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THE POTENTIAL FOR FISSILE BREEDING WITH 
THE FUSION-FISSION HYBRID REACTOR 

0. 0. Bender 
J. D. Lee 

Lawrence Livermore Laboratory 

The primary objectives of the first LLL fusion-fission hybrid 
reactor point design were to determine a manner in which all of the 
necessary system components could be integrated into the reactor, 
to assess the technological problems, and to obtain a rough cost 
estimate. The resulting design was not optimized in either an 
engineering or economic sense, but rather was a reference point design 
from which further study could proceed. 

Based on the point design cost estimates, it appeared that a 
generic feature of the Jrybrid reactor was that the requirement 
of incorporating fusion and fission components in the reactor 
would make the hybrid capital cost ($/kWe) more expensive than a 
fission reactor. However, the impressive fissile breeding performance 
of the hybrid, as compared to a fast breeder reactor, indicated 
that the most promising avenue for commercialization of this reactor 
concept was as a fissile breeder, with electricity production as a 
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by-product. Therefore, the LLL hybrid study this year has concentrated 

on optimizing the hybrid for f i s s i l e production, employing the technique 

of parametric system analysis of the plant ecomonics. Additional 

reactor aspects receiving attention this year include the fol lowing. 

The uranium blanket has been modified from the or iginal 

design to improve neutronic performance. Also, preliminary 

neutronic design of a thorium blanket has been complete. 

The blanket mechanical design has been reconfigured into 

a spherical she l l , providing a uniform f i r s t wall loading 

and a simple blanket removal-replaced operation. 

In conjunction with General Atomic Co., a more detailed 

treatment of the f ission components and heat transfer 

loop has been completed. This work has emphasized the use 

of state-of- the-art gas-cooled reactor technology. 

Although the present presentation does not exp l i c i t l y 
2 

delineate the General Atomic contribution , we 

acknowledge the s igni f icant impact the General 

Atomic e f fo r t has had on improving the mirror hybird 

concept. 
3 A simultaneous DT mirror power reactor study at LLL 

has required consideration of many problem areas in common 
with the hybrid, such as fusion component design, cost 
analysis and plant layout. A significant portion of the 
design and analysis developed for the power reactor has 
been incorporated in the hybrid study. 



Preliminary results of the present study were presented at the 1975 
4 Winter ANS meeting , at which time we pred-" . d̂ hybrid Pu costs of 

35 $/gm (reduced by about a factor of 4 from the point design value). 
Since that presentation, we have continued to refine our teactor system 
model, primarily in the areas of plasma physics, capital cost and 
component modeling. The result has been to increase our predicted 
hybrid Pu value to 55 $/gm, a still economically attractive product. 
At this time, we are reporting final results of this year's system 
optimization studies of a uranium blanket hybrid, and preliminary 
scoping studies of a thorium blanket hybrid. 

The general features of the mirror reactor design are shown in 
Fig. 2. They include a spherical blanket enclosed within a Yin-Yang 
magnet, neutral beam injectors and direct convertors. In Fig. 2 
a version of our proposed blanket maintenance operation is illustrated, 
where the top half of the coil is raised with a flotation scheme and 
segments of the blanket are removed with a straight vertical lift. 
Details of the blanket-coil geometry are shown in Fig. 3. The 
inside face of the blanket segments, or modules, shown in Fig. J 
are subdivided into individual pressure vessels as shown in Fig. 4. 
These "submodules" contain fissile breeding material located directly 
behind the first wall, a fusile breeding material behind the fertile 
breeder, and then coolant inlet and outlet plena. The fertile materials 
are contained in standard fission reactor fuel pins, and are helium 
cooled. 

In the design of the reactor components we have attempted to employ 



the simplest technology possible, thus making the hybrid a near-term 
concept in the overall time table for fusion commercialization. Specific 
components are listed in Fig. 5. 

Two blankets are examined and compared in this study. One contains 
uranium (nat) + 7 weight percent molybdenum (U-MOLY), the second contains 
thorium metal. Both are based on the same mechanical design described 
in Ref. 1 and are modeled as concentric spherical shells. The shells 
contain homogeneous mixtures of materials. The inner most shell is 
100 v/o (percent by volume) SS (stainless steel), 0.5 cm thick. The 
next shell is the fission zone and consists of 8.6 v/o SS, and 
54 v/o fuel, the remaining 37.4 v/o is He coolant and void. The third 
zone is a tritium breeding zone with the same material volume fractions 
as the fission zones the fuel in the third zone consisted of 45 v/o 
graphite plus 10 v/o lithium aluminate ( LiAlO,). 

With the zone material compositions specified the zone thicknesses 
were varied to maximize fissile breeding while also getting a tritium 
breeding ratio of "v. 1.1. Total blanket thickness was held constant 
at 1 metre. Method of analysis is described in Refs. 7 and 8. 

For the U-MOLY blanket a 25 cm fission zone was found to give 
239 fissile and tritium breeding ratios of 1.80 Pu atoms and 

3 1.14 H atoms per 14 MeV neutron. 
For the thorium blanket it was necessary to add tritium breeding 

material to the fission zone in order to achieve the necessary tritium 
breeding ratio. With the 54 v/o of fuel consisting of 45.9 v/o 
thorium, 5.4 v/o lithium oxide ( Li ?0) plus 2.7 v/o void and a fission 



zone thickness at 30 cm, the fissile and tritium breeding ratios are 
0.732 2 3 3 U and 1.09 3 H atoms per 14 MeV neutron. 

The final step in the nuclear analysis of the two blankets was 
to estimate exposure effects. This was done in a first order manner 
by iterating in time with rather large steps and using average reaction 
rates for the whole fission zone. Results of the exposure analysis 
are displayed in Figs. 6 and 7. 

The components of the system model developed for the parametric 
analysis are listed in Fig. 8. The mirror reactor model is essentially 

3 the analysis developed by Carlson , and includes mirror plasma physics, 
magnet design, blanket geometry and power flows. The capital costs are 
a key element in the analysis, and here we have attempted to be as 
thorough and consistent as possible. However, the costing is a 
procedure entailing a high degree of uncertainty due to the infancy 
of fusion technology. 

A unique feature of hybrid economics, ns compared to strictly 
power producing fission and fusion reactcrs, is that the principle 
product of the hybrid, fissile fuel, does not generate revenues on a 
continuous basis. Revenue from fissile fuel is only realized when 
blanket segments are removed from the reactor and reprocessed. To 
model these effects, we have developed a fuel management package that 
evaluates the time dependent flow of fertile material into the reactor 
and fissile fuel out of the facility. In addition, this analysis 
specifies the timing and magnitude of fuel and blanket fabrication 
costs, and spent fuel shipping and reprocessing costs. The economics 



of this time dependent "fuel cycle" is evaluated using cash-flow 
q accounting techniques . 

A second unusual feature of the economic analysis is that the 
hybrid produces two products, fissile fuel and electricity. To 
fix the price of these two products, it is necessary to specify a 
constraint. In our present analysis, we have chosen to fix the 
value of hybrid electricity at the same value as the electricity 
produced by the fission reactors which burn the hybrid fissile 
fuel. By considering the hybrid plus its associated "burner" 
reactors as a single entity producing just electricity, we are ab7e 
to calculate the electricity value. Having established the electricity 
value, the fissile material value from the hybrid can then be 
evaluated. 

The optimization studies to date have employed variation of 
the parameters listed in Fig. 9. It has been our experience that 
these quantities have the most important influence on the hybrid 
economics. Two dependent quantities which have been found to 
strongly influence the plant economics are shown in Figs. 10 and 11. 
The geometric relationship between the plasma and blanket are shown 
in Fig. 10. Holes in the blanket must be provided for plasma leakage 
and neutral injection. We have found that if the power density in the 
blanket exceeds 100-200 watts/cm , the required plenum dimension 
to handle the helium flow becomes excessively large, pushing the 
blanket inward and severely decreasing the blanket coverage. Also, 
large neutral beam current requirements demand large injection ports, 



thus reducing the blanket coverage. The equation used to model the 

plant duty factor is shown in Fig. 11. Here, top is the operating time 

fo r the reactor, t is the time for scheduled maintenance, t is 

the time for unscheduled maintenance and to,, is the time required for 

the blanket change operation. The duty factor evaluates the trade-off 

between high f i r s t wall f l ux , and therefore high product generation 

rates, and the need to shut the plant down and perform blanket change 

operations when the maximum blanket exposure has been reached. 

The f ission reactors chosen as burners of the hybrid f i s s i l e fuel 

are l i s ted in Fiq. 12, along with the i r requirements for hybrid f i s s i l e 

f u e l . As a burner of Pu, we have used a l i g h t water reactor (LWR) on 
233 a Pu recycle fuel cycle and supplemented with hybrid Pu. As a U 

233 burner we have used a high-gain HTGR, using the thorium - U fuel cycle. 

Another poss ib i l i t y as a J U burner, but not yet examined, is the 

CANDU reactor. 

The optimized reactor parameters for the uranium and thorium 

blankets are l is ted in Fig. 13. There are several s igni f icant 

differences between the two reactors. 
The uranium blanket, because of its high energy 
multiplication, results in a plant with a large 
electrical output. The thorium blanket reactor 
does not produce net electricity, just fissile 
fuel. 
Both blankets have about the same thermal rating, 
this being the result of a much larger fusion power 



output from the thorium blanket reactor as compared 

to the uranium blanket reactor. 

The high fusion power of the thorium blanket reaccor 

is obtained by using a more intense magnetic f i e ld 

than for the uraniun blanket reactor. The uranium 

blanket reactor may therefore rely on exist ing 

NbTi superconductor magnet technology, whereas 

the thorium blanket reactor w i l l require the more 

technologically advanced Nb,Sn superconductor. 

The blanket parameters for the optimized reactors are l i s ted 

in Fig. 14. Both produce between 2 and 3 metric tons of f i s s i l e 

fuel per year. However, the thorium blanket requires a rather high 

exposure, and the poss ib i l i ty of the blanket structure being able 
p 

to at ta in ^ 9 MW-YR/m exposure is quite uncertain. The average 

energy mult ip l icat ion of the uranium blanket is about a factor of 

4 higher than for the thorium blanket; these blanket mu l t i p l i ca t i ve 

include the ef fect of the fract ional blanket coverage. 

The hybrid economic parameters are l i s ted in Fig. 15. The 

higher capital cost of the thorium blanket hybrid is associated 

with the fusion components required to generate the higher fusion 
233 power than the uranium blanket hybrid. The U value is more than 

a factor of two yreater than the Pu value. However, the lower f i s s i l e 

requirements of the HTGR as compared tn the LWR results in approximately 

the same e lec t r i c i t y value from the two f iss ion powe>- /iants (see Fig. 16) 

. The break-down of the f i s s i l e material costs indicate that they are 



dominated by capital costs. The fuel cycle costs account for fabrication, 

reprocessing and spent fuel shipping. Current (high) estimates for 
5 these services have aeen used , but they are not a dominant cost. For 

the uranium blanket reactor, approximately 60% of the plant revenues 
are generated by fissile production in contrast to the total revenue 
generation by fissile material for the thorium hybrid. 

The fission reactor economics are listed in Fig. 16. The 
important result here is that the hybrid fissile fuel costs of 4.0 
and 5.3 mills/kw-hr is a small fraction of the total electricity 
value. The conclusion is that the mirror hybrid reactor, based on our 
current capital cost model, is capable of converting the narge fertile 
resources of the US into fissile fuel at a cost that does not strongly 
influence the net cost of electricity. 

In Figs. 17-21, we illustrate some of the details cf the optimization 
process, primarily for the uranium blanket. Fig. 17 shows the plasma 
physics variation. A rather broad optimum exists for various combinations 
of mirror ratio and injection energy (Wj Njh 

The variation of reactor size is shown in Fig. 18. A minimum 
economical size is about 10 m, mirror-to-mirror. Below this size, 
the blanket coverage decreases rapidly, strongly degrading the plant 
economics. A 7.5 netre machine appears to be the minimum "demo" size. 

The optimization on magnetic field is shown in Fig. 19. For the 
uranium blanket, a near optimum can be attained at 8 Tesia, which 
yields the maximum blanket power density of t 100 W/cc. For the thorium 
blanket, 12T - 14T fields are required to minimize the fissile value. 



The variat ion of f i s s i l e value with f e r t i l e burnup is shown in 

F1g. 20. At low burnup, high fabrication-reprocessing costs and low 

duty factor are incurred. As the maximum burnup increases, larger 

temporal variations are incurred in the thermal output due to increasing 

blanket mul t ip l icat ion with burnup. This thus requires an increasing 

f ract ion of the plant thermal capacity to remain idle during periods 

of ncn-peak thermal output. Also, the higher burnup implies longer 

delays in the real izat ion of trw revenues from f i s s i l e breeding. For 

the uranium blanket, the optimum occurs at a IX burnup, 

which is about the maximum tolerable burnup for this U-MOLY fue l . For 

thorium, the 0.5" burnup is well below the maximum obtainable with 

th is fue l . 

There is some degree of uncertainty in the actual plasma Q that 

w i l l be attained in mirror reactors. I t is possible that 

micro instabi l i t ies w i l l l i m i t Q to a value somewhat below the classical 

value, and a second poss ib i l i ty is that Q enhancement techniques under 
c 

consideration will elevate Q above our presently predicted /alues. 
The variation of fissile value and electricity costs with Q is shown 
in Fig. 21. Here it can be seen that electricity costs are not 
strongly perturbed even 1f classical confinement is not attained. 
A factor of two enhancement of Q improves the Hybrid economics, but 
generally, the electricity costs are rather insensitive to higner Q. 
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US HYBRID BLANKET PARAMETERS 

U/Mo TH 

FISSILE OUTPUT (KG/YR) 2360 2590 

AVG. ENERGY MULTIPLICATION 11.1 2.8 

BLANKET COVERAGE 0.86 0.77 

FERTILE BURNUP (%) 1.0 0.5 

BLANKET EXPOSURE 4.1 9.2 
(MW-YR / M 2 > 

FUEL POWER DENSITY (W/CC) 150 110 

FIG. 14 



m HYBRID ECONOMICS 

U/Mo TH 

CAPITAL COST <10 9$> 2.3 3.3 
($/KWE) 2170 

FISSILE MAT'L VALUE ($/GM) 55 127 

CAPITAL 80 103 

FUEL CYCLE 13 21 

O & M 1 1 

ELECTRICITY REVENUES -39 2 

ELECTRICITY VALUE 24.7 
tMILLS/KW-HR) 

FIG. 15 



la FISSION REACTOR ECONOMICS 

U/MQ Til 
CAPITAL COST ($/kWE) 750 750 

ELECTRICITY VALUE 24.7 25.3 
(MILLS/KW-HR) 

CAPITAL COST 16.1 16.1 

FUEL CYCLE W / o 3.9 3.2 
FISSILE MATL 

FISSILE FUEL 4.0 5.3 

O &M 0.7 0.7 

FIG. 16 



130 

23 
w 
CO r-m 
< > r-c m 

r-
05 

S • 
I 

2 2.5 3 

VACUUM MIRROR RATIO 

FIG. 17 



130 

120 

1 10 

100 

5 
CD 
w 90 
* • * 

LU 
=> 
_ l 80 
< 
> 
LU 
- J 70 

co 
CO 
U_ 60 

50 

40 -

30 

U/Mo 

1000 

- 900 

800 

700 

600 | 

O 
z 
-n 600 g 
m 
3J 

-i_ 

400 

30C 

200 

100 

2 
s 

0 5 10 15 20 

MIRROR-TO-MIRROR LENGTH <M> 

FIG. 18 



2 0 0 

s 
(3 

uu 
Z) 
_ l 
< 
> 
tu 
CO 
CO 

150 

100 " 

8 10 12 14 

CONDUCTOR MAGNETIC FIELD m 

FIG. 19 



FIRST WALL EXPOSURE<MW-YR/M*> 

5 

uu 
_J < > 
111 
_J 
co 
CO 

50 .25 .5 .75 1 

FERTILE BURNUP<%> 

FIG. 20 



ELECTRICITY VALUE (MILLS/KW-HRJ 

O) 
CM 

CD 
CM CM CM 

It) 
CM CM 

CO 
CM 

1 • 1 1 1 1 

• 

U
/M

o 

• 

i -1 X • 1 • _J . -1...— 

O 
CO M <0 . < o _l o u. o 
o 

o 
en o o o o o o o o 

as CO ^ <0 m * co CM 

tH8/$i arnvA 3iissu 


