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NEUTRONICS CALCULATIONS AMD COST ESTIMATES FOR FUSION 

REACTOR BLANKET ASSEMBLIES 

Don S t e i n e r  

1. Int roduct ion  

The purpose of t h i s  communication i s  t o  present  neutronics ca l -  

cu la t ions  and c o s t  es t imates  f o r  some fus ion  r e a c t o r  b lanket  assemblies 

c u r r e n t l y  be ing  considered i n  t h e  Susion f e a s i b i l i t y  program a t  Oak Ridge 

Nat iona l  Laboratory (ORNL) . 
Previous i n v e s t i g a t o r s  (IJ2) have examined t h e  breeding of tritium 

i n  b lanket  designs cons i s t ing  of a molybdenum f i r s t  wall ,  a molten s a l t  

(2LiF.BeF2 c a l l e d  " f l ibe ' ' )  coolant, and a beryl l ium metal  o r  beryl l ium 

plus  g raph i t e  moderator. In  such systems beryl l ium serves both az a 

moderator and as  a source of neutron mul t ip l i ca t ion  through the  (n,2n) 

reac t ion .  Calculated breeding r a t i o s ,  i . e .  t he  number of tritium a t o m  

produced per  1 4  mev neutron inc ident  on the  f irst  wall, ranged betweep 

1 . 4  and 1.8. 

A recent  fus ion  f e a s i b i l i t y  study performed a t  ORNL evolved the 

following observations with regard t o  the  e a r l i e r  blanket designs. 

(1) Niobium would be p re fe rab le  t o  molybdenum as  a f i r s t  wal l  

m a t e r i a l  because of i t s  superior welding cha rac t e r5s t i c s .  

Lithium would be p re fe rab le  t o  f l i b e  as  a coolant because (2) 

of i t s  lower cos t  and super ior  hea t  t r a n s f e r  p r o p e r t i e s .  

The electromagnetic r e s i s t ance  t o  l i t h ium f l o w  could be 

minimized through proper alignment of coolant channels, 

%.e,  p a r a l l e l  to the  confining magnetic f i e l d  l i n e s .  
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( 3 )  While beryl l ium i s  a very e f f i c i e n t  moderator and g ives  

exce l l en t  neutron mul t ip l ica t ion ,  it i s  a l s o  very expensive 

and undergoes severe r a d i a t i o n  damage. 

On the  b a s i s  of  t h e  preceeding observations we propose the  following 

modi~ficat ions t o  the  e a r l i e r  b lanket  designs; (I) t he  s u b s t i t u t i o n  of 

nobium f o r  molybdenum, ( 2 )  t h e  use of l i t h i i m  or combinations of 1.ithium 

p lus  f l i b e ,  and (3 )  tile el.i.mina-tion of me ta l l i c  beryll iuin and the use 

of  graphi te  alone. We have inves t lga ted  t h e  tritium breeding p o t e n t i a l  and 

the economics of the  modified bla.nket assemblies. The resul ts  of t h i s  

i nves t iga t ion  a re  presented herein.  

2 .  Ca lcu la t iona l  Methods 

Neutron f luxes  and r eac t ion  r a t e s  were (3)  ca lcu la ted  with the  ANlSN 

code. ANISN i s  a one dimensional, multigroup, d i s c r e t e  ord ina tzs  t r ans -  

p o r t  theory code with an iso t ropic  scatteri .ng.  %ne b lanket  geometry was 

idea l i zed  as  a s lab,  aild one hundred energy groups were employed. The 

angular f l u x  was approximated by an eightin order  quadrature (S8), and 

the  anisotropy of the e l a s t i c - sca t t e r - sou rce  term was approximated by 

a t h i r d  order  Legenclre expansi-on (I? ). 

neutron leakage Yrom the  b1.anket it was assumed t h a t  t he  blanket  i s  

surrounded by a c o i l  sh i e ld  which possesses an energy independent albedo 

of  0.3b2! Cross sec t ions  were taken from t h e  ENDF/B l i b r a r y .  

I n  ca l cu la t ing  the  amount of  
3 

The indiv idua l  ma te r i a l  cos t s  used i n  es t imat ing t o t a l  blanket  

cos t s  a r e  listed i.n Tab1.e 1. Note t h a t  these  cos t s  a re  reported i n  

$/m2-crn, i . e .  the cos t  of 8 s l ab  of' mate r i a l  one square meter i n  area 

and one cent imeter  th ick .  
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Table 1. Material Costs 

Mater i a1 cost ($/m2-cm) 

Lithium (natural) 

Niobium 

60 

3,780 

Graphite 35 

Flibe 42 3 

Beryllium 4,057 

Molybdenum 4,590 

3. Descriptton of Blanket Assemblies 

It is emphasized at this point that the assemblies to be described 

did not evolve from a detailed optimization procedure. 

sults presented in this communication should be viewed as characteristics 

Therefore, the re- 

representative of the type of systems investigated and not as optimized 

characteristics. 

Two basic blanket designs were considered in this study. These two 

designs reflect (1) an optimistic outlook, and (2) a conservative put- 

look with respect to the problem of cooling the blanket, 

outlook assumes that proper design has minimized electromagnetic resistance, 

The 0ptimisti.c 

and therefore, lithium can be used as coolant throughout the blanket. 

The conservative outlook assumes that (1) flibe must be used to cool the 

first wall and (2) combinations of flibe and lithium may be employed to 

cool the remainder of the blanket. 
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The e s s e n t i a l  f ea tu re s  of t he  cases  run with the  op t imis t i c  design, 

design A, a r e  summarized i n  Table 2. 

+ s t ruc ture"  t h e  coolant and s t ruc tu re  have been homogenized f o r  neutronics  

ca lcu la t ions .  

I n  those regions designated "coolant 

Cases I.-)+ were run i n  order  t o  study the  e f f e c t  of niobium 

content  on tritium breeding and blanket  cos ts .  Case 5 was run i n  order  'GO 

conipare t h e  tritium breeding p o t e n t i a l  of systems containing niobium t o  

t h a t  of systems containi-ng molybdenum. 

The e s s e n t i a l  f ea tu re s  of the cases  run with the  conservat ive design, 

design B, a r e  s m a r i . z e d  i n  Table 3. Cases 6-8 were run i n  order  t o  study 

t h e  e f f e c t  of l i t h i u m l f l i b e  content on t r i t i u m  breeding and blanket  cos t s .  

Table 3 a l s o  includes the  descr ip t ion  of an assembly which contains  me ta l l i c  

beryll.ium. This case, case 9, was run i n  order  t o  compare the  breeding 

p o t e n t i a l  and economics of  assemblies with and without metall ic:  beryll ium. 

4 .  Resul ts  and Discussion 

The ANISN code was used t o  ca l cu la t e  s p a t i a l l y  dependent reac t ion  

r a t e s  f o r  the casesdescribed i n  Tables 2 and 3. I n  these  caJ-cnlations 

the  r eac t ion  r a t e s  were normalized t o  a source of one 14 mev neutron 

inc ident  on t'ne f i r s t  wall. The r e s u l t s  of the neutronics  ca lcu la t ions  

a r e  summarized i n  Table 4, where 1'6 i s  the tritium breeding r a t i o  in L i  , 
T and L 

i s  t he  neutron leakage. 

( i n  $/m2) f o r  each of  t he  assemblies inves t iga ted .  

6 

i s  the  tritium breeding rati .0 i n  L i 7 ,  T i s  the  sum of T and !I' 

Table 4 a l s o  contains  .the cos t  es t imates  

7 6 7' 



Table 2. Summary Description of Cases Run With Design A 

Materials in Regions 

Case 4 Case 2 Case 3 Case 5 

Molyb de nun 1 First Wall 0.5 Niobium Niobium Niobium Niobium 
2 First Wall Coolant 3.0 Lithium Lithium Lithium Lithium Li thium 
3 Second Wall  0.5 R i  ob ium Niobium Niobium Ni ob i m  Molyb de num 
j 
9 Coolant 98% Lithium 96% Lithium 94% Lithium 9% Lithim 98% Lithium 

\3 
+ 60.0 

2% Molybdenum Structure 25 Niobium 4% Niobium 6% Niobium 8% Niobium 
5 Moderator 30.0 Graphite Graphite Graphite Graphite Graphite 
6 Coolant 985 Lithium 96% Lithium 94% Lithium 9% Lithim 9% Lithium + 6.0 

2% Molybdenum Structure 2% Niobium 4%~ Niobium 6% Niobium 8% Niobium 
~ ~ 

Tot a1 lOOcrn . 

Note: All percentages are volume percentages. 
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Table 4. Swnmary of Neutronics Calculat ions and. Cost Estimates 

-% 
Neutronics Cost Est imates  ($,/m2) 

Case 

Number ‘6 T 7 T L ‘Lithium ‘Flibe cPJtobium C?iIolybdenmi CBeryllim ‘Graphite ‘Total 

5 
6 

0.91 
0.85 

0.7’9 
0.74 
1.13 
0.37 
0.87 
0.87 
1.06 

0.66 

0.60 

0.58 

0.57 
0,40 

0.29 

0.16 

0.63 

0.30 

1.57 
1.48 

1.32 

1.70 
1.27 

1.16 

P. 03 
1.36 

1*39 

0.030 

0.027 

0.024 

0. (322 

0.m9 
0.013 

0.003 

0.001 

0.032 

4,061 

3,982 
3,9@ 

3,82 3 
4, 6 1  
3,  L69 

1,82 3 

1,260 

8,770 

18,749 
22 3,738 

13,760 

10,648 
2,115 8,240 
1?,959 6,124 
27,072 3,780 

15,120 

1,050 

1,050 

1,050 

1,050 

1,050 

1,400 

1, boo 

36? 513 1, lroo 
1,400 

13,381 
18,792 
2 3,701 
28,611 

15,759 
15,& 

23,306 

F 

i F  
Basis: One lh m e v  neutron inc ident  on the  first wal l .  T6 i s  t he  tritium breeding r a t i o  i n  Li6,  

T i s  the tritium breeding r a t i o  i n  Li 7 , T i s  t h e  swn of T4 and T7, and L i s  t he  neutron leakage. 
7 
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The following observations a r e  made on the  b a s i s  of these  r e s u l t s .  

(1) At t r ac t ive  t r 5 t i u m  breeding r a t i o s ,  e.g. - 1 . 4 ,  can be achieved 

i n  systems which do not  contain me ta l l i c  beryll ium. 

p la ined  a s  follows. T r i t i u m  production occurs both i n  L i  , for which the  

This r e s u l t  i s  ex- 

6 

r eac t ion  c ross  sec t ion  va r i e s  inverse ly  with the  neutron ve loc i ty  below 

- 0.3 mev, and i n  Lj7, f o r  which the  Lj  reac t ion  c ross  sec t ion  has a 

threshold a t  - 2.8 mev. 

neutron energies  while the  L i7  ( n , a t n ' )  r eac t ion  i s  favored a t  high 

6 
Thus, t he  T,i ( n , a t )  r eac t ion  i s  favored a t  low 

neutron energies .  I n  systems contai~ning metal.1i.c beryl l ium .the bulk  of  

6 
t h e  tritium production occurs i n  L i  due t o  t h e  e f f ec t iveness  of beryl l ium 

as  a neutron moderator. The removal of beryl l ium s h i f t s  the  neutron 

spectrum t o  higher  energies  and the re fo re  l eads  t o  a reduct ion i n  L i  

tritium production; however, t h i s  reduct ion i s  compensated by a s i g n i f i c a n t  

increase i n  Li7  tritium production, c.g.  compare cases  3 and 9. 

should be  noted t h a t  each L i  

while each Li7(n,atn '  ) only degrades the  energy of the inc ident  neutron. 

Thus, neutron mul t ip l i ca t ion  i s  not  e s s e n t i a l  f o r  tritium breeding i n  

systems having a s i g n i f i c a n t  amount of L i 7  (n , a tn ' )  reac t ions .  

6 

Also, it 

6 
( n , a t )  r eac t ion  consimes the  inc ident  neutron 

(2) The tritium breeding r a t i o s  f o r  cases  3 and 9 are nea r ly  

equal, however, the t o t a l  b lanket  cos t s  f o r  case 3, which does not 

contain me ta l l i c  beryll ium, 

c o s t  f o r  case 9, which does contain m e t a l l i c  beryllium. A t  an energy 

f lux of 10 Mw/m 

represents  a saving of - 10 $ f o r  a system producing 30,000 Mwth. 

is about 60% lower than t h e  t o t a l  blanket  

2 through t h e  f i r s t  wall ,  t he  removal of me ta l l i c  beryl l ium 

8 

( 3 )  It i s  des i rab le  t o  l i m i t  t he  niobium content i n  the  the blanket  

because niobium i s  both expensive and de le t e r ious  t o  t r i t i u m  breeding, 
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e.g. compare cases  1 - 4 .  

t h e  amount of niobium needed. Preliminary inves t iga t ions  ind ica t e  t h a t  

S t r u c t u r a l  s t a b i l i t y  rerpirements w i l l  d i c t a t e  

case 2 represents  a reasonable niobium content. 

(4) The tritium breeding p o t e n t i a l  of assemblies containing niobium 

i s  somewhat, i n f e r i o r  t o  t h a t  of systems conta in lng  molybdenum, e.g. compare 

cases l a n d  5. This i s  due t o  t w o  f a c t o r s ;  ( a )  the (n,2n) cross  sec t ion  of 

niobium i s  about 75% lower than t h a t  of molybdenum, and (b)  non-productive 

neutron absorptions i n  niobium 

molybdenum. 

a r e  - 1% g r e a t e r  than a r e  those i n  

( 3 )  If f l i b e ,  r a t h e r  than  l i th ium,  i s  used as t h e  f i rs t  wall 

coolant, t h e  tritium breeding r a t i o  i s  reduced considerably,  e.g. ,  compare 

cases 1 and 6. 

reduct ion  i n  7Li  tritium production, and i s  a r e s u l t  of i n e l a s t i c  

T h i s  reduct ion  i n  breeding r a t i o  i s  due p r imar i ly  t o  a 

s c a t t e r i n g  i n  f l u o r i n e .  Acceptable breeding r a t i o s  can be achieved 

wi th  a f l i b e  f i rs t  wall coolant only when s i g n i f i c a n t  amounts o f  l i t h ium 

are presen t  i n  t h e  remainder of t h e  b lanket .  

5 .  Conclusions 

We have inves t iga t ed  the  tritium breeding p o t e n t i a l  and t h e  ma te r id  

c o s t s  of some thermonuclear b lanket  assemblies. These assemblies differ 

from previously proposed assemblies j n  t h e  following aspects: 

(1) Nio'oiwn, r a t h e r  than  molybdenum, i s  employed as  t h e  s t r u c t u r a l  

mater ia l .  

(2)  Lithium, o r  a combination of l i t h ium and f l i b e ,  r a t h e r  than 

f l i b e  alone, i s  employed as coolant.  

(3) Bo m e t a l l i c  beryl l ium i s  p resen t .  

It i s  concluded t h a t  t h e  blanket designs considered i n  t h i s  study o f f e r  

a more a t t r a c t i v e  combination of tritium breeding r a t i o  and maherial  

cos t s  than  do the  e a r l i e r  designs. 
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