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ABSTRACT - The fusion-fission hybrid is a combination of the fusion and 
fission processes, having features which are complementary. Fission 
energy is running out of readily available fuel, and fusion has extra 
neutrons which can be used to breed that fission cuel. Fusion would 
have to take on an extra burden of radioactivit , but this early 
application would give fusion, which does not work well enough now to 
make power, practical experience which may accelera+" development of 
pure fusion. 

The idea is to surround a fusion reaction region with certain heavy 
elements (U or Th) so as to allow the fusion-produced neutrons to 
convert fertile material ,232 Th or 238 U) to fissile material 
233 239 ( U or Pu) by transmutation. This fissile material :an then 

be fed into a fission reactor, releasing far larger amouts o r energy 
than from fusion alone. We call this fuel-producing hybrid reactor a 

4 fusion-fission fuel factory, and use the abbreviation FFFF, or F . 
The driven two-component tandem mirror seems well suited to the 4 F application because of its cylindrical geometry, steady state 

operation, and relatively low technology. Studies show Q should be 1 
o or preferably 2, and the wall loading should be 1 to 2 MW/m . The 

233 preferred blanket design is one optimized to produce U because it 
is the best fuel for slow neutron reactors such as the light and heavy 
water reactors and the helium-cooled graphite reactors now in 

233 commercial use. Studies have shown the maximum U production 
238 occurs with a thin zone (<5 cm) of U as a neutron multiplier. The 

heat generated is converted to electricity to power the injectors, and 
the Pu produced can be burned in an on-site fission reactor. 

We are now studying development sequences which could lead to a 
two-component tandem F . They include TMX, a modified MFTF, and then 
a pilot plant. Such a development sequence could go more rapidly than 
pure fusion development because of the somewhat relaxed demands placed 4 on fusion technology by the F applications. 

"Work performed under the auspices of the 
U.S. Department of Energy by the Lawrence 
Livcrmorc Laboratory under contract number 
W-7405-ENC-48." 
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Standard Mirror Hybrid Reactor Design - We have recently published 
results of a conceptual design study of a hybrid based on the Yin-Yang f2l magnet configuration (Standard Mirror). The objective of this study 

239 
was to conceptualize an early commercial facility for Pu genera
tion based on near-term physics and technology. This design is based 
on application of the MFTF technology. 

To summarize the reference standard mirror hybrid design, we list 
the major design choices that have been made for the reactor. 

Minimum-B mirror confinement 
Yin-Yang coil design, NbTi superconductor 
positive ion injectors with direct recovery 
fast spectrum blanket neutronics 
single-stage plasma direct converter 
cryocondensation vacuum pumping 
blanket 
U 3Si fuel (depleted U) 
LiD tritium breeder (natural Li) 
Inconel 718 structural material 

. He primary heat transfer loop (PHTL) 

. Prestressed Concrete Reactor Vessel (PCRV) 
magnet restraint 
PHTL restraint 
blanket support and restraint 

. steam thermal conversion system 
Characteristics for the reactor are listed in Tabid I. 
The plasma modeling uses the full range of analytical tools that 

have been developed in support of mirror physics investigations in the 
2XIIB experiment."- J These tools include the MCFUS equilibrium 
code^ •" a two-dimensional (in velocity space) Fokker-Planck code, ^ 
and a radial transport code. ' J 

The minimum |B| mirror geometry is shown in Figure 3. The 
variation of the basic Yin-Yang magnet, developed for reactor 
applications, is shown in Fig. 4. This design uses a large main coil 
with a small mirror coil inside and has the virtue of locating the 
mirror point very near the inside surface of the conductor. This 
location for the mirror point implies a minimum size opening in the 
blanket for the plasma leakage fans. The magnet has an outside 
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diameter of about 22 meters, and a distance of 13 meters between mirror 
points. It is designed with a maximum field at the conductor of 8 
Tesla, dictated by the use of NbTi superconductor. The maximum current 

3 2 density is about 10 A/cm . These conditions imply comparatively 
modest magnet technology, although the magnet is quite large, about 
5500 tonnes for each magnet half (including the stainless steel coil 
case). 

The neutral beam injector design developed for the reference hybrid 
is based on the positive ion injector developed at the Lawrence 
Laboratories (LBL-LLL) with the following modifications. A hollow 
cathode plasma source is proposed as a means of providing a much 
longer-lived cathode than the heated tungsten wire cathode now used in 
the LBL-LLL source. A mechanical design for the sources has been 
developed which will place all high-voltage insulators out of the path 
of the direct 14 MeV neutron flux. An Hg vapor jet at the end of the 
neutralizer region strongly impedes gas flow from the source into the 
downstream regions of the beam line, resulting in much lower background 
pressure in the beam line and reduced cryopumping requirements. High 
pressure vacuum pumping in the region of the sources will use Hg 
diffusion pumps. A cryopanel design has been developed which will 
permit continuous operation of the cryopumping equipment in the beam 
line. The design permits defrosting of some of the cryopanels while 
the remainder continue in operation. 

The reactor requires deuterium injectors with accelertion to 125 
keV and tritium to 187 keV. When account is taken of the half and 
third energy components in the beam, the average beam energies are 94 
and 141 keV, respectively, for D° and T°. Our analysis predicts an 
efficiency for the injectors of 55%. 

Outboard of the coils, end tanks must be provided to receive the 
plasma leakage. In the end tanks, we perform direct conversion, 
converting some of the kinetic energy of the ion flow directly into 
electricity. The remaining kinetic energy is deposited as thermal 
energy in the direct converter electrodes and must be removed by active 
cooling. Upon striking the direct converter electrodes, the plasma 
ions are neutralized and the end tank contains vacuum pumping equipment 
to remove the resulting gas load. 
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To provide access to the blanket from outside the machine, it is a 

convenient design feature to have one of the end tanks as small as 
possible. We implement the small end tank by designing the magnet such 
that one of the mirror fields is 5% stronger than the other. This 
field perturbation causes approximately 90% of the plasma leakage to 
flow out through the weak mirror and the remaining 10% to exit through 
the strong mirror. Since the size of the end tank is proportional tc 
the amount of plasma flow, we can use a small end tank on the strong 
mirror. To keep this tank as simple as possible, we do not perform any 
direct conversion but design for the plasma energy to be deposited as 
thermal energy, with provisions for active cooling and vacuum pumping 
with cryopanels. The large end tank, which receives the 90% end 
leakage flow, is designed with a simple single-stage direct converter 
unit, having an upper limit on its efficiency of about 50%. This end 
tank must also have provisions for active cooling and vacuum pumping. 

In the past, we have examined the use of primarily three fertile 
fuels in the blanket: UC, U-Mo alloy and thorium. In our present 
hybrid design we are advocating the use of u^Si, a fuel being 
developed in the Canadian nuclear power program for the CANDU reactor. 
Our reasons for this choice are (1) high uranium density (U^Si is a 
metallic alloy), (2) ease of fabricability, and (3) a comparatively 
high burnup capability (for a metallic fuel), on the order of 2-3%, 
Economic optimization of the fuel cycle for this reactor dictates a 

2 total fuel exposure of about 5 MW-yr/m of 14 MeV neutron energy 
through the first wall. In Table II, the initial (beginning of life) 
and final (end of life) neutronic parameters for the U 3Si blanket are 
listed. 

One of the primary concerns in the mechanical design of the reactor 
was to provide highly reliable support and containment of the blanket 
and primary heat transfer loop components. The basis of this concern 
was the conclusion that the primary safety consideration for the 
reactor was a loss of flow accident, and the design therefore had to be 
one in which the maintenance of forced cooling to the blanket could be 
assured to a high level of confidence. 

The design approach we have selected is to mount the magnet, 
blanket and primary heat transfer loop all within a prestressed 
concrete reactor vessel (PCRV), of the type developed for gas-cooled 
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fission reactors. This is shown in Fig. 5. In the center of the PCRV 
is the magnet and blanket, and the steam generators and He circulators 
are located around the periphery. The blanket is a spherical shell 
inside the magnet. In this way, the blanket and its cooling system are 
locked together so that no relative motion between them can occur, thus 
precluding the possibility of rupturing any of the coolant ducts. 

The PCRV also serves a second function. It provides the main 
restraining forces for the magnet. Since the PCRV operates at room 
temperature, a way had to be -!'ound to transmit the forces from the 
magnet (at 4°K) out to the concrete. The design solution has been to 
use a high-compressive-strength thermal insulation (a silicate 
refractory), capable of sustaining about 5,000 psi. Calculations have 
shown that an insulation thickness of about 50 cm is adequate to reduce 
the heat leak from the concrete to the magnet to an acceptable value. 

The blanket design concept is one which avoids any major 
disassembly of the reactor during the blanket change operation but 
instead relies on remote operations to assemble and disassemble the 
blanket inside the PCRV. The blanket is made up of small cylindrical 
modules, approximately 50 cm in diameter, with the blanket structure 
being suspended directly from the inside wall of the PCRV as shown in 
Fig. 6. Removal and replacement of blanket modules is accomplished 
with the refueling machine shown in Fig. 7, which consists of a post 
which is inserted down through the center of the machine and has a 
pivoting arm to operate on the modules. The blanket replacement 
operation consists of a series of manipulations of each of the several 
hundred modules. 

The module, as shown in Fig. 8, consists of a cylindrical pressure 
vessel with a hexagonal base. One of the more challenging aspect of 
the module design has been to devise a fast, reliable method of making 
up the seal that isolates the high pressure He coolant from the vacuum 
region that contains the plasma. We have discarded a welded joint, 
since remote grinding and welding are time consuming operations and we 
have serious doubts about the ability to consistently generate remote 
vacuum-tight welds. We have therefore adopted a bolted joint using a 
double knife-edge seal with differential pumping between the two 
knife-edges. The pressure vessel is bolted in place with 6 bolts, one 
at each corner of the hex-shaped base. The internals of the module are 
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fabricated as a single unit, containing the U,Si pins, the tritium 
breeding pins and internal flow ducting. Thus, to renew a module the 
pressure vessel is unbolted and removed, the pin assembly is removed, a 
new pin assembly is inserted and a new pressure vessel is bolted in 
place. The coolant flow is re-entrant, with the tritium pins being 
cooled by the inlet flow and the coolant then proceeding down to the 
first wall, turning, and cooling the uranium pins on its exit path out 
through the module. 

The primary heat transfer loop is designed to operate with helium 
as the working fluid. The coolant pressure is 60 atm., with an inlet 
temperature to the blanket of 280°C and an outlet temperature of 
530°C. The flow path is designed to maintain the relative pressure 
drop,Ap/P, to about 3% through the entire loop (blanket, ducting and 
steam generator). This combination of conditions permits the use of 
existing gas-cooled fission reactor technology for the design of the He 
circulators and steam generators. 

The local blanket multiplication and therefore local blanket power 
density increases by about a factor of two over the life of the fuel. 
By devising an appropriate fuel management scheme for the blanket, we 
are able to limit the peak-to-average variation in the total blanket 
thermal power to about 10% (3,600 MW average; 4,000 MW peak) and the 
primary heat transfer and power conversion loop capacity are designed 
to accommodate this power variation. The blanket modules are grouped 
into four quadrants and at time intervals of one quarter of the blanket 
life, the reactor is shut down and one quadrant of the blanket is 
refurbished with new fuel assemblies. In this way we are able to 
establish an equilibrium fuel cycle where the four quadrants are each 
at a different exposure. 

The thermal-hydraulic design for the fuel., on the other hand, must 
provide adequate cooling of the fuel pins during the lifetime power 
density variation of 18.4/8.8 = 2.1. The present design specifies a 
peak fuel power density (i.e., at the first wall) at beginning-of-life 
of about 240 watts/cm3 and an end-of-life value of 500 watts/cm3. 
The fuel pins are 0.7 cm in diameter wit'i 0.15 mn thick Inconel 718 
clad on a pitch-to-diameter ratio of 1.05. The maximum mid-wall clad 
temperature (hot channel) is limited to 700°C. 
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In this section we have summarized the reference mirror hybrid 

reactor design performed by LLL and General Atomic Company. The 
reactor parameters have been chosen to minimize the cost of producing 
fissile fuel for consumption in fission power reactors. As in the 
past, we have emphasized the use of existing technology where possible 
and a minimum extrapolation of technology otherwise. The resulting 
reactor may thus be viewed as a comparatively near-term goal of the 
fusion program, and we project improved performance for the hybrid in 
the future as more advanced technology becomes available. 
System Performance - The economic performance of a fusion-fission power 
system depends on the type and performance of the fusion driver, 
blanket and fission reactors that comprise the system. As an example, 
we estimate the performance of two systems; one based on the U/Pu fuel 
cycle, the other on the Th/U fuel cycle. Both use the standard 
minimum-B mirror as the fusion driver. The U/Pu based system is a 
uranium blanket producing makeup Pu 239 for light water reactors 
(LWR's). The Th/U based system uses a thorium blanket producing makeup 
U-233 for high temperature gas reactors (HTGR's). The blankets are the 
fast fission hybrid blankets (U-Moly and Th) listed in Table III. 

Both hybrid reactors are optimized to minimize the the cost of 
electricity from the fusion-fission system. Both are sized to have 
thermal power ratings approximately the same as present day fission 
reactors. 

The performance parameters for both systems are summarized in the 
following six tables (Tables IV-IX)? 8' 9' 1 0^ 

The optimized reactor parameters with uranium and thorium blankets 
are listed in Table IV. There are several significant 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 reactor is obtained by 
using a more intense magnetic field than for the uranium blanket 
reactor. The uranium blanket reactor may, therefore, rely on existing 
NbTi superconductor magnet technology, whereas the thorium blanket 
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reactor will require the more technologically advanced NbgSn 
superconductor. 

The blanket parameters for the optimized reactors are listed in 
Table VIII. Both produce between 2 and 3 metric tons of fissile fuel 
per year. However, the thorium blanket requires a rather high 
exposure, and the possibility of the blanket structure being able to 2 attain ~ 9 MW-yr/m exposure is more uncertain. The average energy 
multiplication of the uranium blanket is about a factor of 4 higher 
than for the thorium blanket; these blanket multiplications include the 
effect of the fractional blanket coverage. 

The fission reactors chosen as burners of the hybrid fissile fuel 
are listed in Table VI, along with their requirements for hybrid 
fissile fuel. As a burner of Pu, we have used a light water reactor 
(LWR) on a Pu recycle fuel cycle and supplemented with hybrid Pu. As a 
233 233 

U burner we have used a high-gain HTGR, using the thor^jm - U 
fuel cycle. 

The hybrid economic parameters are listed in Table X. The higher 
capital cost of the thorium blanket hybrid is associated with the 
fusion components required to generate the higher fusion power than the 233 uranium blanket hybrid. The U cost is more than a factor of two 
greater than the Pu value. However, the lower fissile requirements of 
the HTGR as compared to the LWR results in approximately the same 
electricity value from the two fission power plants. The breakdown of 
the fissile 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 these services have 
been 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 Table VIII. The 
important result here is that the cost of producing fissile fuel in the 
hybrid (4.0 and 5.3 mills/kw-hr) is a small fraction of the total 
electricity cost. The conclusion is that the mirror hybrid reactor, 
based on minimum-B mirror plasma confinement, is capable of converting 
the large fertile resources of the world into fissile fuel at a cost 
that does not strongly influence the net cost of electricity. A factor 
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increase in fissile fuel generation costs (i.e., cost of the hybrid) 
would only increase electricity cost by about 20%. 

Installed capacity, capital cost and electric costs of both fusion-
fission systems are summarized in Table IX. The uranium blanket hybrid 
supports 17 MWe per MW fusion while the thorium hybrid supports 9. 
Two-Component Tandem Mirror Hybrid - For the next mirror hybrid 
studies, we are planning to adopt the mirror confinement concepts, the 
tandem mirror, and concentrate on U-233 producing blankets. A tandem 
mirror experiment (TMX) is under construction at LLL to test the basic 
physics of the tandem concept. This experiment should be operating by 
the end of 1978. 

TMR's are ideally suited to accommodate the more complex blankets 
and maintenance of hybrids because of their simple cylindrical geometry 
and low solenoidal magnetic fields. We have selected a two-component 
mode of operation for a hybrid TMR to minimize plasma confinement and 
technology requirements. In this mode, energetic deuterium beams (~200 
keV) are injected into a low-temperature tritium plasma target confined 
electrostatically in the solenoid. As with two-component operation of 
tokamaks, a fusion Q = 1 can be obtained with electron temperature T 
as low as 6 keV. Because the tritium plasma can have a much lower 
temperature than the reacting deuterons, two-component operation 
permits energy balance with a much larger loss rate of the tritium 
target than fusion with Maxwellian D-T plasma as considered by the 
Kurchatov group!- •* This in turn allows stream-stabilization of 
Toss-cone modes in small plugs a few ion gyroradii in size, as 
presently done in 2XIIB [3]. Thus a two-component tandem hybrid does 
not require classical ion confinement in the plugs, which can therefore 
be very small. 

Preliminary studies of a non-optimized tandem give a set of 
operating parameters shown in Table X. The sensitivity of Q and Q --
(Q times beam trapping fraction) to length, injecting energy and 
magnetic field at the midplane of the plug (B conductor =1.7 x B ) 
is given in Figure 9. An illustration of tins reactor design is shown 
in Figure 10. 
Summary - The fusion-fission hybrid concept offers the potential of 
being a versatile method of making the vast energy potential of U-238 
and Th-232 available to man, and doing so at a reasonable cost. 
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At Lawrence Livermore Laboratory we have been studying hybrids 

based on magnetic mirror plasma confinement since the early 70's. This 
work started by studying the potential performance of hybrid blankets, 
and has evolved to the point where we are now conceptually designing 
complete fusion-fission systems. These systems consist of mirror 
fusion components producing 11 MeV neutrons, fertile blankets in which 
the D-T neutrons provide energy and net fissile material, and fission 
burner reactors that convert this fissile material to energy. These 
studies indicate ,̂.3 hybrid reactor can supply makeup fissile fuel for 
as many as 10 fission burner reactors of equal thermal rating, and that 
the capital cost ($/kWe) of such systems (fusion hybrid breeder + 
fission burner reactors) is only about 25% above the capital cost of 
thermal fission reactors alone. 

Fusion hybrids could be a relatively near-term application of 
fusion research. Plasma experiments presently under construction, the 
Mirror Fusion Test Facility (MFTF), and the Tandem Mirror Experiment 
(TMX) scheduled for operation in 1981 and 1979, respectively, shuld 
come close to demonstrating plasma confinement needed for hybrid 
reactors. 

In addition to expanding our fission energy resources manyfold, 
hybrids could offer the flexibility needed to make alternate fission 
fuel cycles practical. 

The prospects for the fusion-fission hybrid are exciting, and there 
is an expanding effort worldwide to quantify the hybrid's potential. 
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TABLE I . 
REACTOR CHARACTERISTICS 

Fusion power 400 MW 
Thermal power (avg) 3600 MW 
Injected neutral power 625 MW 
Net electric output power 525 MW 
First wall 14 MeV neutron current 2 MW/m2 

Fissile production rate 2700 kg/yr 
Injection energy D° 125keV 
Injection energy T° 187 keV 

fi 0.7 
Central ion density 9 X 1 0 1 3 cm- 3 

Q 0.63 
nr 2 X 10 1 3 sec/cm3 

TIME-DEPENDENT U 3 

TABLE I I . 
Si BLANKET NEUTRONIC PARAMETERS 

Exposure 
(MW-yr/m?) M Pu/n %Pu 

Bumup 
% T/n 

0 8.8 1.85 0 0 1.05 

5 18.4 1.75 2.3 0.75 1.42 
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TABLE I I I . 
REPRESENTATIVE FAST FISSION BLANKET PERFORMANCE 

Local blanket values Blanket at equi l ibr ium 4 

Fuel & exposure 1 T/n M Pu/n 

Burnup 
(%) 2 

Buildup 
<%> 3 T/n M Pu/n 

UC at 0 years 
at 5 years 
at 10 years 

1.05 
1.43 
1.78 

8.01 
13.6 
21.6 

1.38 
1.18 
0.88 

0 
1.5 
3.7 

0 
2.9 
5.5 

1.05 
1.20 

9.18 
12.6 

1.09 
0.96 

U-Moly at 0 years 
at 5 years 

1.10 
1.60 

10.0 
20.0 

1.80 
1.70 

(U/n) 

0 
1.3 

0 
2.5 1.15 12.7 1.49 

(U/n) 

TH at 0 years 
at 12 years 

1.08 
1.23 

2.5 
5.4 

0.73 
0.61 

0 
0.74 

0 
2.76 0.98 3.4 0.57 

1 Exposure at a first wall DT neutron energy flux of 1.0 MW/m 2 

2 Fission of heavy metal 
3 Net accumulation of fissile material in (%) of initial heavy metal 
4 Time averaged performance of blanket with 85% coverage 



- 16 -

TABLE IV. 
PARAMETERS FOR THE OPTIMIZED 

HYBRID REACTORS 

TABLE V I I . 
ECONOMICS FOR THE OPTIMIZED 

HYBRID REACTORS 
Parameter U/Mo Th Cost U/Mo Th 

Mirror ratio 2.50 2.75 Capital cost (109$) 2.3 3.3 
Injection energy (keV) 100 100 ($/kWe) 2200 — 
Conductor field (T) 8 12 Fissile mat. cost ($/g) 55 127 
Q 0.68 0.75 Capital 80 103 
Fusion power (MW) 470 1500 Fuel cycle 13 21 
First wall flux (MW/m2) 1.3 4.2 Operation and maintenance 1 1 
Blanket thermal power. Electricity revenues -39 2 
average (MW) 4220 3340 Electricity cost 24.8 25.3 

Electrical output (MW) 1040 - 4 0 (mills/kW-hr) 
Capacity factor 0.75 0.73 
Mirror-to-mirror length (m) 15 15 TABLE V I I I . 

ECONOMICS FOR THE FISSION 
TABLE V. 

« FOR 1 
:TORS 

[•HE 
REACTORS 

BLANKET PARAMETEf 
OPTIMIZED REAC 

« FOR 1 
:TORS 

[•HE 

Cost LWR 

High-
grain 

HTGR 

U/Mo Th 

Cost LWR 

High-
grain 

HTGR 

Parameter U/Mo Th Capital cost ($/kWe) 750 750 
Electricity cost 24.8 25.3 

Fissile output (kg/yr) 2360 2590 (mills/kW-hr) 
Avg energy multiplication 11.1 2.8 Capital cost 16.1 16.1 
Blanket coverage 0.86 0.77 Fuel cycle without 
Fertile burnup (%) 1.0 0.5 fissile material 3.9 3.2 
Blanket exposure (MW-yr/m2) 4.1 9.2 Fissile fuel 4.1 5.3 
Fuel power density (W/em3) 150 110 Operation and maintenance 0.7 0.7 
Blanket enrichment, avg 1.02% 1.06% 

TABLE V I . 
DESCRIPTION OF THERMAL CONVERTER 

REACTORS 

TABLE IX. 
ECONOMICS FOR THE HYBRID/ 

THERMAL REACTOR SYSTEM 
TABLE V I . 

DESCRIPTION OF THERMAL CONVERTER 
REACTORS 

Cost U/Mo Burner Cost U/Mo Th 
Parameter 239 p u 233 g 

Cost U/Mo 

High-
gain 

Reactor type LWR HTGR Installed capacity (MWe) 8130 14000 
Fuel cycle Hybrid 1040 — 

Nat Fission reactors 7090 14000 
Fertile feed ural U Th Capital cost ($/kWe) 935 985 
Fissile feed Pu 233 u Electricity cost 24.8 25.3 
Fissile recycle Pu 233 g (mills/kW-hr) 

Conversion ratio 0.5 0.8 Capital 19.7 20.5 
Fissile feed require 0.333 0.185 Fuel cycle 4.3 4.0 
(kg/yr/MWe) Operation and maintenance 0.8 0.8 
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TABLE X. EXAMPLE PARAMETER VALUES FOR A Q = 1.1 

TWO-COMPONENT TANDEM HYBRID REACTOR 

Parameter Value 
Solenoid length, L c 50 m 

Solenoid radius, r c 0.37 m 

20 3 Solenoid electron density, n c 1.7 x 10 m 

19 -3 Solenoid deuterium density, n Q 6.3 x 10 m 

?0 3 Solenoid tritium density, n T 1.1 x 10 m 

Electron temperature, T 6.0 keV 

Injection energies, E. . 200 keV 

Solenoid field, B c 1.8 T (6 = 0.8) 

Plug field, B 0 p 7.0 T (R p = 2, g p = 0.7) 

Plug density, n 4.6 x 1 0 2 0 m" 3 

Plug radius, r 0.16 m {r /p. = 12) 

Fusion power 410 MW 

Neutron wall loading, 
(at 1-m wall radius) 1 MW/m2 



NUCLEAR FUEL CYCLE 

CONVERSION 

REACTOR/GENERATING PLANT S U R F 

Fig-1.- Present day nuclear fuel cycle, STORAGE OF SPENT 
UNREPROCESSED FUEL 

RECYCLE 
OR 

DISPOSAL 



WHERE THE HYBRID SEEMS TO FIT IN 
MIDTERM 

LONG TERM 

PURE FUSION POWER PLANTS 

ENERGY 
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Minimum-B mirror 

Field lines 

\ 
Coil current 

Fig. 3. Minimum B mirror configuration showing 
the baseball coil and plasma shape. 



MAGNET CON DUCTOR CONFIGURATION 
1 1.23R 

5.75R 

Fig. 4. Yin-Yang Magnet configuration. 
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FUSION-FISSION MIRROR 
HYBRID REACTOR m LAWRENCE 

UVERMORE 
LABORATORY 

Fig. 5. Fusion-Fission Mirror Hybrid Reactor, 
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BLANKET/SHIELD CUTAWAY-HYBRID REACTOR L3 

Beam Port 

Shield 

Helium Inlet 

Yin-Yang 
Mirror Coil 

Beam Port 

Helium Exit 

Blanket 
Module 
( * 600 ) 

Fig. 6. Blanket/Shield cutaway - Hybrid Reactor. 
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FUSION-FISSION MIRROR HYBRID REACTOR u 

Removeable 
Radiation Shield 

Telescoping Mast 

Module Gra 
with Assembly 

Swing Out G 
for Mast Sup 

Upper Guide for Mast 

Top of PCRV 

Change Arm 
Axis Motion 

Bottom of PCRV 
FUEL MODULE CHANGE TOOL 

Fig- 7. Mirror Hybrid Reactor, showing fuel 
module change tool . 
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FUSION-FISSION MIRROR HYBRID BLANKET MODULE .LS 
Flow Distribution Dome-. MHR First Wall Module 

0.002M —Diffusers 

U 3Si Pins 

1.17M 

Inner Assy Restraint 
Thread and Grapple 

Diffuser 

Neutron Shield Spike 

Lithium Hydride Pins 

6 ea TZM Bolts 
2.5 cm Diameter 
Pressure Shell Grapple 

Evacuated Double 
Varian Type Seal 

Vacuum Sinus 

Cool Helium 

Plated Metal " O " Ring 
and Graf oil Slip Ring 

Flow Control Orifice 

Thermal 
Insulation 

Hot Helium 

Fig. 8. Blanket Module. 



TWO-COMPONENT TANDEM HYBRID REACTORS m 

• P.usio=„ 5 0 0 M W 

Q e « = Q x ( ' t r a P P i n g ) 
e f f \efficiency/ 

/ 1 \ " * / 3 

4™ " J * ( j ^ ) . r p / P i < 7 

K)- f P / P , > 7 

n ( m - 3 ) T 3 « ( k e V ) 3/2 
J

m i „ = 1-8 x 1 0 ~ 1 4 

mm / — 
VA,(R p -1)E p <keV) 

n—i—i—i—i—i—i—r 
1.3 -E . . = 200keV 

= 7 T 

A / m 2 100 keV 200 keV 300 keV 

inj 

Fig. 9. Sensitivity.of Q and Q ? f f (Qtimes beam trapping fraction) to variations in length, injection energy, and plug magnet field. 



TANDEM MIRROR HYBRID REACTOR m 
Cryopumps 

Helium Circulator 
Steam Generator 

Central Cell 
Injection 

Plug 
Injection 

End Leakage Tank 
(Direct Converter) 

Central Cell Module 

Blanket Service Area 

Fig. 10. Preliminary conceptual design of the Tandem Mirror Hybrid Reactor. 


