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ABSTRACT 

This report describes the results of a two-year study by Lawrence Liver-
more Laboratory and General Atomic Co. to develop a conceptual design for the 
standard (minimum-B) mirror hybrid reactor. The reactor parameters have been 

239 chosen to minimize the cost of producing nuclear fuel ( Pu) for consumption 
in f ission power reactors ( l ight water reactors). 

The deuterium-tritium plasma produces• 400 HW of fusion power with a 
plasma Q of 0.64. The fas t - f i s s ion blanket, which i s fueled with depleted 
uranium and lithium, generates sufficient tritium to run the reactor, has a 
blanket energy multiplication of M - 10.4, and has a net f i s s i l e breeding 
ratio of Pu/n - 1.51. The reactor has a net e lectr ica l output of 600 HWe, a 
f i s s i l e production of 2000 kg of plutoniuir. per year (at a capacity factor of 
0.74), and a net plant efficiency of 0.18. 

The plasma-containment f ie ld i s generated by a Yin-Yang magnet using NbTi 
superconductor, and the neutral beam system uses positive-ion acceleration 
with beam direct conversion. The spherical blanket i s based on gas-cooled 
fast reactor technology. The fusion components, blanket, and primary heat-
transfer loop components are a l l contained within a prestressed-concrete reac
tor vesse l , which provide magnet restraint and supports the primary heat-
transfer loop and the blanket. 

The design i s based on existing technology where possible and a minimum 
extrapolation of technology otherwise. The projections for the plasma physics 
are conservative, in that they are well-founded on the experiments in 2XIIB 
and the interpretation of these experiments. The resulting reactor may 
therefore be viewed as a comparatively near-term goal of the magnetic fusion 
program. 



1. INTRODUCTION 

Lawrence Livermore Laboratory has been investigating the hybrid reactor 
concept since 1970. The present report represents a milestone in this 
research, in that it culminates two years of work by a joint Lawrence 
Livermore Laboratory/General Atomic Co. design team to develop an optimized 
conceptual design of a commercial hybrid reactor based on standard, or 
minimum-B, mirror plasma confinement. Here, the term "optimized" means that 
the hybrid parameters are selected to minimize the cost of producing 
electrical power from a fusion-fission power system. This power system 
consists of the hybrid reactor plus the light-water fission reactors which 

239 are supplied with nuclear fuel produced by the hybrid ( Pu in this case). 
In 1972, J. O. Lee of LLL published the first report of the nuclear 

performance of fast-fission blankets. In the next two years at LLL, 
hybrid blanket neutronics continued, ' preliminary system studies and 
blanket designs were undertaken, and a mirror hybrid conceptual design 
study with Battelle Pacific Northwest Laboratories was completed. That 
hybrid design employed a thermal-fission blanket with high energy 
multiplication but comparatively low fissile-fuel production. At this point 
in their evolution, the mirror hybrid studies were reviewed by Werner 

7 8 
et al. and Leonard et al. 

In 1975, LLL undertook the first point-design study of a mirror hybrid 
9 

with a fast-fission blanket, with the objectives of determining a manner 
in which all of the necessary components could be integrated into the 
reactor, assessing the technological problems, and obtaining a rough cost 
estimate. It was concluded that the mirror hybrid with a fast-spectrum 
uranium blanket was an attractive concept, and that the point design would 
benefit from refinement and optimization. Also as a result of this study, 
we concluded that the economically most advantageous configuration for the 
hybrid is as a nuclear fuel producer. This rationale was discussed by 
Hoir ' and has been subsequently quantified by Bender. 

In 1976, the mirror hybrid studies emphasized reactor optimization, 
including the neutronic analysis of metallic fuels and development of a 

13 system analysis model. The system model allowed identification of key 
economic parameters, such as the importance of optimum first-wall loading 
(1-2 MH/m ) and a large fertile-material volume fraction in the blanket. 

1 



Also in 1976, General Atomic Company joined with LLL in a cooperative 
study, to apply their expertise in gas-cooling technology to the mirror 

14 hybrid and to evaluate the 1975 design from the standpoint of a reactor 
vendor with considerable experience in the'design of fission reactors. The 
results of the 1976 LLL/GA studies were reported at the 1976 US-USSR 
Fusion-Fission Symposium. ~" 

The present conceptual design study is founded upon this experience in 
point design, component optimization, and system analysis. The design 
employs the earliest available fusion technology (classical mirror plasma 
confinement, poaitive-ion neutral beam systems, HbTi superconducting 
magnets) and state-of-the-art fission technology (primarily, gas-cooled fast 
reactor technology). It is thus intended to represent the characteristics 
of an early commercial reactor. 

The report is organized as follows: Chapter 2 is a summary of the 
reactor design; Chapter 3 contains brief descriptions of the component 
designs; and Chapter 4 presents the final reactor parameters and the 
economics of the design and discusses the results of the parametric 
optimization. Chapters 5-10 present the detailed design information. 
Chapter 11 discusses plant control, and Chapter 12, safety. 
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2. SUMMARY 

2.1 Overall Design 

The major design choices that were made for the Mirror Hybrid Reactor 
are: 

• Minimum-B mirror confinement of deuterium-tritium plasma 
• Yin-Yang c o i l design, NbTi superconductor 
• Positive-ion injectors with direct recovery 
• Fast-spectrum blanket neutronics 
• Single-stage plasma direct convertor 
• Cryocondensation vacuum pumping 
• Blanket 

U.Si fuel (depleted uranium) 
LiD tritium breeder (natural lithium) 
Inconel 718 structural material 

• Helium primary heat-transfer loop (PHTL) 
• Prestressed-concrete reactor vessel (PCRV) 

Magnet restraint 
PHTL restraint 
Blanket support and restraint 

• Steam thermal conversion system 
A cutaway view of the reactor is shown in Fig. 2-1. The containment 

building houses the prestressed-concrete reactor vessel (PCRV), which in 
turn contains the fusion components and the primary heat-transfer loop 
(PHTL). The service crane (500-tonne capacity) is mounted atop the PCRV, 
with vertical access to the components within the concrete structure. 

Since the magnet is mounted with its axis vertical, the end tanks for 
plasma leakage are above and below the magnet. The magnet is designed so 
that only 10% of the exhaust plasma leaks into the top end tank, in order 
that the top end tank can be small. The small size of the top end tank 
permits access to the blanket and confinement region from the top of the 
PCRV by removal of the top shielding blocks and entry through the top of the 
end tank. 

The blanket is the spherical shell inside the Yin-Yang magnet. Two 
neutral- beam injector tanks are located within the PCRV and penetrate the 
blanket just above the lobes, or turnarounds, of the lower magnetic coil. 

5 



Fig. 2-1. Cutaway view of the reactor. 
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The steam generators and helium circulators are arrayed around the 
periphery of the PCRV. All helium ducking is integr?! to the PCRV; two 
large ring manifolds (supp)y and return) are located beneath the steam 
generators and circulators, and coolant is exchanged with the blanket via 
the radial pipe runs shown in the figure. 

Reactor parameters are summarized in Table 2-1, and Pig. 2-2 is a power 
flow diagram for the reactor. The D-T plasma has a fusion power output of 
~400 MW (neutrons plus alphas) and the reactor produces ~600 MW of net 
electrical output and -2000 kg of plutonium per year. The plasma Q of 0.64 
was found to be an optimum within the constraints of the design. Higher Q 
was possible, but it resulted in a lower first-wall loading, and this 
configuration was found to yield poorer economics than the reference design 
parameters. Higher Q (~1) with high first-wall loading could be achieved 
only if the magnetic field at the conductor were raised to 12-14 T, and to 
do that would require using Nb,Sn as the superconductor. 

2.2 Plasma Physics 

Mirror plasma physics experiments have progressed rapidly in the last 
few years. The next-generation mirror experiment, MFTF, will represent the 
physics prototype for a reactor-giade plasma. This proposition is 
illustrated in Table 2-2, where we list key physics parameters for 2XIIB, 
the present mirror experiment; for MFTF; and for the commercial hybrid 
reactor being discussed here. 2XIIB has 20-keV neutral-beam injectors, some 
of which are being upgraded to 40 keV; MFTF will have 20-keV injectors for 
start-up and 80-keV injectors for sustained (0.5 s) operation. The major 
differences between the MFTF plasma and that required for a commercial 
reactor are in size and duty fpctor; however, MFTF is versatile enough so 
that it should establish scaling laws that will allow us to extrapolate to 
the larger plasma with a high degree of confidence. Also nx in the 
commercial facility is a factor of 10 larger than in MFTF, as a result of 
the higher plasma energy and the use of D-T instead of deuterium. Thus, 
achieving the anticipated plasma performance from MFTF will provide an 
adequate physics base from which development of a mirror hybrid could 
proceed. 

7 



Table 2-1. Summary of reactor characteristics. 

Magnet 
Central field, T 
Mirror ratio 
Max field at conductor, T 

Injectors 
Type 
Extraction voltage, kV 

Deuterium 
Tritium 

Efficiency 
Injected current, A 

Deuterium 
Tritium 

Plasma 
Av injection energy, keV 
Plasma mirror ratio 
Beta 
Central plasma density, cm 

3 nt, s/cm 
Q 
Dimensions 

Mirror-to-mirror length, m 
Radius at midplane, m 

Blanket 
Fractional blanket coverage 
Av blanket multiplication (86% coverage) 
First-wall load, MW/ra2 

3 Peak fuel power density, W/cm 
Coolant 

Pressure, atm 
inlet/outlet temperatures, °C 

2 End-of-life exposure, MW-y/m 
Av fissile breeding ratio (86% coverage) 

-3 

2.52 
2.25 
8.5 

Positive-ion acceleration 

125.0 
187.5 
0.58 

3467 
1733 

121 
4.15 
0.71 
9 x 10 
2 x 10 
0.64 

13.0 
2.5 

0.86 
10.4 
1.7 
280 

60 
280/540 
6.6 
1.5 
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Table 2-1. (Continued). 

End tanks 
Weak mirror (large tank) 

Input power, MH 607 
„!rect converter efficiency 0.40 
iectrical output, HW 243 

..onq mirror (small tank) 
Input power, MW 103 
Ho direct conversion 

Thermal conversion cycle 
Type Steam 
Turbine inlet conditions 

Temperature, C 440 
Pressure, MPa 3.42 

Reheat conditions 
Temperature, °C 504 
Pressure, MPa 5.26 

Efficiency 0.355 

Overall 
Net electrical output, MH 603 
Plant capacity factor 0.74 
Annual plutonium production, kg 2016 
Recirculating power fraction 0.65 
Net plant efficiency 0.18 

9 
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[710] 

Neutron 
[322] 

Neutral 
atoms 
[630] 

[2676] 

Thermal 
[3347] 

Thermal 
cycle 

Thermal 

Electric 
[1472] 

Gross 
electric 
[1715] 

[392] 

Refrigeration 

Electric 
[1094] Electric 

[18] 
Recirculated 
electric 
[1112] 

[ ] = power in MW; - A M * 1 reject heat; P f * fusion power 

Fig. 2-2. Reactor power flow. 
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Table 2-2. Comparison of plasma parameters in 2XIIB, MFTF, and a commercial 
hybrid reactor. 

2XIIB MFTF Commercial hybrid 

Plasma length, m 1.6 3.4 13 
Conductor field, T - 7 8.5 
B 0.5-1 0.5 0.7 
Injector extraction energy, keV 20* 80b 125° 
Average plasma energy, keV 

3 nt, s/cm 
13 
7 x 10 10 

50 
2 x 1 0 1 2 

135 
2 X 1 0 1 3 

Q - 0.15d 0.64 
L/a. (see note e) 35 100-300 225 
R /a. (see note e) 3 10-50 45 

Some of the 2XIIB neutral-beam injectors are being upgraded to 40 keV. 
80 keV for sustained operation; start-up injectors will be 20 keV. 
Deuterium component. 
Conditions obtained if MFTF operated with D-T. 
L is the plasma length, R the plasma radius at the midplane, and a. 

the gyroradius. x 

The plasma modeling for the hybrid used the full range of analytical 
tools that have been developed to support mirror physics investigations in 
2XIIB and MFTF. 

• The MCFUS equilibrium code was used to calculate three-dimensional, 
finite-B plasma equilibrium, and to check for stability against the 
interchange mode. 

• A two-dimensional (in velocity space) Fokker-Planck code was used to 
evaluate nt under the condition of classical mirror confinement, i.e., 
charged-particle scattering into the loss-cone in velocity space, and also 
to compute the maximum B for the mirror mode. 

• Current theories were used to evaluate stability against the two 
dominant loss-cone microinstabilities, the drift-cyclotron loss-cone (DCLC) 
mode and the convective loss-cone mode. 

• A radial transport code was used to calculate plasma buildup and 
sustaining of steady state, with allowance for stabilization of the plasma 
surface boundary layer (region of large density gradients) against the DCIC 
node. 

11 



In some instances, we had to modify these codes in order to generalize 
them from experimental conditions to those appropriate to a reactor-grade 
plasma. 

2.3 Fusion Components 

Figure 2-3 illustrates the basic plasma-coil geometry. A minimum-B 
magnetic well is established with the Yin-Yang conductor geometry, and the 
plasma confinement volume is the spherical region inside the conductor 
bundles. Plasma leaks through the slots, or mouths, in the two coils; in 
Fig. 2-3, the large "fans" outside the coils represent unconfined plasma 
streaming from the confinement volume. Figure 2-4 shows the variation of 
the basic Yin-Yang magnet that has been developed for reactor applications. 
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 inner radius of the 
conductor; since a plasma leakage fan is narrowest at the mirror point, this 
location for the mirror point implies a minimum-size opening in the blanket 
for the leakage fans. The magnet has an outside diameter of about 22 m, and 
is designed with a maximum field at the conductor of 8.5 T, dictated by the 
use of HbTi superconductor. 

Energetic neutral atoms of deuterium and tritium are injected into the 
plasma by two injector arrays, each made up of a large number of individual 
sources (see Fig. 2-5). The neutral injection system is based on Lawrence 
Berkeley Laboratory's positive-ion-injection technology with beam direct 
conversion, and also incorporates features appropriate to the steady-state 
environment of a reactor — including features that stem from 
considerations of efficiency, pumping, lifetime, and reliability. 

Each array of injectors delivers to the plasma a 2600-A beam of neutral 
atoms, of which two-thirds {1733 h) are D ana one-third 1867 ») are 
T . The energy of the tritium atoms is designed to be 1.5 times the 
energy of the deuterium atoms, so that both species are at the same 
velocity, and thus have equal mean free paths for penetration and capture in 
the plasma. The extraction voltages of the deuterium and tritium injectors 
are 125 and 187.5 kV, respectively. In the neutral beam, 70% of the atoms 
are at full energy, 17% are at one-half energy, and 13% are at one-third 
energy; this mix of particle energies results in beam energies for the 
deuterium and tritium of 103.5 and 155.3 keV, respectively. Thus the 

12 
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Fig. 2-3. Plasma and co i l geometry. 

13 



Mirror coil -

• Main coil 

II. 

/ / / « 

Fig. 2-4. Magnet conductoi geometry. 
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Fig. 2-5. Neutral-beam injector array. 

15 



average energy of the beam - two-thirds deuterium and one-third tritium — 
is 120.8 keV. Our analysis predicts an efficiency for the injectors of 
about 581 excluding recovery of the waste heat. 

Outboard of the coils, end tanks receive the plasma leakage (see Pig. 
2-1). Some of the kinetic energy of the leakage ion flow is converted 
directly into electricity; the remainder is deposited as thermal energy in 
the direct-converter electrodes and is removed by active cooling. Since the 
plasma is neutralized upon striking the direct-converter electrodes, the end 
tanks contain vacuum pumping equipment to remove the resulting gas. 

To provide access to the blanket from outside the machine, it is 
convenient to make one of the end tanks as small as possible. He do this by 
designing the magnet so that one of the mirror fields is 5% stronger than 
the other. This moderate field perturbation has a dramatic effect on the 
distribution of the plasma leakage: 90% escapes through the weak mirror and 
only 10% escapes through the strong mirror. Since the size of the end tank 
is proportional to the amount of plasma flow, we can use a small end tank 
behind the strong mirror. 

To keep the small tank as simple as possible, we do no direct 
conversion there; the plasma energy is deposited as thermal energy only. 
The large end tank, which receives 90% of the end leakage flow, is 
designed with a simple, single-stage direct converter having an efficiency 
of 40%. Such a converter design is appropriate since the amount of energy 
flowing into the end tank is small compared with the blanket energy, and 
thus the reactor power balance is not very sensitive to the efficiency of 
the direct converter. Both end tanks have provisions for active cooling and 
vacuum pumping. 

The primary gas loads in the vacuum system result from 1) gas feed to 
the neutral beam system that is not converted to energetic neutral atoms, 
and 2) plasma leakage from the confinement volume (D , T , and He + +) 
that is neutralized in the end tanks. In the injector arrays, the required 
vacuum conditions are maintained by a combination of mercury ejector pumps 
near the high-pressure sources and helium cryopanels downstream from the 
beam direct converter. In the end tanks, D, and T_ gas is pumped by 
helium cryopanels on the tank sidewalls, where they are out of the path of 
direct neutron streaming from the plasma. (Provisions for pumping of the 
fusion ash, helium, were not included in the design for reasons discussed in 
Sees. 6.4 and 6.5.) 
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Significant quantities of cryogens are required for operation of the 
reactor; the magnet, cryopanels, and isotopic separation equipment are 
cooled with liquid helium (LHe), and the chevrons and liners on the 
cryopanels are cooled with liquid nitrogen (LN). The largest heat load on 
the cryogenic cooling system is due to neutron heating in the magnet. All 
cryogenic cooling requirements are supplied with closed-cycle refrigeration 
systems, requiring a total electrical input of 18 MW. 

The reactor hall has a low-humidity air atmosphere which is 
continuously reprocessed. The air processor is designed to handle leakage 
and permeability losses from the nuclear island at 180 Ci/day, while 
maintaining le/els of tritium below the maximum permissible concentration 
(HFC). The processor is also able to handle severe accidental releases of 
tritium at the kilogram level so as to permit reentry, by workers wearing 
ventilated suits, in a matter of several weeks. 

2.4 Blanket Nuclear Design 

Table 2-3 lists the beginning-of-life and end-of-life neutronic 
parameters for the blanket. Economic optimization of the fuel cycle for 

2 this reactor dictates a total exposure of the fuel to 6.6 MW-y/m of 
14-MeV-neutron energy through the first wall. These parameters assume that 
tritium is continuously extracted from the blanket (by a purge flow of 
helium supplied to the breeding pins). \ 

As the fissile breeding fuel we are advocating the use of U,Si, a 
fuel being developed in the Canadian nuclear power program for the CANDU 
reactor. In the past, we have primarily examined uranium carbide, 
uranium-molybdenum alloy, and thorium for use as the fertile fuel in the 
blanket. However, we chose U,Si in the present study because 1) being a 
metallic alloy, it has a high uranium density; 2) it is easy to fabricate; 
and 3) for a metallic fuel it has a comparatively high burnup capability — 
on the order of 2-3%. In this design, the U si is encapsulated in Inconel 
718 fuel rods. 

The tritiuM-breeding region is located immediately behind the uranium 
region in the blanket. The breeding material is LiD + Li, encapsulated in 
pins of aluminum-beryllium alloy (a good T, diffusion barrier at ~300°C, 
the coolant inlet temperature). The average of the tritium breeding ratios 
in Table 2-3 is greater than 1, compensating for loss of 14-MeV neutrons 
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Table 2-3. Local blanket neutronic parameters. 

Beginning of End of 
life life -

Exposure, MW-y/m 0 6.6 
Energy multiplication 9.1 16.2 
Net fissile breeding ratio 1.85 1.65 
Burnup 0 0.01 
Tritium breeding ratio 0.99 1.35 

through holes in the blanket and for decay of the tritium inventory outside 
the blanket. 

In this reactor study, we examined the approach of holding up all of 
it. the bred tritiuio and recovering it by processing the tritium-breeding pins 

outside the reactor, in much the same way as the bred fissile material is 
recovered. It was felt that its inherent simplicity (which implies good 
safety characteristics) made this design option worthy of consideration. 
The blanket and tritium-containment designs described in Sees. 8.2 and 6.6 
of this report were developed on this basis. 

However, when the final reactor optimization was performed, it was 
found that the economic penalties associated with the large initial tritium 
inventory and decay of this inventory were unacceptable: 1) Because the 
tritium would be j.eft in the blanket for the full blanket life, tritium 
would initially have to be purchased, until the first blanket was removed. 
2) In addition, by that time a significant fraction of the bred tritium 
would have decayed. Thus the final blanket parameters assume a purge 
recovery system, which supplies a small flow of helium to the 
tritium-breeding pins, continuously extracting the tritium from the blanket. 

2.5 MechMiiod Design 

One of our primary concerns in the mechanical design of the reactor was 
to provide highly reliable support and containment of the blanket and the 
components of the primary heat-transfer loop. The basis of our 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 

18 



maintenance of forced cooling to the blanket could be assured to a very 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 fission reactors. This 
is shown in Fig. 2-1. In the cer.cer of the PCRV is the magnet and blanket, 
and the steam generators and helium circulators are located around the 
periphery. The plan view of the PCBV t?ig. 2-61 indicates the locations, 
within the concrete structure, of the major fusion components and primary 
heat-transfer loop components, which include 8 circulators and 12 steam 
generators. Tn this way, the blanket and its cooling system are locked 
together so that no relative motion between them can occur, thus precluding 
the rupturing of 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, while the magnet operates at 4 K, ways had to be found to 
transmit forces from the magnet to the concrete and to limit heat flow from 
the concrete to the magnet. Our design solution has been to use a 
high-compressive-strength thermal insulation for both purposes. The 
material, a silicate refractory, is capable of sustaining about 5000 psi in 
compression, and at a thickness of aboat 50 cm is adequate to limit the heat 
leak from the concrete to the magnet to an acceptable value. 

Changing the blanket does not require any major disassembly of the 
reactor; instead, the design relies on remote operations to assemble and 
disassemble the blanket inside the PCRV. The blanket is made up of small 
cylindrical modules approximately 50 en in diameter, and the blanket 
structure is suspended directly from the inside wall of the PCRV, as shown 
in Fig. 2-7. Blanket modules are removed and replaced with the refueling 
machine shown in Fig. 2-8, which consists of a post which is inserted down 
through the center of the reactor and has a pivoting arm to operate on the 
modules. The Maintenance operation involves a series of manipulations of 
each of the several hundred modules. 

The module, as shown in Fig. 2-9, is a cylindrical pressure vessel with 
a hexagonal base. One of the more challenging aspects of the module design 
has been to devise a fast, reliable method of making up the seal that 
isolates the high-pressure helium coolant from the vacuum region that 
contains the plasma. He discarded the idea of a welded joint, since remote 
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Pig. 2-8. Refueling machine. 
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grinding and welding are time-consuming operations and we have serious 
doubts about being able to make remote vacuum-tight welds consistently. 
Instead, we adopted a bolted joint using a double knife-edge (Varian-type) 
seal with differential pumping between the two knife-edges. The pressure 
vessel is bolted in place with six bolts, one at each corner of the 
hexagonal base. The internals of the nodule arc fabricated as a single unit 
containing the tI,Si pins, the tritium breeding pins, and the internal flow 
ducting, which threads into a socket in the permanent structure. Thus, to 
ranew a module, the pressure vessel is unscrewed, 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; the tritium pins are cooled by 
the inlet flow, and the coolant then proceeds down to the first wall, turns, 
and cools the uranium pins on its exit path out through the module. 

2.6 Power Conversion Loop 

The primary heat-transfer loop is designed to operate with helium as 
the working fluid. The coolant pressure is 60 atm; inlet temperature to the 
blanket is 280°c, and outlet temperature is 540°c. The flow path is 
designed to maintain the relative pressure drop, Ap/p, at about 2.5% 
through the entire loop (blanket, ducting, and steam generator). This 
combination of conditions permits the use of conventional gas-cooled reactor 
technology for the design of the helium circulators and steam generators. 

As shown in Table 2-3 the local blanket multiplication, and therefore 
local blanket power density, increases by about a factor of 2 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 7% (3350 HW average, 3600 MH peak), and the 
capacity of the primary heat-transfer power conversion loop is designed to 
accommodate this power variation. The blanket modules are grouped into 
quadrants; 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 
whereby 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 16.2/9.1 > 1.8. The fuel design was based on peak fuel power 
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densities {i.e., at the first wall) of about 240 W/cm at beginning of 
life and 500 W/cm at end of life. However, the values actually achieved 

3 in the final reactor design were 160 and 280 W/cm . The fuel pins are 
0.7 cm in diameter with 0.15-mm-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 with a coolant inlet temperature to the module of 
280°C and outlet temperature of 540°C. 

The secondary heat-transfer loop uses a conventional (steam) 
regenerative Rankine cycle. The high-pressure turbine inlet conditions are 
440°C (820°F) and 8.42 HPa (1240 psia). Main steam flow is used to 
drive the helium circulators by means of circulator turbines, a procedure 
developed for application in gas-cooled fission reactors. The thermal 
efficiency of the cycle is projected to be about 36*. 

2.7 Economics 

Economic evaluation of a conceptual design study is subject to 
considerable uncertainty due to the preliminary nature of the component 
design and to lack of fabrication and construction experience. The cost 
estimates presented in Appendix B and summarized in Table 2-4 are best 
estimates based on extrapolations of cost data from fusion physics 
experiments and fission reactor design experiments. 

Our estimate of the total plant capital cost is $1.55 billion, as 
summarized in Table 2-4. This total results in unit capital costs of 
$2577/kWe (net), $906/kWe (gross) and $375/kWt. 

For the economic analysis, we required that the hybrid sell its net 
electrical output at the same unit price as the light-water reactors (LHR's) 
to which it supplies make-up fuel requirements. By considering all capital 
costs (hybrid plus LHR's), and all fuel-cycle and operation and maintenance 
(OtM) costs, the unit price for electricity was evaluated to be 29.7 
mills/kWh from the fusion-fission power system. 

Based on this selling price for electrical power, the unit cost to the 
hybrid for producing the fissile fuel was calculated to be $109/g 
(Table 2-5). In turn, the power generation cost in the LWR for fissile fuel 
at $109/g is 7.7 mills/kWh. 
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Table 2-4. Plant capital cost aumary. 

Costs in $ nillion (1977) 

Structures and facilities 

Reactor plant 
Reactor equipment 
Primary heat-transfer loop 
Auxiliary cooling 
Radioactive waste facilities 
Fuel handling and storage 
Instrumentation and control 

Turbine plant equipment 
Electrical plant equipment 
Miscellaneous 
Total direct cost 

Indirect field cost 
Total field cost 

Engineering 

Contingency 
Total construction cost 

Other owner cost 

Interest during construction 
Total capital cost 

284.0 
77.3 
74.9 
10.9 
26.9 
6.4 

124.5 

480.4 

140.6 
59.0 
8.0 

812 .5 
162 .5 
975 .0 
146 .3 

1121, .3 
112, .1 

1233. .4 
61, .7 

1295, ,1 
259. 0 

1554. ,1 
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Table 2-5. Fissile-fuel production cost. 

Costs in 
dollars per gram of plutonium 

Expenditures 
Capital 
Fuel cycle 
OiM 
Total 

Revenues 
Electric i ty at 29.7 raills/kWh 

Net cost 

134.2 

27.2 

10.1 
171.5 

-62.2 

109.3 
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3. REACTOR DESCRIPTION 

In this section, we present a brief description of each of the major com
ponents in the reactor. 

3.1 Magnet 

The required minimum-B field configuration is generated with the Yin-Yang 
conductor geometry. The magnet is superconducting, using NbTi superconductor 
with copper stabilizer, ana is designed to a maximum field in the conductor of 
8.5 T. The central field is 2.63 T and the mirror field 5.95 T, resulting in 
a vacuum mirror ratio of 2.26 and a coil efficiency (ratio of mirror field to 
maximum conductor field) of 0.70. The reactor design specified that the field 
at one mirror be 5% greater than the field at the other mirror, to establish 
plasma selective leakage. This minor perturbation of the symmetric coil was 
not included in the magnet design. 

The overall dimensions of the coil are approximately 22 m in diameter and 
the distance between mirror points is 13 m (Fig. 3-1). The conductor bundle 
is split into an inner or "mirror" coil and an outer or "main" coil. The 
major arc of the coils sweeps through a 75 half-angle and the mirror coil 
has been spread in the turnaround (minor arc) to ameliorate field concentra
tion in this region. 

The magnet conductor consists of NbTi filamentary superconductor embedded 
in stabilizing copper with a square (1.2 x 1.2 cm) cross section. The maxi-

2 mum current density in the bundle cross section is approximately 1 kA/cm 
2 and in the superconducting filaments is 100 A/mm ; the conductor dimensions 

and currents are sized to insure operation in the cryostatically stable regime. 
Each half of the magnet winding is encased in a stainless steel coil case. 

The coil case is designed to react the "C-opening" forces and the torques. 
The normal forces on the coil, and the attractive forces between the two 
halves of the coil are reacted by the PCRV through load-bearing thermal 
insulation. Each coil half, including conductor and coil case, is estimated 
to weigh 3000 tonnes. 
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Fig. 3-1. Magnet conductor dimensions. 
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3.2 Injectors 

The neutral beam injector system is based on Lawrence Berkeley Laboratory 
(LBL) positive-ion injector technology, but differs from the LBL source in 
several respects. The proposed system would have the following new features: 

• A hollow cathode ion source with tungsten impregnated emitters for long 
life. 

• High-voltage insulators and power supplies, all of which are shielded 
from the neutron and gamma flux. 

'• A cesium vapor curtain to reduce the flow of gas along the beam line. 
• Stationary cryopanels that are periodically outgassed. 
• Injector system built of many ion sources to establish system relia
bility and redundancy. 

Each injector array consists of 216 ion sources, arranged in 18 columns 
of 12 units, spread over an area of 6 x 9 m. To confine the injected beam 
within a maximum half angle of IS , the distance from *-he sources to the 
beam entrance aperture in the blanket is 17 m. 

Only 180 sources need operate at any one time to deliver the required 
2600 A of neutral current per array. Thus, three columns of sources are 
available as standbye to be activated if needed. Each column of 12 sources is 
supported by large alumina insulators above and below the beam line. Sur
rounding the sources are perforated electrostatic shields at ground poten
tial. In the event of a high-voltage breakdown, an entire column of sources 
may have to be turned off. However, should an arc occur, we assume that the 
safety circuits (crowbars, fast interrupts, and arc snubbers) can prevent dam
age to the electrodes. As a result, a faulted column, having been turned off, 
will be available for subsequent reactivation. 

Figure 3-2 shows a schematic of the components along a deuterium beam 
line, along with the corresponding variations in the potential and pressure 
profiles. The ions extracted from the source by the acceleration grids are 
neutralized in a gas cell that is terminated by a cesium-vapor curtain. 
Mercury ejector pumps maintain the pressure around the ion sources and in the 

-3 gas cell at 2 x 10 Torr. The low-temperature gas escaping from the ion 
sources fills the gas cell. Not being capable of penetrating the cesium-vapor 
cell (which acts as a curtain), the gas is removed at relatively high pressure 
and good efficiency via large pump ducts behind the array of sources. 
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Thereby, the gas load is reduced on the cryopanel pumps further down the beam 
line. Beyond the cesium cell, the high-energy ions, which are traveling with 
the beam, are removed by the energy-recovery electrodes. 

3.3 E»d Tanks 

In this reactor, the magnet has one mirror field 5t stronger than the 
other, which causes a selective leakage situation such that 90% of the con
fined ions (D + and T ) flow out of the weak mirror and the remaining 10% 
out of the strong mirror. The alfta particles, because they do not behave 
adiabatically, are not magnetically confined. Thus the alphas are not subject 
to selective leakage and equal currents of these ions flow out of the two mir
rors. 

The motivation for using selective leakage is that the size of the end 
tank is proportional to the amount of plasma flow into it. Thus the tank 
receiving the exhaust from the strong mirror is much smaller than the weak-
mirror end tank, and provides a convenient access path from outside the reac
tor into the plasma confinement chamber for blanket maintenance operations. 
The strong mirror is located on top of the reactor and the remote handling 
equipment is lowered into the reactor from the top of the PCRV through the 
small end tank. 

The major features of an end tank are shown in Fig. 3-3. The plasma 
exhaust expands along the field lines of the external, or fringe, field of the 
magnet. The tank sidewalls enclose the fan and the end wall is oriented per
pendicular to the field lines. The plasma flow is terminated on the plasma 
collector, which in the weak-mirror tank is a single-stage direct converter 
and in the strong mirror tank is a plasma thermal dump, e.g., a grounded, 
convectively-cooled wall. The vacuum pumping equipment, cryopanels, are 
located on the sidewalls where they are not subject to direct bombardment by 
neutrons from the plasma. The plasma collectors are cooled by high-temperature 
helium, making this thermal energy available for thermal conversion. The tank 
sidewalls are covered by water-cooled chevrons (to provide thermal protection 
for the cryogenic pumping equipment), and this thermal energy is thus removed 
as low grade heat. 

The input plasma power to the large end tank is 607 HH and the grounded 
grid of the single stage direct converter is located ~30 m from the center of 
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the magnet. These conditions result in a plasma power flux at the converter 
2 grids of 175 W/cm . The grounded grid and collector are convectively cooled, 

and the negative grid is radiatively cooled. The direct converter parameters 
were selected to minimize the $/kW of the reactor, and resulted in a direct 
converter efficiency of 40%. Of the remaining 60% of the input power, 52% is 
recovered as high-grade thermal energy and 8% as low-grade (waste) heat. 

The input power to the small end tank is 103 HH and the incident power 
2 flux on the plasma collector is 250 W/cm , thus locating the collector 15 m 

from the center of the magnet. Of the total input power, 90% is recovered as 
high-grade thermal energy and 10% as waste heat. 

3.4 Vacuum System 

The major source of gas in the reactor vacuum system is the gas feed to 
the neutral beam injectors. This gas is pumped in the injector tanks and in 
the end tanks. In addition, a gas flow is used to provide stabilization to 
the surface of the plasma and helium is generated in the plasma due to fusion 
reactions. 

The vacuum system gas flow is shown in Fig. 3-4. The injector tanks use 
a combination pumping system composed of positive displacement (Roots) blowers 
(chamber 1), mercury ejector pumps (chamber 2) and LHe cryopanels (chamber 3). 
The D and T_ gas in the end tanks, as well as the D, in the stream 
tanks, are pumped with LHe cryopanels. He pumping capacity in the end tanks 
was not addressed because of the absence, at present, of a viable He pumping 
technology for reactor applications. 

3.5 Tritium Handling and Containment 

Tritium control in the reactor is possible with emissions to the environ
ment below 10 Ci/d, while still maintaining worker safety and cost effective
ness. A number of new methods have been employed to achieve such low levels 
in a near-term machine with today's technology. Figure 3-5 summarizes the 
various tritium leak source terms and the associated processing loops. 

The tritium breeding pins are designed as tritium containment vessels 
filled with lithium deuteride and are constructed of a special low permea
bility, high strength aluminum alloy. In the hybrid reactor these tritium 
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breeding pins are "harvested" together with the uranium pins. The tritium is 
extracted from these tubes in-plant and the lithium deuteride-filled tubes are 
remanufactured and reinstalled for the next cycle. A breeding pin failure 
rate of 10~ is assumed, thus releasing 448 Ci/d into the helium coolant, 
which is then scavenged by a slip stream processor handling 2% of the helium 
flow. The tritium-contaminated helium will permeate about 3 Ci/d into the 
steam generators, which is in turn lost to the cooling towers and then to the 
environment. 

The next major source of tritium leakage is from the tritium neutral beam 
injector, where 55 keV energetic tritons implant tritium into the surface of 
the electrode tubing. Once within the tube metal, tritium will diffuse pro
ducing a flux of tritium into the electrode helium coolant flow at about 
70,560 Ci/d. A 10% fraction of the coolant flow is then processed to remove 
99% of the tritium and the resulting residual tritium leaks into the steam 
generators at about 3 Ci/d, where it eventually passes into the cooling water 
and then to the environment. The deuterium injector uses deuterium with a 
maximum 1% tritium impurity level and it creates a leak to the steam of 0.3 
Ci/d. 

A similar tritium loss phenomenon occurs in the hybrid's end tanks where 
55 keV tritons produce a loss of 8,000 Ci/d into the helium flow. Again a 
99.9% processor is used, handling 5% of the flow to reduce this source of 
tritium in the main helium coolant to less than 3 Ci/d. 

All of the remaining miscellaneous leaks are taken to be from the process 
equipment and piping or ducting directly into the reactor hall — totaling a 
maximum of 180 Ci/d. The reactor hall atmosphere is processed and kept at low 

3 
humidity to maintain tritium gas levels of below 40 pCi/» , and tritium 

3 
water of below 5 uCi/m . This reactor hall processing design is expected 
to result in routine as well as credible accident losses through the reactor 
hall containment of less than 1 Ci/d. 

In this way, the tritium loss to the environment is designed to be less 
than 3 Ci/d from breeding pin losses, 3 Ci/d from injectors, 3 Ci/d from the 
end tanks, and less than 1 Ci/d from reactor hall containment permeation. 
This is some 40 times lower than is required by NRC's regulations required of 
all nuclear fuel cycle operations, but about the level suggested by the ALARA 
cost/benefit analysis amounting to an expenditure cutoff at the $66,000 level. 
It was found no further reductions in emissions could be accomplished by an 
expenditure of $56,000. 
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3.6 Cryogenic System 

The LHe and LN required for cooling in the magnet, cryopanels, and iso-
topic separation equipment, are supplied by closed cycle refrigeration systens 
as shown in Fig. 3-6. The working fluid is first isothermally compressed, and 
then transfers heat to the returning flow via the heat exchangers in the cold 
box. The cold gas is then expanded through a Joule-Thompson valve into the 
two-phase region. The liquid produced flows to the heat load where it is 
boiled. The resulting saturated vapor is combined with the saturated vapor 
from the separator, used to cool the inlet flow and returned to the compressor. 

The heat load on the LHe system is 14 kW, which is dominated by 12 kW due 
to neutron heating in the magnet. The required electrical input power for 
this refrigerator is 4 MW. The heat load of ~1000 kW on the LN system origi
nates in the chevrons and liners used for (thermal) protection of the cryo
panels; the input power to this refrigerator is~10 MW. 

3.7 Prestressed-Concrete Reactor Vessel 

Two problem areas identified in previous work on the mirror hybrid were 
the support of the blanket modules and the containment of the primary loop 
components. Both require containment of hot, high pressure helium and support 
of large components against pressure, gravity and seismic forces. Similar 
problems are encountered at cryogenic temperatures in the support and 
restraint of the large superconducting Yin-Yang magnet. These three problems 
can be solved by use of a prestressed-concrete reactor vessel (PCRV) similar 
to that used by the HTGR. 

The PCRV is 64 m in diameter and 31 m high. It performs five major 
functions: 

• Restraint of main coil forces. 
• Pressure containment and positive constraint of helium coolant ducts. 
• Positioning and restraint of primary heat transfer loop components, 

i.e., steam generators, helium circulators. 
• Support of the spherical modular blanket and shield. 
• Biological shielding. 
The PCRV will operate at room temperature; the cryogenic magnet is inter

faced to the concrete through 0.5-m-thick load-bearing silica insulating pads 
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with 35 MPa (5200 psi) compressive strength. The concept of cryogenic load-
bearing insulation is important in that it allows integration of the magnet 
restraint structure and the PCRV into one large concrete monolith. In addi
tion to economic advantages, the PCRV concept offers safety advantages because 
of the inherent redundancy of the primary coolant pressure boundary. The PCRV 
design is shown in Figs. 3-7,8. 

The reactor blanket and shield structure are mounted in a spherical cav
ity inside the PCRV. The blanket structure consists of removable inner por
tions (modules) and a permanent outer one. The outer structure, containing 
the coolant manifolding and neutron shielding, is embedded into the PCRV con
crete where possible. All blanket cooling lines are interfaced through the 
embedments and no primary coolant flows outside the blanket or PCRV. Coolant 
flows from the outer blanket manifold to toroidal manifolds that completely 
encircle the reactor and act as coolant plena to equalize the helium flow to 
the 12 steam generators. The manifolding is shown in Fig. 3-9. The details 
of the hot and cold helium ducts in the permanent blanket structure 
are shown in Fig. 3-10. 

3.8 Blanket 

Helium was chosen for the blanket coolant because it does not degrade the 
neutron spectrum thus allowing a high blanket breeding ratio to be attained. 
Helium is chemically stable and noncorrosive, which is important for reasons 
of safety and operability. Further, helium is not electrically conductive, 
which is important in magnetically confined fusion systems. 

On the basis of neutronic and economic analysis the uranium alloy uranium 
silicide (D,si) was chosen as the fuel material. Uranium silicide has been 
developed for the CANDU reactor program and has been irradiated up to 2.5* 
burnup with very low swelling. It has a high uranium density, low parasitic 
absorption, and good irradiation stability at temperatures up to 900°C. 

To optimize the hybrid blanket neutronic performance, the amount of 
structural material in the blanket and the thickness of the first wall must be 
minimized. This requires a structural material that exhibits high strength at 
elevated temperature and also has good irradiation life. Inconel 718 was cho
sen because it has these characteristics. The design strength is in excess of 
400 MPa (50,000 psi) to above 600°C. Radiation induced swelling is expected 
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Fig. 3-7. Prestressed concrete reactor vessel, top view. 
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Fig. 3-8. Prestressed concrete reactor vessel, sections. 
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Fig. 3-9. Coolant manifolding. 
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Fig. 3-10. Blanket manifold structure. 
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to be quite low on the basis of experimental data from irradiations of Inconel 
718 and the similar alloy PE-16 in HFIR and EBR-II. For irradiation tempera
tures in the range 320° to 700°C, radiation embrittlement of Inconel 718 
is not expected to be a problem based on HFIR irradiation data for the similar 
PE-16 alloy which exhibits at least 1% residual ductility after the radiation 

2 equivalent to about 6 MW-y/m . 
Lithium deuteride (LiD) was chosen as the tritium breeding compound. This 

material has a high lithium density plus deuterium to moderate the neutrons. 
It also appears bo have excellent irradiation stability as radiation damage 
anneals out at temperatures above 300°C. A potential problem with LiD is 
its high deuterium vapor pressure. In a system designed to release the bred 
tritium, dehydriding of the LiD would be a serious concern. We have opted to 
contain the tritium in the fuel rods by using hydrogen retentive aluminum 
alloy cladding and low lithium zone temperatures. The aluminum-beryllium 
alloy Lockalloy 43 was used. 

The blanket module is shown in Fig. 3-11. It is composed of only two 
pieces, the fuel assembly and the Inconel 718 pressure shell. The pressure 
shell is in the shape of a cylinder capped with a hemisphere and has a first 
wall thickness of only 2.4 mm. The fuel assembly threads into a socket in the 
permanent module support structure. The pressure shell is bolted to the sup
port structure with six large bolts in a hexagonal flange at the base of the 
cylinder. The vacuum seal is a double mechanical Varian-type knife edge seal 
with secondary vacuum pumping between the two knife edges. 

Incoming 280 C helium flows first through and cools the LiD zone. It 
emerges, at only 300 C due to the low power density in the LiD, and flows 
past the first wall, cooling it. The coolant flow turns and flows radially 
outward through the U.Si fuel zone, emerging at 540 C. 

The radial outward coolant flow path is important because of the very 
steep radial outward power density gradient characteristic of a hybrid reactor 
blanket. Figure 3-12 shows th? steep radial power density gradient and the 
hot spot temperature characteristics that are obtained by using radial outward 
coolant flow. As can be seen, the limiting temperatures, the hot spot fuel 
centerline temperature and the hot spot cladding temperature, are almost con
stant along the length of the fuel rod. 

The fuel configuration chosen for both the U Si zone and the LiD zone 
is radially oriented fuel rods. The rods are wire-wrapped to maintain spacing 
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for coolant flow. No fission gas plenum or tritium plenum are necessary due 
to the highly retentive nature of the U si and LiD fuel materials and the 
modest burnup experienced by both U Si and LiD before being reprocessed. 
The rods are not pressurized and the cladding is allowed to creep down upon 
the fuel pellet. The high design peak power density in the fission zone (SOO 

r> ' 3 
W/cm ) leads to a small diameter fuel rod (7 mm) while the lower, 30 W/cm 
peak heating rate in the LiD allows larger rods (30-m-diam) in the lithium 
zone. 

A new blanket module starts life with depleted uranium fuel and has an 
energy multiplication (M) of 9.1, a net fissile breeding ratio (f/n) of 1.85 
and a tritium breeding ratio (T/n) of 0.99. By the end of its life at an 

2 exposure of 6.6 MW-y/m , it has attained a burnup of 1%, and the nuclear 
performance parameters are then M - 16.2, f/n - 1.65 and T/n = 1.65. The 

239 
change in nuclear performance with exposure is due to the buildup of Pu, 
a fraction of which is fissioned in-situ, thus decreasing f/n and increasing M 
and T/n. 

3.9 Power Conversion System 

The power conversion system used in the mirror hybrid is derived from the 
conventional steam cycle systems developed for the HTGR and GCFR. Hot helium 
from the blanket modules flows to the toroidal hot coolant duct. Equal flows 
from this duct are directed to twelve helically-wound steam generators. The 
cool helium leaving the steam generators flows to the eight steam turbine-
driven helium circulators which pump it back to the toroidal cool helium duct. 
The helium returns to the blanket modules through flow control valves which 
regulate the flow to each blanket segment to maintain the power helium 
temperature conditions of 280°C inlet and 540°C outlet at 6 MPa (60 atm). 

The steam cycle power conversion system is conventional, using 
440°C/8.42 MPa superheated steam conditions with a single reheat of 
504°C/5.26 MPa. An unusual feature is the use of 389 MWt of waste heat from 
the neutral beam injectors for feedwater heating. 
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4. SYSTEM MODEL AND ECONOMIC ANALYSIS 

4.1 Introduction 

At the beginning of this study, the existing version of the mirror hybrid 
reactor model, described in Ref. 1, was used to obtain an optimized set of re
actor parameters for the conceptual design study. The component designs, de
scribed in the following sections of this report, were based on these par
ameters. The design parameters were chosen to minimize the cost of producing 
electricity from a fusion-fission power system, which consists of a mirror hy
brid reactor and a group of light water reactors that are supplied with makeup 

239 fissile fuel ( Pu) requirements by the hybrid. 
The size of the hybrid was selected to be as small as possible without 

incurring any significant size-related penalty. A plasma length, mirror-
to-mirror, of 13 m was found to be approximately the minimum size plasma that 
would permit acceptable blanket coverage and adequate space for shielding in 
the mouth of the Yin-Yang coil. Also, the injection energy and magnetic field 
intensity were constrained to permit the use of positive-ion injector tech
nology and NbTi superconductor, respectively. 

As the component design information evolved during the course of the 
study, the system model was updated to reflect the design changes. Because 
there was not enough time available to iterate on the reactor design, the com
ponent descriptions presented in the following sections are not entirely con
sistent as to power levels, dimensions, etc. These descriptions should there
fore be regarded as representative of the reactor component designs. 
However, the final system model does contain a consistent description of the 
reactor, and here we present the set of reactor parameters obtained with the 
finished version of the model. 

4.2 Model Description 

The system model contains the following features: 
• A plasma physics model. 
• A hybrid reactor model to size reactor components and evaluate power 

flows, blanket geometry, and first-wall neutron loading. 
• A capital cost model for the hybrid. 
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• A fuel-management model to evaluate the thermal power and fissile 
breeding of the blanket as a function of blanket exposure. 

• An economic analysis to evaluate the cost of producing electricity 
from the hybrid plus its associated burner reactors. 

This model has been described in detail in Ref. 1. Here, the model is 
briefly reviewed, emphasizing changes that have been made since the publica
tion of the report. 
4.2.1 Plasma Physics and Reactor Model 

The plasma physics model used in this study is described in ch. 5. He 
treat primarily plasma energetics and confinement. The plasma is treated with 
a two-region model. The inner or "core" region is free from radial density 
gradients, and ion confinement is determined by ion-ion scattering collisions 
into the (electrostatic-magnetic) loss cone. We term this condition classical 
mirror confinement. The outer or "boundary-layer" region, assumed to be 
3 gyroradii in thickness, is the region of the plasma where the density drops 
from its central value to zero. Thus, this region contains significant den
sity gradients and it is assumed to require stream stabilization with warm 
plasma. Ion confinement in the boundary layer is electron-drag dominated 
(with a low electron temperature as compared to the core), which results in a 
lower confinement time than in the core. The overall Q for the plasma is 
therefore a result of an area and density-weighted average of confinement in 
the core and boundary layer. 

The reactor model contains scaling laws for the Yin-Yang magnet design, 
magnet neutron shield, blanket geometry, blanket neutronics, direct converter, 
vacuum pumping requirements, injector efficiency, cryogenic equipment and a 
reactor power balance. The efficiency of the thermal conversion equipment is 
specified as input. The major new features here are the direct converter 
model (described in Ref. 2), the analytic blanket neutronics model (described 
in Sec. 7.1.6), and the blanket design. 

The procedure in the blanket management scheme is to load fertile mate
rial into the reactor, expose the fuel to a specified maximum burnup, remove 
the fuel from the reactor, and then reprocess it to obtain the fissile fuel 
that has been bred. As the fissile isotopes are created in the blanket, some 
of this material is fissioned in situ, the result being an increased blanket 
energy multiplication and therefore, an increased thermal output. The blanket 
management scheme is used to decrease the power swing that results from the 
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enrichment and to provide an output of fissile material (e.g., product) from 
the blanket at intervals shorter than the blanket life. 

The individual blanket modules are grouped into a number of fuel manage
ment regions, denoted as N_. If T_r is the blanket life (e.g., the length 
of time the fuel stays in the reactor), then at time intervals of T_r/N„ 

BIJ O 

the reactor is shut down and the modules in one fuel management region (1/N„ 
of the total blanket) are removed and replaced with new, unexposed modules. 
By appropriate choice of a startup procedure, each blanket region is at a dif
ferent exposure and the swing in the overall blanket multiplication can be 
maintained below that occurring in an individual module. 

At the beginning of the reactor life all N„ blanket fuel management rets 
gions are loaded with unexposed fuel, and at time intervals of x = T „ = T_./N„ 

BUI Bli B 
the reactor is shut down and one region of the blanket is removed and 
refurbished with fresh fuel. Thus, if 4 is the (specified) maximum 
blanket exposure, the region removed at the end of the first interval has 
exposure * m x/N i the region removed at the end of the the second in
terval has exposure 2$ V N » and so on. After (N - 1) periods, we reach 
an equilibrium fuel cycle where, at the beginning of the fuel management 
interval ( T

B U 1) the exposures for the various regions are 
*i- l1"1' W i = 1'2 V 

and at the end of the interval, the exposures are 

*i " i $ n u / N B ' * " 1 ( 2 V 
The subscript i is the fuel management region index. Note that to reach the 
equilibrium cycle we pay a penalty; the first (N - 1) regions removed do 
not reach maximum exposure. 

As described in Ref. 1, we also calculate a capacity factor for the re
actor, 6 , that reflects the time and frequency required to shut down the 
reactor and perform blanket change operations. The capacity factor is taken 
to be 

5c H ^ o> 
1.25 + ° rc 

rax 

where ! „ is the time required to change a blanket region, Y is the first 
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wall neutron loading (MM/m"1) and * is the maximum blanket exposure 
(MH-y/m 2). This quantity is defined to yield 5 - 0.8 if no blanket 
change were required. 
4.2.2 Costs 

The hybrid reactor costs, which determine the cost of producing the two 
hybrid products (fissile fuel and electrical power), are plant capital costs, 
fuel cycle costs, and operating and maintenance (O&M) costs. 

The reactor capital costs are broken down into individual accounts as rec
ommended in Ref. 3. A description of these accounts, for both direct and in
direct costs, is given in Appendix B, along with the method of evaluating each 
account. 

The fuel cycle costs are also described by individual accounts for fabri
cation, reprocessing, etc. We specify unit costs (5/kg) for each fuel cycle 
account, and then, based on blanket mass flows evaluated in the fuel manage
ment analysis, the cost of each account is determined. The individual fuel 
cycle accounts and the unit costs used are also described in Appendix B. 

The O&M costs are scaled from present fission reactor experience at 
10 $/y per kwt. This cost is approximately equivalent to an electricity 
cost in an LWR of 1.5 mills/kW-h. 
4.2.3 Economics 

In contrast to the economic analysis of fission and pure fusion reactors, 
the corresponding analysis for the hybrid is more complex as a result of the 
following considerations: 

• A primary product of the hybrid, fissile material, does not produce 
revenues on a continuous basis but rather only when the blanket is re
moved from the reactor and the fuel is reprocessed. Thus, the economic 
model must reflect properly the "inventory charge" for producing a 
product, which is not sold until the end of the period. In contrast, 
for example, the electricity production from a fission reactor is sold 
as it is produced and revenues are realized (almost) simultaneously. 

• The blanket thermal output, and thus the plant net electrical output, 
varies with time. 

• The hybrid reactor produces two products, fissile material and elec
tricity. To fix the unit price of each product, the economic analysis 
must be constrained in some way. 
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The economic analysis is constrained by requiring that the hybrid 
electricity cost be equal to the electricity cost from the fission reactors 
that are supported by the hybrid fissile fuel production. To determine this 
common electricity cost, we consider a single economic unit, denoted as a 
fusion-fission power system, which consists of the hybrid and its associated 
thermal reactors. Fissile fuel is thus a quantity internal to the system and 
does not enter the economics; the single product is electrical power. Given 
the capital costs, fuel cycle costs (without fissile material) and O&H costs, 
the electricity production cost can be determined. 

Having thus established the selling price for the hybrid electricity, we 
may now focus on the hybrid as an economic unit. Given its capital cost, fuel 
cycle costs, O&M costs and electrical power selling price, we may determine a 
production cost for the fissile fuel. To properly account for the time de
pendent effects in the hybrid economics, we use a present worth cash-flow 
analysis. 

A detailed derivation of the equations describing the economics of the 
fusion-fission power system and the hybrid is presented in Ref. 1. 

4.3 Reference Design 

Here we present descriptions of the optimized hybrid reactor (parameters, 
power flow, economics) and the fusion-fission power system (fuel cycle, fis
sion burner reactor, economics). In Sec. 4.4, results of a parametric study 
of the hybrid are described which demonstrates that the reactor is optimized. 
In addition, in Sec. 4.4 the improvements in reactor economics are discussed 
which would result from removing the constraints on magnet and injector tech
nologies. 
4.3.1 Hybrid Reactor 

Parameters of the reference reactor are listed in Table 4-1. The reactor 
has a fusion power level of 402 MH, a blanket thermal power of ~3350 MW, and 
produces ~600 MH of net electrical power and ~2000 kg/y of plutonium-239. The 
plant has a 65% recirculating power fraction with a plasma Q * 0.64. The 
blanket energy multiplication is M - 10.4, the net fissile breeding ratio is 
Pu/n - 1.51, and the first wall loading is ~1.7 MH/m2. The blanket perform
ance parameters, H and Pu/n, are time-averaged over the equilibrium fuel 
cycle, and account for the 86% fractional blanket coverage while breeding suf
ficient tritium to make the reactor self-sustaining in this isotope. 
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Table 4-1. Reference hybrid reactor parameters. 

Magnet 
Geometry 
Conductor 
Maximum conductor field, T 
Maximum mirror field, T 
Minimum mirror field, T 
Central field, T 
Mirror ratio based on min mirror field 
Overall magnet diameter, m 
Mirror-to-mirror length, m 

Yin-Yang 
HbTi/Cu 

8.5 
5.95 
5.66 
2.52 
2.25 
22.5 
13.0 

Injectors 
Type 
Source species mix 

+ + + x , x_, x-
Extraction voltage, kV 

D 
T 

Average neutral beam energy, keV 
D 
T 
2/3 D + 1/3 T 

Efficiency 
Injected current, A 

D 
T 

Neutral beam power, MH 
Input electrical power, MW 

Positive ion acceleration 
90%, 7%, 3% 

125. .0 
187. .5 

103. .7 
155. .7 
121. ,0 
0. 576 

5200 
3467 
1733 
630 
1094 
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Table 4-1. Continued 

65° 
4, .15 
0. .64 
0. .9% 
2. ,5 
13. ,0 
402 

Plasma 
Average Injection energy, keV 121.0 
Injection angle 
Plasma mirror ratio 
Q 
Burn fraction 
Plasma radius, m 
Plasma length, m 
Fusion Power, MH 

Core region 
Average ion energy, keV 
Average electron energy, keV 
Ambipolar potential, kV 

center to mirror 
center to end wall 

Beta 
Central magnetic field, T 
Central plasma density, cm 

3 nt, s/cm 
«JV) D T, cm 3/S 
Q 

Boundary layer region 
Average ion energy, keV 
Electron temperature, keV 

-3 
Average plasma density, cm 

3 
rrr, s/cm 
Thickness, cm 
Stream current, A 
Energetic current, A 420 

.34.6 
15.0 

51.1 
63.9 
0.71 
1.37 
8.9 x 1 0 1 3 

2.3 x 1 0 1 3 

8.2 x lO" 1 6 

0.69 

26 .6 
0, .42 
4, .5 X 1 0 1 3 

1, .6 x 1 0 1 2 

4, .0 
15 x 10 3 
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Table 4-1. Continued 

Blanket 
Geometry 

First wall radius, m 
Fractional blanket coverage 

2 First wall area, m 

Fuels 
Fissile breeding material 
U S . pin length, cm 
Uranium inventory, kg 
Tritium breeding material 
Li inventory, kg 

Energetics 
Average blanket multiplication 
Peak blanket multiplication 
First wall load 

14-HeV neutron energy flux, HW/m' 
2 14-MeV neutron current, n/cm «s 

Average thermal power, M» 
Average fuel power density, W/cm 

3 e Peak fuel power density, W/cm 

Fuel management 
Capacity factor 
Number of fuel management regions 
Blanket life, y 
Fuel management interval, y 
Time required for blanket change, y 

2 End-of-life exposure, MW-y/» 
Yearly Pu production, kg 

2 b 

3.9 
0.86 

166 

D 3 S i 
30.0 
4.3 x 105 

LiD 
3.7 x 10* 

10.4 
11.2 

1.68 
7.4 x 1 0 1 3 

3347 
115 
280 

0.74 
4 
5.3 
1.32 
0.077 
6.6 

2016 
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Table 4-1. Continued 

End tanks 
Heak mirror (single-stage direct converter) 

Input power, MB 6C7.0 
Direct converter 

Collector potential , kV 63.1 
Radius to col lector , ra 30.3 
Background pressure, Torr 5.8 x 10 
Efficiency 0.40 

Output power, MW 
Electrical 
Hi-grade thermal 
Low-grade thermal 

Strong mirror (thermal dump) 
Input power, MW 
Radius to co l lector , m 
Background pressure, Torr 
Output power, MM 

Hi-grade thermal 
Low-grade thermal 

Thermal conversion system 
Conversion ef f ic iencies 

Blanket heat 
End tank heat 
Injector heat 

Input thermal power, MM 
Blanket 
End tanks 
Injectors 

Output e lec tr ica l power, MW 
Blanket 
End tanks 
Injectors 

243 
315 
49 

103 
15.4 
2.1 X 10' -5 

93 
10 

0. .355 
0. .355 
0. 30 

3347 
409 
464 

1188 
145 
139 
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Table 4-1. Continued 

Electrical output, MH 
Gross 1715 
Net 603 
Recirculating power fraction 0.65 

This efficiency describes the conversion of electrical energy into 
energetic: neutral energy. Recovery and conversion of the thermal energy 
(resulting from the injector inefficiency) is treated separately. See 
"thermal conversion system" in Table 4-1. 

The first wall radius is defined as the distance from the center of the 
magnet to the front of the U.Si fuel pins. 

In the equilibrium fuel cycle, accounting for the 86* fractional blanket 
coverage. 

Time and spatially averaged in the U.Si fuel pin, equilibrium cycle. 
eAt the front of the U Si fuel pin at end of life. 
f J 

A 30% efficiency for conversion of injector heat to electricity (as 
compared to 35.5% for blanket heat) was used, reflecting our present estimate 
that not all of the injector heat can be recovered as high-grade thermal 
energy. 

Figure 4-1 is a power flow diagram for the reactor with the average equi
librium blanket multiplication (M = 10.4). All component efficiencies are 
listed in Table 4-1, which in turn are described in detail in the appropriate 
sections of this report. 

The heavy metal mass flow for the hybrid is diagrammed in Pig. 4-2. The 
indicated flow is on a per fuel management interval, which is a time of 
1.32 y. We have neglected losses in the fabrication/reprocessing operations. 
Note that the uranium, coming from the blanket reprocessing operation, is re
cycled back into the blanket fabrication facility. Thus the recycle uranium, 
after a few passes through the reactor, will be essentially completely devoid 

235 9Ti 
of U, as compared to the original 0.25% *"v in the (depleted) uranium 
purchased for the initial blanket and makeup requirements. In the neutronics 

235 calculations we have neglected the degradation of U content in successive 
recycles. However, we have verified that this small fissile uranium component 
contributes very little to blanket neutron and energy multiplication. 
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Fig. 4-1. Reactor power flow. 
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The "local" blanket neutronics parameters, e.g., the performance of an 
individual fuel bundle, are listed in Table 4-2. These parameters are for a 
purge tritium recovery scheme (see Sec. 7.1.5). The blanket and tritium 
handling/containment designs presented in other sections of this report, were 
based on the batch tritium recovery scheme. However, when the reactor with 
a batch tritium recovery scheme was subsequently analyzed with the system 
code, it was found that the costs associated with the resulting large tritium 
inventory were unacceptable. Thus the reactor modeling presented, in this sec
tion assumes the T, purge blanket. Unfortunately, time was not available to 
make the appropriate modifications in the blanket and tritium handling/ 
containment designs. However, we have concluded that the batch method of 
tritium recovery, with its associated large T. inventory, is unattractive 
both from the standpoint of cost and T_( availability. 

With the purge system, we only have to compensate the tritium breeding 
for the fractional blanket coverage and decay in the external inventory (cryo-
panels, isotopic separators) of ~3.2 kg. The local (equilibrium) T/n « 1.17 
(average) reflects these requirements. The initial blanket performance, be
fore equilibrium is reached, has a lower T/n than in the equilibrium fuel 
cycle. This condition plus the external inventory requires purchase of ~10 kg 
T during the first three fuel management periods. At the end of the 
reactor life the ~3 kg of external inventory are recovered. Alternately, it 
would be possible to increase the blanket T/n slightly to completely recover 

Table 4-2. Local blanket neutronics (purge T_ recovery scheme). 

Beginning Time End of 
of life Average life 

Exposure, MW-y/m 0 
Energy multiplication, H 9.11 
Net fissile breeding ratio (Pu/n) 1.85 
Fu enrichment 0 

(atoms Pu/atom of initial heavy metal) 
0 Burnup (fraction of initial heavy 

metal atoms fissioned) 
Tritium breeding ratio 0.99 

3.29 6.58 
11.72 16.19 

1.75 1.65 
0.024 

0.010 

1.17 1.35 

61 



the initial T purchase requirements by the end of the reactor life. In 
equilibrium, the blanket produces ~17 kg of T per year. 

The local energy multiplication increases by a factor of 16.2/9.1 - 1.8 
during the fuel bundle life. Note from Table 4-1 that with the fuel manage
ment scheme chosen we are able to ameliorate the overall power swing in the 
blanket consider" 1y, with a peak-to-average power variation of 
11.2/10.4 * 1.08. The blanket modules are required to achieve a maximum ex-

2 
posure of ~6.6 MW-y/ra , resulting in a 1% burnup (~11 MH-d/kg) and the en
richment at this point is 0.024 atoms Pu/atom of initial heavy metal. 

A breakdown of the reactor capital costs are presented in Table 4-3 
(evaluation is described in Appendix B). The total direct cost of the reactor 
is estimated to be $812.5 million, of which approximately 35% is attributable 
to the "fusion island" (e.g., reactor equipment, Account 221). The total cap
ital cost, with indirects, is $1554 million. This figure includes contingency 
but no escalation from 1977 dollars. The total cost, on a per unit of output 
basis, is $2577 per kWe (net), $906 per kWe (gross), and $375 per kWt. 

The hybrid reactor economics, expressed as the unit cost of producing 
Plutonium, are presented in Table 4-4. The analysis was performed with the 
present worth cash-flow model described in Kef. 1. The economic parameters 
used for the evaluation are listed in Table 4-5. The total expenditures are 
dominated by capital cost, fuel cycle costs being responsible for only 16% of 
the total. Electricity sales account for 36% of the plant revenues, fissile 
material sales for the remaining 64%. The electricity selling cost of 
29.7 mills/kW'h was determined by the analysis described in the following 
section (Sec. 4.3.2). 

A fixed charge rate on capital of 0.15 per year was specified, and the 
discount factor of 0.063 was determined from the relation (see Eq. 2.99, 
Ref. 1) 

where k Q is the fixed charge rate, kfc the effective tax rate, N the number 
of years in the reactor life, and C the capital recovery factor, 
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Table 4-3. Reactor capital cost (S million). 

21 Structures + facilities 124.45 
211 Site improvement 6.03 
212 Reactor bldg. 69.41 
213 Turbine bldg. 20.09 
215 Auxiliary bldg. 16.07 
218A Control room bldg. 6.03 
218B Diesel gen. bldg. 1.61 
218C Administration bldg. 2.41 
218D Service bldg. 2.81 

22 Reactor plant 480.38 
221 Reactor equipment 284.88 

.1 Magnet 54.16 
. 11 Windings 27 .85 

.12 Coil case 24.32 

.13 Insulation 1.99 
.2 Injectors 120.86 

.21 Sources 18.00 

.22 Power supplies 96.26 

.23 Accessories 6.60 
.3 Direct converter 16.05 

.31 Vacuum tanks 3.25 

.32 Grids and collectors 1.29 

.33 Elec equipment 10.93 

.34 Cooling (side-wall) 0.58 
.4 Shielding 2.00 

.41 Coil 2.00 
.5 Vacuum system 20.47 

.51 Cryopanels 

.52 External vac. equ. 
.6 Blanket structure 
.7 Reactor vessel 

.71 PCRV 

.72 Liners and insul. 
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Table 4-3. Continued 

222 Main ht. tran. loop 
.1 Steam generators 
.2 Helium circulators 
.3 Helium purification 

64.29 
10.25 

2.77 

77.31 

223 Auxiliary cooling 
.1 Refrigeration 46.27 

74.85 

.11 Helium 18, .05 

.12 Nitrogen 
.2 Blanket aux. cooling 
.3 Injector cooling 
.4 Coil shield cooling 

28. .02 
16.96 
11.61 
0.02 

224 Rad waste f a c i l i t i e s 10.05 
225 Fuel handling and storage 

.1 Refueling equip. 

.2 T Reproc. and storage 

.3 T_ Clean-up 

18.51 
4.79 
3.60 

26.9 

227 Instr. and control 6.39 
23 Turbine plant equipment 
24 Electrical plant equipment 
25 Miscellaneous 

251 Transport and l i f t ing 
252 Air, water, stm. service 

Total direct cost 
91 Indirect f i e ld cost (0.20) 

Total f ie ld cost 
92 Engineering cost (0.15) 

140.63 
59.00 
8.04 

2.01 
6.03 

812.50 
162.50 
975.00 
146.25 

1121.25 

Contingency (0.10) 112.13 
Total construction cost 1233.37 

93 Other owner costs (0.05) 61.67 
1295.04 

94 Interest during construction (0.20) 259.01 
Total capital cost 1554.05 
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Table 4-4. Fissile material costs. 

$/g plutonium 

134, .2 
27, .2 
10. .1 

Expenditures 
Capital 
Fuel cycle 
OSM 
Total 171.4 

Revenues 
Electricity at 29.7 mills/kW'h -62.2 

Net cost 109.3 

Table 4-5. Parameters for the economic analysis. 

Accounting interval, y 0.25 
•Reactor life, y 30.0 
Capital fixed charge rate, y~ 0.15 
Discount factor, y 0.063 
Effective tax rate 0.64 
Fuel cooling time, y 0.5 
Plant capacity factor 0.74 

aIt was assumed that exposed fuel bundles were allowed to cool for 6 months 
before reprocessing and associated fissile revenue generation. 

Includes federal and state income tax, property tax and revenue (sales) tax. 
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C R =if ' ( 3 ) 

R l - (l + x) B 

where x is the discount factor. This discount factor was then used to evalu
ate the present worth of the fuel cycle and OfcM cash flow over the reactor 
life. 

The individual fuel cycle costs are listed in Table 4-6. The major con
tributors are initial tritium purchase and uranium fabrication/reprocessing 
costs. Negative indirect costs for reprocessing and spent fuel shipping occur 

Table 4-6. Hybrid Fuel Cycle Costs (in $/g of fissile material). 

Component 
descr iption 

Direct 
cost 

Indirect 
cost 

Subcomponent 
totals 

Component 
totals 

Initial fertile materials 0.705 
Uranium 0.084 0.412 0.496 
LiD 0.031 0.179 0.209 

Recovered fertile materials -0.088 
Uranium -0.068 0.007 -0.061 
LiD -0.030 0.003 -0.027 

Initial fusile materials 8.999 
D2 0.000 0.001 0.001 
T2 1.383 7.615 8.998 

Recovered fusile materials -0.407 
D2 0.000 0.000 0.000 
T2 -0.453 0.047 -0.407 

Fabrication 8.838 
Uranium 4.889 3.800 8.609 
LiD 0.029 0.120 0.149 

Reprocessing 8.520 
Uranium 9.911 -1.391 8.520 

Spent fuel shipping 0.600 
Uranium 0.698 -0.098 0.600 

Blanket structure 1.587 
0.893 
16.474 

0.694 
10.694 

1.587 0.893 
16.474 

0.694 
10.694 

1.587 
27.167 
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because these expenses arise after fissile production (and thus after revenue 
generation). Unit costs for the fuel cycle services are given in Appendix B. 
4.3.2 Fusion-Fission Power System 

In this study, a light water reactor (LWR) was chosen as the fission 
burner reactor which consumes the hybrid-produced plutonium fuel. 

The fuel cycle for the LWR is shown in Fig. 4-3, which was adapted from 
Pigford and Ang. In Ref. 4, the fuel cycle considered was an "all-
plutonium" LWR, which recycles the plutonium from its spent fuel (about 56% 
fissile, e.g., plutonium-239 and plutonium-241) and is supplied with makeup 
plutonium generated in a uranium once-through LWR fuel cycle (about 70% fis
sile) . The plutonium feed specified was 0.478 kg/yMWe, of which 
0.333 kg/y'MWe is fissile. The uranium in the reprocessing stream is not 
recycled, but rather the reactor is fed with fresh natural uranium, which con
tains a significant fissile component in the form of uranium-235. 

In tne present study, the fissile content (0.333 kg/MWe'y) of the make
up plutonium was simply replaced with hybrid-generated plutonium, which is 
about 98% fissile (see Ch. 7.1.4). A one-for-one replacement is not exactly 
correct, as the hybrid plutonium does not introduce into the reactor the non-
fissile isotopes plutonium-240 and plutonium-242, which exist in the LWR-
produced plutonium and degrade the reactor performance somewhat. Thus we an
ticipate improved performance of the LWR on hybrid-produced plutonium, but did 
not have the tools to evaluate this difference. The effective conversion 
ratio of the fuel cycle, which describes the makeup fissile plutonium require
ments, is CR = 1 - 0.333/1.013 - 0.67. 

The unit costs' used to evaluate the LWR economics are listed in 
Table 4-7. Now, combining the economic descriptions of the hybrid and the 

Table 4-7. LWR unit costs. 

Capital cost, $/kWe 750 
Fuel cycle 

Natural uranium, $/kg HM 75 
Mixed-oxide fabrication, $/kg HM 200 
Reprocessing and disposal, S/kg HM 248 
Spent Fuel Shipping, S/kg HM 18 

0*M, ?/y-MWt 10 4 

Capacity factor 0.8 

aFrom Ref. 5. 67 



Hybrid 
plutomum-23 
(0.333) 

•9 

— ^ 
Natural uranium 
25.856(0.184) 

plutomum-23 
(0.333) 

•9 

— ^ Fabrication 

Natural uranium 
25.856(0.184) 

Fabrication 

Plutonium 
0.890 
(0.497) 

Fabrication 

Plutonium 
0.890 
(0.497) 

27.079 
(1.013) 

Plutonium 
0.890 
(0.497) 

LWR 
17, = 0.325 

Plutonium 
0.890 
(0.497) 

' 
Plutonium 
0.890 
(0.497) 

Disposal Disposal 

Uranium 25.245 (0.081) 
Fission products 0.950 
Actinides 0.136 
Plutonium 0.009 

Fig. 4-3. Fuel cycle mass flow for 1000 MWe LWR at 0.8 capacity factor and 
32 MW-d/kg burnup. Mass flow in t /y; f i s s i l e mass in brackets; 
T). « thermal eff iciency. 
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LWR's, which are coupled via their respective fissile production/consumption 
rates, the results of the cost of electrical power generation from this nu
clear complex are presented in Table 4-8. Here, the parameters listed in 
Table 4-5 were used again. The reference hybrid supports approximately 
6,000 MWe of LWR's, and the capital cost of the system is a weighted average 
of the LWR's (S750/kWe) and the hybrid ($2577/kWe). The electrical power cost 
of 29.7 mills/kW'h obtained here is the value used in Sec. 4.3.1 to evaluate 
the hybrid economics. 

Having established the plutonium production cost we may also examine the 
LWR as a single economic unit, purchasing make-up plutonium at $109.3/g 
(Table 4-4), to evaluate the impact of this cost on the LWR economics. This 
calculation is presented in Table 4-9. Here, the fuel cycle charges are about 
12 mills/kW'h as compared to about 5 mills/kW*h using the once-through uraniur.i 
cycle with U.Og at about $75/kg.5 Thus we estimate that producing plu
tonium fuel for an LWR with this hybrid will increase present power generation 
costs by about 30%, from 23 to 30 mills/kWh. 

A list of performance parameters for the fusion-fission power system 
is evaluated in Table 4-10. The overall fusion energy multiplication is 

* m (fission reactors + hybrid reactor) nuclear power 
fusion power ' 

where the hybrid nuclear power is the blanket power plus the power carried by 
the DT-produced alphas. The thermal power ratio is 

m fission reactor thermal power 
t hybrid thermal power ' 

where the numerator is the thermal power in all of the fission reactors sup
ported by the hybrid, and the hybrid thermal power is the thermal power pro
duced in the blanket and end tanks. Since the thermal power level is the 
basic measure of plant size, the hybrid supports about 5 LWR's (of comparable 
thermal rating). The electrical energy multiplication is 

0 _ gross electrical output from (fission + hybrid) reactors 
T! injector electrical input 
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Table 4-8. Electrical power generation cost for 
the fusion-fission power system. 

Installed capacity, HHe 
IWR 6060 
Hybrid 603 
Total 6663 

Capital cost, $/kWe 915 

Powe; cost, mills/kWh 
Capital 22.5 
Fuel cycle 5.5 
OsM 1.9 
Total 29.7 

Table 4-9. LWR power generation cost with hybrid fissile fuel. 

mills/kwh 

Capital cost 16.1 
Fuel cycle 12.1 

All Components except make-up 
Plutonium 4.4 

Make-up plutonium g 109$/g 7.7 
OSM 1.5 
Total 29.7 

Table 4-10. Performance parameters for the fusion-fission power system. 

Overall fusion energy multiplication, H 54.9 
Thermal power ratio, R 4.97 
Electrical energy multiplication, Q_ 7.1 
Hybrid capital cost ratio, K 1.54 
System capital cost ratio, R 1.22 
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and represents the overall multiplication of the electrical power needed to 
drive the hybrid plasma. The hybrid capital cost ratio is 

$/kWt for the hybrid 
K * S/kWt for the LWR ' 

and represents a comparison of the unit costs of the two types of plants that 
constitute the power system. The system capital cost ratio is 

_ S/kWe for the system 
c " $/kWe for an LWR ' 

where (R - 1) is proportional to the incremental cost of making the LWR's 
self-sufficient in fuel. 

4.4 Parametric Analysis 

4.4.1 Fuel Management 
The primary fuel management parameters, used to specify the fuel manage

ment scheme, are (1) the maximum fuel burnup, (2) the number of fuel manage
ment regions in the blanket, N„, and (3) the time required for a blanket 
change operation, T__. 

In the present study, we did not perform a detailed analysis of the 
blanket change operation to obtain an estimate for ^ . Rather, we se
lected TBC « 4 wk (0.077 y) as a value representative of the analogous oper
ation in a LWR. He also examined the limiting case of t - 0 to illustrate 
the sensitivity to this parameter. 

The fissile fuel production cost is shown in Fig. 4-4 as a function of 
burnup and N B, for the nominal case of t « 0.077 y. Considering first 
the effect of burnup variation, for each value of N there is a value of 
burnup which minimizes costs. The tradeoff here is that at very low burnup, 
high fabrication/reprocessing costs are incurred and a low capacity factor re
sults from the need to frequently shut down the reactor and perform the blan
ket change operation. At high burnup, there are penalties for plutoniua in
ventory charges and large temporal variations in the blanket thermal output. 
Another underlying effect is that for low burnup, fuel production is maximized 
and thermal power production is minimized; as burnup is increased, energy 
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0.75 1.0 
Burnup — % 

1.25 1.50 

Fig. 4-4. Variation of costs with maximum fuel burnup and number of fuel 
management regions (*B) for T^, « 4 wk. 
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production increases at the expense of fuel production. In general, the burn-
up optimizes at a low value (compared to fission reactors), where the fuel 
production rate is within abojt 10% of its initial (beginning-of-life) value. 

In Fig. 4-4 (T - 4 wk), it can be seen that fuel production costs in
crease as N increases, and in Fig. 4-5 (T * 0), the reverse is true. 
The tradeoff here is that at low N (and the nominal ! _ ) , there are large 
temporal swings in the blanket power and high plutonium inventory charges, but 
these effects are compensated by a hi-Jh capacity factor. However, when the 
capacity factor is constant (T__ * 0, Fig. 4-5), the fuel management scheme 
optimizes at high N , where power swings and plutonium inventory charges are 
small. We conclude that for a given T , there is an optimum value of 
N . However, because of the absence of information at this time on repre
sentative values of T „ , we follow fission reactor experience and choose 
T„„ = 4 wk, and select a value of N_ * 4. This value of N_ restricts the 
temporal variation in blanket power to about 16% during a fuel management in
terval, and produces fuel from the blanket on approximately a yearly basis. 
This configuration represents, in our opinion, a reasonable engineering design 
and economic choice. Then, from Fig. 4-4, the maximum burnup is set at 1%. 
4.4.2 Mirror Ratio and Injection Ei.ergy 

We next examine the effect of varying the injection energy and the vacuum 
mirror ratio of the magnetic coil. The trade-off here is, to first order, one 
between power density and "engineering Q" of the reactor. The engineering Q 
is defined as the product of the injector efficiency, T). and the plasma Q, 

e l 

For a positive ion injector, the injector efficiency decreases as extraction 
energy increases in the energy range greater than about 75 keV. The depend
ence of the plasma Q on the parameters under discussion is 
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Fig. 4-5. Variation of costs with maximum fuel burnup and number of fuel 
management regions (H ) for T^, » 0. 
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— 3/2 (E.) in R ^ 

where E. is the average injection energy and t^ is the vacuum mirror 
ratio. 

Values for Q as a function of mirror ratio (R™ c) a n d t n e deuterium 
extraction energy (W ) are shown in Fig. 4-6. The tritium extraction energy 
(W ) is 1.5 times that for deuterium (equal velocity injection), and the in
jected current is two-thirds deuterium and one-third tritium. The average beam 
energy, E., was evaluated from consideration of the ion species mix 
(x , x*, x ) extracted from the source and the reaction rates for neu
tralization. In general, we see that the decreasing values of r|. with E. 
and the increasing values of Q with E. maximizes the product Q in the vi
cinity of 100 keV. At any given energy, Q increases with R„ a c» resulting 
in about a 40% variation with R™,. in the range of 2 to 3. 

The variation of first-wall loading with W and R V A C is shown in 
Fig. 4-7. The first-wall loading is proportional to fusion power density, 
P_, which in turn is proportional to the square of the central ion density 
and the fusion reaction rate, 

F 0 L JDT 

— 2 
But n. ~ p/E., where p is plasma pressure, and p ~ B. where B. is the 
central magnetic field. In the present reactor design, where we have con
strained the maximum field at the conductor (B ), we have the relation 
B Q ~ B AL- A C. Thus folding all these relations together, the dependence 
of pow«r density on E. and R™,, is 
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Pig. 4-6. Variation of engineering Q with injector energy and mirror ratio. 
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Fig. 4-7. Variation of first-wall loading with injector energy 
and mirror ratio. 
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The fusion reaction rate is only weakly dependent on E. in the energy range 
of interest (W = 75 - 125 keV). This dependence on E. and R^., is 
quantified in Fig. 4-7 where the first-wall loading can be seen to increase 
both with decreasing energy and decreasing mirror ratio. Note, in particular, 
the strong variation with mirror ratio. 

The variation in fissile production cost as a function of energy and mir
ror ratio is shown in Fig. 4-8. At KIAr = 3, the first-wall loading is too 
low to be economically attractive. This situation occurs because there are 
some plant components which are independent of fusion power level (e.g., 
buildings, magnet, PCRV) and low fuel and energy production rates (propor
tional to first-wall loading) force these plant costs to be comparatively 
high. Also, at very high wall loading (E.~c = 2.0), the reactor economics 
are nonoptimum. Here, the problem is that the high first wall loading re
quires a comparatively frequent blanket change operation, resulting in low 
plant capacity factor. The optimum thus occurs in the range of 
B-,,_ = 2.25 - 2.50, where the first-wall load is in the range 
1.5 - 2.5 MW/m2. 

In general, each curve for a fixed Ryjij. minimizes at the energy where 
Q , the engineering Q, is a maximum (for that value of Ry-,0. Compare the 
minima on the curves in Fig. 4-8 with the maxima on the curves in Fig. 4-6. 
We thus conclude that the optimum reactor configuration maximizes Q (with 
respect to energy) while maintaining a first-wall load of 1.5 

2 to 2.5 MW/m . It is interesting to note that the plasma Q for the optimized 
configuration is Q ~ 0.6 - 0.7, and higher values are possible at higher mir
ror ratios (Fig. 4-9). However, because the higher Q reduces fuel and energy 
production rates, it is nonoptimum. Thus, in the trade-off between power den
sity and power balance, power density is the more important quantity. 
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Fig. 4-8. Fissile costs as a function of injector energy and mirror ratio. 
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We note, in Fig. 4-8, that the reference design choices of K _ c * 2.25 
and W = 125 keV are somewhat off optimum in the variable W . Our initial 
design choice of W * 125 keV is about 6% above the minimum fissile cost at 
W = 105 keV. The optimization on R^- and W is summarized in Fig. 4-10. 
4.4.3 Plasma Q 

We also performed the exercise, with the system model, of arbitrarily 

increasing the plasma Q to determine the economic incentives for higher Q in a 
hybrid reactor. The result of this parameter variation is shown in rig. 4-11, 
where we plot both fissile cost from the hybrid and power cost from the 
fusion-fission system. The effect of increasing Q is (1), to reduce the re
circulating power fraction (Fig. 4-12), thus increasing plant revenues from 
electricity sales and reducing the cost of producing plntonium, and (2), to 
realize some savings in plant capital costs because of a reduced injection 
current (smaller injector system and vacuum pumping capacity). Expressed an
other way, we reduce the $/kWe (net) of the plant. We see that at high Q 
(Q > 5) the fissile production costs are reduced from S110/g (reference 
design) to ~$30/g. However, above Q ~ 2, where the recirculating power 
fraction has been reduced to ~0.25, there is little incentive for further 
improvements in plasma performance. Our target condition appears to be 
Q e = HiQ = 1. 

Note that increasing Q to a value of 2 reduces the electricity cost by 
only about 20%, from ~30 mills/kWh to ~25 mills/kW'h, anr! for Q > 2, there is 
an almost negligible impact on power cost. Also, even with a very high 
Q hybrid (Q > 5 ) , fissile production costs cannot be reduced to zero. This is 
because, based on our model of the hybrid, it is a more expensive plant than 
the LWR. 
4.4.4 High Technology Hybrid 

As was mentioned previously in this section, the design study restricted 
the technology to the use of NbTi superconductor and a positive ion injection 
system. The result was a rather low injector efficiency (n,. = 58%) and a 
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Fig. 4-10. Variation of fissile cost with mirror ratio at the optimum D 
extraction energy W D(keV). T is the first-wall load in MW/m2. 
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Fig. 4-11. Variation of fissile cost with an (arbitrary) increase in 
plasma Q. W D - 100 keV, R^,, » 2.25. 
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comparatively low Q (Q » 0.64). Here, we examine the effect on plant eco
nomics of lifting the two technology restrictions. 

Considering first the magnet, we indicated previously that with the 
NM\ superconductor we were able to achieve an optimum first wall loading, 
which depends on the central field B-, but higher plasma Q was attainable 
only if we could increase Ry A C- Thus, in our higher technology mirror 
hybrid, we hold B and W_ constant at 2.52 T and 125 keV (respectively), 

2 
resulting in a constant first wall load of 1.7 MH/m , and increase the mir
ror ratio by increasing the maximum conductor field, B . The effect on fis-

c 
sile production cost is shown in the upper curve in Fig. 4-13. At a conductor 
field of 12T, the cost minimizes. At higher field, the increasing gains in Q 
are offset by rapidly increasing magnet costs. At B = 12T (R^ = 3.2), 
we achieve Q = 0.B5. This result is most encouraging, in that the present 
goal of the Nb,Sn magnet development program is B = 12T. 

In Fig. 4-13, we also show the effect of increasing both B (in the 
manner described above) arl increasing the injector efficiency to 
n. = 0.75, which may possibly be achieved with a negative-ion injector 

*7 
system.- In this case, we are able to reduce the fissile production cost to 
~S75/g, about a 30% reduction from the reference design. 
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Fig. 4-13. Reduction of f i s s i l e cost with a high technology mirror hybrid. 
WD « 100 keV; T - 1.7 MH/i»2 (f irst-wall loading). 
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5 PLASMA PHYSICS 

5.1 Introduction 

In the last several years, studies have been underway at Lawrence 
Livermore Laboratory of possible fusion and fusion-fission reactors based on 
the minimum-B mirror. The fusion studies have recently been concluded with 
a report covering the details of the reactor. In this paper we describe 
the methods used to compute the parameters for the plasma in the hybrid 
reactor. Included are plasma stability criteria, computation of Q, maximum 
3 and build-up of plasma density profiles, and discussion of several 
effects, as yet only partially studied, which may change the accessible 
range of plasma size and f5. 

Before proceeding to these topics, it is useful to introduce some basic 
relations. The total fusion power is given by 

EF f 2 
T} n 

E 
P p - -f- I n 2 «Jv> p dV , (1) 

where E_ is the total energy released by the fusion reaction (only D-T is 
considered here so E = 17.6 MeV), n/2 is the number density of deuterium 
and tritium, assumed equal throughout the volume, and <av> is the 

F 
fusion reaction rate, dependent chiefly on the mean energies of the ions. 
For regions of the plasma free from rf fluctuations and stabilizing warm 
plasma, the ion energy will be constant and nearly equal to the neutral-beam 
energy. <0v>_ can then be removed from the integral. As a further 
approximation, typically well satisfied, we assume that the density can be 

o written as the product of two factors, 

"<£' * n o [ X " < r 0 / r p ) j ] f ( p ) • (2) 

The first factor is the density profile at the center of the reactor, assuaed 
to be cylindrically symmetric there and dependent on the parameter j. f(p) 
is a factor giving the distribution of density along the flux surface passing 
through radius r. at the midplane, and is taken as depending only on p • 
B/B., the ratio of local |B| to the minimum value on the flux surface. 
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In general, the minimum B does not occur exactly at the midplane, following 
instead the seam of a baseball, intersecting the midplane only at certain 
symmetry planes. This small difference in location will be neglected. 

The volume element can be related to the midplane area dA by 
conservation of flux dV - dA ds/p, where s is the distance along a field 
line. The total fusion power is then found to be 

.2 
P

F " * r p L n 0 < 0 V > F E P 2(i + i>(i + 2) C < 2 ) ( R > ' ( 3 ) 

where L is the distance from midplane to mirror, R is the mirror ratio, 

W a n d 

r C ( 2 ) (R) ' I p " 1 f 2(P) d(s/L) . (4) 

C is a weak function of mirror ratio; its value is computed with the 
aid of a Fokker-Planck code described later. For the large reactors 
considered in this work, computations with a radial code discussed in a 
later section show j to be about 20. 

The beam power input to the plasma can be computed from the loss rate 
of ions since I « I O O T ' a n d PIN = EIN IIN" T h i s i s t h e o n l y V e x i nP ut 
for the reactor designs considered. The loss rate, expressed as a current. 

' /!*-•/£• 1 0 O T " e / 7 d V - e / ^ d V > (5) 

where T is the mean confinement time for ions. The product nx depends 
most strongly on the mean ion energy E., the angle 6 of neutral beam 
injection and effective mirror ratio. These are nearly constant across the 
plasma and we obtain 

2* r p L "0 EIN j 2 C 2 ' R ) 

PIN * <nT> (j + 1) (j + 2) ' ( 6> 
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The analysis leading to Eq. (6) has neglected differences in <nx> and E_j 
for deuterium and tritium. We can define averages of these quantities and 
obtain the same Eq. (6) 

E » IN 

I» E„ + I_ E_ EL <nx>_ + E_ <nX>_ D D T T T J T T D 
*.» + I m O v O . + < n x >

m D T D T 

4 . X . X 

<nx> <nx> D <nx> T • 

(7) 

(8) 

Note that the density in the expression for component <nx>'s is the actual 
species density (• n/2). 

h more convenient quantity is the power amplification factor, defined 
as, 

P 0 U T < n x x a v > F E p 

Q _ P I N < E I N • ( > 

If the principal loss mechanism is charged-particle collisions which 
diffuse particles into the "loss-cone," then a fairly accurate scaling law 
is 3 

<nx> » C x vftT E 3 / 2 log 1 QR . (10) 

Results from codes which solve the Fokker-Planck equations for electrons and 
ions give values of C, of about 2 x 10 for M. in AMU, 1. in keV, and 
<nx> in cm" -s. To relate the mirror ratio R to the vacuum mirror ratio 
"v 5 Bn/ B0v' w e u s e P r e s s u r e balance perpendicular to the field lines 

vi (PX +I^)--5 ^ + Pi"P, • (W 

where jc = -(B/BJ'V (B/B) is the curvature of a field line. If L » r , a 
so-called long, thin plasma, the curvature may be neglected and we obtain, 

Bv'V - ° 2 

Px " - ^ (MA) • (12) 
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He define now a plasma @ by 

P, 
By = - j i - . (13) 

With the aid of Eq. (12) and neglecting the small (=5%) radial variation of 
B we find the following useful relations (long-thin approximation only): 

B - (1 - B i ) 1 / 2 B y (LTA) (14) 

R » R y/(1 - p p 1 7 2 (LTA) . (15) 

Combining Eqs. (9), (10), and (15) and noting that E. « E , we obtain 

Q « < O V > p E ^ 2 [log 1 0 R v - i log 1 ( J (1 - (3,)] . (16) 

— —1/2 <ov>_ has a broad maximum near 1. * 80 keV, beyond which <av>p=»E. ' . 
Thus beyond this energy, Q is chiefly governed by R and f}^. The total 
power can be seen from Eq. (3) to follow the scaling 

<Ov>„ B 2 B* P 1 Ov P p « 2 • (17) 
E IN 

From Eqs. (16) and (17), we see that for a fusion reactor, where the 
cost of the power is very sensitive to Q for Q near unity, we need a beam 
energy of at least 100 keV and large R and &L. But the field at the 
superconductor is limited, thus restricting B and we dare not make R 
too high, thereby reducing B 0 , because of its drastic effect on P . 
For neutral-beam injection at 90° to the field lines, 3, ~ 0.4, as 

1 ,max 
determined by stability considerations. For smaller angles B nay 
be increased to =0.8, however at the expense of a small reduction in 
<nx>.4 

For a hybrid reactor the economics is -iot so sensitive to Q because of 
the high blanket multiplication. We can thus tolerate somewhat lower R . 
Requirements on the magnet design, e.g. choice of superconductor, are 
therefore not so severe. 
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In the following sections, a more detailed discussion will be given of 
the methods used to predict or choose the parameters E ^ , I f f l, r , L, (3^ 
R , and B. . In the first section we describe restrictions on the 
maximum plasma pressure and on the vacuum magnetic field imposed by 
requirements for magnetohydrodynamic stability. Samples of ion drift 
surfaces in the vacuum magnetic field are given in the second section. 
Characteristics of the equilibrium magnetic field for model p., (B) and radial 
density profile are given in next section. The fourth section includes 
methods by which the Q value and axial density profiles are deduced from 
solutions to the Fokker-Planck equation, while radial density profiles are 
covered in the following section. This part concludes with a discussion of 
some effects, as yet only partly understood, which could require changes in 
the possible parameters of a mirror reactor. 

5.2 Magnetohydrodynamic Stability 

The conditions for MHD stability of a mirror plasma have been obtained 
by Hall. ' Equilibrium-destroying instabilities have been classified as 
due to the firehose mode, the mirror mode, interchanges, ballooning, and 
kink modes. Simple but general criteria for avoiding these instabilities 
have been worked out only for the first two cases 

B " Ho 3B * ° ( 1 8 J 

3 P i 

B + vo W * ° • ( 1 9 > 
In these equations, B = |BJ and p„ and p. are the local pressures parallel 
and perpendicular to the magnetic-field. Neither of these conditions require 
knowledge of the spatial dependence of P or B and are, in effect, the conditions 
for the thresholds of these instabilities in an infinite, homogeneous, 
anisotropic plasma. They are also the conditions that the equilibrium problem 
for the plasma and magnetic field, treated as a fluid, be well posed. It is 
probable that equilibrium does not even exist if these conditions are not 
satisfied. 
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The functions p. (B), p„ (B) needed to evaluate conditions in Eqs. (18) 
and (19) can be found from the solutions to the Fokker-Planck equation, 
described later. It is found that condition (18) is generally always 
satisfied in a mirror-confined plasma. Condition (19) in effect limits the 
0, value which can be obtained in the plasma. 

Several different conditions sufficient for stability against 
interchanges can be obtained depending on the functional dependence of p„ 
and p.. One model for the pressures, applicable to mirror devices, takes 
the form 

PH » l» H>> $11 (B, *) , (20) 
where \j) is a magnetic flux coordinate. 

For pressure distributions of the form of Eq. (20), a condition 
sufficient for interchange stability is 

K + II 3B 
to 3B 3W - ° ' ( 2 1 ) 

where 

£ k (B, v|)) dJ,/B (22) 

is evaluated along field lines passing through the midplane, as indicated 
here by the ct,B coordinates of a field line. 

To evaluate the interchange criterion [inequality Eq. (21)], the 
equilibrium magnetic field must be known. Two codes for computation of 
three-dimensional mirror equilibria have recently been developed: MC GUS, 

o 
by Boyd, Hall, and HcNamara and VEPEC, by Anderson, Breazeal and 

g 
Sharp. We use the former code for the present problem. Results for a 
particular magnet set are described in a later section. In connection with 
interchange stability we can refer to Fig. 5-1 which shows contours of T 

in the midplane. While u decreases with radius, r is monotonically 
increasing out to a radius of about 3 m. We thus expect that the plasma 
will be interchange-stable if we do not attempt to fill the magnetic well 
beyond this radius. The filling is easily controlled with the beam 
injection current. For a given volume loss rate, which depends chiefly on 
the injection energy, a higher current will in general cause the plasma to 
expand to a larger radius. Thus, for the vacuum field considered here, the 
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x •- metres 

Fig. S-1. Contours of 7 in the nidplane for the equilibrium field. 
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interchange stability limits the plasma radius rather than the plasma S. 
For other vacuum fields in which the curvature of the vacuum field lines is 
not pronounced, there may be sufficient reversal of total curvature by the 
plasma field to limit the plasma Bx to a value less than that found from 
the mirror-mode criterion. Such a result indicates that insufficient 
curvature was designed into the vacuum field, particularly in the region of 
high P|. 

Equilibrium fields are time consuming to compute and, in present codes, 
allow only a restricted set of p» (B), p^ (B) and u(\|i) functions. It is 
desirable to have a rough criterion for interchange stability, involving 
only the vacuum field, and which can be used by a field designer to judge 
the suitability of the field coils. For this purpose we use the low B, 
isotropic pressure criterion of Rosenbluth and Longmire, 

This inequality is trivially satisfied if all field lines on which the 
plasma is located curve away from the plasma. While it is possible to 
design magnets for such fields, it is at the expense of access for neutral-
beam lir.es, etc., and the weaker condition of inequality Eq. (21) is 
preferred. Comparison of the two criteria indicates that inequality 
Eq. (23) should be conservative if regions of "bad" field-line curvature are 
located where plasma density is low. For the present magnet design, the two 
criteria agree that the plasma should be interchange-stable. 

The other possible instabilities, ballooning and kinks, have only 
11 12 recently come under close scrutiny in mirror devices. ' Ballooning is 

thought to be the most serious problem at high 8 if the plasma is 
otherwise interchange-stable. However, 6 limitations due to ballooning 
can usually be overcome in mirror devices by adjustment of the vacuum fields 
to improve the curvature where the ballooning is predicted to occur. As 
with interchanges, sufficiency criteria for ballooning stability require 
knowledge of the equilibrium field. To date, the ballooning criteria have 
not been coupled to the equilibrium codes, so we have not been able to 
examine this problem for the reactor plasmas and coils. 
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S3 Drift Surfaces 

It is evident that the magnetic field must be designed so as to allow 
closed drift surfaces within the plasma. An additional, more stringent 
requirement, is that particles on a given line of force drift on surfaces 
that are not widely separated. Should they be widely separated, a collision 
can cause the ion to shift outward (or inward) to a new drift surface 
causing a net diffusion. In the limiting case, in which all such particles 
drift on the same surface, the surfaces have beun termed omnigenous. ' 
It is evident in this latter case that the drift surfaces in the midplane 
may be denoted by a single flux surface coordinate <|>. Hall and McNamara 
have shown that the pressures and flux surface dependence are separable 
[see Eq. (20)] in the case of omnigenous drift surfaces. 

Near the central axis of mirror-quadrupole fields, the quadrupole 
effects are weak, so the drift surfaces in the midplane are circular. As 
one approaches the plasma radius, quadrupole fields become more important 
and the midplane drift surfaces flatten and become more rectangular. At 
large enough radii, the drift surfaces are open and particles found on these 
surfaces are probably lost from the plasma. 

To study the drift surfaces for the present coils, we have used a code 
which solves for the trajectories of the guiding centers. A more 
accurate particle code is not necessary because the magnetic moment 

2 
mv 

U = ̂  (24) 

is well-conserved away from the origin in this field. Conservation of the 
longitudinal adiabatic invariant 

•i v„ ds (25) 
'a,B 

is not assumed in this code. We study the trajectories in the vacuum 
field only; the drift surfaces preserve their general shape in the 
equilibrium field. 
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Since the field is four-fold symmetric, we need only follow ions 
through total azimuthal angle of 90°. It is convenient to start ions in a 
plane midway between the (real or equivalent) loffe bars, because the drift 
surface is locally circular there. Deuterons of total energy E • 100 keV 
were started at the minimum |B| on field lines that pass through a given 
radius at z - 0. It is easily seen that ions with starting parallel energy 
E|, will turn at a Mirror ratio 

R t - i - ^ i 7 - ( 2 6 ) 

Since the total vacuum mirror ratio is =»2.25, thus containing ions with up 
to EII ~ 55.6 keV, ions of starting energy E,, * 5 to 50 keV were studied. 
Lower E,, corresponding to J « 0, results in drift surfaces which intersect 
the midplane only over a limited azimuthal angle (the minimum-|B| line 
corresponds to a baseball seam). 

Results of the calculations for ions started at r =• 1 and 2.5 m are 
shown in rig. 5-2. He note the near-circular drift surfaces (at z » 0) of 
all ions for the smaller radius. At the larger radius, the effect of the 
quadrupole field is quite pronounced. The drift surface for ions with E,, » 
50 keV deviate by about 9 a. from a circular path at 45 . The ions 
started with En * 5 keV follow drift surfaces which dip further by 15 a. 
towards the axis. At even larger radii some of the drift surfaces (not 
shown) do not enclose the axis. 

These results confirm that the drift surfaces are closed out to the 
expected plasma radius. The deviation of drift surfaces for different 
classes of ions by ~6 a. is undesirable, but should not cause additional 
losses since the plasma density drops to zero near this radius. It appears 
satisfactory to replace those drift surfaces by an 
is necessary in solving for the equilibrium fields. 

5.4 Equilibrium Magnetic Fields 

In the section on MHO stability we have seen that it is necessary to 
know the equilibrium magnetic field to evaluate stability against 
interchanges. We have obtained the equilibrium field for the Yin-Yang coil 
set for the hybrid reactor with the MC GOS code developed by Boyd, Hall, and 
McNamara. Details of this code have not yet been published, although 

satisfactory to replace those drift surfaces by an average drift surface as 
B 

97 



x — metres 

?ig. 5-2. Drift surfaces in the vacuum field of the hybrid Yin-Yang magnet 
compared to cylindrical surface (a); b: parallel energy, E. - 50 keV; 
c: E. - 5 keV. 
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a 
certain aspects are discussed by McNamara. The basic equations governing 

mirror equilibria are the guiding-center fluid equations 

V • B - 0, (27) 

V x g - \iQi, (28) 

V • P - j x B, (29) 

with 

P - Pyl + IP, - P^ BB/B2 • (3C. 
p, and p., are found from moments of the distribution function [see 
Eq. (42)]. Pressure balance parallel to the field lines imposes the 
requirement 

The MC GUS code actually solves a different set of equations, ' fully 
equivalent to the above. 

Because of the symmetries of the quadrupole field produced by Ioffe 
bars, Yin-Yang and Baseball coils, it is only necessary to solve for the 
field in a single octant. The code can use up to 32 grid points in that 
octant, but, because of the fanning of the magnetic field lines in the 
mirror region, only about 15 radial grid points are actually within the 
plasma at the mid-plane. The final plasma pressure is not known a priori, 

but must be obtained as part of the solution. Thus, solutions are obtained 
by increasing the plasma pressure in fixed increments of B • 2u (2p, + p . ) / 
B . At some value of @", the code will fail to meet the specified error m 
criterion. This failure can be associated with violation of the mirror mode 
or interchange criteria, substantial local reversal of originally favorable 
curvature or large gradients within the plasma which cannot be adequately 
represented on the grid. It is possible to continue the solution to higher 
plasma pressure by relaxing the error criterion, but the solution becomes 
obviously nonphysical. 

Under the assumption of omnigeneity, discussed in the last chapter 
pressure may be written in the form already given, 

P, - Hit) £||(B,lll) , 
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which is just the form needed for application of the criterion of Eq. (22) 
for interchange stability. The dependence of py on ty is unimportant and 
neglected in the present case. The functions w and p« should come from 
computations of the radial density profiles and of the distribution 
function. Unfortunately, it has not yet been possible to incorporate 
numerically computed ui and pn functions into the MC GU3 code; we have 
therefore used model functions for these computations. The p« function is 
the "optimal" profile of Hall, Hooper, and Newcomb [their Eq. (3.14)] 
and is too lengthy to reproduce here. This functional form has the property 
of always satisfying the mirror mode criterion. The model PII(B) and Pj^B) 
is compared with results from the distribution function in the next 
section. The u) function is taken as 

u - (1 - x 2 / a 2 ) 2 , (32) 

since the x - z plane is a symmetry plane of the field. 
Results for the equilibrium field for the 75° sweep Yin-Yang coil 

described previously are collected in Figs. 5-1 and 5-3 through 5-12. 
Computations were carried out for plasma pressures up to B - 0.13 or 3| 
« 0.77. The equilibrium mirror ratio R was found to be 3.7 compared to 
vacuum mirror ratio R of 2.25. The long-thin approximation of Eq. (15) 
yields 

- & ) • 
Thus, because of curvature effects the magnetic field is able to confine a 
higher plasma pressure than would be expected from the long-thin 
approximation. A plot of &^ and ^ as found for increasing plasma 
pressure, or R, is given in Fig. 5-3. 

Figures 5-4 and 5-5 show the contours of B y i n the midplane (z « 0) 
and in the transverse y » 0 plane, while the final B (g^ - 0.77) is shown 
in the same views in Figs. 5-6 end 5-7. Comparison of the figures (the same 
contour values are used on each) shows the marked depression of the magnetic 
well because of the plasma diamagnetism. Note particularly the appearance 
of additional contours inside contour labeled 1 in Figs. 5-6 and 5-7. The 
field depression shows up more clearly in plots of B and B vs x in 

jtexc continues on p. 220] 
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Fig. 5-3. B, and g,, r„. - 1 - R?/R2 plotted vs R for 
equilibrium fieldt t T * ^ 
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Fig. 5-4. Contours of BfB^-O) in x - y plane at z » 0. Contours 
labeled 1, 2 and 3 have values of 2.52, 2.66 and 2.79 T, respectively. 
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Pig. 5-5. Contours of B(3 i»0) in y - z plane (x - 0). Contours labeled 1, 2, and 3 have values of 2.52, 2.66, and 2.79 T. 

103 



Fig. 5-6. Sane as Fig. 5-3, but Bj_ - 0.77. 
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Pig. 5-7. Same as Pig. 5-4, but (3̂  » 0.77. 
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Pig. 5-8. B and 8(0^0.77) v» x. 
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Fig. S-9. B and Bl^-0 .77) vs z . 
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Fig. 5-10. Contours of f in the nidplane for the vacuim field. 
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Fig. 5-11 (a,b). Trajectories of two Fig. 5-12 (a,b). Curvature K of the field 
representative magnetic field lines in lines of Fig. 5-11 as a function of 
the vacuum and plasma fields. axial position, K > 0 denotes lines 

convex as seen by plasma. 
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Pig. 5-8 and vs z in Fig. 5-9. Barely discernible in Fig. 5-8 is a slight 
increase in B over B at x * 3.0 m. Conservation of magnetic flux 
requires the slight increase in response to the field depression in the 
plasma center. 

Shown in Figs. 5-10 and 5-11 are contours of f without and with 
plasma present. Noting from Eq. (32) that du/dx < 0, we see from 
Fig, 5-11 that the interchange criterion DF/DW £ 0 is satisfied out to a 
plasma radius of about 3 m. Thus we expect interchange stability for this 
plasma. 

It is instructive to examine the effect of the plasma field on the 
curvature of the field lines. The trajectory of two field lines in the x - z 
plane (i.e. midway between the equivalent Ioffe bars) is given in Fig. 5-11, 
both with and without plasma present. These field lines pass through the 
midplane at r » 24 and 101 cm in the vacuum field, but are displaced outward 
to 27 and 107 cm by the plasma. The curvature for these two field lines is 
shown in Fig. 5-12. We note that the "good" curvature for both lines in the 
vacuum is actually improved by the plasma in certain regions, but reverses 
to give bad curvature near the midplane. One could anticipate that this 
region of bad curvature would lead to ballooning instabilities. 

5.5 Fokker-Planck Computations 

To compute the losses from the plasma due to collisions, it is 
necessary to solve for the distribution function of the electrons and the 
ion species (f., j * e,D,T,a). The kinetic equations to be solved can 
be written in the form 

it 1 - (it7o

 + s j - L j - ( 3 3 > 

where f. - f.(E,u,J,t) depends only on time and the constants of the 
2 

particle motion: E - energy, u = m Vj/2B « magnetic moment and 
J = V!i gV|<H - longitudinal invariant. The collision term 
(3f/3t) represents the effects of Coulomb collisions and is taken to 
be of the Fokker-Planck form. The source term S. models the effects of 
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energetic neutral beam injection and oc-particle generation by fusion 
reactions. The loss term L. accounts for the escape of particles which 
are scattered into the loss cone in velocity space. In the calculations for 
reactors we are only concerned with steady-state plasmas so 

3f. 
It 1' 0-

The distribution functions adjust themselves to balance the source, loss, 
and collision terms In each element of ve.lr"*i'-Y spnce. 

In general, our kinetic equations should be averaged over the orbital 
motion of the particles within the plasma. However, this would be a 
prohibitively complex calculational problem for realistic plasma and 
magnetic field geometries, so we simplify by using a magnetic-square-well 
model. In this approximation the plasma and magnetic field are uniform over 
some finite region of space and the kinetic equations reduce to relatively 
simple velocity-space diffusion equations. Sophisticated computer codes 
have been developed to solve velocity-space Fokker-Planck equations and have 
been used extensively for studying mirror-confined plasmas. Our 
calculations here are based on the latest version of these "-odes, HYBRID-II, 
described by Killeen, Mirin, and Rensink. Some features of the model 
particularly relevant for our reactor stuCic- are described in the following 
paragraphs. A more refined code which averages over the bounce motion of 
the ions has recently been developed. Results for <nx> and 
(5. are in generally good agreement with the simpler square-well 
calculations. Agreement is best for injection angles 9 « 50-60°, 
near the angle chosen for the hybrid and fusion reactors. 

An important feature included in our Fokker-Planck model is the 
electrostatic ambipolar potential which arises due to the tendency for 
electrons to escape faster than ions. The potential is plotted in Fig. 5-13 
for the hybrid reactor. In the absence of an ambipolar potential the "loss 
cone" angle is given by 

&L- S i n \ c * R ' ( 3 4> 

and ell ions with velocity ratio vi/vQ < (Vj/vn'tC a r e ""confined. This 
"loss cone" is modified in the presence of an ambipolar potential to 
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Fig. S-13. Anbipolar potential vs distance along a field line. The exact 
shape of the potential from the mirror to the wall (or direct converter) 
is unknown; the ratio ltl

w/<i>m has been chosen as 5/4 (see text). 
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1 + 2Ze(((>0 - (fcJ/mVgJ/R . (35) •Ac -r'-- 2 

<b„ and 6 are the electrostatic potentials at the midplane and at 0 m 
the mirror. Clearly, all ions with 

[2Ze% - * m r | 1 / 2 

[ m i (R - 1) J v 0 < v r a. - 1 - . : , : i o6 ) 

are unconfined, being swept out by the electrostatic potential. The loss 
boundaries in phase space given by Eqs. (34) through (36) are sketched in 
Fig. 5-14. Mirror ratio R • 2 is used in this figure for clarity. 

The situation for electrons is much different. The low-energy 
electrons will he confined by the mirrors and the electrostatic potential 
drop from midplane to mirrors. Higher energy particles with sufficient v 
can overcome the mirror potential, but will be reflected by the potential 
barrier at the end wall or direct converter (» §Q - 6 ) . Still 
higher energy electrons can overcome this barrier and are lost. Thus, all 
electrons whose midplane speed satisfies. 

|-2e(»0 - y j 1 / 2 

v 0 < Vme 5 I = 1 < 3 7 ) 

are confined to the region between the mirrors by the electrostatic 
potential. Those electrons with midplane speed satisfying 

nl/2 r 2 e <»» - •.>"! v„ < v = = (38) 
0 w e • ™ i v ' 

are confined to the region between the end walls. The full electron loss 
boundaries in phase space are sketched in Pig. 5-15 for R « 2 and ( $ . - $ ) / 
(*o " ••> " 5 / 4 - IS The magnitude of ij> - $ is difficult to compute, but must be 
of order T . Me model this effect in the Fokker-Planck code by specifying 
the potential ratio (<b„ - * ) / ( $ - - * ) as input. The magnitude o w o m 
of 4>0 - 4>w i s determined self consistently so as to equalize the loss 
rates of electrons and ions. Typically, we find 4>n - 4> = 5 T and 
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Fig. 5-14. Ion loss boundaries in phase space for R = 2. ( ) Eq. (34); 
( ) Eq. (35). 
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Fig. 5-15. Electron loss boundaries in phase space for R » 2. ( ) Eq. 
(34); < — ) Eq. (37); and ( ) Eq. (38). 
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take (<(>„ - $ )/(4lo - $-.) * 5/«- This value has the effect of raising 
<nt> by 5-10% relative to the case where the potential drop beyond the 
mirrors is neglected. 

The velocity-space source terms in our Fokker-Flanck model are 
schematically of the form 

Se(v,9) - J e 6(E - E e) , 

V».ef-jj, "««-"£> "«ie -e D) , ( 3 9 ) 

sT(v,e) - J T «(B - E T> 6(9 - e T) , 
Sa(v,6) - J a 6(E - E a) , 

where the subscripts (e, D, T, a) refer to electrons, deuterons, tritons 
and alpha particles. The speed variable, v, for species "a" is v * 
(2E /m ) , and 9 denotes the pitch angle of the particle velocity 
vector relative to the B field at the mid-plane of the system. For 
deuterons (and similarly for tritons) we specify as input the current per 
unit volume, J , the neutral beam injection energy, E , and the 
effective midplane injection angle, 9 . In most cases we assume that 
the injection speeds and angles for deuterium and tritium are the same, 
i.e., E « 3 Ej/2 and 8 - 9 . In the present case cc-particles 
are not adiabatically confined. We therefore set J » 0. 

To obtain the maximum Q, one needs equal densities for deuterium and 
tritium in the steady-state plasma. However, deuterium ions tend to escape 
faster than tritium ions because of their lower mass, so to obtain equal 
steady-state densities one must inject more deuterium current. Generally, we 
find that J ~ 2J_ is required. The actual magnitudes of J and J 
in our Fokker-Flanck calculations may be chosen rather arbitrarily since the 
value of Q in the square-well model depends only weakly on the actual 
steady-state plasma density through a logarithmic term in the Coulomb 
scattering term (3f/3t) . He find that J * 1 0 1 5 particles/ 
3 14 3 

cm /sec yields n » 10 particles/cm for most reactor-like cases. 
For the electron source term the current density is just the sua of the 

ion current densities, J « J • J , The electron source energy due to 
impact ionization of the injected neutral beams is negligible compared to the 
energy input from the neutral beams and alpha particles, so we simply choose 
some very low value for E , e.g., 0.01 keV. 
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Particle losses in our Fokker-Planck model are represented by simple 
finite-transit-time escape rates in the unconfined region of velocity space, 
i.e., for species "a" we have 

ft, (v,e> 
La(v,6) 

, unconfined (v,8) T((v,e) 
(40) 

0 , confined (v,6) 

where x« « L /v« is the transit time for a particle with parallel velocity 
v« - v cos 6 in a system where the distance from the mid-plane to the 
mirrors is L . since the ion transit time is several orders of magnitude m 
less than the ion-ion collision time, we effectively find that the velocity-
space distribution function is zero in the loss-cone region. 

Several quantities of interest are computed from the results for the 
distribution functions. These include the fusion reaction rate parameter 
defined by 

«Jv>p -/dv|dv'f D(v)f T(v') Iv-v'l a p <|v-v'|) , (41) 

and the number density and parallel and perpendicular pressures 
rn(B)' 

ipc.il r w I L [--u.]^ 
X f..<E,y,B) -^2{B-liB)>- . (42) 

Note that the distribution functions effectively vanish in the "loss cone," 
a fact not explicitly indicated in the limits of integration. The method by 
which the midplane distribution function in the Fokker-Planck code is 
converted to a function of the local B field is given in Ref. 5-15. At 
steady-state, we can compute the energy amplification factor from 

n„n».<(Jv> E„ r. D T P P 
Q ' < JD ED + W ' ( 4 3 ) 
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The mirror and firehose-mode stability criteria [Eqs. (18) and (19)] can 
also be checked from the solution with the aid of Eq. (42) for p.(B) and 
P ^ B ) . 

To make it possible to find the optimum combination of parameters, we 
need to calculate Q and 3 as function of injection energy, injection 
angle, and vacuum mirror ratio. We have simplified this task by using a 
single-species version of the code to find <nT> and 6 as a 

i,max t 1 5 

function of mirror ratio and injection angle at a single energy. ' These 
results, together with the scaling law of Eq. (16) enable the choice of an 
optimum combination of physics input parameters. The multispecies code is 
then used to obtain the final Q and 8, and other quantities of 

i,max 
interest. The values so computed for the hybrid reactor are collected in 
Table 5-1. 

The positive ion injectors used in the hybrid reactor accelerate D 
ions to 125 kev and T + ions to 187.5 keV. The energies of the three 
components and their percentage in the beams as well as the mean energies are 
listed in Table 5-1. The Fokker-Planck calculations are for the actual mirror 
ratio, taken as 4.15; the plasma B x is specified (as fJ .) to enable the 
computation of the vacuum mirror ratio R from the long-thin approximation 
feq. (15)1 . The actual P, from the mirror-mode limit is somewhat 

x ,max 
higher. It is necessary to maintain 8L somewhat below the mirror-mode limit 19 to ensure adiabaticity of the ion orbits. 

The computed mean species energies are somewhat different from the 
injection energies due to the energy exchange between species and because low 
energy particles vanish into the "loss cone." The effect of the latter is to 
raise the mean ion energy to 126 keV from its injected value of 110 keV. The 
computed midplane densities for deuterium and tritium are nearly equal; the Q 
value for exactly equal species densities would be slightly higher. The small 
correction can be computed from 

3s 
* [ V V / n ( 1 V J C1 - »D»o ) / h (M ' < 4 4 ) 

where the (B) refers to midplane values from the code. The number 
densities listed in Table 5-1 are those computed for the specified source 
strengths and not those actually expected in the machine. They must be 
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scaled to the actual magnetic field. The true midplane densities can be 
found from the code results with the expression 

BinB™ n< Bn> 
n . - i O _ s 2- . (45) 

Also listed in Table 5-1 are the mean energies of the escaping particles at 
the wall and the axial factors C l ' defined by Eq. (4). In computing 
the latter, the long-thin approximation was used with the model vacuum field 
given by 

~B~ = R~ + i1 ~ R~) ( e xP[- a< s' " U2}* exp[-a(s- - l) 2]}, (46) 
m v \ v/ 

where s' = s/L, and a is a parameter determined by fitting to the actual 
field along the center line. A value of 10 for a was found appropriate 
for the Yin-Xang coil set used in the hybrid reactor. 

The pi|(B) and p. (B) found from the distribution functions with the aid 
of Eq. (42) are shown in Figs. 5-16. Also plotted are the "optimal" 
pressure functions used for the equilibrium magnetic-field computations. He 
note the excellent agreement between the curves. The ratio Pj/Pn at the 
midplane is found to be 2.5, considerably above the value of 1 it would have 
if the distributions were Haxwellian. 

The vacuum field, as computed from Eq. (46), and the equilibrium field, 
obtained from the Fokker-Planck results with the aid of the long-thin 
approximation, are shown in Fig. 5-17. Also shown is the vacuum field 
computed with the aid of the MAFCO program. The agreement between the two 
vacuum fields is surprisingly good. The number density of ions is similarly 
plotted in Fig. 5-18. The distribution of electrostatic potential has 
already been given in Fig. 5-13. 

5.6 Radial Density Profiles 

As shown in the introduction, the fusion power output is strongly 
dependent on the radial density profile of the plasma. In a mirror device, 
the radial profile is determined, by a balance between source terms, due to 
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Table 5-1. Plasma parameter for the fusion-fission hybrid reactor as computed 
from the Hybrid II Fokker-Planck code. 

INPUT 
Injection angle, 6. 

deuterium (E , ) Injection energies 
Injection energies, tritium (E^ i n ) 
Deuterium source strength, J_ 
Tritium source strength, J 
Percentage full, 1/2, 1/3 energy in beams. 
Wall potential/mirror potential, 

Specified plasma 3JL* 6, 0 

Actual mirror ratio 

Mean species energies: 

Hidplane number densities3 

Maximum @, 8 i r max 
<nT> 
<av> 

Mirror potential, ej> - 6 
VI m 

Mall potential, <t>0 - 4 
Mean energy of escaping particles 

at wall: 

Axial factors 

65" 
125, 62.5, 41.7 (94 keV) 
187.5, 93.75, 62.5 (141 keV) 

15 -3 -1 2 x 10 cm -s 
15 -3 -1 1 x 10 x cm -s 

tms. 57,23,20% 

1.25 
0.706 
4.15 

OUTPUT 

% 113 keV 

** 139 keV 
E e 
"D 
"T 

13.6 keV E e 
"D 
"T 

1.15 x 1 0 1 4 cm - 3 

1.29 x 1 0 1 4 era"3 

D,w 
T,w 

Ee,w 
c<°> 

0.726 
13 -3 2 x 10 cm -s 

8.44 x 1 0 - 1 6 cm 3-s - 1 

0.673 
37.1 keV 
46.3 keV 

98.7 keV 
112.0 keV 
8.5 keV 

0.609 
0.398 
0.341 

These values must be corrected with the aid of Eq. (45) to the values 
permitted by the plasma B i and mirror field B . The actual densities are 
n_ » iv - 9 x 1 0 1 3 cm-3. m 
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Fig. 5-16(a,b). p^ and p« plotted vs B/Bfl; ( ) from Fokker-Planck 
computation; ( ) used in equilibrium code. 
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Fig. 5-17. B /B. from MWCO computer program { ) and from Eq. (46) 
with a - 10 ( ) vs a' - s/Lj B/B from Hybrid-II code with Eq. 
(46) and long-thin approximation [Eq. (12)] . 

Pig. 5-18. n(- IL + n.) vs s' = s/L from Hybrid-II code with vacuum 
B-field from EqT (467. 
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absorption of neutral beams, and loss terms, predominantly Coulomb 
collisions and losses due to rf fluctations, and, near the surface, charge 
exchange off cold neutral gas refluxing from the wall. In contrast to 
closed systems, radial diffusion of particles and energy has been found to 
play a minor role in shaping the radial profile. 

Enhanced losses due to rf fluctuations from the drift-cyclotron-loss-
20 cone (DCLC) instability have plagued mirror experiments for many years. 

This instability can be surpressed by weak enough radial density gradients 
coupled with finite plasma 8 or by the introduction of warm streaming 
plasma to partially fill the hole in the distribution function due to the 
loss cone. This latter technique has been used to dramatically improve 

21 22 confinement times in 2XIIB. ' However, confinement times are still far 
from the results of the Fokker-Planck code because the streaming plasma 
depresses the electron temperature resulting in very large electron drag on 
the ions. 

The short lifetimes cannot be tolerated in a reactor and it is 
necessary to suppress the DCLC mode by the other method, reduction of radial 
density gradients. It turns out that proper aiming of the neutral beams can 
cause the density profile to be nearly flat over the bulk of the plasma, 
thus eliminating the DCLC mode in this region. Near the edge of the plasma, 
where the density must drop to zero, the gradients will be large, and it is 
necessary to supply warm plasma to stabilize this mode. This boundary layer 
will lower the effective Q for the plasma since it is of lower energy and 
with reduced <nx>, so it is desirable to keep it as thin as possible. 
However, it is not possible to reduce it below about 3 gyroradii since the 
finite gyro-orbits coupled with charge-exchange at the surface cause 
effective radial diffusion to maintain this minimum thickness. 

Our model of the radial density variation includes a central region of 
uniform density n. and radius r with <nT>Q computed from the Fokker-
Planck equation. Surrounding this is the boundary layer of thickness 6r with 
<nt> B L governed by the stream-stabilized DCLC considerations. We will 
verify with a radial buildup code in subsequent paragraphs that this profile 
can be attained? for the moment let us focus on the boundary layer and its 
effects on Q. 
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To stabilize DCLC instabilities, the minimum warm (or unconfined) 
22 density n is given by 

nu " X n (R - l)E i ' ( 4 7 ) 

where n is the local density, ($. - * ) the ambipolar potential, E. 
the mean ion energy, R the mirror ratio, all at the midplane, and X a 
numerical factor about 1/2. He can relate the ambipolar potential to the 
electron temperature through the equation 

e(<t>„ - 4 ) - <n - 1)T , («) 
u m e 

wher'j n ~ 4. The current density of the warm streaming plasma is found from 

i « e L n \>,_ , (49) 
Jst p u t ' 

where L is the plasma length, and v~ is the transit time for the 
unconfined stream ions and given by 

fc L
P L «i 

A l l 1 / 2 

p I- -i J 
(50) 

Alpha is a factor equal to about 1/2. From Eqs. (47) through (50) we find 

X(tl - 1) T 
n „ " n IP - ifr; (51) "u " (R - 1)E. 

and 
3/2 

^ S t - - - 0 - 1 2 f ^ ^ ^ 
IK - 1JM. 1 

for T and I. in keV and n in cm . With the suggested values for a, X, 
and n and measurements of n (peak), T and I., this expression yields a value 
of j slightly higher than inferred from endloss measurements on 2XIIB. The 
discrepancy is probably due to a somewhat longer transit time than predicted by 
Eq. (50) with a « 1/2. 

To obtain the electron temperature, we apply the electron energy equation to 
the steady state, noting that T e « Bt and the current of warm plasma is much 
greater than the current of lost hot ions, 
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E p 
23 

with the ion-electron energy transfer term given by 
9.9 x 1 0 1 2 M. T 3 / 2 

n T E ' ftnA ' ( 5 4 ) 

To apply these relations to the boundary layer, we take constant average 
values for E. and •" and let n in the midplane vary linearly from the core 
value n. at r • r to 0 at r + fir. Integrating Eq. (52) across the 
boundary layer, we obtain 

3/2 

(R - 1JM. 1 

Note that this is the minimum current for stabilizing the midplane plasma; 
at axial locations other than the midplane, the minimum current is less. 

We must also average Eq. (S3) over radius and over the length of the 
flux tube. With the aid of Eq. (52) we find an expression for T , 

Jc™ (R-l) AnA 
III aX (n - l)3/2i^f 

T > 6.83 10 6 . 
1/4 

( L p n o B i ) V 4 ' ( 5 6 ) 

(2) C„ T, as defined by Eq. (4), is the value for the boundary layer, and is 
Oil 
less than the value in the core because of the narrower, drag-dominated 
distribution function in DCLC-dominated regions. 

Equations (55) and (56) give I and T in terms of known 
quantities and the mean ion energy in the boundary region. In 2XIIB, where 
the mean beam energy is about 16 keV, charge-exchange plays a dominant role 
in determining the mean plasma energy which turns out to be 10 to 14 keV. 
At the much higher injection energy for reactors, charge-exchange is much 
less important and it is to be expected that electron drag will be 
dominant. We can therefore use the ion energy equation in the form 

" \ " 2 ( E I N - EOUT» 
IIT_ <nt> ' t 5 7> 
E 

12S 



where <nx> is the confinement time, and the energy at which ions are lost 
is EQ^, «= e<ti/(R - 1) « Ej,,. Thus 

2 i " < S ? EIN • ( 5 8 > 

An individual ion injected at energy E I N must drag down to E Q l _ before 
it is lost. Assuming this process linear in E. we find 

<nT> 
EOOT " " TE 
^ - e * (59) 

and 

<nt> 
n T M m - n * I- «*> 

Thus we find 

n» - I ) E IN1 
|_(n - i)T e J 

V £ ,.P R- 1 ) EIN1 (61) 
E i L<1 - 1 » T

e J * 
The reduced confinement time in the boundary layer causes a reduction 

in the effective Q for the plasma. He find 

Q 0 , uT ( 6 2 ) 

2<nT>„ 6r C2?' 1 + 1 _ BL 3<nx>„r r C* 2 ) 

BL p 0 

Equations (58) through (62) suffice to determine quantities of interest 
for the boundary layer. We take the following values for the parameters: 

a. « X » 1/2, Tl « 4, R » 2, 

tnA - 15, CJ£ ' 0.25, C^ 2 ) - 0.34, 

L - 1300 cm, r - 250, n Q « 9 x 1 0 1 3 cm"3, 

E r a - 125 keV, M i « 2.5, <nT>Q - 2 X 1 0 1 3 cm"3-s 
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and 6r « 3a. - 0.9/E7 (based on B ); 
and find 

Te * 600 eV, 
Ei * 29.5 keV, 
Sr * 4.9 cm. 

J
St * 18 kA 
«"• - 7.7 x 1 0 1 1 cm — s, 

< n T > B I , - ).2 x 1 0 1 2 cm -s, 

Q • 0.94 Q 0. 

The streaming plasma could be supplied via axial stream guns, as in 2XIIB. 
For an acceleration voltage of 1 keV, this requires an additional power of 
18 HH which must be supplied to the plasma, thus decreasing the effective Q 
somewhat more. An alternative technique is to furnish at least part of n 
by bleeding in cold molecules. When these are incident on the surface, they 
will be ionized or will charge-exchange with the hot plasma and create a 
warm plasma which streams out the ends of the reactor on the surface. If 
the hot ion energy at the surface is high enough, the majority of the 
collisions will be ionizing, an-3 no great loss of confined plasma will occur. 

To complete the study of the radial profiles, we need to show that the 
neutral beams can be aimed so as to obtain a constant density in the central 
region of the plasma. In addition, we must specify the total beam currents 
and programming of current with time to obtain a plasma buildup. The chief 

24 tool for this study is a code which computes radial variation of the 
guiding center density of the plasma as a function of time. The equation 
for the guiding center density N(r,t) can be written as 

§ • sb - L c " h » <63> 

where S., L , and L„ are, respectively, the rates of increase of guiding 
center density due to beam absorption, loss due to scattering into the loss 
cone via Coulomb collisions and rf fluctuations and loss due to charge-exchange 
with neutral atoms and molecules refluxing from the walls. The number density 
n(r,t) is related to H(r,t) through the equation 
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n(r.t) - f j [8(r' - |r - a. |) - 6(r' - r - a.)]N(r',t) r'dr' 1 l — . (64) j [ r 2 . ( r . . a i ) 2 ] [ ( r . + a i ) 2 . r 2 ] j 1/2 

where 0(x - x.) is the Heaviside function. Equations (63) and (64) are 
solved under the assumption of constant ion and electron energies. In 
accord with the boundary layer model, the particle confinement times are 
different in the core and in the outer region of the plasma. The boundary 
layer region is assigned a thickness of Sr » 3a., its inner edge at r 
being obtained as part of the solution for H(r,t). 

A certain amount of control over the radial profile is available 
through proper aiming of the beams. This can be illustrated by reference to 
Fig. 5-19. A beam atom can be ionized or charge-exchanged at T. Depending 
on the direction of the magnetic field, the guiding center is deposited 
outward or inward from T. Figure 5-19 illustrates an outward displacement. 
If the beam atom undergoes charge-exchange at T, then the net effect is an 
outward displacement of the guiding center from A to B. This displacement 
effect is properly accounted for in the code. 

To compute the term Sb(r,t) of Eq. (63), it is necessary to co.iipute 
the attenuation of the incident neutral beam as well as the contributions of 
charge-exchanged ions through retrapping. The neutral beam attenuates 
exponentially along its path in the plasma through ionization and charge-
exchange. The plasma ions which charge-exchange with beam atoms are 
approximated as charge-exchange beams traveling either in the same or 
opposite direction as the injected beams. Reionization or charge-exchange 
of these beams is included. 

Solution of Eq. (63) as a function of time allows the entire start-up 
process to be followed. Initially, there must be a plasma target for the 
neutral beams. As in the experiments in 2XIIB, this is assumed to be 
generated by plasma guns aimed along the axis of the reactor so as to form a 
circular plasma of radius 2.5 m at the midplane. The stream density is 

13 -3 taken as 3 x 10 cm and the duration as 1 s. The aiming of the 
neutral beams, and their equivalent currents as a function of time must meet 
two requirements: the density profile should be nearly flat out to r « 2.5 

13 —3 • at steady state with n * 9 x 10 cm , and the uhabsorbed beam 
9 incident on the wall should not deposit more than about 100 W/cra , the 
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Fig. 5-19. Schematic of guiding-center displacement due to beam trapping — 
T: location of ionization or charge exchange event. Ionization deposits 
guiding center at B. Charge-exchange moves guiding center from A to B. 
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limit with reasonable wall cooling. It is therefore necessary to estimate 
the proper beam positioning and currents as a function of time, carry out 
the computations of N(r,t) to the steady state, and iterate on the position 
and currents until the desired results are obtained. He have performed 
several such iterations, but have by no means arrived at a final optimum 
choice. 

The aiming of the neutral beams has been discussed earlier. We recall 
that the placement of some beams in the fan region is necessary to allow 
beam absorption to occur primarily near the axis of the plasma. The beam 
currents are shown as a function of time in Fig. 5-20. Beam 1 is placed in 
the fan and aimed to cover a 1-m-wide area at the center of the plasma. 
Beams 2 and 3 are placed in the center and aimed to cover radii from 0.5 to 
1.5 m. They are aimed to accomplish an outward displacement of guiding 
centers as illustrated in Fig. 5-19. Reference to Fig. 5-20 shows that the 
beams are brought to full current at varying rates to limit the rate of 
energy deposition in the wall. It should be noted that no beams are 
directly aimed to pass tangentially through the outer portion, r » 1.5 to 
2.5 m, of the plasma. Absorption of the beams aimed at the central regions 
in these outer zones proved to be adequate to support the losses. 

Only during the initial stages of startup is there appreciable 
penetrating beam. The penetrating beam is shown vs time for the tiz~* 0.5 s 
in Fig. 5-21. The peak current of 50 A (equivalent) in the fan, concsponds 

2 to a peak wall-heat load of approximately 100 W/cm , just at the tolerable 
limit. This load drops to half the peak value by 0.1 s. The load at the 

2 center is only about 30 W/cra . 
The evolution of the radial density profiles over the first 0.5 s is 

shown at 0.1 s intervals in Fig. 5-22. He note that the profile is quite 
flat, even at 0.1 s, with some tendency to peak near the boundary, in spite 
of the fact that no beams are specifically aimed in the region r • 1.5 to 
2.5 • of the plasma. The plasma profile after startup is shown in Fig. 5-23 
and shows the large central region of n % 10 cm"3. The deviations 
from uniformity in the central region are due to the representation of a 
large number of beam modules by these beams. Peaking near the edge of the 
plasma is because all beams must pass through this region. The peaking 
could be reduced by positioning more of the beams in the fan region. 
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Fig. 5-20. Injected beam (equivalent) currents as a function of time during 
startup. 1 : r • 0 - 0.5 m in fan; 2 : r - 0.5 - 1.0 in midplane; 3 : r » 
1.0 - 1.5 in midplane. 
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Fig. 5-21. Unabsorbed beam (equivalent) currents as a function of tine. 
Saae notation as Fig. 5-20. 
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Fig. 5-22. Radial density profiles at 0.1, 0.2, 0.3, 0.4, and 0.5 s. 
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Fig. S-23. Radial density profile at the end of start-up phase (t > 1.5 s). 
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Another quantity of interest in connection with startup is the 
charge-exchange off the incident beams. This is shown in Fig. 5-24(a,b). 
Prominent in Fig. 5-24(b) is the jump in losses when the target streaming 

13 -3 plasma is terminated. The target plasma density of 3 x 10 cm 
contributes appreciably to the attenuation of both the incident and 
charge-exchange beams. 

The results of this chapter show that the density profiles can be made 
flat by proper aiming of the neutral beams, thus confining the DCLC 
instability to a thin boundary layer. 

S.7 Discussion 

In the previous chapters we have described how several tools are used 
to predict the behavior of a mirror reactor. Most of the parameters of the 
reactor have been collected in Table 5-1. We discuss here two additional 
effects that could be of importance and that will come under study in the 
next large mirror experiments in MPTP. 

An instability that might limit the axial length of a mirror machine is 
20 the convective loss-cone mode of Rosenbluth and Post. The presence of 

this mode could lead to enhanced velocity-space diffusion of ions. 
25 Estimates indicate this mode could limit the length of a mirror reactor 

to -100 a. to prevent excess wave amplification. However, the convective 
mode has never been fully identified in mirror machines. If the mode is to 
be a problem in mirror reactors, it should be apparent in HFTF. 

Another instability, the Alfven Ion Cyclotron (AIC) mode, has recently 
26 come under close scrutiny. It is an electromagnetic mode that arises as 

a result of anisotropy in the distribution function or pressures, in 
contrast to the loss-cone modes that are electrostatic and arise because of 
the absence of low energy ions in the distribution function. Thus, the AIC 
instability cannot be suppressed by a stabilization stream, but could be 
eliminated, if it were a problem, by reducing the anisotropy of the 
pressures. Such a reduction is equivalent to reducing the permitted S , 
thus reducing the fusion power for a given magnetic field. 
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It is not yet clear that AIC instabilities will be of concern for 
reactor designs. They have not been observed in 2XIIB, perhaps because of 
the small L /a.. Again, HTTP will permit this mode to be studied, if it 
is found to be present. 
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6 FUSION COMPONENTS 

6.1 Magnet Design 

The mirror plasma requires a minimum-B field configuration. In the 
present reactor design, this field is generated with the Yin-Yang conductor 
geometry. The magnet is superconducting with an NbTi superconductor and 
copper stabilizer and is designed to a maximum field at the conductor of 
8.5 T. The maximum current density in the bundle cross section is approxi-

2 2 
mately 1 kA/cm ; in the superconducting filaments it is 100 A/mm . The 
conductor cross section is sized to insure operation in the cryostatically 
stable regime. 

The central field is 2.63 T, and the mirror field is 5.95 T, resulting 
in a vacuum mirror ratio of 2.26 and a coil efficiency (ratio of mirror 
field to maximum conductor field) of 0.70. The coil is approximately 22 m 
in diameter, and the distance between mirror points is 13 m. Analysis of 
the field with a three-dimensional MHD equilibrium code predicts a maximum 
plasma radius of 2.5 m. 

The reactor design required that the field at one mirror be 5% greater 
than the field at the other mirror, so as to create a selective leakage sit
uation where the majority of the plasma leakage occurs through the weak mir
ror. This perturbation of the symmetric coil was not included in the magnet 
design. 
6.1.1 Magnet Desiga Considerations 

The main design constraints on the conductor bundle of a superconduct
ing magnet are stability and protection. Stability refers to the situa
tion where the superconductor temporarily reverts to a normal (nonsupercon-
ducting) state, and the current jumps into the copper, causing joule heat
ing. To maintain stability, the heat flux from the surface of the copper 
conductor must be lower than the value that will cause nucleate boiling of 
the liquid helium coolant. Boiling the helium will result in a comparative
ly low heat-transfer rate and will heat the conductor above its critical 
temperature. Protection deals with loss of conductor cooling due to, for 
example, blockage of a coolant channel. In this condition, the copper will 
heat up and cause the magnet to quench. The design of the magnet circuitry 
must be such that the current can be dropped to zero before the windings are 
damaged by excessive temperature. In the following discussion, we focus on 
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stability design considerations. Magnet protection is discussed in Section 
6.1.6. 
6.1.2 Conductor Design 

As a representative conductor design, we use the conductor (Fig. 6-1) 
proposed for the MX magnet ; it consists of three bars of stabilizing cop
per adjacent to a bar of copper containing the NbTi superconducting fila
ments. A cross section of the conductor with its associated turn-to-turn 
insulation, and its defining dimensions are shown in Fig. 6-2. 

For cryostatic stability, the heat flux occurring when the current flows 
« in the copper must be less than the critical heat flux q" for the onset of 

nucleate boiling. This may be expressed as 

2 where I R/L is the joule heating in the copper per unit length and S/L is 
the heat transfer area per unit length. Now using the relations 

2 2 
I * 4w j„ , R/L « p/4w , and S/L = (4)(4w) f , where w is defined in 
Fig. 6-2, j is the current density in the copper, p is electrical 
resistivity, and f is the fraction of the total surface that is available 
for heat transfer. With these, Eq. (1) is written as 

p w j C u • 
" i F - < q c . (2) 

The current density j denotes abnormal operation, i.e., when the super
conductor has gone normal, and the current has jumped into the copper. To 
relate j_ to the design operating condition (where the current flows in 
the superconductor), we have the relation 

j b " jsc fsc * jCu £Cu ' ( 3 ) 

where j. is the bundle current density (that is, the current carried by the 
2 conductor divided by the total cross section I/h ), j is the current sc 

density when the current is carried by the NbTi, and f and f are the 
area fractions of superconductor and copper, respectively. Because 
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Fig. 6-1. Conductoc design proposed for HX magnet. 
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Fig. 6-2. Conductor cross section. 
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f»c * ̂ u * *Ba * f i - 1 ' (4) 

where f„ and f. are the area fractions for the helium coolant and insula
tion, respectively, we obtain the relation 

fHe - V jsc 
(5) 

Typically, f. = 0.1 and f H e = 0.3. 
Our next step is to select a current density for the superconductor. 

Here we refer to Fig. 6-3, which shows the critical current density in fila-
2 mentary NbTi as a function of temperature and magnetic induction. 

Large, complex superconducting magnets like those required for the pres
ent reactor design will use forced convection cooling, and, thus, the liquid 
helium coolant will experience a pressure drop during its passage through the 
magnet. If we require the outlet pressure from the magnet to be 1 atm, the 
inlet pressure will be above 1 atm, and the inlet temperature will be greater 
than 4.2 K. A design value for the helium coolant temperature of 4.5-5.0 K 

3 has been recommended. Therefore, from Fig. 6-3 we select 

B - 8.5 T, 
j « 100 A/mm , 

where B is the maximum field occurring in the magnet windings. 
The conduction winding design described in Sec. 6.1.3 resulted in a max-

2 imum bundle current density of j f a » 1057 A/cm . Using Eq. (5) yields the 
values 

^Cu 
m 2138 A / c m 2 , 

f s c - 0 . 1 0 6 , 

f Cu - 0 .494 . 

The heat flux at the surface of the copper, when current is flowing in 
it, is 

.„ P w*Cu 
* " -jf— • (6) 

q 
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Using w = 0.6 cm (Fig. 6-1), p = 3 x 10 fl-cm at 8 T and 4 K for unirradi
ated copper4 (Fig. 6-4), and f = 0.5 gives a heat flux of q" = 0.0412 W/cm . 

^ 2 7 
Because the critical heat flux is q" - 0.1-0.2 W/cm , we conclude that 
the conductor design is cryostatically stable. As the resistivity of the cop
per increases by only a factor of about 10 at a (comparatively high) neutron 

in 2 4 
fluence of 10 n/cm , adequate neutron shielding can insure the cryo-
stability of the winding throughout the reactor lifetime. 

Parameters for the conductor design are summarized in Table 6-1. 
6.1.3 Winding Configuration and Fields 

5 
The winding geometry is based on the Yin-Yang design, which produces a 

minimum-B magnetic well. Perspective views of the magnet windings are shown in 

Table 6-1. Conductor parameters. 

Superconductor 
Stabilizer 
Material volume fractions 

NbTi 
Cu 
LHe 
Insulator 
Cu/superconductor ratio 

Superconductor environment 
Maximum field 
Coolant temperature 

Currents (maximum) 
NbTi current density 
Cu current density 
Bundle current density 
Current per turn 

2 
I R loss in Cu 
Heat-transfer rate 
Dimension (Fig. 6-2} 

width 
height 

NbTi 
OFHC Cu 

0.106 
0.494 
0.3 
0.1 
4.62/1 

8.5 T 
4.5 - 5.0 K 

100 A/mm 2 

2138 A/cm 2 

1057 A/cm 2 

1.69 kA 
0.20 W/cm 
0.041 W/cm 2 

0.6 cm 
1.265 en 
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Fig. 6-5, and the winding dimensions are shown in Fig. 6-6. Some modifica
tions to the basic Yin-Yang configuration have been made to accommodate reac
tor design constraints. The conductor bundle has been split into an inner or 
"mirror" coil and an outer or "main" coil. This split bundle moves the mirror 
point very near the inside diameter of the coil, which results in high frac
tional blanket coverage. The mirror coil has also been "spread" in the turn
around (minor arc) to ameliorate field concentration in this region. The main 
arc of the coil sweeps through a 75 deg half-angle, as compared to the 90 deg 
half-angle in the basic Yin-Yang design; this was done to permit better access 
to the plasma region for the neutral-beam injectors. 

Magnetic-field calculations were performed with the EFFI code, which 
models the current-carrying conductor as finite-size elements with a uniform 
current density and permits calculation of the field inside the conductor bun
dle. The coordinate system for the coil is shown in Fig. 6-7. 

The coil has an outside diameter of 22.4 m. The major arc of the mirror 
coil has a cross section of 1 x 1 m and a bundle current density of 

2 1057 A/cm of the midpoint of the arc. The mirror coil expands to 1 x 1.75 m 
cross section in the minor arc or turnaround. The main coil has a constant 

2 
cross section of 3.7 x 1.55 m with a bundle current density of 673 A/cm . 
These rather low current densities resulted from using large bundle cross 
sections to obtain a high coil efficiency n , where 

field at the mirror point 
^c * maximum field at the conductor ' ' ' 

In the present design, a value of n c , 5.95/8.49 = 0.701 was achieved. 
Mod-B contours at the midpoint of the major arcs of the conductor bundles 

are shown in Figs. 6-8 and 6-9. The contours have been limited to the regions 
of maximum field concentration. For reference, the locations of the bundle 
cross sections used in Figs. 6-8 through 6-11 are indicated in Fig. 6-7. In 
Figs. 6-10 and 6-11, the mod-B contours at the midpoint of the minor arcs of 
the mirror and main coils are shown. The maximum field at the midpoint of 
the major arcs of the two coils increases from 7.79 T and 6.66 T {mirror and 
main coil, respectively) to a uniform value of 8.49 T at the minor arc mid
points. The smaller increase in the field in the mirror coil was achieved by 
spreading the windings in the minor arc. 

A summary of the winding parameters appears in Table 6-2. 
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Fig. 6-5. Magnetic windings. 
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Fig. 6-6. Magnetic winding dimensions. 
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Fig. 6-7. Magnetic coordinate system and field plot locations. 
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Table 6-2. Magnet winding parameters. 

Mirror 
co i l 

Main 
c o i l 

Major arc radius, ra 
Minor arc radius, m 

b c Bundle width, ' m 
Bundle height, m 

2 Maximum bundle current density. A/cm 
Amp-turns/coil 
Current per turn, A 
No. of turns/coil 

d Length/turn, m 
Amp-meters/coil 
Maximum f i e lds , T: 

midpoint of major arc 
midpoint of minor arc 

Total conductor length/co i l , km 
Bundle volume/coil, m 
Bundle mass/coil , tonne 
Coolant volume/coil, l i t r e s 

6.25 
1.65 
1.00 (1.75) 
1.00 
1057 
1.06 x 10 7 

1691 
6254 
43.1 
4.55 x 10 8 

7.79 
8.49 
270 
64.5 
220 
19.4 x 10 3 

9.38 
3.15 
3.70 
1.55 
673 
3.46 X 10 
1076 
35844 
68.9 
2.39 X 10 

6.66 
8.49 
2470 
395 
1990 
119 x 10 3 

At center of bundle cross sect ion. 
Dimension parallel to z axis at midpoint of major arc. 
Width of the mirror co i l expands from 1.0 m at midpoint of major arc to 

1.75 ra in the minor arc. 
itefers to each one half of the co i l se t , i . e . , complete magnet set requires 

two mirror and two main c o i l s . 

6.1.4 Confinement Field 
The magnet produces a central field of 2.63 T and a mirror field of 

5.95 T for an axial (vacuum-field) mirror ratio of R =2.26. The mirror 
point is located 6.5 m from the center for a mirror-to-mirror length of 
13.0 m. The field intensity along the z-axis is plotted in Pig. 6-12 (sym
metric about the x-y plane). 

Mod-B contours and fields lines in the x-z plane are shown in Fig. 6-13, 
and mod-B contours in ths r-z plane rotated 45 deg from the x-z plane are 
shown in Fig. 6-14. (Both of these plots are symmetric about the z axis.) In 
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Fig. 6-12. Field intensity along the z axis (syiwetric about the x-y plane). 
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Fig. 6-13. Confinement f ie ld mod-B contours and f ie ld l i nes in the x-y p lane . 

F ig . 6-14. Confinement f i e ld mod-B contours in an r -z plane (rotated 45 deg 
from the x-z p lane) . 
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the x-z plane, mod-B contours are closed out to a field of 2.72 T, giving a 
radial mirror ratio of R - 2.72/2.63 » 1.034. The field lines are labeled 
by their radius at the midplane (z * 0) IC_. In x-z plane, field lines lie 
entirely in this plane. The field along two of the field lines (R^ » 0, 
2.5 in) are shewn in Fig. 6-15. In the 45-deg plane (Fig. 6-14), the mod-B 
contours are closed to a field of 2.8 T, greater than in the x-z plane. Here, 
field lines are not shown because none lie entirely in the plane. 

The outermost field line in the x-z plane that passes through the region 
of closed mod-B contours corresponds to a radius of 2.5 to 3.0 m. An empiri
cal condition in the determination of plasma volume is that plasma can be 
stably confined on field lines that pass through the region of closed mod-B 
contours. Analytically, the condition for stable confinement is that Jdl/B 
along the field line (where the limits of integration are taken from one mir
ror point to the other) decreases as R ^ increases. These integrals are 
plotted in Fig. 6-16 for the field lines in the x-z plane. It can be seen 
that /dl/B decreases out to R^. - 2.5 m, implying stability for these 
field lines. The analysis using a three-dimensional, finite-3 MHD stability 
code (See Sec. S.4) also predicted a maximum plasma radius of 2.5 m. The 
plasma radius (in the midplane, z = 0) is related to the vacuum field line 
that forms the radial plasma boundary by the relation 

Rp,. = R p (1 - 3 ) 1 / 4 , (8) 

where R is the plasma radius. Using R * 2.5 m and S = 0.7, we obtain 
Rpj. = 1.85 m. The field envelope for the plasma in the x-z plane is plot
ted in Fig. 6-17. The plasma volume can be calculated from 

2 o V - 1TR L G (9) p p p W 

where L is the plasma length (mirror-to-mirror distance) and G is a 
P 5 

volumetric shape factor, equal to -0.55 for a plasma mirror ratio of 4.15, 
giving a plasma volume of 140 m . Confinement field parameters are listed 
in Table 6-3. 

The mod-B contours outside the magnet are plotted in Fig. 6-18. The 
field along the z axis is shown in Fig. 6-19 and decreases to a value of 
0.01 i at a distance of about 60 m from the center of the magnet. For re
gions outside those shown in Fig. 6-18, the far field may be approximated by 
the dipole field expressions 
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Fig. 6-15. Field intensity on field lines in the x-z plane. 

Fig. 6-16. Stability integral for field lines in the x-z plane. 
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Fig. 6-17. Field envelope for 2.S m plasma. (Field intensities are vacuum 
values.) 
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Fig. 6-18. Mod-B contours outside the magnet. 
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Pig. 6-19. Field intensity along the z axis showing far-field region. 
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Table 6-3. Confinement field parameters. 

Central field 2.63 T 
Mirror field (on axis) 5.95 T 
Axial mirror ratio 2.26 
Radial mirror ratio 1.03 
Radius of plasma boundary at midplane: 

Vacuum 1.85 m 
Plasma 2.50 m 

Mirror-to-mirror distance 13.0 m 
Plasma volume (R • 2.5 m) 140 m 

E 
3 

0 2m . 
Br " 4? * ~3 C O s 9 ' ( 1 0 a ) 

0 m . _ 
B 6 " 4lF X ~3 S l n 6 ' ( 1 0 b ) 

r 
Bj, " 0 • (10c) 

Here, spherical coordinates have been used; m is the magnetic moment, and 9 
is the angle relative to the z axis. 
6.1.5 Coil Forces and Magnet Structure 

The magnetic forces on the conductor bundles were also calculated with 
the EFFI code. The coordinate system used to express the coil force dis
tribution is shown in Fig. 6-20. The forces have two components 
perpendicular to the two faces of the bundle cross section (perpendicular to 
the current vector), and the torque about the axis of the arc is defined as 
positive in the direction of the current flow. The angular location a of 
the forces is measured from the transition point, i.e, where the major and 
minor arcs meet; a is greater than zero in the major arc and less than zero 
in the minor arc. 

The force distribution on the conductor bundles is shown in Fig. 6-21, 
where the quantity plotted is "coil case pressure" (the force per unit length 
divided by the bundle cross-sectional dimension perpendicular to the force). 
It is the average pressure transmitted to the coil case by the conductor. 
The torques on the bundles are plotted in Fig. 6-22. The net force on the 
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Fig. 6-20. Coordinate system for magnet force distribution. 
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Fig. 6-21. Force distribution on conductor bundles. 
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Table 6-4. Magnet parameters. 

Net force on 1/4 of bundle located 
in positiive quadrant, MN 

(i) Mirror bundle 
7 421.0 
F y 20.5 
F 68.5 
z 

(ii) Main bundle 
F 1071.7 
x 

F y 36.6 
P -128.5 
z 

Net force between magnet pair 
(attractive), MN 239.6 

Mass per 1/2 of magnet set, tonnes 
Coil case 750 
Conductor 2210 
Total 2960 

Surface area per 1/2 of magnet 
set, m 2 -1500 

conductor bundles is found by integrating over the distribution. The net 
forces for the 1/4 of each bundle (-90 deg £ a £ 75 deg) located in the 
positive quadrant (x > 0, y > 0, z > 0) are listed in Table 6-4. 

The magnet is constructed by enclosing the two bundles (mirror and main) 
in the positive-z region in one coil case and the two bundles in the nega-
tive-z region in another. The magnet thus consists of two halves. Prom 
Table 6-4, the (attractive) force between the two halves is 240 MN, which is 
reacted by the PCRV through load-bearing thermal insulation (see Sec. 8.1). 
Note that the gravitational force on each half of the coil, ~29 MN (see Table 
6-4), is small compared to the attractive force. The attractive force is 
transmitted to the PCRV in the region of the minor arcs, requiring the load-
bearing insulation to sustain an average stress of about 50 psi. 

The coil case is a stainless steel structure that is designed to react 
the torques and the "C-opening" forces (P in Table 6-4). The normal 
forces are reacted by tension structure in the region outside the plasma 
fan. In the region of the plasma fan, the normal forces are transmitted by 
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the coil case to the PCRV via load-bearing thermal insulation. These two re
gions for reacting the normal forces are shown in Fig. 6-23. This approach 
to the coil case design has been recommended by Bechtel Corporation in a pre-

Q 

vious mirror reactor study. 
A view of the coil case in the plasma fan region is shown in Fig. 6-24. 

The conductor bundles are framed with a box structure constructed of plates 
and groups of four gusset plates are located at regular intervals. The load-
bearing thermal insulation is shown in position on the outside faces of the 
main coil and transmits the normal forces to the PCRV, The normal force on 
the mirror coils is transmitted through the coil case to the insulation, re
quiring the loading-bearing insulation to sustain a pressure of about 3800 
psi. The coil case outside the plasma fan is shown j I Fig. 6-25. Here, the 
load-bearing insulation has been replaced by tension structure between the 
bundles, the plates labeled A and 6 in the figure. 

In the present design, a structural analysis of the coil case was not 
performed. Rather, the mass of the case was scaled from the previous 

Q 

design. This scaling resulted in a mass per coil case of about 750 t. 
The magnet parameters are summarized in Ta' le 6-4. 

6.1.6 Circuit Design 
We consider the simplified magnet circuit shown in Fig. 6-26. Here, L 

is the coil inductance, I Q is the steady state current per turn, R^ is 
the load resistance used to dissipate the magnet energy during deenergizing 
of the magnet, and Rfi is the operating resistance of the circuit 
(Rs « R^). When a fault is detected in t.ie magnet, the power supply 
is switched out and the load resistance in, resulting in the current 

I = I 0 e - t / T . ,11) 

(12) 

Here, t is time, and T is the circuit time constant. 

The voltage developed across the magnet is 

which has a maximum value at t = 0 of 

v o ' — • <"> 
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?ig. 6-23. Regions of tension structure for the magnet co i l case. 
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Fig. 6-24. Coil case in the region of the plasma fan. 
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Fig. 6-25. Coil case for the major arcs in the region outside the plasma fan. 
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Fig. 6-26. Simplified magnet c i rcu i t . 
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The two major design constraints on the circuity are: 
• V < 1000 V, to avoid arcing in the coil windings, 
• : is small enough to keep the windings from being damaged by ex

cessive temperature. 
To develop a quantitative criteria for T, we consider adiabatic heat

ing of the copper when the coil has gone normal, and current is flowing in 
the copper. A heat balance on the copper yields 

^ 1 - 0 4 - < l 5 > 
where T is v»mperature, p is mass density, 8 , is specific heat, p 
is electrical resistivity, and j_ is the current density in the copper. 
The current density is 

jCu ' jCu,0 e _ t A ' ( 1 6 ) 

so that Eg. (IS) can be written as 
dT .2 -2t/T ~ „ ,,,. 
at - "cu.o e p c

P - ° • <17> 
Because p = p(T) and c = c (T), the solution must be obtained nu
merically. By specifying a maximum final value for T, we can determine a 
maximum value of the time constant T. Assuming the ratio p/c is ap
proximately constant with temperature, the scaling is 

. 2 T p j C u , 0 

where AT is the temperature change in the copper. Selecting AT = 300 K, 
2 using j„ . = 2100 A/cm for the mirror winding (Table 6-1), and scal-uu,u 

ing from the MX coil design gives a time constant of T - 750 s. Using 
the same circuit time constant for the main conductor bundle will result in a 
lower conductor temperature rise (AT - 120 K). 

The stored energy in the coil is given by the volume integral 

2 } \ ' A dV , (19) 

where ]. is the bundle current-density vector and A is the vector potential 
* * • 
(B » V x A ) . Thus, for coils of similar geometry, the stored energy will 
scale as 
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B J c (20) 

where B is the maximum field at the conductor, and J is the number of 
c i 

amp-meters. Using the MX coil as a reference, we obtain 860 HJ for each 
mirror winding and 4500 HJ for each main winding. 

The stored energy in the coil can also be expressed as 

" m - I 1 ^ • < 2 1 ) 

where I. is the current per turn and L the inductance. With I. '1.69 kA 
for the mirror bundle and I. - 1.08 kA in the main bundle, inductances are 
602 and 7790 H, respectively, for the two windings. Evaluating Eq. (14) with 
V. « 10 3 V and t - 750 s restricts the inductance to 444 and 694 H per 
circuit in the mirror and main windings, respectively. Thus, to stay within 
the voltage constraint, each mirror bundle requires two circuits and each 
main coil 12 circuits. 

The circuit parameters are summarized in Table 6-5. 
6.1.7 Mafnet Heat Loads 

The thermal energy deposited in the cryogenic magnet is primarily from 
four sources: 

• Neutron heating. 
•* Thermal heat transfer through the surface of the coil case (heat 

leak). 
Table 6-5. Circuit parameters. 

Each 
mirror 
winding 

Each 
main 
winding 

Stored energy, HJ 
Total for magnet, 1.07 x 10 

Inductance, H 
Number of circuits 
Discharge time constant, s 
Conductor temperature rise, K 
Maximum discharge voltage, V 
Load resistance, ft 
Inductance per circuit, H 
Stored energy per circuit, MJ 
Current per circuit, kA 

860 

602 
2 
750 
300 
680 
0.40 
301 
430 
1.69 

4500 

7790 
12 
750 
120 
935 
0.86 
649 
375 
1.08 
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Table 6-6. Magnet heat loads, kW. 

Neutron heating 9.6 
Heak leak 2.4 
Lead losses 0.08 
Superconducting joints 0.07 
Total 12.2 

• Lead losses. 
• Joule heating in the conductor joints. 

The values for these individual heat loads are listed in Table 6-6, giving a 
total of 12.2 kW deposited in the magnet. 

The heat load is dominated by neutron heating and the value of 9.6 kW is 
based on a fusion power of 402 MH. For evaluation of this heat load, the 
reader is referred to the shielding discussion in Sec. 7.2. 

The heat leak was calculated by assuming a heat flux through the coil 
2 5 

surface of 0.8 W/m and a total surface area for the coil of 3000 m 
(Table 6-4). 

The lead losses were calculated by assuming a pair of leads will 
dissipate 2.5 W/kA. As the coil has four sets of leads at 1.69 kA and 24 
pairs at 1.08 kA (Table 6-5), the heat load is 0.08 kW. 

Losses in the joints of the superconductor were calculated assuming 
3 —fl 9 

10 m between joints and a joint resistance of 10 JJ. From Table 
6-2, each mirror coil thus contains 270 joints and each main coil, 2470 
joints. At currents of 1.69 kA/turn in the mirror windings and 1.08 kA/turn 
in the main windings, the total I R loss in the magnet circuits from joint 
resistance is 0.07 kW. 
6.2 Neutral Beam Injectors 

6.2.1 Introduction 

A series of neutral-beam injector studies have been conducted at LLL to 
provide data from which the performance of various mirror fusion reactor con
cepts can be evaluated. 

Because these studies concern future reactor designs, we must allow for 
the technological advances of the next few decades. As a consequence, our 
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conclusions are estimates at best. Nevertheless, we attempt to be credible 
by including only those advances that seem consistent with today's technology. 

Although injector design should be, and ultimately will be, done by com
puter, we have used a less precise analysis that more clearly illustrates our 
thinking, makes it easy to identify our assumptions, and provides a means to 
readily visualize the consequences of any changes or possible corrections. 
In no way do we mean to imply that this technique is the only way to generate 
these designs. 

The conceptual design of the mirror hybrid reactor calls for two 
neutral-beam injectors, each continuously delivering the equivalent 2600 A of 
a mixture of 125-keV deuterium and 188-keV tritium atoms. Because the re
quirements of this machine are similar to those considered in previous mirror 
hybrid reactor designs, we use a modified version of the earlier in
jector that includes the following features: 

• Impregnated tungsten cathodes for long life. 
• High-voltage insulators and power supplies, all shielded from the 

neutron and gamna flux. 
• Cesium-vapor curtains to reduce the flow of low-temperature gas along 

the beam lines. 
• Stationary cryopump panels that are periodically outgassed. 
• Injectors built of many ion sources to establish system reliability 

through redundancy. 
Although some fraction of the many ion sources in each injector must de

liver tritium to the reactor, in this study we are concerned only with an in
jector of deuterium beams. Because beams of 125-keV deuterium and 188-keV 
tritium travel at the same velocities and behave similarly, to have included 
tritium in this analysis would have added complexity without significantly 
changing the conclusions. 
6.2.2 Iajector Description 

Each injector consists of 216 ion sources arranged in 18 columns of 12 
units spread over an area of 6 by 9 m. To confine the injected beam within 
a maximum half-angle of 15 deg, the distance from the source to the beam en
trance aperture in the reactor blanket is 17 m. 

Only 180 sources need operate at any one time to deliver the required 
2600 A of neutral deuterium current. Thus, three columns of sources are 
available as standbys, to be activated if needed. Each column of 12 sources 
is supported by large alumina insulators above and below the beam line. 
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Surrounding the sources are perforated electrostatic shields at ground po
tential. In the event of a high-voltage breakdown, an entire column of 
sources may have to be turned off. However, should an arc occur, we assume 
that the safety circuits (crowbars, fast interrupts, and arc snubbers) can 
prevent damage to the electrodes. As a result, a faulted column (having 
been turned off) will be available for subsequent reactivation. 

High-voltage, low-pressure insulation about each column is provided by 
making the interelectrode spacing between the sources and the grounded 
shields less than the ?aschen minimum for breakdown. The high-voltage in
sulators outside of the beam line are shielded from neutron and gamma radia
tion. Low-voltage insulators holding 20 kV or less need not be shielded. 
Their dimensional change from radiation is small, and any consequential re
duction in resistivity wi. not be critical. 

Figure 6-27 shows a schematic of the components along the beam line, 
along with the corresponding variations in the potential and pressure pro
files. The ions extracted from the sources by the acceleration grids are 
neutralized in a gas cell that is terminated by a cesium-vapor curtain. 
Mercury ejector pumps maintain the pressure around the ion sources and in 

-3 the gas cell at 2 x 10 Torr. The low-temperature gas escaping from 
the ion sources fills the gas cell. Not being capable of penetrating the 
cesium-vapor cell (which acts as a curtain), the gas is removed at rela
tively high pressure and good efficiency via the large pump ducts behind the 
array of sources. Thereby, the gas load is reduced on the cryopanel pumps 
further down the beam line. Beyond the cesium cell, the high-energy ions, 
which are traveling with the beam, are removed by the energy-recovery 
electrodes. 
6.23 Ion Source 

The proposed ion source (see Fig. 6-28) is a modified version of the 
12 13 positive-ion source ' developed by Lawrence Berkeley Laboratory (LBL) 

and LLL. It uses a magnetic picket fence about the periphery of the arc 
chamber to sustain a high pressure of atomic deuterium ions in the output 
beam. We expect an output of 90% D +, 7% D*, and 3% D*. 

The extraction grid, with an area of 8 by 35 cm and a grid transparency 
of 50%, draws 28 A of ions from the source plasma at a current density of 

_2 0.2 A'cm . The arc requires 3000 A at 45 V; th; filament requires 3000 
A at 5 V. The two large, hollow cathodes made of tungstei.—impregnated 
emitters should provide thousands of hours of continuous operation. 
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Fig. 6-27. Component and corresponding potential and pressure profiles along 
the bean line of the proposed neutral-bean injector (not to scale). 
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Fig. 6-28. Long-life ion source. 
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These cathodes are mounted in an auxiliary chamber that is maintained at 
about 10 Torr; the arc current, approximately 3000 A, is drawn through 
two narrow slits into the arc chamber. 

The arc plasma is bounded on four sides by a magnetic picket fence, 
which is maintained by columns of permanent magnets that are individually 
housed in hollow, molybdenum cylinders. The low-temperature gas, flowing 
into the arc chamber via the slits in the cathode chamber, is pumped away 
through the gaps between adjacent magnets. In this way, the arc pressure is 
held at 10~ 2 Torr. 

He estimate the pumping requirements as follows: In the cathode cham
ber, the electron density n equals the ion density n.; therefore, the 
percent ionization is 

5. 1 , (22) *i n. + n„ I 0 

where n. is the density of the neutral gas. If the temperature of the 
ions T. is approximately equal to that of the neutrals, the ambient pres
sure in the cathode chamber must be 

P » n kT [l + T./'S.T )1 . (23) 
c e e L 1 * 1 e J ( 

For 10% ionization, an electron temperature of 10 K, an ion temperature 
of 600 K, and P equal to 10~ Torr, the electron density n is 6.3 

19 -3 e 

x 10 » . This corresponds to electrons flowing through the slits 
into the arc chamber with a current density of 

K V V 2 

J e - l / 4 n e e l — i - 1 4 0 A - c » ^ . (24) 

To accomodate an arc current of 3000 A, the total area of the slits between 
the two chambers must be 21 cm2; for this, the conductance of the slits tr 
molecular deuterium gas at 600 K is about 936 litre's . With a pres
sure drop of 10~ Torr, the <is flow into the arc chamber is 93.6 
Torr'litre's . Meanwhile, 28 A of ion beam is extracted from the arc 
chamber. If we take into account the assumed molecular composition of the 
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beam, this is the equivalent of 3 Torr'litre's . At 30* gas effi
ciency, approximately 10 Torr'litre's"1 is lost to the arc chamber via 
the extraction grids. Therefore, the neutral gas that must be pumped away 
through the openings between the picket fence magnets is 83.6 
Torr'litre's"1. Thus, we estimate that a large, 15-kW blower will 
handle the gas load. 

The 7 Torr'litre's of gas escaping through the grids is pumped 
back through the space between adjacent *ources, to be removed by a mercury 
ejector pump. At a throat pressure of 10" Torr, this entails a pumping 
capability of 7 x 10 3 Torr'litre's"1. A large mercury ejector 
pump, which can cope with 10 Torr'litre's"1 at 1 0 - 3 Torr, requires 
about 20 kW for the mercury boiler and an additional 10 kW for a mechanical 
backer pump. 
6.2.4 Beam Optics 

The beams from all of the sources in an injector are focused at the 
center of the aperture in the reactor blanket. One of the constraints on 
neutral-beam injector designs is the allowable power loading on the aperture 

2 
wall. In this analysis, we assume that a wall loading of P w = 250 W/cm 
is tolerable. Therefore, if J w were the current density of 125-keV 

deuterium atoms intercepted by the wall, no serious dauage will occur if 
—3 —2 

3 m 1 x 10 A'CIR . If we use a tungsten wall with a sputtering 
W -3 
rate of 10 atoms per incident ion, this corresponds to an erosion of 
less than 30 v> per year. 

The beam optics system is shown schematically in Fig. 6-29. Each beam 
from the source array is focused on a plane that lies in the aperture 
through the blanket. In that plane, the locus of points that corresponds to 
a uniform current density is an ellipse of major and minor radii x and y, 
respectively. Thus, if the aperture wall can tolerate a current density 
J , the minimum permissible aperture dimensions x and y must be such that 

J w - J 0 e x p [-(x/x e) 2- (y/ye)2] , (25) 

where x and y correspond to the x and y coordinates in the plane of 
the aperture at which the current density of a beam falls off to 1/e of the 

A 
peak axial value J Q. Rearranging the above equation, we find that 

r - i 1 / 2 

x * xe rWVJ ' ( 2 6 > 
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Fig. 6-29. Beam optics system, where a » xe/F, 8 = y e/F, An » A s/F 2, 
Sios " na3r ana J s » I°/As. 
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and 

y - y e [loge(J0/Jw)J . (27) 

We can derive an expression for the peak current density at the focus 
by assuming that the brightness of the beam at the focus is equal to the 
brightness at the source of the beam; i.e., 

^ - ^ . (28) 

The terms are defined as follows: 
• ft. is the solid angle that encompasses all the neutrals that 

pass through the focal point; i.e., it equals the area of the source array 
divided by the square of the focal length: 

no ' V p 2 . 
• J is the average equivalent current density of neutrals that ap

pears to be emitted from the source array; i.e., it equals the neutral-beam 
current divided by the area of the source array: 

J - I°/A s s 

• ft is the solid angle of emission from a point on the source, 
whereby 

Qs « IT a 0 , 
and 

<* - x e/F , 

B - y e/F • 

As a consequence, 

0 
Jo " " F T • < 2 9> 

UP aB 
In this injector, I equals 2600 A, the total injected neutral cur

rent; F = 17 n, the distance from the sources to the focal point; and ct 
and @ equal 26 and 8.7 mrad, respectively corresponding to the 0.5 and 1.5 
dcg observed in the neutral-beam studies conducted at LBL for the Tokamak 
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15 -2 
Fusion Test Reactor (TFTR). Thus, J = 1.27 A'cm , x g - 44.2 
cm, and y = 14.8 cm; and the minimum acceptable aperture radii are x * 
112.2 cm, and y = 37.6 cm. The actual dimensions of the aperture should be 
about twice this size; e.g., x = 210 cm, and y = 70 cm to accommodate any 
structural flaws in the system. Less than 1% of the incident beam should 
fall outside these coordinates. 
6.2.5 Ion Extraction 

The ion source is biased at +125 kV with respect to ground. The first 
grid (Gl) floats with respect to the discharge plasma, assuming a potential 
that results in a net zero grid current. Ions are extracted from the plasma 
by the second grid (G2), which is at -25 kV with respect to the source. The 
third grid (G3) is at -120 V with respect to ground; the fourth grid is at 
ground. The 120-V bias between G3 and G4 causes some low-temperature ions 
to be drawn to G3; however, it also prevents electrons from being accelera
ted from beyond G3 to bombard Gl and G2 at high energy. (Note: We assume 
that G3 draws an ion current that is equal in magnitude to 10% of the high-
energy beam current, i.e., 2.6 A. Similarly, on the far side of the cesium-
vapor cell, G6 is assumed to draw 2.6 A of ions.) 

To be effective, the G3 bias must be sufficient to introduce a poten
tial dip in the beam path between adjacent grid wires. With the grid geom
etry shown in Fig. 6-30, the required bias can be approximated by 

v 3 = sir? [ < 2 b / a ) - 1 ] - «o v , (30) 
"0" 

where J is the current density of the ion beam, a is the width of the 
ribbon-shaped beam passing between the grid wires (~0.3 cm), b is the sepa
ration between grid wires (0.4 cm), and v is the velocity of the beam ions 
at 125 keV. Because the preceding expression was derived for electrodes 
that are very long, the bias required for the present application will be 
somewhat greater than the calculated value. 

Even with perfect optics, grid loading results from bombardment by ions 
and electrons formed in the wake of the ion beam. The fraction of the 
high-energy beam F . that becomes neutralized in the grid region (by 
charge exchange with the background gas) constitutes a loss of current, that 
is conducted away via the newly formed, low-energy background ions. Mean
while, the fraction of th„ incident ion beam F. that causes impact ioni
zation of th« background gas crtatts two currents: a current of background 
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Fig. 6-30. Grid cross sect ions. 
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Ions that equals F. times the incident beam current and a current of back
ground electrons of the same magnitude. It is these background ions, along 
with those created by charge exchange, that are drawn out of the beam path 
to bombard the electrodes. The electrons originating from the ionization, 
along with those secondary electrons created by ion bombardment of the 
grids, tend to follow the ion beam toward the source. 

It is impossible to accurately determine the grid loading without know
ing the trajectories of the background ions. However, we can make an esti
mate by assuming that all of the ions formed in a gap between any two grids 
originate in a plane midway between the grids and terminate at the more neg
ative grid. The secondary electron emission coefficient is assumed to be 1, 
and an estimated lOt of all the electrons generated along the ion beam line 
ultimately strike Gl, with the remainder passing through the grids into the 
arc chamber. 

Let n. represent the background gas density and a., the electron-
capture cross section of the beam, so that the fraction of the ion beam that 
becomes neutralized over some path length z in a region of uniform gas den
sity is 

f°> F i o - " b a i o a z • < 3 1 > 

Because the density of the extracted ions can be approximated by Child's 
Law, the potential along the beam path through the decelerating grids can be 
described by 

V - (J/q) 2 / 3 z 4 / 3 , (32) 

where the ion-beam current density J - 0.2 A'cm , and the preveance q « 
—8 —3/2 3.2 x 10 A*V ' (taking the mixture of atomic and molecular ions 

into account). 
By introducing the derivative of the potential with respect to the beam 

path into the previous equations, we find that the fraction of the primary 
ion beam that becomes neutralized between two grids, one of which is at po
tential V and the other at v., is 

f V2 
F 1 Q - (3/4) n b <q/J) 1 / 2J ow V ~ 1 / 4 cV . (33) 

Vl 
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From similar considerations, the fraction of the beam that causes im
pact ionization of the background gas is 

F i - (3/4) n b (q/J) 1 / 2 I 0\ V _ 1 / 4 dV . (34) 
V, 

The solutions of the preceding integrals, %hich are plotted in Fig. 
6-31, were calculated from data given in Refs. 18 and 19 using values for 
D* and D* ions that were derived by assuming that D , T>2, and D 3 

ions of the same velocity have the same cross sections. 
Meanwhile, we can estimate the density n. of the gas (at roughly 600 

K) in the gaps separating the various grids by assuming an equal pressure 
drop ao.oss each of the four grids separating the arc chamber, which is at 
-9 -3 

10 Torr, from the region beyond G4, which is at 2 x 10 Torr (see 
Fig. 6-27). 

Mie ion beam losses due to charge exchange in the G1-G2, G2-G3 regions 
are shown in Table 6-7, as calculated for the total beam and for its D , 
D*, and Dt components. The first two lines show the beam composition 
as extracted from the ion source, the next two lines show the fraction of 
the beam that was lost by charge exchange in the G1-G2 gap, and the last two 
lines show the beam fraction lost in the G2-G3 gap. In a similar manner, 
Table 6-8 shows the ion and electron currents generated by impact ionization 
in the background gas. 

Table 6-7. Ion beam loss due to charge exchange in the acceleration grid 
region. 

Total 
Line Item beam Dj D 2 D, 

1 Beam composition, n (%) 
2 Extracted beam current, I (A) 

3 G1-G2 charge exchange, F 1 Q (2) 
4 Ion beam leaving G2, I, (A) 

5 G2-G3 charge exchange, FJQ (Z) 
6 Ion beam leaving G3, I, (A) 

100 90 7 3 
28.0 25.2 2.0 0.8 

_ 4.3 4 .3 4 .3 
26.8 24.1 1.9 0.8 

_ 4.4 5.9 8.2 
25.5 23.0 1.8 0.7 
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Fig. 6-31. Cross-section integrals used to determine the coefficients for 
electron capture and background io. jzation. 
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Table 6-8. Background ion and electron currents in the acceleration grid 
region. 

0.5 0.3 0.1 
0.1 ~ ~ 
0.1 ~ ~ 

1.5 1.0 1.0 
0.4 0.01 0.01 
0.4 0.01 0.01 

Line Item D* D* D3 

1 Ionization between G1-G2, F. U ) 
1 

2 Electron current, I (A) 
e 

3 Ion current, I. (A) 
1 

4 Ionization between G2-G3, F. (JO 
1 

5 Electron current, I (A) 
6 Ion current, I. (A) 

1 

Aside from the thermal loading, which we evaluate in a later section, 
ion bombardment results in sputtering that can limit the useful grid life. 
We can estimate the magnitude of this effect by assuming that all the ions 
that bombard a grid are formed in the adjacent grid gap. Thus, a beam of 
width a and current density J will cause an ion sputtering current density 
of J on a grid wire of radius r (see Fig. 6-32); i.e., 

J B " J ( F10 + Fi> (fr-) < 3 5> 

In the unlikely circumstance that the more negative acid bordering the 
gap is bombarded by all of these ions at the same current density, the grid 
will sputter away at a rate of 

s = (3/4) { J q ) ̂  ^ % % (jL) (0-io + a., v-V av, ( 3 6 ) 

v i 

where H is the mass of the grid metal, p is its density, e is the electron 
charge, and g is the sputtering coefficient of the bombarding ions. Al-

20 though q is not known for a wide range of energies, we do know that 
. 21 

it is sensitive to the angle of ion impact. Thus, for all angles at all 
energies, we have arbitrarily assigned to q an average value of 10 
atoms per incident ion of deuterium on tungsten. From this assumption, it 
appears that G2 and G3 will sputter away at a rate that is less than 25 
yn/month. This could be minimized either by a more advantageous choice of 
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grid contours and potentials or by reducing the extracted ion current 
density. 
6.2.6 Neutralization 

To impede the flow of low-temperature gas along the beam line, we in
troduce a cesium-vapor cell between the acceleration grids and the energy-
recovery electrodes. In this way, most of the gas escaping from the ion 
sources can be pumped away at relatively high pressure. This is advanta
geous because the low ambient pressure needed in the vicinity of the energy-
recovery electrodes can then be maintained with cryopanels of considerably 
smaller area. As a result, the beam line is more compact and the pumping 
efficiency is enhanced. 

He can estimate the performance of the cesium-vapor cell in the beam 
line by equating the rate at which the deuterium diffuses through the cesium 
with the gas flow S on the low-pressure side of the cell. Thus, 

D |f - S, (37) 

where n is the deuterium density, z is the beam path through the cesium and 
D the diffusion constant. 0 can be approximated by 

" 3 n C s a C s 
(38) 

where c is the average velocity of a deuterium atom in the cesium vapor, and 
n_ is the density of the cesium vapor. The transport cross section of 
deuterium in cesium, ff is estimated to be 7 x 10 cm /atom. 

Meanwhile, the gas flow on the low-presture side of the vapor cell, 
where the gas density is n_, is roughly 

S - 1/4 n fc . (39) 

By combining the last three expressions and setting the thickness of the 
15 —2 vapor cell, it to 1.7 x 10 atoms'cm , we find that the gas 

density on the far (low-pressure) side of the vapor cell is less than one-
tenth the density on the high-pressure side. 

The high-energy beam entering the cesium-vapor cell is composed of neu
trals and ions such that 

F 0 + F+ " ! ' («) 
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where F Q is the fraction of the beam that is neutral, and F is the 
fraction that is ionized. As the beam passes through the vapor, the frac
tion of neutrals changes; i.e., 

5 , " "Fo 5oi + F
+

 5io • ( 4 1 > 
where 0.. and S.Q are the respective cross sections of electron loss 
and capture of deuterium in cesium. Integrating this equation from an ini
tial neutral fraction P., to a final fraction F. f results in 

Fof " F o - + ( p o i - F o J e x p [-*cs toio + °oi>] ' ( 4 2 > 

where F. is the fraction of deuterium neutrals that can be obtained in Or* 
a cesium-vapor cell of infinite thickness; i.e.. 

F 0 . ^ - . 

Unfortunately, r.ll the cross sections pertinent to the passage of deu
terium through cesiu. vapor are not available. As shown in Fig. 6-33, we 
have no data for the electron-loss cross section a., at deuterium ener-

23 gies in excess of 30 keV, although we have extensive data for deuterium 
18 in D_. However, we can make a crude estimate for a 125-keV deuteron, 

as shown by the dotted line in Fig. 6-33. From this extrapolation, we find 
that F ^ is approximately 0.45 for the atomic component of the ion bean. 

Because G3 is biased at -120 V, the ion beam energy in the vicinity of 
G3 is for all practical purposes at full energy. Thus, the G3-G4 gap can be 
considered part of the deuterium neutralizer cell. If ir. represents the 
thickness of deuterium from G3 to the cesium-vapor cell, while a., and 
a l 0 represent the electron-loss and electron-capture cross sections of 
deuterium in deuteriun gas, then the fraction of neutrals in the high-energy 
beam that enters the cesium vapor must be 

'„i " («^-) f1 " -P[- 0W U
 + aoi>] j • <"> 
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Fig. 6-33. Electron loss and capture cross sections of D in D_ and cesium. 
The dotted line represents extrapolated values. 
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The gas thickness that results in 95% of the maximum possible neutrali
zation (obtainable in a cell of infinite thickness) is 

16 - 2 From data in Fig 6-33, we find that for it. • 1.2 x 10 ca" -
F . - 44%, for the atomic component of the beam. On the far side of the 
cesium-vapor cell, F.£ « 45%. 

_3 The region beyond G4 is at a pressure of 2 x 10 Torr (see 
Fig. 6-27). Therefore, a gas temperature of 300 K requires a 1.8-m-thick 
neutralizer cell. 

If the cesium-vapor cell were thicker, so that 

- 3 x 1 0 i 5 en" 2 , (46) 
^10 + ff01 

the neutral fraction of the beam F Q. leaving the cell would equal F Q o o 

(approximately 45%). At the same time, it would be independent of F.., 
the fraction of neutrals in the incident beam. Thus, the l.S m of gas neu
tralization could be eliminated from the beam line if the cesium-vapor cell 
were twice as thick. A typical beam line of this construction is shown in 
Fig. 6-34. However, in this study we have arbitrarily opted for the thinner 
cesium-vapor cell. 

Table 6-9 shows an analysis of the beam in the vicinity of the cesium-
vapor cell. As previously calculated, the ga:3 thickness between 63 and the 

16 7 
cesium-vapor cell is 1.2 x 10 molecules/cm', whereas the cesium-

15 2 
vapor thickness is 1.7 x 10 atoms/cm . The first line in Table 6-9 
shows the components of the ion beam that pass through G3. The second line 
indicates the fraction of the beam that is neutral at the entrance to the 
cesium-vapor cell, and the third line consists of the fraction of the beam 
that is neutral when it leaves the cesium-vapor cell. 

The F.. and F. f values for the molecular ions are calculated in the 
same manner as above, using the corresponding 1/2- and 1/3- energy cross 
sections for the r> and D, molecules. 

The equivalent currents of neutral deuterium are also shown in Table 
6-9, along with their associated energies. Because the high-energy molecu
lar neutrals tend to break up into atomic neutrals at fractional energies, 
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Table 6-9. Beam components in the vicinity of the cesium-vapor cell. 

Total Reference 
Line Item beam D D, D, (Table, line) 

1 Ion beam leaving G3, 
I* (A) 25.5 23.0 1.8 0.7 T6-7, 16 

2 Neutral fraction 
entering Ca cell, 
F„ (Z) - 44.0 73.0 82.0 
uc 

3 Neutral fraction leaving 
Ca cell, F Q f U ) 

4 Neutral atomic beam 
Ca cell, F Q f U ) - 45.0 73.4 86.8 

leaving Cs cell, D° (A) 14.8 10.'t 2.6 1.8 
5 Energy of atomic beam 

(keV) 104 (av) 125 62.5 41.6 
6 Ion current leaving Cs 

cell, I (A) 13.2 12.6 0.5 0.1 

In Tables 6-9 through 6-13, the Reference columns show the table and line 
from which the data were obtained. 

the atomic neutrals originating as D ° 2 are listed at twice their origi
nal neutral current and 1/2 their original energy. Similarly, the atomic 
neutrals originating as D , are listed at three times their original 
neutral current and 1/3 their energy. 

6.2.7 Energy Recovery and Beam Loss Along the Beam Line 

To recover the energy of the atomic ions that did not become neutral, 
the ions must be separated from the low-energy background electrons that 
travel with the beam. In a rectangular ion beam of width a, velocity v, and 
current density J, these electrons can be held back by suitably biased elec
trodes, separated by a distance b on each side of the beam (see Fig. 
6-35. In the absence of electrons, the ions spread out because of their 
positive space charge and leave the neutral beam to be collected at almost 
the same energy with which the ions left the source. This constitutes 
energy recovery, because it provides a net power savings. The bias on G8 
that is required to hold back the electrons is 

V 8 * if^F [<2b'a> " *] ' (47) 
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Fig. 6-35. Energy-recovery electrode. 
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We can estimate the current density of the ions by considering that 28 
-2 A of ions were originally extracted at 0.2 A'cm through grids of 50% 

transparency. As shown in Table 6-9, only 13.2 A are left in the vicinity 
of the energy-recovery electrodes. Hence, the current density of ions en-

-2 tering the region of the energy recovery is J a 0.047 A'cm . The beam 
width is a xlO cm; the electrodes are separated at b - 14 cm. Under these 
condition:-., the the 125-keV beam requires a bias of V„ « 34 kV. We assume 
that an electron current equal to about 10% of the incident ion beam (i.e., 
1.3 A) 'S drawn from the background plasma to be collected at this electrode. 

According to Table 6-9, the ions traveling with the beam consist of 
12.6 A of D +, 0.5 A of D* and 0.1 A of D,; however, only the 
atomic component (12.6 A of D ) can be collected at the positive electrode 
G9, which is at 110 kV (see Fig. 6-27). We assume that roughly 0.1 A of 
these ions do not arrive at G9 and are collected at the injector walls. 

Nevertheless, all these ions eventually do collide either with elec
trodes or with the injector walls to form a neutral-gas load that must be 
pumped away. Accordingly, for each source the gas load is 

' 0.19 (1/2 D + + D* + 3/2 D*) - 1.32 Torr'litre's-1 ,, (48) % 
or 15.8 Torr'litre's- for the 12 sources mounted in each column. 

As the beams delivered from each column of 12 ion sources flow past 
their respective neutralizer cells, they are isolated from the beams of the 
neighboring columns of sources by walls of cryopumps. These walls, which 
are roughly 5 iti high and 5 m long (see Fig. 6-36), are divided into cryopump 
sections with roughing-pump ducts interspersed among them. During the out-
gassing cycle, while the cryopump surface is heated a few degrees and gas is 
being drawn away through an open valve into the roughing-pump duct, sliding 
panels close off both sides of each pumping section. Before the panel moves 
on to the next pumping section, the roughing valve is closed and the pump is 
re-refrigerated. As a consequence, only 50% of the available wall space is 
actively pumping at any time, and we expect an average pumping speed of 

-1 —2 about 4 litre's *cm . (A fully baffled cryopanel can handle 9 
litre's"1.) 

With pumps on both sides of each column of beams, a pumping speed of 2 
x 10 litre's" is available to each set of 12 ion sources. Therefore, 
a gas load of 15.8 Torr'litre's" will result in an average pressure of 
8 x 10 Torr in the cryopump region. 
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As the beam passes through the cryopanels, the background pressure drop 
is not linear. I.) the regions of higher pressure, the cryopumps take a 
larger share of the gas load; hence, the pressure just beyond the cesium-

-4 vapor cell can be about 2 x 10 Torr, whereas the pressure at the exit 
from the cryopanels is considerably less than 10~ Torr. 

24 If we estimate the power requirements of the cryopumps at 0.7 
Wlitre's , we calculate that each ion source requires 117 kW of 
pumping power. 

With an average pressure of 8 x 10" Torr between 5-m-long cryo
panels and a gas temperature of roughly 300 K [corresponding to the room-
temperature shields covering the liquid-nitrogen (LN) chevronsl , the frac
tion of the neutral beam that suffers charge exchange in this region is 

Foi ' nb °oi L ' x - 9 % • { 4 9 ) 

Beyond the energy-recovery electrodes, over the next 10 m the average pres
sure is of the order of 10 Torr, with an average density of about 3 x 

10 —3 
10 cm . Hence, there is an additional beam loss of about 0.5%. 

Using the appropriate cross sections from Fig. 6-31 for the 1/2- and 
i/3- energy neutrals, we have calculated (see Table 6-10) the fraction of 
the neutral beam lost between the cryopanels along with the loss in the 
drift region beyond the cryopanels. 
6.2.8 Bum Transfer Through the Reactor Blanket 

Host of the ions traveling with the neutral beam are removed by the 
energy-recovery electrodes. Only a small fraction remains with the beam as 
it travels toward the reactor. However, this fraction is increased by ioni
zing collisions of the high-energy neutrals with the background gas. 

As the beam gets closer to the reactor, the magnetic shielding about 
the injector becomes less effective. Thus, all the ions are eventually de
flected out of the neutral-beam path to bombard the injector walls. Because 
the ion current density is so very small, the wall loading is low and any 
resulting gas release can be readily handled by the cryopanels in the in
jector. However, in the transfer section through the reactor blanket, there 
is neither nagnetic shielding nor facilities for pumping. Hence the gas re
leased by ion bombardment at the walls must be drawn away through the trans
fer tube either into the reactor or into the injector chamber. As a con
sequence, the transfer section itself acts as an impedence to the gas flow. 
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Table 6-11. Injected neutral-beam components. 

Line Item 
Total 
beam 

125skeV 62.5;ckeV 41.6j:keV Reference 
D D U D° (Table, line) 

Neutral current, D 
(A) 

Beam loss between 
cryopanels, F-. (3!) 

Beam current leaving 
cryopanels, D°(A) 

Beam loss beyond 
cryopanels, F-, (%) 

Injected current, D 
(A) 

Injected !;eam power, 
P(MW) 1.49 

10.4 

1.9 

10.2 

0.5 

10.1 

1.26 

2.6 

1.9 

2.6 

0.5 

2.5 

0.16 

1.8 

1.9 

1.8 

0.5 

1.8 

0.07 

T6-9, J14 

Further release of gas at the walls can increase the background gas density, 
resulting in a higher percentage of beam ionization, a more intense wall 
bombardment, and even greater gas release. 

25 This process, as described elsewhere, need not be a problem if the 
beam current entering the transfer section is less than a critical value; 
i.e. 

I°< Ce 
y L o - (1.23 x 10 )(C/L) amperes, (50) 

01 

-16 where 0.. is the cross section for ionization of the beam (1.3 x 10 
cm atom), y is the number of gas molecules released from the wall per 
incident ion (about 1), e is the charge on an electron, L is the length of 
the transfer section, and C is the conductance of that section. If we 

assuae that the transfer section has a uniform elliptical cross section of 
radii x and y, corresponding to the minimum tolerable radii at the focal 
plane (see Fig. 6-29), then x - 210 cm, y - 70.cm. For mass H and 
temperature T, 

C « 4.3 x 10 
| L < X 2

 + V V / 2 J (T/M) 1/2 (51) 
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For deuterium at 300 K 

C * (36.4 x 10 i 0) $• cm^s" 1 . (52) 

From the above relationships, we find that for I • 2600 A, the 
length of the unpumped transfer section must meet the following criterion: 

L < 2 , j ; * "• - 414 cm . (53) 
(I ) ' 

Because our design specifies a blanket thickness of 150 cm, we anticipate a 
negligible beam loss in the transfer section. 
6.2.9 Beam Line Performance 

From the data in Tables 6-7 through 6-10, we can estimate the grid cur
rents along the beam line, as shown in Table 6-11. For instance, line 1 o£ 
Table 6-11 shows 1.1 A of D and 0.1 A of D ions at G2. These val
ues were calculated as shown by the reference, from line 4 of Table 6-7. 
They represent the beam current loss in the G1-G2 gap that results from 
charge »xhange with the background gas. All of this is presented as G2 cur
rent because the approximation stipulates that all of the low-temperature 
ions generated in a gap between two grids be collected by the adjacent, more 
negative grid. 

Similarly, in line 2 of Table 6-11, an additional 0.1 A of ion current 
is collected at G2, while a minus 0.1 A, signifying a current of electrons, 
flows into the ion-source plasma. This is explained by the reference to 
lines 2 and 3 of Table 6-8, which show these currents to be the result of 
e. tckground ionization. 

From such considerations, Table 6-11 was completed, with the total 
eJ Kitrode currents presented in line 11. The secondary electron emission 
coefficient is 1 for the high-energy ion bombardment of G2 and G3. However, 
the low-energy ions drawn from beyond G3, which bombard G3, are presumed to 
make a negligible contribution to the secondary electron current. Practi
cally all the electrons in the ion acceleration region are accelerated back 
into the source plasma. For grid loading calculations, we assume that 10* 
of the electrons have been collected at Gl. 

The power dissipated at the electrodes in Table 6-12 is derived from 
the data in Table 6-11. The ion energy was taken to be equal to the dif
ference in potential between the points of origin and demise. Those ions 
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Table 6-11. Distribution of electron and ion currents along a beam line. 

Processes along the 
Line bean line 

Current 
bean 

(A) Species 

Source 
plasma 

(A) 

In j ec to r 
Gl G2 G3 C4/C5 G6 CB G9 wall Reference 
(A) (A) (A) (AJ (A) (A) (A) (A) (Table , l i n e ) 

Beam loss to charge 
exchange in G1-G2 gap 
- 'ckground current 
• •' i on iza t ion in 

•2 gap 
' -s loss to charge 

-•/change in C2-G3 gap 

Background cur rent 
from ion iza t ion in 
C2-C3 gap 
Ions from Cs-vapor c e l l 

Secondary en iss ion 
tram G2-G3 
Ion current loss at 
energy-recovery 
e lec t rodes 
Bean loss between 
cryopanels 
Beam loss beyond 

cryopanels 
Injected n e u t r a l bean 

1.1 
0.1 
0.1 

12.6 
0.5 
0.1 

0.1 
0.05 

10.1 
1.25 
1.6 

DJ (equiv . ) 
D9 (equiv . ) 

0.1 
0.1 

0.4 
2.6 - 5 . 2 

-0.3 : 1.3 1.6 

T6-8 , M 2 , 3 
1 6 - 7 , 16 

0.5 1 6 - 9 , ze 
0.1 

0 .2 16-10, , 13 
0.1 
0.05 16-10, 15 

16-10, 15 

25.2 
2.0 
0.8 

-0.3 2.6 5.9 2.6 0.1 12.5 1.0 

The D 2 and D 3 equivalent cu r ren t s are 1/2 end 1/3 t h e i r equivalent D c u r r e n t s ; e i n d i c a t e s a c u r r e n t of e l e c t r o n s . 

and electrons originating in a gap between two grids were assumed to start 
at a potential equal to the average in the gap. 

The power loading of the electrodes, as shown in Table 6-13, is taken 
from Table 6-12. From estimates of the effective grid areas, we calculate 
an approximate value of the dissipated power density. If we allow 20 
kH for the mercury diffusion pumps and 10 kH for the cesium-vapor cell to 
be obtained directly as heat from the cooling lines around the ion beam 
line, B14 kH of heat is left for conversion to electric power. Hith an 
approximate 30% conversion efficiency, this results in a savings of about 
250 kH, electric. 

As stated in the introduction, the purpose of this study is to provide 
data from which the performance of the mirror hydrid reactor can be evalu
ated. To do this, however we had to consider the many constraints on the 
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Fig. 6-37. Power supplies (P.S,) for the neutral-beam injector. 
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Table 6-12. Power dissipation at electrodes in a beam line. 

Iri-Ul iv.. 

::•?}»« 
1.2 
0 .1 
1.1 

I t l j r c l 
w a l l -

A«er» R r 
p a r t . c l t 

4-ncrsy 
<krV) Sou c 

IJ . 5 
75.0 
n.o 

175.0 

E l r c i . . . !r<«, C1-C2 gap 
E l e c t r o n * f r n a C7-CJ gap 
Secondary C B i i t i o n ( run C2 
Secondary r » i » » i o n 1 tan CI 

21.0 
1/S.O 

S C K l i g i b l . 

Secom)*iy e l e c t r o n * ( r u n C2 
Seronilarv e l e c t r o n s frocs CI 
l o i i i [ r « sourer [>..-»»« 

12.1 
17. 5 

Charge i!«cli«ngf i n i; i-C7 fj.jp 
I o n * fro™ G1-C2 nap 
E o i t t f d npcDndiry c l r c t i u i i n 

50.0 
50.0 
0.12 

Charge I'Mchange i n G7-G1 Rap 
lonn ('ora C2-C3 Rap 
lonn frina Gil-vapor c e l l 
F jn i l t i ' i i sreondary u lne t runs 

0.17 lonN I r o n Ca-vapor t o l l 

159.0 S t ray i n n i from b.-no 

15.0 Atomic ions c o l l e c t e d at energy-
• j lnc t roden 

125.0 

125.0 
125.0 

Molecu lar ions not nubjecl t o «•«. 

Charge exchange butweon cryopane 
Ch i rg i ' wxehange beyond cryopanel : 

[ i i M i p n t i o n R e f e r e n c e 
power (line of 
<>w) T.ble 6-11) 

2 
J36.3 A 

0.1 
-)(,.0 0.1 159.0 Stray inn. from !>ena 15.'J 
-15.0 

rot«mi*lH are relative to ground union* otherwise noted. 

this beam line, which delivers 1490 kW via 14.4 A of neutrals into the 
reactor. If we take into account the recovery of thermal energy, the in
jector efficiency 1490/2465 - 60.5%. With 180 beam lines in each injector, 
this results in a total of 269 MH via 2600 A of neutrals. 
6.2.10 Conclusion 

As stated in the introduction, the purpose of this study is to provide 
data from which the performance of the mirror hydrid reactor can be evalu
ated. To do this, however we had to consider the many constraints on the 
neutral-beam injector. These include restrictions on size, the need for 
efficiency, and, in addition, the reliability and long life that is es
sential in a component of a commercial, power-producing system. 

Thus, we found it necessary to use components that have yet to be per
fected. These include ion sources with long-life cathodes, grids designed 
for continuous operation, electrically insulating heat exchangers, recycling 
cesium-vapor cells, energy-recovery electrodes, and regenerating liquid-
helium-cooled cryopumps. To assure reliability and provide a minimum of six 
months of continuous operation, it is assumed that the electrical conponents 
and the high-voltage insulators are mounted in regions remote from the 1 5am 
lines, where the radiation is low. In addition, protective circuits are 
considered that will prevent damage should a high-voltage breakdown occur, 
while spare beam lines are included to guarantee continuous performance. 
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Table 6-13. Electrode loading and thermal recovery along a beam line. 

Electrode 

Effective 
surface 
area 
(cm2) 

1 Dissipation 
(kW) 

Dissipated 
power 
density 
(kW/c«~2) 

Reference 
(line of 

Table 6-12) 

Ion source: 1000 
Arc (3000 A at 45 V) 
Filament (3000 A at 5 V) 
Electron bombardment 236.3 0.40 1 

Gl 140 27.5 0.20 2 
G2 140 16.3 0.10 3 
G3 280 85.3 0.30 4 
G6 140 0.3 - 5 
G8 140 15.9 0.10 6 
G9 560 187.5 0.30 7 
Injector walls >1000 125.0 0.10 8 

Total dissipation: 844 kW 
Less: 20 kW for mercury pumps 

10 kW for cesium cell 
Leaves: 814 kW available for thermal recovery 

If we assume 302 efficiency for the conversion of lost thermal energy to 
electrical energy, 250 kW of electrical energy is recovered. 

Table 6-14. Power supply requirements of a 28-A ion beam line. 

Power 

Power 
supply 

Voltage 
(kV) 

Current 
drain 
(A) 

Power 
drain 
(kW) 

supply 
efficiency 

(2) 

Input 
power 
(kW) 

Heater 5.0 3000 15 90 16 
Arc 45.0 3000 135 90 150 
High voltage 125.0 16.0 2000 95 2105 
G2 25.0 2.6 65 90 72 
G3 & G6 0.12 8.5 1 90 1 
G8 34.0 0.1 3 90 4 
G9 15.0 12.5 188 90 

Total: 
209 

: 2557 
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Table 6 - 1 5 . Power and e f f i c i e n c y of a beam l i n e . 

Power 
(kW) 

Power requirement: 
Power supplies 2557 
Mercury pumps (operated thermally) 0 
Blower pumps 16 
Roughing pumps 20 
Cryopuraps 117 
Cesium-vapor curtain 10 

2700 
Power recovery: -250 

Power input: 2450 

Power output : 

10.1 A a t 125 keV 1260 

2.5 A a t 62.5 keV 160 

1.8 A a t 41.6 keV 70 

1490 

To build such an injector will require considerable effort. However, 
despite the fact that not all of the desired components are part of today's 
development programs, no fundamental obstacle has been found that will pre
vent their ultimate development. 

6.3 Beam Line Layout 

The layout of the beam lines must satisfy the following constraints: 
• Achieve the correct pitch angle to satisfy the plasma-physics 

analysis. 
• Provide uniform ion deposition on all drift surfaces. 
• Attenuate the injected beam as completely as possible. 
• Conform to physical-access limitations. 
The plasma requirement of 5200 A of injected neutrals is satisfied with 

two injector arrays, each supplying 2630 A; one injects near the plasma mid-
plane and the other in the plasma fan. The plasma represents a thick 
target at the midplane (2Rn Q - 4.5 x 10 cm"2, where R ( is the plasma 
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radius and n. is the central ion density). The mean free path for inter-
26 action (charge exchange and ionization) 

v_0 
X * °0 ( « " > M

 + < a V > i + < < j V > e i ' " < 5 4 ) 

is X = 70 cm for 125 keV D . Here, v is the velocity of the injected 
deuterium atom, n. is the plasma midplane ion density, <av> and 
<ov>. are the rate coefficients for charge exchange and ionization by 
the ions, respectively, and <0*> , is the rate coefficient for ioni
zation by electrons. Therefore, the midplane injector supplies ions only to 
the outer drift surfaces. To penetrate to the inner drift surfaces, the 
second injector is aimed at the plasma fan where the plasma is a compara
tively thin target (nJ, = 1.9 x 1 0 1 6 c m - 2 ) . 

The dimensions of the injector tanks are shown in Fig. 6-38. The beam 
apertures are located on the surface of a sphere with a 4-m radius and a 
center at the origin of the magnet coordinate system. Both tanks are lo
cated in the positive z region above the turnarounds of the lower half of 
the magnet as shown in Fig. 6-39. Note that the centerlines of the tanks 
are not coincident with the x axis, but are offset with one side of each of 
the tanks approximately in the x-z plane. 

The attenuation of the beam as it penetrates the plasma is described by 
26 the relation 

dj/j - "Yd£ . (55) 

Here, j is the beam current at a distance s from the surface of the plasma, 
5 - s/l, and £ is the path length through the plasma. The attenuation 
coefficient, y , is 

Y - A/X , (56) 

where X is evaluated with the local ion density n - n(s). The geometry is 
shown in Fig. 6-40. Thus, the current as the beam exits from the plasma is 

j. * j o e x p ( ^ J ^ J J- " 3 n «tP - Y<35 , (57) 
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2.4 m 

Fig. 6-38. Injector tank dimensions. 
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Fig. 6-39. Injector tank locations. 
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Fig. 6-40. Beam attenuation variables. 
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where j. is the unattenuated current. In the layout of the beamline, it 
is desirable to make J e/j n as small as possible (approximately It or 
less) so energy-expensive injected atoms will not be wasted and the first 
wall will be protected from bombardment by these high-energy particles. 

The ion pitch angle is defined as 

6 - arc tan (V^/V||), (58) 

where V. and V... are the perpendicular and parallel velocity components, 
respectively. Using conservation of kinetic energy 

2 2 2 

and conservation of magnetic moment 

mVL

2 

for an i'Jn along a field line, the pitch angle at two different points along 
a field line are related by 

9, - arc tan sin 6, 

V B 2 ' S i" 2 ei 

1/2 
(59) 

Therefore, using the subscripts "0" to denote the midplane and "i" to denote 
the point of ion injection, the midplane pitch angle is related to the pitch 
angle at the point of injection by 

9. « arc sin 
(B./B0) tan 9,, 

1 + tan 9„ 

1/2 
(60) 

The plasma physics analysis specified a midplane injection angle of 9 * 
65 deg. Thus, the above equation specifies the orientation of the beam line 
relative to the field line at the injection point. ' 

In Fig. 6-41, the pertinent \;ijection parameters are shown in the x-z 
plane. These quantities include the outer plasma boundary (R » 2.5 m), 
the plasma density contours (evaluated from the Fokker-Planck calculation, 
Sec. 5.5), and the two injection patterns. The midplane injector is located 
in the region of maximum density (n/nQ » 1.0) and the fan-injector center-
line is near the n/n. 0.7 density contour. 
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Fig. 6-41.. Injection patterns. 
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The fan injector was located as far from the raidplane as possible with
in the constraint of 6. * 65 deg. That is, with reference to Eg. (60), 
the maximum value of 6. is 90 deg. Using the specified midplane pitch 
angle, 9 • 65 deg, yields B./B- « 1.22, which is the maximum value 
of the field at the injection point where 8 » 65 deg can still be at
tained. Larger values of B./B Q will result in 6. < 65 deg. The 
pitch angles for the fan injector are shown in Fig. 6-42. Here, three tra
jectories are plotted, labeled a, b, c and are indicated in Fig. 6-41. In 
Fig. 6-42, the plot is 6. along the trajectory, where the circles (•) 
indicate the points where the beam enters the plasma. The attenuation ana
lysis resulted in j_/j n - 0.008, 0.001 and 0.000 for trajectories a, b, 
and c, respectively. A cross section, in the x-y plane, of the fan injector 
pattern is shown in Fig. 6-43. Here the off-set of the injector pattern is 
clearly shown; injection occurs just into the positive y region. This ar
rangement is used to permit better penetration into the inner drift surfaces 
than would be obtained by having the beam centerline colinear with the x 
axis. 

The midplane injector is located near the maximum density contour, re
sulting in 9. = 8 Q for the part of the beam in the negative x 
region. The beam was oriented such that 0 . - 6 5 deg for the field line 
having a midplane radius of 1.25 m, resulting in a modest variation of the 
injection angle for the various trajectories about a mean value of 65 deg. 
Here, the beam is completed attenuated (j_/j 0 < 0.001) before it 
reaches the z axis. 

6.4 End Tanks 

6.4.1 Physical Processes and Functions 

In the minimum-B, or standard, mirror confinement configuration, plasma 
exits from the confinement volume along open magnetic field lines via the 
two mirror regions. This plasma exhaust consists of unburned fuel ions 
(D and T ), alpha particles generated in the fusion reactions 
(He }, and a flux of electrons equal to the total positive charge 
flux. Because the particle flow escapes from the magnetic well with con
siderable kinetic energy, there are both large mass and energy fluxes into 
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Fig. 6-42. Injection angles for fan injector. 
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Fig. 6-43. Cross section of fan injector pattern in the x-y plane, z - 2.8 a. 
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the end tanks. Two end tanks are required, one for each leakage fan, and 
are located external to the confinement magnet enclosing the field lines 
that carry the plasma flow. Upon striking surfaces in the end tanks, the 
plasma is neutralized and transfers its energy to the various surfaces in 
the tanks. The end tanks must therefore perform two main functions: 

• Pumping of the gas load resulting from the neutralized plasma 
exhaust. 

• Recovery of the exhaust plasma energy. 
In this reactor, the magnet is designed with one mirror field 5% 

stronger than the other. This magnetic field configuration causes a selec-
27 + 

tive leakage situation, such that 90% of the confined ions (D and 
T +) flow out of the weak mirror and the remaining 10% out of the strong 
mirror. The alpha particles, because they do not behave adiabatically, are 
not magnetically confined. Rather, their nonadiabatic behavior causes them 
to rapidly scatter into the loss cone and stream out of the confinement vol
ume along field lines into the end tanks. Thus the alphas are not subject 
to selective leakage, and equal currents of these ions flow out of the two 
mirrors. 

The motivation for using selective leakage is that the size of the end 
tank is proportional to the amount of plasma flow into it. Thus the tank 
receiving the exhaust from the strong mirror is much smaller than the weak-
mirror end tank, and provides a convenient access path from outside the 
reactor into the plasma confinement chamber for blanket maintenance opera
tions. The strong mirror is located on top of the reactor and the blanket 
maintenance remote handling equipment is lowered into the reactor from the 
top of the PCBV through the small end tank as described in Sees. 8.2 and 
10.3. 

In the present study, a mechanical design of the end tanks was not 
undertaken. Rather, the end tank designs were scaled from a previous stand-

28 ard mirror reactor study, using the analytical models described in Refs. 
29, 30, and 31. In the large tank, handling 90% of the fuel ions, a single 

31 32 stage direct converter ' is used to convert approximately 40% of the 
plasma kinetic energy directly to electrical energy; the remaining kinetic 
energy is deposited as thermal energy. In the small tank, all of the plasma 
kinetic energy is simply deposited as thermal energy. 
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6.4.2 End Tank Description 

The major features of an end tank are shown in Fig. 6-44. The plasma 
exhaust expands along the field lines of the external, or fringe, field of 
the magnet. The tank sidewalls (Fig. 6-45) enclose the fan, and the end 
wall is oriented perpendicular to the field lines. The plasma flow is 
terminated on the plasma collector, which, in the weak-mirror tank, is a 
single-stage direct converter and, in the strong mirror, is a plasma thermal 
dump, i.e., a grounded, convectively-cooled wall. The vacuum-pumping 
equipment, cryopanels, are located on the sidewalls where they are not 
subject to direct bombardment by neutrons from the plasma. 

The dimensions of the tank are determined by the dimensions of the 
plasma fan, and the radial location of the plasma collector is determined by 
power flux considerations as follows. The plasma exhaust expands 
adiabatically in the flux tube defined by the radial plasma boundary in the 
confinement volume. By conservation of magnetic flux, 

A 0 B 0 ' A c B c • < 6 1> 
where A denotes the cross-section area of the flux tube and B the magnetic 
field intensity; the subscripts "0" and "c" denote the plasma midplane (z * 
0)and plasma collector location in the end tank, respectively. If P is 
the power carried by the plasma exhaust into the end tank, then the power 
flux at the plasma collector is 

A 
c 

or, using Eq. (61), 

B c P D C 

(62) 

(63) 

Recalling that the magnetic field decreases with distance from the magnet 
center, the radial location of the collector is determined by requiring that 
B c be low enough to yield a value of power (or heat) flux q" that will meet 
heat-transfer constraints. 

The details of the tank sidewalls are shown in Fig. 6-45. A set of 
water-cooled chevrons, at ~300 K, face the interior of the tank and remove 
incident heat loads resulting from the plasma collection process. Inside of 
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the water chevrons is a set of high-emissivity, liquid-nitrogen (LN) cooled 
chevrons (77 K) that protect the liquid helium (LHe) surfaces from an 
excessive radiative heat load. The high emissivity is used to provide a low 
transmission probability for photons from the water-cooled chevrons. 

Pumping of the D, and T- gas molecules that result from the 
neutralized plasma exhaust occurs by cryocondensation on LHe (4.2 K) 
panels. The cryopanels are mounted on rotatable valves (as proposed by 

2B 33 Werner and Hoffmann) ' that, when full of condensed gas, are rotated 
180 deg to face the high-pressure (~10~ Torr) volume behind the 
cryopanels. In this position, the panels are defrosted and the gas removed 
by mercury ejector pumps, while the fresh panels on the other side of the 
valve continue to provide pumping capacity. A pumpinj speed of 4.3 

2 
litres/s*cm was used to calculate the cryopanel area. This speed is 
based on an average molecular weight of 4.7 and two sets of chevrons with a 
combined transmission coefficient of 0.15. 

The outside of the defrost region is bounded by a low-emissivity LN 
liner, a layer of superinsulation, and then the tank wall. The tank wall is 
a thin stainless steel membrane that provides vacuum integrity and derives 
structural integrity from the PCRV. The membrane is attached to the PCRV 
with shear anchors as shown in Fig. 6-45. 

The pumping capacity in the present tank design is sized to accommodate 
the D, and T, gas load resulting from the injection of high-energy 
neutrals. Additional gas loads result from the alpha particles generated in 
the fusion reactions and cold D ions required to stabilize the plasma 
boundary. As a LHe cryopanel will not pump helium, alternate techniques 
must be used. Two promising methods are cryotrapping and cryosorption ; 
both are currently under development. Considerations for alpha-pumping 
capacity in the present design were, therefore, not included because of the 
absence of design information. The stabilizing cold ions flow into the end 
tanks along the surface of the plasma envelope shown in Fig. 6-44. It has 28 been proposed in a previous study that this flow be scraped off and 
pumped at a relatively high pressure with a comparatively small pumping 
speed. However, the design of the equipment to produce and pump this 
particle flow was not included in the present study because of time 
limitations and, therefore, is an important topic to be addressed in future 
studies. 
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A schematic of the single-stage direct converter, used in the (large) 
weak-mirror end tank, is shown in Fig. 6-46. It consists of a series of 
three electrodes. The grounded grid is composed of tubes cooled by high 
temperature helium and it intercepts a small fraction of the ions and all of 
the electrons. The negative grid is a radiatively cooled graphite screen 
that serves to repel electrons from the collector. The collector is 
operated at a high positive voltage; it consists of a contiguous wall of 
tubes that are convectively cooled by high-temperature helium. 

In the (small) strong-mirror end tank, the grounded and negative grids 
are not used, and the collector is operated at ground potential. The small 
end tank collector, therefore, functions simply as a thermal dump. 
6.4.3 Boundary Conditions for End Tank Design 

The input and output powers are shown schematically in Fig. 6-47. 
Input plasma power P „ is the kinetic energy of D , T , alphas, and 
electrons. Also, electrical power is input to the negative grid P 

e,n The sum of these two (P__ + p ) is removed in the form of uc e,n 
low-temperature thermal energy P from the water-cooled chevrons on the 
sidewalls, high-temperature thermal energy from the grounded and collector 
grids P. _ and P. , and electrical output from the collector P 

t,g t,c' c e,c 
The charged particle power leaving the confinement volume is listed in Table 
6-16. The division of this power into the two end tanks is discussed in the 
subsequent sections. Of the 5204 A of energetic neutrals that are injected, 
46 A or 0.88% are burned in the fusion reactions, resulting in 46 A of 

4 I | (doubly-charged) alphas. He . 
The confined plasma, at the midplane, is at a high positive potential 

(ambipoiar potential in Table 6-16). This potential drops to 20% of its 
midplane value at the mirror and to ground at the grounded grid, as shown in 
Fig. 6-48. The power and energy listed for each plasma specie in Table 6-16 
is at the grounded grid. 

The magnetic field strength outside the magnet and along the z axis is 
plotted in Fig. 6-49. The dimensions of the plasma fan in the x-z plane 
appear in Fig. 6-50» the dimensions in the y-z plane can be obtained from 
Fig. 6-50 by the transformation (x,z) •* (y, -z). The cross section of the 
fan is elliptical. 

The helium-coolant flow conditions (inlet and outlet temperatures, 
pressure) in the end tanks are the same as for the blanket so that the high 
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Table 6-16. Plasma exhaust power flow. 

Fuel ions (D+, T +) 
Alphas 
Electrons 
Total 710.1 

Average 
Power, MH Current, A Energy, keV 

580.8 5158 112.6 
80.5 46 3500 
48.8 5200 9.4 

Ambipolar potential, kV: 
At midplane 63.8 
At mirror 12.7 

Magnetic field at the mirror, T: 
Weak mirror 5.66 
Strong mirror 5.95 

temperature thermal output (P. + p ) may be used in a common thermal 
conversion system. 

6.4.4 Weak Mirror End Tank 
The input powers and currents to the tank are listed in Table 6-17. 

The ion current consists of 90% of the fuel ions leaking from the 
confinement volume and 50% of the alphas generated in the fusion reactions. 
The electron current is equal to the total ion current. The fuel ion 
selective leakage of 90%, as the result of a 5% mirror bias, was estimated 

27 to be a lower limit based on a simplified analytic model. 
Of the ions entering the tank at the mirror mouth, a fraction of them 

are lost by charge-exchange reactions on the cold background gas before they 

Table 6-17. Input to weak mirror end tank. 

Fuel ions 
Alphas 
Electrons 
Total 606.7 

Power, Current, 
m A 

522.7 4641 
40.2 23 
43.7 4664 
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reach the direct converter grids. The energy carried by these ions is 
ultimately deposited in the water-cooled chevrons on the tank sidewalls. 
All of the input electrons and the energy they carry are intercepted by the 
grounded grid; but because the transmission coefficient of the grounded grid 
is high, many passes by the electrons occur before they are collected. Some 
of the ions are also lost by interception as they pass through the grounded 
grid. In addition, the grounded grid receives thermionic and secondary 
electrons from the negative grid. All of the heat deposited in the grounded 
grid is removed by high temperature helium to be used in the thermal 
conversion system. 

Beyond the grounded grid the flow consists only of ions (D , T , 
alphas). A fraction of these ions are lost on the negative grid, ejecting 
secondary electrons as they impact the grid surface. Also, because the grid 
is radiatively cooled, it operates at a very high temperature and emits 
thermionic electrons. It is assumed that 1/2 of the thermionic electrons 
and all of the secondary electrons flow to the grounded grid, and the other 
half of the thermionic electrons flow to the collector grid. The grid is 
assumed to radiate 1/2 of its thermal power to the cold sidewalls and 1/2 to 
the collector grid. The net flow of negative charge from this grid requires 
electrical power input to the grid circuit. 

The collector grid is a solid wall, operated at a positive potential 
equal to slightly less than the ambipolar potential at the midplane. The 
ions that are transmitted beyond the negative grid are decelerated and 
collected on the collector grid. The net current, equal to the ion current 
minus the thermionic current from the grounded grid, represents an 
electrical output from the direct converter. There is also a significant 
thermal input to the collector grid as some ions still have kinetic energy 
when they strike the grid, the thermionic electrons have significant kinetic 
energy, and the negative grid radiates thermal power to the collector. All 
of the thermal power is removed by the high temperature helium cooling 
circuit for the thermal cycle. 

The grid characteristics are given in Table 6-18. The grounded grid 
transmission is comparatively low to permit sufficient flow area for the 

29 
helium coolant. A previous study has shown that because the negative 
grid tends to be very lossy, it is best to make it radiatively cooled so 
that it is small and thus has a high transmission. The negative grid 
material properties are those for graphite. 
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Table 6-18. Grid characteristics. 

Grid transmission: 
Grounded 0.95 
Negative 0.98 

Negative grid material properties: 
Emissivity 0.8 

2 2 Richardson constant, A/cm -K 60 
Work function, eV 4.6 
Secondary electron emission coefficient 2 

29 The direct converter model described by Hoffman was incorporated in 
the system model discussed in Ch. 4. This tool was used to perform some 
optimization on the direct converter. The objective was to determine the 
direct converter parameters that would minimize the entire reactor unit 
capital cost, $/kWe. 

The two parameters varied were the fractional-ion, charge-exchange loss 
in the expander and the heat flux at the plasma collector which is varied 
by changing the radial location of the collector, see Eq. (63). In both 
cases, the tradeoff is between cost and efficiency. The charge-exchange 
loss is decreased by decreasing the density of the background gas. The 
decrease in charge-exchange loss increase the efficiency but requires more 
pumping speed. The heat flux at the collector is decreased by increasing 
the distance from the mirror point to the collector. The decreased heat 
flux increases the efficiency by reducing thermionic electrons from the 
negative grid as a result of lower temperatures. However, the increased 
path length requires lowering the gas density because 

f ex ~ V • 

where t ^ is the charge-exchange loss, i^ is the background gas density, 
and & is the distance from mirror to collector. Thus, increasing Jl 
requires more pumping speed to keep f constant. Also, increased path 
length requires a larger and, thus, more expensive end tank and grid 
structure. 

The results obtained from the optimization are shown in Figs. 6-51 and 
6-52. In Fig. 6-51, the direct converter efficiency ri , which is 
defined as 
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^DC - ( pe,c " Pe,n ) / PDC ' 
is plotted as a function of the fractional ion charge exhange loss f 
with the heat flux at the collector as a parameter. In all cases, the 
efficiency increases as £ decreases. Also, at a fixed value of £ , 
the efficiency increases as the heat flux decreases because the negative 
grid temperature decreases and thereby decreases losses from thermionic 

. o 
emission. Below a value of q" - 100 W/cm the thermionic loss is 0

 2 negligible but significant at 250 W/cm . The left-hand limit of each 
curve is the point where the entire tank sidewall is used to provide the 
required pumping speed; thus values of f lower than this are not 
possible. 

The corresponding plant unit-capital cost is plotted in Fig. 6-52. The 
2 optium conditions are seen to occur for q" » 175 W/cm and f » 0.075? 

these values were, therefore, selected for the final design. Also, the 
model was run with no direct converter and the resulting plant capital cost 
was 4975 S/kWe, or 50% higher than the value of 3330 $/kWe with the 
optimized direct converter. Thus, the direct converter improves the plant 
economics but not by 50%, because plant electrical sales only provide about 
1/3 of plant revenues. The use of the direct converter was found to reduce 
the cost of producing fissile fuel by about 15%. 

The parameters for the optimized end tank are listed in Table 6-19. 
The magnetic expansion ratio (ratio of mirror field divided by collector 
field) is 68. The collector potential of 63.1 kV is set to collect all ions 
and is slightly less than the ambipolar potential of 63.8 kV to accommodate 
the residual perpendicular velocity of the ions. The negative grid 

29 
potential was taken to be 1/2 the magnitude of the collector potential. 
The direct converter efficiency was calculated to be n « 0.40, which 

+ + is the fraction of the total plasma power (D , T , alphas, electrons) 
converter to electrical power. The breakdown of the losses is listed in 
Table 6-19. The largest loss is at the collector and is a result of the ion 
energy distribution plus the high energy of the alphas. Also, the electron 
and charge exchange losses are significant. Parasitic losses at the 
negative grid (thermionic and secondary electrons) are negligible. 

The net electrical output from the direct converter is 243 MWe. Of the 
thermal output, 315 HW is removed as high-temperature heat and is 
transferred to the thermal conversion system; 48 HH is removed from the 
sidewalls as low-temperature heat and is rejected to ambient. 
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Table 6-19. Large end tank parameters. 

Tank dimensions 
Radius to end wall, m 
Height of end wall, m 
Sweep angle, deg 
Sidewall area, m 
End wall area, m 

2 Heat flux at grounded grid, W/cm 
Fractional ion charge exchange loss 
Collector parameters 

Radius to grounded grid, m 
B field at collector, T 
Collector grid potential, kv 
Negative grid potential, kv 
Collector height, m 
Collector area, m 
Magnetic expansion ratio 

Vacuum system 
Tank background pressure, Torr 
Pumping speed, litres/s 
Cryopanel area, m 

Direct converter performance (single stage) 
Efficiency losses 

Electrons 
Charge exchange 
Grounded grid 
Negative grid 

Interception (0.021) 
Thermionic (0.003) 
2nd electron (0.009) 

Collector 
Total 

Net efficiency 
Power output, HW. 

Thermal 
Sidewall (low temperature) 
Grounded grid 
Collector grid 
Total high temperature 

Electr ical 
Negative grid 
Collector grid 
Net 

33.3 
10.3 
93 
2100 
560 
175 
0.075 

30.3 
0.083 
63.1 
-31.5 
8.3 
323 
68.2 

5.8 x 10"! 
7.85 x 10 
1790 

0.072 
0.070 
0.043 
0.033 

48.5 
7S.5 
239.8 
315.3 

-8.8 
251.7 
242.9 
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58.1 515.7 
40.2 23 

5 . 1 538.7 

Table 6-20. Input to strong mirror end tank. 
Power, Current, 
MH A 

Fuel ions 
Alphas 
Electrons 
Total 102.3 

6.4.5 Strong Mirror End Tank 

The input power to this end tank is listed in Table 6-20 and consists 
of lOt of the fuel ions, 1/2 of the alphas, and a neutralizing flow of 
electrons. Here, because only about 1/2 of the energy is carried by fuel 
ions, direct conversion would be quite inefficient. Also, because this tank 
should be as mechanically simple as possible (to facilitate blanket 
maintenance through the tank), the use of a simple thermal dump for the 
plasma is justified. 

The tank parameters are listed in Table 6-21. The tank is quite 
compact with a radius to the end wall of about 18 m, recalling that the 
magnet outside radius is 11.5 m. The heat flux at the collector was set at 

o a high value of 250 W/cm , near the practical limit for helium cooling, to 
obtain the snail tank. The fractional-ion, charge-exchange loss was also 
specified as comparatively high (10%) to obtain the modest cryopanel area of 

2 
55 m . Approximately 90% of the input power is recovered as high quality 
heat for the thermal conversion system. 
6.4.6 Output Powers 

The output powers from the two end tanks are summarized in Table 6-22. 
The input plasma power of 710 MH and electrical input of 9 MH are converted 
to 252 MHe of electrical output, 409 MH of high quality thermal output, and 
58 MH of low quality thermal output. 

6.5 Vacuum System 

Portions of the vacuum system have been discussed in Sees. 6.2 and 
6.4. Here, we present a description of the entire vacuum system and gas 
flows to assemble this information in an integrated presentation. 

The major source of gas in the reactor vacuum system is the gas feed to 
the neutral beam injectors. This gas is pumped in the injector tanks and in 
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Table 6-21. Small end tank parameters. 

Tank dimensions 
Radius to end wall, m 
Height of end wall, m 
Sweep angle, deg 

2 Sidewall, m 
2 End wall, m 2 Heat flux at collector, W/m 

Fractional ion charge exchange loss 
Collector parameters 

Radius to collector, m 
B field at collector, T 
Collector potential, kV 
Collector height, m 

2 Collector area, m 
Magnetic expansion ratio 

Vacuum system 
Tank background pressure Torr 
Pumping speed, litres/s 

2 Cryopanel area, m 
Thermal power output, HW 

Collector (high temperature) 
Sidewzlls (low temperature) 

Table 6-22. Summary of output power, HW. 

Gross 
Electrical8 

Thermal 
Gross 

Electrical8 

High 
Quality 

Low 
Quality 

Weak mirror 251.7 315.3 48.5 
Strong mirror 0 93.5 9.8 
Total 251.7 408.8 58.3 

Accounting for the electrical input of 8.8 MWe to the negative grid, the 
net electrical output is 242.9 MWe. 

18.4 
4.1 
86 
282 
112 
250 
0.10 

15.4 
0.72 
0 
2.1 
37.4 
8.3 

2.1 x 10" 
2.4 x 10 6 

55 

93.5 
9.8 
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the end tanks. In addition, a gas flow is used to provide stabilization to 
the surface of the plasma and helium is generated in the plasma as a result 
of fusion reactions. The gas loads caused by outgassing and possible vacuum 
leaks have not been addressed. 

The injector gas flow, simplified for a description of the pumping, is 
shown in Fig. 6-53 for a single source. The gas feed to the arc chamber is 
93.6 Torr-litre/s of which 83.6 Torr-litre/s is pumped from this chamber by 

-2 a blower. Assuming a pump inlet pressure of 5 x 10 Torr, the required 
pumping speed is 1672 litres/s. 

The remaining 10 Torr-litre/s passes through the accel-decel grids into 
the neutralizes 7 Torr-litre/s is cold gas and 3 Torr-litre/s is the 
equivalent gas flow corresponding to the 28 A of ions extracted from the 
source (30% source gas efficiency). In the neutralizer, the remaining 7 
Torr-litre/s of cold gas is removed along with 0.31 Torr-litre/s as a result 
of beam losses. Here, this gas flow is removed with a Hg ejector pump; 
assuming a pump inlet pressure of 10~ Torr, the required pumping speed is 
7310 litre/s. 

In the beam direct converter and drift region, the gas load is 1.32 
Torr-litre/s resulting from unneutralized ions in the beam that are 
collected by the direct converter and beam collisional losses in the drift 
region between the beam direct converter and the plasma chamber. Primary 
pumping in this third chamber is with liquid helium cryopanels. Each source 

2 is provided with 4.17 m of cryopanel, with an effective speed of 4 
2 5 

litre/s'cm . The total cryopumping speed is thus 1.67 x 10 litre/s 
per source. Assuming the gas from the defrosted panels is removed at a 
pressure of 10~ Torr, the pump speed is 1320 litre/s. 

The neutral atom current of 14.4 A injected into the plasma represents 
an equivalent gas flow of 1.37 Torr-litre/s. Of the gas introduced into the 
source, only about 1.5% is converted into injected neutrals. 

The reactor requires two injector tanks, with 180 active sources per 
tank, or a total of 360 of the sources shown in Pig. 6-53. Of these 
injectors, two-thirds, or 240 sources, operate with deuterium and one-third, 
or 120 sources, operate with tritium. Thus the total gas flow into the 
injectors is 240 x 93.6 - 2.25 x 10 Torr-litre/s of deuterium and 120 
x 93.6 « 1.12 x 10 Torr-litre/s of tritium. The total injected 
current into the fusion chamber is 14.4 A x 360 - 5184 A (nominally, 5204 
A) corresponding to an equivalent gas load of 492.5 Torr-litre/s. 
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The complete vacuum system gas flow is shown in Fig. 6-54. In addition 
to the injector gas flow, the warm plasma stabilizing stream is shown 

4 
("deuterium stream") and the flow of the 4.4 Torr-litre/s of He generated 
in the fusion reaction. As was discussed in some detail in Sec. 6.4.2, the 
stream and He pumping have not been explicitly treated in this study. 

Figure 6-54 illustrates our concept for supplying and pumping the 
stream plasma. We estimate about 15 kA or 1425 Torr-litre/s of gas are 
required for boundary layer stabilization. This gas is introduced into the 
vacuum system in the small (upper) end tank around the surface of the plasma 
fan. The gas is ionized, flows through the confinement volume, and is 
scraped off of the surface of the plasma in the large (lower) end tank where 
it is neutralized and pumped. By collecting the gas in a chamber separate 
from the main end tank, it is proposed to operate the stream tank at a 

-4 comparatively high pressure, e.g., 10 Torr. Pumping this gas with 
2 2 

cryopanels, at a speed of 4.3 litre/s'cm , will require 333 m of 
panel. 

The helium production of 4.4 Torr-litre/s flows in equal amounts into 
the two end tanks, where it must be pumped. The helium pumping capacity has 
not been included in the end tank design because of the absence, at present, 
of a feasible helium pumping technology for reactor applications. Two 
potentially useful techniques presently under investigation are cryosorption 
and cryotrapping. 

The injectors introduce 492 Torr-litre/s into the confinement volume in 
the form of energetic neutral atoms. The plasma itself acts as a pump, in 
that all atoms incident on the plasma (energetic or cold) are ionized and 
eventually escape from the confinement volume along the open field lines 
into the end tanks. In the end tanks the ions strike solid surfaces, are 
neutralized, and pumped away. 

Of the injected energetic neutrals, approximately 0.9% undergoes 
fusion, and of the remainder, 90% flows into the large end tank and 10% into 
the small end tank. The large end tank operates at a pressure of 5.8 x 
10~ Torr; here, primary pumping is provided by cryopanels. Using an 

o average pumping speed for deuterium and tritium of 4.3 litre/s'cm for a 2 double-baffled panel requires 1790 m of cryopanel. The small end tank 
-5 2 

operates at a pressure of 2.1 x 10 Torr, requiring 55 m of panel. 
The pressures in each chamber of the vacuum system are shown in Fig. 

6-55 and the vacuum system parameters are listed in Table 6-23. 
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Pig. 6-54. Vacuum system gas flows in Torr-litre/s. 
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2.1 x 10"5 

Fig. 6-55. Vacuum system pressures in Torr. 
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Table 6-23. Vacuum system parameters. 

Chamber Pumping 
pressure, load, 
Torr Torr-litre/s 

Pump 
inlet Pumping Cryopanel 

pressure, speed, area, 
Torr litre/s m 

Injector system 
Arc chamber 10" 1 3.00 x 10' 

(source » 3.37 x 10 Torr-litre/s) 
Neutralizer 2 x 10~ 3 2.64 x 10 
DC and drift region 8 x 1 0 - 6 4.76 X 10 

Confinement volume ~10" 6 — 
(source » 4.4 Torr-litre/s of He) 

Stream tanks 
(source = 1425 Torr/litre/s of D.) 

Large end tank 
(D2 and T 2) 
(He) 

Small end tank 
(D2 and T 2) 
(He) 

10 -4 

5.8 X 10 

2.1 x 10 

-6 

1425 

439 
2.2 

49 
2.2 

5 x 10~ 2 6.02 x 10 5 

10" 3 2.6 x 10 6 

10~ 3 6.0 x 10 7 

10" 4 1.43 x 10 7 

5.8 x 1 0 - 6 7.6 x 10 7 

2.1 x 1 0 - 5 2.3 x 10 6 

1500 

333 

1790 
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6.6 Tritium Containment and Handling 

6.6.1 Summary 

Tritium control in the mirror hybrid reactor is possible with emissions 
to the environment below 10 Ci/d, while still maintaining worker safety and 
cost effectiveness. A number of new methods have been employed to achieve 
such low levels in a near-term machine with today's technology. Figure 6-56 
summarizes the various tritium leak source terms and the associated process
ing loops. 

The tritium breeding pins are designed as tritium containment vessels 
filled with lithium deuteride and ire constructed of a special low-
permeability, high-strength aluminum alloy. In the hybrid reactor these 
tritium breeding pins are "harvested" together with the plutonium pins. The 
tritium is extracted from these tubes in-plant and the lithium deuteride-
filled tubes remanufactured and reinstalled for the next cycle. A breeding 
pin failure rate of 10 per year is assumed, thus releasing 448 Ci/d into 
the helium coolant, which is then scavenged by a slip-stream processor han
dling 2% of the helium flow. The tritium-contaminated helium will permeate 
about 3 Ci/d into the steam generators, which is in turn lost to the cooling 
towers and then to the environment. 

The next major source of tritium leakage is from the tritium neutral 
beam injector, where 55 keV energetic tritons implant tritium into the sur
face of the electrode tubing. Once within the tube metal, tritium will dif
fuse, producing a flux of tritium into the electrode helium coolant flow at 
about 70,560 Ci/d. A 10% fraction of the coolant flow is then processed to 
remove 99% of the tritium and the resulting residual tritium leaks into the 
steaa generators at about 3 Ci/d, where it eventually passes into the cool
ing water and then to the environment. The deuterium injector uses deuter
ium with a maximum 1% tritium impurity level and it creates a leak to the 
steam of 0.3 Ci/d. 

A similar tritium loss phenomenon occurs in the hybrid's direct con
verter where 55 keV energy tritons produce a loss of 8,000 Ci/d into the 
helium flow. Again a 99.9% processor is used, handling 5% of the flow to 
reduce this source of tritium in the main helium coolant to less than 3 Ci/d. 

All of the remaining miscellaneous leaks are taken to be from the proc
ess equipment and piping or .ducting directly into the reactor hall at a 
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Fig. 6-56. Tritium source terms and processing loops. 
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maximum total of 180 Ci/da. The reactor hall atmosphere is processed and 
kept at low humidity to maintain tritium gas levels of below 40 yCi/m 
and tritium water of below 5 liCi/m . This reactor hall processing de
sign is expected to result in routine as well as credible accident losses 
through the reactor hall containment of less than 1 Ci/d. 

In this way, the tritium loss to the environment is designed to be less 
than 3 Ci/d from breeding pin losses, 3 Ci/d from injectors, 3 Ci/d from 
direct converter, and less than 1 Ci/d from reactor hall containment 
permeation. This is some 40 times lower than is required by NRC regulations 
for all nuclear fuel cycle operations, but is about the level suggested by 
the MARA cost/benefit analysis amounting to an expenditure cutoff at the 
$66,000 level. It was found no further reductions in emissions could be 
accomplished by an expenditure of $56,000. 
6.6.2 Containment Limits on Reactor Hill Tritium 

6.6.2.1 Environment Impact. The DOE-policy for tritium releases from 
its facilities is to keep releases to levels as low as practicable. He 
will see that, for a near-term fusion reactor, this level comes out to below 
10 Ci/d. The accumulated tritium emissions from 100 hybrid fusion reactors 
by year 2010 with 10 Ci/d emissions or from 1500 lGWe fusion reactor power 
plants at 1 Ci/d to be built in a world fusion economy by the year 2025 
would not significantly (<10%) add to the prevailing tritium background 
(or a reduced background from a total nuclear device test ban), with a 

37 natural tritium production of 10,000 to 20,000 Ci/d. Such low emission 
goals may not prove to be cost effective in the ALARA sense and this will be 
addressed in Sec. C.6.2.2. 

For a reactor hall of the approximate volume of 150 000 m , losses 
could be kept to such a low level only if the tritium concentration within 
the gas cover (inside the reactor hall) were kept low (i.e., 40 yCi/m ) 
and if the entire wall surface were provided with a permeation barrier as 
the hermetic seal. A stainless-steel shell (alloys 304, 316, or 321) 2-mm 

38 (1/16-in.) thick at ambient temperatures will provide such protection. 
Today the technology exists to weld metal plates in place within a large 
concrete building structure. This shell will meet a criteria for low per
meation (below 1 Ci/d) even for the case of the most incredible accident 
where 26 kg of T, from the meltdown of the breeding blanket is ignited and 
is dumped, at once releasing HTO and/or T.O into the reactor hall, and 
quickly increasing the concentration up to 600 ppm (1500 Ci/m ). Release 
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of T gas inventory into the reactor hall is also serious because permea
tion losses to the environment of T or HT will eventually result in the 
more hazardous HTO. 

6.6.2.2 Fence Line Criteria for the General Public. In addition to 
maintaining a low permeation loss, the interior design of the hermetic 
reactor hall must also protect personnel just outside the building from 
experiencing HTO or T.O concentrations in excess of the maximum permis
sible concentrations (MPC) during both routine operations and extreme con
ditions. Current legislation does not exist that would set limits on 
accidental tritium releases. The most conservative approach is to assume 
that the occupational worker will continue working routinely outside the 
reactor hall and the general public will reside permanently about 1/2 mile 
away from the concrete reactor hall following an ignition and explosion of 
26 kg of T_. For protection of the unmasked, unsuited worker, routine 
work can continue as long as the T,0 concentration will remain below 

3 36 
5 uCi/m (-0.002 ppb) for a controlled access area. 

Members of the general public might reside continuously at the fence 
line of a 1-square-mile plant. Under worst case meteorological conditions -4 (X/Q • 6.7 x 10 ) coincident with the accident, less than a 5-mrem 
dose would result at the fence line if leakage from the accident remained 
below 200 Ci. If the accident occurred under annuel average conditions 
(X/Q " 9 x 10 ), 100 times better dispersion would result. This ac
cident situation would be much less serious to the fence line populace (2 

_2 x 10 mrem). Light water reactor (LWR) routine operation legislation 
requires 5 mrem based on that industry's demonstration that this low level 
was currently achievable. 

Other fission reactor legislation could be applied as well. The 
39 EPA has suggested 25 mrem. But to date, the most applicable to fusion 

is the new NRC regulation of 170 mrem applied to all nuclear fuel cycle 
operations annually. This would allow 350 Ci/d as routine tritium releases 
averaged over the year. One-time accidental doses to the general public are 

36 set by NRC to 5 rem for fuel cycle operations. If this is applied to 
fusion, an "incredible accident," where 26 kg is released into the reactor 
hall simultaneously with another accident that breaches the reactor hall and 
spills 26 kg HTO or T,0 into the environment at ground level, would result 
in about a 70-rem fence-line dose under annual average meteorological condi
tions. 
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Thus, designing a fusion plant with a maximum credible accident of 200 
Ci and routine emissions around 10 Ci/d is clearly extremely conservative. 
Now the question is whether this is too conservative in the cost benefit 
sense. Invoking the NRC test, ALARA ("as low as is reasonably achievable"), 
as $1000/man-rem within a 50-mile radius, a 26-kg-T2 release from a 
1-GWe mirror fusion plant located at LLL could result in a worst case (95% 
conf. limit) 6.5 x 10 man-rem exposure, which would justify an expendi
ture of $65 billion to avoid the accident. Similarly, $56,000 could be 
spent to avoid 200 Ci. NRC has also interpreted MARA for LWR's as 1% of 
fuel pins failed or 5,000 Ci dumped into the coolant system not to exceed 5 
mrem at the fence, as a design limit to seek 0.05 mrem for routine operation 
if justified by AIARA. 

The design to provide the required protection for all of the above 
(except maybe the last recommendation) could consist of a space kept below 5 
UCi/m between the concrete building shell and the hermetic seal liner. 
In other words, the hermetic liner is welded together on standoffs cast into 
the concrete shell. If we state that the facility will have the T , BT, 
HTO or T_0 containment and removal capability to reduce this high acci-

2 3 
dent level down to a level of 20,000 uci/m for reentry with ventilated 
tritium suits within the building after 7 d of reactor hall air processing, 
then we can compute the length of the standoff. If the 600 ppm spill leaks 
for 7 d into this space at 0.007 Ci/d [the permeation through a 2-mm 
(1/16-in.) stainless-steel hermetic liner J and the level within this space 

3 must remain below 5 uCi/m , the standoff distance must be 79 cm and air 
circulated. This release under the worst case meteorological dispersion 
conditions (x/Q < 6.7 x 10~ ) would result in only a 0.005-mrem ex
posure to the general public at the site boundary. This concept therefore 
would be economic, very safe, and would qualify as a secondary containment 
of the reactor hall. 

It should be noted parenthetically that nothing we have done for trit
ium itself requires a concrete reactor dome as in conventional fission 
plants. Since tritium releases are orders of magnitude less serious than 
the fission variety oZ radioisotopes, protection against earthquake, ex
ternal missiles, airplanes, etc. does not seem necessary. No present U.S. 
tritium facility or plant is constructed of such costly dome structures. It 
is the hybrid's actinides and fission products that require the concrete 
dome. 
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6.6.2.3 Safety of the Occupational Worker. The routine safety of the 
worker must be the next topic in the reactor hall containment, involving 
normal ambient operating levels. We selected the nominal level of 

3 
40 uCi/m , as in the previous discussion, for very particular health and 
safety as well as state-of-the-art hardware reasons. An occupational worker 
can be exposed at 100% MPC for 40 h per week without any clothing protection 

3 
at these contaminaton levels of 40 uCi/m if the HTO fraction remains 
below 12% by volume. Such environments (with once-through air) are not 

41 atypical of production facility work environments in the U.S. Mound is 
demonstrating 40 uCi/m in a recirculating highly processed system and 

42 
Los Alamos on a smaller scale processed glove box train. Los Alamos has 

3 also achieved 0.5 uCi/m in a highly ventilated room surrounding this 
processed glove box while achieving stack emissions to the environment 

43 around 1 Ci/d. Sandia Livermore is constructing a system with similar 
goals. However, for routine work the design basis for exposure should be 
well below the 100% MPC. ERDA recommends that for design purposes, 
levels at 20% MPC should be used. This would be quite feasible at work 
assignments of 8 h per week, or one could provide analytical evidence for 
HTO fractions below 2%. Also, the occupational worker can be protected by 
lightweight suits and face masks that would not interfere with his needs for 
agility and dexterity. Such lightweight suits (two piece with overalls) 

44 with air supplied masks typically can provide protection factors of 100 
or more if changed hourly or factors of 10 or more if not changed for 8 h. 

3 Thus, it can be seen that this nominal level of 40 uCi/m offers the 
largest number of operational options while still remaining close to the 
economic and safety optimum. Under accidental conditions or higher levels, 
ventilated suit technology has advanced to the stage where factors of 1400 

44 or 1900 can be achieved. We are presently examining the different suit 
demands from routine and emergency egress points of view. 

Occupational worker safety with respect to tritium within the reactor 
hall should be excellent, since he could work at the ambient levels of 40 

3 
iiCi/m (less than 2% HTO) for a 40-h work week without additional suits 
or breathing masks. We have also provided in the design a full capability 
for worker survival from the "maximum credible accident," where 26 kg of 

3 T- explodes to form 600 ppm (1500 Ci/m ) of T,0 within the reactor 
hall. Even though calculations show that such an explosion would not breach 
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the integrity of the helium coolant containment, the "maximum credible fail
ure" postulates 100% escape of T.O into the reactor hall. 

He propose that the workers normally wear overalls with a plastic suit 
underneath and outside as well, and carry a breathing mask with 3 min of air 
in a small belt tank. In addition, we propose to supply a large number of 
fresh air "breathing booths," where fresh air is flushed and exhausted 
through a large duct and manifold. This design would permit the worker to 
enter the "breathing booth," where not only protection from the high tritium 
levels is provided, but a safe egress port is available to him for escape to 
the outside world. These booths with escape ducts would be located conven
iently at all building elevations to permit worker entry from all locations 
in less than 3 min. The suit and breathing mask would permit the worker 
survival and egress during the "maximum credible failure." Normally upon 
hearing the alarm, within seconds the worker would install his breathing 
mask, run to a booth, avoid the elevated concentrations that would take many 
minutes to accumulate within the reactor hall. At 1500 Ci/m , a 0.5-s HTO 
exposure would result in 25 rem, a dose equal to that allowed to the general 
public under accident conditions, assuming a quality factor of unity for the 
radiation. In the best tritium suit, a 20-min exposure would give 25 
rem. There is, of course, the unlikely possibility that the worker would be 
sprayed directly with 100% T_0 before he could mount his face mask. But 
we feel this design concept and operational procedure would provide ex
cellent worker safety, well within even the most restrictive DOE guidelines 
that could be anticipated far into the future. 
6.6.3 Tritium Leakage and Reactor Hall 

6.6.3.1 Sources of Leakage. Now that it has been established that a 
tritium level of 40 uCi/m is a safe working environment within the re
actor hall, let's examine the constraints that this level places on the 
other components in the nuclear island. Experience in our facility at LLL 
and at other tritium research and development facilities in the U.S. sug
gests that either in a continuous air recirculation or a once-through air 
exhaust system, the ambient room levels depend on the cleanliness of the 
worker. That is, it depends on how much outgassing of tritium occurs from 
leaking equipment and deadsorbing from room and hood surfaces. The ambient 
level for a given room volume depends on the replacement rate of the air 
within this volume and the tritium outgassing rate. Operating practice in 
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once-through air exhaust systems suggests twenty changes of air per hour are 
3 needed to keep room levels about 15 uCi/m . When laboratory operations 

are not as careful, the level increases. 
The mass balance is fundamental to these air flow-outgassing relation

ships. Table 6-24 gives results of the mass balance analysis relating the 
maximum outgassing rate of tritium that can be tolerated to meet the 

3 3 
40-uCi/m level for a given air-flow rate in the reactor hall (150 000 m ). 

In addition to the outgassing or leaking of tritium from the nuclear 
island, we have examined the extent to which the myriad of not large helium 
ducts will lose tritium into the reactor hall. If the duct walls were 
around 500 C, the tritium loss would not be acceptable. However, we utilize 
a double-wall duct design where the space only slowly communicates via holes 
with the main helium flow in such a way that the space is relatively stag-

2 
nant and cool, in this way the enormous area of the ducts (7100 m ) will 
permeate less than 0.1 Ci/d into the reactor hall. For safety and accident 
reasons, the ducts should still be placed in a "pipe-race" isolated from the 
main reactor hall, purged with air, monitored and separately connected to 
the inlet of the reactor hall processor. 

He should als^ mention here that the reactor hall processor provides a 
large source of leaks itself and is contained in a vault, separately purged 
(possibly with argon), and processed in case of an accident. The molecular 
sieves would normally have as much as 1000 Ci in the loaded state before re
generation or under maximum credible accident situations, as much as 26 kg. 

These sources of leaks can be compared favorably with available esti
mates for tritium leakage loss (including permeation) from state-of-the-
art energy recovery system (process piping, pumps, heat exchangers. 

Table 6-24. Maximum tolerable outclassing within reactor hall to maintain 
a 40-Ci/m3 asymptote (infinite processing time). 

Air flow Volume changes 
per hour 

Outgassing tolerated, 
Ci/d m 3/s CFM 

Volume changes 
per hour 

Outgassing tolerated, 
Ci/d 

0.36 607 1/24 1.0 
5.88 10,000 0.05 18.0 
58.8 100,000 0.5 180.0 

2352 4, 000,000 20.5 7200.0 
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turbines, etc.). For example, a conventional energy recovery system con
structed of stainless steel for a 470-MWe plant would release about 70 Ci/d 
of tritium gas into the reactor hall. 4 6 Thus, typical for a 1-GWe reactor 
design, 180 Ci/d might be expected and thus air flows of around 60 m /s 
(100 000 cfm) are required. This rate is typical of moderate-size office 
buildings with conventional off-the-shelf air conditioning hardware, ftp-
proximate cost would be $30 million for complete processor from 

47 
Englehard* including S3 million for precious metal catalyst. 

It is clear that there will be an optimum trade-off between the size of 
the reactor hall waste gas handling system and the design of the thermal 
energy recovery system relative to tritium leakage and permeation. Doubly 
or triply contained process piping and heat exchanges represent one extreme 
and thin steel at high temperature, the other. A compromise may well be the 
use of a single tube unit with triple layers: stainless steel, low permea-
bililty layer, and stainless steel. A triple sandwich using copper as the 
middle layer substantially reduces the high temperature tritium permeation. 
The feasibility of such a copper-containing design has been explored and 
indeed looks favorable. Further reductions may be possible with a ceramic 
inner layer. 

Also indicated in Table 6-24 is the air flow of 607 cfm which would 
transport 1.0 Ci/d at 40 yCi/m . This fact tells us that the operation 
of conventional "air flush" air locks through the reactor hall wall to the 
outside would be a problem. There are two air locks: one large lock for 
moving blanket segments and other large equipment out of the reactor .iall, 
and several smaller ones for personnel. For special conservatism, one could 
operate both personnel and equipment locks upon entering and exiting the re
actor hall as opposed to just exiting. If one expects to change 16 blanket 

3 segments per year, this would represent a flow of only 2 m /h (1 cfm) if 
the lock were the pump-down variety and for 100 personnel accesses per day. 
This release would amount to 8 m /h (4 cfm). This is excellent. But if a 
conventional lock is used where air velocities past a moving person are re
quired to be 0.6 m/s (120 ft/min), it rapidly becomes excessive. Thus, a 
double lock variety, where one isolated chamber is pumped down, must be used 
to avoid excessive tritium release to the environment. A pumped double air 
lock de»ign could also pump from its exhaust air to the reactor hall waste 
gas handling system and no substantial increase in system load would re
sult. This operation would also allow for fresh air makeup. The total 
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amount of air makeup, however, will still be limited to under 0.36 m°/s 
(607 cfm), depending on both the actual tritium leakage out to the reactor 
hall and the low level achieved by the molecular sieve just before the waste 
air is stacked. More makeup air can be admitted if molecular sieve-bed pet-

3 
formance achieves less than the 40-uCi/m -limit. With an "air curtain," 
it might be possible to reduce back-mixing to such a low point that the 
pumpdown feature could be deleted. 

6.6.3.2 Accidental Release. We have illustrated our discussion with a 
maximum credible accident involving a 26-kg HTO release resulting from a 
blanket melt-down. There can also be a failure in the direct converter vac
uum vessel where frozen DT (about 0.25 kg) is formed and oxidized (ignited) 
by the incoming air (oxygen). Actually, however, there is a whole spectrum 
of accidents leading to tritium releases into the reactor hall or to the en
vironment — each with a different probability as shown in Pig. 6-57. As 
indicated, this release probability vs release size can be broken into a 
"routine" release pattern resulting from normal, operational leakage and 
small maintenance releases and into a "catastrophic" release portion where 
some accident has occurred. The experimental data used to obtain this dis
tribution is based on about 20 years of tritium experience at the LLL Trit
ium Facility. It has been assumed that the normal release experience is 
simply scaled by the differences in inventory handled. 

Table 6-25 is a compilation of our best collective guesses as to the 
accident mode and tritium release quantity. The largest tritium accident 
would involve a melt-down of tritium breeding pins and the release of 26.2 
kg; however, to release this huge quantity of tritium to the environment, a 
simultaneous rupture of the reactor hall containment is required — a most 
unlikely occurrence. The explosive force of this quantity of hydrogen is 
many orders of magnitude too small to rupture the reactor hall structure by 
shock wave and over-pressure energy release; therefore, only an external ac
cident exceeding a 747 plane crash could accomplish this. A dual accident 
such as this is termed an "incredible accident." Releasing this 26 kg of 
tritium to the reactor hall under melt-down conditions would, therefore, be 
considered the maximum credible accident. For a hybrid reactor, however, 
this tritium accident would most probably be associated with a uranium pin 
meltdown as well, thus dwarfing the tritium spill by the much more hazardous 
actinides. Since this kind of accident would probably require a total 
shutdown and closure of the reactor, the tritium processor for the reactor 
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Table 6-25. Risk analysis for tritium release accidents. 

Accident mode Tritium release 

1. Breeding blanket melt down simultaneous 
with reactor hall rupture 262 HCi (26.2 kg) to outside 

2. Breeding blanket melt down 262 MCi (26.2 kg) to hall 
3. Cryogenic distillation column rupture 14 MCi (1.4 kg) 
4. Tritium fuel storage tanks SI HCi (8.1 kg) 
5. Netural beam direct converter cryopanel 2.5 HCi (0.25 kg) 
6. Direct converter cryopanel 20 HCi (0.20 kg) 
7. Neutral beam processor sieve line 282,000 Ci 
8. Direct converter processor sieve line 50,000 Ci 
9. Heactor hall processor sieve line 1800 Ci 
10. Helium coolant loop rupture 60 Ci 

hall (discussed in Section 6.6.3.5) will not be sized for this accident. 
Although the processor will be sized for the steady-state operational level 

3 
of 40 yci/m , it will be capable of reducing the tritium levels 
following this maximum credible accident down to 400 MPC in about 7 days, if 
there is not interference or poisoning effects from the actinides. 

6.6.3.3 Surface Outgassing. Now that we described the various sources 
exuding and releasing tritium into the reactor hall, surface outgassing must 
be carefully considered as well as its consequences for reactor hall and the 
waste gas processing systems. Longer worker re-entry times will result and 
these must be estimated as well. This problem is a difficult one because 
the transient behavior is difficult to predict. However, asymptotic, 
limiting analytical solutions are obtained. A tritium concentration spike 
will drive T 2 and HT into many materials and create adsorbed layers of 
T 2o on all exposed surfaces. As the reactor hall concentration drops, 
these walls act as sources. 

First, the complexing of the gas or water (1500 Ci/m3 tritium) from 
the "maximum credible accident" with the metal parts will be estimated. If 
the metal available is 300 000 tons of stainless steel and at room 
temperature, the tritium dissolved will reach about 200 Ci and the amount 
adsorbed onto the surfaces in the form of a monolayer will be around 50 00b 
Ci. Thus, some 52 000 Ci will become tied up with the metal parts as a 
result of this 1500-Ci/m spike. Little is known about the deadsorption 
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of tritium from such surfaces, but practical experience tells us that the 
outgassing rate is very slow. It is very difficult to decontaminate 
tritium-fouled equipment. Our present practice at small scale says as a 

49 
practical rule an additional 40 changes of air are required to reduce 
the surface accumulations on small parts. This added processing time will 
be treated later in this report. 

The consequences of this lack of knowledge about tritium surface 
complexing, tritium forms, outgassing, and rates from equipment are 
substantial. The waste-gas processing time needed to clean up this spike 
and restore the normal 40-uCi/m level is difficult to predict and may 
be unacceptably long in large-scale practice. We can predict the processing 

3 3 
time to reduce the 1500 Ci/m to the 20 000-UCi/m re-entry levels in 
the presence of 180-Ci/d outgassing, and can roughly estimate the additional 
time needed when real deadsorption unsteady-state outgassing occurs, but 
cannot now treat surface complexing, tritium forms, and associated rates. 
There are procedures for surface cleaning designed to enhance tritium 
outgassing, such as steam cleaning a smooth, polished surface, ion discharge 
cleaning, electrocleaning, etc. This is the one area that must be studied 
more carefully and on an urgent basis. If outgassing occurred at the 
processor maximum capacity (180 Ci/d), about 150 days would be needed to 
remove the 52 000 Ci of tritium that is driven onto and into the surfaces. 

6.6.3.4 Radiolytic Oxidation Within Reactor Hall. There must be some 
assurance that in this operational design the level of 2% or less HTO can be 
feasibly maintained. It is this question that is critical to the 
practicability of our proposed design. The HTO can be produced from pure 
T, or HT by several chemical routes: isotopic exchange with H.O in the 
water-contaminated air within the reactor hall, autoradioylsis of 1 in 
air (oxygen), catalytic conversion of T, or HT via active or hot metal 
surfaces exposed, and radiolysis of T, or HT in air via radiation field 
escaping the mirror machine. It is for these reasons that, in the past, the 
use of air has been rejected from fusion reactor halls. However, careful 
review of contemporary research and demonstrated technology shows that the 
use of air must be reconsidered. If care is taken to avoid hot, precious 
aetal (catalytic) surfaces, excess water vapor, and a buildup of T_, then 
the formation of HTO can be kept at manageable levels. Estimates of the 
conversion rates have been made by fitting available data with a rate 
equation. The results are as follows: 
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HTO - T 2(0) [l - exp(-kT2(0)6)] , (64) 

where 6 is time for conversion in hours, T,(0) is the initial 1-

concentration in uCi/m , k is the rate constant (i.e., k » 29 x 
1 0 - 1 3 M3/uCi-Hr at 100% humidity or k « 6.24 x 1 0 - 1 3 m3/Ci-Hr 
for dry air), and HTO is the concentration of HTO found in UCi/m . At 

3 initial levels of T_{0) of 40 uCi/m , the rate of formation of H.TO 
-4 3 would always be less than 1.0 x 10 yci/m per hour, small indeed. 

The conversion rate does not become significant until levels of 65 Ci/m 
are approached, over 10 larger than planned for in the design. The 
important point from this analysis is to keep T_ at low concentrations 
with maximum dedication. 

The above model predictions have been made for T conversion by 
isotopic exchange and autoradiolysis to HTO in humid air. The effects of 
the availability of substantial areas of active metals surfaces on this 
conversion rate have been examined. Using this accelerated rate 
constant for steel surfaces, a comparison of oxidation rates is made in 
Table 6-26. 

Table 6-26. Oxidation of T2 to HTO in reactor hall (initial 
concentration 40 Ci/m 3, HTO cone, in uCi/m 3). 

Ti«e Dry air Humid air 
Steel 

catalyzed3 

Radiation field 
on steel 

1 hr. 
2.5 
50 
2,000 

9.96 x 10" 1 0 

2.49 x 10" 9 

4.98 x 1 0 - 8 

1.99 x 10"' 

4.01 x 10" 9 

1.00 x 1 0 - 8 

2.01 x 10"' 
8.00 x 10~ 6 

9.75 x 
2.44 x 
4.88 x 
1.92 x 

ID" 8 

ID"' 
ID" 6 

1 0 - 4 

0.6 
1.58 
3.1 
5.0 X 

X 
X 

X 

ID" 6 

ID" 6 

1 0 - 5 

ID" 3 

10,000 9.98 x 1 0 - 6 

« (1500 ci/m3) 
4.00 x 10" 5 

(HTO cone, in uci/ 
0.96 x 
- 3) 

ID" 3 25.0 X ID" 3 

12 Bin 0.01 0.03 0.78 5.0 
1 hr 0.04 0.16 3.90 24.0 
2.5 hr 0.10 0.40 9.76 63.2 
50 hr 1.99 8.40 195.2 1240 

"with huaid air. 
bRadiation field taken to 
huaid air. 

be 40,000 R/hr r on steel catalyzed surface in 

249 



Also shown are the enhancement effects of a superimposed radiation 
field5 on top of the heterogeneous catalytic surface and the humidity 
effects. Although the mirror plasma flux is only 4 000 R/h, the spectrum is 
much harder and is expected to compensate. It can be seen that the overall 
enhancement effect is some 500 times over that formed in dry air. However, 
it is clear that when the concentrations are kept low (i.e., 40 pCi/m ), 
and when the air within the reactor hall is continuously processed and not 
allowed to sit stagnant for very long periods of time, the percentage of HTO 
present will remain well below the 2% figure desired for the design case 
(20% UPC HTO). For a worse case accidental release of 20 kg T, gas that 
is left isolated within the reactor hall at 150 C/ra then the HTO 
concentration would build up to the MPC of 5 uCi/m in 12 min, or 20 000 
UCi/m3 in 5 d (i.e., 400 mpc). Free water volumes should be avoided 
since they will quickly become highly T,0-contaminated and also result in 
high humidity in the reactor hall atmosphere. 

It should be noted in passing that an evacuated reactor hall (i.e., 
containing no air) would not have HT or T comparable to HTO problems in 
the presence of ordinary water humidity. Although from this standpoint the 
differences are not large, because in the operation visualized here for the 
air-containing reactor hall, the tritium gas levels are kept ; :>w enough so 
that HTO formation is not significant. Accident situations, however, can be 
better handled in an evacuated reactor hall since HTO formation is nearly 
negligible and the tritium mole fraction concentration levels are some 10 
times higher and much more easily processed without air diluents. The lower 
volumetric flows would significantly reduce the catalyst bed heating costs 
and the catalyst volume. The other improvements in structural features of 
the first wall and added costs in the reactor hall building must be 
carefully considered in future designs. But at this early stage, our brief 
look indicates advantages from the tritium standpoint. 

6.6.3.5 Scavenging Tritium from Reactor Hall. Such a reactor hall 
containment processing system with pump-down locks has been depicted in 
Fig. 6-58 where one of the concepts for the mirror reactor reference 

54 design is shown with such a processing concept added. Fresh air is 
contained within both personnel locks Nos. 1 and 2. In egress operation, 
both doors to No. 1 are closed and No. 2 is opened. Personnel enter lock 
No. 2 and its reactor hall door is closed. The center door is opened and 
personnel move from No. 2 to 1. Lock No. 2 is pumped down with its waste 
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Fig. 6-58. Reactor ball containment processing system with pump-down locks. 
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gas discharged in the reactor hall. Fresh air is exchanged through No. 1 
into No. 2 until No. 2 air pressure matches atmospheric. Personnel Move 
from No. 1 to outside. The doors on lock No. 1 are closed and its contents 
are pumped down and exhausted into the reactor hall and lock No. 1 is filled 
with fresh air. Personnel could enter or leave without any pump-down. 

The hermetic seal secondary containment space inside the reactor hall 
structure is flushed with fresh air (about 0.36 m /s or 600 c£m) when the 
air locks are not in operation, maintaining in this space levels of HTO be
low 2 liCi/m3 into the waste gas processing system. 

This combined low and high-temperature processing system shown in Fig. 
6-59 would catalytically oxidize in aic the T, or HT to HTO. Operation at 
high temperature (350°C) would permit oxidation of tritiated hydro
carbons. The higher boiling refractory organics would be trapped by the 
activated carbon columns. Helium impurities will also be removed by a bleed 
air purge system, but these problems of nontritium impurities will be 
treated later in the project. Haste air would be recycled for the most part 
into the reactor hall itself, with a snail bleed stream exhausted to the 
stack, hopefully below 40 pCi/m . The processed air would enter the 
reactor hall near floor level where occupational workers would be 
concentrated. The bulk flow of this reprocessed air would be expected to be 
58.8 m / s (100,00 cfm) or better, depending on how leaky or permeable the 
blanket tritium processing systems turned out to be. The air velocity near 
the worker might be in excess of 3.3 m/min (10 fpm); however, the net 
velocity upward through the interior of the reactor hall would be only 0.33 
m/s-in (1 fpm) or so. Thus, no credit of the velocity could be attributed to 
safety (<120 fpm). 

Spill Cleanup. Neglecting these adsorption-controlled outgassing 
problems discussed above for metal surfaces in the reactor hall air and for 
any free water volumes present, we can estimate the processing time required 
to reduce the 1500 Ci/m from the "maximum credible failure," to the 
20,000 uCi/m3 reentry level or to the 40 uCi/m3 operating level. 

44 Using the study at Mound Laboratory to determine the catalytic oxidation 
kinetic rate data, a plug flow reactor can be designed. 

A schematic for such a recirculating tritium removal system has been 
shown in Fig. 6-60 with a low-temperature processor for handling the refrac
tory tritium compounds discussed above. The tritium concentration (grams of 
T, per cubic metre of total gas) is given as T, subscripted according to 
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Fig. 6-59. Keactor hall processing system. 
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Fig. 6-60. Spi l l cleanup (spike of 2 kg T„ or T.O). 
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location. It is assumed that the reactor hall is well mixed and that the 
volumetric removal of gas (mostly tritium) designated as q, is negligible 
compared to the recirculating flow, Q, and is exuding tritium from the 
walls, leaks, etc. at 5 Ci/d. 

A mass balance on the reactor hall can be made by expressing the dif
ference between inlet and outlet concentration and the decrease in its pre
vailing level: 

V a T 2 ( 9 > S T 2(6) - T l ( 9 ) - - £ - ! - + | . (65) 

where 6 is the process time and V the reactor hall volume. A similar bal
ance can be made around the removal process unit: 

Q [ T 2 - T j . q T 3 

T qT, 

V 1 "^ ' <66) 

The plug flow reactor design equation can be wri t ten a s : 

V ' 1 - T^ieT = x ' e x p 
V 

(67) 

where u vs the fraction converted, V is the catalyst volume, and k is the 
first order kinetic rate constant. Thus, 

k = 2.4 x 10 9 s" 1 exp[-12300/RT], (68) 

with the activation energy in cal/mole. This was obtained by correcting 
Mound's result ,- It « 2.27 x 10 5 expf-7100/RT] for temperature-
dependent pore diffusion and obtaining new Arrheius parameters. The 
Mound surface-controlled, plug-flow approach is adequate in neglecting pore 
diffusion and dispersion effects. For low-temperature (300 K) operation, 
these effects can be significant but can lead to significant errors at high 
temperatures (i.e., >600 K). When these additional high-temperature 
effects are rigorously taken into account, the predicted performance is 
consistently worse. 

55 Accordingly, Eq. (67) must be modified as: 

.-^--t^rti-f^). vey - x - I 1 ToV 2tj e*e\r 1 7 ' ( 6 9 ) 
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for Moderately small axial dispersion or small peclet numbers, approximated 
by small catalyst-particle-to-bed-length ratio, dp/L. This axial dispersion 
correction in Eq. (69) typically reduces conversion by 25% for 99.9% 
conversion for L - 100 dp; it rapidly becomes more important for higher 
conversion and shorter bed operation. Note that at a given operating 
temperature, conversion \i is enhanced by increased residence time V /Q. 
For fixed-flow rate, this must be balanced against increased catalyst and 
pumping costs. Pumping costs are reduced at lower bed velocity, but mass 
transfer and dispersion limitations will then reduce conversion. 
Eliminating T..(6) between Eqs. (65) and (68) results in 

V d V e ) S 

If we integrate 

rT2<e> d V e > f £ d6 

the result is 

T 2<e>-T 2<0, e X p ( - i f ) + ^ [ l - e x p ( ^ 9 ) l . ,71, 

This result is valid for the case where the outgassing rate, S, remains con
stant with time; thus, it will be termed the "steady-state outgassing cleanup 
model." 

Table 6-27 and Fig. 6-61 show the results of the "steady-state outgassing 
cleanup model," relating safe (400 HPC with light suit) "re-entry times" as a 
function of required catalyst volumes. 

He must now carefully examine the consequences of the intensity of the 
phenomena of driving the tritium pike into the wall surfaces (i.e., "soaking") 
and the associated unsteady outgoing source that results. 

58 A. E. Sherwood has corrected the simple exponential clean-up model 
for the unsteady-state mass diffusion effect of tritium gas into the wall sur
faces. The simple "ideal" cleanup can be expressed as 

c/cQ - exp(-Xt) 
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20 

Fig. 6-61. Results of steady-state outgassing cleanup model. 

257 



Table 6-27. Incredible accident: tritium reduction by the "steady-state 
outgassing cleanup model" (Q > 58.8 m3/sec (100,000 cfm), 
V - 150,000 m3, temp - 300 K, T2(0) - 1500 C i A 3 , 
steady source - 180 Ci/d). 

a? (6), reactor hall four values of V 
3 

tritium, pCi/m , 
, catalyst volume 

Re-entry times, 
days 2 m 3 4 m 3 6m3 8 m 3 

1 4.50 X 109 1.41 X 108 4.59 X 107 1.56 X 10 7 

2 1.35 X 108 1.32 X 107 1.41 X 106 1.61 x 10 5 

3 4.05 y 107 1.24 X 106 4.34 X 10 4 1.95 x 10 3 

4 1.22 X 107 1.17 X 105 1.66 X 103 1.80 x 10 2 

5 3.67 X 106 1.14 X 104 3.85 X 102 2.63 x 10 2 

6 1.13 X 106 1.53 X 103 3.45 X 102 2.63 x 10 2 

7 3.37 X 105 6.04 X 102 3.44 X 102 2.63 x 10 2 

8 9.92 X 104 5.16 X 102 3.44 X 102 2.63 x 10 2 

9 3.05 X 104 5.08 X 102 3.44 X 102 2.63 x 10 2 

10 9.83 X 103 5.07 X 102 3.44 X 10 2 2.63 x 10 2 

11 3.65 X 10 3 

12 1.79 X 103 

13 1.23 X 103 

14 1.07 X 103 

15 1.02 X 103 

where 
X » forced decay constant » UQ/V, h , 
y « tritium fractional removal in cleanup system, 
Q • flow tate in cleanup loop, » /h, 
t » tine after accident, h, 

3 c • T, concentration at time t, uci/m , 
z 3 

c„ « initial T, concentration, yci/m , 
V » reactor hall volume, m . 

The wall soaking diffusion model can be solved rigorously, however, for 
our purposes; two asymptotic solutions adequately serve as follows: 
for small time (Xt « 1) 

(a/X « 1), 
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r0

si~k «"> 1 / 2 - At + . . . . 

and for large time (Xt » 1) 
(a/X « 1 ) , 

c_ * i Mtt¥i . 
c o ^ ( X t , 3 / 2 "•• ' 

where 
a • diffusion parameter « 1/4(DS2) (A/V) 2, h" 1 

o D » T, diffusion coefficient in solid material, m /h, 
S » solubility coefficient, a pseudo-Henry's Law constant, 

2 A = wall surface area for assumed semifmite solid, m . 
The results of the wall soaking and diffusion model are depicted in 

—1 —7 
Fig. 6-62 for the parameters of X * 1.0 h and a ranging from 10 to 
-5 3 

10 • This illustration would apply for our reactor hall of 150,000 m 
3 3 

with air flows of 58.8 m /s and conversion y of 7% per pass (4 m of 300 K 
catalyst). Note that after 10 hours or so, the tritium removals are consider
ably better than the "simple ideal cleanup," owing to the loss or disappear
ance of the tritium into the wall surfaces (i.e., "soaking"). However, for 
long times (over 100 hours or so), the walls begin to exude tritium back out 
into the reactor hall, thus making the processor cleanup task considerably 
more difficult. 

2 2 The diffusion parameter, a = 1/4(DS ) (A/V) , is important for the 
long-term cleanup. Polymeric (plastic, vinyl or alkyd paints) coatings on -5 wall surfaces typically have a 5 10 , whereas stainless steel may have _2 a » 10 . Therefore, from this model, polymeric coatings appear to behave 
better from the dynamics standpoint, although polished stainless steel sur
faces are known to respond better to automated surface cleaning methods. 

For our "maximum credible accident" case, Fig. 6-62 illustrates that we 
cannot achieve the desired 400 MPC in the 7-day period that our "steady-state 
outgassing cleanup" model predicts. In fact, this wall soaking and diffusion 
model says that 4000 MPC is more likely after 7 days, depending on p and a. 

This is indeed the maximum level that we would consider sending in a worker 
with an advanced ventilated tritium suit to undertake the maintenance. And we 
would restrict his work hours accordingly. Note that this comparison illus
trates well the extreme importance of considering wall effects in tritium 
cleanup systems. 
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Fig. 6-62. Fusion reactor hall tritium cleanup with wall diffusion. 
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There are additional mechanisms that need to be considered in consider
ably more detail before we can accept into the results of this wall soaking 
and diffusion model based on tritium gas solubility into, and diffusion with
in, these surfaces. Certain effects on these surfaces are important: conver
sion of the gas (HT or T,) to water (HTO or T,0) on the surface, adsorp-

59 tion in the form of the monolayer, deadsorption, reconversion, etc. Marom 
has made a first attempt to consider such water adsorption effects. The model 
parameters of surface conversion to water, adsorption and description rates 
were obtained by fitting experimental data taken on a small cleanup-system 
operation on a 50-litre plastic-walled chamber. 

Haroni has used his model to predict the cleanup response for our system, 
assuming only wall adsorption effects and neglecting the wall-soaking and dif
fusion effects and the continuous 180-Ci/d outgassing source. The results are 
shown in Fig. 6-63. The model predicts similar effects for short and long 
times as does our wall soaking and diffusion model in Fig. 6-62, except larger 
conversion parameters are required to obtain effects as pronounced as ours. 

3 The long time asymptotes vary from 200 to 6000 yCi/m , depending on 
whether the water conversion rate on the surface is that from Table 6-26, or 
100 times that amount. Heedless to say, both our models predict extern? id re
entry times well in excess of the simple ideal cleanup model. 

Clearly, catalyst beds much larger than 10 m are expensive and imprac
tical; thus, reentry times range from around 3 days to 2 weeks for reasonable 
bed designs. An interesting note can be made here regarding the estimated the 

3 $30 million cost from a catalyst supplier. Their bed volume was over 100 m 
since their conservative approach (as catalyst supplier) is to mer.t the 
efficiency requirements in a single pass. This is equivalent to a reentry of 
minutes. 

Reentry times of the order of days to a week or so would be acceptable. 
Catalyst volumes from 2 to around 8 m are called for with catalytic reactor 
cost from $150 000 to $600 000. It is clear that there are Many areas where 
costs can be cut if further optimization of the design is made to suit the 
particular specialized requirements for the fusion reactor hall processing. 

How that we have examined the design constraints on the catalytic reactor 
we must examine the molecular sieve. The design basis Tor molecular sieve 
beds that can achieve the lowest possible outlet tritium water concentration 
has been reviewed by Verneulen. In essence, one desires low water loading 
per unit mass of mole sieve — the lowest possible temperature down to 5°C 
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Fig. 6-63. Atmospheric cleanup analysis. Curves represent total residual 
tritium, amount soaked, and soak effect. 
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(40°F) — and operation well before breakthrough. For tritium appli
cations in inert gases, the HTO concentrations are so low that before break
through all beds examined here are loaded below 0.001 wt% — low indeed. The 
reactor hall processor sieves handling 0.5% relative humidity in the reactor 
hall air are always loaded below 2%. The temperature is held close to 50 C 
(40°F), by conventional chilled water systems. No further vapor pressure 
reductions are practically achieved below 0 C (32 F), because of blinding 
of the molecular sieve pores with ice. Consequently, the only design variable 
important to these designs is the breakthrough time. 

A convenient represen 
times is given as follows: 

A convenient representation of available data for sieve breakthrough 

307,000 \ 
B * 1 + 37.lr Q ' 

where r is the relative humidity fraction, and V the volume of the sieve 
and the volumetric flow rate through the sieve. Operating below breakthrough 
guarantees HTO outlet concentrations as low as the previous regeneration, 
which can be performed by mole sieves around 5,000 uCi/m . 

Noted that with the reactor hall atmosphere maintained at a dry 0.5% rel
ative humidity, there is not a significant quantity of ordinary water to 
effectively realize a swampipg effect on tritium water more than a mere factor 
of five. Consequently, a molecular sieve freshly regenerated to around 0.1% 
moisture will produce output HTO levels around 5,000 uCi/m without swamp
ing, and around 1,000 pCi/m with swamping. 

To achieve a further water reduction to 20% MPC or 1 uCi/m , a cryo-
gentic polishir/j step is needed on the last molecular sieve. We envisage a 
cryogenic exchange-condenser operating at around -150 C. The vapor pressure 
of HTO over the solid would be sufficiently low to effect the final goal 

3 
of 1 yCi/» HTO. Normally, this approach would be far from feasible be
cause a thick build-up of ice on the exchanger finned/surfaces would quickly 
spoil the operation. However, as a final polishing step — removing only 
around 10 g/s or about 3 g HTO per year — the performance should remain 
high. This polishing cryogenic condenser can operate at reasonable conditions 
such as -150 C, handle the full 58.8 m'Vs flow, and utilize a reasonable 

2 
surface area around 40 m . 

Part of the catalytic oxidation-molecular sieve adsorption system 
described above involves the problems of handling the spent molecular sieve 

263 



from an occupational hazard standpoint. The reactor hall is planned to be 
operated at a relative humidity of O.St. This level was selected as the 
lowest demonstrated level routinely used in a working environment within the 
DOE system (the thermal battery program at Sandia Albuquerque). Workers have 
been routinely operating in this environment for 15 years with no bad 
experience. There are presently no OSHA guidelines on this topic. 

With this low level of humidity, the liquid stream collected on molecular 
sieves will amount to 750 lb/d with a tritium contamination level of 
0.5 Ci/litre. Disposal would ir./olve several 55-gal drums buried per day, or 
deep well injection in a dry, stable geological deposit. Thus, this problem 
does not appear to be insurmountable. 

The molecular sieve beds are operated in the dynamic breakthrough mode 
with a cycle time from loading to regeneration of 4 days for molecular 
sieve 5A. This corresponds to a sieve volume of 77 m or a sieve cost of 
$38,000 per bed for the 3 sieve beds shown the total capital cost is expected 
to be $250,000 plus $100,000 for instruments and controls. 

Before we leave this topic, we should comment about the ability of the 
abo-e design to handle the routine processing task. As indicated in Table 
6-24, a processing syste.u scaled at around 58.8 m /s (100,000 cfm) could 
handle tritium outgassing from the blanket, as well as process piping and con
taminated parts, etc., at levels of 180 Ci/d if the catalytic reactor operated 
at complete conversion. 

Unfortunately, the economic constraints on the catalytic reactor design 
forces us to accept something less than complete conversion. Consequently, we 
will be forced to modify the limits of Table 6-24 as follows using the source 
term, S/uQ, in Eq. 8, where S is the source strength of the tritium outgass
ing and leakage, |i is the catalytic oxidation conversion rate, and Q is the 
volumetric flow of reactor hall air being processed. Now we demand that the 
reacted tritium gas fraction remain at or below 40 uCi/m ; thus, we re
quire th&t 

^ < 40 UCi/m3 . 

The system performance predicted in Table 6-27 comes close to this, judg
ing from the long time asymptotes slightly more than 40. These asymptotes are 
close enough to meet the 40-uCi/m limit simply by adjusting the cata
lyst temperature slightly as indicated if. Tabic 6-28. Depending on the 
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Table 6-28. Catalyst temperature to hold 40 uCi/m . 

Plant 
size, 
GWe 

Estimated leakage 
and 

outgassing rate, 
Ci/d mm 

Catalyst 
at four 

temperature, K, 
values of V c Plant 

size, 
GWe 

Estimated leakage 
and 

outgassing rate, 
Ci/d mm 2 m 3 4 m" ! 6 m 3 8 ra3 

1 
0.47 

180 
70 

0.885771 
0.344466 

437 
364 

403 
340 

385 373 
327 319 

plant's actual leakage and outgassing rates, a 6-m catalytic reactor would 
require only from 27 to 85°C higher temperature operation to meet the 
40-uCi/m requirement. 

In addition to the recirculation scheme discussed above, the costs could 
be further reduced by introducing the tradeoff between processor capital cost 
and operating cost. For energy consumptions around 0.5 HW, the air could be 
heated another 10 C. Catalyst volume would be reduced by 34%, thus saving 
about $1 million, as indicated in Fig. 6-61. There is a similar tradeoff by 
compressing the air to 4.5 atm, a 180°C heat of compression. About 
$2 million would be saved at an operating cost of 6.8 MW. 

As indicated earlier in this report, this processing capability is safely 
46 above the estimated leakages around 70 Ci/d. Thus, the system presented 

if nearly optimally configured for both the routine leakage task and the 
"incredible failure." Now we have to ensure that our blanket containment 
scheme can meet this goal of below 180 Ci/d. 

6.6.3.6. Dose to the Occupational Worker. Now that we have established 
the reactor hall processing characteristics, we can estimate the dose to the 
occupational worker. As stated in section 6.6.2.3, the work assignments with
in the reactor hall can be made according to the HTO level. If HTO has aver
aged 5 uCi/m or 1.00 MPC, this work assignment should be restricted to 
8 h per week or 12 d per quarter. If, however, the HTO level is around 
1 UCi/m , he can work a full 40-h work week. This approach will keep worker 
dose below 20% MPC as DOE desires.36 If the worker wears a lightweight 
suit, reducing skin air exposures and skin contact a factor of 10 or so, his 
HTO would be reduced by about 49% to levels that depend mostly on 
inhalation. This should allow reactor hall work assignments to average 
23 days per quarter. 

In the maximum credible accident situation where the reactor hall reaches 3 1500 Ci/m of HTO before the worker hears the emergency tritium "claxon", 
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the worker has 0.5 s to flip the suit hood over his head and pull the emer
gency air rip-cord on his belt. This slow response would give the worker 
25 rem, the accident dose allowed to the general public. The worker can, of 
course, receive up to 100 rem before he is likely to suffer long-term radia
tion effects. At 100 rem, local power-plant management under emergency condi
tions could authorize fellow workers to enter the 1500-Ci/m HTO-
contaminated reactor to carry out rescue operations. 

The possibility of a worker receiving a 1500-Ci/m HTO exposure could 
result from alarm failures or slow worker response to the alarms. During an 
incredible accident of a 26-kg HTO (or T,0) dump, the concentration within 

3 the reactor hall could take some time to increase from around 5 uei/m HTO 
3 3 

to 1500 Ci/m HTO; long before 1500 Ci/m would be reached, the claxon 
alarms would have sounded. For example, HTO alarm levels could be set as 

3 3 
20 UCi/m HTO, and claxon levels at 75 uCi/m HTO. This will require the 
development of reliable and economic monitoring instrumentation that will pro
vide "real-time" HT gas and HTO water discrimination (or T from T.O). 

3 
The possibility of the worker receiving more than a 1500-Ci/m HTO ex

posure could occur in a situation where the spill takes place near the worker 
before the release plume has time to disperse and dilute in the reactor hall. 
The likelihood of this occurrence can be reduced by holding HTO concentrations 

3 
within ducts, piping, and some process vessels below 19,000 yCi/m or pro
vide air hood shrouding to provide a 1-m/s (150 fpm) air velocity inward and 
away from the worker. Small air flow features such as this will help to cut 
down the annual dose to the worker in a developina U.S. fusion economy. 
6.6.4 Tritium Breeding Blanket 

6.6.4.1. Tritium Production in Lithium Deuteride. A careful study of 
fch-- feasibility of the various candidate solid lithium compounds for tritium 
recovery from fusion blankets has been recently completed at Brookhaven 

62 National Laboratory. A detailed review and analysis of these results 
suggests lithium deuteride would be the best for this application owing to its 
high solubility, low var/or pressure and high breeding ratio. This contrasts 
with the beryllium metal-lithium beryllate (Li.Be.O.) mixture which is 
ideal for a purged blanket situation owing to its high melting point 
(1150°C), low tritium solubility, and sustained breeding ratio (BR > 1.2). 
Li.O and LiAlO. would qualify except for their low solubility or capa
city. For this sealed-pin hybrid blanket, lithium deuteride salt was selected. 
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Tritium can be produced at 1.76 g/h (0.422 MCi/d) by neutron breeding in 
the lithium deuteride salt packed into 85,000 aluminum alloy pins. The breed
ing pins will have a residence time within the blanket of 3.4 years and at the 
end of life will contain tritium at a concentration of 5200 ppm or 
13,416 Ci/m . The breeding pins will have a diameter of 3.0 cm and a length 
of 54 cm. They will be placed in an hexagonal configuration with a pitch 
(center-to-center) distance of 3.1 cm. The total pin surface area available 

7 5 for tritium permeation is 4.3 x 10' m . The average temperature of the 
pin over its life is 350 C. 

Consequently, the containment of tritium within these pins to achieve 
reasonable loss levels is indeed a challenge. We selected lithium deuteride 
(LiD) for its high breeding ratio and low tritium vapor pressure. From the 

63 experimental work of Heumann and Solomon the vapor pressure of T over LiD 
is presented as a function of the concentration of the salt. With the addi
tion of a few percent of lithium metal, a flat plateau exists where the vapor 
pressure becomes independent of salt concentration. This is an excellent 
region in which to carry out the breeding reaction, since the vapor pressure 
will remain nearly constant over the life of the pin. 

The tritium inventory within these 85,000 pins held for 3.4 years is 
23.3 kg. If this quantity as well as the 20* loss by the 3.4 out of 12.3-yr 
decay to helium is a concern, then helium-purged pins are required. Each pin 
must be fitted with a porous cap and a vacuum connection to a common manifold 
at the bottom. Helium coolant (at 60 atm) would leak through the porous cap 
down into the pin, stripping tritium from the lithium compound within. The 
next challenge is to identify and develop an appropriate lithium compound that 
will release its breed tritium at 350 C. For lithium aluminate, Owen 
showed that below 650 C, significant quantities of tritium could not be 
removed simply by evacuation. Johnson showed that for low density 
pressed, sintered lithium aluminate, significant yields (i.e., 28%) could be 
obtained by in-reactor venting to vacuum around 100 C. For low-temperature 
in-reactor purge extraction of the breed tritium at significant yields, more 
experimental work involving rates will be required. The concept tentatively 
appears feasible at low temperature if small pellets are used. If low rates 
are a problem, the coolant flow past these pins could be reduced to achieve 
elevated temperatures when necessary. 

Helium gas production within these pins at the low neutron flux this far 
out in the blanket has been estimated by the neutronics code and found to be 
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acceptably small relative to concern about pressure buildup and over-stressing 
the breeding pin structure. 

£.6.4.2. Tritium Permeation Through Breeding Pins. The preferred blan
ket concept for breeding tritium involves sealed pins fabricated out of a 
high-temperature aluminum alloy. Our first task is to estimate the permeation 
of tritium to the helium gas coolant stream in order to properly size the wall 
thicknesses and obtain tritium loss estimates into the helium flow. 

Available permeation data " for various metals and alloys have been 
displayed in Pig. 6-64. It is obvious for this application at 350°C that 
aluminum is an excellent choice owing to its low tritium permeation. There is 
a concern, however, that an abnormal temperature excursion in the reactor 
might melt some of the pins in-place and release tritium in large quantities 
into the helium flow. For this reason, high-temperature aluminum alloys 
appear especially attractive. 

The tritium production (0.62 g per pin) is then released by melting the 
pins and the LiD in a inert gas furnace at 700 to 750 C and releasing the 
deuterium and tritium as the gas. DOE's Savannah River Plant has devel
oped this technology to a high level of reliability. The gases are fed to the 
fuel purification system for reuse in the plant. The details of this breeding 
pin on-site reprocessing facility will be discussed later. 

Materials compatibility is also important in maintaining pin integrity 
over the long lifetime of the pins. To prevent material dissolution of the 
aluminum alloy with the LiD a thin coating of iron is applied to the interior 
of these pins. The pins are crushed and shredded and then melted around 
700-750 C and the LiD-LiAl system will result where the tritium vapor 
pressure and the diffusion rates become large enough to economically extract 
the tritium., The LiD-LiAl mixture is reprocessed and fabricated into pins as 
discussed later. 

He have considered lockalloy and SAP as the leading candidates. Lock-
72 

alloy is available and can be machined and welded by conventional methods, 
however, it contains 38% beryllium. The beryllium is excellent from a neut-
ronics point of view, but can be criticised from a resource limitations and 
human hazards standpoint. The SAP (sintered aluminum product) alloy 7 3 is 
machinable with some added care (owing to tool wear) and is welded by special 
methods. The alloy contains small quantities of alumina, Al o,, to pro
vide added high temperature strength nearly to "its melting point (624°C). 
SAP alloys are manufactured with aluminum as the continuous phase. 
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Pig, 6-64. Permeation reduction in oxidized Incoloy-800. 
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Some tritium permeation measurements were made with several coupons of 
the aluminum-beryllium alloys, with the conclusion that the permeation was not 
significantly higher than pure beryllium or aluminium, although the exper
imental uncertainties were large owing to the extreme difficulties of obtain
ing a coupon seal and detecting the low levels. Full-scale tube tests are now 
underway where the full diameter and wall thickness has been used for the 
pin. The prototype tubes have been filled with the hydrogen isotopes to mea
sure the actual permeation under fully realistic conditions. 

Therefore, with the above reservations, we proceed to estimate tritium 
permeation through the breeding pins as if they behave as a pure aluminum. 
First, we compute the plateau vapor pressure of tritium over the LiD/Li system 
and obtain 4.05 x 10 atm at 350°C. This will be the partial pressure 
driving force for permeation loss of tritium and will be independent of time 
or concentration of tritium within the pin. For 85,000 pins with a 1-mm wall 
thickness, the net permeation will be 20 Ci/d. 

Now that the routine, normal operating permeation loss rate of tritium 
from the breeding pins has been determined, we must estimate the loss from pin 
failure. A standard failure rate of fission reactor fuel pins that is common
ly used in designs today is 1% failure. The failure rate is this large be
cause the pins run very hot, are subjected to a high radiation flux, and clad
ding swelling forces from within. The tritium breeding pins in a fusion hy
brid reactor design are not subjected to such extreme conditions. They 
operate at low temperatures in a low radiation flux, are simple in mechanical 
design, and need not be subjected to large swelling forces. Consequently, we 
have selected a failure rate of 0.1%. 

A breeding pin failure rate of 0.1% of the tritium production rate 
results in a flux into the helium coolant of 422 Ci/d. This design condition, 
unfortunately will be control.'ing until we can obtain sound evidence for 
smaller failure rate in the 85,000 pins or improved means for containing and 
scavenging this loss. 

6.6.4.3. Helium Scavenging System. A tritium scavenging processor has 
been provided that will remove tritium from a 2% slip stream of the main he
lium coolant flow. Tritium losses from the pins involve 20 Ci/d from routine 
permeation and 422 Ci/d from an anticipated failure rate of 0.1%, for a total 
of 448 Ci/d. 

The problem now becomes how to size the slip-stream tritium processor as 
well as specify its performance to keep the tritium levels in the recirculating 
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Table 6-29. Physical features of energy recovery system affecting 
permeation. 

Exchanger 

Economizers 
Evaporators 
Superheaters 
Re-superheaters 

Average 
temp. 

wall 
°C 

Wall 
thickness, mm 

Surfaci 
area, i 

250 1.6 15960 
300 1.6 4008 
425 1.8 5652 
475 2.5 5532 

helium coolant loop low enough to obtain acceptable losses to the environ
ment through the energy recovery system heat exchangers. The properties that 
control permeation are the area, permeability of the alloy, wall thickness, 
and average wall temperature. These factors have been tabulated in Table 6-29. 

The heat exchangers are constructed of Incoloy 800 to take advantage of 
69—71 

lower tritium permeation through the inherent oxide film. Although 
there has been considerable controversy as to the extent and mechanism for 
this oxide barrier formation and its effectiveness in tritium permeation re
duction, there has been verification of the laboratory studies 6 9' 7 in the 
full scale power plant at Peach Bottom. This experimental verification was 
made by Ling Yang of General Atomics by taking actual samples of the 
Incoloy-800 from the steam generators and measuring the tritium permeation 
through the oxide barrier coated alloy and through the cleaned alloy. Sub-70 stantial agreement with Strehlow's measurements was obtained. 

In applying these results to our design, there is the problem in deciding 
on the partial pressure driving force functional dependence, varying from 
square root to linear. The oxide barrier-controlled permeation is character
ized by a near-linear pressure dependence, when temperature transients occur 
this barrier is temporarily reduced in its effectiveness owing to the forma
tion of cracks or other imperfections in the coating. For this reason we 
are reluctant to take full credit for a linear pressure dependence, which 
would result in exceedingly low (i.e., 0.05 Ci/d) tritium permeation losses 
into the stream. We feel i<- is risky to extrapolate the experimental data, 
with around 1 Torr driving forces, back to 10 Torr using the linear pres
sure dependence. 

For this design, therefore, it was decided to use a conservative extra
polation procedure as follows: take the full credit for the oxide barrier per
meation reduction observed as 200x reduction at around 1 Torr, 6 9 but 
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extrapolate to the lower driving forces using the conservative square root 
dependence as shown in Fig. 6-65. 

Now using the above criteria for obtaining the oxide protected 
Incoloy-800 permeation rates for tritium into the stream, we can now size the 
helium coolant flow slip stream process in order to reduce these tritium los
ses to acceptable levels. Figure 6-66 shows the schematic relationship of the 
slip-stream processor. Such system designs are frequently incorrect because 
the buildup of tritium in a recirculating system processed by a small slip
stream flow is neglected. The problem results from the fact that the tritium 
leakage into the flow system will build up the tritium concentration, T, to 
high levels where there is obtained at steady state a mass balance between the 
leakage source strength and the removal rates by permeation to the stream and 
the slip stream processor. 

The solution for T is obtained by trial and error in the relationship 

R + P - 0.99(0.02T) + BT 1' 2 « 448 Ci/d, 

where 3 involves the geometric factors for permeation as summarized in 
Table 6-28. The solution obtained for T is 22,439 yCi/m . Neglecting 
this buildup condition would have resulted in an error of a factor of 50 in 
tritium concentration in the helium flow. This results in a tritium loss to 
the stream system of 3 Ci/d. 

There is another source of tritium into the helium flow that must be 
estimated, and this involves the energetic triton implantation into the first 

4 Q 

wall. As discussed previoi sly ' this mechanism effectively produces a 
source of tritium within the first wall at a shallow depth of around 1 micron 
which will then permeate into the helium stream. We have estimated this tri
ton implantation of tritium and consequent permeation loss into the helium 

72 previously and found it to be 96 Ci/d. In comparison to the 448 Ci/d 
source of tritium from the 0.1% pin leakage, this 96 Ci/d is significant. 
With this additional source of tritium added to the 448 Ci/d, there is ob
tained a 3 Ci/d tritium leakage to the steam. 

The slip stream processer configured as a catalytic oxidizer, condenser 
and molecular sieve adsorber has been designed and sized as in Fig. 6-67. The 
catalyst bed has a small volume of 12 litres, an": <-.he molecular sieve beds of 

3 18 m . The process cost is estimated at $100,000 including instruments and 
automatic control and safety systems. 
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Fig. 6-66. Slip stream processing in a recirculating system. 
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An evacuated (10_ Torr) reactor hall (i.e., containing no air) could 
be scavenged of tritium more easily and at far less cost, because the mole 
fraction tritium concentration would be raised from the maximum credible 
accident level of 600 ppm (1500 Oi/m ) in the air-containing reactor hall to 
essentially unity. Similarly for a 750 ppt (2,000 uCi/m ) level raised to 

3 
36 mole%, or 0.37 ppt (1 uCi/m ) raised to 0.03 mole%. Thus, the tritium 
processor requirements and costs for maintaining low-level reactor hall trit
ium would indeed be trivial. There remains the cost tradeoff between con
structing and maintaining the reactor hall structures at 10 Torr and the 
cost of the reactor hall processor and operation and maintenance of the the 
large, tritium contaminated vacuum pumps. Evidently there must be other addi
tional reasons for justifying or evacuating the reactor hall since the tritium 
processor savings is likely to be small in comparison. 

As an alternate to the catalytic-oxidation, molecular-sieve adsorption 
43 

technique moving bed getter of zirconium pellets can be used to selec
tively remove tritium from the helium coolant flow slip stream taken off the 

69 main flow. Such getter systems typically have capacities of 60 cc T_/gm 
of getter at STP, thus this moving getter bed would remove at 80% per pass 
(loading at 3.8 wppm) the tritium that would leak into the helium coolant 
flow. The getter material would move at 176 g/d, tying up less than 1 g of 
tritium as inventory in the 7-litre bed. In railroad-car lot quantities, zir
conium (with up to 10% hafnium as impurity) as getter would cost less than 
S1000. 

Breeding Pin Reprocessing Facility. The process concept for the on-
site breeding pin processing facility is based on a shredder and a vacuum 
furnace. The tritium pins are handled remotely in the reactor hall and then 
passed into the tritium hot cell where they are crushed and shredded into 
small pieces. This operation fractures the thin iron coating within the 
pins. Upon melting of the aluminum alloy at 700-750°C, the iron fraction is 
extremely small in comparison to the beryllium in Lockalloy or the alumina in 
the SAP. Its presence does not effect the mechanical properties of the alloy. 

Once the iron coating is broken, the molten aluminum reacts with the LiD 
to form LiAl which has a tritium vapor pressure many orders of magnitude 
larger than LiD. The tritium is nearly quantitatively driven from the 
melt at high rates because of the greatly enhanced vapor pressure and diffu-

62 sivity. The deuterium gas is purified in the fuel purification system and 
fed back into newly fabricated breeding pins. 

275 



The LiAl melt is augmented with fresh aluminum and new aluminum pins are 
extruded, cut to length, filled with powdered LiD, and fitted with end caps 
(preferably by special welding techniques). It is expected that the tritium 
contamination and low-level radiosotopes and activation products will allow 
simple storage and handling methods. 

An inexpensive re-equilibrium process step may permit LiAl to decompose 
into the elements so that an acceptable fraction of the Li can be recovered, 
rehydrided, and used again for the LiD powder that fills the breeding pins. 
Such a process might involve electrochemical selective deposition in a cell 
designed similarly to that commercially used to produce aluminum from the 
molten salt system. Carbon extraction also appears feasible. A selective 
vacuum distillation of the more volatile lithium from the melt may be pos
sible. Also carbon may be used in a selective adsorption process. 
6.6.5 Neutral Beam Injectors 

6.6.5.1. Tritium Injection. The tritium neutral beam injectors acceler
ate 1?* g of tritium per hour. Triton implantation on 0.3-mm-thick filament 
surfaces will result in about 1% leakage into the coolant flowing within the 
filaments or 70,560 Ci/d. The helium coolant flows from the neutral beam in
jectors into two steam generator units where the waste heat is recovered. The 
helium coolant flow at 300 kg/s will be processed in a 10% slip stream mode 
where the main coolant flow will be carrying 798 uCi/Jl. 

6.6.5.2. Tritium Contamination and Backstrearning in the Deuterium In
jector. The deuterium neutral beam injector will become tritium contaminated 
both by deuterium that contains 1% tritium and by exposure to the plasma. 
Both mechanisms result in the grids being bombarded by the energetic tritons 
that will implant into the first layer of grid filaments. The surface area of 
these grids is approximately the same as the first wall, and the triton im
plantation will therefore produce a tritium permeation leakage into the helium 
coolant of about 802 Ci/d. Compared to the tritium neutral-beam-injector per
meation leakages of 70,560 Ci/d, this is indeed a negligible problem and will 
not require a deuterium neutral-beam helium coolant processor system. The 
direct leakage into the stream is expected to be only 0.31 Ci/d. 

6.6.5.3. Helium Scavenging System. The tritium neutral-beam helium-
coolant flow processor, therefore, will need to be of very high performance 
and sized to handle the 70,560-Ci/d load as in Fig. 6-68, with a 10% slip 
stream to reduce the tritium leakage to acceptable levels, If we aim for pro
cess efficiency around 99.99% at 10% flow, the catalyst bed will be sized at 
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Fig. 6-68. Tritium neutral beam injector processor. 
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15 litres. The concentration of tritium flowing into the two steam generators 
will be 798 viCi/i.. If we use Incoloy-800 steam generators as before with 
oxide barriers, we would predict a tritium loss to the steam around 2.94 Ci/d. 

The mole sieve beds again will be sized for a breakthrough time of 4 d, 
thus, requiring a volume of 11.5 m . As before we will install three beds 
for a sieve cost of $18,000 and capital cost of $10,000. The beds will hold a 
maximum inventory of 282,000 Ci. 

The total system cost of catalyst, catalytic reactor, mole sieve and 
beds, instruments and controls is estimatsu at $50,000. 
6.6.6 Director Courtlier 

6.6.6.1. Tritium Implantation. Tritium implantation in the direct con
verter is somewhat less of a problem th&n it is in the tritium neutral beam 
injector, since the direct converter filament wall thicknesses are around 1 mm 
and the triton implantation energy is 55 keV. The permeation leakage is esti
mated at 16,000 Ci/d. With 51 slip stream processor, the tritium contamina
tion level in the helium coolant can be held to 72B uCi/5,. This would result 
in a loss to the steam of 2.89 Ci/d. 

6.6.6.2. Helium Scavenging System. The processor design in Fig. 6-69 
that will handle this tritium permeation leakage is sized to process 5% of the 
helium coolant flow of 15 kg/s. The inlet tritium concentration therefore 
would be 728 viCi/Jl. A 99.9% processor would cut this to 728 yCi/m and 
would result in a permeation loss of 2.89 Ci/d through the two stream 
generators. 

The catalytic oxidizer reactor would be sized at 68, and the 4-d holdup 
3 

molecular sieves at 6 m . The sieves would hold a maximum of 65,000 Ci be
fore regeneration. The total processor cost is estimated at $50,000. 
6.6.7 Fuel Piirificntion System 

6.6.7.1. Cryogenic Distillation Plant. This portion of the reference 
design study was subcontracted to Dr. William R. Wilkes at Hound Laboratory 
for rough equipment design, sizing, and cost analysis. He has made a number 
of valuable suggestions to reduce equipment cost 2nd tritium inventory, one of 
which was to utilize LiD instead of LiH for the breeding pin solid contents, 
thus saving a catalytic equilibrator and another cryogenic distillation col
umn. The text which follows is for the most part reproduced directly from his 
report to us. 

Introduction. There are four streams of gas that leave the reactor and 
that require processing. Stream A is approximately 91% deuterium with the 
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Fig. 6-69. Direct convertor tritium processor. 
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remainder tritium and a small inclusion of helium. This stream comes from the 
direct conversion unit collectors. A second stream, B, containing about 98% 
deuterium and 2% tritium, comes from the deuterium neutral beam injectors. 
Stream C, from the tritium neutral beam injectors, is about 98% tritium and 2% 
deuterium. Finally, the reactor has a tritium breeding blanket from which a 
stream of tritium gas comes, carried in a much larger stream of deuterium. 
The tritium concentration in this stream, D, is about 1.5%. 

These four streams must be processed to provide a flow of fuel to the in
jectors of at least 99% deuterium. In addition, a supply of cold deuterium 
gas of 99% purity is required. The approximate concentrations and flow in the 
reactor as they were originally specified are shown graphically in Fig. 6-70. 

The necessary fuel processing (other than removing the helium and other 
nonhydrogenic impurities) is provided in Fig. 6-70 by a system of five 
interconnected distillation columns, operating at temperatures near 26 K. Two 
columns provide a primary separation into 95% purity streams, e.g., 95% D_, 
5% DT. In addition, the two columns combined with an external catalytic 
equilibrator removed most of the DT component. Two more columns refine the 
deuterium and tritium-rich streams to the required purity, while a fifth 
column removes a small protium component from the deuterium stream. 

Determining Flow Rates and Compositions. The flow rates and 
compositions are determined in the following way: 

Each neutral beam injector requires the amount of gas (deuterium or trit
ium) specified in Table 6-30 at 99% purity. Of this gas, only 13.08% is in
jected (13.08% is the value obtained by dividing injected quantities by feed 
to the injectors). The 87% of the gas not injected becomes isotopically con
taminated and must be reprocessed. 

We assume the injected gas has the same isotopic composition as the 
feed. We also assume that there will be back flow into each injector from the 
plasma at the plasma concentration at a rate equal to 5% of the injected quan
tity. This gas flow thus tends to contaminate the uninjected side stream from 
the injectors. We further assume a forward leakage of cold gas from the in
jector to the plasma at the same 5% rate, but at the isotopic composition 
(e.g., 99% deuterium, 1% tritium) of the injected gas. 

Furthermore, the deuterium ari tritium injectors are located close enough 
to each other their contents intermix. We assume the mixing occurs at a rate 
of 1% of the average injected flow, and that 99% deuterium enters the tritium 
injector and vice versa. 
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Fig. 6-70. Approximate i n i t i a l specifications of flows and compositions. 
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Table 6-30. Fusion reactor supply requirements. 

Deuterium, Tritium, Flow, 
% % mol/s 

Deuterium injector 99 1 
Tritium injector 1 99 
Cold deuterium gas feed 99 1 
Tritium breeding pins 99 1 

The isotopic composition in the plasma, in turn, is determined by the 
compositions of the material that enters from the injectors and from the cold 
gas stream; and is modified slightly by the small (0.085% of the fuel flow) 
amount of material that is burned up in the reactor. The gas leaving the 
direct converters has the same composition as the plasma. The flow rate is 

* the injection rate minus the burnup. 
The blanket fuel breeding pins were specified to generate a flow of 

56 mol/h of hydrogen and 0.293 mol/h of tritium. This has been changed for 
two reasons. First, there is no need to deliberately introduce protium into 
the system; it is a useless impurity. Instead, by using deuterium to carry 
the tritium out of the breeding material, this impurity is eliminated. 
Secondly, the stated flow rates correspond to more than 99% deuterium concen
tration. This is already more pure than required for the deuterium fuel. 
This deuterium-tritium mixture would have to be stripped of virtually all the 
tritium, say to 99.995% deuterium purity to recover the necessary flow of 
tritium. 

Instead, we have assumed that deuterium that contains 1% tritium is put 
into the breeding pins, and that the material removed after breeding is 1.5% 
tritium. Thus only 33% recovery is required, and the deuterium supply to the 
breeding pins can come from the injector supply. 

Finally, a small amount of protium will be generated by deuterium-
deuterium reactions in the plasma, and some protium will certainly diffuse or 
leak into the fuel system. This protium influx is arbitrarily assumed to 
occur at a rate equal to the tritium burnup rate, ~0.3 mol/h. The protium 
will be allowed to accumulate to a concentration at which a 50% recovery rate 
in the fuel processor will result in a steady state concentration of protium. 
Thus, the protium fraction will rise to 2 x 0.3 mol/h x (843.7 mol/h) 
or 7 x 10~ 4. 
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1.063 x 10"J' 
5.361 x 10~ 2 

7.449 x 1 0 - 2 

1.556 x 1 0 - 2 



It is assumed that all gases entering the fuel processor have room temp
erature equilibrium values of the concentrations of the six molecular species 
of hydrogen: H 2, HD, HT, D_, DT, T_. Thus, the four s.reams A-D have 
the concentration and flow rates shown in Table 6-31. 

Determining the Column Specifications — The four gas streams are fed 
to the five distillation columns of the fuel processor as shown in Fig. 6-71. 
The five columns are labeled a through e, and the box labeled EQ is a cat
alytic equilibrator inserted for the purpose of converting DT into deuterium 
(as D.) and tritium (as T 2 ) . 

The problem is to determine the six concentrations and one flow rate in 
each of 15 process systems. Ignoring B, C, and D, and a, @, and e for 
now, the two-column cascade y and 5 can be solved. End concentrations, 
i.e., the overhead project, J, from X and the bottoms, M, from 6, are 
assumed to contain the same D/T ratio as streams B and C, respectively. There 
is so little protium in the system that H_, HD, and HT constitute minor per
turbations. 

Assuming such a solution is possible, the feed rates to a *md 3 are 
altered by the addition of J and N, but the compositions are still those of B 
and C. 

The requirement of 99% purity in the final product streams E and H cou
pled with the known input concentrations permits the calculation of the flow 
rates from both top and bottom of both a and g. In addition, approximate 
values of concentrations in F and G may now be calculated. Because F and G 
together only add about 6% to the flow from A, the values of concentrations in 
I can be estimated closely. Flows in J through P are determined from those 
in I. 

Starting from stream I, and the concentrations of certain key components 
in J, K, and N, distillation column Y * s simulated by the computer code. 
The simulation is repeated, while various column parameters such as the number 
of stages of reflux ratio are varied in an empirically determined way to opti
mize the solution. Optimizing here means achieving the desired degree of sep
aration with a minimum of refrigeratior. power and tritium inventory. Capital 
costs of the system are relatively independent of column size; thus, the 
tradeoff between minimum reflux ratio and minimum number of stages generally 
is biased toward the minimum reflux ratio, hence minimum refrigeration 
requirement. 
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Table 6-31. Isotopio compositon of hydrogen streams before processing. 
Stream H 2 HD HT D 2 DT T 2 Plow, nmol/s 

A 
B 
C 
D 

5 x 10~ 7 

5 x 10" 7 

5 x 10" 7 

1.2 x 10" 7 

1.302 x 10" 3 

1.394 x 10" 3 

4.8 x 10" 5 

6.39 x 10~* 

1.19 x 10"* 
2.7 x 10" 5 

1.373 x 10" 3 

1.0 x 10" 5 

0.8786 
0.96098 
1.131 x 10" 3 

0.97023 

0.15367 
0.03727 
0.06494 
0.02891 

7.046 x 10 3 

3.61 x 10"* 
0.93250 
2.18 x 10"* 

9.523 x 10~ 2 

9.238 x 10~ 2 

4.660 x 10~ 2 

1.5637 x 10" 2 
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Fig. 6-71. Schematic of the distillation columns. 
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The computer-determined concentrations in K are then used as feed and the 
pi edure is repeated. After y and S have been separately optimized, a 
two-column simulation is done in which the "product" L is equilibrated and re
turned to stream as shown in Pig. 6-70. The values of concentrations in 
stream P determined in this way should equal those which are used as feed 
to y. 

The computer-determined concentrations in J and H are now added to B and 
C respectively, and columns a and 3 are simulated in the same manner as 
before. Product H may be used directly, but product E contains virtually all 
the protium that enters the fuel processor. This protium must be removed in 
column e. 

Column e has an extremely small overhead product, only 0.07% of the 
feed. This causes about half the protium (which is nearly entirely in the 
form of HD) to be removed in the overhead. The remainder of the material 
which is 99% deuterium, is fed partially into the breeding blanket (about 7%) 
and partially into the plasma fueling systems. A small amount of pure D. 
from an external source is added to the fuel stream at this point to replenish 
that small amount of deuterium either lost by burnup or discarded. 

A very small quantity of tritium is discarded in the waste stream. This 
loss amounts to less than 1 Ci/d. The quantity of waste gas in which the 
tritium is contained, only about 200 seem, can easily be processed by a small 
air or glovebox detritiation system, so no estimate has been made of the 
necessary processing equipment required to handle this material. 

Results — There are two principal results of the simulation. First, 
a flow rate and set of concentrations can be determined for every point in the 
system. Secondly, the physical requirements, e.g., refrigeration power and 
column sizes are estimated, and from these, costs may be estimated-

The flow rates and isotopic compositions externa.', to the fuel processor 
are shown in Fig. 6-72. If one makes a detailed mass balance for a given iso
tope around one component in the fuel cycle, the sums of the flows do not 
total exactly zero. The errors, which are of the order of 0.1%, are a result 
of lack of computational precision and are not significant. The flow rates 
and isotopic composition within the fuel processor are given in Table 6-32. 
The letters A through S refer to flow streams in Fig. 6-72. 

The physical characteristics of the isotope separation system are listed 
in Table 6-33. Here certain further assumptions have been made. First, the 
height of a single stage is taken to be 5.0 cm, and the maximum allowable 
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0.0007 H 
0.0336 D 

(46.60) 0.9657 T 

0.0198 D 
0.9902 T 

Fig. 6-72. Fuel flow rates in the fusion reactor. Flows (in parenthesis) are 
in nmol/s and concentrations are atonic fractions. 
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Table 6-32. Concentrations and flow rates in the fuel processor. 

Stream H2 HD HT D2 DT T2 Flow, 
mnol/s 

A 5 x 1 0 - 7 0.00130 0.00011 0.83786 0.15267 0.00705 95.23 
B 5 x 1 0 - 7 0.00139 2.7 x 10" 5 0.96098 0.03727 0.00036 92.38 
C 5 x 10" 7 4.8 x 1 0 - 5 0.00137 0.00113 0.06494 0.93250 46.60 
D lO"7 0.00054 6 x 10" 6 0.97020 0.02891 0.00022 15.64 
E 5.2 x 10" 7 0.00144 2.8 x lO - 5 0.98056 0.01792 4.1 x 10" 5 180.01 
F 2 x 10" 8 10" 1 0 10" 9 0.38728 0.60299 0.00974 6.151 
G 6.2 X 1 0 - 6 0.00060 0.01715 0.01388 0.58644 0.38185 4.664 
H lO" 1 4 10" 9 7 X 1 0 - 7 2.2 x 1 0 - S 0.01959 0.98039 53.63 
I 7 x 1 0 - 7 0.00120 0.00086 0.77584 0.19877 0.02389 106.04 
J 8 x 10" 7 0.00134 0.00080 0.96075 0.03707 2.5 x 1 0 - 5 93.82 
K lO" 1 9 10" 1 1 lO- 8 0.03664 0.71836 0.24503 52.47 
L lO" 2 0 1 0 1 1 ID" 8 0.04686 0.90572 0.04746 41.02 
M ID" 1 8 lO" 1 8 ID" 1 5 4.4 x 10" 6 0.04703 0.95296 11.45 
N ID" 1 6 ID" 8 lO- 8 0.24970 0.50000 0.25030 41.02 
P 5 x 10" 7 0.00864 0.00511 0.62918 0.28144 0.08797 146.29 
Q 5 x 10" 7 0.001327 3 X 1 0 - S 0.97970 0.01889 6 x 1 0 _ S 196.20 
R lO" 1 0 0.00063 5 x 1 0 - 5 0.98039 0.01890 6 x lO - 5 196.06 
S 0.00066 0.99934 2 X 1 0 - 6 5 X 1 0 - 6 lO' 1 1 i o - " 0.14 



Table 6-33. Fuel processor characteristics. 

a 3 y 6 e 

Refrigeration power, W 600 465 1028 540 730 
Refrigeration power/ 

quadrant 
200 155 343 1B0 243 

Diameter, cm 5.3 4.0 6.4 4.9 5.4 
Number of stages 55 50 75 50 60 
Reflux ratio 2.75 75 9.0 10.0 5000 
Length, cm 275 250 375 250 300 
Volume, litres 25.5 12.5 48 18.8 27.5 
Tritium fraction 0.067 0.93 0.25 0.73 0.002 
T inventory, g 63 425 444 500 2.7 
Operating pressure, Torr 1500 1500 1500 1200 1500 
Condenser temperature, K 26.3 7.2 26.3 26.1 24.7 
T heat input per 
quadrant, W 

5 34 36 40 0.2 ' 

vapor velocity in the column is 10 cm/s. These choices are significant for 
two reasons. First, a large stage height or low vapor velocity leads to more 
column in each column, hence to more inventory. In addition, however, in col
umns with large tritium concentrations, the heat added to the column by trit
ium decay can be significant. The additional heat, added along the entire 
length of the column, causes the vapor flow rate at the top of the column to 
be greater than that at the bottom. If enough tritium heat is added, either 
the column must be expanded to accommodate the increased flow near the top, or 
the flow at the bottom must be reduced. 

There is some correlation between column diameter and stage height, with 
large diameters leading to greater stage heights. My measurements indicate 
easily attainable stage heights of<2 cm for a 1-cm-diam column and vapor 
velocity up to 20 cm/s; hence, the figures of 5 cm and 10 cm/s are probably 
conservative. 

Another assumption is that the fuel processor is divided into four units 
of equal capacity. This provides redundancy, as each unit can be slightly 
oversized to permit operation at full flow with only three units functioning. 
Secondly, it provides greater safety, as the failure or destruction of a 
single unit will involve the potential release of only one fourth of the trit
ium inventory. Finally, there is likely to be more reduction of tritium in
ventory, as the use of smaller-diameter columns leads to shorter stage heights. 
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The refrigeration power required per gradient, column diameter, and vol
ume are calculated assuming that each unit is sized to provide one third of 
the entire system capacity. The tritium inventory is that which would prevail 
with all four columns operating simultaneously. No benefit has been taken for 
reduced stage height in a smaller column. 

Eguipment Costs - The capital equipment costs (in current dollars) 
are given in Table 6-34. Because the distillation apparatus is not expected 
to contribute more than a few percent to the total cost of the Mirror Hybrid 
Reactor, detailed cost estimates of this apparatus were not made. These cost 
figures assume the purchase of four separate, identical processing systems 
with some cost savings resulting from duplication. Furthermore, these costs 
assume that refrigeration for this equipment is independent of that used for 
superconductive magnets and other cryogenic equipment. This is probably a 
conservative estimate. The emergency storage containers are simply four or 
more large evacuated tanks connected through rupture disks to each distilla
tion system. 

Discussion — This present design raises the blanket inventory from 
24.2 kg to 86.2 kg. This can be reduced to 32.2 kg by reducing the tritium 
impurity level in the deuterium that is used in LiD. In the original analysis 
we have utilized 1% T, 99% into fuel plus with 1.5%, 98.5% D out. Protium is 
removed in distillation column No. 5 which is used solely for "polishing" the 
deuterium. 

We prefer option 1 in Pig. 6-73 where we can used 0.1% T, 99.9% D into 
fuel pins and 0.6% T, 99.4% D out. This will reduce T inventory by 66%. 

Table 6-34. Capital costs for hydrogen • ope separation for 
mirror hybrid fusion reactor. 

Item Cost, thousands of dollars 

Refrigeration equipment (at 25 K ) a 1800 
2 distillation columns and controls 

(4 identical 5-column systems) 1100 
4 control systems 200 
4 containment systems 800 
4 emergency storage systems 50 
"Refrigeration power is that required for 4 systems, each with capacity of 

33% of full flow. 
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0.989 F 

From fuel pins 
98.8% D 2 

1.2% DT 

0.011 F 

To fuel pins 
99.8% D 2 

0.2% DT 

To main fuel 
processor 
90% DT 
10% D, 

Fig. 6-73. Inventory reduction by 
decreased tritium impurity in LiD.. 
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Addition 1B required of a 6th distillation column. It will have large refrig
eration requirements but low T inventory. Refrigeration requirements of col
umns 4 and 5 (the ones with highest D content) may be reduced somewhat. 

For contrast we mention option 2 in Fig. 6-74 where we use vol% T, 99.9% 
H into fuel pins. Addition is required of a 6th and 7th column. This does 
not eliminate the need for the 5th "polishing" column. 

6.6.7.2 Inventory Accidents. As shown in Table 6-35, there are two 
sources of tritium in the fuel purification and supply system that could be 
released under accident conditions. The cryogenic distillation columns, 1.44 
kg, and in the 6-mo full storage network, maximum 8.1 kg. Three philosophies 
can be employed in order to reduced the likelihood of releasing these inven
tories to the environment. 

First, the storage tanks can be remotely distributed away from the re
actor hall proper in an underground network, in order to reduce the release 
probability of the whole inventory. Eight tanks could be employed in all, in 
order to reduce the single accident spill to avoid 1 kg where fence line doses 
to the public would be below 25 rem. 

The second approach is to carry out all breeding pin processing, fuel 
purification and fuel storage within the reactor hall containment so that any 
spill from the system could be handled by the large reactor hall processor. 
For a 8.1-kg spill from the storage tank network, the processor is sized to 
clean up the accident in about one week. 

The third approach, presented earlier in the report, involves helium 
purging the breeding pin. A lithium compound such as lithium aluminate can 

Table 6-35. Tritium plant inventory. 

Mass Curies 

Tritium breeding blanket pins 
Cryogenic stills 
Tritium storage tanks (6-mo production) 
Neutral beam direct converter cryopanel 
Direct converter cryopanel 
Neutral beam processor sieve (max) 
Direct converter processor sieve (max) 
Reactor hall processor sieve (max) 
Helium coolant loops inventory 

32.2 g 322 HCi 
1.44 g 
8.1 g 162 MCi 
0.25 g 2.5 MCi 
0.20 g 2.0 MCi 

28.2 g 282,000 Ci 
6.5 g 65,000 Ci 
0.18 g 1800 Ci 
6 mg 60 Ci 
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0.6% T, 99.4% H out: 

0.995 F 

98.8% H 2 

1.2% HT 

90% 
10% 

0.005 F ^ T o m a i n 

fuel processor 

Fig. 6-74. Inventory reduction by 
decreased tritium impurity in LiD. 
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probably be used at 350 C, but further feasibility examinations are required 
before this approach can be used in a design. 

6.6.8 Tritium Plant Inventory and Component Costs 

The tritium plant inventory, itemized in Table 6-35, totals around 42 kg 
at the maximum, mainly resulting from the breeding pin concept and operation. 
Although this tritium inventory is large, thw hazard from a reactor accident 
will be dominated by the uranium fuel pin actinides. The breeding pin ap
proach very substantially simplifies the bla-iket piping system and avoids 
costly and complex secondary and tertiary piping and processed containment 
piping shells. The storage tanks for tritium must be sized to handle the an
nual "harvest" of tritium from the breeding pin hydride (16.2 kg). Although 
the average tank inventory over the year will be 8.1 kg, the maximum could be 
credibly released. There does not appear to be any possible reductions in 
tritium inventory. 

A summary of the component costs is given in Table 6-36. The total trit
ium systems cost of 58.3 million is only 1% of the total plant cost. Of the 
tritium systems cost, only $3.6 million is spent for safety or environmental 
protection, which is well below the 2% plant cost figure typical of present 
industrial plants. 
6.6.9 Technology Assessment 

As a result of this reference design study the following areas need fur
ther work: 
1. Low-level tritium detection instrumentation: 

(a) evaluate and recommend the best available instrumentation for low-
level real-time tritium gas/water detection down to limiting levels 

3 of around ±0.1 yCi/m s 

Table 6-36. Tritium plant component costs. 

Item Cost, thousands of dollars 

Reactor hall processor 3,600 
Coolant processor 100 
Neutral beam processor 50 
Direct converter processor 50 
Cyogenic distillation plant 4,000 
Cryopuaps 500 
Total 8,300 
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(b) assess reliability aid failure modes; 
(c) explore methods of isolating other interfering, beta-emitting 

radioisotopes. 
Protective suits for tritium contaminated environment: 
(a) extend present suit technology tc —1 Ci/m tritium levels for 

3 long exposures and 1500 Ci/m for short emergency escape periods; 
(b) develop suit safety performance monitors; 
(c) develop emergency egress attachments for suits; 
(d) demonstrate suit. 
Tritium removal by catalytic oxidation: 
(a) obtain kinetic data for precious metal and other proprietary cat

alysts for tritium oxidation together with temperature limitations; 
(b) assess mass transfer limitation in flow reactor configurations 
(c) develop design equation; 
(d) assess extent of adsorptive holdup interference from catalysts sup

port materials; 
(e) identify problem contaminants affecting conversion (i.e., moisture, 

poisons, inhibitors); 
(f) identify catalyst activators; 
(g) develop low pressure drop catalyst geometries suitable for high 

volume, recirculating systems (i.e., honeycomb catalyst). 
Capture of tritium water on adsorbents: 
(a) obtain isotherm data for tritium on various adsorbents; 
(b) assess radiolytic decomposition and adsorbent damage: 
(c) model and develop design equations for dynamics of adsorbent bed; 
(d) evaluate the potential of low temperature operations; 
(e) identify the applicable regeneration schemes to produce; economic 

recovery of tritium for ultimate reuse or effective disposal; 
(f) contrast difference between adsorbent operation in the unsaturated 

versus the saturated mode with respect to ordinary water. 
Capture of tritium by active metal getters: 
(a) develop a candidate list of getters with advantages and disadvan

tages and ranges of conditions; 
(b) assess possibility of developing a getter for tritium capture from 

contaminated air streams; 
(c) obtain lower limits of tritium removal (i.e., ~200 uCi/m ) cap

abilities of the best getters; 
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(d) develop economic regeneration schemes. 
6. Surface contamination by tritium: 

(a) determine the key dynamic characteristics of tritium contamination 
(i.e., adsorption) on important reactor materials; 

(b) assess surface cleaning methods. 
7. HTO formation rate from the gas phase: 

(a) in practical reactor hall environments, determine range of possible 
conversion rates; 

(b) determine sensitive materials or conditions which should and can be 
avoided in reactor designs. 

8. Cryogenic distillation: 
(a) obtain the economic range of low level concentration for recovery; 
(b) assess schemes for holdup inventory reduction; 
(c) develop and or evaluate catalytic packing to achieve in-column iso-

topic shift (2DT D_ + T _ ) ; 
(d) develop dynamic simulation control models for multiple column 

systems. 
9. Tritium removal from aqueous wastes: 

(a) access the potential of several processes (e.^ctrolysis, gas ex
change, reduction, laser isotope separation, ;tc.) for tritium 
water removal from low level aqueous waste streams; 

(b) identify interferring contaminant levels which could disable the 
process. 

10. Tritium process control: 
(a) identify specialized control transducers and functions needed for 

handling tritium (i.e., humidity, surface adsorbed layers, forms of 
discrimination, etc.); 

(b) develop control and accountability systems capable of real time in
ventory control and its reduction; 

(c) assess status of present dynamic control for the key process unit 
operations listed above; 

(d) develop fault-tolerant, redundant control schemes peculiar to trit
ium; 

(e) assess impact of safe-guarding tritium as a strategic material. 
11. Tritium accident analysis: 

(a) develop use of fault tree and risk analysis in process design with 
quality assurance; 
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(b) develop data base of tritium component hardware failure mode and 
rate; 

(c) cover total population commitment economic guidelines. 
12. Tritium neutral beam injectors: 

(a) examine redesign possibilities in reducing triton implantation los
ses to filament coolant; 

(b) assess extent of damage or interference of tritium with electrical 
and electronic component operation; 

(c) develop decontamination and maintenance methods for these injectors 
under the presence of tritium; 

(d) test injector prototypes with tritium. 
6.6.10 Conclusions and Recommendation 

Tritium emission goals for 10 Ci/d seem reasonable but challenging for 
mirror hybrid power stations coming on-line early in 2000. Hermetically 
sealed reactor hall atmospheres (continually processed) also appear to be 
quite feasible from a tritium-'handling, worker-safety and environmental-impact 
point of view. We feel that spills of 26 leg of tritium as gas or water can be 
cleaned up within reasonable operational time periods for worker reentry. 

The concept of utilizing low-permeation, aluminum-alloy tritium-breeding 
fuel pins with an average lifetime of 3.4 yr appears to be feasible with ac
ceptably low tritium losses of 20 Ci/d. The helium coolant tritium contamina-
tion levels of 19,200 pci/m can be handled by an inexpensive 2% slip 
stream processor costing around $100,000, cutting the tritium loss rate to the 
cooling water below 3 Ci/d. 

The tritium neutral beam injectors release tritium into the helium cool
ant at 70,560 Ci/d via the energetic triton implantation mechanism. The fila
ments appear to be too thin-walled and small in diameter for installation of 
permeation barriers. A 10% helium flow slip-stream processor can reduce these 
tritium losses into the cooling water below 3 Ci/d. The direct converter re
leases tritium similarly to the injectors above but at only 16,000 Ci/d. A 2% 
processor can cut this source of tritium to below 3 Ci/d into the coolant 
water. 

The leakage and outgassing rate from the reactor hall nuclear island — 
at a maximum of ISO Ci/d — controls the size of the reactor hall processor 
and not the 26 kg accident. The precious-metal catalyst bed is the single 
most expensive item at $3.6 million for tritium handling. 
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It appears that the NRC guideline of 170 mrem at the fenceliue can be 
used to roughly size the containment tritium processing systems, with ALARA 
used to suggest how much lower levels would be cost effective. 

6.7 Cryogenic Systems 

Cryogens, liquid helium (LHe) at 4.2 K and liquid nitrogen (LN) at 77 K 
are required for the superconducting magnet, the vacuum cryopumping equipment, 
and the D-T isotopic separation equipment. 
6.7.1 Liquid Helium Refrigeration 

Liquid helium is necessary to remove the heat loads from the super
conducting magnet and the cryopanels in the injectors and end tanks. The 
deuterium-tritium isotopic separation equipment requires cooling at 25 K; this 
cooling requirement will also be provided with the helium refrigerator as 
described below. 

The (ideal) refrigeration cycle is shown on a T-s diagram in Fig. 6-75, 
and the refrigeration equipment in Fig. 6-76. The working fluid is first iso-
thermally compressed, and then transfers heat to the returning flow via the 
heat exchangers in the cold box. The cold gas is then expanded through a 
Joule-Thompson valve into the two-phase region. The liquid produced flows to 
the heat load where it is boiled. The resulting saturated vapor is combined 
with the saturated vapor from the separator, used to cool the inlet flow and 
returned to the compressor. The refrigerator operates between 300 K (T ) 
and 4.2 K (T^). The (limiting) Carnot coefficient of performance (COP) is 

°R T 4 ( C O P ) c « - . — — , 
c 1 4 

( C 0 P ) c " TOT? * ° - 0 1 4 2 • 

As was described in Sec. 6.1, the heat load on the magnet is 12.2 kW, all 
of which is deposited in the LHe refrigeration system. 

The cryopanels in the injectors face another LHe cryopanel on the back 
and a set of LN chevrons on the front. The heat load consists of thermal rad
iation from the chevrons, sensible heat of the pumped gas, and latent heat for 
freezing (gas to solid) the gas. The radiative heat load is 

4- - 4^ B ( ^ + V e 2 - l)" 1 , 
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Entropy, S 

Pig. 6-75. Ideal refrigeration cycle . 
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Fig. 6-76. Refrigeration equipment. 
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where q; is the blackbody radiation, and e and e, are the emissivities 
of the two surfaces. The LN chevrons have high emissivity (e = 1) to minimize 
the transmission of high-energy photons; the cryopanels are taken to have 

2 e « o.l. Referring to Table 6-37, the resulting heat load is 0.2 W/m ; we 
o increase this by 25% to 0.25 W/m to accent for hanger (conduction) losses. 

2 As the injectors have a total of 1500 m of cryopanel, the total radiative 
heat load is 375 W. The gas load of 476 Torr-litre/s in the injectors repre
sents an additional heat load due to sensible heat and latent heat (see 
Table 6-37) of 82 W. Thus, the total heat load on the injector cryopanels is 
457 W. 

The cryopanels in the end tanks have an LN liner on the back (£ = 0.14) 
and a set of LN chevrons on the front, for a unit heat load of (0.20 + 0.12) 

2 2 
* 0.33 W/m ; this is increased to 1.25 x 0.33 - 0.41 W/m to account 

2 for hanger losses. The large end tank has a cryopanel area of 1790 m and 
2 

the small end tank 55 m for total radiative heat loads of 734 W and 23 W in 
the large and small tanks, respectively. The gas loads in the two tanks are 
439 Torr-litre/s and 49 Torr-litre/s resulting in additional heat loads of 

74 

Table 6-37. Cryogenic engineering constants. 

Blackbody radiation, W/m 

293 K -*• 77 K 
7 7 K + 4.2 K 

417 
1.99 

Sensible Heat of H 2, D 2, T 2, J/Torr-litre 

293 K -»• 77 K 
77 K •*• 4.2 K 

0.245 
0.0831 

Latent heat of freezing at 4.2 K J/Torr-litre 
0.0560 
0.0799 

Latent heat of evaporation at 1 atm, J/g 
LN 
LHe 

198.8 
20.4 
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76 W and 9 W in the large and small tanks, respectively. Thus, the total 
liquid helium heat loads are 515 W and 58 W in the two tanks. 

Similarly, pumping the plasma stabilizing stream of 1425 Torr-lltre/s re
quires 333 m 2 of cryopanel, resulting in an M e heat load of 136 + 246 » 382 W. 

The D-T isotopic separation equipment has a heat load of 3.36 kW at 
25 K. This refrigeration will be supplied by bleeding off some of the He re
turn flow in the refrigerator at the appropriate temperature (between points 
4g and 1 in Figs. 6-75 and 6-76). To estimate the necessary refrigeration in
put power, we reduce the heat load to an approximate equivalent value at 4.2 K 
by multiplying by the ratio of the Carnot refrigeration OOP's: 

4.2/(300 - 4.2) x (300 - 25)/25 * (1/70.4) x 11.0 « 0.16 

for an equivalent value of 0.16 x 3.36 « 0.54 kW. 
The individual heat loads are summarized in Table 6-38 for a total of 

14.15 kW, which is dominated by the neutron heating in the magnet; in the pre
sent study neutron heating in the cryopanels has not been evaluated. From 
Ref. 75, it is estimated that an LHe refrigerator with a 14-kW heat load wiJl 
achieve 25% of the Carnot COP, for a resulting COP of 0.25 x 0.0142 
• 0.00355. The input power required to drive the refrigerator is thus 
14.15 x 10_3/0.00355 - 4.0 MW. 
6.7.2 Liquid Nitrogen Refrigerator 

The heat load on the LN refrigerator occurs in the cryopumping system: 
the chevrons, liners and gas sensible heat. The magnet does not have LH cool
ing as its 4.2 K case is interfaced to ambient temperature with load-bearing 
thermal insulation. 

Table 6-38. LHe refriteration system. 

Heat loads, kW 
Magnet 12.2 
Cryopanels 1.41 

Injectors 0.457 
Large end tank 0.515 
Small end tank 0.058 
Plasma stream 0.382 

Isotopic separator3 0.54 
Total 14.15 

Input power, MW 4.0 

Equivalent value at 4.2 K; see text. 
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In the injectors, only LN chevrons are used (eraissivity, e = 1). If we 
assume these chevrons view a 300 K surface with e - 0.5, the unit heat load is 
0.5 x 4i7 x 1.25 » 260 W/m , where we have included a 25% loss for conduc
tion. For the 1500 m 2 of panel, this is a 391 kW heat load. The sensible 
heat of the pumped gas (476 Torr-litre/s) adds an additional (negligible) 
117 W. 

In the end tanks, both chevrons and LN liners are used. The large end 
tank has 1790 m2 of chevrons for a heat lot ci o! 2u0 x 10 x 1790 
* 465 kW. We neglect the sensible heat of the pumped gas. The LN liners 
(e » 0.14) are interfaceu to the ambient temperature tank linet with superin-
sulation. We estimate the heat leak as equivalent to the radiative transfer 

2 from a 300 K surface with e - 0.5, or a heat flux of 0.12 x 417 » 51 W/m . 
The total is 1.25 x 51 x 10~ 3 x 1790 = 114 kW. Thus, the total LN heat load 

2 in the large end tank is 505 kW. Similarly, for the 55 m of pumping sur-
2 face in the small end tank, the heat load is 16 kW and the 333 m of pumping 

surface for the plasma stream has a heat load of 94 kW. The heat loads are 
summarized in Table 6-39. 

The LN refrigerator will work on the same cycle as the LHe refrigerator, 
shown in Figs. 6-75 and 6-76. The limiting Carnot coefficient of performance 
is 

< r o P > c - 3 b ^ = ̂ 90 = ° - 3 4 5 • 
From Ref. 75, for a 1-MW heat load, it is estimated that 30% of the Carnot 
value can be achieved, or COP = 0.104. Thus, the required input power to the 
refrigerator is 9.7 KW. 

Table 6-39. LN refrigeration system. 

Heat loads, kW 
Cryopumping equipment 

Injectors 
Large end tank 
Small end tank 
Plasma stream 

Total 
Xnput power, MH 
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7 NUCLEAR ANALYSIS 

7.1 Blanket Nuclear Analysis 

Nomenclature and Units 
BS number of blanket segments 
BU burn-up (fission) of heavy metal 
C. kilomoles of neutrons per MH-year of fusion neutrons (0.0232 for DT 

fusion) 
I inventory of tritium 
k's constants used in analytical model of blanket performance 
L. length of fission zone 
M energy multiplication: energy produced per fusion neutron divided by 

kinetic energy of fusion neutron 
P power density 

P/D pitch-to-diameter ratio 
P power carried by fusion neutrons, averaged in time 
Pu plutonium buildup 

239 Pu/n net plutonium breeding ratio: Pu per fusion neutron 
T. tritium contained in blanket b 
T tritium consumed externally to blanket 
T/n tritium breeding ratio: tritons per fusion neutron 
t time between consecutive reactor shut-downs for blanket segment 

replacement 
a conical angle of unit cell used for transport calculations 
X tritium decay constant: 0.0562 y~ 
$ exposure in terms of integrated kinetic energy current of fusion 

2 neutrons through the first wall; units: MW-y/m 
"wall loading," kinetic energy current of fusion neutrons through the 

2 first wall; units: MW/m 
fraction of fusion neutrons entering blanket (blanket coverage) 

Unless otherwise specified, units used in this section are: 
metres years 
kilograms kilomoles 
megawatts watts per cubic centimetre 
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7.1.1 Objectives 

The overall objective of this hybrid reactor study is to conceptually 
develop and analyze a conservative design based on standard minimum-B plasma 
containment, first generation magnet and beam technology, and present-day fis
sion technology. The design is optimized to minimize the power cost of the 

239 hybrid and the fission reactors that consume the Pu produced by the 
hybrid. 

To meet our overall study objective we specify the following set of blan
ket nuclear design objectives: 

239 
• Large net Pu breeding in depleted uranium. 
• Production of all tritium needed by the plant after start-up. 
• As much energy multiplication as possible without greatly affecting net 

239 
Pu breeding. 
• Subcritical under all conditions. 
• Limitation of power density and burnup in the uranium fuel to levels 

consistent with the thermohydraulic design and fuel materials. 
Based on our past work, ~ we believe the best way to meet the com-239 bined blanket objectives of large Pu breeding, tritium breeding, and 

energy multiplication is to maximize neutron and energy multiplication by 
238 fusion-neutron-induced fission of U. We therefore chose the fast fission 

blanket concept for this hybrid study. 
To analyze blanket performance, we specify the following blanket nuclear 

analysis objectives: 

• Use multidimensional modeling and transport methods to account for 
neutron and gamma streaming around and through the blanket modules. The model 
is to be a good approximation of the actual mechanical design of the module 
blanket. 

• Account for both spatial and time effects of compositional change 
239 

(principally, buildup of Pu and burnup of heavy metal) and power density 
in the uranium fuel. 

• Include effects of tritium decay in determining required tritium-
breeding ratios and purchase requirements. 

• Develop scaling methods to determine blanket performance as changes in 
reactor parameters move blanket off the design point used for the transport 
calculations. 
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7.1.2 Procedure 
The steps used to determine blanket nuclear performance are as follows: 

1. Construct a geometric model of the blanket and 14-MeV-neutron source 
with which to perform multidimensional neutron and gamma transport calcula
tions. 

2. Perform Monte Carlo transport calculations to determine local "0" ex
posure blanket performance trade-offs [tritium-breeding ratio (T/n) vs 

Pu-breeding ratio (Pu/n) and 14-MeV-source-neutron energy multiplication 
(M)l. Local blanket performance refers to blanket response to a 14-MeV-source 
neutron that interacts with the blanket. If the blanket occupies 100* of the 
spherical area surrounding the fusion neutron source, overall blanket perform
ance equals local blanket performance.- The "0" exposure refers to the start 
of blanket life when no nuclear transmutations have occurred. 

3. Determine local exposure-dependent performance by running a series of 
transport calculations in which isotopic compositions are adjusted by the num
bers of nuclear reactions calculated in the previous step. 

4. Use results of steps 2 and 3 to formulate analytic expressions for 
the exposure-dependent performance parameters. 

5. Using the analytic expression for exposure-dependent tritium breeding 
ratio, determine the local zero-exposure tritium breeding ratio needed for the 
reactor to be self-sufficient in tritium after start-up, and the quantity of 
tritium that must be purchased for start-up. 

6. Combine results of steps 2 3, and 5 and calculate a self-consistent 
set of blanket performance parameters. 
7.1.3 Transport Model and Method 

7.1.3.1 Geometry. The blanket is a spherical shell surrounding the 
plasma neutron source. The spherical shell has penetrations through it to 
allow for plasma leakage and injection. The blanket is made up of approxi
mately 600 cylindrical pressure vessels. Each is aligned on a ray from the 
plasma center. Blanket layout and design of an individual cylindrical blanket 
module are shown in Pigs. 7-1 and 7-2, respectively. For more details, see 
Section 8 on blanket mechanical design. 

7.1.3.2 Unit Cell. For calculation of neutron and gamma transport, a 
single blanket cell is considered. This cell consists of a cone whose apex is 
at the plasma center and contains one blanket module. A diagram of this unit 
cell is given in Fig. 7-3. The conical angle of the unit cell is sized to 
have a spherical area equal to that of the actual perimidal unit cell. The 
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- Yin-Yang 
mirror coil 

Beam port -
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Helium inlet 

Helium exit 

Blanket module 
(600) 

Fig. 7-1. Blanket/shield cutaway. 
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0.5 m o.d. 
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1.0 m 

Inconel 718 
pressure shell 

• Flow distribution 
dome 

Hexagonal flange 

.TZM bolts (6 places) 

• Evacuated double 
(Varian-type) 
vacuum seal 

Vacuum sinus 

- Cool helium duct 

Flow-control 
orifice 

Hot helium duct 

Fig. 7-2. Blanket module. 
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r (cm) 

r* in 

y v 480 

4.044' 

Plasma 

Fig. 7-3. The model used for the neutron and gamma Monte Carlo transport 
calculations. Zones of interest are numbered and described in Table 7-1. 
Zones labeled *He contain only helium coolant; unlabeled zones are vacuum 
zones. Except for Zone 13, zones with material volume fractions less than 
1 contain helium coolant in the remaining volume. 
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sides of the unit cell are reflecting [(rebound angle) - n - (incident 
angle)| to account for neutrons and gammas scattering into and out of the 
cell. This cell model was chosen so that streaming around nod through the in
dividual blanket modules is accounted for. 

Dimensions defining the boundaries of the unit cell are listed on 
Fig. 7-3. 

The conical angle (a) of the cell boundary is dependent on the first-
wall radius and on the pitch of the modules (where pitch is the distance be
tween module centers). A pitch-to-diameter ratio (P/D) of 1.01 at the inter
face of the cylindrical and hemispherical portions of the module (located 
3.75 m from plasma center) defines the conical boundary of the calculational 
unit cell. 

The calculational model of the blanket module contained in the unit cell 
is divided into zones (Fig. 7-3). The zones (described in Table 7-1) contain 
different materials and/or are used to study spatial effects. 

Table 7-1. Descriptions of calculational model zoning shown in Fig. 7-3. 

Description Material 
Material 

volume fraction(s) Volume, cm 

5 

6-8 

Fission zones 

Fission zone support 
and piping 
T-breeding zones 

0.692 + (0.073) 
clad) 

Inconel 0.0933 

LiH + (Al-Fe clad) 0.716 + (0.106) 

9 First wall and coolant 
baffle 

Inconel 1.0 

10-11 Cyl. pressure vessel 
and coolant baffle 

Inconel 0.448 

12 He outlet pipe Inconel 1.0 
13 Graphite insert Graphite 0.4 
14 Module support Inconel 1.0 
IS Fixed blanket structure Inconel 1.0 

3641 
20025 
20025 
3641 
27306 

3263 
60374 
19581 
818 

5866 
5580 
611 

39666 
18208 
45777 
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The mass and atom densities of the materials are listed in Table 7-2. 
7.1.3.3 Source. The geometry of the 14.1-MeV, D-T fusion neutron source 

was taken to be a spherical volume source with a radius of 2.5 m. To save 
computer time, the spherical volume source was converted to a spherical «•-.»-
face source at a radius of 3 m; a reflecting spherical surface v . also placed 
at a radius of 3 m. Computer time is saved (~20%) bec-.-e all source neutrons 
are generated heading in the positive radial -"l^ection and all secondary neu
trons and gammas are reflected; l-i".<:i:ore, no Monte Carlo particles spend time 
inside a radius of * ;.., a region of the unit cell where nothing of interest 
nappens. The angular spectra of ;he 3 m-radius, spherical-surface source is 
listed in Table 7-3. 

7.1.3.4 Method. A Monte Carlo code called TARTNP, using nuclear 
data from the ENDL library, was used for the neutron and gamma transport 
problems. The nuclear data has a 176-group, flat-weighted energy structure. 
Problems were run with a maximum sample size of 4000 source neutrons. Maximum 

Table 7-2. Materials (at a volume fraction of 1.0). 

Material Mass, g/cm 22 3 
Atom densities, 10 atoms/cm 

U 3Si 16.1 U (depleted) 
2 3 5 U 
2 3 8 U 

Si 

0.00981 
3.912 
1.307 

Inconel 

LiH 

8.19 

0.82 

Fe 
Cr 
Ni 
Nb 
6Li 
7Li 

1.839 
1.830 
4.593 
0.276 

0.470 
5.75 
6.22 

LiH cladding (10% Fe 3.22 
+ 90% Al by vol) 

Helium 0.00518 

Graphite 2.26 

Al 
Fe 
4, He 

C 

5.42 
0.848 

0.078 

11.3 
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1.0 0 .98 

0.98 0.95 

0 .95 O.90 

0 .90 0 .82 

0 .82 0 .72 

0 .72 0.60 

0 .60 0 .40 

Table 7-3. Fraction of source neutrons 
between direction cosines 1 
and 2. 

Direction cosines 
Fraction 1 and 2 

0.116 
0.150 
0.244 
0.272 
0.206 
0.012 
0 

running time on the CDC-7600 was 4 rain. Results have a statistical uncer
tainty (standard deviation) of approximately 5%. Uncertainties in nuclear 
data were not considered. 
7.1.4 Transport Results 

7.1.4.1 Performance vs Fission Zone Thickness. The independent blanket 
variable available for adjusting blanket tritium-breeding performance to match 
that required for a specific set of reactor parameters is fission (U,si) 
zone length. In the range of interest, tast fission and, thus, neutron multi
plication increase as the fission zone length increases, but the number of 
neutrons leaking into the tritium breeding zone decreases. The objective is 
to make the fission zone as thick as possible while still breeding the re
quired tritium. 

A series of Monte Carlo calculations were performed to determine the 
effects on blanket performance as fission-zone thickness is varied; total 
blanket length is held constant. Results of these calculations are listed in 
Table 7-4 and graphically displayed in Fig. 7-4. 

7.1.4.2 Performance vs Exposure. With exposure to a current of 14-MeV 
neutrons, the isotopic composition of the blanket changes. This effect is 

238 particularly important in the fission zones where U (n,y) and fission 
239 

reactions result in the buildup of Pu and fission products. Other trans
mutations also occur but are of lesser importance. The isotopes followed are 
listed in Table 7-5 with the expressions used to calculate their atom den
sities at each exposure. 
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Fig. 7-4. Blanket performance tradeoffs - local start-of-life values for 
net plutonium breeding ratio (Pu/n), tritium breeding ratio (T/n), and 
energy multiplication (M). 
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Table 7-4. Local "0" exposure blanket performance vs 
fission zone length (L,). 

L (metres) T/n (0) Pu/n (0) M(0) 

0.23 
0.26 
0.30 

1.20 
1.14 
0.97 

1.63 
1.78 
1.86 

8.57 
8.94 
9.14 

(standard deviation =5%) 

Table 7-5. Isotopes and expressions to calculate their atom densities. 

Atom density formulation 

235 u 

236„ 
2 3 6 u 
2 3 8 P U 

2 3 9 P U 

2 4 0 P U 

2 < 1 P u 

2 3 7 N P 

Fission 

"i+1 = "i + [" | n ' f > " ( n , Y l ] * 5 n / v o i a 

H i + , * Hi + [92235 (n,y) + 92238 (n,3n) - (n,£) - (n,y)l x Sn /vo l a 

N i + 1 * N £ + [j- (n,f) - (n,Y) - (n,2n) - (n,3n)l x 6n /vo l a 

N , + 1 - N. + [p3237 (n,y) + 92239 (n,Y) - n,f) - (n,-y)l x 6n /vo l a 

N i + 1 ' » j * |92238(n,y) + 94238 (n,y) + 94240(n,2n) - (n,f) - (n,Y) - (n,2n)1 x 6 n / v o l a 

N i + 1 - Nj + (94239(n,Y) + 94241 (n,2n) - (n,£) - (n,Y) - (n,2nj] x 6 n / v o l a 

N 1 + 1 - Nj + (94240(n,Y) - (n,£) - (n,Y) - (n,2n)] x Sn/vol a 

N i + 1 * H i + (?2238{n,2n) + 92236(n,Y) - (n,£) - (n,Y) - (n,2n)] x Sn /vo l a 

products N i + 1 « Hj + 2 ( ( n . f l j o J x Sn/vo l a 

» Apvj x 4 x At(1.40 x 1025)n/Mw 
» 0.192 X 2.0 X 1.0(1.40 x 1025) . 5.36 x 1024 n 

Vol « voluae of zone 

A series of Monte Carlo calculations were performed over an exposure 
After each step, the iso-range of 0 to 10 MW-y/m in steps of 2 Mff-y/m 

topic composition in each of the four U Si zones are adjusted as shown in 
Table 7-5. Results of this procedure are listed in Table 7-6 and displayed 
graphically in Fig. 7-5. Exposure is in terms of integrated energy current 
[kinetic energy of the DT neutrons (14 MeV per neutron)] flowing through the 
surface of a sphere centered at the plasma center with a radius determined by 
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Table 7-6. Results of exposure-dependent transport calculations. 

239 Pu(% 
Exposure, of U initial), 239p U | Burnup (% of U initial), 
MW-y/m^ T/n Pu/n peak/average kg/m^ M peak/average 

0 1.14 1.78 0/0 0 8.94 0/0 

2 1.18 1.72 1 .00/0 . .7* 19.7 10.7 0 .594/0 .270 

4 1.37 1.60 1 .92 /1 . .47 38.7 12.6 1 .30/0 .600 
6 1.42 1.48 2 .72 /2 . .14 56.5 15.1 2 .08/0 .988 

8 1.58 1.56 3 . 4 5 / 2 . 76 72.9 18.8 3 .01 /1 .47 

10 1.88 1.51 4 . 1 7 / 3 . ,41 90 .1 22.6 4 .13 /2 .06 

Table 7 - 7 . I s o t o p i c compos i t ion of 
Plutonium a f t e r an e x 
posure o f 10 MH-y/m 2. 

I s o t o p e Percent 

239„ 
Pu 

240,, Pu 
238„ Pu 
2 4 1 -Pu 

96 .7 

2 .11 

1.23 

0.014 

the minimum distance of the blanket-module end cap from the plasma center 
(3.50 m in this case). This energy current is commonly called "wall loading" 
or "first wall loading" (WL) and usually has units of (MW/m 2). 

7.1.4.3 Plutonium Composition, The isotopic composition of the Pluto
nium calculated for this blanket after an exposure of 10 MW-y/m2 is listed 
below (Table 7-7). 

7.1.4.4 Thermal Power Density. Volumetric heating varies with location 
and exposure. Spatial effects occur because the DT neutron source is external 
to the blanket and also because the blanket is composed of various materials. 
Exposure effects occur because the isotopic composition of the U Si fuel 
material changes. 

Energy deposition per source neutron in each module zone was calculated 
at "0" exposure and after 10-HH-y/m exposure using coupled neutron-gamma 
transport. Then, the zone energy dispositions were used to calculate the 
average zone power densities in the materials in each zone at a given wall 
loading ($) of 1.0 MW/m . Results are listed in Table 7-8. 
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Curves of power density profiles in the U.Si at 0 and 10 MW-y/m ex
posure are displayed in Pig. 7-6. These curves are fit to the zone-average 
values listed in Table 7-8. At start of life, peak power density in the 
U,Si is 105 W/cm3 at 1.0 MW/m wall loading. Peak-to-average U si 

2 power density at start of life is 2.17. After an exposure of 10 MW-y/m 
peak U,Si power density is 244 W/cm3 and the peak-to-average is 1.93. The 
slight drop in the U,Si peak-to-average power density with exposure is most 

239 likely due to the nearly even buildup and subsequent fission of Pu. 
7.1.4.5 Neutron Flux and Fluence. Neutron flux and fluence were calcu

lated for three blanket-module zones over an exposure range of 0 to 
10 MW-y/m' The three zones are: 

1. The 2-mm-thick hemispherical first wall (Zone 9). 
2. The U,Si fuel-bundle base plate (Zone 5) located behind U.Si fuel 

z-Dries. 
3. The module support ring (Zone 14), which is located at the rear of the 

module and is representative of the permanent structure on which the module is 
mounted. 

Table 7-8. patial and exposure-dependent energy deposition and power 
densities.3 

Description 

E/n, HeV 3 a 

P, W/cm 

Zone Description at "0" exposure at 10 KW-y/si2 at "0* exposure at 10 Mf-y/a2 

1 U si Zone 1 18.6 43.2 101.0 234.0 
2 u.si Zone 2 63.9 170.0 62.9 167.0 
3 U-Si Zone 3 27.4 80.1 27.4 78.8 
4 U3Si Zone 4 3.0 10.0 16.1 53.8 
5 Fission core structure 0.236 0.382 1.26 2.04 
6 LiH zone 1 1.09 1.89 B.78 15.2 
7 LiH Zone 2 5.17 8.85 1.63 2.79 
8 LiH zone 3 0.19 0.33 0.19 0.32 
9 First nail 0.422 0.641 7.03 10.7 
10 Inner pressure vessel 0.574 0.892 2.98 4.63 
11 Outer pressure vessel 0.120 0.193 0.65 1.05 
12 He outlet pipe 0.020 0.041 0.45 0.91 
13 Graphite insert 0.416 0.588 0.36 0.51 
14 Module support 0.228 a.'1!)! 0.17 0.23 
IS Fixed blanket'structure 0.106 

122.000 
0.157 

317.600 
0.03 0.05 

^Material volumetric beating rates (average for zone) at a wall loading of 
1.0 HW/»2: 

P « ffL x A 1 x • 
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An axial profile of the total neutron flux at the beginning and end of 
life (10 MW-y/m) is given in Fig. 7-7. Neutron energy spectra in the three 
representative spatial zones at the beginning and end of life are shown in 
Fig. 7-8. Figures 7-9 and 7-10 show total neutron flux and total neutron flu-
ence vs exposure. Peak flux and fluence occur in the first wall at peak ex-

2 posure. Fluence in the first wall after an exposure of 10 MW-y/m is 
2.8 x 1 0 2 3 n«cm~2s 171 of this is supplied by neutrons with energies 
greater than 1.0 MeV. At the module's other end, the permanent module-support 

22 —2 2 
ring receives a fluence of 1.8 x 10 n-cm during a 10 MW-y/m ex
posure; 20% of this is above 1.0 MeV. If the reactor operates for 40 years 

2 with a wall loading of 2 MW/m and a duty factor of 751, and the blanket 2 Modules are removed after 10 MW-y/m exposure, the module support rings 
would have an end-of-life, fast neutron (E > 1.0 MeV) fluences of 
2.2 x 10 2 2n.cnf 2. 

The neutron flux and fluence results have standard deviations ranging 
from 2% at the first wall to 17% at the module support ring. 
7.1.5 Tritium 

7.1.5.1 Tritium Breeding Requirements. The required local tritium-
breeding ratio must be determined in order to determine the other principal 
blanket nuclear-performance parameters. 

We require the hybrid to be self-sufficient in tritium, except for start
up requirements. After equilibrium is established, blanket tritium breeding 
must fuel the D-T fusion reaction and make up for losses. The only signifi
cant loss anticiplated is by tritium decay. Tritium decays with a 12.33-year 
half-life, so tritium inventory (I) plays a significant role in setting trit
ium breeding requirements. The tritium inventory is comprised of two princi
pal components, the inventory in the blanket system and that tied up in the 
rest of the reactor. The blanket tritium inventory is dependent on the blan
ket tritium removal and containment scenario employed. Two blanket tritium 
removal and containment scenarios are considered in this study: batch, and 
purge. With the batch scenario, tritium produced in the blanket is contained 
within the lithium-bearing fuel pins. After a blanket segment reaches the 
desired exposure, it is removed from the reactor, and the lithium fuel pins 
are processed to remove the tritium. With the purge scenario on the other 
hand, tritium is continuously removed from the blanket as it is produced via a 
purge gas system. In both scenarios the blanket is divided into refueling 
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segments. Blanket replacement is accomplished by sequentially replacing seg
ments, one per operating period. 

7.1.5.1.1 Batch. The method developed to calculate tritium breeding 
ratio needed for batch processing is derived below. 

Tritium conta-ned in a blanket segment at removal (T ) must equal trit
ium consumed (T ) outside of the blanket during the time period (t ) until 

c p 
the next blanket segment is removed. 

T - T b c 

T f a - T(t = t p x BS) . (1) 

The rate of change of tritium contained in a blanket segment is 

dT 
d t 

(T breeding r a t e | - JT decay rate} 

I 3 C l P n n B ? ( T / n ( 0 ) + k 4 * « ) " ( X T ) (2) 

Solving this differential equation and applying the boundary condition 
T(0) « 0 gives 

*££ f (x - e"XVS) . V L. . *V»' V H s r " TAKO) ̂ ^ '- * -±- (Xt BS - l) + e P • (3) ])• b BS ^'"-' x ^2 |_' p 

Tritium consumed outside of the blanket (T ) during one fueling period 
(t ) equals the tritium on hand (excluding blanket) at t - 0 minus the 
tritium remaining at t * t . The rate of change of the tritium inventory 
(T) external to the blanket is 

dT 
dt 1 burn rate I - JT decay rate! - - J3C..P 1- J X T ! . (4) 

Solving this differential equation and applying the boundary condition 
T(t ) « I gives 

T * T c ( 0, - I , ( ^ ! S + I ) (e X tP- 3) . ( 5, 
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Now since T. must equal T for equilibrium. 

r BS <j>k„ ( % -Xt BS) 
c __S (xt pBS-l) +e P 

v»ri' —} -xt^ L 

(batch) U - e P / 

3 C 1 T/n(0) — 7 ' ,., P g\ '- . (6) 

This is the zero-exposure, local tritium-breeding ratio needed for a batch-
processed blanket to break even on tritium after blanket equilibrium is 
achieved. Equilibrium means that the average blanket exposure at the start of 
each operational period is the same. 

7.1.5.1.2 Purge. The tritium breeding ratio needed for tritium self-
sufficiency at equilibrium with a purged blanket is derived below. 

The rate of change of the total tritium inventory (T) is 
dT IT burnl IT decay) (T breeding) 
dt " " ( rate J ~ | rate | 1 rate I 

" " | 3 C l ¥ n | " ( X T) + K ? n Q [ T / n ( 0 ) + k 4 * (fc + fn f cp)] J • <7> 
where f t = average blanket exposure at beginning of each exposure period. 

BS — 1 For a blanket in equilibrium, f = — n 2 

Solving for T gives: 

T{t) - AB/A + ftD/X2 (Xt - 1) + Ce" X t , (8) 

where A = 3C,P 1 n 

B - - 1 + n[T/n(0)] + Df t 

D « ftk A 

C - constant of integration. 
The constant of integration C is evaluated by applying the equilibrium 

condition; total tritiua inventory at the beginning and end of each blanket 
refueling period must be equal: 
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(T(t - 0) * T(t = tp)) 

Therefore, 

-Xt 
(t) « AB /X + AD/X M t - 1) + Xt ^ 

1 - e 
(9) 

The next step is to solve for B and, thus, T/n(0). This is done by 
using the fact that the total tritium inventory T(t) cannot drop below the re
actor tritium hold-up inventory I' (I1 is all the tritium held up in various 
reactor systems, such as criopanels and distillation columns, plus that in the 
blanket). Therefore, 

T . » V i 

T . occurs (at t . ) when the time derivative of T(t) equals 0; therefore, win nun 

min Idt / -X I Xt 

-Xt 
(10) 

Now set T(t . ) « I' to solve for the value of B needed for equilib
rium. Call this value of B, B (purge): 

eq 

B -£< eq A M)/\ 

-Xt 
Xt e 

(Xt - 1) + — E -•Xt 
1 - e 

(11) 

Now solve for the zero-exposure, local tritium-breeding ratio [T/n(0)] 
needed for equilibrium: 

K i r M ( B - + i , " D ^ ) t (12) 

7.1.5.2 Tritium Purchase Requirements. Tritium must be supplied from an 
external source for the initial phase of reactor operation before blanket 
equilibrium is achieved. Once blanket equilibrium is achieved, the reactor 
produces all its own tritium. (Recall that tritium self-sufficiency at equi
librium is the condition used to set the tritium breeding ratio needed.) The 
method of blanket tritium removal (batch or purge) strongly influences the 
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tritium purchase requirements. The derivation of expressions used to deter
mine tritium purchase requirements for batch and purge blanket tritium removal 
are outlined below. 

7.1.5.2.1 Batch. With batch tritium removal, tritium is held up in 
the blanket segments until the segments are replaced. One blanket segment is 
replaced after each operational period. Under equilibrium conditions, a blan
ket segment contains on removal just enough tritium to supply the reactor for 
the next operational period. During start-up, this is not the case, and trit
ium must be purchased. The scenario used to determine tritium purchase re
quirements is: 

• Tritium on hand at the start of each period must equal all tritium con
sumed (T ) during that period. 

• Tritium purchase T(n) needed for period (n) equals T minus the 
P c 

tritium (T.) contained in the blanket segment removed after the preceding 
period. The first period requires an additional purchase of I, the plant 
tritium hold-up inventory. 

• Tritium purchases take place only at the beginning of a period. The 
start-up blanket segments are physically identical to the equilibrium seg
ments . 

Therefore, tritium purchase needed for the first period is 

T p(n - 1) - T c + I . (13) 

Period 2 through BS requires: 

T p ( n ) " T c - T b(n - 1) , (14) 

where 

and 

T c (=£ -)(>-) 

v „ .„.Sjt Lm ( ^ ) * f ([xy. -»-q 
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The derivation of T_ and T, are outlined in Section 7.1.5.1.1. c b 
7.1.5.2.2 Purge. With a purge tritium system, tritium is purged from 

the blanket as it is being produced, and thus is immediately available for 
use. All other aspects of the blanket handling are the same as with the batch 
case. 

The scenario for determining tritium purchase requirements is: 
• Tritium left over at the end of each period JT (t - t )) is set 

' n pi 
equal to tritium left over at the end of each equilibrium period 
IW" VI-

• Tritium needed at the beginning of each period {T_(t - 0)} can now be 
solved by using the boundary condition 

V f c - V " Teq ( t" V-
• The tritium purchase requirement |TP I for period n i s 

T P n « T n ( t > 0) - T l e f t Q v e r ( n _ 1 } . 

By using the expression T(t) derived in Section 7.1.5.1.2 and the bound
ary condition T (t - t ) - ̂ o o ^ * fc

D) *° solve for T (t = 0), 

Xt 
e P 

(16) 

T n ( t - 0, - ^ ( l - e X t * ) • K [-1 - ( x t p - 1 ^ * ] • [ V t - y ] 

For f i r s t period (n - 1 ) , l ^ ^ { n _ 1 } - 0. 

For periods n > 1, T l e f t Q v e r ( n _ X ) - S ^ ( t , ^ . 

To solve for I (t « t ) , we use Eq. (9) for T(t): eq p 

Wb " V * "T3 + J§ j ' x t p - x> + " X T * — i • <17> 

Substituting into Eq. (17) for TP(1 < n > BS) gives 

ron" I ( B n " B e q ) ( X " e ^ • < 1 8 > 
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Because B « -1 + (T/n(0)) + Df t n \ / n p 

f , BS(BS - 1) - (BS - n) (BS - n + 1) ( 1 9 ) 

n 2BS 

and B - B , where n = BS. (from Section 7.1.5.1.2) 
For n » 2 through BS, 

-. - i (-(BS"n) i L s ' n * 1 } ) -P (* - « x t p ) • 
and, for n * 1, 

TP r ( - J B T ^ L ) D , * ( 1 - ' X S ) + V t - V • 
7.1.6 Scaling 

Fusion power, first-wall radius, blanket coverage, blanket segmentation, 
blanket life time, tritium handling, tritium inventory, and plant-capacity 
factors all influence blanket performance. These reactor variables are ad
justed in a system code to find the optimum design point. To optimize blanket 
performance for a given reactor design point, an analytic model approximating 
blanket performance is used. The model is based on results from the transport 
calculations. The model consists of analytical expressions fit to the trans
port results. They are: 

• Local energy multiplication vs exposure: 

M(«) - M(0) + k x* + k 2 $ 2 . (22) 

239 
• Local net Pu breeding ratio vs exposure: 

Pu/n ($) - Pu/n (0) + k 3$ . (23) 

• Local tritium breeding ratio vs exposure: 

T/n (*) » T/n (0) + k.* . (24) 

• Maximum thermal power density in U,Si fuel vs exposure and wall load
ing (U.si power density in Zone 1): 
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'*fuel max <*'*> " (k5 + k6* + k / ) 9 • ( 2 5 > 

• Maximum burnup in U,Si fuel vs exposure (ratio (t) of fissions to in
itial uranium atoms in Zone 1): 

B Umax «*> " k18* + k19* 2 ' , 2 6 ) 

• Fission zone length vs local-"0" exposure tritium breeding ratio (evalua
tion of T/n(0) discussed in previous section): 

Lf[T/n(0)] - k 9 + kgT/n(0) + k 1 QT/n(u) 2 . (27) 

239 
• Local "0" exposure net Pu breeding ratio, energy multiplication 

and uranium loading vs fission zone length: 

Pu/n(0) - k u + k 1 2 L £ + k 1 3 L 2 

M(0) - k 1 4 + k 1 5 L f + k 1 6 L 2 

n loading - k^I^UR 2^! . (28) 

• Average fractional burn-up (% fission) of heavy metal in U.Si fuel 
bundle vs exposure: 

k k 
BU(%) <4>) - | i ^ l[M(0) - l]« + -± * 2 + ^ * 3 j . (29) 

239 
• Average fractional buildup of (t enrichment) Pu in U Si fuel 

bundle vs exposure: 

PU(%) (*) - M i i i Jp u/n(0)* + ^ . * 2 } . (30) 

239 
• Pu production (kg/y) at equilibrium conditions: 

Pu/y - 69.68 —• |pu/n(0)*' + ̂  *' 2J (31) 
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F 0 8 *• - exposure of blanket f __. . . «._,.__ where 4' 5 . , " :r" BSt duty factor. segment at removal . JZ p l 

239 • Average blanket energy multiplication (M), net Pu breeding ratio 

(Pu/n), and tritium breeding ratio (T/n) at equilibrium: 

Mav * | M < 0 ) + 2 i * ' + F * ' 2 '" 
(Pu/n) a v 

f k 3 |Pu/n(0) » — 4' 

(T/n) a v - |T/n(0) + ̂  *• \ SI . (32) 

• Peak blanket energy multiplication (occurs at end of each equilibrium 
period): 

4™+=f ki(^H(^)2)-
» n=l J 

H 
max eq 

• Minimum equilibrium blanket energy multiplication (occurs at beginning 
of each equilibrium period): 

I BS-1 \ 
^ineq-^^S^l^^^) J-

• Minimum blanket energy multiplication (occurs at reactor start-up): 
M m i n - n M ( 0 ) . (35) 

The constants (k. - k.„) are unique to a particular blanket module 
design; k values for this design are listed in Table 7-9. With these con
stants, the analytic model of blanket performance is valid for exposures up to 
10 MW-y/m and for U Si bundle length in the range 0.23 to 0.30 m. 
7.1.7 Sample Cases 

Blanket performance is calculated for two sample cases using the scaling 
relationships in the previous section. The reactor parameters for case 1 are 
shown in Table 7-10. 
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Table 7-9. Constants (k's) for analytical model of blanket, 

k » 0.503, k 2 - 0.0867 

k 3 * - 0.0306 

k. ' 0.0537 4 

k 5 * 101, kg - 3.80, k 7 « 0.95 

k 8 » -0.7444, k 9 « 2.193, k 1 Q - -1.151 

k u - 2.083, k 1 2 - 26.00, k 1 3 - -42.86 

k 1 4- -0.5314, k 1 5 - 63.67, k l g » -104.8 

k 1 7« 10,182 

k 1 8= 0.247, k 1 9 = 0.0166 

Table 7-10. Reactor parameters for sample case 1. 

Fusion power 
Radius of blanket first wall 
First wall loading 
Blanket refueling segments 
Time between shut downs for refueling 
Blanket tritium handling 
Tritium inventory (I') 
Plant capacity factor (life-time average) 
Blanket coverage 

The reactor parameters for case 2 are the same as for case 1, except that 
tritium bred in the blanket is continuously removed by an on-line purge 
system. The results for both sample cases are shown in Table 7-11. 

400 MW 

3.57 m 
2 .0 MH/m2 

4 

1.5 y 

off-line batch 
4 kg 
0 .7 

0.85 
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Table 7-11. Results of sample cases. 

Case 1 
(T-batch) 

Case 2 
(T-purge) 

Local zero-exposure tritium-breeding 
ratio [T/n(0)] needed for tritium 
self-sufficiency after start-up. 

Fission zone length (Lf) needed to get [T/n(0)] , m 
Tritium purchase requirements for 

start-up periods, kg 

Period: 1 
2 
3 
4 
Totals 

Local instantaneous blanket performance 
at zero exposure: 

239 r n 
Pu-breeding ratio Fu/n(0) 

Energy multiplication M(0) 
Tritium-breeding ratio T/n(0) 

_2 Maximum exposure, MW y/m 
Local instantaneous blanket performance 
at maximum exposure: 

Tritium-breeding ratio 
239 Net Fu-breeding ratio 

Energy multiplication 

Uranium loading, kg 

1.21 

0.23 

28.4 
18.4 
12.3 
6.14 
65.2 

1.62 
8.57 
1.21 

8.40 

0.97 

0.30 

7.78 
1.75 
o.se 
0 
10.1 

1.86 
9.14 
0.97 

8.40 

1.66 1.42 
1.37 1.60 
18.9 19.5 

3.9 x 10 5 4.16 x 10 
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Table 7-11. Continued 

Case 1 Case 2 
(T-batch) (T-purge) 

Burn-up at maximum exposure 
(% of heavy metal fissioned) 

Average 1.73 1.39 
3.25 Pea* (in U,Si Zone 1) 3.25 

239 
Build-up of Pu at maximum 

exposure, % of initial heavy metal 
Average 2.99 2.64 
Peak (in U,Si Zone 1) 3.65 3.65 

Maximum fuel power density 
(03Si Zone 1), W/cm 3 

Pit zero exposure 202 202 

At maximum exposure 400 400 

Blanket energy multiplication: 

At initial start-up 7.28 7.77 
At start of equilibrium periods 10.1 10.6 
At end of equilibrium periods 12.0 12.5 

Effective equilibrium blanket 
performance (time-averaged values) 

Tritium-breeding ratio 1.22 1.01 
Net 239Pu-breeding ratio 1.28 1.47 
Energy multiplication 10.8 11.3 
Net 2 3 9 P u production, kg/y 1590 1830 
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7.2 Shielding 

Magnets, injectors, direct converters, and personnel must be protected 
from the intense radiation produced by the DT plasma. Various forms of 
shielding are provided for this purpose. 

7.2.1 Magnet Shielding 

The superconducting Yin-Yang coils must be shielded to: 
• Limit total heating in the cryogenic coils and structure. 
• Limit local maximum heating density in the coil windings to a 

value that can be removed by the coil coolant. 
• Limit radiation damage of the coil materials. 

The geometry of the mirror reactor calls for a shield configured as a spheri
cal shell behind the blanket plus annular disks extending through the mirror 
slots. Shielding is also needed around neutral beam lines as they pass 
through the coil structure. 

Because of the dependence of coil size and blanket coverage on 
coil-shield thicknesses, an analytic model of the coil shield is included in 
the reactor- system computer code. In this model, shielding for the Yin-Yang 
magnet consists of a spherical shell located between the blanket and the coils 
plus disks extending through the coils on the sides of the mirror leakage fans. 

These shields are sized to optimize the trade-off between cryogenic power 
requirements and blanket coverage. Total heating in the cryogenic coil and 
structure optimized at ~3 x 10~ of the fusion neutron power; 1/3 of this 
heating occurs behind the spherical shield and 2/3 behind the disk shields. 
The analytical expressions used to size these shields are 

/PJK 
t s = - n ^ i i°g 

\Aa/4ir/ Aj3e/4ir/ 

/ P S / P \ 
fc

d - -Vi 1O* \p*r)' < 3 6 > 
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where 
t and t, = shield thicknesses needed to limit magnet heating (coil s a 

and cold structure) behind the shields to P /P and P./? . 
s n a n u , and u. , = shield thicknesses needed to give 1 decade of 's-l a-l 

attenuation. 
p = fusion neutron power level (HH). n 
p = magnet n + y heating behind the spherical shield (MW). 
p. = magnet n + Y heating behind the disk shield (MW). a 
A. = blanket attenuation (0.1 is a conservative value), 
a = solid angle subtended by the magnet (coil and cold 

structure) behind the spherical shield. 
0 = solid angle subtended by the magnet (coil and cold 

structure) behind the disk shield. 
The coil shield thicknesses are checked by the following expressions to 

see if they limit local heating and neutron fluences to acceptable levels. 
Maximum specific power densities: 

4TTR2 S" 2 

c 

-fit + t )/u /[ K. „ V 1 0 L( » case'/,Js-2j 

- ^ k . -[ ( ta + t c a s e ) / V 2 ] 
Pd " 7"2 k d - 2 * 1 0 J • ( 3 7 ) 

4TTR c 

Maximum fluences: 

P T - |"(t + t )/y S\ 
_n „ , ..„ L s case'"s-3j * - -=-=• K , A.-10 

S 4TtR" S ~ 3 % 

c 

v,- . u- p t- + t — , / v J , *d-^ Kd-3' 1 0 L — - J f (38, 
c 
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where 
R = coil inner radius (m). 
c 
K and K. = proportionality constants 
T 5 effective operating time. 
t = thickness of magnet coil case (cm). 
case 

The ]i and K values used with these expressions are listed in 
Table 7-12. They are derived from the coil-shield calculations done for the 
FY 1976 Mirror Reactor Study. The shield modeled by these values consists 
of iron, graphite and lead-loaded concrete. To demonstrate this model, param
eters for the reference hybrid reactor are outlined in Table 7-13. 

Both the local n + y heating and end-of-life neutron-fluence levels are 
well within the anticipated materials capabilities and coil design. 
Ullmaier13 reports that after a fluence of 1.3 x 10 n/cm , the criti
cal current in NbTi drops only about 20%, while resistivity of the copper in-

2 3 
creases about six times. Since j p = 0.13 W/cm in the unirradiated cop-

3 
per and the heat-transfer limit is 2.6 W/cm , an increase of six times in 
copper's resistivity is well within the design capability of the coil. Direct 
local n + y heating is insignificant. 

Table 7-12. Values of ]i and K used in expressions that check coil-shield 
thicknesses for their ability to limit local heating and 
neutron fluences. 

Expression y, cm K 

t 17.3 
s 

t . 17.5 
d 

1 7 . 3 8 .86 /W/cm' 

\MW/r 2 

P^ 17 .5 0.309 
a 

1 8 . 1 1.24 x 1 0 2 2 

* . 1 5 . 1 2 .96 X 1 0 2 1 

a 

\m/m I 

\l»-y/«7 

( n/aa \ 
HW-y/m 2 / 
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Table 7-13. Parameters for the reference hybrid reactor. 

Reactor parameters: 
Fusion neutron power (P ) 
Coil inner radius (R ) 
Blanket attenuation (A.) 
Coil case thickness (t ) case 

Coil shield parameters: 
Spherical shield 
V Pn 

Thickness (t ) 
Disk shields 

V Pn 
Thickness (t.) 

Maximum local n + y heating in winding 
Behind spherical shield (P ) 
Behind disk shields (P.) 

Maximum neutron fluence after 30 years 
operation with 74% duty factor 

IS 2 Behind spherical shield (4 ) 1.28 x 10 n/cm 
Behind disk shield ($d) 1.04 x 1 0 1 8 n/cm2 

322 MK 
5.75 m 
0.1 
15 cm 

1 x 1 0 - 5 

61.4 cm 

2 x 1 0 - 5 

55.8 cm 

2.63 x 10" -5 3 W/cm 
2.16 x 10" -5 W/cm3 

A note of caution: this shielding model is quite primitive. While it is 
hopefully conservative, detailed shielding analysis and optimization are 
needed. 
7.2.2 Injector and Direct Converter Shielding 

Ho shield analysis was carried out on these systems. Based on our ear
lier work on similar systems, it is clear that sensitive components such as 

12 14 
cryopanels must be shielded from direct view of the plasma. ' Accord
ingly, the beam lines were layed out with shadow shields in front of sensitive 
components. Analysis of the effectiveness of shadow shields in these beam 
lines is planned for FY 1978. Cryopanels in the mirror-leakage direct con
verter are protected by locating them on the chamber sides out of "view" of 
the plasma. The effectiveness of this procedure must also be examined. 
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7.2.3 Biological Shielding 

Since the whole reactor, including beam lines, is surrounded by a con
crete monolith, the PCRV, and an additional containment structure, we assume 
no additional shielding will be required. This assumption should of course be 
checked, especially at the end of beam lines, if and when a more detailed 
design study of this reactor is performed. Potential radiation exposure to 
workers during maintenance is another obvious area requiring analysis. 
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8. MECHANICAL DESIGN 

8.1 Prestressed Concrete Reactor Vessel 

The first gas-cooled nuclear power plant built in the United States was 
Peachbottom I, with an electrical output power level of 40 MW. The 
high-pressure helium-coolant system was a distributed array of high 
temperature metallic piping and pressure vessels similar to that used in LWR 
nuclear-steam electric power plants. The second gas-cooled nuclear power 
plant built in the United States was Fort St. Vrain. Along with its 
eightfold increase in design power-output rating came the first use in the 
United States of a PCRV, a high-pressure-system confinement technology that 
had been extensively used in European nuclear programs. We propose to use 
this technology on the mirror hybrid reactor (HHR) plant with only a slight 
extension in current capability. 

A PCRV, a prestressed concrete reactor vessel, is a monolith cast in 
place with integral reinforcing steel, prestressing tendon tubes and 
circumferential wire-wrap channels, gas-tight liner, and coolant piping. 
The entire structure may be very large and is held in triaxial compression 
by an appropriate combination of linear tendons and peripheral wire -
wrapping. The PCRV can, therefore, withstand internal pressures, such as 
those that arise in power plants from gas-coolant pressure, thermal 
gradients, and, in the case of the MHR, from magnetic confinement pressure. 
Thus the function of the MHR PCRV is to restrain the Yin-Yang magnets and 
support the reactor blanket, to confine all of the primary coolant helium 
and its equipment, such as steam generators, and circulators, and to provide 
cavities and ducts within the structure to house such equipment. Steel 
plate and thermal barrier structures line the inner surfaces of the cavities 
within the monolith to prevent the escape of the coolant gas or conduction 
of its heat to the concrete structure itself. The concrete is water-cooled 
or heated to control the thermal profile within the monolith and for 
emergency cooling as well. Figures 8-1 and 8-2 illustrate early ideas of 
how a PCRV might provide for the major equipment and magnet cavities, 
embedded gas ducting, and injection and leakage ports to the central reactor 
plasma chamber. A desirable feature of embedded ducting relates to the 
PCRV's inherent dead weight and seismic load capabilities without need of 
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FOUNDATION 

Fig. 8-1. Prestressed concrete reactor vessel — elevation view. 
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Fig. 8-2. Prestressed concrete reactor vessel — plan view. 
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snubbers, supports, rollers, and related maintenance. The PCRV would be 
surmounted by a plasma dump, surrounded by a secondary containment building 
and would sit upon a foundation containing a deep fan-shaped well housing a 
direct converter and associated cryogenic pumping equipment. 

When energized, the large superconducting Yin-Yang magnets develop 
large reaction loads at their mechanical supports, which correspond to the 
plasma magnetic-confinement forces. The magnets tend to move apart from 
each other, open up, and flatten out. Local maximum case pressures as high 
as 3000 to 5000 psi have been estimated for the reference design. Restraint 
is a significant problem at this pressure level because the devices are 
large and the magnet coils operate at liquid-helium temperature. The 
coefficient of performance (COP) of cryogenic conditioning equipment is on 
the order of 1/500, so that heat leaks to the magnets through mechanical 
supports are expensive from a facility-cost and power-balance viewpoint as 
well as from thermal stress considerations. Magnet forces are generated 
over the entire surface of the coil case, and they must thus be received 
over a large area of the lined, PCRV inner surfaces. Therefore, if the PCRV 
is to support the magnet case directly, it must operate at cryogenic 
temperatures and contain expensive stainless steel reinforcement that 
remains ductile at cryogenic temperature. Alternately, a load-bearing 
insulation must be used between the magnet case and the room-temperature, 
conventional ferro-cement PCRV. 

Bechtel Corp. evaluated PCRV-type magnet restraint for the mirror 
reactor and determined that a cryogenic PCRV support would be more 
cost-effective than an austenitic steel-truss structure. Clearly, a 
room-temperature, ferritic-steel-reinforced PCRV is more cost-effective than 
a cryogenic one. In addition, the heat load of a cryogenic PCRV would be 
large because of the large surface area of the interface between the cold 
PCRV and the environment. If the PCRV were to contain the hot helium as 
well as support the magnet forces, the heat flow to the PCRV from the 
internal duct and cavity surfaces that carry the heated-helium coolant would 
be large. Purther, there would be direct conduction of heat from the earth 
through the PCRV foundation. Finally, the thermal-gradient-induced stress 
by a cryogenic PCRV would use up most of the structure's strength, and 
little useful load-carrying capability would remain. For example, a thermal 
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gradient from liquid-nitrogen to liquid-helium temperature across the PCRV 
would produce about a 4000-psi thermal stress in the 6000-psi concrete. 
Bechtel advocated 10,000-psi concrete to solve this problem, but this 
strength is beyond current, normal commercial-production capabilities. 

Load-bearing thermal insulation blankets were investigated to render 
the current PCRV technology fully compatible with MHR requirements. A 
6-m-thick, layered structure of honeycomb stainless steel panels would be 
required to provide adequate structural and thermal-resistance features 
between the PCRV vacuum liner and the magnet coil case. Fortunately, 
however, an attractive alternate was also discovered in fused silica 
insulation. This material has a nearly ideal combination of properties that 
will allow an 0.3- to 0.5-m-thick layer to properly insulate and support the 
magnets. Unfortunately, commercially available fused-silica insulation has 
wide variations in strength level between samples. However, Lockheed 
Aerospace Co. has developed a fibrous silica product for the space-shuttle 
reentry-vehicle skin, which, at a higher density than currently produced, 
appears to be capable of providing the resiliency and property repeatability 
lacking in today's products (Ref. 2). The expected cost of the silica 
load-bearing insulation is 10 to 20% of the stainless steel honeycomb 
structure and represents a cost-effective plant design option. 

Figures 8-3 and 8-4 display the geometry of the reference design PCRV, 
including the access penetrations to the plasma chambers, the upper and 
lower fan ports, twin injector ports, and injector cavity access closures in 
the top head. Other top head cavities with closures include the 12 steam-
generator and eight circulator cavities. The major PCRV cavities house the 
twin magnets and the central blanket assembly. The PCRV is 64 m in diameter 
and 30.5 m tall. These dimensions were determined by satisfying both the 
geometric requirements of the many systems contained within the PCRV and the 
primary structural requirements of the monolith. Sufficient ligament area 
between cavities is given to allow for concrete placement and a compressive 
stress within all allowable values. The number of vertical prestress 
tendons needed to react vertical cavity forces caused by magnetic effects, 
gas pressures, and thermal stresses were estimated, and the resulting tendon 
density is compatible with current design practice. Horizontal loads are 
resisted by hoop-wrapped steel wire at the PCRV periphery, much as a pipe 
wall resists internal pressure loads. The LPS and CPS (longitudinal and 
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TOP VIEW 

F i g . 8 - 3 . MHR PCEV - top v iew. 

353 



SECTION A ~ A THRU STEAM GEN. AND HELIUM CIRC. 

^STEAM GENERATOR 
CAVITY (121 

^HELIUM CIRCULATOR 
CAVITY (8) 

TT7 

V ^ V V 
SECTION I 

- GROOVES FOR POSTTENSIONING CABLES 19) 

SECTION C - C THRU BEAM INJECTORS 

XT 

CONTACT ZONE FOR SHIELD 
SUPPORT AND COOLING CONNECTIONS 

HEI IUM MANIFOLDS 
FOR BLANKET COOLING 

Fig. 8-4. MHR PCRV — side views. 
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circumferential prestress systems) together maintain the concrete monolith 
in triaxial compression at values below the allowable strength, whether the 
system is pressurized, magnetized, and thermally loaded or not. 
8.1.1 Primary Loop Containment 

Cavity and gas-duct sizes, having been determined by equipment size and 
gas dynamic considerations, are used to size the gas-tight, water-cooled 
liner system requirements. These data are also useful in determining liner 
thermal barrier cost takeoff for the high and low temperature sections of 
the power conversion system. A system of helium flow control valves and gas 
ducts connect the various cavities (Fig. 8-5). 

Cooled helium exits the steam-generator cavities through flow trim 
values and enters the circulators. The trim valves control circulator power 
requirements between loops. From the steam-driven, turbo-circulator 
outlets, the coolant is transferred through check valves to a large diameter 
embedded ring manifold surrounding the reactor itself. These check valves 
allow plant operation with inoperative circulators. Coolant is bled from 
the ring manifold through 50 radial ducts containing blanket-flow-control 
values; the valves match the coolant flow to the age (and, thus, heat load) 
of the blanket modules in that portion of the blanket. Helium then moves 
through the vertical final-distribution channels within the permanent 
blanket structure, through the modules themselves, and outward into the 
outlet ring manifold. The heated coolant is directed toward the 12 steam 
generators to complete the primary power conversion loop circuit. An 
attractive feature of the PCRV is that the primary power conversion loop 
(PCL) helium never leaves the concrete monolith, which gives the primary 
loop great integrity and renders a sudden depressurization impossible. The 
permanent blanket structure is also embedded in the PCRV, which eliminates a 
maintainable interface between the PCL and the blanket. All PCL maintenance 
is done either on the inner face of the reactor sphere by replacing blanket 
modules remotely as described in Section 8.2.2 or on equipment located in 
top-head cavities with standard gas-cooled reactor technology. The 
containment building crane is used to remove and replace top-head cavity 
closures and PCL equipment within the cavities, including neutral beam 
injectors, circulators, and steam generators, if necessary. The MHR plant 
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will be designed to allow removal of either mirror magnet, but the overall 
design philosophy is based on superconducting-magnet experience that shows 
the magnets are expected to be very reliable and normally will not fail in 
such a way that they cannot be repaired in situ. The power-plant downtime 
caused by a major magnet failure would be about three years. Thorough 
magnet testing before installation during the construction phase should 
preclude the uneconomic magnet failure event during power plant operating 
lifetime. 
8.1.2 Mipnel Restraint 

The coil forces are described in Sec. 6.1. The cavity in the PCRV to 
position the coils would be rectangular if it followed the coil surfaces 
that must be restrained from motion. At present it is believed unlikely 
that the PCRV could withstand the stress concentration resulting f roir 
"sharp" reentrant voids. This rectangular void cross section is encompassed 
with an elliptical internal contour which should prove to be a very small 
stress intensifier compared to cylindrical shapes already known to be 
acceptable. The space between the elliptical internal concrete surface and 
the flat side of the coil housing must be occupied by a steel (or composite) 
spacer that acts separately from but in concert with, the PCRV < .ien the 
magnets are energized. We plan that the spacers will also ope ate at room 
temperature. 

The neutral-beam-injector array can be arranged to form an elliptical 
beam cross section. This allows the beam-line void in the PCRV to have an 
elliptical cross section tapered toward the center of the PCRV to form an 
elliptical cone. This shape will result in the lowest possible stress 
concentration in the PCRV. 

It must be emphasized that this PCRV must be modeled, instrumented, 
tested, and exhaustively stress-analyzed by finite-element methods to 
predict its satisfactory performance under preload anc operating stress 
conditions. 

The superconducting Yin-Yang coil is two separate C-shaped assemblies, 
one below and one above the horizontal plane through the plasma confinement 
zone. The superconducting winding is accomplishes on a steel form, which, 
after winding, is closed permanently, forming the jacket that contains the 
helium at 4.2 K and appropriate plumbing for circulation of the re
frigerant. This jacketed magnet assembly is supported on thermal insulators 
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within the coil case, another major steel fabrication. In addition to 
providing mechanical support to the coil through load-bearing insulators, 
the space between the case and coil jacket is completely filled with 
radiation barriers to minimize the steady refrigeration load on the coil. A 
material must be found that maintains good thermal insulating properties at 
loads of about 5000 psi. Fused silica, such as that manufactured by 
Glasrock Products, Inc., has appropriate strength and thermal conductivity 
in modest sizes (dimensions =10 cm) but larger pieces will be needed for our 
purpose, and more consistency in the manufacture of large pieces must be 
achieved. Also, engineers at Lockheed have developed laboratory samples of 
such insulators and feel that five years of development will easily yield 
the solution to manufacture of bulky pieces with reliable physical and 
thermal properties. 

Differential thermal expansion between the coil and its case can cause 
two intolerable effects: 

• Movement of the coil producing position error. 
• Space between case and coil allowing excessive coil strains before 

contact is achieved and the load supported. 
One method of employing Glasrock, or its equivalent, is to encapsulate two 
wedges of the material in thin, stainless steel envelopes. As the two 
wedges, constituting one load pad, are moved against each other (by an 
electrical linear actuator or hydraulic cylinder), the thickness of the pad 
can be varied to accommodate differences in clearance. Because of very 
large friction forces, such adjustments can be made only in the unloaded 
condition. Fig. 8-6 illustrates this concept and the location of such load 
pads. 
8.1.3 Blanket Support Structure 

One function of the PCRV is to support the spherical blanket 
structure. Several views of the PCRV (Figs. 8-4) show the cavities for the 
Yin-Yang mirror coil set. The space occupied by the coils prevents cooling 
duct access to the plasma containment chamber in all regions except a 
serpentine band. This band is shown on the surface of a sphere representing 
the outside of uhe spherical shield (Fig. 8-7). The serpentine band must 
include hoth inlet and exit cooling-gas duct openings. Routing of the ducts 
from the sphere to the two ring manifolds has been considered, and typical 
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Fig. 8-7. Blanket/shield support and cooling ports. 
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"runs" are shown in Fig. 8-4. The ring manifolds — one supply and one 
return — are located in the lower portion of the PCRV and are, in turn, 
connected to the steam generators and helium circulators. 

A cut-away view of the spherical blanket and shield is Fig. 8-8. A 
group of blanket modules extending from the "north" pole to the "south" pole 
and constituting one segment of the sphere are serviced by one inlet and one 
exit duct. (Certain blanket modules will be missing because the space is 
needed for flux fan slots and beam entrance ports.) 

The outer shield will be about 50 cm thick. It will be in contact with 
the PCRV in that serpentine- snaped zone where the cooling ducts have access 
to the sphere. Two concentric spherical annuli distribute and collect 
helium from the blanket modules. Sinca helium pressure of 60 atm is 
required, the shield and the shells that form the annuli must be integrated 
to make a pressure vessel. The PRCV will provide direct support only in the 
serpentine zone. Chamber sections above and below that zone must be 
self-supporting. 

8.2 Blanket Module Design 

8.2.1 Materials Selection 

The blanket neutronics calculations done as part of the MHR studies 
have shown that the plutonium and tritium production rates in the blanket 
are very sensitive to the fraction of structural material in the blanket and 
to the thickness of the first wall between the plasma and the blanket 
fuel. Because of this sensitivity, the module design has attempted to 
minimize the amount of structural material required. This has been done by 
using a curved first wall shape that results in pure tension pressure 
stresses, by avoiding bending movements to minimize the stresses, and by 
using high strength first wall materials. 

The materials environment of the first wall in the mirror hybrid 
reactor is quite harsh. The first wall is the primary pressure and vacuum 
boundary and must contain the reactor helium coolant at 6 MPa pressure. It 
will experience approximately 16 W/cm of internal heating due to the 
neutron and gamma radiation incident upon it and will operate at elevated 
temperatures because cf this heating. It must withstand a total fast 
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neutron fluence of about 8 x 10 n/cm . The material selected for 
the first wall structural material will have to operate reliably in this 
environment. 

Interest has generally been concentrated on the 300-series stainless 
steels for near-term fusion technology applications; the refractory metals 
are of interest for longer term applications. Although 316 stainless 
steel is a well known material with an excellent nuclear data base, its 
strength is modest. Increased interest has been shown recently in nuclear 
applications of the nickel-base alloys because of the high strength 
capabilities available with some of these alloys. The precipitation-
strengthened alloy Inconel 718 was chosen for use as the HHR module 
structural material because of its high strength at temperatures up to 
600°C and because of its good resistance to radiation damage. The 
allowable design tensile stress for precipitation-strengthened Inconel 718 
is shown on Fig. 8-9. The design allowable stress is taken to be the 
minimum ultimate tensile strength, or two-thirds of the minimum creep-

4 rupture strength for 2 x 10 h, as obtained from Bef. 6. The tensile 
strength of Inconel 718 appears to increase with irradiation at the expense 

7 of decreased ductility. The swelling of Inconel 718 under EBR-II 
22 2 irradiation to about 5 x 10 n/cm is shown on Fig. 8-10 from 

Ref. 8. These data indicate that for irradiation between 470 and 650 C, 
very little swelling will be expected. Simulated CRT irradiation in HFIR to 

2 the equivalent of 6.4 MW-y/m exposure of the similar PE-16 alloy confirms 
g 

the prediction for low swelling. Loss of ductility with irradiation is a 
concern since some residual ductility is needed at the end of irradiation to 
accommodate the strain of normal design loading; the strain of maximum 
design stress loading is 0.22%. Residual ductility of the PE-16 alloy as a 
function of irradiation temperature after HFIR irradiation to the equivalent 
of about 6 JW-y/m2 is shown on Fig. 8-11 from Ref. 10. These data 
indicate that, for irradiation temperatures between 320 and 700°C, ample 
residual ductility will be available at the end of exposure. EBR-II 
irradiation data from Ref. 7 confirm this trend but suggest that perhaps 
630°C would be a safer irradiation temperature limit. 

On the basis of the data and discussion presented above, it appears 
that Inconel 718 will be able to withstand the radiation damage, 
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Pig. 8-10. Swelling of solution-treated and aged Inconel 718 as a function 
of temperature after EBR II neutron irradiation to 5 x 10 n/cm 
(E >_ 0.1 MeV). 
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Fig. 8-11. Residual ductility of alloy PE 16 as a function of temperature 
after neutron irradiation in HFIR to the equivalent of approximately 
6 MH-y/m2. 
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temperature, and stress environment at the first wall of the MHR. Although 
data is still being determined for irradiation-increased creep, 
compatibility with impurities, and other materials concerns, Inconel 718 
appears to be an excellent choice of material for the module structural 
material and no unexpected difficulties are anticipated. 

Welding and machining of Inconel 718 are more difficult than 316 
stainless steel. Machining appears to be approximately four times as 
difficult, so intricate mach'ned parts should be avoided. TIG welding of up 
to 1-cm-thick sections appears to be readily accomplished, but thick 
sections should be avoided. The strength of a welded section is only rated 
at 60% of the parent metal. To regain the full strength capability of 
Inconel 718, the structure will have to be heat treated after welding. This 
makes it highly desirable that the modules be small enough to allow them to 
be accommodated in a heat treating oven. 

Because of the cost of the raw materials that constitute nickel-base 
alloys and the cost of fabrication, Inconel 718 is expensive. It is 
estimated that fabricated Inconel 718 will cost twice as much as fabricated 
316 stainless steel. A class of structural materials that may have economic 
advantages over Inconel 718 is martensitic stainless steel. Kartensit.c 
stainless is produced by precipitation-hardening ferritic stainless steel. 
The ferritic steels are magnetic, having only 9 to 13% chrome and very low 
nickel content. Because of the steady state nature of the magnetic fields 
in the MHR, the magnetic properties of ferritic steel may not cause 
problems. The material cost of ferritic steel is about two-thirds that of 
316 stainless steel and one-third that of Inconel 718. The martensitic 
materials appear to be capable of yield strengths comparable to those of 
Inconel 718 (~1200 MPa) and compared to 316 stainless steel, the ferritic 
alloys have lower neutron absorption and appear to exhibit less swelling and 
higher residual ductility under irradiation. Irradiation data on 
martensitic alloys appears to be sparse, but the LMFBR materials program is 
considering 400-series stainless steels, so more data may be forthcoming. 
The martei sitic stainless steels may deserve future study for potential cost 
reduction in the MHR modules. 
8.2.2 Module Concepts and Support 

The starting point for CY-1977 blanket design work was that reported in 
Ref. 11. That design involved 16 lune-shaped modules, each containing its 
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hteiium coolant distribution system and blanket fuels. Four lunes were to be 
replaced by removal of the upper cryogenic magnet at approximately yearly 
intervals, and they were assumed to be freestanding assemblies. Details of 
coolant and mechanical interfaces had not been delineated. Investigation of 
lune module support schemes during 1977 revealed that the large structures 
were subject to significant thermal growth during operation and to sizable 
seismically induced loads because of their shape. The natural frequency for 
vibration of the large lune as calculated to be 1.1 Hz. This low frequency 
would be susceptible to excitation by earthquakes, so restraint of the 
modules to prevent this vibrational mode is essential. A support scheme was 
developed that attached the module to the reactor structure (PCRV) at the 
large diameter coolant interface and provided sliding supports at the tips 
of the lunes. The free-standing module shown in Fig. 8-12 was, thereby, 
centrally supported and seismically unloaded in most orthogonal directions 
while thermal expansion was allowed. The lune was to be constructed with a 
165-mni-thick strongback to prevent excessive distortion during a 
design-basis earthquake. 

The blanket support system will probably become subject to In Service 
Inspection (ISI) requirements so the elements of the support system should 
be: 

1. Removable with the module for inspection, or 
2. Easily inspected in-situ, or 
3. Not subject to ASME Code, Section XI, Div. 1 ISI requirements 
Another method of restraining a distribution structure, mindful of 

earthquake loads, is to grasp it in two or three locations through pinned or 
ball joints that form the end of "links" or "A frames." The links should be 
snubbed with rate-sensitive dampers. 

Choice of this scheme, as with the former, depends in part on other 
system restraints., -uch as possible ultimate anchor point locations, access 
to joints and snuobers, and other required interfaces (coolant pipes, etc.). 

The former support method is favored, especially inasmuch £3 the 
existence of a lune strongback does reduce the "fixed" shielding 
requirements to a degree, and it interfaces in a superior way with the 
blanket coolant system. Figure C-12 shows removable shield rings which 
provide support for the modules but which must themselves be supported by an 
external system. 
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It was decided to use a Prestressed Concrete Reactor Vessel (PCRV) (see 
section 8.1), which could also house the entire helium-coolant 
power-conversion system. Load-bearing thermal insulation had been 
identified that would allow a cryogenic magnet to be restrained by a room 
temperature structure with an acceptable heat leak to the cryogenic 
refrigeration system. It was, therefore, conceptually necessary to warm the 
magnet only for removal from the PCRV, and this was envisioned as a lengthy 
procedure. Furthermore, lifting the 3000-t magnet was viewed as marginally 
feasible on a routine basis. Because of these factors, a module maintenance 
scheme was actively sought that would eliminate the need for routine magnet 
movement. 

The first fixed-magnet blanket-maintenance scheme retained the 16 lune 
concept and allowed the lunes to be passed upward or downward through 
magnet-leakage ports on the ends of hydraulic rams. Removal of neutron 
shielding from the leakage ports rendered them wider than the module 
midsections. Subsequently (refer to Fig. 8-13), removal of several of the 
16 shielded, PCRV-access-cavity plugs would allow the helium hot dacts to be 
removed and replaced by maintenance rams. Translation of the ram by an 
ex-vessel machine attached to the PCRV periphery with the aid of a Reactor 
Containment Building annulus crane would bring the module into the leak port 
window for grappling by the RCB crane hook. Subsequent rotation and lifting 
or lowering of the lune would remove it from the reactor. Notice that the 
PCRV geometry allows permanent neutron shielding to be embedded into the 
monolith, and that the original, basic lune support system is retained and 
interstitially insulated to guarantee blanket-module cooling continuity 
during powered operation. 

A second, fixed-magnet blanket scheme was devised that made use of more 
numerous, smaller blanket modules; they are more easily handled by remote 
maintenance machinery and can be more easily passed through the magnet 
leakage ports than the large lunes. Furthermore, the modules contribute 
some neutron shielding, so that a permanent support structure containing 
coolant manifolding and shielding can be embedded into the concrete monolith 
for the reactor lifetime. 

The geometry of the spherical hybrid reactor blanket was analyzed, and 
it was found possible to divide it rather uniformly into 600 hexagonal and 
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eight pentagonal regions or cells, on the basis of a spherical icosahedron 
pattern, which is intersected by two leakage and two injector ports. The 
resulting hexcell size is 0.50 m across the flats at the first wall radius 
of 3.75 m; it tapers to a larger size at the permanent structure radius of 
about 4.5 m. 

Three generic module designs were investigated: the hexagonal module, 
the compound module with side pipes, and the cylindrical module with 
hexagonal flange. For all module designs it was assumed that remote 
connection to the permanent steel structure from within the reactor sphere 
was required and that such connection was to be made leak-free to the 
integrated 60-atm-pressure coolant manifolds, which are arranged 
concentrically in the spherical shell. The modules required an inner 
assembly of fuel pins and a lithium-deuteride pin array near the coolant 
inlet, as well as an outer pressure cover to contain the coolant. The inner 

i, assembly included the hot helium outlet duct. 
The hexagonal module design (Fig. 8-14), resulted from a desire to 

maximize blanket coverage with the modules. A hexagonal pressure vessel was 
used to transport coolant radially inward from the lithium-deuteride array 
to the inner coolant-distribution dome. A seal weld was required at the 
first wall to seal the leakage of coolant to the plasma chamber and, 
secondarily, to inhibit rotation of the mechanically loaded vacuum seal at 
the base of the module, preventing loss of seal pressure during operation. 
This design was eventually discarded because of the structurally inefficient 
nature of: the hexagonal pressure vessel and because both a first wall weld 
and a rear mechanical seal were required. 

A second-generation design attempted to maintain good blanket module 
coverage with a cylindrical module by utilizing small diameter side pipes to 
transport helium coolant radially inward to the first wall (see Fig. 8-15). 
The design also reduced the number of modules required from 600 to 150 by 
use of concentric fuel assemblies with a 1-m o.d. The first-wall thickness 
was retained at 0.24 cm by use of toroidal first wall of 0.125 m radius in 
the outer assembly and a hemisphere of 0.25 m radius in the inner one. 
Therefore, only 150 fuel assemblies, rather than 600, were required per 
reactor, but 3/4 of the fuel weight was located in the annular arrays. 
Also, two seals were still required, a welded one at the first wall and a 
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mechanical one at the structure interface. It was also found, finally, that 
no net increase in fuel loading was allowed by this design, because of the 
presence of three fuel-lattice/cylindrical-wall interfaces rather than one 
per module, a very inefficient geometric condition. 

The cylindrical module design was ultimately chosen as the reference 
blanket concept, and its more fully explored configuration is shown in 
Fig. 8-16. The design uses a thick hexagonal flange at the permanent 
structure interface with a double (series) high-vacuum mechanical seal. The 
annular region between the seals is vacuum pumped so that a high coolant 
leakage rate to the plasma chamber is prevented even if the primary vacuum 
seal itself leaks. In addition, the vacuum system can be used to detect 
leaks during installation of a module. Six large, high-temperature bolts 
hold the seal load on the module pressure shell. Large-diameter acme 
profile threads hold the heavy fuel assembly to the permanent reactor 
structure. The six bolts are accessible from the plasma chamber by direct 
line of sight when the tri-cusp graphite neutron shields have been removed 
from between the modules. These thick shields reduce neutronic bolt heating 
and damage to the interstitial permanent structure; they are radiation 
cooled by thermal radia.ion to the module side walls. Bolt material will be 
chosen for its high-temperature strength, low thermal-expansion coefficient, 
and neutron damage resistance at temperature, the molybdenum alloy TZM is a 
candidate material. Because the thermal expansion coefficient of TZM is 
lower than that of Inconel 718, as the module heats up the vacuum seal will 
become tighter. 

Coolant flow through the module of Fig. 8-16 is as follows: Helium 
enters the module at 280°C, flows through the lithium-deuteride pin array 
support plate and "forward" through the pin array, emerging at 300 C. It 
flows along the module side wall to the flow distribution dome, by the first 
wall, and through the flow distributor to the U,Si pin array. Flowing 
radially outward through the fission fuel, the helium is rapidly heated 
until it passes through the fuel support plate at 540 C and outward to the 
exhaust plenum through the central coolant duct, containing a flow control 
trim orifice and intermanifold seal. 

Figure 8-17 shows how the hot helium manifolds in the permanent 
structure are shielded with thermal barrier and water-cooled rear 
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shielding. Modules "nest" within the structure, and shear anchors hold the 
structure within the PCRV monolith. 

A conceptual module-handling machine is shown in Fig. 8-18. This 
multifunctional machine seals the upper end tank while it removes module 
pressure vessels. It also allows depressurized coolant at approximately 
1 atm pressure to flow into and circulate through the plasma and end-tank 
chambers. The coolant flowing throuyo ..he module fuel zone removes the 
module afterheat during the handling operation. An ex-vessel 
module-handling machine receives spent modules through the doubled door 
transfer port in the upper end tank (not shown in Fig. B-18) and returns new 
modules. The in-vessel machine must be capable of indexing modules to 
proper locations, threading them into position on large, coarse threads, and 
finally torquing the six pressure-vessel bolts accurately before sniffing 
for vacuum seal leaks and moving to the next module. 

The concept of requiring a nearly zero-leak mechanical seal across a 
60-atm gradient with helium gas was arrived at in two ways. Firstly, we 
believe that technology exists currently to do this task at temperature up 
to abc it 250°C with a single Varian-type mechanical seal. The technical 
development to 350° to 400 C appears feasible with a double, differ
entially pumped design. Furthermore, such a development project appears to 
be a very-low-cost alternative to other systems, which require: 

• Routine 3000-t cryogenic magnet movement, as with the original lune 
concept. 

• Development of extreme-weight-handling maintenance equipment, 
integrated into the PCRV with accurate geometric control, as with the 
alternate lune/ram concept. 

• Remote first wall welding and cutting with attendant leak checking, 
debris removal, and extended maintenance time requirements for routine 
procedures, as with other module concepts. 

To support neutronic calculations done at Livermore, comparative fuel 
and structure fraction calculations were made for the reference 1976 lune 
module blanket and the reference 1977 cylindrical blanket module. The 
results are listed in Table 8-1. They support the use of the small 
cylindrical module design. 
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Table 8-1. HHR module comparison. 
Cylindrical module Lune module 

Fuel/structure ratio 5.90 5.50 
Fuel volume fraction 0.57 0.61 
Strui «-ure volume fraction 0.10 0.11 
Coolant and void fraction 0.34 0.28 
First wall thicknesss, mm 2.1 3.7 
Effective wall thickness, mm 4.8 6.7 
Effective grid plate thickness, mm 14 21 

aIncludes flow distributor and curvature effects. 
Includes flow shrouds and fuel rod end plugs. 

Several module-seal alternatives were considered including structurally 
welded seals, mechanical attachment with a thin, nonstructural seal weld, 
and the mechanical seal chosen for the reference design. Handling-time 
estimates indicated that, even for simple weld shapes, the time required to 
remotely mill or grind off the weld dominated the required module 
maintenance time; the rewelding time would also be excessive. It was 
estimated that each module would require approximately 2 hours for weld 
removal and up to 1 hour for rewelding while the operations required with 
the mechanical seal design would take only one-quarter as long. 

A major advantage of the siaaii-module concept is that it allows the 
mechanical seal design to be developed on a full scale in the laboratory. 
The size of the module was selected on the basis of currently available lift 
capability for remote manipulators with tactile feedback. Because of 
favorable experience with computer-controlled remote manipulators of this 
type in fuel handling in the Fort St. Vrain HTGR, it is expected that the 
mechanical-seal, small-module concept selected for the HHR reference design 
will enjoy a straightforward and successful development. 
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9. HEAT TRANSPORT SYSTEMS 

9.1 Fuel Design 

9.1.1 Fuel Materials Selection 

9.1.1.1 Uranium Zone. The candidate fuel materials that have been eval
uated for use in the MHR include uranium metal, alloys, oxide, carbide and 
nitride. During FY 1976, a comparative evaluation was made in terms of impor
tant parameters such as fuel density; neutron economy; physical, mechanical 
and corrosion properties; irradiation effects; compatibility with cladding and 
with impurities in the helium coolant, particularly tritium; and fabrication 
cost (Ref. 1). The results of this evaluation were reviewed and confirmed; 
they will be summarised briefly here. 

The low-burnup and modest-temperature operational conditions of the MHR 
tend to favor the use of metallic uranium alloys, particularly uranium sili-
cide (U,Si) fuel, which has been under development in Canada for the CANDU 
reactor program during the past decade. Uranium oxide is less desirable be
cause of the significantly lower fuel density, lower neutron economy, and 
higher fabrication cost compared to uranium silicide. Uranium carbide and 
uranium nitride also are less desirable, for similar reasons. However, ura
nium carbide may be a suitable alternative fuel if the silicide should not 
qualify because of temperature limitations. Table 9-1 compares some of the 
pertinent properties of candidate fuel materials. 

Metallic uranium fuels are generally limited to operation below approxi
mately 600°C maximum temperature and to relatively low burnups of about 5000 
MHD/MTU (0,5% burnup) because of irradiation damage. Swelling and growth be
come excessive primarily because of fission gas bubbles at high temperatures 
and the formation of lattice defects (vacancies, interstitials, dislocation 
loops, etc.) at low temperatures. Irradiation creep is also a problem at low 
temperatures. There is little swelling below about 400°C. The growth 
reaches a maximum in the range 400 to 600°C. Above approximately 700°C, 
fission gas swelling predominates. The performance of modified metallic ura
nium fuels has been greatly improved by providing voidage with an axial hole 
(Ref. 2). Test elements with 5% void have been irradiated to 18,000 MWD/MTU 
(2.2 at.% burnup) at fuel temperatures of up to 610°C. The available void-
age in the fuel was consumed at a rate of 3% per at.% burnup. 
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Table 9-1. Properties of fuels. 

U U-5PS 
(modi
fied) 

U-10 
Mo 

(EBR-II 
Fuel1 U 3Si OC °°2 

U density, 
g/cm 19.0 17.1 18.0 15.5 13.0 9.65 

Melting 
point, C 1133 1150 1002 930 2400 2800 

Max operating 
temperature, C 610 700 660 900 2000 2400 

Thermal 
conductivity, 
W/cm°C 0.40 0.29 0.33 0.21 0.25 0.029 

Thermal,expansion 
x 10 _ 6/°C 19 12.3 _ 14 11.6 10.1 

Irradiation 
swelling at 
1% burn-up, volume % 3% 6% 4% 2.4% 1% 

(<900°C) 
0.4% 
(<1500°C) 

During the past decade, extensive work has been carried out at Chalk 
River (Atomic Energy of Canada, Limited) on the development of uranium sili-
cide (U3Si has 96.2 wt.% U and 3.8 wt.% Si) fuel for t!.e CANDU reactors 
(Ref. 3). The interest in U,Si as a fuel arose from its unique combination 

J 3 
of high uranium density (15.58 g/cm ) with low parasitic absorption, excel
lent corrosion resistance (especially with 1.5% Al additions), and high ther
mal conductivity (0.2 W/cm°C). A peritectoid phase change takes place in 
U„Si at 930°C, which is taken as the upper limit of operation. The U,Si 
fuel was estimated to have a cost advantage of 10% to 20% over DO, fuel be
cause of lower fabrication costs and higher uranium density. 

The irradiation behavior of U.Si has been studied extensively (Refs. 
4,5,6). The results indicate that this fuel has good irradiation stability in 
reasonably high burnups, up to about 900°C. The swelling car. be very effec
tively restrained by the cladding and coolant pressure that forces the fuel to 
swell into the axial or peripheral voidage machined into the fuel rods. The 
maximum swelling occurs at 500°C and decreases both above and below this 
te^>erature. However, above 900°C rapid swelling occurs during post-
irradiaticn annealing. 

Three fuel-material candidates were selected as viable candidates for 
final evaluation: uranium-molybdenum alloy, uranium silicide, and uranium 
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carbide. Since any of these materials would be an acceptable choice for the 
MHR, the final selection was based on cost estimates for the system economics 
that each alternative would dictate. 

The economics of the various fuels are affected by four factors: 
• Basic fuel cost. 
• Fabrication cost. 
• Rev&nue from power produced. 
• Revenue from fissile production. 
The estimated blanket costs and revenues for the FY 1976 MHR design with 

the three fuel options are shown on Table 9-2. Fabrication cost will depend 
upon fuel-rod size, which is dictated by the allowable fuel rod centerline 

Table 9-2. Economics of candidate fertile materials for MHR. 

U-Mo UC U,Si 

Uranium density, 
g/cm 

Maximum operating 
temperature, C 

Approximate rod 
diameter, rum 

Number of rods 
Basic fuel cost, $ 
Blanket rod hardware 

cost, $ 
Pelletizing cost, $ 
Total blanket rod 

cost, $ 
Blanket assembly 

cost, $ 
Change in electrical 
power, HHe 

Change in fissile 
production, kg/y 

Change in capital 
cost and reloads, 
S/y 

Change in revenue, 
$/y 

Met benefit (+) or 
loss (-) 

17.1 13.0 15.5 

700 2000 900 

10 18 17 
2.6 x 10 6 1.2 x 10 6 1.3 x 10 6 

70 x 10 6 47 x 10 6 23 x 10 6 

18 x 10 6 8 x 10 6 9 x 10 6 

16 X 10 6 7 x 10 6 8 x 10 6 

104 x 10 6 62 x 10 6 40 x 10 6 

154 X 10 6 112 X 10 6 94 x 10 6 

base -154 -71 

base -770 -289 

base +17.1 x 10 6 +24.1 x 10 6 

base -41.7 x 10 6 -17.0 x 10 6 

base -24.6 +7.1 
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temperature, up to about 17 mm in diameter when the cladding temperature be
comes limiting. Revenues from power and fissile production are roughly pro
portional to uranium density. Estimates of changes in these revenues are 
shown with uranium-molybdenum as a reference. 

The U si offers the advantages of improved system economics, ease of 
fabrication, lower parasitic absorption than uranium-molybdenum, and higher 
fuel density than uranium carbide. For these reasons U,Si was chosen for 
the MHR; this choice was reviewed and reaffirmed. 

9.1.1.2 Tritium Breeding Material. A unique aspect of hybrid reactors 
is the desire to breed two products in the blanket: both fissile fuel and 
tritium to fuel the fusion reactor. We have jhosen lithium hydride (LiH) for 
the MHR design; LiH has a high lithium density plus hydrogen to moderate the 
neutrons. It also appears to have ixcellent irradiation stability as radia
tion damage anneals out at temperatures above 300 C. A potential problem 
with LiH is its high hydrogen vapor pressure. In a system designed to release 
the bred tritium by use of vented fuel rods or hydrogen-permeable cladding, 
dehydriding the LiH would be a serious concern. We have opted to contain the 
tritium in t*ie fuel rods by using hydrogen-retentive aluminum-alloy cladding 
and low lithium-zone temperatures. The aluminum-beryllium alloy, 
Lockalloy-43, wa. used as LiH cladding because of the additional strength and 
temperature capability that beryllium adds to aluminum alloys. 
9.1.2 Fuel Configuration 

The following configurations were evaluated for the blanket fuel of the 
MHR : honeycomb, plates, tangential rods with cross flow, radial rods with 
solid pellets, and radial rods with annular pellets. 

Evaluation of these configurations from thermal-hydraulic, as well as 
manufacturing considerations indicated that, with U si as the blanket fuel, 
radial rods with annular pellets represent the best configuration. Flat 
plates oriented with their edges towards the plasma and radially oriented he
lium flow may offer potential advantages in that the flow gap may be made 
smaller than the gaps between a tight-packed bundle of cylindrical rods. This 
would allow a higher coolant velocity with better cooling and could allow a 
higher fuel packing fraction. However, the structural concerns associated 
with use of flat plates, especially in the small cylindrical modules chosen 
for the MHR, weigh against the flat-plate configuration. Thus, the radially 
oriented cylindrical rods, with a helium flow parallel to the axis of the 
rods, were chosen for the MHR fuel design. 
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The rods (made of Inconel 71f) will be sealed at atmospheric pressure for 
operation in a pressure of 6.T8 MPa (60 atm). Because of the small burnup to 
which the fuel is subjected (about 1* peak and 0.50% average) and the highly 
retentive nature of the fuel, fission-product release will be negligible and 
will not contribute to any significant increase in the rod plenum pressure. 
During operation, the coolant pressure will cause the cladding to creep-
collapse onto the fuel. With proper design of voidages, the swelling force of 
the fuel on the cladding can be minimized so that, even if the reactor experi
ences a depressurization accident at operating temperature, the stresses in 
the cladding will be acceptably low. 
9.1.3 Fuel Design and Performance 

9.1.3.1 Uranium Zone. The objective of this task was to determine a 
fuel design that did not exceed any safe operating limits for temperature or 
stress. 

The material selected for clad and blanket structure is Inconel 718. The 
cladding was fixed at a 0.15-mm thickness. The fuel material is uranium sili-
cide (U,Si). The temperature limits were fixed at: 

• Maximum hot-spot clad temperature of 700 C. 
• Maximum hot-spot fuel temperature of 900 C. 
• Maximum pressure-vessel temperature of 500 C. 
The inlet and outlet coolant temperatures for the blanket module were 

fixed at 280 C and 540 C. These temperatures enable a safe design of the 
blanket fuel while achieving a reasonable thermal efficiency in the steam 
generator. 

The distribution of the power-generation rate (approximated at the end of 
life) in the blanket is shown in Fig. 9-1. The coolant flow was treated as a 
one-dimensional incompressible flow. The heat-transfer coefficient for the 
wire-wrapped bundle is 10% to 30% larger than the standard turbulent-flow cor-
relation. As a conservative approach, we assumed that the heat-transfer 
coefficient in the MHR blanket is 10% larger than turbulent flow in a tube. 

Fuel design was based on hot-spot temperatures obtained by applying the 
hot-spot factors to the nominal temperatures calculated in an average chan
nel. The hot-spot factors account for the effects on the thermohydraulic 
analysis of the uncertainties in experimental correlations, manufacturing tol
erances, instrumentation accuracy, material properties, and multidimensional 

g flow-distribution effects. A semistatistical method adopted for EFTF, 
CRBRP, and GCFR analyses was used in the present analysis. Using this method, 
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Fig. 9-1. Power distribution in HHR blanket fuel at the end of l i f e . 
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hot-spot factors for the MHFFR blanket were evaluated. These are sunwarized 

in Table 9-3. 

The hot-spot factors in Table 9-3 are used to calculate the hot-spot 

temperatures as follows: 

T* « T„ + AT„ F. + AT. F_ + AT F (1) 
c I B b f f c c 

and 

where. 

T£ - T x + ATB F fa + tof t , + 2AT F c c 

+ A T g F g + AT F F R , (2) 

T 1 * mid-wall hot-spot cladding temperature c 
r i 

AT_ » nominal bulk temperature rise 
F. * hot-spot factor for bulk coolant rise 
AT. - nominal film drop 
F f » hot-spot factor for film drop (clad) 

AT » nominal temperature drop through half the clad thickness 
F » hot-spot factor for cladding c 
T' • hot-spot fuel temperature 
F f. - hot-spot factor for film drop (fuel) 

AT • nominal temperature drop through the clad pellet gap 
F • hot-spot factor for gap temperature drop 
AT - nominal temperature drop in the fuel 
F » hot-spot factor for fuel AT uncertainty. 

Table 9-3. Hot-spot factors for KHR fuel. 

F. , hot-spot factor for coolant temperature rise 1.3 
F f, hot-spot factor for film AT 1.25b (1.8a) 
F , hot-spot factor for cladding AT 1.25 
F , hot-spot factor for AT between cladding i.d. 

and fuel surface 1.5 
F„, hot-spot factor for fuel AT uncertainty 1.2 

aFor hot-spot cladding temperature. 
For fuel temperature calculations. 
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The various temperatrre rise or drop terms were calculated using a two-
dimensional heat-transfer model to represent axial coolant flow along the 
fuel rod and radial heat transfer from the rod to the helium. (Axial con
duction in the rod is small and has been neglected.) 
Their expressions are: 

where 

A T B U ) 

AT. (J,) - r-q'" (S.) 
f 2r 

ATc(S,) - q ' 
c m •>* K-tf 

AT a) -£-q"' («•) 
g 

4(r r- t) 

«-2 
ATp(4) - q- (A) if-ef-©'-©1 
m « helium flow rate per rod 
! • helium specific heat 

« radius of fuel pellet 
r, « radius of central fuel hole 

'(x) local heat generation rate in the fuel rod 
h- * heat transfer conductance for helium film drop 

- 1.1 

» 1.1 

fo.0201 - ^ Re 0 " 8 f J (turbulent) 

Rs) (laminar) 

(3) 

(4) 

(5) 

(6) 

(7) 

k. « conductivity of helium 
dL « hydraulic diameter of flow path 
Re - Reynolds number 

f " entrance effect correction for laminar or turbulent 
^ flow 

389 



r « radius of the fuel rod 
r 
k « conductivity of the clad c 
k « conductivity of fuel 
t * clad thickness 
h * heat transfer conductance for the clad-pellet gap. 

Equations (1) and (2) may be used to calculate the nominal temperatures by 
simply using hot-spot factors of 1.0. 

Thermal analysis was performed for an average flow channel of the rod 
bundle to obtain the nominal temperatures at full power. Hot-spot factors 
were applied to these temperatures to obtain the maximum temperatures. 

The first wall of the MHR blanket with the baffle is designed so that the 
velocity of flow remains constant as the flow turns and part of the flow yoes 
through the baffle. This is achieved by tapering the gap between the pressure 
dome and the flow baffle toward the center and by providing holes in the baf
fle that increase iu diameter toward the center. The first wall temperature 
could be limited to 342°C with this arrangement. Concern about the effect 
of flow stagnation at the center point of the module dome was addressed by a 
simple analysis that assumed no heat transfer to the helium at the center-
point. All heat was removed by conduction through t; .• Inconel along the 
dome. It was found that the central, uncooled stagnav.^on-point region could 
be as large as 3 cm in diameter without causing the 500°C pressure-
vessel temperature limit to be exceeded. The relative ease of first wall 
cooling is due to the lack of a significant heat flux on the first wall from 
the plasma. Because of the low Q or "leaky" nature of the standard mirror 
plasma, no alpha or impurity radiation heating is expected. First wall heat
ing will be due to backscatter from the neutral-beam injectors (approximately 

2 3 
2 W/cm ) and neutron heating (13.8 W/cm ). 

The thermal performance of the fuel was calculated using Eqs. (1) through 
(6), and a number of feasible blanket designs were generated for different 
peak powers at the end of life (Table 9-4). For safe partial-power operation 
away from laminar flow regimes, it is desirable to have high Reynolds numbers 
at full power. For manufacturing and structure-to-fuel ratios, large rod 
diameters are desirable. The design point was therefore selected at 500 W/cm 
peak power. 

The axial distribution of nominal temperatures for the chosen 7-ram-
diameter rod size is plotted in Fig. 9-2. The cladding and the fuel tempera
tures are almost uniform except for the first few centimeters where the 
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Fig. 9-2. Nominal temperatures in the MHR U,Si fuel rods. 



Table 9-4. Thermal performance of fuel calculated with Ecs. (1) through (6) 
for several peak powers at the end of life.3 

Peak Rod 
diam, 
cm 

Pellet 
diam, 
cm 

Re 
x 10 4 

Fuel rod 
inlet 
temp, 
°C 

Max temp 
Infiniti 
volume 

Fuel l 

i lattice 
fraction 

power, 
W/cm3 

Rod 
diam, 
cm 

Pellet 
diam, 
cm 

Re 
x 10 4 

Fuel rod 
inlet 
temp, 
°C 

Cladding, 
°C 

Fuel, 
°C 

Infiniti 
volume 

Fuel l 
Clad and 
*ire wrap 

600 0.7 b 

0.8° 
0.66 
0.76 

1.02 
1.18 

306 
326 

700 
736 

799 
900 

0.692 
0.700 

0.073 
0.064 

500 0.7 
0.9 

0.66 
0.86 

0.85 
1.12 

310 
316 

700 
738 

775 
900 

0.692 
0.706 

0.073 
0.057 

450 0.7 
0.9 

0.66 
0.86 

0.77 
1.00 

312 
354 

700 
774 

765 
900 

0.692 
0.706 

0.073 
0.057 

400 0.7 
1.0 

0.66 
0.96 

0.68 
1.00 

314 
326 

700 
759 

756 
900 

0.692 
0.711 

0.073 
0.051 

350 0.8 
1.1 

0.76 
1.06 

0.69 
0.97 

302 
308 

700 
753 

755 
900 

0.700 
0.715 

0.064 
0.047 

300 0.8 
1.2 

0.76 
1.16 

0.59 
0.91 

305 
304 

700 
760 

744 
90S 

0.700 
0.719 

0.064 
0.043 

Conditions: 
AT Blanket « 230°C 
Cladding thickness = 0.015 cm 
Maximum allowable 
fuel temperature » 900 C 

. P/d « 1.05. 
Cladding limit 700°C. 

cCladding limit 800°C. 

entrance effect is dominant. The hot-spot temperatures for the recommended 
rod diameter are plotted in Fig. 9-3. 

Regeneration effects due to heat transfer between hot and cold helium in 
the blanket module are quite small because of the small heat-transfer areas 
available, the large mass flow of helium, and the use of double walls in the 
module. The regeneration effect was estimated to be less than 5°C. 

Since the Hach number of flow in the MHR blanket is much smaller than 1, 
the flow was treated as incompressible. The following relations were used to 
calculate the pressure drop through the MHR blanket module: 

^ f d„ 2g ' •H 29c 
(8) 

AP, 
2 gc (9) 
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Fig. 9-3. MHR blanket VSi fuel hot-spot temperatures. 
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A * „ - « r § £ ' ( 1 0 ) 

d H 2 9 C 

where 
AP, » pressure drop for flow through passages 
AP. > pressure drop due to losses (e.g., turning, expansion, 

contraction, etc.) 
AP » pressure drop in wire-wrapped bundle 
£ • friction factor 
L » length of passage 
D * diameter of fuel rod 
d, » hydraulic diameter 
p - average density of coolant 
V - velocity of flow 

q - gravitational constant 
K * loss coefficient 
M = friction factor multiplier for wire-wrapped bundle 

„ f 1.034 + 29.7 (P/D) 6- 9 4 R e 0 ' 0 8 6 ! ° - 8 8 5 

L(P/D)°- 1 2 4 (H/D, 2- 2 3 9 J 
p « rod-to-rod pitch 
H = wire-wrap pitch 
Re « Reynolds number of flow 
The fraction-factor correlations and loss coefficients in Eqs. (3) to (5) 

were obtained from Ref. 10, and the friction-factor multiplier in Eg. (5) is a 
Novendstern correlation. 

The blanket submodulo was modeled as a flow-resistance network. Using 
Eqs. (8) to (10), the following pressure drops were calculated: 

4 
• Total pressure drop in module - 4.1 x 10 Pa (6.0 psi) 

4 
• Pressure drop in blanket region » 1.32 x 10 Pa (1.9 psi) 
• Pressure drop in module during 

4 shutdown (depressurized) cooling « 0.2 x 10 Pa (0.3 ^si) 
The significant dimensions and thermal-hydraulic parameters for the blan

ket are suimarized in Table 9-5. 
9.1.3.2 Partial Power Operation. The radial-flow configuration chosen 

for the HHR blanket appears to be ideally suited to hybrid-reactor blankets, 
which exhibit a very steep radial power-density gradient. Because of the 
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Table 9-5. HHR blanket data, uranium zone. 

Blanket rod dimensions, mm 
Rod o.d. 7.0 
Clad thickness 0.15 
Rod i.d. 6.70 
Pellet o.d. 6.60 
Annular hole 1.87 
Rod pitch 7.35 
Hire-wrap pitch 100.0 

Temperatures, °C 
Helium at inlet to fuel 310 
Helium at outlet from fuel 540 
Maximum hot-spot cladding temperature 700 
Maximum hot-spot fuel temperature 775 

Flow 
Average Reynolds number in blanket 8500 
Average velocity of flow, m/s 51 
Heat-transfer coefficient, W/m C 5656 

Pressure drop. Pa (psi) 
In the blanket 1.32 x 10* (1.9) 
Total module 4.1 x 10 4 (6.0) 

Burnup, % 
Peak ~1 
Average ~0.56 

short fuel-rod length, however, the coolant flow per channel is modest, and 
even with very tight rod packing (pitch/diameter « 1.05), good cooling is dif
ficult to achieve. The flow Reynolds number is only about 10 , which leads 
to modest heat-transfer conductances and, thus, small fuel-rod diameters. In 
a hybrid reactor, the peak fuel power density occurs at the end of the iuel 
life because of the buildup of bred fissile material. At the beginning of 
fuel life, the local power density in the MHR at full power is only 48% of the 
design power that will occur at the end of fuel life. If the helium tempera
ture rise across the blanket is kept constant by reducing helium flow so as to 
maintain steam-generator temperatures and steam conditions, the helium-flow 
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conditions at partial power drop into the transition flow zone, and the fuel 
cladding temperature exceeds the 700 C hot-spot design limit as shown on 
Fig. 9-4. Although this condition is undesirable, the design is acceptable 
because this is a hot-spot limit and because the limit is set by time-
integrated irradiation embrittlement considerations. 

9.1.3.3 Lithium Zone. Radially oriented rods were also selected for the 
lithium zone. The lithium hydride will not need a central void since swelling 
problems are not anticipated with LiH at T > 300°C. The rods are made of 
Lockalloy-43, with a 30-mm diameter and a 1.0-mm-thick wall. 

The lithium zone generates 6% of the total blanket power, and the peak 
3 

power is 30 W/cm . To minimize tritium release, the average operating tem
perature of the cladding is limited to 350°C. Figure 9.5 shows the peak 
temperature of the lithium and cladding as a function of the cladding diam
eter. The peak hot-spot temperatures are also shown using the factors from 
Table 9-3. The significant dimensions and parameters are summarized in Table 
9-6. 

Table 9-6. MHR blanket data lithium zone. 

Blanket rod dimensions, mm 
Rod o.d. 30.00 
Cladding thickness 1.00 
Rod i.d. 28.00 
Pellet diameter 27.9 
Rod pitch 31.5 

Temperatures, °C 
Inlet helium 282 
Outlet helium 296 
Peak cladding midwall 356 
Peak hot spot midwall 393 
Peak centerline 511 
Peak hot-spot centerline 557 

Flow 
Average Reynolds number 43,630 
Average velocity, m/s 6.46 
Heat-transfer coefficient, W/m c 4745 
Pressure drop, Pa (psi) 1.01 x 10* (1.46) 
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Fig. f/-4. MHR hot-spot cladding temperature at partial power. 
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9.1.4 Fuel Mechanical Design 

The design of the U.Si and LiH fuel rods are shown on Fig. 9-6. The 
designs follow conventional nuclear practice. Unusual features are the thin 
end caps and the lack of internal springs or pellet constraints. The end-cap 
volume is minimized because of the sensitivity of the nuclear performance to 
structural material between the plasma and the fuel. Internal fuel-pellet 
constraints in the form of springs are frequently included in nuclear fuel-rod 
designs. A void space must be left in most designs to accomodate fission-gas 
pressure and to allow for expansion of the pellets. To prevent motion and 
possible damage to the pellets during shipping, a spring restraint may be 
used. In the MHR, no fission-gas plenum is needed because of the low burnup 
and the highly retentive nature of the U,Si and LiH. An axial hole is left 
in the U.si pellet to accommodate fuel irradiation swelling. The differen
tial thermal expansion between the fuel and the clad as the fuel is heated to 
operating conditions is very small, and, thus, close pellet-clad axial toler
ance can be used. This close tolerance and the ductile nature of the 0 Si, 
which resists chipping and cracking, allows us to dispense with the pellet 
restraint spring. 

The fuel rods are not vented in this design, although both the U si 
rods and the LiH rods could easily be vented through a pressure equalization 
system to fission product and tritium recovery systems. The venting could be 
easily accomplished through passages, drilled in the grid plates, connecting 
to the individual fuel pins as is done in the GCFR. 

The fuel rods are not prepressurized and, although the cladding is free
standing, it is expected that the clad may creep down onto the fuel pellet 
during its approximately four-year life. The 0 si and LiH should be able to 
support the cladding although the rods could be prepressurized if necessary. 

The structure of the modules is shown in some detail on Figs. 9-7 and 
9-8. The fuel rods are located in a close-packed triangular array with wire 
wrapping to maintain proper spacing. The rods are short and are cantilevered 
from the grid plate. The thin, close-fitting scalloped flow shroud directs 
the incoming helium flow to the first wall and also helps support the rods 
against lateral motion. All flow paths have been sized for minimum area con
sistent with acceptable pressure drop to maximize the volume fraction of fuel 
in the module. 

The UjSi fuel grid plate is located between the uranium and tritiua 
breeding zones. The blanket neutronic performance is quite sensitive to 
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Fig. 9-6. MHR fuel rod designs. 
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structure in this zone. As a consequence, the grid-plate thickness was mini
mized by using a constant stress design with a cross section that varies in 
thickness. The neutronic performance is also quite sensitive to the first-
wall thickness. For this reason, the wall thickness was minimized by using a 
hemispherical pure tension design; the thickness of this wall is only 2.4 mm. 
Subsequent analysis indicates that an ellipsoidal head with a two-to-one major-
to-minor diameter ratio would exhibit the same tirst-wall thickness but would 
allow the module height to be reduced by 12.5 cm. 

A douhle wall is used between the inlet and outlet helium. Although this 
reduces heat conduction from the outlet side to the inlet side, the primary 
purpose of the double wall is to insure that a single failure of the flow duct 
cannot short circuit the coolant flow and leave the U,Si zone without cool
ing. Differential thermal expansion of this double wall structure is a con
cern but can easily be accommodated within the elastic limit of the flow duct 
material. At the bottom of the flow duct is a removable flow orifice. This 
orifice allows the flow characteristics of the module to be trimmed before in
stallation to match its particular position on the helium distribution mani
fold. This ability to trim the module flow insures that each module will 
receive equal flow and makes adjustable flow valves for each module unneces
sary. Valves are only required to adjust flow to the helium distribution 
manifolds to compensate for blanket — segment age and, thus, power differ
ences . 

The seal between the not and cool helium ducts is a simple metal O-ring. 
A Grafoil graphite slip ring is provided to prevent galling when the inner 
module assembly is screwed into its socket. This simple seal arrangement is 
adequate since the pressure differential across the seal is only 41 kPa 
(6 psi). 

The throat size of the hot-coolant outlet duct was selected so that it 
has a smaller flow area than the U.Si fuel zone. This insures that, should 
the module cover fail, the flow would choke in the duct and not in the fuel 
zone. This prevents excessive forces from building up on the fuel and insures 
that, even in the unlikely event of module-cover failure, the fuel can be re
tained in a coolable geometry. 
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9.2 Power Conversion System 

9.2.1 Primary Coolant Loop 

9.2.1.1 Design Conditions and Requirements. The primary coolant loop 
is designed to distribute the coolant in accordance with the power 
distribution in the fuel modules contained in the fission blanket assembly 
of the mirror hybrid reactor (MHR). The power levels in the fuel modules 
vary, depending on the fuel residency period in the blanket as plutonium is 
bred in the U,si fuel and the blanket energy multiplication increases. 

Economic analysis of the entire MHR system indicates that because of 
their high cost it is most cost effective to operate the fusion components 
at full power at all times, producing a constant fusion power level. 
Because the blanket multiplication changes with time, this means that the 
blanket power will vary with time during the blanket lifetime. The power of 
an individual blanket module will more than double from beginning to end of 
life as its multiplication increases from 8.76 to 18.39. To minimize the 
variation in reactor power output, the blanket is divided into several 
segments, which are replaced on staggered intervals. In the present blanket 
design, the fuel modules are grouped in four quadrants. The fuel management 
scheme selected for the MHR utilizes yearly refueling, resulting in each 
quadrant being replaced with fresh fuel once in four years. 

Figure 9-9 shows the power distribution in each quadrant of the blanket 
assembly on a normalized scale as a function of fuel age during the 
equilibrium cycle. The total peak blanket thermal power (obtained by 
summing the power in each quadrant at the end of the year during the 
equilibrium cycle) is estimated at 3957.0 HWt. The power conversion system 
(PCS) components from the hot manifold to the cold manifold, which include 
ducts in and out of the steam generator units and circulators, are sized for 
this reactor average peak power. The ducting components in each quadrant 
lying between the blanket assembly and the hot and cold manifolds are sized 
considering the local peak power expected at the end of the fourth year of 
fuel residency. 

The PCS receives heat from two sources, the blanket and a direct 
converter attached to the reactor. Helium gas is used as the primary 
coolant in the reactor to transport the heat for power conversion. Figure 
9-10 schematically represents the power flow for the reactor. 
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Fig. 9-10. MHR power flow schematic. 
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The reactor blanket consists of 600 cylindrical modules. Twelve 
modules are arranged in a vertical pattern (see Pig. 8-5), and are connected 
to a common ducting system. The ducting system has contoured flow passages, 
designed to carry adequate helium flow in and out of the respective fuel 
module. Two large pipe connections are provided at the back panel of each 
module assembly for helium gas entry and return. Helium circulation inside 
the blanket fuel submodules is described in Sec. 8.2. The primary loop 
design discussed here covers aspects of the loops external to the blanket 
module. 

9.2.1.2 Reactor Coolant System. The reactor coolant system consists 
of an integrated primary loop and an independent auxiliary loop. The 
primary loop is used for normal power operation and for shutdown or 
depressurized cooling. The auxiliary loop is provided for reactor 
decay-heat removal following normal or emergency shutdown of the primary 
loops. The work reported here builds upon the work done during py'76 and 
reported in Ref. 1. 

A conceptual arrangement of the primary loop is shown in Fig. 9-11. 
The principal components of the primary loop are the steam generators, the 
main helium circulators, the auxiliary heat exchangers and auxiliary helium 
circulators, and the helium ducts and valves. A discussion of these 
components is given in greater detail in this section, including design 
bases, descriptions and, where applicable., design evaluations for the 
particular component or system involved. 

9.2.1.3 Design Base Requirements. The principal function of the 
reactor coolant system is to transfer heat from the blanket fuel modules and 
leakage-fan end tanks to the steam generators through the primary loop. The 
steam produced in the steam generators is used to drive the plant turbine 
generator system. Helium, the reactor coolant, is circulated at a flow 
rate, temperature, and pressure consistent with the functions of the fission 
blanket, the steam generators, and the helium circulators. Under full-load 
normal operating conditions, the heat transferred from the reactor is 
approximately 4400 MWt. The reactor coolant system is required to operate 
at full-load power and also under decay-heat removal conditions following a 
reactor shutdown. It will also be capable of confining any radioactive 
material and limit its accidental release within acceptable limits. The 
pressure-retaining boundary of the reactor coolant system and its associated 
components is a steel liner kept in compression by prestressed concrete. 
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The design requirements considered for the reactor coolant system are 
primarily based on the normal steady-state performance, and can perform 
satisfactorily against a postulated worst accident condition caused by 
depressurization. The effects due to plant transients, such as part load 
operation, startup, and normal shut down, were not considered in detail. 

9.2.1.4 Primary Loop Design. A schematic primary loop design 
arrangement for the MHR is shown in Pig. 9-11. The primary loop consists of 
the main blanket loop, the auxiliary blanket loop and the main end tank 
loop. There are 50 12-module blanket units which are interconnected by 
ducts and the hot and cold helium manifolds which encircle the reactor. 
There are 12 steam generators, 8 helium turbocirculators, 5 auxiliary heat 
exchangers, and 5 auxiliary helium circulators. The end tank loop does not 
require auxiliary cooling. 

The steam generator unit consists of two sections; viz., an 
economizer-evaporator-superheater (EES) section and a separate resuperheater 
section (RSH). Each steam generator unit is of monotube helical-coil design 
with upward boiling for stability. Hot helium enters at the top of the 
steam generator and passes downward in a single pass over the resuperheater 
and EES bundle. 

Steam from the superheater tubesheet headers drives the single-stage 
axial flow compressor. Upon exiting the turbine, the steam reenters the 
steam generator at the resuperheater unit. The resuperheated steam is then 
used to drive the main power turbine. 

At full power operation all main loop components are in operation. In 
the event of failure of any main loop component, the fusion power plasma 
will be shut down, although operation at reduced power could be continued 
using the remaining components if desired. Manifolding of all main loops 
provides the capability to continue to cool all the modules in the blanket 
assembly following a reactor shutdown. Details of decay-heat removal 
procedures will be discussed later. 

The main helium circulator at full-load conditions provides a pressure 
rise of approximately 1.52 x 10 Fa (22 psi). The circulator outlet 

5 pressure at the circulator diffuser is about 62 x 10 Pa (900 psi) at 
full power under pressurized conditions. 

The approximate pressure losses around the helium circuit, based on the 
helium flow rates of the preliminary heat balance for normal full-load 
conditions are: 
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Location 
Pressure loss, 

Pa (psi) 

Blanket 4.13 x 10 4 (6.0) 
Steam generator 

EES section 4.14 x 10 4 (6.0) 
RSH section 1.38 x 10 4 (2.0) 

Helium ducts, hot and cold 5.50 x 10 4 (8.0) 
including bends. expansion 
and contractions , valves 

Total 15.15 x 10 4 (22.0) 

9.2.1.5 Primary Loop Functional Evaluation. The primary loop not only 
provides the cooling during full-load normal operating conditions, but also 
provides the "first line of defense" cooling during shutdowns and following 
a depressurization accident. All four quadrants are interconnected via 
manifolds, and the isolation of one steam generator or circulator will not 
affect the function of the other components, and all the modules will 
receive adequate coolant flow. The failure of one blanket loop components 
thus need not require shutdown of the entire reactor. The end tank loop is 
separate to avoid use of radioactive helium in the end tanks. Failure of 
its steam generator or circulator would require reactor shutdown. Because 
of this, in future designs it may be advantageous to provide the end tank 
loop with several smaller steam generators and circulators operating in 
parallel. In the event the auxiliary cooling system (ACS) is required due 
to multiple or oommon-mode failures in the primary loop, the ACS is designed 
to provide the required cooling of the fuel modules in the blanket via the 
manifolding. 

9.2.1.6 Helium Ducting Design. Reference 12 suggested a low system 
pressure of 20 at™ for the HHR in order to have a thin first wall for the 
submodule. To reduce pumping power requirements, to size the helium ducting 
within practical limits, and to design the helium turbocirculator with GA's 
current gas-cooled technology practice, a higher system pressure was 
preferred; a pressure of 6.078 HPa (60 atm) was selected, with LLL 
concurrence. Duct sizes calculated with this high pressure were found to be 
reasonable, as shown in Fig. 9-11. Hot helium ducts will be designed to 
ASHE code case 1592. Duct interior surfaces may be coated with a tritium 
barrier, if required, and outside surfaces will be insulated. The 
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insulation may have a small gap kept under a light vacuum, if necessary, to 
contain any possible tritium release from the helium stream. The 
containment of the ducting in the PCRV is expected to help reduce tritium 
release. 

The primary loop layout scheme is significantly dependent upon the 
geometry of the Yin-Yang magnets which surround the plasma. The structural 
massiveness and support requirements of the magnets and large neutral beam 
injectors restrict the access, ducting and support area available for the 
blanket. Design of the module system was discussed in Sec. 8.2. The use of 
a PCRV for blanket and magnet support integrates well with the primary loop 
component support and containment requirements. The PCRV totally encloses 
the ducts, steam generators, helium circulators, and auxiliary loop 
components, resulting in a safe and effective containment that is inherently 
redundant. A massive primary loop rupture is completely impossible. The 
helium ducting to the top leakage fan end tank must leave the PCRV. This 
0.5B-m-diameter duct is the only free-standing helium pipe in the MHR 
system. The end tank loop is isolated from the blanket loop to prevent 
failure of the end tank duct from affecting cooling of the blanket. 

In order to keep the parasitic pressure drop to a minimum in the ducts, 
a dynamic head of 3447 Pa (Jj psi) was selected. The net pressure drop in 
the primary helium ducts is estimated to be approximately 55 kPa (8 psi), 
accounting for bends, contraction/expansion losses, valves and 
Tee-connections. Table 9-7 shows the principal design data for the power 
conversion loop design. 

9.2.1.7 Main Helium Circulator. 
Design Bases. The function of the main circulators is to provide 

helium flow through the reactor. Each circulator unit consists of a 
single-stage axial-flow compressor and a single-stage steam turbine driven 
by superheated steam before it is reheated and passed to the main turbine. 
These units are similar to those designed for GCFR-HTGR plants. 

Operating Requirements. The circulators will be designed to operate 
under various normal and abnormal conditions, including 1) normal plant 
operation at full load, 2) plant startup, 3) routine plant shutdown for 
refueling or maintenance, and 4) postulated accidents, including the 
design-basis depressurization accident. The circulator operating parameters 
for pressurized conditions are given in Table 9-8. 
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Table 9-7. Power conversion loop principal design data. 

Power data 
Net PCL output power, MWe 
Net power input to PCL, MWt 
Power input from blanker, MWt 
Power input from direct convert::, MWt 
Power input from injector waste heat, MWt 
Helium circulator pumping power, MWt 
Turbine-generator output, MWe 
PCL efficiency, % 
Direct converter output, MWe 
Net station output power, MWe 
Total nuclear power — fusion plus fission, MWt 
Net station efficiency, % 

Primary coolant (helium) data 
Average pressure, MPa (atm) 
AP/P,% 
Total flow rate, kg/s (lbm/h) 
Inlet temperature at steam generator, C ( F) 
Outlet temperature at steam generator, C ( F) 
Temperature rise through circulator, °C (°P) 

Secondary coolant (steam/water) 
Feedwater inlet pressure, MPa (psia) 
Net flow rate, kg/s (lbm/h) 
Superheater outlet pressure, MPa (psia) 
Resuperheater inlet pressure, MPa (psia) 
Resuperheater outlet pressure, MPa (psia) 
Feedwater inlet temperature, °C (°F) 
Resuperheater outlet temperature °C (°P) 
Net pressure drop in steam generator, MPa (psid) 

1612 

4762 

3958 

415 

389.1 ) 
116.! 5 

1612 

33 .84 

291 

737. ! 

4037 

18 .27 

6 .08 (60) 

2 .50 

3246 (25.79 x 1 0 6 ) 

S40 (1004) 

274 (525) 

8 .33 (15) 

10 .3 (1497) 

1611. ,5 (12 .8 X 1 0 6 ) 

8 .42 (1222.0) 

5 .37 (779) 

5.26 (764.0) 

171 I [339) 

504 { [939) 

2 .00 (290) 

At peak-power, blanket average end-of-life conditions. 

Design Requirements. The helium circulators will be designed to meet 
the requirements shown in Table 9-8 under 100% load condition and will be 
capable of operating without surge or surge instability at all operating 
conditions. 
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Table 9-8. Circulator operating parameters at full power. 

Compressor type Single stage 
He flow rate, kg/s (lb/sec) 406 (896.0) 
He inlet pressure, MPa (psia) 6.08 (882.0) 
He inlet temperature, °C (°F) 274 (525) 
He pressure rise, MPa (psi) 0.152 (22) 
He outlet pressure, MPa (psia) 8.66 (904) 
Speed, rpm 5400 
Blade tip diameter, m (in.) 1.32 (52) 

Turbine type Single stage 
Steam flow rate, kg/s (lb/sec) 201 (444.0) 
Steam inlet temperature, °C (°F) 444 (832.0) 
Steam inlet pressure, MPa (psia) 8.42 (1222) 
Steam outlet pressure, MPa (psia) 6.15 (779) 
Speed, rpm 5400 

Normal circulator control will be achieved by means of an inlet 
throttle valve. A steam bypass will be provided to obtain balance between 
circulators. The circulator will be provided with a service system to 
supply high-pressure water for lubricating the bearings and to supply 
purified buffer helium for preventing inleakage of the helium coolant. 

Design and Operation Description. The steam turbine for each main 
helium circulator is located between the superheater outlet and the 
resuperheater inlet. Thus the full flow of steam generated in the plant 
drives the circulator turbines before passing to the main steam power 
turbine. In this flow arrangement, the steam-driven helium circulators tend 
to be inherently self-regulating, since the helium cooling requirements of 
the reactor are directly related to the supply of steam produced. Analysis 
indicates that the best location for the circulator turbine is between the 
superheater and the resuperheater. Elimination of the resuperheater reduces 
the plant efficiency by about 2% and therefore affects the plant economics. 
The principal design data and performance characteristics of the main helium 
circulator and its steam turbine are given in Table 9-8. 
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9.2.1.8 Steam Generators. 
Functional Requirements. The purpose of the steam generators is to 

transfer the heat from the reactor coolant to the secondary coolant. 
High-temperature [s40°C (1004°P)] helium from the blanket and 

direct converter enters the steam generators and gives up its heat to the 
resuperheater section and main steam section to produce superheated steam at 
444°C (830°F) and resuperheated steam at 505°C (940°F). 

Design and Operating Requirements. The steam generators will be 
designed for continuous operation and also for conditions during reactor 
shutdown when the main loops are used for decay-heat removal. 

The steam generators will be designed to accommodate, without 
operational impairment, all normal and emergency operating conditions. The 
design bases are, in general, similar to those for HTGR-GCFR plants and 
include the following: 

• Allowance will be made in sizing the steam generator to permit 
full-load operation with a certain number of tubes plugged in addition to a 
certain degree of internal tube fouling. 

• The allowances on the heat-transfer bundle tubing will include 
provision for imbalances, expected in the circuit flow due to tube plugging, 
gas-flow imbalances fabrication tolerances, heat-transfer-coefficient 
uncertainties, and friction-factor uncertainties. 

• The steam generators and their components will be designed so that 
no damage or malfunction is caused by internally generated vibrations, 
flow-induced vibrations, or environmental vibrations. The design, material, 
fabrication and inspection of the steam generators will be in accordance 
with applicable ASHE codes. 

Description and Operation. The plant has twelve steam generators: 
eleven in the main blanket loop and one in the end tank loop. Each blanket 
loop steam generator module is about 3.66 m (12 ft) in diameter and 
approximately 11.6 m (38.7 ft) high. The end tank steam generator module is 
3.66 m (12 ft) in diameter and 13.4 m (44.7 ft) tall. The module is an 
axial-flow heat exchanger that is made up of two separate helically wound 
tube bundles; these are the resuperheater tube bundle and the main 
steam-generator tube bundle, which consists of the combined economizer, 
evaporator, and superheater sections. In the steam-generator main bundle, 
the incoming high-pressure feedwater is converted into superheated steam 
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that is then used to drive the main helium-circulator series turbine. The 
steam is subsequently returned to the steam generator and resuperheated 
before it flows to the main turbine-generator set of the power plant. The 
water-steam flow on the tube side is upward; the helium flows downward 
across the tube bundles. The blanket loop steam-generator major design 
parameters are summarized in Table 9-9. 

Helium coolant gas carries the reactor heat via ducts from the blanket 
and direct converter to the steam-generator. The hot gas flows downward 

Table 9-9a. Steam-generator design data in metric units (data are for each 
generator). 

Besuperheater 
section 

Steam-generator sections 
Superheater Evaporator Economizer 

Steam generator diameter, m 
Heat duty, HH 
Apparent logarithmic mean 

temperature difference. 

Apparent overall heat-
trapsfer coefficient, 
W/mZ'K 

Heat-transfer surface area. 

Helium side 
Plow rate, kg/s 
Inlet temp., °C 
Outlet temp., °C 
Av pressure, MPa 
Pressure drop, MPa 

Hater-steam side 
Plow rate, kg/s 
Inlet temp., °C 
Outlet temp., °C 
Av pressure, MPa 
Pressure drop, MPa 

Tubes 
Number of tubes 
Tube size, am 
Tube bundle height, m 

3.658 
34.93 

51.0 

3.656 
67.66 

3.658 
178.6 

57.6 

3.658 
92.0 

40.0 

992 1572 1682 1568 

512 386 1409 1018 

265 265 269 269 
540 515 467 340 
514 466 338 274 
6.02 6.00 5.99 5.98 
0.013 0.012 0.013 0.011 

133.7 133.7 133.7 133.7 
396 301 312 171 
505 445 301 312 
5.32 8.54 9.41 10.25 
0.103 0.22 1.52 0.163 

653 323 323 323 
25.4 x 2.54 25.4 x 1.8 19 x 1.6 19 x 1.6 
1.59 1.14 4.55 3.28 
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Table 9 -9b . Steam-generator d e s i g n data In U.S . u n i t s (data are f o r each 

g e n e r a t o r ) . 

Resuperheater 
section 

Steam-generator sections 
Superheater Evaporator Economizer 

Steam generator diameter, 
f t 

Heat duty, Btu/h 
Apparent logarithmic mean 

temperature difference, 
°F 

Apparent overall heat-

12.0 12.0 

169.0 

12.0 12.0 
314 x 10 6 

Btu/h-ft - F 175 277 296 276 
Heat-transfer surface 

ft 2 

area, 
5508 4149 15,167 10,952 

Helium side 
Flow rate, lb/h 2.106 x 10 6 2.106 x 10 6 2.106 x 106 2.106 x 10 6 

Inlet temp., F 1004 959 873 645 
Outlet temp., °F 956 871 869 867 
Av pressure, psia 873 871 869 867 
Pressure drop, psi 2.0 1.76 2.63 1.62 

Water-steam side 
Flow rate, lb/h 1.06 : x 10 6 1.062 x 10 6 1.062 x 106 1.062 x 10 6 

Inlet temp., F 744 573 594 340 
Outlet temp., °F 940 832 573 594 
Av pressure, psia 771 1238 1364 1485 
Pressure drop, psi 15 31.9 219.5 23.6 

Tubes 
Number of tubes 653 323 323 323 
Tube size, in. 1.0 x 0.10 1.0 x 0.070 0.75 x 0 .062 0.75 x 0.062 
Tube bundle height. ft 5.22 3.74 14.91 10.76 

over the resuperheater, superheater, evaporator, and economizer tube 
bundles. After passing through the steam-generator bundle, the cooled gas 
then passes into the main circulator inlet. Gas leaving the circulator 
passes through the diffuser, and reenters the blanket and direct converter, 
completing the main loop circuit. 

The feedwater for each steam-generator module enters through feed-water 
tubesheets and then through lead-in tubes connecting the tubesheets to the 
bottom of the economizer section. 
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The economizer and evaporator sections have 0.02 m (0.75 in.) diameter 
tubes, whereas the superheater section of the steam-generator tube bundle 
has 0.0254 m (1.0 in.) diameter tubes. Variation in the tube diameter in 
the economizer, evaporator, and superheater sections will provide pressure 
drop in the system and, if necessary orifices will be installed in each 
feedwater tube to assure stability at low flow. Tube plugging to isolate 
defective tubes is done at the tubesheets, which are readily accessible. 
9.2.2 Secondary Coolant Loop 

9.2.2.1 Steam-Cycle. The reference steam-cycle for full-load 
operation, which is the basis of the design described in this report, is 
shown in Fig. 9-12. The major equipment in the cycle consists of twelve 
once-through steam generators, including resuperheating sections, the 
turbine generator, steam-turbine drives for the helium circulators, 
condensers, feedpumps, feedwater heaters, and associated piping. 

Feedwater enters the economizer section of the steam generators at a 
net flow rate of 1611 kg/s (12.8 x 10 6 lb/hr) at 10.22 HPa (1485 psi) 
and 171°C (340°F) and is converted to superheated steam at 8.27 MPa 
(1200 psia) and 443°C (830°F). The steam from each steam generator is 
directed to a helium-circulator series steam turbine, from which it leaves 
at 5.35 MPa (779 psia) and 396°C (745°F). To reduce the moisture 
content in the last stages of the main turbine, the steam is reheated to 
505°C (940°F) at 5.27 MPa (764 psia) and then it proceeds to the 
high-pressure turbine. The extraction steam for the high-pressure Teedwater 
heater is taken from the crossover between the high-pressure and 
intermediate-pressure turbines and, together with the waste heat from the 
injectors (see Sec. 9.2.4 for a discussion) derived in the form of hot 
water, is used to heat the feedwater to its final temperature of 171°C 
(340°F). Extraction steam at approximately 6.2 x 10 Pa (90 psia) 
drives the boiler feedpumps. Additional extractions are made from the 
low-pressure turbine and are directed to the low pressure feedwater 
heaters. The remaining steam flow is exhausted to the main turbine 
condenser. Condensate from the hot well of the main condenser is pumped at 
low pressure through three stages of feedwater heating. 

Gross electrical output of this plant is 1611.5 MH. Net heat rate is 
10.63 x 10 J/kWh (10085 Btu/kWh), which corresponds to a power conver
sion system thermal efficiency of 33.84%. The heat balance was based on a 
helium-loop design pressure drop of 1.52 x 10 Pa (22 psia), circulator 
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and circulator turbine overall efficiency of 80%, and reactor coolant inlet 
and outlet temperatures of 282°C (540°F) and S40°C (1004°F) respectively. 
The steam is reheated after it passes through the series circulator turbines, 
thereby providing throttle conditions of 5.06 MPa (734 psia) and 504 C 
(939°F), which are acceptable to conventional nonreheat steam turbines. 
The moisture content of the exhaust Jtaam is low. 

9.2.2.2 System Design. 
Turbine Generator. The turbine selected is a tandem-compound machine 

comprising a high-pressure section, an intermediate-pressure section, and an 
eight-flow low-pressure section exhausting downward to the condenser. Inlet 
steam conditions are 5.27 MPa (764 psia) and 503°C (937°F). The turbine 
generator unit has a design rating of 1618 HW with the throttle valve wide 
open, corresponding to a backpressure of 3 in. Hg absolute. 

The entire turbine is steam-sealed and a bypass arrangement from the 
main steam line to the main condenser is provided for startup and shutdown. 

Condenser and Circulating-Water System. The main steam condenser will 
be capable of rejecting heat to the circulating-water system from the main 
turbine, low-pressure heater drains, and the auxiliary condenser. In 
addition, during startup and plant upset conditions, the main condenser will 
provide the heat sink for secondary coolant from the flash tank. 

An auxiliary condenser provides a heat sink for the boiler feedpump 
turbines and the circulator bearing-water pump turbines. Hater from this 
condenser is returned to the condensate system through the main condenser. 

Startup and Shutdown Auxiliaries. Details and sequential procedures 
concerning the plant startup and shutdown controls are discussed in Ch. 11. 
The following summarizes the principal operations. 

The main cooling loop has two redundant auxiliary boilers to provide 
steam for the circulator turbine and circulator bearing-water-pump turbine 
during initial startup and during decay-heat-removal operations. The 
boilers will be sized to provide the steam required for operation with the 
reactor coolant system depressurized. 

An auxiliary boiler feedpump will be provided for each auxiliary boiler 
to supply feedwater to it from the emergency water supply system. These 
pumps will be electrically driven and sized to accommodate the auxiliary 
boilers. 

During startup, shutdown, and decay-heat-removal operations, the 
feedwater flow to the steam generators is provided by electrically driven 
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shutdown boiler feedpumps. These pumps supply high-pressure feedwater to 
the steam generators from the emergency water supply system. They will be 
sized to maintain sufficient water level in the steam generators and to 
supply feedwater to the desuperheaters during shutdown and decay-heat-
removal operations. 

The bypass line from the circulators to the main condenser will also 
contain a flash tank that will supply a source of steam, which can be used 
to drive the main boiler feedpumps when extraction steam is not available 
from the main turbine and can also be used for feedwater heating. During 
normal operation, the flash tank will be pressurized with extraction steam 
from the main steam turbine. 

9.2.2.3 Sy tern Operation. 
normal Power Operation. During normal operation there are five steam 

loops operating in parallel, the end tank loop and four blanket loops, each 
consisting of three resuperheaters, two circulator turbines, three EES 
sections, and high-pressure heaters connected to a feedpump heater. The 
resuperheater ortlets are joined in a common main steam pipe leading to the 
high-pressure turbine. Steam is extracted in each loop prior to the 
circulator turbines to drive the circulator bearing-water pump turbines and 
is exhausted to the auxiliary condenser along with steam from the main 
boiler feedpump turbines. Condensate from the auxiliary condenser flows to 
the main condenser and is recycled with the main condensate flow. 

Normal Shutdown and Reactor Trip. The control features concerning 
the normal shutdown are covered separately in Ch. 11. Normal shutdown or 
reactor trip refers to the plant shutdown operations required to get the 
plant load decreased to decay-heat level. Removal of decay heat is 
described in Sec. 9.2.2.4. 

For a progiammed shutdown, the power level will be decreased gradually 
down to a minimum load with the main turbine on line. At this load, the 
main turbine will be tripped and the reactor power further decreased. The 
main steam will be bypassed to the desuperheater and flash tank, where steam 
will be extracted to continue to drive the main boiler feedpumps until the 
load decreases '..o about 6%. At that time, the shutdown boiler feedpumps 
will be started and the main boiler feedpumps shut down. The load will then 
continue to be decreased to the decay-heat level. During a reactor trip, 
the intermediate step of driving the main feedpumps with steam from the 
flash tank may be optional. 
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The shutdown boiler feedpumps supply feedwater for low flows during all 
shutdown operation. The inventory of the steam generators is sufficiently 
large to supply steam to the main circulators during startup of these 
feedpumps or during temporary loss of electric power to the pumps without 
significantly degrading the steam conditions. 

During normal shutdown or reactor trip with all equipment available, 
the bypassed steam will be desuperheatcd and sent to the main condenser via 
the flash tank. The water from the condenser is then pumped and heated with 
steam from the flash tank. It then flows to the shutdown boiler feedpumps, 
completing the heat-sink portion of the cycle. The principal safety-related 
characteristics of this system are these: 

• The transition from normal operation to shutdown requires only a 
few, simple control actions (see Plant Controls, Ch. 11). 

• The system can operate for sufficient time after loss of any single 
component to initiate the decay-heat-removal phase with either main or 
auxiliary loops. 

• The water inventory in the steam generators is sufficient so that 
the shutdown boiler feedpumps do not have to be started rapidly and could be 
interrupted to allow changeover to emergency electric power supply. 

9.2.2.4 Decay-Heat-Removal Operation. The control features governing 
this operation are given separately in Ch. 11. The shutdown procedures 
described above will be capable of providing adequate cooling as the plant 
load is reduced to about 2*. Thereafter, additional operating procedures 
will be required to continue the use of the main circulators, or a switch to 
the auxiliary loops will be made. 

As the decay heat decreases further, the quantity of steam produced by 
the steam generator will be insufficient to supply the circulators with 
enough power to maintain blanket flow stability. In order to maintain the 
proper steam flow to the main circulator turbines, auxiliary steam will be 
supplied by auxiliary boilers. The steam from the steam generators will be 
bypassed around the circulator turbines to a desuperheater and then to the 
main condenser. The auxiliary boilers will be Parted at the beginning of 
shutdown. 

Steam from the auxiliary boilers will flow through the main circulators 
and then bypass the reauperheaters to the desuperheater. From there it 
flows through the flash tank to the main condenser. As in normal shutdown, 
water from the condenser is then pumped and heated with the steam from the 
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flash tank. It then flows to the shutdown boiler feedpumps, completing the 
heat-sink portion of the cycle. 

Each main loop has connections to the auxiliary boiler system to 
provide steam for the circulator turbine and the circulator bearing-water-
pump turbine during decay-heat-removal operation. The end tanks will not 
have significant decay-heat levels but will require auxiliary steam for 
start-up operations. 

Emergency water can be supplied to the shutdown boiler feedpumps from 
the condensate storage system in case the main condenser is lost. This 
system thus gives a means for long-term decay-heat removal completely 
independent of the auxiliary core-cooling loops. Much of the equipment is 
used for normal operation and thus is already in operation. 
9.2.3 Auxiliary Cooling System 

9.2.3.1 System Description. 
Design Bases: Functional Requirements, The auxiliary cooling system 

provides an independent means of cooling the shutdown reactor and removing 
the decay heat produced by the blanket. The system will be used 1) when the 
main cooling loops are not available, or 2) when it is desired not to 
perform decay-heat removal with the main cooling loops. The auxiliary 
cooling system must provide adequate cooling and prevent the temperatures of 
the fuel, the cladding, and the reactor coolant from exceeding prescribed 
limits, so that safe cool-down of the reactor and the reactor cooling system 
is ensured after any credible system failure. 

The auxiliary cooling system is designed to perform the engineered 
safety function of providing adequate emergency reactor cooling after 
shutdown as an independent backup to the main cooling loops. Figure 9-11 
schematically shows the conceptual arrangement of the auxiliary cooling 
system (ACS). 

The auxiliary loop consists of five heat exchangers and five 
circulators. The loop circuitry is so arranged that if one circulator or 
one heat exchanger failed, the remaining operable units would provide 
adequate cooling. 

The auxiliary loops will be designed to provide cooling in either a 
pressurized or a depressurized condition. 

In addition to the engineered safety function, the auxiliary cooling 
loops provide decay-heat removal and cooling during refueling. For these 
uses of the auxiliary cooling loops, the transfer from the main cooling 

422 



loops to the auxiliary loops will be clone sufficiently long after shutdown 
to minimize the auxiliary power requirements. Long-term cooling by the 
auxiliary cooling system is described in Sec. 9.2.4. 

In addition to the above functions, the auxiliary cooling system must 
also be capable of providing safe cooldown of the reactor with a mixture of 
gases in the reactor coolant system, such as could result from accidents 
involving steam, or air inleakage. 

Design Criteria. To ensure that the auxiliary cooling system 
adequately meets performance objectives under all normal operating or 
credible combinations of accident conditions, the general design criteria 
for the system will be in accordance with the criteria presented for the 
reactor coolant system and with the specific requirements applicable to the 
essential system components, viz., the auxiliary circulator and the 
auxiliary heat exchanger. 

The auxiliary loop design performance discussed in this report does not 
include effects imposed by plant transients. The transient conditions and 
effects will be considered in the future. 

Description. The auxiliary cooling loop contains five auxiliary heat 
exchangers, five auxiliary circulators, and a cooling-water system for 
supplying the proper quantity of pressurized cooling water to the heat 
exchangers. The auxiliary cooling system is designed as a Class I system 
and as an engineered safeguard. It will be capable of cooling the reactor 
with the reactor coolant system either pressurized or depressurized and with 
one of the heat-exchanger/circulator systems out of service. Each auxiliary 
circulator is electrically driven by a motor supplied by an independent 
power supply. 

The auxiliary heat exchangers employ helically coiled tubes with a 
single-pass helium cross-flow passing over the tubes. The water side of the 
heat exchanger is divided into parallel subsections. 

In the external part of each auxiliary cooling system there are two 
circulating pumps in parallel. One is a low-capacity pump that is used to 
circulate water through the heat exchangers during normal station operation 
when the auxiliary circulators are not in operation. The larger pump is 
used to provide the higher flow rates required for auxiliary cooling. 
Pumping power is available from multiple sources, including the essential 
power system. The closed-loop cooling system rejects heat to the atmosphere 
through an air-cooled heat exchanger. 
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Operation of the heat exchanger will be continuous at full water-side 
temperature differential 82°C (180°F) inlet, 204°C (400°F) outlet 
except for two conditions: 1) in the depressurized mode, the heat exchanger 
outlet temperature will be held at 260°C (500°P), and 2) during the 
latter stages of decay-heat removal or during refueling, the outlet 
temperature will decrease because of decreased heat-removal requirements. 
Operation of the auxiliary circulator service system will be continuous 
during plant life-time, but at a reduced heat load during the periods in 
which auxiliary circulator operation is not required. 

The following principles govern actions upon startup of an auxiliary 
core-cooling loop: 

1. The auxiliary circulator drive motor is energized to produce a f'.ow 
corresponding to that of the reactor coolant, and to establish coolant flow 
through the blanket and the auxiliary heat exchanger. 

2. Cooling-water flow in the auxiliary heat-dump system is switched to 
the large-capacity circulating pump by administrative controls. 

3. The power supply, and thus the auxiliary circulator speed, is 
automatically adjusted until the set point of the helium temperature at the 
blanket inlet is achieved. This provides for the increase in speed needed 
for cooling when the reactor is depressurized or for the decrease in speed 
that should accompany repressurization. 

The auxiliary loops will be designed and instrumented to facilitate 
periodic testing of operability while the plant is on load. The heat 
exchanger and related heat-removal system will be in continuous service with 
circulation of cooling water. 

9.2.3.2 Auxiliary Circulators. 
Functional Requirements. The auxiliary circulators are part of the 

auxiliary cooling system and provide helium flow for decay-heat removal. 
Five circulators are provided for the primary loop and will supply the 
necessary flow in the most severe operating condition. Each auxiliary 
circulator unit will consist of an electric-motor-driven centrifugal 
conpressor and diffuser. The auxiliary circulators are to be operable at 
all pressure levels from full helium inventory down to refueling 
(depressurized) status. 

The normal use of the auxiliary circulators will be during the 
following conditions: 

1. Plant shutdown. 
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23.44 kg/s 186,212 lb/hr 
1.714 x 10 5 Pa 24.87 psia 
0.193 x 10 5 Pa 2.8 psia 
100°C 212°P 

2. Rffueling (approximately atmospheric pressure). 
3. F ictiorial checkout with the reactor at full load. 
The emergency-cooling mode of auxiliary circulator operation occurs in 

the event of trouble in any one main loop. Because of the wide range of 
required operating conditions, the electric-motor drives will be capable of 
variable speeds and each motor will be operated by an independent control 
system and be supplied from an essential power supply. 

Performance Requirements. The design of the auxiliary loop is based 
on a heat-removal capacity of 5% of the normal thermal reactor power. The 
helium-side design conditions, required for the emergency cooling model of 
operation, are for a pressure of 1.52 x 10 Pa (1.5 atra) and blanket 
inlet and outlet temperatures of 100°C (212°F) and 500°C (932°F), 
respectively. These conditions require the following characteristics for 
each circulator: 

Mass flow rate 
Circulator outlet pressure 
Compressor pressure rise 
Compressor inlet temperature 

General Design Requirements. Equipment, piping, and the electrical 
wiring associated with the operation of the auxiliary circulators will be 
designed to operate under environmental conditions resulting from the design 
basis depressurization accident. 

The auxiliary circulator will be capable of startup or shutdown against 
normal system pressure and temperature and will have a provision for 
functional checkout with the main circulators operating. 

The normal speed control of the circulator will be by means of the 
variable-frequency power available to the drive motor. The control system 
and power supply for each circulator will be independent of the others. The 
motors will be capable of restarting following any voltage interruption. 

The single-failure criterion will be met in that failure in any one 
control system or power supply will not cause a failure or inhibit operation 
of the other auxiliary cooling subloop. 

Description. The design of the auxiliary circulator is conceptual, 
and only a preliminary design has been made to date. 

The preliminary design data for the auxiliary helium circulator is 
summarized in Table 9-10. 

425 



Table 9-10. Auxiliary helium circulator preliminary design data. 

Type 
Drive 
Fluid 
Speed, rpm 
Inlet temperature, °C (°P) 
Inlet pressure, Fa (psia) 
Outlet pressure, Pa (psia) 
Mass flow, kg/s (lb/sec) 
Efficiency, % 
Power, MW (hp) 

Centr ifugal 
Electric motor 
Helium 

5000 

100 (212) 

1.52 x 1 0 5 (22 .07) 

1 .71 X 1 0 5 (24.87) 

23.44 (51.72) per circulator 
82 
2.75 (3700) 

The speed required for the auxiliary circulator is a strong function of 
the primary circuit pressure; quite low speed is sufficient with the reactor 
coolant pressurized, whereas high speed is required in the depressurized 
condition. Each circulator is driven by a squirrel-cage induction motor 
supplied with variable-frequency power from independent essential power 
supplies for each machine. 

Design Evaluation. An electric-motor drive is provided for the 
auxiliary circulators as a different motive source from the steam turbine 
drive used on the circulators for the main loops. The design of the 
auxiliary circulators is based on well-established technology. Due to its 
fundamental simplicity, the electric-motor-driven centrifugal compressor of 
moderate size and power poses no particular new problems ; development 
requirements. 

Five circulators are provided where four are adequate to meet 
performance requirements in the event of a depressurization accident. Each 
circulator is self-contained, and failure of one cannot cause failure in the 
other. The service systems will be based on the modular concept for each 
unit for essential services. 

Electric power for the motors may be obtained from either the normal or 
the emergency power sources. Availability of the auxiliary circulators can 
be assured in the time available in the event of loss of a main loop. 

9.2.3.3 Auxiliary Heat Exchangers. 
Functional teguireraents. The purpose of the auxiliary heat 

exchangers is to remove heat from the reactor helium coolant when the main 
cooling loops are shut down and unavailable for this purpose. Helium flows 
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through the heat exchanger, where heat is transferred to the cooling water 
inside the tubes. Cooled helium leaving the top of the heat exchanger 
enters the auxiliary circulator and is circulated through the blanket 
modules to repeat the cycle. 

Design and Operating Requirements. The auxiliary heat exchangers 
will be designed to provide cooling for both pressurized and depressurized 
conditions. Each heat exchanger will have a heat-removal capacity of about 
1.25% of the normal reactor power. For the depressurized design case, the 
required auxiliary loop will provide adequate cooling following a reactor 
scram. At present, transfer of reactor cooling to the auxiliary loop (if 
ACS service is required), is expected in about 85 seconds, worst case 
following plasma shutdown, based on GCFR plant practice. Within a few 
seconds or almost instantaneously after the reactor shutdown, the auxiliary 
circulator could be brought to speed if there is not a loss of offsite 
power. The parameters for the depressurized design conditions are 
summarized in Table 9-11. 

Boiling in the auxiliary heat exchangers will be prevented by 
maintaining the water under a pressure sufficient to assure approximately 
2B°C (50°F) subcooling at the maximum expected operation temperature. 

Safety relief valves will be provided for the auxiliary heat exchangers 
to protect then from overpressurization when an exchanger is isolated on the 
water side. 

Since the depressurized condition limits the design of the auxiliary 
heat exchanger, the pressurized condition performance was assumed to be 
satisfactory. 

Other considerations that govern the design of the heat exchangers are 
discussed below. 

The tubes in the heat-exchanger tube bundle will be segregated into 
subgroups, each with approximately the same number of tubes. Separate 
cooling-water supply (and return) lines will connect each of these tube 
subgroups to the cooling-water headers. The arrangement of the tubes will 
be such as to minimize the effect of inleakage from a tube failure. 

The heat exchangers will be designed so that they will not be damaged 
or be caused to malfunction either by internally generated vibrations, such 
as flow-induced vibrations, or by environmental vibrations. 
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a Table 9-11. Design data for an auxiliary heat-exchanger. 

General 
Helium frontal flow area, m 2 (ft2) 3.48 (37.5) 
Heat duty, MW (Btu/h) 4B.71 (166.39 x 10 6) 
Logarithmic mean temperature difference, C ( F) 68 (154.52) 

2 
Overall heat transfer coefficient, W/m *K 

(Btu/h-ft2-°F) 549 (96.7) 
Heat transfer surface area, m (ft ) 1034.5 (11,136) 

Helium aide 
Flow rate, kg/s (lb/h) 23.44 (186,212) 
Inlet temperature, °C (°F) 500 (932) 
Outlet temperature, °C (°F) 100 (212) 
Average pressure. Pa (psia) 1.52 x 10 (22.07) 
Pressure drop. Pa (psi) 13,788 (2.0) 

Water side 
Flow rate, kg/s (lb/h) 62.63 (497,500) 
Inlet temperature, °C (°F) 82 (180) 
Outlet temperature, °C (°F) 260 (500) 
Average pressure. Pa (psia) 14.48 x 10 (2,100) 
Pressure drop. Pa (psi) 2.068 x 10 (30) 

Tubes 
Tube size, mm (in.) 19 * 2.1 

(0.75) x (0.083) 
Longitudinal tube pitch, mm (in.) 25 (1.0) 
Transverse tube pitch, mm (in.) 31 (1.246) 
Tube bundle height, m (ft) 3.048 (10) 

aDepressurized design conditions. 

The design, fabrication, inspection, and materials specified for the 
component parts of the auxiliary heat exchangers shall be in accordance with 
the requirements of the appropriate approved codes where applicable. 

Description. The auxiliary-loop coolant is pressurized water. Each 
heat exchanger is a helically wound, axial-flow tube bundle with an integral 
shroud. The tube bundle is approximately 2.43 n (8 ft) o.d. and 3.05 m 
(10 ft) high and is' made of carbon or low-alloy steel. Preliminary design 
data for the auxiliary heat exchanger are summarized in Table 9-11. 
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The helium flow path from the blanket through the auxiliary cooling 
loop is similar to that through the main cooling loop. During normal 
reactor plant operation, there is a small bleed of helium from the blanket 
through the closed auxiliary loop. A small flow of cooling water through 
the heat exchangers maintains the auxiliary cooling loops at close to the 
cold helium temperature. This reduces thermal transients on loop startup 
and minimizes parasitic heat losses. During use for shutdown cooling 
(depressurized), the design inlet water temperature is 82°C (180 F) and 
the outlet water temperature to the heat-dump system is 260°C (500°F). 

Design Evaluation. The auxiliary heat exchanger is conventional as 
to design, material, and duty. Dynamic flow instabilities are not 
anticipated, since no boiling occurs. The performance of the heat exchanger 
under transient conditions will be evaluated later. 
9.2.4 ACS Response »i d Depressurization Accident Effects 

9.2.4.1 Functional Aspects. The general response of the blanket 
during a depressurization accident is that the maximum fuel temperature is 
reached in about 24 seconds (see Sec. 12.1) after depressurization is 
complete and no coolant flow is established. The main circulators have 
considerable power and speed capability, so the depressurized conditions or 
the effects of air ingress do not impose undue requirements. Should a 
depressurization accident occur, the main cooling loops would continue to 
provide shutdown cooling, and the auxiliary cooling system (ACS) would 
provide an independent and diverse backup if the main loops should fail. 
Presently the ACS is designed to operate immediately following signals from 
a main loop failure to function. The depressurized condition provides the 
design basis for the ACS circulator and its electrical drive motor. If the 
main loops fail and the cooling function is transferred to the ACS, the 
initial ACS water temperatures and circulator speed are dependent upon the 
timing of main loop failure. 

9.2.4.2 Auxiliary Loop Cooler. The auxiliary loop cooler transfers 
heat to the ultimate heat sink, which is air. Its required performance is 
defined by the loop heat duty and the maximum auxiliary heat exchanger water 
inlet and outlet temperatures, but the actual design is not yet definitely 
specified at this conceptual stage. The auxiliary loop cooler is a counter 
cross flow heat exchanger with water on the tube side and air on the shell 
side. 
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9.2.4.3 Auxiliary Cooling System Response and Performance Following 
Depressurization. The auxiliary cooling system is made up of the auxiliary 
heat exchanger (AHE), the auxiliary loop cooler (ALC), the auxiliary 
circulator, and the pressurized water loop with pumps and pressurizer. A 
schematic of this system is shown in Fig. 9-13. Heat is transferred from 
the reactor coolant to the flowing water system in the AHE and is rejected 
from the flowing water system to the ambient air in the ALC. The auxiliary 
circulators are of centrifugal compressor design and each is driven by a 
squirrel-cage induction motor which derives variable frequency power from 
separate essential buses. The design of the auxiliary circulator is 
conceptual, and only a preliminary design has been made. The torque 
required of the circulator drive motor is directly related to the system 
pressure drop. The circulators are nearly constant volume flow machines, 
implying that the mass flow is nearly proportional to the product of the 
motor speed and the coolant density. For a low system pressure drop 
characteristic, as would be expected for full depressurization with pure 
helium as the reactor coolant, the maximum speed limit would be 
encountered. If significant air ingress occurs in a depressurized reactor, 
the system density increases, and the motor torque limit may be reached and 
the motor speed would be reduced. 

During normal plant operation, the ACS loops are in a standby mode with 
the auxiliary circulators shut down and the auxiliary-loop isolation valves 
closed, and a small leakage flow from the blanket inlet manifold will expose 
the auxiliary heat exchanger to a helium temperature of 282°C (540°F). 
In order to prevent boiling in the auxiliary heat exchangers should the 
water flow stop, the system will be pressurized to 14.67 mPa (2100 psia), 
which is the saturation pressure at 340 C (643 F). The main circulating 
pumps and the large air fans are shut down. Only small auxiliary 
circulating pumps operate in each loop to provide a small flow through the 
coolant system to maintain the equipment near operating temperature and 
prevent thermal shock to the system when the main pump starts. The 
auxiliary pump flow is small enough so that it does not constitute a major 
thermal loss for the reactor. The initial water temperature prior to the 
depressurization accident can be set by the helium leakage flow, the 
auxiliary pump flow, and the small air flow in the ALC. 

When a reactor trip or a scram signal is generated, the ACS controls 
are activated for starting the large air fans and the main circulating 
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pumps. Speed controls of the auxiliary circulator will respond to the main 
cooling loop performance and the auxiliary circulator is in a ready 
condition to transfer cooling to the ACS, in case of main loop functional 
problems. 

It should also be noted that the ACS controls, while switching over the 
cooling function from the main loops to the auxiliary loops, will not impose 
serious thermal transient effects en the loop components. 

A depressurization accident may cause the helium inventory from the 
power conversion system to be mixed with the air in the secondary 
containment. The ACS design and its performance are based on this 
possibility. It is estimated, based on GCFR experience, that significant 
air ingress effects on the cooling will be introduced approximately 10,000 
seconds following a depressurization accident. The thermal power at this 
time is approximately 1% of the full thermal power. 

9.2.4.4 Sequential and Emergency Use of ACS. The ACS, if required for 
the cooling operation following a depressurization accident, could be used 
either in conjunction with the cooling by main loops after a deferred time 
interval, or within a few seconds after the accident. The modes of its 
possible operations are summarized as follows. 

The ACS has two basic objectives: one, to serve as a diverse backup 
with its service reserved for assistance in case of unavailability of the 
main loops to cool the reactor following an accident, and second, to 
supplement the long-term blanket decay-heat removal at low thermal power 
(£1% full power). 

Subsequent to an accident or a trip of the reactor, steam from the main 
steam generators will be stored in separate pressure vessels and the fusion 
plasma power will be instantaneously terminated, resulting in blanket power 
being dropped to 5% of its full thermal power. The stored steam will then 
be used to drive the main circulator turbines for helium circulation, and 
blanket cooling will be performed through the primary cooling loops. It is 
estimated that the stored steam energy will be sufficient to drive the 
circulator turbines for about 30 minutes following the accident, accounting 
for the decrease in the helium flow rate with the transient decrease in the 
afterheat. 

At the signal of a reactor accident or a trip, the auxiliary boilers 
will be operated to capacity and auxiliary drive steam is expected to be 
available within a few minutes. When signs of the insufficiency of the 
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stored main steam energy to drive the main circulator turbines are 
indicated, the auxiliary steam is supplied to the circulator turbines for 
continuing the cooling through the primary loop. The auxiliary boiler 
system is capable of providing the steam for cooling for shutdown and also 
for long-term decay-heat removal on the main circulators. 

Thus, the need to the ACS does not arise for this mode of afterheat-
removal. The ACS may be used for a long-term decay-heat removal at a low 
thermal power (such as £1% full power), if it is economically favorable 
over the auxiliary boiler operation at such conditions. This use in 
conjunction with the main loop cooling will be the logical use of the ACS 
following a normal or accidental shutdown. 

However, if for some reason the main loops have totally failed to 
provide cooling and the auxiliary boilers could not come on line in time, 
then the ACS will be used to provide the emergency cooling. Within a few 
seconds, the electrically driven ACS circulators will be brought to speed 
and the system will be ready to cool the reactor. 

Figure 9-14 shows the sequential and emergency points of operation of 
the ACS and the standard fission-product decay heat curve as a function of 
time. 

Preliminary analysis, using the conservative assumption of adiabatic 
heating, shows that in case of total loss of the cooling following an 
accident, it takes about 24 seconds before the fuel could begin to melt and 
about 82 seconds before the cladding could begin to melt. The ACS system is 
designed to operate within a few seconds following any type of accident, and 
provides the cooling. In the event of loss of offsite power, however, 
starting of the emergency diesel generators and stare of the ACS system 
could take as long as 85 seconds, providing potentially inadequate 
protection of the fuel. Although more detailed analysis is expected to show 
that cladding failure will not occur, this area requires further study. 
9.2.S Waste Heat Utilization 

9.2.5.1 Direct Converter and Beam Dump. 
Heat Availability. The basic principles and operation of the direct 

energy converter proposed for use in the MHR plant are described in 
Chapter 8 of Ref. 13. Host of the trapped, injected neutral beam is 
scattered into the loss cone (defined by the magnetic field) and lost before 
it can react. Only a small fraction of the injected current is consumed in 
fusion reactions and it is estimated that as much as 98% to 99% of the 
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injected current, plus the ot-particle current, is scattered into the 
velocity-space loss cone and escapes through the magnetic mirrors. This 
loss current has to be disposed of, and the best practical means for 
recovering the lost energy are offered by a combination of a direct energy 
converter and a beam dump unit. 

The net extractable thermal energy from the direct converter and the 
beam dump is estimated at 415 MWt by LLL during the present HHR study, and 
helium will be circulated to transfer this energy. It is indicated that the 
heat extraction from the energy converter and the beam dump can be performed 
at the same operating temperatures as the fission blanket assembly, helium 
inlet at 282°C (540°F) and outlet at 540°C (1004°F). Thus, the available 
thermal energy from the direct converter and the beam dump, together with 
the fission blanket thermal energy, will be input to the power conversion 
system. 

.Design Bases. The positioning of the neutral beam injectors with 
respect to the Yin-Yang magnets as shown in Fig. 8-1 requires the direct 
converter to be located at the bottom of the plasma chamber for recovering 
the unused energy. The configuration of the magnetic flux lines from the 
plasma lead to the direct energy converter with no obstructions. Only a 
small amount of leakage occurs in the upward direction and a beam dump unit 
is provided at the top as shown in Fig. 8-1 for recovering the thermal 
energy. 

Both the direct converter (DC) and the beam dump operate in an 
environment which is unlikely to cause a concern from the safety standpoint 
due to the accidental release of radioactive substances. Only mild traces 
of tritium are expected in the DC and beam dump unit cooling systems. 
Therefore, the power conversion system components associated with the DC and 
bean dump unit are not expected to need to meet the safety criteria 
established for the components associated with the fission blanket assembly. 

The DC unit fans out from the plasma chamber and occupies a sizeable 
space. In the present design it is located under the PCRV as shown in 
Fig. 8-1. A reinforced concrete structure surrounds the DC, acting as a 
pressure vessel, and the structure will be designed to withstand the design 
pressure, thermal, and mechanical stresses. It is proposed to have a 
separate power conversion loop (PCL) for the DC and the beam dump unit, 
isolated from the PCL associated with the fission blanket assembly. 
Approximately 415 MWt power is estimated to be available from the DC-beam 

435 



dump units, ar.d the DC-PCL, which includes a separate steam generator and 
steam driven circulator, will operate at the same conditions as the PCL of 
the fission blanket assembly. It should be noted that performancewise, both 
PCL's are identical. The steam pipes emerging from all steam generator 
units will be manifolded together, and a common pipe will carry the 
superheated steam to the power turbines. The helium loop schematic is shown 
in Fig. 9-11. 

By having separate PCL's for the DC-beam dump units and the fission 
blanket assembly, the helium flows circulating in the respective loops do 
not come in contact with each other. Thus, during a worst-case 
depressurization accident occurring either in the DC or in the beam dump 
unit, no significant release of radioactivity is expected. In addition, no 
auxiliary or emergency cooling provision is needed during the depressuriza
tion accident in the DC or beam dump unit, because on signal from a depres
surization event the plasma power will be instantaneously terminated and no 
decay heat exists in the affected unit. 

9.2.5.2 Injector Waste Heat Utilization. 
Waste Beat Availability. Neutral beam injectors continuously inject 

beams of deuterium and tritium atoms at high velocities into the plasma 
chamber while the MHR is in operation. Injection of beams at higher 
velocities consume enormous amounts of power; for the selected design 
parameters in the present study, approximately 1147 MWe power is required as 
input for the injectors. Preliminary studies by LLL indicated that the 
efficiency of the injectors is about 55%, and thus a waste heat equivalent 
of 519 MWt is generated and has to be rejected to sink in the plant. 
Studies performed by LLL further indicated that only 75% of the injector 
waste heat (389 MWt) can be extracted at a possible maximum temperature of 
227 C (440°F). Such a low-temperature heat source is recommended for 
use in the feedwater heating system, thereby decreasing the amount of steam 
normally bled from the power turbines for feedwater heating. 

Injector Waste Heat System Conceptual Study and Operation. From the 
standpoint of the operation of the neutral beam injecors, an inert fluid 
which is electrically nonconductive is desired to circulate and extract the 
waste heat from the injector system. Helium is a good candidate gas for 
such an operation and is selected as the primary coolant for the waste heat 
system. Heat from the helium gas will be transferred to water (secondary 
coolant) through a waste heat exchanger, and finally the hot water will be 
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cascaded with the steam cycle feed heat train. Helium exiting the beat 
exchanger is then circulated through the primary loop by an electrically 
driven circulator. It is possible for some traces of tritium to get 
entrained in the helium stream and hence the waste heat exchanger and 
circulator units will be located in the PCRV to limit any accidental release 
of radioactive substances. 

A conceptual arrangement of the waste heat system is shown in Fig. 
9-15. The hot water, after leaving the heat exchanger, enters the 
high-pressure feedwater heater and is cascaded through the low-pressure feed 
heaters and finally flows down to the main condenser (see Fig. 9-12). 
Low-temperature water is withdrawn from the condenser and is circulated to 
the waste heat exchanger by a separate water pump. By cascading both 
turbine bleed steam and injector waste heat cooling water in parallel, the 
waste heat can be effectively used while retaining an independent control 
parameter (the bleed steam) to control the feedwater conditions. 

Selection of Waste Seat System Parameters. The LLL studies have 
indicated that the waste heat from the injector system can be extracted at a 
possible maximum temperature of 227°C (440°F). A search for the 
effective use of the injector waste heat at this temperature leads to the 
feedwater heating system. From the steam cycle performance standpoint, it 
will be advantageous and efficient if the amount of steam bled from the 
high-pressure power turbine to heat the feedwater could be reduced; the 
state of the steam entering the low-pressure turbines would then have a 
higher enthalpy and temperature and thereby increase the output power of the 
turbines. Earlier steam cycle analyses have shown that the last-stage 
high-pressure heater (HP heater NO. 3, see Fig. 9-12) operates at a 
condensing temperature of approximately 160°c (320 F), and it is 
preferred that the water in the waste heat exchanger be raised to this 
temperature at a pressure of 0.86 MPa (125 psia) and saturation temperature 
of 174°C (345 F) for cascading with the feed-heat system. The 
condensate exits the feed-heat system at a temperature of 52°C (125°F), 
and a separate feed pump circulates the condensate back through the waste 
heat exchanger, completing the secondary coolant loop. 

The water-side pressure drop in the heat exchanger is about 30 psia. 
The operating water pressure in the heat exchanger was selected to be such 
that at any spatial point in the unit the water temperature is well below 
its saturation temperature, eliminating the possibility for a two-phase flow 

437 



TO HIGH PRESSURE 
FEEDWATER HEATERS 

HEAT EXCHANGER, 
3.7 mD x 5.5 mH 

FROM CONDENSER 
PUMP 

HELIUM CIRCULATOR, 
ENVELOPE SIZE, 
4.5 mD x 9.2 mH 

'DUCT SIZE IN METERS ( ). 

Fig. 9-15. Injector waste heat loop. 

438 



condition to exist. The average helium operating pressure is about 100 
psia, which is less than the water-side pressure. The reason for selecting 
a lower helium operating pressure is safety-related; if a leak occurs in the 
heat exchanger, water will ingress into the helium side, thus preventing 
possible release of radioactive substances entrained in the helium. The 
pressure drop in the helium loop is estimated at 2.5 psi. Table 9-12 shows 
the major design parameters for the injector waste heat system. 

Haste Beat Exchanger Derign Bases. The function of the waste heat 
exchanger is to transfer the waste heat from the neutral beam injectors to 
the secondary coolant (water), which in turn rejects it to the main steam 
feed heat system. Helium enters at a temperature of 227 C (440 F) and 
gives up its heat to produce hot water at 160 C (320 F). 

The waste heat exchangers will be designed for continuous operation. 
Each neutral beam injector will be equipped with two waste heat exchangers, 
and the plant has four (4) in total. Each exchanger has an envelope size of 

Table 9-12. Injector waste heat system principal design data. 

Power data 
Total injector waste heat power, HWt 519.0 
Net available waste heat power, MWt 389.0 
Helium circulating pumping power, MWt 11.2 

Primary coolant (helium side) data 
Average pressure, Pa (psia) 6.89 x 10 (100) 
AP/P, % 2.5 
Total flow rate, kg/s (lbm/h) 562.0 (4.46 x lo 6) 
Inlet temperature at waste heat exchanger, C ( F) 227 (440) 
Outlet temperature at waste heat exchanger, °C, (°F) 94 (200) 

Secondary coolant (water) 
Pressure at heat exchanger inlet. Pa (psia) 1.07 x 10 (155) 
Pressure at heat exchanger outlet. Pa (psia) 8.6 x 10 (125) 

5 
Net pressure drop in waste heat exchanger. Pa (psi) 2.07 x 10 (30) 
Net flow rate, kg/s (lb/h) 830.0 (6.59 x 10 6) 
Temperature at inlet, °C (°F) 52 (125) 
Temperature at outlet, °C (°F) 160 (320) 
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about 3.66 n (12 ft) in diameter and 5.5 m (18 ft) in height. The heat 
exchanger is an axial flow type and the tube bundle is helically wound. The 
water flow on the tube side is upward; and the helium flows downward across 
the tube bundle. The major design parameters are summarized in Table 9-13. 

Helium coolant carries the waste heat from the neutral beam injectors 
via ducts to the waste heat exchanger. As the gas flows downward across the 
tube bundle, it transfers its heat to the water in counter-flow and the 
cooled gas then passes to the waste heat circulator inlet. Gas leaving the 
circulator flows through the ducts and re-enters the injector system, 
completing the waste heat system primary circuit. 

Table 9-13. Design data for the injector waste heat-exchanger. 

General 
Helium frontal flow area, m 2 (ft2) 3.8 (95.0) 
Heat duty, MW (Btu/h) 95.0 (324 x 10 6) 
Logarithmic mean temperature difference, °C (°P) 37.6 (99.65) 

o Overall heat transfer coefficient, W/m *K 
(Btu/h-ft2-°P) 799.0 (140.7) 

2 2 Heat transfer surface area, m (ft ) 2143 (23067) 
Helium side 
Flow rate, kg/s (lb/h) 140.5 (1.116 x 10 6) 
Inlet temperature, °C (°F) 227 (440) 
Outlet temperature, °C (°F) 104.5 (220) 
Average pressure. Pa (psia) 0.6894 (100) 
Pressure drop. Pa (psi) 8976 (1.302) 

Water side 
Flow rate, kg/s (lb/h) 207.0 (1.647 x 10 6) 
Inlet temperature, °C (°F) 51.7 (125) 
Outlet temperature, °C (°F) 160 (320) 
Average pressure, HPa (psia) 0.862 (125) 
Pressure drop, HPa (psi) 0.206 (30) 

Tubes 
Tube size, mm (in.) 19.05 (0.75) 
Longitudinal tube pitch, mm (in.) 25.4 (1.000) 
Transverse tube pitch, mm (in.) 47.63 (1.875) 
Tube bundle height, m (ft) 4.88 (16.00) 
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Low-temperature water exiting from the steam cycle feed heat train 
enters through the lead-in tubes connecting to the bottom of the waste heat 
exchanger. 

The waste heat exchanger is of mono-tube construction, and the tube 
bundle has 0.02 m (0.75 in.) diameter tubes. Tube plugging to isolate 
defective tubes is done at the tube sheets, which are readily accessible. 

Injector Waste Heat System Circulator Design. The waste heat 
circulators are part of the waste heat system and provide helium flow for 
the injector waste-heat removal. Two circulators will be provided for each 
injector waste heat system so that in the event one should fail, the other 
can operate without interrupting the continuous operation of the injectors. 
Both the circulator and the water pump will be designed with the potential 
for higher capacity when needed, resulting in a satisfactory operation of 
the injectors. The circulator will be an axial flow type provided with an 
electrical drive. During the normal operation, each waste heat circulator 
will provide a helium flow rate proportionate to 50% of the extracted waste 
heat from the injector. 

The helium-side design conditions, required for the normal operation, 
are for a 0.69 MPa (100 psia) pressure and injector system inlet and outlet 
temperatures of 93°C (200°F) and 227°C (440°F), respectively. These 
conditions require the following circulator characteristics for each waste 
heat circulator. 

Mass flowrate of helium 141 kg/s (1.12 x 10 6 lb/h) 
Circulator outlet pressure 0.706 MPa (102.5 psia) 
Pressure rise through the circulator 0.017 MPa (2.5 psia) 
Circulator inlet temperature 93.4 C (200°F) 

Each circulator operates independently of the other, and thus failure of one 
cannot cause failure in the other. Electric power for the motors will be 
drawn from the normal power sources. Table 9-14 summarizes the design 
parameters of the waste heat circulator. 

Injector Waste Beat System Ducting. The ducts connecting the 
circulators with the injectors and the heat exchangers are designed to be 
within practical sizes as shown in Fig. 9-15. The ducting connection also 
provide operability if either a heat exchanger or a circulator should have a 
failure. However, if a rupture occurs in the heat exchanger unit, it is 
imperative that the plant be shut down and appropriate remedial action be 
initiated. 

441 



Table 9-14. Haste heat helium circulator preliminary design data. 

Type 
Drive 
Fluid 
Speed, rpra 
Inlet temperature, °C ( F) 
Inlet pressure, Pa (psia) 
Outlet pressure, Pa (psia) 
Mass flow, kg/s (lb/s) 
Efficiency, % 
Power, HW (hp) 

Axial 
Electric motor 
Helium 
2000 
93 (200) 
6.9 x 10 5 (100) 
7.1 x 10 5 (102.5) 
140.5 (310) per circulator 
82 
3.73 (5000) 
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10. PLANT LAYOUT 
10.1 General Considerations 

There are four predominant features of any large standard mirror 
reactor that strongly influence overall plant design. They are: 

• the mass of the mirror magnet, with its attendant problems of 
fabrication, transport to site, and installation. 

• the force restraint structure, in this case a prestressed concrete 
reactor vessel (PCRV), which is very massive and dictates the order 
in which major plant components are constructed. 

• the end tanks, which occupy a large volume and strongly influence 
the method of maintenance and blanket replacement. 

• the secondary containment structure, which must be built to enclose 
the PCRV and its servicing crane. 

The preferred direction for the plasma-fan axis is vertical. This 
permits the magnets to move vertically into and out of their pockets in the 
PCRV. It also permits crane access to steam generators and helium 
circulators. Fabrication of a PCRV will be much simpler if the outside 
surface is circular and accessible from all directions. This implies a 
vertical, right-circular-cylindrical geometry for the PCRV. 

The presence of a large end tank above the PCRV would inhibit servicing 
the thermal equipment and make blanket changing much more difficult. By 
making the top mirror a little stronger than the bottom one, about 90% of 
the leakage ions go out the bottom fan. Instead of a direct converter above 
the PCRV, a much simpler and smaller energy "dump" can be used — one that 
need not be totally removed for essential blanket change-out or servicing. 
This means a larger end tank underneath the plasma chamber, but size in that 
region has at least one advantage. If the bottom mirror coil fails, it must 
be lowered into the end tank before being translated horizontally toward the 
fabrication building. An end tank adequate in size to provide an "escape 
route" for one mirror coil is needed. 

In 1976, a mirror hybrid was designed that required one mirror coil to 
be moved to gain access to the blanket for routine replacement. This was a 
difficult, time-consuming task, and penalized the design. He present in 
this design a method of blanket replacement that does not require mirror 
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magnets to be moved. A smaller crane is required and a remote servicing 
machine enters the top of the spherical blanket through the top end tank. 
Small modules are removed and replaced instead of the large "orange-slice" 
segments of the 1976 design. (Appendix A also discusses a design that 
requires coil removal, but not by the hydraulic flotation method.) 

A very large containment shell is planned to cover the entire nuclear 
system. Its diameter is 84 m and its height to the spring-line is 62.5 m. 

The overall height is 74 m. Construction of a shell of such a diameter has 
not been previously accomplished, but it should not present any unique 
problems. The roof is challenging, but a reasonable construction method is 
presented. 

Because of the large excavation required for the bottom end tank, it 
was decided that a circular underground structure be built about 86 m in 
diameter and 42 m below the lower surface of the PCRV, which can be assumed 
to be located at-grade. The direct convertor is elliptical in cross 
section. The portion of the underground cylinder outside this ellipse is 
available for electrical-power conversion equipment associated with the 
neutral beam sources and the direct convertor. The cryogenics system, 
control room, tritium-processing equipment and thermal-unit service room 
will occupy the four corners of a square building surrounding the 
aforementioned underground cylinder. We plan that the turbine-generator 
building will be above ground and of conventional design. Due to the 
undergrounding of much of the auxiliary equipment the plant site will have 
only the following component visible: (see Pig. 10-1). 

a. the containment building over the nuclear island. 
b. the magnet-fabrication building on a filled (or natural) mesa 

adjacent to the containment building. 
c. the turbine hall and switchyard. 
d. the administration and laboratory building. 
e. the cooling tower(s). 

10.2 Magnet Considerations 

The mass of one-half of the coil-set with its coil case is about 3000 
tonnes. The conductor probably cannot be wound in place due to the coils' 
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Fig. 10-1. Fusion-fission hybrid reactor — above-ground layout. 
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unique geometry. It still will be necessary to remove each magnet as a unit 
for repair in the unlikely event of the magnet failure, so it seems prudent 
to plan for installation and emergency removal of a complete coil assembly. 

We plan to include a magnet-fabrication building as part of the power 
plant, and locate that building in the best possible position for transport 
of the assembled coils to the reactor (or back for repair). The floor level 
of this factory should be flush with the top of the PCRV and as close to the 
PCRV as construction of the secondary containment shell will permit. 

For this purpose, it might be desirable to select a site that includes 
a natural hillside. Or, since a very large excavation is necessary for the 
bottom end tank, it might be economical to build a mesa using the excavated 
material, relocated a short distance by a dragline. 

Horizontal movement of the magnet assembly can be on compressed air 
pads. Ten pads, each 5 m in diameter, can float the magnet with relative 
ease on two parallel smooth tracks from the magnet assembly floor to a 
position directly above its final position. Then a group of about 30 
200-ton building jacks, operating on steel masts, can lower the magnet into 
place. 

In order to install the bottom magnet easily it will be positioned 
prior to construction of the PCRV. The top magnet will be installed after 
the PCRV and the spherical blanket are finished. If the top coil must 
return for repair, the building-jack system run in reverse will lift it to 
the top of the PCRV. From there it can be air-floated back to the 
fabrication building. It will be necessary to cut a repairable hole in the 
containment shell. Failure of the lower magnet is not so easily rectified. 
The end tank must first be emptied and building-jack shafts installed, to 
permit the magnet to be lowered into the end tank, where repair must take 
place, working from a temporary floor or scaffold. Should rewinding be 
necessary, the coil would have to be translated into the end tank service 
room. Building-jacks would again be employed to move it up through the 
vacuum-pump service area and back up to mesa-top level outside the 
containment building. Provisions can be made in designing that portion of 
the building to minimize the expense of "clearing a path" for the bottom 
magnet. Fortunately, the probability is very small that major rebuilding of 
a magnet would ever be necessary. 
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10.3 P C R V Considerations 

The prestressed concrete reactor vessel is discussed in Sec. 8.1. A 
polar gantry crane, resting on a track in the top of the PCRV, serves to 
change-out thermal loop components and supports the blanket-module changing 
tool during part of its operational cycle. Figure 10-2 shows the sequence 
of events for removing oi adding a module. 

Since one magnet will be in final position before the PCRV is built, 
great care must be taken to protect that magnet from accidents related to 
construction of its environment. Metal shrouds, which may form a permanent 
part of the PCRV, should be used as protective fenders. 

10.4 End Tank Considerations 

The flux fan from the Yin-Yang magnet pair has an elliptical cross 
section. The aspect ratio of the ellipse is high (order of 10:1) and this 
implies a wide, thin, nearly flat-sided vacuum vessel to surround the end 
tank hardware. Huge vacuum loads on a flat self-supporting side wall demand 
massive structure, add great cost, and consume valuable space. Instead, we 
propose to use a steel membrane anchored to the reinforced concrete wall of 
the building (which follows the elliptical contour of the flux-bundle). The 
circular arc bottom of the end tank will be similarly anchored. One large 
port at the bottom end nearest the direct convertor service bay provides 
entrance or egress for components being changed on a routine or emergency 
basis. A track inside the vacuum system transports components from any 
position in the direct convertor arc to that port. 

Use of the end tank as a magnet repair region was discussed in Sec. 
10.2. 

The top flux fan deposits about 10% of the escaping ions on a cooled 
target plate. The center of that energy dump is removable for insertion of 
the blanket-change tool. 

Vacuum cryopumping panels will be located primarily in the bottom end 
tank. A bank of diffusion pumps, on both sides of the tank, pump on 
individual cryopump cavities which can be periodically closed, allowed to 
warm up, and degassed by the diffusion pumps. Some pumping will be 
similarly done in the top end tank. 
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10.5 Containment Consideration 

If a blanket module should fail structurally, the first line of defense 
is the vacuum system wall. This includes the very large end tank. 
Circulation of primary coolant under quickly reduced pressure will 
continue. The failed module will release a small fraction of the total 
coolant flow and the vacuum system pressure will approach one atmosphere. 
If several modules fail, and the pressure inside the vacuum system exceeds 1 
atmosphere over ambient, safety burst diaphragms will vent helium into the 
space inside the secondary containment shell. The volume of free space 
inside the containment shell is 250,000 m . This volume is sufficient to 
limit the pressure rise to less than 2 atmospheres if all steam and helium 
were catastrophically vented from all cooling and power conversion loops. 

The underground structure and its relationship to the PCRV eliminates 
the need for any equipment openings in the containment shell. The 
construction method called slip-forming can be used to erect the cylindrical 
side wall. A fabrication sequence relating the PCRV, the 3000-tonne 
magnets, and the containment building is suggested below: 

1. Complete the underground portion of the reactor building. 
2. Install the lower mirror coil. 
3. Construct the PCRV. 
4. slip form the containment wall to the same elevation as the top of 

the PCRV. 
5. Install the upper mirror coil in the PCRV cavity. 
6. Install the polar gantry crane on top of the PCRV. 
7. Slip form the rer&ainder of the circular wall to the spring line. 
8. Use the gantry crane as a movable work platform to construct forms 

for a domed reinforced-concrete roof. 
9. Four the roof using several 100-m mast cranes. 
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11. POWER CONVERSION LOOP CONTROL SYSTEM 

11.1 Introduction 

This chapter describes MHR plant control systems. These systems ensure 
that the plant can be safely operated and, in the event of an abnormal or 
accident condition, can be shut down in an orderly manner. The control 
systems consist of automatically and manually initiated systems for ensuring 
public health and safety under accident conditions and regulating systems 
used for normal plant operation. Two distinct systems are involved: 
(1) the plant protection system (PPS); and (2) the plant control system 
(PCS). 

The PPS prevents an unacceptable release of radioactivity, which would 
constitute a hazard to the health and safety of the public. The PPS 
initiates action to protect the fission product barriers and limit the 
release of radioactivity if failures occur in the barriers, plant 
availability and equipment protection are outside the scope of the PPS, and 
are primarily in the scope of the PCS. 

The PCS is designed to regulate the plant in all normal modes of 
operation. It also handles conditions imposed on the system during loop 
trip, reactor trip, or electrical load rejection. 

The MHR has certain characteristic features that affect the regulating 
system required. These features are: 

1. Circulator turbines located in the superheated steam lines. 
Superheated steam flows from each steam generator through the 
circulator turbine and then is returned to the steam generator to be 
resuperheated before flowing with steam from the other loops to the 
main steam turbine. Steam density at the exit of the circulator 
turbine varies inversely as the square root of circulator power, a 
characteristic used in controlling the circulator throttle valve. 

2. The log mean temperature difference between the steam and helium — 
in counter-crossflow — is relatively small. Thus, the primary and 
secondary systems are closely coupled in performance. 
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3. To avoid large changes in the reactor outlet and steam temperatures, 
the feedwater and helium flow rate must be adjusted in direct 
proportion to the reactor power. 

4. The helium loops associated with the end tanks and direct converter 
are separate from those that cool the blanket and can be operated 
essentially independently. This is especially useful during reactor 
startup. 

11.2 Plant Control System (PCS) 

The plant control system consists of the on-load plant control system, 
the operational residual-heat-removal (BHR) control system, and the startup 
control system. The on-load plant control system automatically regulates 
and controls plant electrical output in accordance with load demand 
throughout the normal range of plant operation. The operational RHR system 
controls the secondary coolant system during the transition from normal 
operation to long-term decay-heat-removal operation. The startup system 
performs the control necessary to bring the plant to the normal operating 
condition. 
11.2.1 Oil-Load Plant Control System 

The on-load plant control system provides automatic regulation and 
control of the electric power produced and delivered by the plant in 
accordance with load demand. 

The on-load plant control system operates to fulfill the following 
conditions: 

• Maintain the correct blanket outlet gas temperature (TBO) for the 
reactor power. 

• Maintain an approximately constant steam temperature upstream of the 
•aain turbine throttle valve over the entire normal load range. 

• Maintain the proper first-stage main turbine steam pressure (PHT) 
required by the load demand. 

• Maintain an approximately constant circulator turbine exhaust 
density over the entire normal load range by controlling the 
circulator turbine outlet pressure in each loop. 

• Maintain the proper feedwater flow rate to each steam generator as 
required by the load demand. 
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• Maintain the correct feedwater temperature at the exit of the 
high-pressure heater by controlling bleed stream from the power 
turbines in conjunction with injector waste-heat-exchanger 
performance. 

As a consequence of the fourth control condition given above, the ratio 
of helium-to-steam flow is approximately constant over the operating load 
range. Since steam flow is proportional to load demand, it follows that the 
helium temperature rise through the blanket is approximately 
constant,independent of load. The helium temperature level will, however, 
vary slightly as necessary to establish the differences required to transfer 
the heat from the blanket to the helium and from the helium to the steam 
generators. 

The on-load plant control syst- receives information on system 
behavior from instruments that measure a set of process variables. Then, by 
comparison with the proper set points of these quantities (which are 
functions of the actual load demand), the control system generates the 
feedback signals for regulation. 

The proposed control system, illustrated in Fig. 11-1, consists of 
controllers whose functions and input signals are described in the following 
paragraphs. 

Blanket Outlet Temperature Controller {CI in Fig. 11-1). The neutron 
flux reaching the blankets is measured by the flux detectors F and compared 
with the flux-level set point determined by the gas outlet temperature TBO. 
Controller CI then varies the neutral-beam injection demand. This will 
control the flux level such that TBO will have the value correct for the 
plant load demand. 

Feedwater Flow Controller (C2 in Fig. 11-1). The feedwater 
controller regulates feedwater flow so as to maintain steam pressure at the 
superheater outlet, PS, constant over the load range. 

Main Turbine Throttle Valve Controller (C3 in Fig. 11-1). The 
first-stage turbine pressure PMT is measured and compared to the pressure 
required by the load demand. If it is not correct, C3 causes appropriate 
throttle valve action. 

Circulator Turbine Flow Controller (C4 in Fig. 11-1). Each 
circulator is controlled by a controller whose function is to set the 
circulator turbine throttle valve so as to give the appropriate flow of 
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Fig. 11-1. On-load plant control system. 



helium through that loop. Analysis shows that helium flow is proportional 
to steam flow if the circulator turbine exhaust density is held constant. 
Therefore, C4 acts to maintain circulator exhaust density constant by 
controlling the turbine flow to a set point appropriate to the load demand. 

Since steam generator pressure PS is maintained constant by C2, the 
exhaust pressure of the circulator turbine would tend to increase with 
decreasing plant load if CA did not act to close the circulator turbine 
throttle valve appropriately. The actions of C4 and of C3 with decreasing 
load are to close the respective throttles so as to maintain PT and PMT at 
the proper values for the load demand. 

An essential consequence of this method of control is that helium 
temperature rise across the reactor remains approximately constant over the 
load range. 

The following example shows how the control system behaves. Suppose a 
load-demand signal is given to the main throttle controller C3 to reduce the 
load. It will close the main throttle valve and compare PMT to the required 
part-load set-point pressure. With the main turbine throttle valve 
partially closed, pressure at PT will increase but the circulator-turbine 
throttle-controller C4 will sense this and close down on the turbine 
throttle valve, thus increasing pressure PS. The feedwater controller C2, 
sensing a higher PS, will close down on the feedwater control valve, tending 
to increase the pump head. However, because of pump characteristics, the 
flow will decrease, which is actually what is required by the main turbine 
for the desired part load. With the smaller flow, the pressures PS, PMT, 
and PT will stabilize at the values required for the new load conditions. 
As the steam flow through the circulator turbine decreases and the new 
values of PS and PT are established, the circulator speed decreases to 
establish the new helium flow required. The helium temperature rise will 
remair unchanged, but the blanket helium-outlet-temperature (TBO) set point 
will already have been decreased by a load-demand signal, thus lowering the 
helium temperature level. Temperatures through the steam generator will 
tend to remain approximately unchanged. 
11.2.2 Operational Residinl-Heat-Remoril Control System 

11.2.2.1 Plant Shutdown Control System. The primary functional 
requirement of the plant shutdown control system is to automatically provide 
adequate blanket cooling during the transition from on-load plant control to 
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decay heat removal control following a reactor trip. The system operates in 
all normal and emergency shutdown situations, including coolant-system 
depressurization events. The control system will be designed so that the 
thermal transients experienced by the plant are kept to a minimum. 

For reactor shutdown generated by a reactor trip signal, the following 
actions are initiated: 

1. The neutral-beam injector power is removed, causing the plasma 
conditions to be less than necessary to sustain fusion. 

2. Startup of the auxiliary steam supply system is initiated in 
preparation for transition to the decay-heat-removal control mode. 

3. The main turbines are tripped. 
4. Simultaneously with the main turbine trip, the resuperheater bypass 

circuits are activated and controlled by signals from the plant 
shutdown control system. 

5. The circulator turbine large control valve (V2) is closed as the 
neutron flux decreases. 

6. The circulator turbine small control valve (initially completely 
open) is controlled by signals from the plant shutdown control 
system. 

7. The shutdown boiler feedpumps are activated approximately 1 min 
after reactor trip. This time is not critical because the 
water/steam inventory in each, steam generator is ample to drive the 
circulator turbine for a much longer period. 

8. Auxiliary cooling system operation is activated as a backup to 
doling by the main cooling loops. 

9. The emergency diesel generator start-up sequence is initiated to 
provide a backup power supply. 

During the power reduction from the normal power level to the 
decay-heat-removal-level without reactor trip, the plant shutdown control 
system performs actions 4 and 6. 

The plant shutdown control system, which is shown in Fig. 11-2, 
consists of two control loops for each reactor main coolant loop. The first 
control loop adjusts the circulator-turbine steam flow by varying the area 
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of the circulator-turbine small control valve (V2S). The second control 
loop maintains the proper ratio between the circulator turbine exhaust steam 
pressure (POO) and the reactor inlet coolant pressure (PH) by adjusting the 
area of the resuperheater bypass circuit control valve (V4) until the ratio 
of pressures POO and PH is at its set point. The latter control action 
adjusts the circulator power, and therefore the helium flow, in accordance 
with the reactor coolant pressure during a reactor coolant depressurization 
accident. This mode of control continues until orderly transition to the 
decay-heat-removal control system can be made. 

For normal reactor shutdown, a programmed load reduction to a preset 
level is initiated using the on-load plant control system. Startup of the 
auxiliary steam supply system is initiated at the onset of the programmed 
load reduction. Reactor power is held at reduced level until the auxiliary 
steam supply system is available. Plant load is then reduced to less than 
5% and the turbine is tripped. The resuperheater bypass circuits are 
activated during this time to control circulator turbine exhaust steam 
pressure. Resuperheater bypass steam is used to drive the feedpump 
turbines. Secondary system steam and water flows are reduced consistent 
with reduced blanket power. Once the power has been reduced to a 
sufficiently low level, the shutdown boiler feedpumps are activated and 
orderly transition to the decay-heat-removal control system commences. 

11.2.2.2 Decay-Heat-Removal Control System. The primary functional 
requirement of the decay-heat-removal control system is to provide adequate 
cooling for an indefinite period of time following transition from the plant 
shutdown control mode. 

As the reactor shutdown proceeds with time, the quantity and quality of 
the nuclear-produced steam will become inadequate to drive the helium 
circulator turbines. The auxiliary boilers will have been started when 
reactor trip was initiated and will be automatically brought to operating 
conditions during the initial shutdown phase. Approximately 30 min after 
reactor l-'n, the decay-heat-removal control system, shown in Pig. 11-3, is 
initiated by: 

• Activating the steam-generator alternate discharge circuit in each 
coolant loop by opening valve V5. 
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Fig. 11-3. Decay-heat removal control system. 



• Providing steam from the auxiliary steam supply system to drive the 
helium circulator turbines of each coolant loop by opening valve V6 
and closing V2S. 

This mode of operation, with each steam generator supplied by a 
separate shutdown boiler feedpump and each blanket quadrant supplied by a 
separate auxiliary boiler, can continue indefinitely to maintain helium 
circulation and remove decay heat. 
11.2.3 Start-up Control System 

Three startup conditions are possible. These are initial startup of 
the plant, restart of the main steam generators and circulators from 
shutdown operation with the main loops, and restart of the plant from 
shutdown operation with the auxiliary cooling system (ACS). 

For plant initial startup, offsite power is used to cool down and 
energize the Yin-Yang magnets, pump down the vacuum chamber and condition 
the plasma system for operation. The auxiliary boilers are then utilized to 
provide the initial steam. Water is circulated through the steam generators 
using the shutdown boiler feedpumps with the blanket coolant system 
pressurized. The feedwater cleanup phase is then initiated with hot water 
until steady-state temperatures are achieved and the ion concentration is 
acceptable. At this point the resuperheaters and circulator turbines are 
drained and the bypass lines around them are opened. The shutdown boiler 
feedpumps are restarted, thus permitting feedwater to flow through the steam 
generator to the desuperheater and main condenser. Steam from the auxiliary 
boilers is fed to the circulator turbines but bypasses the resuperheater as 
in the shutdown mode of operation. Steam passes through the circulator 
turbines, starting coolant circulation, and then initially through the 
desuperheater and subsequently the resuperheater to the main condenser. The 
blankets are thus warmed up by the primary coolant transfer of heat from the 
steam generators. During this period, the conditioning of the fusion 
process is completed and the overall plant becomes ready for powered 
operation. With blanket coolant flow now established, the neutral-beam 
injector current is initiated using deuterium only. The beam current is 
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increased gradually and the direct converter and the end tank thermal power 
conversion loop are started. Initiation of power generation with the end 
tank thermal conversion loops follows the same procedure described below for 
the blanket cooling loops. The neutral beam injectors require substantial 
power, and electricity generated by the direct converter and end tank loops 
allows offsite or auxiliary power supply requirements to be reduced. To 
initiate blanket power operation, tritium is gradually introduced to the 
injectors, which allows fusion power to begin being generated. The tritium 
injection rate is gradually increased to produce reactor power and supply 
heat to the blanket loop steam generators. By regulating the bypass valves 
and the steam flows to the circulator turbines, the desired superheated 
steam conditions at the outlet of the steam generator are obtained. 

At this point, the steam supply for the circulator turbines is 
gradually transferred from the auxiliary boilers to the main steam 
generators. When the transfer is complete, steam flov; is limited to about 
10% of normal power by the capacity of the shutdown boiler feedpumps. 

To increase the steam flow rate further requires operation of the 
steam-driven main-boiler feedpumps. This is accomplished by taking steam 
from the flash tank to drive the main boiler feedpump turbines. The main 
turbine gene .'ator can then be started and synchronized and a small load 
applied. The turbine load is then increased to a minimum level. Once the 
main turbine is operating, extraction steam can be used to drive the main 
boiler feedpumps and the shutdown boiler feedpumps can be stopped. In 
addition, the ion injectors are switched from partial offsite or auxiliary 
power to all on the main generator. The plant is now self-sustained and can 
be brought to full load. 

Restart from decay-heat-removal operation with the main loops is quite 
simple, since the plasma sys^m is still fully conditioned for operation and 
the auxiliary boilers and main circulators are rlready in operation. In the 
decay-hea*--removal mode of operation, the resuperheater is bypassed and the 
steam generator acts only as a heat sink for the system. To restart from 
this condition, the injectors are energized using off-site or auxiliary 
power to produce power in the blanket, the resuperheaters are put back into 
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operation, and the auxiliary boiler steam flow and bypass valves are 
regulated to give the desired superheated steam conditions at the steam 
generator outlets. This steam can then be directed gradually to the main 
circulator turbines and the auxiliary boiler steam decreased until the 
circulator bypass lines are closed and the plant is operating on its own 
steam. The plant is then brought to higher power in an identical procedure 
as described above for the initial startup. 

Restart from shutdown operation with the auxiliary core cooling system 
is very much like the initial startup except that plasma system conditioning 
and the feedwater cleanup phases will be omitted unless specifically 
required due to the nature of the shutdown. Feedwater will be supplied by 
the shutdown boiler feedpumps to the steam generators and bypassed around 
the circulator turbines to the main condenser, as described earlier. 
Auxiliary boiler steam will be fed to the circulator turbines and the 
circulators will be brought up to the speed required to open the main-loop 
isolation valves. The auxiliary loops will then be shut down. The 
procedure for switching from auxiliary steam to main steam and obtaining 
higher power will be identical to that described above. 
11.2.4 Supplementary Control Functions 

In addition to handling the normal control functions, the PCS handles 
conditions imposed on the system during loop trip and electrical load 
ejection. Since there are two generators and only one is required to keep 
the plant itself in operation, the PCS monitors the generator output voltage 
and will keep the plant in operation as long as one generator is producing 
power. 

11.3 Pint Protection System (PPS) 

The protection system automatically initiates appropriate action to 
protect the health and safety of the public during and after plant 
transients that might cause a release of radioactivity from the blankets. 
Various critical plant parameters are monitored throughout their operating 
range by the protection system. Should any of these go beyond the safety 
limit specified by the technical specifications for the plant, the 
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protection system automatically actuates reactor trip. Certain of these 
critical parameters are also used to initiate the plant's engineered safety 
features. 

The reactor plant protection system includes all electrical and 
mechanical devices and circuitry that actuate reactor trip, and, in the 
event of a serious reactor accident, actuate the engineered safety features. 
11.3.1 Reactor Trip System 

If the protection system receives a signal that a monitored paramete. 
has exceeded its safety limit, the system actuates a reactor trip. 

The basic reactor operating philosophy is to define an allowable range 
of power and to maintain the coolant flow proportional to the reactor power 
throughout the operating region. The allowable power range and 
power-to-flow ratio define the primary tripping functions. Additional 
tripping functions are provided as backup for specified abnormal conditions. 

11.3.1.1 Protective Actions. Rapid reactor shutdown is provided by 
shutting down the neutral beam injectors. Interrupting the power to the 
injectors promptly causes the plasma conditions to be less than necessary to 
sustain fusion. Thus, the fusion process rapidly ceases and, after the 
delayed neutron precursors in the blanket decay, the heat produced in the 
blanket is solely caused by the decay-heat. The shutdown of the plant 
following a reactor trip is discussed in Section 11.2.2. 

Plant parameters that cause reactor trip are listed in Table 11-1 and 
are described below. 

Manual Seactor Trip. Manual reactor trip is provided to give the 
operator a means to rapidly shut down the reactor. 

High neutron Flux. High neutron flux indicates excessive heat 
generation, requiring a reactor trip to prevent excessive blanket 
temperatures. 

High Power-to-Flow Ratio. A high ratio of neutron flux to helium 
flow rate through the blankets indicates an excessive reactor power level 
for the amount of cooling provided and requires a reactor trip to prevent 
excessive blanket temperatures. 

High Reactor-Coolant Moisture. A signal of high blanket-coolant 
moisture, due to the leakage of a significant amount of water into the 
blanket coolant, causes the reactor to trip. Blanket coolant moisture 
monitors also provide signals for loop isolation and steam-generator dump. 
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Table 11-1. Reactor-trip parameters. 

Sensed variable Indication Type of input 

Manual - Hand switches 
Neutron flux level High Linear power nuclear channels 
Power-to-flov; ratio High Linear power nuclear channels 

and flow measurement 
Blanket coolant moisture High Moisture monitor 
Blanket coolant delayed 
neutron activity 

High Delayed neutron monitors 

Blanket coolant pressure High Pressure transmitters 
Blanket coolant pressure Low Pressure transmitters 
Containment pressure High Pressure transmitters 
Main-steam-line pressure Low Pressure transmitters 
Main feedwater pressure Low Pressure transmitters 
Plant electrical system Power loss Undervoltage relays 
Main loop trouble - Shutdown logic 

High Delayed-Neutron Activity. A signal of high delayed-neutron 
activity in the primary coolant is an indication of significant fuel damage 
and causes the reactor to trip. 

High Blanket-Coolant Pressure. High reactor-coolant pressure 
indicates significant water leaking into the blanket cooiant system. The 
high blanket-coolant pressure protection constitutes a diverse backup for 
the high-moisture trip. 

Low Blanket-Coolant Pressure. Low blanket-coolant pressure is the 
primary indication of significant helium leakage from the system. A reactor 
trip is required when the rate of heat generation in the blankets cannot be 
accommodated by the reduced cooling capacity resulting from lower pressure. 
The safety limit may be programmed with plant load to reduce the response 
time when the plant is at high power. 

High Containment Pressure. High containment pressure indicates 
reactor-coolant leakage or steam-line rupture within the containment trip. 
The high-containment-pressure reactor trip acts as a diverse backup to the 
low-blanket-coolant-pressure trip. 
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Low Main Steam Pressure. Low main-line steam pressure is an 
indication of main steam-line rupture (outside the containment). Depending 
on the system design, shutdown of the reactor could be appropriate in such a 
situation. The safety limit is below the main steam-line pressure level 
during normal operation and anticipated transients. 

Low Hain-Feedwater Pressure Low main-feedwater pressure indicates 
loss of both main feedpumps or a feedwater pipe rupture. In either 
situation, the appropriate action is reactor trip. 

Electrical-System Power Loss. Plant electrical-system power loss 
requires that the reactor be shut down because of the energy imbalance 
between the blanket and the generator. 

Main-Loop Trouble. A reactor trip is required to rapidly reduce 
power upon receipt of a main-loop trouble signal. Blanket cooling with the 
remaining main loop will continue. 
11.3.3 Engineered Safeguards Actuation 

The engineered safeguards systems are actuated by the engineered 
safeguards actuation channels. Actuation of the engineered safety function 
for emergency cooling with the auxiliary loops is provided only when 
concurrent signals of loop trouble and low reactor-coolant pressure are 
received by the protection system. Fast transfer to auxiliary loops is then 
performed automatically. 

Automatic containment isolation is provided and the cont?inment cleanup 
system initiated when either of the following signals is received by the 
protection system: (1) high containment pressure, or (2) high containment 
radioactivity. 
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12. SAFETY 

12.1 Safety Design 

12.1.1 Blanket Safety Evaluation 
Two aspects of the blanket safety during accident conditions were 

evaluated. They are the fuel heat-up rate in the event of loss of coolant 
flow and the forces on the fuel generated by rapid depressurization of the 
blanket. 

12.1.1.1 Blanket Rod Heat-up Kate. Time required to cause fuel 
melting with loss of cooling following reactor shutdown is an important 
parameter for safety analysis. In the HHR blanket, the melting point of the 
fuel {U3Si) is 930°C. This is much smaller than the melting point of 
the clad. Heat-up rate of the fuel for complete loss of cooling (adiabatic 
heat-up rate) can be obtained by the following equation: 

| | - g.'"(t)/pcp , (1) 

where 

6 * temperature of fuel, C 
t * time, s 
q1••(t) » decay heat, W/cm 3 

pC - volumetric specific heat of the fuel, W's/cm , 0 C . 

For the HHR blanket analysis, it will be assumed that the standard 
fission-product decay curve represents the power after shutdown. Figure 
12-1 shows this relation. Figure 12-1 represents the heat-up rate as a 
function of time for U,Si fuel at the peak power portion of the blanket 
rod. Increase in temperature of the fuel after time t, is given by: 
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Fig. 12.1. Standard fission-product decay-heat curve. 



This relation is also plotted in Pig. 12-2 for q'•• during normal operation 
of - 500 W/cm3» C - 0.05 wh/kg«°C and p - 15.5 g/cm . 

The nominal peak temperature of the MHR blanket fuel will be 663 C 
during normal operation. Hence, ihs time available before fuel reaches the 
melting temperature following loss of cooling with reactor shutdown is about 
24 seconds. The time available 48 hours after shutdown (refueling 
conditions) is 360 seconds as shown on Fig. 12-3. The time available before 
fuel damage occurs in the case of loss of cooling at full power, assuming 
adiabatic heat-up, is only 1.5 seconds as shown on Fig. 12-4. 

These heat-up time estimates are based on the assumption of totally 
adiabatic heating and are quite conservative. In fact, coolant flow coast 
down, natural convection within the modules, and conduction of heat to the 
water-cooled module support structure are expected to extend the time 
available before fuel damage occurs even in the event of complete loss of 
coolant flow with depressurization. Further, the auxiliary cooling system 
has been designed to assure maintenance of adequate cooling even in the 
event of loss of the main circulators with helium depressurization. 
Nevertheless, the blanket cooling requirements will impose stringent demands 
upon the response time characteristics and reliability of the auxiliary 
cooling system. Further, assurance of adequate cooling during module 
replacement will be required, which implies the need for reliable and 
redundant cooling capability to be built into the fuel handling equipment. 
Although it is expected that these concerns can be adequately addressed, 
more detailed work in this area is needed. 

12.1.1.2 Forces During Depressurization. A depressurization accident 
caused by first-wall rupture can result in large pressure differences across 
the blanket rod bundle. In order to reduce the resulting force, Venturis 
have been provided in the exit manifold of the blanket. These Venturis will 
limit the velocity of flow through the blanket and the resulting forces on 
the blanket during depressurization caused by first wall rupture. Since 
"faulted condition" design limits were used, damage to the fuel support grid 
is expected but a coolable geometry will be maintained. 
12.1.2 Plant Safety Analysis 

12.1.2.1 Introduction 
Objective and Scope of Safety analysis. The objective of this 

section is to analyze the preliminary design of the 4400-HHt Mirror Hybrid 
Reactor so that the adequacy of the proposed design to control expected 
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Fig. 12-2. Loss of cooling 0 hours after shutdown. 
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Fig. 12-4. Loss of cooling at 100% power. 
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transients and prevent or mitigate accidents can be evaluated. Safety 
analyses of those systems which do not directly involve the blanket and 
power conversion system are not within the scope of this study. 

This safety analysis is focused on the more severe expected plant 
transients and on the design-basis accident. An important objective of the 
safety analysis is the choice of a postulated accident for use in 
establishing the design bases for the engineered safety features — 
emergency cooling and containment atmosphere cleanup - ana for the 
containment system. After examination of potential accidents, the 
design-basis accident chosen is the postulated gross failure of the helium 
ducting which causes rapid depressurization of the blanket coolant into the 
containment building. The design-basis accident is similar to that being 
used for the Gas-Cooled Fast Breeder Reactor (GCFR) because the blanket 
coolant systems and the fast-fission fuel, which have a predominant 

2 3 influence on safety, are essentially similar. ' 
In the analysis, potential equipment failures and combinations of 

failures are considered that have a significant probability of occurrence. 
Systems and components with adequate redundancy are assumed to maintain 
their functional capabilities. As an important example, adequate 
reliability of the plant protection system and the neutral beam injector 
systems to perform reactor shutdown when required is assumed throughout this 
section. 

Outline of Safety Analysis. In line with the objectives stated 
above, the following subjects are treated in this safety analysis section. 

Plant shutdown cooling using forced convection of helium in normal and 
emergency conditions other than the design-basis accident is treated in Sec. 
12.2.2.2. 

Potential reactivity accidents are considered and seismically induced 
reactivity insertions are discussed in Sec. 12.1.2.3. 

The development of local flow blockage accidents and their potential 
propagation are treated in Sec. 12.1.2.4. 

Secondary coolant leakage into the reactor coolant system, due to steam 
generator failures, or into the containment building due to a pipe rupture, 
is analyzed in Sec. 12.1.2.5. 
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Preliminary safety criteria have been proposed frvr fuel handling 
techniques. Fuel handling accidents are no': of primary importance in this 
evaluation of plant safety and, therefore, are only briefly discussed in 
Sec. 12.1.2.6. 

Blanket coolant leakage is discussed in Sec. 12.1.2.7, and the 
potential failure that would result in a most rapid primal.^--system 
depressurization is discussed. 

PCRV failure is discussed in Sec. 12.1.2.8. 
In Sec. 12.1.2.9, the design-basis depressurization accident (DBA) is 

defined and the primary-system response, containment building response, and 
radiological effects are evaluated. 

Finally, in Sec. 12.1.2.10, conclusions and recommendations for future 
efforts are given. 

12.1.2.2 Plant Shutdown Cooling 
General. Assured shutdown cooling using forced circulation of helium 

in all normal and emergency situations is a fundamental safety requirement 
cf the plant. Therefore, much attention has been given to means for 
providing this function with sufficient redundancy and reliability. The 
shutdown-cooling capabilities cf the design presented in this report are 
discussed here. 

Shutdown cooling in the MER consists of two phases: an initial period 
of power reduction, either in a programmed manner or rapidly through a 
reactor trip, followed by a long-term decay-heat-removal phase. 

Normal shutdown of the MHR plant is described in Ch. 11; reactor trip 
by the plant protection system is described below. Reactor trip results in 
rapid reactor power reduction to the blanket decay-heat level through the 
trip of the neutral beam injectors together with a trip of the turbine 
generator. The associated temperature transients are potentially the most 
severe that a plant would be expected to experience during normal operations. 

During the decay-heat-removal phase, the shutdown cooling of the 
blanket can be accomplished with either the main cooling loops or the 
auxiliary cooling loops. The parts of both cooling-loop systems necessary 
to perform emergency cooling in the MHR plant are designed to provide this 
function during transients and postulated accidents, including design basis 
earthquakes, the loss of offsite power, and single equipment failures. 
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Plant Operations and Performance after Reactor Trip from Full load. 
The various signals that can initiate reactor trip are given in Table 11-1. 
Upon receipt of a trip signal, the plant protection system initiates reactor 
trip. Power to all the neutral beam injectors is interrupted, causing the 
plasma to rapidly fall below fusion-producing conditions. Concurrently, a 
trip signal is sent to the turbine. 

Closure of the turbine stop valve causes the control system to change 
from the normal turbine control mode to the shutdown control mode. Turbine 
trip causes the opening of the bypass valves around the resuperheaters and 
the opening of the loop feedwater discharqe lines to the desuperheater. It 
also causes the programmed closure of th . .Tirculator turbine throttle 
valves. Loss of extraction steam will result in tripping of the main boiler 
feedpumps shortly after turbine trip unless a separate desuperheater path 
from the steam generators to the feedpumps is provided. 

The reactor trip signal also initiates the startup sequence of the 
auxiliary boilers and associated equipment, the auxiliary circulators and 
associated equipment, and the emergency diesel generators. 

The plant design includes many features that contribute to the 
reliability of cooling after reactor trip. Each main circulator continues 
to use steam directly from its associated steam generators. Also stean from 
any steam generator in any quadrant can be routed to the circulators in any 
other quadrant to insure forced convection cooling of the blanket. Separate 
electrically driven shutdown boiler feedpumps are started to supply 
feedwater to each steam generator. Each shutdown boiler feedpump is 
supplied from an independent shutdown feedwater header. The normal shutdown 
feedwater supply from the deaerator is backed up by an emergency water 
supply. Pump-NPSH-tanks connected in each shutdown feedwater header ensure 
the NPSH (net positive suction head) of the boiler feedwater during a 
changeover from normal to emergency water supply. The shutdown boiler 
feedpumps are assumed ready to supply feedwater shortly after reactor trip. 
However, the water inventory in the steam generators is ample to cover a 
considerable delay in pump startup or an interruption, such as that required 
to change from normal to emergency pover supply to the pumps. 

To ensure an independent, uninterrupted supply to the main circulator 
bearings, the bearing fluid pump for each circulator may be driven by a 
steam turbine using steam produced in its associated steam generators. The 
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drive steam would be extracted at the outlet of the steam generators before 
the circulator turbine throttle valve so that it would undergo essentially 
no transient during a reactor trip. 

The system is designed to operate without a significant transient in 
case of loss of nonseismic equipment, e.g., due to an earthqjake. In case 
of loss of all nonseismic equipment, the steam from the circulator turbine 
would exhaust to the atmosphere -mtside the containment building rather than 
to the condenser, and feedwater would be supplied from the emergency water 
supply. 

The control actions required in each loop upon reactor trip have a 
backup wherever possible and will be made as independent of the other loops 
as possible, so that the most severe single equipment malfunction or failure 
could result in loss of only one loop. 

During shutdown transients, the feedwater flow to the steam generators 
and the steam flow through the circulator turbines are controlled. This may 
be done as follows: 

1. The feedwater flow is reduced to zero as the extraction steam supply 
for the main boiler feedpumps decreases. It remains at zero until 60 
seconds and then is set constant at ~2% of full load flow for the remainder 
of the initial period, i.e., for more than 30 minutes. The feedwater flow 
should not be critical because of the large steam generator inventory; the 
flow could remain at zero for considerably longer than 1 minute and the set 
Vc lue could depart substantially from 2% without important consequences. 

2. The circulator-turbine steam flow rate is governed by two valves in 
parallel located upstream of the turbine. The large control valves are used 
for plant control during normal operations, whereas the smaller valves, 
which operate wide open during normal operations, are used to control the 
steam flow to the circulator turbine after the reactor has been shut down. 
When the realtor is tripped, the large valves are closed rapidly (when a 
reactor trip signal and a confirmatory indication from the neutron-flux 
detectors that the reactor power has been reduced are received), and then 
the shutdown-control system manipulates the small valves to achieve the 
desired plant transient behavior. 

Initially, after a reactor trip, the helium flow falls rapidly as a 
consequence of the rapid reduction in power to the circulator turbines with, 
of course, a rapid drop in circulator speed. 
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The blanket outlet helium temperature will probably swing down and up 
during the first 2 minutes over a small range but should not significantly 
exceed the initial full load value. The maximum cladding temperature will 
closely follow the blanket outlet temperature and will also probably remain 
well within acceptable limits. Gas inlet temperature to the steam 
generators is expected to vary less than blanket outlet temperature because 
of the gas volume in the ducting and the heat capacities of walls and other 
parts. 

Thus, these estimates which are based on the GCFR system design 
indicate that this mode of shutdown cooling can maintain metal temperatures 
and their rates of change within acceptable limits. There is ample margin 
in steam conditions and supply to provide time for transfer to the decay-
heat-removal cooling mode. 

Decay-heat Removal with Main Cooling Loops. Approximately one-half 
hour after reactor trip, the decay-heat-removal phase will be initiated. If 
the main cooling loops are used, steam from the auxiliary boilers will be 
introduced into each main circulator supply line ahead of the circulator 
turbine throttle. Then the resuperheater outlet isolation valves will be 
closed and the steam from the steam generators will be routed through a 
bypass line to a desuperheater and then to the main condenser. 

Procedures for initiation of decay-heat removal with the main cooling 
loops are the same following any reactor trip. The procedures for an 
unplanned shutdown are described in Ch. 11. However, if the plant operator 
knows of the plant shutdown in advance and chooses to use the main loops in 
the decay-heat-removal phase, he or she could bring the auxiliary boilers up 
to the desired steam condition prior to plant shutdown. 

Independent water supplies to the auxiliary boilers and to the main 
steam generators (which in this mode are the heat-removal exchangers) are 
provided. These supplies come normally from the condensate system. In case 
all nonseismic equipment is assumed to be inoperative, operation continues 
without feedwater supply, and circulator steam is exhausted to the 
atmosphere outside the containment until cooling is transferred to the 
auxiliary loops. If further analysis shows it to be necessary, a seismic 
Class 1 feedwater supply system could be provided so that open-ended 
main-loop system operation could continue for an extended period. 
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The auxiliary boilers and associated piping and equipment are 
independent, so that the loss of a piece of equipment will affect only one 
auxiliary boiler system. Each auxiliary boiler system is expected to be 
capable of providing for 100% decay-heat removal. (The capacity of the 
auxiliary boilers is actually based on plant startup requirements.) 

Decay-heat Removal with Auxiliary Loops. Decay-heat removal can be 
provided by the auxiliary loops instead of the main loops. Normally, both 
loops will be used. However, the operator will not normally initiate the 
automatic switchover sequence that will make the transfer before 15 minutes 
after shutdown, at which time the decay heat being generated in the core can 
be removed using only one auxiliary loop. After the auxiliary blanket-
cooling system equipment startup sequence is completed, cooling is initiated 
with the auxiliary loops. The auxiliary circulators overpressure the main 
loops to force open the auxiliary-loop isolation valves and to close the 
main-loop isolation valves. These procedures are essentially the same, 
though the rate of transfer is different, as those when these loops are used 
for emergency blanket cooling. 

12.1.2.3 Reactivity Insertion Accidents. Although the blankets in the 
MHR are designed to always be subcritical, there maybe events which could 
cause increases in reactivity. These potential causes must be considered: 
overheating in the blankets with associated fuel melting and the possibility 
of major changes in fuel geometry during a partial melt, earthquake or 
depressurization accident. 

Fuel melting is the most critical of the reactivity insertion 
mechanisms. Any accident which leads to fuel melting — earthquakes, 
depressurization accidents, loss of forced cooling, flow blockage, etc. — 
should be carefully analyzed. In the GCFR analysis, the Nuclear Regulatory 
Commission analyzed fuel melt accidents which resulted in reactivity 
insertion of >$100.00/s (Kef. 4). If such events are possible in the MHR, 
then the assumption that the blanket is always subcritical becomes open to 
question. A rapid increase in local multiplication could lead to potential 
safety problems even if the system remained subcritical. 

Due to the low burnup and resulting low plutonium content of the 
blanket, it is expected that analysis will show criticality to be impossible 
under any circumstances. If this is the case, it is expected that 
reactivity insertion accidents will not pose any significant hazard to the 
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MHR. Further, because the MHR blanket normally operates with * £* «0.3, 
even a large reactivity insertion should not result in any significant power 
increase. 

i?eview of Reactivity Insertion Mechanism. Reactivity insertion 
accidents are characterized by reactor power increases caused by incidents 
that result in inadvertent augmentation of the blanket multiplication 
factor. Potential reactivity effects include: externally induced blanket 
element movements, changes of coolant density, introduction of steam into 
the blanket,thermal bowing effects, forced displacement of fuel elements, 
and fuel melting. 

Blanket movements induced by external forces represent a potential 
mechanism for changing reactivity, particularly in a fast reactor. In 
general, such forces will excite vibratory fuel element motions. The effect 
of this motion could not be analyzed here. 

Coolant-flow-induced fuel element vibrations are, at worst, expected to 
cause a small reactivity noise that is not a safety problem. Coolant 
pressure forces on the fuel support plate also will cause a small reactivity 
effect. Earthquakes are the most severe external forces considered in the 
blanket design, and seismically induced blanket vibratory motions could 
potentially cause a reactivity effect. Parameters that affect this 
phenomenon include the quality of the soil as well as the stiffness and the 
damping factor of the construction. 

The only mechanism that can cause a sizable reduction of the coolant 
density is a depressurization of the reactor coolant system. 
Jef.assurization from normal working pressure to atmospheric pressure could 
increase the core reactivity. This insertion is controlled by the rate of 
depressurization. 

The introduction of steam into the core, which may result from a 
failure within a steam generator, influences the neutron energy spectrum of 
the core. The reactivity effect depends on the steam concentration and the 
state of the blanket. Preliminary estimates indicate that at all times in 
the blanket life the effect of steam addition is negative and small and does 
not represent a safety problem. Other safety aspects of steam inleakage are 
discussed in Sec. 12.1.2.5. 
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Thermal bowing of blanket elements due to temperature gradients across 
them will have reactivity effect that is expected to be very small. 
However, this is strongly depe.ident on the mechanical design of the blanket 
and the radial rod orientation should provide no mechanism for rod bowing. 

12.1.2.4 Local Flow-Blockage Accidents 
Characteristics of Local Flow-Blockage Accidents. Local 

flow-blockage accidents initially involve only a small portion of a 
blanket. Potential causes for such accidents are localized blockage within 
a module or flow reduction in an entire module or module assembly. 
Depending on the failure mode and time sequence and the response of the 
protection system, serious damage either may or may not be prevented and the 
failure may or may not propagate. 

"Whole-blanket" accidents, initiated by overall loop flow reduction or 
reactivity insertions, are indicated by unambiguous signals that are readily 
detectable and can be used for initiating protective actions; local 
flow-blockage accidents, in which only a restricted area of a module is 
involved, are more difficult to detect with sufficient assurance to make a 
decision for reactor shutdown. However, when the signal indicating damage 
is weak, a fast protective action is presumably not required, whereas a 
large signal from sizable damage means that fast protective action is 
desirable. 

The objective in detecting a local blockage incident is to limit 
propagation of the damage. The sensitivity specifications for the 
protection systems can be defined with regard to an acceptable amount of 
damage. This maximum tolerable blanket damage may involve more than one 
fuel rod or module but it must not be so great as to involve extensive loss 
of blanket-cooling geometry. 

The occurrence of major coolant flow blockages caused by foreign matter 
is highly unlikely. The numerous parallel and rather tortuous coolant flow 
paths leading into each module would prevent large pieces of foreign matter 
from completely blocking a whole module. Additionally, it would be 
essentially impossible to totally block the annular flow entry area into 
each fuel rod bundle by any single piece of debris. 

Analysis of locrl flow-blockage accidents is hindered by the intrinsic 
difficulty that an actual sequence of events is unknown. There is a large 
range of potential local-flow-blockage-accident sequences. For example, 
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consider the consequences of a local flow blockage within a fuel element. 
Although the deposition of material of unknown origin on a rod spacer grid 
would, most probably, not completely block the coolant flow around adjacent 
rods, the assumption of only a partial flow reduction is diiiicult to 
justify. Therefore, from a safety standpoint, a complete local loss of 
coolant to the fuel rods involved may have to be postulated. Similar 
degrees of conservatism may have to be introduced when analyzing the 
propagation of a local fuel-rod failure to neighboring rods and across the 
wall into neighboring modules. 

A concern in a fuel melting accident is the possiblity of exothermic 
chemical reactions that could exacerbate the accident. The use of helium 
coolant precludes chemical reactions from that quarter. Chemical activity 
between U,Si, LiH, and steel was investigated. Even in the molten state 
no chemical reactions are expected. 

Partial Blockage Accidents. Partial fuel element flow blockage could 
potentially be caused by material being deposited on the fuel-rod spacers or 
support grid, or by fuel-rod swelling and thermal distortion. The 
consequent local undercooling could result in cladding failure and 
eventually in fuel-rod damage and relocation of f> el and cladding debris. 

Preliminary analysis shows a relatively large «nount of coolant flow 
reduction can be tolerated before the cladding fails. As an example, a flow 
reduction in excess of 70% is required in the GCFR plant in order to raise 
the maximum cladding temperature to the melting point. The U.Si fuel 
would melt but the cladding would retain the fuel rod geometry. 

Mechanisms that could potentially lead to the propagation of failure 
from fuel rod to fuel rod include: 

1. Relocation of fuel-rod debris in adjacent cooling channels and on 
spacers. 

2. Flow reduction through the entire module as a result of the locally 
increased flow resistance. 

3. Flow reduction through parts of module as a result of coolant 
bypassing through holes in the module walls as a result of a 
melt-through failure of the wall. 

4. Reactivity changes of the entire system caused by blanket material 
relocation, which may result in a power increase and therefore in an 
acceleration of the failure development. 
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Because of the complexity of the problem, a simplified model has been 
used to obtain lower-limit estimates of the periods of time involved for the 
propagation of failures from rod to rod. This model is based on the 
following assumption: 

After the coolant channels around a particular fuel rod have been 
blocked, the heat transfer between the rod and its surroundings is 
interrupted (no convective or radiation heat transfer). Therefore, the 
jatup of the rod is adiabatic. 

The adiabatic heatup of the fuel rod to the relocation temperature can 
be represented by: 

At c * { i ' 
P 

where AT * temperature increase to reach the relocation temperature. 
At - time to reach melting (s), 
c • mean volumetric specific heat of the fuel rod, 
Q = average full-power volumetric heat generation in the fuel. 

From Eq. (3) the time to reach melting of the U Si at full power amounts to 
A ATc 

Cladding melting would begin in about 4.0 seconds at full power. 
Propagation uf the failure to other channels is difficult to assess at 

this time. However, for reference, GCFR propagation times (element to 
element) are on the order of 10-70 seconds. Propagation times are expected 
to be larger in the MHR blanket due to the large amount of structural 
material between modules. 

It should be noted that because of the loss of structural material, 
there is less neutron scattering in the melted region. Thus the neutron 
spectrum is hardened, and, depending on the change in neutron leakage, there 
may be a local reactivity insertion. This means the multiplication factor 
is large and heat generation rates increase. This in turn promotes more 
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melting. Prompt detection of melting and reactor trip can limit the extent 
of fuel melting. During a localized fuel-melt transient it is expected that 
the blanket will remain far subcritical. 

Detection of Local Flow-blockage Accidents. Rapid detection of local 
failures is desirable in order to initiate protective actions that will 
limit the damage and reduce the contamination of the primary circuit. 

According to the present design, the following signals will indicate he 
occurrence of failures: 

• Blanket module coolant outlet temperature 
• Blanket-coolant-activity 
• Power level 
Whereas the coolant outlet temperature is a signal for an alarm, the 

coolant activity and the power level are signals that will cause a reactor 
trip after having exceeded preset operation limits. In the subsequent 
paragraphs, the response times of these signals are discussed with respect 
to the propagation time of local failures. A value of 15 seconds is used as 
a representative number for the minimum propagation time of a local failure 
to an adjacent module. 

a. The coolant outlet temperature of each 12-module assembly is 
monitored. This temperature would increase from che beginning of the 
accident, and, assuming a thermocouple response time of 1 to 2 seconds 
unambiguous signals might be expected after 2 to 3 seconds in the case of a 
major flow blockage accident, and thus before propagation of damage to 
adjacent module. In any circumstance, the thermocouples are intended as 
operational system devices and will not be included as part of the safety 
related plant protection system. 

b. In cases of cladding failures the fission gases would be 
transmitted by convective flow into the helium coolant. Instrumentation 
lines monitoring the activity will pick up increased activity or delayed 
neutrons. Estimates indicate that the system response time is less than 5 
seconds for detection of clad melting. This would allow shutdown of the 
reactor before the damge could propagate to adjacent modules. 

To detect the potential for fuel overheating, the power level (neutron 
flux level) in the blanket can be monitored. Due to the geometry of the 
blankets an accurate determination of local flux levels may be difficult. 
However, if this problem can be surmounted, the flux monitors should be able 
to detect an overpower problem in less than 20 seconds. 
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12.1.2.5 Secondary-Coolant-System Leakage. Leakage of water or steam 
from the secondary-coolant system can occur within the helium loop, outside 
of the helium loop but inside of the containment building, or outside of the 
containment building. Because of the positive pressure differential from 
steam to helium under all normal and accident conditions (except for the 
resuperheater — see Sec. 12.1.2.7), it is impossible for significant 
amounts of fission products to leak from the reactor coolant system into the 
secondary system. As such, failure of a water or steam line outside of the 
secondary containment is not considered to be a serious safety problem. 

Discussions of secondary-coolant leakage are divided into 1) steam and 
water leakage into the blanket coolant system and 2) steam-line breaks 
within the containment building. 

Leakage into the Reactor Coolant System. Steam in the reactor 
coolant system of a gas-cooled fast reactor with metal-clad fuel does not 
result in significant damage to the plant. No exothermic chemical reactions 
with reactor internals will occur. Any significant metal-water reaction 
requires temperatures much higher than that of the cladding. The 
circulators, steam generators, and auxiliary heat exchangers wjll be 
designed to operate satisfactorily with the higher coolant densities 
associated with steam-leak accidents. With continving steam or water 
addition to the blanket coolant system beyond what the helium purification 
system can remove, the system pressure will increase. The moisture 
detection system will detect the moisture in the leaking loop and the plant 
protection system will actuate reactor trip, isolate the loop, and dump the 
steam-generator inventory to the atmosphere. 

If there is no operator or protective action to control the leak, the 
blanket-coolant-system pressure would continue to increase until the safety 
valves would open and a steam-helium mixture would be blown into the 
containment building. Possible leakage sources of water or steam into the 
reactor coolant system are the steam generators, the auxiliary heat 
exchangers and, if water bearings are used, the circulator bearing-water 
supply. The auxiliary heat exchanger has a lower pressure and smaller tube 
sizes than do the steam generators, and it has a much smaller coolant 
inventory. Consequently, the water or steam flows due to possible ruptures 
in the auxiliary heat exchanger are less severe than those of the main steam 
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generators. Potential leakage of circulator bearing water could be 
prevented by a water seal and two helium seals between the water bearing -nd 
the reactor cavity. The seal leakage would be collected in the 
helium-water drain and discharged into a high pressure separator tank 
external to the circulator. Even if both buffer-helium supplies are 
unavailable and the jet pump of the helium-water drain system does not 
function properly, it is estimated that the maximum leakage of bearing wa'-er 
into the blanket coolant system could be limited to 1 kg/s. Since this 
leakage rate is considerably less than the maximum rate caused by a 
steam-generator failure, the leakage of circulator bearing water was not 
treated as a separate accident. 

Steam or water leakage from the steam generator into the helium can be 
caused by a steam-generator-tube rupture in either the economizer, 
evaporator, or superheater sections, or a break in a lead-in tube or a 
leal-out tube. The leak rates from a steam generator failure can be readily 
limited by orificing. It is a commonly used practice in both the HTGR and 
GCFR. The leak rate limits should be based on insuring that th2 helium 
coolant pressure relief valves do not open during a water ingress 
transient. Preliminary estimates indicate that ingress flows in excess of 
SO kg/s could be tolerated. 

It is estimated that the largest leak of secondary coolant into the 
blanket coolant system is caused by a rupture of a superheater leadout 
tube. This is considered to be a credible occurrence and, although a 
double-ended offset failure is very unlikely, it is taken into account in 
the design of the plant. The first protective action is initiated by the 
plant protection system upon detection of moisture. At a certain moisture 
level, the plant is tripped, and the loop identified to have the leak shut 
down. The circulator turbine is tripped, which in turn causes the helium 
valve to close, the leaking steam generator valves are closed, and the water 
inventory is released to the atmosphere. This procedure need not be very 
rapid. 

Loop moisture detection will be made highly reliable through the use of 
redundant sensors to minimize the possibility of faulty detection that could 
possibly lead to isolating and dumping the wrong loop. The automatic loop 
shutdown logic will prevent dumping more than one loop. If the loop dump 
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fails to work or if the wrong loop is dumped, the reactor would still be 
shut down. As a backup, high blanket-coolant-system pressure will cause a 
programmed load reduction at an intermediate high pressure and the reactor 
will be tripped at a higher system pressure. Upon reactor trip, the 
feedwater flow will decrease rapidly, and subsequently the leak flow into 
the helium system would be reduced. Another signal that will cause reactor 
trip because of a secondary system leakage is the blanket-coolant high 
moisture signal. 

The consequences of failure of the loop steam dump system to operate 
properly are not severe. As a consequence of the loop shutdown, the 
circulator of the leaking loop stops and the steam generator loses its heat 
load, since the isolation valve on the helium side closes. From then on, 
the steam leaking into the blanket coolant is produced by stored heat in the 
steam generator tubes and by flash boiling of saturated water. Analyses 
indicate that the amount of steam leaking into the reactor coolant system 
could be >500C kg, which is sufficient to cause the relief valve to open 
to relieve the pressure. About 10% of the helium inventory could be 
released into the containment building. The consequences of wrong loop 
moisture detection are similar. The wrong loop would be shut down and 
dumped by the plant protection system, but a high-moisture signal to the 
protection system would cause a reactor trip that would stop the normal flow 
of feedwater to the leaking loop, thus limiting the amount of water leaking 
into the blanket coolant system. Enough wate. would leak to cause the 
helium loop relief valve to open but only a small fraction of the 
reactor-coolant inventory would be released into the containment building. 
The analysis shows that a steam or water leak into the blanket-coolant 
system does not endanger the plant or any equipment. It is estimated that 
adequate time is available for the response of the plant protection system, 
with respect to the initiating event and the following transient. 

In the calculations of the superheater lead-out tube leakage, a rupture 
directly at the tubesheet was assumed, such that the break creates an ideal 
nozzle without any friction. The redundancy of the moisture detection 
system assures a proper response of the operational protection system. The 
time necessary for the dunp (25 seconds) and the linear decrease of the leak 
rate during dump used in the analysis are also considered conservative 
assumptions. Even in the case of the largest possible steam leak, a dump of 
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the steam generator inventory within about 50 seconds would prevent the 
discharge of reactor coolant into the secondary containment. The actual 
delay time of the moisture detection system i s expected to be between 10 and 
12 seconds. 

Secondary-Coolant Pipe Break within the Containment Building. A 
rupture of a secondary-coolant pipe in the containment w i l l cause the loss 
of one loop and a pressure rise in the containment atmosphere. The plant 
protection system wi l l in i t ia te an automatic loop shutdown and a programmed 
load reduction, but the leak wi l l not damage any plant equipment and 
consequently poses no radiological danger to the environment. 

Separate feedwater pipes penetrate the containment and supply tach 
steam generator with feedwater. The steam from the resuperheater out let 
flows so the main turbine through the steam l ines that penetrate the 
containment individually and are joined together in the turbine building. 

Any major steam leak within the containment could be detected by 
acoustic detectors, by loop resuperheater steam pressure, or by circulator 
speed signals in the affected loop. Low-main-feedwater-pressure and 
high-containment-pressure signals would actuate a reactor tr ip . A 
conservative assumption made in this study i s that the ful l feedwater flow 
of the plant i s discharged into the containment unti l the loop i s isolated 
or until the boiler feedpumps are shut down. Actually, the feedwater flow 
would drop rapidly due to flash boiling of the feedwater (at the saturation 
pressure) in the l ine and in the high-pressure heater. The control systam 
reduces the feedwater flow to zero after reactor tr ip . Reactor trip i s 
actuated by low-feedwater-pressure and by high-containment-pressure s ignals . 

For the GCFR plant an analysis was based on an i n i t i a l leak flow which 
was almost twice the total normal feedwater flow for the plant and about s ix 
times the normal flow through the ruptured pipe, which accounts also for the 
i n i t i a l transient after the pipe rupture. The leak rate was decreased 
linearly to zero within 20 seconds, which is a very conservative 
assumption. A total of 25,000 lb of feedwater with an enthalpy of 909 kJ/kg 
i s discharged into the containment, causing a pressure r i se of about 13 kEa 
and a temperature r ise of 6°C. Similar results could be expected for the 
HER. 

A failure of a high-pressure steam pipe upstream of the circulator 
turbine w i l l cause the largest possible steam leak into the containment. In 
this event, the steam-generator inventory is blown off rapidly and 
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subsequently a large fraction of the plant's feedwater flow will be 
discharged through the steam generator and the ruptured pipe into the 
containment. Since the circulator will lose its power supply, it will slow 
down very rapidly, the helium loop isolation valve will close, and the steam 
generator will lose its heat load. Consequently, the feedwater will not 
evaporate in the steam generator but will leak into the containment at its 
inlet enthalpy. 

At full power, the circulator turbine steam flow in the turbine nozzles 
would be almost choked out. This limits the largest leak of a single 
steam-line rupture downstream of the cit-ula :or turbine in the containment. 
If a steam-line rupture occurs after the circulator turbine, the amount of 
steam dumped into the containment is smaller than if a rupture occurs 
upstream of the turbine, yet the enthalpy of the steam may be higher. 

In event of a steam-line break, a signal from loop acoustic sensors, a 
low loop-resuperheater-steam pressure signal or a circulator overspeed 
signal could rapidly actuate the plant, protection system to isolate the 
affected loop and limit the steam leakage into the containment. High 
containment pressure provides an additional backup, causing reactor trip and 
containment isolation. 

Detailed analysis of the pressure and temperature histories of the 
containment after different steam-line ruptures could not be assessed here. 
However, preliminary analysis indicates that the pressure and temperature 
rises caused by any secondary-coolant leak are smaller than the design 
containment pressure and temperature, based on a depressurization accident. 

12.1.2.6 Fuel-Handling Accidents. The design of the fuel-handling 
equipment and fuel storage system will make the occurrence of a serious 
fuel-handling accident an unlikely event. 

Continuous and uninterrupted cooling of irradiated blanket modules 
during fuel-handling operations is essential. For this reason, each 
fuel-handling machine or set of machines that handles an irradiated blanket 
itiodule will have two independent cooling systems operating while handling 
that module. (These systems can be in the form of direct air, helium, or 
water cooling.) When the module is transferred from one machine or set of 
machines to another, both independent cooling systems of the machine or set 
of machines receiving the module will be in operation and providing cooling 
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before the operation of the cooling systems of the machine or set of 
machines delivering the module is terminated. At no time during the module 
handling cycle will cooling be impaired to the point that the handling 
motions could not be terminated and the module remain safety cooled. 

Due to the conceptual stage or the design for the MHR, adequate 
assessment of fuel handling accidents could not be made. The potential for 
dropping modules in tha containment or during handling should be assessed in 
future studies. Also the potential for and consequences of cooling system 
failure or interruption should be determined. 

12.1.2.7 Reactor-Coolant Leakage. The primary hazard associated with 
reactor-coolant leakage is the radiological exposure from the coolant-borne 
tritium and fission products that leak out with the coolant. The 
radiological aspects of this are discussed in Sec. 12.1.2.9. 

The MHR blanket coolant system is similar to that of the GCFR in that 
it uses high-pressure helium. The only system extensions outside the PCRV 
are small-diameter sample, instrument, and purge lines. In addition to 
having a small diameter, these lines are provided with shutoff and backflow 
check valves wherever necessary to prevent significant coolant leakage in 
the event of a break. Consequently, the only significant areas of potential 
accidental blanket-coolant leakage are in the FCRV penetrations, these being 
closed by welded seals and held in place by redundant fastenings tied into 
the PCRV structure. The welded seals are backed up by flow-restricting 
devices. Cracks in the PCRV liner could allow leakage, but such cracks are 
unlikely because of the design of the liner. Further, the leakage would be 
much smaller and slower than that through a penetration failure because the 
flow path would be through the porous concrete. 

As indicated above most blanket coolant leaks are slow. They would 
arise primarily from failures of small piping. The sizes of the small lines 
have not been fixed; however, they are expected to be on the same order as 
those used in the 330 MWe HTGR built for Public Service Company of Colorado 
at Fort St. Vrain. The study conducted for the Fort St. Vrain HTGR 
indicated that the largest credible leak would be due to a failure involving 
the helium-purification-system lines. In the GCFR and in the HTGR, the 
potential leak rates are small, i.e., 1.6 kg/s (Refs. 5, 6, and 7). The 
MHR, with either a sealed or separately purged LiH tritium breeding zone, 
should have about the same size helium purification system and thus the same 
size potential leak. 
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The flow rates can be reduced by orif icing at the tap-off points in the 
main dusts, by going to smaller diameter piping or by incorporating fast 
valving in the system to l imit the leak after i t occurs. In other words, 
there are several available methods to reduce the potential leak rates at 
any location to acceptable l eve l s . 

I t should also be noted that a l l the radioactivity-bearing portions of 
the helium purification system can be contained within the containment 
building. This implies there can be no direct release to the public in case 
of a failure and, therefore, that some latitude in design approach i s 
available. 

The operating steam pressure of the resuperheater i s l e s s than the 
operating pressure of the secondary loop helium. Therefore, any 
resuperheater fai 1.ure results in f ission products from the helium coolant 
entering the steam system. Once in the steam system, the f iss ion products 
can be released to the public via the turbine gland seals or air ejectors . 

7 
This accident has a precedence in the HTGR reheater. Analysis has 

been shown that in the HTGR, a reheater failure does not cause undue risk to 
the public. The same should be true of a resuperheater failure in the MHR. 

A resuperheater failure can easi ly be detected by radioactivity 
monitors at the outlet l ines of the resuperheater. Isolation valves could 
then stop the release of helium to the secondary system before s ignif icant 
radioactive contamination occurs. 

12.1.2.8 PCRV Failure 
Incredibility of Gross PCRV Failure. The PCRV i s a multicavity 

design, with prestressing accomplished by means of linear s tee l tendons in 
the axial direction and bands of external wire wrapping in the 
circumferential direction. Since the PCRV i s a highly redundant structural 
system with conventional s t ee l reinforcement as well as prestressing s t e e l , 
the only failure modes that could lead to structural failure are those 
associated with multiple simultaneous independent fa i lures . These types of 
failure modes, because of the PCRV design and construction practices and the 
testing and monitoring provisions, have an extremely low probability of 
occurrence and are therefore not considered as design-basis events for the 
MHR. 

Large amounts of prestressing force could be los t around the vessel 
before the remaining prestress force would not balance the reactor-coolant-
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system working pressure. For example, each circumferential prestressing 
band consists of multiple, individually anchored layers of wire winding, 
which are designed so that failure of a layer in each circumferential 
prestressing band would not cause loss of vessel integrity . The nature and 
amount of reserve strength available in a PCRV has been demonstrated by 
analysis and experimental development for the Fort St . Vrain vesse l . The 
PCRV design and operation are discussed in Sec. 8 .1 . 

Hot gas leaking through the liner would have l i t t l e effect on the 
stress-strain properties of the PCRV s t e e l members and reinforcing bars. 
These members are widely dispersed, and small reactor coolant helium leaks 
are cooled by the surrounding colder concrete and liner cooling tubes. 
Helium flows suff ic ient ly large to cause general increases in concrete and 
steel-member temperatures could only occur in the event of a complete crack 
of the reactor cavity liner and adjacent concrete at above normal reactor 
working pressure. Such flow rates would quickly terminate due to 
depressurization of the reactor coolant system. Local temperature increases 
of s t ee l members would be l e s s than 50 F, as shown for Fort St. Vrain 
experiments. Band-type circumferential prestressing i s even further removed 
from the heating effects of gas leaks. In addition, the vert ical tendons 
are contained in s tee l ducts and the circumferential bands are located in 
s tee l - l ined troughs, which provide protection from direct gas impingement. 

Because of the design of the reactor system and the system of safety 
re l ie f valves, the PCRV internal pressure is prevented from exceeding the 
maximum cavity pressure (MCP) during accident conditions. If a total 
circumferential central cavity liner crack were to occur at MCP, the 
prestressed concrete and reinforcing s tee l in the PCRV would preclude loss 
of structural integrity. 

Each major PCRV penetration contains a penetration closure that 
incorporates a flow restrictor. The flow restrictors are designed to 
withstand the s ta t i c and dynamic forces occurring after a hypothetical 
penetration-closure seal fai lure. A complete penetration assembly i s 
redundantly retained by the penetration liner and the penetration liner 
shear anchors. 

fa i lure of PCRV Penetration Closures. Failure of the basic PCRV 
structure or the concrete plugs i s not considered to be possible. The most 
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severe postulated accident is failure of the primary holddown means for the 
major penetration closures and the resultant gross failure of the seal 
welds. The most severe of these cases is discussed in Sec. 12.1.2.9. 

The PCRV is designed so that in the event of a hypothetical gross 
failure of the primary holddown means and welded closure seal of any large 
concentration closure, the closure is secured by a secondary structural 
means and the reactor-coolant flow through that penetration is limited to a 

2 maximum of 300 cm , which is a current GCFR design value. This is 
accomplished by the inclusion of a seal-ring type of flow restrictor in each 

2 penetration closure that limits the free-flow area to less than 300 cm . 
Failure of a Module Pressure Shell. The complete blow-out of a 

2 blanket module would expose a depressurization flow area of about 160 cm 
for helium flow from the hot and cold helium ducts into the vacuum chamber. 
Although verifying design work has not been done, it is expected that the 
upper leakage fan beam stop and lower leakage fan direct converter could 
adequately contain the helium in the event of a module failure. Thus, 
primary coolant would not enter the secondary containment. 

12.1.2.9 Design-basis Accident 
Introduction. A preliminary consideration of the design-basis 

accident (DBA) for the HHR is discussed here. The DBA as defined here is 
initiated by a hypothetical sudden, complete failure of the largest PCRV 
closure seal so that the reactor coolant system is depressurized into the 
secondary containment. 

The DBA is postulated for analysis of the engineered safeguards 
capability; however, the DBA is not considered credible because of the 
special design features incorporated in the PCRV closures, as noted earlier. 

Sequence of Events of Design-basis Accident. The DBA is postulated 
to start with the nonmechanistic gross failure of the primary holddown 
toggles and seal weld of a cavity closure or of a steam-generator 
penetration closure. It is assumed that the reactor coolant depressurizes 
into the secondary containment through an opening of the size limited by the 

2 flow restrictor (300 cm ). 
The plant protection system receives a signal of low reactor-coolant 

pressure and initiates reactor trip. 
Rising pressure in the containment building caused by the leaking 

reactor coolant causes containment isolation and starts the containment-
atmosphere cleanup system. 
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In the early part of the accident (first few seconds), the control 
system and the plant respond in a manner similar to that in a pressurized 
trip. The feedwater flow from the main boiler feed pumps stops shortly 
after the turbine stop valve closes. Steam to drive the main circulators 
and circulator bearing-water pumps continues to be provided by the stee.m 
generator of each loop. Low-capacity shutdown boiler feed pumps, each 
supplied with power from an essential bus. are started 60 seconds after 
reactor trip, and feedwater flow to each steam generator is resumed. As the 
reactor-coolant pressure decays, the control system provides the required 
increase in circulator power to maintain adequate helium circulation. 

Several seconds after the start of the accident, the reactor coolant 
system will have reached pressure equilibrium with the pressure in the 
containment building. After several more minutes, the reactor temperatures 
reach a quasi-steady-state decay-heat-removal condition. During this 
period, temperatures rise to maxima and then slowly decrease. 

After the plant shutdown period, which lasts for approximately one-half 
hour, the decay-heat-removal phase is initiated in a manner similar to that 
following any reactor trip. The procedures are discussed in Sec. 12.1.2.2. 

During depressurization of the reactor coolant system, the containment 
atmosphere increases in temperature and pressure. Because of the energy 
content of the reactor coolant, the containment pressure will rise rapidly 
from atmospheric to a peak and then fall to the equilibrium backpressure 
(estimated to be within approximately 20 minutes). Concurrently, the 
containment temperatures increase and then decay to their initial values. 

The source of activity available for release to the containment 
building is the blanket-coolant fission-product inventory, which is 
primarily due to fission products released from blanket elements that may be 
defective at the time of the DBA. The containment-atmosphere cleanup system 
will remove activity from the containment building and rapidly reduce the 
amount available for leakage to the environment. 

The analysis assumes that the steam generator loop in which the 
depressurization occurs is isolated at the beginning of the accident so that 
only the remaining loops are available for cooling. Automatic loop shutdown 
of the loop with the closure failure is initiated. The remaining main loops 
provide circulation for core cooling through the shutdown cooling phase. 
Transfer to the decay-heat-removal phase is again similar to that following 
any reactor trip. 
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Plant Performance Following Depressurization. The plant design 
includes many features that contribute to the overall r e l i a b i l i t y and the 
assurance of ef fect ive blanket cooling following a DBA. Either of the two 
independent main loop reactor cooling systems i s capable of providing th i s 
shutdown cooling. Each reactor cooling system i s designed to retain 
functional cooling capability during and after operating basis and safe 
shutdown earthquakes, the loss of o f f - s i t e power, and single equipment 
fa i lures . 

Analysis 3hows that the MHR plant has the capability to safely cool the 
blanket after a blanket-coolant depressurization accident where no blanket 
cooling is performed with the loop in which the failure occurs. After this 
accident, the reactor can be safely cooled even after a failure that 
terminates the cooling capability of the remaining main steam generator 
loops (worst single fa i lure) . Upon receipt of a loop trouble signal caused 
by the total termination of cooling in one of the remaining three steam 
generator loops (a low-reactor-coolant-pressure signal has been previously 
received), blanket cooling can continue with the remaining two loops or, i f 
required, the transfer of cooling to the auxiliary cooling loops can be 
started. 

The design of the main cooling loops i s such that the loss of 
e l ec tr ica l power does not have a major effect on the use of these loops for 
shutdown cooling. The loss of o f f - s i t e power might cause a delay in 
restoration of feedwater flow to the steam generators by the shutdown boiler 
feed pumps or an interruption following startup. However, analyses have 
shown that the water inventory in the steam generators i s ample to cover a 
considerable delay in the startup or interruption in operation of the 
shutdown boiler feed pumps. 

The auxiliary cooling system is driven by e l ec tr i ca l power, but i t i s 
designed to provide adequate performance with the loss of o f f - s i t e power. 
The emergency generators and the emergency power system wi l l be designed so 
that the failure of o f f - s i t e power and the transfer to the emergency d iese l 
generators wi l l not cause c r i t i c a l temperatures to exceed specified l imi t s . 

Both the main and the auxiliary cooling systems can provide adequate 
shutdown cooling after a safe shutdown earthquake. All equipment in the 
auxiliary cooling system i s Class I and, therefore, the entire system 
remains available for operation after a DBA with a concurrent safe shutdown 
earthquake. 
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The parts of the main cooling system that are not seismic Class I or do 
not have Class I capability are in the secondary coolant system. If all 
nonseismic equipment is lost, the normal steam system is not available to 
receive the steam exhausted by the circulator turbine; this steam is 
therefore exhausted to the atmosphere outside the containment building. All 
steam piping in the containment is Class I. If the normal feedwater supply 
is not available because of the loss of the heat sink or because of a break 
in the nonseismic equipment of the feedwater system, the Class I emergency 
water system will supply water. 

The containment-atmosphere cleanup system is Class I. The system 
contains multiple units to circulate and clean up the containment atmosphere 
after a DBA. Should any one unit fail to start or to perform properly, 
sufficient capacity is available in the other units. Each unit is powered 
from a separate essential power bus. Loss of off-site power at any time 
when this equipment is required would delay the operation of the equipment 
for a short period (less than 2 minutes) to permit the transfer to emergency 
power. The containment-atmosphere cleanup system is an engineered safety 
feature and has a high priority among equipment that receives emergency 
power. To show margin in the design of the containment and the containment-
atmosphere cleanup system, a hypothetical accident involving the release of 

Q 
fission products associated with a TID-14844 accident needs to be 
analyzed. Also the effects of hot helium jets on other systems in the 
containment need to be analyzed. These analyses could not be attempted 
during this study. 

Blanket-coolant-system Response. The blanket-coolant-system response 
during a depressurization accident demands on the size of the leak that 
occurs. The response also depends on the location of the leak, because for 
some locations the flow associated with the leak tends to help the coolant, 
whereas for others the tendency is the opposite. Also, for a given size of 
leak area, the rate of depressurization is affected by leak location because 
of the temperature of the leaking gas and the resistances of the paths 
between the various system plenums and the leak. After depressurization is 
complete, the system reaches a quasi-steady-state condition in which reactor 
temperatures are determined by the decay-heat level, the coolant flow rate, 
and the reactor coolant inlet temperature. The coolant inlet temperature is 
directly related to the temperature of the feedwater entering the steam 
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generators. Furthermore, the response of the system to accidents compounded 
by failure of system components is also of importance. In the present 
context, only the worst single failure-loss of the remaining main loop was 
considered. 

In the depressurization accident studies, the reactor is tripped by a 
low-pressure signal when the helium pressure drops significantly below its 
normal operating value. The reactor trip signal also trips the main turbine 
and changes the system control from the normal operation mode to the 
shutdown mode. In the shutdown mode, the steam flow bypasses the 
resuperheater section of the steam generator and the control is of steam 
flow through each of the two circulator turbines and of feedwater flow to 
each steam generator. This control is initially identical to that following 
any reactor trip, which is described in Sec. 12.1.2.2. The feedwater flow 
in each loop was ramped to zero as extraction steam decreases following 
turbine trip. It remains at zero until approximately 60 seconds and then is 
maintained at 2% of full-load flow for the remainder of the transient. The 
circulator turbine steam flow is reduced to a level compatible with the 
decay heat being generated. 

The circulator turbine steam flow is reduced further as depressuriza
tion becomes complete, and held constant at a minimum value for about 10 
minutes after which it is gradually reduced so as to maintain the reactor 
outlet temperature below 530 C. 

Preliminary analysis shows that the steam-generator inventory stays at 
a satisfactory level. During the transient, each circulator speed initially 
increases after the turbine trip, then falls rapidly to correspond to the 
blanket power after the reactor trip, and then accelerates and levels off as 
the coolant pressure comes to equilibrium and air enters the system. Steam 
conditions for the circulator turbines is estimated to remain satisfactory 
throughout the initial 30 mintues. 

For arbitrary, but reasonable, control of circulator steam and 
feedwater flows, preliminary estimates show that during depressurization and 
approach to a quasi-steady-state decay-heat-removal condition, metal 
temperatures are well below damage limits. 

Approximately one-half hour after the depressurization is sensed, the 
cooling system is transferred from the shutdown phase to the decay-heat-
removal phase; the auxiliary boilers will supply steam to drive the 
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circulators and the steam leaving the steam generators will be bypassed to 
the condenser. The latter phase of shutdown cooling and the decay-heat-
removal phase will be very similar to that following any reactor trip, as 
discussed in Sec. 12.1.2.2. The electrically powered auxiliary cooling 
loops remain in standby condition as a backup cooling system. 

Containment-iuilding Response. The results of the depressurization 
accident studies discussed above should be used to evaluate the pressure and 
temperature response within the containment building during a depres
surization accident. The calculated helium temperature and leak rate into 
the containment would be used as input for a code such as CONTEMPT which 
performs detailed mass and energy balances within the containment and 
accounts for energy removed from the containment atmosphere by heat transfer 
to internal structures (walls, floors, ducting, and equipment). 

The pressure and temperature within the containment building during a 
design-basis accident could approach 200 kPa and 150 C. This implies the 
containment must be designed to accommodate these pressures and remain 
leaktight. Industrial experience indicated that in general the seismic and 
missile design requirement for the containment building automatically make 
it capable of withstanding this moderate peak pressure. 

The large mass of the containment building will not be significantly 
affected by the transient temperatures in the containment. However, future 
analysis should consider the effect of these tempertures on fusion-related 
equipment in the containment, e.g., cryogenic flasks or superconducting 
magnets. 

Radiological Evaluation. As has been shown in the light water 
reactor (LHR) industry, the mechanisms for clad-fuel interactions are not 
clearly understood. Because of this uncertainty in long term clad behavior, 
it is generally assumed for design purposes that 1% of the clad is 
defective. This is consistent with both LWR and GCSR practice. 

Given the excellent retentive properties of U Si fuel, the fission 
products which leak out from the 1% defective fuel will still result in 
substantial "plate-out" on the internal surfaces of the helium loop. This 
plateout is estimated to be J"1C Ci/quadrant. During a depressurization 
accident, significant amounts of the plate-out will be lifted off and blown 
into the containment building. Also, the fission product release from the 
fuel will lead to a steady state circulating radioactivity level in the 

496 



helium coolant amounting to 10 Ci/quadrant. It is expected that the 
coolant tritium activity will be about the same level. It would have to be 
assumed that this will all be released in a depressurization accident. 
Because tritium is much less radiologically toxic than fission products, the 
tritium does not contribute significantly to the hazard potential of a 
depressurization accident. 

The problems of having the circulating fission products routinely flow 
to the helium purification/tritium recovery systems and building up 
inventories in these systems should be addressed in future studies. If 
necessary these problems can be reduced by continually venting the fuel to 
the rad-waste system in a manner similar to that used in GCER's Pressure 

5 Equalization System (PES). 
2 The circulating activity in the HTGR is 10 times larger than that of 

the MHR. Analysis has shown that releasing these fission products to the 
containment building does not endanger public health. Other analysis has 
shown that, even if all the circulating activity in the HTGR were released 
directly to the atmosphere the off-site doses would be well within 10CFR100 

11 12 
guidelines. Because the HHR circulating inventory is much less than 
the HTGR inventory, it can be assumed that the release of the circulating 
inventory alone is not a significant problem. 

The effects of releasing the fission products in the fuel with 
defective clad or the release of plutonium due to fuel melting is of much 
greater significance. In Ref. 3, it was shown that the release of fission 
products from fuel with defective cladding during a depressurization 
accident resulted in a maximum off-site dose of less than 0.5 rem. A 
similar dose should result from an HHR depressurization accident. Under all 
circumstances this dose is acceptable under the regulations of 10CFR100. 

In both the GCFR and HHR analysis, it is assumed the blanket cooling 
systems can keep blanket temperatures below the fuel melting point. 
Therefore, no plutonium is released to the containment. In the analysis of 
the GCFR, the NRC postulated that a portion of the core did melt during a 
hypothetical depressurization accident; 100 kg of plutonium in the form of 
an aerosol was released to the containment. The results of site doses were 
calculated to exceed 10 J rem. Consequently, in the HHR it is of paramount 
importance to insure the adequate cooling of the blanket at all tines so 
that blanket meltdown is not a credible event. 
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Preliminary assessment indicates that the continued cooling of the 
blanket can be provided with the same high reliability of the GCFR cooling 
system. This assures that the potential for plutonium release is adequately 
minimized. Given this fact, it appears that all accidents in the MHR will, 
at most, have a consequence comparable to those experienced in an HTGR or 
GCFR for a similar accident. Therefore, the MHR can be designed is such a 
manner that the health and safety of the public are insured. 

12.1.2.1C Safety Conclusions and Recommendations. A preliminary 
assessment of the MHR blanket and power conversion system indicates that an 
adequately safe design is technically feasible. However, considerably more 
analysis than that described here will have to be performed if an optimized 
and readily licensable design is to be developed. 

To point the direction toward a design that is optimum from a safety 
and economic point of view, there are several areas that should be studied: 

1. The potential for and effects of reactivity insertions and fuel 
melting with the release of plutonium aerosols and the potential for 
criticality occurring during a major blanket meltdown should be evaluated. 
It is anticipated that studies will show there can never by a criticality 
accident in the MHR despite large-scale fuel melting. This is based on the 
expectation that only low concentrations of plutonium will be present in the 
blanket. 

2. Depressurization accident design criteria should be developed, e.g. 
hole size, flow limiter design/feasibility, and induced forces on critical 
components. 

3. The effects of fission products and plate-out in the helium 
purification and tritium recovery system due to clad defects should be 
estimated. Inservice inspection and maintenance could be significantly 
affected. The cost/benefits of vented fuel should be considered. 

4. The potential for and consequences of accidents during fuel handling 
should be properly assessed so that appropriate design changes can minimize 
any radiological risks. 

5. During any major accident there is a possibility for the 
fusion-related equipment to interact with the blanket-related equipment 
synergistically to produce a more severe accident. This potential problem 
should be investigated. 
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6. Possible occurrence of flow maldistribution in the primary circuit 
following a failure or accident should be investigated. This could prevent 
adequate blanket cooling even after the plant shuts down. This problem is 
highly dependent en the blanket design and should be evaluated in depth. If 
found necessary, flow maldistribution could be adequately limited by 
suitably modifying inlet and outlet ducts to each module or by insuring that 
the degree of flow maldistribution generated due to a failure is limited to 
a small fraction of the blanket cooling flow. 

7. The potential for and design requirements of using the vacuum 
chamber as an extension of the primary coolant boundary in the event of a 
module failure should be investigated. It is possible that this may reduce 
the safety requirements imposed upon the module design. The impact on the 
direct converter and beam stop must be determined, however. 
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12.2 Safety and Environmental Effects 

12.2.1 Introduction 

In the evaluation of safety and environmental effects of hybrid 
fusion-fission power systems, as well as in other advanced technologies, 
comparative assessment is necessary because absolute standards do not 
exist. This comparison can be made with government regulations for existing 
technologies, directly with other advanced energy systenn, or with other 
technological systems with acceptable public risk. 

As an example, it has been argued that because of government regulatory 
agencies, any system that will be permitted to be built will be safe (by 
currently acceptable standards). Since existing government regulations 
may not apply to future technologies, comparisons with other advanced 

14 technologies or competitive technologies may be necessary. Holdren 
argues that appropriate yardsticks are necessary and that these yardsticks 
depend on the mission of the system under consideration. Application of 
this concept to the fusion-fission hybrid presented in this study requires 
that "in the fuel-production role, the comparison is with mining and 

14 enrichment or with pure-fission breeders". 
Although such reasoning is attractive because it effectively focuses 

attention on some aspect of the fuel cycle, it may also be overly simplistic 
because a change in one aspect of the fuel cycle may have serious 
consequences in another, or may even have synergistic effects. 

As proposed in this study, a fusion-fission hybrid may have the 
potential of supplying plutonium (Pu) for approximately five light water 

235 reactors (LWR's). The LHR fuel cycle, based on uranium ( U) fuel 
(without Pu recycle), can be thought of as having some "measure of risk," 
with respect to public health and safety. This measure of risk includes 
mining and enrichment, as well as the LWR power plant risk, such as that 
'calculated in Ref. 15. The switch to an LHR based on the Pu fuel cycle will 
have a different measure of risk, because the individual risk of each 
component may change, including the power plant itself. For example, fuel 
production in a fissile-producing hybrid may require more geographic 
isolation for insured public safety; yet this same consideration may lead to 
an increase in transportation risks via vulnerability to theft. 

500 



Another argument for examination of the total fuel cycle is as 
follows. It may be that high-temperature gas-cooled reactors (H'JGR's), 

233 based on the thorium-uranium (Th- U) fuel cycle, have a safety and 
environmental advantage over LWR's. One may be willing to accept an 
increased risk in fuel production for a fusion-fission hybrid-producing 
233 

0, if the effect on the total fuel cycle is to increase safety (or 
decrease the total risk of energy production). 

Synergistic effects may also be overlooked when examining only one 
aspect of the fuel cycle. The proposed fusion-fission hybrid presented in 
this design can potentially supply 5 LWR's with fissile fuel, while a 
comparative liquid metal fast breeder reactor (LMFBR) may only produce fuel 
during its life for two or three other LMFBR's. An accident in a hybrid, 
which in itself does not constitute an insult to public health and safety, 
but effectively eliminates that plant, may also leave those five LWR's with 
a short fuel supply. If one accepts the notion that the absence of 

16 17 generating capacity is also a public health risk, ' then the risk due 
to the lack of hybrid-produced fuel may be appreciable. 

Before closing this general discussion, two further points should be 
made. The first is that public acceptance of a new technology, with respect 
to perceived risk, will become increasingly difficult. The public, and 
hence government regulatory agencies, will require more stringent 18 19 regulations, whether or not real or apparent risks are present. ' 
Second, before an assessment of a particular energy system (total fuel 
cycle) can be made, its various components must be analyzed. The remainder 
of this section, then, deals with one component of an LWR fuel cycle: the 
possible production of fissile fuel in a fusion-fission hybrid device. In 
particular, emphasis will be placed on tritium, fission products, and 
actinide elements. In principle, questions relating to first-wall ..iduced 
activity would be the same as those for a pure fusion device. 
12.2.2 Potential Hazards and Safety 

12.2.2.1 Introduction. The first step in addressing the potential for 
risk of most energy-producing systems is to determine the type and quantity 
of each hazardous material present in the system. Once this has been 
accomplished, questions regarding their potential for release can be 
addressed. In a pure fusion power reactor, potentially hazardous materials 
have been identified as tritiua, induced radioactive material (structure and 
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corrosion products), and nonradioactive, but toxic, material that occurs in 
20 21 

large quantities. ' For pure fission power reactors, the potential 
hazards include the actinide elements, radioactive fission products, and 
radioactive corrosion products. The relative importance of the 
actinides vs the fission products depends upon both the stage of the fuel 

22 cycle considered and the type of system (LHR or LMFBR). 
For a fusion-fission hybrid system, it appears that initial 

consideration, at least, should be made for all of these. Such a judgment 
is based on several considerations. First, the hybrid design considered 
here is based on the deuterium-tritium-lithium fuel cycle (D-T-Li). Since 
tritium is limited to production in nature by cosmic ray bombardment, it 
must be bred in the blanket via absorption of neutrons produced by the D-T 
reaction. Second, these neutrons also induce radioactivity in the first 
wall via (n,Y) and (n,2n) reactions and cause fission and/or transmutation 
in the actinides (uranium, thorium and plutonium), which are also in the 
blanket. 

The fusion-fission design presented here has several design goals. 
Three of these are: (1) to produce enough tritium to sustain the fusion 
reactions of D-T during the life of the plant; (2) to produce fissile fuel 238 (Plutonium) for several (about five) LWR'a by neutron capture in U; and 

238 (3) to produce at least enough energy (via primarily fast fission in U) 
to sustain the plant. 

12.2.2.2 Tritium. The first goal, that of producing tritium for 
sustaining the D-T reaction, requires that there be a significant amount of 
tritium on Bite. Various design options exist and these in turn will 
determine potential tritium inventories as well as the potential for tritium 
release. The two main design options considered for this system (and which 
will face future designers) are to continually recover the tritium bred in 
the blanket, or to allow the tritium to build up in the blanket and only 
recover at long intervals when the bred-fissile fuel is recovered. 

These two design options have different implications for safety. In 
the first option, (continual recovery), there will be less tritium in the 
blanket at any given time, but it will be continuously handled. In 
addition, greater quantities of tritium will be found throughout the plant 
at all times during life. Attributable to such a design is the possibility 
of having minor accidents with relatively high frequency of occurrence. 
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Using the typical frequency-consequence diagram, this type of design 
would tend to yield points in the low-consequence high-frequency portion of 
the risk curve. 

The second option, that of allowing the tritium bred in the blanket to 
continue to build up, reduces the amount of tritium handled during normal 
operation and consequently can eliminate many potential high-frequency 
low-consequence events. In addition, the amount of tritium found throughout 
the plant will be less. On the other hand, the amount of tritium that could 
be released in a blanket or fuel handling accident increases considerably. 
These accidents would have a much lower frequency of occurrence, but would 
result in a higher consequence event. In addition, a large supply of 
tritium external to the blanket will also be necessary and thus must be 
accounted for. 

If safety were the only criterion for determining which design option 
to follow, several considerations could be made. First, one could compare 
the total risk of each approach (summing or integrating over the 
consequence-frequency curve) and make the determination on that basis 
alone, inherent limitations in this approach, and at this time, are a lack 
of sufficient design data to achieve accurate points, lack of knowledge of 

'•' 23 
all potential accidents, and lack of acceptable risk criteria. Second, 
if blanket accidents were of concern, one could compare the tritium in 
either option to the potential fission-related hazard to determine whether 

24 
or not it adds significantly. This point will be addressed in a later 
section. 

For the design presented here, the option of retaining the bred tritium 
in the blanket until the fissile inventory is changed is adopted. This 
approach is taken for two reasons. Consistent with the goals of these 
preliminary reactor designs, this option, which has not been used before, 
will permit an examination of the potential safety, economic, design, and 
technological problems. Second, some gain in safety is considered to occur 
with hold-up of tritium, although no data and little experience exist to 
verify this consideration. 

Using this mode of operation it is anticipated that 10 8 ci/GW year 
will be permitted to accumulate in the blanket. 
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12.2.2.3 Fission Products and Actinides. The second and third goals, 
to produce plutonium by neutron absorption in depleted uranium and to use 
fission to produce a net energy (electricity) gain, lead to the actinide and 
fission product hazards. 

There are basically two fissile fuel production schemes. These are the 
thorium-uranium scheme: 

and the uranium-plutonium scheme: 

The design option chosen here is the uranium-plutonium scheme. Since the 
plutonium is not taken out of the blanket iimediately after production, some 
of it will fission and some of it will be transmuted to higher isotopes via 
n,y reactions. These higher isotopes include americium (Am), ~>t which the 

Oin OAT Of> 

particular isotopes Am and Am are of biological concern. 
Although the major hazard with respect to the actinides is the plutonium, 
some work is necessary to determine the quantities of the higher elements. 
For the thorium-uranium cycle, these higher actinides would only appear if 233 the U were left for very long times in the blanket. From this point of 
view, there would appear to be less of a hazard for the Th-U blanket because 
of the lack of the higher actinide elements. However, there may be a 

232 
problem with the buildup of U which has a long decay chain of alpha 
emitters. 

Regardless of the fuel scheme chosen, fission will take place in the 
blanket. Typical power densities considered (250-500 W/cc) are similar to 
power densities in LWR's. Hence, the fission product inventories in the 
fusion-fission hybrid blanket will be comparable to those in pure fission 
devices per unit of energy produced. There is one difference, however. In 
the hybrid blanket, fission is caused by both 14-MeV neutrons coming from 
the plasma and by neutrons with energies below 2 MeV born in fission. 
Approximately half the fission products are due to each source of neutron. 

26 As is well known, fission product yield curves are sensitive to neutron 
energy. In particular, this difference is accentuated for fission products 
pairs of nearly equal atomic weight (i.e., the two characteristic fission 
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product yield bumps tend to smooth out). For many of the fission products 
of concern there is little change. However, ruthenium-106 is an 

26 
exception. This yield may be an order of magnitude larger for fast 
fission (14-MeV neutron-induced) than for slow fission (less than 2-MeV 
induced). 

In summary, then, major hazard potential due to fission and/or 
transmutation is the result of the fission products and the actinide 
elements that build up. At present, detailed calculations of the quantities 
of these hazards are lacking. 

12.2.2.4 Other Radioactive and Non-Radioactive Hazardous Material. 2Q 21 Studies of pure fusion devices ' have indicated that the large 
inventories of such materials as mercury, lead, beryllium, chromium, sodium, 
and copper constitute potential hazards. In the absence of detailed design 
data, it is difficult to quantify their potential hazard. It is even more 
difficult to determine potential ways of making these urually solid 
materials mobile, and releasing them to the environment. The primary 
radioactive hazards other than tritium, fission products, and actinide 
elements are found primarily in the blanket structure and result from 
various neutron reactions. This potential hazard will, in all probability, 
be the same as that for a pure fusion device. For these reasons, only the 
tritium, radioactive fission products, and actinides will be considered in 
this context. 
12.23 Potential Accidents and Safety 

12.2.3.1 Introduction. Once the type, quantity, and location of 
material in a power plant is known, the safety or risk considerations can 
focus on two questions: 1) are there mechanisms for making these materials 
mobile? and 2) are there mechanisms for breaching containment so they can be 
released to the environment? For pure fusion reactors of the Tokamak type, 
with lithium cooling, studies have indicated that the chemical energy 
released during lithium-concrete, lithium-water, and lithium-air 
interactions can serve as a source of energy for volatilizing radioactive 
structural material and the released energy from the cryogenic coolant 

20 system can overpressurize and breach containment. Other potential 
sources may be plasma-induced, magnet-induced, and site-induced (e.g., 

20 earthquakes). 
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The following discussion will focus on safety issues that pertain 
mainly to the fusion-fission hybrid blanket, although there may be some 
overlap with the rest of the system. In particular, two major situations 
will be addressed: 1) undercooling — including loss of flow or loss or 
coolant (depressurization) and 2) overpower — including increase of plasma 
neutron source and reactivity additions to the blanket. Other potential 
accidents, such as flow blockages, fuel handling, etc., will be briefly 
discussed. 

12.2.3.2 Undercooling Accidents. The primary consideration in this 
type of accident is the removal of decay heat. Although it is possible 
to envision a situation where there is a loss of cooling ability (due to 
pump failure or depressurization) without shutdown of the plasma, such a 
situation is considered unlikely. Of higher probability is the potential 
loss of cooling ability after the plasma is quenched (e.g., loss of off-site 

it power with failure of auxiliary power). 
Preliminary estimates of the time required to reach fuel melting 

assuming adiabatic conditions and failure to quench the plasma are on the 
27 order of 5 to 10 s. Without plasma heating, estimates are on the order 

27 of 100 to 200 s. Typical decay heating rates are approximately 7% 
nominal power during the first 10 to 100 s and 1% at 10 s (~3 h), and 

7 
reach 0.1% at 10 s (about 100 d). Therefore, forced cooling is a 
necessity following plant shutdown to prevent melting. 

Although there will be redundant (and perhaps eventually passive) 
cooling systems for decay heat removal (in this design either the main or 
auxiliary cooling loops can be used), it is still important to understand 
the consequences of undercooling the blanket. In particular, the design 
basis accident (DBA) for this plant is a depressurization caused by gross 

2fl 
failure of a helium duct in one blanket quadrant. After the 
depressurization is complete, the system reaches a quasi-steady state 
condition in which the fuel temperatures are determined by the decay-heat 
level, the coolant flow rate, and the inlet temperature. The ultimate 
course of events will be determined by the damage done to the components of 
the primary heat transfer loop during the depressurization. 

Heating due to the radioactive decay of the fission products after 
shutdown. 
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Assuming that all plant protective systems fail during an undercooling 
event, the decay heat will eventually cause melting to occur. As the fuel 
melts, some of the fission products and actinides will be released. These 
release fractions depend on several factors, including relative melting 
points, boiling points, and chemical behavior. For mixed oxide fuel, the 
release fractions used range from 0.005 for plutonium to 1.0 for the noble 
gases. Fsr the fuel considered here (U,Si), these release fractions may 
be quite different. 

A major question for this design is whether or not the tritium that has 
built up in the solid breeding material will also be released. As stated in 
Section 12.2.2, the design option of allowing the tritium to build up in the 
blanket is chosen. Implementation of this approach has yielded a design in 
which the fuel zone (uranium pins) is adjacent to the lithium (almost a 
continuation of the uranium pin) zone. Although the amount of heating due 
to the radioactive decay in the lithium pins is very small when compared to 
the fuel decay heat, any geometric arrangement where the molten fuel would 
drain or run down the lithium pin could cause a tritium release. Such a 
tritium rele? • fraction would be close to unity. 

To assess the potential risk to the public for such an event, the 
relevant pathways to man must be known. This involves a detailed 
understanding of the containment and its behavior, as well as the biological 
pathways (e.g., food chains) outside the containment. For the gas-cooled 
blanket considered in this design, there are essentially two containment ' 
barriers. The high-pressure coolant zone constitutes one containment 
(inner) and the containment structure (outer) constitutes the other. 
Several design options exist which affect the containment boundary. A major 
option is the placement of the direct converter (geometrically below the 
reactor) and whether or not it is inside the inner containment zone. 
Sitting geometrically below the reactor, it would probably be the place 
where molten fuel would collect in the event of a melt. Its ability to hold 
the melt, or even cool it, would have a profound impact on safety. If the 
fuel could freeze there, the release would be limited. (Similar 
considerations are present in the event of a dropped fuel element during 
refueling.) In the absence of both a final containment design and fission 
product and actinide release data from uranium silicide, it is difficult to 
quantify release mechanisms. 
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Attempts are currently under way to model critical pathways to man for 
tritium, fission products, and actinides produced in fusion-fission 
hybrids. Holdren has qualitatively shown that using the oxide fuel 
release fractions, from Ref. 15, the release weighted BHP for tritium 
that has accumulated in this design option is much less than the expected 
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plutonium and fission products. To assess the impact on the health and 
safety of the public, the potential for release to the environment, the 
critical pathways, and total dose-commitment (total dose over the life of 
the element in the biosphere) should also be considered. From this type of 
consequence modeling, more information on the relative impact of tritium and 
the fission product elements can be obtained. 

12.2.3.3 Overpower Accidents, 'Jhe two areas of concern in overpower 
situations are: 1) an overpower in the plasma which produces more 14-HeV 
source neutrons in the blanket and 2) a criticality accident in the blanket 
itself. 

Although mirror fusion devices may not have the potential for major 
plasma power overshoots that may occur in a Tokamak fusion device, the 
ability of the blanket to withstand power changes (both transients and 
fluctuations) should be assessed. Any rapid overheating of the fuel in the 
blanket, without additional cooling, and beyond the design limits, will 
cause fuel failure with the potential for fission product and/or actinide 
release. As experienced in both LWR's and LMFBR analysis, the behavior of 
the fuel pins, during both steady state and transient irradiation, has a 
profound effect on safety. In the absence of such behavior, it is difficult 
to characterize the behavior of the blanket fuel during a transient. 

The second consideration, perhaps of more concern, is a reactivity 
accident. Although the blanket is designed to be substantially subcritical 
at all times, there are conceivable ways in which blanket multiplication can 
increase. The first is that, due to a desire for higher burn-up, the 
blanket elements remain in the reactor for longer periods than originally 
designed for. In this case the plutonium will continue to build up until 
either the 
blanket is critical or it -equilibrates. Preliminary calculations indicate 
* Biological hazard potential. In this work, the BHP was taken as the 
number of curies divided by the maximum permissible concentration in air. 
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that the plutonium concentration equilibrates before criticality is 
achieved. The second is that the fuel reconfigures into a more critical 
arrangement, or there is a reconfiguration of other materials such as water 
or lithium. 

Studies have been made in which water (from the steam generators) is 
allowed to enter the fissile fuel blanket. Preliminary results indicate 
that the water moderates the neutrons, causing a spectral shift into the 
Doppler region for uranium absorption. This causes a reduction in 
multiplication for the designed geometry and for build-up of plutonium to 
about 4 at.%. If the fuel pin pitch is increased so that more water can 
enter, the neutrons can be thermalized and multiplication will increase. 
Here, too, there is a tradeoff between water/plutonium fraction. 

The fuel can potentially reconfigure in several ways. A major 
reconfiguration can occur if the fuel melts and gravity induces a flow in 
one portion ol the blanket. Other potential sources of reconfiguration are 
forces due to a depressurization accident or a major magnet failure. Both 
could lead to large forces on the blanket modules which could cause 
reconfiguration. 

A goal of this design is to keep the concentration of plutonium low, so 
that regardless of melting, reconfiguration of fuel or of other materials, 
the blanket will remain subcritical. 

12.2.3.4 Other Considerations. There are several other considerations 
that should be mentioned for completeness. There are several other 
potential accidents which may influence a fusion-fission hybrid design. 
These include flow blockage accidents, fuel handling accidents, steam 
generator accidents, cryogenic coolant accidents, magnet disruption 
accidents, and energy storage accidents. 

Of particular concern is the possibility of a fuel handling accident, 
because some type of active cooling will be required during fuel handling, 
and because the fuel (containing fission products and actinides) will be 
contiguous with the tritium. Any damage to an element can potentially lead 
to a release of the volatile fission products and tritium. During fuel 
handling operations, one or more of the penetrations may be open, rendering 
containment less effective. 
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Failure of a steam generator or a cryogenic cooling system can cause 
missile generation and overpressurization, which can result in containment 
and/or system failure. These, in addition to magnet failure, can cause 
blanket reconfiguration as discussed in section 12.2.3.3. 

The major concern of a flow blockage is the possibility of 
propagation. Such an event, if undetected, can lead to fuel melting. 
12.2.4 Summary and Conclusions 

The major potential hazards that appear in this design are tritium, 
fission products, actinide elements, and induced activity in the blanket 
structural material. The major threat to the health and welfare of the 
public appears to be the release of thse materials as a result of the 
blanket fuel melting coupled with breaching both inner and outer 
containment. While other accident paths can be postulated, it is quite 
clear that forced (active) cooling is required at all times in the blanket 
to keep the fuel from melting. Of particular concern is the requirement for 
decay heat removal following reactor shutdown and during spent-fuel 
handling. Failure to do so leads to fuel melting on a relatively short time 
scale. 

Other potential blanket events include overpower transients due to 
increased plasma power, reactivity insertions due to fuel or other material 
reconfiguration, and fuel handling accidents. Keeping the blanket 
subcritical under all conditions is a design goal. Because of the low 
burnup anticipated, criticality appears difficult to achieve. 

Nonblanket events such as magnet failures, cryogenic coolant system 
failure, and gross depressurization can have potential effects on the safety 
of the blanket. 

A good deal of information regarding the behavior of the blanket fuel 
during irradiation, and during mild and severe transients, is required to 
adequately assess the risk to the public. In particular, the behavior and 
release of the fission products and actinide elements up to and during fuel 
melting need to be known. 

Lastly, a proper perspective on the risks of an LWR economy based on 
Plutonium fuel can only be gained when the individual, as well as the 
cumulative, risk of the fuel cycle is determined. 
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APPENDIX A: ALTERNATE MECHANICAL DESIGN 

In the mirror hybrid design presented in 1976, the blanket and 
shield could only be serviced by removing one of the huge mirror "C" magnets 
(Fig. A-l). A flotation technique was employed where the mass moved was 
about 50,000 tonnes. One distinct advantage of that technique was the 
ability to vacuum-leak test, pressure test, and even coolant flow test one 
of the "orange section" blanket modules (Fig. A-2) prior to installation. 

That concept and its advantage could not be ignored in the present 1977 
work, so a refinement of it was developed in parallel with the "new" 
approach presen -ed in the main body of this report (see Ch. 8). This 
appendix describes a much different design approach, which has only one 
major drawback ;o far recognized — it still requires temporary relocation 
of one mirror magnet weighing approximately 3000 tonnes by means of a polar 
bridge crane. Cranes of such lifting capacity are about 50% beyond current 
designs but ind'-stry is willing to discuss and bid such a machine. 

Magnet Restraint 

A prestressed concrete reactor vessel (PCRV) is proposed as a magnet 
force-restraining structure and a vessel to encapsulate the primary coolant 
loop equipment (Figs. A-3 and A-4). Steam generators, helium circulators, 
and major coolant ducts would be permanently anchored in cylindrical 
cavities within the concrete. The probability of a major accident involving 
a primary coolant or steam circuit is greatly reduced by such anchoring of 
major components. Serviceability is maintained by covered ports that allow 
crane access to all steam generators and helium circulators by the polar 
bridge crane. 

As in the primary design, we plan to have the PCRV at room temperature 
and transfer loads from the cold (4 K) magnets to the warm structure by 
load-bearing insulation. Such a material as Glasrock (with better 
uniformity control) or an aerospace insulation developed by Lockheed 
Corporation (wi :h higher density) appears promising as a load-transfer 

1. J. D. Lee, Ed., Mirror Hybrid Reactor Studies — July 1975 through 
September 1976, Lawrence Livermore Laboratory, Rept. UCRL-50043-1 (1976). 
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Yin-yang coil 

!?ig. A-1. Large blanket-module concept. 
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Fig. A-2. Individual blanket nodule. 
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Fig. A-3. Fusion conponents and PCRV — elevation. 
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Fig. A-4. Fusion components and PCRV — plan view. 
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insulator. Both are silicates, the latter employing microfibres purchased 
from Johns-Manville Corporation. Steps for magnet removal are the following: 

1. Roll aside the top ion energy dump 7.5-m x 10-m x 35-m box on 
rails located on the top of the PCRV. 

2. Hoist the top vacuum cover (hexagon shape) and park it on a space 
provided that overlaps a portion of the PCRV. 

3. Hoist the two identical load transfer plugs (each weighs about 15C0 
tonnes), and park them on the reactor building floor adjacent to the 
PCRV. 

4. Hoist the upper "C" magnet and park it on fixtures provided, also 
overlapping the PCRV. 

5. Hoist the shield dome, a hemisphere covering the top half of the 
blanket assembly, thus exposing the blanket "orange-section" shaped 
modules (Fig. A-5). 

Changing the blanket involves removal of the "orange-section" modules, 
transporting then to a fuel reprocessing and blanket rework shop, and 
replacing then with identical units prepared and tested in advance of the 
change-over. The biggest obstacle to quick blanket module change is the 
disconnect and reconnect to the large (1.5-m-diam) helium coolant ducts. We 
strongly believe that such duct connections need to be made or broken by a 
"hands-on" crew of technicans, not by a remotely operated wrench or welding 
and grinding machines. 

To permit this, we have allowed both inlet and outlet coolant ducts to 
hang down in a "well" that goes down through the lower half of the PCRV and 
into a service cavity in the thick reinforced concrete floor supporting the 
PCRV (Fig. A-6). This work "cave" is 20 m from the center of the plasma 
zone and is separated by about 10 m of concrete from any neutron-activated 
materials. As the modules are hoisted for disposal, the long ducts rise up 
out of the "well". Lift height may be a problem and can be reduced by a 
simple cut-off and weld-on operation, taking place near the top level of the 
PCRV in a location where remotely operated tools can be much more easily 
operated without space restriction. Handling the modules without the long 
ducts attached is uncomplicated. The blanket segment design is described in 
Ref. 1. The only difference proposed here is that each module be 1/8 
instead of 1/16 of a sphere. This reduces handling time and is still well 
within crane capacity. To maintain coolant flow symmetry in the upper and 
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Support structure 
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Fig. A-5. Blanket, shield, and supporting structure. 
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Fig. A-6. Blanket coolant piping. 
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lower halves of the segment, it is desirable to have both the inlet and exit 
ducts at the mid-plane (the equator of the sphere). Side-by-side duct 
placement at the mid-plane is possible with eight segments, but noncircular 
ports would be necessary if sixteen segments were used. & decision on 
blanket subdivision is not important at this stage of the design. 

The conceptual plant layout, based on this approach to the mechanical 
design of the reactor, is shown in Fig;. A-7. 
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Fig. A-7. Plant layout. 
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APPENDIX B: EVALUATION OF HYBRID COST ACCOUNTS 

B.1 Capital Costs 

The capital cost accounts that we treat are listed in Table B-l. The 
table is specifically tailored for the present hybrid reactor but follows the 
general format of Ref. 3 in Sec. 4. Accounts 21-25 are for direct capital 
costs; e.g., equipment, labor and materials. The sum of these accounts is the 
total plant direct capital costs. Accounts 91-94 are indirects, and these 
costs are successively compounded, starting with the total direct costs (see 
Table 4-3, Sec. 4), to arrive at a total plant capital cost. 

Our cost estimates for the reactor components are based on the following 
sources: fission reactor experience (LWR and HTGR); cost estimates for METF; 
cost estimates from Bechtel Corp. for (previously published) conceptual fusion 
reactor designs; and some estimates were made in-house by the LLL/GA design 
team. Below, we do not detail the derivation of each cost, but merely quote 
the sources. 

Several of the reactor components are based on the thermal output of the 
plant. Since the blanket thermal output varies with time, for costing 
purposes we define the plant thermal power level as the maximum blanket power 
plus the thermal output from the end tanks. 

In the following discussion, the notation C(XXX) is used to denote the 
cost of component XXX. 
211. Site Improvement1 

C(211) - $1.5/kWt. 

212. Reactor Building 

This cost was estimated by LLL based on the volume of material in the 
drawing of the reactor building in Fig. 2-1. It was assumed that the ratio of 3 concrete volume to reinforcing steel was 6 yd /ton in vertical walls and 10 
3 ^ 

yd /ton in horizontal slabs. Excavation was estimated at $2.95/yd , fill 
and compaction at $3.15/yd , concrete work at $200/yd , and reinforcing 
steel at $500/ton. Thus, 

C(212) - $69.4 x 10 6. 
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Table B-1. Capital cost accounts. 

21 Structures and Facilities 
211 Site improvement 
212 Reactor building 
213 Turbine building 
215 Auxiliary building 
218 A. Control room building 

B. Diesel generator building 
C. Administration building 
D. Service building 

22 Reactor Plant 
221 Reactor equipment 

.1 Magnet 
.11 Windings 
.12 Coil case 
.13 Insulation 

.2 Injectors 
.21 Sources 
.22 Power supplies 
.23 Accessories 

.3 Direct converter 
.31 Vacuum tanks 
.32 Grids and collectors 
.33 Electrical equipment 
.34 Cooling 

.4 Shielding 
.41 Coil shield 

.5 Vacuum system 
.51 Cryopanels 
.52 External vacuum equipment 

.6 Blanket Structure 

.7 Reactor Vessel 
.71 PCRV 
.72 Liners and insulation 

525 



Table B-l. (continued) 

222 Main Heat Transfer Loop 
.1 Steam Generators 
.2 Circulators 
.3 He Purification equipment 

223 Auxiliary Cooling 
.1 Refrigeration 

.11 Liquid helium 

.12 Liquid nitrogen 
.2 Blanket Auxiliary Cooling 
.3 Injectors 
.4 Coil shield 

224 Radioactive Haste Treatment and Disposal 
225 Fuel Handling and Storage 

.1 Refueling equipment 

.2 Tritium reprocessing and storage 

.3 Tritium clean-up 
227 Instrumentation and Control 

23 Turbine Plant Equipment 
24 Electrical Plant Equipment 
25 Miscellaneous Plant Equipment 

251 Transport and Lifting 
252 Air, Hater, and Steam Service Equipment 

91 Indirect Field Costs 
92 Professional Services 
93 Other Costs 
94 Interest During Construction 
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213. Turbine Building 2<-

C(213) - S5/kWt. 

This cost is based on an LWR and is increased approximately 50% to account 
for the (assumed) more-complex fusion reactor. 

214. Auxiliary Buildings1 

For the hybrid reactor, this structure will house such components as the 
blanket auxiliary cooling equipment, helium coolant make-up equipment and 
refrigeration equipment: 

C(215) - S4/kWt. 

218A. Control Room Building1>2 

C(218A) - $1.5/kWt. 

218B. Diesel Generator Building 2 

C(218B) * $C.4/kWt. 

218C. Administration Building 2 

C(218C) - $0.6/kWt. 

218D. Service Building2 

C(218D) - $0.7/kWt. 

221.1 Magnet 

The magnet windings cost estimate includes conductor at a cost of $0.31 
exp(0.19 B c) kA-ra (Ref 4}, where B is the maximum conductor field ;in 
Teslas), and winding labor .and installation at $2.5 per kA-m (Ref. 5). Thus, 

C(221.11) - (2.5 + 0.31 e 0 , 1 9 Bc) $/kA-m. 
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The magnet coil case is stainless steel and its costs are scaled from a 
previous design based on dimensions and maximum conductor field. 

x 10* x gj) x C(221.12) - $500 X 10 X \-^) X f 

where f is a geometric factor, related primarily to magnet surface area. 
Magnet insulation is the load-bearing insulation that transmits the 

magnet forces to the PCRV. This material was estimated to cost $25C0/m 
(for 5000 psi compressive strength), and a 0.5-m-thick layer over the outside 
of the magnet surfaces was assumed. Thus, 

C(221.13) - $2.5 x 10 3 x t £ x A , 

5 where t. is the insulation thickness (m) and A the surface area (m ). 
221.2 Injectors 

The cost of the source scales as the ion current extracted from the 
plasma source. The extracted current, I , is related to the neutral current, 
1-nA' by the neutralization efficiency, ru,, 

Using a fit to existing sources and sources under development, 

V " e - 0 ' 0 0 6 Winj, 

where Wj . is the injection energy in kiloelectron volts. Then, using a 
cost of $75,000 per 80-A (extracted) source,5 and including 25% spares. 

C(221.21) - $75 x 10 3 x 1.25 © 
We assume the power for the injectors is pulled directly off the line to 
facilitate reactor start-up. The injector power supply cost estimate includes 
filament and discharge power supplies, the accel-decel supplies, and the sub
station. Scaling from Ref. 7, 
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C(221.22) » $80/kWe , 

where the total cost is based on the input power to the injectors. 
The injector accessories cost estimate includes isolation valves, 

neutralizers (iron, ducting, and plumbing), and mounting and alignment 
fixtures 

C(221.23) » $27.5 x 10 3 

221.3 Eni Tanks 
The thin-walled l ining of the vacuum tanks i s assumed to be 1-cm-thick 

s ta inless s tee l at an instal led cost of $13.2/kg, or 1.06 x 10 $/m 
(Kef. 8 ) . Thus, 

C(221.31) * SI.06 x 10 3 X Aw , 

where A is the wall area of the tanks, w 
The direct-converter collector structure, including coolant headers, for 

2 8 

a single-stage unit is costed at $4,000/m of frontal area, 

C(221.32) = $4 X 10 3 x A Q , 

where A is the collector frontal area. 
The power conditioning equipment is estimated at 

C(221.33) - $45/kWe, 

where the total cost is based on electrical output of the direct converter. 
The walls in the end tanks are water-cooled to remove heat radiated from 

the collectors and heat deposition from energetic particles. He base this 
2 2 

cost on $2,000/m of wall area, 

C(221.34) » $2 x 10 3 X A w . 

®-
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121.4 ShieMiac 

The magnet shielding is assumed to be a mixture of iron, lead and carbon 
at a cost of $14,000/*3 (Ref. 7). 

C(221.41) - $14 x 10 3 x (*WRgH)nBti t g H , 

where R g is the radius of the (spherical) shield, 0 ^ the fractional 
blanket coverage, and t_„ the shield thickness. 

DU 

221.5 Vacuum System 

The vacuum system equipment includes cryopanels and the external vacuum 
system. The cost of the cryopanels, including the LN shield, LHe panel, 

2 chevrons, plumbing, Dewar, and inspection is estimated to cost 56,300/m 
(Ref. 8). 

C(221.51) - $6.3 x 10 3 x A , cp 

5 
where A is the total cryopanel area (m ). 

The capacity of the external vacuum system is assumed to be proportional 
5 

to the cryopanel capacity, and its cost is scaled from MFTF, 

C{221.52) « $5 x 10 5 X ̂ || . 

221.6 BlMket Structure ' 

The cost of the blanket structure which is permanently fixed to the PCRV 
was estimated to be 

C(221.6) - $1.47 x 10 6 . 

221.7 Reactor Vessel' 

The reactor vessel consists of the PCRV (account 221.71) and insulation 
and liners for the PCRV (account 221.72). These costs were estimated to be 

C(221.71) - $36.6 x 10 6 , 

C(221.72) - $28.3 X 10 6 . 
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222. Main HeatTransfer Loop' 

The steam generators, helium circulators and helium purification system 
are similar to components developed by GA for gas-cooled reactors. Cost 
estimates for these three components are, 

C(222.1) - $16/kWt , 

C(222.2) « $2.6/kWt , 

C(222.3) - $0.7/kWt . 

223. Auxiliary Cooling 

The costs of the LHe and ID refrigeration systems are based on the input 
electrical power to the refrigerators, 

C(223.11) * $4 x 10 4 x [pfi m g i k W ) ] 0 , 7 ' 

C(223.12) - $4 x 10 4 x fa ^{kW)] °* 7 , 

where P is the input electrical power in kH. In the above equations, the 
cost estimates have been increased threefold from Ref. 10 to account for 
transfer lines, valves, Dewars, storage, purification and installation. 

q The blanket auxiliary coolant loop cost estimate was developed by GA, 

C(223.13) - $4.7/kWt , 

where this total cost is based on the peak blanket thermal output. 
The injector cooling circuit was estimated by LLL at 

C{223.14) - $25/kWt , 

where the total cost is based on the heat deposited in the injectors and this 
estimate reflects a high-temperature coolant circuit to permit thermal 
conversion of the injector heat. 

h simple low-temperature cooling water circuit was assumed for the coil 
shield cooling, estimated by LLL at 
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C(223.4) « $5/kWt , 

where total cost is based on heat deposition in the shield. 

224. Radioactive Waste Treatment and Disposal '•' 

C(224) - $2.5/kWt 

225. Fuel Handling and Storage 
9 The cost of the blanket refueling equipment was estimated by GA to be 

C(225.1) - $18.5 x 10 6 . 

The tritium reprocessing and storage equipment includes facilities for 
purification, isotopic separation, recovery and storage. This cost was 
estimated by LLL at 

C(225.2) « $4.8 x 10 6 . 

The bulk of the cost of the tritium clean-up system is for air-handling 
equipment for the containment building. This cost was estimated by LLL at 

C(225.3) - $3.6 x 10 6 . 

227. Instrumentation and Control' 

C(227) « $1.6/kWt . 

23. Turkiue Plant Equipment 

The thermal conversion system is a steam cycle. From Refs. 3 and 6, we 
obtain 

C(23) - $35/kWt . 

This cost includes equipment, materials and installation for the turbine-
generators, mechanical equipment, condensors, circulating water system, 
cooling towers and piping; it does not include the steam generators. 
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24. Electrical Plait Eoaipnwnt 
We compared the costs for the equipment for a conceptual fusion reactor 

2 3 to similar equipment for an LWR. ' There appears to be a strong dependence 
on volume of the buildings and cost per unit volume. We therefore defined the 
following factor, 

m C(21)AWt 
S22/kWt ' 

to account for the relative volume and relative cost per unit volume as 
compared to that for an LWR. In this equation, the numerator is the sum of 
accounts 211 through 218D per kilowatt; the denominator is the same sum for an 
LWR.3 

3 The switchgear cost estimate is 

C(241) - VP x S0.6/kWt , 

which is almost entirely for station service. The station service equipment 
includes station service transformers, low-voltage substation, and auxiliary 
power sources (batteries, diesel generator). Because the cost of this 

2 equipment should be independent of building volume, we use LWR costs : 

C(242) « $2.5/kWt . 

The switchboards equipment includes the main and auxiliary control panels 
and their instruments. These also should be independent of building volume 

2 and we use 

C(243) » $0.5/kWt . 

1 2 The protective equipment costs are estimated at ' 

C{244) - S0.2/kWt . 

The electrical structures and wiring containers cost estimate includes 
1—3 

underground ducts, cable trays, and conduit 

C(245) - $3.5/kWt . 
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The power and control wiring estimate covers the generator circuits, 
station service power wiring, control and instrument wiring, and containment 
penetrations, at a cost of 

C(246) » VP x $5/kWt . 

25. MiKdlueoM Ptant Equipment 

The transport and l i f t ing equipment (cranes and hoists) i s estimated to 
1-3 

cost 

C(25l) - $0.5/kWt . 

The cost of the a ir , water, and steam service (auxiliary heating boilers) 
2 3 i s estimated to be ' 

C(252) - S1.5/kWt . 

91-94 Indirect Cost* 

A review of the available literature for indirect cost factors for 
nuclear power plants yielded the values given in Table B-2. He adopted the 
following set of values: 

Acct, 91 » 0.20 
Acct, 92 - 0.15 
Acct. 93 - 0.05 
Acct, 94 - 0.20 
contingency - 0.10 

Table B-2. Indirect cost factors. 

Reference 91 92 93 94 Contingency 

1 0.23 0.16 0.08 0.24 0.30 
2 
3 
6 
12 0.246 - - 0.208 

0.23 0.16 0.08 
0.072 0.163 0.052 
0.079 - -
0.21 0.15 -
0.246 — — 
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B.2 Fuel Cycle Costs 

The individual fuel cycle components and their unit costs are listed in 
Table B-3. The tritium costs are approximately equivalent to Pu at $100/g 
(i.e., 239/3 x $100/g). Blanket costs are for replacement of the module 
pressure shell each time the fuel bundle is changed. The fabrication costs 
assume fuel fabrication does not have to be done in a hot facility. The 
uranium cost is for depleted uranium from diffusion plant tailings. 

535 



Table B-3. Fuel cycle unit coits. 

Component 
Initial fertile materials 

Uranium 
LiD 

Unit Coat 

$ 9.80/kg HM 
$50.00/kg 

Recovered fertile materials 
Uranium 
LiD 

$ 9.60/kg HM 
$50.00/k9 

Initial fusile materials 
D„ $60.00/kg 

$8 x 106/kg 

Recovered fusile materials 
$60.00/kg 
$8 x 106/kg 

Fabrication 
Uranium 
LiD 

$105/kg HM 
$48.00/kg 

Reprocessing and disposal 
Uranium 
LiD 

S215/kg HM 

Spent fuel shipping 
Uranium 
LiD 

$15/kg HH 

Blanket S5 x 10 4/m 2 

of first wall 
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B.3 Blanket and Power Conversion System 

An important aspect of the technical assessment of a design concept is 
the economic feasibility. Cost estimates have been made for the blanket 
modules and for the nuclear steam supply system of the MHR. These estimates 
are of necessity crude due to the preliminary nature of this study. Both the 
fuel and NSSS, however, are generically related to the components in General 
Atomic's gas cooled fast reactors which provided a comparative basis for 
estimating the cost of the blanket and NSS components. Costs are given in 
July 1977 dollars on Table B-4. 
B.3.1 Blanket Cost Evaluation 

The entire blanket structure is replaced when the blanket fuel is 
reloaded. As a consequence, the total blanket cost is treated as a fuel cycle 
cust rather than as a capital expenditure. 

The cost estimate is based on certain unit cost assumptions: 
U,Si material cost (depleted uranium) $9.80/kg 
Rod hardware cost $7/rod 
Pelletizing cost $6/rod 

Based on these assumptions, the estimate for the initial blanket cost is 
$52 million. One-quarter of the blanket is replaced at each reload interval. 
The reload blanket cost, then, is $13 million. 
B.3.2 System Cost Evaluation 

A very preliminary conceptual cost estimate was made for the nuclear 
steam supply (NSS) for the 1611 MWe (gross) Mirror Hybrid Reactor. Included 
in the estimate is the primary heat transfer system, the auxiliary heat 
transfer system, the refueling equipment, the prestressed concrete reactor 
vessel and special instrumentation and controls associated with the primary 
coolant system. The cost estimate specifically excludes the Nuclear Plasma 
Island, fuel and the NSS interfacing system that are normally included in the 
balance of plant (BOP). 

The principal results are given in Table B-4 and include project 
engineering costs, indirect costs, contractual risks, and fees in terms of 
present day dollars but without interest during construction or escalation. 
Also, the estimte is for an "equilibrium" commercial plant; i.e., the 
first-of-a-kind engineering and development costs are assumed to have already 
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been recovered by the sale of earlier plants, and this is a subsequent 
installation (for example, this might be the tenth plant). 

The estimated cost if $262 million for these systems or $163 per kWe 
(gross) for this portion of the plant. Due to the large power requirement of 
the neutral beam injectors, the peak net HHR output is 737.5 MWe. The NSSS 
cost, based on net electrical output, is $355/kWe. 

538 



Table B-4. Cost summary of blanket and power conversion sytem 
(in July 1977 dollars). 

Cost 
Element S million 

FUEL COST (588 modules) 
Fission Zone 

U Si - depleted, @ $9.80/kg 2.55 
Rod costs @ 3862 rods/module (fabrication and hardware) 31.00 

Lithium Zone 
LiH - natural, @ $5.00/kg 0.60 
Rod costs @ 168 rods/module (fabrication and hardware) 1.35 

Module Cost 
Fuel assembly and pressure shell — fabricated Inconel 718, $30/lb 6.21 

TOTAL FUEL COST 52.10 

NUCLEAR STEAM SUPPLY 
Reactor Vessel 

PCRV 
Concrete 15.40 
Linear tendons 3.89 
Circumferential wire 14.41 
Miscellaneous 2.93 
Total PCRV 36.63 

Liner and insulation 
Liner (incl. all ducts and cavities) 9.26 
Module support structure 1.47 
Class A thermal barrier (inlet T) 10.00 
Class B thermal barrier (outlet T) 9.00 
Loading-bearing coil insulation 2.00 
Total liner and insulation 31.73 

Reactor vessel indirects 
(100% of direct field labor or 40% of direct total cost) 27.34 

Total reactor vessel 95.70 
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Table B-4. (continued). 

Cost 
Element $ million 

Blanket and Power Conversion Equipment 
Primary cooling loop 

Steam generators (12) 
Main helium circulators and valves (8) 
Main circulator service system (8) 
Helium purification system 
Total primary cooling loop 

Auxiliary cooling loop 
Auxiliary heat exchangers (5) 
Auxiliary circulators, controllers, and valves (5) 
Auxiliary circulator service system (5) 
Total auxiliary cooling loop 

Refueling equipment 
In-vessel machine, including cavity seal and ports 
Fuel transfer equipment 
Auxiliary transfer casks 
Accessories 
Bridge crane 
Fuel handling control station 
Total refueling equipment 

Instrumentation, controls and fluid systems 
Primary coolant instrumentation 
Nuclear instrumentation 
Plant protection system 
Operational plant control system 
HSS data acquisition system 
Fluids regulating equipment 
Radioactive gas waste system 
Total instrumentation, controls and fluid system 

Total blanket and PCS direct cost 
Blanket indirect cost, risk, G&A, and margin 

(65%, 4%, 3% and 10% cumulative) 
Total blanket and PCS cost 166.69 
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70 .00 
8 .43 
2 .70 
3 .03 
84 .16 

7 .03 
15 .72 
0 .43 
23 .IB 

3, .75 
4, .63 
1. .78 
0. .20 
0, .92 
1. .26 
18. .54 

1. 35 
1. .12 
0. 56 
0. 56 
1. 69 
0. 56 
1. 12 
6. 96 

132. 84 
33. 85 



Table B-4. (continued). 

Cost 
Element $ million 

NUCLEAR STEAM SUPPLY TOTALS 
DIRECT 201.20 
INDIRECT 61.19 
TOTAL 262.39 
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