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Abstract 

In this work, along with a previous paper three possi; ie uses of 14-MeV 

deuterium-tritium fusion neutrons are investigated: energy -oduction, 

neutron multiplication, and fissile-fuel breeding. The resul s presented 

include neutronic studies of fissioning and nGnfissioning thorium systems, 

tritium breeding systems, various fuel options (U0„, UC, UC ?, etc.), and 

uranium as well as refractory metal first-wall neutron-multiplying regions. 

A brief energy balance and an estimate of potential revenues for fusion 

devices are given to help illustrate the potentials of these designs. 
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INTRODUCTION 

It appears that the deuterium-tritium fusion reaction is the most 

promising fusion reaction for commercial exploitation in the near future. 

In this light, the question that naturally arises is, what is the maximum 

utility that can be obtained from fusion reaction by products in the existing 

or anticipated U.S. economy? It is not a foregone conclusion that the fusion 

reactor must stand alone as a primary power producer. Proponents of that 

argument have stated, and correctly, that fusion reaction by products, 

particularly the 14-MeV neutron, can be used to reduce plasma density and 

confinement time requirements. — However, if the 14-MeV neutrons are used 

to breed fissile fuel for a fission reactor economy, fusion devices can 

appear economically very attractive as neutron sources rather than as primary 

power producers. 
(2) In this work, along with a previous paper, — three possible uses of 

14-MeV neutrons are investigated: energy production, neutron multiplication, 

and fissile-fuel breeding. The results presented include studies of 

fissioning and nonfissioning thorium systems, tritium breeding systems, 

various fuel options (U0„, Thc„, etc.)t and uranium as well ss refractory 

metal first-wall neutron-multiplying regions. A brief energy balance and 

estimate of potential revenues for fusion devices are given in the conclusion 

to help illustrate the potentials of these designs. 

Like all machines, to be economically justified a fusion reactor must 

have a balance between costs and revenues. The costs will be: 

1. the co*:t of producing a fusion neturon, 

2. the cost of removing and processing heat (i.e. generating power), 

3. fuel fabricating and reprocessing costs, and 

4. first-wall replacement or refabricacion costs. 
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The potential revenues are: 

1. sale of electricity (mil/kWh), and 

2. sale of bred fissile fuel (S/g). 

It is the balance between these costs and revenues that should decree 

how the fusion source will be used. 

Figure 1 Illustrates some of the plant design options that will be 

available. The left branch reprt-sents that school of engineers who are 

primarily interested in the fusion neutrons for their kinetic energy only. 

The right branch represents the school that is primarily interested in the 

reaction for its free neutron. In this group lie the symbiotic designs, 

designs primarily interested in fissile-fuel breeding. Hybrid designs 

overlap into each school, trying simultaneously to produce electricity as well 

as breed fissile fuel. 

We specifically examine symbiotic systems and fast reactor like hybrid 

blankets. For those readers unfamiliar with hybrid blanket designs. Fig. 2 

by .1. Hovingh provides a schematic overview. The topic is also thoroughly 

covered in a paper by L. Lidsky. '— 

We chose these particular Di. nkets for this study because a U - "Th 

fuel cycle «ust be used to obtain high conversion ratios in themal fission 
233 reactors (i.e. c > 0.8). To get onto such a cycle a starter seed of U 

233 must be produced (as of yet no U breeder exists or is planned). Using 

fuel recycle it is well known that we increase the fissile atoms available 

in the fission reactor economy by l/(l»c). Thus with c • 0.8 we get 

approximately twice the utilization, from a bred fissile atom in a fission 

reactor than we could expect from our existing light-water reactor (LWF) 

systems with conversion ratios of approximately 0.6. Hence, an argument exists 
233 for studying U-breeding thorium systems. 
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It haft heen suggested that fuel reprocessing costs could In- reduced hv 

a factor of 5 to IC If the spent-fuel arttvtcy fs reduced by three orders of 
(4) magnitude. - In the economic play off between costs and revenues this 

opportunity implies that an advantage o.iy exist for nonfisstouing fuel-breeding 

regions over fissioning fuel-breeding regions. 

The potential of uranium, particularly diffusion-plant tailing*, for 

neutron multiplication via fast fission reactions has heen suggested "' but 

never <iu**rtti tntively Investigated. To fill that gap and provide par.mctric 

information for future designs, uranium multiplying regions were <-ov<-r<-d. 

Refnctory metals were also investigated, primarily i» contrast endoil»-rtgi<-

ncutron multiplication reactions to uranium's exothermic neutron cmli l|»l i- n •<••: 

reactions. 

A variety of fuel types was Investigated to illustrate the tinii.it ions 

on ncutronic performance that fuel burn-up restrictions could cause. At a 

14-MeV neutron first-will loadine of 1 Stf/n", low-fuel burn ups are anticipated 

(-0.1 to 0-42 per year). Thus it Is expected that certainly thorium metal 

and perhaps uranium metal will be acceptable fuel compositions. An advantage 

gained by using metallic fuels is the increase in fast fission events that 

are induced by the harder serondiry neutron spectrum. The data shows that 

the penalty for using nonmetalllc fuels is severe and if unnecessary they 

should be avoided. 

The low-fuel burn up» anticipated indicate that the fission blanket 

lifetime could be tailored Co match the first-wall lifetime. In fact, the 

extremely low burn ups expected in the thorium blankets (<_ 0.17.) suggest that 

the metallic thorium fuel may out survive the structure. 

http://tinii.it
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GOMI'irrATIOSAL METHODS AND DATA 

All of the neutronics work was performed using the TART Monte Carlo code 

as it t-xisis at Lawrence I.Jvcrmorc Laboratory. — Although the authors also 

had the discrete ordinates code ANISN available to them, the great versatility 

and rapid execution tine of TART lead then to choose the Monte Carlo code. 

One huif'red seventy-live neutron groups were used, with the cross section sot 
(8) taken from the END!. Library. - When.* appropriate, resonance self-shielding 

W corrections were made usln>; a version of the CCC-4 code. However, for 

these hlankets it was found that self-shielding had less than a 0.52 effect 

on the results. 

Since the study was primarily intended for LLL's laser fusion effort, 

the blanket geometries were taken as spherical. Figure 3 gives a "p* e c e"" 0f~P* e' 

Illustration of the blanket geometry. A 1/2-cm stainless steel first wall 

was placed 3 "a from the fusion source, generally followed by a fertile-fuel 

reft ion, *' I Ithium-rlcli trlr iuro-breeding region, and finally a 30-cm-long 

carbon reflector. Earn run was made with 10 histories yielding a 

theoretical standard deviation in the results of approximately 2%. 

The choice of material volume fractions is discussed in the previous 
P ) paper. — The v.ilues chosen certainly are not to be considered final and 

are only a best guess at what might be expected. 

RESULTS 

Before analyzing Che results in detail, the reader .should be aware of 

what parameters he is looking at and for. 

Definitions: 

M - (total energy deposited in the blanket in MeV)/(14.1 MeV); M gives 

a measure of the potential of the blanker, to primarily generate 

powe r. 
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f * (fissile atoms bred) (MeV deposited in the blanket); f is a figure-

of-merit for the tradeoff between electric power revenues, fissile-

fuel revenues, and heat-removal costs. 

T * (total tritium production)/(source neutron). 

A basic standard for all configurations is that the blanket must have 

T_> 1.0. All of the other parameters appearing in the results are 

straightforward and ace normalized per incident fusion neutron. The net 

fissile production indicates how well the fusion neutron is being used for 

breeding while the (n, fission) reaction rate allows comparisons with an 

eye toward fuel reprocessing costs. 

Thus, the basic parameters noted allow the reader to gauge for himself 

the potential tradeoffs between the reactor costs and revenues as mentioned 

earlier. For example, if source neutrons are relatively cheap and electric 

power generating costs are high compared with fuel reprocessing costs, then 

one may be inclined to look for a high f systsm in which the fuel-breeding 

rate is not an important consideration. 

The first set of blankets of interest are the fissioning thorium 

blankets (Table I). Although cases 1 and 2 are unopt imi*.ed blankets, they 

give a clear indication of the significance of th-2 neutrons leaking from the 

outer boundary. To reduce the lithium inventory, case 3 was optimized with 

a carbon reflector. This blanket can bo considered the optimized, lithium 

cooled, thorium blanket. It is observed that M is approximately a factor 

of 5 below that of J. Maniscalco's unoptimized uranium blanket and that the 

fissile breeding is down by about a factor of 2. What is significant is the 

value of f for case 3. As it turns out, this is the best that could be done 

for any blanket in this study and appears to be the best that anyone has 

been able to do. 
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A nonffssioning blanket is not a well-defined entity, hence Table II 

provides a variety of options for nonfissioning thorium blankets- The 

blankets are conceived as n tritium-breeding region followed by a carbon 

moderator and a thorium region. Case 4 is a simple contrast to case 3 of the 

fast-fissioning systems. For the same f, we reduced the fissioning by only 

a factor 3 and reduced the net fissile production, apparently to no advantage. 

With a factor of 6 reduction in fissioning and 3 in fissile production, case 

5 starts to get into a nonfissioning configuration. However, it is observed 

that regretfully f has also dropped and, as cases 6 and 7 Illustrate, 

reducing the fission race further also reduces f. 

Another observed trade off shows thai: to reduce total fuel activity a 

penalty is paid in breeding rate and heat removal costs. 

Table Til illustrates a variety of optimized uranium neutron multiplying 

regions. Case 8 was optimized to determine if one device could provide make-up 
?39 

tritium for itself and another machine. Since " Pu breeding would not be 

a primary goal in this configuration, the lithium in the uranium region was 

50% enriched in Li . Note that T ii 1.92 in contrast to 1.54 for a straight 

lithium blanket. Unfortunately T is less than 2, but if such a blanket were 

operated in conjunction with the blanket in case 11 some quick sums show a 

slightly better overall fissile fuel and energy-generating performance for the 

coupled blankets than for the thorium-fissioning blanket in case 3. 
733 

The optimized neutron-multiplying U-breeding blanket is presented 

in case 9. We observed that the overall blanket performance lies between 

a thorium blanket and a uranium blanket. Comparing again with case 3, one 
233 

sees that from a U breeding point of view nothing is gained. However, 

an argument now can be made that the fissile-fuel bred in the uranium first 

wall may pay for frequent refabrication and replacement of that wall material, 
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essentially providing the designer with a free first wall. The true nrilitv 

of such a blanket will become apparent when the conversion factors are brought 

into the picture. 
) 33 

Cases 10 and 11 again indicate the marginal gain in " U breeding by 

the addition of a uranium first wall. 

If the cost of producing fusion neutrons and reprocessing spent fuel 

is high, case 12 may provide <i viable option. By using uranium to multiply 
233 neutrons and lithium to moderate them, the U breeding rate is kept high in 

comparison with the fissioning-thorium blanket while the fissioning in thorium 

can be kept low. Thus a low activity fuel could be obtained in the thorium 

region without paying a major penalty in production rate. 
•>39 

To estimate the effects of Pu buildup over the lifetime of the 

uranium region, case 9 was rerun (case 9*) with 2'A of the heavy metal in 
239 733 

the uranium region being Pu. We observed a 20% increase in U breeding 
239 and Pu breeding indicating that the blanket performances noted in this 

start-up study are lower bounds. 

Degradation in neutronic performance resulting from various fuel 

compositions are clearly delineated in Table IV. Particularly with the 

thorium fuels, if burn-up limitations force a change to oxides or carbides 

it seems advantageous to go to a metal, nonfissioning blanket configuration 

and get approximately the same performance without the activity. 

The study of refractory metals indicates that endothermic neutron-

multiplying reactions do not offer any specific advantages over exothermic 

neutron-multiplying blankets. As ind icated in Table V, the refactory metals 

have approximately the same performance as observed in case 3, the fast-

fissioning thorium blanket. It seems that the decision of whether to use 

refractory metals will depend on the particular design and cannot be easily 

determined through this sort of parametric approach. 
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CONCLUSION 

Based on the above.data a few points can be made concerning the potential 

of fusion devices as fissile-fue! breeders. First define M in two new 

ways: 
_ HeV deposited + (net fissile-fuel breed)(180HeV) 

14.1 

sited + \l-c7 (net fissile-fuel breed)(l „„ MeV deposited + U-c/ (net fissile-fuel breed)(18Q MeV) M*— — ; . 
14.1 

F.ach provides a measure of blanket performance in terms of overall energy 

generation. 

Applying these definitions to case 3, the fast-fissioning thorium 

blanket, the uranium blanket, and case 9 (the mixed thorium-uranium blanket) 

the following values are computed 

>! M * M * * 

" f c T h 2 .3 1 3 56 

" U 10 35 72 
2 3 8 U + 2 3 2Th 5.4 25 81 

where M represents the situation in which the fusion reactor is used strictly 

for power. M* takes advantage of blanket energy and utilization of the bred 

fuel in the fission reactor with no recycle. And M** uses blanket energy 

as well as bred fissile in fission reactors with recycle. Each of these 

situations allows a further decrease in plasma confinement times and densities 

required to make the fusion reactor an overall energy producer. It is also 

observed that case 9, the mixed blanket, shows its clear advantage over the 

other systems when the fuel conversion factors are taken into account. 

file:///l-c7


-10-

2 Assuming a 1 MW/m first-wall flux and a spherical hlanket of 3-m inner 

radius, the following revenues can be anticipated. 

Electric p*>wer Hypothesize J 
revenues fissile-fuel 1990 fissile-

Blanket (10 mll/UWh) revenues $20/^ fuel revenues 
2 3 2Th {case 3) S 7 mllliox/yr $10 million/yr $51 millinn/yr 

U S33 million/yr S23 million/yr $37 milUon/vr 
iio 7 "IT 

U + Th (case 9) $21 million/yr $18 million/yr $64 million/yr 
•? 3 3 The 1990 fissile-fuel values are estimated at $100/g for " L* and S30/g for 

239 (10) 
Pu. — The 1990 revenues show a hypothetical maximum in potential 

revenues. It is expected that reality will lie somewhere between the two 

values for fissile-fuel revenues presented. 

The 1990 fissile-fuel values are based on assumed fuel recycling, on 

the assumption that liquid-metal fast-breeder reactor (LMFBR) costs per 

kilowatt electrical are 25% higher than that of LWR's, and on the 

introduction of high conversion ratio reactors. Of course these are 

potential revenues and do not include losses in the system caesed by 

reprocessing, neutron production, etc. 

Obviously a complete plant has not been costed up here but with high 
233 

conversion ratio U cycle fission reactors, a possible factor of 10 

reduction in reprocessing costs, and anticipated fissile-fuel prices, it is 

apparent that great potential exists for the use of fusion devices as sources 

of fissile material. — 

"urLhermore, the use of neutron-multiplying first walls will allow 

considerable design flexibility whsn the actual optimization of the cost-

revenue balance is finally m.,ue. 
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Footnotes 

Burnup is defined as the ratio of fission density to original fuel-atom 

density. 
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TABLE I. Fissioning 2 3 2Th Blankets 

Case Ar fuel' A rLi A r C 
Net Fissile 
Production 

(in era) 

1 10 70 0 

2 14 186 0 

3 16 70 30 

2 1.05 0.503 

2.3 1.17 0.723 

2.3 1 0.84 

(n, fission) 

Uranium 21 70 10 1.02 1.95 

0.0248 

0.013 

0.097 

"0.54 

Fuel regions consist of S.S.-clad fuel pins and contains 637 Th metal, 24% 

coolant, 8% cladding and 5% structure by volume. 
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232 TABLE II. Nonfissioning Th Blankets 

se Ar, . Ll 4rc Th 

4 40 - 60 

5 25 20 70 

6 20 30 60 

7 20 40 70 

M 
Nee Fissile 
Production (n, fission) 

1.6 1.07 

1.3 1.05 

1.3 1.06 

1.1 1.12 

0.55 0.0248 0.029 

0.33 0.0175 0.015 

0.233 0.013 0.009 

0.139 0.009 0.004 



TABLE III. Uranium Neutron Multiplying Blankets 

Case Ar„ a A rTh A rLi Arc M T 239,, Pu °33 
- J J u Net Fissile 

Production 

8 6 b 0 60 30 5.3 1.92 0.41 - 0.41 

9 7 14 70 30 6.6 1.07 0.69 0.85 1.54 

9* 9 C 16 70 30 10 1.05 0.85 1.05 1.90 0.043 

10 4 100 0 0 5.4 0.29 0.38 1.83 2.21 

11 0 

A r U 

100 

*rLi 

0 

A rTh 

0 2.8 0.25 - 1.78 1.78 

Th(n,fission) 

12 7 30 70 6.2 1.12 0.622 0.763 1.38 0.019 

a 235 
Uranium multiplier region contains by volume 63% depleted uranium (0.25% U), 13% stainless steel, and 
24% lithium. 

The lithium in this region is 50% enriched in 6Li. 

c 239 
2% of the heavy metal in the U region is Pu. 



-16-

TABLE IV. Comparison of Possible Fuel Compositions' 

\ Net Fissile 
j Fuel M T Production (n, fission) 
j 
J . Th metal 2.3 1 0.84 
= • Th 0 2 1.9 i 0.48 

; " Th C, 1.9 1-05 0.554 
I . 2 

U metal 10 1.02 1.95 

U0 2 5.9 1.20 0.909 

VC 7 1.06 1.34 

UC 2 6 1.17 1 

Each blanket is an optimized fast-fissioning blanket. The fissioning regions 

contain 63% fuel, 13% stainless steel, and 24% lithium by volume. 

I 

0.097 

0.059 

0.063 

0.640 
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TABLE V. Be, Mo, Nb, and Li Blankets 

r 
Net Fissile 

Case r M T Production f Th(n .fission) 

13 Nb/2 2.1 1.02 0.564 0.019 0.069 

14 Nb/4 1.8 1 0.445 0.017 0.058 

15 Mo/2 1.8 1 0.445 0.017 0.058 

16 Mo/4 1.8 1.02 0.494 0.019 0.045 

17 Be/2 2.2 1.13 0.707 0.023 0.076 

18 Be/4 2.2 1.17 0.711 0.024 0.068 

19 b Li/40 1.6 0.655 0.829 0.037 0.028 

The first-wall region is generally followed by -\2 cm of Th metal fuel, 70 cm 

of Li, and 30 cm of carbon reflector 

Note: Because T < 1 this situation fails to meet the basic criteria,,for a 

blanket. 



Figure Captions 

Fig. 1. Possible plant design options. 

Fig. 2. Schematic overview of a hybrid concept. 

Fig. 3. Fast fission blankets: configuration and material choices 
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Thermal 
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Legend: 
P * Net power producer on site 
B = Breakeven in power on site 
C • Nsw power consumer on site 

Maniscalco - Fig. 1. 



Pell at Factory 

ILaser 

Laser Power Input-T , E n e r 9 y > Converter Power Output 

Manlscalco - Fig. 2 



First Wall 

\f Fusion Chamber 

Fast Fission Region 

Fuels 
• Type: metals, oxides, or carbides 
• Fertile Isotopes: 2 3 2 T h or 2 3 8 U 
• Fissile Isotopes: 2 3 3 U , 2 3 5 U , or 2 3 9 P u 
• Cladding: stainless steel or refractory metals 

Coolants 
• gas or liquid metal 

Structure 
'stainless steel or refractory metals 

Manlscalco - Fig. 3 


