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BNWL 244 

FORMATION OF SELECTED FISSION PRODUCTS I N  POWER REACTORS 

With an increasing c i v i l i a n  power r eac to r  economy and today ' s  
i n t e r e s t s  i n  t h e  la rge  sca le  use of c e r t a i n  isotopes,  it i s  now 
per t inent  t o  review the  p o t e n t i a l  a v a i l a b i l i t y ,  formation, and compo- 
s i t i o n  of such materials, Such i n t e r e s t s  r e l a t e  not only t o  the 
unique proper t ies  and p o t e n t i a l  uses f o r  these  materials, but a l s o  
t o  t h e  r e a l i s t i c  p o s s i b i l i t y  of value and c red i t  t o  t h e  f u e l  user  as 
w e l l  a s  t he  f u e l  processor. For example, strontium-90 has p o t e n t i a l  
l a rge  sca l e  use as a rad io iso topic  heat sourceo In view of i t s  long 
half l i f e  and rather impressive heat output per un i t  volume, it i s  
uniquely su i t ab le  f o r  such a special ized useo  Such proper t ies ,  
t he re fo re ,  make it far more valuable than conventional heat sources 
f o r  c e r t a i n  special ized appl ica t ions  such as t h e  power supply for 
remote, unmanned instrumentation on inaccessible  land areas ,  beneath 
the  sea and i n  space., 

In  the  f i s s i o n  process, strontium-90 i s  produced along w i t h  
other  s t ront ium isotopes,  including some of the s t ab le  ones. Since 
t h e r e  i s  no economical i so topic  separat ion process appl icable  t o  
highly rad ioac t ive  materials, t he  use of strontium-90 must be satis- 
f ied  by whatever i so top ic  composition r e s u l t s  The s i t u a t i o n  with 
reference t o  many other  isotopes i s  e s s e n t i a l l y  the  same--applica- 
t i o n s  f o r  the  immediate fu ture  w i l l  have t o  be sat isf ied w i t h  iso-  
topes  which are fairly heavi ly  d i lu t ed  w i t h  i n e r t  a s  w e l l  a s  wi th  
rad ioac t ive  isotopes of widely d i f f e r i n g  c h a r a c t e r i s t i c s  e 

Data i n  t h i s  repor t  show the production of t h e  var ious f i s s i o n  
product isotopes as a funct ion of f u e l  exposure f o r  s p e c i f i c  reac- 
t o r  conditions.  Large sca le  uses are assumed only f o r  those iso-  
topes  t h a t  a r e  stable, or have reasonably long ha l f  l i v e s  (of about 
a year or more), and a l s o  have high f i s s i o n  yield., Table I l i s t s  
t y p i c a l  isotopes and the  p o t e n t i a l  large scale uses. These are 
very l ike ly  t h e  only f i s s i o n  products tha t  can be ser ious ly  consid- 
ered i n  view of s a t i s f a c t o r y  y i e lds ,  a v a i l a b i l i t y  and use fu l  
p rope r t i e s  Essen t i a l ly  a l l  other  f i s s i o n  products : (1) a r e  stable 
and a l ready  ava i l ab le  a t  low cost from n a t u r a l  sources and a t  
similar i so top ic  composition; (2 )  are formed at  such low f i s s i o n  
y i e l d s  tha t  l i t t l e  p r a c t i c a l  prospect e x i s t s  t o  provide bases f o r  
j u s t i f y i n g  t h e i r  recovery; or (3) have proper t ies  which are not 
s u f f i c i e n t l y  d i s t i n c t i v e  t o  appear t o  j u s t i f y  any spec ia l ized  l a rge  
sca l e  uses.. Table I1 gives ca lcu la ted  c ross  sec t ions .  

The f i s s i o n  product production was ca lcu la ted  on the  IBM-7090 
computer using the  AEETAEA-MELEAGER code as described i n  HW-77923. 
Two groups of r eac to r  parameters were used. 
on a s l i g h t l y  enriched uranium PWR t h a t  i s  pat terned after the PWR 
described i n  t h e  Westinghouse repor t  (WCAP-2385) t i t l e d  "1000 MWe 

The first  was based 
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Closed-Cycle Water Reactor Study," and t h e  second on a s imi la r  pres- 
sur ized  water r eac to r  with na tu ra l  uranium enriched with plutonium 
(76% PU-239, 1% Pu-240, 5% h-241 ,  1% Pu-242). 

Concurrently w i t h  t h i s  document, two o thers  are being issued 
t h a t  complement it by descr ibing i n  the  same way t h e  simulated pro- 
duction of t h e  transuranium isotopes i n  power reac tors .  The f i r s t  
of t hese  i s  BNWL223, "Production and Indifference Pr ic ing  of 
Transuranium Isotopes," by D. E. Deonigi and E.  A. Eschbach. It 
descr ibes  t h e  methods used. The second document i s  BNWL-140 Rev. 1, 
"Formation of Transuranium Isotopes i n  Power Reactors," by D. E. 
Deonigi. It cons i s t s  of over 700 pages of pr in tout  of computer 
ca lcu la t ions ,  and i s  ava i l ab le  only on s p e c i a l  d i s t r i b u t i o n .  It i s  
suggested t h a t  t h e  reader  review t h e  f irst  of t h e  two documents 
before  request ing t h e  extensive t a b l e s  in t h e  second. 1 

The ana lys i s  of f i s s i o n  products has  been divided i n t o  th ree  
groups, each group cons is t ing  of nine isotopes of two, t h ree ,  or 
f i v e  elements. 
enrichment w i l l  be ava i l ab le  t o  absorb excess neutrons or provide 
needed neutrons as the  s i t u a t i o n  warrants.  

One may assume t h a t  adjacent  f u e l  elements of proper 

The cross  sec t ions  are calculated with respec t  t o  the  r e l a t i v e  
thermalized f l u x  a t  slowing down f luxes with a formula o r i g i n a l l y  
developed by Westcott, A s  used here t h i s  takes on t h e  form: 

d 

where ro i s  t h e  value of t h e  c ross  sec t ion  a t  0.0253 e V ,  and g(T) 4s 
a f a c t o r  which accounts f o r  t h e  averaging of t he  c ross  sec t ion  over 
a Maxwellian d i s t r i b u t i o n  of neutron energies  corresponding t o  a 
neutron temperature T,  and includes thermal  self-shielding.  The s 
f a c t o r  accounts f o r  t he  averaging of t h e  c ross  sec t ion  over t he  
slowing down d i s t r i b u t i o n  of neutron energies ,  with se l f - sh ie ld ing  
of resonance levels accounted f o r  i n  terms of t h e  concentration N 
and a combined s c a t t e r i n g  cross  sec t ion  and geometry f a c t o r  Cs. A t  
low values  of t h e  r a t i o  N/C, t hese  s f a c t o r s  reduce t o  t h e  standard 
West c o t t  s f a c t o r s  

Roughly, t h e  g terms come from t h e  thermal  neutron cross  sec- 
t i o n s  da ta  and t h e  s terms from r e s p n a x e  i n t e g r a l  da ta  from t h e  
BNW Master l i b ra ry .  This  is accomplished by a Battelle-Northwest 
code named "GANDS," f o r  g ' s  and S'S. 

The treatment of resonance se l f - sh ie ld ing  used i n  t h e  present 
study y i e l d s  s a t i s f a c t o r y  r e s u l t s  f o r  isotopes,  of interest . .  
e p i t h e r m l  r a t i o  r i n  Equation (1) i s  a measure of t h e  r e l a t i v e  

The 
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TABLF: I 

Isotope 

SELEXTED ISOTOPES AND THEIR USES 

~ryp ton-85  (mixed with other  kryp- 
t o n  i so topes  which are s t a b l e )  

Strontium-90 (plus  o ther  isotopes,  
including 50-day sr-89) 

Technet ium-99 (very long ha l f  
l i f e  - e s s e n t i a l l y  s t a b l e )  

Rhodium ( s t a b l e  ) 

Ruthenium (p lus  40-day Ru-103 afid 
1-year Ru- 106 ) 

I Palladium ( e s s e n t i a l l y  s t a b l e  
including very long l i ved  Pd-107) 

Xenon (stable ) 

f, Cesium-137 (p lus  Cs-134 and 
s t a b l e  i so topes  including very 
long l i ved  Cs-135) 

Cerium-144 (plus  s t a b l e  isotopes 
and 32-day Ce-141) 

Promethium-147 (p lus  s l i g h t  amount 
of 42-day Pm-148 ) 

Use 

Spec ia l  l i g h t  source phosphor. 

- 

Radioisotopic heat  source. 

New element, uses  not yet  
developed. Has i n t e r e s t i n g  
p rope r t i e s  under condi t ions 
of superconductivity ana 
corrosion inh ib i t i on .  

Valuable noble metal - 
i n d u s t r i a l ,  e l e c t r i c a l ,  
ornament a 1. 

Radioisotopic heat  source and 
energe t ic  beta  source; after 
seve ra l  years  of aging may be 
valuable as a noble metal. 

Valuable noble metal - 
i n d u s t r i a l ,  e l e c t r i c a l ,  
ornamental. 

Valuable rare gas, s p e c i a l  
light source, s c i n t i l l a t i o n  
mediup. 

Gamm source and rad io iso topic  
heat  source. 

Radioisotopic heat  source. 

Radioisotopic heat  source 
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TABLE I1 

FISSION PRODUCT CROSS SECTIONS 

Isotope 

Kr 85 
86 ( 2  ) 

s I’ 08 
89 
90 

Tc 93 
nu 102 (4) 

10 3 
106 

Rh 103 

15.0 1.0 
0.025 1.0 

0.005 
0.5 
1.0 

22.0 

1.0 
1.0 
1.0 

1.1 

0.5 1.0 
30.0 1.0 
9.0 1.0 

1’1g.0 GANDS 

CANDS ( 3 )  
0.0 

GANDS 
0 .o 
0.0 

GANDS 

GANTIS 

GANDS 

(1) S i e m  i s  L h :  a l ~ s c r y t i o n  cros,s section i n  barns Tor ncutronc al, 
2,200 ilrtlsr per scT,ond re loc i ty ,  w h i l e  g and s arc constants  i n  
t h e  \ksl,co? t Ycrxulation ror tlie J i l u t o  c ross  scct ion.  The code 
app l i e s  rurl.hc.:- f la- depression and resonance sh ie ld ing  correc- 
t i o n s  h a x d  on isoi,ogic concentration. 

(2) The da ta  f o r  Kr-86 represent  t he  sum o r  t h e  y i e l d s  o r  Kr-@t and 
Kr-86. The cross  sec t ion  is used t o  computc t h e  production of 
Kr-85 Crom s t a b l e  I i r .  

( 3 )  A program t o  der ive  Westcott parameters from t h e  RBU bas ic  
l i b r a r y ,  HI{-81117 Rev. 1, J u l y  10, 196/+, 

( [ I )  The da ta  f o r  Ru-102 are t h e  sum o r  t h e  y i e l d s  for Ru-99, Ru-100, 
Ru-101, and Ru-104. 
production of Ru-103 from s t ab le  Ru. 
used t o  compute t h e  y i e ld  of s t ab le  Pd from s t ab le  Ru. 

The c ross  sec t ion  is used t o  compute t h e  
A value of 0.5 barns was 

( j )  Estimate s = 1.0 + 0.001 T. 
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TABLL" 11 (Continued) 

FISSION PROWCT CROSS SECTIONS 

I so t  oDe 

12.2 1.0 0.0 
0.0 

I'd 106") 
107 10.0 1.0 

: C  ( 7 )  131 120.0 
132 0.2 
134 0.2 
135 2,  IC25 ,800 . 0 
136 0.15 

134 134.0 
135 8.7 
137 0.11 

Ce 141  30.0 
142 ( 8  0.33 
144 6 .O 

147 132.0 
148 30,000.0 

Cs 133 29.0 

i Pm lLt6 8,440 . 0 
. -  I 

1.0 
1.0 
1.0 

GANDS 
1.0 

1.0 
1.0 ' 

1.0 
1.0 

1.0 
1.0 
1.0 

1.0 
GANDS 

1.0 

. .. 

GANDS 
0.0 
0 .o 

GANDS 
GANDS 

GANDS 
0.0 
0.0 
0 .o 

0.0 
0.0 
0.0 

0.0 
GANDS 

0.0 

(6) The da ta  for Pa-io6 are t h e  sum'of 'y ie lds  for Pd-104, Pd-101, 
Pd-106, ~d -108 , ' and  Pd-110. The c ross  sec t ion  i s  used t o  corn- 

(7 )  Production o r  sml l ' amounts 'o f  ~ e - 1 2 8 ,  Xe-129, and Xe-130 were 

e y i e l d  of Pd-107 from stable Pd-. 
_ .  

b : 

ignored., 

The.data fo r  Ce-1112 are t h e  s& of t h e  y i e l d s  f o r  Ce-140 and 
Ce-142. 
'Ce-141 from s t a b l e  Ce. ' 

( 8 )  
The cross  sec t ion  'is used ' to  cornput$ t h e  y i e ld  o r  

n 
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s t rength  of t h e  slowing down portior! of t h e  spectrum, and i s  essen- 
t i a l l y  t h e  rat . io of t h e  loss  r a t e  of thermal neutrons (by asorpt ion 
and leakage).  t o  t h e  production r a t e  '(by moderation). 
temperature T i s  determined from t h e  moderator temperature and t h e  r 
f ac to r .  

The neutron 

The d i l u t e  c ross  sec t ions  a r e  ca lcu la ted  from the'.g, s, r ,  and 
2200/m/sec Cross sec t  ion values  as follows : 

0 = uo(g + r s )  ( 2 )  

The e f f e c t i v e  c ross  sec t ions  are obtained s imi l a r ly  by applying cor- 
r e c t i o n s  f o r  thermal  f l u  depression and resonance shielding.  

The s p e c t r a l  index r, or r e l a t i v e  importance of epithermal-to- 
thermal  neutrons, was ca lcu la ted  i n  each case f o r  t h k . r e a c t o r  and 
f u e l  i n  use i n  order  t o  obta in  the  Froper f i s s i o n  c ross  sec t ions .  
These c ross  sec t ions  were based on t h e  values  taken f r o m t h e  BMrJ 
Master l i b r a r y  as updated by K, B. Stewart (BNWLCC-325). 
product cross sec t ions  were general ly  not as c r i t i c a l ,  so i n  t h e  
cases where g and s values  were not ava i l ab le  i n  t h e  l i b r a r y  o r  
CRRP-960, es t imated values  were used, 

F i s s ion  

It should be noted t h a t  tHe computations used t h e  values i n  
Table 11, but t h a t  t h e  general ized output da ta  a r e  recorded only t o  
t h e  nearest  barn and include only t h e  four numbers preceding t h e  
decimal point .  Thus, Xe-135 a,nd €31-1~8 cross sec t ions  a r e  not cor- 
r e c t l y  repGrted i n  t h e  Special! Proper t ies  t a b l e s .  

I so topic  production i s  g i m n  i n  seve ra l  u n i t s  t o  a i d  t h e  user ,  
The g/MWhr (which i s  based on e l e c t r i c a l  MWnr using 33% thermal  
e f f i c i e n c y )  may be mul t ip l ied  by megawatt holns of e l e c t r i c a l  energy 
t o  obta in  production i n  grams o r  by $/g t o  obtain t h e  econornic 
e f f e c t  i n  miUs/kWhr 

n 

Figure 1 shows a comparison of sone of t h e  ca lcu la ted  f i s s i o n  
product concentrat  ions of A h i s  r epor t  with measured data described - 
i n  BNWL.45, Promethium-146, F iss ion  Product, and Transuranium Iso- 
toDe Content of Power Reactor Fuels ,  bv F. P. Roberts and H. H. < "  - - L -  - -  

< .  Van Tuyl, 
cen t r a t ions  i n  spent f u e l  from Yankee and t h e  VBWR for  exposures as 
high as 30,000 MWd/T*. 
due t o  t h e ,  low f i s s ion tp roduc t  y i e l d  f o r  Fm-147 used i n  t h i s  r epor t .  
The f i s s i o n  product y i e l d s  employed are given i n  Table 111. 
extensive desc r ip t ion  of t h e  ca l ibra t , ion  may be found , i n  B N W L ~ ~ ~ ,  
November ,1965. 

* IvNd/T f i g u r e s  a r e  based on t h e  metric t on ,  and concentration f i g -  
ures  are f o r  condi t ions a t  t h e  time of discharge unless  indicated 
otherwise i 

This document reviews a d e t a i l e d  ana lys i s  of isotope con- 

The low ca lcu la ted  r e s u l t s  for'Fm-147 a r e  

A more 
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. 1 1 1 I I 1 - Calculated concentration8 

1 I 1 1 I 1 

0 Measured concentrations (BNWL45) I200 - 
(corrected t o  diecharge ) - 

1000 - 
- - 

800 - - 

- 

600 - - 

- 

400 - 
- 

0' 

o -14'7 o 
0 

lo 20 0 
Expomre, MWd/Ton x lo3 

Figure 1 

COMPARISO~ OF CALCUIATED AND MEASURED CONCENTRATIONS 
OF FOUR*FISSION PRODUCTS VERSUS EXPOSURE 

. .  * -  . . . .  . ... 
. I  

. .  
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T A B U  I11 
~ 

PE3CENT FISSION mODUCT YIEILDS" 

F i s s ion  
Product 

Kr 85 
86 

S r  88 
89 
90 

Tc 99 

Ru 102 
10 3 
106 

.Rh lo3  

Pd 106 
107 

Xe 131 
132 
1311- 
135 
1-36 

134 
135 
137 

Ce 141 
14 2 
1114 

Pm 146 
147 
148 

C B  133 

Source 
f 2 38 2 39 U 24 1 Pu Pu 2 35 U 

0 293 
3.56 

3.57 
4 079 
5 -77 

6.1 - -  

10.9 
3.0 
0.38 

0.97 
0.12 

2.93 
4.38 
8.06 
6.3  
6.44 

6.59--  

1.0 x 10 
6*15. 

6.4 
12. IC? 

-6 

5 .a 

I_ 

0.09 
0.93 

1.42 
1.71 
2.25 

G .o 

16.8 
5.6 
4.6 

6 07 
3.2 

3 978 
5.26 
7 047 
7 .o 
6.63 

6.91 

1 . 0 :": 10 
6.63 

7*7 ' 

153 ,hl 
3.8 

-6 

~ ,x;9 
.- 2.3 . 

1.0 x loL8 1.0 x lo-8 

0.05 
0.55 

1.0 
1.5 
2.0 

6 .o 

17 .h 
5 * 9  
11.6 

I; e 7  
3.2 

3 078 
7.26 
7.5 
7.0 
6.63 

7 .o 

1.0 2: 10 
6.63 

5 .O 
10.0 
3.7 

1.0 x 10 
1.9 

-6 

-a 

1.0 x lo-8 

' 0.153 
2.63 

3.2 
1L .7 
6.6 
5.9 
5 09 

5.5. 

1.0 2.: 10 
6.2 

-6 

5.7 
11.ko 
4.9 

8 1.0 x 10- i .  

3.2 
1.0 x 

\ 

* Katcoff,  Seymour, Nucleonics 18, No. 11, p 201-2011, 1960 (Nov.). 
* Yu. A. Zysin, et a l ,  F iss ion  Product Yields and Their b las s  

Dis t r ibu t ion ,  New York, Consultants Bwreau, l96b. 
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PROPERTIES. AND CONCENTRATIONS OF SPECIAL PRODUCTS 
L L .  

Case Fuel Enrichment -' Fiss ion  Products Exposure 
Number Reactox+ ( w t % )  Fuel** Group ( W d P  - Page 

SPWR 2.92 (3355.) '- (1) Ru, Rh, Pd, Tc, K r  5000- Q - A - 6  
- .  

' lCOOF 

- 
1OCOF 

I *  Plot of i s o t o w  25000 A7 
concentrations 

. (1) 1 Sr, Ce,' RU 5000- A8-A12 SPWR 2.92 ($35 >' . I -  25000 
Plot of i so tope  A13 
concentrations 

2.92 ($1 35: ' )  . ,. lOOOF SPWR 
25 000 

u 9  Plot  of i so tope  
concentrations 

r 

SPWR 3.47 (Pu. +:Natural U )  ' '(2) . ,Ru, Rh, Pd, Tc, Kr 5000- A20-A24 

spectrum with 25000 
3003F 

- , . ~I 

. '._ i . * .  fixed a t  
. .. 

(r = 0 . 3 5 )  . . - - .  .- Plot of I i so tope  
concentrations 

3OG3F SPWR 3.47 (Pu + Natural U)  ( 2 )  Sr, Ce, F'a 
with 

5000- ~ 2 6 - ~ 3 0  
25 000 

spectrum - I .  

fixed a t  
( r  = 0.35 A3 1 Plot of i s o t  ope 

l concentrations . . . .I . .  
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I - 0 .  -0. -0. -0. -0. -0. -0. -0. 1 N I T  TAL - 0  
> FIYAL 2 , 6 7 6 7  o . i 6 7 _ 3 _ .  4 . 1 8 4 4  21.95Q5. ~ ~ 3 5 ~ 2  2 . 4 5 7 8  o . n o o i  1.357Q 0 .0297  w 
w 

PERCERT OF ELEYENT C O ~ P O S I l I O ~ d  ~ - 

1 N I T 1 AI. -0. -0. - 0 .  -0. -0. - 0 .  -0. -n. -0. 
F I N A L  38.6 2 . 4  59.n 8 0 . 7  1 . 4  9 . 0  1 aacn 9 7 . 9  2 .1 

- H E A T  Q!!TPUTa.  H A T T S I C C  0. a . 0 1 8 7  0 . 0 0 4 0  0 .  .o,ni75 a.lL629. o.nU _ _  O.OOR5 0 ,0045  

- .  - .  

NET I S O T O P I C  PRODUCTTON 
C Y I T O N I Y R  76 .6  -4 .6  - - 119r9 625 4 ill. 0 211x3 ~ - IIL 36.0 - 0 9  
RV/WWE/YR 1 1 . 4 9  0 . 7 2  17 .9R 93.81 1 . 5 0  111.55 0 . 0 0  5 . 8 3  0.13 

r i a i n u ~  naeoi?l a*nnd  n-nnzi o , o i o z  - - u n o 2  . a . d u  . - n - c m - - -  a,~no7 n.,aann. 
G M / T O N  2 6 2 . 4  1 6 . 4  410.5 2 1 4 1 . 7  3 4 . 3  2 4 0 . 9  0.r 1 3 3 . 0  2 . 9  

WATTS/MWE/YR 0.  8 0 . 4  1 7 . 1  0 .  7 5 . 2  2 7 0 . 1  a.  1 2.2 1 9 . 4  



. L. . . . . . . .  __ _ _  _ _  
5 0 0 . 0  r F 0  

i n n o . 0  ~ Y F  n 

2000.0 * W E F  n 
7500.0 *BUCF n 
Tnoo.!I-._WE-- D 
3 5 0 0 . 0  *RW CF 7 
4noo.o *BU. CF @ 
4500.0 *BEH CF I? 

__ 5 n o o . o  *BEH c c  D 

1500.0 * Y F  0 

5500.0 *BEH C F n 

. _ _  - ... -. ... ._____ __ ... 

. 
. - ...... __ ....... - . __ .. __ ............... . 

. 

-_m,IL_ceEHIc:L- 
65no.o *BE Y c F 

r l f i n o . 0  *BE nA rr 
! 8 5 0 0 . 0  *BE HA. r~ 
P ---%QQ!LL r g F L r F  

1 n o o o . o  *BE H A  f 

7 0 0 0 . 0  *BE H CF 
7 5 0 0 . 0  *BE Y CF 

w 9500.0 *BE HA F I 

10500.0 * B E  HA F 
11000.0 * B E  H A  F 
1 1 5 0 0 . 0  *BE M A F 

.. - . ... __ _. ..Y ...... ~. -~ 
n 

D . . 

n 
D 

D 
-. .. . _- . . . . . . . .  . -.-E -. ~- 

n 
n 

- .. -. . . . . . . . . . . .  .- . n 

.D . . ... ..... - ... .... 
n 

IZOL!L.IL.*Bk H _ A - _ f l ;  --4-. _ _  - _____- - 
12500.0 *BE H A t C  n 
i3nno.o *BE u A F e D _ _  _-  
13500.0 *RE H A f C  D . 
1 4 0 0 0 . 0  *BE H A FC D - ___ - 
1 4 5 0 0 . 0  *BE bl A f c D . 

_. 15000,  L-.?--LLll - -- -  - - - ._ 
1 5 5 0 0 . 0  *BE W A F C D 
16000.0 *BE H A F C I] 
i65oa.o *@E n A F r - -  
17000.0 * B E  M A F D 
1 7 5 0 0 . 0  *BE Y A f C D 
18000.0 * R E  u IF C u 
18500.0 *BE U A f  C D 
19000.0 *LIE Y AF r D . 
i9500.0 *BE H A F  C _ _  _ _ _ _ _ _ _ _ _  -A . 
20000.0 *BE u AF C 
2 Q 5 0 0 . 0  *BE f C 
2 1 ~ n 0 . 0  *BE u F C D 
2 1 5 0 0 . 0  +BE u F c - ___  . 
22COO.O * B E  H F C 0 

___ - D _22500,0 * B E . -  H-F - z - _____  
2 3 1 0 0 . 0  * B E  Y FA C r) 

23500.0 *BE F A  C . - *  
2 4 5 0 0 . 0  * B E  U F A  C ~~ - ~ ___ --IM 

I1 1 0  2 0  30 __- 4 5  50 60 7 0  8 0  9 0  

D . 

D 
- ___ 

24100.0 * R E  U f A  C D *  

F X P b S U R E  ..................................................................................................... 



H A L F  L I F E  

M I C R O S C O P I C  "ROSS S E r T T O N  
A3S'IRPT 1 o r ~ -  I N I T T A I  

AVFH4GE 
F I N A L  

MACROSCOPIC CROSS S E r T T O h l  
A 8 S O R R T l O N - I N I T I A L  

F I h l A L  
AVERAGF 

- 0 . - 9  I - ? .  - 0  - 0 .  - 0  I - 0 .  -0. -0. -- 
0 .  o c 1  0 . n .  0. n.000 0.001 o . n o n  0 . 0 0 0  0 .  
0 .  O C ?  0. 0 .  r l . 0 0 0  O i G U 2  0. u a 2  o , m o  . 0, 

I s O T n P l C  D E N S I T Y  M I L L I G R A M / C r  
I I N T T I A I  - 0 .  - 0 .  -0. - 0 .  - 0 .  - 0 .  - 0 .  - 0 .  
5 F I b A L  5 .  n7hl 1.4646 ?.471" 3.2e77 0 * 0019 1 - 9794 9 * 057-4 Rat956 
b 
I 

P E S C E r - T  OF E L E V E N T  CrlYPOSI  T l O l v  
TNTTTAL - 0 .  - 3 .  - q .  -0. - n .  - 0 .  - ? .  - 0 .  

F I V A L  G .  19.4 3 3 . 5  40.0 n.0 41.0 1 . 2  14.4 

H E A T  CUTPUT, wATTS/CC 9 .  0. I) . 0. C e 0217 0. 0.00il4 0,0000 

1 2 5 . 4  
1d.81 

0.~1021 
85.9 

0 .  

... 

2 0 0 . 6  3 5 3  * 7 471.5 0 . 3  2 2 3 . 3  e . ?  112 4 2 a 3 5 - -  - 
3 1 . 4 4  5.5. n 5  7 0 . 5 7  0.04 4 L .  4 9  1.23 16 86 42.53 

147.6 3 4 2 . 3  327.7 0.7 1 ~ 4 . 0  5.6 77.0 194.2 
il.,,049 u r n  -n,nain-n.nnro- 0.3081 0.0000 0.0036 5.0061 

q. 0 .  n .  465 4 0.  P . 4  0.0 17.9 --- 

.. . .. .... .. - 
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ISOT3PES 
- HALF L I FF 

MICRflSCOPIC C R O S S  S E C T I O M  
A3SORpTIOM- I N 1  TI A L  3 9 2  0 ? n 5 3 0 1  1 6 5  1 2 "  0 0 

AVFR4GF 431, (1 0 n 4 1 8 8  1 8 4  - L E  9 0 
F I NAI. 4 4 4  0 1 0 2 O R  1 9 7  126 A 0 

MACH9STOFIC S H O S S  SECTIOhl 
A 3 S O R R T l  ON- I N !  T 1AL - 0 .  - n  t - 0 .  - 0 1  - 0 .  -0 * -0 .  -0. - 0 .  

4VFRAGF 0 . 0 9 2  0 .  n .  b .  n . o o n  1,002 0 . 0 0 r :  n . n o n  0.  
1 . -  . _ _  F I N A L  o s 0 0 5  0 .  n.  0. u.000 0 I O 0 5  o . o o r !  0 , D O O  0 .  



I S O T 3 P E S  X E l J l  X E 1 3 2  XF134  Y F 1 3 6  f E 1 3 5  Ca133 CS134 c s i  3 5  C S 1 3 7  
-- 
HALF L i F E  

.I 9 7 0 0 0 5 3 0 1  165 1 Z r -  8 n 
433 0 0 P 4013 186 _. 1 2 c 8 0 
441 0 n n a 3 1 9  191 1 2 A  8 n 

- 0 .  - 0  I - 9 .  - 0 .  - 0 .  - n ,  - 0 .  - 0 .  -0. 

OnOC6 0. 0 .  0. o.ooo ..n.~as- . a - m c  o . o u 0  - 0. 
?.I263 0 .  0. n .  0.000 n.no3 I! . 0 0 / i  n ,  n o n  n .  

- 

N E T  ISOTOPIC P R O n U C l i O N  
CY/Tf lN/YR 1 0 6 . 4  241.7 3 4 5  2 4 6 9 . 0  0.1 - 2 5 7 . 5  - 25-5 - i i a . 4  229.1 
r , Y / M U E / Y R  15.97 36.26 5 1  78 7 0 . 3 5  0.01 3 H .  63 3.83 17.75 4 1 . 0 7  

G M / T O N  2 9 1  a 6 662.3 9 4 5 . 9  1 2 8 5 . 0  0.2 7 IJ5 .h  7 0 . 7  324.3 7 6 4 . 7  
GYIYYH L M ~ R  L..RZ~L __  a-nn59. 0 , a n R n  - n , n n n o  RAG n . n n n % - n . n n 2 n n n q ~  - 

WATTS/MUE/YR 0. 0. 0, 0. 116.5 0. 2C.3 n . o  L7.6 

. . 



Q 



* e *  S P F C I A L  PRODUCT C C N C E N T Q A T I O l v S  e * *  

FISSION PRODUCTS.  XE AND C S .  C A S E  NLlYI lER 1 0 9 0 F  

- 
THE F U L L  S C A L E  VALUE F O R  ALL 1Se)TOPES IS 1 6 0 0 . 0  G R A M S / T O h  



FXPOSURE 5UOU.O f4cln/T CASE NIJMRER 3 0 0 3 F  

I S O T 3 P E S  
. _  . 

HALF LIFE S T A H L E  4 0  D A Y  2.0  Y R  STABLE 
-. 
STABLE-  - " 7 E 6  YR 2E5 Y R  STABLE 1O.lYR 

M I C R O S C O P I C  C R O S S  S E C T ! ~ ~  
A 3 S O R P T I O N - I N I T I A L  

. _- . -. AVERAGE 
F I NAl.  

7 76 11 5 4 1  11 
3 2 6  13 5 4 2  11 - 
2 26 11 5 4 3  11 

9. 9 0  
9 90 0 I S  

MACROSCOPIC C R O S S  S E C T l O h l  
A B S O R R T I O Y - ! N I T I A L  

AVFRAGF. 
F I YAL 

- 0 .  -0 I -9. -0 I -n. - 0  . -- 0 L -0. -~ on. 
!I . c) J 0 0.000 9.00@ 0 * 001 0.000 n . 0 0 0  0.0IJir 0. a . o o d  
O . O [ i ' !  0.OOD 0 O U D  0.003 0.000 Q r o a o -  _ _  n.nol-- n. I - 0 . n d b  

1 S O T n P I C  DENSITY M I L L I G R A M / ~ ~  
I N I T 1 A I .  

- F I N A L  

- 0 .  
78.3 

-0. 
6.0 

- 0 .  - 0 .  - 0 .  
1 5 . 7  1 0 0  . 0 71 .7  . 

0.0249 a .  0, 0, 0.11194 

553 9 
R J . 9 6  

0 . 0 0 9 5  
3 7 9 . 3  

0. 

4 2 . 8  
6 . 4 2  

2 9 . 3  
4 1 7 . 1  

0 . 0 0 0 7  

115.1 1 3 0 . 4  2 5 1  e 9 
17.26 2 0 . 7 5  3 7 . 7 8  

n.oo2r l  0 . 0 0 2 4  0 , 0 0 4 3  
78.9 9 4 . 8  1 7 2 . 5  

535.2 0. 0 1  



e 

C A S E  NUMREG 3003F EXPOSURE 1 o u o c i . o  r N n / l  P R O P E R T I E S  OF S P F C I A L  PRODUCTS * * *  

- __ _- __ - - - - _- - - - 
HALF LIFE S T A K E  40 D A Y  1.0 'fR S T A B L E  S T A B L E  7 E 6  Y R  2 E 5  Y R  STABLE 1 0 . 4 Y R  

. .  -. . ._ .... ._ . __ ......... __ .. .... ..... . .  . . . .  

18,OTop 1 C -DEN3_1 T Y  I L i  1 FR 4 M / C c  . . . . .  . . . . . . . . . . . . .  

e ..... .... .. F.?-!!A_L _ _ ~ ~  7.7715 ....... P.2 3039 .. 1 f WL.. . .-?.LQ!?Sir_ . .  . . . . h % L . L : 3 %  2 1 6 7 4 3  0 * 4 6 ? . 3 d  .. 
I ' I N I T I A L  -0. - 0 .  - r l .  -0. -0 * -0. - 0 .  -0. - 0 1  > 

I 

... PER..C€NT.. OFJLE!!E.luT. C!M,PO.S.I?I OB . . . .  __ . -. .. . . . .  ............... __ ...... . . .  

- HEAT OUT P w c _ - " . . -  4 L  R A W . . .  . . . L P . 3 ! &  L - - - O . L a L D  0 0 0 0 .  o l a n n n  ...... 

. .  . . . . . . . . . . . .  
I N I T I A L  - 0  I '0. -0. - 0 .  - 0 .  - 0 .  -0. 0, o *  

__ ..... ...... E1.NAL . .  ..m,.3 3.2 13.4 10 0 1.0 ... 7.L e Z 6 . * 1 .  ... l 0 D . I . P  .. ..... L-. .... 



F X P O S O R E  1 5 0 0 3  .n  M W ~ / T  *e* P R O P E R T I E S  OF S P E C I A L  PRODUCTS 44 .  CASE N U M R t G  3003F 

ISOTOPES R U 1 0 2  R U 1 0 3  Q11106 R H 1 0 3  P D 1 0 4  PI1107 TC 99 K P  86 K R  85 
__ ”. ... ... .-. -.. . . __ ~ 

HALF L I F E  STABLE 4 0  DAY 1 . 0  YR STbBLE STABLE 7E6 Y R  2F5 Y R  STABLE iO.4YR 

~ I C R n S c o P I C  CROSS S E C T I O N  
A 3 S O R P T I O N - I N I T l A L  2 26 11 5 4 1  11 9 3 IJ 0 13 

AVERAGE 2 -. 
F I NAL 3 

-2 6 11 5 4 3  
27 11 5 4 5  

-11. -- 
11 

.e... -2 n ... .. . 

9 9 0  
0 .. 
0 

MACROSCOPIC CROSS SECTION 
A a S O R 9 T I O N - I N I T I A L  - 0 .  - 0  I - a .  - 0  I - 0  I -0. -0 .  -0. -0. 

AVFRAGE 0 . 0 O f l  o * o o o  r). o o n  0 . 0 0 5  0 . 0 0 0  n , n o o  n.ooi n. 0 . 0 0 0  
_ _  F I N A L  - R , O O h  0.000 2 . o a n  n . o i n  a .noa .  n l n a n  --.Q,L.IL~ _ _  o. o.oaa 



F x P O S L Q E  2000r.1.n M w n / i  

I SOTOPES 
. - . -. ... ~ - - -  

HALF LIFE 
. __ . 

MICROSCOPIC CROSS S E c l l o ~  
A~SORPTIOY-INIT~AL 

- - _-_ -___ - AVERAGE 
F I N A L  

I SOT OP I C DE.N.S.l? Y Y I LL I 0 9  A ?  /CC 
I I N I T I A L  
> 10 . . .  F1YA.L 
w 

PERCEhT.  OF-ELE5EN.T. CnMPOSITION 

. . . . . . . . . . . . . .  F.INAL. 
I N I T I A L  

-_ . 
RUlO? R U 1 0  3 R11106 P W I O ~  P D 1 0 4  P~1107 T ~ J  9 9  K R  86 K R  8 5  

STAYLE 4 0  DbY ~ 1.0 Y R  S T A B L E  S T A B L E  7 t h  Y R  ? E 5  Y R  S T A B L E  10.4YR 
............ ._ ........ . .  - . . . . . . . .  .- . -. - .. - . . - _. - - . . , . .- . . .. - 

2 2 4  11 541 11 9 9' 0 1 3  

2 2 7  11 546 11 9 9 '1 0 14 
z 26 41 ? 4 3  11--- - 9 94 _ _  D 13.- 

- 0 .  -0 I -0. - 0  I -0. - r )  * - 0 .  - - 0 .  -0. 
o . n q o  u . 0 0 0  n . n o n  0.000 n.0on o . 0 9 1  0 .  0.000 0.006 
Q i D Q Y  n . o o o _  0 . 0 ~ 0  n.oiz Q * I l O 1  . L O R D  !l*QQJ ? .  0. ona 

-0. - 0 .  -0. -0. -0. - 0 .  - 0 . - 0 .  - 0 .  
15,6920 0.3061 1.6Q57 3.9127 9 , 3 2 0 5  2,"?6& ..5,215?- 0.91BA 0.0709 

_ -  .- 

- 0  0 - 0 .  -0. -0. -0. -0. -0. 7 .  0. 
8 8 . 5  1.7 9.8 100.0 7 6 . 8  23.2 10013 0 .  0.- 

NET ISOtaPlc PRonUCTiOhl 
_ _  G Y / T O N / Y P  561 * 4 11.0 6 4 9 6  1 4 0  0 3 3 3  I 5 lO1.8 18 b-n-5 32.8 2.5 

G M / H W E / Y R  84.21 1.64 9.69 21 .00  50.02 1 5 . 2 7  37.99 4.93 0.38 
_ .  - --.GinL!?YH._ L e 0 9 6  0.011112 0,0011 - O.nO24 OALL22 __._ Q d J Q l L  - O.noJ2 ana a6 --ALQ01211_. - __ _ _  

G M / T O N  1538.1 30 .0  1 7 7 . 0  383.5 9 1 3 . 4  21u .n  511.2 9 0 . 0  7.0 
WATTS/MWE/YR 0, 106.8 300,4 0. 0. (1 * -0 *A I. 0.3 



FXPOSURE 

SOTOPES R U 1 0 2  R U I O  3 R l l l O  6 RH103 PD10 6 P d 1 0 7  T(: 9 9  KW 8 6  
- - -_ - - - 

H A L F  L I F E  S T A B L E  4 0  D A Y  1.0 Y H  S T A B L E  STABLE- 7E* VH - 7 ~ 5  Y R  S T A B L E  

M I C R O S C O P I C  CROSS S E C T l O Q  
A S S O R P T I O Y - I N I T I A L  2 26 11 5 4 1  11 9 9: n 

_ _  _ _  ._ AVFRAGF 
F 1 NAL 

2 
2 

11 
11 

s 911 
5 4 7  

$1 .. 
11 

9 
9 
. ,.̂lll 9!-! 

3 0  

I s O T O P ~ C  DENSITY H I L l I G R A M / C C  
I N  1 T I A I .  - 0  * - 0 .  -0. -0. -0 * -0. -0. -0. 

0 
0 

K R  85  

i o  . S V R  

1 3  
1.3. 
1 4  

-0 



S P t C l A L  P P O L I U E T  C ” N C E h T 9 A T I O N S  4.. 

F I S S I O N  P R O D I J C T S .  RU.  RH, PO, TC, AFln K R .  C A S E  NUMHEd 3 O q S F  

... 
T H E  FULL S C I L E  V A L U E  F O R  A L L  I S ~ T O P F S  I S  i 9 0 0 I o  C R A M S / T O ! ,  

____ ~ __ . - __ 

. . _..- - ..... .- . . .  . PEP.CENT EF FULL SCALE 

. . . .  2 0  30 4 ?  5 0  6 0  7 0  .. .-EO. .. Y O . -  i u o  . a;.. 1 0 .  , . 
E K P O 3 U R E  *..............*.............,..... 4 . . . . . . . . . 4 . . . . . . . . . . . . . . . . . . . . . . . . * . . . . . . , . . * . . . . . . . . . * . . . . . . . . . ~  
n- z-...---- .. _ _  ___..-. ___ 1 . -. 

500;O- * G I  . 
... 1300.0 ?CE 4 t 

1510.0 r F G  A . 
25f lO.O * U F G F  4 

L ? M . . n c S -  - ___ . -~ ___-_ -..(I 

S5QO.O * b  F C E  A . _ _  . 4 o o o . o  . ~ H B F D  GE A. . . . . . . . . . . . . .  . . .  
4500.0 * Y B F D  G F 4 
9000.0. t H B  F D  G . E . .  ...... A . . . .  __  - .... ....... - --- n 
1 r 5 o o ; o   HI^ F D c e A . 
b n a o  n S H E 0  . -L __ .. -- ~- - - ... - . - b 
6 5 0 0 1 0  Y r D G E A 

7500.0 Y rC !I Q E A . 
I 85no.o il F D c E A . 

N 9 0 0 0 . 8 . r l _ _ _ .  U - . U - - - L  

1 0 0 0 0 . 0  4 F O.-Q-. .  E . -. A .  -. __  _. .. - . .. . ._ . . . .  -. 

1 0 5 0 0 . 0  3 H  CF D Q E A 4 

l i c o o . . ~  * BH. CF . n... G. . E - .  . . . . . .  ._.A. - .. - .~ . 4 

11500.0 Q U  CF n r; E A 
.- . . . . . .  - . U ~ J I L ~ . - . L R H  ._c..L.-JL 3.. . . .  L. - .  AL- 

1 2 5 0 0 . 0  E w  C F  D G E A . 
- .  . -. .......... - . - .... . 13000.0 BH ~r D G E A 

13500.0 BH r: F 0 G E A . 
.~ ~. . A . -. ..... .. . .  .. . 1 4 0 0 0 . 0  BH I: F D G E.. ... 

1 4 5 0 0 . 0  BH r: F D G E A 4 

L I I ~ P I ~ . ~ L . U I -  .. -n G .-. . .- --E---- li 
1 ’ ~ s o o . o  a w r: F n G E A 
i6ooo.o 4 3 H c F n G E .. A . . . . . . .  .~ 
16500.0 4 a w c F L G E A 4 
i7ono.o B u z F n G  E A . 
11500.0 B U c F h G E A 4 

1 8 5 n o . o  9 u c F D G E A 4 

l v P 0 0 . 0  9 L( C F D C E A 
- . .Lsrr !U,LL 9_ ne- F.-- 0 G -. E- -- . 

2 0 0 0 0 . 0  R w c F D  G E A . 
2 g 5 0 _ 0 _ , 0  4 a Y c F r) C -  .. E .. 

E A 4 2 i n n o . o  4 3 H c F D G 
21510,O 9 H C F D  G E . ~_ .. A .... 

22noo.o B w c F D G E A 
._ F A . . .  __ 2m!A .. B_.Y ZL L-_ n. - 
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