.90E-22 
<l. 75E-12 
<5.20E-09 
<4.80E-10 
<1.50E-12 
<2.10E-14 
<8.20E-13 
<2.80E- 12 
<2.90E-17 
<1.40E-14 
<1.70E-13 

Average Rebar 

30 crn 

1.68E-09 
7.21E-11 
7.78E-16 
1.66E-12 
2.07E-13 
6.3UE-15 
8.2UE-09 
4.70E-06 
2.YYE-11 
1.30E-07 
2.7UE-OY 
7.80E-10 
2.20E-16 

<1.40E-20 
<5.30E-13 
<9.60E-13 
<2.70E-19 
<1.50E- 16 

1.50E-13 
<1.20E-12 

3. WE-14 
2.10E-12 
2.60E- 14 

<3.00E- lY 
< 3 . 3 0 E - l l  
<3.10E-10 
< 1.90E- 17  
<1. OOE- 12 
<7.90E-15 
<l. 10E-22 
<8.60E-13 
<2.70E-09 
<2.40E- 10 
<6.90E-13 
<7.90E-15 
<3.60E-13 
<1.13E-12 
<1.40E-17 
<6.10E-15 
<5.40E- 14 

60 cm 

8.60E-11 
3 . 7 0 t - 1 2  
6.60E- 1 7  
1.40E-13 
l . l O E - 1 4  
5.40E - 16 
6. Y0E- 10 
2.40E-07 
1.50E-12 
6.70E-09 
1. Y O E -  10 
4.OUE-11 
1.20E- 1 7  

<3.60E-23 
<3.30E-14 
< 5 .  OOE- 14 
<2.20E-20 
<8.60E-18 

7.5UE-15 
<6.30E-14 

1.5OE-15 
1. lOE-13 
2.20E-15 
<la 50E-2U 
<1.70E-12 
< 1 . 6 0 E - l l  
1. OOE- 18 

<5.30E-14 
<4.20E-16 
<9.20E-24 
<4.40E-14 
<1.40E-10 
< 1 . 2 0 E - l l  
<3.40E-14 
<6.60E-16 
<le 80E- 14 
<5.7UE-14 
<7.70E-19 
<3. N E - 1 6  
<2.60E-15 
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A comparison between maximum a c t i v a t i o n  l e v e l s  i n  t h e  c o n c r e t e  m a t r i x  and 
Fo r  most a c t i v a t i o n  produc ts ,  t h e  t h e  assoc ia ted  reba r  i s  g i ven  i n  Tab le  5.8. 

conc re te  m a t r i x  tends t o  dominate. Except ions a r e  those i so topes  produced f rom 
Fe, Co, N i ,  Mo, and Ag. A t  a 10% rebar  con ten t ,  f o r  example, t h e  r e b a r  would 
c o n t r i b u t e  about as much 6oCo as t h e  concre te ,  as w e l l  as c o n t r i b u t i n g  about 
t h r e e  t imes as much 63Ni  and 5 9 N i .  
problems, p a r t i c u l a r l y  i f  co-d isposed w i t h  t h e  concre te .  

- 
It shou ld  n o t  rep resen t  any unusual 

5.4.6 Regu la to ry  Cons idera t ions  f o r  Waste D isposa l  

The U.S. Nuc lear  Regu la to ry  Commission has r e c e n t l y  adopted formal gu ide-  
l i n e s  f o r  c l a s s i f i c a t i o n  o f  waste f o r  s h a l l o w  l a n d  d i sposa l .  These r e g u l a t i o n s  
a r e  g i ven  i n  10  CFR P a r t  61. Maximum l e v e l s  a r e  s p e c i f i e d  f o r  s e v e r a l  l o n g  
l i v e d  r a d i o n u c l i d e s .  
be used t o  de termine t h e  i n v e n t o r y  of  a c t i v a t i o n  produc ts  o f  i n t e r e s t .  The 
c a l c u l a t i o n  method used i n  t h i s  s tudy  combined w i t h  chemical a n a l y s i s  and a 
n o r m a l i z a t i o n  t o  a t  l e a s t  one i s o t o p e  such as 6oCo c o u l d  thus  be used f o r  waste 
c l  ass i f i c a t i o n .  

The r e g u l a t i o n  a l s o  s p e c i f i e s  t h a t  i n d i r e c t  methods may 

Severa l  examples o f  t h i s  approach t o g e t h e r  w i t h  t h e  a p p r o p r i a t e  r e g u l a t o r y  
l i m i t s  f rom 10 CFR 61.55 a r e  shown i n  Tables 5.9, 5.10, and 5.11 f o r  comparison 
w i t h  expected maximum a c t i v a t i o n  l e v e l s  o f  t h e  r e l e v a n t  i so topes .  
t h r e e  cases t h e  l e v e l s  shown a re  a t  t h e  p o i n t  o f  maximum a c t i v a t i o n .  Tab le  5.9 
shows a c t i v i t y  l e v e l s  f o r  PWR i n t e r n a l s  The h roud  c l e a r l y  exceeds t h e  
Class C c o n c e n t r a t i o n s  on t h e  bas i s  o f  $'Nil 65Ni ,  94Nb, and 14C con ten t .  I n  
p a r t i c u l a r ,  t h e  6 3 N i  l e v e l  i s  about a f a c t o r  o f  20 above t h e  maximum l e v e l  
c l a s s i f i e d  as Class C waste. S ince  t h e  n i c k e l  con ten t  i s  r e l a t i v e l y  cons tan t  
i n  t y p e  304 s t a i n l e s s  s t e e l ,  chemical v a r i a t i o n s  w i l  n o t  a l t e r  t h a t  conc lu -  
s ion .  The 100 y e a r  h a l f - l i f e  o f  63Ni p revents  l a r g e  changes due t o  decay. 
co re  b a r r e l  a l s o  appears t o  be m a r g i n a l l y  above t h e  Class C l i m i t  on t h e  b a s i s  
of  t h e  6 3 N i  con ten t ,  a l though t h e r e  a r e  l a r g e  u n c e r t a i n t i e s  i n  t h e  f l u x  c a l c u -  
1 t i o n s .  The vessel  c ladd ing  would be c l a s s i f i e d  as Class  B waste  based on i t s  
63Ni  con ten t .  The vessel w a l l ,  w i t h  i t s  c o n s i d e r a b l y  l ower  n i c k e l  c o n t e n t  and 
l o w e r  f l u x ,  would c l e a r l y  be a Class A waste. Tab le  5.10 l i s t s  t h e  same t y p e  
o f  comparisons f o r  t h e  BWR case. 
would n o t  be c l a s s i f i e d  as g e n e r a l l y  s u i t a b l e  f o r  near  s u r f a c e  d i s p o s a l  based 
on i t s  5 9 N i ,  6 3 N i ,  and 94Nb con ten t .  
waste. It shou ld  be noted, however, t h a t  t h e  i s o t o p e  i n v e n t o r i e s  c a l c u l a t e d  i n  
t h i s  f a s h i o n  p e r t a i n  o n l y  t o  d i r e c t  neu t ron  a c t i v a t i o n .  Vessel c ladd ing ,  f o r  
example, may c o n t a i n  a r a d i o n u c l i d e  i n v e n t o r y  dominated by t r a n s l o c a t i o n  prod- 
u c t s  assoc ia ted  w i t h  t h e  s u r f a c e  c o r r o s i o n  f i l m .  I n  t h a t  case, t h e  waste c l a s -  
s i f i c a t i o n  c o u l d  be s u b s t a n t i a l l y  d i f f e r e n t ,  b u t  a l s o  p o t e n t i a l l y  m o d i f i a b l e  by 
decontaminat ion.  The b i o s h i e l d  r e s u l t s  f o r  t h e  two geometr ies i s  shown on 
Tab le  5.11. Even f o r  t h e  h i g h e s t  l e v e l s  produced a t  c o r e  a x i a l  m idp lane and 
10 cm depth, t h i s  m a t e r i a l  shou ld  be c l a s s i f i e d  as Class A o r  B fo r  t h e  PWR, 

F o r  a l l  

The 

Again, acco rd ing  t o  t h i s  a n a l y s i s ,  t h e  shroud 

The c l a d d i n g  and vesse l  would be Class A 

97 



TABLE 5.8. Comparison o f  Rebar Versus Concrete M a t r i x  o f  PWR B i o s h i e l d  
30 EFPY a t  Core A x i a l  Midplane 10  cm Deep 

I s o t o p e  

3 T  
14c 

3 6 ~ 1  
3 9 A r  

4 1 ~ a  
53Mn 

54Mn 

55Fe 

59Ni  

6Oco 

6 3 N i  
65Z" 

7 9 ~ e  

81Kr 

8 5 K r  
90s r 

92mNb 

9 3 ~ r  

94Nb 

"Tc 

121mS, 

133Ba 

9 3 ~ 0  

1 0 h A g  

1291 

134cs  

135cs 

137cs  

1 4 5 ~ m  

146sm 

151sm 
152Eu 

154Eu 

155Eu 

58Tb 
166mH0 

178mHf 

205Pb 
233" 

239P" 

H a l f - L i f e  ( Y )  

1.20E+O1 

5.70E+03 

3.00E+05 

2.70E+02 

1.00E+05 

3.70E+06 

8.50E-01 

2.70E+00 

8. 00E+04 

5.30E+00 

1.00E+02 

6.50E+04 

2.10E+05 

l . lOE+OI  
2.90E+01 

2.70E+07 

9.50E+05 

3.50E+00 

2.00E+04 

2.10E+05 

1.30E+02 

5.00E+00 

1.60E+07 

l.OOE+Ol 

2.10E+00 

2.30E+06 

3.00E+01 

1.80E+01 

1.00E+08 

9.30E+01 

1.30E+01 

8.60E+00 

4.80E+00 

1.50E+02 

1.20E+03 

3.00E+01 

1.40E+07 

1.60E+05 

2.40E+04 

6.70E-01 

C o n c r e t e  

8.30E-06 

2.80E-09 

1.50E- 19 

1.20E-08 

1.90E-08 

7.40E- 15 

1.20E-08 

4.70E-06 

2.60E- 11 
3.60E-07 

3.30E-09 

2.50E-09 

2.80E- 15 

5.50E- 1 7  
4.20E-11 
7.30E-11 

1.20E-.19 

2.90E-14 

5.60E- 13 

5.30E-12 

1.40E- 13' 
<3.20E-12 

<5.20E-13 

2.20E-17 

2. OOE- 09 
1.60E-08 

1.40E- 15 

7.60E- 11 
9.80E-12 

1.70E-19 

1.40E-09 

3.90E-07 

4.80E-08 

1.3OE-09 

9.60E-14 

3.90E-11 

1.80E-10 

2.70E-17 

1 20E- 11 
1.70E-11 
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Rebar 

4.10E-08 

1.80E-OY 

2.90E- 14 

6.20E-11 

5.20E-12 

1.90E-13 

3. WE-07 

1.20E-04 

7.40E-10 

3.70E-06 

9.30E-08 

2.20E-08 

5.50E-15 

2.30E-17 

< 1 . 5 0 E - l l  
<2.40E-11 

<5.80E-18 

4.80E- 15 

1.20E- 11 
< 4 . 9 0 E - l l  

<2.60E-12 

6.80E-11 

8.40E-13 

<8.00E-18 

<8.20E-10 

<7.30E-09 

<4.80E-16 

<2.60E- 11 
<2. 00E-13 

<3.40E-21 

< 2 . 9 0 E - l l  

<6.40-08 

<7.80E-09 

<3.60E-11 

<2.30E-13 

<la 70E- 11 
< 6 . 7 0 E - l l  

<4.00E-16 

<2.90E- 13 
<5.80E- 12 

R a t i o  

200.0 

1.6 

5200.0 

190.0 

3700.0 

0.04 

0.04 

0.04 

0.04 

0.10 

0.04 

0.11 

0.51 

2.40 

>2.80 
>3.0 

>0.02 

6.0 

0.05 

>o. 11 

>O. 05 

<0.05 

<0.62 

>2.9 

>2.4 

>2.2 
>2.9 

>2.9 

>49.0 

>50.0 

>48.0 

>6.1 , 

>6.2 

>3.61 

>O. 42 

>2.3 

>2.7 

>0.07 

>41.4 

>2.93 



TABLE 5.9. C l a s s i f i c a t i o n  o f  PWR I n t e r v a l s  f o r  Low Level  Waste 
D i s p o s a i  - Core A x i a l  Midplane - 30 EFPY, A c t i v i t y  
i n  C i / m  a t  Shutdown 

Core(d)  Thermal ( d l  Vessel ( d )  Waste C l a s s ( a )  
--- A B C  I s o t o p e  Shroud(d) B a r r e l  Pads C1 addi  ng 

3T 78 75 1 7  2.6 40 ( b )  ( b )  

< 5 y r ( ' )  1.6E6 1.9E5 2.9E4 4.2E3 7 0 0  ( b )  ( b )  
5 9 ~ i  85 8 148 23 3.4 22 --- 220 
6Oco l.OE6 l . lE5  1.6E4 2.6E3 700 ( b )  ( b )  

94Nb 3.1 0.23 0.023 0.006 0.02 --- 0.2 

"Tc 1.0 0.064 0.003 0.0018 0.3 --- 3 

80 --- 1% 195 23 3.6 0.5 8 

63Ni  1.4E5 1.9E4 3 000 42 0 35 700 7000 

( a )  Acco rd ing  t o  d e f i n i t i o n s  e s t a b l i s h e d  i n  1 0  CFR P a r t  61.55. 
( b )  There a re  no l i m i t s  e s t a b l i s h e d  f o r  t hese  r a d i o n u c l i d e s  i n  Class B o r  

C waste. P r a c t i c a l  c o n s i d e r a t i o n s  such as t h e  e f f e c t  o f  e x t e r n a l  
r a d i a t i o n  and heat  g e n e r a t i  on on t r a n s p o r t a t i o n ,  hand1 i ng and d i  sposal  
w i l l  l i m i t  t h e  c o n c e n t r a t i o n s  f o r  t hese  wastes. 

( c )  D minant  a c t i v a t i o n  p roduc ts  w i t h  h a l f - l i v e s  o f  <5 y a r e  55Fe and 
5PCr. It i s  assumed f o r  d i s p o s a l  purposes t h a t  t h e  "Cr w i l l  be f u l l y  
decayed. 

u n i t s .  
6 ( d )  A d e n s i t y  of 7.8 x 1 0  gm/m3 i s  used t o  c o n v e r t  a c t i v i t i e s  i n t o  c u r r e n t  

and Class A f o r  t h e  BWR. 
l ower  l e v e l s  o f  a c t i v a t i o n  w i t h  much o f  t h e  o u t e r  l a y e r s  n o n - r a d i o a c t i v e .  

Most o f  t h e  mass o f  t h e  b i o s h i e l d  i s  o f  c o n s i d e r a b l y  

The above d i s c u s s i o n  i s  ve ry  genera l  and s imp ly  serves as an example o f  

I n  p r a c t i c e ,  t h e  s i t u a t i o n  i s  somewhat 
t h e  a p p l i c a t i o n  o f  t h e  1 0  CFR 61 g u i d e l i n e s  t o  t h e  decommissioning problem w i t h  
r e s p e c t  t o  t h e  a c t i v a t e d  components. 
more compl icated.  I n  t h e  examples given, average chemical  compos i t i ons  and 
volume averaged f l u x e s  were used. I n  p r a c t i c e ,  some chemical  a n a l y s i s  w i l l  be 
r e q u i r e d  t o  r e l a t e  measured 6oCo l e v e l s  t o  t h e  n e u t r o n  f l u x  i n  o r d e r  t o  norma- 
l i z e  t h e  c a l c u l a t i o n .  That shou ld  t h e n  a l l o w  a reasonably  a c c u r a t e  e s t i m a t e  o f  
t h e  a c t i v a t i o n  p roduc t  i n v e n t o r y  p r o v i d e d  t h e  m a t e r i a l  i s  reasonably  homogene- 
ous. That i s  n o t  n e s e s s a r i l y  t h e  case w i t h  c e r t a i n  t y p e s  o f  r e a c t o r  components 
such as c o n t r o l  rods. C o n t r o l  rods pose a p a r t i c u l a r l y  d i f f i c u l t  problem due 
t o  t h e i r  h i g h  n e u t r o n  o p a c i t y .  The s t a i n l e s s  s t e e l  c l a d d i n g  on t h e  c o n t r o l  
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TABLE 5.10. C l a s s i f i c a t i o n  o f  BWR I n t e r v a l s  f o r  Low Level  Waste 
D i s p o s a l  - Core A x i a l  Midplane - 30 EFPY, A c t i v i t y  
i n  C i / m  a t  Shutdown 

Vessel ( d )  Waste c1 ass (a )  
I s o t  ope Shroud(d) C1 addi  ng A B C - -- 

3T 100 0.2 40 ( b )  ( b )  
80 --- 14c 57 0.04 8 

T1/2 < 5 Y r  ( c )  4.6E5 32 0 700 ( b )  ( b )  
5 9 N i  3 40 0.25 22 --- 220 
6Oco 2.5E5 190 700 ( b )  ( b )  

94Nb 0.49 3.8E-4 0.02 --- 0.2 

"Tc 0.12 1.2E-4 0.3 3 

6 3 N i  445 00 31 35 700 7000 

( a )  Acco rd ing  t o  d e f i n i t i o n s  e s t a b l i s h e d  i n  10  CFR P a r t  61.55. 
( b )  There a re  no l i m i t s  e s t a b l i s h e d  f o r  t h e s e  r a d i o n u c l i d e s  i n  

C lass  B o r  C waste. P r a c t i c a l  ' c o n s i d e r a t i o n s  such as t h e  
e f f e c t  o f  e x t e r n a l  r a d i a t i o n  and hea t  g e n e r a t i o n  on t r a n s -  
p o r t a t i  on , hand1 i ng and d i  sposal  w i  11 1 i m i  t t h e  concent r a -  
t i o n s  f o r  t hese  wastes. 

51Cr w i l l  be f u l l y  de ayed. 

c o r r e c t  u n i t s .  

minant  t i v a t i o n  p roduc ts  w i t h  h a l f - l i v e s  o f  <5 y r  a r e  
and "Cr  . It i s  assumed f o r  d i s p o s a l  purposes t h a t  t h e  

8 ( d )  A d e n s i t y  o f  7.8 x 1 0  gm/m3 i s  used t o  c o n v e r t  a c t i v i t i e s  i n t o  

rods should c o n t a i n  a c t i v i t y  l e v e l s  s i m i l a r  t o  t h a t  found i n  t h e  shroud mate- 
r i a l  and from t h a t  s t a n d p o i n t  a r e  presumably u n s u i t a b l e  f o r  s h a l l o w  l a n d  
b u r i a l .  PWR c o n t r o l  rods  c o n t a i n  an a l l o y  o f  s i l v e r ,  cadmium, and i n d i u m  and 
t h e r e f o r e  may be expected t o  c o n t a i n  a l a r g e  i n v e n t o r y  o f  t h e  130 y 
however, t h a t  i s o t o p e  i s  n o t  cons ide red  i n  1 0  CFR 61. 
boron carb ide.  Some 14C w i l l  undoubtedly be p resen t  due t o  n e u t r o n  c a p t u r e  on 
1 3 C ,  b u t  i n  a l l  p r o b a b i l i t y  t h e  a c t i v i t y  i n  t h e  c l a d d i n g  w i l l  predominate w i t h  
63Ni  be ing  t h e  1 i m i  t i ng i so tope .  

1 08mAg. 
Y 

BWR c o n t r o l  rods  c o n t a i n  
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TABLE 5.11. C l a s s i f i c a t i o n  o f  B i o s h i e l d  Concrete f o r  Low Level  
Waste Disposal  - Core A x i a l  Midplane - 30  EFPY , 
1 0  cm Depth A c t i v i t y  i n  C i / m 3  a t  Shutdown 

Waste CI a s s ( a )  
I s o t o p e  PWR BWR A B C 

j T  
14c 

6 3 N i  
" ~ r  
"Tc 
12gI 

137cs 

Transuranics 

25 
0.008 
14 
1.1 
0.011 
2.3E-4 
3.8E-7 

7.6E-11 
2.3E-5 

3.8E-5 

2.6 
7.7E-4 

1.5 
0.10 
0.001 1 
2.3E-5 
3.8E-8 

7.6E-12 
2.3E-6 

3.8E-6 

40 ( b )  

700 ( b )  
7 00 ( b )  

--- 0.8 

3.5 , 70 

0.04 150 
0.3 --- 
0.008 --- 
1 44 
0.08 --- 

( b )  

( b )  
( b )  

8 

7 00 

7 000 
3 

0.08 
4600 

0.8 

( a )  Acco rd ing  t o  d e f i n i t i o n s  e s t a b l i s h e d  i n  1 0  CFR P a r t  61.55. 
( b )  There a re  no l i m i t s  e s t a b l i s h e d  f o r  these  r a d i o n u c l i d e s  i n  

C lass  B o r  C waste. P r a c t i c a l  c o n s i d e r a t i o n s  such as t h e  
e f f e c t  o f  e x t e r n a l  r a d i a t i o n  and heat  g e n e r a t i o n  on t r a n s -  
p o r t a t i o n ,  h a n d l i n g  and d i s p o s a l  w i l l  l i m i t  t h e  concen t ra -  
t i o n s  f o r  t hese  wastes. 

t i v a t i o n  p roduc ts  w i t h  h a l f - l i v e s  o f  <5 y r  a r e  

51Cr w i l l  be f u l l y  

c o r r e c t  u n i t s .  

( c )  egminant 
Fe and "Cr.  It i s  assumed f o r  d i s p o s a l  purposes t h a t  t h e  

ecaye . 
( d )  A d e n s i t y  o f  3 x 1 0  f g  gm/m i s  used t o  c o n v e r t  a c t i v i t i e s  i n t o  

5.5 RADIONUCLIDE I N V E N T O R I E S  

The s p e c i f i c  a c t i v i t i e s  f o r  v a r i o u s  i s o t o p e s  g i v e n  i n  S e c t i o n  5.4 can be 
used t o  compute e s t i m a t e s  of t o t a l  i s o t o p e  i n v e n t o r i e s .  
fl uxes have a1 ready been volume averaged i n  computi ng t h e  average s p e c i f i c  
a c t i v i t y ,  t h e  o n l y  a d d i t i o n a l  i n f o r m a t i o n  r e q u i r e d  i s  t h e  a x i a l  n e u t r o n  d i s t r i -  
b u t i o n  and t h e  mass o f  t h e  component i n c l u d e d  i n  t h a t  d i s t r i b u t i o n .  The param- 
e t e r s  used a re  shown i n  Table 5.12. The PWR d a t a  was t a k e n  f rom Smith, Konzek, 
and Kennedy (1978). 
(1980). The c a l c u l a t e d  i n v e n t o r y  f o r  PWR i n t e r n a l s  i s  g i v e n  i n  Table 5.13. 
It shou ld  be n o t e d  t h a t  t h i s  i s  n o t  r e a l l y  a t o t a l  i n v e n t o r y  a t  shutdown s i n c e  
some s h o r t - l i v e d  a c t i v i t i e s  such as 51Cr and 59Fe have n o t  been inc luded .  The 

Since t h e  n e u t r o n  

Fo r  t h e  BWR case t h e  da ta  was t a k e n  from Oak e t  a l .  
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TABLE 5.12. Parameters Used f o r  Rad ionuc l i de  I n v e n t o r y  

Peak/Average Mass o f  Component ( kg )  

PWR Shroud 0.755 12,312 
PWR Core B a r r e l  0.637 26,783 
PWR Thermal Pads 0.778 10,413 
PWR Vessel C ladd ing  0.637 2,074 
PWR Vessel Wal l  0.637 2 45,5 82 

BWR Shroud 0.467 30,100 

BWR Vessel C ladd ing  0.467 3 440 
BWR Vessel Wal l  0.467 122,700 

( a )  R a t i o  o f  maximum a c t i v a t i o n  a t  co re  a x i a l  midplane t o  
average f o r  e n t i  r e  component. 

i sotope i n v e n t o r y  i n t h e  r e a c t o r  i n t e r n a l  s i s, o f  course, s h a r p l y  dependent 
upon t h e  t i m e  s c a l e  chosen. 
t o t a l  i s  4.1E6 C i ,  more t h a n  80% of which i s  i n  t h e  shroud. The m a j o r i t y  o f  
t h e  a c t i v i t y  on t h a t  t i m e  s c a l e  i s  55Fe. For  t h e  r e a t  t h a n  5, 100, and 
1000 y e a r  t i m e  s c a l e  t h e  dominant a c t i v i t i e s  a r e  68Co, "N i ,  and 5 9 N i ,  respec- 
t i  v e l y .  I n v e n t o r i e s  of 1 ong-1 i ved a c t i  v a t i o n  p roduc ts  i n  r e a c t o r  i n t e r n a l  s a t  
shutdown a r e  l i s t e d  i n  Table 5.13 and 5.14. The comparable d a t a  f o r  PWR and 
BWR vessel  w a l l s  i s  g i ven  i n  Table 5.15. I n  o r d e r  t o  c a l c u l a t e  an i n v e n t o r y  
f o r  t h e  b i o s h i e l d ,  some i n f o r m a t i o n  on depth-dependent p r o d u c t i o n  r a t e s  i s  
needed. T h i s  i s  shown i n  F i g u r e  5.16 f o r  PWR concrete.  Maximum a c t i v a t i o n  
occu rs  a t  around 1 0  cm depth f o r  most i s o t o p e s  due t o  i n c r e a s i n g  n e u t r o n  
t h e r m a l i z a t i o n  up t o  t h a t  p o i n t .  
occur  depending on t h e  p r o d u c t i o n  mechanism. 
ve ry  l a r g e  resonance c o n t r i b u t i o n  and 3 9 A r  which i s  produced e n t i r e l y  by f a s t  
neutrons do n o t  e x h i b i t  t h a t  peaking behavior .  I n  any case i t  i s  q u i t e  c l e a r  
from F i g u r e  5.15 t h a t  e s s e n t i a l l y  a l l  o f  t h e  a c t i v a t e d  conc re te  i s  c o n t a i n e d  
w i t h i n  3 0  t o  50 cm o f  t h e  i n n e r  edge o f  t h e  b i o s h i e l d .  To c a l c u l a t e  a t o t a l  
i n v e n t o r y  f r o m  F i g u r e  5.15, a 10% r e b a r  component was added and a numer ica l  
i n t e g r a t i o n  c a r r i e d  o u t  ove r  t h e  o u t e r  75 cm o f  t h e  b i o s h i e l d  i n  5 cm i n c r e -  
ments f o r  a 502 cm v e r t i c a l  s e c t i o n  o f  t h e  s h i e l d .  The a x i a l  i n t e g r a t i o n  
f a c t o r  f o r  t h e  vessel  was a l s o  i nc luded .  A s i m i l a r  c a l c u l a t i o n  was c a r r i e d  o u t  
f o r  a 451 cm segment o f  a BWR s a c r i f i c i a l  s h i e l d .  A c t i v i t y  i n v e n t o r i e s  a r e  
summarized i n  Table 5.16. Long- l i ved  a c t i v a t i o n  p roduc t  i n v e n t o r i e s  o f  r e a c t o r  
i n t e r n a l s  a re  somewhat l ower  f o r  t h e  BWR t h a n  t h e  PWR due t o  t h e  c o r e  design. 
The a c t i  v a t i  on p roduc t  i nven to ry  f o r  t h e  b i  osh i  e l  d i s  a c t u a l  l y  about  one o r d e r  
o f  magnitude lower  f o r  t h e  BWR due t o  t h e  c o n s i d e r a b l y  reduced n e u t r o n  f l u x e s .  

Fo r  t h e  g r e a t e r  t h a n  one y e a r  t i m e  s c a l e  t h e  

Some minor  d i f f e r e n c e s  i n  t h e  p r o f i l e  do 
Fo r  example, 154Eu which has a 
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TABLE 5.13. 

Isotope 
3T  

14c 
3 6 ~ ~  

41Ca 
39Ar 

53Mn 
54Mn 
55Fe 

5 9 N i  

hoc0 
6 3 N i  

h 5 ~ n  
79Se 
81Kr 

8 5 K r  

9% 
92mNb 
9 3 ~ r  
9 3 ~ 0  
94Nb 
"Tc 
108mAg 
121mSn 

1291 

1335, 
134cs 
135cs 
137cs 
145Pm 
146sm 
151sm 
152Eu 
154Eu 
155Eu 
158Tb 
166mHo 

1 7 & H f  
205Pb 
233" 

239P" 

A c t i v i t y  I n v e n t o r y  o f  PWR I n t e r n a l s  a t  Shutdown ( T o t a l  C i )  

H a l f - L i f e  ( Y l  

1.20Et01 
5.70Et03 
3.00Et05 
2.70EtW 
1.00Et05 
3.70Et06 
8.50E-01 
2.70Et00 
8 .00 t t04  
5.30Et00 
1.00E+02 
6.70E-01 
6.50Et04 
2.10Et05 
1.10Et01 

2.90Et01 
2.70E+07 
9.50Et05 
3.50Et00 
2.00Et04 
2.10Et05 
1.30Et02 
5.00E+00 
1.60E+07 
1.00Et01 

2.10E+00 
2.3UEt06 
3.00E+01 
1.80Et01 
.l. 00E+08 
9.30E+01 
1.30E+01 
8.60Et00 
4.80Et00 
1.50E+02 
1.20E+03 

. 3.00E+01 
1.40E+07 
1.60E+05 
2.40E+04 

Shroud 
Y.30Et01 
2.32Et02 
4.7UEt00 

<1.40E+00 
<4.30E-02 

3.00E-02 
b.04Et04 
1.95Et06 
1. 02Et03 
1.21EtUb 
1.68Et05 
5.95Et03 
5.70E-03 

<7.10E-03 
<7.90Et00 

<1.86E+01 
l.lOE-05 
1.00E-03 
8.70Et00 
3.70Et00 
1.20Et00 

<9.30E-01 
4.40E-02 

<6.00E-06 
<2.70E+01 

<6.50Et01 

<1.90Et01 
<4.00E-04 

<8.00E-03 
9.30E-10 
4.30E-02 
0.00E+00 
5.20E+00 
3.80E+00 

1.50E+)) 
1.80E-02 

<4.00E-01 
1.70E-05 

<3.30E-03 
<6.50E-02 

Core 
B a r r e l  

1.64t02 
5. lOEtUl  
1.10EtOU 

<1.4UE-01 
<9.55t-u3 

3.6UE-03 
6.14Et03 
4.09Et05 
3 . 2 4 t t W  
2.39Et05 
4.09EtU4 
6.78EtOZ 
7.85E-04 

<5.80E-U5 
<3.24E-01 

<8.50E-02 
1. U0E-06 
6.70E-05 
6.65E-01 
4.95E-01 
1.40E-01 
<l. 50E-01 

5.80E-03 
<2.39E-07 
< 5 . l l E t 0 0  

<1.70Et01 
< l a  50E-05 

<8.50E-O1 
<2.39E-03 

2.21E-10 
7.70E-02 
1.55E-02 
1.02E+01 
2.39E+00 
2.90E-03 
2.21E-01 

<4.77E-01 
2.00E-06 

<1.70E-03 
<3.92E-02 

Therina 1 
Pads 

1 . 7 Y t t U l  
3.70EtI)O 
8.10E-02 

<3.  U0E-U3 
<6. Y7t-U4 
8.1Ut-05 
1.46EtOZ 
3. U0Et04 
2.43Et01 
1.62EtU4 
3. U8 t t03  
4.78Et01 
3.8OE-05 

<2.84t-07 
<7.70E-03 

<2.10E-02 
2.59E-08 
2.0UE-06 
1.7UE-02 
2.40E-02 
3.40E-03 

<8.90E-03 
1.38E-04 

<6.40E-09 
<3.60E-U1 
< 1.37Et00 
<4.10E-07 

<2.2UE-02 
<1.78t-U4 

5.50E-12 
2.30E-02 

1.38+00 
5.00E-01 
4.05E-02 
6.90E-04 
8.90E-03 

<2.50E-02 
1.05E-07 

<8.90E-05 
< 1.OE-03 

Vessel 
C l d d d i  n y  

4.40E-U1 
3 .7u t -02  
> .,'.L;E-U3 

< 3 ~ c: ; .. G a  

< 1 . 6CIE -. ::5 

9. uut-Ub 
1.58ttU1 
7.13EtU2 
5.7Ut-91 
4.3tiL+U2 
i .  i3 i .21 

1.30EtUU 
2.00E-06 

<2.77E-UY 
<l. 7ZE-04 
<4.76E-U4 

2.64E-09 
1.13E-U7 
1.5UE-03 
Y.9Ut-04 
3.17E-04 

<2.Y 1E-04 
1.50E-05 
<l. 4St-10 
<9.40E-U4 

<3.00E-02 
<1.03E-08 
<5.55€-04 
<4.UOE-U6 

5.7UE-13 
7.80E-04 
1.0UE-01 
1.6OE-02 
6.90E-04 
7. 00E-06 
4.00E-04 
<l. 60E-03 

4.50E-0Y 
<4.00E-06 
<1.27E-O4 
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TABLE 5.14. A c t i v i t y  I n v e n t o r y  
( T o t a l  C i )  

Isotope 

3T  

14c 
3 6 ~ 1  

3 9 A r  

4 1 ~ a  
53Mn 

54Mn 
55Fe 
5 9 N i  

hoc0 

6 3 N i  
6 5 ~ n  
7 9 ~ e  
' l K r  

8 5 K r  

90Sr 

93Zr 

9 3 ~ 0  

92mNb 

94Nb 

"Tc 
1 0 8 m ~ ~  
1219 ,  

133Ba 

1291 

134cs 
135cs 
137cs 
1 4 5 ~ m  
146sm 
151srn 
15'Eu 
154Eu 
155Eu 
158Tb 
166m~, 

17&nHf 
205Pb 
233" 

239P" 

o f  BWR I n t e r n a l s  a t  Shutdown 
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Shroud 
1.83E+O2 
1.03E+02 
2.24€+00 

<2.67E-01 
2.00E-02 
6.50E-03 
1.17EtU4 
9.29€+05 
6.04E+02 
4.50E+05 
8.01 E+04 
1.55E+03 
1.40E-03 

<2.24E-04 
<8.15E-01 
<2.11E+00 

6.33E-07 
1.41 E-04 
1.08E+00 
8.86E-01 
2.10E-01 

<2.18E-01 
1.07E-02 

<5.90E-07 
<l. OrE+01 
<3.37E+01 

<3.80E-04 
<2. l lE+00 
<4.40E-03 

4.07E-10 
5.30E-02 
3.09E-07 
1.28E+01 
5.06E+00 
5.30E-03 
3.9 3E-01 

<5.20E-01 
4.00E-06 

<2.25E-03 
<3.80E-02 

Vessel 
C1  addi  ny 

1.40E-U2 
2.80E-03 
5.70E-05 

< 3. OOE- 05 
5.2UE-07 
8.00E-U7 

1.14E+OU 
2.36E+01 
1.8UE-02 
1.38€+01 
2.3UE+OU 
4.1UE-02 
9.8UE-08 

<5.4UE- 12 
<5.00E-06 

<1.40E-05 
2.20E-10 
6.90E-09 
4.40E-05 
2.80E-05 
9.00E-06 

<9.00E-U6 
1.00E-06 

<4.40E-12 
<3.50E-U4 
<9.80E-O4 
<3.67E-10 
<2.00E-05 
<1.30E-07 

4.50E-14 
1.80E-05 
3.85E-03 
4.60E-04 
1.70E-05 
6.31E-07 
1.10E-05 

<4.30E-05 
2.58E-10 

<1.30E-07 
<3.00E-06 



TABLE 5.15. A c t i v i t y  I n v e n t o r i e s  o f  PWR and BWR Vessel Wal ls  
a t  Shu tdown  ( T o t a l  

I so tope  
3T  
14c 
3 6 ~  1 

3 9 A r  

4 1 ~ a  
53Mn 

54Mn 
55Fe 

59N i  

6 3 N i  
6OCO 

65Zn 

79Se 
81Kr 

8 5 K r  
9 0 ~ r  

92mNb 
9% 

3M0 

94Nb 
"Tc 

121mSn 

133Ba 

1ObAg 

1291 

134cs 
135cs 
137cs 
145p, 

151% 

15'Eu 
154Eu 
155Eu 
158Tb 

146% 

16%i, 
17&Hf  
205Pb 
233" 

239P" 
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C i  ) 

PUR 

1.70E+01 
2.80E-01 
1.70E-02 

<3.7UE-02 
2.20E-04 
4.06 E - 04 
6.08E+01 
1.87E+U4 
6.55E-01 
1.17E+03 
7.96E+01 
8.74E+00 

7.90E-07 
<2.80E-08 
<3.00E-02 
<8.30€-04 

1.29E-08 
3.00E-06 
2.30E-01 
1.10E-02 
5.50E-02 
<l. 15E-02 

3.90E-04 
<2.50E-10 
<1.00E-01 
<2.70E-01 
<3.60E-08 
<2.00E-03 
<l. 20E-05 

3.00E-12 
3.70E-03 
3.12E+00 
l.OlE+OO 
6.09E-03 
2.20E-04 
2.00E-02 
<l. 15E-02 

2.00E-06 
<5.00E-05 

<l.lOE-03 

BUR 

6.10E-02 
1.2UE-02 
1.43E-04 
<l. 10E-03 

2.00E-06 
1.00E-05 
1.27E+01 
1.14E+02 
8.00E-02 
9.55E+01 
9.55E+00 
2.90E-02 
1.00E-06 

<3.04E- 11 

<2.20E-05 
<6.10E-05 

2.90E-09 
8.10E-08 
7.96E-04 
7.20E-05 
1.59E-04 

<7.80E-05 
1.40E-05 
1.88E- 12 

<2.20E-03 
<3.50E-03 
<2.46E-09 
<1.38E-04 
<9.41E-08 

6.20E- 13 
1.45E-04 
1.70E-02 
4.50E-03 
1.88E-04 
8.00E-06 
1.59E-04 

< 7.09E-04 
3.04E-09 

<2.00E-06 

<6.80E-05 



TABLE 5.16. A c t i v i t y  I n v e n t o r y  Summary 

I sotope I n t e r n a l  s Vessel B i o s h i e l d  
Hal f - L i  f e  PW R BWR PW R PW R PW R BWR -- 

>1 y e a r  4.1E6 1.4E6 2.OE4 2020 4.7E3 376 
>5 y e a r s  1.7E6 5.3E5 1.3E3 1 4  1.7E3 146 
> l o 0  yea rs  2.1E5 8.1E4 81 0.88 3 0.3 
>lo00 y e a r s  2.OE3 770 1.7 0.019 3 0.3 
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6.0 RADIOCHEMICAL ANALYSIS PROGRAM 

Throughout t h e  course o f  t h i s  work, samples o f  a c t i v a t e d  r e a c t o r  compo- 
nents  were sought t o  p r o v i d e  v e r i f i c a t i o n  o f  t h e  c a l c u l a t i o n  method. I d e a l  
samples were, i n  genera l ,  n o t  a v a i l a b l e  f rom o p e r a t i n g  r e a c t o r s  a l t h o u g h  some 
u s e f u l  samples o f  o p p o r t u n i t y  were obta ined.  Several  shutdown r e a c t o r s  
i n c l u d i n g  P a t h f i n d e r ,  Humboldt Bay, and I n d i a n  P o i n t  No. 1 were a l s o  i n c l u d e d  
i n  t h e  programs. The terms o f  t h e  o p e r a t i n g  l i c e n s e  f o r  t hese  r e a c t o r s  
p reven ts  any s e r i o u s  sampl ing e f f o r t  f r o m  t a k i n g  p l a c e  a t  t h i s  t i m e  f o r  e i t h e r  
b i o s h i e l d  o r  i n t e r n a l s  samples, however. A major  e f f o r t  was under taken a t  
P a t h f i n d e r  t o  b b t a i n  a co re  th rough  t h e  b i o s h i e l d  i n  t h e  area a d j a c e n t  t o  t h e  
r e a c t o r  c o r e  reg ion .  T h i s  u l t i m a t e l y  proved i n f e a s i b l e  w i t h  t h e  f a c i l i t i e s  and 
con tamina t ion  c o n t r o l s  a v a i l a b l e .  Such a t a s k  would be r e l a t i v e l y  s imp le  
d u r i n g  an a c t u a l  d i s m a n t l i n g  opera t i on .  Concrete samples were t a k e n  f r o m  
a c c e s s i b l e  l e v e l s  a t  t h e  P a t h f i n d e r ,  Humboldt Bay and Turkey P o i n t  No. 4 
r e a c t o r s ;  however, t h e y  were f rom areas o f  h i g h l y  reduced f l u x  w i t h  o n l y  a 
l i m i t e d  rad iochemica l  a n a l y s i s  p o s s i b l e .  

6.1 SAMPLES ANALYZED 

The f o l l o w i n g  i s  a b r i e f  d e s c r i p t i o n  o f  t h e  samples s u b j e c t e d  t o  a l i m i t e d  
r a d i  ochemi c a l  a n a l y s i  s. 

6.1.1 S t e e l s  

P o i n t  Beach No. 1 Fuel  Support  S t r u c t u r e  

Samples o f  304L s t a i n l e s s  s t e e l  and Type 718 I n c o n e l  were c u t  f r o m  a f u e l  
suppor t  s t r u c t u r e  o r i g i n a t i n g  i n  t h e  P o i n t  Beach No. 1 r e a c t o r  (a  497 MWe West- 
inghouse PWR). The f u e l  bundle (825) was removed from t h e  r e a c t o r  on 5/10/74 
a f t e r  two c y c l e s  o f  i r r a d i a t i o n  r u n n i n g  f r o m  11/2/72 t o  9/29/72 and 3/3/73 t o  
4/6/74. 
n u c l e a r  waste v i t r i f i c a t i o n  s t u d i e s  a t  PNL. The samples were ex t reme ly  r a d i o -  
a c t i v e ,  r e p r e s e n t i n g  a d i f f i c u l t  h a n d l i n g  problem even a f t e r  e i g h t  y e a r s  
decay. D r i l l  t u r n i n g s  were taken  i n  a s h i e l d e d  g l o v e  box f o r  XRF and r a d i o -  
chemical  a n a l y s i s .  The remainder o f  t h e  sample was a rch i ved .  XRF a n a l y s i s  o f  
t h e  Incone l  sample showed i t  t o  be ve ry  h i g h  i n  s t a b l e  n iob ium (5%) making i t  
u s e f u l  f o r  t h e  d e t e r m i n a t i o n  o f  94Nb. Niobium was i n  f a c t  d e t e c t a b l e  i n  t h i s  
sample by a s imp le  gamma scan w i t h o u t  chemical  s e p a r a t i o n  f r o m  t h e  6oCo. 

The samples were removed f r o m  t h e  f u e l  bundle d u r i n g  a s e r i e s  o f  

M o n t i c e l l o  Core Spray Sparger P i n  

Support  p i n s  f rom t h e  M o n t i c e l l o  Reactor  (a 545 MWe GE BWR) were removed 
d u r i n g  a scheduled maintenance outage. The p i n s  were l o c a t e d  on t h e  vessel  
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w a l l  287 cm above t h e  t o p  o f  t h e  r e a c t o r  core. T h i s  sample t h u s  corresponds 
reasonably  w e l l  t o  t h e  f l u x  c a l c u l a t i o n s  f o r  BWR vessel  c l a d d i n g  g i ven  i n  
Sec t i on  5.4.1, bu t  a t  a s i g n i f i c a n t l y  reduced f l u x  l e v e l .  The p e r i o d  o f  
r a d i a t i o n  was f rom November 1975 t o  October 1977. 
t o  PNL f o r  a n a l y s i s .  The p i n  i s  f a b r i c a t e d  from t y p e  304L s t a i n l e s s  s t e e l .  
was c u t  i n t o  seve ra l  p ieces  w i t h  samples o f  b o t h  ends taken  f o r  rad iochemica l  
a n a l y s i s .  The sample posed no unusual hand1 i ng problems, p a r t i c u l a r l y  a f t e r  
t h e  c o r r o s i o n  f i l m  had been s t r i p p e d  o f f .  

One o f  t h e  p i n s  was sh ipped 
It 

Westinghouse - E P R I  S u r v e i l l a n c e  Capsule Samples 

A number o f  a c t i v a t e d  vessel  s t e e l  samples were ob ta ined  th rough  a 
pressure  vessel  s u r v e i  11 ance program run  by Westi nghouse f o r  E P R I .  The samples 
were p rov ided  by Westinghouse a t  t h e  reques t  o f  EPRI .  The samples c o n s i s t e d  o f  
bo th  base meta l  and welds. A l l  appeared t o  be ve ry  s i m i l a r  i n  compos i t i on  and 
thus  a l i m i t e d  s e l e c t i o n  was ana lyzed f o r  rad iochemis t r y .  The samples had been 
i r r a d i a t e d  i n  t h e  U n i v e r s i t y  o f  V i r g i n i a  r e a c t o r  f o r  pe r iods  up t o  1 y e a r  t o  
s i m u l a t e  PWR c o n d i t i o n s .  The samples were i r r a d i a t e d  as c l o s e  as p o s s i b l e  t o  
t h e  core  face.  
a l s o  prov ided.  T h a t  sample was composed on r e a c t o r  grade t y p e  304L s t a i n l e s s  
s t e e l  and i s  t hus  t y p i c a l  o f  r e a c t o r  i n t e r n a l s .  

A s t a i n l e s s  s t e e l  sample o f  t h e  s u r v e i l l a n c e  capsu le  i t s e l f  was 

5.1.2 Concretes 

P a t h f i n d e r  

A 7.5 cm d iameter  co re  o f  t h e  conc re te  f l o o r  d i r e c t l y  beneath t h e  p ressu re  
vessel  was taken  f rom t h e  P a t h f i n d e r  r e a c t o r  (An A l l i s -Cha lmers  58.5 MWe b o i l -  
i n g  water  r e a c t o r  which had opera ted  f o r  a 42 month p e r i o d  up t o  September 
1967). The co re  was s l i c e d  i n t o  1 cm s e c t i o n s  f o r  gamma count ing .  
s e c t i o n  o f  t h e  co re  was ground i n  a s h a t t e r b o x  f o r  rad iochemica l  a n a l y s i s .  

The lower  

Humboldt Bay 

Four  samples were ch ipped f rom t h e  t o p  and bo t tom o f  t h e  s h i e l d  r i n g  i n  
t h e  d r y  w e l l  su r round ing  t h e  Humboldt bay r e a c t o r  ( a  65 MWe GE BWR wh ich  
opera ted  f rom 1963 u n t i l  J u l y  1, 1976). 

Turkey P o i n t  No. 4 

An e x t e n s i v e  sampl ing progrm was c a r r i e d  o u t  a t  t h e  Turkey P o i n t  
Generat ing S t a t i o n  i n  October 1981 d u r i n g  an outage f o r  steam genera to r  
replacement. Dur ing  t h a t  outage i t  was p o s s i b l e  t o  g a i n  access t o  t h e  sump 
r e g i o n  d i r e c t l y  beneath t h e  pressure  vessel  on U n i t  4 about 24  h r  a f t e r  
shutdown. The Turkey P o i n t  U n i t  4 Reactor  i s  a 693 MWe Westinghouse PWR which 
has been i n  o p e r a t i o n  s i n c e  1973. I n  s p i t e  o f  h i g h  tempera tures  and h i g h  
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r a d i a t i o n  f i e l d s  i n  t h e  sump area, i t  was p o s s i b l e  t o  o b t a i n  two 7.5 cm 
d iameter  conc re te  co res  f rom t h e  sump f l o o r .  The samples were s l i c e d  i n t o  1 cm 
s e c t i o n s  f o r  gamma c o u n t i n g  and were a l s o  s u b j e c t e d  t o  r a d i o c h e m i s t r y  a f t e r  
g r i n d i n g  i n  a sha t te rbox .  

6.2 ANALYTICAL METHODS 

6.2.1 N o n d e s t r u c t i v e  Gamma Assay 

Concrete co re  samples were c u t  i n t o  1 cm s l a b s  u s i n g  a rock  saw w i t h  a 
diamond-impregnated c u t t i n g  wheel. The i n d i v i d u a l  s l i c e s  were t h e n  repackaged 
i n  p l a s t i c  and mounted d i r e c t l y  on t h e  f a c e  o f  a 100 cm3 G e ( L i )  d iode  f o r  
coun t ing .  
geometry and matched d e n s i t y .  
powdered i r o n ,  and powdered aluminum doped w i t h  a m i x t u r e  o f  NBS o r  NBS- 

“2yf54y155Eu and ’07Bi were i nc luded .  An e f f i c i e n c y  cu rve  was prepared f r o m  
those  peaks u s i n g  a r e g r e s s i o n  fit. 

The coun te r  was s tandard i zed  u s i n g  a mockup prepared i n  an i d e n t i c a l  
The mockup was made f rom a m i x t u r e  o f  epoxy, 

Standards f o r  6oCo, lZ5Sb, 137Cs, c a b l e  l i q u i d  r a d i o i s o t o p e  standards.  

Coun t ing  r e s u l t s  were reduced u s i n g  a s tandard  peak i d e n t i f i c a t i o n ,  peak 
area r o u t i n e  w i t h  t h e  e f f i c i e n c y  cu rve  used f o r  t h i s  f i n a l  q u a n t i f i c a t i o n .  
r e p o r t e d  r e s u l t s  have been decay c o r r e c t e d  t o  t h e  t i m e  o f  l a s t  known i r r a d i a -  
t i o n  and c o r r e c t e d  f o r  a s a t u r a t i o n  f a c t o r  co r respond ing  t o  a 30 y e a r  
i r r a d i  a t i  on. 

A l l  

6.2.2 Radiochemical  Separa t i ons  and Count ings 

Samples o f  s t e e l  and conc re te  were d i g e s t e d  i n  h o t  h y d r o c h l o r i c  ac id .  
Sample s i z e  v a r i e d  f r o m  10  mg t o  50 gm depending upon t h e  s p e c i f i c  a c t i v i t y  o f  
6oCo i n  t h e  sample. 
volume. 
A l i q u o t s  o f  t h e  rema in ing  sample were s u b j e c t e d  t o  rad iochemica l  s e p a r a t i o n s  as 
d e s c r i  bed b e l  ow. 

The s o l u t i o n s  were f i l t e r e d  and d i l u t e d  t o  c o n s t a n t  
An a l i q u o t  was taken  f o r  gamma assay o f  5%n, 6oCo, and 137Cs. 

6.2.2.1 55Fe D e t e r m i n a t i o n  

I r o n  i s o t o p e s  were separated f r o m  o t h e r  r a d i o n u c l i d e s  by a n i o n  exchange 
chromatography. 
o x a l a t e  medi urn. 
I ron -55  was measured u s i n g  an i n t r i n s i c  germanium d iode  w i t h  a 5 m i l  b e r y  l i u m  
window t o  d e t e c t  t h e  c h a r a c t e r i s t i c  manganese K X-rays. 

I r o n  was e l e c t r o p l a t e d  o n t o  a copper d i s c  f r o m  an ammonium 
Radi ochemi c a l  y i e l d s  were de te rm i  ned by t r a c i  ng w i t h  59Fe. 
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6.2.2.2 6 3 N i  and 59Ni  De te rm ina t ion  

N i  c k e l  i s o t o p e s  were separated f rom o t h e r  r a d i o n u c l  i d e s  by p r e c i p i t a t i n g  
w i t h  d ime thy l  -glyoxime i n  t h e  presence o f  c h e l a t i n g  agents and h o l  d-back 
c a r r i e r s .  N i c k e l  was e l e c t r o p l a t e d  on to  a s t a i n l e s s  s t e e l  d i s c  f rom a s u l f a t e  
medium. Chemical y i e l d s  were determined by t r a c e r  techn ique  u s i n g  2.52 h r  
6 5 N i .  N i c k e l  -63 was measured u s i n g  an a n t i  - c o i n c i d e n t  s h i e l d e d  w i  ndowless 
p r o p o r t i o n a l  be ta  counter .  
d iode  w i t h  a 5 m i l  b e r y l l i u m  window t o  d e t e c t  t h e  c h a r a c t e r i s t i c  c o b a l t  K 
X-rays. 

N i  cke l -59  was measured u s i  ng an i n t  r i  n s i  c germani urn 

6.2.2.3 93~40 Determi n a t i o n  

Molybdenum i s o t o p e s  were separated f rom o t h e r  r a d i o n u c l i d e s  by repeated  
scavenging w i t h  f e r r i c  hydrox ide ,  e t h e r  e x t r a c t i o n s ,  and an ion  exchange 
chromatography. Molybdenum was e l e c t r o p l a t e d  o n t o  a s t a i n l e s s  s t e e l  d i s c  f rom 
a b a s i c  s u l f a t e  medium. 
9 9 ~ o .  
5 m i l  b e r y l l i u m  window t o  d e t e c t  t h e  c h a r a c t e r i s t i c  n iob ium K X-rays. 

Radiochemical y i e l d s  were de termined by t r a c i n g  w i t h  
Molybdenum-93 was measured u s i n g  an i n t r i n s i c  germanium d iode  w i t h  a 

6.2.2.4 94Nb De te rm ina t ion  

N i  o b i  urn was separa ted  f rom o t h e r  r a d i  onucl  i d e s  by p r e c i  p i  t a t i o n  o f  n i  o b i  c 
ox ide  f rom an a c i d  medium d u r i n g  d i s s o l u t i o n  o f  t h e  s o l i d  sample. Both  n iob ium 
c a r r i e r  and 95Nb were p resen t  d u r i n g  d i s s o l u t i o n .  
gamma-ray s p e c t r o m e t r i c  techn iques  and rad iochemica l  y i e l d  de termined by 
t r a c i n g  w i t h  95Nb. 

Niobium-94 was measured by 

6.2.2.5 99Tc Determi n a t i o n  

Technetium i s o t o p e s  were separated from o t h e r  r a d i o n u c l i d e s  by scavenging 
methods and an ion  exchange chromatography. Technetium was e l e c t r o p l a t e d  f rom a 
b a s i c  ammoni urn s u l  f a t e  medi um. Technet i  um-99 was c o r r e c t e d  f o r  rad iochemica l  
y i e l d  by t r a c i n g  w i t h  95mTc. Technet i  urn-99 was de termined by b e t a  a b s o r p t i o n  
techn iques  u s i  ng a w i  ndowl ess be ta  p r o p o r t i o n a l  coun te r  t h a t  was a n t i  - 
c o i  n c i  dent  s h i  e l  ded t o  reduce background. 

6.2.2.6 Europium Iso topes  

Europi  um rad ionuc l  i d e s  were separa ted  a long  w i t h  o t h e r  r a r e  e a r t h  i s o t o p e s  
by p r e c i p i t a t i n g  w i t h  h y d r o f l u o r i c  a c i d  i n  an a c i d  medium u s i n g  r a r e  e a r t h  
c a r r i e r s  and hold-back c a r r i e r .  Radiochemical y i e l d s  were de termined by t r a c e r  
techn iques  u s i n g  140La. Europium-152, 154Eu, and 155Eu were measured by gamma- 
r a y  spec t romet r i c  techn iques  w i t h  a 100 cm3 Ge(L i )  d iode.  
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6.3 RADIOCHEMICAL ANALYSIS RESULTS 

6.3.1 S t e e l s  

The r e s u l t s  o f  t h e  rad iochemical  a n a l y s i s  o f  s t a i n l e s s  s t e e l  samples a r e  
g i ven  i n  Table 6.1. Three o f  t h e  samples a re  t y p e  304L s t a i n l e s s  s t e e l ,  t h e  
m a t e r i a l  most t y p i c a l  o f  r e a c t o r  i n t e r n a l s ,  w h i l e  t h e  f o u r t h  i s  t y p e  718 
i n c o n e l .  The i n c o n e l  sample i s  very  h i g h  i n  b o t h  s t a b l e  n i c k e l  and n iob ium 
t h u s  making i t  an i d e a l  case f o r  s t u d y i n g  t h e  p r o d u c t i o n  o f  t h e  l o n g - l i v e d  
a c t i v a t i o n  p roduc ts  f rom those  elements, i .e., 5 9 N i  , 6 3 N i  , and 94Nb. 
t h e  r e s u l t s  g i v e n  i n  t h i s  s e c t i o n  a re  c o r r e c t e d  f o r  decay t o  t h e  end o f  
i r r a d i a t i o n  and a d j u s t e d  t o  an e q u i v a l e n t  o f  30 y e a r s  o f  i r r a d i a t i o n .  C a l c u l a -  
t i o n s  were c a r r i e d  o u t  u s i n g  t h e  p r e v i o u s l y  d e s c r i b e d  computer codes combined 
w i t h  t h e  i n d i v i d u a l  sample composi t ions as measured by X-ray f l uo rescence .  For  
t h e  M o n t i c e l l o  sample, t h e  f l u x  c a l c u l a t i o n  f o r  BWR vessel  c l a d d i n g  was used, 
w h i l e  f o r  t h e  o t h e r  t h r e e ,  c o n d i t i o n s  t y p i c a l  o f  a PWR shroud were used. I n  
a l l  cases t h i s  procedure r e s u l t e d  i n  a s i g n i f i c a n t  ove res t ima te  o f  t h e  the rma l  
f l u x .  I n  o r d e r  t o  have a p o i n t  o f  r e f e r e n c e  f o r  t h e  a c t u a l  n e u t r o n  r e c e i v e d  by 
t h e  samples, a l l  c a l c u l a t i o n s  were no rma l i zed  t o  t h e  measured 55Fe i n  each 
sample. 
n e u t r o n  f l u x ,  s i n c e  55Fe i s  produced p r i m a r i l y  by the rma l  n e u t r o n  capture.  
Norma l i z ing  t o  55Fe r e s u l t s  i n  o v e r a l l  agreement t o  w i t h i n  a f a c t o r  o f  two i n  
most cases. I n  v iew o f  t h e  l e s s  t h a n  i d e a l  sampl ing c o n d i t i o n s ,  t h i s  can be 
cons ide red  t o  be reasonably  good agreement. 
appear, however. 
i n c o n e l  sample i s  c o n s i d e r a b l y  h i g h e r  t h a n  expected. The SS304L sample f r o m  
t h e  same area i s  a l s o  a b i t  h i g h e r  i n  94Nb t h a n  expected. 
t h a t  t h e  c r o s s - s e c t i o n  used i n  t h e  c a l c u l a t i o n  i s  i n  e r r o r ,  however, a more 
l i k e l y  e x p l a n a t i o n  l i e s  i n  t h e  d e t a i l s  o f  t h e  f l u x  d i s t r i b u t i o n .  Those two 
samples came f rom t h e  co re  of t h e  r e a c t o r  where t h e r e  i s  a p a r t i c u l a r l y  h i g h  
ep i the rma l  n e u t r o n  component, and a s i g n i f i c a n t l y  l ower  cadmium r a t i o  t h a n  i n  
t h e  shroud. Niobiurn-94 does have a s u b s t a n t i a l  resonance c o n t r i b u t i o n  t o  i t s  
p r o d u c t i o n  r a t e .  It i s  wor th  n o t i n g  t h a t  93M0, which i s  produced a lmost  
e n t i  r e l y  by resonance c a p t u r e  i s  a1 so underpredi  c t e d  i n  t h e  P o i  n t  Beach samples 
and o v e r p r e d i c t e d  i n  t h e  samples f rom t h e  U n i v e r s i t y  o f  V i r g i n i a  and t h e  
M o n t i c e l l o  r e a c t o r s .  C l e a r l y ,  b e t t e r  documented samples a r e  r e q u i r e d  t o  o b t a i n  
more accu ra te  r e s u l t s .  A reement between t h e  measured and c a l c u l a t e d  
a c t i v i t i e s  f o r  5%n, and 2 3 N i  was r a t h e r  poor f o r  t h e  M o n t i c e l l o  c o r e  spray 
sparger  p i n  sample. The reason f o r  t h e  disagreement i s  n o t  apparent.  

A l l  o f  

It shou ld  be noted t h a t  t h i s  w i l l  m a i n l y  se rve  t o  s c a l e  t h e  thermal  

A few c u r i o u s  anomal ies d i d  
I n  p a r t i c u l a r ,  t h e  94Nb measurement f r o m  t h e  P o i n t  Beach 

T h i s  c o u l d  suggest 

The e q u i v a l e n t  r e s u l t s  f o r  vessel  s t e e l s  i s  g i v e n  i n  Table 6.2. A l l  f o u r  
samples were o f  s i m i l a r  compos i t i on  i r r a d i a t e d  under s i m i l a r  though n o t  
i d e n t i c a l  c o n d i t i  ns i n  a research  r e a c t o r .  Good agreement was o b t a i n e d  f o r  
5%n, 6oCo, and "Ni . Molybdenum-93 i s  i n  a l l  f o u r  cases o v e r p r e d i c t e d  by up 
t o  a f a c t o r  o f  f o u r  presumably due t o  t h e  reasons p r e v i o u s l y  discussed. It was 
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c.l g 3 ~ o  
94Nb 

c-’ 

99Tc 

1 1 h A g  
151sln 
152Eu 
154Eu 
155Eu 

TABLE 6.1. I r r a d i a t e d  S t a i n l e s s  S tee l  - Measured Versus C a l c u l a t e d  A c t i  v i  t y  
i n  pCi/gm 

SS-TAP ISS304L) M o n t i  c e l l  o (SS304LI P o i n t  Beach (SS304L I 
Cal c u l  a t e d  ( 2 )  Measured ( ) Ca 1 c u  1 a t e d  ( Mea s u r e d  ( Ca 1 cu  1 a t e d  ( 3, Measured 

640 826 
26000 E 26000 

< 22 140 
8970 15200 

1260 2130 
0.038 0.15 

<O. 003 0.017 
1.28 0.020 

1.0 
<O. 6 

<o. 3 
<O. 2 

<0.04 

0.020 0.0070 
0.145 E 0.145 

<O. 029 
0.014 0.083 

0.049 0.013 
<O. 006 2.4E-7 
<O. 0047 1.4E-7 

P o i n t  Beach I n c o n e l  \ 

876 662 
: 20800 

25.0 11.9 
8310 12300 

1290 1980 
0.15 0.086 
n. 40 0.28 

20800 

Measured ‘ ” Ca 1 c u l  a t e d  ‘ ’ 
162 114 

3580 : 3580 
40.9 42 
722 

4160 6570 
1.13 0.84 
56.8 18.5 

<O. 05 
0.79 

0.50 

0 <o. 05 
n. n34 2.5 
0. n24 1.2 

(1) C o r r e c t e d  t o  end o f  i r r  i a t i o n  and 30 EFPY 
( 2 )  N o r m a l i z e d  “0 measured “Fe. Rased on measured c o m p o s i t i o n  dnd f l u x  c o n d i t i o n s  f o r  PWK sh roud  
( 3 )  N o r m a l i z e d  t o  measured 55Fe. Based on measured c o m p o s i t i o n  and f l u x  c o n d i t i o n s  f o r  HWR v e s s e l  c l a d d i n g .  
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7 

n o t  p o s s i b l e  t o  measure 5 9 N i  o r  94Nb i n  these  samples w i t h  adequate s e n s i t i v i t y  
t o  check t h e  model f o r  t hose  i so topes .  A l l  o f  t h e  samples were r a t h e r  h i g h  i n  
99Tc. 
h i g h  t o  be t h e  r e s u l t  o f  d i r e c t  a c t i v a t i o n .  

T h i s  i s  e v i d e n t l y  some t y p e  o f  con tamina t ion  s ince  i t  i s  c l e a r l y  t o o  

6.3.2 Concretes 

Radiochemical analyses were c a r r i e d  ou t  on a s e r i e s  o f  conc re te  samples 
ob ta ined  a t  t h e  Pa th f i nde r ,  Humboldt Bay, and Turkey P o i n t  No. 4 r e a c t o r s .  
Data f o r  t h e  concre tes  was t r e a t e d  i n  t h e  same manner as p r e v i o u s l y  desc r ibed  
f o r  t h e  s t e e l s  w i t h  t h e  excep t ion  t h a t  15*Eu was used f o r  neu t ron  f l u x  n o r m a l i -  
z a t i o n  r a t h e r  t h a n  55Fe. 
r e a l  l y  f u l  l y  s a t i s f a c t o r y .  S ince access t o  t h e  more h i g h l y  a c t i v a t e d  r e g i o n s  
of  t h e  b i o s h i e l d  was n o t  p o s s i b l e  a t  any o f  t h e  s i t e s  sampled, i t  was necessary 
t o  o b t a i  n samples f rom r e g i  ons r e c e i  v i  ng h i  g h l y  a t t e n u a t e d  neu t ron  f 1 uxes. I n  
a d d i t i o n  t o  t h e  f a c t  t h a t  d e t e c t i o n  l i m i t s  become a s e r i o u s  problem e x p e r i -  
mental  l y ,  con tamina t ion  by t r a n s 1  o c a t i  on p roduc ts  can be dominant f o r  some i s o -  
topes,  p a r t i c u l a r l y  near  t h e  s u r f a c e  o f  t h e  concre te .  
Table 6.3 and F i g u r e  6.1 which p l o t s  t h e  depth  p r o f i l e  o f  t h e  c o b a l t  and 
europium i s o t o p e s  i n  a conc re te  c o r e  taken  d i r e c t l y  beneath t h e  r e a c t o r  vesse l  
a t  t h e  P a t h f i n d e r  reac to r .  The europium i s  c l e a r l y  a pure  a c t i v a t i o n  p roduc t  
w h i l e  t h e  6oCo near  t h e  s u r f a c e  i s  obv ious l y  a t r a n s l o c a t e d  contaminant .  The 
6oCo a c t i v i t y  appears t o  be l e v e l i n g  o f f  near  t h e  pure  a c t i v a t i o n  l e v e l ,  b u t  
does n o t  q u  The co re  i s  a l s o  seen f rom Tab le  6.4 t o  be contami-  
na ted  w i t h  “Fe even 8 c e n t i m e t e r s  beneath t h e  sur face .  T h i s  s i t u a t i o n  i s  even 
more obv ious  f o r  t h e  d a t a  on t h e  Humboldt Bay samples as g i ven  i n  Tables 6.5 
and 6.6. Whi le  t h e  two europium i s o t o p e s  show good i n t e r n a l  cons i s tency  as 

None o f  t h e  samples a v a i l a b l e  f o r  a n a l y s i s  were 

T h i s  i s  i l l u s t r a t e d  i n  

e reach it. 

TABLE 6.3. P a t h f i n d e r  Concrete Core PCC-8 D i r e c t l y  Beneath 
Vessel A c t i v i t y  i n  pCi/gm Cor rec ted  t o  Shutdown 
and 30  EFPY 

Depth (cm) 
0- 1 

1-2  
2-3 
3-4 

4-5 
5-6 
6-7 
7 -8 
8-9 

6Oco 63Ni  
32 00 

76.0 

39.1 
40.2 

21.4 
21.8 
16.5 
17.6 
14.6 <400 

- -  

116 

5.93 1.20 

5.84 1.14 

6.37 1.30 
6.68 1.14 

6.68 1.09 
8.46 1.35 
7.84 1.35 
8.24 1.40 
7.84 1.35 
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HBRS- 2 2 
Bottom 
I n s  i de 
Edge 

HBRS-23 
Bottom 
I n s  i de 
Edge 

TABLE 6.4. P a t h f i n d e r  Concrete Core PCC-8 (8 -9  cm) Comparison 
o f  Measured and C a l c u l a t e d  A c t i v i t i e s  

Measured C a l c u l a t e d  Measured/ 
(pCi/gm) (pCi /gm) Cal c u l  a t e d  

55Fe 16000 73  220 

63Ni <4 00 0.2 
6Oco 14.6 3.7 4 .O 

52Eu 7.84 -7.84 E 1  

54Eu 1.35 0.85 1.6 

TABLE 6.5. Humboldt Bay Concrete B i o s h i e l d  Samples A c t i v i t y  
a t  Shutdown and 30 EFPY (pCi/grn) 

HBRS-24 
Top Outs ide  
Edge 

HBRS- 2 5 
Top I n s i d e  
Edge 

54Mn 55Fe 60c0 63Ni 125sb 

42.7 37 8 0.45 

25.7 82 1 

134cs 137c, 152Eu 154Eu 155Eu ----- 
8.2 199 188 11.6 2.2 

1.67 30.1 475 309 18.1 3.61 

39.7 7380 303 55 1.41 

176 16600 1308 4 1  C0.7 

51.0 544 

153 72 

63 4.9 

293 31.6 

0.80 

5.3 

pu re  a c t i v a t , a n  produc ts ,  e v e r y t h i n g  e l s e  appears t o  be con-amina ion .  
bes t  samples o b t a i n e d  were those  taken  beneath t h e  p ressu re  vesse l  a t  t h e  
Turkey P o i n t  No. 4 r e a c t o r .  S ince  these  samples were taken  immedia te ly  a f t e r  
shutdown i t  was p o s s i b l e  t o  measure a number o f  s h o r t e r - l i v e d  a c t i v a t i o n  p r o -  
duc ts  i n  a d d i t i o n  t o  t h e  r a t h e r  l i m i t e d  l i s t  o f  l o n g - l i v e d  i so topes  de tec tab le .  
Two cores were analyzed w i t h  t h e  s a t u r a t i o n  and decay c o r r e c t e d  r e s u l t s  g i v e n  
i n  Tables 6.7 and 6.8. The d a t a  f o r  c o r e  T P - I  i s  p l o t t e d  as a f u n c t i o n  o f  
depth i n  F i g u r e  6.2. 
con tamina t ion  f rom t h e  su r face .  
much l e s s  r a p i d  f a l l  o f f  wi th depth, w i t h  c o n s i d e r a b l e  con tamina t ion  p resen t  i n  

The 

Most o f  t h e  i so topes  show o n l y  s h a l l o w  p e n e t r a t i o n  o f  
A n o t a b l e  e x c e p t i o n  i s  137Cs which e x h i b i t s  a 
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TABLE 6.6. Humboldt Bay Concrete f rom Upper S h i e l d  R ing  

HBRS-25 Comparison o f  Measured and 
C a l c u l a t e d  A c t i v i t i e s  

Me as u r e d  
(PCi Ism) 

176 
16600 

1308 

41 

153 

293 
31.6 

5.3 

C a l c u l a t e d  
(pCi/gm) 

8.5 
2 080 

233 

2.9 
9 

5293 
31.7 

0.7 

Me as u r e d  1 
Cal c u l  a t e d  

21  

8.0 
5.6 

1 4  

17 

51.0 

1.0 

7.6 

even t h e  deepest sample. 
model f o r  t h e  deepest p o i n t  i n  co re  T P - I .  Agreement i s  e x c e l l e n t  f o r  most o f  
t h e  i sotopes. 

Tab le  6.9 g i ves  a comparison w i t h  t h e  a c t i v a t i o n  

6.3.3 Conclus ions 

W i t h i n  t h e  framework o f  t h e  samples a v a i l a b l e ,  o n l y  a l i m i t e d  v e r i f  
o f  t h e  p r e d i c t i v e  c a p a b i l i t y  was poss ib le .  
and 93M0 were found t o  be p resen t  a t  app rox ima te l y  t h e  expected l e v e l s  based on 
a neu t ron  f l u x  n o r m a l i z a t i o n .  The presence o f  94Nb i n  s t a i n l e s s  s t e e l  samples 
was v e r i f i e d  a t  l e v e l s  somewhat h i g h e r  than  expected. The d isc repancy  appears 
t o  be a t t r i b u t a b l e  t o  ep i the rma l  cap tu re  i n  t h e  c o r e  r e g i o n  f o r  t hose  p a r t i c u -  
l a r  samples. 
i so topes  was v e r i f i e d ,  w i t h  good agreement between measurement and c a l c u l a t i o n  
o b t a i n e d  f o r  a number o f  s h o r t e r - l i v e d  i so topes .  It was n o t  p o s s i b l e  t o  
de termine 41Ca w i t h  t h e  a v a i l a b l e  techn iques  on t h e  r a t h e r  low l e v e l  samples 
o b t a i n a b l e  a t  t h i s  t ime.  

I n  t h e  s t e e l  samples, 5 9 N i ,  

For  t h e  conc re te  samples, t h e  dominant r o l e  o f  t h e  europium 
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TABLE 6.7. Turkey P o i n t  U n i t  4 Concrete Core Taken D i r e c t l y  Beneath 
Vessel A c t i v i t y  a t  Shutdown and 30 EFPY (pCi/gm) 

46sc 
51Cr 

5 4 ~ n  
55Fe 
58c0 
59Fe 

6Oco 
6 3 N i  

6 5 ~ n  
94Nb 

1OhAg 
@Ag 

124Sb 
134cs 

137cs 
1 4 k e  

152Eu 
154Eu 
155Eu 
166m~, 

0- 1 1-2 
1001 
81 40 

76 
12800 

165 
67 0 

101 00 

630 
<3 

<3 
13  

49 
500 

6550 
63 

2490 
3 46 

<13 
<6 

1350 
483 0 

3.1 
145 00 

19 
780 

1700 

61 
(2 

<2 
<5 
2 0  

188 

1610 
98  

401 0 
47 0 

< 42 
<2 0 

2-3 
1390 
1835 

3.1 
14500 

22 
82 0 

1400 

53 
<2 

<2 
(5 
19 

116 

772 
85 

4170 
47 0 
<30 
4 4  

3-4 
1380 

62 6 

4.0 

19 
7 80 

1420 

54 
<2 

<2 
(5 

1 7  
85 

47 1 
80 

4090 
390 

<2 7 
4 3  

4-5 
1360 

580 

1.8 

1 7  
7 80 

1430 

59 
<2 

<2 
(5 

12 
80 

353 
80 

3860 
370 

<27 
<13 

5-6 
1450 

440 
~ 1 . 8  

23 
81 0 

1540 

52 
<2 

<2 
(5 

8.5 
72 

224 
89 

4210 
440 

<33 
<; 6 

6-7 
1300 

45 0 
~ 1 . 8  

18675 
25 

72 0 

1320 
<I 6 

50 
<2 

<2 
(5 

12.5 
58 

133 
54 

3670 
350 

<33 
<16 

120 



TABLE 6.8. Turkey P o i n t  U n i t  4 Concrete Core Taken D i r e c t l y  Beneath 
Vessel (TR-J) A c t i v i t y  a t  Shutdown and 30 EFPY 
(PCi /gm) 

46sc 
51c r 

5 4 ~ n  
58c0 
59Fe 

6Oco 
6 5 ~ n  
94Nb 

IohAg 
@'Ag 

124Sb 
134cs 

137cs 
4 1 ~ e  

152Eu 
154Eu 
166m~, 

0- 1 
1024 
3667 

49 
134 
6 80 

809 0 
2420 
~ 1 . 7  

<0.8 
<10 

72 
53 0 

3190 
54 

3041 
81 0 
4 3  

1-2 
1266 
1390 

<2 
19 

7 40 
1590 

79 
<O. 6 

~ 0 . 6  
<8 
31 

115 

165 
63 

4440 
11 00 

<2 0 

2-3 
1323 

760 

2.7 
25 

7 80 
1540 

83 
<0.6 

(0.6 
<5 
21 
77 

80 
67 

4080 
950 
<23 

3-4 
1560 

89 0 

<2 
26 

89 0 

1708 

83 
<O. 6 

~ 0 . 6  
<7 
22 
86 

76 
38 

187 0 
1170 

<20 

4- 5 
1190 

580 

7.6 
12 

2120 

3300 

80 
<O. 6 

<1.1 
<7 
12 
53 

32 
76 

3 400 
7 40 
<2 3 

5-6 
22 03 

67 0 

12.5 
23 

4510 

6226 

84 
C 1 . 0  
C0.6 

(9 
1 7  
57 

28 
103 

3730 
775 
<33 

6-7 
1502 

49 0 

8.9 
2 1  

2850 
431 0' 

84 
C1.0 

~ 0 . 6  
(7 
17 
67 

35 
98 

4370 
980 
<10 

7-8 
1703 

85 0 

~ 1 . 8  
36 

950 
1710 

100 
<O.  6 

~ 0 . 6  
<5 
22 
67 

27 
72 

5280 
11 00 

<15 
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TURKEY POINT UNIT 4 

CONCRETE CORE FROM SUMP FLOOR 
(TP-I) CORRECTED TO 30 EFPY 

6Oco 

46sc 
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51Cr 

54Eu 

141Ce 

137cs 

6 5 ~ n  

58c0 

24Sb 
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F I G U R E  6.2. Depth P r o f i l e  o f  Rad ionuc l ides  i n  Concrete Core Taken 
f rom Sump F l o o r  a t  Turkey P o i n t  No. 4 
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TABLE 6.9. Turkey P o i n t  U n i t  4 Concrete Core T P - I  Comparison 
o f  Measured and C a l c u l a t e d  A c t i v i t i e s  

Measured(a) Cal c u l  a t e d ( b )  Measured 
( p c i  / g m )  ( p c i  / g d  C a l c u l a t e d  

46sc 
5 1 ~  r 
5%n 
55Fe 

5 8 ~ 0  
59Fe 
6Oco 
6 3 N i  
6 5 ~ n  
94Nb 

OhAg 

l1 hAg 
124Sb 

134cs 
137cs 

l41Ce 
152Eu 
154Eu 
155Eu 
166m~, 

1300 
45 0 

<2 
18675 

25 
720 

1320 

4 6  
50 
(2 
<2 

<5 
12.5 

58 
133 

54 
367 0 
350 
<3 3 
<16 

1000 

570 
7 

27900 

<3 

7 80 
1870 

<60 
130 

0.11 
~ 0 . 1 5  

<2 8 
26 

295 
5.7 
63 

~ 3 7 6 0  

448 
1 8  
-- 

1.3 
0.8 

<O. 3 
0.7 

>8.3 

0.9 
0.7 

0.4 
<18 
-- 
-- 

0.5 

0.2 
23 

0.9 
E l .  00 

0.8 
~ 1 . 8  

-- 

( a )  A c t i v i t y  c o r r e c t e d  t o  r e a c t o r  shutdown and 30 EFPY. 

( b )  C a l c u l a t i o n  based on measured c o m p o s i t i o n  o f  core.  
A l l  d a t a  n o r m a l i z e d  

Deepest p o i n t  i n  c o r e  used. 

PWR f l u x  a t  ig2cm dep th  used. 
t o  measured Eu i n  core.  





7.0 EFFECT ON D E C O M M I S S I O N I N G  STRATEGIES 

T h i s  program has taken  a more d e t a i l e d  l o o k  a t  t h e  q u e s t i o n  o f  nuc lea r  
a c t i v a t i o n  o f  r e a c t o r  c o n s t r u c t i o n  components. A ma jor  goal  o f  t h e  program 
was t o  de termine i f  t h e r e  a r e  any s i g n i f i c a n t  r e a c t i o n  pathways and p roduc t  
i s o t o p e s  which c o u l d  have a major  impact  on decomiss ion ing  and d i sposa l  s t r a t e -  
g ies.  It i s  c l e a r  f rom t h i s  work t h a t  t h e r e  shou ld  be no r e a l  s u r p r i s e s  pro-  
v ided  re1 a t i  v e l y  o r d i n a r y  m a t e r i a l  s have been used f o r  c o n s t r u c t i o n .  The range 
o f  neu t ron  a c t i v a t i o n  expected f a l l s  w i t h i n  t h a t  cons idered i n  t h e  Smith, 
Konzek, and Kennedy (1978) and Oak e t  a l .  (1980) assessments and t h e i r  con- 
c l u s i o n s  remain v a l i d .  C e r t a i n l y ,  t h e  decommissioning problem c o u l d  have been 
somewhat a l l e v i a t e d  by c a r e f u l  s e l e c t i o n  o f  m a t e r i a l s  d u r i n g  c o n s t r u c t i o n .  
Coba l t  l e v e l s  i n  s t a i n l e s s  s t e e l  were found t o  vary  i n  t h e  ext reme by more t h a n  
a f a c t o r  o f  t e n  f o r  example. S e l e c t i o n  o f  m a t e r i a l s  may n o t ,  however, be 
p r a c t i c a l  due t o  t h e  l a r g e  q u a n t i t i e s  o f  s t e e l  i nvo l ved .  High c o b a l t  s t e e l s  
a r e  a l s o  r e q u i r e d  i n  some c r i t i c a l  r e a c t o r  a p p l i c a t i o n s  due t o  hardness 
r e q u i  rements. 
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8.0 RECOMMENDATIONS FOR FUTURE STUD1 ES 

It i s  c l e a r  f rom t h e  assessment done i n  t h i s  s tudy t h a t  a good p r e d i c t i v e  
c a p a b i l i t y  e x i s t s  f o r  d e t e r m i n i n g  expected l e v e l s  of  a c t i v a t i o n  p roduc ts  p r e -  
sent  i n  l i g h t  water  r e a c t o r s .  Neutron c a p t u r e  c r o s s - s e c t i o n s  a r e  re1  i a b l y  
a v a i l a b l e  f o r  a l l  i m p o r t a n t  i s o t o p e s  o f  i n t e r e s t .  The neu t ron  f l u x  d i s t r i -  
b u t i o n  i s ,  however, complex p a r t i c u l a r l y  w i t h i n  t h e  h i g h  f l u x  r e g i o n  and t h e r e  
i s  a r e s u l t i n g  l a r g e  u n c e r t a i n t y  i n  t h e  c a l c u l a t i o n  o f  a c t i v a t i o n  l e v e l s .  
Furthermore, a c t i v a t a b l e  t r a c e  element l e v e l s  were found t o  va ry  over  more than  
an o r d e r  of magnitude f o r  seve ra l  key t r a c e  elements i n c l u d i n g  c o b a l t  and 
niobium. It was n o t  p o s s i b l e  w i t h i n  t h e  framework o f  t h i s  program t o  c a r r y  o u t  
a f u l l  v e r i f i c a t i o n  of t h e  p r e d i c t i v e  c a p a b i l i t y  s i n c e  samples were n o t ,  i n  
genera l ,  a v a i  1 ab1 e f rom t h e  a p p r o p r i a t e  r e a c t o r  reg ions .  Thi  s t y p e  o f  sampl i ng 
w i l l  o n l y  r e a l i s t i c a l l y  be p o s s i b l e  d u r i n g  an a c t u a l  f u l l  s c a l e  r e a c t o r  decom- 
m i  s s i o n i n g  exper ience.  C a r e f u l l y  documented samples shou ld  be t a k e n  a t  a l l  
p o i n t s  i n  t h e  decommissioning opera t i on .  A sampl ing p l a n  shou ld  i n  f a c t  be 
i n c l u d e d  as p a r t  o f  t h e  predecommissioning p lann ing .  Fo r  many y e a r s  t o  come, 
each p r o j e c t  under taken w i l l  r ep resen t  a r a r e  o p p o r t u n i t y  t o  o b t a i n  complete 
i n f o r m a t i o n  about t h e  neu t ron  a c t i v a t e d  components of t h e  r e a c t o r  system. 
Sampling shou ld  i n c l u d e  b i o s h i e l d  co res  a t  seve ra l  l o c a t i o n s ,  vessel  w a l l  sec-  
t i o n s  i n c l u d i n g  c l  addi  ng, and v a r i o u s  sampl es o f  r e a c t o r  i n t e r n a l  s i n c l  u d i  ng 
c o n t r o l  rods. A l l  samples, p a r t i c u l a r l y  t h e  i n t e r n a l s ,  shou ld  be subsampled 
o n s i t e  t o  reduce them t o  a manageable r a d i a t i o n  l e v e l  f o r  a n a l y s i s .  These 
samples shou ld  a l s o  be f u l l y  documented and a r c h i v e d  f o r  f u t u r e  use. 

It i s  i m p o r t a n t  t h a t  t h i s  be done as p a r t  o f  t h e  d i s m a n t l i n g  o p e r a t i o n  i n  
o rde r  t o  t a k e  f u l l  advantage of t h e  h a n d l i n g  f a c i l i t y  and decon tamina t ion  
c o n t r o l s  i n  p l a c e  a t  t h a t  t ime.  
chemical and rad iochemica l  a n a l y s i s .  T h i s  i s  a r a t h e r  f o r m i d a b l e  problem f o r  
t h e  h i  g h l y  r a d i  o a c t i  ve components. 
a n a l y s i s  was found t o  be ve ry  successfu l  f o r  a n a l y z i n g  even h i g h l y  r a d i o a c t i v e  
samples. W i t h  t h e  a d d i t i o n  of wavelength d i s p e r s i v e  a n a l y s i s ,  a r a t h e r  com- 
p l e t e  chemical  c h a r a c t e r i z a t i o n  can be done f u l l y  n o n d e s t r u c t i v e l y .  F i n a l l y ,  
n e u t r o n  f l u x  c a l c u l a t i o n s  shou ld  be c a r r i e d  o u t  f o r  t h e  r e a c t o r  under s tudy 
w i t h  a c t i v i t y  l e v e l s  p r e d i c t e d  i n  t h e  manner o f  t h e  p resen t  work. 

A n a l y s i s  o f  t h e  samples shou ld  i n c l u d e  b o t h  

Energy d i  s p e r s i  ve, X-ray f 1 uorescence 

C o n t r o l  rods pose a s p e c i a l  problem, s i n c e  t h e i r  complex geometr ies and 
h i g h  neu t ron  o p a c i t i e s  render  t h e  c a l c u l a t i o n  o f  a c t i v a t i o n  i n v e n t o r i e s  
i m p r a c t i  c a l  . A d e t a i  l e d  exper imen ta l  s tudy i s suggested. Thi  s would i n v o l v e  
s e c t i o n i n g  t h e  c o n t r o l  rods t o  d e f i n e  p r o d u c t i o n  g r a d i e n t s  w i t h  samples t a k e n  
f o r  r a d i o c h  m i  c a l  a n a l y s i s .  
63N i ,  and "Nb i n  t h e  c ladd ing .  A n a l y s i s  o f  PWR c o n t r o l  rods  shou ld  i n c l u d e  
l l h A g  and lohAg. 
program need n o t  be c a r r i e d  o u t  i n  c o n j u n c t i o n  w i t h  a decomiss ion ing o p e r a t i o n ,  

I s o t o p e s  analyzed shou ld  i n c l u d e  55Fe, 6oCo, 5 9 N i  , 

BWR c o n t r o l  rods shou ld  be assayed f o r  14C and '%e. T h i s  
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s i  nce c o n t r o l  rods a r e  p e r i o d i c a l  l y  charged o u t  d u r i n g  r o u t i  ne opera t i ons .  It 
w i  11 , however, r e q u i  r e  s p e c i a l  hand1 i ng f a c i  1 i t i e s  capab le  o f  subsampl i ng 
h i g h l y  r a d i o a c t i v e  m a t e r i a l s  i n  complex geometries. 
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GENERAL I N F O R M A T I O N  

A P P E N D I X  A 

CODE D E S C R I P T I O N  

A group o f  computer programs was w r i t t e n  t o  c a l c u l a t e  expected p r o d u c t i o n  
r a t e s  o f  l o n g - l i v e d  a c t i v a t i o n  p roduc ts  on an i s o t o p e  by i s o t o p e  b a s i s .  A 
d e s c r i p t i o n  o f  t h e  c a l c u l a t i o n  method i s  g i ven  i n  S e c t i o n  5.1. 
h i  g h l y  i n t e r a c t i  ve, s imple t o  use, and runs on w i d e l y  avai  1 a b l e  m i  n i  computers. 
It would be s u i t a b l e  f o r  use by u t i l i t i e s  f o r  deve lop ing  procedures f o r  com- 
p l i a n c e  w i t h  10  CFR 61. A s i m p l i f i e d  ve rs ion ,  i n c l u d i n g  o n l y  those  i s o t o p e s  o f  
major  importance, would be most u s e f u l  i n  t h a t  c o n t e x t  s i n c e  many o f  t h e  i s o -  
topes cons ide red  he re  a re  o f  n e g l i g i b l e  importance and a re  i n  any case n o t  
covered by t h e  r e g u l a t o r y  gui  de l  i nes. 

The code i s  

The computer code i s  w r i t t e n  i n  FORTRAN I V .  It i s  des igned f o r  t h e  DEC 
f a m i l y  o f  computers, b u t  c o u l d  e a s i l y  be adapted t o  many o t h e r  systems w i t h  
m ino r  changes i n  f i l e  management. A l l  o f  t h e  programs a r e  r u n  i n t e r a c t i v e l y  
w i t h  r e s u l t s  w r i t t e n  t o  a f i l e ,  r a t h e r  t h a n  d i r e c t l y  t o  a p r i n t e r .  A l l  o f  t h e  
da ta  generated i n  t h i s  r e p o r t  were r u n  on a V A X  11/780, a l t h o u g h  t h e  programs 
were o r i g i n a l l y  developed on a PDP 11/34 u s i n g  an R S X  1 1 / M  o p e r a t i n g  system 
w i t h  o n l y  32K o f  memory a v a i l a b l e  f o r  t h e  program. No o v e r l a y i n g  was used. 
Conversion t o  t h e  V A X  was t r i v i a l  w i t h  comput ing speed g r e a t l y  improved. T h i s  
e x t r a  speed proved u s e f u l ,  though n o t  e s s e n t i a l .  The i t e r a t i v e  method used i n  
t h e  c a l c u l a t i o n ,  w h i l e  r e q u i r i n g  very l i t t l e  memory, i s  t i m e  consuming. The 
f o l  1 owi ng programs were used: 

NUCLIR - i n t e r a c t i v e l y  c r e a t e s  t h e  n u c l e a r  d a t a  1 i b r a r i e s .  
d i f f e r e n t  t y p e s  o f  1 i b r a r i e s  can be  formed i n c l u d i n g  N-gamma on ly ,  
N-2N, N-P, N-D, and N-alpha. 

F i  ve 

DATDMP - used t o  l i s t  a n u c l e a r  d a t a  l i b r a r y  o f  i n t e r e s t .  It uses a 
s i n g l e  sub rou t ine ,  DATBAS, f o r  most o f  t h e  f o r m a t t i n g  and w r i t e s  t h e  
r e s u l t s  i n  an e a s i l y  readab le  f o r m  on a f i l e  named PRINT.LIB. 

COMPOS - used t o  c r e a t e  compos i t i on  f i l e s  f o r  each m a t e r i a l  t y p e  o f  
i n t e r e s t .  F i f t y - t h r e e  elements a r e  i nc luded .  The f i l e  ELEMENT.DAT 
i s  used as t h e  b a s i c  template.  It c o n t a i n s  t h e  element names, a tomic.  
numbers and atomic weights .  The name o f  t h e  compos i t i on  f i l e  f o r  
o u t p u t  i s  spec i  f i ed i n t e r a c t i  v e l y  a t  program i n i  t i  a t i o n .  
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FLUX1 - used t o  c r e a t e  a f i l e  o f  neu t ron  f l u x  i n f o r m a t i o n  and r e a c t o r  
c o n d i t i o n s  i n c l u d i n g  thermal  f l u x ,  ep i the rma l  f l u x ,  f a s t  f l u x  i n  
0.5 MeV increments f rom 0.5 t o  15 MeV, and r e a c t o r  temperature.  The 
name o f  t h e  f l u x  f i l e  i s  s p e c i f i e d  i n t e r a c t i v e l y  by t h e  o p e r a t o r  a t  
program i n i t i a t i o n .  An e a s i l y  readable r e f o r m a t t e d  v e r s i o n  i s  a l s o  
a u t o m a t i c a l l y  w r i t t e n  t o  a f i l e  c a l l e d  PRINT.FLX, which can be ha rd  
cop ied  as a permanent record.  FLXDMP can a l s o  be used t o  l i s t  t h e  
f l u x  f i l e .  It i s  o u t p u t  on PRINT.FLX. 

A C T I V  - used f o r  t h e  a c t u a l  a c t i v a t i o n  c a l c u l a t i o n  u s i n g  t h e  n u c l e a r  
d a t a  l i b r a r i e s ,  t h e  compos i t i on  and f l u x  f i l e s  and f i v e  b a t c h  f i l e s  
c o n t a i n i n g  t h e  i s o t o p e  names f o r  use w i t h  e 
used i n c l u d e  NCAP, DMP, FINAL, and COMBAS. 
c r e a t e d  and named u s i n g  t h e  system e d i t o r .  
on a f i l e  named PRINT.ACT. 

Hard copy r e s u l t s  f rom any o f  t h e  above a re  ob ta  
a p p r o p r i a t e  system COPY commands. 

ch 1 i b r a r y .  Subrou t ines  
The ba tch  f i l e s  a r e  
The r e s u l t s  a r e  w r i t t e n  

ned s imp ly  by u s i n g  t h e  

NUCLIB 

The program w i l l  f i r s t  ask " F i l e  f o r  n u c l e a r  d a t a  l i b r a r y ? . "  T h i s  w i l l  be 
t h e  o u t p u t  f i l e  and must be a l e g a l  DEC f i l e  name p l u s  ex tens ion .  
i n t o  A C T I V ,  t h e  f i l e  name must be one o f  t h e  f o l l o w i n g :  

For  i n p u t  

NUCLIB0.LIB N-gamma o n l y  
NUCLIB1.LIB N-2N 
NUCLIB2.LIB N-P 
NUCLIB3.LIB N-D 
NUCLIB4.LIB N-a1 pha. 

A d i f f e r e n t  f i l e  name can be used i n i t i a l l y  and renamed o r  concatenated w i t h  a 
l a r g e r  p i e c e  o f  t h e  f i l e  l a t e r .  
of each on t h e  d i s k  t o  a v o i d  l o s i n g  t h e  main l i b r a r i e s  d u r i n g  genera l  f i l e  
purges. 
d i sp layed .  A l l  e n t r i e s  i n  t h a t  p a r t i c u l a r  l i b r a r y  w i l l  t h e n  be ass igned t h a t  
r e a c t i o n  t y p e  au tomat i ca l  l y .  Next, t h e  p roduc t  element and i s o t o p e  mass w i  11 
be requested. 
i n c l u d e  a l e a d i n g  zero o r  b lank  f o r  two d i g i t  e n t r i e s .  
t h e  number o f  elements i n  t h e  chain.  
and be ta  decay consi  d e r a t i  ons. 
assembl ing t h e  l i b r a r y .  

U l t i m a t e l y ,  t h e r e  shou ld  o n l y  be one v e r s i o n  

The program w i l l  n e x t  ask f o r  t h e  r e a c t i o n  t y p e  w i t h  a menu o f  cho ices  

The i s o t o p e  mass i s  read  as an I 3  f o rma t ,  so i t  i s  necessary t o  

T h i s  a l l o w s  f o r  m u l t i p l e  n e u t r o n  c a p t u r e  
It w i l l  t h e n  reques t  

Thi  s a1 1 ows cons ide rab le  f 1 e x i  b i  1 i t y  i n 
Some judgment i s  r e q u i r e d  based on an examina t ion  o f  
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t h e  c h a r t  o f  t h e  n u c l i d e s  and t h e  a v a i l a b l e  data.  Fo r  N-y or  N-2N r e a c t i o n s ,  
i n  most cases, a s i n g l e  element i s  a l l  t h a t  i s  r e q u i r e d .  Fo r  charge p a r t i c l e  
r e a c t i o n s ,  such as N-P, a t  l e a s t  two elements a r e  needed. The program can 
handle up t o  n i n e  elements i n  a chain.  
e lement i s  requested. 
t h e  Z co r respond ing  t o  t h e  f i r s t  element i n  t h e  chain,  and t h e  mass o f  t h a t  
i so tope .  It w i l l  t h e n  s t e p  i t s  way up t h e  c h a i n  a s k i n g  a t  each p o i n t  f o r  
i s o t o p i c  abundance, f i s s i o n  y i e l d ,  h a l f - l i f e ,  p r o d u c t i o n  c r o s s  s e c t i o n ,  p r o -  
d u c t i o n  resonance i n t e g r a l ,  d e p l e t i o n  c ross  s e c t i o n ,  and d e p l e t i o n  resonance 
i n t e g r a l .  T h i s  process w i l l  con t i nue  f o r  each i s o t o p e  i n  t h e  chain.  I n  most 
cases, a s imp le  c a r r i a g e  r e t u r n  (i.e., no d a t a )  w i l l  i n s e r t  a zero. For  t h e  
h a l f - l i f e ,  a c a r r i a g e  r e t u r n  s e t s  t h e  h a l f - l i f e  t o  1E31 years,  a compu ta t i ona l  
app rox ima t ion  t o  i n f i n i t y .  
somewhat whimsica l  c h o i c e  based on t h e  l i m i t s  on t h e  nuc leon l i f e t i m e  s e t  by a 
number o f  p r o t o n  decay exper iments r e c e n t l y .  
i n t e g r a l  w i l l  s e t  i t  equal  t o  0.45 t i m e s  t h e  the rma l  c ross  s e c t i o n .  That i s  
s imp ly  t h e  1 / V  va lue  w i t h  no resonances and, as such, i s  t h e  t h e o r e t i c a l  
minimum. F o l l o w i n g  a l l  o f  t h e  above e n t r i e s ,  t h e  program w i l l  t h e n  reques t  
e n t r i e s  f o r  t h e  h i g h  energy e x c i t a t i o n  f u n c t i o n .  
( r e a c t i o n  t y p e  0), t h a t  s t e p  i s  o m i t t e d  and i t  loops  d i r e c t l y  back t o  t h e  
s t a r t .  
f i l e  and e x i t  t h e  program. 
l i b r a r y  t y p e s  e x i s t  s i n c e  i t  a u t o m a t i c a l l y  s teps  th rough  them. 
e a s i l y  be m o d i f i e d .  

The atomic number ( Z )  o f  t h e  p roduc t  
The program w i l l  t hen  request  t h e  number o f  i s o t o p e s  a t  

T h i s  i s  i n t e n d e d  f o r  s t a b l e  i s o t o p e s ,  and i s  a 

A c a r r i a g e  r e t u r n  f o r  a resonance 

For  t h e  N-gamma o n l y  l i b r a r y  

A new i s o t o p i c  e n t r y  can be s t a r t e d  o r  a c o n t r o l  Z e n t e r e d  t o  c l o s e  t h e  
I n  i t s  p resen t  form, A C T I V  r e q u i r e s  t h a t  a l l  f i v e  

T h i s  c o u l d  

Some i n g e n u i t y  i s  needed i n  c o n s t r u c t i n g  t h e  l i b r a r i e s .  F o r  example, i f  
one wishes t o  c r o s s  compare r e l a t i v e  y i e l d s  by d i r e c t  n e u t r o n  c a p t u r e  and N-2N, 
t h e  same i s o t o p e  can be p laced i n  bo th  l i b r a r i e s  w i t h  t h e  d i r e c t  c a p t u r e  c r o s s  
s e c t i o n s  s e t  t o  ze ro  i n  t h e  N-2N l i b r a r y .  T r i t i u m  and carbon-14 a r e  computed 
i n  t h e  N-y o n l y  l i b r a r y  because t h e  c r o s s - s e c t i o n  d a t a  i s  t y p i c a l l y  a v a i l a b l e  
i n  t h a t  form. T r i t i u m ,  f o r  example, i s  s imp ly  e n t e r e d  i n t o  t h e  l i b r a r y  l i k e  an 
N-y r e a c t i o n  on l i t h i u m .  A l i s t i n g  o f  the  program f o l l o w s .  

DATDMP 

T h i s  program produces a l i s t i n g  o f  any o f  t h e  n u c l e a r  da ta  
It s imp ly  reques ts  t h e  f i l e  name 

A 1 
c o n v e n i e n t l y  readab le  format .  
t h e  r e s u l t  on PRINT.LIB f o r  l a t e r  i n s p e c t i o n  o r  ha rd  copy. 
program and t h e  s u b r o u t i n e  DATBAS f o l l o w s .  

l i b r a r i e s  i n  a 
and produces 
s t i n g  o f  t h e  

COMPOS 

T h i s  i s  used t o  c r e a t e  a compos i t i on  f i l e  f o r  53 elements.  The f i l e  
ELEMENT.DAT i s  used t o  p r o v i d e  element names, a tomic  numbers, and a tomic  
weights .  T h i s  can be up t o  The program f i r s t  reques ts  t h e  sample t ype .  
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72 cha rac te rs .  The f i l e  name i s  requested. T h i s  shou ld  be i n  some conven- 
i e n t l y  i d e n t i f i a b l e  format  (i.e., f o r  t y p e  304 s t a i n l e s s  s t e e l ,  a f i l e  name 
SS304.CMP would be a p p r o p r i a t e ) .  The program t h e n  s teps  th rough  t h e  elements 
i n  sequence d i s p l a y i n g  each on t h e  screen and r e q u e s t i n g  i t s  c o n c e n t r a t i o n  i n  
p a r t s  p e r  m i l l i o n .  
measured. An e n t r y  w i l l  be f o l l o w e d  by a reques t  a s k i n g  whether i t  i s  an upper 
l i m i t  ( Y  o r  N). Some r a d i o a c t i v e  elements, such as p lu ton ium, a re  i n c l u d e d  
s i n c e  t h e  o u t p u t  f i l e  i s  a l s o  used by A C T I V  t o  p r o v i d e  atomic weights .  A l i s t -  
i n g  o f  COMPOS and ELEMENT.DAT f o l l o w s .  

A c a r r i a g e  r e t u r n  w i l l  e n t e r  a ze ro  and f l a g  i t  as n o t  

FLUXl 

This  program c r e a t e s  a a f i l e  f o r  a s p e c i f i c  s e t  o f  r e a c t o r  c o n d i t i o n s .  
It f i r s t  reques ts  a f i l e  name f o r  t h e  o u t p u t  f i l e .  A .FLX e x t e n s i o n  i s  u s e f u l  
f o r  keeping t r a c k  o f  f i l e  types.  The the rma l  f l u x ,  ep i the rma l  f l u x ,  and f a s t  
f l u x  i n  29 groups f rom 0.5 t o  15 MeV a re  t h e n  requested. The temperature i s  
requested f o l l o w e d  by a request  f o r  r e a c t o r  c o n d i t i o n s .  The l a t t e r  i s  s imp ly  
an up t o  72 c h a r a c t e r  d e s c r i p t i o n  o f  t h e  c o n d i t i o n s  rep resen ted  by t h e  f l u x e s  
used. 
l i s t i n g  o f  FLUXl  follows. 

A r e f o r m a t t e d  copy o f  t h e  d a t a  i s  a u t o m a t i c a l l y  o u t p u t  t o  PRINT.FLX. A 

FLXDMP 

T h i s  i s  an a l t e r n a t i v e  method f o r  l i s t i n g  a f l u x  f i l e  i n  a c o n v e n i e n t l y  
readable format .  
r e s u l t s  on PRINT.FLX. 

The program s imp ly  reques ts  t h e  f i l e  name and l i s t s  t h e  
A l i s t i n g  of t h e  program and some sample o u t p u t  f o l l o w .  

Batch Run F i l e s  

F i v e  b a t c h  r u n  f i l e s  a r e  r e q u i r e d  t o  p r o v i d e  t h e  names o f  i s o t o p e s  t o  be 
c a l c u l a t e d  by t h e  f i v e  l i b r a r i e s .  They a r e  p a i r e d  as f o l l o w s :  

BATCHO.LIB - NUCLIBO.LIB 
BATCH1.LIB - NUCLIB1.LIB 
BATCH2.LIB - NUCLIB2,LIB 
BATCH3.LIB - NUCLIB3.LIB 
BATCH4.LIB - NUCLIB4.LIB. 

The i s o t o p e  names g i ven  i n  t h e  b a t c h  f i l e s  must match t h e  i s o t o p e s  e n t e r e d  i n t o  
t h e  a p p r o p r i a t e  l i b r a r y .  A C T I V  w i l l  a u t o m a t i c a l l y  search t h e  NUCLIBO.LIB f i l e  
f o r  each i s o t o p e  l i s t e d  i n  BATCHO.LIB, e t c .  If t h e  i s o t o p e  i s  n o t  p resen t ,  a 
warn ing w i l l  appear on t h e  screen, and i t  w i l l  c o n t i n u e  w i t h  t h e  n e x t  i s o t o p e .  
The f i l e s  a r e  c r e a t e d  u s i n g  t h e  s tandard  DEC EDITOR. There a r e  no b l a n k s  p ro -  
ceeding t h e  element name and i t  must be s p e l l e d  c o r r e c t l y .  
must be i n  an I 3  fo rma t  w i t h  t h e  c o r r e c t  number of l e a d i n g  b l a n k s  o r  zeros.  

The i s o t o p e  mass 
An 
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APPENDIX A 

CODE DESCRIPTION 



example o f  t h e  f i v e  ba tch  f i l e s  f o l l o w s .  Please n o t e  t h a t  t h e  f i l e  name i s  
i n c l u d e d  o n l y  f o r  i n f o r m a t i o n .  It should n o t  a c t u a l l y  be imbedded i n  t h e  f i l e .  

ACT1 V 

The a c t i v a t i o n  c a l c u l a t i o n  i s  c a r r i e d  ou t  by 
method u s i n g  t h e  f i l e s  c r e a t e d  by NUCLIB, COMPOS, 
ba tch  f i l e  c r e a t e d  by t h e  E D I T O R  s p e c i f y i n g  which 
main program uses repeated c a l l s  t o  s u b r o u t i n e  NC 
changes i n  t h e  number o f  atoms o f  each i s o t o p e  i n  

a numer ica l  i n t e g r a t i o n  
and FLUX1 t o g e t h e r  w i t h  a 
i s o t o p e s  t o  compute. The 
P t o  determine incrementa ~ 

t h e  chain.  Subrou t ine  DMP i s  
used f o r  p r i n t i n g  r e s u l t s  i n  1-year increments.  F I N A L  keeps t r a c k  o f  t h e  r u n  
t i m e  f o r  each i s o t o p e  and COMBAS produces a l i s t i n g  o f  t h e  compos i t i on  f i l e  a t  
t h e  end. The program f i r s t  request  t h e  name o f  t h e  compos i t i on  f i l e  and opens 
t h a t  f i l e .  The sample t y p e  i s  read and p r i n t e d  on t h e  screen. It t h e n  opens 
an o u t p u t  f i l e .  R e s u l t s  w i l l  appear on PRINT.ACT. Next, t h e  name o f  t h e  f l u x  
f i l e  i s  requested, t h e  f i l e  opened, and t h e  d a t a  read. No f u r t h e r  o p e r a t o r  
i n p u t  i s  needed. The program w i l l  open t h e  f i v e - b a t c h  r u n  f i l e s  i n  sequence 
and compute t h e  r e s u l t s  f o r  each i so tope .  
PRINT.ACT. As each i s o t o p e  i s  f i n i s h e d ,  a message w i l l  appear on t h e  screen 
g i v i n g  t h e  t i m e  consumed f o r  t h a t  i s o t o p e .  
and, on s lower  machines, keeping t r a c k  o f  t h e  p rog ress  o f  t h e  c a l c u l a t i o n .  
A f t e r  a l l  comput ing i s  done, a l i s t i n g  o f  t h e  compos i t i on  f i l e  i s  made on 
PRINT.ACT, a l l  f i l e s  c losed,  and e x e c u t i o n  te rm ina ted .  L i s t i n g s  o f  t h e  A C T I V ,  
NCAP, DMP, FINAL, and COMBAS a r e  found i n  Appendix B. 

R e s u l t s  a r e  w r i t t e n  t o  f i l e  

T h i s  i s  u s e f u l  f o r  benchmarking 
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C 
C 
C 
C 
C 
C 

1100 
51 

52 

1102 
40 

41 

42 

43 

44 

45 

400 
1 

2 
1101 
3 

4 

5 
11 03 
6 

7 
1104 
60 

70 

8 

1105 

PROGRAM NUCLIB 

WRITTEN BY J. C. EVANS/ BATTELLE N. W. LABORATORY 
CREATES NUCLEAR DATA LIBRARIES FOR ACTIV 

DEC VAX 11/780 VERSION 

DIMENSION ELNAME(3) ,SIGF(29) ,FILE4(5) 
INTEGER Z,ZZ 
TYPE 51 
FORMAT (lX, ' FILE FOR NUCLEAR DATA LIBRARY I ) 
READ(5,52,ERR=llOO)FILE4 
FORMAT ( 5A4 ) 
CALL ASSIGN (1, FILE4) 
TYPE 40 
FORMAT(lX,'REACTION TYPE?') 
TYPE 41 
FORMAT(lX,'O=N-GAMMA ONLY') 
TYPE 42 
FORMAT(lX, '1=N-2Nf) 
TYPE 43 
FORMAT ( lX, ' 2=N-P I ) 
TYPE 44 
FORMAT(lX, '3=N-D') 
TYPE 45 
FORMAT(1X,'4=N-ALPHA1) 
READ(5,7,ERR=1102) ITYPE 
TYPE 1 
FORMAT(lX,'PRODUCT ELEMENT (CONTROL Z TO TERMINATE)?') 
READ(5,2,END=999,ERR=4OO)ELNAME 
FORMAT (3A4) 
TYPE 3 
FORMAT(lX,'ISOTOPE MASS?') 
READ(5,4,ERR=llOl)M 
FORMAT ( I3 
WRITE(1,5)ELNAMEIM,ITYPE 
FORMAT ( 1X , 3 A 4 ,  I3 , 1 OX, I1 ) 
TYPE 6 
FORMAT( 1X, 'HOW MANY ELEMENTS IN THE CHAIN? (1-9) ' ) 
READ ( 5,7, ERR=1103) N 
FORMAT ( 11) 
TYPE 60 
FORMAT( lX, I PRODUCT ELEMENT Z=? ' ) 
READ ( 5,7 0, ERR=1104) Z 
FORMAT ( 12) 
WRITE( 1,8) N, Z 
FORMAT(lX,I1,10X,I2)* 
DO 100 I=l,N 
ZV=Z-N+I 
TYPE 9,ZZ 
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9 

1106 
10 

80 

1107 
13 

14 
1108 
15 

17 
1109 
18 

12 

31 
1111 
20 

1112 
21 

1113 
11 

1114 
101 

22 
200 
100 

46 

1115 
47 

FORMAT(lX,'HOW MANY ISOTOPES AT Z=',I2,1X,' (1-9)?') 
READ(5,7,ERR=1105)J 
TYPE 10 
FORMAT(lX,'MASS OF FIRST ISOTOPE?') 
READ(5,4,ERR=1106)MM 
WRITE (1,801 J,MM 
FORMAT ( lX, I1,1 OX, 13) 
DO 200 K=l,J 
M=MM+K-1 
TYPE 13,M 
FORMAT(lX,'ABUNDANCE OF ',lX,I3,' 3 ' )  
READ(5,14,ERR=1107)ABUN 
FORMAT(F7.4) 
TYPE 15,M 
FORMAT(lX,'FISSION YIELD OF ',13,' ? I )  

READ(5,14,ERR=1108)FYIELD 
WRITE(1,17)ABUN,FYIELD 
FORMAT(lX,F7.4,10X,F7.4) 
TYPE 18 
FORMAT(lX,'HALF-LIFE OF ISOTOPE IN YEARS(CR IF STABLE)') 
READ ( 5 ,12, ERR=110 9) THALF 
FORMAT(E8.2) 
IF(THALF.EQ.O.)THALF=l.E31 
WRITE(1,31)THALF 
FORMAT(lX,E8.2) 
TYPE 20 
FORMAT(lX,'PRODUCTION CROSS-SECTION ?I)  

READ(5,12,ERR=llll)SIGMAT 
TYPE 21 
FORMAT(lX,'PRODUCTION RESONANCE INTEGRAL ? ' )  
READ(5,12,ERR=1112)SIGMAF 
IF(SIGMAF.EQ.O.)SIGMAF=.45*SIGMAT 
TYPE 11 
FORMAT(lX,'DEPLETION CROSS-SECTION ? I )  

READ( 5,12,ERR=1113) DEPLT 
TYPE 101 
FORMAT(lX,'DEPLETION RESONANCE INTEGRAL ? I )  

READ(5,12,ERR=1114)DEPLF 
IF(DEPLF.EQ.O.)DEPLF=.45*DEPLT 
WRITE (1,22)SIGMAT,SIGMAF,DEPLT,DEPLF 
FORMAT(lX,E8.2,3(10X,E8.2)) 
CONTINUE 
CONTINUE 
IF(ITYPE.EQ.O)GO TO 400 
TYPE 46 
FORMAT(lX,'ENTER FAST CROSS-SECTION AT EACH ENERGY') 
DO 600 LL=1,29 
E= (FLOAT( LL) /2. ) t. 5 
TYPE 47,E 
FORMAT(lX,F5.1,1X,'MEV=') 
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6 0 0  

23 
24 

999 

READ ( 5,12, ERR=1115) SIGF (LL) 
CONTINUE 
WRITE (1,23) (SIGF (LL) ,LL=l,lO) 
WRITE ( 1,23) ( SIGF (LL) , LL=11,2O) 
WRITE (1,24) (SIGF (LL) ,LL=21,29) 
FORMAT(lOE8.2) 
FORMAT( 9E8.2) 
GO TO 400 
CALL CLOSE (1) 
STOP 
END 
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PROGRAM DATDMP 
LISTS NUCLEAR DATA LIBRARIES TO A FILE PRINT.LIB 
WRITTEN BY J. C. EVANS/ BATTELLE N.W.  LABORATORIES 
DEC VAX 11/780 VERSION 

BYTE DUM(12) 
DIMENSION FILE1 (5) 

CALL ASSIGN(2,'PRINT.LIB') 
TYPE 1 

1 FORMAT(lX,'FILE FOR NUCLEAR DATA LIBRARY') 
ACCEPT 2,DUM 

2 FORMAT ( 12A1) 
CALL ASSIGN(3,FILEl) 
CALL DATBAS 
CALL CLOSE (2) 
CALL CLOSE ( 3 )  
STOP 'DATA IS ON PRIMT.LIB' 
END 

EQUIVALENCE(FILE~,DUM) 
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SUBROUTINE DATBAS 
C MAIN SUBROUTINE FOR DATDMP 
C 

DIMENSION ELNAME (3) , SIGF (29) 
INTEGER Z,ZZ 

FORMAT (lX, 3A4,13, lox, 11) 
WRITE(2,2)ELNAME,M 

READ ( 3 ,3 ) N , Z 
FORMAT ( 1X, I1 ,1 OX, I2 ) 
WRITE ( 2,4 ) N 

DO 100 I=l,N 
ZZ=Z-N+I 
WRITE(2,5)ZZ 

READ(3,6) J,MM 
FORMAT ( 1X , I1 ,1 OX, I3 ) 
WRITE(2,7) 

400 READ(3,1,END=999)ELNAME,M,ITYPE 
1 

2 FORMAT(lH1,' NUCLEAR PARAMETERS FOR ',3A4,13) 

3 

4 FORMAT(lHO,I2,1X,'ELEMENTS IN PRODUCTION CHAIN',//) 

5 FORMAT(2X,'DATA FOR Z=',I2) 

6 

7 FORMAT(3X,'A',5X,'ABUN',5X,'FYIELD',5X,'THALF(Y)',5X, 
1 'SIGMAT',5X,'SIGMAF',7X,'DEPLT1,7X,'DEPLF') 

DO 200 K=l,J 
M=MM+K-l 
READ(3,8)ABUN,FYIELD 

8 FORMAT(lX,F7.4,10X,F7.4) 
READ (3,12) THALF 
FORMAT ( 1X , E8.2 ) 
READ(3,9)SIGMAT,SIGMAF,DEPLT,DEPLF 

WRITE(2,10)M,ABUN,FYIELD,THALF,SIGMAT,SIGMAF,DEPLT,DEPLF 

12 

9 FORMAT(lX,E8.2,3(1OX,E8.2)) 

10 FORMAT(lX,I3,2X,F7.4,4X,F7.4,5X,lPE8.2,3X,OPF8.2,3X,F8.2,4X, 
1 F8.2,4X,F8.2) 

WRITE(2,ll) 
11 FORMAT(1HO) 

200 CONTINUE 

100 CONTINUE 
IF(ITYPE.EQ.O)GO TO 4 0 0  
IF(ITYPE.EQ.l)WRITE(2,13) 
IF(ITYPE.EQ.2)WRITE(2,14) 
IF(ITYPE.EQ.3)WRITE(2,15) 
IF(ITYPE.EQ.4)WRITE(2,16) 

13 FORMAT(lHO,1X,'CROSS-SECTIONS FOR N-2N REACTION') 
14 FORMAT(lH0,1X,'CROSS-SECTIONS FOR N-P REACTION') 
15 FORMAT(1HO,1X,'CROSS-SECTIONS FOR N-D REACTION') 
16 FORMAT(lHO,lX, 'CROSS-SECTIONS FOR N-ALPHA REACTION') 

17 FORMAT(lHO,SX, 'E(MEV)',lOX,'SIGMA') 

18 

WRITE(2,17) 

READ (3,18) (SIGF (LL) ,LL=1 ,lo) 
FORMAT ( 10 E8.2 ) 
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1 9  

2 0  
500 

999 

READ (3 ,18)  ( S I G F  ( L L )  , L L = 1 1 , 2 0 )  
READ(  3 , 1 9 )  ( S I G F  ( L L )  , L L = 2 1 , 2 9 )  
FORMAT( 9 E 8 . 2 )  
DO 5 0 0  L L = 1 , 2 9  
E= (FLOAT( LL) / 2 .  ) +. 5 
WRITE ( 2 , 2 0 )  E , S I G F (  LL) 
FORMAT( 7 X ,  F 5 . 2 , 7 X , l P E 8 . 2 )  
CONTINUE 
GO TO 4 0 0  
CONTINUE 
RETURN 
END 
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C 
- c  

C 
C 

- c  
C 
C 

1 2 
100 

1 

20 

7 

8 

21 

3 

201 

4 

5 

502 
203 

PROGRAM COMPOS 
CREATES A COMPOSITION FILE FOR ACTIV 
WRITTEN BY J. C. EVANS/ BATTELLE N. W. LABORATORIES 
DEC VAX 11/780 VERSION 
REQUIRES FILE ELEMENT.DAT 

LOGICAL ELNAME(53,12) 
LOGICAL*l ANS,YES 
BYTE DUMl(8) 
INTEGER Z (53 
DIMENSION SAMP(18) ,CMPOS(5) 
DIMENSION A(53) 
DIMENSION FTNOTE(12) ,UP(12) ,UNDON(12) 

DATA YES/'Y'/ 
DATA BLANK/' I /  

DATA UP/'U','P','P','E','R',' ','L','I','M','I','T',' ' /  
DATA UNDON/'N','O','T',' ','M','E','A','S','U','R','E' ,ID'/ 
CALL ASSIGN(2,'ELEMENT.DAT') 
DO 100 I=1,53 
READ(2,2) Z(1) ,A(I), (ELNAME(1,J) ,J=1,12) 
FORMAT(1X,I2,5X,F10.3,5X,l2A1) 
CONTINUE 
TYPE 1 
FORMAT ( lX, ' SAMPLE TYPE? ' ) 
ACCEPT 2 0, SAMP 
FORMAT (18A4) 
TYPE 7 
FORMAT (1X, ' FILE FOR COMPOSITION INFORMATION? ' ) 
ACCEPT 8,DUMl 
FORMAT ( 8A1) 
CALL ASSIGN (1 ,CMPOS) 
WRITE(1,21)SAMP 
FORMAT ( 1X, 1 8 A 4  ) 
TYPE 3 
FORMAT(lX,'INPUT ELEMENT CONCENTRATIONS IN PPM(E10.3)') 
DO 200 I=1,53 
DO 201 IL=1,12 
FTNOTE (IL) =BLANK 
CONTINUE 
TYPE 4,(ELNAME(I,J) ,J=1,12) 
FORMAT ( lX, ' CONCENTRATION OF '1 2A1,l X, ' = ' ) 
READ(5,5,END=999)CONC 
FORMAT ( El 0 .3 ) 
IF(CONC.EQ.O.)GO TO 502 
GO TO 503 

EQUIVALENCE (DUM1 , CMPOS) 

DO 203 IL=1,12 
FTNOTE ( IL) =UNDON ( IL) 
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5 0 3  

9 

10 

500 

202 
501 

6 
200 
999 

GO TO 501 
CONTINUE 
TYPE 9 
FORMAT(lX,'UPPER LIMIT?') 
ACCEPT 10 ,ANS 
FORMAT (Al) 
IF(ANS.EQ.YES)GO TO 500 
GO TO 501 
DO 202 IL=1,12 
FTNOTE ( IL) =UP ( IL) 
CONTINUE 
CONTINUE 
WRITE(1,G) Z(1) ,A(I) ,CONC, (ELNAME(1,J) ,J=1,12) ,FTNOTE 
FORMAT(1X,I2,10X,F10.3,lOX,ElO.3,lOX,l~Al,lOX,l2Al) 
CONTINUE 
CALL CLOSE (1) 
STOP 
END 
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****  ELEE4ENT.DAT 

1 
3 
5 
7 

1 1  
13 
16 
17 
18 
19 
20 
25  
26 
27 
2 8  
2 9  
3 0  
33 
3 4  
35 
3 6  
37 
38  
39  
40 
41 
42 
43 
46 
47 
50 
51 
53 
55 
56 
62 
63  
65 
66 
67 
71 
7 2  
7 4  
7 5  
7 6  
77  
82  
83 
90 
91 
92 
93 
94 

1.008 
6.94 
10.81 1 
14.0067 
22.99 
26..982 
32.064 
35.453 
39.948 
39.1 02 
40.08 
54.938 
55.847 
58.9332 
58.71 
63.54 
65.35 
74.93 
78.96 
79.904 
83.80 
85.468 
87.62 
88.905 
91.22 
92.906 
95.94 
99. 
106.4 
107.87 
118.69 
121.75 
126.9045 
132.905 
137.33 
150.35 
1 5 1  .96 
158.924 
162.50 
164.93 
174.97 
178.49 
183.85 
186.2 
190.2 
192.2 
207.200 
208.98 
232.038 
233. 
238.03 
239. 
239. 

* * * *  

HYDROGEN 
L ITH IUM 
BORON 
N I TROGEN 
SOD I UM 
ALUMINUM 
SULFUR 
CHLORINE 
ARGON 
POTASS I UM 
CALC I UM 
NANG AN ES E 
I RON 

COBALT 
N I CKEL 
COPPER 
Z I N C  
ARSEN I C  
SELENIUM 
BROMINE 
KRYPTON 
RUB I D  I UM 
STRONT I UM 
YTTR I UM 
Z I R C O N I U M  
N IOB IUM 
MOLYBDENUM 
TECHNET I UM 
PALLAD I UM 
S I L V E R  
T I N  
ANT I MONY 
I O D I N E  

CES I UM 
BAR IUM 
SAMAR I UM 
EU ROP I UM 
TERB I UM 
DYSFROS I U M  
HOLM I UM 
L U T E T I U M  
HAFN I UM 
TUNGSTEN 
RHEN I UM 
OSM I UM 
I R R  I D I  UM 
LEAD 
B I S M U M  
THOR I UM 
PROTOACT I N  I UM 

URAN I UM 
NEPTUN I UM 
PLUTON I UM 
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C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

1 

2 

12 

13 

3 

110 
4 

100 
20 

105 
5 

500 

6 
7 

14 

15 

PROGRAM FLUX1 
CREATES FILE OF NEUTRON FLUX 
AND REACTOR CONDITIONS 
WRITTEN BY J. C. EVANS/ BATTELLE N. W. LABORATORIES 
DEC VAX 11/780 VERSION 
FILE IS NAMED BY USER 
A PERMANENT COPY OF THE DATA IN A MORE 
READABLE FORMAT IS WRITTEN TO PRINT.FLX 

DIMENSION FLUX(29) ,FILE2(5) rCOND(18) 
TYPE 1 
FORMAT(lX,'FILE FOR FLUX INFORMATION?') 
ACCEPT 2, FILE2 
FORMAT (5A4) 
CALL ASSIGN (1, FILE2) 
TYPE 12 
FORMAT(lX,'THERMAL NEUTRON FLUX?') 
ACCEPT 5,PHI 
WRITE ( 1,5 ) PHI 
TYPE 13 
FORMAT(lX,'EPITHERMAL FLUX (.4 TO IMEV)?') 
ACCEPT 5,EPI 
WRITE (1,s) EPI 
TYPE 3 
FORMAT(lX,'ENTER FAST FLUX AT EACH ENERGY') 
DO 500 I=1,29 
E= (FLOAT ( I) /2. ) +. 5 
TYPE 4,E 
FORMAT(lX,F5.1,1X,'MEV=?') 
READ (5,5, ERR=100) FLUX (I) 
GO TO 105 
TYPE 20 
FORMAT(lX,'INPUT FORMAT ERROR!!!!') 
GO TO 110 
CONTINUE 
FORMAT (E8.2) 
CONTINUE 
WRITE( 1,6) (FLUX (I) ,I=l ,lo) 
WRITE(1,G) (FLUX( I) ,1=11,20) 
WRITE ( 1,7 ) (FLUX ( I) , 1=21,29) 
FORMAT(lOE8.2) 
FORMAT ( 9E8.2 ) 
TYPE 14 
FORMAT ( 1X, ' TEMPERATURE (CENTIGRADE) ? ' ) 
ACCEPT 15, TEMP 
FORMAT (F5.0) 
WRITE (1,15) TEMP 
TYPE 16 
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16 

- 17 

8 

9 

10 

11 
600 

FORMAT(lX,'REACTOR CONDITIONS') 
ACCEPT 17, COND 
FORMAT ( 18A4 ) 
WRITE (1,171 COND 
CALL CLOSE ( 1) 
CALL ASSIGN(1,'PRINT.FLX') 
WRITE (1,8) FILE2 
FORMAT(5X,'FAST FLUX DATA FOR FIL 
WRITE(1,g) 
FORMAT(5X,'FLUX DATA IN UNITS OF NEUTRONS/CM2*SEC*MEV',/) 
WRITE(1,lO) 
FORMAT(lH0,4X,'ENERGY(MEV)'lOX,'FLUX',/) 
DO 600 I=1,29 
E= (FLOAT ( I) /2. ) +. 5 
WRITE(l,ll)E,FLUX(I) 
FORMAT( llX,F5.2,6X, 1PE8.2) 
CONTINUE 
STOP 
END 
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C 
C 
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6 
7 

15 

17 

8 

25 

9 

10 

11 
600 

20 

21 

22 

PROGRAM FLXDMP 
LISTS FILES CREATED BY FLUX1 ON FILE PRINT.FLX 
DEC VAX 11/780 VERSION 

DIMENSION FLUX(29) ,FILE2(5) ,COND(18) 
TYPE 1 
FORMAT(lX,'FILE FOR FLUX INFORMATION?') 
ACCEPT 2,FILE2 
FORMAT (5A4) 
CALL ASSIGN(l,FILE2) 
READ(1,5)PHI 
READ ( 1,5 ) EPI 
FORMAT (E8.2) 

READ ( 1,6 ) (FLUX ( I) , I=ll ,2O) 
READ (1,7) (FLUX ( I) , I=21,29) 
FORMAT( 10E8.2) 
FORMAT ( 9E8.2) 
READ (1,151 TEMP 
FORMAT ( F5.0) 
READ (1,17) COND 
FORMAT ( 18A4 ) 
CALL CLOSE (1) 
CALL ASSIGN(1,'PRINT.FST') 
WRITE( 1,8) FILE2 
FORMAT(lH1,5X,'FAST FLUX DATA FOR FILE ',5A4) 
WRITE(1,25)COND 
FORMAT ( 1H0, 5X, 18A4) 
WRITE(1,Z)) 

WRITE (1,lO) 
FORMAT(1H0,5X,'ENERGY(MEV)'10X,1FLUX',/) 
DO 600 I=1,29 
E= (FLOAT( I) /2. +. 5 

FORMAT(llX,F5.2,6X,lPE8.2) 
CONTINUE 
WRITE (1,20) PHI 
FORMAT(lH0,'THERMAL FLUX=',lPE8.2,' N/CM2-SEC1) 
WRITE( 1,21) EPI 
FORMAT(lX,'EPITHERMAL FLUX=',lPE8.2,' N/CM2-SEC1) 
WRITE ( 1,22) TEMP 
FORMAT(1X,'TEMPERATURE=',F5.0,' DEGREES CENTIGRADE') 
STOP 
END 

READ (1,6) (FLUX ( I) I=l , 10) 

FORMAT(lHO,5X,'FLUX DATA IN UNITS OF NEUTRONS/CM2*SEC*MEV',/) 

WRITE ( 1,11) E, FLUX ( I) 
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**** BATCHO.LIB **** 

TRITIUM 
3 

CARBON 
14 

COBALT 
60 

NICKEL 
63 

KRYPTON 
81 

STRONTIUM 
90 

TECHNITIUM 
99 

SILVER 
110 
SAMARIUM 
151 
EUROPIUM 
,152 
EUROPIUM 
154 
EU ROP I UM 
155 
HOLMIUM 
166 
HAFNIUM 
178 
U RAN I UM 
233 
URANIUM 
236 
PLUTON I UM 
239 
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****  BATCH1.LIB **** 

I RON 
55 

NICKEL 
59 

ZINC 
65 

SELENIUM 
79 

NIOBIUM 
92 

ZIRCONIUM 
93 

MOLYBDENUM 
93 

TECHNETIUM 
99 

TIN 
121 
BARIUM 
133 
SAMARIUM 
146 
TERBIUM 
158 
LEAD 
205 
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I 

ARGON 
. 39 

MANGANESE 
54 

NICKEL 
63 

KRYPTON 
85 

NIOBIUM 
92 

ZIRCONIUM 
93 

PALLADIUM. 
107 
TIN 
121 
CESIUM 
134 
CESIUM 
135 
CESIUM 
127 
EUROPIUM 
155 

****  BATCH3 .LIB ****  
MANGANESE 
53 

****  BATCH4.LIB ****  
CHLORINE 
36 

IRON 
55 

KRYPRON 
85 

ZIRCONIUM 
93 
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1 
2 

1 

2 
C 

C 

3 

4 

80 

2222 

PROGRAM ACTIVE 
MAIN PROGRAM FOR ACTIVATION CALCULATION 
WRITTEN BY J. C. EVANS/ BATTELLE N.W. LABORATORIES 
DEC VAX 11/780 VERSION 
REQUIRES SUBROUTINES NCAP, DMP, FINAL, AND COMBAS 
RESULTS ARE WRITTEN TO PRINT.ACT 

DOUBLE PRECISION DELT,TAU(9,9) 
INTEGER Z,ZZ,ZZZ 
BYTE DUMMY (12) , BIGDUM (12) ,DUMDUM (12) , DUM (12) 
DIMENSION FILE (5) , SAMP( 18) ,ELMENT(3) ,COND( 18) ,SEARCH (50) 
DIMENSION ISO(9) ,M(50) ,UPLIM1(3) ,UPLIM2(3) ,UPLIM3(3) ,UPLIM4(3) 
DIMENSION FILE2(5) ,FILE4(5) ,CONC(9) ,FILE10(5) 
EQUIVALENCE(DUMMY,FILElO) 
EQUIVALENCE(BIGDUM,FILE4) 
EQUIVALENCE(DUMDUM,FILE) 
EQUIVALENCE(DUM,FILE2) 
COMMON/CAPl/ATOMS ( 9) ,ABUN ( 9,9) , FYIELD (9,9) , SIGMAT( 9,9) , 
SIGMAF(9,g) ,DEPLT(9,9) ,DEPLF(9,9) ,PHI,CADR,THALF(9,9),N,JJ(9) 
,URAN,MM(10) ,TEMP,THOR 
COMMON/CAP2/ACTIV,RATIO(9),IT,KK,ITYPE,SIGF(29),FLUX(29),JX,IY 
COMMON/CAPl O/T1 
CALL ERRSET(63,.TRUE.,.FALSE.,.FALSE.,.FALSE.,15) 
FILElO (1) ='BATC' 
FILElO (2) = I  HO . L I 
FILE10(3)='IB ' 
FILE4(1)='NUCL' 
FILE4 (2) = I IBO. ' 
FILE4(3)='LIB ' 
BIGDUM( 12) =O 
TYPE 1 
FORMAT(lX,'FILE FOR COMPOSITION INFORMATION?') 
ACCEPT 2,DUMDUM 
FORMAT ( 8A1) 
OPEN COMPOSITION FILE 
CALL ASSIGN ( 1, FILE) 
OPEN PRINT FILE 
CALL ASSIGN(2,'PRINT.ACT') 
READ ( 1,3 ) SAMP 
FORMAT ( 1X ,18A4) 
WRITE (2,4) SAMP 
TYPE 4,SAMP 
FORMAT( 1HO ,18A4) 
CALL CLOSE ( 1) 
TYPE 80 
FORMAT(lX,'FILE FOR FLUX INFORMATION') 
ACCEPT 2222,DUM 
FORMAT ( 12A1) 
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C 

6 

7 
C 

C 

C 

C 

81 
82 

C 

33 

10 
1 

19 

20 

C 

100 

42 

14 

CALL ASSIGN(3,FILE2) 
INPUT THERMAL FLUX 
READ(3,6)PHI 
FORMAT (E8.2) 
WRITE( 2,7) PHI 
FORMAT(lH0,'THERMAL NEUTRON FLUX='lX,lPE8.2,lX,'N/CM2*SEC') 
INPUT EPITHERMAL FLUX 
READ ( 3,6 ) EPI 
CONVERT TO FLUX PER UNIT LETHARGY 
EPIU=EPI/14.27 
COMPUTE CADMIUM RATIO 

INPUT FAST FLUX 
READ( 3,81) (FLUX (LL) ,LL=l ,lo) 
READ( 3,811 (FLUX (LL) ,LL=11,20) 
READ (3,82) (FLUX (LL) ,LL=21,29) 
FORMAT(lOE8.2) 
FORMAT(9E8.2) 
INPUT TEMPERATURE 
READ (3,33) TEMP 
FORMAT (F5.0) 
WRITE(2,10)CADR,TEMP 
FORMAT(1H ,'CADMIUM RATIO=',F8.2,10X,'TEMPERATURE=',F5.O,lX, 
'DEGREES CENTIGRADE') 
READ ( 3,19) COND 
CALL CLOSE ( 3) 
FORMAT ( 18A4 ) 
WRITE ( 2,2 0 ) COND 
FORMAT ( 1HOIl8A4 ) 
Tl=SECNDS (0. ) 
OPEN BATCH RUN FILE 
DO 500 IJK=1,5 
1=1 
IF ( IJK. EQ. 1) DUMMY (6) = '  0 ' 
IF(IJK.EQ.l)BIGDUM(7)='0' 
IF ( I JK . EQ .2 ) DUMMY ( 6 ) = ' 1 ' 
IF ( IJK. EQ. 2) BIGDUM (7) ='1 ' 
IF ( IJK. EQ . 3  ) DUMMY ( 6 ) = '2 ' 
IF ( IJK. EQ .3 ) BIGDUM (7) = ' 2 ' 
IF ( I JK . EQ .4 ) DUMMY ( 6 ) = ' 3 ' 
IF ( IJK. EQ. 4) BIGDUM (7) = ' 3 ' 
IF(IJK.EQ.5)DUMMY(6)='4' 
IF ( IJK. EQ. 5) BIGDUM (7) = '4 ' 
CALL ASSIGN(4,FILElO) 
CONTINUE 
READ(4,42,END=llO)SEARCH(I) 
FORMAT (A4 ) 
READ( 4,14) M( I) 
FORMAT( 13) 
I=I+1 

CADR=PHI/EPIU 
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110 

130 
15 

99 
21 
1 

140 

17 

C 

C 
150 

C 

16 

160 
166 

C 

165 

168 

999 

GO TO 100 
I=I-1 
CALL CLOSE ( 4 )  
IF ( I. EQ . 0 ) CALL FINAL 
DO 120 J=l,I 
CALL ASSIGN(3,FILE4) 
READ(3,15,END=99)ELMENT,MASS,ITYPE 
FORMAT ( 1X ,3A4,13,1 OX, I1 ) 
IF(M(J) .NE.MASS)GO TO 130 
IF(SEARCH(J) .NE.ELMENT(l))GO TO 130 
GO TO 140 
TYPE 21,M(J) 
FORMAT(lX,'ISOTOPE',lX,'AT MASS',lX,13,1X, 
'NOT FOUND IN LIBRARY') 
CALL FINAL 
GO TO 120 
CONTINUE 
READ ( 3,17 ) N, Z 
FORMAT(lX,Il,lOX,I2) 
ZZ=Z-N+l 
K=l 
OPEN COMPOSITION FILE 
CALL ASSIGN(1,FILE) 
READ (1,3) SAMP 
FIND FIRST MEMBER OF CHAIN 
READ(l,l6,END=999)ZZZ,AA,CONC(K),UPLIMl 
IF(ZZZ.NE.ZZ)GO TO 150 
ATOMS(K) =6.023E17*CONC(K)/AA 
IF (ATOMS (K) . EQ. 0. ) ATOMS (K) =l. E5 
IF(N.EQ.1)GO TO 166 
FIND REST OF CHAIN 
DO 160 K=2,N 
READ(1,16,END=999)ZZZ,AA,CONC(K),UPLIM2 
FORMAT( lX, 12, lox, F10.3, lox, E10.3,32X, 3A4) 
ATOMS(K) =6.023E17*CONC(K)/AA 
IF (ATOMS( K) .EQ. 0 )  ATOMS (K) =l. E5 
CONTINUE 
CONTINUE 
CALL CLOSE (1) 
REWIND COMPOSITION FILE TO LOCATE TH AND U 
CALL ASSIGN(1,FILE) 
READ(1,3)READ 
READ(1,16,END=999) ZZZ,AA,THOR,UPLIM3 
IF(ZZZ.NE.90)GO TO 165 
THOR=6.023E17*THOR/AA 
READ(1,16,END=999)ZZZ,AA,URAN,UPLIM4 
IF(ZZZ.NE.92)GO TO 168 
URAN=6.023E17*URAN/AA 
GO TO 170 
TYPE 22 
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22 

170 

23 

24 

25 

26 
190 
180 

400 

153 

155 

154 

158 
156 

FORMAT(lX,'COMPOSITION FILE INCOMPLETE') 
GO TO 120 
CONTINUE 
DO 180 II=l,N 
READ(3,23)JJ(II) ,MM(II) 
FORMAT(lX,Il,lOX,13) 
DO 190 L=l,JJ(II) 
READ(3,24)ABUN(L,II),FYIELD(LIII) 
FORMAT(lX,F7.4,1OX,F7.4) 
READ (3,25) THALF (L, 11) 
FORMAT(lX,E8.2) 
READ(3,26)SIGMAT(L,II),SIGMAF(L,II),DEPLT(L,II),DEPLF(L,II) 
FORMAT(lX,E8.2,3(10X,E8.2)) 
CONTINUE 
CONTINUE 
IF(ITYPE.EQ.O)GO TO 400 
READ(3,81) (SIGF(LL) ,LL=1,10) 
READ( 3,81) (SIGF (LL) ,LL=11,20) 
READ( 3,82) (SIGF (LL) ,LL=21,29) 
CONTINUE 
KX=N-1 
KY=N-2 
MNM=N 
IF (ITYPE. EQ. 0 )  IY=N 
IF (ITYPE. EQ. 1) IY=N 
IF(ITYPE.EQ.2)IY'N-1 
IF(ITYPE.EQ.3)IYzN-1 
IF ( ITYPE . EQ. 4) IY=N-2 
IF (ITYPE. EQ. 0) MNM=N 
IF(ITYPE.EQ.2)MNM=N-l 
IF(ITYPE.EQ.3)MNM=N-l 
IF(ITYPE.EQ.4)MNM=N-2 
JX=JJ(MNM) 
IF( ITYPE.EQ.l) JX=JJ (N) -1 
IF(ITYPE.EQ.O.OR.ITYPE.EQ.1)GO TO 156 
IF(ITYPE.EQ.2.OR.ITYPE.EQ.3)GO TO 153 
GO TO 154 
M S = M M  (KX) -1 
DO 155 LX=l,JJ(KX) 
MS=MS+l 
IF(MASS.EQ.MS)LIX=LX 
CONTINUE 
GO TO 156 
MS=MM( KY) -1 
DO 158 LX=l,JJ(KY) 
MS=MS+l 
IF(MASS.EQ.MS)LIX=LX 
CONTINUE 
CONTINUE 
HFLIF=THALF(JX,IY) 
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27 

27 0 
1 

280 
2 81 
302 

303 

304 

1 

1 

1 

200 

29 

31 

3111 

120 
500 

WRITE(2,27)ELMENT,MASS,HFLIF 
FORMAT(1H1,3A4,13,10X,'HALF-LIFE=',lX,lPE8.2,lX,'YEARS') 
WRITE(2,270) CONC(1Y) ,UPLIMl 
FORMAT(lH0,'DIRECT CAPTURE TARGET ELEMENT CONCENTRATION 
=',F9.2,1X,'PPM1,10X,3A4) 
IF(ITYPE.EQ.o)WRITE(2,280) 
IF(ITYPE.EQ.l)WRITE(2,281) 
IF(ITYPE.EQ.2)WRITE(2,302)CONC(N),UPLIM2 
IF(ITYPE.EQ.3)WRITE(2,303)CONC(N),UPLIM2 
IF ( ITY PE . EQ .4 ) WRITE ( 2,3 0 4) CONC (N) , UPLIM2 
FORMAT(lH0,'N-GAMMA AND FISSION REACTIONS ONLY') 
FORMAT(lHO,'N-2N REACTION INCLUDED') 
FORMAT(lH0,'TARGET FOR N-P REACTION CONCENTRATION 
=',F9.2,1X,'PPM',lOX,3A4) 
FORMAT(lH0,'TARGET FOR N-D REACTION CONCENTRATION 
=',F9.2,1X,'PPMt,l0X,3A4) 
FORMAT(lH0, 'TARGET FOR N-ALPHA REACTION CONCENTRATION 
=',F9.2,1X,'PPM',lOX,3A4) 
WRITE ( 2,201 COND 
DO 200 JK=l,JJ(N) 
IS0 (JK) =MM (N) +JK-1 
WRITE(2,29)Z 
FORMAT(lHO,41X,'BURNUP RATIOS FOR Z=',I2) 
WRITE(2,31)(ISO(JK),JK=l,JJ(N)) 
FORMAT(1X,'T(YEARS)',lOX,'ACTIVITY(CI/GM)',9(5X,I3~) 
CALL NCAP 
TYPE 3111,ELMENT,MASS 
FORMAT(lH0,'CALCULATION COMPLETE FOR ',3A4,13) 
CALL FINAL 
CONTINUE 
CONTINUE 
CALL ASSIGN(1,FILE) 
CALL COMBAS 
CALL CLOSE ( 1) 
CALL CLOSE ( 2) 
STOP 'DATA ON PRINT.ACT;*' 
END 
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C 
. c  
C 
C 

' C  
C 
C 
C 

1 
2 

50 
C 

150 

C 

151 
152 

C 
C 

SUBROUTINE NCAP 
ISOTOPE PRODUCTION AND DEPLETION SUBROUTINE FOR ACTIV 
VAX 11/780 VERSION 
INCLUDES FISSION PRODUCTS FROM U235-NATURAL ABUNDANCE 
CALCULATES FISSION PRODUCTS FROM MULTIPLE NEUTRON 
CAPTURE ON U238 AND TH232 
FISSION YIELDS FOR U235 USED IN ALL CASES 
INTEGRATION INCREMENT IS 3 DAYS 
BETA DECAY IS GIVEN PRIORITY OVER BURNUP 
DOUBLE PRECISION DELT,TAU(9,9) ,T 
COMMON/CAPl/ATOMS(9),ABUN(9,9),FYIELD(9,9),SIGMAT(9,9), 
SIGMAF(9,9),DEPLT(9,9),DEPLF(9,9),PHI,CADR,THALF(9,9),N,JJ(g) 
,URAN,MM(lO) ,TEMP,THOR 
COMMON/CAP2/ACTIV,RATIO(9),IT,KK,ITYPE,SIGF(29),FLUX(29),JX,IY 
DIMENSION START ( 9) ,PROD ( 10,lO) , MT ( 9) 
BARNz1.E-24 
DELT=3.15E5 
KK=JJ (N) 
DO 50 L=l,JJ(N) 
START (L) =ATOMS ( N) *ABUN ( L, N) 
IF (START( L) . EQ. 0. ) START(L) =l. E5 
CONTINUE 
COMPUTE TEMPERATURE CORRECTION TO 2200 M/S CROSS-SECTION 
TCOR=SQRT( .7 9* (293 ./ (273. +TEMP) ) ) 
UFIVE=URAN*.0072 
UEIGHT=URAN*.993 
UTHREE=O. 
PLUT=O. 
FAST=PHI/CADR 
DO 150 II=l,N 
DO 150 L=l,JJ(II) 
TAU (L, 11) =. 6 9315/ (THALF (L, 11) *3.15E7 ) 
PROD (L, I I) =ATOMS ( I I) *ABUN (L, I I) 
SIGMAF(L,II)=SIGMAF(L,II)*BARN 
SIGMAT(L,II)=SIGMAT(L,II)*BARN*TCOR 
DEPLT(L,II)=DEPLT(L,II)*BARN*TCOR 
DEPLF (L, 11) =DEPLF (L, I I) *BARN 
CONTINUE 
FFAC=O. 
IF(ITYPE.EQ.O)GO TO 152 
INTEGRATE FLUX TIMES CROSS-SECTION IN FAST REGION 
DO 151 LLX=1,29 
FFAC=FFAC+SIGF(LLX)*BARN*FLUX(LLX) 
CONTINUE 
DO 300 IIT=1,3000 
IT=IIT 
DO 100 II=l,N 
CALCULATE FISSION PRODUCT ADDITIONS TO FIRST MEMBERS 
OF EACH ROW 
PROD(1,II)=PROD(1,II)+UFIVE*(PHI*5.8E-22*TCOR+ 
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1 

1 

1 

C 
C 

1 

1 

1 

1 
200 

C 

C 

202 
C 

C 

1 
201 
100 

203 
C 

C 

- 1  

C 

1 

FAST*2.8E-22)*DELT*FYIELD(l,II) 
PROD(1,II)=PROD(~,II)+UTHREE*(PHI*5.3E-22*TCOR+ 
FAST*7.6 E-22) *DELT*FY IELD (1, I I) 
PROD(1,II)=PROD(1,II)+PLUT*(PHI*7.4E-22*TCOR+ 
FAST*3.E-22) *DELT*FYIELD(l,II) 
DO 200 L=2,JJ(II) 
CALCULATE NEUTRON CAPTURE ADDITIONS+FISSION PRODUCTS 
FOR REMAINING ISOTOPES 
LL=L-1 
PROD(L,II)=PROD(L,II)+PROD(LL,II)*(PHI*SIGMAT(L,II)+ 
FAST*SIGMAF(L,II))*DELT 
PROD(L,II)=PROD(L,II)+UFIVE*(PHI*5.8E-22*TCOR+ 
FAST*2.8E-22)*DELT*FYIELD(L,II) 
PROD(L,II)=PROD(L,II)+UTHREE*(PHI*5.3E-22*TCOR+ 
FAST*7.6E-22) *DELT*FYIELD(L, 11) 
PROD(L,II)=PROD(L,II)+PLUT*(PHI*7.4E-22*TCOR+ 
FAST*3.E-22)*DELT*FYIELD(L,II) 
CONTINUE 
INCLUDE FAST FLUX CONTRIBUTION 
PROD( JX, IY) =PROD( JX, IY) +PROD( JJ (N) ,N) *FFAC*DELT 
DO 201 L=l,JJ(II) 
JT=II+l 
IF(JT.GT.N)GO TO 202 
MT ( I I) =MM (JT) -MM ( 11) 
KT=L-MT ( I I) 
IF(KT.LT.1)GO TO 202 

PROD (KT, JT) =PROD (KT, JT) +PROD (L, 11) * (1. -DEXP (-TAU (L, 11) *DELT) ) 
CONTINUE 
CALCULATE DECAY LOSSES 

CALCULATE BURNUP OF EACH ISOTOPE IN THE CHAIN 
PROD(L,II)=PROD(L,II)-PROD(L,II)*(PHI*DEPLT(L,II)+ 
FAST*DEPLF(L,II))*DELT 
CONTINUE 
CONTINUE 
DO 203 L=l,JJ(M) 

CONTINUE 
CONVERT ATOMS OF PRODUCT TO CURIES/GM. 
ACTIV=PROD(JX,IY)*TAU(JX,IY)/3.7ElO 
CALCULATE PRODUCTION OF FISSIONABLE ISOTOPES 
UTHREE=UTHREE+THOR*(PHI*7.4E-24*TCOR+ 
FAST*8.5E-23) *DELT 
PLUT=PLUT+UEIGHT*(PHI*2.7E-24*TCOR+FAST*2.7E-22)*DELT 
CALCULATE DEPLETION OF FISSIONABLE ISOTOPES 
UTHREE=UTHREE-UTHREE*(PHI*5.8E-22*TCOR+ 
FAST*9.OE-22) *DELT 
PLUT=PLUT-PLUT*(PHI*l.oE-21*TCOR+FAST*5.E-22)*DELT 
UFIVE=UFIVE-UFIVE*(PHI*6.8E-22*TCOR+FAST*4.2E-22)* 

CALCULATE $BETA CHAIN CHANGES 

PROD ( L, 11) =PROD ( L, 11) *DEXP ( -TAU (L, 11) *DELT) 

RATIO ( L) =PROD ( L, N) /START ( L) 
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1 

300 

16 

C 

17 
500 

DELT 
CALCULATE DEPLETION OF URANIUM AND THORIUM 
THOR=THOR-THOR*(PHI*7.4E-24*TCOR+FAST*8.5E-23)*DELT 
UEIGHT=UEIGHT-UEIGHT*(PHI*2.7E-24*TCOR+FAST* 
2 .YE-23) *DELT 
CALL DMP 
CONTINUE 
WRITE (2,161 
FORMAT(1H0,5X,'ACTIVITY(CI/GM)',lOX,'YEARS AFTER SHUTDOWN') 
DO 500 IK=1,7 
IA=IK-1 
CALCULATE DECAY OF PRODUCT AFTER SHUTDOWN OF REACTOR 
T=lO.**IA*3.15E7 
ACTIV=ACTIV*DEXP(-TAU(JX,IY)*T) 
T=T/3.15E7 
WRITE(2,17)ACTIV,T 
FORMAT(11X,1PE10.2,2OX,lPE10.2) 
CONTINUE 
RETURN 
END 
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SUBROUTINE DMP 
USED BY ACTIV TO LIST RESULTS IN 1 YEAR INCREMENTS 

COMMON/CAP2/ACTIV,RATIO( 9) 
T=.Ol*FLOAT(IT) 
TT=AMOD(T,l.) 
IF(TT.NE.O.)GO TO 10 
WRITE(2,1)T,ACTIV, (RATIO(JK) ,JK=l,KK) 

IT,KK, ITYPE,SIGF (29) ,FLUX( 29) , JX, IY - 

1 FORMAT(lX,F8.0,17X,lPE8.2,9(3X,OPF5.3)) 
10 CONTINUE 

RETURN 
END 
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SUBROUTINE FINAL 
C USED BY ACTIV TO CALCULATE TIME ELAPSED FOR EACH ISOTOPE 

- c  
COMMON/CAPl O/T1 
CALL CLOSE ( 3 )  
CALL CLOSE ( 1) 
DELTA=SECNDS(Tl) 
DELTA=DELTA/60. 
TYPE 40,DELTA 

40 FORMAT(lX,'ELAPSED TIME ='F8.2,1X,'MINUTES1) 
RETURN 
END 

B .25 



C 
C 

SUBROUTINE COMBAS 
USED BY ACTIV TO L,IST COMPOSITION DATA USED 

DIMENSION SAMP(18),ELNAME(3),UPLIM(3) 
INTEGER Z 
READ ( 1,3) SAMP 

WRITE(2,33)SAMP 

WRITE(2,4) 

WRITE(2,5) 

DO 100 I=1,53 
READ(1,6)Z,A,CONC,ELNAME,UPLIM 

WRITE(2,7)Z,A,CONC,ELNAME,UPLIM 

3 FORMAT ( 18A4 ) 

33 FORMAT(lHl,18A4) 

4 FORMAT(~H~,/) 

5 FORMAT(lX,' Z1,l9X,'A',1lX,'CONC(PPM)',1OX,'ELEMENT',/) 

6 FORMAT(1X,I2,10X,F10.3,lOX,ElO.3,lOX,3A4,lOX,3A4) 

7 FORMAT(1X,I2,10X,F1~.~,lOX,FlO.3,lOX,3A4,lOX,3A4) 
100 CONTINUE 

RETURN 
END 
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