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SLIMMARY 

Isotopic compositions fo r  plutonium generated and recycled in LWR's 

have been estimated for use i n  shielding catcu2ations. The values were 

obtained by averaging isotopic  values from many sources in the  l i t e r a t u r e .  

These isotopic  values should provide the  basis  f o r  a  reasonable prediction 

of exposure r a t e s  from the  range of LWR fuel expected i n  the fu ture .  The 

isotopic  compositions given a r e  meant t o  be used f o r  shielding calcula-  

t i ons ,  and the  values a r e  not necessari ly appl icable  t o  other forms of 

analysis ,  such a s  inventory assessment o r  c r i t i c a l i t y  sa fe ty .  Final 

r e s u l t s  a r e  presented in Table 1 .  

TABLE 1 .  High Burn-Up Plutonium Isotopic Compositions 
Recomnended For Use In Shielding Analysis 

Composition, wt%, At End of Cycle 

Equil ibrium 
Uranium First Fu Second Pu Third Pu Fourth Pu 

Isotope Cycle Recyc 1 e Recycle Recycle Recycl e 

Pu-236 0.08 ppm 0.06ppm 0.06ppm 0.06ppm 0.06ppm 

These compositions provide a  resource fo r  shielding and dose r a t e  analysis  
of new f a c i l i t i e s  t h a t  will f ab r i ca t e  and process high-burnup plutonium 

fuel . 

i i i  
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HIGH BURN-UP PLUTONIUM ISOTOPIC COMPOSITIONS 

RECOMMENDED FOR USE I N  SHIELDING ANALYSIS 

M. G. Zimmerman 
B a t t e l l e - P a c i f i c  Northwest Labora tor ies  

INTRODUCTION 

The purpose o f  t h i s  r e p o r t  i s  t o  p rov ide  a  s e t  o f  re fe rence i s o t o p i c  

composit ions f o r  p lutonium t h a t  can be used i n  s h i e l d i n g  and dose r a t e  c a l -  

c u l a t i o n s  f o r  new, nea r - fu tu re  p lutonium p lan ts .  It i s  a n t i c i p a t e d  t h a t  as 

more da ta  become a v a i l a b l e ,  these composit ions may be ad jus ted  s l  i g h t l y .  

D I SCUSSION 

I n  order  t o  s e l e c t  a  reasonable and conserva t ive  p lutoniuni  i s o t o p i c  

content  f o r  use i n  s h i e l d i n g  c a l c u l a t i o n s  several f a c t o r s  must be considered. 

These are:  

*Burnup and r a d i a t i o n  h i s t o r y  o f  t h e  f u e l  

*Time a f t e r  reprocessing 

* S h i e l d  ma te r i a l  and th icknesses expected t o  be used 

Chemical form o f  t h e  p l  utonium 

The burnup and i r r a d i a t i o n  h i s t o r y  o f  t h e  nuc lea r  f u e l  determines t h e  ac tua l  

p lutonium i s o t o p i c  composi t ion a t  discharge. The r e l a t i v e  c o n t r i b u t i o n  

t o  r a d i a t i o n  exposure o f  each p lutoniuni  i so tope w i l l  be determined by t h e  

s h i e l d i n g  ma te r ia l  and th ickness .  Rad ia t ion  exposure and s h i e l d i n g  needs 

w i l l  be increased by t h e  b u i l d i n  as a  f u n c t i o n  o f  t ime o f  c e r t a i n  daughter 

isotopes o f  p lutonium such as Am-241 and U-237. The chemical form o f  t h e  

p lutonium w i l l  determine t h e  number o f  ( c x , ~ )  r e a c t i o n s  and hence t h e  t o t a l  

neutron source. 

The important  assumption i s  t h e  r a t i o  o f  Pu-236, Pu-238, Pu-239, Pu-240, 

Pu-241, and Pu-242 isotopes i n  t he  p lu ton iuy .  Each o f  these iso topes have 

d i f f e r e n t  r a d i a t i o n  c h a r a c t e r i s t i c s .  The percentage o f  each i n  any g iven 

p lutonium i s  determined by the  c h a r a c t e r i s t i c s  and d u r a t i o n  i n  t he  r e a c t o r  

where the  p lutonium was produced. Once t h e  spent f u e l  (and p lutonium) i s  





discharged f rom t h e  r e a c t o r ,  however, t h e  p lu ton iun i  i s o t o p i c  r a t i o s  a r e  

e s s e n t i a l l y  f i x e d .  Knowing these  approxiniate r a t i o s  i s  impo r tan t  i n  s h i e l d -  

i n g  and dose r a t e  ana l ys i s .  D e t a i l s  o f  these  c o n s i d e r a t i o n s  a r e  g i ven  

be1 ow. 

PLUTONIUM ISOTOPE PRODUCTION 

The p lu ton ium i so topes  a r e  produced by neu t ron  abso rp t i on  and subse- 

quent r a d i o n u c l i d e  decay o f  U-235 and U-238. The ma jor  process i s  t h a t  f o r  

U-238 shown below: 

23gU + 2 3 9 ~ p  t e- 
? / 2  

= 23.5 minutes 

239Np + - 2 3 9 p ~  t e- t1/2 = 2.35 days 

Th i s  process occurs when U-238 absorbs a  neu t ron  w i t h  l e s s  energy t hen  

necessary t o  f i s s i o n  t h e  U-238 iso tope .  4 s i m i l a r  process occurs l e s s  

f r e q u e n t l y  w i t h  U-235 

237u + 2 3 7 ~ p  t e' tl/2 = 6.75 days 

2 3 7 ~ p  t n  + 238Np + y 

tlI2 = 2.12 days 

Other  i so topes  o f  p l u ton ium u s u a l l y  p resent  a r e  Pu-240, Pu-241 and Pu-242. 

These a r e  formed by neu t ron  abso rp t i on  i n  Pu-239. The p o s s i b l e  neu t ron  

abso rp t i ons  and decays causing b u i l d u p  o f  p lu ton ium iso topes  and o t h e r  t r a n s -  

u r a n i c  i so topes  i s  shown i n  F i g u r e  1 .  ) The i s o t o p e  Pu-236 i s  a1 so produced 

t o  a  smal l  e x t e n t .  

The va r i ous  amounts o f  p l u ton ium iso topes  produced by these  r e a c t i o n s  

a r e  dependent on t h e  c ross -sec t i ons  invo lved ;  and t h e  e f f e c t i v e  c ross -sec t i ons  

a r e  determined by t h e  neut ron  spec t ra .  Therefore,  t h e  p lu ton ium i s o t o p i c  

compos i t ion  a t  d ischarge  i s  determined by t h e  burnup h i s t o r y  and f u e l  

parameters and t h e  beg inn ing  p lu ton ium i s o t o p i c  conipos i t ion o f  t h e  f u e l .  





As t h e  p lu ton ium i s  r e c y c l e d  t h e  r e l a t i v e  i s o t o p i c  p roduc t i on  t r ends  

w i l l  con t inue .  The t r e n d  c o n s i s t s  o f  a  r e d u c t i o n  i n  Pu-239 f r a c t i o n ,  l i t t l e  

change i n  t h e  f r a c t i o n  o f  Pu-240 and Pu-241 and an i nc rease  i n  t h e  f r a c t i o n  

o f  t h e  o t h e r  i so topes .  

Only Pu-239 and Pu-241 a r e  f i s s i l e .  The r e l a t i v e  f r a c t i o n  o f  f i s s i l e  

p lu ton ium (Pu-239 + Pu-241) decreases w i t h  each r e c y c l e .  Because o f  t h i s ,  

a  g r e a t e r  amount o f  p l u ton ium must be added t o  a g i ven  co re  f o r  each r e -  

c y c l e  t o  ach ieve  t h e  same burnup. T h i s  means t h a t  e v e n t u a l l y  i t  becomes 

uneconomical t o  r e c y c l e  t h e  p lu ton ium. A t  t h i s  p o i n t  t h e  p lu ton ium i s  

e i t h e r  d iscarded o r  used i n  LMFBR's. Our estimate i s  that  pZutoniwn w i l l  

not be recycled beyond four times. 

RADIATION AND SHIELDING CHARACTERISTICS OF PLUTONIUM ISOTOPES 

I n  o rde r  t o  es t ima te  reasonab ly  conse rva t i ve  i s o t o p i c  composi t ions 

i t  i s  necessary t o  cons ide r  t h e  s h i e l d i n g  problems assoc ia ted  w i t h  t h e  

d i f f e r e n t  i so topes .  The neut ron  and garma y i e l d s  f o r  t h e  d i f f e r e n t  p l u t o -  

nium iso topes  a r e  shown i n  Tables 2 and 3. (2 

TABLE 2 .  Neutron Y i e l d s  From C X , ~  React ions and Spontaneous F i s s i o n  

n /sec gram of  Pu 

(3) Es t ima ted  f rom Reference 13. 

Spontaneous 
F i s s i o n  

(b) A rough e s t i m a t e  i n d i c a t e s  an a p p r o x i n a t e  d o u b l i n g  of (a,n) y i e l d s  compared 
t o  Pu 02. 





TABLE 3 .  Ganna Spectra and Yields 

gamnas/100 disintegrat ions 

Energy Range 
Pu-238 Pu-239 Pu-240 Pu-241 PU-242 Am-241 (He" 1 - - - - - - - 

0 . 0  
' (a) Includes gerimas froin PO-216 and Rn-220 ,, 

(b) lncludes gamnas from Po-212 orld TI-208 

(c) Spectra nonnal i r e d  t o  1.0, y ie lds  equal t o  14.98 HeV/flsston 
which tncludes prompt and f iss ton  product g a m s .  

(d) Read 1s 8-2 r 

Fisston 
spec t ra (c )  





The major  c o n t r i b u t o r s  t o  t h e  dose r a t e  i n  a  g iven  p lu ton ium i s o t o p i c  com- 

p o s i t i o n  w i l l  depend on t h e  s h i e l d i n g ,  geometry, and age s ince  reprocessing.  

The h a l f - l i v e s  o f  t h e  p lu ton ium iso topes  and t h e  daughters which c o n t r i b u t e  

t o  t h e  s h i e l d i n g  problem a r e  shown i n  Table 4. 

TABLE 4. H a l f - L i v e s  o f  P lu ton ium and Daughters Which C o n t r i b u t e  
S i g n i f i c a n t l y  To R a d i a t i o n  ~ x ~ o s u r e ( l 1 )  

Daughters 

Pu-236 

Pu-238 

Pu-239 

Pu-240 

Pu-241 

Pu-242 

Am-241 

U-237 

U -2 32 

Th-228 

Ra-224 

Rn-220 

PO-216 

Pb-212 

B i  -21 2 

Po-21 2 

TI  -208 

Parents  
Rad ioac t i ve  

Decay Hal f - L i  f e  

2.85 yr  

86.4 y r  

24390 yr 

6580 yr 

13.2 yr  
5 3.79 x 10 yr 

458 yr 

6.75 day 

72 y r  

1.91 yr 

3.64 day 

55.3 sec 

0.145 sec 

10.64 h r  

60.6 min  

0.304 p sec 

3.10 rnin 

Spontaneous 
F i s s i o n  H a l f - L i f e  

Since each i so tope  has a  d i f f e r e n t  a c t i v i t y ,  t h e  r a d i a t i o n  source 

s t r e n g t h  i s  determined by t h e  i s o t o p i c  composit ion. However, each i s o t o p e  

has a  d i f f e r e n t  gama and x - ray  spectra,  and t h e  i so tope  respons ib le  f o r  

most o f  t h e  dose r a t e  can change depending on t h e  s h i e l d  th ickness  and 

geometry. I n  c o n d i t i o n s  o f  no s h i e l d i n g  o r  ve ry  t h i n  s h i e l d s  l i k e  hood 

gloves, t h e  major  c o n t r i b u t o r s  t o  t h e  dose r a t e  a r e  those iso topes  pro-  

ducing the  most l ow  energy gamnas and x-rays.  For t h i s  reason a  geometry 

o f  p lu ton ium w i t h  1 ittl e  sel  f - s h i e l d i n g  may produce a  much g r e a t e r  dose 

r a t e  then an equ i va len t  amount o f  p lu ton ium i n  a  small dense source. 





Several isotopes, notably Pu-236 and Pu-241 decay t o  daughters which contri- 

bute a significant dose rate. For th i s  reason the time af ter  reprocessing 

can change the relative contribution of the plutonium isotopes t o  the dose 

rate. 

Most of the preceding discussion applies only to the gamma source. 

Because the neutron spectra from the different isotopes are essential ly 

the same for shielding purposes, the geometry and shield thickness has 

l i t t l e  effect on the relative contribution t o  the dose rate by the 
different isotopes. Therefore, the dominate plutonium isotope from a 

neutron shielding standpoint i s  determined solely by the isotopes activi ty 

and density compared t o  the other plutonium isotopes. 

The neutron and gamma radiation characteristics for each isotope are 

discussed below: 

Pu-236 

Typically recycle plutonium i s  expected t o  contain less then 0.1 

ppm Pu-236. This isotope does n o t  contribute significantly t o  neutron 

dose rates and the gamna dose rate i s  small compared t o  that from other 

isotopes. However because of decay daughters, the gamnia dose rate will 

buildup with time. The decay scheme i s  shown in Figure 2.  Equili- 

brium conditions will be reached in about 18 years. The major shield- 

ing problem i s  a 2.6 MeV gamna from TI-208. Because of the high 

energy of this  gamma ray, th is  isotope can contribute significantly 

t o  the dose rate under conditions of thick shields and several years 
time since reprocessing. 

Pu-238 
The amount of Pu-238 varies from about 1 %  t o  about 5% of the 

plutonium. This isotope, because of i t s  abundance and relatively short 
half-life, i s  a major contributor t o  the dose rate. The gammas are 

mostly low energy and can be shielded by thin shields. However, there 

are enough high energy gammas t o  dominate the gamna dose rate i f  the 

shields are of the proper thickness. 





The.Pu-238 can a l s o  be t h e  ma jo r  c o n t r i b u t o r  t o  t h e  neut ron dose 

r a t e .  Th is  i s  e s p e c i a l l y  t r u e  i n  compounds w i t h  a  p o t e n t i a l  f o r  ( a y q )  

r eac t i ons .  The spontaneous f i s s i o n  ha1 f - 1  i f e  i s  a1 so re1  a t i v e l y  sho r t .  

Pu-239 

Pu-239 general  l y  c o n t r i b u t e s  l e s s  t o  t he  dose r a t e  on a  per atom 

bas i s  then any o f  t h e  o the rs .  The h a l f - 1  i f e  f o r  Pu-239 i s  much l onge r  

then  f o r  t h e  o t h e r  i so topes  except  a-decay o f  Pu-242. Only when Pu-239 

makes up e s s e n t i a l l y  a l l  o f  t h e  p lu ton ium i s  i t  a  major  c o n t r i b u t o r  t o  

t h e  dose r a t e .  The Pu-239 can make up a  s i g n i f i c a n t  p o r t i o n  o f  t h e  

gamma dose r a t e s  through t h i n  l e a d  s h i e l d s .  The Pu-239 can be more 

impo r tan t  i f  t h e  dose r a t e  due t o  induced f i s s i o n s  caused by neu t ron  

mu1 t i p 1  i c a t i o n  i s  s i g n i f i c a n t .  Since t h e  Pu-239 and t he  Pu-241 a re  

t h e  o n l y  f i s s i l e  isotopes,  t h e  neut ron m u l t i p l i c a t i o n  w i l l  depend on 

t h e  a~iiount o f  these i so topes .  

Pu-240 

Pu-240 may be about 25% o f  t h e  p lu ton ium.  The gamma dose r a t e  i s  

m o s t l y  f rom l ow  energy gammas and even t h i n  s h i e l d s  reduce t h e  c o n t r i -  

b u t i o n  t o  i n s i g n i f i c a n c e .  

Th is  i so tope  can c o n t r i b u t e  about h a l f  o f  t h e  neut ron dose r a t e .  

Th is  i s  due t o  bo th  spontaneous f i s s i o n  and (a,q) neut rons.  

Pu-241 

Pu-24.1 may be about 17% o f  t h e  plutonium. Th i s  i so tope  c o n t r i b u t e s  

p r i m a r i l y  t o  t h e  gamma dose r a t e  through i t s  daughters U-237 and hi-241. 

The decay scheme i s  shown i n  F igu re  2. These i so topes  a r e  major  con- 

t r i b u t o r s  t o  t h e  gamma dose r a t e  f o r  most s h i e l d i n g  s i t u a t i o n s .  The 

U-237 b u i l d s  i n  t o  e q u i l i b r i u m  w i t h i n  a  month and t h e  Am-241 b u i l d s  i n  t o  

s i g n i f i c a n t  l e v e l s  i n  about a  year  a f t e r  reprocess ing .  

Pu-241 c o n t r i b u t e s  ve ry  l i t t l e  t o  t he  neu t ron  dose r a t e .  The Am- 

241 can c o n t r i b u t e  a small amount t o  t h e  neut ron dose r a t e  th rough 

(a,q) r eac t i ons .  Pu-241 i s  a l s o  f i s s i l e  and may c o n t r i b u t e  t o  t he  

induced f i s s i o n  neut ron dose r a t e .  

Pu-242 

Pu-242 may be about 15% o f  t h e  p lu ton ium.  Th i s  i so tope  c o n t r i -  

butes i n s i g n i f i c a n t l y  t o  t h e  ganima dose r a t e .  





Pu-242 does c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  neut ron  dose r a t e .  

Th i s  i s  m o s t l y  f rom spontaneous f i s s i o n  a1 though some (a,q) neut rons  

can a1 so be present .  

From t h e  f o rego ing  d i s c u s s i o n  o f  t h e  i n d i v i d u a l  p lu ton ium i so topes  we 

can conclude t h a t  a l l  t h e  i so topes  can c o n t r i b u t e  s i g n i f i c a n t l y  t o  dose r a t e s  

f o r  d i f f e r i n g  c o n d i t i o n s .  However, i n  most ins tances  i n  f a b r i c a t i o n  and r e -  

process ing s teps f o r  p l u ton ium recyc le ,  t h e  ma jo r  c o n t r i b u t o r s  a r e  Pu-238 

and Pu-241 f o r  t h e  gamna dose r a t e  and Pu-238, Pu-240 and Pu-242 f o r  t h e  

neut ron  dose r a t e .  Under c o n d i t i o n s  o f  t h i c k  s h i e l d i n g  and l o n g  s to rage 

t ime, Pu-236 daughters may c o n t r i b u t e  a s i g n i f i c a n t  amount t o  t h e  gamma dose 

r a t e .  The p r o p o r t i o n s  o f  t h e  dose r a t e  f rom these  i so topes  w i l l  v a r y  depend- 

i n g  on what s h i e l d i n g  i s  employed and t h e  s p e c i f i c  i s o t o p i c  composi t ion.  

There fo re  i n  o r d e r  t o  choose conse rva t i ve  i s o t o p i c  composi t ions f o r  

r e c y c l e  p lu ton iun i  we would g e n e r a l l y  choose t h e  compos i t ion  w i t h  t h e  l e a s t  

Pu-239 and t h e  most Pu-238 and Pu-241. Gene ra l l y  t h e  composi t ions w i t h  t h e  

most Pu-238 and Pu-241 would a1 so have t h e  most Pu-240 and Pu-242. However, 

i n  those  cases where induced f i s s i o n s  a r e  impo r tan t  we may want t o  choose 

a compos i t ion  w i t h  t h e  most Pu-239 and Pu-241 i n  o rde r  t o  assure conservat ism.  

REPORTED PLUTONIUM ISOTOPIC COMPOSITIONS FOR U02 AND PU-U02 FUELS 

We have i n v e s t i g a t e d  severa l  r e fe rences  f o r  t h e  i s o t o p i c  compos i t ion  

o f  r e c y c l e  p lu ton ium.  The mean i s o t o p i c  compos i t ion  and t h e  range o f  va lues 

found f o r  each i s o t o p e  i s  shown i n  Table 5. 

TABLE 5. Mean I s o t o p i c  Composit ions From Plutonium Recycle 

E q u i l i b r i u m  
Uranium F i r s t  Pu Second Pu T h i r d  Pu 
Cycl e Recycle Recycl e Recycle 

Pu-236 0.08 ppm 0.06 ppm 0.06 ppm - 
Pu-238 1.9 f .6 2.3 + 1 . O  3.4 f 1.5 4.3 + 0.7 

Pu-239 57.8 + 3.4 46.9 f 9.2 38.2 + 8.8 29.0 + 2.0 

Pu-240 23.7 + 2.3 28.0 f 4.0 30.3 + 3.3 29.8 f 2.8 

Pu-241 12.2 f 2.1 16.0 2 4.0 16.2 + 8.2 18.8 f 2.8 

Pu-242 4.2 + 1.1 10.0 + 5.0 11.7 + 3.7 19.2 5 0.8 





From t h i s  t a b l e  we averaged t h e  values f o r  ou r  recommendation i n  Table 1. 

I n  o rde r  t o  g e t  t he  f o u r t h  p lutonium r e c y c l e  r e s u l t s  i n  Table 1 we ex- 

t r a p o l a t e d  the  r e s u l t s  f o r  t h e  f i r s t  t h r e e  recyc les .  A1 so, we show i n  

Table 6 the  p red i c ted  average p lutonium i s o t o p i c  composi t ion f o r  1975, 

1980, 1985. (3 )  The var ious  i s o t o p i c  composit ions from t h e  i n d i v i d u a l  

re fe rences a re  shown i n  Tables 7, 8, 9, and 10. From these t a b l e s  we can 

observe t h a t  t he re  i s  a l a r g e  v a r i a t i o n  i n  p lu ton ium i s o t o p i c  composi t ion 

between the  d i f f e r e n t  sources. 

TABLE 6.  Average Composi t ion o f  P lu ton ium A v a i l a b l e  f o r  Recycle ( 3 )  

Year 2 3 6 ~ u  2 3 8 ~ u  2 3 9 ~ u  2 4 0 ~ u  241 PU 2 4 2 ~ u  

This  v a r i a t i o n  i n  r e s u l t s  from the  d i f f e r e n t  re fe rences i s  exp la ined 

n iost ly  by the  burnup assumed. Dur ing exposure o f  t h e  f u e l  i n  a r e a c t o r  core, 

t h e  product ion  o f  p lu ton ium i s  n o t  cons tant  w i t h  t ime.  I n i t i a l l y  when ~ i i os t  

o f  t h e  power i s  produced from U-235 f i s s i o n s ,  o n l y  a small amount o f  p lu ton ium 

i s  produced. As t h e  U-235 i s  burned o u t  and more power i s  produced from 

Pu-239 t h e  e f f e c t i v e  product ion  r a t e  f o r  t h e  Pu-238, Pu-240, Pu-241 and Pu-242 

isotopes increases r e l a t i v e  t o  Pu-239. Therefore, t h e  product ion  r a t e  o f  

these isotopes i s  g rea tes t  j u s t  be fore  the  f u e l  i s  discharged. I n  t he  cases 

where f u e l  burnup and enrichment was g iven by t h e  references used f o r  t h i s  

repo r t ,  t h e  burnup was about 27,000 MWDIMT f o r  BWRs and 33,000 MWDIMTM 

f o r  PWRs w i t h  2.7% enrichment f o r  BWRs t o  3.3% enrichment f o r  PWs. 

The i s o t o p i c  composit ions a r e  general l y  based on average core burnups. 

Some p o r t i o n s  o f  t h e  f u e l  may achieve h igher  burnups and the re fo re  h igher  

p ropo r t i ons  o f  Pu-238, Pu-241 and Pu-242. ~i kewise o t h e r  p o r t i o n s  o f  t h e  

core w i l l  achieve lower  burnup. Therefore the  p lutonium i s o t o p i c s  g iven 

can o n l y  be considered as approximate averages o f  t he  ac tua l  p lutonium 

i s o t o p i c  composit ion. 





TABLE 7 .  Plu ton ium I s o t o p i c  Composi t ions D ischarged  F r o ~ n  The Uranium C y c l e  

a .  These numbers r e f e r  t o  t h e  r e f e r e n c e s .  





d I N  . O O m O  

1 m d - C r ) C C  





TABLE 9. Pl utonium Isotopic Composition Discharged From The 
Second Pl utonium Recycle 

Plutonium Composition, wt% 
(9) (3 ) (5) (7 ) (1 5) PWR (1 5)BWR 

Pu-236 - 0.06 ppm - - - - 

Other reasons f o r  t h e  d i f f e r e n c e s  observed i n  Tables 7-10 i n c l u d e  d i f -  

ferences i n  c ross -sec t i ona l  da ta  and s o p h i s t i c a t i o n  o f  techniques. The o l d e r  

r e s u l  t s  especia l  1  y may be i n c o r r e c t  because o f  new cross-sec t iona l  da ta  made 

a v a i l a b l e  s ince  they  were ca l cu la ted .  

A comparison o f  ou r  average i s o t o p i c  composi t ion i n  Table 1  and two 

o t h e r  re fe rences  i s  shown i n  Table 11. These two re fe rences  d i d  n o t  p resent  

t h e  2 3 8 ~ u  w t%,  t h e r e f o r e  t h e  c o m ~ a r i s o n  i s  made as a  f u n c t i o n  o f  t h e  r a t i o  

o f  t h e  amount o f  a  g i ven  p lu ton ium i so tope  t o  t h a t  o f  2 3 9 ~ u .  The r e s u l t s  

f rom re fe rences  15 and 16 d i f f e r  f rom t h e  Table 1  averages, however, t h e  

range o f  va lues i n  Tables 6  and 7  i nc ludes  t h e  va lues f o r  t h e  1 s t  and 2nd 

p lu ton ium recyc l  es from re fe rences  15 and 16 i n  Tab1 e  11 . The t h i r d  and 

f o u r t h  r e c y c l e  va lues f rom Table 1  d i f f e r  f rom those values g iven  i n  r e f e r -  

ences 15 and 16 because o f  t h e  way i n  which t h e  p lu ton ium i s  recyc led .  The 

r e c y c l e  p lu ton ium g i ven  i n  Table 1  has been segregated. Segregat ion 

means t h a t  t h e  p l u t o n i u ~ i i  f rom t h e  f i r s t  p lu ton ium r e c y c l e  i s  recyc led  separa- 

t e l y  f rom o t h e r  p lu ton ium i n t o  t h e  second r e c y c l e  and s i m i l a r l y  i n t o  t h e  

t h i r d  and f o u r t h  recyc le .  I n  re fe rences  15 and 16, t h e  p lu ton ium f rom 

each r e c y c l e  s tep  i s  mixed w i t h  p lu ton ium f rom t h e  r e s t  o f  t h e  U02 fue led  

core. Th is  reduces t h e  amounts o f  2 4 0 ~ u ,  241?u, and 2 4 2 ~ u  r e l a t i v e  t o  2 3 9 ~ u .  

The conse rva t i ve  approach f o r  s h i e l d i n g  a n a l y s i s  i s  t o  assume the  p lu ton ium 

i s  segregated. 





TABLE 10. P luton ium I s o t o p i c  Composit ions From The 
T h i r d  Pluton ium Recycle 

Pluton ium Composit ion, w t %  
(1  5 )  PWR (16)BWR 









It would be d i f f i c u l t  t o  i nc lude  references 15 and 16 r e s u l t s  i n  the  ~ ~ ~ ~ 

averages because no 2 3 8 ~ u  values a r e  given. The 2 3 8 ~ u  cannot be ignored i n  

t h e  s h i e l d i n g  ana lys i s .  
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