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OUTLINE OF PROGRAM AND- PREPARATION OF SPECIMENS 
. a  - 
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The group of papers under t h i s  i tem covers measurements 
. which have- been made.on m a t e r i a l  from NRX rod No. 683, one of ' 

t h e  rods o r i g i n a l l y  i n s t a l l e d  i n  the  r eac to r , .  By September 
1951 &t had.generated s l i g h t l y  more than 100 MWD'energy, 
correbponding t o  a s p e c i f i c  output  from t h e  c e n t r a l  reg ion  of 

- and held'  'in s t o r a g e l a s  the p r i n c i p a l  itern.in'%n'investigation 
of long i r r a d i a t i o n .  
from the s a m e - s p e c h e n - t h e  var ious  r e s u l t s  of i r r a d i a t i o n  such 

. as  t h e ' d i s t r i b u t i o n  of plutonium i so topes  i n  t he  rod, dep le t ion  
of U-235; measurement of the changes i n  r e a c t i v i t y  of m a t e r i a l  
from s e v e r a l  i r r a d i a t i o n ,  l eve l s ,  and m e t a l l u r g i c a l  e f f e c t s .  
The present  -paper desc r ibes  the, genera l  pr-eparation for t h e  

ments . .  Chalk River r e p o r t s  on t h i s  work are l i s t e d  as . 

about 3 1 0 0 ~ ~ D / T o n n e .  It was then removed from t h e  r e a c t o r  . - _  
/ The i n t e n t i o n  was t o  study'  w i th  ma te r i9 l  . 

' work. Other papers wi1f ;descr ibe  the  de ta i l s  of t h e  measure- ' 

r e fe rences  1, 2, 3, 4, and 5. -_  

L A j o i n t  program was arranged'  wi th  USAEC, and t h e  r e a c t i v i t y  
t e s t s  have been made i n  CP-2.at Argonne' National Laboratory.  

Hi-story of 'Rod-683. a -. 

- Similar *tes t s  w i l l - b e  made.?? o t h e r  facilities. . 
- -  - -  

The i r r a d i a t i o n  h i s  

(i) Or ig ina l ly  i n s  led i n  r e a c t o r  at, p o s i t i o n  F-26, 

of t h i s  r o d  i-s 'as fol lows:  

105.3 cm. from cen t r e .  

18 th  January 1951;' t r a n s f e r r e d  t o  p o s i t i o n  D-12, 

24th"September 71g5$3 t r a n s f e r r e d  tc p o s i t i o n  3-16, - . 
45.8 cm. f,rom c e n t r e o  f o r  r e a c t i v i t y  t e s t s  a t  zero"-  , 

power. i -  

I -  

(ii) 

(ili) 

" 79.3 cm. from cen t r e .  
I t  I .  
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Energy output  = 6g.O FG26 p l u s  32.8 MWD 
? 

! ., i 
o t a l .  

%,ai3 t h e  product cf the  
ss igned t o  t h e  rod 

, ,  

rs 

i n t e g r a t e d  power and an  output  f ra  

measured when t h e  r e a c t o r  was f i r s  n t o  ope ra t ion  0 

accoun't i s  taken of f i n e  s t r u c t u r e '  due t o  non-uniformitie 
a s  shutof f  r c d  -posit ions e t c .  S inee ,va lues  of nv t  from 
t o t a l  energy output  may have 1 a r g e . e r r o r s  i t  13 l i k e l y  thak  t h e  
va lues  of nv t  used f i n a l l y  w i l l  be 'based  on' measurements o'f F '  

pos i t i on .  ' The o u t p u t  f r a c t i o n  i s  on a f l u x  d i s t r i b u t i o n ,  c 

' dep le t ion  o r  o t h e r  nuc lea r  q u a n t i t i e s ,  t 

r e a c t  iviIty mea suremen 
d i s c s  from which 
over  t h e  rod may 
were f i r s t  remov 
shown i n  F igure  
d e t e m i n a t i o n  of 
a f t e r  remov 

Measurements e 

Before t h e  r q d  was cut, i t s  f en  meamred and t h e  
' outs lde 'd ia rne ter  of t h  every f o u r  ihehes  

along t h e  length .  Th - . ~ 5 / 6 b  inches an,d .had 
become s l i g h t l y  b a r r e l  Lik'incre=e of 0.06 
inch  on t h e  diameter a t  about 44 inches  from t h e  lower end. 

. ,  

- .  - , ,. ..., * .  . , .. ;. . ,  I . 

The v a r i a t i o n  of g a q a  r a y  irit 
measured wi th  a s p e c i a l l y  cons t rub t  

.. 
I 

Figure  5.3.3.  * < <  

After  c u t t i n g ,  t h e  seven s l u g s  f 
1/8 inch d i sc ,  and two r :  3-inch piece 

The bars s o r  $he * - ~  s tud  
mounted i n  a la at '  thlh layers 
p rov ide 'ma te r l a l  f r  c u r a t e l y  known 
The t u r n i n g s  from' chosen d e p t h s '  were d i s so lved  and separated i n t o  

I P to ANL. I .  - .  

4 
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F I G U R E  5.3;2 Y 

DIAMETML S A R  CUT FROM 
URANIUM C R O S S - S Z C T I O N A L  D I S C  

1 

t h e i r  components. These' were analysed i n  var ious  ways 
inc luding  Eamma r a y  counting of f i s s i o n  products,  a lpha  
counting, and mass spectrometry.  'Two of the  d i s c s  have 
been d isso lved  and s i m i l a r l y  analysed t o  give averages a c r o s s  
t h e  rod  sec t ions .  In  a d d i t i o n  t h e  dep le t ion  of U-235 has 
been determined by both mass 'spectrometry and c6untin.q 
techniques.  T h i s  work and the  r e s u l t s  w i l l  be descr ibed 
i n  the  paper by A .  H .  Booth and M. Lounsbury. 

Some of t he  segments were s e n t  t o  Harwell and. dens i ty  
.determinat ions have been made there .  on t h e  ma te r i a l  as  
received and a l s o  a f t e r  sus ta ined  hea t ing  a t  var ious  tempera- 
t u r e s .  Although*there  were some dens i ty  d i f f e r e n c e s  ' in, , the ' 

m a t e r i a l  a s  received these' '  a r e  no t  - c o r r e l a t e d  w i t h  i r r a d i a t i  
Heating small  p ieces  from segmept K r e s u l t e d  +n dens i ty  
decreases  of 276 a f t e r  two d a y s  a t  5 7 5 O C  and 3 p  to  5$ ' a f t e r  
a week a t  8 0 0 O C .  

- 

- >  
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As. a r e s u l t - o f  a l l  these measurement. 
information has been obtained.  From the 
co-mposition (Pu i s o t o p e s  e tc . )  i t  should b 

f e c t i v e  c ros s - sec t ions .  Prel iminary a n k i y s i s  has. 
G. C-. Hanna who w i l l  d i s c u s s  t h i s  , i n  h i s , p a p e r .  
problem'of s e l f - s h i e l d i n g  and f l u x ' a t t e n u a t i o n  i n  ' 

the  complex composition 'of t he  :long i r radiated 
mater ia l - i s  b e i n g , t a k e n  up by the  Theore t i ca l  Phys ics  Brand 
It i s  expected tha t - comple t e  a n a l y s i s  of the measurements w i l l ,  
r e q u i r e  t h e  s o l u t i o n  of t h i s  :problem. 

q.. 

Y 
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NRX Rod 583: P a r t  I1 , ,  

RADIAL 'DISTRIBUTION OF CESIUM AND PLUTONIUM ISOTOPES 

bY 
A .  H. Booth and M, Lounsbury 

. i  '. . 

' Q  

INTRODUCTION ' 

The d i s t r i b u t i o n  ol",plutonium i so topes  and 0. 3-137 
(chosen 'as a measure of f i s s i o n  product concent ra t ion)  has been 
i n v e s t i g a t e d  as  a func t ion  of t he  r a d i a l  depth i n t o  t h e  
uranium from the  sur face  of NpX Rod 683. Ana ly t i ca l  data, 
obtained by radiochemical and mass spectrometr ic  methods, a r e  
given f o r  Sec t ions  F, G, .K, M, 0, P and Q. D e t a i l s  of t h e  
l o c a t i o n  of t hese  sec t ions ,  and of t he  l o n g i t u d i n a l  v a r i a t i o n  
of t he  i r r a d i a t i o n  a t  these  l o c a t i o n s  are given i n  P a r t  I ,  
along wi th  d e t a i l s  of t h e  c u t t i n g  of t h e  rod t o  provide the  
d i s c s  and ba r s  required f o r  t h i s  work, Some of t he  data t o  
be presented have been repor ted  e a r l i e r  (1,2). 

EXPERIMENTAL - 
A: Prepara t ion  of Samples 

groove In a plast ic  d i s c  in such a way t ha t  i t  w a s  In the  'same 
r e l a t i v e  p o s i t i o n  as it had been i n  the  o r i g i n a l  uranium d i s c .  
It was then f ixed  i n  p o s i t i o n  witn "Ara ld i t e "  cement. Exact 
pos i t i on ing  of t h e  bar was important i n  o r d e r  t h a t  the t o o l  
should c u t  t o  a uniform depth a c r o s s  t h e  face. The p o s i t i o n  
of the groove i n  the  d i s c  'was determined i n  the f i rs t  ins tance  
by measu rhg  t h e  segments of t h e  sawn d i sc .  
saw c u t s  were of uniform width, the requi red  p o s i t i o n  of t he  bar 
could be c a l c u l a t e d ,  'Sometimes a small adjustment of t h e  b a r  
had t o  be made by eyep $olbr ing  i t s  su r face  a r c  i n t o  t h e  circum- 
f e rence .o f  t h e  p las t ic  d i s c .  For t h i s ,  a c i r c u l a r  p l a s t i c  
gauge of the same r a d i u s  .was held t o  the  sur face .  
check on :the pos i t i on ing  was whether or n o t  t h e  f i rs t  0.002'' 
c u t  of the t o o l  exposed a , b r i g h t  metal su r face  completely a c r o s s  
the  f a c e  of t h e  bar .  I 

- 
The bar was precared f o r  machining by p lac ing  it i n  a 

Assuming that  the  

The f i n a l  
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. .  
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. .  

The la the  was set  up i n  a sh i e lde  ch and operated 
by remote con t ro l .  The tool. was broug 
uranium sur face ,  then advanced i n  .0.002 
l a r g e r  steps.  A - l uc i tg  boxj i n t o  whic 
surrounded the t o o l  and the specimen. stream of carbon 
t e t r a c h l o r i d e  was d i r e c t e d  onto the  work during the  machining 
ope re t ion  a n d - t h e  l u c i t e  box was f i l l e d  n t o  prevent 
t he  uranium tu rn ings  from i g n i t i n g .  I 
fused i n t o  t h e  l u c i t e  and were d i f f i c u l  
the c u t ,  t h e  tu rn ings  were f lushed  by a of carbon 

s t  corner  of 
tubes  were set  

t e t r a c h l o r i d e  i n t o  a funnel  lead ing  from 
t h e  box, ,and thence i n t o  the sample tub 
i n  a c i r c u l a r  rack which was r o t a t e d  by ou t s ide  the  . 
t rench .  The carbon t e t r a c h l o r i d e  was d ou t  of t h e  
tubes  and t h e  tu rn ings  removed %'for - ana l  

t o  dontac t  with t h e -  

In , . the  -case of Sec 
on t h e  l a t h e ,  bu t  r a t h e r  
plutonium, cesium and uranium determi 
a l i q u o t s  from ; thJs  s 'olution. 
s u f f i c i e n t l y  1a"rge samples were obtained 
radiochemi.ca1 determlnat idn sf p l q t o n i  .. I b x  

spectrsphotometricalEy e -. 

€3: - Separakion Methods 

The plutonium was sepa r  
descr ibed  by Al l i son  and H & r t  
d i sso lved  i n  10 N HN03 and t h e  

exchang"e column. The column w 

The e f f l u e n t  was c o l l e c t e d  in 
washing continued u n t i l  t he  s q l u t i o n  was ttp t o  t h e  mark, 

of the 
americ _curium and c-esium+ passed throii 

hydrbxylamine h i t r a t e  soluti&neb ' Abota 
HN03 was put  i n '  a 25 ml, volumetric f l  

run " in to  it, wi th  oceaaional  g e n t l e  s w i 6 1 i  
The hydroxylamine decomposed r ap id ly  i n  %h 

volume of gas, When t t i o n  was m e  
below t h e  mar-k, t h e  P l a s  s e t  &sade an 
i n f r a r e d  lamp u n t i l  t h e  g e n t l e  bubbling had stopped. It was 
then  taken up t o  the mark wi th  d i s t i l l e d  water, 

For t 

_ .  .. I 

Y 

I n  .preliminary t e s t s  it was v e r i f i e d  that more than 99.5% 
oniuni was r e t a i n e d  on. the  column, while t h e  uranium, 

9 -  

e p l u t o h i m  w&s rerhb-%ed'*frdm t h e  

- L 

and the s w i r l i n g  preven ed  t h e  sudden evoP , I  

. 
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Ca Plutonitim Ccunting 

Plutonium was determined by alpha counting of t h e  e f f l u e n t  
s o l u t i o n  without fu r the r ,pu r i f i ca t Io -n . .  T r i p l i c a t e  samples were 
evaporated on s t a i n l e s s  s t e e l  planchets  and counted i n  a 50% 
geometry counter.. 
c a l i b r a t i o n  a g a i n s t  a well-defined low geometry counter.  
Because no apprec iab le  s o l i d  res idue  remained i n  s o l u t i o n  a f t e r  
t h e  decomposition of t he  hydroxylmine,  nc c o r r e c t i o n  f o r  s e l f -  
abso rp t ion  was appl ied .  . 

Th'e r e s u l t ,  g iv ing  t h e  t o t a l  a lpha counts/min, of t h e  
combined plutonium i so topes  was l a t e r  resolved i n t o  i s o t o p i c  
components by means of t he  a-pulse ana lyzer  and the mass spec t ro-  
meter, I n  the pulse  analyzer ,  the  r a t i o  of t h e  counts  under the 
5.48 Mev peak (PU-238) and the ,5*15 Mev peak (Pu-239 and Pu-240) 
was'determined, and from t h i s - t h e  percent  by a-counts of PU-238 
was ca l cu la t ed .  I so top ic  abundances of Pu-239, Pu-240, Pu-241 
and Pu-242 were determined mass spec t romet r ica l ly .  The PU-238 
f r a c t i o n  was no t  observed i n  the  mass spectrometer because of i t s  
low concent ra t ion .  

,The geome%ry f a c t o r  was determined by 

FOP t h e  mass spectrometer work it  was found necessary t o  
make a f u r t h e r  p u r i f i c a t i o n  of t he  plxtonium s c l u t i o n  t o  remove 
f i n a l  t r a c e s  of uranium as well as a1kal.i s b l t s ,  e tc . ,  accumulated 
from glassware and reagents.. The plutonitim s o l u t i o n  was evaporated 
t o  dryness,  taken up with a few drops of 90 N HN03, and c a r r i e d  
through a second c o l - i  process  using c a p i l l a r y  columns and very 
much smal le r  volumes of so lu t ion .  The f i m l  product was evaporated 
t o  dryness  i n  0.5 m l .  beakers, 

D: Uranium Determination 

I n , t h e  e a r l i e r  ana lyses  the e f f lue r , t  from the column was 
evaporated,  ignited a t  OoC-and weighed as  U3O8.. The 0.002'' 
sample c u t s  weighed abc 
to +O.O5 mg.,  so t ha t  the precision was about +0,5$. 
uraEium was set  a s i d e  f c r  possible .  f u t u r e  studTes, such as U-235 
burn-up, I n  l a t e r  analyses ,  the uranium was determined 
volumetr ica l ly  by t i t r a t i o n  with c e r i c  si l lphate,  . 

- E: Cesium Countinp; 

Before evaporat ing the uranium soluticrn, 0.1 m l ,  samples 
were removed f o r  t he  Cs-137 determinat ion,  The 0.1 ml. sample 
was d i l u t e d  up t o  5 m l .  and 0,2 ml, samples of t h e  d i l u t e d  ' 

s o l u t i o n  were put -on aluminum t r a y s  and counted by gamma s , c i n t i l l a -  
t i o n  i n  the pulse  ana lyze re  The counts under the  Cs-137 peak 
were t o t a l l e d ,  I n  o rde r  t o  c o r r e c t  f o r  o t h e r  f i s s i o n  product 
gammas which might con t r ibu te  t o  t h i s  t o t a l ,  a c o r r e c t i o n  f a c t o r ,  

- 1  
- 

15-20 m g b  and t h e  balance could be read 
The 

' .  
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assumed cons tan t ,  was e s t a b l i s h e d . f o r  two of 
T h i s  was .done by c a r e f u l l y  s e p a r a t i n g  cesium From t he  othe].? 
f i s s i o n  pcoducts by<"the s t  ndard cesium perchyorate  method 
and comparing t h e  ' count . w i '  a l i q u o t  of t h e  ' o r i g i n a l  
s o l u t i o n ,  which contained t unssparated form. The 

. va lues  found were 79.80% '. the '  f h c t o r  subsequent 
a p p l i e d  t o  al-1 th'e count L 

Conversion of t h e  cesium counts  t o  a o lu t eT ;d i s in t eEra t ions  
per  minute was made by comparison wit a s tandard ized  s o l u t i o n  

I -  

1 . .  e ,  $ .  

, ,  -' . . I  F: Mass Spectrometry of Plutonium '' + . r  - . I  . 
I. - - 

60°-def lec t ion j  8"Lradius mass s'peetrometer (5)*' w i t h :  
t l c a l .  r e so lu t ion - ,o f  +O,?$ A e M o U o  was' uked for t h i s  work. 

The thermionic  emis'sion ion" sour'ce n s 2 s t k d  of a tantalum 
f i l amen t  ( 0  e 001" x- o OgO" x o 250" ) 
t e r m i n a l s .  (Stupakoff No.. 9807) : T 
plutonium dissolved! i n  l o x  of,JiL'+N, EN03 w'ere d r i e d  on th'e f i l ament  
by pass ing  a c u r r e n t  of a b  1 amp, through i t . ' i n '  a i r .  I n  most 
cases the plutoniwn'sample t it wasLnecessapy 
t o  use  a l l ' o f  t h e  sample 1- hus the re  was no 
oppor tuni ty  t o  make dupl iq  

The lokded : f i lament  . on source and the 
mass spec t rometer  -tube eva PUO+ i ons  
were de tec t ed  -when : a ' c u r r e  ,,5 amps: D O C ,  was yassed 
through t h e  f i l a m e n t o 3 h  The ions  were a c c e l e r a t e d  t o  7 t o  10 
k i l o v o l t s  energy, co l l imated  i n  8 be8m;'and separa ted  accord ing '  
t o  mass i n  a magnetic f i e l d  of 9,000 t o  lP,O@O gauss ,  The mass 
spectrum was scanned magnet ical ly ,  and t h e  ion  curmmts  ampl i f ied  
by a Vib ra t ing  Reed Electrometer  (Ap;) l ied Physics Corporation, 
Model 3 0 )  wi th  a 2 . x  ohmL%riput r e s i s t o r ,  !The ou-t;put from 
t h e  ampl i f t e r  was' fed  through.'a c a l i b r a t e d  a t t e n u a t o r  sys t em t o  

I ,  

a Speedomax Recorder (Type G), . I .  

- A :  Counting R e s u l t s  

de te rmina t ions  by coun t ing  are-- given i n .  .Ta 
5.4.3 f o r  Sec t ions  H9 0 and Q 9  a-nd present  . g r a p h i c a l l y  i n . ,  
Figu-r'es 5 e 4 5 4 . 2  and 5 '.3" Resu l t s  f o r ,  S e c t i o n s  FNa 
and  P are  giv$n , in  T a b l e  5. i n  whi@h t h e  po 
f i t  a 'smooth "mean l i n e  r e c i s i o n  -of ' t he  
measurements may be  ab confirmed i n  t h  
cases where it was gos e de$epninations e 
The dbsoluee accuracy of t h e .  r e s  f f  i c u l t  t o  estimate 

;The r e s u l t s  of t he  Pu-238, Pu-239 p lus  Pu.240; and-Cs-137 
e s  5,4...1, 5.4.2 and 
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B: - Mass Spectrometer Resu l t s  

I .  

*r 
Y 

For each mass a n a l y , s i s ,  twenty to f i f t y  spectrograms 
were recorded,  .From t h e  measured h e i g h t s  of t h e  ion  c u r r e n t  
peaks, t h e  plutonium' isot 'opic abundances were c a l c u l a t e d .  A l l  
r e s u l t s  were co r rec t ed  f o r . t h e  decay or' Pu-241 back t o  t h e  end 
of t h e  i r r a d i a t i o n  per iod,  Sept ,  24, 19-51, us ing  t h e  va lue  of 
13.0 y e a r s  ' f o r  t h e  h a l f - l i f e  of Pu-24: determined by MacKenzie, 
Lounsbury and  Boyd ( 6 )  These r e s u l t s  a re  presented i n  
Tables 5.4.5, 5.4.6, 5.4.7 and 5.4.8. I n  each case,  t he  e r r o r  
quoted i s  t h e  mean d e v i a t i o n  from t h e  mean, The accuracy of t h e  
r e s u l t s  i s  about  +0.1$ f o r  239, +005$ f o r  240, +2$ f o r  241 a n d  - +l5$ f o r  242. Curves showing tfie i s o t o p i c  abuEdance of Pu-240 
and  Pu-241 a t  t h e  e n d  of t h e  i r r a d i a t i o n  period, as a f u n c t i o n  of 
r ad ia l  d e p t h ,  a r e  given i n  F igures  5:4,4 and-5.4.5.  The l a s t  
column of T a b l e s  5.4.5, 5.4.6, 5.4,7 and 5.4.8 g ives  t h e  s p e c i f i c  
a l p h a - a c t i v i t y  ( n o t  inc luding  Pu-238) of t he  plutonium samples, 
c a l c u l a t e d  from t h e  mass spec t romet r ic  r e s u l t s ,  I n  t h i s  
c a l c u l a t i o n ,  h a l f - l i v e s  of 24,360 years  ( 7 ) ,  6580 y e a r s  (8) and 
3.73 x 105 y e a r s  ( 9 )  were used f o r  Pd-239, Pu-240 and Pu-242 
r e s p e c t i v e l y  

C;: Plutonium Concentrat ions - .  

I n  Tables  5.4.9 and  5.4,10, t-he count ing .and  mass spec t ro -  
me t r i c  data have been combined t o  g ive  t h e  concent ra t ion ,  a t  t h e  
end of t h e  i r r a d i a t i o n  period, of esch of t h e  plutonium i s o t o p e s  
i n  m g ,  per  gm. of uranium f o r  t he  var ious  rad ia l  d e p t h s ,  

- D: Uranium 235 Burnup Determinafions 

I n  t h e  case  of Sec t ions  G and P, ( ad jacen t  t o  S e c t i o n s  
H and Q )  where the  whole d i s c  w8s disso lved ,  t he  dep le t ed  
uranium was mass analyzed f o r  U-235 burnup de termina t ion .  Using 
t h e  value of t he  U-235/U-238 abundance r a t i o  %hus obtained,  and 
t h e  value of t h e  same ratio for natural uranium reported 
previously (lo), and knoying t h e  burntlp of u-238, t h e  burnup of  
U-235 I n  Sec t ions  G and P w a s  determined,  The burnup of u-238 
i n  t h e s e  two s e c t i o n s  was determined fron t h e  P u p  r a t i o  obtained 
by alpha-count ing and mass a n a l y s i s  of t h e  plutonium, This 
c a l c u l a t i o n  n e g l e c t s  t h e  d e s t r u c t i c n  of u-238 by f i s s i o n ,  bu t  
t h i s  causes  a n e g l i g i h l e  e r r o r  i n  the percent  burnup of U-2350 
The experimental  r e s u l t s  a r e  given i n  Table  5.4.11, 

DISCUSSION 

It will be noted tha t  plutonium concen t r a t ions  i n  t h e  end 
of t h e  diameter  d e s i  na ted  as Radius B, of Sec t ions  H and Q, are 
considerably h igher  7 about 10s) than  those  a t  t h e  equ iva len t  
p o s i t i o n s  a t  t h e  o t h e r  end of t h e  bar9 designated as Radius A .  
T h i s  sugges ts  a n  asymmetrical f i u x  d i s t r i b u t i o n  around NRX Rod 683, 
w i t h  t h e  f l u x  being higher  on t h e  B s i d e  of t h e  rod than  on the  
A s i d e ,  
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. I  

3 . -  
$ - 1  

The asymmetrical f l u x  d i s t r i b u t i o n  has been f u r t h e r  
i n v e s t i g a t e d  by gamma ray,,,s,canning of Sec' t lon'  P, and S e c t i o n '  J. 
These -two d i s c s  were scanned. by 3raversJng '  them-'under'a 1/8" 
diame-der h y l e  in;" a ' l e  
r ay  beam. This. -cdnf 
s i d e  t o - t h e  rod., ' Th i c h  tk& d i f f e r e n c e  i s  
greatest  (a'bout 11%) ' t he  diameter 'along which 
the  analyze*d bars w e r e  c u t ,  and i 
di ' f ference .between t h e  two ends, A and Radius By of the 
diameter  a long  which t h e  bars w e  

Sec t ion  Q, Radius, B show anom61 
plutonium*and ceslum iconcentrat ion 
of raUial: d e p t h , '  

from the  above ana 

block 8nd coun th 'g  -the coll'imated gamma 
e d  t ha t  t he re  i's a 'high and a low a c t i v i t y  .. .. 

atme in ' -both di'scs. ' 'The + I  

t 

I .  :i.'s.about 8 t'o 9%. 
I 

- 

The aha&'ytical ' r e s u l t s  -Po ion  H, Radius B and ' 

a s h a r p  r i s e  and f a l l r o f  
e r  a rarige of about, 30 mi-1 

These anomalies are as . I :  y e t  unexplained, 
P 

Discussion o plutonium .i-sot'ijpic. os's,-skction c a l c u l a  
Xn'Part  I11 of t h i s  t i c a l  data are g i v  

, ? -  r e p o r t  e ;- -. 
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TABLE 5.4.1: Counting Resul t s  

Radial D i s t r i b u t i o n  of PU I so topes 'and  Cs-137, Rod 683 

Sect ion  H, Radius A 

Radial  Depth.  To ta l  PU pu -238 PU-238 pu-239 + 240 
u dpm/gm U $ of Tota l  u d p / g  U 

000 -002 
002-004 
004 -006 
006-008 
008-010 
010-012 
016-020 
020-022 
022-026 
030-032 
032-036 
040-043 
050-053 
060 -064 
090 -095 
140-145 
145-150 
305-310 
405-410 
480-485 

.020-024 
030-034 
040-044 
050'054 
060-064 
070-074 
080-084' 
090-094 

,200-205 
150-155. 

300 -305 

8 8 12x10 
' 6.29 
5.15 
5.04 
5.32 
4.93 
4,45 
4.75 
4.57 
4-70 I 

4 -34 
4.28 

3.68 
3.85 
3.22 
3.30 
2.98 

4.50 
4.31 

4.18 

Sect ion  'H, Radius B (oppos i te  end of diameter) 
8 4 . 69~10~ 9*44 4 . 4 3 ~ 1 0 ~  4 . 25x10 

,io 05 4,Oo 3.58 
4,15 3.98 4.63 10 . 30 4 077 
4.17 

4 e 7  4.11 
4.53 

4.64 10006 

10.39 5.25 
6,67 4.86 5.05 12~06 

11.71 5,22 3.94 4, 6 4.58 '10.42 4 4.10 
10 43 4.07 3049 3.48 10.75 3.74 3.11 3090 

4-66 4.59 * 110.41 

5 3 3  

dpm/sm u 
7.56~10 8 
5.80 
4.72 
4.61 
4.87 
4.51 
4.06 
4.32 
&,16 
4,27 
4.08 
3.90 
3.94 
3.88 
3.79 
3.33 
3.49 
2.91 
2.97 
2.69 

CS-137 
dpm/gm u 

3.06 
2.60 
2.69 

3.37~10~~ 

2.44 

2-34 
2.24 
2.25 
2.30 
2.20 
2.41 
2.15 
2.23 
2000 
2002 
2.02 
1.83 
1.60 

- 

1-73 

2 4 0 ~ 1 0 ~ ~  
1'. 75 

I 2011 

2.26 
2.61 
2.74 
2.21 
2-11 
1-81 
1.64 

p017 

* In t e rpo la t ed  va lues  for t hese  columns used t o  c a l c u l a t e  
next  column. 
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-.. 
TABLE 5 *$.2.:-. ~. . ,C.ounting Results-  . .. -~ _ _  -, _ _  

z 

- ~ _ .  
R a d i a l  
Depth T o t a l  Pu . .<‘ ‘pur238 Pu-239 + 240 Cs-137 ‘g 

- 

# 

Section Q, Radius A 

Radial  
Depth PU-238 Pu-238 Pu-239 + 240 Cs-137 
10-3 In. a dpm/gm U $ of To ta l  a 8pm/gm U dpm/gm U dpm/gm U 

1 ,  

‘ 1  

I ’ 032-034 1.75 * * - 040-042 1.56- -I . * L 

042-044 1.54 ‘1 . j o  T051‘ *Interpolated values  for t hese  columns used t o  c a l c u l a t e  next  coluuun, ,, 

I1 

li L1 
A 
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. -  
Radial 
DeDth 
10-3 i n .  

j.22x108 
2.96 

2.98 
3.26 

" 2.93x108, . 1 . 6 0 ~ 1 0 ~ ~  
2.69 

' L 

8.95 . 2.88~107 
'9.20 ' . 2.72 
8.92 2.91 
8.81 . 2.63 

1.53 
1,. 57 
1.56 

2.97 ' 

2.72 

I Section -G, Who1e:Disc 

3 :84x108 8 3.45~10 10 1 ;98~10 All 

Sect ion Mi Radius B 

150-155 
200-205 
250-255 
300-305 

8 3.71~10 
3.47 

10 
2 e 03x10 9.73 3.61X1o7 

e9.72 3.37 
9.59 2.91 
9.70 -~ 2 :go 

Sect ion P, Whole Disc 

1.90 
1.54 
1.54 

3 - 0 3  
2.99 

8 
1.23~10 1 .27x108 ' 

9 5 * 97x10 A l l  
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TABLE 5.4.5: Mass Spectrometer Results . - . 
'Plutonium Isotopic Abundances, Rod 683, as of Sept. 24, 1951 

1 I Section H, Radius A 
> 

;Ilt Radial Depth Pu-239 PU--240 Pu-241 Pu-242 Sp. a Act. 
_ _  

10-3 in. Atom $ Atom $ Atom $ Atom $ dpm/mg Pu 

000-002 

002-004 
004+-006 
006 -008 
0401043 

140-145 

305-310 
480-485 

13.700 
.+0.050 - 

2 13.660 

1tb.050 
' 13 5.73 
LO. 050 

. !! 12.967 
b 027 

I 12.023 
. 20.050 
10.920 

to. 026 
20.041 

' 10.371 

2.335 - +o . 020 
2.315 
9.020 

20.020 
2.080 

Lo. 016 
1.713 
- +o. 021 
1.415 

to 0 021 
1.356 

I t0.013 

0 235 
- - +0.020 
0.234 
to . 020 
0 233 

Lo. 020 
0.232 
io.020 
0.210 
~ . 0 1 5  
. 0.164 
+o . 020 
0.120 

0.110 
20 . 030 

- 
-+o - .030 

1 .832x108 
2.831 

1.829 

1.828 

1.808 

1.780 

1.744 

1.725 

Section H, Radius B (opposite end of diameter1 
- 

. 020-024 
I '  - . 030-034 

1 '  .~ . .  

.I , . .  . .  

. .  

. -  < 

. .  
. . ,z .. 

' . .  . . - . , .  . .  . .  . .  

I . .  ' .  : :j ; 

.040-044 

080-084 

090-094 

150-155 

83 134 14 226 2.396 0 . 244 
b .080 Lo-080 -Lo.o~o L0.030 
83.088- 14.260 2.408 0.244 
f0.050 20.050 -i0.030 3.020 

b.080 3.070 20.030 to.005 
83 . 699 13.862 2 e 217 0 . 222 
.84 ;414 13 0 389 2 e 002 0.195 
-.OgO 20.090 t0.050 . 20.018 
84 672 13.200 1.940 0.188 
t o  . 050 t o .  050 t o  . 020 20 . 007 
9.040 20.036 20.008 9.004 
85.512 12.592 1.743 0.153 

1.850~10~ 

1.851 
-- 1.839 

1.825 

1.819 

1.800 

* n o t  including Pu-238 

< 

L 
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* I  

1- TABLE 5.4.6: ' Mass: Spectkometer Resul ts  e .  

- 
plutonium 1so ' to .ph 'Abundances, Rod 683, as: of Sept l i  24,L 1951 ' 

Section,. 0; "Radius, Undetermined U 

* Radial Depth Pu-239 Pu-240 Pu-241 Sp. &*Act. 
10-3 i n .  Atom $ Atom $ A t o m  $ A t o m  $ dpm/mg PU 

.ooo-002 

004 -006 

016-020 

034-038 

090-095 

250-255 

300-305 

350-355 

500-505 

88 200 

' t0.052 
' 88.590 
.'b 054 
.88 * 857 

' 20.079 
89.694 

x 9 . 033  

91 0 210 
~rO..'O52 
91 e453 
t o  e 026 
91.881 
20.077 

Iroe050 LO*.OlO 
I 10,022 ' 1.288 

I LO-.O~O t0.015 
1.244 1 2  0,096 

20.020 + .-t0.015 
,1.065 ~ * 0.094 

20.018 Lo . 005 
8.142 . 0.838 0 ..046 

i0.020 . rfo.oio f ~ ~ ' 0 . 0 0 5  
' 7.945 + 0.800 0.045 

t o .  010 

7.376 0.702 0.041 
20 0 075 - +0.015 - +0.010 

1 . 7 2 3 ~ 1 0 ~  

1.71.6, 

P. r12-.. 

1.706 

1.684 

1'. 651 

1 .644 

1 .'636 

1 . 625 

*- not including PU-238 
, -  . .  

L . ,  

. 
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TABLE 5 ~ 7 :  Mass Spectrometer Results 

i. Plutonium Isotopi-c Abundances, Rod 683, as of Sept. 24, 1951 

Section Q, Radius A . * h * 
Radial  D e  th Pu-239 m-240 Pu-241’ Sp. a A c t .  e Atom $ A t o m  k Atom $ . dpm/mg Pu 

000-002 

020-022 

040-042 

120-125 

300-305 . 

500-505 ’ 

94 e 043 
20.050 
54 D 297 
1).01-8 
94 ., 611 
9 ,, 030 
95 346 
LO. 018 - 

95.401 
1) 0 020 
95 e 620 
--O.OlO 

5 571 
LO.  050 

5.320 
9.016 
5 058 

20 , 022 
4 626 
- +o .018 
4 286 
9,017 
4,080 
20.010 

0.331 
Lo. 010 
0.328 - +o . 015 
0.313 

L O .  005 
0.300 
~ . 0 0 5  

1.563~10~ 

1.554 
1 545 

1.530 
1.517 
1 . 510 



.Mass'Spectrometer Results,. - , 

f 
Sec t ion  F, Radius Undetermined 

I 
4r .-  - . 

I + .  

Radial De t h  F'u-240' e A t o m  $ Atom $ A t o m  $ A t o m  $ 
i . ,  

. i  

150-155 " ?  87.685 3 10.8 
b . 0 4 0  .: d.040 

250-255 . 88.561 10.054 
t0.030 20.025 o . . r  , 

300 -305 88 990 9 755 1 * 175 0.080 1.705 
* ' b . 0 5 0  . b . 0 4 0 .  b . 0 3 0  , . b . 0 2 0  

305-310 + . . , 89.022- 9.748 1.150 - 1s 0.080; ;1.7 
$0 0 i0 e 040. - 20.020 1 - +O. 020+47'-- . - 

Section ' G 9 *  Whole Disc" 

all 1.777~10' II 

> I  2 Section.M, Radius B 
. .  

150-155 * : I '86,355 7 11.884 $ . 7 7 . 6 ~ 1 0 ~  
b . 0 5 0  ' d . 0 4 2  * 

200-205 . 86.822- L1,531 
?XI.O50 ~0 .040  

50 050 20 . 050 

?0.040 t0.030 I 

250-255 87.351 11,122 

300-305 87,886 10.679.~ 

- -  .. L 
~ _. x * - *  

Section P, Whole Disc * 
w 

a l l  94 8 859 4,814 0.327 -- 1.536~10~ 
0.034 0.032 0.010 . 

' not including Pu-238 
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. . .  
TABLE 5.4.9: 

3 . ' R a d i a l  Concent ra t ion  of Pu Isotopes, Rod 683, as  of Sept .  24, 1951 
. .  

G 
1 

.Radial Depth 
10-3 i n .  

000,002 
002 -004 
004 -006 
006-008 
040-043 
140-145 1 
305-310 
480-485 

020-024 
030,034 

m 040 -044 
080 -084 
090 -094 
15'0-155 

q .  

000-002 
020-022 
040-042 
120-125 
300-305 
500-505 

n 

000-020 
022-024 

2 030-032 
040-042 

Section H, Radius A 

Total Pu pu -̂239 Pu-240 Pu-241 

mg/gm u 
4.128 
3 e 169 

2.525 

1.871 

2.581 

1.669 
1 560 

2.157 

2 297 
1.934 
2.256 

.2.663 
-2.166 
2 278 

- 1.535 
1 0 927 
0.913 

. 0.758 
0.751' 
0.735 

1.216 
1.055 

. mdw u 
3.456 
2 655 
2.164 
2.116 
1.828 
1.611 
1.461 
1.375 

0 * 567 0.096 
0 9 433 0 073 
0.351 - 0.059 
0.342 -- 0.057 
0.280 0.045 
0.225 0.032 
0.182 0.024 
0.162 0.021 

- -  

Sect ion '  H, Radius B .' . 

1.910 0.327 0 055 
1 607 0 276 0.047 
1.889 0 313 0.050 
2.248 0.357 0.053 
1.834 0.286 ~ 0.042 
1.948 0.287 0.040 

Section Q, Radius A 

. 1.444 0.086 0.006 
0.874 0.049 0.004 
0.863 0.046 0.003 
0.721 0.035 0.003 
0 0 717 0.032 0.002 
0 0 703 0.030 . 0.002 

Section Q, Radius  B 

1 133 0.076 0.007 
0 984 0.065 0.006 

i.ii7 ./ 1 044 0,067 . 0.006 
0 0 965 0 0 903 0.057 0.004 

PU-242 

m d g m  u 
0.010 
0.007 
0.006 
0.006 
0.005 
0.003 
0.002 
0.002 

0.006 
0.005 
0.005 
0.005 
0.004 
0.003 



250-255 

305-310 
300-305 , 

I . .  ' 
:< "( . .  

' . I _  

3. f ' 
Sec t ion  G, Whole Dksc' 

. a l l  
a l l  

. k  

5., 

_ I  I 

350 - 1 55 
200-205 
250-255 
300-305 

a l l  
a l l  

1.941 0.032 0.003 
1.96 i c  de t e rmina t ion )  

: Section:cM, Radius B,: 
c - 1  

. ? -  

: 1,886 I 0.244. , 0.031 0.003 
* 1.774 8 .  .0.205 . 0.027 0.002 

1.565 0.174 0.022 0.002 
1.555 1.366 0.166 0.021 0.002 

Whole Disc 

0,798 . -- 
0.796 ( spec t ro  
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TABLE 5.4.11: I 

U-235 Burnup Determinations,  Rod 683 

Sect ion  G . Sect ion  P 

I n i t i a l  Rat io  (0.725~+0.0007)~lO~~ (0.~257+0.0OO~)~lO-~ - 
u-235p-238 

F i n a l  Rat io  (0.4632+0.0011)~10'~ - 
U-235/U -238 

$ Burnup 
u-238 

0 195 0 . 0798 

I 

I' 

. .  

., : 
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A ,  In t roduc t ion  - Objectives,  Assumptions, and Limitat ions 
- .  
- 

A complete i n t e r p r e t a t i o n  of the experimental  measurements .- 
.~ 

of the cornpositton of rod 683 w i l l  provide data on how the rates 

of production of the var ious plutonium iso topes  vary w i t h  depth 

i n  the rod  and . w i t h  degree -of3 i r r a d i a t i o n .  The dependence on . 

i r r a d i a t i o n  i s  obtained from a comparison". between samples from 

d i f f e r e n t  po in ts  along t h e  rod, s ince  i t  has .been. e s t ab l i shed  

(CRP-396) that  the  i n i t i a l  cadmium r a t i o  does not change appre- 

c i ab ly  along t h e  -rod, 'at least over  the length  s o  far  s tud ied .  

Therefore d f f f e rences  between samples. arise s o l e l y  from the 

change in .  neutron .spectrum produced by. changes i n  t h e  neutron- 

absorpt-ion proper t ies .  of the: rod 'as the i r r a d i a t i o n  increases'.- 

2 

. .. 

- 
- *  

0 It i s  not  poss ib le  t o  say how c lose ly  t h e  results .from 

rod 683 w i l l  apply to* the hypothe t ica l  "average" rod i n  NRX 

s i n c e  no measurements .of t h e  cadmium' r a t i o  have been made across  

the p i l e .  

i n  an in te rmedia te  posi t ion" (D12, r i n g  10, 79 cm r a d i u s )  and 

two.>thirds  i n  gn outTying -pos i t i on  ( ~ 2 6 ,  r i n g  16, 105 cm radius) ,  

where it  was one of t.he penultimate rods of the  core.  I n  both 

Rod ,683 receivgd about- one t h i r d  of i t s  i r r a d i a t i o n .  

. '  
.. 

, 
b !  

pos i t i ons  i t  was surrouhded by f i v e  nosmal'X rods and one . 

vacancy, .which i s  the. average environment of an NRX'rod.- On - 

- the o t h e r  hand,N.the large discrepancy between expected h d  

2 I -  . -  measured ir radiat ior , i - l .e&ls* (Sect ion C below) and the momalously 

h igh : f lux  gradient;  across the  rod both suggest t h a t  il;s environ- 

ment may w e l l  not have been typica-1. s 

- 1  

_ >  

-. 
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- It i s  necessary t o  assume at  , least  f o r  t h e  present  t h a t  

the d i s t r i b u t i  the va r ious" i  topes %has not  been affect.e.d' 
- *  . .  t 

by dififusion during t h e  i r r a d i a t i o n .  T h i s  e f f e c t  As expected 

. t o  inc rease  r ap id ly -  y i t h  temperature,  and therefore .  i t s .  irnpoPtance,. ~ '. 

at a given depth i n  the r o  might wel l -  increase  q u i t e  suddenly 

i n  ' t he  s e r i e s  of success4vely:more 

.Therefore when; w i t h  more :debailed .flux .data than are now.. 

eavily;  i r r a d i a t e d  ~ d i s c s ~ .  

a v a i l a b l e , '  the radial  v a r i a t i o n  of e f f e c t i v e  cross .  s ec t ions  . r ' 

can be evaluated accu ra t e ly  as a f u n c t i o a  of i r r a d i a t i o n ,  1.t; 

may be poss ib l e  t o  . se t t le  t h i s  point  #o he basis of whetfies ; 

or not a ' . t rend that i s  apparknt over-.*a' 'modest .Arradtation range 
t 

i s  more o r  l ess  sharp ly  modi!f,ied at higher l eve ls?  So far 
c 

t h e r e  has been no compelling suggest ion tha t  d i f f u s i o n  e f f e c t s  
* ,  3 

U a r e  s i g n i f i c a n t .  ~. I T .  . f  ' 

Even wi th  the  assumpt2on t h a t ,  d i f f u s i o n  e f f e c t s  are n e g l i g i b l e ,  

a- complete i n t e r p r e t a t i o n  o 

problem. Ideal ly ,  one would start w i t h  known data on CTOSS 

s e c t i o n s  as a func t ion .  of .neut ron  energy, and the spat ia l  

d i s t r i b J t i o n  o f :neu t rons  o f -  d i f f e r e n t  .enebrgies i n  a pide sod 

he d a t a * w i l l  be a d i f f i c u l t  

and c a l c u l a t e  t h e  r a t e s  , o f  the  var ious reac t ions  i n  a l l  parts 

of the rodo  As t he  irrad+%akd.on proceeded i tGwould be necessary,  
, I  

at s u i t a b l y  spaced int .erv%ls,  t o  modify th;2 neutron-f lux dis t r i -  

but ion  i n  a c k r d m c e  . w i t h  t he  changing, concentyations of t h e  

, "var ious  nuc l ides .  The ca l cu la t ion ,  of t h e ,  modified neutson .I 

d i s t r i b u t i o n  woul'd bg d i f f i C 6 l t ,  p a r t i c u l a r l y  decaailse of: the , , 

. '  Y 

non-uniform composition of the. pod, A comparison of t h e  aalculateed 
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concent ra t ions  wi th  the experimental  measurements a t  t h e  appro- 

p r ia te  stages would then  give more accura te  values  of those 

input  data that  were i n i t i a l l y  known only approximately.  The ' 

Theore t i ca l  Physics Branch is  working on such-an  ana lys i s ,  and 

i n  view of t h e i r  expected con t r ibu t ion  t h e  present  i n t e r p r e t a t i o n  

has beec kep t  as s i m p l e  as poss ib le .  

The present  a n a l y s i s  proceeds i n  t h e  following way. I n  

p r i n c i p l e ,  f o r  every sample from t h e  rod, t h e - i n t e g r a t e d  f lux 

is  known e i t h e r  d i r e c t l y  from-U dep le t ion  measurements o r , .  235 

a f te r  co r rec t ion  f o r  plutonium f i s s i o n  and appropr ia te  normali- 

235 za t ion ,  from t h e  C s  137 counting data.  it^ i s '  assumed that U 

behaves s u f f i c i e n t l y  l i k e  a (l/v) neutron absorber thaf i t s  

disappearance measures t h e  time i n t e g r a l  of the neutron dens i ty .  

The i n t e g r a t e d  f lux  i s  , t he re fo re  nvo = dn ' (v) .  dv vo, ahd t h e  

c ross  s e c t i o n s  of o t h e r  nuc l ides  t ha t  are t o  be used w i t h  t h i s  

f lux aye the re fo re  " e f f e c t i v e "  c ross  s e c t i o n s  equal t o  

/a(v>. Y n s  ( x i )  dv/aavo. 
0 
neutron dens i ty  i n  terms of ve loc i ty  v ,  n i s  the t o t a l  neutron 

. 

W 

I 0 
'i. 

I) 

n ' ( v )  -is the d i s tT ibu t ion  f u n s t i o n  'for A -  

a . dens i ty ,  and v0"= 2200'm/sec (see Westcott ,  RPI-11). *The' aim - 

of t h e  ana lys i s  i s  t o  deduce I such e f f e c t i v e  cross sect. ion values  

(henceforth the term e i f e c t i v e  w i l l  be omit ted)  from the 

experimental  data: t h e i r  v a r i a t i o n s  w k t h  depth i n  t h e  rod and 

i r r a d i a t i o n  l e v e l  w i l l  r e f l e c t  t h e  corresponding changes i n  

-- 

,i 
. . 

I .=- * neutron spec t rum.  . 

Cross s e c t i o n s  can be ca lcu la t ed  i n  "a s t ra ight forward  way 

only i f ,  i n  a given sample, the  neutron spectrum remai.cs unchanged 



. dur ing  the  irradiaition;. an r e sen t  .analysis makes th i s ; '  . 

assumption. The resu l t s ,  o 

, i n  general ;  change.' apprec ia  - show rimmediately 

--is i n v q i i d  

are more o r  less corn 

rad ia t ion :  what i s  behaviour o f  t h e  

neous" values  as a *  , o c , i r r a d i a t i o n ,  It can 

t h i s  ?informat 

a te  'accuracy, ; f r  behaviour of the  x'la\r;erage" 

~ val-ue :pl=ovided - t h a t  , t he - , i r r ad  

nounced. T h i s  problem i 

w i t h  &rticular re ference  t 

capture  c ross  s e c t i o n  of Pu 239 . Neutron capture  i n  Pu 240 iu 

t o o  s t rong ly  inf luenced by self  s h i e l d i n g  t o  b e . t r e a t e d  adequately 

by t h i s  method, bu t  i t  i s  shown tha 

does not  a f f e c t  s e r i o u s l y  t h  n of the c ross -sec t ion  

values  obtained f,or t h e  o t h e r  nu 

A p r a c t i c a l  d i f f i c u l t y  remains.. The) C.s 137 d a t a + h a v e  ,been 

found t o  be un re l i ab le ,  and very few measurements of U 235 * 

e.tion have been made. Thu 

f t o t a l  i n t e g r a t e d  f l u x  are n very accurate;  and. a quantj&at,,ive 

a t i o n  of th.e. v a r i a t i o n  c ross  - se  &ion v a l u e s  -with. * 

a 4  
i r r a d i a t i o n  l e v e l  cannot. y e t  be made. 

- -  - 

data; -h4adye been made on comp cs ~ Thei r  -intey?pT-..tntioa;b 

Accurate measurements, inc luding  very p rec i se  U235 dep le t ion  

em&ds a knowledget of t h e  n f lux di .s t r ibut ion.acToss .the 

I 

. *  

. .  _ .  

d 

. ,  - .  

. .  
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d i s c s ,  b u t ,  f o r t u n a t e l y ,  only an approximate one. The e f f e c t  

of a non-uniform f l u x  d i s t r i b u t i o n  on the  nth o rde r  neutron - 
r e a c t i o n  i s  given t o  a first o rde r  by t h e  parameter R, = +"/(3)". 

Since,  i n  t h e  present  case,  R2 + 1.02, R 

i t  i s  evident  t h a t  small u n c e r t a i n t i e s  i n  t h e  f lux d i s t r i b u t i o n  

w i l l  not  introduce s i g n i f i c a n t  e r r o r s .  It w i l l  be appreciated 

however t h a t  i n  t h i s  case t h e  c ross -sec t ion  . _  value obtained is  

tha t  of the  appropr i a t e ly  weighted average across  t h e  d i s c .  

T h i s  matter is  considered more f u l l y  i n  the  Appendix. 

,. 
+ 1.06, A4 + 1.12, 3 

. ,  

235 Depletion I B. Measurements of In t eg ra t ed  Flux  by U 
. .  

has so- far  been measured 235 A t  Chalk Ri.ver t h e  dep le t ion  of U 

i n  only two samp'les, the complete d i s c s  G (near  t h e . c e n t r e  of 

t h e '  rod)  and P (near  one end) .  Mass spectrometer 'aha1ys:i's gave 

values  of 36.3020.16 and~~14.98*0.21 r e spec t ive ly  f o r - t h e  percen- 

tage of t h e  i n i - t i a l  U235 'destroyed.  

ca l cu la t ed  t h a t  t h e  absorp t ion  c ross  s e c t i o n  of U 2 3 5 ' i s  687 

barns f o r  a maxwellian spectrum at  20' C .  

of  685 barns has  been used throughout t h e  present -work. L. This 

g ives ,  f o r  *he average across  t h e  rod- of t h e  in t eg ra t ed  neutron 

f lux ,  0.66Uf0.0036 n's/kb i n  G and 0.2373f0.0036 n"sI/kb i n  P: 

Neglect of t h e  non-uniformity of the f lux ' d i s t r i b u t i o n  would 

reduce these f i g u r e s  by, r e spec t ive ly ,  0.4 per-cent and 0.14 

Westcott @NCC(CAF)-l) has 

An e a r l i e r  e s t ima te  

. 

percent-. 
A method of measuring U 235 dep le t ion  by counting 'methods- 

is being developed b u t  has encountered s e v e r a l  d t f f i c d l t i e s  o' 
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1 -  

So f a r - o n l y  t h e  same two samples ha 
f ,  - r  

i n  s a t i s f a c t o r y  agreement w i t h '  tho  

b u t  of somewhat i n f e r i o r  accuracy. 
- < ,  

t v  - 8  
v .  a *  , 1 I I  - { ' .  > 1 

As a c t  of Some of 
6 .  + 

3 . :  L a '  . , I ,  $ -  / *  0 I 

the  alpha counting done dur ing  t h i s  work; the dep le t ion  of 

, A '1 , . ,  i r  3 -  . *-- ';234 ' 

ss s e c t i o n  o 

e values  of 72 and 92 'barns 
I 4  

obtained S o r  t h e  t o t a l  absorpt ion 

T h i s  i s  t o  be co'mpared with 
. . r  1 i** I I 1 -  _? I 

f $ 4  
. I  i . . r  : 'r L, 7 - 1 '  

quoted'  i n  BNL 325 * f o r  " p i l e  neutrons".  A measurement o f  the 
r r  

U236 alpha a c t i v i t y  of sample G gave' '0 (= in $35' - 
0.189f0.010: the accepted value - for  2200 m/sec neutrons i s  

- 
I 

ir 

The Argonne Nat tonal  Laboratory, has measured the  .€depletion 

noted tha t  thei-r samples were .-obtained by,dcontrol led-  d i s so lv ing  

. >  

.. 
o f  u235 as a . f u n c t i o n  of ,rqd:_ra s i n  d i sc .R .  ' It  should be ~ 

and t h e r e f o r e  represent  an.avqrage around the rod, i n  c o n t r a s t  

wi th  the  Chalk Rivqr radial d i p t r i b u t i o n  work, which *used 

* _  samples, from d i a m e t r i c a l  bars -+nd.ishowed t h e  ex is tence  of a 

f lux g rad ien t  across  t h e  r0.d;. I 

The A,M.L. resu l ' t s  on the ,U  235 dep le t ion ,  expressed as ' I  

i r r a d i a t i o n s  , i n  neutrons per  ki lobarn,  are sho,wn i n  Fig .  5.5 e 1 e 

The U 236 content %of each sample ks consistent-with 'a value of 

a = 0.198tO.004, "except fqr the: sample,  atT* 257> - m i l  dept.h, where 'J 

t h i s  value of a w o u l d  give, a fdye .percent h igher  i r r a d i a t i o n , .  

(shown by the c ross  i n  Fig.. 5.5.1). The s o l i d - l i n e  curve 5 

has )been drawn freehand wdg-hout any ,,attempt ,-to. f 

t o  a t h e o r e t i c a l  expression and i s  t c e r t a i n l y -  not.r&-un-iqzae : 
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0 200 400 600 
F i g .  5.5.1. 
i n  sample R from U 3 dep le t ion  me surements by A . N . L .  
point  X i s  ca lculated from the U23g content .  
I s  drawn freehand; the dotted  curve Is the funct ion Io(Xr) 
with X = 0.833 cm-I normalized t o  the same average f l u x .  

Radia3 2 i s t r i b u t i o n  of integrated neutron flux 
The 

The s o l i d  curve 
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I ._ 
- 1  

"bes t  f t t " .  However i t  p r  

w i t h  an accuracy of two o r  d l  t .  The do 

i s  the  ;esse1 func t ion  I@) w i t h X  = 6.833 cm-'l 

e n t s  t h e  t r u e  . I I.. s i t u a t i o n  

- 
% 

sarng' average 
4 

* 

rons/ki lobarn)  .' Th 

least  -squares f i t  

t r i b u t i o n  across  a fresh 

systematic-  departure. from the Bes  
s t  *- I 

s e n t  case i s  pres 

n absorp t ion  prdp the rod f o  
* j r  - 

1 ,  

a t i o n .  . r *  

t 

I n  the  absence o f  any o t h e r  b l e  f lux d i s t r i b u t i o n  ', 

data, t h e  s o l i d  curve of Fig.  5.5.1, correc ted  f o r  t h e  g rad ien t  

acros8 t h e  rod ( P a r t  I1 ), has be sumed t o  apply t o  d i s c s  * 

of  a l l  i r r a d i a t i o n  l e v e l s :  i t  w i l l  ferred t o  as -the A , N . L ,  

d i s t r i b u t i o n .  The g rad ien t  has been allowed f o r  by mul t ip ly ing  

the  curve by (1 + 0.045r/a) where a i s  the rod r ad ius  and 

i v e  f o r  radius  "A" and p o s i t i v e  f o r  "B") is t he  r ad ius  

ample. 
1 

The use of the A o N , L o  d i s t r i b u t i o n  i s  reasonable 

f o r  d i s c s  H, M, and F,-which had i r r a d i a t i o n s  very similar 

f R,  b u t  f o r  0, and even more f o r  Q, i t  may w e l l  be 
~ - *  , 

misleading. It might be thought t h a t  t h e  fresh-rod +Bessel'- 
( -  e 

.I 

n would be a ' be t t e r  approximation f o r  Q at  1 

e frbm n e k r o n  capture  i n  ~u 239 is+ agai  m. 

A p a r t  from R, aljsolute values  of the i n t e g r a t e d  f l u  

a v a i l a b l e  only f o r  H and-Q, from the  measured averages in t he  

ad jacent  d i s c s  0 and P. 

I 

t 

L e  

* *  

- I  

< .  . I  - 4  
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An attempt was made t o  o b t a i n  a more r e a l i s t i c  f l u x  d i s t r i -  

137 but ion f o r  Q-from'the Cs. dat?a. Pig.. 5.5.2 shows t h e  data 

137 from Q(A)  a n d - H ( A )  as a..comparison between t h e  measured C s  
? 

a c t i v i t y ,  cor rec ted  f o r  the  con t r ibu t ion  from plutonium f i s s i o n  

and t h e  expected a c t i v i t y  from I U235 f i s s i o n  ca l cu la t ed  from +! 

. t h e  A.N.L. f lux d i s t r i b u t i o n .  The measured cor rec ted  a c t i v i t y  
L -  

was only about 70 percent  of t h a t  expected, and t h e  data have 

been a r b i t r a r i l y  normalized (using the same normalizing f a c t o r  

f o r  both Q(A) and H(A)) t o  give an average r a t i o  of about un i ty  

i n  H ( A )  .' 
f o r  -plutonium' f i s s i o n ,  which amounts t o  roughly 15 percent i n  

H-; an inc rease  of 20 percent i n  t h i s  co r rec t ion  would decrease 

the * r a t i o  H/Q by about two,: percent and H(20-mil)/H(centre) by 

the  same amount. 

7 .  

The data are not- very s e n s i t i v e  t o  the  co r rec t ion  

. .  

- -  

n The s c a t t e r  of the poin ts  i s  too  great t o  allow any d e f i n i t e  

conci'usions to be'drawn. There i s  no evidence t h a t  the A.M,L, 

d i s t r i b u t i o n  does not  apply t o  H ( A ) ,  except f o r  the curious 

s k i h  of C s  

f a c t o r  0-f t h r e e  i n  t h e  co r rec t ion  f o r  plutonium f i s s i o n  would 

be required t o  "remove" i t ) .  

between 0 and 200 m i l '  dppth,  t h e  f lux is  lower t h a n - t h a t  p.re- 

137 , which remains unexplained (an - i nc rease  of a 
, .  

I 

The data from Q(A) suggest- tha t , '  

!I 
d i c t e d  by t h e  A , N , L .  d i ' s t r i bu t ion ,  8 a feature which i s  a l s o  

I 
suggested by the  l&239 &d Pu 240 concent ra t ions .  

1 '- I 

I 
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C. Comparison w i t h  Expected I r r a d i a t i o n  Levels 
. .  

, ._ . The expected i r r a d i a t i o n  of the var ious d i s c s  may be 

p 
ca lcu la t ed  from the i n t e g r a t e d  p i l e  power i f  t h e  f r a c t i o n  d i s -  

sipated i n  a given r o d - p o s i t i o n  and the f lux d i s t r i b u t i o n  along 

the rod are known. 

The " o u t p u t  . f r ac t ions"  ( P a p e r  I ) are based on a f lux 

d i s t r i b u t i o n  measured at low power i n  a fresh r e a c t o r .  Recent 

measurements of the temperature r i se  of i nd iv idua l  rods,  averaging 

over  a l l  rods a t :a  g iven .d ls tance  from t h e  cent re  of  the p i l e ,  

showed that  t h e s e , o u t p u t  f r a c t i o n s  are co r rec t  w i th in  a f e w  

percent .  .On the othe,r hand, these measurements revealed .a 
. 

q u i t e  unexpected azimuthal f lux v a r i a t i o n ,  b u t  there i s  no 

evidence whether such a v a r i a t i o n  was present  during the 

i r r a d i a t i o n  of rod 683. 
P 

The rod had a normal complement of 

n e a r e s t  nelghbours,  and no l o c a l  anomaly . .  i n  f lux i s  expected. 

The observed snor ten ing  of the rod ' (  F a p e r  I )  agreed wi th  

t h a t  expected from the  ca l cu la t ed  tota l  I r r a d i a t i o n ,  but  a 
1 ._ . . 

discrepancy of 10 t o  15 percent -would not be considered s i g n i -  
* f i c a n t .  

The v a r i a t i o n  of gamma-ray a c t i v i t y  a l o n g ' t h e  rod was 

measured by Henderson and Tunn ic l i f f e  ( P a p e r  I). The a c t i v i t y  

i - .  235 
* * -  

is  due main ly , to  the  longer  l i v e d  f i s s i o n  products of U 

The writer i s : indebted  t o  D r .  W.M. 'Barss f o r  access  t o  

h i s  unpublished data and . f o r  helpful d iscuss ions  on thi-s po in t .  

' *  

- _  
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238 
P 1  - I  

and P u ~ ~ ' ,  w i t h  a small con t r ibu t lon  f r o m - f a s t  f i s s i o n  i n  U 
,-x - 

1 I** and a q u i t e  n e g l i g i b l e  one f rom Pu24i, 'both' 

L 
ignored: The pr i -ncipal  u n c e r t a i n t y  i irig- t h e  i r r a d i -  

a t i o n  from-the gamma a c t i v i t y . ' i s  the  relati '  Sston yfe lds  - o k ,  

t h e  r e l evan t  a c t i v i t i e s .  Assuming t h a t  the 

which has' a f i s s i o n  y i e l d  r a t i o  Pu/U =.L4--g$/6f.Q8$1'= 0181, 

it i s  , ca l cu la t ed  t h a t  t h e  r a t i o  of i r r a d i a t i o h  tdgamm'a a c t i v i t y .  J 

increases .  e s s e n t i a l l y  l i n e a r l y  .w i th  i r r a d i a t i o n  alnd is 3't3. percent 

higher at' 0 6 neutrons/ki lob 

e r r o r  quoted corresponds ' t o  ,a 

of f i s s i o n  y t e l d s .  The calcu d i r r a d 5 a t i o n  i s t r$but=ion  i s  

very c lose  t o  the expected s i  urve; * 

- 

n than  at' zero %$rad 

r o r  of 220" percent 4li t h e  r a t i o  

1 ^, 

The ca l cu la t ed  and measured i r r a d i a t i o n s  for P, R ,  and' G + 

* I  a r e  shown i n  ' the t a b l e  below.' 
_ I ,  *. . I . *  

. .  . .  . *  ' ,  
Table 5.5.1 

, .  

G R a t i o  P/R/G Sample P R ._ - 
- -. , $ ,  - 

Calculated '  i r r a d i a t i o n  0.215 0 74 7 0 758 0.284/0. 583/1 
(neutrons/ki lobarn)  

- '*  
. I r r a d i a t i o n  from U 235 

dep le t ion  0 9 237 0.61, 
L -  .. (neutrons/ki lobarn)  , * .I . .L 5 , .  

- I 

+ i  I 

. ,  " .  
I 

The a n a l y s i s  of the o t h e r  d i s c s  (Q, 0, F, M,  and-H) has 
il 6 % " -  , 

shown t h a t  ,there was no confusion of sample$, and thwt .G, and,R 

are from t h e  I .  m a x i m u m .  f l u x  reg ion ,  . of. . the I '  - rod.  I .  Th . repancy , I  

(-15 percent )  between t h e  ca l cu la t ed  and meas-ured i r s a d i a t i o n s  

of G and R t he re fo re  i m p l i e s  t h a t  t h e  a c t u a l  .power disc:lpated 

- . . .  . .  
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. i n  the  rod i n . a t  least one of i t s  i r r a d i a t i o n  pos i t i ons  ( ~ 2 6 ,  D 1 2 )  

was less  than that given by the expected output f r a c t i o n ,  

perhaps as the  resu l t  of a l o c a l  anomaly due t o  uneven loading. 

Although-in both cases the rod had a-normal  complement of nea res t  
- : .  

neighbours,  the presence of I a l o c a l  anomaly i s  a l s o  suggested 

by t h e  experimental ly  observed. I f lux  gradien t  across  t h e  .rod, 

which is  twice as great as t h a t  expected from the  gross  f lux 

d i s t r i b u t i o n  across  the p i l e .  

of neighbouring rods a l s o  suggest tha t  there w a s  an abnormally 

high flux g rad ien t  across  the i r r a d i a t i o n  pos i t i on  F26 (no data 

The observed shor ten ing  r a t e s  

. ,  are a v a i l a b l e  f o r  D 1 2 ) .  
* . .  

The s e r i o u s  d iscrepancies  between t h e  ca l cu la t ed  

i r r a d i a t i o n  r a t i o s  P/G and R/G, however, depend only 

and measured 

n the 

gamma-ray scan  measurement and i t s  i n t e r p r e t a t i o n .  E i the r  t h i s  

i s  completely wrong - and the long i tud ina l  f l u x  v a r i a t i o n  i s  

much f l a t t e r  than  the expected s i n e  curve - o r  there have been 

e r r o r s  i n  the c u t t i n g  procedure. 
-. 

D o  Plutonium Production 

The accura te  measurements of  the r a t i o  - [ P ~ ~ ~ ~ / u r a n i u m ) .  
. 235 and of the U 

values  of the average over  the rod area of the i n i t i a l . c o n v e r s i o n  

r a t i o  ( the number .of Pu23’ atoms formed pe r  U atom destroyed)  . 

and the i n i t i a l  production f a c t o r  (gm Pu per  MWD). 

uniformity of the f lux d i s t r i b u t i o n  has been allowed for.: 

neglec t  of  t h i s  would g ive  values  f o r  t h e  conversion f a c t o r -  

dep le t ion  i n  the  complete d i s c s  P and-G g ive  

* 
235 

The non- 
7 .  

I 
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8 I, I ..>2 
,2" . ., 9 

A decrease of 100 barns i n  the v assumed fop would 
3 9 - - 8  , I . .  . I .  , 4 ... 

decrease t h e  ca l cu la t ed  values  o f  con 

duc t ion  rates by about one perc  

A very rough c a l c u l a t i o n  of 

( see  Appendix 11( i)) suggebt 

ion  f a c t o r s  a d  pro- 

t h r e e  percent  i n  G .  

r 

conversion ' ra te  should inc reas  onay. -0:2'percent betweehi &. - * (i E 

that:,  i n  peim"c.iple,.-vwith a zrefi t .  i 

4 

P and. G, 

t h e  e f f e c t s  of t h e  change i n  bl'acl.i.ness,**a'l' iaceGanate-+:i4 ~ . 
value o f '  CJ shouldrbe a v a i l a b l e  f r o m ~ ' t h e s e ~ ~  

mental e r r o r s  .are ' lhowever+too -1arge-at ;present  t o  giive .2 worth- 

while va lue .  

9 

* r  I 
1 .  " 1 

5 . .  
. ~ ..,s 4 .  :.: 1 L'1,. I - x :  : f ,  = *  
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I Barss has made a c a r e f u l  s t u d y  of the experimental  data 

on t h e  plutonium -content- of NRX r o d s - a s  a func t ion  o f  i n t e g r a t e d  
i 

a p i l e  powe'r. 'He concludes (NEI-27) t h a t  t h e  i n i t i a l  production . $  

rate is  0.904 gm/W w i t h  an accuracy of about f2 percent .  
4 -  - 

It should be noted tha t  w i t h  0 5 = 685 barns a conversion 

f a c t o r  of 0.76t0.01 corresponds t o  a value of 08.~ t h e  capture  

c ros s  secti 'on of u238J equal t o  3.78+0..04 barns.  

thermal neutron capture  c ross  s'ection of tJ238 i s  2.7520.04 
Since the 

barns (BNL 325) 

i s  produced by resonance capture .  

i t  appears t h a t  27.2fl .4 percent of t h e  plutonium 

_L 

The expe.rimenta1 data on the radial d i s t r i b u t i o n  c f  the 

plutonium have been examined i n  d e t a i l  only f o r  H ( A )  and & ( A ) .  

V a l u e s  of 08 have been ca l cu la t ed  from the A,N.L, f lux distri-  

b u t i o n  (cor rec ted  f o r  grad ien t  / as descr ibed i n  Sec t ion  B and 

wi th  absolu te  values  obtained from G and P ) .  

2. 

It i s  assumed 
239 

' .  

that  the r a t i o  o f ' f i s s i o n  t o  capture  c ross  sec t ions  i n  Pu 

i s  constant  across  the rob and equal t o  870/4*5* 

are shown i n  Fig.  5*5-'3* ' T h e  data of H(A) i n d i c a t e  tha t  t h e  

s k i n  of plutonium formed 'by the su r face  absorpt ion of resonance 

The r e s u l t s  

' -neut rons  con t r ibu te s  about 2.5 percent  of t h e  t o t a l  plutonium 

production. . ,  
7. 

The average 'value OS 08 i n ' H ( A )  is  ev ident ly  i n  reasonable 
- agreement w i t h  t h e  .value !pf 3.8 barns obtained from G. The 

d a t a  from-Q(A) are*rather ragged, but there i s  a suggest ion 

t h a t  between 0 and 200 m i l  all t h e  Q ( A )  poin ts  a r e  low. 

may w e l l  i n d i c a t e  a lower f lux  than  t h a t  deduced ffiorn the  

T h i s  
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A.N.L. d i s t r i b u t i o n ,  a f e a t u r e  that  was a l s o  suggested by the 

cs 137 r e s u l t s .  

values  of a8 calculated.fkom the  Q ( A )  measurements w i t h  f lux 

The s o l i d  t r i a n g l e s  of F ig .  5.5.3 a r e  t h e  

' data obtained from t h e  Cs137 a c t i v i t i e s  corrected and normalized 
B 

as f o r  Fig.  5.5.2 (Sec t ion  B).  The agreement wi th  the H ( A )  

data i s  much b e t t e r  i n  the 0 t o  200 m i l  region: towards t h e  

cen t r e  of . the rod the data are too meagre f o r  any d e f i n i t e  

conclusions t o  be drawn. I 

239, Pu240, and Pu 24 1 E. The C a p t u r e  Cross Sec t ions  of Pu 

and acl have been ca lcu la ted  from the  
t cg' OO' V a l u e s  of Q 

- data of  G and P on the- assumption that  a 9 = 1300 barns,  al - 
1500 barns,  ahd a = 100 barns.  The non-uniformity of t h e  . 

f l u x  . d i s t r i b u t i o n  across  the rod has been allowed f o r .  The 

neutron spectrum' has been assumed t o  remain constant  dur ing  

the i r r a d i a t i o n , - a n d  co r rec t ions  t o  t h e  values of  ac9 and acl 

then made, foi lowing Appendix I I ( i i ) ,  t o  take into accoui t  

the complicated behaviour' of neutron capture  i n  P u ~ ~ O .  The 

f i n a l  values ,  i n  barns,  ?re given i n  Table 5.5.3. - They' are 

average" values  over the rod area and over the du ra t ion  of 

. . \ .  - 
J .  

2 
w 

, .  

I 

11 

t h e  i r radiat i  n:  t h e i r  s ign i f i cance  is  discussed i n  the Appehdix. 

;Some.comments on the valu<es fol low t h e  table.  
n 

-, * 

. - .  F 
q 

! 
# _  
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I '  , .  p 4 1  
- 1  

Table 5.5.3 

43128 

963245 ,, . .:' . ' 

The e r r o r s  given i n  Table 5.5.3 are those a r i s i n g  a,g: 
f,rom u n c e r t a i n t i e s  i n  the mass spectrometer measurements of 

the plutonium i s o t o p i c  composition and' the U235 dep le t ion  

There are o ther  small u n c e r t a i n t i e s .  A n  increase  of 100- 

i n  the  value assumed . fo r  CI w i l l  dec 
I C  

L 

9 
of 0 by -0 .7  percent  i n  G and by -0.25;percent i n  P. A n  

C 9  * .  

i nc rease  of 100 barns i n  the value assumed f o r  O1 w i l l  i nc rease  
' I  

CI 

The co r rec t ion  f o r  t he  non-constancy gf a. i s  0 .2  percent i n  

by -0.25 percent  i n  G and by a n e g l i g i b l e  amount i n  P. C 9  e > S "  , . 

G an-d i s  n e g l i g i b l e  i n  P. Uncertaint'i.es i n  t h e  neutron f lux 
< .  

d i s t r i b u t i o n  a r e  not  expected t o  in t roduce  e r r o r s  of more 

than  0.2 percen$. . -  
Before the data of P and G a r e  compared, i t  should . 

be pointed out  t ha t  P ,  which was near  t he  cool ing water e x i t ,  

w a s  about 12' C h o t t e r  than  G.  The corresponding inc rease  i n  
P e 

.r ~l i s  expected t o  be 5 barns (Westcott ,  TMCC(CAM)-l), and t h e  

cor rec ted  d i f f e r e n c e  between P and G is  the re fo re  only '1210 
C 9  

barns.  
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An e a r l i e r  value of 395218 barns was ca l cu la t ed  from 
. .  

the  mass spec t romet r ic  analyses  0 f . a  l a rge  number of plutonium 

samples obtained from d i f f e r e n t  rods wi th  i r r a d i a t i o n s  between 

800 and 3000 MWD/T. - (See  PM-320, which gives  a C 9  = / 370 barns 

based on af ( U  

t h i s  s tudy  t h e  neutron f l u x  w a s  ca l cu la t ed  from t h e  p i l e  power, 

and p a r t  of t he  discrepancy (8 t4  percent )  between t h i s  es t imate  

and t h e  mean value of 427 barns from Table 5.5.3 may be due t o  

an e r r o r - i n  the assumed r e l a t i o n  between f l u x  and power. 

Ef (200f6 M e V )  were increased by t h r e e  percent ,  t h e  discrepancy 

would be reduced t o  5+4 percent .  

plutonium production ra te  ca l cu la t ed  from t h e  measured conversion 

f a c t o r  (Table 5.5.2) w o u l d  be reduced t o  0.88i0.01 gm/MWD, which 

i s  s t i l l  i n  s a t i s f a c t o r y  agreement w i t h  t h e  value O.gO?O.O2 due 

t o  Barss. 

a= 

= 549 barns and Ef = 198 Mev/fission).  In 235) 

- 

I f  

/ 
The value.  of t h e  i n i t i a l  

" 

8 

t - 1  

Westcott (TNCC(CAN)-1) has ca lcu la ted  from neutson 

' spec t rometer  data t h e  e f f e c t i v e  values  of a C 9  f o r  maxweliian 

d i s t r i b u t i o n s  at  d i f f e r e n t  temperatures 

the con t r ibu t ion  of the epi thermal  component of the neutron 

spectrum i n  an NRX rod ( N D C - 1 1 ) .  

H e  has a l s o  est imated 

However, t h e  q u i t e  important 

e f f e c t  of t he  hardening of t h e  neutron spectrum towards t h e  
I 

. 1  cent re  of the  rod I s  s t i l l  being s t u d i e d ,  and no f i n a l  es t imate  

of the expected value o f ' a  
C 9  

Preliminary es t imates  give a value of about 400 barns f o r  t h e  

average value across  the  rod.  

I n  a p i l e  rod I s  a v a i l a b l e .  - %  

. ,  
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50 : It w i l l  be I noted t h a t  the' apparent -va lue  of - a0 is1 - 
some 30 .percent g r e a t e r  i n J P L t h a n  i n  (3:. The apparent decreasp I c't 

of t h i s  cross  sec t ion .  w i t h  i n c r e a s i  

observed previously1 (PM-320) and tentat ively-Lascr ibed t o  self:  

s h i e l d i n g  - ' a  hypothesis  apparently.  borne, o u t  .by t he ' r ad ia l  

d i s t r ibu t . ion  measurements. No q u a n t i t a t i v e  i n t e r p r e t a t i o n  , ^, 

L 

. 

.. I I 

, .  
_f * I  L .  

-. 14. , of t h e  data has y e t ,  been 'attempted. _,' > r  

1 .  

- 
acl:+ A c a l c u l a t i o n  of acl made on_.the '-assumption . t h a t  

remai-ns "constant dur ing  the i r r a d i a t i o n  wi th  t h e  , V a l  

i n  Table. 525.3 ignores  t he  fac t  &that the  Pu241 i-s - i n i t i a l , l y ' '  :'- , , I  I 

being produced a t  a higher  ra te ;and  . t he re fo re  .underestimates 

the i r r a d i a t i o n  i t  has received.  Consequently, such a - ca l cu la t ion  

g ives  too high a value f o r  acie . A  semi-quant i ta t ive  esf;imate 

of t h i s  e f f e c t  has  been made i n  Appendix 11: i n  the case of G, 

, e ,  

t h e  overest imate  i s  about  f i v e  percent .  It i s  not easy t o  

a s ses s  the accuracy o f  t h i s  cor rec t ion ,  and s i n c e  t h e  mass 

spectrometer  a n a l y s i s  of Pu242,.is unce r t a in  t o  about 25 percent ,  

no complete - i n v e s t i g a t i o n  has  been *made. 

' 

F. The Radial  D i s t r i b u t i o n  of. t h e  Hiaher. ,Isotopes of -Plutonium 
I .  

, <  * E t + .  

The d e t a i l e d  i n t e r p r e t a t i o n  of t h e  CFOSS s e c t i o p  obtained P 

I .  I ~ . - 1 ,  

i n  Sec t ion  E r equ i r e s  a knowledge- $of the. neutron spectrum'as 
. d  

+ L .  * *  ' 
a funct ion  of d e p t h  i n  the rod,and o f  how t h i s  changes w i t h  

i r r a d i a t i o n .  

' 

I e- . !. . . 
This  knowledge i s  ava i l ab le ,  i n  ps ihc ip l e  ~ i t  

. I  I 
- l  
f -  I ~ 

& &  

least ,  from a s tudy  of the radial  v a r i a t i o n  of t hese  CFOSS 
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The value Ef the integrated flux f o r  each sample was 
_ "  

*.I, cnlcu la ted  from the. A . N . L o  flux d i s t r i b u t i o n ,  cor rec ted  for 

~ - the  &adient; across t h e  rod (see Sec t ion  B ) ,  and- normalized 
' c -  co ai absolute value by coniparison with G ( f o r  H ( A )  and I i ( I3) ) ,  

w i t h  P ( f o r  Q ( A ) ) ,  .atmi f o r  0- by assuming that  the value c/f G ~ : ~ )  

at t h e  su r face  o f  t h e  ?ad wzs t h e  same as i n - H .  

. 
- -  

The radial  

d i r e c t i o n  of 0 i8 believed to be "B" on t h e  evidence of t h e  1: - - -  . -  
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100, 200 300 400 
F15405.5.4.  The e f f e c t i v e  capture cross sec t ions  of pu239 and 
pu as functions of rad ia l  depth In O ( A ) ,  0,  H ( A ) ,  and H ( B ) .  
The mass spectrometer errors are shown f o r  ~ ~ ( 2 4 0 )  i n  Q , ( A ) .  
These errors are less than one Percent f o r  a l l  uc(2 9 
and f o r  ~ ~ ( 2 4 0 )  points,  are about one percent i n  H f A j  and 
H ( B j  and one t o  two percent i n  0 .  

points 

e 

500 



- 51 - CRR-622(Rev. 1 

I <  - 

concentrat ion inc reases  239 -expec ted  t o  decrease as .the Pu 
t and the absorp t ion  -of the 0.3 1 .  ev resonance neutrons becomes 

. ?  

= *  

'more import . , No q u a n t i t a t i v e  i n t e r p r e t a t i p n  - -  of t h i s  s e l f -  
. &  

s h i e l d i n g  e f f e c t  has, however, . .  - *  been attempted. <* 

The results from Q ( A )  I C -  . appear t o - b e  yomalous* and suggest 

a d i p  ,below . the  expected (A.N.L.) -flux d i s t r i b u t i o n  i n  t h e  

region of .lo0 mil,-depth, as do the Cs 137 and Pu/U ,data. I 

I 

/ 
~ 

It may be .observed that, i f  t h e  mean value of t h e  i n t e g r a t e d  
- _  

' 3 f l u x  across-Q(A) i s  c o m e c t ,  - n o - d i s t r i b u t i o n  t -  can give t h e  - r  

expected behaviour of ac9, " that  i s ,  h igher  i n  Q ( A )  - than - L  i n  0 
- 1  

. at a l l  points . -  Since Q - w a s  adjacent  t o  P, f o r  which t h e  irra- 
-2 .- 

d i a t i o n . i s  accu ra t e ly  kr~own, the mean value f o r  Q(A) i s  r: expected 

t o  be too  l a r g e  only. if the g rad ien t  across  t h e  rod has been 

underestimated: however the radial  gamma-ray scan .data, I .  which - 4  
< 

i n d i c a t e  t h a t  the g rad ien t  i s  the sa$e f o r  Q as f o r  H, are 

approximately confirmed by the  Pu/U measurements i n  Q ( A )  +nd Q(B). 

Fig .  5.5.4 a l s o  shows the  apparent changewi th  - .  radius and 

i r r a d i a t i o n  of ao, t he  capture c ross  s e c t i o n  of Pu240: . The 

. -  ' important con t r ibu t ion  from epithermal neutrons is  shown by 

, .  

J - 1 -  

.-a 

r l -  

- -. * :- 

I A .  

- .  1 

/I 

the pronounced rise towarbs the  cen t r e  o f .  the  rod, an' e f f e c t  
. -  . __. - L * - The . ,  fresh-rod Besselkfunct ion d i s t r i b u t i o n  would give - .  t h e  

. - following. values  f o r  - (3 c9 :, - ~ - .  * 

41  122 302 502 
. .*  1 

21 

Cross s e c t i o n  426, 416 402 406 447 477 

' 3  

Depth (mi l )  1;; 

(barns)  . 

t h a t  . i s ,  a more pronounced anomaly of t h e  same type.  

. -  

t h a t  . i s ,  a more pronounced anomaly of t h e  same type.  

. -  
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* ' f  < 3 1  

b u t  t he  data are ra the ' r  inaccurate." A 

rod the apparent 'dalue of. 

some sugges t ion  of an i r h e a  

towaeds t h e  cen t r e .  An iwcr  

expected t o '  r e su l t '  from t h  

product i& dur ing  * t h e  i r rad 

the  surface value would i o  

value of o o ' a t  the rod sur 

i n c r e a s i n g  i r r a d i a t i o n .  

1 , <  

1 i 

- ,  f I '  

ee "Appendixi 11 (ii ) )  $' 

*'I. 

i -  
+. a I 

? 

$ 9  

-4 

' C  " > 

_. I 

the  U 235 dep le t ion .  'The resalts, 0'661 n's/kb f o r  

f 
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Measurements of the  plutonium produced give a value of 
, : . 

0.76t0.01~ f o r  the i n i t i a l  conversion f a c t o r  and . O . g l ? O . O l  gm/MWD 
- .  , .  - 

. f o r  the i n i t i a l  production r a t e .  These values  imply tha t  27 
- i. percent of t h e  plutonium is produced by resonance capture .  

i I n  .both P and G, u = 42723 barns,  a value s i g n i f i c a n t l y  
c9 

h igher  than  an e a r l i e r  e.st imate (395 _ -  barns)  based on p i l e  
- . '  

i r r a d i a t i o n  data. 

i r r a d i a t i o n  nGted previously - -  *is again ev ident .  

G give ucl = 440f-30 barns .  

Data -on Radial D i s t r i b u t i o n s  

The apparent decrease of ao-,with inc reas ing  

The data of 

. .- ._ 
U235 d e p l e t i o n  measurements by A,N.L. across  d i s c  R 

-(0.611 n's/k/d) give a flux d i s t r i b u t i o n  s l i g h t l y  d i f f e r e n t  

from the fresh-rod Bessel-funct ion d i s t r i b u t i o n  due t o  Hone. * .  

No use fu l  information i s  obtained from t h e  C s  137 data, and i t  

has been necessary t o  assume t h a t  t h i s  A.N.Le d i s t r i b u t i o n  

appzies  t o  . a l l  rod s e c t i o n s ,  -although t h e  radial  d i g t r i b u t i o n s  

O'f both ' PU 239 and Pu 240 suggest  t h a t ' t h i s  i s  n o t  a good assump- 

1 

I 
' 

_. 

- *  
t _  - t i o n .  . I  

The d i s t r i b u t i o n  of Pu*~'  i n d i c a t e s  t ha t  abous..2.5 percent 

he t o t a l  plutonium i s  formed as a t h i n  s k i n  on- the  rod 
I .  

* I  - .  
The radial  v a r i a t i o n  of u i s  not -unexpected, b u t  a 

- 1  c.9 
2 -  q u a n t i t a t i v e  i n t e r p r e t a t  n would r equ i r e  more- reliable flux ~ 

data. . a. shows an inc rease  towards t h e  cen t r e '  of ehe rod 
- 

that i s  r ap id ly  reduced by self  s h i e l d i n g  as t h e  i r r a d i a t i o n  

are not very accura te ,  24 2 i nc reases .  The measurements of Pu 

and the radial v a r i a t i o n  of acl i s  not we l l  def ined .  
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APPENDIX 

The Calcula t ion  8 of oCg and t h e  S i k n i k c a n c e  

of the "Average" V a l u e s  Obtained 
, b 

( .  

SUMMARY 

I. Small Sample - Constant Neutron Spectrum 

The i r r a d i a t i o n ,  equations'  are given,Bnd the  dependence of  
' 

' 

t - . .  

, .  
the  ca l cu la t ed  value of CJ 

cross  s e c t i o n s  i s  $tabulated. 

o n ' t h e  'values 'assumed f o r  o t h e r  
. f  I 

C 9  

11. " 

The neglec t  of changes 1. m e a s  ed o r  es t imated - I n  o t h e r  

c ross  s e c t i o n s  in t roduces  very 'sma e r r o r s  i n  the  c a l c u l a t i o n  
d 

F A  

* C 9  of a 

The rather small changes of 0 i t s e l f  can be i n t e r p r e t e d  C 9  
accu ra t e ly  enough by the  s imple shor t - i r rad ia t ion-approximat ion  

formulae. For example, i f  5 inc reases  l i n e a r l y  w i t h  the  irra-. 

d i a t i o n  x from a(0) t o  ~ ( x ) ,  the ca l cu la t ed  value zc, = 
69 

/ 

a(0) + $(o(x)-o(O)) w i t h  high accuracy f o r  values  of x i n  the 

range of i n t e r e s t .  

111. Complete Disc - Constant Neutron Spectrum 

The resul ts  of Sec t ion  E were ca l cu la t ed  on the assumption G 

t h a t  a l l  c ross  s e c t i o n s  were independent of radius.  The e f f e c t s  

of the radial  dependence of cross' s e c t i o n s  other  than  u i t s eLf  

are small. 

d 

C9 7 ,  

The s ign i f i cance  of the average value of a i s  c g .  ~ ' 
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I , discussed .  For example, i f  ac9 decreases  pa rabo l i ca l ly  w i t h  

radius-from & a t  - t h e  cen t r e  t o  0 . 9 ~  a t  t h e  su r face  of t h e  rod, 
5 . t h e  ca l cu la t ed  value a = Aa where, f o r  an NRX rod w i t h  

= 0 and 0.94461 a t  x = 0.9 

The-hypothe t ica l  case of a rod across  which 

C9 
= 1.24, A = 0.94215 a t  

t GO 
neutrons/kilobarn': 

x is cons tan t  g ives  A *= 0.95 a t  x = 0 and 0.94968 a t  x = 0.9.  

IV. Complete Disc  - Changing Neutron Spectrum 

T h i s  case can be t r e a t e d  adequately by simple ex tens ions  

of the  results of I1 and 111. 

.. . 

. .  

. *  . .; . , 

. .  .. . _  . . ,  . .  
L i .  . . .  . .  

I i .  

. -  . .  
. -  

. .  i 

. .  
. .  . * . .  . , .  i .  

. I  

. .  

. .  
. .  

. I  
. .  . - . .  . .  , 

. .  
I .  

. .  
. - .  . I.' . . 

. .  
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I. Small Sample - Constant Neutron Spectrum 

If 08, 09, 0 0 9  01, and a2 are the t o t a l  .absorpt ion’  c ross  
242 s e c t i o n s  i n  k i lobarns  of U238, Pu?~’, Pu 240 , P u ~ ~ ’ ,  and Pu 

241 
0 are t h e  capture  c ross  s e c t i o n s  of Pu 239 and Pu , c cg9 c l  and 0 

a l l  of which remain constant  dur ing  ”the i r r a d i a t i o n ,  then a f t e r  

an i r r a d i a t i o n ’ o f  x neutrons/ki lobarn ( the  spme f o r  a l l  po in t s  

i n  the  sample),  t h e  concent ra t ion  of each nucl ide as an atom- 

f r a c t i o n  of t h e  o r i g i n a l  U 238 preseli t ,  u, is: 
*. 

-* t 

u238/u = exp( -08x) ; 

* 
exp(-08x) exp ( - ogx) 

+ (09-08) (00-08)  (0i-08) (‘8-‘9) (?o-‘g) ( ‘i-‘g) 

exp (- exp (- 0ix.) 
+ + (08-0;) (09-0;) ( 

inc ludes  t h e  disappearance of  Pu 241 by be ta  decay. I f  *i 
the neutron flux; dx/dt, i s  constant  during t h e  i r r a d i a t i o n ,  

u, t = 0, + At/x. 
I 

239 
A 

The neglec t  of the f i n i t e  lifetime; of Np in t roduces  only 

a small e r r o r  i n  the q u i t e  long i r r a d i a t i o n  of rod 683 and has 

been neglected throughout.  U 

These expressions may be expanded as series, which a re  

more u s e f u l  when x i s  small o r  In cases where x i s  d i f f eFen t  i n  

, .’ 
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R 

I .  

-*1 

, -.- I., 
- . .  

n 

L' 

I .  . .  

d i f f e r e n t  'parts of the sample. The s e r i e s  expansions a re :  

P U ~ ~ ~ / U ' =  - .  08~[1~0~(8,9),/,!,a~(8,9)~~/3!-. 1 ;  

P U ~ ~ ' / U - =  a i u  x2~1/2!-a1(8,g,0)x/3!+a2(8,9,0)x2/4!- - .  1; C 9  

. Pu241;/u = a8ac9 a 0- x3[~/3!-01(8,g,0,1)x/4!+u2(8.g,0,~)x2/5!- , . . . . I ;  

.:... I ,  - 
whe2re an(8,9,0,1 . ..) i s  the. s u m  of a l l  t h e  products of degree n 

t h a t  can be-formed from a8,a99009a; . . . . 
02(8,9) = 08 + 0879 + a;. 
that ,  f o r  example, on(8,9,0) = an(8,9) + aoa 

For example, 

They a r e  r e a d i l y  formed by observing 
n - i  

2 

(8 ,9 ,0) .  

The second and h igher  terms of the  i n f i n i t e - s e r i e s  parts of 

these expressions w i l l  be gene ra l ly  r e f e r r e d  t o  as t h e  "des t ruc t ion  
r 

. terms".. . *  

From the experimentally measured i s o t o p i c  composition of  

t h e  plutonium, i t  is poss ib l e  t o  c a l c u l a t e  ac9uo and acl i f  

x,, O g '  CJ 1, and a2 are,known. As an aid i n  t h e  successive-  

-' approximation ca l cu la t ions ,  i t  is  u s e f u l  t o  c a l c u l a t e  (from t h e  
I. . 

o r i g i n a l  exponent ia l  expressions rather than 'from t h e  series . 

f o r  the range of x r equ i r ed  here) the quant i t ies  L, M, and N ,  

def ined by 
. -  

240 239) a x/Lc= (Pu /Pu 
c9 - 9 

(a 0 /a 3 9  ) /M = (Pu241/P~240) / (Pu-  240/pu239) t 

- (oc,/oo)/N = ( P ~ ~ ~ ~ / P ~ ~ ~ ~ ~ / ( P ~  /PU ' .  
241 240) 

f o r  x at  i n t e r v a l s  of 0 .1  n's/kb and f o r  two o r  more values  of 
.- . 

. .  
. .  . -  . 

', ,: 
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a 200 barns apart. 

n 's /kb) ,  L, M, and N change rather slowly and very smoothly w i t h  

I n  the range of x involved here (0 t o  0.9 0 

, 

3 -  . 
' I  

\ F 
x and a. (and ag, al, and a2) ,  and i t  i s  poss ib le  t o  i n t e r p o l a t e  ' 

between the ca lcu la ted  values  wi th  an accuracy o about 0.1 ' 

percent .  

* 

It may be seen from the series-expansiort  forms of the irra- 

d i a t i o n  equat ions tha t ,  f o r  s h o r t  i r r a d i a t i o n s ,  the beta decay 

of Pu2" during the i r r a d i a t i o n  may be taken i n t o  account q u i t e  

accu ra t e ly  by inc reas ing  the observed value of P u ~ ~ ' / P u  240 by 

At/4 and decreas ing  t h a t  of Pu242/Pu241 by At/20. 

i s  more convenient than  tha t  of i nc reas ing  

f o r  t h e  present  workj where A t  + 0.136, i t 3 n t r o d u c e s  at worst 

e r r o r s  i n  t h e  determinat ions of 'a 

T h i s  procedure 

2 1  

" +  

and a. of about 0,06 percent C 9  
and 0 .3  percent  r e spec t ive ly .  

i n  view of t he  f a c t  tha t ,  s i n c e  the 'flux was not constant '  dur ing 

T h i s  i s  not  considered important 

the i r r a d i a t i o n ,  the e f f e c t i v e  value of A t  i s  uncer ta in  by a b o u t '  

f10 percent .  

I n  t h e  i r r a d i a t i o n  range of i n t e r e s t ,  the  value ca l cu la t ed  

(which i s  the only cross  s e c t i o n  t h a t  can be determined c9 f o r  a 

w i t h  both accuracy and s ign i f i cance )  does not 'depend very s e r i o u s l y  

on t h e  values  assumed f o r  08, O9 
sample from H ( A )  at  1 m i l  depth,  where x = 0,835 nqs/kb,  the de- 

pendence i s  summarized i n  the table: 

and ala For exampie, i n  the  

1 0 a For a 10 percent  increase  i n .  a8 

. 

F 

Y 

ca lcu la t ed  value of a i s e  -5.5 10-3 '-r0h5 . ,  + o.55 The percentage increase  i n  the 

* C 9  
. .  I 
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Very approximately,  t i e  effect  on. u of a change i n  a8 o r  
C 9  

'2 - ,  

I s  propor t iona l  t o  x a n d " t h a t . o f  one I n  ul t o  x . u9 
1 

. - .- 
11. A -  Small Sample - Chahglnk Neutron Spectrum 

L _  r ., - ,  5 - 1  

Fig.  5.5.4 shows that  . a t . a  given point  I n  the  rod, t h e  

ca l cu la t ed  value of u- .changes w i t h  i r r a d i a t i o n ,  -presumably 

as a , r e s u l t . o f  the changing -composition of the rod a f f e c t i n g  the 

neutron spectrum. It i s  expected tha t  t h e  o t h e r  c ross  s e c t i o n s  

are a l s o  a f f e c t e d ,  and indeed, near  t,he. cent re  of .  the rod, where 

s e l f - s h i e l d i n g  e f f e c t s  w i l l  Fbe most important,  . the  change i n  a. 

w i t h  i r r a d i a t i o n  i s  ,very ser , ious.-  The dat-a shown ir. F igo  5.5.4 

were ca l cu la t ed  on the assumption that a l l  cross  s e c t i o n s  remained 

constant  dur ing  J -  the i r r a d i a t i o n .  

- -  1 c9 

L .  

. -  

. 

, 

r". 

The I n t e r p r e t a t i o n  of t h e s e .  
n -  average - u  values  wil l .now be discussed.  n 

I -  - -  C 9  

I n  t h e  over-s implif ied ,case* where a l l  o t h e r  cqoss s e c t i o n s  - I !  
. ,  * 

where - thp  i r r a d i a t i o n  is small .enough f o r  remain cons tan t ,  I 

t he  d e s t r u c t i o n , t e r m s  t o  be ignored, and where u incsease.s .-  C 9  f _  

l i n e a r l y ,  with I r r a d i a t i o n k  x such t h a t  ,u 

.- 
=..  -. . 

I 

= U c g ( 0 )  (l+qx), then - - ,I C 9  
- - I  

, I  

, .Pu 

- . u is. c a l c u l  . _ .  d from rlj the  c o n s t a n t - c r o s p s e c t i o n  r e l a t i o n .  . c g .  

* ' 1  

' pu24o/pu239 =-a 
m I c9 d 

.i - 
,_ 

2 -  -. I .whence 5 = 0 1 +. 2~/3); 
- _ _  * i t  " C 9  

. t he re fo re  ac9,.- (0) + (3[2)(zc9-Ucg(0)) - 9  is&he value at  the - %g 
c 

I end of t h e  i r r a d i a t i o n .  2 .I c- . I 
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I * '  

Given s u f f i c i e n t  experimental  ,data, a more complicated ! #  

, . +  

i r r a d i a t i o n  dependence could be evaluated by I successive,  

mations . 
The present  c t i o n  deals ,w i th  the complications , '  t h a t  are 

1 . .  I _  
. I  

' % -  r 
. I  - 3 b 2  

* "  
c 

int roduced by the v a r i a t i o n  of  o t h e r  c ross  sec t lons  and by the 

n e c e s s i t y  of inc luding  the' -destrudi;'ion terms i n  the' analys'is 

The e f f e c t s  are suff ic ' ien $mall' t o  -b estigated sepa$ately;  ' '  

that  is; when the e f f e c t ' * o f  ' t he  v a r i a t i o n  'of ' t he ' z ros s  

of  one' p a r t i c u l a r  nuc l ide  fs:'being 
:+ .,.-. 

udied,' the  *cross  s&ions 
I *  of  all ' o the r s  are assumed - t o '  remain constant  . ' 

It i s  more convenient t va t ion  of- Dcg' 

eb.)/(pu239:left)'9L ' ' ' 
- .  from the r a t i o  k = (PuP4'-1eft + ' * P U ? ~ ~  *destr  

rather than from ( P U ~ " ' / P U ~ ~ ~ ) .  

( ~u 2 4 0 / ~ u  '39) invblves  

value of ao, which m u s t ' i t  
Pu 241 content .  This  r e q u i  1 . which, ' s t r i c t l y ,  

should be the s u m  of  acl (ob ta ine  

a knowledge - f o r t u n a t e l y  not  cruc . 

arl obtained from some 0 t h  

t h e  neutron spectrum i n v o l  

v a t i o n  of a 

f o r  constant  08, 

08(exp(-a8x)-exp(-a,x)j~ - I}. 

The' r e  t i o n  between CT' c9 -' - 'arid 

and a 9' " the  

'from' the measured ' 

242 content and 

and a value' of 

from R,  bi;i 
C 9  

It m u s t  be r e a l i z e d ,  howeyer, t e c a l c c l a t i o h  o f - R  

from the mass spectrometer da 

'in f a c t ,  it w i l l  be seen that  i n  p r a c t i c e ,  because- o 

cl; and '02: 
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of reliable cross-sec t ion  data f r o m  o t h e r  sources  and the l i m i t e d  

accuracy of the Pu 242 measurement, the two methods t u r n  out  t o  

be exactly equiva len t .  Nevertheless,  the  e f f e c t s  on t h e  value 
T* 

der ived  f o r  a of v a r i a t i o n s  i n  these higher c ros s  s e c t i o n s  are 

more easily evaluated by a cons idera t ion  of t h e i r  e f f e c t s  on t h e  

c a l c u l a t i o n  of R r a t h e r  than  by a more d i r e c t  attempt t o  modify 

C 9  2 

the  equat ions  of Appendix I. 

There would be no d i f f i c u l t y  i n  c a l c u l a t i n g  R from the mass 

spectrometer  data i f  al and acl were known accuracely from other 

242 content had been measured accu ra t e ly .  sources ,  and i f  the Pu * 

A knowledge of  a2 is a lso  required,  b u t  i n  p r a c t i c e  a rough es t i -  

R 

-0 
. f 

mate is s u f f i c i e n t .  The c a l c u l a t i o n  of R would then  proceed 

i n  the fol lowing way: first,  an estimate of  the PL! 242 destroyed 

is  required, -which i s  obtained accura te ly  enough from t h e  s h o r t  

i r r a d i a t i o n  formula (Pue4’ d e ~ t r o g e d ) / ( P u ~ ~ ~ )  = ( 5 / 6 )  (a2/acl) 

( P U ~ ~ ~ / P U ~ ~ I ) .  

then  mul t ip l i ed  by [(a ,  + ht/x)/acl] t o  give the t o t a l  Pu 

destroyed (and l o s t  by beta decay) ,  which i s  then  added t o  the  

measured Pu 241 t o  g ive  t h e - t o t a l  Pu .240 destroyed. 

T h i s  is  then  added t o  t h e  measured Pu 242 and 
24 1 

R follows 

immediately, and 0 may then  be ca l cu la t ed  i f  083 a d  C 9  
x are known. It will be noted t h a t  R is i n  no way a f f ec t ed  

by any p e c u l i a r i t i e s  i n  the behaviour of a. dur ing  the isradi- 

at  i o n  e 

f: 

Since At/x << alJ an accura te  value of (al/acl) and a * 

rough value of al would s u f f i c e .  
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f 

c a l c u l a t i o n  of R g ives  a value 

i d e n t i c a l  w i t h  t h a t  obtained fr 

The e r r o r  made i n  c a l c u l a t  
* >  

this way is due t o  t he  
i n c o r r e c t  e s t ima t ion  of  t h e  Pu s t royed,  which arises 

from the f a c t  that  the value calcul.ated f o r  acl, from the 

constant  - cross-sec t ion  equat ions,  i s  i n  e r r o r .  The e f f e c t  
of v a r i a t i o n s  i n  Oo, al, and acl during the i r r a d i a t i o n  on 

the c a l c u l a t i o n  of the Pu241 destroyed, and hence on a C9' 

w i l l  now be considered. The very s m a l l ' e f f e c t s  of poss ib l e  

v a r i a t i o n s  i n  a2 may be ignored. 

(i) 

.,' 

Var ia t ion  i n  al and acl 

The value of R i s  not ,  i n  the cases of in,%erest here, 

very s e n s i t i v e  t o  these cross sec t ions ,  and an approximate 

c a l c u l a t i o n  w i l l  be s u f f i c i e n t .  The d e s t r u c t i q n  terns w i l l  
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/I 

be omitted ( f o r  the c a l c u l a t i o n  of successive r a t i o s  of t h e  

h igher  i so topes ,  t h i s  is q u i t e  a c lose  approximation because 

of  t h e  nea r -cance l l a t ion  of t he  series'), and only l i n e a r  

v a r i a t i o n s  of  al and acl w i l l  be cons ide red ,  

of Pu241 may be considered accu ra t e ly  enough as a sepa ra t e  

c o r r e c t i o n  and . i s  omitted from the present  d i scuss ion .  

The b e t a  decay 

I f  acl = a c l  (0)(l+acx) and afl  = a f l ( 0 ) ( l + a f x ) ,  

then,  s i n c e  = a8ac9 a x3/3! ,, I 

Therefore r = ( t o t a l  Pu241 d e s t r ~ y e d ) / ( P u ~ ~ ~  + Pu 243) - - 

O f  1 + 4ap/5) 
+ a cl C O > ( ~  + 4acx/5) 

The constant  - cross-sec t ion  equat ions would give a value f o r  o;,, 

( o m  + 4acx/5), ' 
24 1 = (4/X)(PU242 + Pu-243)/Pu = Ocl 

- 
Ocl 

so  that  r = 1 + Ofl(0) (1 + 4afx/5)/acl. That i s ,  the value of 

O f  1 that  should be used wi th  acl i s  afl ( 0 1 0  + 4afx/5). 

A very rough estimate of t he  value of af may be made 

i n  the fol lowing way. Se l f - sh i e ld ing -  e f f e c t s  i n  Pu 241 w i l l  

be n e g l i g i b l e  a t  present  concent ra t ions .  

t h a t  the resonance i n  Pu 241 f i s s i o n  i s  about half as important 

( i n  i t s  con t r ibu t ion  t o  the e f f e c t i v e  c ross  s e c t i o n )  as t h e  

I f  it is  assumed 

resonance i n  . Pu 239 capture  and t h a t ,  being a t  the  same energy, 

i t  is  s u b j e c t  t o  the  same reduct ion  i n  epithermal f l u x ,  then, 

s i n c e  the apparent .change i n  'a wi th  i r r a d i a t i o n  i s  about 
C 9  
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2/3 times the true change o f ' a  i t  i s  expected tha 

[ (l/2)/(2/3) 1 [A; C 9  /;&I. ' At-lthe cen t r e  of"the rod a 

between H and Q suggests 'ATc9/$9 < 0.1, whence 

, Therefore,  i f  no a t t e m p t  'were made t o  c o r r  

an e r r o r  of $4 percent  i n  r would be made. the'  H " * 

sample, t h e  con t r ibu t ion  ' t o  R from beyond Pu241 'is only t h r e e  -- - 0 

percent .  The e r r o r '  i n  R,  and hence i d  b- would therefope , -  ' 

. cg' 

6. f X 1 5  o.d6* 

V a l u e  o f p ) , - - '  ' 
*r 

. ' 1 -  

b I, 

1 ,  

C 9 '  
be a t  most 0.12 percent .  ~ 

The unce r t a in ty  i n  the appropr ia te  v a l  

important,  b u t  * t h i s  approximate 

i a t i o n 3  i s  inpluded I %  i n  the hope tha t ,  w i t h  ' 

Of Of1(09 is , , '  

a t  present ,  mo 
- I  ' ,  

da ta ,  it may eventua l ly  be useful. - r  

" 7 .  

( i i )  Var i a t ions  i n  (so 

A s  i n  (i) , approximate-' . .  equat ions .  may be used It c 

i s  assumed tha t  a l i n e a r  

r e  asonably r ep resen t  a t i v  

c e r t a i n l y  more complicated than  t h i s ,  b u t  i s  not  y e t  w e l l  

t iol? of 00 9 t h  i r r a d i a t i o n  i s  - > 

the  a c t u a l  behaviour (which i s  . . -  

- .  
d e f i n e d ) .  -- 

It is '  e a s i l y  'shown t h a t  wi th  (so = ao(0) (1-ax), 

. .  

r, 

where a. and acl ,are tlfe values  calcul-a+,ed from the consatant '- i 
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+ 1300 barns,  and a. f o r  H + 850 barns.  Therefore,  i n  t h e  

were used w i t h  a ’ h y p o t h e t i c a l l y  c o r r e c t  value of  afl,  the 

e r r o r  i n  r, propor t iona l  t o  (‘1 + Ofl/acl’)‘, w d u l d  be -5 percent .  

The r e s u l t i n g  underestimate o f  a would there-fore be (see (i) 

above) about 0.15 percent .  

’ 

C 9  . 

For heav ie r  i r r a d i a t i o n s ,  d would be more dependent 
C 9  

2 on r (almost as x 9, b u t  the  change in’ .so i s  ‘less mar-ed i n  

these samples. Although the a n a l y s i s  given here i s  vekp 

approximate, i t  is  evident  t h a t  the neglec t  of the v a r i a t i o n  

of  a. leads t o  an underestimate of a 
C 9  

by less than two barns 
. -  i n  ill cases .  * I .  

I .  

(iii) Var i a t ion  i n  08 

I n  the absence of  reliable- experimental  data, it 

w i l l  be assumed th’at  08 = a8(0) ( l+ax) .  

U238 may.safely be ignored si,nce i t s  e f f e c t  on -0 

. and w i l l  be nea r ly  the same i n  the two cases t o  be ccmpared, 

v i z . ,  a = 0 and a 0 with’ ax < 1 (see table i n  Appendix J ) .  

The d e s t r u c t i o n  of , 

c9. i s  small 

8 . .  

% 

. ,  It can then  be shown t h a t  
- a/ag) ( agx - [ l -exp(  -agx) I )  + aagx 2 /2! 

R E :  a,g (1 
+ a x  11 - a/ug) [ l-exp(-agx) I a9 

a9 

- 
ogx - [l-exp(-o,x)l  

1 ac9 [l-exp(-agx) 1 - - 9 

where 5 i s  the value ca l cu la t ed  from the constant  - cross- 
s e c t i o n  equat ions,  t h a t  I s ,  -wi th  a = 0. 

C 9  
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I .  1 

, 

,_ L 
I z = u x .2  where w = ,"/;a9 - 1 j -  2 2 .  f - 

For small z, ac9/ucg' -?+ (1 + a/3) / ( ,1  ;+.apr/?) *a (1 - =/a 
c - ' *  It should ia l so  be noted that ,  independent of the 

value OF z ,  the  value, o ca l cu la t ed  I f ,the, - z  plutonium, pro- , ' 

duced, 08, i s  equal t o  u8(o)'(1 + 4 2 ) .  

l.05a8(0), t ha t  is, ax = IO1. l,, -and fo.r ,.u, =,. 130 

less than  u 

- 
Numerically for* '8 = & '  9 

- 
arris, C 9  i s  . 9 '  

by, 1.926 percent  when x 5 0.5 - -  n'sLkb, and by 
I c9 

2.257 percent  when I -  x, = 1 .O n's/kb. 
.&- 

.The experimental, data .on the , f  O d f  -with i'rra- J 

ave been, discus&sed i n  Sept ion  I " "  ' present3 L? because 
r' ! 

of  u n c e r t a i n t i e s  i n  t he  neutron flux - 4  d i s t r i b u t i o n  a,nd i n  the 

appropr ia te  value of  0 

change of u p  t o  f i v e  percent  i n  

= 

i t  i s  not  p i b l e  t o  ru l e  out  a 
-, 

9' 
should be -noted, 

.*I. * "'* .., > 
however, t h a t  s i n c e  'about 75' perc&t of the plutonium' i s  produced 

by thermal neutrons '  (Sect ion D )  

(about - f i v e  percent  i n  5 8 )  

percent  i n  t h e  r a t i o  of resonance t o  thermal flux, which is 

much greater tfiah that  expecte 

neutron absorp t ion  'p roper t ies  of the 

scent '  i n  a8' 

auld imply a change' of nea r ly  50 

rom the c ~ a w e s  i n  

d by i r r a d i a t i o n .  

rod t h i s  r a t i o  w i l l  i nc rease  by about two percent  between Q 
B 

&nd H. 

4.1 percent .  

The e f f e c t  on the calculated--valge of uc9. -would be I 

V 

I 
i I -  
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( i v )  Var i a t ions  of C J ~ , - ,  and CJ 

1 It is  now.assumed that  the e f f e c t s  of the v a r i a t i o n  
7 

of a l l  o t h e r  c ros s  s e c t i o n s  have been cor rec ted  f o r ,  and i t  

remains t o  d i s c u s s  the i n t e r p r e t a t i o n  of 5 
from the cons tan t  - cross-sec t ion  equat ions,  when CJ and Q 

themselves change wi th  i r r a d i a t i o n .  

i n  the flux d i s t r i b u t i o n ,  no f i r m  conclusions on the experimental ly  

the value obtained C9’ 
g 

9 c9 
Because of u n c e r t a i n t i e s  

observed bekiaviour of 5 
d i scuss ion  i s  l imi t ed  t o  the case,  which i s  expected t o  be 

r e a l i z e d  approximately i n  p r a c t i c e ,  where u and u change 

can y e t  be drawn, and the present  
C 9  

a i  

C 9  9 

.- 

l i n e a r l y  with i r r a d i a t i o n .  

Neglecting t h e  d e s t r u c t i o n  of U238 as i n  ( i i i ) ,  then  

f o r  u = o g ( 0 ) ( l + ~ ) ,  - 
.: 9 , 

- q P u 2 3 9 )  dx + ag(o) (l+ax)Pu 239 = 08u. 

T h i s  may be solved i n  series form t o  g ive  

’ P = P u ~ ~ ’ / U =  a8x[ l  - ( l + b 1 ~ ) ( 0 9 ( 0 ) x ) / 2 !  
+ (l+c1rm+c*a 2 2  x ) (og (o )x )  2 /3! 

- (l+dlac+d2a 2 2  x +d a 3 3  x . ) ( a  ( O ) X ) ~ / ~ !  
3 9 

+ e t c . 1 ,  
n n  where the c o e f f i c i e n t s  of a x i n  the ( f i n i t e )  subs id i a ry  series 

are given by 

3bl = 2 
. .  ? 

s 4C, = 3( l+b l )  5c2 = 3bl 

5dl = 4(1+cl) 6d2 .= 4(c1+c2) 7d3 = 4c2 

8e3 = 5(d +d ) 9eq = 5d3 2 3  

2 3  3 4  

6el  = 5 ( l + d l )  7e2 = 5(dl+d2) 

7f1 = 6(l+el)  8f, = 6(e l+e2)  9fe = 6(e  +e ) 10f4 = 6(e  +e ) 

‘ e t c .  e t c .  e t c .  e t c .  
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are re t a ined ,  then  

R = Q/P + a c g ( 0 ) ( l  + 2yx/3)(x/2)[ l+og(0)(1 + ax - yx/6 

T h i s  suggests t ha t ,  f o r  small x, t he  constant  - ' c ross-  
s e c t i o n  a n a l y s i s  w i l l  g ive Zc9 + oc9 ( 0 )  (1 + 2 y ~ / 3 )  i f  a' v a l u e ,  for 

t he  t o t a l  cross s e c t i o n  5 = O g ( 0 ) + ( l  + ax - yx/6) i s  used. 9 

+ 

I n  o r d e r  t o  see how close t h i s  approximation is  f o r  
T 

f i n i t e  x, two cases have been evaluated numerically f o r  -I 

x = 0.661 n's/kb u C 9  (0) = 425 barns O g ( 0 )  = 1300 barrs 
Case (i) ax = yx = 0.1 R = 0.1728850 

whence, w i t h  3 
cons tan t  - c ross - sec t ion  andlys is  g ives  

= l 3 O O ( l  + 0.1 - 0.1/6) = 1408.333 barn's, t he  9 

- 
a = 453.705 barns = ('1 + 2*/3)425.348 barns .  

C 9  
Case (ii) ax = 0.1 ' y ~  = 0.15 R = 0.1781039 

whence, with zg = l 3 O O ( l ' +  O i l  - O.15/6) = 1397.5 barns,  
- 
cs = 467.865 barns = (1 + 2yx/3)425.331 barns.  2 

C 9  

It  i s  evident  that ,  f o r  the  i r r a d i a t i o n  l e v e l s  of 

I n t e r e s t  here, f irst  approximation methods are adequate' f o r  the 

s t u d y  of the v a r i a t i o n  of 0 C9 A with  i r r a d i a t i o n ,  s i n c e  they i n t r o - '  

duce e r r o r s  t h a t  are *smal'ler than  those due t o  uncer tk in tces  A i A  . - ,  

the  appropr i a t e  val'ues of  (T 9 and csl. 

v 

1 

t t .  
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1. 

J 

P 

& '  '1: 
. .  

. .  111. Complete Disc - Constant Neutron Spectrum 

I n  t h i s  s e c t i o n  the ' s ign i - f icance  of the  average values  ~ 

of Q der ived  from the data on the complete d i s c s  P and G 

w i l l  be discussed assuming tha t  the  neutron spectrum remains 

constant  a t  each poin t  i n  the , .d i sc .  

C 9  

T h i s  necessa r i ly  imp l i e s  

t ha t  the f lux  d i s t r i b u t i o n  remains constant  during t h e  irradi-  

a t i o n .  

It w i l l  be assumed that  c& has the same value a t  each 
I 

poin t .  

small e r r o r ,  which has a c t u a l l y  been allowed f o r  in- de r iv ing  

T h i s  neglec t  of the plutonium s k i n  in t roduces  a very ' 

the resul ts  of  Sec t ion  E , '  b u t  which is  not  of i n t e r e s t  i n  the 

present  d i scuss ion .  

ignored. 

The d e s t r u c t i o n  of U238 may again be 

I f  y i s  t h e  rad ius  o f  the  r i n g  having an i r r a d i a t i o n  x 
I 

(with y = 1 at  the rod su r face ) ,  then  

R = J(240 l e f t  + 240 d e s t r o y e d ) d V / J ( P ~ ~ ~ ~  1ef t )dV 
- 

3 2 4  . . . . . I*  dy 
1 
/[ucgx2/2! - u u x 43!  + u Q x /4! - 
0 c9 9 81 c9 9 . 

t - 
. . . . l a y  dy i r x  - UgX 2 /2! + u 2 x 3' / 3 !  - 

0 9 
. .  

As a reasonable approximation t o  t h e  a c t u a l  flux d i s t r i b u -  

t i o n ,  it i s  assumed t h a t  x = x(c ) ( l+ky  2 ) where x ( c )  i s  the 

i r r a d i a t i o n  l e v e l  on t h e  .rod axis. It is  evident  that  the 

mean i r r a d i a t i o n  of the d t s c  x = lx 271y dy/J21ry dg = x(c) (l+k[2). 
1 1 

0 0" 
The observed v a r i a t i o n s  of u and J are adequately 

. c9 9 
represented by the expressions 
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2 a = ocg(c) ( l -ay  ), 

a9 
- ,  I 

C 9  
= -a,(C)-(l-by - 2  ) 

( c )  ,-?"a and a9(c)  ,= S, 

An exact  s o l u t i o n  i has been attempted only f o r  e -  a = b. 

l .,i Writing %g 

N2R2a(z)2/2! - N3R~~S(x)2 /3!  + N4R4aS2(x)3/4! - . . . . . 
R =  - ,  *NIRl% -' N2B2S(x)2/3! +- N R S2(2)3/3! -' ..... 

3 3  
I )  I 1  

where 

and i .; 

Rn = ( ( l + k )  n+l - i ] / [ ( n + l ) k ( l  + k/2)"] 

Nn = 1 f o r - a ( = . b )  = 0; 
t 

and f o r  a(= b) # 0 ,  
t -  

= 1 - {  2(n+ l )k  ] 
(l+k)"+' - 1 ' i e .  

Nn 
\ 

- - k3 12 + .': .> 

- e t c j  . 
It i s  ev ident  t h a t ,  f o r  small x, t h e  va lue  7 obtained f o r  u C 9  on 

t h e  assumption t h a t  i t  had the.same vakue a t  a l l  depths would be . 
- .. - 

equal  t o  N2U. ,I ~ ? I  

For k = 0 .  which gives Qo = 1.24 (the experimental ly  

observed value) 9421505 for a "0 .'I and O .8843010z-for 

a = 0.2,  whereas 
% I  

k = 0, N2 2 0.95 f o r  a = 0.k and 0.90 for 
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k = 0  k = 0.6316 

rod surface values  of  u and u equal t o  425 and 1300 barns 

r e spec t ive ly ,  - f o r  x = 0.3, 0.6, and 0.9 n's/kb and a = 0.1 and 
C 9  9' 

0 , 0.2. From these values  of R,  values  of a were then  ca l cu la t ed  

from the series appropr ia te  t o  the case of u 

of radius ( t h a t  is, wi th  a l l  Mn set  equal  t o  u n i t y  and S 

replaced by 3). I n  t h i s  c a l c u l a t i o n  it was assumed t h a t  

and u independent 
C 9  9 Q 

.. 

a = 0 .1  

a = 0.2 

- 
S = a( 1300/425), which n e c e s s i t a t e d  successive approximation 

c a l c u l a t i o n s :  very similar resul ts  would have been obtained 

-.012 - -.023 -.034 +.ON +.181 ,+.261 

-.059 - a 1 1 1  -.159 +.181 +.350 +.515 
, *  

w i t h  3 = N2S, the  z e r o - i r r a d i a t i o n  approximation. 

below shows the  percentage by which 5 differs  from uN2 (= B at  

The table 
- 

x = 0 ) .  

rl - 
X 0.3 0.6 0.9 0 . 3  0.6 0.9 

mation w i l l  in t roduce e r r o r s  t ha t  i n  a l l  p r a c t i c a l  cases  are 

less than  t h a t  a r i s i n g  from the unce r t a in ty  i n  B 9' . . e .  

'C  The case wi th  b f a has not  been evaluated completely, b u t  

enough has been done t o  show that  wi th  b < a (which is the  case 

of  I n t e r e s t ) ,  the dev ia t ions  f o r  a given a w i l l  be smaller than  

1 ,  

7 
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It is reasonable t o  suppose that  $he i r r a d i a t i o n  dependence 

w i l l  a l s o  be unimportant i n  cases  where the v a r i a t i o n  of * c ross  * .  

s e c t i o n  wi th  r ad ius  is non-parabolic,  provfding it is no t  t oo  
..I- f ..: 

r 

t ' ~ : ' , r  * * -  
. I  

. .  

' .  . . ,  . . , .  .... . ' I  
. -  ..., ~ i -. '. . -' 

. .  
'is . f. ., . ? : Ls 

t.: : , a  ._ * I  .. , 
. ' . . _ .  

t. . ! : 

vio le 'n t .  . 
. .  

I .  
9 .  

The e f f e c t s  of  radial v a r i a t i o n s  of the higher c ross  s e c t i o n s  
. *  h "  , I  . I  

_ .  . . *  
(uo, ul,l e t c . )  can be examined-by i n t e g r a t i o n  of the ap  

I !  3 L -  I L. . . -  
(zero x) i r r a d i a t i o n  formuYae over  the rod area i n  o rde r  t o  

eva lua te  the e r r o r  made i n  c a l c u l a t i n g  the Pu241 d e s t r u c t i o n  
< &  

c x  

I /  ' 

(compare Appendix 11). The effects on ac9 are n e g l i g i b l e .  I I .  

~ i * 

. I  

IV. Complete Disc wi th  Changing Spectrum 
" ..i 

It is' evi'dent from I11 t h a t  s i n c e  :/a i s  not very s e n s i t i v e  
* - .  t o  k, a reasonably small change ' i n - t h e  neutron f l u x  9 '  d i s t r i b u t i o n  

across  the  d i s c  w i l l  not  i n  i tself .  in t roduce  7. I 

_ *  
a s i g n i f i c a n t  e r r o r .  

However, t he  accompanying spectrum change will alter. the 

value of u at any given poin t  i n  the  disc .  Now it has been C 9  
shown tha t  is very c lose  t o  th.e z e r o - i r r a d i a t i o n  averagevpbIp 

f o r  a l l  i r r a d i a t i o n  l e v e l s  of i n t e r e s t .  Therefore,  once +, the 
1 ,  

k weighting ( t h a t  is, the  f a c t o r  N2) has been taken  i n t o  account, 

the  system can be treated accura t e ly  enough as a small sample .. 
- 

~ i ,: * I  

(Appendix 11) i n  which the cross  s e c t i o n  changes wi th  i r r a d i a t i o n  

i n  the same way as t h e  average c ross  s e c t i o n  across  t h e  d i s c  
,.% 1.' ;e * > *, 

changes 




