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ABSTRACT 

A burnup exper iment  was performed i n  t h e  MTR a t  NRTS wh ich  

u t i l i z e d  a  f u l l  c o r e  l o a d i n g  o f  Phoenix f u e l  (Ae-21 wt% Pu w i t h  23 

a t %  2 4 0 ~ u ) .  R e s u l t s  f rom t h i s  exper imen t  i n c l u d e d  t h e  v a r i a t i o n  o f  

i s o t o p i c  c o m p o s i t i o n  w i t h  burnup and w i t h  p o s i t i o n  th roughou t  t h e  

c o r e  and t h e  measured r a t e s  o f  r e a c t i v i t y  l o s s  w i t h  burnup. The 

measured r e s u l t s  a r e  compared w i t h  t h e  r e s u l t s  o f  c a l c u l a t i o n s  made 

f o r  Phoenix f u e l  c o r e  i n  MTR. Conc lus ions a r e  drawn concern ing  t h e  

adequacy of  t h e  computa t iona l  methods and c a l c u l a t i o n a l  models used 

i n  t h e  comparisons.  
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THE MTR-PHOENIX FUEL EXPERIIYENT: 

BURNUP ANALYSES AND CORRELATIONS 

I. INTRODUCTION 

A burnup exper imen t  has been comple ted i n  t h e  M a t e r i a l s  T e s t i n g  

Reac to r  (NTR) a t  t h e  N a t i o n a l  Reactor  T e s t i n g  S t a t i o n  (NRTS) i n  Idaho  

u t i l i z i n g  a  f u l l  c o r e  o f  Aluminum-21 w t %  p l u t o n i u m  a1 l o y  f u e l .  T h i s  

exper imen t  was t h e  c u l m i n a t i o n  o f  an e x t e n s i v e  r e s e a r c h  and development 

program i n t o  t h e  use o f  p l u t o n i u m  wh ich  c o n t a i n e d  l a r g e  (>20%) f r a c t i o n s  

o f  t h e  2 4 0 ~ u  i s o t o p e  as a  f u e l  f o r  s m a l l ,  h i g h  power r e a c t o r s ,  conducted 

f o r  t h e  USAEC's D i v i s i o n  o f  Reac to r  Development and Techno logy hy 

B a t t e l l e - N o r t h w e s t .  Fuel  o f  t h i s  t y p e  has been c a l l e d  Phoenix Fuel 

based o n  t h e  concep t  o f  c o n v e r t i n g  t h e  f e r t i l e  abso rbe r  '"PU i n t o  

f i s s i l e  241 PU, t h u s  enhanc ing t h e  r e a c t i v i t y  l i f e t i m e  o f  t h e  c o r e  w i t h -  

o u t  i n c r e a s i n g  t h e  i n i t i a l  c o r e  r e a c t i v i t y .  

The MTR-Phoenix Fue l  Exper iment  was accompl ished i n  t h r e e  phases. 

Phase I c o n s i s t e d  o f  a n  e x t e n s i v e  c r i t i c a l  e x p e r i m e n t  program i n  a  mock- 

( 1 )  up  o f  t h e  WTR, per formed i n  t h e  P l u t o n i u m  Recyc le  C r i t i c a l  F a c i l  i t y  . 

C o r r e l a t i o n  o f  t h e s e  exper imen ts  t o g e t h e r  w i t h  e a r l  i e r  c r i t i c a l  s t u d i e s  (293 )  

( 4 )  have been r e p o r t e d  b y  Heeb . 
Phase I1 c o n s i s t e d  o f  a  comprehensive program o f  ze ro  power neasure-  

ments per formed d u r i n q  t h e  l o a d i n g  o f  t h e  Phoenix c o r e  i n  F:TR and a t  

( 5 )  outages t h r o u g h o u t  t h e  burn-down o f  t h e  c o r e  . 
The f i n a l  phase, wh ich  c o n s i s t e d  o f  t h e  p o s t - i r r a d i a t j o n  examina t ions ,  

n o n - d e s t r u c t i v e  and d e s t r u c t i v e  ana lyses ,  and c o r r e l  a t i o n  o f  t hese  r e s u l  t s  

w i t h  c a l c u l a t i o n ,  i s  t h e  s u b j e c t  o f  t h i s  r e p o r t .  



11. SUMMARY 

The burnup exper iment  i n  t h e  MTR us ing  Phoenix f u e l  demonstrated 

t h e  bas i c  premise o f  t h e  Phoenix concept,  t h a t  2 4 0 ~ u  c o u l d  be u t i l i z e d  

as a  c o n v e r t i b l e  po ison  i n  a  r e a c t o r  t o  o b t a i n  a  l o n g e r  r e a c t i v i t y  

l i f e t i m e  w i t h o u t  i n c r e a s i n g  t h e  i n i t i a l  co re  r e a c t i v i t y .  Whi le a  

s i m i l a r  l i f e t i m e  r e s u l t  can be ob ta i ned  us i ng  20% en r i ched  uranium, 

t h e  p l u ton ium co re  has t h e  advantage o f  p roduc ing  a  h i g h e r  thermal  f l u x  

i n  t h e  r e f l e c t o r  p e r  w a t t  o f  r e a c t o r  power. Thus, i n  a  t e s t  r e a c t o r  

such as MTR whose purpose i s  t o  p r o v i d e  a  h i g h  thermal neu t ron  f l u x  a t  

sample p o s i t i o n s  i n  t h e  r e f l e c t o r ,  t h e  p l u ton ium c o r e  p rov ides  t h e  same 

f l u x  l e v e l s  a t  a  lower  r e a c t o r  power l e v e l .  

A  s i g n i f i c a n t  body o f  da ta  has been ob ta ined  r e l a t i n g  t o  t h e  

v a r i a t i o n  o f  p l u ton ium i s o t o p i c  compos i t i ons  w i t h  burnup and w i t h  l o c a t i o n  

i n  core,  as w e l l  as measured r a t e s  o f  r e a c t i v i t y  l o s s  w i t h  burnup. These 

da ta  a r e  un ique s i nce  t h e  p l u ton ium i s o t o p e  burnup and t r ansmu ta t i ons  

a r e  unobscured b y  p roduc t i on  o f  f resh  2 3 9 ~ u  from 2 3 8 ~  cap tu res .  The 

MTR-Phoenix Exper iment i s  t h e  o n l y  f u l l  co re  burnup exper iment  u s i n g  

o n l y  p l u ton ium fue l  t h a t  has been c a r e f u l l y  sampled f o r  a n a l y s i s .  

The c o r r e l a t i o n s  performed have demonstrated t h a t  a  c o r e  o f  t h e  

MTR t ype  i s  an ex t reme ly  con'lpl ex con~pu ta t i ona l  problem. The v a r i a t i o n  

i n  t h e  neu t ron  energy spectrum w i t h  p o s i t i o n  th roughou t  t h e  co re  i s  an 

impo r tan t  f a c t o r ,  one which r e q u i r e s  a  h i g h  degree o f  s p a t i a l  d e t a i l  i n  
* 

t h e  c a l c u l a t i o n .  Never the less,  t h e  body o f  da ta  ob ta i ned  f r om t h e  MTR- 

Phoenix Fuel Exper iment p rov ides  a  v a l u a b l e  bas i s  f o r  f u r t h e r  examina t ion  

and improvement i n  methods, models , and c ross  sec t i ons .  



I1 I .  THE MTR-PHOENIX FUEL BURNUP EXPERIMENT 

A fu l l -core  b u r n u p  experiment i s  an expensive, time-consuming under- 

taking. However, i t  i s  the only e f fec t ive  way to evaluate the adequacy 

of methods and/or data being used in reactor  calcula t ions .  The per- 

(5 ) formance of the experiment in FITR has been reported previously . 

Details  of the core design and the power performance a re  repeated here 

t o  provide understanding of the experimental r e su l t s  and to  f a c i l i t a t e  

an understanding of the computational problems associated w i t h  the 

burnup experiment analysis .  

A .  Core Description 

The Material s  Testing Reactor ( 6  " )  i s  a  ra ther  heterogeneous assembly, 

with a  plate-type core of aluminum al loy fuel t ha t  i s  moderated and cooled 

w i t h  l i gh t  water, and ref lected with beryllium, graphite and  l i g h t  water. 

The core measured approximately 9 inches north to south by 28 inches eas t  

to  west by 24. inches high. Surrounding the core was a  heryll ium r e f l ec to r  

which was 39 318 inches high and extended out t o  a  diameter of 51 inches. 

Beyond t h i s  was a  graphite re f lec to r  zone, which measured 1 2  f e e t  north 

t o  south by about 15 f e e t  e a s t  t o  west by 9 f e e t  4 inches hiqh. The 

bottom of the graphite was located 4 f e e t  below the core horizontal 

center1 i  ne. 

The Phoenix Fuel core consisted of 19 fuel elements and 8 fuel-  

follower shim-safety rods located in the central  3  rows of the 5  x 9 

l a t t i c e  in the MTR, as shown in Figure 1 .  This location represented a  

s h i f t  i n  position from the standard MTR uranium cclrF;., a lso  shown in 

Figure 1 ,  which permitted the placement of e igh t  fuel-follower shim rods 

i n  the core,  thus increasing the control margin fo r  t h i s  experiment. 
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FIGURE 1. MTR L a t t i c e  Loadings f o r  Standard and Phoenix Cores 



I 1  I. THE MTR-PHOENIX FUEL BLIRNUP EXPERIMENT 

A f u l l - c o r e  burnup exper imen t  i s  an expens ive ,  t ime-consuminq under -  

t a k i n g .  However, i t  i s  t h e  o n l y  e f f e c t i v e  way t o  e v a l u a t e  t h e  adequacy 

o f  methods and/or  d a t a  b e i n g  used i n  r e a c t o r  c a l c u l a t i o n s .  The p e r -  

(5 ) formance o f  t h e  exper imen t  i n  PlTR has been r e p o r t e d  p r e v i o u s l y  . 

D e t a i l s  o f  t h e  c o r e  d e s i g n  and t h e  power per formance a r e  r e p e a t e d  h e r e  

t o  p r o v i d e  u n d e r s t a n d i n g  o f  t h e  exper imen ta l  r e s u l t s  and t o  f a c i l i t a t e  

an u n d e r s t a n d i n g  o f  t h e  compu ta t i ona l  problems a s s o c i a t e d  w i t h  t h e  

burnup exper imen t  a n a l y s i s .  

A .  Core D e s c r i p t i o n  

The M a t e r i a l  s  T e s t i n g  Reac to r  ( 6 3 7 )  i s  a  r a t h e r  heterogeneous assembly,  

w i t h  a  p l a t e - t y p e  c o r e  o f  aluminum a l l o y  f u e l  t h a t  i s  modera ted and c o o l e d  

w i t h  l i g h t  w a t e r ,  and r e f l e c t e d  w i t h  b e r y l l i u m ,  g r a p h i t e  and l i g h t  w a t e r .  

The c o r e  measured a p p r o x i m a t e l y  9 i nches  n o r t h  t o  s o u t h  by  28 i n c h e s  e a s t  

t o  wes t  by 24 inches '  h i g h .  Su r round ing  t h e  c o r e  was a  h e r y l l  ium r e f l e c t o r  

wh ich  was 39 318 i n c h e s  h i g h  and extended o u t  t o  a  d i a m e t e r  o f  54 i n c h e s .  

Beyond t h i s  was a  g r a p h i t e  r e f l e c t o r  zone, wh ich  measured 12 f e e t  n o r t h  

t o  s o u t h  b y  abou t  15 f e e t  e a s t  t o  wes t  b y  9  f e e t  i n c h e s  h i q h .  The 

bo t tom o f  t h e  g r a p h i t e  was l o c a t e d  4 f e e t  be low t h e  c o r e  h o r i z o n t a l  

c e n t e r 1  ne. 

The Phoenix Fue l  c o r e  c o n s i s t e d  o f  19  f u e l  e lements  and 8  f u e l  - 
f o l l o w e r  s h i m - s a f e t y  r o d s  l o c a t e d  i n  t h e  c e n t r a l  3 rows o f  t h e  5  x  9 

l a t t i c e  i n  t h e  I'ITR, as shown i n  F i g u r e  1 .  T h i s  l o c a t i o n  r e p r e s e n t e d  a  

s h i f t  i n  p o s i t i o n  f r o m  t h e  s t a n d a r d  MTR u ran ium cc,!-e, a1 so shown i n  

F i g u r e  1,  wh ich  p e r m i t t e d  t h e  p lacement  o f  e i g h t  f u e l  - f o l l o w e r  sh im r o d s  

i n  t h e  c o r e ,  t h u s  i n c r e a s i n g  t h e  c o n t r o l  m a r g i n  f o r  t h i s  exper imen t .  
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The Phoenix f u e l  e lement i l l u s t r a t e d  i n  F i g u r e  2, was s i m i l a r  i n  

des ign  t o  t he  s tandard MTR f u e l  e lement i n  t h a t  a l l  e x t e r n a l  dimensions 

were t he  same. I n t e r n a l l y ,  t h e  Phoenix element cons i s t ed  o f  s i x t e e n  

0.080 i n c h  t h i c k ,  e q u a l l y  spaced p l a t e s  curved t o  t h e  MTR c o n f i g u r a t i o n .  

Each p l a t e  con ta ined  a  0,040- inch t h i c k  a l l o y  co re  composed o f  21 w t %  

p l u ton ium and 79 w t %  aluminum. The f u e l  cores were c l a d  w i t h  6061 

aluminum, 0.020 inches t h i c k .  

F i v e  o f  t h e  elements were m o d i f i e d  t o  c o n t a i n  f l u x  moni t o r  wands 

i n s e r t e d  down t he  i n s i d e  co rne r  bes ide  t h e  s i d e  p l a t e  and between t he  

second and t h i r d  f u e l  p l a t e s  f rom t h e  concave s i d e  and ex tend ing  t h e  

f u l l  l e n g t h  o f  t h e  p l a t e s .  These wands, i l l u s t r a t e d  i n  F i qu re  3 ,  were 

Phoenix Fuel w i r e s ,  co-ext ruded w i t h  1100 s e r i e s  aluminum c l a d ,  w i t h  

end p ieces welded on. The fue l  con ten t  o f  each was nom ina l l y  O.a qrams, 

and had t h e  same i s o t o p i c  compos i t i on  as t he  f u e l  p l a t e s .  The two f u e l  

p l a t e s  ad jacen t  t o  t h e  wand l o c a t i o n  i n  t h e  f l u x  m o n i t o r  assembly had 

narrower f u e l  cores than  t h e  s tandard p l a t e s ,  as shown i n  F i qu re  3 ,  The 

cores o f  t h e  s tandard f u e l  p l a t e s  con ta ined  24.4 T 1  .2 qrams o f  p lu ton ium 

w h i l e  those f o r  t he  narrow co re  p l a t e s  con ta ined  21.0 T 1  .I grams o f  

p lu ton ium.  The f i n i s h e d  Phoenix f u e l  e lement con ta ined  390 T 5 qrams o f  

p l u ton ium and t h e  f l u x  mon i t o r  element con ta ined  384 t 5 grams o f  p l u t o n -  

ium. 

The Phoenix shim safety  ( c o n t r o l  ) rods  were p h y s i c a l l y  s i m i l a r  t o  t h e  

s tandard MTR shim c o n t r o l  rods  w i t h  t h e  o n l y  excep t i on  be ing  t h e  t h i c k e r  

f u e l  p l a t e s  i n  t he  f u e l  s e c t i o n .  A11 rema in ing  com~onen ts  (armature 

assembly, upper and l owe r  aluminum sec t i ons ,  cadmium i n s e r t  sec t i on ,  

shock s e c t i o n .  and assoc ia ted  hardware) were s tandard VTR components. 
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The f u e l  s e c t i o n  o f  t h e  Phoenix sh im s a f e t y  r o d  c o n s i s t e d  o f  t h i r t e e n  

0 .080- inch  t h i c k  p l a t e s  o f  s t a n d a r d  MTR c o n f i g u r a t i o n  spaced w i t h  0.110- 

i n c h  w a t e r  channe ls .  The f u e l  p l a t e s  u t - l l i z e d  t h e  same C1.0@0-inch t h i c k  

a l l o y  c o r e s  composed o f  21 wt"/.lutonium and 79 wt"/luminum as were used 

i n  t h e  r e g u l a r  Phoenix f u e l  e lements .  The p l u t o n i u m  l o a d i n g  was 

22.9 ? 1.1 grams p e r  p l a t e ,  o r  298 ? 4 grams f o r  t h e  f u e l  s e c t i o n  o f  one 

sh im s a f e t y  r o d .  

The I s o t o p i c  c o m p o s i t i o n  o f  t h e  p l u t o n i u m  used i n  t h e  p l a t e s  was 

measured i n  January  o f  1967. These v a l u e s ,  a d j u s t e d  t o  accoun t  f o r  decay 

o f  '" Pu i n t o  241 ~m between January .  1967 and t h e  s t a r t  o f  t h e  burnuo 

exper imen t  i n  January  o f  1970, a r e  p resen ted  i n  T a b l e  I. 

TABLE I 

ISOTOPIC COMPOSITION OF PLUTONIUM I n  P H ~ E H I X   FUEL(^) 

Pu I s o t o p e  Atom R i n  T o t a l  Pu 

238 0.539 t 0.007 

( a )  Va lued a d j u s t e d  f o r  241 Pu decay t o  January ,  1970.  



B. Operating History Durina the  E u r n u p  Experiment 

The operating history of the  Phoenix fuel core in P4TR i s  i l l u s t r a t e d  

in Figure 4 .  I n i t i a l  power operation beaan on January 28, 1970 and con- 

tinued a t  various power l eve l s  unt i l  April 23, 1970, a t  which time a  core 

b u r n u p  of 923 megawatt days had been achieved. The reactor  was operated 

on a  continous basis during the f i r s t  f i ve  weeks of the experiment, and 

on a  24 hourslday-five day week for  the remainder of the proaram. 

The normal mode of equilibrium power operation was t o  compensate 

fo r  the gradual loss of r eac t i v i t y  by moving the regulating rod from i t s  

l e a s t  react ive  posit ion t o  i t s  most react ive  posit ion.  The reaulating 

rod was then returned to  i t s  l e a s t  react ive  position in conjunction with 

a  withdrawal of the banked shim-safety rods. During steady operation 

these rods were always operated as a  bank. Rod bank height positions 

were measured a t  equilibrium power and f i s s ion  prcduct poisonin? as a  

function of core b u r n u p .  The shim rod hank heiaht data were in terpreted 

through measured ca l ib ra t ions  of the shim rods t o  obtain values of the 

rods-0u kef fec t i  ve throughout the core b u r n u p .  These values are  i l l u s -  

t ra ted  in  Figure 5 and are  compared with calcula t ions  in S e c t i ~ n  IV-C. 







C .  B u r n u p  Monitor- 

The to ta l  power l i fe t ime ,  and the beainninq a n d  enrlinq isotopic  com- 

positions and power d i s t r ibu t ions  are  the primary auanti t i e s  obtained 

from a burnup experiment. There are  i rpor tan t  advantages to  a l so  obtaining 

these data a t  intermediate steps during the burnup of the core.  The 

fuel element design f o r  MTR wculd not nermit removal of any fuel plates 

before compl e t ion of the experiment. Therefore, fuel ed wands were designed 

which could be removed in order t c  obtain information a t  the intermediate 

burnup 1 eve1 s  . 
1  . Flux Wands 

The wands, described in Section 111-A and  i l l ~ s t r a t e d  in Fiaure 3 ,  

were located throughout the core as shown in Fiqure 6 .  The -in-ccre 

his tory  of each wand i s  l i s t ed  in Table 11. A s inq le  wand was removed 

T A B L E  I1 

F L U X  WAND HISTORY IY4 KTR--Pt'OENIX C O R E  

Wand Fuel Core Date Core FZWd 
110 . El emen t Position Removed A t  Removal 





a t  each of two i n te rmed ia te  burnup l e v e l s ,  and t h r e e  wands were removed 

j u s t  p r i o r  t o  t he  co l r~p le t i on  o f  t h e  exper iment.  A f t e r  c o o l i n g  f o r  about 

seven months, each wand was scanned i n  t h e  PNL Gamma Scan F a c i l i t y  t o  

o b t a i n  t h e  a x i a l  burnup d i s t r i b u t i o n s  shown i n  F igu re  7. Gamma-ray 

spec t ra  were ob ta ined  a t  se lec ted  l o c a t i o n s  on each wand, us ing  a  h i g h  

r e s o l u t i o n  l i t h i u m - d r i f t e d  germanium d e t e c t o r .  

Three samples were c u t  from each o f  wands 8 and 12, a t  t h e  l o c a t i o n s  

shown i n  F i g u r e  7. These s i x  samples, t oge the r  w i t h  a  sample f rom an 

u n i r r a d i a t e d  wand, were analyzed t o  o b t a i n  i s o t o p i c  composi t ions o f  

p lu ton ium,  neodynium, and cesium. Concentrat ions o f  3 7 ~ s  were determined 

as w e l l  as s p e c i f i c  a c t i v i t i e s  o f  se lec ted  f i s s i o n  p roduc ts .  The 

d e t a i l e d  r e s u l t s  of these analyses a r e  con ta ined  i n  Appendix A, w i t h  a  

summary of t h e  da ta  g iven  i n  Table 111. Corr~parisons o f  these r e s u l t s  

w i t h  c a l c u l a t i o n  a r e  con ta ined  i n  Sec t ion  IV-6. 

2. Fuel  P la tes  

Fo l l ow ing  t he  burndown o f  t h e  core,  a  t o t a l  o f  f o r t y - e i g h t  p l a t e s ,  

four  each f rom twe l ve  elements, were removed f o r  f u r t h e r  examinat ion and 

ana l ys i s .  T h i r t y - s i x  of t he  p l a t e s  f rom n i n e  d i f f e r e n t  elements were 

gamma scanned t o  o b t a i n  a x i a l  and l a t e r a l  burnup p r o f i l e s .  The scans 

o f  p l a t e s  number 8 f rom elements MP-3, 6 and 22 a r e  shown i n  F igures  8 

and 9 as examples. These scans show t h e  l a t e r a l  and v e r t i c a l  burnup 

d i s t r i b u t i o n  across t he  c e n t r a l  p lane  o f  t h e  core, and show t h e  l a r g e  

peaking t h a t  occurred a t  t h e  l a t e r a l  c o r e - r e f l e c t o r  i n t e r f a c e .  



WAND 112 
LOCATION L-33 

75 REMOVED 3-6-70 
CORE BURNUP OO MWD 
SCANNED 12-13-70 

50 

WAND 14 
LOCATlOFl L-23 
REMOVED 2-16-70 
CORE BURNUP 255 MWD 
SCANNED 11-12-10 

WAND 111 
LOCATION L-32 
REMOVED 4-17-70 
CORE BURNUP Wl MWD 
SCANNED 11-13-70 

WAND 15 
LOCAT ION L-39 

FIGURE 7. Ax ia l  Burnup P r o f i l e s  from F lux  Moni tor  Wands 
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The f o u r  l o c a t i o n s  which were sampled f o r  d e s t r u c t i v e  a n a l y s i s  a r e  

i n d i c a t e d  i n  F i g u r e s  8 and 9, two f rom t h e  i n t e r i o r  o f  t h e  c o r e  and 

two f rom t h e  c o r e  boundary r e g i o n .  As w i t h  t h e  f l u x  wands, i s o t o p i c  

compos i t i ons  o f  p lu ton ium,  neodynium and cesium were ob ta ined ,  

t o g e t h e r  w i t h  t h e  s p e c i f i c  a c t i v i t i e s  o f  s e l e c t e d  f i s s i o n  p roduc ts .  

The d e t a i l e d  r e s u l t s  o f  these  ana lyses a r e  c o n t a i n e d  i n  Appendix By  

w i t h  a  summary o f  t h e  d a t a  g i v e n  i n  Table  I V .  Comparisons o f  these  

d a t a  w i t h  c a l c u l a t i o n s  a r e  con ta ined  i n  S e c t i o n  IV-B. 
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TABLE I V  

SUMMARY OF DESTRUCTIVE ANALYSIS OF FUEL PLATE SAMPLES 

END OF L I F E  ATOM CONCENTRATION (EOL) ( b ) ( c )  

Beginning 
o f  L i f e  from 

Concentrat ion 

( B O L ) ( ~ )  P l a t e  22-8 P l a t e  3-8 

Sample No. W1126 W1429 W1679 W1430 W1680 

To ta l  100.00 86.62 88.20 80.09 82.50 

Atom % Burnup 
(BOL-EOL) 0 

Atoms 3 7 ~ s / ~ n i  ti a1 
Pu Atom 0 

Atoms 4 8 ~ d /  1n i  ti a1 
Pu Atom 0 

( a )  BOL = atoms o f  i so tope  per  100 i n i t i a l  atoms o f  p lu ton ium a t  beginning o f  l i f e  (1-28-70) 
( b )  EOL = Atoms o f  i so tope  per  100 i n i t i a l  atoms o f  p lu ton ium a t  end o f  l i f e  (4-23-70 
( c )  Values de r i ved  us i ng  measured i s o t o p i c  r a t i o s  and 148Nd ana l ys i s  r e s u l t s  i n  ISODIL 
( d )  Values determined on 4/30/71 
( e )  Values determined on 6/24/71. 



3. Measured F i s s i o n  Product  Data 

Concen t ra t ions  o f  se l ec ted  f i s s i o n  p roduc ts  were measured i n  

f u e l  p l a t e s  and wands by bo th  nondes t ruc t i ve  and d e s t r u c t i v e  techniques.  

The nondes t ruc t i ve  method u t i  1  i z e d  a  h i g h  r e s o l u t i o n  1  i t h i u m - d r i f t e d  

germaniu m (Ge-L i )  d e t e c t o r  t o  determine gamma r a y  a c t i v i t i e s  f rom t h e  

f i s s i o n  p roduc ts  photopeak areas. Typ i ca l  gamma r a y  energy spectrum 

i s  shown i n  F i gu re  10. The energ ies  and sources o f  t h e  numbered photo-  

peaks and t h e  measured r e l a t i v e  n e t  photopeak areas f o r  t h e  v a r i o u s  

samples a r e  l i s t e d  i n  Table  V .  

Gamma spec t rome t r i c  a n a l y s i s  ( w i t h o u t  chemical  sepa ra t i on )  was 

a l s o  performed on t h e  d i s s o l v e d  p l a t e  and wand samples. Abso lu te  

s p e c i f i c  a c t i v i t e s  o f  t h e  same e i g h t  f i s s i o n  p roduc t s  s t u d i e d  i n  t h e  

nondes t ruc t i ve  measurements were determined, w i t h  t h e  r e s u l t s  a l s o  

l i s t e d  i n  Table  V .  I n  a d d i t i o n ,  t h e  1 3 7 ~ s  a c t i v i t y  i n  some o f  t h e  

samples was determined by d i r e c t  gamma r a y  spect rometry  a f t e r  a  chemical  

separa t ion .  These va lues were determined by comparison w i t h  a  c a l i b r a t e d  

1 3 7 ~ s  source, and a r e  1 i sted  i n  Tables I11 and I V .  
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IV . THEORY-EXPERIMENT COMPARISONS 

Since the primary purpose of a burnup experiment i s  to obtain d a t a  

with which to  t e s t  a n d  evaluate current  a n d  fu ture  computational niethods 

a n d  cross section da ta ,  i t  i s  important i n  any ccrnparisons of the experi-  

ment with theory t o  careful ly  d ~ l  ineate the models, methods a n d  d a t a  

used in the calcula t ions .  Desc r ip t i o~s  arp given in the followinp sect ions  

of the core models, c e l l ,  reactor a n d  b u r n u p  codes and cr7ss section d a t a  

used t o  ca lcu la te  the !:TI?-Phoenix Fuel experiment. Co~par isons  a r c  rvde 

between exnerimental a n d  calculated r8 t i o s  of e f fec t ive  cross sec t ions ,  

derived from isotopic d a t a ,  and between measured a n d  calculated ra tes  ~f 

reac t iv i ty  loss  with burnup. The s ens i t i v i t y  nf t h ~  cal cu! ated resul t s  

to  d e t a i l s  within the nndels i s  examined a n d  reasonable l imi t s  of uncer- 

t a in ty  a re  defined. 

A .  Cal culat ional  F!odel s  a n d  Methods 

The core geometry in MTR i s  ra ther  c o r ~ l e x  a n d  necess i t i t e s  making a 

number of simp1 ifying assumptions to  s tay  within the ca?aci t i z s  s f  current  

reactor  codes. The un i t  ce l l  used in the thermal cross section aener i t ing 

code BRT-1 ( 8  ) consisted cf a repeatiny s lab array of fuel , cladding a n d  

water. The cross sections generated 2sing t h i s  s i ~ ; l e  cel l  model a re  

appropriate f o r  the asymptotic region of the core.  Unfor t~na te1 .y~  due to  

the small s i z e  and large  surface to  volume ra t i r ,  of the core ,  l e s s  t h a n  

8 0 h f  the core i s  in the asymptotic region. A t  l e a s t  20'4 s f  the fuel in 

the core i s  in the core-ref lector  boundar;~ zone, where the thermal neutron 

spectrum i s  changing rapidly with ? o z i t ! ~ n .  In core calcula t icns  in general 

a n d  in b u r n u p  ca lcula t ions  in par t icul ; l r ,  the e n t i r e  core was cansidered as 



b e i n g  i n  t h e  asympto t i c  spectrum. The r e s u l t s  o f  t h e  d e s t r u c t i v e  

ana lyses o f  f u e l  p l a t e s ,  presented i n  S e c t i o n  111-C, show t h a t  t h i s  

assunlpt ion i s  n o t  v a l i d  and t h a t  s e r i o u s  e r r o r s  i n  e s t i m a t i n g  c r o s s  

s e c t i o n s  and i s o t o p i c  compos i t i ons  w i l l  r e s u l t .  Pievertheless,  i n  a l l  

c a l c u l a t i o n s  r e p o r t e d  i n  t h i s  r e p o r t ,  t h e  assumpt ion o f  an asyn lp to t i c  

spectrum was made, u n l e s s  o t h e r w i s e  s p e c i f i e d .  

1. D e s c r i p t i o n  o f  Computat ional  Models 

The m a j o r i t y  o f  t h e  c a l c u l a t i o n s  made f o r  comparison w i t h  t h e  

exper imen ta l  r e s u l  t s  f rom t h e  MTR Phoenix f u e l  progral i i  were p e r f o r ~ i i e d  

u s i n g  t h e  ZODIAC-G code. (') T h i s  code i s a n  automated c h a i n  c o n s i s t i n g  

o f   THERMOS'^) f o r  t h e  thermal  group c e l l  c a l c u l a t i o n ,  HRG ( I 0 )  f o r  t h e  

e p i t h e r m a l  c e l l  c a l c u l a t i o n ,  HFN ( I 1 )  f o r  t h e  one-dimensional r e a c t o r  

c a l c u l a t i o n  and ALCHEMY ( I 2 )  f o r  t h e  r e a c t o r  burnup c a l c u l a t i o n .  

The f u e l  p l a t e  u n i t  c e l l  used i n  THERMOS c o n s i s t e d  o f  t h e  

f o l l o w i n g :  a  r e f l e c t i n g  boundary, 0.020 inches  (0.0508 cm) o f  f u e l  

a l l o y ,  0.020 inches  (0.0508 cm) o f  aluminum c l a d d i n g ,  0.0593 inches  

(0.13062 cm) o f  water ,  and a  r e f l e c t i n g  boundary. These t h r e e  r e g i o n s  

were homogenized p e r  HRG, w i t h  h e t e r o g e n e i t y  e f f e c t s  i n t r o d u c e d  b y  means 

o f  resonance parameters and a  mean chord l e n g t h .  The atom d e n s i t i e s  

f o r  m a t e r i a l s  used i n  t h e  c e l l  c a l c u l a t i o n s  a r e  l i s t e d  i n  Table  V I .  

The r e a c t o r  c a l c u l a t i o n  i n  ZODIAC-G uses t h e  one-dimensional  

m u l t i g r o u p  d i f f u s i o n  code HFN. The c o r e  volunie assumed i n  t h e  c a l c u l a t i o n  

4  was 7.1956 x  10 cm3, based on t h e  c e l l  atom d e n s i t i e s  and t h e  t o t a l  

p l u t o n i u m  i n  t h e  core.  A  v a l u e  o f  9753 g  o f  p l u t o n i u m  was used, as had 

been assumed i n  t h e  MTR-Phoenix SAR, r a t h e r  than  t h e  a c t u a l  v a l u e  o f  

9797.4 g  as loaded. The s a t u r a t i n g  f i s s i o n  p r o d u c t  po isons  1 3 5 ~ e  and 14'sm 



TABLE V I  

ATOM DENSITIES FOR CELL CALCULATIONS 

(Atoms per  b a r n - c e n t i m e t e r )  

BRT- 1  H R G ( ~ )  

A1 umi num 

( a )  C o r r e c t e d  f o r  2 4 1 ~ u  decay between t i m e  of  s e p a r a t i o n  and s t a r t  
o f  power o p e r a t i o n .  

( b )  R e s u l t i n g  f r o m  2 4 1 ~ u  decay between t i m e  o f  s e p a r a t i o n  and s t a r t  
o f  power o p e r a t i o n .  

( c )  No s p a t i a l  f i n e  s t r u c t u r e  i n  HRG, a l l  m a t e r i a l s  smeared o v e r  
t o t a l  c e l l  volume. 



were i nc l uded  e x p l i c i t l y ,  b u t  l o 5 ~ h  was no t .  A s i n g l e  pseudo f i s s i o n  

p roduc t  was used t o  r ep resen t  t he  nonsa tu ra t i ng  f i s s i o n  products ,  

based on a  y i e l d -we igh ted  combinat ion o f  t h e  Nephew pseudo f i s s i o n  

products ,  ( I 3 )  us i ng  t he  y i e l d s  compi led by Nephew. 

The ve rs i on  o f  HRG used i n  t h e  ZODIAC-G cha in  (HRG3) prov ided 

f o r  a l l o c a t i o n  o f  a  number o f  f i n e  energy groups around t h e  1  eV 

resonance i n  2 4 0 ~ u ,  and had a  t rea tment  f o r  i ntermedi a t e  resonances i n  

t he  presence o f  an admixed s c a t t e r e r .  No u p s c a t t e r i n g  was inc luded ,  

however. The 2 4 1 ~ m  which was produced by decay o f  2 4 1 ~ u  was i nc l uded  

e x p l i c i t l y ,  b u t  no o t h e r  t ransp lu ton ium i so topes  were cons idered.  A 

r e a c t o r  power l e v e l  o f  24 MW was assumed d u r i n g  t h e  burnup, and t h e  

i s o t o p i c  concen t ra t i ons  were recomputed every  f i v e  f u l l  power days, 

once t he  s a t u r a t i n g  f i s s i o n  p roduc ts  were i n  e q u i l i b r i u m .  Spectrum- 

averaged c ross  sec t i ons  were recomputed every  f i f t e e n  f u l l  power days. 

B. Comparisons o f  Measured and Ca lcu la ted  I s o t o p i c  Concentrat ions 

One measure o f  t he  adequacy o f  a  c a l c u l a t i o n a l  method i s  i t s  a b i l i t y  

t o  p r e d i c t  t h e  v a r i a t i o n s  i n  i s o t o p i c  composi t ions w i t h  f u e l  burnup t h a t  

a r e  a c t u a l l y  encountered i n  t h e  r e a c t o r  core.  Because o f  t he  comp lex i t y  

o f  t he  MTR-Phoenix core, i t  was a n t i c i p a t e d  t h a t  t h i s  exper iment would 

p rov ide  a  ve ry  severe t e s t  o f  t he  computat ional  methods, and spec ia l  

e f f o r t s  were made t o  o b t a i n  da ta  app rop r i a te  f o r  these comparisons. 

1. Measured I s o t o ~ i c  Data 

As descr ibed  i n  Sect ion 111-C, t he  MTR-Phoenix co re  con ta ined  

f u e l e d  wands which cou ld  be removed a t  i n t e rmed ia te  l e v e l s  o f  burnup. 

Samples f rom the  wands and f rom f u e l  p l a t e s  removed a t  t h e  end o f  co re  



1 i f e  were analyzed t o  obtain plutonium isotopic concentrations and 

fission product concentrations for various stages of burnup. The number 

of fissions that  occurred in each sample were determined via analyses of 

the 1 4 8 ~ d  and 1 3 7 ~ s  contents, t o  obtain the atom percent burnu~s in 

each samole. The agreement between the results using the two different 

fission product monitors was qenerally good, !vith the numbers of fissions 

indicated from the 1 3 7 ~ s  analysis being s l ight ly ( ~ 3 % )  b u t  systematically 

greater than that indicated from the 148tld analysis. 

The isotooic data, presented areviously in Tables I 1 1  and IV, are 

shown graphically it7 Figures 1 l a  through 1 l d ,  xhzre the ra t io  of End-of- 

239 24!lPu 24lPu Life t o  Beginning-of-Life numbers of atoms i s  glottcd for Pu, , 

a n d  2 4 2 ~ ~ ~  versus atom vercent burnuo of total  in i t i a l  qlutonium. Tive solid 

l ine in a l l  figures i s  the resul t  ~ r e d i c t e d  by a Z O D I A C - G  burnu? calculation. 

An excel lent agreement between measured and  calculated values of 2 3 9 ~ u  

deoletion as a  function of atom percent burnua i s  seen in Figure l l a .  Indi- 

cations of d i f f e r e ~ t  burnup ~ a t h s  for  the oiates and the wands begin to  

appear in Figure 11 b, where tile calculation under-predicts the Z 4 0 ~ u  con- 

tent of the plates and  overpredicts the 2 4 0 ~ u  content of the wands. 

Examination of Figure l l c  suggests t h a t  the inter ior  region of the core 

was on a  different burnup o a t h  from the exterior region, a n d  that both 

plates were different from the wand samplss . No clear-cut differences 

are seen between the paths of the various samples in Figure l l d  where 

the variation in 2 4 2 ~ u  concentration with bur nu^ i s  siiovn, b u t  the 

calculation consistently under-~redicts  t h ?  242 concentration. 

Several p l  a u s i b l ~  a rgu~en t s  can be advanc2d t o  explain the observed 

variations in isotopic concentrations. F i r s t ,  the neutron s~ectrum in 
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t h e  co re  i n t e r i o r  i s  l e s s  the rma l i zed  than  a t  t he  co re  edge. Second, 

t h e  2 4 0 ~ u  resonance s e l f - s h i e l d i n g  i s  l e s s  i n  t h e  wands due t o  t h e  

s m a l l e r  t h i c kness  r e l a t i v e  t o  t h e  p l a t e s .  A f a c t o r  o f  1.8 has been 

c a l c u l a t e d  as t h e  r a t i o  o f  t he  e f f e c t i v e  resonance i n t e g r a l s  o f  t h e  

0.020 i n c h  d iameter  wand core  t o  t h e  0.040 i n c h  t h i c k  p l a t e  co re ,  

which i n f l u e n c e s  t h e  removal r a t e  o f  2 4 0 ~ u  and t h e  p roduc t i on  r a t e  o f  

2 4 1 ~ u .  A more d e t a i l e d  examinat ion o f  t he  e f f e c t  o f  t h e  neu t ron  

spectrum and co re  geometry on t he  e f f e c t i v e  c ross  sec t i ons  o f  t he  

Phoenix f u e l  i s  g i ven  i n  t h e  f o l l o w i n g  sec t i on .  



2.  Ratios of Effective Cross Sections 

While the var ia t ions  of the isotopic concentration of plutonium 

are an important experimental r e s u l t ,  these var ia t ions  are not very 

sens i t ive  indicators of where the computational problems 1 i e .  Ho~h~ever, 

these experimental data can be used in an analysis  techniqueo4 ) t o  

obtain ra t ios  of e f fec t ive  cross sections which can be co~iipared with 

values of the  same r a t i o s  calculated by any ?a r t i cu l a r  co~iiputational 

system. One can readily observe the ra t ios  which d i f f e r  from ex- 

periment and can examine the methods, da ta ,  e t c . ,  used in the calcula-  

t ions  tha t  will -influence the discrepant r e s u l t .  

If one examines the one-group transmutation equations, shown 

be1 ow, 

he f inds t ha t  the parameters most d i f f i c u l t  t o  dstermine i n  a  Surnup 

experiment are  the f lux ,  4,  and the time, t .  If the f i r s  equation 

i s  divided by the second equation, these parameters are cancelled 

(except f o r  a  re la t ive ly  ins ign i f ican t  term for  which a  reasonable 

estimate of the f lux will be s u f f i c i e n t ) .  



One o b t a i n s  a  s e t  o f  equa t ions  t h a t  can be i n t e g r a t e d  and which a r e  

f u n c t i o n s  o f  t h e  i s o t o p i c  c o n c e n t r a t i o n s  and t h e  r a t i o s  o f  e f f e c t i v e  

c ross  s e c t i o n s .  Having t h e  i s o t o p i c  c o n c e n t r a t i o n s  f r o m  a  d e s t r u c t i v e  

a n a l y s i s  o f  t h e  f u e l ,  one can now f i t  t h i s  s e t  o f  e q u a t i o n s  t o  t n e  

d a t a  u s i n g  a  r n u l t i v a r i a b l e  n o n - l i n e a r  l e a s t  squares program (1 5 ) to 

o b t a i n  t h e  r a t i o s  o f  e f f e c t i v e  c r o s s  s e c t i o n s .  

3. Leas t  Squares A n a l y s i s  o f  I s o t o p i c  Data 

The i s o t o p i c  compos i t i on  d a t a  f o r  t h e  f l u x  wands and f u e l  p l a t e s  

were f i t t e d  by t h e  1  east -squares code DBUFIT-I t o  determine r a t i o s  

o f  average c r o s s  s e c t i o n s  i n v o l v e d  i n  t h e  t r a n s m u t a t i o n  Drocess. 

The s e t  o f  f i t t e d  equa t ions  i s  



where the  parameters r e l a t ed  t o  t h e  c ross-sec t ion  r a t i o s  a re  

-239 -239 
E = u  c  /'a 

-240 "239 A + A A / ~ ~ ~ ~ O  = u a  /'a 

-241 -239) +A241 /-241 B = (aa  a  0 $1 a  

-241 -241 241 -241 $1 
Y = (ac  l a a  a  

-242/;239 C = u  a  a  

while K O ,  K, , K2 and Kf a r e  cons tants  of i n t eg ra t ion  dependent on tile 

i n i t i a l  concent ra t ions .  Note t h a t  t he  f a c t o r  (l+A241/i:41 m )  c o r r e c t s  f o r  

t he  r ad ioac t ive  decay of 2 4 1 P u .  

In the  DBUFIT-I code t h e  parameter C i s  not oermi t t e d  t o  vary. I t  

must be f ixed  by independent cons idera t ions .  Furthermore, s ince  the  

concentrat ion of 2 4 0 ~ u  i s  r e l a t i v e l y  constant  during the  burnuo of 

Phoenix f u e l ,  i t  i s  not f e a s i b l e  t o  determine A A ,  which expresses a 

-240 -239 (formal ) concentrat ion dependence of a, / aa  . Thus AA was held f ixed  

a t  zero in  a l l  runs. Summarizing then ,  we hooe t o  determine four  c ross-  

sec t ion  r a t i o s ,  assuming t h a t  a  f i f t h  one i s  ki?o~it~ froin nrevious ca l cu la -  

t i o n s .  



The data f o r  the  samples from \.rands +12 and $8 Ivere f i t t e d  f i r s t .  

I n i t i a l l y  the data from both wands Nere combined and f i t t e d  as one case.  

n - r  , -239  In the remainder of t h i s  sec t ion ,  b:e use the  abbreviat ions r ( - l a i a  ) a  
n - n  - n  and a (:oc/of). The r e s u l t s  f o r  two d i f f e r e n t  ( f i x e d )  values of r242 a r e  

sho~:n in l ines  1 and 2 of Table VII . After systematic differc:tices between 

the wands were noticed,  the  data f o r  each were f i t t e d  separa te ly  as 

shown in 1 ines 3-6 of Table VII. 'The qua1 i  t y  of the  f i t s  f o r  the  s e ~ a r a t e  
9 

cases ,  as measured b y  x L / d . f . ,  i s  s i q n i f i c a n t l y  b e t t e r  than f o r  the  

conoosi t e  cases.  ( x L  i s  the  inverse-vari  ance-c~t.'igi~ted sum of squares ,  and 

d .  f .  i s  the number of s t a t i s t i c a l  degrees of freedom. ) For both the  

separa te  and composite cases ,  these r e s u l t s  sh0i.1 t h a t  only a 
241 i  s  

s e n s i t i v e  t o  the  assumed value of r242 .  111 a l l  cases the e r r o r  e s t i -  

mates a re  r a the r  l a rge .  This i s  a  consequence of the  hiah cor re la t ion  

among the 7  f r e e  parameters (4  cross-sec t ion  r a t i o s  and 3  i n i t i a l  

concentra t ions) .  

In an t i c ipa t ion  of the  soarse fuel p la te  data of main i n t e r e s t ,  a  

special  s e t  of f i t s  were made in which only the  i n i t i a l  and highest  

exposure wand data were used. The r e s u l t s  a re  shown in 1 ines 7-12 of 

Table VII . I t  turned out  t h a t  p l~ys ica l ly  ~ l a u s i  ble f i t s  could not be 

obta-ined unless an addit ional  cons t ra in t  was im~osed on the  parameters. 

Sir.ce the  r a t i o  r241 i s  perhaos l e a s t  s e n s i t i v e  t o  resonance in tegra l  

and spect ra l  e r r o r s ,  i t  bras f ixed a t  a  s e t  of values near those obtained 

from reactor  ca lcu la t ions .  These r e s u l t s  show t h a t  a l l  3 of the  f r z e  

241 cross-sect ion r a t i o s  are  s e n s i t i v e  t o  tne  assumsd value of r . 



U n f o r t u n a t e l y ,  t h e  d a t a  f o r  f u e l  p l a t e s  $22-8 and =3-3 were r a t h e r  

sparse,  c o n s i s t i n g  o f  o n l y  t ~ o  c l o s e l y  spaced s e t s  o f  i s o t o ~ i c  concen t ra -  

t i o n s  f o r  each p l a t e  a f t e r  exposure i n  a d d i t i o n  t o  t h e  zero-exposure va lues .  

Thus, i t  was necessary  t o  c o n s t r a i n  t h e  c r o s s - s e c t i o n  r a t i o s  i n  o r d e r  t o  

o b t a i n  p h y s i c a l l y  p l a u s i b l e  r e s u l t s ,  wh ich a r e  g i v e n  i n  Tab le  '~'111. I n  a l l  

o f  t h e s e  f i t s  t h e  r a t i o s  rZ4' and rZ4' were h e l d  f i x e d  i n  a  ranqe o f  

va lues  o b t a i n e d  by r e a c t o r  c a l c u l a t i o n s .  A p r e l i m i n a r y  s e t  o f  f i t s  had 

shown t h a t  t h e  r e s u l t s  o b t a i n e d  by f i x i n g  and rZ4' a r e  e s s e n t i a l l y  

242 
e q u i v a l e n t  t o  those  o b t a i n e d  by  f i x i n g  rZ4' and r . 

I n s p e c t i o n  o f  Table V I I I  i n d i c a t e s  t h a t  t o  a  good degree o f  a p p r o x i m a t i o n  

(2.1 X )  t h e  r a t i o s  rZ4O, and may be cons ide red  as 1  i near  f u n c t i o n s  

o f  rZ4' and rZ4'. The 1  i n e a r  c o e f f i c i e n t s  a r e  b e s t  determined by  a  seccnd- 

l e v e l  l e a s t - s q u a r e s  f i t  t o  t h e  t a b u l a t e d  va lues .  For  f u e l  p l a t e  #22-8 

, . (asymptot ic  r e g i o n )  t h e  r e s u l t i n g  e q u a t i o n s  a r e :  

For  fue l  p l a t e  #3-8 (edqe r e g i o n )  t h e . e q u a t i o n s  a r e :  

I t  s h o u l d  be p o i n t e d  o u t  t h a t  i n  Tab les  V I I  and V I I I ,  t h e  va lues  of 

2  x 1d.f.  d i s t i n c t l y  t e n d  t o  be s m a l l e r  t h a n  t h e  expected v a l u e  o f  1. 

T h i s  suggests t h e  p o s s i b i l i t y  of  a  s y s t e m a t i c  tendency t o  o v e r e s t i m a t e  

t h e  e r r o r s  o f  t h e  i n p u t  da ta .  



Table VII. Results of  Least-Squares Fits of  Wand Data 

Fuel 
Mate r i  a1 

Wands 12 & 8 
Wands 12 & 8 

Wand 12 
Wand 12 

Wand 8 
Wand 8 

Wand 12 
Wand 12 
Wand 12 

Wand 8 
Wand 8 
Wand 8 

No. o f  
Data Pts.  

0.485 + 0.008 0.916 + 0.006 0.950 f i x e d  0.475 + 0.023 0.300 
0.521 r 0 . 0 0 9  0 . 9 5 5 T 0 . 0 0 6  1 . 0 5 0 f i x e d  0.410 T 0.020 0.300 
0 . 5 5 9 r 0 . 0 0 9  - 0 . 9 9 4 T 0 . 0 0 6  - 1 . 1 5 0 f i x e d  0 . 3 6 1 T 0 . 0 1 7  - 0.300 

0.445 + 0.008 0.856 + 0.005 0.950 f i x e d  0.471 + 0.020 0.300 
0.483 T 0.008 0.897 T 0.006 1.050 f i x e d  0 . 4 0 7 T 0 . 0 1 6  0.300 
0.523 - T 0.009 0.939 - 7 0.006 1 . I 5 0  f i x e d  0.357 T 0.014 0.300 - 



Fuel 
M a t e r i a l  

Table ~ 1 1 1 .  Results of Least-Squares F i t s  o f  Fuel Plate Data 

............................... Cross-Sect ion Rat ios---- - - - - - - - - - - - - - - - - - - -  
No. o f  

Data Pts.  a 
239 r 240 r 241 a 

241 r 2  2 x 1 d . f .  

P l a t e  22-8 3  0.524 + 0.005 0.713 + 0.003 0.950 f i x e d  0.440 + 0.014 0.260 0.153 
3  0 . 5 5 7 T 0 . 0 0 5  0 . 7 4 7 T 0 . 0 0 3  1 . 0 5 0 f i x e d  0 . 3 8 2 T 0 . 0 1 2  0.260 0.162 P l a t e  22-8 

I 
W 

P l a t e  22-8 3  0 . 5 9 2 T 0 . 0 0 6  0 . 7 8 2 T 0 . 0 0 3  1 . 1 5 0 f i x e d  0 . 3 3 7 T 0 . 0 1 1  0.260 0.172 u 
P l a t e  22-8 3  0 . 5 5 8 T 0 . 0 0 5  0 . 7 4 8 T 0 . 0 0 3  1 . 0 5 0 f i x e d  0 . 3 5 9 T 0 . 0 1 1  0.230 0.140 I 

P l a t e  22-8 3  0 . 5 5 6 Z 0 . 0 0 6  0 . 7 4 7 E 0 . 0 0 3  1 . 0 5 0 f i x e d  0.405 - T 0.013 0.290 0.187 

P l a t e  3-8 3  0 . 4 3 4 + 0 . 0 1 2  0 . 4 9 0 + 0 . 0 0 6  0 . 9 0 0 f i x e d  0 . 4 5 9 + 0 . 0 3 2  0.120 1.34 
P l a t e  3-8 3  0.464 T 0.012 0.522 T 0.006 1.000 f i x e d  0 . 3 9 5 T 0 . 0 2 6  0.120 1.34 
P l a t e  3-8 3  0 . 4 9 6 T 0 . 0 1 3  0 . 5 5 4 T 0 . 0 0 6  1 . 1 0 0 f i x e d  0 . 3 4 6 T 0 . 0 2 2  0.120 1.34 
P l a t e  3-8 3  0 . 4 6 5 T 0 . 0 1 2  0 . 5 2 2 T 0 . 0 0 6  1 . 0 0 0 f i x e d  0.377 T 0.025 0.100 1.33 
P l a t e  3-8 3  0 . 4 6 4 T 0 . 0 1 2  - 0 . 5 2 2 T 0 . 0 0 6  - 1 . 0 0 0 f i x e d  0 . 4 1 3 T 0 . 0 2 7  - 0.140 1.35 



C.  R e a c t i v i t y  Loss Rate Comparisons 

The p r i n c i p a l  v i r t u e  expected o f  t h e  Phoenix f ue l  concept  

was t h e  a b i l i t y  t o  have an extended co re  l i f e t i m e  w i t h o u t  a  

l a r g e  i n i t i a l  excess r e a c t i v i t y .  Therefore,  an i m p o r t a n t  

parameter t o  i n v e s t i g a t e  was t h e  r a t e  a t  which t h e  co re  excess 

r e a c t i v i t y  was dep le ted  d u r i n g  burnup, and t o  compare t h e  measured 

r a t e  w i t h  r a t e s  c a l c u l a t e d  by t h e  computat iona l  models. A lso,  

some usefu l  i n s i g h t  can be ob ta i ned  by comparing t h e  ~i ieasured 

r e a c t i v i t y  l o s s  r a t e s  f o r  severa l  e a r l i e r  ilTR cores w i t h  t h a t  

o f  t h e  LITR-Phoenix co re .  

1. Measured R e a c t i v i t y  Loss Rates 

The bas i c  c h a r a c t e r i s t i c s  o f  t h e  Phoenix co re ,  a  s tandard  

2 3 5 ~  core,  an e a r l i e r  p l u ton ium core  ( c y c l e  108),  and a  20% 

e n r i c h e d  U core  a re  1  i s t e d  i n  Table  I X .  The exper imenta l  burnup 

r e s u l t s  f o r  those f o u r  cores a r e  i 1 l u s t r a t e d  i n  F i gu re  12. The 

s tanda rd  2 3 5 ~  core  operated a t  a  cons tan t  power l e v e l  o f  40 MW 

w h i l e  t h e  o t h e r  cores operated a t  va r i ous  l e v e l s .  d u r i n g  t h e i r  

l i f e t i m e s .  The r e a c t i v i t y  curve f o r  each core  has been c o r r e c t e d  

t o  a  cons tan t  power l e v e l  (30 MW f o r  c y c l e  108 and t h e  20% 

en r i ched  core ,  24 !IN f o r  t h e  Phoenix c o r e ) .  Since t h e  curves o f  

excess r e a c t i v i t y  versus burnup a r e  n o t  1  i n e a r ,  an average 

r e a c t i v i t y  l o s s  r a t e  was computed by d i v i d i n g  t h e  excess r e a c t i v i t y  

a t  100 MWd burnup (assu~iies s a t u r a t e d  f i s s i o n  p roduc t  p o i  sons) by 

t h e  number o f  megawatt-days o f  co re  l i f e  beyond 100 Mid.  
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The parameters o f  i n t e r e s t  f o r  t h e  f o u r  cores a re  surr~marized 

i n  Table X .  The Phoenix co re  and t h e  20% e n r i c h e d  co re  were q u i t e  

s i m i l a r  i n  most r e s p e c t s .  Both cores produced a d d i t i o n a l  f i s s i o n a b l e  

m a t e r i a l  d u r i n g  t h e  burnup which reduced t h e  r e a c t i v i t y  l o s s  r a t e s  

s i g n i f i c a n t l y  below t h e  l o s s  r a t e s  observed i n  t h e  f u l l y  e n r i c h e d  co res .  

An i m p o r t a n t  parameter i n  a  t e s t  r e a c t o r  l i k e  ?lTR i s  t h e  r a t i o  of t h e  

peak thermal  neu t ron  f l u x  i n  t h e  r e f l e c t o r  t o  t h e  r e a c t o r  power l e v e l .  

Th is  q u a n t i t y  was measured i n  t h e  t h r e e  e a r l i e r  cores b u t  o n l y  c a l c u l a t e d  

f o r  t h e  Phoenix c o r e .  As shown i n  Tab le  X,  t h e  p lu ton ium- fue led  cores 

produce a  s i g n i f i c a n t l y  h i g h e r  thermal  f l u x  i n  t h e  r e f l e c t o r  pe r  w a t t  o f  

r e a c t o r  power. 

2. C a l c u l a t e d  R e a c t i v i t y  Loss Rates 

As ment ioned p r e v i o u s l y ,  t h e  p r i n c i p a l  c a l c u l a t i o n s  made f o r  com- 

p a r i s o n  w i t h  t h e  MTR-Phoenix exper iment  were done u s i n g  t h e  ZODIAC-G system. 

The s i g n i f i c a n t  d i f f e r e n c e s  known t o  e x i s t  between t h e  asympto t i c  o r  

i n t e r i o r  r e g i o n  of t h e  c o r e  and t h e  c o r e - r e f l e c t o r  i n t e r f a c e  r e g i o n  were 

neg lec ted  i n  these c a l c u l a t i o n s .  The e n t i r e  c o r e  volume was t r e a t e d  as 

if i t  were a l l  i n  t h e  a s y m p t o t i c  r e g i o n .  

The v a r i a t i o n  o f  keffective w i t h  burnup i s  shown i n  F i g u r e  13 f o r  

t h e  a d j u s t e d  ZODIAC-G c a l c u l a t i o n  and f o r  t h e  exper imen ta l  r e s u l t .  The 

ZODIAC-G c a l c u l a t i o n  was norma l i zed  t o  t h e  e x p e r i m e n t a l l y  determined 

c lean,  i n i t i a l  v a l u e  o f  1.104. The power d e n s i t y  i n  t h e  c a l c u l a t i o n  

was assumed c o n s t a n t ,  w i t h  a  t o t a l  power of 24 F4W. I n  a c t u a l  p r a c t i c e ,  
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FIGllRE 13. V a r i a t i o n  of MTR-Phoenix Core R e a c t i v i t y ,  
Measured and Calculated. 



t h e  r e a c t o r  was opera ted  a t  power l e v e l s  o f  12.5, 18.5 and 21 MW p r i o r  

t o  r e a c h i n g  24 MW as shown i n  F i g u r e  4, so t h e r e  i s  some q u e s t i o n  abou t  

t h e  e q u i l i b r i u m  s t a t u s  o f  t h e  s a t u r a t i n g  f i s s i o n  p r o d u c t s  u n t i l  w e l l  

a f t e r  r e a c h i n g  24 MW. The o n l y  p o r t i o n  o f  t h e  c o r e  burnup t h a t  was i n  

reasonab le  e q u i l i b r i u m  s t a t u s  was between abou t  350 and 650 i,lWd. Sub- 

sequent o p e r a t i o n s  were a t  12 YW and f o r  s h o r t  p e r i o d s  o f  t i m e ,  making 

i t  u n l i k e l y  t h a t  any o f  t h e  l a t e r  measurements o f  keffective a r e  

c h a r a c t e r i s t i c  o f  an e q u i l i b r i u m  c o n d i t i o n .  Another  c o m p l i c a t i n g  

f a c t o r  was i n t r o d u c e d  as t h e  sh im r o d s  were w i thd rawn  d u r i n g  burnup,  

t h u s  a l l o w i n g  t h e  c o r e  power t o  be produced i n  a  l a r g e r  volume o f  t h e  

c o r e  and r e d u c i n g  t h e  average power d e n s i t y  t h r o u g h o u t  t h e  c o r e .  There 

f o r e ,  i t  i s  d i f f i c u l t  t o  make any c l e a r c u t  compar isons between t h e  

c a l c u l a t i o n  and t h e  exper imen t .  It i s ,  however, i n t e r e s t i n g  t o  compare 

t h e  s l o p e s  o f  t h e  burnup cu rves  i n  t h e  350-650 MWd range.  The e x p e r i -  

menta l  c u r v e  y i e l d s  a  s l o p e  o f  -0.069 m i l l  i -k/ l lWd w h i l e  t h e  ZODIAC-G 

c a l c u l a t i o n  y i e l d s  -0.050 m i l l i - k /MWd,  a  d i s c r e p a n c y  o f  abou t  28%. 



It i s  n o t  obvious from the  data o r  the  c a l c u l a t i o n s  j u s t  where the  

main problem l i e s .  I n  a l l  p r o b a b i l i t y ,  t he  d iscrepancies a re  the  

accumulat ive r e s u l t  o f  a  number o f  d i f f i c u l t i e s .  The measured i s o t o p i c  

data demonstrated the  s i g n i f i c a n t  d i f f e r e n c e s  produced by i n t e r a c t i o n s  

w i t h  the  r e f l e c t o r  a t  the core boundary. Since the  burnup c a l c u l a t i o n  

u t i l i z e d  asyrr~ptot ic  core cond i t i ons  throughout,  t h i s  simp1 i f i c a t i o n  i s  

an obvious suspect. The f i s s i o n  product  poison model neglected lo5Rh 

i n  t he  t reatment  o f  s a t u r a t i n g  poisons. Depending upon the  thermal 

f l u x  l e v e l  i n  t he  core, lo5Rh can be a  s i g n i f i c a n t  neutron absorber i n  

p lutonium-fueled cores. The burnup c a l c u l a t i o n  was performed i n  one- 

dimension, r a t h e r  than i n  the  very  complex x,y,z geometry o f  the  ac tua l  

core. Th is  a d d i t i o n a l  s i m p l i f i c a t i o n  i s  another l i k e l y  source o f  

d iscrepancies.  

Despi te  t he  d i f f e rences  between experiment and ana lys is ,  the MTR- 

Phoenix f u e l  program has produced severa l  va luab le  r e s u l t s .  

The basic  premise o f  the  Phoenix concept, t h a t  2 4 0 ~ u  cou ld  

be u t i l i z e d  as a  c o n v e r t i b l e  poison t o  ob ta in  longer  

r e a c t i v i t y  l i f e t i m e s  w i thou t  i nc reas ing  i n i t i a l  r e a c t i v i t y ,  

was demonstrated. 

0 A s i g n i f i c a n t  body o f  data was created which r e l a t e s  the  

v a r i a t i o n  o f  p lu tonium i s o t o p i c  composit ions w i t h  burnup, 

i n  d i f f e r e n t  neutron energy spectra.  

These data p rov ide  an important  and unique base aga ins t  which f u r t h e r  

m o d i f i c a t i o n s  and improvements i n  c a l c u l a t i o n a l  models and methods can 

be tes ted .  



REFERENCES 

1. E.  C.  Davis,  J r . ,  R .  I. Smith, and L. D. W i l l i ams,  C r i t i c a l  Expe r i -  
ments i n  an MTR Mockup Using Phoenix Fue l ,  BNWL-1481, B a t t e l l e  
Memorial I n s t i t u t e .  P a c i f i c  Nor thwest  Labo ra to r i es .  R ich land.  
Washington, June 1970. 

2. D.  G.  A l be r t son  and G. J. Busselman, "Ana l ys i s  and Measurement o f  
Pu A l -Po l ye thy l ene  Systems i n  t h e  PCTR," Trans. Am. i4uc. Soc., - 8, 
448 (1965).  

3. W. P. S t i nson  and C.  M. Heeb, "App roach - t o -C r i t i ca l  Exper iments 
w i t h  Phoenix Fuel  ," Trans. Am. Nuc. Soc., .- 10, 187 (1967).  

4. C .  M. Heeb, Ana l ys i s  o f  t he  Phoenix Fuel  Experiments, BNWL-1514, 
B a t t e l l e  Memorial I n s t i t u t e ,  P a c i f i c  Northwest Labo ra to r i es ,  
R ich land,  Washington, October 1970. 

5. J .  W. Kutcher and E. C .  Davis.  The MTR-Phoenix Fuel E x ~ e r i m e n t :  
C r i t i c a l  Tes t  and Burnup ~ e s u i  t s ,  BNWL-1593, B a t t e l  l e  ~ e m o r i a l  
I n s t i t u t e ,  P a c i f i c  Northwest Labo ra to r i es ,  R ich land,  Washinqton, 

6. R. J .  IVertney e t  a l ,  Fundamentals i n  t h e  Opera t ion  o f  Nuc lear  Tes t  
Reactors,  Volume 2, M a t e r i a l s  Tes t i ng  Reactor Design and Operat ion,  
IDO-16871-2, Phi  11 i p s  Petroleum Company (1963). 

7. R .  S. Marsden, R .  L .  C u r t i s ,  and D.  W. Kn ight ,  Sa fe t y  A n a l y s i s  
Repor t  f o r  t h e  MTR Phoenix Fuel  Experiments, TN-1209, Idaho Nuclear  
Co rpo ra t i on  (1 969). 

8. D.  R .  Skeen and L. J. Page, THERMOS/BATTELLE: The B a t t e l l e  Vers ion  
o f  t h e  THERMOS Code, BNWL-516, P a c i f i c  Northwest L a b o r a t o r i e s  (1 967).  

9 .  D. D. Matsumoto and R .  H. Holeman, "ZODIAC G," P lu ton ium U t i l i z a t i o n  
Program Technica l  A c t i v i t i e s  Q u a r t e r l y  Report ,  December 1967, January,  
February,  1968, BNWL-739, P a c i f i c  Nor thwest  Labo ra to r i es  (1968).  

10. J. L. Ca r t e r ,  J r . ,  HRG-3: A Code f o r  C a l c u l a t i n g  t h e  S lowing Down 
S ~ e c t r u m  i n  t h e  PI o r  B1 A ~ ~ r o x i m a t i o n .  BNW1-1432. P a c i f i c  Nor thwest  
L a b o r a t o r i e s  (1  970).  

11. J .  R .  L i l l e y ,  C o m p ~ ~ t e r  Code HFN-Mult igroup, M u l t i r e q i o n  Neutron 
D i f f u s i o n  Theory i n  One Spece Dimension, HW-71545, Hanford L a b o r a t o r i e s  
(1 961 ) . 

12. B. H. Duane, "Time V a r i a n t  I s o t o p i c  Transmutat ion GE-HL Program ALCHEMY," 
Phys ics  Research Q u a r t e r l y  ~ e ~ o r t ,  October, November, ~ecember ,  1963, 
HW-80020, Hanford Labo ra to r i es  (1964).  



REFERENCES (Cont inued) 

13. E. A. Nephew, ThermalandResonance A b s o r ~ t i o n  Cross Sect ions of 
t he  u ~ ~ ~ ;  U235, and pu2" F i s s i o n  ~roduct; ,  ORNL-2869, Oak Ridge 
Na t i ona l  Laboratory ,  (1960). 

14. R. P. Matsen, "A Technique f o r  t he  Dete rmina t ion  o f  Ra t i os  o f  
E f f e c t i v e  Cross Sect ions f rom Reactor Fuel Burnup Data," Nucl. 
Sc i .  & Eng., 32, 267 (1968). 

15. R. P. Matsen, 
Burnup Data, 



APPENDIX A 

ANALYT ICAL  RESULTS FROM PHOENIX FUEL WAND SAMPLES 



Lab. No. W1127 Lab. No. W1128 Lab. No. W1129 
Cus. No. Wand #8, Sample #4. Cus. No. Wand #8, Sample #5. Cus . No. Wand #8 ,  Sample #6,  
Date 2-22-71 Date 2-22-71 Date 2-22-71 
Hour 1800 Hour 1830 Hour 1 850 

Gamma Energy Analys is  Gamma Energy Ana 1 y s  i s Gamma Energy Analysi s 

Lab. No. W1130 Lab. No. W1131 Lab. No. W1132 
Cus. No. Wand #12, Sample #1 . Cus . No. Wand #12, Sample #2. Cus . No. Wand #12, Sample #3 ,  
Date 2-22-71 Date 22-22-71 Date 2-22-71 
Hour 1950 Hour 201 0 Hour 2040 

Gamma Energy Anal y s i  s Gama Energy Analysi  s Gamma Energy Analysi s 

Re la t i ve  1 uva lue  based on t h e o r e t i c a l  count ing  s t a t i s t i c s  only. - 
Base 10  exponent .  i . e .  f o r  Nb 95: 1.5299 x l o8  (t .72% 1 u)  dpm/ml - 

Note: The 1 3 7 ~ s  v a l u e s ,  ob t a ined  by d i r e c t  (w i thou t  chemical s e p a r a t i o n )  gamma s p e c t r o m e t r i c  a n a l y s i s  
(GSA) us ing  a high r e s o l u t i o n  Ge(Li) d e t e c t o r  may be conver ted  from t h e  dpm/ml va lues  a iven  on 
t h e  t e l e t y p e  o u t p u t  s h e e t s  t o  comparable atomslma va lues  by mu1 t i p l y i n g  by 2.3 x 1 0 l 0 .  The 
GSA va lues  a r e  i n h e r e n t l y  l e s s  r e l i a b l e  than  t h e  va lues  from t h e  s t a n d a r d  method. 



ANALYTICAL RESULTS ON PHOENIX FUEL WAND SAMPLES 

Wand Number: 12-SA1 12-SA2 12-SA3 8-SA4 8-SA5 _8-SA6 1 -SA7 , 

Lab. Number W1130 W1131 W1132 W1127 W1128 W1129 W1126 

Gross Sample Weight") L I / l l t e r  7.882 8.274 7.388 7.682 7.186 8.144 7.088 

Olmenslons: 

PU Sample vo l  (') 
Pu Spike Yo1 . (') 

239/242 (Pu Sample + ~ p l k e ) ' ~ )  0.7189 (22) 0.6738 (30) 0.5444 (16) 0.6335 (19) 0.4893 (15) 0.5306 (16) - 

~d Sample v o l  (2)  1.99958 1.4991 1 0.99814 1.49911 0.99814 0.79966 
Nd Spl ke Yo1 . 

- 
0.39969 0.39969 0.39969 0.39969 0.39969 0.39969 - 

150/142 (Nd Same1 e) 43.23 (20) 72.92 (40) 83.89 (40) 64.35 (30) 81.15 (40) 82.34 (40) - 
150/148 " 0.5889 (20) 0.5762 (20) 0.5720 (20) 0.5850 (20) 0.5761 (20) 0.5768 (20) - 

142/150 (Nd Sam~ le  t ~ p ; k e ) ( ~ )  0.00863 ( 5)  0.00818 ( 4)  0.00800 ( 4)  0.00840 ( 4) 0.00806 ( 5) 0.00799 ( 4 )  - 
148/150 " 0.1357 ( 4) 0.1906 ( 6)  0.1586 ( 5) 0.1598 ( 5) 0.1752 ( 5) 0.1825 ( 6)  - 

Not Not 47.3 
Analyzed Analyzed 0.35 

6.9 
45.45 

Not Not 45.9 
Analyzed Analyzed 0.58 

8.5 
45.02 

Note: 

(1 )  Based on gross welght  o f  PuAl a l l o y  core p lus 40 m i l  t h l c k  alumlnup c laddlng dissolved and d l l u t e d  t o  50 m l l l l l i t e r s .  Actual 
weights o f  sample sect lons analyzed were .05 times the g / l  values. 

(2 )  Sample and spike volumes a re  i n  m l l l l l l t e r s .  

(3 )  Numhers I n  parenthesis  fo l l ow lng  r a t i o s  a re  estlmated standard deviat ions and should be read as fo l l ows :  0.01452 (50) = 0.01452 t 0.00050. 

(4) P u ~ ' + ~  Spike (10-8) Volume i n  ml, Ca l i b :  4.9805 x 1016 atoms 242Pu/ml, Rat io :  239/242 = .000103 

(5 )  NdlS0 Spike ( ID-14) ,  Ca l l b :  7.84 x 1015 atoms lSoNd/ml, I so top l c  Ratios: 

I nsu f f i c ten t  
Ceslum 
t o  analyze 

(6) Our standard method o f  ana lys i s  f o r  Cs-137 for  burnup determlnatlons was used. (Cesium separat lon by te t raphenyl  borate so l ven t  
e x t r a c t l o n  fol lowed by d i r e c t  gama spectrometric--NaI ( T l )  scintillation w e l l  crysta l - -compar ison t o  the Nuclear Chicago/ASTM 
cesium-137 standard c a l i b r a t e d  by mass spectrometry i n  terms o f  atoms of Cs13'.) 30.12 years was the  ha l f  l l f e  value used t o  
co r rec t  f o r  rad ioac t i ve  decay o f  t he  Cs-137 standard s ince 8/8/62. Date counted: 2/22/71. 

(7)  Cesium i so top i cs  measured on 3/15/71 and 3/12/71 for  samples W1132 and W1129, respec t i ve l y .  



APPENDIX  B 

A N A L Y T I C A L  RESULTS FROM PHOENIX  F U E L  P L A T E  SAMPLES 



A N A L Y T I C A L  RESULTS ON PHOENIX FUEL PLATE SAMPLES 

P l a t e  Number: 22-8 #1 3-8 #2 

Lab. Number: W1429 W1430 

Gross Sample Weight (1  0.7628 g/100 r n ~  0.9572 g1100 me 

Dimensions: 0 . 4 2 7 " ' ~ )  x 0.473" 0 . 4 9 2 " ' ~ )  x 0.506" 

Pu Sample Vol . ( 3 )  
Pu Spike Vol . ( 3 )  

2381239 (Pu Sample) 
2401239 " ,I 

2411239 " I 1  

2421239 " I I 

239/242 (Pu Sample t 0.6764 (20) 0.4267 (10) 

Nd Sample Vol . ( 3 )  
Nd Spike Vol . (3  

1501142 (Nd Sample) 
1501148 " I 1  

1421150 (l id Sample + Spike) ( 6 )  
I 1  I 1  I 1  

0.00744 (10) 0.00765 (10) 
1481150 " 0.1082 ( 5 )  0.0728 ( 4 )  

1 37Cs (atomslme) (7  2.43 x 1016 (on 4/30/71) 3.00 x 1016 (on 4/30/71) 

li3Cs W t %  ( c S ) ( ~ )  
1 3 4 ~ ~  11 

1 3 5 C s  " I I 

1 3 7 ~ ~  " II 

NOTE : 

( ' ) ~ r o s s  sample weight  o f  40 m i l  t h i c k  Pu-A1 "meat" p lus  20 m i l  A1 c ladd ing  on each s ide  
d i sso l ved  and made up t o  100 me t o t a l  volumes. Surface contaminat ion was removed 
as e f f e c t i v e l y  as poss ib le  by w ip ing  the  surfaces o f  the  pieces w i t h  c o t t o n  swabs 
moistened w i t h  ethanol  be fore  weighing and d i s s o l u t i o n .  

(2)F30th p la tes  had a saw "bu r r "  i n  t he  same p o s i t i o n .  Th is  measurement i s  an average. 

(3)Sample and Spike Volumes a r e  i n  m i l  1 il i t e r s .  

(4 )~umbers  i n  parenthes is  f o l l o w i n g  r a t i o s  are  est imated standard dev ia t i ons  and should 
be read as fo l l ows :  0.01452 (50) = 0.01425 + 0.00050. 

( 5 ) ~ u 2 4 2  spike (10-8) Volume i n  me. Ca l ib .  4.9805 x 1016 atoms 242Pu/me 

Rat io :  2391242 = 0.000103 



( 6 ) ~ d 1 5 0  Spike (10-14). Ca l i b .  7.84 x 1015 atoms 150Nd/m~ 

Rat ios :  1421150 = 0.008056 148/150 = 0.008679 . 
( 7 ) ~ h e  1 3 7 C ~  values f rom d i r e c t  gamma spect romet r ic  a n a l y s i s  (GSA) may be converted 

f rom dpmlmk values g iven on t he  t e l e t y p e  ou tpu t  t o  comparable atoms/mL values by 
m u l t i p l y i n g  by 2.3 x l o 7 .  The GSA r e s u l t s  a r e  i n h e r e n t l y  l e s s  r e l i a b l e  than 
these ob ta ined f rom our  standard "burnup" method. 

( 8 ) ~ o m e  problems were encountered w i t h  g e t t i n g  the  o r i g i n a l  a l i g u o t s  taken f o r  Cs 
t o  " run"  on t he  mass spectrometer. An undetermined f r a c t i o n  o f  t h e  133Cs observed 
cou ld  be f rom n a t u r a l  contaminat ion  r a t h e r  than f i s s i o n  product  o r i g i n .  The 
absence o f  a "b lank"  sample f o r  comparison precludes accura te  es t ima t i on  o f  t he  
amount o f  n a t u r a l  Cs contaminat ion.  

LAB.NO. W1430 
CUS.No. 3-8 
DATE 5/6/71 
HOUR 1358 

GAMMA ENERGY ANALYSIS 

LAB.NO. W1429 
CUS.NO. 22-8 
DATE 5/6/71 
I-IOUR 1325 

GAMMA ENERGY ANALYSIS 

(DI S/MIN) /ML 
(D I S/M IN) /ML 
(DIS/MIN) /ML 
(D IS/MIN) /ML 
(DIS/MIN) /ML 
(DIS/MIN) /ML 
(DIS/MIN) /ML 
(D I S/M IN) /ML 

R e l a t i v e  1 a va lue  based on t h e o r e t i c a l  
count ing  s t a t i s t i c s  only 

Base 10 exponent, i .e . ,  f o r  Nb-95: 
9 2.9689 x 10 (c2.8% l o )  dpm/~L  



LAB.  NO.  W 1 6 8 0  
C U S .  NO. 3 - 8  # 4  
DATE 6 - 2 2 - 7 1  
HOUR 1 3 4 5  

GAMMA ENERGY A N A L Y S E S  

L A B . N O .  W 1 6 7 9  
C U S . N O .  2 2 - 8  # 3  
DATE 6 - 2 2 - 7 1  
HOUR 1 3  2  0 

GAMMA ENERGY A N A L Y S I S  

I [- 
R e l a t i v e  l a  v a l u e  based on t h e o r e t i c a l  
c o u n t i n g  s t a t i s t i c s  o n l y  

L__-- Base 10 exponent, i .e. , f o r  Nb-95: 
7.4901 x 109 (21.5% l a )  dpm/ma 
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