
van- 18916 

MASTER 

FUSION COMPONENT DESIGN FOR THE 
MOVING-RING FIELD-REVERSED 

MIRROR REACTOR* 

G, A. Carlson 

*Portions of a Report, to be Included in 
"Moving-Ring Field-Reversed Mirror Reactor 
Design - Annual Report, 1979-1980" to be 
published by Electric Power Research 
Inst i tu te , Palo Alto, California 

January 28, 1981 

This is an informal report intended primarily for internal or limited external distribution.' 
opinions and conclusions stated are those of the author and may or nay not be chow of Ihr 
laboratory. 
Work performed under the ampiccs of the VM. Department of Energy by the Lawrence 
Lrrerroore Laboratory under Contract W-74D5-Kng-4X. 

Mr*\ ( ;'« :»• : 



B.2 BURNER SECTION MAGNET SYSTEM DESIGN 

B.2.1 SOLENOID COIL DESIGN 

The MRFRM Reactor requires a special solenoid surrounding the blanket/s "elcU It 
provides t n e axial magnetic field along which the plasma rings translate in 
addition, a quadrupole field must be present to keep the rings centered on the 
axis of tf* system. This quadrupole field can be achieved in a variety of .vaysj 
two ways win b e discussed in detail in this report. 

The two solenoid designs we considered have especially not«.jle features. TP" 
first design (used with saddle coils) prodices a very uniform axial field ftfr the 
entire len9tn of the plasma burn zone. The second design produces a uniforif iel d 

gradient along that same length. As the second design evolved, it proved to !"• ve 
unsuspected virtues in relation to the quadrupole requirements. 

In these cases, both the solenoidal magnets and the saddle (quadrupole) magr>et$ 
are superconducting. Niobium-titanium conductor can be used, since the field 
strength ™ t n e conductor reaches only 9.0 T. The structural cases will br '->•:>-
316 stainless steel. The structural cases will be at room temperature, with 
vacuum super-insulation reducing heat loss to the 4 K conductor case. Force 
transmUt 1*^ Paos oT T-TlasrocK* or "Placer** i/TYl tie periodically present "between the 
case and conductor. Careful design will r.a'nimize heat loss, but not oversti'ess 
these special thermal insulators. 

•Manufactured by Fused Silica Division Glasrock Products, Inc., Atlanta, GA. 
••Manufactured by Machinable Glass-Ce^manic Dept., Corning Glass Works, 

Corning, N v« 



The current density employed in the superconductor is 2500 A/cm , a conservative 
value by MFTF standards. 

B.2.1-1 Saddle Coils 

One requirement of great Importance for any reactor is modularity. One must be 
able to replace relatively small fractions of the whole machine in event of 
accident. Routine first-wall and blanket replacement should be simple and 
repefrVve. Trie YoftB Var mtfi'rreo of p-ovioing a TnoYciptfie raGia"i magr.eV't: 
field-well is not suited to reactors. The long conductors lock the fusion zone 
into o n e non-servicable "cage" with at least four bars of large cross-section. 
Related bus bar and end turn-around effects cause undesired field perturbations 
and excessive power loss. These objections apply to both external (outside the 
solenoid) or internal (inside the shield) Ioffe bars. An earlier FRM design (J,) 
utilized a saddle coil set to achieve i quadrupole stabilizing field. 0ur 9°al 
was to show that a series of saddle coil sets end-to-end can produce a 
sufficiently uniform radial field at all possible ring locations. The magnet set 
shown in Figure B.2-1 accomplishes the goal. The saddle coils lie outside the 
solenoid coils. This allows them to benefit from the same neutron shielding that 
protects the solenoid. Their relatively large distance from the plasma accounts 
for their size. To produce sufficient magnetic "well" at the center of the 

2 .54 m of saddle coil cross section. The radial distance from the machine axis 
to the center of the saddle coil is 4.} m. 

Saddle coils close to the first-wall w»uld have fewer anp^re turns and still 
produce the desired radial field. But they would not be shielded; hence* they 
could not be superconducting. 

(1) Lawrence Live"more National Laboratory, General Atomic Co, Pacific Gas 
and Electric Co., "Field-Reversed Mirrw Pilot Reactor," EPRI Report AP-1544, 1980. 
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NO.TES: 1. ARROWS SHOW CURRENT FLOW IN COILS 

2. PUSH COILS NOT SHOWN "OR CLAHlTY 

Fig. B.Z-1 MRFRM Solenoid with Saddle Coils 



For low neutron activation the normal conductor must b? high purity aluminum. 
Unfortunately, the power consumed by such internal quadrupole coil sets is 
prohibitive. 

It will be noted that a three-module design results—each module 7.0 m long. A 
detailed force analysis of a very similar coil was performed in Ref. 3 and was not 
repeated here. It is necessary to restrain the saddle coil forces by surrounding 
them with a post-tensioned concrete vault which is also 7 m long. It must move 
with the module during service and replacement, we estimate each module assembly 
to weigh about 2000 tonnes including its saddle coils and vault. 

These saddle coil sets are very close, separated by only the few centimeters 
necessary to allow a module to be withdrawn. The azimuthal current flows of 
adjacent saddle coil "ends" are in opposite direction. The magnetic influences of 
these opposing currents nearly cancel at the plssma rings on the reactor axis. 
The axial current flows are additive and produce an effect very similar to a 
quadrupole Ioffe bar set. 

This solenoid-plus-saddle magnet set was intended for use with "push-coils". The 
push-coils are normal conductor (probably aluminum) and are located between the 
blanket and the shield. They are sequentially pulsed to provide a moving axial 
mirror for each plasma ring. The combination of radial field from the saddles and 
this moving axial mirror field provides a moving potential well. This well is a 
minimum-|B| region exactly like one produced by "baseball" or "yin-yang" magnets. 
It maintains distance separation between adjacent plasma rings and keeps the rings 
centered on the reactor's axis. Figure B.2-2 shows the wells created by the 
radial and axial field combination. In this case, both radial and axial mirrors 
are 1.0013. 
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The quadrupole field causes the otherwise circular cross-section of solenoid field 
lines to become elliptical. This effect becomes more pronounced with greater 
quadrupole length. A previous study for a multi-cell (fixed plasma-ring position) 
FRM reactor (2) showed that a problem developed with straight Ioffe bars. If the 
machine were long enough or the quadrupole field strong enough the flux-fan of 
escaping ions struck the first-wall. This imposed an intolerable localized 
thermal load. Those ions were also lost to the direct conversion system, 
important to plant power balance. We discovered that spiral bars (i.e., a 
twisted Ioffe bar set) can eliminate the problem without destroying ' ther 
necessary magnetic field contours. The MRFRM coil system with saddles was 
evaluated and was found to be satisfactory without "twist" (angular offset) of 
adjacent saddle coil sets. The system is relatively short. The radial effeci of 
the quadrupole is small. The field lines do not fan out enough to strike the 
first-wall before exiting the burn zone. 

Two simple solenoid coils are mounted at each end of the reactor adjacent to the 
blanket modules. Their purpose is to boost the axial magnetic field at the end of 
the solenoid. (For any simple solenoid, the center field value is down by half in 
the plane of the last coil.) To provide the required length of constant B it 
was necessary to add more coils--of rather large size—to bolster up the B near 
the two ends of the reactor. A number of possible coil arrangements would 
accomplish the same purpose. 

Each saddle coil is comparable in weight to one of the solenoid coils. They would 
be relatively simple to fabricate, between a solenoid and a "baseball" in 
complexity and cost. The problem of supporting four of them around the module and 

(2) U.S. Neef, Jr., "Maintenance of a Multi-Cell Field Reversed Mirror 
Reactor," LLNL Report UCRL-80863, 1978. 
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retaining the large magnetic forces is serious. It leads to a heavy and expensive 
module, hard to move and time consuming to service. A better method of providing 
a multipole field was earnestly sought. 

B.2.1.2 Clerical-Collar Colls 

In our search for a more economical way to produce the background magnetic field 
for the rings. Clint Ashworth of Pacific Gas and Electric made an excellent 
suggestion, ,'ie suggested a coil whose shape is a simple solenoid, but with 
neighboring 90° arcs, offset axially. The offsets are Ioffe bars connecting the 
arcs of azimuthal current flow. 

Figure B.Z-3 shows one of these coils. Readily deduced is an arrangement where a 
long row of these clerical-collar coils forms both the axial and quadrupole 
field. The offset bars all line up. The current making the solenoid field is 
identical to the quadrupole current. Our worry was that the necessary radii 
between straight "bars" and azimuthal arcs would weaken the quadrupole field. We 
visualized loffe bars with periodic gaps too large to procuce sufficient radial 
field. Our fears were unfounded. With proper selection of coil cross-section, we 
were able to produce all required field conditions. The clerical-collar coil has 
several important advantages: 

1. Elimination of separate refrigeration and current controls (as needed by 
saddle coils). 

2. Major mass reduction for the system, hence much lower cost than separate 
solenoids and saddles. 

3. Lower refrigeration loads—a reduction estimated at 50% for the coil 
system. 

4. No concrete vault needed to mount coils and restrain magnetic forces 
(and move for service of module). 

5. No bus bar power losses to saddle coils. 

6. A shape perfectly adaptable to modular cylindrical reactor cells. 
B.2-7 



Fig. B.2-3 Solenoid-Multipole Magnet Configuration 
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We can list only two disadvantages, neither appearing serious: 

1. Coil winding requires special mandrels and fixturing to place conductor 
in the four "S-curves" encountered in each conductor turn. 

2. The current in the solenoid and the Ioffe bar current cannot be 
separately controlled. 

while the new clerical-collar coils were being calculated, some major changes to 
th'j ring movement methods were evolving. The "push-coil" concept gave way to an 
axial field gradient. The plasma rings move by "falling down the magnetic hill" 
(see Appendix B.2). The decrease in current in successive coils produces 
decreasing axial field. The effect is a linear function of current. The radial 
field produced by the bars also falls as a linear function of current. Hence, the 
ratio of B to 8 remains constant and the ring centering influence of the 
quadrupole is unaltered by the requirement for axial field gradient. In the 
solenoid-saddle arrangement, previously described, separate current control could 
also achieve this result. Fewer saddle sets than clerical-collar coils mean field 
gradients that are less smooth. 

It should be noted that the clerical-collar coil is only approximately 
cylindrical. Figure B.2-4 shows a view of the coil looking down the reactor 
axis. The flat regions are associated with the Ioffe bar portions of the coil. 
We desired to eliminate compound curvature in the "S-curves" at the four bar 
locations. All bends lie in one plane. This will make the winding operation 
simpler for conductor of square or rectangular cross-section. Sheet insulation 
bends readily to conform to a cylindrical surface, but will not conform to 
curvature in two directions. Departure from circular shape does not hamper the 
magnet's ability to produce the desired axial field. 
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CUSHION SEAL 

Fig. B.Z-4 MRFRM Reactor Cross Section 
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A module division length of 5.33 m has been selected. It resulted from two 
considerations. 

1. What length for the clerical-collar coil gives sufficient quadrupole 
effect? A large number of short coils with small conductor 
cross-section will not provide the radial mirror ratio required. Too 
few coils of large cross-sections give more than sufficient quadrupo'e. 
Their wide spacing introduces ripple in the axial field. This can 
interfere with plasma ring motion. Stationary minimum-|B| zones would 
act as magnetic traps. 

2. What length blanket module satisfies the thermal-hydraulic needs of the 
blanket? A single coolant inlet and single exit are desirable. Helium 
must be distributed uniformly so no hot-spots exist in the structure. 
This must be accomplished with small pressure loss due to flow balance 
orifices. Appendix C discusses the blanket design from these, as well 
as other considerations. 

The weight of such a module, containing two clerical-collar coils, is about 1100 
tonne. A base with dimensions 10 m by 5.3 m must support the module and provide a 
means for moving it during service. Appendix 0 discusses the module transport 
system. 

B.2.1.3 Flux Fan Circularizing Coils 

If one follows field lines from a circular bundle at the center »f the machine, 
the typical "fan" of a quadrupole stabilized magnetic mirror is observed. The 
Ioffe bars are at the top, bottom, and each side of the solenoid. The flux 
becomes strongly elliptical in cross-section, with its major axis in a 45° plane 
with reference to the floor of the reactor chamber. The ellipticity for this 
reactor magnet set is almost 20:1. 
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The cost of large, flat end tar'.- for direct conversion apparatus has been 
investigated by others. (3) It is highly desirable to build cylindrical end 
tanks. In them one can install a circular direct converter. The cryopanels 
required for vacuum pumping can also be in the same tank. The circularized flux 
fan will be roughly conical. The space outside the cone but inside the 
cylindrical tank wall is used as cryopumping space. 

In our present design, we do not present the final parameters for flux fan 
circularizing coils. We have partially satisfied the conditions. At least two 
add it ional coils are required. The first is an Ioffe bar set to cancel the 
ellipticity created by the clerical-collar coils. The second is a bucking 
solenoid (or array of solenoids) whose current—hence field—is opposite in sense 
to the main coil set. After recircularization of the flux fan, the flux lines are 
caused to spread rapidly to an area consistent with allowable power density. 
Direct converter electron collector grids can be cooled so long at the average 
power density does not exceed 1.5 MW/m'". We plan to accomplish this in a 
distance of 25 m or less from the end solenoid. 

(3) M.A. Hoffman, "Direct Energy Converters for Fusion Reactors: Efficiency 
and Cost,Estimates for Two Electrostatic Concepts," LLNL Report UCRL-80733, 1978. 
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B.2.1.4 Plasma Ring Expander Coils 

After the desired D-T burn in the plasma is finished there still is appreciable 
energy remaining in the plasma ring. A good reactor efficiency will depend, in 
part, on recovering some of that energy. 

A series of colls downstream of the last plasma burn position could extract some 
of that energy. As the spent rings move out of the machine, they still have very 
large circulating currents and generate large self-fields. Those fields will 
generate electric current in a coil which is close enough for good flux coupling. 
This is discussed in more detail in Appendix B.l. 

Several coils in a cylindrical or conical assembly may be used. The current 
generated will be opposite in sense to the plasma-ring current; hence, it is the 
same direction as the main solenoid current. This means the expander coils will 
be pulled toward the main solenoid. 

B.2.2 FORCE ANALYSIS ON CLERICAL-COLLAR COILS 

Some aspects of the magnetic geometry are not yet settled. We present only a 
partial force analysis of the coil system. The unique shape of the 
clerical-collar coils led to an early analysis. The EFFI computer code was used. 

For the purpose of calculating forces, the 90° arcs were divided into 15° 
sectors. The four Ioffe bars were each treated as one short straight segment. 
The 90° turns at the ends of an Ioffe bar were treated in 30° segments (with 
the components added to give a single vector in our illustration). Figure B.2-5 
shows an isometric view of a "clerical-collar" coil with typical force vectors 
shown on one-quarter of the coil. 

A very substantial coil case will be required to help the copper matrix of the 
conductor carry the magnetic pressure. A simple analysis shows that, if copper 
only were present, the stress created would be over <W5 MPa tension in the 
cross-section. Copper will yield at about 100 MPa. We suggest" a coil case 
forming a complete "box" around the square conductor region. This "box" must be 
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Fig. B.2-5 Force On Conductor 
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nominally 6 inches thick and could be made of type 316 stainless steel with 20% 
cold work. Since the copper will certainly yield, we can estimate that the total 
load will be carried by the case at 224 HPa. That material has a yield stress 
exceeding 600 MPa at room temperature—an adequate factor of safety. 

The forces at the ends of the loffe bars and in the straight bars are not of 
serious concern. Figure B.2-6 shows free-body diagrams of those coil parts with 
related force vectors. At the turn the forces are the same magnitude as those in 
thp major arcs. Russets inside the turn will help with the bending rtress there. 
The loffe bar force is quite smal» in comparison to forces elsewhere on coil 
sections of the same length. This is because its current is nearly parallel to 
the magnetic field vector. Shear stress in the coil case around the loffe bars 
will be very low. 

The major arcs of a clerical-collar coil lie in two parallel planes 1.75 m apart. 
The magnetic pressure causes these arcs to move away from the magnetic axis. A 
very large force is exerted on the ends of the loffe bar. The force may be 
visualized as trying to rotate the bars in a way that lets the 90° main coil 
arcs move outward. And they, will move, unless the gussets reinforcing the S-turn 
are very large and stiff in the plane of the S-turn. The region of the "S-turns" 
will be almost solid structure for the width of the coil and for perhaps as much 
as 2 m from each of the four bars in both circumferential directions. 

It can be concluded that the magnetic forces in the vicinity of the loffe bars art' 
not unusually high. However, stresses produced in the case structure at that 
location will be high, due to the coil offset. A large local increase of 
structure in the gusset regions, shown in Figure B.2-7, will reduce the bending 
stresses. Fortunately, no functional penalty is paid for extra structure in those 
areas. 

The clerical-collar coil is an important concept. It can be applied to reactors 
other than those employing field reversal. Me have only begun to analyze the 
structural design. Methods of winding the reversed curvature at the S-turns must 
be developed. Further development of the MRFRM will include more detailed coil 
force analysis and manufacturing concepts. 
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Pig. B.2-7 Schematic of "Clerical-Collar" Coil with Gusset 
Reinforcement Designated by "X" 
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B.2.3 OVERALL ARRANGEMENT OF COILS AND MAJOR REACTOR COMPONENTS 

B.2.3.1 Introduction 

In figure B.2-8 we show an elevation view of major reactor components. The end 
tank configuration is tentative. It depends on the final design of compressor and 
expander coils, as well as those "circularizing" coils related to direct converter 
requirements. 

The six reactor modules rest on a smooth, level, steel surfaced floor. When in 
proper location, two large "dowel rods" are hydraulically driven up from the floor 
into two holes in each module base. Movement of the modules is accomplished by 
flotation on pressurized air pads. Existing commercial air pads are suitable. 
(One example are products of Aero-Go, Inc., Seattle, Washington). The module mass 
of about 1100 tons can be supported on a 10 m by 5.33 in base plate at air pressure 
not exceeding 50 psi. A location for the dowel holes mentioned above must be 
allowed for in the pad location pattern. To move modules easily and safely, the 
level, smooth steel track must go from the reactor room through an air lock to the 
module service area. It must then continue through the general maintenance room 
and through a large shield door to a staging area outside the containment building. 

The transition zones between reactor and end tanks are special cases. The one at 
the inlet end contains the plasma-ring gun and some of the compressor coils. The 
method of disassembling that area for service will depend on the final compressor 
coil locations. It will be complicated by the fact that part of the compressor 
coil array reaches inside the first reactor module. These coils may be 
structurally attached to that blanket module, rather than the gun assembly. We 
will attempt to design for component removal by simple rectilinear motion, 
starting perpendicular to the reactor axis. The trim coil must become part of the 
transition zone assembly and must be movable. It win probably be incorporated 
into an assembly which includes the quadrupole circularizing coil (also in the 
transition zone). 

B.2-78 



•JD//ZECT CONV. (2.) 

FLUX FLA/R 
CO/LS C&orMfDS) 

Cf?yOPAW£LS 

I 7-&M-
CO/Lfe) 

-CL££IC- COLLAR 
COIL 

C/£CULAR/Z//J<3 
QUAD&UPOLE CO/L(2)-

B |a ^ |H 

rta//.M D/A. 

PLASMA 
COMPgF-SSO/Z 
CO/L S£T 

/zc^cro^e 
AiODULE: £~XPAA*D&? 

CO/L ^er 
-~22. M -32.0M - - — -22.M-

o S tori 
i • • • 

SCALE. 
© S=S> & -PLASMA JZ/hJC 

Fig. B.2-8 MRFRM Reactor Outline 



At the ring exit end the transition, zone will imlude the trim coil, the 
recircularizing coil, and some (or all) of the expander coils. We have previously 
discussed the large magnetic force trying to shorten the main reactor solenoid. 
To brace against this huge compressive load, we plan adjustable spacer shims 
between each two clerical-collar coils. The shims will be hydraulically expanded 
and locked. This allows for the simplest removal operations. It has not been 
decided whether many small shims or a few large ones will be employed. The 
distance between shims must be short enough to minimize bending stresses in the 
coil case. Removal of a reactor module obviously entails removal of all load 
shims from the parting lines at each end of that module. 

Replacement of blanket modules can be most quickly accomplished by replacement 
with a complete new module. The removed module is taken into a service area. It 
is "parked" off the main water pad track for eventual disassembly. The new module 
moves past it from the end room. All assembly operations will have been completed 
in the reactor maintenance room. Installation calls for moving into position, 
engaging location dowels, and making up coolant lines, refrigeration, and othsr 
services. Related maintenance issues are discussed in Appendix 0.2. 

B.2.3.2 The Solenoid System 

As with any solenoidal coil of finite length, the axial forces tend to shorten its 
length. This effect is most pronounced at the ends. The force between the 
clerical collar coils varies from zero (between the center pair) to about 4 X 
10 newtons at each end. The area under compression is huge, and that force 
converts to only about 1.6 MPa. 

The end magnet of this set is for field trimming. A large simple solenoid coil is 
provided at each end to boost the magnetic field at the ends. This allows a 
longer percentage of the solenoid length to be nearly of uniform field strength. 
Or, in the case of an axial field gradient, the trim coil helps tailor the field 
to different levels at each end. Again, the percentage of useful length is 
increased. Because no coil of comparable ampere-turns is beyond the trim coil, 
the axial force is very high. Calculations on a similar coil set showed axial 
forces about a factor of ten higher on the trim coil, compared to its neighboring 
clerical-collar coil. This force over the coil area is still only about 20 MPa. 
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So the compressive stress on the coil case and spacer rings is modest. It is 
essential to have adjustable spacers coil-to-coil so nc bending results from the 
high axial load. The spacers between modules will be removed prior to withdrawing 
a module for service. 

Each module contains two clerical-collar coils. The spacers between those two 
coils, once adjusted and installed, never need removal unless a coil must be 
replaced. 

B.2.3.3 The Compressor Coils 

The compressor is a conical array of simple circular coils which periodically 
moves a new plasma ring into the reactor while heating it to ignition. Those 
coils are much smaller th*n the main solenoid, hence have negligible effect on the 
main solenoid forces. 

We have not yet analyzed the forces on the compressor. We know that the members 
of the set will be forced vigorously toward the main solenoid. And this farce 
will be periodic as the various coils are pulsed to generate a moving field 
"ripple" carrying the plasma ring up the magnetic hill. The compressor magnets 
will be mounted inside the vacuum wall. This eliminates field penetration 
problems. 

Very solid structural supports to a very stout vacuum wall will be needed. These 
coils will br ade of normal conductor. Cooling fluid must therefore be supplied 
to the conductor through either the structural supports or the electrical busses. 

There are other special coils at the gun (inlet) end of the reactor. The current 
in those coils is oppositely directed; so the fields generated oppose those of the 
main solenoid. The interaction of the four magnet sets--

1. main solenoid coils 
2. compressor coils 
3. flux circularizing coils 
4. flux flare coils 
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will have strong and not yet known effects on the compressor coils. Use of the 
EFFI code will permit the interaction to be calculated. Also fault conditions can 
be tested to look for load reversals or related behavior. 

B.2.3.4 The Expander Coils 

The interaction of coils at the exit end of the machine is similar to the inlet 
end. In this case the interaction includes: 

1. main solenoid coils 
2. expander energy recovery coils 
3. flux circularizing coils 
4. flux flare coils 

The force on the expander coils will be strongly affected by the other three 
coils. The end of the reactor also will have its coil forces evaluated by EFFI, 
but not enough was known about the expander to begin that work prior to this 
report. 

B.2.3,5 The Flux Circularizing Coils and Flux Flaring Coils 

The design of the flux circularizing coils (see Appendix 8.2.1.3) is not 
sufficently known to permit significant discussion. Since they are "bucking" 
coils (i.e fields opposing the main solenoid), the forces will be away from 
the plasma burn zone. Serious fault conditions could of course reverse the forces. 

The analysis of the circularizes is part of the self-consistent coil design at 
the inlet and exit ends of the reactor. It will be accomplished during the next 
phase of this study. 
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B.4 PLASMA RING ENERGY RECOVERY 

B.4.1. ELECTROSTATIC DIRECT ENERGY CONVERSION 

As the field-reversed plasma rings pass through the reactor burn chamber, some of 
the plasma particles diffuse to open magnetic field lines and escape from the ends 
of the reactor into the direct conversion/vacuum pumping tanks. Half of the 
particles exit at each end. The bundle of open magnetic field lines on which the 
charged particles escape expands in the direct conversion tank, reducing the power 
density of the plasma leakage. Near the end of the direct conversion tank, the 
electrons are separated from the ions, and the ions are electrostatically 
decelerated and collected on a positively biased electrode, thus converting some 
of their kinetic energy into electricity. In steady state, the particles are 
refluxed from the collector as gas and removed by the vacuum pumping system. 

The unburned fuel and thermalized alpha particles which diffuse out of each plasma 
ring during its 1.6 s burn carry 37 HJ of energy to the direct conversion tanks. 
In addition, untrapped alpha particles carrying 12 HJ of energy from each plasma 
ring also follow the open magnetic field lines into the direct conversion tanks. 
There-are three plasma rings in the MRFRM reactor at any one time. Thus, the 
charged particle power flowing steadily into each direct conversion tank is 

(l/2){3}(37 + 12)/1.6 = 45.9 MW. 

The MRFRM will use a simple one-stage, immersed grid direct converter, similar to 
that selected for the FRM pilot reactor.Q) After magnetic expansion, the plasma 
leakage is directed through a tenuous grounded grid. A second grid is held at a 
negative potential equal to about -3 kT /e to reflect nearly all the primary 
electrons. The ions are then decelerated by a collector plate held at the 
positive potential that is determined from the ion-energy distribution to give the 
maximum recovered power. 



A basic constraint to the design of such a device is the power density that can be 
tolerated by the immersed grids. In principle, the grids can be cooled either 
radiatively or convectively. If radiatively cooled, the power density is limited 
by the grid temperature that will result in significant thermionic emission. 
(Emitted electrons will accelerate toward the collector plate, cancelling theion 
current.) An analysis in Ref. (2) for round grid wires recommended a flux limit 

2 2 
Of ''-SO W/cur for tungsten grids, 120 W/ctn for rhenium-coated tungsten 
grids, and •** 160 W/cm for carbon grids. Ref. (3,) reported a successful direct 
converter experiment using tensioned tungsten ribbon grids (20 to 1 aspect ratio) 
at 200 U/cm . The increased area for radiative cooling kept these grids at a 
temperature of 1100°C, whe*e thermionic emission is .leglTe^7" in*"rjn:nont jf 
such ribbon grids is crucial to their operation and has not yet been demonstrated 
for lor.j length grids necessary for a reactor application. Finally, convectively 
cooled grids (high-pressure water has been suggested) would remove the thermionic 
emission limit and allow still higher power densities, but this approach 
introduces design problems of its own. 

We have chosen radiative cooling for the immersed grids and will place the grid 
plane at the axial position where the end leakage power density is reduced to 100 2 W/cm . The grids are constructed of round wires of tungsten, or possibly 
rhenium-coated tungsten. The required cross sectional area of the grid plane at 2 each "end of the reactor is 46 m . As described elsewhere, recircularization of 
the magnetic flux bundle in the direct conversion tanks (by means of auxiliary 
quadrupole magnets) allows the direct converter grids and collector to be circular 
in cross section. 

Also, the rate of expansion of the magnetic flux bundle is increased from its 
natural value by means of auxiliary solenoidal magnets with their current 
direction opposite those in the reactor burn chamber. The radius of the circular 
grid and collector planes is 3.8 m. 
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The collector for the direct converter will be convectively cooled to remove the 
heat deposited by the impacting ions. The heat deposition on the collector at 
each end of the reactor will consist of essentially all of the untrapped alpha 
power, 11.3 MW, (these 3.5 MeV particles are not decelerated significantly by the 
collector potential) and some fraction, l-n d c, of the power of the unburned fuel 
and thermalized alpha particles, where r\. is the direct conversion efficiency 
for these particles. (By "untrapped alphas" we mean those alpha particles which 
are lost from the plasma's magnetic well at birth.) 

We have estimated the direct conversion efficiency to be 5025 for the power 
recovery of the unburned fuel and thermalized alpha particles. Experimental 
results at LLNL have shown an efficiency of 64SS for a steady state, 
"monoenergetic" beam at 100 keV and 60 W/cm 2.{4) Although designated 
"monoenergetic", this beam included 1/2-and 1/3-energy particles that were not 
collected and that accounted for about one-fifth of the total losses. Still, the 
net efficiency would be lower for a typical end-leakage energy distribution. 
Hence, our estimate 0 f 503S. Thus, the electrical power output of each direct 
converter is 0.5 (34.6) = 17.3 MW. The thermal power removed from the collector 
is 11.3 + 0.5 (34.$) = 28.6 MW. We assume that this power is utilized by the 
reactor thermal conversion system. 

B.4.2. MAGNETIC ENERGY RECOVERY 

Every 0.53 seconds a field-reversed plasma ring reaches the end of the burn 
chamber and passes into the direct conversion/vacuum pumping tank at the exit end 
of the MRFRM. These rings carry significant residual energy. Direct recovery of 
some of this energy through expansion of the rings in a decreasing magnetic field 
will improve the reactor power balance and prevent a pulsed overpowering of the 
electrostatic direct converter. 

The residual energ> of the plasma ring at the end of the burn consists of thermal 
and magnetic energy. The residual thermal energy of each ring has been calculated 
by the plasma burn code to be 42 MJ. Thus, the time-averaged power of the exiting 
rings due to just their residual thermal energy is 42/0.53 = 79 MW. 
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A final specification for the residual magnetic energy requires additional 
analysis and interpretation. A number of different magnetic energy calculations 
have been performed, all for a spherical Hill's vortex configuration embedded in 
an infinite uniform magnetic field. Miley and Olson (5) have shown the magnetic 
energy over all space due solely to the plasma currents is 
(10n/7) B^jz/u , where B Q is the uniform external field strength and 
R is the radius of the separatrix. The IOTT/7 coefficient is made up of two 
parts: 23n/21 for inside the separatrix and n/3 for outside the separatrix. 
Auerbach (6) has shown that the magnetic energy within the separatrix due to the 
plasma currents an£ the external field is (3n/7) BjiRcVPn' Note that 
Auerbach's coefficient 3ty7 is less than Hiley's coefficient 23w/21, which means 
that the external field makes a negative contribution to the magnetic energy 
within the separatrix. This effect is not surprising given the field-reversed 
nature of the equilibrium, and can be thought of as being caused by the negative 
mutual Inductance of opposing currents. Eddleman (7) calculated the magnetic 
energy over all space due to the plasma currents jnd the external field and then 
subtracted the magnetic energy over all space for an infinite uniform external 
field with no plasma. This result was (2ir/21) B V / U » • Although 
Auerbach concurs that Eddleman's type of analysis should yield the relevant 
magnetic energy, that is, the net magnetic energy due to the presence of the 
field-reversed ring, he questions the validity of considering an infinite instead 
of a'finite external ffeld. The question is still under investigation. For the 
present, we shall assume that Eddleman's result is valid. Note that Miley's 
coefficient is 15 times as large as Eddleman's coefficient because of the 
"negative mutual inductance" term in Eddleman's analysis. 

At the end of the burn chamber the external magnetic field strength is 6.03T and 
the separatrix radius is 0.74 m. Using Eddleman's formula we calculate the 
magnetic energy due to each plasma ring to be 3.5 MJ. Thus, the time-averaged 
power of the exiting rings due to their magnetic energy is 3.5/0.53 = 6.6 MM. 
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In addition to the magnetic energy store just discussed (due to the plasma 
currents), there is-another magnetic energy store due to the expansion of the 
plasma ring as it travels through the burn chamber. This energy is calculated by 
the plasma burn code as pdV expansion work and is equal to 42 MJ. Wall drag 
results in the dissipation of about 4 MJ. The remaining energy manifests itself 
as a slight compression of the magnetic flux between the plasma ring and the 
aluminum fTux conserver outside the blanket. This energy becomes available for 
recovery as the ring exits from the burn chamber and the compressed flux is 
allowed to expand. The time-averaged power due to this magnetic energy store is 
(42-4J/0.53 = 72 MW. 

The total time-averaged power of the exiting rings is 79 + 6.6 + 72 = 158 MW. 
Note that this is over three times the power of the end leakage particles which 
flow into each direct converter tank. 

Miley and Olson (5_) have defined the ideal recovery efficiency for the ring's 
residual magnetic energy as ^'U

m/\Q' W is the initial magnetic energy 
and W is the final magnetic energy after a maynetic expansion that is assumed 
to conserve the ring's magnetic flux, i.e., B j ' = constant, where B is 
the axially varying external magnetic field strength and R is the separatrix 1/2 radius. They show the ideal recovery efficiency to be 1-(B /B 0) ' . Thus, 
a 9055 ideal efficiency requires a 2 order-of-magnitude reduction in field 
strength. During such an expansion, the ring would grow to 10 times its original 
radius, or about 7.4 m. This is larger than the"M m radius of the direct 
converter tank. We will specify a ring expansion to a maximum radius of 4 m, 
which will occur at B e = 0.21 T, and gives an ideal efficiency of 0.81. The 
actual recovery efficiency will be less because of losses in the pickup coils, 
walls, etc. 

Miley and Olson did not consider the direct recovery of the ring's residual 
thermal energy. Again assuming conservation of the ring's magnetic flux as well 
as the same ion temperature-magnetic field strength scaling law used in the design 
of the compressor, T. * B , we find that the ring's thermal energy will be 
reduced to 0.21/6.03 = 0.035 of its original value by the magnetic expansion 
specified above. This implies an ideal recovery efficiency of over 95% for this 
energy. 
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Because of uncertainties in J.e validity of the ideal estimates above and in the 
magnitude of various real losses, we take the overall direct recovery efficiency 
for the ring's residual energy to be 7556. Thus, the time-averaged power recovery 
from the exiting rings is 0.75(158) = 119 MW. 
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B.5 VACUUM SYSTEM 

B.5.1. INTRODUCTION 

Vacuum pumping for the HRFRM reactor is done in the two end tanks by arrays of 
liquid-helium-cooled cryopanels, specially designed to pump helium as well as 
deuterium and tritium. The hydrogen isotopes are pumped by cryocondensation in 
the usual way, while the helium is cryotrapped in argon sprayed directly onto the 
cryopanel. Such a pump, built for the Tritium System Test Assembly (TSTA), has 
recently been demonstrated to work well for the pumping of hydrogen-helium 
mixtures. (1_) 

Different amounts of vacuum pumping are required at the two ends of the reactor. 
The plasma rings are formed at the inlet end of the reactor by gas discharges in a 
coaxial plasma gun. If the gas efficiency of the gun is less than unity, ring 
formation will be accompanied by the direct introduction of gas into the evacuated 
reactor volume. As the plasma rings traverse the reactor burner section, fuel is 
added via laser-driven DT pellets. If the pellet is not fully ionized and trapped 
in the plasma, fueling will be accompanied by the direct introduction of gas into 
theevacuated reactor volume. As the plasma burn proceeds, alpha particles and 
unburned deuterium and tritium ions diffuse out of the plasma rings and leak to 
the end tanks along open magnetic field lines. Half of these ions leak in each 
direction. In each end tank these ions are electrostatically decelerated and 
collected on a positively biased electrode, thus converting some of their kinetic 
energy into electricity (see Section D in this Appendix). In steady state, the 
particles are refluxed from the collectors as gas and must be removed by the 
vacuum pumping system. In addition, because the plasma rings confine the fusion 
fuel well, large amounts of gas will be released at the exhaust end of the reactor 
as the rings cc~"lete their burns. 
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B.5.2. GAS LOADS 

In this analysis we assume that the gas efficiency of both ring formation and 
fueling is essentially unity, i.e., that there are no direct gas loads on the 
vacuum system due to these processes. The validity of these assumptions remains 
to be determined. There is some evidence from the Beta-II coaxial gun experiment 
that the gas efficiency of ring formation may approach unity. (2_) 

For our chosen plasma burn the number of ions associated with each plasme ring are: 

At t = 0: N 0 T = S.32 x 1 0 2 0 (half 0, half T) 
Injected over 1.6s burn: N D T = 1.46 x 1 0 2 1 (half D, half T) 
At t = 1.6s : N D T = 1.23 x 1 0 2 1 (half D, half T) 

N a = 1.90 x 1 0 2 0 

We also know that during the 1.6s burn the number of alpha particles created in 
20 each ring is 2.24 x 10 . Each alpha particle created is accompanied by the 

burning of one D and one T. Thus, the plasma burn fraction is 2(2.24)/(5.32 + 
14.6) = 0.23. Using this information we can calculate the particle end losses 
during the burn and the particle exhaust at the end of the burn. The results are 

20 as follows: During its 1.6s burn, each ring loses 1.57 x 10 D or T atoms 
(half each) and 1.70 x 10 alpha particles to each end of the reactor. At the 21 end of the burn, the ring deposits 1.23 x 1 0 " D or T atoms (half each) and 1.90 

20 
x 10 alpha particles at the exhaust end of the reactor. 
Dividing these numbers by the burn time of 1.6s, multiplying by 3 to account for 
all of the plasma rings, and converting to the common vacuum throughput unit of 
molecular torr-1/s yields the following gas loads: At the inlet end of the 
reactor the gas load is 4.47 torr-l/s of D 2, OT, or T-, and 0.97 torr-l/s of 
He. At the exhaust end of the reactor, the gas load is 39.5 torr-l/s of D 2, DT, 
or ^2 and H - 8 torr-l/s of He. 
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B.5.3. DESIGN OF A COMPOUND CRYOPUMP SYSTEM 

A compound cryopump designed to pump both hydrogen and helium in TSTA is described 
in Ref. 1. The pumping surfaces of this pump are three concentric cylindrical 
shells with the gas inlet on the inside. The first (inner) shell is an array of 
liquid nitrogen-cooled louvers. The second shell is an array of liquid 
helium-cooled chevrons. The third (outer) shell is a liquid helium-cooled panel. 
In the annulus between the second and third shells, spray tubes are positioned 
with their spray holes oriented to coat the outer shell with argon. In this pump 
the hydrogen is pumped on the second shell and the helium is pumped on the outer, 
argon-sprayed shell. This particular design resulted from a TSTA specification 
for a differential desorption capability, and a simpler design eliminating the 
second shell will pump both gases just as effectively. Figure E.5-1 is a sketch 
of the simpler design we propose for use in the MRFRM reactor. Both hydrogen and 
helium are pumped on the argon-sprayed cryopanel. Further study is needed to 
determine the best way to separate hydrogen and helium in the reactor fuel cycle. 

The power required to operate a cryopump vacuum system is the refrigerator input 
power for the helium and nitrogen refrigeration. Some of the heat loads to be 
removed by refrigeration are proportional to cryopanel area (e.g. thermal 
radiation, neutron heating) while others are proportional to the gas loads (e.g. 
latent heat of free2ing). For our cryopump we must include the latent heats of 
hydrogen, helium, and argon. The last is quite important because experiments have 
shown that the throughput ratio of argon to helium must be quite high to attain a 
high pumping speed for helium. (1,1) 

The required area of cryopanel is given by: 

v *H ^He 
where P is the desired pressure, Q H and Q H are the gas loads of hydrogen 
and helium, and S,, and Su e are the pumping speeds of the cryopanel per 
unit area for hydrogen and helium. Based on measurements reported in Refs 1 2 and 3 we estimate S^ to be 70,000 1/s-m and Su„ to have the following 
dependence on argon to helium throughput ratio: 
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A/He SHe 

4 5,000 1/s-m2 

8 10,000 
30 30,000 
50 34,000 

The vacuum system is designed to maintain a pressure of 5 x 10 torr in 
each of the two end tanks. The following table gives the active cryopanel 
area required in each end tank as a function of argon to helium throughput 
ratio. 

A/He Area, inlet end Area, exhaust end 

4 52 m 2 585 m 2 

8 32 349 
30 19 192 
50 18 182 

We have chosen a 30 to 1 argon-to-helium ratio for our design. Lower values 
result in significantly higher cryopump refrigeration power because of 
increased cryopanel area; higher values are not beneficial because the 
refrigeration load becomes dominated by the latent heat of the condensing 
argon (see Appendix B.6). Thus we need 19 m and 192 m of active 
cryopanel in the inlet and exhaust end tanks, respectively. 

Since the vacuum system must operate continuously, extra cryopanel area must 
be included in the design along with an isolation and defrost system. The 
design and operation of such a continuously operating cryopump system is a 
current project at LLML (4J. For our design we assume 505S excess cryopanel; 
so 1/3 of the system can undergo defrost while the other 2/3 maintains the 
vacuum. Thus, we provide a total cryopanel area of 30 m in the inlet end 

•> tank and 300 m in the exhaust end tank. The cylindrical section of each 
2 end tank has a sidewall area of about 300 m ; so adequate space is available 

for installation of the cryopanel system. 
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B.6 CRYOGENIC SYSTEM 

B.6.1. INTRODUCTION 

Liquid helium at 4.2 K is used to remove the heat loads from the superconducting 
magnets and the cryopanels in the reactor end tanks. Following the analysis of 
Ref. 1, we take the electrical input power for the helium refrigerator to be 282 
times the heat load at 4.2 K. Liquid nitrogen at 77 K is used to cool the 
intermediate liner in the superconducting magnets and the louvers and shields 
surrounding the cryopanels. Following the analysis of Ref. 1, we take the 
electrical input power for the nitrogen refrigerator to be 9.62 times the heat 
load at 77 K. 

B.6.2. MAGNET REFRIGERATION 

The primary heat loads to the superconducting magnets which must be removed at 
liquid helium temperature are caused by neutron energy deposition and heat 
conduction through compressive load transfer pads from the liquid nitrogen-cooled 
liner. Neutronic calculations (see Appendix C.3) have shown that the 
time-averaged neutron heating in the clerical collar coils is about 50 W per axial 
meter of coil. The burner length is 28 tn, and the coil axial coverage fraction is 
0.25; so the total coil neutron heating is 350 W. 

Based on a previous design analysis, (2J it appears that the conductor heat load 
to the 4.2 K magnet can be limited to 3 U per square meter of coil surface area. 
Each of the 12 clerical collar coils has a surface area of 93 m , and each of 
the 2 boost solenoids (one at each end of the burner region) has a surface area of 

2 2 
97 m . Thus, the total surface area of these magnets is 1300 m , and the 
predicted conduction heat load is 3900 W. 
The total heat load to the 4.2 K magnet is 4250 W. At 282 W of input power per 
watt of heat load, the required electrical input power for helium refrigeration is 
1.2 m. 

B.6-1 



Heat conduction to the intermediate liner in the superconducting magnets is the 
primary heat load which must be removed at liquid nitrogen temperature. Nautron 
heating of the liner is negligible. We assume the same ratio of 77 K to 4.2 K 
conduction heat load as for a previous magnet design, (2) and estimate the 77 K 
load in the present design to be 164 kW. At 9.62 W of input power per watt of 
heat load, the required electrical input power for nitrogen refrigeration is 1.6 
MU. 

B.6.3. CRYOPUMP REFRIGERATION 

Liquid helium refrigeration is required for the cryopump system to remove the 
following heat loads; radiation and conduction, cyclic cooldown, neutron heating, 
and the sensible and latent heat of freezing for hydrogen, helium, and argon (used 
to cryotrap the helium; see Section E of this Appendix). We estimate the 
radiation and conduction heat load to be 135 W, based on a total cryopanel area of 
330 m and a per unit area heat load of 0.41 K/m . The latter value was shown 
in Ref. 1 to be appropriate for liquid helium-cooled cryopanels shielded on the 
front side by liquid nitrogen-cooled chevrons and on the back side by a liquid 
nitrogen-cooled liner. An allowance for hanger conduction is included. 

As discussed in Appendix B.5, two-thirds of the cryopanels are actively pumping at 
any given time, while the other one-third are being defrosted. During defrosting, 
the panel temperature will cycle between 4,2 K and about 100 K. The rather high 
defrosting temperature is required in order to remove the condensed argon from the 
cryopanels. We assume that the cryopanels are constructed of aluminum and 
estimate their mass to be 4.5 kg/nr. The integral of the specific heat for 
aluminum over the specified temperature range is 2.2 x 10 4 J/kg. Thus, the heat 
which must be removed from the cryopanels for cooldown from ICO Y. is 9.9 x 10 
J/m . We will cycle one-third of the cryopanels through defrost every hour; the 
total cycle time for all of the cryopanels is three hours. The required heat 
removal rate for defrost is therefore: 

(9.9 x 10 A J/m2)(330 m2)/(10,800 sec) = 3030 W 
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We conservatively take the electrical input power required for the cooldown 
refrigeration to be 282 times the heat load. (Recall that this input power will 
provide refrigeration at a constant 4.2 K, which is not needed here.) 

From a previous study, (£) we estimate the cryopar.el neutron heating to be 0.5 
W/kg, or 2.3 W/m . Thus, the heat load due to neutron heating is 760 W. 

The sensible and latent heat of freezing for deuterium, tritium, and helium is 
about 0.16 J/torr 1. For argon, the value is about 1 J/torr 1. The throughput of 
deuterium, tritium, and helium is 56.7 torr 1/s. Thus, the heat load due to the 
condensation of these gases is only 9 W. For the design value of 30 for the 
argon-to-helium ratio, the argon throughput is 30 x 12.8 torr 1/s, or 384 torr 
1/s. Thus, the heat load due to the condensing argon is 384 W. Note that this is 
the only cryopanel heat load which would increase if we designed for a higher 
argon-to-helium ratio (and lower cryopanel area). The heat load due to the 
condensation of the other gases would remain constant, and all of the other heat 
loads (radiation and conduction, defrost, and neutron heating) would decrease in 
proportion to the cryopanel area. 

For our design, the total cryopanel heat load at 4.2 K is 135 + 3030 + 760 + 9 + 
384 =4320 W. At 282 W of input power per watt of heat load, the required 
electrical input power for helium refrigeration is 1.2 KW. 

The cryoputnp system also requires nitrogen refrigeration for the cryopanel 
chevrons and shields, which are cooled by liquid nitrogen. The radiation and 
conduction heat leak is estimated to be 324 W/m of cryopanel area, as derived 
in Ref. 1. This value includes an allowance for hanger conduction. The 
contribution from gas sensible heat and neutron heating are negligible. Thus, the 
heat load is 110 kM. At 9.62 W of input power per watt of heat load, the required 
electrical input power for nitrogen refrigeration is 1.1 MW. 

B.6-3 



B.6.4. TOTAL CRYOGENIC SYSTEM 

The total cryogenic system for the MRFRM requires 5.1 HW of electrical input 
power. The helium refrigerator uses 2.4 HW of electrical power to remove a total 
heat load of 8.6 kW at 4.2 K- The nitrogen refrigerator uses 2.7 MW of electrical 
power to remove a total heat load of 270 kW at 77 K. 
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B.7 TRITIUW FLOWS AND INVENTORIES 

B.7.1. TRITIUM FLOWS 

The steady state tritium flow rates for the MRFRM are shown in Fig. B.7-1. The 
flow rate unit is g/h. Fig. B.7-1 shows that the largest tritium flow rate is 
that of the DT pellet fueling system: 24.7 g/h. The only other injection of 
tritium to the reactor is via the coaxial plaswia gun, which injects 8.9 g/h. Of 
the total 33.6 g/h injected, 5.3 g/h diffuses out of the field-reversed plasma 
rings and flows to the end tanks (half to each end) where it is condensed onto 
cryopanels, 20.7 g/h is carried by the rings into the exhaust end tank where it is 
condensed onto cryopanels, and 7.6 g/h is consumed by the DT reaction. This 
latter amount is replenished through tritium breeding reactions in the blanket. 
(Using the above numbers we can calculate the tritium burnup fraction as 7.6/(8.9 
+ 24.7) = 0.23, the same value as calculated another way in Appendix B.5). It 
should be noted that the total steady state tritium throughput for the MRFRM is 
about half that planned for the Tritium System Tast Facility (TSTF), under 
construction at Los Alamos. 

B.7.2. TRITIUM INVENTORIES 

During steady state operation, tritium is held up in the blanket breeding 
material, on the end tank cryopanels, and in the various tritium processing 
loops. In addition, tritium will be stored for reactor start-up and to allow 
reactor operation to continue during a processing loop outage. 

As discussed in Appendix C.6, the tritium inventory in the blanket breeding 
material and the blanket processing loop is estimated to be 2.4 kg. This tritium 
dominates the total tritium inventory of the reactor. The tritium held up on the 
cryopanels (recall that the cryopanel system is divided into thirds, each of which 
pumps for two hours and is defrosted during the third hour) is 78 g. The tritium 
inventory in the vacuum system processing loop has not been determined, but we 
take as a design goal an amount equal to the cryopanel inventory. Tritium stored 
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in the plasma gun system and the pellet fueling system will allow continued 
operation of the reactor during temporary outages of the blanket and vacuum system 
processing loops. We note that the storage of 800 g, only 1/3 of the blanket 
inventory, would allow continued reactor operation for 24 hours with no tritium 
recovery from the blanket or cryopanels. Choosing this amount, vie have a total 
reactor inventory of tritium of 2.4 + 2(.078) + 0.8 = 3.4 kg. 

Tritium, of course, is radioactive, and the blanket breeding reactions must 
replace the amount of the stored tritium inventory which decays as wll as the 
tritium burned by DT fusion. Fortunately, tritium has a fairly long half life 
(12.3 yr), and the decay rate of the 3.4 kg reactor inventory is only 0.02 g/h. 
Thus, the required tritium breeding ratio in the blanket is only (7.6 + 0.02J/7.6 
= 1.003 T/fusion neutron. Neutronic calculations described in Appendix C.3 
predict a more than adequate breeding ratio of 1.03. (The 1.05 breeding ratio 
given in Appendix C.3 is for those fusion neutrons that intercept the breeding 
blanket. The 1.03 value includes the 98% blanket coverage factor.) The excess 
tritium breeding ratio (1,03 - 1.003 = 0.027) will yield a net production of 
3.4 kg of tritium (enough to provide the tritium inventory for an identical MRFRM 
reactor) in 2.0 years of full power reactor operation. 
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D.l REACTOR DESIGN AND LAYOUT 

D.1.1. NUCLEAR ISLAND STRUCTURAL DESIGN 

The reactor containment building, as conceived by Pacific Gas and Electric 
engineers, is a cylindrical reinforced concrete shell with horizontal axis (see 
Figure D.l-1). The volume of the building is set by internal pressure limits 
reached during a major accident. If all cryogenic and coolant helium plus the 
water from the steam-generators were released by an accident, the building would 
still contain all the tritium. No indication of an accident could be detected by 
radioactivity measurements at the site boundary. 

The largest room in the building has 1-m thick reinforced concrete walls. It 
houses the complete fusion reactor including end loss tanks with direct 
converters. The end tanks are permanently anchored in place. Cryopump panels and 
direct converter elements would be removed from the tanks and transferred to 
service areas individually. 

The large end tanks and their massive structural attachments to the building 
foundation perform a safety function. Normal operation of all the high current 
magnets results in forces toward the reactor middle. Special load transfer 
spacers separate the many coils and keep the system from collapsing axially. If a 
magnet fault develops in any major coil, there can be current, hence force 
reversals. Each possible mode of failure will have to be individually analyzed. 
It is possible that end coils may be forced away from the middle of the machine. 
The end tank permanent installations must act as "book-ends" to prevent accidental 
module movement in a fault condition. 

Good vacuum seals between the major reactor components are vital to its 
operation. We believe the inflatable metal "cushion" will answer this 
requirement. Its construction and operation have been discussed in prior studies. 
(J.,2.) There are two ways of employing such a design: 
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a. With a Vacuum Building 

Ue know such a building can function successfully (witness Plumbrook 
Station in Ohio). The vacuum seals could then be large flat plates 
about .75 m in annular width. If the building internal pressure is 
10 torr, the impedance of the two large metal surfaces, forced by 
air pressure into intimate contact, will permit 10 torr vacuum in 
the plasma zone. 

b. With Metal Seals Differentially Pumped 

The pressurized cushion concept is proposed with four independently 
operated metal bladders. The spaces between the concentric bladder 
rings are vacuum pumped to maintain the total pressure difference from 
760 torr to 10" torr. Figure 0.1-2 shows the concept. The large 
pressurized zone expands or retracts the entire seal assembly to provide 
module assembly clearance. The individually pressurized thin stainless 
steel bladders make contact with the shield end-plate of an adjacent 
module. Four concentric bladder contact regions isolate three annular 
zones which are pumped on by separate vacuum pumps. Sufficient pumping 
speed in each zone must be maintained to handle outgassi;-.<> •• v. zone 
boundaries plus interzone leakage. Me believe interzone pressure ratios 
of 1000 can be easily attained. Thus, three differential pumping stages 

q 
will maintain the desired pressure ratio of 10 between the building 
atmosphere and the plasma environment. 

Our preference at this point in the design is for the differentially pumped 
seals. If the vacuum building concept were employed the heavy crane and other 
remote machinery would present lubrication problems. Storage for long periods in 
a vacuum will evaporate normal lubricants. This is a large pumping load. Then 
expensive time-consuming relubrication would be needed prior to use. 

Prior to a firm decision, extensive tests on large seal rings of both designs must 
be made. 
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D.2 REMOTE HANDLING, MODULE REMOVAL AND DISASSEMBLY 

The low activiation first-wall and blanket will permit some hands-on work on the 
reactor. Prior to moving a module out of the reactor, it will be possible to 
disconnect service connections (i.e., coolant lines, cryogenic lines, 
instrumentation lines) by personnel contacting the outside of the modules. 

Removal of a module means exposure of the first-wall to the reactor room. 
Appendix C demonstrates that no immediate hands-on maintenance to any part of the 
module is possible until the central hole of the module is plugged at both ends. 
The open holes of the reactor must be similarly plugged. Our plan for maintenance 
calls for all-remote-operations from the reactor to the module service area. But 
some inspection of the operation by people as the movement proceeds will be 
permitted; repairs on the handling gear should be possible, if a malfunction 
occurs. 

In the module service area the end plugs would be removed and the 
blanket/first-wall assembly extracted. Those operations must be done remotely. 
The blanket assembly would be moved for safe shipment and storage in a shielded 
container and moved by rail to a hot processing facility. The remaining magnet, 
shield, and base assembly would then be moved to the reactor maintenance room. 
There, hands-on operations would be permitted to install a new blanket/first-wall 
assembly in the used module. 

REFERENCES: 

1. G. A. Carlson, et a l , Tandem Mirror Reactor With Thermal Barriers, 
UCRL-52836, Sept. 1979. 

2. G. A. Carlson, et a l , Field Reversed Mirror Pilot Reactor, EPRI AP-1544, 
Sept. 1980. 
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D.5 REACTOR POWER 8ALANCE 

0.5.1 INTRODUCTION 

The predicted performance of the separate systems and components of the MRFRH 
reactor has been discussed in various sections of this report. All of this 
information has been combined into a plant power flow diagram, Fig, D.5-1. The 
figure shows that the MRFRM reactor produces 393 MW of net electrical power from 
1183 MW of fusion power and 29 MW of neutron-blanket reactions. The net 
efficiency of the plant is 393/(1183 + 29) = 32%. The gross electv-ical output of 
the plant is 558 MW and 165 MW is used to provide the electrical pc ) w er 
requirements of the various reactor systems. Thus, the recirculating power 
fraction is 165/558 = 30%. 

It should be noted that our choice of an electrically driven helium circulator for 
this plant, along with our definition of recirculating power fraction (plant 
electrical power requirement/gross electrical power), greatly impacts the 
.numerical value for recirculating power fraction sven though a plaht with a steam 
driven circulator could be just as economical. Consider the following: if a 
steam driven circulator is substituted for the electrically driven circulator, the 
gross electrical power will decrease because not all of the steam t;in p a s s 
through the turbine. Suppose the new gross electrical power is 47<j fiy instead of 
558 MW. (Note that the difference, 79 MW, means that 79/0.397 = l^g m 0 f steam 
thermal power is shunted around the steam turbine in order to drive the 
Circulator.) Without the electrically driven circulator, the requirement for 
plant electrical power is reduced to 165 - 79 = 86 MW. Thus, the net electrical 
bower of the new plant is 479 - 86 = 393 MW, exactly the same as before. 
Moreover, it is quite possible that the cost of the new plant is a l s o the same as 
before, i.e., the reduced size and cost of the turbine-generator is balanced by 
the higher cost of a steam driven circulator system. Thus, to the consumer of the 
net electrical power, the two plants appear to be equivalent. But using our 
definition, the recirculating power fraction of the new plant is 86/479 = 18%, 
Only about half that of the original value! This example illustrates the lirrrted 
Value of the recirculating power fraction as a figure of merit. 
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In the remainder of this section we discuss the various power flows shown on Fig. 
D.5-1. Additional details will be found in the various sections of the report. 

0-5.2 DISCUSSION OF REACTOR POWER FLOWS 

At the upper left of Fig. D.5-1, we show a 35 MW power input into the plasma 
rings. The ring initial thermal energy (from the plasma burn code—see Appendix 
A.4) accounts for 2B MW, and the ring initial magnetic energy (assumed to be che 
same as the ring final magnetic energy, discussed later) accounts for 7 MW. This 
power is estimated to be delivered at 75% efficiency (see Appendices A.2, A.3, and 
B.l); so the electrical power requirement is 46.6 MW. 

The electrical power requirement for the pellet fueling system is estimated to be 
17 MW (see Appendix B.8). The kinetic power of the accelerated fuel pellets is 
less than 0.2 MM and we show it as zero on the figure. It should be noted that 
the kinetic power of the injected fuel was calculated to be about 2.0 MW by the 
plasma burn code (see Appendix A.4). This value is an artifact of the energy 
group structure of the Fokker-Planck plasma model. We ignore this small 
discrepancy in the overall power balance. 

The plasma rings produce 1183 MW of fusion power. Neutrons account for 951 MW of 
this total. The neutrons produce an additional 29 MW of nuclear power through 
neutron-blanket reactions. (Thus, the overall neutron energy multiplication 
factor is M = (951 + 29)/95l = 1.03.) Of the 980 MW of neutron-induced power, 872 
MW is available as high temperature thermal energy from the blanket. The 
remainder is removed by low temperature auxiliary cooling systems, most of it from 
the water-cooled first wall. The total auxiliary cooling from the reactor bum 
chamber is 130 MW, consisting of 108 MW of neutron-induced power, 15 MW of plasma 
radiation onto the first wall (see Appendix A.4), and 7 MW of induced electric 
current heating in the first wall due to plasma wall drag (see Appendix B.3). 
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Charged particles exiting from the ends of the burn chamber along open magnetic 
field lines carry 90 MW of power (see Appendix 0.4). Unburned fuel and 
thermali2ed alpha particles account for 67 MW of this total. This power is 
recovered at 502 efficiency by the electrostatic direct energy converter, 
producing 33 MW of electricity. The residual 34 MW plus 23 MW of unthernta1i2ed 
alpha particle power is recovered thermally and added to ihe main helium cooling 
system. 

The plasma rings exiting from the burn chamber carry 157 MW of residual power, 
consisting of 79 MW thermal energy, 7 MM magnetic energy, and 72 MW of compressed 
flux energy (see Appendix B.4). The latter amount is due to expansion of the 
plasma ring during its burn and the presence of an aluminum flux conserve!-

throughout the burn chamber. This power is recovered at 75$ efficiency by the 
magnetic direct energy converter, producing 118 MW of electricity. 

The total thermal input to the main helium coolant system from the blanket and the 
electrostatic direct energy converter is 929 MW. Another 69 MW of thermal power 
is added to the helium via viscous flow heating. Thus, the total thermal power 
input to the steam generator is 998 MM. The steam cycle efficiency is 39.7%, but 
this includes the use of 11 MW of electrical output to operate the steam cycle 
pumps. Thus, the total generator output power is (0.397)(998) + 11 = 407 MW. 

The gross electrical power for the plant is 407 MW plus 151 MW from the direct 
converters, or 558 MW. The total electrical power required to operate the various 
reactor systems is 165 MW, consisting of 16 MW for steam plant pumps and 
auxiliaries, 79 MW for the helium circulator, 6 MW for reactor refrigeration and 
auxiliaries, and 64 MW for plasma ring formation and refueling. 

REFERENCES 

1. G. A, Carlson, et al, Tandem Mirror Reactor With Thermal Barriers, 
UCRL-52836, Sept. 1979. 

2. G. A. Carlson, et al, Field Reversed Mirror Pilot Reactor, EPRI AP-1544, 
Sept. 1980. 
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