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THE FUSION HYBRID REACTOR 

A Sandia Colloquium by Hans A .  Rethe, September 19, 1980* 

D r .  Sparks, Ladies  and Gentlemen: I want t o  t a l k  about t h e  fus ion  hybrid.  

To begin with,  l e t  m e  say t h e r e  a r e  two types  of t h i s  gadget. The purpose, 

of course,  i s  t o  combine fus ion  and  f i s s i o n .  The o l d  idea  of how t o  do t h i s  

was t o  surround a fus ion  r e a c t o r  ( i f  such an animal ever  works) with a b lanket  

i n  which f i s s i o n s  t ake  p l ace  so a s  t o  inc rease  t h e  energy produced by t h e  

r eac to r .  The motive f o r  t h a t  was, of course,  t h a t  it w a s  un l ike ly  t h a t  fus ion  

can be produced a t  t h e  same cost. per k i lowa t t  hour a s  f i s s i o n  and, t he re fo re ,  

an enhancement of t h e  energy seemed usefu l .  The second vers ion  of t h e  fus ion  

hybrid i s  a fus ion  p l a n t  which produces f i s s i l e  m a t e r i a l  which then serves  a s  

f u e l  f o r  an ord inary  f i s s i o n  r eac to r .  The fus ion  r e a c t o r  func t ions  as a f u e l  

f a c t o r y ,  and whatever f i s s i o n s  a r e  produced i n  t h e  fus ion  r e a c t o r  i t s e l f  a r e  

secondary and, a s  I w i l l  show l a t e r  on, probably harmful. I w i l l  only t a l k  

about t h e  second type ,  mainly, where t h e  fus ion  r e a c t o r  i s  a f u e l  f a c t o r y  f o r  

ord inary  f i ss ion-based  power p l a n t s .  

This i s  a good idea  because t h e  energy pe r  fus ion  is  only 1 7  MeV, and the 

energy pe r  f i s s i o n  is  200 MeV. O f  course,  when I speak of fus ion  I always mean 

D-T (deuter ium-t r i t ium) .  The use of o t h e r  t ypes  of f u e l ,  l i k e  pure deuterium, 

is  very f a r  i n  t h e  f u t u r e ,  and it would be u n r e a l i s t i c  t o  t a l k  about it a t  t h e  

p re sen t  t i m e .  The energy produced i n  one f i s s i o n  is  eleven times g r e a t e r  than  

t h e  energy produced i n  one fusion.  The energy per neutron i s  many t imes l a r g e r  

i n  t h e  f i s s i o n  r e a c t o r  and, t h e r e f o r e ,  it i s  very s e n s i b l e  t o  use t h e  neutrons 

of t h e  fus ion  r e a c t i o n  t o  make f i s s i l e  mater ia l .  

"Transcribed from t a p e  and edi tedby-Marvin Moss, Div. 5824.  
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What a r e  t h e  advantages of such a hybrid scheme? F i r s t ,  of course,  w e  

need the performance of a fus ion  p l a n t .  The performance i s  commonly measured 

i n  t e r m s  of a q u a n t i t y  Q which is  t h e  r a t i o  of t h e  energy output  to t h e  energy 

input .  The fus ion  r e a c t o r s  which a r e  l i k e l y  t o  ope ra t e  dur ing  t h i s  decade a r e  

based on t h e  idea  of i n j e c t i n g  n e u t r a l  atoms of high energy ( l i k e  200 keV) i n t o  

t h e  fus ion  p l a n t .  This energy i s  much h igher  than t h e  temperature ( 5  o r  1 0  k e V )  

t o  be achieved i n  t h e  plasma. The atoms must be n e u t r a l ;  otherwise,  they could 

not  e n t e r .  The energy inpu t  i s  t h e  energy requi red  t o  provide t h e s e  e n e r g e t i c  

atoms; t h e  energy output  is  obta ined  from t h e  nuc lear  r eac t ion  i n  t h e  plasma. 

I n  the f i rs t  experimental  f u s i o n  reactors, we probably will reach a Q 

which is much less than one, so t h a t  less energy comes ou t  than was pu t  i n ,  i n  

terms of e n e r g e t i c  n e u t r a l  atoms. La ter  w e  might reach a Q of one, and s t i l l  

later,  much h igher  Q ' s  l i k e  1 0  or more. Only i f  w e  g e t  t o  a value of Q of a t  

l e a s t  5 ,  l e t  us  say,  does t h e  fus ion  p l a n t  by i t s e l f  make any economic sense. 

More energy must be produced than was put  i n ,  o r  it i s  of no use. On t h e  

o the r  hand, f o r  t h e  fus ion  hybr id ,  a Q of one i s  ample, and t h a t  i s  what I am 

going t o  demonstrate a s  p a r t  of t h i s  t a l k .  The hybrid makes l e s s  demands on 

t h e  fus ion  r e a c t o r  and, t h e r e f o r e ,  w e  can a t  an e a r l i e r  time expect  t o  have a 

fus ion  r e a c t o r  which is  s u i t a b l e  as a f u e l  fac tory .  

The second p o i n t  is  t h a t  t h i s  would be a f u e l  f ac to ry  f o r  ord inary  f i s s i o n  

r e a c t o r s .  I ' l l  d i scuss  t h a t  i n  more d e t a i l  soon, bu t  t h e  genera l  idea  i s  t h a t  

sooner or later w e  w i l l  run o u t  of ~ 2 3 5 ,  and w e  w i l l  neea some o t h e r  way of 

making f i s s i l e  f u e l .  The s tandard  way, of course,  is  t h e  breeder r e a c t o r ,  and, 

t h e r e f o r e ,  t h e  fus ion  hybrid i s  i t s  competitor.  



The third point is that the fusion hybrid might help establish a system 

which is resistant to proliferation of nuclear weapons, and this is very im- 

portant to President Carter. I'll come back to that also. 

I I want to mention that recent studies, which I will discuss in the second 

half of my talk, favor a minimum amount of fission in the blanket which reduces 

our problems. Let me first talk about the need for fuel for fission reactors. 

Our supply of uranium oxide (yellow cake) seems to be quite ample; it is esti- 

mated to be four mil!.ion short tons of U3O8. One light-water reactor needs 

about 6000 tons of this material for its full life of 30 to 40 years. Even 

with no reprocessing, as is our present doctrine, the uranium ore which we have 

will, therefore, be enough €or 700 light-water reactors. From the way the 

nuclear business is going, I estimate that by the year 2000 we will have no 

more than between 200 and 300 light-water reactors. We can easily fuel those 

for life without reprocessing, without breeders, and without the fusion hybrid. 

Only much later will we reach the 700 number. Other countries, of course, are 

much less fortunate. They have less uranium oxide available and they are more 

vigorous in pursuing nuclear power. Therefore, for other countries the manufac- 

ture of fuel will be important. 

Slide No. 1 is due to investigations of Dr. C. E. Till at Argonne and Dr. 

P. R. Kasten at Oak Ridge National Laboratory. This slide shows how many 

reactors can be supplied by dif€erent procedures if four million tons of uranium 

oxide are used. With the light-water reactor there is the possibility of 670 

reactors. With recycled uranium, but not plutonium, it is 870. With the high- 

temperature graphite reactor, it is about the same without recycling; with 

recycling, the number is a little over 1000. If a really powerful converter 

is used (it would probably have to be the heavy-water reactor, but Dr. Kasten 

believes that it can also be the high-temperature graphite reactor) it is 1500. 
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Now t h a t  .is a goodly number, bu t  a t  some p o i n t  t h e  uranium supply w i l l  come t o  

an end. With t h e  reuse  of plutonium w e  get a l i t t l e  over 2000,  and the  Argonne 

people e s t ima te  q u i t e  a l o t  more f o r  t h e  heavy-water r e a c t o r  with a conversion 

r a t i o  of 0.9.  

S l i d e  N o .  2 assumes w e  have breeders  i n  which some excess f iss i le  material. 

is produced which i s  then used i n  conver te rs ,  t h a t  is, l i g h t -  o r  heavy-water 

r eac to r s .  If  w e  have a breeder  w i t h  plutonium oxide,  and use t h e  light-water 

r e a c t o r  as a conver te r ,  and uranium f o r  t h e  f e r t i l e  ma te r i a l  so t h a t  plutonium 

i s  produced i n  t h e  breeder ,  w e  can c a l c u l a t e  t h e  r a t i o  of conver te rs ,  t h a t  i s  

thermal neutron r e a c t o r s ,  t o  the  number of breeders .  That r a t io  is  i n t e r e s t i n g  

economically, because it is almost c e r t a i n  t h a t  a breeder  w i l l  be more expen- 

s i v e  per k i l o w a t t  than a conver te r  r e a c t o r ,  and t h e r e f o r e ,  t h e  more conver te r  

r e a c t o r s  t h e r e  a r e  pe r  breeder ,  t h e  b e t t e r .  Unfortunately,  t h e  number is  

deplorable  -- only two conver te r  r e a c t o r s  f o r  t h r e e  breeders .  With our  uranium 

supply w e  could  reach an equi l ibr ium of 1000 r e a c t o r s  (some breeders  and some 

conve r t e r s )  which seems t o  he a good number. ( A  r e a c t o r  i n  my s l ides  always 

means a gigawatt  r e a c t o r . )  It  would be b e t t e r  i f ,  €or  t h e  conver te r ,  w e  use  a 

heavy-water r e a c t o r  l i k e  t h e  CANDTJ, and for  t h e  f e r t i l e  ma te r i a l ,  thorium, 

which i s  converted by neutrons t o  TJ233. rJ233 is a much b e t t e r  ma te r i a l  f o r  a 

thermal r e a c t o r  than  plutonium and, t h e r e f o r e ,  t h e r e  would be almost t h r e e  

conve r t e r s  f o r  each breeder, which would be a g rea t  advantage. 

I n  a d d i t i o n ,  t h e r e  is  t h e  p r o l i f e r a t i o n  argument. This was f i r s t  publ ished 

by T. B. Taylor and H. A. Feiveson of Pr ince ton  i n  t h e  December 1976 B u l l e t i n  

of t h e  Atomic S c i e n t i s t s  i n  which they  assumed t h a t  t h e r e  a r e ,  indeed, producer 

and burner  r eac to r s .  They were worried t h a t  i f  breeder  r e a c t o r s ,  e spec ia l ly ,  

were given t o  non-nuclear coun t r i e s ,  t hose  coun t r i e s  would be tempted t o  remove 

t h e  f u e l  and convert  t h e  plutonium i n t o  bombs. That, o f  course,  is  something 

4 



we want to,avoid; we want to reduce the possibilities for proliferation of 

nuclear weapons by means of reactor fuel. 

The trouble with this is, at least as long as we use light-water reactors, 

it simply doesn't work. The breeders would be located in the nuclear countries -- 

I:fxited States, England, France -- rind the converters in the non-nuclear countries. 
Then surely in the lonq run the demand for power in the non-nuclear countries 

will be much hiqher than in the nuclear countries. Therefore, if there is only 

two-thirds of a converter reactor for one breeder, it just doesn't work, since 

one couldn't sell the electricity in the breeder countries, and there wouldn't 

he enough in the converter countries. We must also consider the conclusion 

arrived at by the International Nuclear Fuel Cycle Evaluation ( I N F C E )  group: it 

is very r?ifficult to distinguish between different reactors as to their prolifera- 

tion danyers. The idea is still useful and I am going to continue talking about 

it. Because of the proliferation possibility, I will emphasize the thorium cycle 

which makes U233 which can be mixed with ordinary natural uranium to get a mix- 

ture which cannot be used to make bombs without isotope separation. 

Slide No. 3 goes through the actual functioning of a hybrid. I assume that 

t h e  f u s i o n  reactor i s  surrounded by a b l a n k e t  whose main i n g r e d i e n t  i s  thorium. 

There must, of course, also be some lithium to reproduce the tritium, but I 

focus particularly on the thorium. Out of the fusion reactor come neutrons of 

14 MeV. For low-energy neutrons (below about 7 MeV), most of the neutrons 

would be inelastically scattered (indicated by n', the lower-energy neutron) and 

a few of them would make fission. Above 7 MeV we get a very probable reaction 

where one neutron makes two, and both of these will then be available €or 

capture in the thorium blanket. That is one big advantage o€, instead of one 

14 MeV neutron, getting two'of lesser energy. Qnce the neutron energy is 

as high as 14 MeV, there is even some chance of getting three neutrons from 
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the collision. This, therefore, multiplies the neutrons in the blanket, which 

increases the chances of getting fissile material from it. 

People have made calculations (especially at Livermore, but also at other 

places) which indicate (Slide No. 4 )  that for each fusion neutron there is 

produced about 0.6 U233 atom. 

of plutonium we get is somewhat greater than that o€ U233 from thorium, but we 

will soon see that this doesn't do much good. It is always assumed that, at 

the same time, something like 1.1 atoms of tritium are proauced for every fusion 

reaction, because the tritium is needed to keep the fusion going. Some people 

have wondered: If so many neutrons are used to make tritium, what about the 

If we use uranium in the blanket, the amount 

D-D reaction? The answer is two-fold; one is that the D-D reaction is far in 

the future, and the second is that in the D-D reaction we get neutrons of 

about 3 MeV instead of 14 MeV, and therefore, there is no multiplication of the 

neutrons in the blanket. Therefore, we are no better of€ with the D-D reaction 

than with the D-T. 

The important quantity is G, the number of U233's produced for each T-D 

fusion. But then we must consider that there are fissions in the blanket (I 

showed the curve of the fission cross section), and each of these fissions 

makes a lot of energy. Therefore, we must also consider M, the total amount 

of power divided by the amount of fusion power. All power must be dissipated, 

both that from fusion and from fission. Dissipation of power, whether it is 

used afterwards or not, is expensive. what really counts is not the number of 

U233's which are made per unit of fusion power, but the number made per unit 

of total power. Therefore, the ratio G/M is very important, which is clear 

from this slide. If we use uranium in the blanket instead of thorium, or make 

the blanket entirely of uranium, then we obtain a higher G, but also a higher M 

and, in fact, the two just compensate; G/M is about the same as it was with 
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thorium. Therefore, there really is no advantage in using uranium/plutonium. 

The thorium has the advantage that U233 is the best fuel for a thermal reactor, 

which is what we want to feed. With all of these assumptions, a standard 

fusion reactor of 3000 MW thermal power will produce 1500 kg of fissile material 

per year, in addition to reproducing the tritium. This takes into account that 

there are holes in the blanket which let some of the neutrons escape, and that 

the plant works only about 75% of the time. 

Slide No. 5 shcqs what is required by a standard light-water reactor, a l s o  

at 3000 MW thermal and 1000 MW electrical. It needs approximately 400 kg a 

year if it is fed with plutonium. We can make 1500 kg of fissile material in 

a fusion plant of the same power. 

Therefore, €ive light-water reactors can be fed with a single fusion fuel factory. 

With an advanced converter (the heavy-water reactor), these numbers are divided by 

three. This is assuming a 70% plant factor for the fission reactor, and I men- 

tioned before that the fusion reactor has holes which let some of the neutrons 

escape 

If lJ233 is made, we need only 300 kg of feed. 

The main attraction then of the fusion hybrid compared with a breeder is 

that one fusion hybrid supports quite a number of normal light-water reactors. 

Slide No. 6 gives this number. The hybrid with a thorium blanket will support 

5 light-water reactors and permanently produce the fuel for them, or 15 advanced 

reactors. A breeder will only support 0.7 light-water reactor or 2.7 advanced 

reactors. Therefore, the fusion hybrid is at least five times as efficient in 

breeding fuel as a breeder. 

out. Very few fuel factories can be located in countries which already have 

Then the Feiveson-Taylor proposal can be carried 

nuclear weapons (they might be put under international control, if we like), and 

the user or burner reactors would be all over the worldo The fusion hybrid 

would serve only as a fuel factory and rather few of them would be needed. This 
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could be used for a proliferation-resistant nuclear fuel cycle. The fusion 

hybrids would be associated with chemical reprocessing plants, and possibly 

plants to fabricate nuclear fuel. The fusion hybrid, therefore, is an existence 

proof for the establishment of a proliferation-resistant scheme. 

be mixed with depleted uranium so that it is even less attractive as a bomb 

I 

The U233 can 

material. The support ratio which I have given here does not depend on the cost 

of the fusion hybrid. Cost has not come into the consideration at all; no 

matter how expensive the fusion hybrid, this support ratio will hold. 

Now I come to the new development at Lawrence Livermore Laboratories where 

they have worked very hard on these problems. Two papers by J. D. Lee and R. W. 

Moir embody the idea of producing as few fissions as possible in a blanket, 

which has two advantages. One is that it minimizes the total energy of the 

fusion device per fusion, with the multiplication ratio M going down to just a 

little over one. This, therefore, reduces the cost of the fissile material 

produced. Second, it minimizes the radioactivity in the blanket. One of the 

troubles with the hybrid that the fusion people object to is that their pure 

gadget gets dirtied by the fissions in the blanket. If fission is minimized, 

so is the radioactivity. This also improves the safety of the device because 

it reduces the after-heat if and when the fusion plant is shut down. 

Minimum blanket fission is achieved by having an inner blanket made cy$ 

beryllium. Beryllium is a nice substance; it has an n,2n reaction and a neutron 

binding energy of less than 2 MeV so that many neutrons are able to make a 

second neutron in it. Beryllium, of course, does not create any radioactivity 

and still it multiplies the neutrons. Outside the inner blanket there i s  

another one which contains the thorium and lithium. The lithium makes tritium 

and the thorium makes 7J233. The beryllium slows the neutrons so that only very 

few of them can produce fissions in thorium. 



In do ing  a11 this, t ee  and Moir can achieve a performance similar t o  t h a t  

w i t h  a pure thorium b lanke t ;  t h a t  i s ,  t h e  number of f i s s i l e  atoms produced p e r  

f u s i o n  r e a c t i o n  i s  t h e  same. Now they go one s t e p  f u r t h e r ;  they e l imina te  the  

U233 from t h e  b lanket .  The U233, once i t  accumulates w i l l ,  of course,  f i s s i o n  

w h e n  h i t  b y  neut rons ,  and w i l l  c o n t r i b u t e  t o  what w e  want t o  avoid -- energy 

production i n  t h e  b lanket .  This d i f f i c u l t y  would inc rease  t h e  longer  the  

r e a c t o r  works. To avoid t h i s  they proposed a c i r c u l a t i n g  molten s a l t  f o r  t h e  

thorium b l a n k e t ,  one composed of l i t h ium f l u o r i d e  and thorium f luo r ide .  Outside 

the  b l a n k e t  t h e  sa l t  would pass through a chemical reprocessor  which would 

remove t h e  uranium and t h e  f i s s i o n  products.  This chemical process  i s  pos- 

s i b l e .  A similar idea  involving molten sa l t  was proposed and developed a t  t h e  

Oak Ridge  Nat ional  Laboratory f o r  a thermal neutron breeder .  In t h a t  r o l e  i t  

never was any b e t t e r  than marginal ,  because t h e  breeding  r a t i o  was something 

l i k e  1 .04 ,  which i s  a miserable  number. There were a l s o  o t h e r  d i f f i c u l t i e s .  

In t h e  p re sen t  a p p l i c a t i o n  I th ink  i t  i s  a very good idea.  The s a l t  i s  

c i r c u l a t e d  t o  e x t r a c t  t h e  uranium; i f  t h e  f i s s i o n  products  a r e  ex t r ac t ed  a t  t h e  

same t i m e ,  s o  much t h e  b e t t e r ,  b u t  i t  i s n ' t  abso lu t e ly  necessary.  Furthermore, 

now only  abundant materials, namely thorium and l i t h ium,  are c i r cu la t ed .  F i s s i l e  

material i s  no t  c i r c u l a t e d  t o  any apprec iab le  e x t e n t ;  t h i s  i s ,  i n  f a c t ,  what you 

take  ou t  i n  t h e  chemical reprocessing. F i n a l l y  (and t o  m e  t h e  most important 

d i f f e rence  between t h e  Oak Ridge molten-sal t  proposal  and t h i s  one) ,  i n  t h e  Oak 

Ridge p lan  a l l  t h i s  had t o  be  done i n  an  energy-producing u t i l i t y .  Therefore ,  

t h e  utFl-Lty would have been saddled wi th  a chemical p l a n t ,  and no u t i l i t y  wants 

tha t .  Here, i n s t ead ,  t h e r e  are  very few p l a n t s  of t h i s  type. They would b e  

run b y  a c o n t r a c t o r  f o r  t h e  government, and I w i l l  soon show how few w e  s h a l l  

need. It i s  t o t a l l y  reasonable  t o  have a chemical p lan t  wi th in  t h e  f ac to ry  
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f o r  nuclear  f u e l .  Another advantage of t h i s  idea is  t h a t  it keeps t h e  power 

i n  t h e  blanket  constant  during t h e  l i f e  of t h e  system because t h e  U233 has been 

el iminated,  and, t h e r e f o r e ,  w e  don ' t  get any appreciable  number of f i s s i o n s  

from it. With t h e  pure thorium b lanke t  t h e  power i n  t h e  blanket  would inc rease ,  

and p rov i s ion  would have t o  be made f o r  g e t t i n g  r i d  of it. 

S l i d e  N o .  7 shows t h e  basic device which Livermore has  developed f o r  a 

fus ion  p l an t :  t h i s  is  not  y e t  a hybrid.  I n  Livermore, fu s ion  is  achieved by a 

so-cal led "mirror device" which has both a maximum B-field and a minimum B - f i e l d  

i n  succession. A t  one end t h e  maximum B - f i e l d  r e f lec ts  t h e  ions  and e l e c t r o n s  

which go through t h e  plasma. I n  t h e  midd le  t h e r e  is  a long c y l i n d e r ,  and a t  the  

o t h e r  end another  mirror  device. This i s  called a tandem mirror.  I t  has worked 

on r e l a t i v e l y  modest power, and i n  my opinion it is a very promising device.  

These curves show t h e  magnetic f i e l d  and e lec t r ic  p o t e n t i a l  a t  va r ious  po in t s .  

The c y l i n d r i c a l  main par t  of t h i s  is ,  of course,  i dea l  f o r  being surrounded by 

a blanket .  This is why it is so s u i t a b l e  f o r  a hybrid. 

S l i d e  N o .  8 gives t h e  parameters f o r  t h e  hybrid.  It  i s  a b i g  i n s t a l l a t i o n  

The w a l l  w i l l  be loaded a t  2 MW/m2 of about 6 m diameter and about 1 0 0  m long. 

which is very t o l e r a b l e .  I t  keeps t h e  neutron damage t o  t h e  i n n e r  wa l l  w e l l  

i n  bounds. Shown a r e  t h e  l eng th ,  t h e  r a d i u s ,  t h e  blanket  t h i ckness ,  t h e  w a l l  

load and t h e  c a p i t a l  c o s t .  I n  each case, f o r  t h e  thorium blanket  as w e l l  as f o r  

t h e  beryl l ium b lanke t ,  t h e  p l a n t  h a s  a t o t a l  thermal power of 4000 MW. It i s ,  

of course,  more expensive with t h e  molten s a l t  because t h e r e  is a l a r g e r  amount 

of fusion power which is more expensive t o  produce, and one needs t h e  chemical 

p l a n t  as  w e l l .  

S l i d e  N o .  9 compares t h e  two blankets .  The f i s s i l e  breeding i s  0.8 atom 

p e r  thermonuclear r eac t ion .  

beryllium-molten s a l t  blanket  as I have explained (only 1.6 compared t o  5.2) 

The energy m u l t i p l i c a t i o n  is much smaller f o r  t h e  

10 



and therefore, the manufacture of fissile material per unit energy is much 

better in the Lee-Moir device. The fusion power is 2700 MW versus 800 MW, and 

the remainder is fission power up to 4000 MW. The net electric power which is 

extracted is substantial in the case of the thorium blanket which is cooled by 

helium, an9 is very small in the case of the beryllium-molten salt blanket. 

This doesn't matter very much as the produced electric power is not a major part 

in the economy because, as I have said, so few of these devices would exist in 

an equilibrium econnmy. The aim of having low fission would have been achieved. 

Slide No. 10 is the most important as it gives the actual performance of the 

hybrid. The number of greatest importance is the fissile production in kilograms 

per year. In the old design it was only 1500 kg/yr, but with the Lee-Moir design 

we get a fissile production of over 9000 kg/yr. Therefore, we have a simply 

wonderful support ratio. An enormous number of ordinary light-water fission 

reactors, namely 23, can be supported with a single fusion hybrid. That is the 

reason very few hybrids will be needed. Therefore, it doesn't matter if they 

are very expensive, and they may be combined with the nonproliferation idea of 

Feiveson and Taylor. A single fusion hybrid can support 70 advanced heavy-water 

reactors, if they were used. 

The next line gives the cost of the fissile material: $60 per gram for 

the beryllium-molten salt reactor. We now can calculate the cost of electricity 

from the light-water reactors. This is a much lower number than I usually use 

because the two gentlemen from Livermore have chosen a capital charge of 6.74%, 

whereas I choose 16% which is appropriate for  present interest rates. They 

argue, quite correctly, that one should do accounting always in constant dollars, 

and when you do so you should use interest rates which correspond to constant 

dollars (which my banker son says is about 3% per year). The 6 . 7 4 %  is not as 

unreasonable as it sounds at firnt. 
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The t o t a l  c o s t  of l igh t -water  r e a c t o r  e l e c t r i c i t y  w i l l  be 26/kWh, which 

inc ludes  t h e  c o s t  of t h e  f u e l .  For comparison, a t  p re sen t  it c o s t s  6d/kWh f o r  

t h e  o i l  i n  an o i l - f i r e d  p l a n t ;  t h i s  does no t  inc lude  anything f o r  maintenance or 

amor t iza t ion .  The l a s t  i tem g ives  t h e  f r a c t i o n  of t h e  c o s t  which goes i n t o  

making t h e  f i s s i l e  mater ia l .  I t  i s  one s i x t h ;  t h a t  is ,  most of t h e  c o s t  is i n  

t h e  l igh t -water  r e a c t o r s ,  and only 17% is i n  making t h e  f u e l .  

S t i l l  more s i g n i f i c a n t ,  perhaps,  i s  t h e  ques t ion ,  "When do you break even?" 

A t  p r e sen t  w e  use uranium from t h e  mine, and do i so tope  sepa ra t ion .  The c o s t  O€ 

uranium from t h e  mine used t o  be $8/ lb  and i s  now about $40/lb. When it goes 

t o  $90/lb, t h e  uranium from t h e  mine would be j u s t  as expensive a s  g e t t i n g  t h e  

fissile material from the hybrid. With this low fission-fusion hybrid it would 

not be necessary t o  use advanced heavy-water r eac to r s .  I n  f a c t ,  it is  be l ieved  

t h a t  t h e  heavy-water r e a c t o r s  o r  g raph i t e  r e a c t o r s  a r e  more expensive than l i g h t -  

water r e a c t o r s  by about 20%. Therefore ,  i f  t h e  f u e l  r ep resen t s  such a small 

f r a c t i o n  of t h e  t o t a l  c o s t ,  and remains so even when we exhaust t h e  p re sen t ly  

a v a i l a b l e  f i s s i l e  m a t e r i a l ,  then  t h e r e  i s  e s s e n t i a l l y  no po in t  t o  t h e  heavy-water 

r e a c t o r  from t h e  s tandpoin t  of cost. 

S l i d e  N o .  11 r e f e r s  t o  f a s t  b reeders  making t h e  f i s s i l e  m a t e r i a l ,  and I 

aga in  assume an economy i n  which t h e r e  a r e  f a s t  b reeders  and l igh t -water  r e a c t o r s .  

The t o t a l  c o s t  of e l e c t r i c i t y  production -- and he re ,  of course,  some of t h e  

e l e c t r i c i t y  i s  produced by t h e  f a s t  b reeders  themselves -- i s  about 1.33 t i m e s  

t h e  c o s t  of running t h e  l igh t -water  r e a c t o r s  a lone.  That is  t o  say, t h e  produc- 

t i o n  o f  t h e  f i s s i l e  ma te r i a l  i n  t h e  f a s t  breeder  adds 33% t o  t h e  c o s t  of j u s t  

bu i ld ing  and running t h e  l igh t -water  r e a c t o r .  This i s  based on t h e  p e s s i m i s t i c  

assumption of a l igh t -water  r e a c t o r  with a conversion r a t i o  of 0 . 6 ,  and a 

f a s t  breeder  with a breeding r a t i o  of 1 . 2 .  What I want t o  show i s  t h a t  with 

t h e  expected c o s t  of a f a s t  b reeder ,  which i s  assumed t o  be 1.5 t imes t h e  
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c o s t  per  i b s t a l l e d  k i lowa t t  of a l ight-water  r e a c t o r ,  t h e  fus ion  hybrid does 

be t te r  than t h e  f a s t  breeder  -- not  g r e a t l y  so, but  not iceably.  

1. 

2. 

3. 

4 .  

5. 

6. 

F i n a l l y ,  what i s  t h e  r o l e  of t h e  hybr id  i n  t h e  fus ion  system i t se l f?  

Many people are worried about keeping fus ion  pure and no t  q e t t i n g  involved 

i n  t h e  f i g h t  over f i s s i o n  power, and I can sympathize. I t  is  an important 

cons idera t ion ,  and t h i s  argues a g a i n s t  u s ing  any type  of fus ion  hybrid.  

The Sov ie t s  have no such qualms as they see great demand f o r  nuclear  f u e l  

everywhere, and they  want t o  s a t i s f y  it by us ing  fus ion  hybrids .  

The hybrid promises a much e a r l i e r  commercial reward f o r  fusion,  and t h i s  

is  important f o r  keepinq money suppl ied  f o r  fus ion  development. Congress 

may qe t  t i r e d  of appropr i a t ing  funds f o r  fus ion  i f  t h e  goal of economic power 

is  many decades i n  t h e  f u t u r e ;  t h i s  would b r i n g  t h e  rewards very soon. 

The hybr id  need not  d i s t o r t  t h e  progress  of pure fus ion  development. It 

is  t r u e  t h a t  t h e  tandem mirror  i s  not  t h e  p r e f e r r e d  and b e s t  fus ion  device 

now known. I t  i s  behind t h e  tokamak, bu t  w e  can use a breeding b lanket  

around t h e  tokamak, too; t h i s  has  been inves t iga t ed  by Westinghouse. It 

i s  no t  as good as  with t h e  tandem mir ror ,  bu t  it i s  good enough. 

The hybr id  would provide engineer inq  and ope ra t ing  experience i n  fus ion  

r eac to r s .  

Then fus ion  r e a c t o r s  are f i r s t  b u i l t  they  w i l l  be very un re l i ab le .  They 

may work, perhaps,  only 20% of t h e  t i m e ,  which i s  u s e l e s s  f o r  a power 

s t a t i o n ,  bu t  s t i l l  very use fu l  f o r  making f i s s i l e  material .  F i ss i le  

material  is  made whenever t h e  device runs; s teady  opera t ion  i s  no t  needed. 

To supply enough f i s s i l e  ma te r i a l  f o r  f i s s i o n  r e a c t o r s  w e  need very few 

fus ion  hybr ids ,  perhaps a t o t a l  of 10 t o  50 f o r  t h e  [Jnited S ta t e s .  The 

investment and t i m e  scale €or t h i s  is  q u i t e  moderate compared with a 
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buildup of a pure fusion economy for which the investment and, therefore, 

the time scale would be enormously long. 

I have given you a sales talk, I don't mean to imply that I want the 

United States to go immediately into fusion hybrids. I do mean that the fusion 

hybrid should be considered as a very important option along with pure fusion and 

pure fission. 

Supplementary reading: 

11. A .  Rethe, Nuclear News - 21 No. 7 ,  41 (?lay 1978). 

H. A .  Bethe, Physics Today - 32 No. 5, 4 4  (Play 1979). 

J. D. Lee, Lawrence Livermore Laboratories Report No. UCRL-84018 (preprint, 

April 1980). 

J. D. Lee and R. W. Moir, Lawrence Livermore Laboratories Report No. UCRL-84104 

(preprint, April 1980). 
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PERFORMANCE OF FUSION HYBRID 

G = NO, OF U-233 PRODUCED PER TD FUSION 

P, TOTAL POWER OF HYBRID 

P, FUSION POWER 
M = - =  

1,2  ATOMS T PRODUCED PER TD F U S I O N  

FOR TH BLANKET: G = O,6, M = 2  
I F  U INCLUDED, BOTH G AND M ARE HIGHER,  

SLIDE 4 



0 

PRODUCTION AND CONSUMPTION 

STANDARD PLANT OF 3000 MWE 
HYBRID PRODUCES ABOUT 1500 KG FISSILE 

NET CONSUMPTION (REQU~RED MAKEUP) OF FISSILE: 

U-233 Pu-239 
ADVANCED CONVERTER 100 150 KG 

LW R 
ASSUMING 70% 

70X 

300 400 
PLANT FACTOR 

GEOMETRIC COVERAGE OF HYBRID 

SLIDE 5 
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and 

v i c e .  

SLIDE 7 
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10 
10 

BLANKET 

COOLANT 

I-IYBR I D PARAMETERS 

TH + L120 

HE 

LENGTH (M) 

RADIUS (MI 

BLANKET THICKNESS 

WALL LOAD (MW/A 
CAPITAL COST ( M U  

35 

210 

016 

1 , 5  

2000 

BE 

MOLTEN SALT 

LIF + T H F ~  

80 

211 

0.8 

210 

4125 

SLIDE 8 



BLANKET 

FISSILE BREEDING 

ENERGY MULT I P L I  CAT I ON 

PLASMA Q 

FUSION POWER ( M W  

MET ELECTRIC POWER 

FUSION HYBRIDS 

TH/HE BE/MS 

0,83 0,81 

5 ,2  1,58 

2'0 2,2 

810 2730 

890 360 

SLIDE 9 
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BLANKET 

HYBRID PERFORMANCE 
TH/HE BE/MS 

FISSILE PRODUCTION (KG/Y) 
SUPPORT RAT I O  (LWR/HYBR I D) 

FISSILE FRACTION (%I  

* 
6 I 74% CAP I TAL CHARGE 

2910 9550 

7,2 23 

22 70 

70 60 

2 8 1  2 , o  

20 17 

SLIDE 10 



COST RELATIVE TO LWR 

FAST BREEDER FRESH U308 
B R E E D I N G  R A T I O  1 1 2  1 1 4  $ZOO/LB 

NOTE : The t o t a l  c o s t  i s  g i ven  f o r  a burn inq  reac to r ,  i n c l u d i n g  i t s  f u e l  supply, r e l a t i v e  

t o  t h e  c o s t  o f  an LWR w i t h o u t  f u e l .  The f i r s t  two columns cons ider  a f a s t  

breeder w i t h  two d i f f e r e n t  breeding r a t i o s ,  t h e  l a s t  column considers t h a t  

f r e s h  U308 has t o  be bouqht a t  a aos t  o f  $200/ lb .  

reac to rs  a r e  considered, an LWR w i t h  a convers ion r a t i o  o f  0.6 (about  t h e  

present )  and 0.7 which m igh t  be achieved w i t h  U-233 f u e l ,  and an advanced 

r e a c t o r  (presumably heavy water)  w i t h  a convers ion r a t i o  o f  0.9.  

Three d i f f e r e n t  conver te r  

SLIDE 11 
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D r .  Hans A. Bethe (10) 
Laboratory of Nuclear S tud ie s  
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400 
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4000 
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4500 
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