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Abstract 

We have completed the conceptual design of a fusion powev~ reactor 
based en the field-reversed mirror confinement concept. A nunber of 
possible plasma s'.art-up scenarios were considered, b-jt tiie choice of a 
specific method for the conceptual design was deferred, pending experi
mental demonstration of one or more of the srh":-io'; in a mirror machine. 
So far, attempts to create 'iel<; reversal by neutral beam injection in 
^ X r i • J have been unsucces iful although 1. >. ._• y have come very close. A new 
approach being pursued is to use a coaxial plasma qun to create a target 
plasma in wh'ch field reversal already exists. Basic to our reactor 
plasma model is the assumption that, once crated, the plasma can be 
stably maintained by injection of a neutral beam current sufficient to 
balance the particle loss rate. Two additional assumptions are that the 
particle confinement time is proportional to the ion-ion collision time 
and that the size of the field-reversed plasma, measured by the ratio of 
minor radius to ion gyroradius is limited by stability to about 5. A 
result of this latter assumption is that field-reversed plasma layers are 
predicted to b& quite small, producing tens of MW of fusion power. Our 
parameter studies indicate that larger radii plasma would greatly improve 
the reactor economics. 

The- reactor design is a mult ice 11 arrangement wherein a series of 
field-reversed plasma layers are arranged along the axis or a long super
conducting solenoid which provides the background 'laqnetic field. Norma! 
copper mirror coils and ioffe bars placed at the first wall radius provide 
shallow axial and radial magnetic wells for each plasma layer. Each of 
11 plasma layers requires the injection of 3.6 MW of ?00 keV deuterium and 
tritium and produces 20 MW of fusion power. The reactor has a net elec
tric output of 74 MWe and an estimated direct capital cost of S1200/kWe. 
Introduction 

We have completed the conceptual design of a fusion power reactor 
based on the field-reversed mirror confinement concept. The reactor 
design is a multicell arrangement wherein a series of field-reversed 
plasma layers are arranged along the axis of a long superconducting 
solenoid which provides the background magnetic field. The reactor has a 
net electric octput of 74 MWe. In this paper I will discuss our analytic 



model for this reactor, our parametric studies, and soirte of the specifies 
of the reference case reactor design. Much of this paper is extracted 
from the more detailed Reference 1. 
Analytic Model 

The analytic model for the field-reversed mirror (FKM) begins with a 
description of the plasma physics. The plasma model describes only the 
steady state physics and not startup. We do not specify the startup 
scenario for the FRM. So far, attempts to create field reversal by 
neutral beam injection in 2X1 IB have been unsuccessful although they have 
come very close. A new approach being pursued is to use a coaxial plasma 
gun to create a target plasma in which field reversal already exists. 
Basic to our reactor plasma model is the assumption that, once created, 
the field-reversed plasma can be stably maintained by injection of a 
neutral beam current sufficient to balance the particle loss rate. The 
assumed equilibrium configuration, suggested by the ion particle code 
SUPERLAYER and field-reversed theta pinch experiments, D J i s a fat, 
elongated torus as shown in Fig. 1. We have taken the geometric ratios 
to be R/a = 2 and L/a = 6. We assume the size of the field-reversed 
plasma, measured by the ratio of minor radius to ion gyroradius, to be 
limited by stability to about 5. We assume the plasma 8 defined as the 
maximum plasma pressure divided by the vaccuin magnetic field pressure, to 
be 1.5 and the plasma density to vary as n [,l-(r/a)J]. To maintain 
this density profile we require a particular value for neutral beam atten
uation in the plasma. The fraction of alpha particle energy redeposited 
in the plasma is treated as a parameter. (Work now in progress by 0. 
Driemeyer of the University of Illinois will aid us in future estimates 
of this parameter.) For particle confinement time we have assumed an ad 
hoc ion-ion scattering model: 

T p a T i i S 

where T. . is the ion-ion scattering time and S is the ratio of plasma 
minor radius to ion gyroradius. 

The basic equations of the plasma model are those for the density, the 
mean ion and electron energies, the beam absorption, and the relation 
between magnetic field and plasma pressure. To allow a rapid survey of 
parameter values we use zero-dimension equations. We chose to let the 
neutral beam energy be the final input parameter and to obtain the mag
netic field strength as part of the solution. Other output includes the 



plasma dimensions, fusion power, and the plasma Q (fusion power divided 
by trapped injected power). 

The basic unit of the FRM in a single cell containing the blanket and 
shielding, a solenoid (exterior to the blanket and shielding) to furnish 
the main magnetic field, copper mirror coils inside the first wall to 
supply an axial well, and four loffe bars, also inside the wall, to 
furnish a radial well. Each cell would also have sufficient neutral-beam 
injectors to supply losses from the plasma, A schematic of a single cell 
is shown in Fig. 2. In the reactor, eleven of these cells are joined end 
to end. 

We specify the peak allowable fusion neutron wall loading as an input 
parameter and solve for tho first wall radius as a function of cell 
length. For a given first wall radius, cell length, and plasma current 
(that which reverses the field), we solve for the mirror coil current 
that will produce a vacuun, axial well in each cell. Then, the loffe bar 
currents necessary to establish a radial well are calculated. 

The currents in the mirror coils and loffe bars are now known as a 
function of cell length, but the cross-sectional areas are as yet 
unknown. We determine these by finding the electrical current density 

2 which minimizes the sum of the I R losses and the potential for 
electrical power production which is lost because of neutron absorption 
in the copper. 

Beyond the first wall the reactor consists of concentric cylindrical 
shells: the blanket, shield, coolant gas plena, superconducting solenoid, 
coil structure, and vacuum vessel. Power balance calculations are used 
to size the neutral beam injection system, the plasma direct converters 
at the ends of the reactor, and the thermal conversion system. Finally, 
we calculate an approximate direct capital cost for the FRM. The direct 
capital cost divided by the net electric power (S/kWe) is used as the 
economic figure of merit. The cell length which minimizes this figure of 
merit is chosen. The basic tradeoff here is between a high reactor 
average power density, which occurs for short lengths, and a low copper 
coil loss, which occurs for long lengths. 
The Reference Case Design 

The reference case design is an 11 cell FRM reactor producing 74 MWe 
net electric power. The reference case parameters are surrmarized in 
Tables I-IV. The power flow diagram for the reactor is shown in Fig. 3. 



4 
The required background magnetic field for the 11-cell FRM reactor is 

a uniform field of 4.1 T. Since each field-reversed plasma requires that 
field, the simplest way to provide it is by means of a long uniform 
solenoid. The plasma cells may then be uniformly spaced on the center!ine 
of such a solenoid. To maintain the field strength constant for all of 
the active plasma cells, it is necessary to add inactive cells and/or 
higher current magnet segments at the ends of the solenoid. In the pre
sent design we have added at each end of the reactor one inactive cell and 
a triple-current end coil located about one cell length beyond the inac
tive cell. The neutron-absorbing blanket extends into the inactive cells 
to capture a larger fraction of the neutrons from the last active cell. 

Since the plasma, vacuum space, and blanket represent a large volume 
of moderately high field strength, it can be shown that niobiurn-titanium 
superconducting coils of simple loop geometry can provide the background 
field more economically than normal conductors. To protect such coils 
from neutron heating requires about 40 cm of high-density shielding out
side the blanket. The mean radius of such a solenoid is about 3.4 m, and 
separate solenoidal coils -- one for each cell — spaced 2 m apart were 
found to produce an extremely uniform field in the plasma region. The 
individual solenoidal coils are 0.3 m in axial length, 1.1-m thick, and 

2 have a bulk current density of 2000 A/cm". These coils, as well as the 
mirror coils and Ioffe bars, are shown in Fig. 2. 

An axial magnetic well is required to keep the field-reversed plasmas 
centered in each reactor cell. We have defined the axial mirror ratio 
R. as the on-axis value of 8(Z )/B„, where Z is 1.1 times the 
plasma half-length. For a particular cell, R„ is calculated without 
the presence of the plasma in that cell, but with all of the other plasmas 
in place. (The field-reversal currents of the other plasmas produce an 
anti-mirror in the cell being considered.) 

The superconducting solenoidal coils outside the blanket and shield 4 produce less than 1 part in 10 of on-axis field ripple, and cannot be 
used to provide R„, especially with the anti-mirrors produced by the 
plasma currents. The multicell FRM design therefore incorporates small 
radius mirror coils located near the first wall. Calculations predict 
that Rfl = 1.001 can be produced by mirror coils of mean radius 0.57 m, 

4 each with a current of 5.2 x 10 A. Specifying the bulk current density 2 for those ceils to be 1500 A/cm yields the required cross-section 
dimension: 0.059 m (square). 



5 
For the reference design it was assumed necessary to provide a radial 

magnetic well for plasma stability. The quadrupole field produced by four 
Ioffe bars, also running near the first, wall directly behind the mirror 
coils, will produce the effect desired. We have defined the radial mirror 
ratio R as the midplane value of B(r )/B„, where r is the outer 
radius of the plasma. For the reference case design, R is specified 
to be 1.0001. We found that Ioffe bars at a radial posit: n of 0.57 m, 

5 
each with a current of 2.8 x 10 A would produce a minimum R of 

r 
1.0001 (R has a slight azimuthal variation). These Ioffe bars have i 
square cross section of 0.14 A 0.14 m (current density = 1500 A/cm") 
and thus will fit just outside the mirror coils. 

Each reactor cell •"enuires t'-e injection of IS A of 200 keV deuterium 
and tritium atoms. A design is emerging for sjch a neutral beam source 
with water-cooled extraction grids, a cesium vapor double charge-exchange 
cell (to make negative ions out of positive ions), acceleration grids and 
a cesium vapor neutrali?er. We do not present a design in this paper. 
Progress has been made to the point of sizing pumping systems, estimating 
the size, and location of major components, and considering injector 
locations as they impact blanket design. 

Figure 4 shows a concept for the design of the water-cooled extrac
tion grids. This design has been analyzed for both electrical breakdown 
characteristics, cooling considerations, thermal distortions, and electro
static force and gravity distortions. This work has been reported by Joel 
Fink. J This source, a 7-by-40-cm grid area, will deliver 35 A of 
positive ions. 

To convert the D ions emerging from the extraction grid to D~ 
ions, a cesium vapor cell is used. A practical conversion efficiency 
using cesium is 20%, obtained by providing a target thickness of 2 x 10 

2 cesium atoms per cm . 
After positive to negative ion conversion, the beam must be acceler

ated to 200 keV and then neutralized. Our design efforts are centered 
now on that portion of the beam line. 

Some general conclusions about the beam lines and their relationship 
to the 11-cell reactor have been reached. They are as follows: 

. The width of the injector assembly for one cell will be up to two 
cell lengths (-4 m ) . This means that if all injectors are mounted in or 
near the same horizontal plane, the injectors for the even-numbered cells 
will be side by side on one side of the reactor and those for odd-numbered 
cells on the other side of the reactor. 



6 
. Beam path length from extraction grids to plasma cannot be less 

than 9 m and may be as much as 12 m. About 4.7 m of that distance is 
from the vacuum case to the reactor centerline where shielding space 
requirements preclude any active beam shaping or guiding elements or any 
cryopanel pumping components. 

• It appears practical to aim the beams from four separate beam 
extractor grids all through the same rectangular blanket hole. The beam 
size at the first wall is 90 by 35 cm, which is 4% of the first wall 
area. It is possible that the aperture may have to be larger to allow 
for more beam divergence. Careful neutronics calculations are now 
progressing relative to the beam port and vulnerable source insulators. 
It now appears that distance from the plasma and concentration of the 
escaping neutrons by col Violation combine to permit putting conventional 
insulators and other common structural materials closer tc the injection 
axis than originally thought possible. 

We have evolved an axial modularization scheme where one cell -- a 
mass of about 550 tonne -- can be removed from the chain of cells as a 
unit and be totally replaced by an identical new or refurbished module. 
One important choice had to be made: "Should the cell module be sym
metrical or asymmetrical with respect to the plasma?" Careful study of 
both approaches led us to conclude that an asymmetric design was best. 
Advantages are as follows: 

• A single solenoid magnet section between beam ports minimizes the 
surface area exposed to heat loss for the superconducting material. 

. The mirror coils near the first wall are not divided by the module 
separation line. Only half as many coils need to be built and supplied 
with current and coolant. Figure 5 compares these alternate approaches. 

The cell module has been designed with quick replacement of the first 
wall and associated blanket as our primary concern. To make such a 
replacement requires first that a module be extracted from the chain. It 
can then be processed and reinstalled, or (much more quickly) a ready 
replacement module can be inserted in the chain while the first unit is 
serviced. 

The reactor building arrangement could be as shown in Fig. 6. Notable 
features are the following: 

• Gantry crane service is provided over the reactor centerline. The 
550-tonne modules are lifted vertically to clear the reactor structure, 
then moved to a position on the machine centerline and above the vacuum 
connector pipe to the direct converter. Lowered onto a multi-wheeled 
transporter at that point, the module is moved into a shielded "hot" main
tenance bay r.hraugh a large sliding shield door where disassembly opera
tions can be accomplished using remotely controlled tooling and material 
transporters. 
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• The removed unit can be replaced with a previously assembled cell 

module. The gantry crane returns to the other end of the reactor bay and 
picks up a new module from an identical transporter also located over the 
reactor centerline. 

• Direct converters are well removed from the FRM eel) modules. The 
separation distance is determined by an acceptable energy density of 100 
W/cm2 on the direct converter elements (in this design 60 m from the 
reactor central cell to the front grid). Vacuum pumping cryopanels also 
are located in the direct converter tanks. 

The parameters optimized for the reference case design are the 
injection energy, the length of the reactor cell, and the electrical 
current density in the mirror and Ioffe-bar coils. 

Figure 7 shows the variation of several physics parameters with 
injection energy. The average plasma energy E and the peak plasma ion 
density n„ increase monotonically with injection energy. The required 
magnetic field strength 8 increases with injection energy to contain (at 
constant 0) the denser, more energetic plasma. The plasma volume 
decreases with increasing injection energy because of the constraint on 
neutral beam penetration into the denser plasma. As a result, the 
increase of fusion power per reactor cell with injection energy is much 
less rapid than the increase of the square of plasma density. The plasma 
Q first increases rapidly with injection energy, maximizes at Q = 6 near 
£. ^ = 300 keV, then decreases somewhat for higher injection energies. 

Figure 3 shows the net electric power and direct capital cost per 
unit net electric ($/kWe) for the 11-cell FRM as a function of injection 
energy. We see that the optimum design occurs for E.^. = 200 keV, 
below the peak for net electric power and Q. The optimum injection 
energy is not higher because of the higher magnetic field requirement. 

All of the cases in Fig. 8 have optimized reactor cell lengths. 
Figure 9 shows the variation of net electric power and S/kWe with reactor 
cell length d for the 11-cell FRM and 200-keV injection. As the cell 
length is increased, the first-wall radius decreases tj maintain the peak 
first-wall neutron loading. The mirror and Ioffe bar currents decrease 
with increasing cell length, but the power required for these coils 
passes through a minimum and then increases because of the increasing 
Ioffe bar length. As a result, the net electric power maximizes at 78 
MWe near d = 3 m. However, the minimum cost design occurs for d = 2 m 
because this case has a higher net power per unit of reactor length. 
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2 The reference case has a current density of 1500 A/cm in the mirror 

and Ioffe bar coils. A lower current density would decrease resistive 
losses but increase neutron attenuation due to thicker coils; a higher-
current density would have the opposite effect. As illustrated in Fig. 10 
the reference case current density is optimum in the sense that it mini
mizes the sum of the resistive losses and the potential for electrical 
power production lost because of neutron attenuation in the copper (in
stead of in the high temperature blanket). The total power loss because 
of the copper coils is quite insensitive to the choice of current density. 

The reference case calculations assumed that 10% of the alpha-particle 
energy was deposited in the FRM plasma. Figure 11 shows the $/kWe cost 
vs injection energy for optimized length, 11 cell FRM reactors with 
various values of f,, the fraction of alpha-particle energy deposited in 
the plasma. Q increases as f., increases, but the fusion power decreases 
and the required magnetic field increases. Thus, the cost first decreases 
with increasing fr. , then increases. The optimum alpha heating fraction 
is 20°/. At high alpha-heating fractions (40-50%), the optimum injection 
energy declines somewhat. The dashed curve of Fig. 11 includes a 
correction for the division of alpha particle heating between ions and 
electrons. The corrections would be smaller for lower alpha heating 
fractions and no correctrion needs to be made for the 10% curve. 

For the reference case calculations, the particle confinement time 
was assumed to vary with the ion-ion collision time. We also investigated 
the consequences of the more optimistic classical particle confinement 
time, which varies with the electron-ion collision time. For 200-keV 
injection, the optimized-length, 11-cell FRM reactor with the classical 
confinement FRM reactor has Q = 41, and a somewhat reduced fusion power 
(18 MW/cell), a somewhat higher required magnetic field strength (5.8 
T). Because of the much higher Q, the recirculating power fraction is 
much lower than for the reference case (17 vs 46%), and the direct 
capital cost is reduced to 5950/kWe. 

For the reference case calculations S, the ratio of plasma minor 
radius to ion gyroradius (a/p-), was set at 5. It is believed that S 
must be small to ensure the stability of the FRM plasma. We also 
investigated the implications of a higher S, namely S = 10. Figure 12 
shows Q, fusion power, required magnetic field strength, and cost vs 
injection energy for optimized-length, 11-cell FRM reactors with S = 10. 
The optimum injction energy is seen to be 300 keV, for which Q is 12 and 
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the fusion power is 104 MW/cell. The recirculating power fraction for 
this reactor is 25% and the direct capital cost is $660/kWe. This 
reactor is much less expensive than the classical confinement FRM, even 
though its recirculating power fraction is higher because its fusion 
power and net electric power are greater (104 MW/cell vs 13 and 475 MWe 
vs 80). 
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Table I Reference case plasma parameters. 

Injection energy 200 keV 
S a;p- I 

R/a 
L/a 
l> 
Alplia-particle energy deposition 
Particle confinement 

"0 
density profile 
Te 

B 0 , VAC 
Fusion power 

6 
J.5 
107/ 
J ion-ion collision time 
6.5 <• 1 0 2 " m* 3 

cubic 
31 kcV 
96 keV 
4.1 r 
20 MW/cell 
5.5 

Table 111 Reference case coil and 
injection parameters. 

"o.VAC 
Axial magnetic well 
Kaiiial magnetic well 
Mirror coil current 
lor'fe bar current 
Injected current 

4.1 T 
1.0013 
1.0001 

10 5.2 
2.8 /. 10 S A 
18 A/cell 

Table IV Power balance and cost for 
reference case. 

Table 11 Reference case cell parameters. 

Cell length 
First wait radius 
Average first wall neutron loading 
Peak first wall neutron loading 

2.0 m 
0.73 1 m 
1.7 
2.6 

MW. 
MW, m 

Injected power 
Tusioii po%ver 
Blanket energy mitltiplicaiian 
Direct conversion efficiency 
Thermal conversion efficiency 
Gross electric puuer 
Injection system efficiency 
I'ouer recirculated lo injectors 
Power recirculated to copper coils 
Net electric power 
Recirculated power fraction 
System efficiency 
Direct capital cost 

40 MW 
220 MW 
1,2 
0.5 
0.4 
136 MW 
0.74 
54 MW 
8 MW 
74 MW 
0.46 
0.29 
S89 M (Sl2:0/kWe> 
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