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iched fue ls  i n  nuclear reactors i s  wel l  known. I n  
c tura l  components of a reactor are subjected t o  the .': 

neutron f lux ,  the isotopic composition o f  these components can also a f f e c t  the -- 

reactor performance. I n  many cases, the chemical compositions o f  these st ructura l  

materials have been a l tered t o  e i ther  reduce t h e i r  neutronic interact ions o r  

improve t h e i r  rad ia t ion  s tabi  1 i ty.  Recently, several reactor special i s t s  have 

suggested tha t  the isotopic  c a p o s i  t i o n  o f  some components could a1 so be adjusted 

t o  improve t h e i r  performance. The reactor character is t ics  tha t  may be affected 

by such isotopic  adjustments are: (1 ) neutron economy , (2) operating e f f  ic iepcy 

( l i f e  time and operating temperature), and (3) environmental impact (act ivat ion 

and transmutation products). We shal l  g ive some examples o f  isotopic  modif ications 

which i l l u s t r a t e  the benefits of isotopic t a i l o r i n g  of mater ials i n  f i s s i o n  ,, 

reactors and i n  proposed fusion reactors. Let  us look a t  two f i s s i o n  reactor 
?? ,- 
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applications, L.-W ~ n e  * f o r  ; -#s thermal -; t z reactors and the other f o r  f a s t  neutron, breeder 

- recctors . , %, jw%& ;; $.! c 
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# - -& ., Zircaloy (98% zlrconlum, '-2% t i n )  i s  presently used as the fue l  cladding i n  the " 
' 1 . 7 ~  

-5 $ ,  heavy-water-moderated power reactors, known as CANDU reactors, which are manufactured 
t 1;,5 : i n  Canada. Neutron absorption by t h i s  cladding i s  the dominant neutron loss 
, '  J 

- 7 -  +J-- 
-':J mechanism. O f  the neutron absorption i n  the Zircaloy, nearly 60% occurs i n  the 

- isotope zirconium-91, and 10% occurs i n  the impuri ty isotope hafnium-177. ~ r i t o p h '  

the zirconium isotopes 90 and 94 i n  the ~ i r c a l o y  :' 
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cladding could improve the  neutron economy, resul t ing in  a reduction in  the fuel 
1 oading of approximately 6% and increasing the conversion r a t i o  i n  a uranium/thorium 
breeder by 5-6%. He has calculated the allowable cost  f o r  i sotopical ly  ta i lored 
Zircaloy containing l e s s  than 5% zirconium-91 could be a s  high a s  $1,00O/kg in 
a non-breeder reactor  (nearly 25 times the  present cos t )  and up t o  $3,00O/kg 
i n  a U/Th breeder. 

Fast Fission Reactors 

In the ea r ly  f a s t  breeder reac tors ,  oxide fue l s  a r e  being u t i l i z ed ;  however, 
advanced LMFBR f ue l s  wil l  be U/Pu carbides or n i t r i de s  because of t h e i r  superior 
breeding and higher power performance capab i l i t i e s .  Ni t r ide  fue l s  made with 
natural nitrogen (99.6% 1 4 N ,  0.4% l S N )  have a ra ther  high neutron absorption 
cross section because of the  nitrogen-14. Nitrogen-15 has a negl igible  neutron 
absorption cross  section so the neutron absorption i n  the  fuel can be nearly 
eliminated by using fuel from which the  nitrogen-14 has been removed. In addi t ion,  
the  dele t ion of nitrogen-14 eliminates the  formation of carbon-14 which is  
produced by the (n ,  p) reaction, with nitrogen-14. A prel iminary economic analysis  
by Tennery of O R N L ~  indicates  t ha t  the  a1 lowable cos t  of 99.9% nitrogen-1 5 could 
be from $438 ' t o  $2500/kg depending upon the  fuel  parameters. I t  i s  es,timated 
t h a t  1 O4 kg/year u p  t o  1993 and 3 x 10' kg/year t he r ea f t e r  of enriched n i  trogen-15 
may be required. The present cost  of nitrogen-1 5 is  $68,00O/kg. For, t h i s  case ,  
an engineering study was made fo r  an i so top ic  enrichment plant  f o r  the  production 
of 300 metric tons per year of nitrogen-15. The plant  u t i l i z ed  the  isotopic 
separation fac tor  f o r  the  process involving chemical exchange between gaseous NO 
and counter-currently flowing aqueous n i t r i c  acid i n  a packed column (Table I ) .  
This study indicates  t h a t  nitrogen-15 could be produced a t  $167/kg, which i s  well 
below the  m i n i m u m  allowable cost .  

F u s i  on Reactors - 
/ 

~ a d i a t i o n  damage has been called t he  second most ser ious  obstacle  t o  the  
commercialization of fusion power. The f i r s t  obstacle ,  of course, is s t i l l  the  
problem of containing the  plasma. The f i r s t  wall ,  i . e . ,  the  i n t e r i o r  surface 
of the  vacuum vessel t ha t  contains the  plasma, i s  t he  par t  of a fusion reactor 
t ha t  su f fe r s  the  g rea tes t  damage. In a 0-T-fueled Tokamak, the  f i r s t  wall i s  
subject  t o  a 14 MeV neutron flux of the  order of 10' n/cm2 .sec,  as  we1 1 a s  
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Capital Costs (By Use of "Lang Factors" 
and the Addition of a 50% Contingency) 

Production Cost 

(1 )  Direct Cost 
I 

Operations (555 MYIYR) ($23,00O/MY) 
Utilities (6.6 x 10' KWHR/YR)($O.O~/KWHR) 
Feed Cost 

(2 j Fixed Charges 

Depreciation 
Taxes 
Insurance 

(3) Interest 

Total Production Cost 

Unit Cost $50.2(1 06)/3. (1 05) kg = 



h i g h  energy photons, a ' s ,  protons, deuterons, and t r i t o n s .  We s h a l l  d iscuss 
on ly  .neutron e f f e c t s  here. 

There are  th ree  p r i n c i p a l  aspects o f  t he  neutron r a d i a t i o n  damage: (1 ) atomic 
displacements, caused by c o l l i s i o n s  between neutrons and l a t t i c e  atoms; ( 2 )  
helium, created by (n, a) reac t ions ;  and ( 3 )  transmutat ions, which a l t e r  the  
chemical composit ion o f  t he  s t r u c t u r a l  ma te r ia l  and/or make the  s t r u c t u r e  
rad ioac t i ve .  Atomic displacements (as many as a few hundred displacements 
per  year fo r  every atom i n  the  f i r s t  w a l l )  c rea te  l a t t i c e  imper fec t ions  which 
make t h e  metal swel l  and reduce i t s  e l a s t i c i t y .  These e f f e c t s  a r e  most important  
below about 600°C ( i n  s t a i n l e s s  s t e e l )  because they tend t o  be removed by 
anneal ing a t  h igher temperatures. Reactions which c rea te  alpha p a r t i c l e s  cause 
an accumulation o f  hel ium i n  the  metal.  The hel ium cannot d i f f u s e  through 
t h e  metal; consequently, i t  remains i n  the  l a t t i c e ,  causing a h i g h  i n t e r n a l  pressure 
which makes the  metal swe l l .  Th is  e f f e c t  i s  most pronounced a t  temperatures 
above 500-600°C (F igure  1 ) . 
A t  the  probable opera t ing  temperature o f  t he  f i r s t  w a l l ,  -450-500°C, t h e  
displacement and hel ium ingrowth e f f e c t s  operate s y n e r g i s t i c a l l y  t o  degrade 
the  metal w a l l .  Because (n, .a)  . react ions are  s e n s i t i v e  t o  nuclear  proper t ies ,  
i t  has been proposed4 t h a t  t he  f i r s t  w a l l  ma te r ia l  could be i s o t o p i c a l l y  
t a i l o r e d  t o  reduce t h e  (n, a) cross ,sect ion and thereby reduce the  amount of 
he1 ium trapped i n  t h e  metal.  This would pe rm i t  an increased opera t ing  temperature 
which would permi t  some o f  t h e  displacement damage t o  be removed by annealing. 
The increased temperature would a l s o  increase the  thermal e f f i c i e n c y  of the  
reac tor .  

The most l i k e l y  f i r s t  w a l l  ma te r ia l  i n  e a r l y  reac to rs  i s  316 s t a i n l e s s  s t e e l .  
I r o n  comprises 65% o f  t h i s  metal, and 5.9% o f  the  i r o n  i s  iron-54, which has 
a r e l a t i v e l y  h igh  cross sec t i on  f o r  t he  (n, a )  r e a c t i o n  a t  14 MeV. I t  has been 
est imated t h a t  reducing the  iron-54 concent ra t ion  t o  l e s s  than 0.1% o f  the  i r o n  
could e l im ina te  h a l f  t h e  (n, a)  reac t ions .  Th is  could permi t ,  depending upon 
o ther  fac tors  such as the  frequency of atomic displacements, a doub l ing  o f  the  
useful l i f e  of t he  f i r s t  w a l l .  The q u a n t i t y  o f  depleted i r o n  requ i red  would be 
of t he  order  of tons per  year,and t h e  p o t e n t i a l  cos t  savings are  o f  t h e  order of 
tens of m i l l i o n s  o f  d o l l a r s  per year. 

Even i f  the  f i r s t  w a l l  l i f e  i s  doubled, i t  w i l l  need t o  be replaced every few 
years. Th is  i s  a major task, i n v o l v i n g  thousands o f  ki lograms o f  m a t e r i a l .  
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A sec t i on  of a  fus ion reac to r  (UWMAK 1  ) i s  shown i n  F igure  2. The j o b  i s  
complicated by the  f a c t  t h a t  t he  e n t i r e  s t r u c t u r e  i s  now rad ioac t i ve .  This  
r a d i o a c t i v i t y  b u i l d s  up .qu ick ly ,  reaching a  steady s t a t e  i n  a  mat te r  of hours, 
b u t  i t  decays more s lowly ,  w i t h  h a l f  l i v e s  from seconds t o  years. F igures 3 
and 4  i n d i c a t e  t h e  p red i c ted  r a d i o a c t i v i t y  as a  f u n c t i o n  o f  t ime i n  t h e  s t a i n l e s s  
s t e e l  s t r u c t u r e  o f  a  f u s i o n  reac to r .  . 

The t a b l e  o f  a c t i v a t i o n  products i n  s t a i n l e s s  s t e e l  (Table 11) i n d i c a t e s  t h a t  
i s o t o p i c  t a i l o r i n g  can be used t o  reduce the  amount o f  induced r a d i o a c t i v i t y  i n  
a  fus ion reac to r .  Isotopes which have h a l f  l i v e s  l e s s  than one day a r e  n o t  
inc luded here because they do n o t  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 he  hand1 i n g  
problem. A c t i v a t i o n  products from chromium, i r o n ,  and molybdenum can be e l im ina ted  
by removing a l l  t h e i r  respec t i ve  isotopes except chromium-53, chromium-54, 
i ron-57, and molybdenum-97. No n i c k e l  i so tope i s  f r e e  o f  a c t i v a t i o n  products, 
b u t  by us ing  o n l y  n ickel -64,  a l l  the  gamma e m i t t i n g  products o f  n i c k e l  can be 
e l im ina ted.  This  reduces the  hazard o f  handl ing the  r a d i o a c t i v e  m a t e r i a l  became 
on ly  l i g h t  s h i e l d i n g  i s  requ i red  f o r  beta p a r t i c l e s .  The remaining gamma e m i t t i n g  
product,  manganese-54, can be e l im ina ted by removing a l l  t h e  manganese i n  the  
s t e e l  and making chemical changes t o  compensate f o r  the  miss ing  manganese. 5 

This ana lys i s  o v e r s i m p l i f i e s  the  problem because i t  considers on l y  t he  e l i m i n a t i o n  
o f  r a d i o a c t i v e  products. A more complete ana lys i s  would i nc lude  the  h a l f - l i f e  
associated w i t h  each a c t i v a t i o n  product,  t h e  r e l a t i v e  cross s e c t i o n  o f  each of 
the  many a c t i v a t i o n  reac t i ons  and t h e i r  i s o t o p i c  abundances. F igure  5  i nd i ca tes  
t h e  r e l a t i v e  c o n t r i b u t i o n  o f  var ious  iso topes t o  the  r a d i o a c t i v i t y  i n  t he  f i r s t  
w a l l  a f t e r  shutdown. 

Of even more p r a c t i c a l  importance i s  t he  r e l a t i v e  b i o l o g i c a l  hazard o f  the  
r a d i o a c t i v e  products. This  i s  shown i n  F igure  6. Note t h a t  i ron-55,  f o r  example, 
con t r i bu tes  l e s s  t o  the  t o t a l  hazard than does the  l e s s  a c t i v e  manganese-54. 
For example, i f  o n l y  chromium-50, chromium-52, manganese-55, i ron-54, n ickel -58,  
and the  four  l i g h t e s t  molybdenum iso topes were removed from 316 s t a i n l e s s  s t e e l ,  
h a l f  the  r a d i o a c t i v i t y  would be e l im ina ted  and the  gamma i n t e n s i t y  would be 
reduced mare t'han 90%. Almost a l l  t he  remaining a c t i v i t y  comes from i ron-55 which 
decays by e l e c t r o n  capture w i t h  no gama ray .  Isotopes w i t h  h a l f  l i v e s  greater  
than 100 years would be e n t i r e l y  e l  iminated. This  .would be considerably eas ie r  
and probably cheaper than removing a l l  b u t  one each o f  the  i r o n ,  n i c k e l ,  and 
molybdenum isotopes.  

i 
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Table I 1  

PRINCIPAL RADIOACTIVE ACTIVATION 
PRODUCTS IN STAINLESS STEEL* 

% o f  316 SS % Natura l  Abundance Source Product 

'Only isotopes w i t h  h a l f  l i v e s  g rea te r  than one day are  inc luded.  Under1 ined 
isotopes are  gamma emi t te rs ;  a1 1 1 i s t e d  isotopes decay b y  beta emission o r  
i n t e r n a l  conversion. 
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In summary, there a re  many possible applications for  the use of materials with 
a1 tered isotopic compositions in both f iss ion and fusion reactors. The potential 
benefits of these isotopically tailored components need to  be more quantitatively 
assessed. Concurrently, the isotopic separations techniques for producing such 
isotopically altered material need to  be explored and cost estimates made, similar 
t o ' t h e  cited cost study made for  the production of nitrogen-15. Because of 
recently developed advanced isotopic separations techniques and the economies of 
large-scal e production, the prospects for  obtaining the required i sotopical ly  
t a i  1 ored materi a1 s a t  reasonabl e cost are  encouragi ng . 
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