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CARBON-14 PRODUCTION I N  THE PEACH BOTTOM HTGR CORE 

R. P.  Wichner 
F. F. Dyer 

ABSTRACT 

Carbon-14 concent ra t ions  w e r e  measured i n  a v a r i e t y  of 
core  components dur ing  the  Peach Bottom Surve i l l ance  Program. 
Five f u e l  element s l e e v e s  and sp ines  w e r e  d i s s e c t e d  t o  o b t a i n  
r a d i a l  concent ra t ion  p r o f i l e s  a t  four  a x i a l  l oca t ions .  The 
p r o f i l e s  show t h a t  t he  major p a r t  of t he  1 4 C  i n  these  g raph i t e  
components c h a r a c t e r i s t i c a l l y  showed a f l a t  r a d i a l  d i s t r i b u t i o n  
ac ross  the  i n t e r i o r  of t he  member; t he  balance w a s  found i n  
concent ra t ion  peaks a t  each exposed su r face .  The source of 
t hese  su r face  peaks is  not  f u l l y  understood. 

Concentrat ions w e r e  a l s o  determined i n  f i v e  f u e l  element 
f i s s i o n  product  t r a p s ,  one removable r a d i a l  r e f l e c t o r  block,  
and 1 2  f u e l  p a r t i c l e  p a i r s  taken from a number of axial  loca- 
t i o n s  i n  one f u e l  element. Estimates of whole-core inventory 
w e r e  made from t h e s e  concent ra t ion  determinat ions.  Most sur-  
p r i s i n g  w a s  t h e  comparatively high * 4 C  inventory a s soc ia t ed  wi th  
f u e l  par t ic les ,  which must be a sc r ibed  t o  n i t rogen  contamina- 
t i o n  of t h e  f u e l .  A l so  unexpectedly high w a s  t h e  l e v e l  found 
i n  t h e  f u e l  element charcoal  t r a p s ,  which d e s p i t e  t h e i r  small 
m a s s  contained almost as much 1 4 C  as a l l  t he  g raph i t e  s l eeves  
and sp ines .  On a pe r  u n i t  energy b a s i s ,  an  es t imated  113 C i /  
GW(t)-yr of 1 4 C  w a s  produced i n  t h e  Peach Bottom HTGR, which i s  
about 30% h ighe r  than p r e d i c t i o n s  based on t h e  ORIGEN computer 
code. The d i f f e r e n c e  seems due mainly t o  t h e  assumed l e v e l  of 
n i t rogen  contamination i n  t h e  f u e l .  

1. INTRODUCTION 

1.1 Object ives  and Scope 

The f i r s t  o b j e c t i v e  of t h i s  s tudy was t o  b r i n g  toge the r  t h e  d ive r se  

4 C  concent ra t ion  measurements performed on Peach Bottom HTGR core  compo- 

nen t s  during the  su rve i l l ance 'p rogram f o r  t h i s  r e a c t o r .  The Peach Bottom 
m Surve i l l ance  Program w a s  a c t i v e  a t  ORNL from 1 9 7 1  through 1 9 7 7 ,  dur ing  

which t i m e  r a d i o a c t i v i t y  scans  w e r e  performed on the  primary c i r c u i t .  I n  
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addition, plate-out probes, designed to distinguish between various 

forms of fission product activity, were installed in the primary circuit 

and examined periodically. These and various other primary circuit mea- 
surements are described in ref. l. Most of the surveillance activities, 
however, were related to the postirradiation examination of a carefully 

selected series of six fuel elements; the results of these measurements 
Carbon-14 concentra- are described in published examinations reports. 

tions were determined in the graphite sleeves and spines and in the char- 

coal traps of five of these six elements. 3-7 

were determined in the fuel of one element and throughout one removable 
radial reflector element. 

2- 7 

In addition, 14C levels 

A second objective of this task was to integrate these measurements 
to determine whole-core inventories of 4C. Sufficient concentration 

profile data are available for this purpose for the graphite fuel element 

components and for the charcoal fission product traps; however, because 

the fuel of only one element and only one radial reflector block were 

examined, extrapolation of these observations to whole-core values is 

somewhat more uncertain. Nevertheless, the derived inventories are based 

on observation and are therefore more positive than earlier, conjectural 
estimates. The principal benefit of this study, derived from this direct 

core-wide inventory determination, may be a more confident prediction of 
1 4 C  levels in future HTGR cores, which would influence the design of the 
fuel reprocessing system. 

1.2 Radiochemical Analysis 

The radiochemical method used to measure beta-emitting radionuclides 

in Peach Bottom graphite is summarized briefly in ref. 3 .  For complete- 
ness, the determination of ’ 4 C  is recapitulated below. 

Carbon-14 was measured by counting the 156-keV beta particle using 

a liquid scintillation procedure. Both the fuel particles and graphite 

samples were burned in moist oxygen, and the COS was collected in methyl 

alcohol containing the hydroxide of Hyamine 10-X at a concentration of 

1 - N. Because tritium content was determined in the same samples in which 

e 
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4 C  w a s  measured ( see  r e f .  8) , water vapor w a s  int roduced i n t o  the  oxygen 

stream t o  promote the  capture  of HTO i n  a cold t r a p .  The mois ture ,  how- 

eve r ,  w a s  removed before  t h e  C 0 2  and thus  d id  n o t  r ep resen t  a p o t e n t i a l  

d i f f i c u l t y  wi th  the  measurement of 1 4 C .  

known a l i q u o t  of t he  Hyamine s o l u t i o n  w a s  introduced d i r e c t l y  i n t o  a s m a l l  

volume of a l i q u i d  s c i n t i l l a t o r ,  and t h e  1 4 C  w a s  counted. Standard spec i -  

mens conta in ing  known q u a n t i t i e s  of 1 4 C  w e r e  analyzed s i m i l a r l y  s o  t h a t  

a c t i v i t i e s  could be der ived  from the  count r a t e  da t a .  

Af t e r  t h e  CO2 w a s  cap tured ,  a 

The 

r i z e d  by 

1. 

neutrons 

2. CARBON-14 PRODUCTION 

2 . 1  Neutron Reactions and Cross Sec t ions  

neutron . r e a c t i o n s  t h a t  produce 

Davis. 

4 C  i n  r e a c t o r s  have been summa- 
9 

C(n,y)14C. The c r o s s  s e c t i o n  f o r  t h i s  r e a c t i o n  wi th  0.025-eV 

as 0.9 mb with a resonance i n t e g r a l  va lue  of 1 . 3  mb. 

1 3  

i s  given' 

Reference 10 l i s t s  a . s t a n d a r d  dev ia t ion  of f20% f o r  t he  thermal c ros s  

s e c t i o n ,  and va lues  above thermal are ev iden t ly  f a r  more unce r t a in .  This  

r e a c t i o n  is  not  l i s t e d  i n  t h e  END/F-IV f i l e .  

14 2 .  N(n,p)14C. Cross s e c t i o n s  f o r  t h i s  r e a c t i o n  as a func t ion  of 

neutron energy are known with much more c e r t a i n t y  than f o r  r e a c t i o n  1: 

Reference 10 l ists  a va lue  of 1 .81  b with a p r e c i s i o n  of f 3 %  f o r  0.025-eV 

neutrons.  The cross-sec t ion  dependence on neutron energy, as tabula ted  i n  

t h e  END/F-IV f i l e ,  i s  i l l u s t r a t e d  i n  Fig.  2 . 1 .  

1 5  3 .  N(n,n'p)14C. The END/F-IV f i l e  l i s t s  t h e  threshold  f o r  t h i s  

r e a c t i o n  as 10.89 MeV. Therefore ,  t h e  e f f e c t i v e  va lue  f o r  an HTGR core  

would be zero.  

4. '5N(n,d)'4C. The END/F-IV f i l e  l ists  an  8.52-MeV threshold  f o r  

t h i s  r e a c t i o n .  Therefore ,  t h i s  too would be i n s i g n i f i c a n t  i n  an  HTGR core.  

' 5. 60(n ,  3He) "C.  Though very l i t t l e  information e x i s t s  f o r  t h i s  

r e a c t i o n ,  i t s  h igh ly  endothermic na tu re  ( - 1 4 . 6  MeV) i n d i c a t e s  t h a t  i t  

would probably be i n s i g n i f i c a n t  i n  an HTGR core.  
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Fig .  2 .1 .  Cross s e c t i o n s  of r e a c t i o n s  14N(n,p)’4C and ’70(n,a)’4C 
as a func t ion  of neut ron  energy. 
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6. i 70 (n , a ) i4C .  Reference 10 l is ts  a 0.235-b va lue  f o r  0.025-eV 

neut rons  w i t h  a 24% s t anda rd  dev ia t ion .  

as 0.105 b wi th  a + lo% unce r t a in ty .  

dependence as l i s t e d  i n  t h e  END/F-IV f i l e .  

The resonance i n t e g r a l  i s  given 

Figure  2 . 1  i l l u s t r a t e s  t h e  energy 

Table 2 . 1  summarizes t h e  p e r t i n e n t  in format ion  regard ing  neut ron  

r e a c t i o n s  t h a t  produce I 4 C  i n  HTGRs. 

t i o n s  are compared wi th  p r e d i c t i o n s  based on f l u x  levels and t h e  cross- 

s e c t i o n  va lues  l i s t e d  above. 

I n  Sec t .  4 ,  measured ” C  concentra- 

2.2 Average Neutron Flux 

Neutron f l u x e s  dur ing  core  2 ope ra t ion  have been r epor t ed  as a func- 

t i o n  of t i m e  i n  a serie~s of correspondences” f o r  f o u r  f u e l  element 

l o c a t i o n s  - E06-01, Ell-07, E14-01, and F03-01. I n  a d d i t i o n ,  f l u x e s  a t  

l o c a t i o n  E06-01 are r epor t ed  i n  t h e  p o s t i r r a d i a t i o n  examination r epor t ’  

f o r  f u e l  tes t  element 18 ,  which occupied t h a t  l o c a t i o n  from t h e  t i m e  of 

removal of t h e  f u e l  element a t  252 equ iva len t  full-power days (EFPD) t o  

end of l i f e  (EOL). A l l  f l u x  l e v e l s  are r epor t ed  as average va lues  over 

t h e  a c t i v e  l eng th  of t h e  f u e l  element. Time-  and space-averaged f l u x e s  

f o r  each of t he  f o u r  energy groups employed w e r e  ob ta ined  by averaging 

t h e  r epor t ed  f luxes  a t  t h e s e  four  l o c a t i o n s  over  t h e  ope ra t ing  t i m e  f o r  

c o r e  2 .  These va lues  are l i s t e d  i n  Table 2.2. The a c t u a l  ope ra t ing  t i m e  

f o r  core  2 w a s  1070 days o u t  of a , t o t a l  span ( inc lud ing  shutdowns) of 

1550 days,  f o r  an on-stream f a c t o r  of 69%. 

a t o t a l  o f -897  EFPD based on a des ign  r a t i n g  of 115 MW(t). 

A t y p i c a l  HTGR f l u x  spectrum i s  given i n  Table 2.3 and Fig .  2.2. 

These va lues  were c a l c u l a t e d  by Thomas13 f o r  a l a r g e  HTGR wi th  C / U  = 3000 

and C/Th = 240 i n  i t s  20th r e load  cyc le .  I n  comparison, t h e  second Peach 

Bottom co re  had a loaded C/U of 2260 and C/Th of 320, which i s  s u f f i c i e n t l y  

c l o s e  t o  t h e  case  assumed by Thomas t o  a l low i t s  use f o r  rough e s t ima t ion  

of C buildup. 

The 1070 o p e r a t i n g  days y i e lded  

Comparison of t h e  c r o s s  s e c t i o n  dependence on energy of r e a c t i o n s  

14N(n,p)14C and 170(n,a)14C, shown i n  Fig.  2 . 1 ,  w i th  t h e  neut ron  energy 

spectrum i n d i c a t e s  t h a t  t h e  major I4C product ion  from these  r e a c t i o n s  



Table 2.1.  Neutron r e a c t i o n s  producing 1 4 C  

React ion 

Average c ros s  sec i o n  used 6 Cross s e c t i o n  with 
0.025-eV neutronsa Resonance i n t e g r a l  wi th  ORIGEN a 

(b 1 (b) (b) 

1 .3  io-'+ 4 2.0 4.19 io-'+ 1 3  c (n ,y )14c  9.0 x, io-'+ 2.0 lo-'+ 
'+N(n,p> 1 4 C  1.81 4 0.05 

d N(n,n' p) 4 C  0 

' 'N(n, d) '+C Oe 

60(n ,  3He) 1 4 C  f 

1 5  

o (n , a )  4~ 0.235 2 0.010 17 

c 

c 

c 

f 
0.105 4 0.010 

1.02 

0 

0 

0 

0.110 

a 

b 

Source: S .  F. Maghabghab and D. I. Garber, Neutron Cross Section Vol. 1, Resonance Parmeters, 

Source: W. Davis, Jr.,  "Carbon-14 Product ion i n  Nuclear Reactors ,"  i n  Management of Low-Level 

Not given. 

3d ed. ,  BNL 325 (June 1973). 

Radioactive Waste, v o l .  I, M.  W. Carter e t  a l . ,  Eds., Pergamon Pres s ,  1979. 
e 

dThreshold a t  10.89 MeV. 

Threshold a t  8.52 MeV.  e 

fNot given,  bu t  probably zero.  

8 
. S 
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. Table 2.2. Average f l u x e s  of four  groups during core 2 o p e r a t i o n  

a Average f l u x  
Energy range (n/cm2. s> 

($1 

($2 

'3 

'th 

0.18-14.96 MeV 

17.6 eV-86.5 keV 

2.38-17.6 e V  

0-2.38 e V  

b 

3.28 1013 

6.32 1013 

1.04 1013 

4.09 1013 

a 
l o c a t i o n s  E06-01, Ell-07, E14-01, and F03-01. 

bA gap i n  energy between groups 1 and 2 occurs  i n  most of t h e  
a v a i l a b l e  records of Peach Bottom f luxes .  This  appears t o  have been 
caused by t h e  d e s i r e  of materials a n a l y s t s  t o  record the  0.18- t o  14.96- 
MeV range t o  c o r r e l a t e  wi th  i r r a d i a t i o n  test d a t a  and t h e  f a i l u r e  t o  
note  the  subsequent gap i n  t h e  spectrum. This gap has  no s i g n i f i c a n c e  
as f a r  a s  1 4 C  product ion i s  concerned. 

Average over a c t u a l  o p e r a t i n g  t i m e  of a x i a l l y  averaged f luxes  a t  
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Table 2.3. Typical HTGR flux spectruma 
6 

Energy range Average energy @(E) 
Group (ev) (ev) (n/cm2-s. ev) 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

2.02 x 1 0 6  

4.98 i o 5  

1.11 io5 

2.48 i o 4  

5.53 i o 3  

1.23 io3 

16 7 

47.9 

13.7 

5.04 

1.86 

0.881 

0.249 

0.0823 

0.06 

14.9 x l o 6  

2.02 x l o 6  
4.98 io5 

1.11 io5 

2.48 i o 4  

5.53 io3 

1.23 i o 3  

16 7 

47.9 

13.7 

5.04 

1.86 

0.881 

0.249 

0.0823 

8.46 x l o 6  

1.26 x l o 6  

3.05 x io5 

6.79 x 10' 

1.52 x i o 4  

3.38 io3 

699 

10 8 

30.8 

9.37 

3.45 

1.37 

0.565 

0.166 

0.0711 

6.43 i o 5  

1.72 io7 

6.56 x i o 7  

2.61 x lo8 

1.13 io9 

4.91 i o 9  
2.52 x 10" 

1.28 x 10" 

3.98 x lo1' 

1.10 x 10l2 

2.80 x lo1' 

7.79 x l o ' *  

3.78 1014 

1.94 io1'+ 

1.35 1015 

Values were calculated for an HTGR in its 20th reload cycle with 

Source: W. E.  Thomas, Engineering Technology Division, ORNL, 

a 
C/U = 3000 and C/Th = 240. 

personal communication, 1978. 
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log,o E ( e V )  

ORNL DWG 79 - 1244 

Fig. 2.2. HTGR flux spectrum. Source: F. F. Dyer et al., 
Distribution of Fission Products i n  Peach Bottom HTGR Fuel Element F03-01, 
ORNL/TM-5996 (June 1978). 
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occurs  with t h e  thermal neutron group. Although c ross  s e c t i o n  d a t a  f o r  

t he  ’ 3C(n,y) ’ 4 C  r e a c t i o n  i s  much s p a r s e r ,  presumably t h e  s a m e  conclusion 

a l s o  app l i e s .  

3. INVENTORY I N  CORE COMPONENTS 

3.1 D i s t r i b u t i o n  i n  t h e  Sleeves and Spines 

Carbon-14 concent ra t ions  w e r e  measured i n  t h e  g r a p h i t e  sleeves and 

sp ines  of f i v e  f u e l  elements dur ing  the  course of t h e  Peach Bottom Sur- 

v e i l l a n c e  Program, which w a s  a c t i v e  from 1971 through 1977. 

a b s t r a c t e d  from t h e  f u e l  element p o s t i r r a d i a t i o n  examination r e p o r t s ,  

are presented  i n  t h e  Appendix i n  Tables  A . l  through A.35. 

marizes t h e  scope of t h e  d a t a  t h a t  appears  i n  t h e  Appendix. 

These d a t a ,  
3-7 

Table 3.1 sum- 

A s  noted i n  Table 3.1, concent ra t ions  w e r e  ob ta ined  i n  f u e l  elements 

Ell-07, E14-01, F03-01, E01-01, and F03-01. O f  t hese ,  t h e  f i r s t  w a s  

removed a f t e r  701 EFPD of i r r a d i a t i o n  (out  of 897) ,  while  t h e  remainder 

are EOL elements.  Radia l  concen t r a t ion  d i s t r i b u t i o n s  w e r e  ob ta ined  i n  

the  sleeves and s p i n e s  of t hese  f u e l  elements a t  t h e  a x i a l  l o c a t i o n s  

des igna ted  i n  Table 3.1. F u l l  d e s c r i p t i o n s  of t hese  f u e l  e lements ,  as 

w e l l  as the  manner i n  which t h e  r a d i a l  p r o f i l e  d a t a  w e r e  acqui red ,  are 

provided i n  t h e  examination r e p o r t s .  2-7 

Two t y p i c a l  sets of r a d i a l  p r o f i l e s ,  those  f o r  t h e  E l l - 0 7  s l e e v e  and 

sp ine ,  are i l l u s t r a t e d  i n  F igs .  3 . 1  and 3.2. W e  no te  h e r e  t h a t  t y p i c a l l y  

t h e  r a d i a l  p r o f i l e s  i n  t h e  c e n t r a l  g r a p h i t e  po r t ions  are f l a t ,  w i th  con- 

c e n t r a t i o n  peaks observed near  each su r face .  This  c h a r a c t e r i s t i c  p r o f i l e  

sugges ts  t h a t  t h e  i n t e r i o r ,  r a d i a l l y  f l a t  p o r t i o n  is  due t o  a combination 

of t h e  r e a c t i o n  ’ 3C(n,y) 1 4 C  t oge the r  wi th  neut ron  r e a c t i o n s  wi th  a uniform 

a i r  depos i t ,  v i a  14N(n,p)14C and ’70(n,a)14C. 

a f t e r  manufacture i s  c l e a r l y  f r e e  of adsorbed n i t rogen  and oxygen due t o  

h igh  f i r i n g  temperatures ,  prolonged exposure t o  a i r  p r i o r  t o  r e a c t o r  opera- 

t i o n  probably r e s u l t e d  i n  a uniform depos i t  of adsorbed oxygen and n i t rogen ,  

which would c o n t r i b u t e  t o  t h e  f l a t  p r o f i l e  observed away from t h e  su r faces .  

Although g r a p h i t e  soon 
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L 

I 
T a b l e  3.1. D i r e c t o r y  of tabula ted  and graphica l  radial  d i s t r i b u t i o n  

data presented i n  the  A p p e n d i x  

Axial a 
Fuel  e l e m e n t  C o m p o n e n t  locat ion T a b l e  Figure 

E l l - 0 7  Sleeve 

Spine 

E 1 4 - 0 1  

F03-01 

E 0 1 - 0 1  

F05-05 

Sleeve 

Spine 

Sleeve 

Spine 

Sleeve 

Spine 

Sleeve 

Spine 

5 
1 2  
18 
28 
5 

1 2  
18 
28  

7 
23 
28 
23 
28 

5 
1 2  
18 
28 

5 
1 2  
18 
28 

4 
1 2  
18 
28 
23 
28 

5 
1 2  
18 
28 
5 

1 2  
18 
28 

A . l  
A . 2  
A. 3 
A . 4  
A . 5  
A. 6 
A. 7 
A. 8 

A. 9 
A. 10 
A . l l  
A. 1 2  
A. 13 

A. 1 4  
A.  15 
A. 16 
A. 1 7  
A . 1 8  
A . 1 9  
A. 20 
A. 2 1  

A. 22 
A. 23 
A. 24 
A. 25 
A. 26 
A. 27  

A. 28  
A. 29 
A . 3 0  
A. 31 
A. 32 
A. 33 
A. 34 
A. 35 

A . l  and 3.1 

A . 2  and 3.2 

A. 3 

A. 4 

A. 5 

A. 6 

A. 7 

A . 8  

A. 9 

A. 10 

a R e f e r s  t o  c o m p a c t  n u m b e r ;  n u m b e r s  (1 through 30) w e r e  assigned 
E a c h  c o m p a c t  w a s  7 .62 c m  (3.00 in . )  f r o m  b o t t o m  t o  top  of f u e l  e l e m e n t .  

long p r i o r  t o  i r r a d i a t i o n .  
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Fur ther  evidence t h a t  neutron r e a c t i o n s  wi th  both 13C and a i r  con- 

t r i b u t e d  t o  t h e  f l a t  po r t ion  of t he  p r o f i l e  i s  af forded  by t h e  observa- 

t i o n  t h a t  14C concent ra t ions  i n  t h e  i n t e r i o r  p a r t  of t he  s p i n e s  are 

c o n s i s t e n t l y  h igher  than  those  i n  t h e  i n t e r i o r  of t he  sleeves (by a 

f a c t o r  of about 3 ) .  This  may be  seen  i n  F ig .  3 . 3 ,  where t h e s e  concentra- 

t i o n s  are p l o t t e d  as a func t ion  of a x i a l  l o c a t i o n  (compact number) f o r  t h e  

f i v e  f u e l  elements on which measurements were made. 

no o the r  reasonable  explana t ion  f o r  t h e  h igher  concent ra t ions  observed i n  

the  sp ines  o t h e r  than  t h e  presumption t h a t  t he  sp ines  possessed i n i t i a l l y  

higher  levels of adsorbed a i r  than  the  s l eeves .  This  i s  explored more 

f u l l y  i n  Sec t .  4.1,  where r e a c t i o n  rates based on c ross  s e c t i o n  and f l u x  

information presented  i n  Sect. 2 are used t o  estimate t h e  p o r t i o n  of t h e  

observed 14C l e v e l  t h a t  w a s  due t o  13C. 

There appears  t o  be 

As expected,  observed 14C l e v e l s  i n  element Ell-07 ( t h e  701-EFPD 

element) f a l l  below 14C levels i n  the  fu l l - t e rm elements ,  except  f o r  t h e  

E14-01 sp ine .  

may be a sc r ibed  t o  the  presence of boron i n  the  hollowed-out p o r t i o n  of 

t he  s p i n e  contained i n  t h e  lower two-thirds of t h e  f u e l  element.  The 

boron poison ev iden t ly  depressed t h e  f l u x  i n  t h e  c e n t r a l  p a r t  of t h i s  

f u e l  element,  causing lower 14C product ion i n  t h i s  zone. Reference 4 

provides  a f u l l  d e s c r i p t i o n  of t h i s  poisoned f u e l  element,  which w a s  one 

of 60 such elements i n  t h e  core .  

The low levels observed i n  t h e  s p i n e  of element E14-01 

I n  c o n t r a s t  t o  t he  f l a t  d i s t r i b u t i o n  exh ib i t ed  throughout t h e  g r a p h i t e  

i n t e r i o r ,  i t  appears  reasonable  t o  assume t h a t  t h e  s u r f a c e  concen t r a t ion  

peaks w e r e  caused by n i t rogen  depos i ted  i n  short- term exposures dur ing  

r e a c t o r  ope ra t ion .  Thei r  very narrow width,  u sua l ly  less than  0 .5  mm, 

s t r o n g l y  i n d i c a t e s  t h i s  s o r t  of a cause.  I n  Sect.  4.2, an unsuccessfu l  

a t tempt  i s  made t o  q u a n t i t a t i v e l y  re la te  these  s u r f a c e  peaks t o  observed 

i n t e r m i t t e n t  i nc reases  of N2 contaminant i n  t h e  coo lan t ,  which r e s u l t e d  

from va r ious  maintenance a c t i v i t i e s .  . 
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3.2 Inventory i n  t h e  Sleeves and Spines 

The inventory of 1 4 C  contained i n  t h e  s l eeves  and sp ines  of t he  f u e l  

elements may be determined by us ing  t h e  fol lowing two-step procedure: 

(1) graph ica l  i n t e g r a t i o n  of t h e  a x i a l  d i s t r i b u t i o n s  shown i n  F ig .  3.3, 

which y i e l d s  t h e  amount of 1 4 C  a s soc ia t ed  wi th  t h e  i n t e r i o r  g r a p h i t e  

where the  r a d i a l  p r o f i l e  i s  f l a t ,  and ( 2 )  g raph ica l  i n t e g r a t i o n  of t h e  

r a d i a l  p r o f i l e s  (Figs .  A . l  t o  A.10), which may then  be used t o  determine 

t h e  amount of 1 4 C  contained i n  t h e  concent ra t ion  peaks near  each g raph i t e  

s u r f a c e  re la t ive  t o  the  f l a t ,  i n t e r i o r  zone. 

Graphical i n t e g r a t i o n  of t h e  a x i a l  concent ra t ion  d i s t r i b u t i o n  i n  t h e  

sp ines  of elements F03-01, E01-01, and F05-05 (Fig.  3 . 1 )  determines t h e  

average 1 4 C  concen t r a t ion  i n  t h e  nonpoisoned, EOL sp ines  t o  be 0 .67  uCi/g. 

Because the  t o t a l  mass of sp ines  i n  7 1 1  f u e l  elements (804  element loca- 

t i o n s  minus 33 f u e l  t e s t  elements and 60 poisoned elements) i s  es t imated  

as 4.13 x l o 6  g, t he  amount of C contained i n  t h e  sp ines  of t hese  ele- 

ments i s  determined t o  be 2.8 C i .  

1 9  

The p a r t i a l  a x i a l  p r o f i l e  curve f o r  element E14-01 (Fig.  3.1) ind i -  

c a t e s  t h a t  t he  average 1 4 C  l e v e l  i n  t h i s  poisoned sp ine  is  about 0.33  

uCi/g. Thus t h e  poisoned sp ines  of t he  6 0  f u e l  elements l i k e  E14-01 con- 

t r i b u t e  a n  es t imated  0.1 C i  t o  t he  core  inventory of 1 4 C .  

S imi l a r ly  , t he  average I 4 C  concen t r a t ion  i n  the  f u e l  element sleeves 

i s  determined t o  be 0.24 pCi/g,  which y i e l d s ,  f o r  a mass of 8.64 x lo6 g 

f o r  804 f u e l  element s l e e v e s ,  a t o t a l  inventory  of 2 . 1  C i  contained i n  

the  i n t e r i o r  po r t ions  of t h e  g raph i t e  sleeves. 

The above estimates re la te  exc lus ive ly  t o  t h e  p o r t i o n  of I 4 C  i n  

sleeves and s p i n e s  contained i n  t h e  i n t e r i o r  g r a p h i t e ,  and exclude t h e  

amount observed i n  t h e  concent ra t ion  peaks near  t h e  g raph i t e  su r faces .  

Examination of t hese  s u r f a c e  concen t r a t ion  peaks,  shown i n  Tables  A . l  

through A.35, i n d i c a t e s  t h a t  t h e  l a r g e s t  ones occur  near  t h e  o u t s i d e  

diameter of t h e  sp ine .  Here, s u r f a c e  concent ra t ions  may be found which 

range up t o  about 5.8 pCi/g above the  i n t e r i o r  l e v e l ,  a l though t h e  depth 

of p e n e t r a t i o n  i s  q u i t e  small- 0 .2  t o  0.6 rmn. Graphical  i n t e g r a t i o n  of 

t h e  concent ra t ion  peaks found on t h e  sp ine  e x t e r i o r  s u r f a c e  i n d i c a t e s  

. 
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that they contain about 0.14 Ci of 14C. 
average peak area above the level interior graphite concentration of all 

five fuel elements examined. 

This estimate is based on the 

The amount of 14C contained near sleeve inside surfaces and spine 

surfaces is less than that found on the outside of the sleeves. At the 

sleeve inside diameter, a peak concentration range of 0 to 1.0 pg/g was 
observed with depths ranging from 0 to 2 mm. 
estimated near the sleeve inside diameter is 0.15 Ci. Concentration 

peaks on the outer sleeve surface range from 0.6 to 2.3 pCi/g with depths 
of 0.2 to 0.6 nun. 

centration peaks observed near the outer sleeve surface. 

The total amount of 14C 

An estimated 0.31 Ci of 14C is contained in the con- 

The concentrations and inventory estimates of I4C in the fuel ele- 

ment sleeves and spines are summarized in Table 3.2. 

Table 3.2. Average concentrations and estimated amounts 

of 14C in fuel element sleeves and spines 

(Values are microcuries per gram.) 

Average concentration 

Nonpoisoned, EOL spines 
Poisoned spines 
EOL sleeves 

Estimated inventory 

Spines 
Interior graphite 
Surf ace peaks 

Interior graphite 
Exterior surface 
Interior surface 

Sleeves 

0.67; 

0.24 
‘Lo. 33,. 

2.9 
0.14 

2.1 
0.31 
0.15 

Total 5.6 

%slues refer to I4C associated with the flat radial 
profile; contributions from the surface peaks are excluded. 



18 

3 . 3  Inventory and D i s t r i b u t i o n  i n  t h e  Fuel  Element 

F i s s i o n  Product Traps 

A s u r p r i s i n g l y  l a r g e  amount of 1 4 C  w a s  found i n  the  f i s s i o n  product  

t r a p s  contained w i t h i n  each f u e l  element.* 

almost as much "C as d i d  a l l  t he  s l eeves  and s p i n e s ,  d e s p i t e  t h e i r  loca-  

t i o n  o u t s i d e  the  a c t i v e  core  and t h e i r  comparatively s m a l l  s i z e  ( t h e  mass 

of carbon i n  the  t r a p s  w a s  only 0.6% of t h a t  i n  the  s l eeves  and sp ines  

combined). 

I n  f ac t ,  t hese  t r a p s  contained 

The a x i a l  d i s t r i b u t i o n s  of 1 4 C  found i n  the  f i s s i o n  product  t r a p s  of 

fou r  f u e l  elements are shown i n  Fig.  3.4. The upper curve i s  drawn 

through d a t a  obta ined  f o r  t h r e e  nonpoisoned, EOL elements - F03-01, E01-01, 

and F05-05. Note he re  t h a t  a f t e r  t h e  f i r s t  10.2 c m  (4 i n . )  o f  t r a p ,  t he  

concent ra t ion  d e c l i n e s  i n  a manner expected i n  a nonsa tura ted  adsorber  bed. 

The cause of t he  d e c l i n e  appears t o  be due t o  a cont inuously diminishing 

adsorba te  concen t r a t ion  i n  t h e  gas as i t  passes  through t h e  bed. 

Duplicate  charcoa l  samples w e r e  acquired a t  each a x i a l  l o c a t i o n  f o r  

t h e  t r a p s  i n  elements E01-01 and F05-05. The average range i n  measured 

C a c t i v i t y  w i t h i n  t h e s e  sample p a i r s  i s  9%. Therefore ,  an  average 

e r r o r  of +4.5%, a s c r i b a b l e  p r i n c i p a l l y  t o  sampling v a r i a t i o n s ,  may be 

a s soc ia t ed  wi th  each of t he  d a t a  p o i n t s  shown f o r  t h e  EOL elements. Thus 

the  q u a l i t a t i v e l y  d i f f e r e n t  t rend  i n  the  F05-05 p r o f i l e  appears  t o  be real;  

however, without  s i g n i f i c a n t l y  more d a t a ,  i t  i s  no t  p o s s i b l e  t o  determine 

a cause f o r  t h e  d i f f e r e n c e .  

14 

The average concent ra t ion  i n  t h e  t r a p s  of t h e  t h r e e  EOL f u e l  elements 

i s  approximately 67 pCi/g,  based on t h e  a x i a l  p r o f i l e  i nd ica t ed  i n  F ig .  3.4. 

No a x i a l  p r o f i l e  w a s  ob ta ined  f o r  t h e  poisoned sp ine  element E14-01. 

ever, t he  charcoa l  i n  t h i s  t r a p  w a s  c o l l e c t e d  i n  fou r  a x i a l  p o r t i o n s  and 

w a s  found' t o  con ta in  a n  average concen t r a t ion  of 54.6 pCi/g of "C. 

i s  comparable t o ,  though somewhat lower than,  t h a t  found f o r  t h e  o t h e r  

EOL elements.  

How- 

This  

* 
Descr ip t ion  and l o c a t i o n  of  t h e s e  t r a p s  are given i n  several of t h e  

examination r e p o r t s  (e .g . ,  r e f .  3 ,  Fig .  2.1-6). 

. 
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Because each t r a p  contained about 100 g of charcoa l ,  67 pCi/g i n  687 

nonpoisoned elements (excluding f u e l  t es t  elements) p l u s  55 pCi/g i n  84 

poisoned elements amounts t o  about 5 . 1  C i  of 1 4 C  i n  t h e  charcoa l  t r a p s .  

An i n t e r e s t i n g  f e a t u r e  i n  Fig.  3.4  i s  t h e  r e l a t i v e l y  low concentra- 

t i o n  of I 4 C  found i n  t h e  t r a p  of element Ell-07, which w a s  removed from 

the  core  a f t e r  701 EFPD, about 200 EFPD p r i o r  t o  EOL. The average t r a p  

concent ra t ion  w a s  less than  one-half t h a t  observed f o r  t h e  EOL elements.  

A p r o r a t i n g  based on i r r a d i a t i o n  t i m e  i n d i c a t e s  t h a t  1 4 C  l e v e l s  i n  t h e  

Ell-07 t r a p  should have been about 78% of t h e  EOL t r a p s .  

The high 1 4 C  levels found i n  t h e  t r a p s  could be due e i t h e r  t o  h igh  

n i t rogen  impuri ty  concent ra t ions  i n  the  t r a p  charcoa l  o r  t o  formation of 

I 4 C  i n  t h e  a c t i v e  p o r t i o n  of t he  f u e l  element,  followed by t r a n s p o r t  t o  

t he  t r a p  as a gaseous species i n  the  f u e l  element purge flow. Est imates  

developed i n  Sect. 4 . 1  i n d i c a t e  t h a t  about 1 w t  % N2 i n  charcoa l  irra- 

d i a t e d  f o r  t he  f u l l  t e r m  of core  2 a t  t h e  average f l u x  level  i n  t h e  core  

would y i e l d  t h e  observed I 4 C  l e v e l s  i n  t h e  f i s s i o n  product  t r a p s .  

(Although the  t r a p s  w e r e  below t h e  active co re ,  they w e r e  i n  a zone where 

s i g n i f i c a n t  f l u x  e x i s t e d . )  

3.4 Inventory i n  t h e  Fuel  

The l i m i t e d  number of measurements t h a t  w e r e  performed on the I4C 

content  of f u e l  p a r t i c l e s  dur ing  t h e  Peach Bottom Surve i l l ance  Program 

are summarized i n  Table 3 . 3 .  These d a t a  r e f e r  t o  measured 1 4 C  amounts 

found i n  a series of 12  p a r t i c l e  p a i r s  taken from compacts 2 ,  1 3 ,  2 0 ,  

and 24 of f u e l  element Ell-07. 

from 5 . 6 3  x t o  2.7 x pCi pe r  p a r t i c l e  p a i r .  From t h e s e  

measurements, t h e  average amount p e r  f u e l  p a r t i c l e  i s  1 . 2  x V C i .  

Note t h a t  observed amounts of I 4 C  range 

Because p a s t  measurements show t h e  cesium f i s s i o n  product  t o  be  

immobile w i th in  t h e  Peach Bottom f u e l  element,  measuring concen t r a t ions  

re la t ive t o  t h e  r ad ionuc l ide  1 4 4 C e  i s  a convenient way of a s s e s s i n g  the  

movement of a spec ie s .  The r e l a t i v e l y  cons t an t  va lues  of t h e  1 4 C / ' 4 4 C e  

r a t i o  shown i n  Table 3.3 f o r  f u e l  compacts 13 ,  2 0 ,  and 24 i n d i c a t e  t h a t  

1 4 C  d i d  n o t  move s i g n i f i c a n t l y  from t h e s e  compacts. The lower r a t i o s  



2 1  

Table’ 3.3. Measured 1 4 C  inventory i n  f u e l  p a r t i c l e  p a i r s  

from element 311-07 

( co r rec t ed  t o  Sept.  14,  1973) 

Fuel  
Compact p a r t i c l e  Measured ”C C /  ’ ~e 

No. p a i r  ( P C i / s amp 1 e 1 r a t i o  

2 

1 3  

20 

3, 4 
5 ,  6 
9 ,  10 

7 ,  8 
9 ,  10 

11, 1 2  

3, 4 
5 9 . 6  
9 ,  10 

2.  9E-4a 1.43-6 
2.73-4 8.73-7 
7.63-4 2.53-6 

2.773-3 
5.633-3 
2.553-3 

7.393-6 
7.323-6 
7.263-6 

3.043-3 8.233-6 
2.113-3 9.453-6 
1.653-3 6.393-6 

24 7,  8 2.793-3 5.723-6 
9,  10 2.793-3 6.183-6 

11, 1 2  3.453-3 5.67E-6 

. 

aRead as 2.9 x 
Source: R. P. Wichner e t  a l . ,  Distribution of Fission Products i n  

Peach Bottom.HTGR Fuel Element E l l - 0 7 ,  ORNL-5214 (Apr i l  1977).  

shown f o r  compact 2 i n d i c a t e  t h a t  perhaps some movement occurred,  

a l though there a r e  too  f e w  d a t a  f o r  f i r m  conclusions.  

The average amount of uranium pe r  f u e l  p a r t i c l e  w a s  determined t o  

be 15.0 1-18 based on measurements of 200 f u e l  p a r t i c l e s  taken from an 

a rch ive  compact. l 4  Because the  t o t a l  loading  of uranium i n  core  2 w a s  

189.6 kg, t h e  co re  contained approximately 1.26 x 10” f u e l  p a r t i c l e s .  

Thus the  1 4 C  inventory i n  t h e  f u e l  i s  es t imated  t o  be 1 . 2  x 

p a r t i c l e  t i m e s  1.26 x 10” p a r t i c l e s ,  o r  15.1 C i ,  based on t h e  311-07 

da ta .  Because t h i s  element w a s  removed before  EOL, t h e  core  inventory  

a t  EOL i s  es t imated  by t h e  r a t i o  of EFPD a t  EOL t o  t h e  va lue  a t  t i m e  of 

removal ( i . e . ,  897/701). 

19.4 C i  i n  t h e  f u e l  p a r t i c l e s  a t  EOL. 

pCi per  

This y i e l d s  an es t imated  1 4 C  inventory of 
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Because 1 4 C  i s  no t  formed by f i s s i o n  and because the  m a s s  of carbon 

a s soc ia t ed  wi th  f u e l  p a r t i c l e s  i s  small i n  comparison wi th  t h e  sleeve and 

sp ine  (1.3 x l o 6  g vs  1 2 . 7  x lo6 g) , t he  r e l a t i v e l y  l a r g e  "C inventory  

i n  the  f u e l  compared wi th  t h a t  i n  a l l  of t he  sleeve and sp ine  g r a p h i t e  

must be  a t t r i b u t e d  t o  h igh  oxygen and n i t r o g e n  contamination levels i n  

the  f u e l .  This  w a s  no t  confirmed by d i r e c t  measurement b u t  seems reason- 

a b l e  based on the  f u e l  manufacturing and s t o r a g e  procedures t h a t  w e r e  used. 

Though records  are  s p a r s e ,  d i scuss ions  wi th  personnel  a t  General Atomic 

Company involved wi th  Peach Bottom f u e l  manufacture i n d i c a t e  t h a t  t h e  

l e v i t a t i n g  gas f o r  t h e  ke rne l  coa t ing  ope ra t ion  may have been n i t rogen .  

(About a 50% chance f o r  t h i s  w a s  s t a t e d . )  I n  a d d i t i o n ,  t h e  uncoated 

ke rne l s  were s t o r e d  i n  i n e r t  boxes under n i t r o g e n  p r i o r  t o  coa t ing ,  and 

the  f in i shed  f u e l  p a r t i c l e s  were s t o r e d  i n  a i r .  Therefore ,  i t  seems 

e n t i r e l y  reasonable  t h a t  t h e  h igh  1 4 C  l e v e l s  observed i n  t h e  f u e l  p a r t i -  

c l e s  were due t o  n i t r o g e n  contamination. 

3.5 Inventory i n  t h e  Removable Radial  Re f l ec to r  

The a c t i v e  core  of t he  r e a c t o r  w a s  surrounded by t h r e e  r a d i a l  rows 

(rows 18  t o  20) of s o l i d ,  hexagonal,  g raph i t e  elements termed t h e  remov- 

a b l e  r a d i a l  r e f l e c t o r .  

t he  t o t a l  m a s s  of 341 such elements w a s  1.38 x lo4 kg. 

Each of t h e s e  elements weighed 40.5 kg,  so  

Ref l ec to r  element A18-08 w a s  sec t ioned  and analyzed f o r  1 4 C  concen- 

t r a t i o n .  Since t h i s  element w a s  i n  t h e  inne r  r e f l e c t o r  row, two of i t s  

s i x  f aces  w e r e  ad j acen t  t o  the  a c t i v e  f u e l  elements A17-07 and A17-08. 

These f aces  are i n d i c a t e d  i n  F ig .  3.5 by an  a s t e r i s k .  The samples w e r e  

prepared by c u t t i n g  c ros s - sec t iona l  wafers  of about 4-mm th icknesses  a t  

30.5-cm (1- f t )  i n t e r v a l s  a long t h e  element beginning 30.5 cm from the  

bottom of the  core .  The wafers  are r e f e r r e d  t o  by numbers 1 through 11 

from bottom t o  top t o  i d e n t i f y  t h e i r  a x i a l  l o c a t i o n .  The r a d i a l  d i s t r i b u -  

t i o n s  of t r i t i u m  w i t h i n  the  r e f l e c t o r  were determined i n  t h e  f i v e  wafers  

numbered 2 ,  4 ,  6 ,  8, and 11. 

The sampling l o c a t i o n s  and r e s u l t s  are shown schemat ica l ly  i n  

Fig.  3.4. The numbers w i t h i n  the  hexagonal c ros s  s e c t i o n s  denote  t h e  
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14 observed C concent ra t ions .  These d a t a  appear on t h e  f i g u r e  a t  l o c a t i o n s  

t h a t  roughly correspond t o  t h e  sampling l o c a t i o n s .  Most of t h e  sampling 

w a s  done by d r i l l i n g  through t h e  wafers  and c o l l e c t i n g  t h e  d u s t  t h a t  w a s  

generated.  The samples taken near  t h e  e x t e r i o r  w e r e  w i t h i n  about  6 t o  

8 mm of t h e  edges. General ly ,  samples w e r e  acqui red  a t  f i v e  equa l ly  

spaced l o c a t i o n s  ac ross  each wafer s t a r t i n g  a t  an  edge t h a t  had been 

ad jacen t  t o  a f u e l  element.  Note t h a t  an  X-shaped sampling p a t t e r n  w a s  

used on wafer 6. 

samples were obta ined  from wafers  2 ,  6 ,  and 11 by shaving o f f  2 t o  3 mm 

of g raph i t e  from t h e  edges ad jacen t  t o  t h e  f u e l .  These are p r e c i s e l y  t h e  

same samples  f o r  which t r i t i u m  concent ra t ions  w e r e  repor ted  earlier.  

I n  a d d i t i o n  t o  specimens obta ined  by d r i l l i n g ,  two 

8 

The measured concent ra t ions  show a clear f l u x  dependence i n  t h e  a x i a l  

d i r e c t i o n ,  wi th  t h e  maximum value  of 0.80 vCi/g shown f o r  t h e  samples taken 

from the  wafer near  midplane and the  minimum average va lue  of 0.040 vCi/g 

observed f o r  t h e  wafer above t h e  active core.  The concent ra t ions  observed 

near  midplane are comparable t o  those  observed f o r  t he  f u e l  element s p i n e s  

near  midplane and are d i s t i n c t l y  h ighe r  than found i n  t h e  s l e e v e s  

(Fig.  3 .4) .  No c l e a r  la teral  dependence i s  seen ,  however; t he  samples 

near  t h e  f u e l  con tac t  s i d e  are no t  c l e a r l y  h ighe r  i n  1 4 C  than  those  f a r t h e r  

from the  core .  Also, s u r f a c e  samples do no t  e x h i b i t  concen t r a t ion  peaks as 

observed i n  the  sleeve and s p i n e  material. 

The a x i a l  average concent ra t ion  i n  t h e  removable r a d i a l  r e f l e c t o r ,  

determined by weighted average of t h e  f i v e  c r o s s  s e c t i o n  averages shown 

i n  Fig.  3.5, i s  es t imated  as 0.37 pCi/g. Applying t h i s  average va lue  t o  

a l l  t h r e e  rows of r e f l e c t o r  elements i n d i c a t e s  t h e  1 4 C  conten t  i n  t h e  

r a d i a l  r e f l e c t o r  t o  be 5 .1  C i .  

t he  o u t e r  r e f l e c t o r  rows most l i k e l y  contained less 1 4 C  than  t h e  examined 

element. Since t h e  removable r e f l e c t o r  b locks  were no t  changed fo l lowing  

the  ope ra t ion  of co re  1, only a p a r t  of t h i s  inventory  may be a s c r i b a b l e  

t o  core  2 ope ra t ion .  Core 1 opera ted  f o r  450 EFPD compared wi th  897 f o r  

core  2.  Therefore ,  an es t imated  67% (897/1347), o r  3.4 C i ,  of  t h e  

observed r e f l e c t o r  inventory  w a s  due t o  co re  2 ope ra t ion .  

This  estimate i s  probably h igh  because 
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4. PREDICTED CONCENTRATIONS OF CARBON-14 

I n  t h i s  s e c t i o n  an  at tempt  i s  made t o  understand t h e  reason f o r  t h e  

unusual r a d i a l  concent ra t ion  p r o f i l e s  observed i n  t h e  s l eeve  and sp ine  

g raph i t e  (Figs .  3 .1  and 3.2).  Toward t h i s  goa l ,  an  estimate w i l l  f i r s t  

be made of the  expected 1 4 C  concent ra t ion  produced from t h e  r e a c t i o n  

C(n,y) "C. Because t h e  f l u x  and the  l e v e l  of t he  3C i so tope  impuri ty  1 3  

were both cons tan t  throughout t he  c ros s  s e c t i o n  a t  each a x i a l  l o c a t i o n ,  

t he  r e s u l t i n g  1 4 C  level  would a l s o  be r a d i a l l y  f l a t .  Therefore ,  such a 

c a l c u l a t i o n  (ou t l ined  i n  Sect. 4.1) provides  an  estimate of t he  ex ten t  

t o  which the  r a d i a l l y  uniform por t ion  of concent ra t ion  p r o f i l e  r e s u l t s  

from the  1 3 C  i so tope .  I n  Sect. 4.2, an estimate i s  made of t h e  oxygen 

and n i t rogen  contamination levels which would have r e s u l t e d  i n  a l-vCi/g 

concent ra t ion  of 4 C .  The contamination l e v e l s  thereby requi red  t o  pro- 

duce the  observed s u r f a c e  concent ra t ion  peaks are then  compared wi th  

a n t i c i p a t e d  impuri ty  levels e i t h e r  from exposure t o  a i r  o r  exposure t o  

the  n i t rogen  impuri ty  i n  the  helium coolant .  

4 . 1  Product ion from 1 3 C  

I n  Sec ts .  3.1 and 3.2, i t  w a s  shown t h a t  about 90% of the  1 4 C  

observed i n  t h e  f u e l  element sleeves and sp ines  w a s  spread uniformly 

ac ross  the  width of t h e  g raph i t e  wi th  the  balance concent ra ted  i n  sur -  

f a c e  peaks. I n  t h i s  s e c t i o n ,  we  w i l l  t r y  t o  determine the  p o r t i o n  of 

t he  r a d i a l l y  uniform depos i t  a t t r i b u t a b l e  t o  the r e a c t i o n  

Since n e i t h e r  t he  c r o s s  s e c t i o n  dependence on energy of t h i s  r e a c t i o n  

nor  the  neutron spectrum i s  accura t e ly  known, only a rough c a l c u l a t i o n  

i s  warranted. F i r s t ,  an  estimate i s  made of t h e  f l u x  i n  each of t he  s i x  

lowest energy groups averaged over t h e  l i f e t i m e  of core  2 .  Scoping cal- 

c u l a t i o n s  showed t h a t  a preponderant p o r t i o n  of t h e  t o t a l  product ion i s  

con t r ibu ted  by these  lowest  neutron energy groups. Second, group- 

averaged c ross  s e c t i o n s  are est imated based on a presumed 1 / V  dependence 

i n  t h i s  energy range. F i n a l l y ,  product ion from 1 3 C  i s  es t imated  by sum- 

ming t h e  con t r ibu t ions  from each energy group. 

1 3  C(n,y) 1 4 C .  
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I n  Sec t .  2 . 1  w e  noted t h a t  c ros s  s e c t i o n s  f o r  t h e  r e a c t i o n s  

14N(n,p)14C and ' 7 0 ( n , ~ ) ' 4 C  were 1 / V  dependent up t o  about 10 keV, wi th  

resonances appea,ring above about 0 .2  MeV. Although no s i m i l a r  informa- 

t i o n  i s  a v a i l a b l e  f o r  t h e  '3C(n,a)'4C r e a c t i o n ,  i t  is  reasonable  t o  

assume analogous behavior  f o r  t hese  t h r e e  l i g h t  nuc l ides .  

Sec t ion  2 . 1  a l s o  summarized average f l u x  levels f o r  t h e  fou r  energy 

groups employed i n  Peach Bottom c a l c u l a t i o n s ,  as w e l l  as a more r e f i n e d ,  

15-group estimate of a neutron energy spectrum based on a l a r g e  HTGR wi th  

approximately equal  C / U  r a t i o .  Scoping c a l c u l a t i o n s  showed t h a t  f o r  t h i s  

spectrum, r e a c t i o n s  wi th  l i g h t  nuc l ides  would occur  predominantly i n  t h e  

thermal end of t h e  spectrum, up t o  13.7 e V  ( i .e . ,  i n  energy groups 10 t o  

15 shown i n  Table 2.3). 

Table 4 .1  l i s ts  es t imated  va lues  of t h e  average f l u x  i n  t h e s e  s i x  

The f l u x  levels w e r e  s e l e c t e d  t o  conform t o  t h e  spectrum f l u x  groups. 

i l l u s t r a t e d  i n  F ig .  2.2 and t o  add up t o  t h e  es t imated  va lues  of t h e  

corresponding four-group averages employed i n  Peach Bottom neu t ron ic s  

c a l c u l a t i o n s  given i n  Table 2 . 2 .  Hence these  averages are based on t h e  

t o t a l  ope ra t ing  t i m e  of 1068 days,  which inc ludes  per iods  of low-power 

ope ra t ion  bu t  excludes shutdown i n t e r v a l s .  L inear  e x t r a p o l a t i o n s  were 

used where groups over lap ,  such as f o r  groups 11 and 9.  The low energy 

l i m i t  l i s t e d  f o r  group 15 i s  a rough estimate of the  Maxwellian c u t o f f .  

For t h i s  purpose,  an average core  temperature of 53OOC w a s  assumed, which 

is  the  average of t h e  i n l e t  and o u t l e t  coolan t  temperatures;  t h e  thermal 

cu tof f  w a s  assumed t o  occur  a t  an energy level  of  20% below t h e  mean 

energy corresponding t o  530°C. 

Table 4.2 l ists  t h e  group c ross  s e c t i o n s  f o r  t h e  t h r e e  important  

r e a c t i o n s  t h a t  produce 1 4 C .  

va lues  given i n  Table 2.1 toge the r  wi th  t h e  assumptions of (1) 1 / V  depen- 

dence o f t h e  c r o s s  s e c t i o n ,  and (2) a f l u x  v a r i a t i o n  of 1/E. Both assump- 

t i o n s  are c l o s e l y  approximated i n  a l l  except  t he  lowest energy group. 

The average 1 4 C  concent ra t ion  i n  the  g r a p h i t e  sleeves and sp ines  

These averages w e r e  based on t h e  0.025-eV 

due t o  t h e  r e a c t i o n  wi th  1 3 C  w a s  computed us ing  
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The summation w a s  taken from group 15 through group 10 ,  which 

accounts f o r  about 98% of the  product ion.  The i n i t i a l  concent ra t ion  of 

13C, N13, w a s  c a l c u l a t e d  from an  i s o t o p i c  abundance of 1.1% and a graph- 

i t e  dens i ty  of 1.8 g/cm3. 

0 

Using a core  l i f e t i m e ,  t, of 1068 days and a 

decay cons tan t  of 3.89 x s-' f o r  "C y i e l d s  0.071 pCi/g of I r C  from 

3 C  according t o  the  above information.  

It  may be r e a d i l y  shown t h a t  I 4 C  product ion from adsorbed oxygen i n  

the  g raph i t e  i s  n e g l i g i b l e  compared wi th  t h a t  due t o  n i t rogen ,  d e s p i t e  

the  p o s s i b i l i t y  t h a t  oxygen contaminant levels may be several t i m e s  

h igher .  

a f a c t o r  of 10 and a low i s o t o p i c  abundance (0.039%) of 170. 

The reasons f o r  t h i s  are a lower r e a c t i o n  c ros s  s e c t i o n  by about 

An average concent ra t ion  of 0.24 pCi/g w a s  o5served i n  t h e  i n t e r i o r  

po r t ions  of EOL sleeves (Table 3 .2) .  

0.24) may t h e r e f o r e  be a t t r i b u t e d  t o  13C. 

of 0.66 VCi/g) of t he  observed average I 4 C  level i n  nonpoisoned, EOL 

sp ines  could be due t o  1 3 C .  

About 30% of t h i s  amount (0.071/ 

Simi la r ly ,  about 11% (0.071 

The higher  observed l e v e l s  i n  t h e  i n t e r i o r  of t h e  sp ines  relative 

t o  the  sleeves can by e l imina t ion  only be a sc r ibed  t o  h igher  l e v e l s  of 

adsorbed a i r  i n  the  sp ines  a t  the  t i m e  of core  s t a r t -up .  No o t h e r  

explana t ion  seems p o s s i b l e  because f l u x  levels i n  the  s l eeves  and sp ines  

must have been nea r ly  equal ,  and no d i f f e r e n c e  i n  

p l a u s i b l e .  There would be ample t i m e  f o r  adsorp t ion  of a i r  between 

g raph i t e  manufacture,  a t  which t i m e  a l l  oxygen and n i t rogen  would be 

dr iven  o f f  by g r a p h i t i z a t i o n  temperatures of a t  least  2800°C, and t h e  

t i m e  of i n s t a l l i n g  core  2. Preopera t iona l  t e s t i n g  would release some of 

t h e  adsorbed oxygen as CO and C o n ,  bu t  t h e  major po r t ion  would remain up 

t o  temperatures of about 1300OC. 

u n t i l  g raph i t e  i s  hea ted  t o  about 1300OC. 

adsorbed on g raph i t e  dur ing  p reope ra t iona l  handl ing  would s t i l l  be t h e r e  

3C concent ra t ion  i s  

I n  add i t ion ,  n i t rogen  does no t  desorb 

Therefore ,  most of the  a i r  
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at the time of core start-up. However, no explanation is offered for 

the reason such purported air contamination levels would be higher in 

the spine graphite than in that of the sleeve. 

4.2 Surface Concentration Peaks in the Sleeves and Spines 

The radial profiles shown in Figs. 3.1 and 3.2 illustrate the general 

feature of the observed concentration distribution across the sleeves and 

spines. 

portions of the profile, but about 5% of the "C in the spines and 22% 

in the sleeves were associated with surface concentration peaks. 
previous section, it was shown that from 10 to 30% of the 14C found in 

the interior graphite could be due to an (n,y) reaction with 13C, with 

the balance resulting from other neutron reactions with a radially uni- 
form deposit of nitrogen and oxygen. 
adsorption of these gases would be due to an extended exposure to air 
after the time of graphite manufacture, during component fabrication, 

4 reaction installation, and up to reactor start-up. 

The major fraction of the 14C was found in the radially flat 

In the 

It was postulated that such uniform 

Following start-up, the graphite surfaces in the core were exposed 
to generally low concentrations of nitrogen and oxygen in the helium 
coolant during periods of steady operation. Occasionally, however, con- 
centrations,of these gases rose either during a start-up transient or as 
a result of various maintenance procedures. The observed normal opera- 
tion level was between 0.5 and 3 ppnw* N2 and 0.1 to 1 ppmv O2,I6 
determined by continuous monitoring of the coolant with a gas chromato- 
graph. Nitrogen concentration peaks of about 10 ppmv occurred frequently 

during reactor operation. However, by far the largest concentrations of 

nitrogen in the coolant occurred during the maintenance/refueling periods, 

which began in September 1973 and extended through December, and during 

the maintenance shutdown in mid-1974 just a few months before final shut- 

down. On both these occasions, the nitrogen concentration rose to about 

1100 ppmv and remained at that level for about 4 months, in the first 
case, and 1 month in the latter instance. 

* 
Parts per million by volume, 
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Because no s o r p t i o n  d a t a  e x i s t  f o r  n i t rogen  o r  oxygen on g raph i t e  a t  - 
t hese  temperatures ,  i t  is  no t  p o s s i b l e  t o  d i r e c t l y  re la te  t h e  exposures of 

these  gases  t o  g r a p h i t e  which occurred dur ing  maintenance and r e f u e l i n g  . 
opera t ions  t o  t h e  observed s u r f a c e  concent ra t ions  of I 4 C .  However, some 

i d e a  of t h e  adsorbed n i t rogen  levels involved may be seen  from outgass ing  

d a t a  f o r  another  g r a p h i t e . I 5  

contained about 20 ppm N 2  a f t e r  normal a i r  exposure,  as measured by gas 

evo lu t ion  upon hea t ing  t h e  sample t o  p rogres s ive ly  h igher  temperatures .  

The n i t rogen  completely desorbed by about 1 3 O O 0 C ,  which i n d i c a t e s  t h a t  

n i t rogen  tends t o  chemisorb r a t h e r  s t r o n g l y  on g raph i t e .  The S p e e r  

g raph i t e  sample w a s  found t o  con ta in  a f a r  h igher  amount of 0 2 ,  about 160 

ppm, which w a s  a t t r i b u t e d  not  only t o  d i r e c t  adsorp t ion  of oxygen, b u t  

a l s o  t o  r e a c t i o n  of atmospheric moisture  wi th  ca rb ide  impur i t i e s  i n  t h e  

g raph i t e  forming a v a r i e t y  of oxygen-carbon compounds. Unlike n i t rogen ,  

It  w a s  found t h a t  a sample of Speer g raph i t e  

oxygen degassing d id  no t  occur p r imar i ly  a t  one temperature ,  bu t  r a t h e r  

i t  w a s  found t h a t  C O Y  C O S ,  and H 2 0  outgassed i n  t h e  temperature range 600 

t o  175OOC. 

oxygen would be n e g l i g i b l e  i n  comparison t o  product ion from adsorbed 

n i t rogen .  

However , as ind ica t ed  'earl ier,  I 4 C  product ion from adsorbed 

. 
Because only about 0.25% of t h e  n i t rogen  w a s  converted t o  1 4 C  dur ing  

t h e  e n t i r e  i r r a d i a t i o n  i n  core  2 ,  one can c a l c u l a t e  t h e  amounts of n i t rogen  

requi red  t o  genera te  t h e  observed levels of 1 4 C .  

would be requi red  t o  produce 1 pCi/g of 1 4 C  a t  EOL. 

peaks observed on Peach Bottom f u e l  element s u r f a c e s  ranged from 0.7 t o  

2 . 3  pCi/g f o r  t he  s l e e v e  e x t e r i o r s ,  up t o  1 .0  uCi/g f o r  t h e  s l e e v e  inte-  

Thus, about 9 3  ppm N2 

The concen t r a t ion  

r i o r s ,  and from about 0 .1  t o  5 .8  pCi/g f o r  t h e  s p i n e  s u r f a c e s  (Appendix, 

F igs .  A . l  t o  A.11). Thus, an adsorbed concent ra t ion  of about 540 ppm N2 

would have had t o  be p re sen t  on t h e  su r face  of t h e  sp ine  f o r  t h e  e n t i r e  

span of core  2 ope ra t ion  t o  achieve a s u r f a c e  concent ra t ion  of 5.8 pCi/g. 

The h ighes t  repor ted  n i t rogen  impuri ty  level i n  the  coo lan t ,  1130 

ppmv, which occurred l a t e  i n  the  l i f e  of core  2 ,  corresponds t o  only 

0.03 a t m  a t  t h e  t o t a l  loop p res su re  of 30 a t m .  Because a i r  exposure 

( a t  0.8 a t m  N2) r e s u l t e d  i n  only about 20 ppm N2 i n  a sample of Speer 

g r a p h i t e ,  i t  appears  un l ike ly  t h a t  pe r iod ic  exposure of t he  core  i n t e r n a l s  
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to far lower nitrogen partial pressures could have caused the observed 

surface peaks of 14C. 

esis, the resulting 

the 5-pCi/g concentrations observed on some spines. 

Although this appeared to be a reasonable hypoth- 

4C concentrations would be substantially lower than 

This negative conclusion leaves the cause of the surface concentra- 

tion peaks open for speculation. Most probably, some nitrogen-containing 

material was deposited on the sleeve and spine surfaces during either 

component manufacture or in-reactor service. Such deposit would have to 

have resulted in surface contamination levels of nitrogen far in excess 

of that achievable by adsorption from air or from the primary coolant. 

Some possibilities are (1) the impregnant employed in the final stages 
of graphite manufacture, (2) oil contamination from machining tools used 

in fabrication, or (3) oil deposits resulting from in-leakages from the 

circulator bearing lubrication system during reactor operation. 

5.  SUMMARY AND CONCLUSIONS 

1. Carbon-14 concentrations in the graphite sleeves and spines of 

five fuel elements were measured in the course of the Peach Bottom Sur- 

veillance Program. Radial concentration profiles were obtained at four 

axial locations for each element; these data are provided in Tables A.l 
through A.35 and plotted in Figs. A.l through A.lO. 

2. Characteristically, the 14C concentration was found to be con- 

stant at each axial location throughout most of the cross section. How- 
ever, surface concentration peaks of less than l-mm depth were found at 

all locations, containing about 5% of the spine and 22% of the sleeve 

inventory of 14C. These surface concentrations ranged from 0.7 to 2.3 

pCi/g for the sleeve exterior, up to 1.0 pCi/g for the interior sleeve 

surface, and from 0.1 to 5 . 8  pCi/g for the spine surface. 

3 .  In view of this characteristic radial profile, it is.reasonable 

to assume that 14C in the radially flat part of the profile was due to a 

combination of an (n,y) reaction with 13C and to an (n,p) reaction with 

14N uniformly adsorbed throughout the graphite. This sort of a uniform 
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depos i t  may be expected from extended con tac t  of g raph i t e  wi th  a i r ,  as 

occurred between the  t i m e  of g raph i t e  manufacture and i n s t a l l a t i o n  i n  

the  r e a c t o r  core .  

4 .  It w a s  es t imated  t h a t  about 30% of t h e  sleeve and 11% of t h e  

sp ine  inventory of 1 4 C  away from t h e  s u r f a c e  peaks w a s  due t o  the  reac- 

t i o n  

h ighly  unce r t a in  i n  view of the  unsure c ros s  s e c t i o n  f o r  t h e  r e a c t i o n  wi th  

1 3 C  beyond the  thermal zone. 

c o n t r i b u t e  n e g l i g i b l y  t o  t h e  1 4 C  inventory compared wi th  t h e  (n,p)  reac- 

t i o n  with 14N. 

1 3  C(n,y)14C, wi th  the  balance due t o  14N(n,p)14C. This  estimate i s  

The (n,a)  r e a c t i o n  wi th  "0 w a s  found t o  

5. The s u r f a c e  concent ra t ion  peaks observed on t h e  s l e e v e s  and 

sp ines  appear t o  have been caused by some material adsorbed on t h e  s u r f a c e  

dur ing  component manufacture o r  r e a c t o r  ope ra t ion .  Even though t h e  n i t r o -  

gen l e v e l  i n  the  coolan t  f r equen t ly  peaked as a r e s u l t  of va r ious  mainte- 

nance procedures ,  i t  i s  doubt fu l  t h a t  t h e s e  were the  s o l e  cause of t he  

observed s u r f a c e  peaks because (1) t he  l a r g e s t  s u r f a c e  peaks were found 

on t h e  sp ines  i n s t e a d  of t he  more exposed sleeves, and (2)  t h e  peaks 

appear t o  be too l a r g e  t o  r e s u l t  from n i t r o g e n  adsorp t ion  a t  t h e  impuri ty  

levels t h a t  occurred i n  t h e  coolan t .  

6 .  A s u r p r i s i n g l y  l a r g e  amount of 1 4 C  w a s  found i n  t h e  f u e l  element 

f i s s i o n  product  t r a p s .  

t he  nonpoisoned, EOL elements w a s  67 uCi/g,  corresponding t o  a t o t a l  inven- 

t o r y  i n  a l l  t he  f u e l  element t r a p s  of 5.1 U C i ,  which i s  only s l i g h t l y  less 

than  t h a t  es t imated  f o r  a l l  t h e  s l eeve  and sp ine  g raph i t e .  E i t h e r  t h e  

t r a p  charcoa l  contained an unusually high level of n i t r o g e n  (about 1% N2 

i n  charcoa l  on a m a s s  b a s i s  would y i e l d  67 UCi/g 1 4 C ,  assuming a f l u x  

equal  t o  the  core  average) o r  1 4 C  w a s  contained i n  a gaseous compound 

which w a s  c a r r i e d  t o  the  charcoal  t r a p  by t h e  f u e l  element purge flow. 

The average concent ra t ion  found i n  t h e  charcoa l  of 

7 .  Carbon-14 concent ra t ions  measured i n  a removable r a d i a l  r e f l e c t o r  

element ranged from an average of 0.80 pCi/g a t  midplane t o  an average of 

0.040 pCi/g a t  an a x i a l  l o c a t i o n  40 c m  above t h e  active core .  I f  t h e  

examined element w a s  t y p i c a l  of t h e  t h r e e  rows of removable r e f l e c t o r  

e lements ,  about 3 . 7  C i  of 1 4 C  would be contained the re in .  
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8. A series of 12  p a i r s  of f u e l  p a r t i c l e s  taken from compacts 2,  

13,  20, and 24 of f u e l  element Ell-07 w e r e  analyzed f o r  1 4 C .  

inventory levels ranged from 5.6 x t o  2.7 x pCi p e r  p a r t i c l e  

p a i r  wi th  an  average va lue  of 1 . 2  x pCi p e r  p a r t i c l e .  This  cor re-  

sponds t o  an es t imated  core-wide inventory of 19.4 C i  a s s o c i a t e d  wi th  f u e l  

p a r t i c l e s .  

The observed 

9. Table 5 . 1  summarizes t h e  observed l e v e l s  of 1 4 C  found i n  t h e  

examined core  components. 

have been contained i n  t h e  core  as a r e s u l t  of core  2 ope ra t ion .  

per  u n i t  energy b a s i s ,  t h i s  amounts t o  a product ion  rate of 113 Ci/GW(t)- 

Y r *  

A t o t a l  of 32.1 C i  o f  1 4 C  i s  es t imated  t o  

On a 

Table 5.1. Summary of es t imated  1 4 C  i n v e n t o r i e s  

based on observed concent ra t ions  

(Values are i n  c u r i e s . )  

Fuel  p a r t i c l e s  19.4 

Fuel  element s p i n e s  
I n t e r i o r  g raph i t e  
Surface peaks 

2.9 
0.14 

Fuel  element s l e e v e s  
I n t e r i o r  g r a p h i t e  2 .1  
Ex te r io r  s u r f a c e  0.31 
I n t e r i o r  s u r f a c e  0.15 

F i s s i o n  product  t r a p s  i n  f u e l  elements 5 .1  

Removable r a d i a l  r e f l e c t o r a  3.4 

T o t a l  I)  33.5 
~~~~ ~ 

a 

I)For components measured. 

Ascr ibable  t o  core  2 ope ra t ion .  

. 
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10. Table 5.2 shows a comparison betwen the measured 14C produc- 
tion rate in Peach Bottom per gigawatt (thermal)-year and predictions 

made by Davis.' 

diction, the comparison is quite good. 
Considering all the uncertainties involved in the pre- 

The largest difference is 

between the measured and predicted production in fuel particles. p&wq 
m y ,  the Peach Bottom fuel contained significantly more nitrogen 

contamination than assumed in Davis' estimates. 

, 

. 

Table 5.2. Carbon-14 production rate in Peach Bottom 
compared with predictions of Davis 

[Values are Ci/GW(t)-yr.1 

I 

Predicted by Measured in 
Davis", Peach Bottom 

Fuel particles 4.7 

Core graphite 65.6 

Reflector graphite c10.6 
80.9 

66.8 

37.8' 
d 8.8 

113.4 

"For prismatic design HTGR with UC2 fuel and Tho2 fertile 

bW. Davis , Jr. , "Carbon-14 Production in Nuclear Reactors ," 
particles using the ORIGEN computer code. 

in Management of Low-Level Radioactive Waste, vol. 1, M. W. 
Carter et al., Eds., Pergamon Press, 1979. 

'Includes sleeves, spines , and fission product traps. 
%ncludes removable ref lector blocks only. 
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Appendix. MEASURED RADIAL CONCENTRATION DISTRIBUTIONS OF 

14C IN F’UEL ELEMENT SLEEVES AND SPINES 
. 

Tables A.l through A.35 list measured concentrations of 14C in 

. 

graphite sleeves and spines of fuel elements Ell-07, E14-01, F03-01, 

E01-01, and F05-05. For the fuel elements with no thermocouple groove 
in the spine (Ell-07, F03-01, and FO5-OS), data are presented at axial 

locations approximately at compact numbers 5, 12, 18, and 28 for both 

sleeves and spines. Fewer axial locations were measured for the other 

two fuel elements. These data were taken from postirradiation examina- 
tions performed for the Peach Bottom Surveillance Program (see refs. 6, 

7, 9-11, Sect. 6). 

The tabulated radial distributions are plotted in Figs. A.l through 

A. 10. 

Table A.l. Radial distribution of 14C in Ell-07 
sleeve at compact 5 

a Thi cknes s of s amp le Radius “C concentration 
( cm) (4 (vCi/g> 

0.0127 

0.0127 

0,0127 
0.0254 

0.0762 
0.0762 
0.0762 

0.0762 

0.0762 

0.0381 

0.0203 

0.0064 
0.0191 
0,0318 
0.0509 

0.140 
0.292 

0.446 
0.597 

0.749 

0.883 

0.950 

0.147 

0.140 
0,126 
0.134 
0.114 
0.135 
0.112 
0.131 

0.136 

0.156 

0.721 

t Distance to center of sample from ID. a 
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Table  A.2. Radia l  d i s t r i b u t i o n  of ’“C i n  Ell-07 

sleeve a t  compact 1 2  

~~~ ~ 

a 
Thickness of sample Radius “ C  concen t r a t ion  

( 4  ( cm> (uc i /g )  

0.0127 0.0064 0.400 

0.0127 0.019 0.262 

0.0254 0.051 0.200 

0.0762 0.153 0.262 

0.0457 0.290 0.319 

0.0762 0.427 0.152 

0.0762 0.579 0.186 

0.0762 0.732 0.218 

0.0381 0.865 0.230 

0.0127 0.930 1.40 

%stance t o  center of sample from ID. 

Table A.3. Radia l  d i s t r i b u t i o n  of 1 4 C  i n  Ell-07 

sleeve a t  compact 1 8  

Thickness of sample Radiusa 4~ concentration 
(cm) (cm> ( u W  g ) 

0.0127 . 
0.0127 

0.0127 

0.0127 

0.0762 

0.0762 

0.0762 

0.0762 

0.0762 

0.0381 

0.0229 

0.0064 

0.019 

0.032 

0.045 

0.127 

0.279 

0.432 

0.584 

0.737 

0.870 

0.940 

0.799 

0.718 

0.391 

0.197 

0.235 

0.174 

0.193 

0.194 

0.180 

0.193 

0.878 

. 

%stance t o  center of sample from ID. 
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Table A. 4. Radial  d i s t r i b u t i o n  of 4C i n  Ell-07 

s l e e v e  a t  compact 28 

Thickness of sample Radius" 'C concent ra t ion  
( 4  ( 4  ( W i  / g )  

0.0127 0.0191 0.172 

0.0127 0.0318 0.179 

0.0127 

0.0381 

0.0445 

0.0699 

0.146 

0.132 

0.0762 0.127 0.107 

0.0762 0.279 0.109 

0.0762 , 0.432 0.107 

0.0762 

0.0762 

0.584 

0.737 

0.107 

0.111 

0.0381 0.870 0.116 

0.0254 0.940 0.566 

Cbistance t o  c e n t e r  of sainple from ID. 

Table A.5. Radia l  d i s t r i b u t i o n  of 1 4 C  i n  Ell-07 

s p i n e  a t  compact 5 

Thickness of sample Radius" 4~ concent ra t ion  
( cm) ( 4  ( l J c i / d  

0.0127 0.0064 0.561 

0.0381 

0.0381 

0.0762 

0.0762 

0.0762 

0.0762 

0.0762 

0.152 

0.159 

0.318 

0.0318 

0.0699 

0.127 

0.203 

0.356 

0.508 

0.660 

0.927 

1 . 7 2  

1.96 

0.537 

0.473 

0.487 

0.423 

0.413 

0.526 

0.467 

0.512 

0.535 

0.488 

%stance  t o  c e n t e r  of sample from OD. 
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Table A.6. Radia l  d i s t r i b u t i o n  of 14C i n  Ell-07 

sp ine  a t  compact 1 2  

14 Thickness of sample Radiusa C concen t r a t ion  
(cm) ( cm> ( u W g >  

0.0203 

0.0381 

0.0381 

0.0762 

0.0762 

0.0762 

0.0762 

0.0762 

0.1524 

0.159 

0.318 

0.010 

0.0394 

0.0774 

0.135 

0.211 

0.363 

0.516 

0.668 

0.935 

1.699 

1.94 

1 . 1 2  

0.75 

0.75 

0.82 

0.70 

0.68 

0.75 

0.72 

0.78 

0.72 

0.79 

aDistance t o  c e n t e r  of sample from OD. 

Table A.7.  Radial  d i s t r i b u t i o n  of 14C i n  Ell-07 

sp ine  a t  compact 18  

Thickness of sample Radiusa 4~ concen t r a t ion  
( cm> ( cm> (uCi/g> 

0.0254 

0.0381 

0.0381 

0.0762 

0.0762 

0.0762 

0.0762 

0.1524 

0.159 

0.3175 

0.0127 

0.0445 

0.0826 

0.140 

0.216 

0.368 

0.521 

0.711 

1.70 

1.94 

1.29 

0.758 

0.722 

0.735 

0.717 

0.716 

0.713 

0.717 '  

0.735 

0.731 

aDistance t o  c e n t e r  of sample from OD. 
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. 

14 Table A.8. Radial distribution of C in Ell-07 

spine at compact 28 

a Thickness of sample Radius . 14c concentration 
(cd ( cm) (uci/g> 

0.0203 

0.0381 

0.0381 

0.0762 

0.0762 

0.0762 

0.0762 

0.0762 

0.0711 

0.159 

0.318 

0.0102 

0.039L 

0.0775 

0.135 

0.211 

0.363 

0.516 

0.668 

0.818 

1.718 

1.956 

2.22 

0.372 

0.324 

0.335 

0.320 

0.359 

0.363 

0.347 

0.368 

0.360 

0.392 
~ ~~ ~ ~~ 

‘Distance to center of sample from OD. 

Table A.9.  Radial distribution of 14C in E14-01 

sleeve at compact 7 

a 
Thickness of sample Radius 4~ concentration 

( c d  ( cm) (uCi/ g) 

0.0127 

0.0127 

0.0127 

0.0254 

0.0762 

0.0762 

0.0762 

0.0762 

0.0762 

0.0381 

0.0178 

~ ~~ ~ 

0.0064 

0.019 

0.032 

0.051 

0.14 

0.29 

0.45 

0.60 

0.75 

0.88 

0.95 

0.45 

0.46 

0.38 

0.30 

0.25 

0.24 

0.24 

0.25 

0.26 

0.26 

1.81 

a Distance to center of sample from ID. 
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14 Table A . l O .  Rad ia l  d i s t r i b u t i o n  of C i n  E14-01 

sleeve a t  compact 23 

C concen t r a t ion  a 14 Thickness of sample Radius 
( 4  ( c d  (~lc i / g) 

0.0127 

0.0127 

0.0254 

0.0762 

0.0762 

0.0762 

0.0064 

0.032 

0.051 

0.14 

0.29 

0.45 

0.28 

0.29 

0.24 

0 .23  

0.23 

0.23 

0.0762 0.60 0.20 

0.0762 0.75 0.19 

0.0381 0.88 0.24 

0.0152 0.95 2.05 

a 
Dis tance  t o  c e n t e r  of sample from I D .  

14 Table A . 1 1 .  Radia l  d i s t r i b u t i o n  of C i n  E14-01 

s l e e v e  a t  compact 28 

14 Thickness of sample Radiusa C concen t r a t ion  
( c d  ( cm) (11 c i  /g) 

0.0127 

0.0127 

0.0254 

0.0686 

0.0762 

0.1524 

0.1524 

0.0762 

0.0381 

0.0127 

0.0191 

0.0318 

0.0508 

0.136 

0.285 

0.399 

0.551 

0.742 

0.875 

0.939 

0.348 

0.184 

0.166 

0.149 

0.146 

0.123 

0.152 

0.149 

0.153 

0.695 

Dis tance  t o  c e n t e r  of sample from I D .  a 
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1 4  Table A.12. Radia l  d i s t r i b u t i o n  of C i n  E14-01 

sp ine  a t  compact 23 

Thickness of sample Radiusa 4~ concen t r a t ion  
( cm> ( cm> (u c i  / g > 

0.0127 0.0064 2 . 1 1  

0.0254 0.0254 0.549 

0.0254 0.050 0.345 

0.0381 0.083 0.349 

0.381 0.120 0.333 

0.0762 0.254 0.319 

0.0762 0.41 0.339 

0.0762 0.56 0.322 

0.0762 0.71 0.453 

0.0762 0.86 0.311 

0.0889 0.95 0.351 

a Distance t o  c e n t e r  of sample from OD. 

Table A.13. Radia l  d i s t r i b u t i o n  of 1 4 C  i n  E14-01 

s p i n e  a t  compact 28 

a 
Thickness of sample Radius I4C  concent ra t ion  

( cm> (cm) (Wi/  g> 

0.0254 

0.0254 

0.0381 

0 -025 

0.051 

0.083 

0.481 

0.303 

0.273 

0.0381 0.12 0.250 

0.0762 0.254 0.266 

0.0762 

0.0762 

0.41 

0.56 

0.254 

0.259 

0.0762 0.71 0.254 

0.0762 0.86 0.263 

0.0889 0.95 0.394 

aDistance t o  c e n t e r  of sample from OD. 
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14 Table A.14. Radia l  d i s t r i b u t i o n  of C i n  F03-01 

s l e e v e  a t  compact 5 

Thickness of  sample Radius" 4~ concent ra t ion  
(cm) ( 4  (uCi/g) 

0.025 

0.025 

0.046 

0.038 

0.076 

0.076 

0.076 

0.076 

0.038 

0.025 

0.013 

0.038 

0.074 

0.154 

0.287 

0.363 

0.516 

0.744 

0.87 

0.94 

0.48 

0.34 

0.27 

0.27 

0.23 

0.27 

0.27 

0.26 

0.24 

0.66 

aDistance t o  c e n t e r  of sample from ID. 

14 Table A.15. Radia l  d i s t r i b u t i o n  of C i n  F03-01 

s l e e v e  a t  compact 1 2  

Thickness of sample Radiusa 4~ concent ra t ion  
( cm) ( cm) (uCi/g) 

0.013 

0.025 

0.025 

0.076 

0.076 

0.076 

0.076 

0.076 

- 0,038 

0.025 

0.006 

0.025 

0.076 

0.165 

0.32 

0.47 

0.62 

0.77 

0.90 

0.94 

0.97 

0.64 

0.46 

0.36 

0.40 

0.39 

0.34 

0.32 

0.33 

1.02 

a Distance t o  c e n t e r  of sample from I D .  
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14 Table A.16. Radial distribution of C in F03-01 

sleeve at compact 18 

Thickness of sample Rad ius a ’ 4~ concentration 
( cm) (cm) (vci /g) 

0.038 

0.038 

0.019 

0.057 

0.52 

0.41 

0.076 0.114 0.42 

0.076 

0.076 

0.27 

0.42 

0.30 

0.35 

0.076 0.57 0.37 

0.076 0.72 0.35 

0.038 0.86 0.34 

‘Distance to center of sample from ID. 

Table A . 1 7 .  Radial distribution of 14C in F03-01 

sleeve at compact 28 

a 
Thickness of sample Radius ’ “C concentration 

(4 (em) (v W g )  

0.038 

0.076 

0.076 

0.076 

0.076 

0.076 

0.038 

0.038 

0.057 

0.152 

0.30 

0.46 

0.61 

0.76 

0.89 

0.94 

0 .31  

0 . 2 2  

0.21 

0 .21  

0 .21  

0.21 

0 . 2 1  

0.53 

a Distance to center of sample from ID. 
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Table A . 1 8 .  Radia l  d i s t r i b u t i o n  of 1 4 C  i n  F03-01" 

s p i n e  a t  compact 5 

a 14 Thickness of sample Radius C concen t r a t ion  
( c d  (em) (uCi/g> 

0.013 

0.038 

0.076 

0.076 

0.076 

0.076 

0.076 

0.076 

0.152 

0.159 

0.318 

0.0064 

0.032 

0.089 

0.165 

0.241 

0.394 

0.546 

0.699 

0.889 

1.62 

1.86 

2.04 

0.83 

0.73 

0.72 

0.69 

0.69 

0 .71  

0.68 

0.74 

0.79 

0.73 

%stance t o  cen te r  of sample from OD. 

14 Table A.19. Radia l  d i s t r i b u t i o n  of C i n  F03-01 

s p i n e  a t  compact 1 2  

C concen t r a t ion  a 14 Thickness of sample Radius 
( cm> (4 (F.rCi/g) 

0.018 

0.038 

0.076 

0.076 

0.076 

0.076 

0.076 

0.076 

0.152 

0.159 

0.318 

0.0089 

0.037 

0.094 

0.170 

0.246 

0.400 

0.551 

0.704 

0.894 

1.62 

1.86 

2.25 

0.899 

0.787 

0.865 

0.881 

0.873 

0.940 

0.955 

0.850 

0.912 

0.892 

. 

a Distance t o  center of sample from OD. 
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Table  A.20. Radia l  d i s t r i b u t i o n  of I 4 C  i n  F03-01 

s p i n e  a t  compact 18  

a Thickness of sample Radius ’“c concen t r a t ion .  
( 4  ( cm) (vCi/g) 

0.015 

0.038 

0.076 

0.076 

0.076 

0.076 

0.076 

0.076 

0.152 

0.158 

0.317 

0.0076 

0.034 

0.091 

0.168 

0.244 

0.396 

0.549 

0.710 

0.892 

1 . 7  

1.94 

7.44 

0.95 

0.79 

0.81 

0.80 

0.73 

0.78 

0.75 

0.88 

0.84 

0.86 

a 
Distance t o  c e n t e r  of sample from OD. 

Table A . 2 1 .  Radial  d i s t r i b u t i o n  of 1 4 C  i n  F03-01 

s p i n e  a t  compact 28 

C concen t r a t ion  Radius‘ 1 4  Thickness of sample 
(4 (em) ( v c i  /g> 

0.015 

0.038 

0.076 

0.076 

0.076 

0.076 

0.076 

0.076 

0.152 

0.158 

0.317 

0.0076 

0.0343 

0.0914 

0.168 

0.244 

0.396 

0.549 

0.701 

0.892 

1.70 

1.94 

6.04 

1.03 

0.54 

0.52 

0.56 

0.65 

0.53 

0.59 

0..64 

0.52 

0.54 

a 
Distance t o  center of sample from OD. 
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14 Table A.22. Radial distribution of C in E01-01 
sleeve at compact 4 

a 14 Thickness of sample Radius C concentration 
(4 ( cm> (uCi/g> 

0.051 0.026 0.50 
0.051 

0.076 

0.076 

0.076 

0.066 

0.12 

0.272 

0.424 

0.22 

0.22 

0.23 

0.22 

0.076 0.576 0.20 

0.076 0.728 0.22 

0 .051  0.88 0.22 

0.008 0.96 1.71 

a 
Distance to center of sample from ID. 

Table A.23. Radial distribution of I4C in E01-01 

sleeve at compact 1 2  

a 14 Thickness of sample Radius C concentration 
( C d  ( cm> (11 ci / g) 

0.051 

0.025 

0.076 

0.076 

0.076 

0.076 

0.076 

0.038 

0.015 

~ ~~~~- - 

0.025 

0.064 

0.114 

0.266 

0.418 

0.57 

0.72 

0.87 

0.96 

0.64 

0.4,0 
0.34 

0.32 

0.34 

0 .33  

0.32 

0.34 

2.22 
- 

%stance to center of sample from ID. 
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c Tab le  A.24. Radial  d i s t r i b u t i o n  of 1 4 C  i n  E01-01 

s l eeve  a t  compact 18 

i 

a 
Thickness of sample Radius I4c  concent ra t ion  

( cm) ( cm> (pCi/g> 

0.051 

0.076 

0.076 

0.076 

0.076 

0.076 

0.076 

0.008 

0.025 

0.114 

0.266 

0.418 

0.570 

0.722 

0.874 

0.960 

- 

0.376 

0.294 

0.320 

0.297 

0.302 

0.319 

0.333 

2.18 

a Distance t o  c e n t e r  of sample from I D .  

Table A.25. Radial  d i s t r i b u t i o n  of I 4 C  i n  E01-01 

s l e e v e  a t  compact 28 

Thickness of sample Radius" "C concent ra t ion  
(cm> ( cm> (vc i /g> 

0.051 

0.025 

0.076 

0.076 

0.076 

0.076 

0.076 

0.076 

0.020 

0.025 

0.064 

0.114 

0.266 

0.418 

0.570 

0.722 

0.874 

0.960 

0.36 

0.37 

0.21 

0.17 

0.18 

0.17 

0.18 

0.20 

0.66 

aDistance t o  c e n t e r  of sample from ID. 
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Table A.26. Radial distribution of 14C in E01-01 

spine at compact 23 

a Thickness of sample Radius 4~ Concentration 
(4 ( c d  (Wi/g) 

0.02 

0.038 

0.076 

0.076 

0.076 

0.076 

0.076 

0.076 

0.152 

0.159 

0.318 

0.010 

0.039 

0.097 

0.173. 

0.249 

0 - 4 0 i  

0.554 

0.706 

0.858 

1.680 

1.920 

4.37 

0.65 

0.43 

0.53 

0.58 

0.56 

0.55 

0.56 

0.56 

0.48 

0.57 

. 

a 
Distance to center of sample from OD. 

Table A.27 .  Radial distribution of 14C in E01-01 

spine at compact 2 8  

Thickness of sample Radiusa ‘“c concentration 
(cm) (em) (uCi/g) 

0.015 

0.038 

0.076 

0.076 

0.076 

0.076 

0.076 

0.076 

0.152 

0.159 

0.318 

0.0075 

0.034 

0.091. 

0.167 

0.243 

0.395 

0.547 

0.699 

0.889 

1.728 

1.96 

5.63 

0.35 

0.43 

0.44 

0.50 

0.48 

0.44 

0.39 

0.39 

0 .31  

0.43 

. 

%stance to center of sample from OD. 
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14 Table A.28. Radial distribution of C in F05-05 
sleeve at compact 5 

i 

Thickness of sample Radiusa c concentration 
(cm) ( cm) (vCi/g) 

0.064 

0.025 
0.025 

0.076 

0.076 
0.076 

0.076 

0.018 

0.032 

0.077 
0.102 

0.38 

0.53 
0.68 

0.84 
0.92 

0.31 

0.31 
0.33 

0.21 

0.21 
0.23 

0.22 

0.73 
~ ~~ 

a Distance to center of sample from ID. 

14 Table A.29. Radial distribution of C in F05-05 

sleeve at compact 12 

a 14 Thickness of sample Radius C concentration 
(cm) (em) (vCi/g) 

0.038 
0.025 
0.076 
0.076 
0.076 
0.076 
0.076 

0.025 

0.019 
0 -089 

0.22 
0.37 
0.52 
0.67 
0.82 

0.92 

0.80 
0.60 

0.37 

0.36 
0.26 
0.33 
0.34 

1.12 

a Distance to center of sample from ID. 
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14 Table A.30. Radial distribution of C in F05-05 

sleeve at compact 18 

a 14 Thickness of sample Radius C concentration 
( cm) (cm) (vci/g) 

0.051 

0.025 

0.076 

0.076 

0.076 
0.076 

0.076 

0.026 

0.12 
0.24 

0.39 

0.55 
0.70 

0.85 

0.49 

0.48 
0.35 

0.33 

0.34 
0.33 

0.34 

aDistance to center of sample from ID. 

Table A.31. Radial distribution of 14C in F05-05 

sleeve at compact 28 

Thickness of sample Radiusa c concentration 
(cm) ( cm) (v Ci/ g) 

0.051 

0.076 
0.076 , 

0.076 
0.076 

0.076 

0.076 

0.013 

0.026 

0.064 
0.21 
0.37 
0.52 

0.67 

0.82 

0.92 

0.43 
0.25 
0.21 
0.15 
0.20 

0.21 

0.21 

0.72 

8 

~~ 

a 
Distance to center of sample from ID. 
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Table A.32. Radial distribution of 14C in F05-05 

spine at compact 5 

a Thickness of sample Radius 14c concentration 
(4 ( cm) (uci/g) 

0.013 

0.038 

0.076 

0.007 

0.032 

0.089 

1.58 

0.56 

0.64 
0.076 

0.076 

0.076 

0.076 
0.076 

0.152 

0.159 

0.318 

0.165 
0.24 

0.39 

0.55 
0.70 

0.89 

1.72 

1.96 

0.54 

0.50 

0.65 
0.69 

0.68 

0.67 

0.67 

0.71 

? aDistance to center of sample from OD. 

. 
Table A.33. Radial distribution of 14C in F05-05 

spine at compact 12 

Thickness of sample ' Radiusa c concentration 
( cm) (Cd ( u W d  

0.013 

0.038 
0.076 
0.076 
0.076 

0.076 

0.076 

0.318 

0.007 

0.032 
0.089 
0.24 
0.39 

0.55 

0.7 

1.96 

2.3 
1.1 
1.2 

1.1 
1.1 
0.90 

0.80 

1.0 

a Distance to center of sample from OD. 
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Table A.34. Radial  d i s t r i b u t i o n  of I 4 C  i n  F05-05 

s p i n e  a t  compact 18 

a 
Thickness of saiaple Radius c concent ra t ion  

( c d  (cm) (uti / g) 

0.018 

0.038 

0.076 

0.076 

0.076 

0.076 

0.076 

0.076 

0.152 

0.159 

0.318 

0.009 

0.037 

0.094 

0.17 

0.25 

0.40 

0.55 

0.70 

0.89 

1 .72  

1.96 

2.46 

0.67 

0.70 

0.57 

0.69 

0.63 

0.69 

0.73 

0.67 

0.60 

0.37 

aDistance t o  c e n t e r  of sample from OD. 

Table A.35. Radial  d i s t r i b u t i o n  of 14C i n  F05-05 

s p i n e  a t  compact 28 

Thickness of sample Radiusa 4~ concent ra t ion  
( cm> ( cm) (vci / g> 

0.013 

0.038 

0.076 

0.076 

0.076 

0.076 

0.076 

0.076 

0.152 

0.159 

0.318 

0.007 

0.032 

0.089 

0.17 

0.24 

0.39 

0.55 

0.70 

0.89 

1 .72  

1.96 

2.52 

0.22 

0.21 

0.17 

0.20 

0.20 

0.20 

0.18 

0.19 

0.18 

0.20 

. 

aDistance t o  c e n t e r  of sample from OD. 
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