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ABSTRACT the 2X11B and MFTF exneriments. TMX (under con-

We have carried out conceptual design stud-
jes of fusion reactors based on the three cur-
rent mirror confinement concepts: the standard
mirror, the tandem mirror, and the field-
reversed mirror. Recent studies of the standard
mirror have emphasized its potential as a
fusion-fission hybrid reactor, designed to pro-
duce fissile fuel for fission reactors. We have
designed a large commercial hybrid based on
standard mirror confinement, and also a smalt
pilot plant hybrid. Tandem mirror designs in-
clude a commercial 1000 Mde fusion power plant
and a nearer term tandem mirror hybrid. Field-
reversed mirror designs include a multicell
commercial reactor producing 75 Mle and a single
cell pilot plant.

FIGURE 1 DEPICTS THE EVOLUTION of mirror fusion
ideas as seen by researchers at Lawrence
Livermore Laboratory. The early-conceived
simpie mirror proved to be an unstablz plasma
container and was replaced by the minimum |B)
mirror configuration. From the center of 3 min-
jmun |B| magnetic configuration, as produced by
a pair of solenoids and Ioffe bars, a Baseball
coil {shown in Figure 1), or a Yin-Yang coil,
the magne:tic field strength increases in all
directions and ensures MRD stability for the
plasma. HKe have come to call the minimum |B|
configuratian a standard mirror. 8y standard
mirror confinement we mean confincment of the
fusion plasma in the minimum |B| magnetic well
of a single mirror cell. Urtil 1976, this mir-
ror concept was essentially the only one under
investigation at LLL. Baseball [} {now decom-
missioned), 2X11B (active), and MFTF (under con-
struction, completion date 1981) are standard
mirror experiments.

It is now clear that end losses from a
standard mirror will severely 1imit the plasma Q
{fusion power divided by trapped injected power)
of such a device. The search for enhanced-Q
mirror machines has led to work on two new con-
cepts: the tandem mirror and the field-reversed
mirror,

By tandem mirror confi.ement we mean three
cells on a common axis wherein confinement in
the central cell is enhanced by means of elec-
trostatic stoppering provided by the plasma
potentfal of the small end plug plasmas. The
plug plasmas are confined in standard mirror
cells; thus plug physics is an inherent part of

struction, completion date October 1978) is to
provide a proof-of-principal demonstraticn of
the tandem mirror concept.

By field-reversed mirror confinement we mean
the confinement of plasma in a toroida) region
of closed magnetic field 1ines generated by dia-
magnetic plasma currents in a nearly uniform
backercund field. So far, eftorts to produce
fleld reversal in the 2X1IB facility by neutral
beam injection have not succeeded, although they
have come very close. Further experiments on
this machine are planned. 1In addition, field
reversal experiments will be conducted on TMX
anc MFTF.

The principles o a mirror fusion reactor
are shown in Figure 2. (Figure 2 suggests a
tandem mirror reactor, but the principles are
the same for other mirror confinement con-
cepts.) The deuterium and tritium fuel ions
(D*, T*) are magnetically confined in the
center of the reactor. (In the tandem reactor,
axial confinement is enhanced by electrostatic
stoppering,) Deuterium and t.!%ium ions whirh
fuse produce energetic neutrons and energetic
alpha particles {%He**). The neutrans are
unaffected by the magnetic field and enter the
energy absorbing blanket. Neutron~lithium reac-
tions in the blanket produce tritium makeup fuel
for the reactor. The thermal energy deposited
in the blanket is removed by the primary coolant
(helium gas in Fig. 2). The caolant is passed
through a steam generator, and the steam is used
to produce electricity in turbine-generator
uni's. Also shown in Fig. 2 is the end leakage
of chargsd particles (unburned DY and T+ as
well as 9He**) which occurs in all mirror
reactors. The energy of this leakage can be
recovered thermally or by direct energy con-
verters which decelerate the particles in an
electric field and collect their charge on col-
lector electrodes.

We have carried out conceptual design stud-
jes of fusion reactors based on the three cur-
rent mirror confinement concepts: the standard
mirror, the tandem mirror, and the field-
reversed mirror. Recent studies of the stand-
ard mirror have emphasized its potential as a
fusion-fission hybrid reactor, designed to
produce fissile fuel for fission reactors. We
have designed a targe commercial hybrid based on
standard mirror confinement, and also a small
pilot plant hybrid. Tandem mirror designs
include a conmercial 1000 MWe fusion power plant
and a nearer te-a tandem mirror hybrid. Field-
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SMOLE reversed mirror desiges include a multice)
MIFIOR p- conmercial reactor producing 75 MWe and a single
cell pitot plant.

STATUS OF MIRROR CONF INEMENT EXPERIMENTS

2x[IB-The most important and successful mir-
ror machine s the 2XIIB nxperiment which harn
gone through a number of cvolutionary changes as
the name implies. The device is shown In Figure
3. The density n, fon temperature Ty, and
confinement Lime v, are given in Table 1. The
density is adequate for a reactor and the ion
temperature for a reactor need only be increased
by a factor of 10 which is possibie by tnjection
at higher energies. The confinement time muse
increase a thousand fold and is therefore the
main issue. The Vifetime of lons r.gnﬂncmont
time) hos been shown to scale as T§/7 ag
can be seen in Figure 2. Simply raising Ty by
YR a factor of 10 increases ' by 30, Raising the
sino nrviaseo L iy pewt g ratio of the mirror field to the central ficld,

R4 ! considering Lhe favorable mass effects of

iy \,4:('.' o timtet - \'\ tritium, the heating due to alphas, and less
// ‘% \'/- \
VRN 4 [ 5%

conling due to cold plasma and cold electrons
."' 4 \ Naniral

from the cnds may result in anolher Faclor of %
to 10, An additional factor of 3 tn 6 in
confinement Lime is peeded for a Fusion
reactor.  As will e seen later, possible
candidales for this 3 to 6 eobancement factor
are the tandem mirror reactor and the Fleld
reversied mireor reaclor.

i [E

Fiq. 1 - Cvolution of mirroe fusion ideas

Hotiteam out Water

Fig. 2 - Principles of a mirror fusion reactrr
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fig, 3 - The 2X108 mivroy Engion exper imenl

Table 3 - Typietad ZX0TE Pavametery ) )

LI R V| 1
achine parameters O Dunsity y rite /
Neutral heasm N .
Yt Laqee (V) "  Sustuing careent / 0
Current. (A) GiMy ® Burdup 1atn /
Duration (w.) i o o
Magnat ic field
Field strength bya(kG) 6.7 Ton i scattering
Birror ratio 2l w
Length mirror-mireor 1 (cm) 150 - Electron (lulu/
Plasma pargmeters 5
Density n (cm'j) 1.4 x (014 T
fon encrgy Wi(kev) 12 <
Llectron temperature (ev) 140
Beta f = Bunly/Bgac [
[Ii)]d rcxur:‘.n naraetor AB/8 7
acg (em=d s} 1x doll /
Plasma sizn /
Radius Ry, cm} 6
Length Ly {cm) 16 wel. /. 4.
Volume (Titers) 3.7 5 10 15
Vacuum gyro radius aj (cm) 3.9 Avernge ion enorgy €, kaV
Rp/ay 1.7
L/ay a3 Fig. 4 - Particle lifetime n1 vs lon cnergy in

Many problems have been solved in ?X11B and
still many remain to be solved. Some will be

discussed here.

Gross motion of the plasms away

X118

from its equilibrium state is completely sup-
pressed cven al remarkably high plasma pressures
where the plasma pressure averaged over the
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radial dimension is over 50% ofz the magnetic
field pressure (i.e. 8= P,/(B/2,)
=nkT,/(B*y,) =~ 0.7). Réactor d@s{gns are
based on sith values. The micro- turbulence due
to the nonthermal ion energy distribution
inherent to mirror confinement vhich have
plagued mirvor machines heretorore have been
largely suppressed in 2X1IB by providing a
relatively cold plasma which flows along the
open field 1ines and occupies the space outside
the mirror confinament region. The streaming
plasma solved the microturtulence problem but
created another problem. The cold plasma
requires power to sustain itseif, and the hot
plasma is cooled by the cold plesma which is in
contact with both the hot plasma and the end
walls. This problem is called end wali or elec-
tron thermal heat conduction and is now the sub-
ject of considerable attention znd concern.

Another solved problem 5 startup which has
now been thoroughly demonstrated in 2XIIB.
Impurities have been shown not to be a probler
experimentally due to the strong positive plasma
electric potential pushing outward any impurity
jon which tries to enter. Also, the mirror
plasma in 2X11B is quite_tolerant of a rather
high gas pressure ( 10-2 torr) surrounding
the hot plasma.

The 2X11B or standard mirror cell is a
building block for a new multicell machine idea
calied the to~dem mirror.

TANDEM MIRROR-The electric patential which
naturally occurs in a mirror plasma can bg used
to electrostatically confine plisma in @ sale
noidal magnetic field by locating a mirror ceil
at both ends. This concept 1ooks so promising
that a number of experiments are under con-
struction to test out the idea. The largest
device is under construction at LLL, called the

Tandem Mirror Experiment (TMX), and is shown in
Figure 5. Other tandem mirrar experiments are
under c¢onstruction in Japan, USSR and at the
University of Wisconsin. The important advance
embodied in the tandem concept is the higher Q
compared to the standard mirror. [t appears
that Q can be 5 to 10 whereas the standard mir-
ror had a Q of 1 to 2. Besides the higher Q,
there are a number of noteworthy features, e.g.,
the simple geometry that allows modularity.

The experiments ~i1} address a number of
problems such as gross stability which i not
guaranteed due to the connection of a slightly
unstable solenoid to the stable end magnetic
wells with a transition magnetic field that is
unstable by itself. Another guestion is the
verification of the theoretically predicted
electrical potential profile. The impurity
problem, which was no problam in a standard mir-
¥or, now becomes a worry and could lead to
pulsed operation to purge impurities including
the alpha particles resulting from 0T fusion.

FIELD REVERSED MIRROR-The 2XIIB contains so
much plasma pressure that its diamagmetism comes
very close to reducing the 7 kG field to zero.
With a factor of two more confinement, the field
would be reversed which means the field lines
would close cn themselves. The lossy open lined
standard mirror then can, in principle, hecome
much less losiy; the loss being of a cross-field
nature. Such field reversed states have rou-
tinely been attained with energetic electrons at
Cornell University. A related field reversal
generated by an electron beam has heer obtained
2t NRL and UC Riverside, The theta pinch at
LASL operated in the reversed field inade has
achieved 2 field reversed state which 1s
composed of warm (100 ev) ions and lasts for a
long time {50 .sec) for such configurations. A

Fig. § - TMX magnet and neutral beam injection systems



similar vesult has been achieved in ihe USSR.
The desired configuration is shown in Figure 1.

The field reversed mirror reactor concept is
based on field reversal sustained in steady
state by energetic neutral beam injection. the
virtues of such a configuration are high Q ( 5)
and smail size. The problems are: how to
create such a state and will it be stable and
have a iow enough loss rate,

MIRROR FUSION TEST FACILITY (MFTF)-The
remarkable success of the ZXI1B experiment has
led to a scaled up experiment called MFTF. It
is about twdb times larger than 2X in linear
dimensions and has three times higher field, It
uses superconducting magnets. The injection
energy is scaled up to BO keV from 20 keV. The
injection power will be raised from 12 Mi to 40
MW and the beam time is 500 msec up from 10
msec. Besides scaiing nt with energy as shawn
in Figure 4, the radius of the plasma measured
in ion gyroradii {as well as cm) will he scaled
up to 1D from 2 [3D cm from 7 cm). The great
importance of the radius scaling is the test of
theoretical prediction that the jmportant micro-
instability called the drift-cyzlotron-loss-
corie-mode will become iess vigorous as the radi-
al density gradient is decreased. The MFTF is
more thoroughly described in the ccmpaniun paper
by K. I. Thomassen.

STANDARD MIRROR REACTORS

Previous studies have shown that the stand-
ard mirror, as a fusion powar reactor, would
produce very expensive electricity, This is
primarily because of the inherently low plasma Q
of the optimized reactor design. {Q can be
raised, for ex:zmple, by depressing the central
magnetic ¥Yield strength and thus increasing the
mirrar ratio, but this decreases the fusion
power density and shifts the design off-pptimum,
i.e., increases the cost of electricity still
further.} Other studies have shown, however,
that the standard mirror in large sizes would be
a viable fusion-fission hybrid reactor. The
purpose of the hybrid is to breed makeup fue?
for fission reactors.

COMMERCIAL STANDARD MIRROR HYBRID-Figure 6
shows a standard mirror hybrid using a Yin-Yang
coil set with a mirror-to~mirror length of 13 m
and a maximum magnetic field strength of 8.5 T
{permitting the use of niobium-titanium super-
conductorsg. This optimized commercial reactor
pas a 0 of 0.64 and produces 600 Mie net elec-
tric power and 2000 kg/yr of plutonium, suffi-
cient to provide make-up tue} for 600D Mde of
fission reactor {(LWR) power. The estimated cost
of electricity from this hybrid snd its
associated fission reactors is 30 mills/kihr.

The injector design developed for the hybrid
reactaor is based on the peositive ion LBL i{njec-
tor, TYhe reactor requires deuterium injectars
with acceleration to 125 keV and tritium to 187
keV. The total injected power is 625 MM,

The blanket of the hybrid reactor ccatains
U3Si, a fuel being develaped in the Canadizn
ruclear powar prugram for the CANDU reactor.

Qur reasons for this choice are (1) high uranium
density {U3Si is a metallic alloy), (2} ease

Fig. 6 - Standard mirror hybrid reactor

of fabricability, and {3; a comparatively high
burnup capability {for a metallic fuel), on the
order of 2-3%. Economic optimization of the
fuel cycle for this reactor dictates a total
fuel expasure of about 3 W-yr/m¢ of 18 Mey
neutron energy through the first wall. [n Table
2, the initial {beginning of life) and final
(end of 1ife) neutronic parameters of the Y3Si
blanket are }isted,

Table 2 - Time-Dependent U3Si Bianket
Neutronic Parameters

Exposure

{(Mi-yr/m2 0 5
Blanket energy

muttiplication 8.8 18.4
Pu/n 1.85 1.75
% Pu 0 2.3
% Burnup 0 0.75
T/n 1.05 1.42

The mechanical design approach we have
selected is to mount the magnet, blanket and
primary heat transfer toop all withia a pre-
stressed concrete reactor vessel (PCRV), of the
type developed for gas-cooled fission reactors.
In the canter of the PCRY are tha magnet and
blanket; the steam generators and He circulators



are lacated around the periphery. The blanket
is a spherical sheil inside the magnet. In this
way, the blanket and its cooling system are
locked together so that no relative motion be-
tween them can accur, thus precluding the possi-
bility of rupturing any of the coolant ducts.
The PCRV also serves a second function, i.2., it
provides the main restraining forces for the
magnet.

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

Shiald ..

" Helum Enit

- Blankat
Moduln
{600}

Fig. 7 - Blanket/shield for standard mirror hybrid

The Tocal blanket muTtirlication and there-
fore local blanket power density increases by a
factor two over the life of the fuel (see Table
2). By devising an appropriate fuel minagement
scheme for the blanket, we are able to limit the
peak-to-average variation in the total blanket
thermal power to about 10% (3,600 MW average;
4,000 Md peak) and the primary heat transfer and
power conversion loop capacity are designed to
accomodate this power variation, The blanket
modules are grouped into four guadrants and at

time intervals of one guarter of the btlanket
life, the reactor is shut down and one quadrant
of the blanket is refurbished with new fuel as-
semblies., In this way we are able to establish
an eguilibrium fuel cycle where the four guad-
rants are each at a different exposure.

STANLCARD MIRROR HYBRID PILOT PLANT-Reducing
the physizal size of e standard mirror hybrid
degrades its performance because of reduced Q
and decreased blanket coverage. We have there-
fore designed a small standard mirror hybrid
pilot plant as a net product producer (power
generation by a fission reactor using the bred
fissile fuel » electrical input into hybrid)
rather than a net electric power producer. The
minimum {B| magnetic well is provided by the
combination of a pair of sulenoidal magnets and
four loffe bars (see Figure 8). Because of
reduced constriction at the mirror throat, we
were dhle to design a smaller reactor with this
magnet than with the spherical Yin-Yang magnet.
The mirror-to-mirror length is 5 m, the inside
radius of the solenoidal magnets is 1.4 m, and
the radius to the outside of the loffe bars is
2.5 m. The central magnetic field strength is 2
T, the mirror field is 4 T, and the maximum
field at the conductor is 8 T, thus allowing the
use of niobium-titanium superconductor (as in
METF and the commercial hybrid).

The neutral beam injection energies are 50
keV (D) and 75 keV¥ {T). The predicted plasma
parameters are a piasma radius of 34 cm, a Q of
0.18, and a fusion power of 3.7 M!, The peak
first wall neutron loading is 0.24 ¥/m2.

The predicted performance of the standard
mirror hybrid pilot plant with a U3Si blanket
is given in Table 3. Note that the reactor
meets its net product criterion with no recovery
of the plasma end leakage.

-« 50M »

* S ——
3.7 M
(e
|
J 5
R\ /
' B — &/
Be =2T
Rune =2
Byax =8T

Fig. 8 - Magnet for small standard mirror hybrid
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Table 3 - Power balance for the
standard mirror hybrid pilot plant

Fusion powe:, Mdy 3.7
Injector input, MWe 34,7
Blanket power, My 24.9
Hybrid Zlectric Power, MWe 8.72
Pu Production, kg/yr 18.06
Eruivalent Electric, Me 57.9
Gro:s Electric Power*, MiWe 66.6
Net Electric Power*, Mde 31.9

*Hybrid and fission reactors

FIELD-REVERSED MIRROR REACTORS

We have developed a plasma model for the FRM
hased an very limited ewperimental and thearet-
ical knowledge. Basic to our model is the as-
sumption that a stable field-reversed plasma can
be sustained by injection of a neutral beam cur-
rent sufficient to balance the particle loss
rate. We assume a long, fat toroidal plasma.
Two additional assumptions are that the particle
confinement time is proportional to the jon-ion
scattering time and that the size of the field-
reversed plasma, measured in terms of minor
radius divided by ion gyraradius (S © a/oy) is
limited by stability to about 5. A result of
this latter assumption is that field-reversed
plasma layers are predicted to be quite small,
usually producing tens of Md of fusion power.

For a commercial FRM power reactor, we have
proposed a multicell arrangement wherein a se-
ries of field-reversed plasma layers are
arranged along the axis of a long
superconducting solenoid which provides the
background magnetic field. Using the plasma
model coupled to an analytic model! of a
field-reversed mirror reactor cell (blanket,
shield, and magnet cnils), a power balance
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analysis, and a cost estimate we have optimized
the parameters of a multicell FRM power
reactor. This conceptual design study resulted
in an 11 cell reactor producing 75 MWe net
electric power. The reactor is shown in Figure
9 and a parameter 1ist is given in Tabie 4.

One of the complications of a multicell FRM
is that the attractive force between two adja-
cent plasma toroids (due to their field reversal
currents) must be resisted by an axi21 magnetic
well in each cell. We propose to produce these
axial wells by placing a circular mirror coil
between every two cells at the first wall radius
(see Figure 10). The mirror coils are resistive
coils made of copper.

It is anticipaled that statbility of the FRM
plasma may reguire a radial magnetic well in
each cell. We propose to produte these radial

Tahle 4 - Field Reversed Mirror
Reactor Parameters

B i

Performance
Net Power 74 Me
Fusion Power 220 MW
Plasma Q 5.5

Average neutron wall loading 1.7 MW m-2

Recirculating power

Plant efficiency
Physics parameters

énjected current

Plasma minor radius

Plasma major radius

Plasma length

Peak plasma density
Technology parameters

Igjection energy
First wall radius
Cell Tlength
Number of cells

.CRANE
DogEe
5

]

-~

0.46
0.29

18 Ascell © 200 keV
1.5

fraction

O7m
Jdam

1.0
6.5 x 1013 cm-g

<

4
200

0.
2.
11

1

ke
3m
om

BEAM POWER
SUPPLIES (NORTH)

D.C. POWER
CONDITIONING

i

BEAM SOURCES

CRYOPUMP PANELS

Fig. 9 - Multicell field-reversed mirror reactor
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wells with a set of 4 loffe bars passing axially
through the reactor (see Figure 10). ese
coils are also made of copper and placed at the
first wall.

/| CELL PARAMETERS
FOR FRM

A

RV A Ay e

3.4R SOLENOID COIL

AR A

SHIELD
p3 et v
RN ASSNNR N
4
BLANKET
NEUTRAL IOFFE BAR

SR
]‘—2.04 M. CELL LENGTH

Fig. 10 - One cell of multicell FRM

We have designed a single cell version of
the above reactor as a fusion pilot plant. For
the single cell FRM the magret design consists
of a pair of large superconducting solenoids and
a set of copper Ioffe bars placed at a radius of
60 ¢ (see Figure 11). The blanket and shield
are between the Ioffe bars and the solenoids.
The vacuum magnetic field strength at the center
of the cell is 4.1 T. The maximum magnetic
field strength at the conductor is 7.5 T, within
the capability of niobium-titanium supercon-
ductar. The resistive loss in the Ioffe bars is
3.3 M. In addition, neutron attenuation by the
Ioffe bars causes an additional heat deposition
in the copper equal to 1.9 MW,

Tie fusion power of the single cell FRM
reactor is 20 M. Taking the blanket energy
multiplication to be 1.2 and the thermal conver-
sion efficiency to be C.35 and including the
effect of peutron attenuation in the Ioffe bars,
we calculate the gross electric power from the
blanket to be 5.9 MW. Another 5.2 MW comes from
the end leakage direct converters {intluding
thermal conversion of thelr rejected heat). The
neutral beam injectors {efficiency 0.7) requirz

4.5M DIA.

5.3 M4 nput power, and tiie power requivement of
the Ioffe bars is 3.3 Md. Thus the net electric
power for this pilet plant is 2.5 Mie.

Fig. 11 - Magnet for single cell FRHM

TANDEM MIRROR FUSION REACTORS

The TR design s shown in Figure 12,
cal parameters for this design are given in
Table 5. The reactor concept came out of an
intensive search for a Q-enhanced mirror reactor
and resulted in the best performing mirror reac-
tor to date. The striking features are the high
Q (=5) and the simplicity of the basic cylin-
drical geometry. The simple geametry allows
modular construction of the first-wall, blanket
and magnet. The end plug plasmas are maintained
by the continuous injection of 200 MW of 1.2 MeV
D0 into each plug. The superconducting magnet
to hold the high density high energy plasma must
produce a magnetic well having a central field
strength of 17 T. The plasma which leaks out of
both the plug and solenoidal regions is magneti-
cally guided into the end expander tanks where
direct conversion by a set of grids resembling a
triode vacuum tube is accomplished. The prob-
lems which we have identified are: 1) the fea-
sibility of an injector which will run continu-
ously, and reliably and efficiently at 1.2 MeV;
2) means for keeping the steady state concentra-
tion of *He'* low. An improved magnet and
shield for the end plugs is reguired. Means for
getting higher Q's and for coping with recircu-
1at;orc|' power more efficiently and cheaply are
needed.

Typi-



Fig. 12 - Tandem mirror reacior

Table 5 - Tandem Mirror
Reactor Parameters

Performance
Net power 1000 MWe
Fusion power 2500 MW
Plasma Q 4.8
Neutron wall loading 2 M m~2
Recirculating power fraction 0.43
Plant efficiency 0.34
Physics Parameters
Trapped current into each
plug 220 A @ 1.2 MeV
Plug s 1.0

Plug plasma radius 0.48 m
Plug particle nr 2.5 x 1014 ¢ cm~3

Central cell fueling current

(cold) 1100 A
Central cell 8 0.7
Central cell plasma radius 1.2m

Central cell plasma
density 8.6 x 1014 ¢p-3

Central cell particie nt 7.7 x 1035 ¢m3
Technology parameters

Plug B, l?.s T
Plug Bgj 176 T
Contral CE3Y g, 541
Plug injecticn energy 1.2 Mev
First wall radius l.6m

Central cell length 100 m

Crucial information of a physics nature
which may strongly affect the reactor design has
to be obtained. The power required to maintain
a stable plasma in the plug region is a critical
factor. Estimates for this power range from
negligible values to power levels comparable to
the fusion power itself. Another crucial issue
is the suppression of electron thermal heat con-
duction to the end walls. The grids of the
direct energy converter are predicted to do this
suppression. Gross stability of the solenpidal
plasma by the plug plasmas must be verified.

TAKDEM MIRROR HYBRID REACTOR {TMHR)

The use of the tandem mirror ggncept for the
Eroduction of fissile materjal (233U or
39pu), called the fusion-fission hybrid
reactor or the fusion fuel factory, results in
design parameters that are much less demanding.
A preliminary drawing of the TMHR is shown in
Figure 13, The two component operating mode is
employed. Tritium at low energy is electro-
statically confined in the solenoid and
deuterium at 100-200 keV is injected into the
tritium plasma. Some of the deuterium ions fuse
during slowing down. Because Lhe tritium is
relatively cold, a greater leak rate than for
the T™R occurs providing a greater streaming
plasma in the end-plugs which will enhance
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Fig. 13 - Tandem mirror hybrid reactor

stability. The lower electron temperatures
results in lower potential pluggtng barr’.rs
which greatly u'llsviates the tendency of the end
plugs to confine FHe** which can prevent a
steady state burn as mentioned as a major worry
above in the TR discussion.

CONCLUSIONS AND FUTURE WORK

In order to be of practical use, fusfon must
pass beyond the present research phase to
scientific feasibility, thrcugh engineering
7easibility and on to ezonomic feasibility.
Future prediction is risky in fusion feasibility
as in so many areas of human endeavor; to pre-
dict a date for success would be foolhardy. On
the other hand, the virtues of fusion power
potentially are great.

Low radioactivity and inexhaustibie fuel
supply are potential virtues of fusion. Fusion
neutrons can de used to generate heat, and breed
tritium and fissile fuel. This fissile fuel can
be used to generate orders of magnitude more
energy than from fusion alone by being burned in
a fission reactor, and this application of
fusion appears relatively near at hand,

The tandem mirror concept is apparently
capable of values of 5 to 10 which s about §
times higher than the standard mirror configur-
ation and is in a class called Q enhanced mir-
rors. Another Q enhanced mirror concept is the
field reversed mirror which has Q values of 5 or
somewhat more deponding on how optimistic one is

about the particle loss rate, We find tRat the
tandem and the field-reversed mirrcr hold the
promise of making particu'arly simple reactors,
and in the hybrid application these simplifi-
cations imply a much nearer term appitcation.

The mirror fusion concepts described in this
paper are evolving and need further inventions;
perhaps the key new element will be supplied by
the reader,
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