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TEE DESIGN OF TANDEM MIRROR REACTORS 
WITH THERMAL BARRIERS* 

Gustav A. Carlson 
Lawrence Livermore National laboratory, University of California 

In a tandem mirror fusion reactor, the fu­
sion power is produced in the straight cylindri­
cal central cell. The central-cell magnets are 
low-field solenoids. Because the central-cell 
plasma is near or at ignition, no plarrt heating 
hardware ia required for the central cell. A 
iasic design philosophy for the central cell ia 
that of axial modularity, and a number of differ­
ent module designs have been proposed which lend 
themselves to mass-production techniques. 

Axial confinement of the central-cell fusion 
plasma is enhanced by the electrostatic poten­
tial of the plug plasmas. The incorporation of 
thermal barriers (regions of depressed potential 
betveen the central cell and plug plasmas) al­
lows the confining potential to be created part­
ly by an elevated plug electron temperature in­
stead of solely by a higher plug density. A 
number of different thermal barrier configura­
tions have been proposed, and are now under com­
parative study. A primary concern is the deter­
mination of magnetic field shapes that will en­
sure magnetohydrodynamic (KHD) stability at high 
central-cell £. 

End-plug technologies for tandem mirror re­
actors include high-field superconducting mag­
nets, neutral beam injectors, and gyrotrons for 
electron cyclotron resonant heating (ECRB). In 
addition to their normal use for sustenance of 
the end-plug plasmas, neutral beam injectors are 
used for "pumping" trapped ions from the thermal 
barrier regions by charge exchange. An extra 
function of the axially directed pump beams is 
the removal of thermalized alpha particles from 
the reactor. The principles of tandem mirror 
operation with thermal barriera will be demon­
strated in the upgrade of the Tandem Mirror Ex­
periment (THX-U) in 1981 and the tandem config­
uration of the Mirror Fusion Test Facility 
(MFTF-3) in 1984. Continued analysis and con­
ceptual design over this period will evolve the 
optimal configuration and parameters for a power 
producing reactor. 

*Work performed under the euspiciea of the U.S. 
Department of Energy by the Lawrence Livermore 
National Laboratory under contract number 
W-7405-EHG-46. 

Introduction 

The tandsm mirror confinement concept, in­
vented in 1976 by Logan and Fowler1 and in­
dependently by Dimov- in the USSR, ia now the 
mainline effort of the mirror fusion program. 
The basic concept entails the improved axial 
confinement of a long cylindrical fusion plasma 
within a solenoid by means of strong electro­
static potentials at the ends, produced by mir­
ror-confined, end-plug plasmas. Operation of 
the Tandem Mirror Experiment (TMX) at Lawrence 
Livermore National Laboratory has demonstrated 
the validity of tbe basic tandem mirror con­
cept. The first conceptual fusion reactor de­
sign based on the concept was published in July 
1977.3 Drawbacks of the first design included 
i somEJhat modest plasma performance (Q * fusion 
pover/total injected power trapped by the plas­
ma * 5) and a requirement for high-technology 
components for the end plugs (17-T magnetic 
coils and 1.2-MeV neutral-beam injectors). 

A major new invention for tandem mir­
rors—the thermal barrier concept—was reported 
in April 1979. 4 This invention followed from 
the realization that the optimal use of electron 
heating in the tandem mirror involves the estab­
lishment of a hotter electron population in the 
plugs than in the central cell. However, in the 
normal tandem mirror, electron flow between the 
plugs and central cell is so high that only 
small temperature differences .an be establish­
ed, even with electron heating localized in the 
end plugs. The new concept introduces a barrier 
between the plug and central cell that effec­
tively reduces the passirg of central cell elec­
trons into the plug. Basically, the thermal 
harrier consistB of a region of much reduced 
magnetic field strength, plasma density, and 
plasma potential. 

The thermal barrier principle will first be 
tested in an upgrade of the TMX facility, sched­
uled for completion by November 1981. 5 Plasma 
confinement in a large tandem uirror with ther­
mal barriers will be explored in the tandem con­
figuration of the Mirror Fusion Teat Facility 
(MFTF-B), recently approved by DOE for construc­
tion at Lawrence Livermore National Laboratory 
(LLVL).^ MFTF-B, which will incorporate the 
MFTF minimum-B mirror cell (already under con-
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•traction) u one end plug, it scheduled for 
completion by October 1984, and it predicted to 
achieve a D-T-equivalent q near unity (only 
deucerium will be used in the experiment). 

A preliminary conceptual design of a power 
reactor based on the tandem mirror with fhermal 
barriers was reported in September 1979.' An 
overall view of the reactor is shown in Fig. 1. 
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Fig. 1 Tandem mirror reactor with thermal 
barriers. 

The D-T fusion plasma is contained in the 56-sr 
long central cell and produces 1770 HW of fusion 
power. With Q " 10, the reactor will produce 
about 500 MS of n « electricity. Because the 
central-cell plasma is near or at ignition, the 
power output of the reactor can be increased by 
increasing the central cell length and retaining 
the sam end plug systems. The central cell 
consists of 28 2-m-long nodules, each containing 
an annular blanket region, a magnet shield re­
gion, and two niobium titanium solenoidal mag­
nets. The end-pli g magnets are housed in large 
cylindrical vacuum vessels at each end of the 
reactor. The plug plasmaa are each sustained by 
a low-current, 4O0-keV neutral beam (shown only 
on the far eud in Fig. 1). Also shown is the 
gyrotron tube system for microwave heating of 
the electrons on the plug side of the thermal 
barrier. The small neutral beams indicated on 
the end wall of the plug vacuum veaael are the 
barrier-region beams for charge-exchange pumping 
oi the barrier and fueling of the central cell. 

Since the publication of Ref. 7, the rapidly 
evolving knowledge concerning tandem mirrors 
with thermal barriers has resulted in a number 
of alternative end-plug configurations. The 
investigation and comparison of these different 
end plugs are the principal present efforts in 
the area of tandem mirror power reactor design. 
The remainder of this paper will deacribe the 
various end-plug configurations and also the de­
sign of the power-producing central cell for a 
typical tandem mirror reactor. 

End Plug Configurations for Tandem Mirrors with 
Thermal Barriers 

The uain function of the thermal barrier is 
to thermally insulate the electrons in the end 
plug from contact with those in the solenoid. 
The concept is sketched in Fig. 2, which com­
pares the plasma potential profiles in the 

Potential 
(a) 

Fig. 2. Plums potential profile for basic 
tandem mirror and for tandem mirror 
with thermal barriers. 

neighborhood of an end plug for the basic tandem 
configuration and for the tandem mirror with 
thermal barriers. The new feature is a de­
pression in the potential at the entrance to the 
end plug. This depression in the positive po­
tential appears to the negatively charged elec­
trons as a potential barrier and therefore 
serves as an electron "thermal barrier" between 
the end plugs and the solenoid. If we now heat 
the electrons in the plug with electron cyclo­
tron resonant heating (ECXH) or other auxiliary 
heating, the final potential peak needed to plug 
up ions leaking from the solenoid can be gener­
ated with a much lower plasma density in ths end 
plug relative to the density in the solenoid. 
It is this large reduction in plug density that 
is the advantage of thermal barriers. 

A number of thermal-barrier configurations 
are under consideration. One, called the inside 
barrier, has the thermal barrier and the final 
potential peak in separate mirror regions, wit' 
that fo:: the bcrrier on the inside (toward he 
central cell). The originally proposed barriei 
configuration^ was sn inside barrier, as was 
the conceptual reactor design presented in lef. 
7. The magnet arrangement for the latter design 
is shown in Fig. 1. Beginning at the central-
cell end, we see the barrier coil (a solenoid), 
a transition coil to transform the magnetic flux 
bundle from circular to elliptical, the minium­
s' plug coila (a yin-yang pair), and a circular­
ising soil. The latter optional coil it used to 
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recirculate the elliptical flux bundle emerg­
ing from the yin-yang pair and permits the use 
of a direct converter with a circular cross sec­
tion. The barrier region (potential depression) 
exists between the barrier coil and the yin-yang 
pair. The potential peak exists in the mirror 
region created within the yin-yeng. The yin-
yang pair also serves the purpose of providing 
the primary region of good magnetic field curva­
ture essential for magnetohydrohynanic (MHD) 
stability. In this configuration, the magnetic 
field is unfavorably curved in the transition 
regions at the ends of the central cell, and 
therefore MHD stability places a limit on the 
plasma B in the central cell. 

Another type of thermal-barrier configura­
tion, called the A-cell barrier, is shown in 
' •. 3. This configuration is the basis for the 

Fig. 3. A-cell barrier and axisysnetric-cusp 
barrier confi.'irations. 

MFTF-B design. The coil arrangement, looking 
outward from the central-cell solenoid, consists 
of a transition coil, a yin-yang pair, and a 
cee-shaped coil with the same orientation as the 
outer coil of the yin-yang pair. Two mirror 
cells are created, one within the yin-yang pair, 
the other between the yin' -ang and the cee-
coil. Both the thermal barrier and the final 
potential peak are created in the outer mirror 
cell, called the A-cell, whereas mirror-confined 
ions injected into the yin-yang cell serve main­
ly to provide MHD stability. As with the 
inside-barrier configuration, bad magnetic field 
curvature at the ends of the central cell places 
a limit on the plasma g in the central cell. To 
create the A-cell potential profile, the ions 
are injected away from the bottom of the mag­

netic well. Consequently, tne injected ions 
slosh back and forth, creating peaks in density 
at their turning points, and application of ECRH 
to the outer density peak produces the final 
potential peak. 

A third thermal-barrier configuration, cal­
led the axisymmetic cusp, 3 is also shown in 
Fig. 3. This configuration uses all circular 
coils. The coil arrangement, looking outward 
from the central-cell solenoid, consists of ax-
ially spaced pairs of concentric coils. The in­
ner coil of each pair has current in the op­
posite sense from the central cell solenoid; the 
outer coil of each pair tus current in the same 
sense. The resulting magnetic geometry has a 
point cusp on the machine axis encircled by a 
concentric ring cusp. Mirror regions-
cylindrical on the axis with an encircling an­
nular region—exist between the two primary 
pairs of concentric coils. (The Kiddle pair of 
coils sbown in Fig. 3 is for magnetic flux shap­
ing.) The magnetic flux bundle threading the 
central cell maps through the annular mirror 
cell. A thermal barrier and a potential peak 
are created in each mirror region by an ECRH-
heated, sloshing-ion distribution, just as in 
the A-cell of the previously discussed configu­
ration. Unlike the inside- and A-cell barrier 
configurations, this configuration has good mag­
netic field curvature in the central cell, and 
MHD stability places no limit on the central-
cell B• The g is limited to some value less 
than unity, however, to ensu:: alpha particle 
confinement. 

A fourth proposed thermal-barrer configura­
tion uses only simple mirror cells, produced by 
circular coils. MHD stability could be achieved 
by means of hot electron rings in the end plugs, 
as is done is the Elmo Bumpy Torus (EBT). 

HHD Stability and Magnetic Field Design 

MHD stability is a crucial issue for all the 
end plug-configurations described above. Lack­
ing experimental data for any of these configu­
rations, we must at this point rely on theoreti­
cal models to predict stability limits and thus 
to guide our comparative studies. The develop­
ment of theoretical models to assess the inter­
change and ballooning modes of MHD stability for 
tandem mirrors with thermal barriers is a quite 
recent and still continuing endeavor. 

Two models have been developed to separately 
assess interchsnge and ballooning stability for 
straight-axis tandem mirrors using minimum-! 
cells (this includes the inside- and A-cell 
barrier configurations). The interchange model 
use. the formula 

r — 
'ds fi2 <xx" • yy")>0 , (1) 
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vbere p , p„ are components of the pressure 
tensor, x,y are the off-axis loci of a field 
line and x",y" are the second derivatives (cur­
vature) of x,y, with respect to s, the distance 
along the field line. The integral is taken 
over the full length of the tandem mirror ma­
chine. Equation (1) indicates that to the ex­
tent possible, regions of good (bad) curvature 
should be at high (lov) pressure and lov (high) 
field strength. The guidance on field line ex­
cursion from the axis is less clear since large 
excursions are a consequence of strong good cur­
vature and in those good curvature regions make 
the integrand of Eq. (1) more positive, whereas 
large excursions become a penalty when the cur­
vature goes had. Thus we find an optimum amount 
of ellipticity or fanning in the minimum-B re­
gion. The interchange model has been found to 
establish necessary but not sufficient condi­
tion!! for HHD stability. Because it is particu­
larly simple and convenient to apply, it has 
proven to be a very useful tool for screening 
proposed coil designs. 

Sufficient conditions for HUD stability are 
established by satisfying the note stringent 
requirements of ballooning. Ballooning at fi­
nite 6 allows an eijenfunction to localize in a 
region of bad curvature, but at the expense of 
requiring energy for field-line bending. The 
analytic model for assessing stability against 
ballooning is described in Ref. 6. Application 
of the model has shown that regions of good cur­
vature do not compensate for far-away regions of 
bad curvature in ballooning as they do in inter­
change. 

The inside-barrier magnet design presented 
in Ref. 7 more than satisfied the conditions for 
interchange stability at the desired high value 
for the peak, on-axis central-cell (fc > 
0.5), but application of the ballooning analysis 
indicated a maximum B c value of only about 
0.1. Because of this result, the emphasis at 
LLNL shifted to the A-cell barrier configura­
tion, which was believed to have greater poten­
tial for ballooning stability at high B c be­
cause the minimum-B "anchor" is closer to the 
tegion of bad magnetic curvature. (The A-cell 
configuration also has an apparent advantage 
concerning microatability, discussed in Ref. 6.) 

Although A-cell barrier designs have yielded 
higher ballooning limits for 3 C than the 
inside-barrier design, the determination of the 

maximum value achievable and an assessment of 
its adequacy for a power reactor are still in­
complete. Table 1 gives a sample of calculated 
ballooning limits for g c. 

The Tandem Mirror Next Step (TONS) design' 
is a preliminary conceptual design for the 
mirror machine to be built after HFTF-B. Both 
METF-B and THUS are A-cell barrier configura­
tions. The straight-bar model is an easily 
manipulated tandem mirror magnet design that 
includes a central-cell solenoid and minimum-B 
end plugs consisting of circular coils and 
straight Ioffe bar conductors. This model has 
no A-cell. (An important application of the 
straight bar-model was the investigation of the 
optimization of magnetic flux bundle ellipticity 
in mininn-B cells. 1 0) In Table 1, jQp, 
B„p, and (Jp are the central field, mirror 
field, and beta for the minimum-B cell, Bg 0, 
and B D are the barrier field and beta; and 
B c is the central-cell field. The effect of 
lower B c for THNS, shown in the last line cf 
Table 1, was predicted to follow $ C B £ • 
constant," but was revealed by manipulations 
of the straight-bar model and the THNS design to 
more closely follow 6 cBj -° * constant. 
Resctor performance at lower B c and higher 
£ c is discussed in the next section. 

A theoretical model for ballooning stability 
for the axisymmetric cusp configuration is being 
developed. So far, results from this model are 
inconclusive, but it is clear that the limit 
will be on plug beta, not Be- This is 
advantageous in that the fusion power Is 
proportional to Bci not to the plug beta 
squared. MHD stability considerations for the 
simple mirror tandem mirror with EBT rings have 
just begun. 

Tandem Mirror Reactor Performance 

Analytic physics models have been developed 
at U.NL and at the University ol Wisconsin to 
predict plasma performance in tandem mirror 
fusion reactorB vith thermal barriers. Because 
of the rapidly evolving nature of the tandem 
mirror barrier concept, these models have 
undergone (end are still undergoing) a series of 
iterations. 

Simply stated, the objective jf physics 
model development is to provide a 
self-consistent set of equations, supported by 

Table 1. HHD stability limits for S c 

Magnet Design 
(T) (T) (T) (T) 

Balloon-limited 

wtt-a 2.0 4.1 1.0 1.0 0.7 0.3 0.19 
Straight bar model 6.0 9.0 2.8 0.7 — 0.21 
TMNS 6.0 9.0 1.7 2.5 0.7 0.3 0.30 
THNS with reduced B c 6.0 9.0 1.7 1.6 0.7 0.3 0.57 

4 



physics theory and experiment, which can be used 
to calculate all of the plasms dimensions, 
densities, energies, potentials, and confinement 
tines in a tandem mirror reactor. To be useful 
for parametric calculations, the model must be 
programmable for rapid solution by computer. 

One physics model developed at LLHL for the 
inside-barrier configuration ia described in 
Ref. 7, Example results from this model for a 
tandem mirror reactor producing 3500 HH of 
fusion power are presented in Ref. 12. - For this 
study, the on-axis magnetic field strengths in 
the end-plug region were held fixed: 12 T at 
the position of the aolenoidal barrier coil and 
6 and 4 T at the yiu-yang mirrora and midplane, 
respectively. The neutral beam injection energy 
vac 400 keV. For a fixed first-wall neutron -
loading (1.3 MW/i?) and several assumed values 
for central-cellB, the reactor was optimized to 
yield maximum plasma Q. A short table of 
results is shown in Table 2. Q was found to 
range from 11 to 18. 

Table 2. Parameters for the LUIL Inside Barrier 
M R 

0.2 
Central Cell 6 

0.4 0.7 

B c, T (optimised) 
r c , m 
L c, m 
Q 

4.4 
1.0 
280 

11 

2.8 2.1 
1.3 1.6 
220 170 

14 18 

A similar plasma model for the inside-
barrier configuration was developed at the 
University of Wisconsin.'3 This model 
includes an improved treatment of the rela­
tionship between plasma density, temperature, 
and potential, as motivated by Cohen's Fokker-
Pianck study.'* Although this more accurate 
model predicts a decrease in performance, the 
decrease can be recovered through reoptimization 
and some increase in magnetic field strengths. 

For all the inside-barrier examples given 
above, the 6 C value has been assumed to be 
higher than the value predicted as the KHD 
stability limit for a particular coil design. 
(The prediction was B c o 0.1 for a coil design 
with magnetic fields the same as those for the 
middle column of Table 2.) He do yet not know 
if higher 8 C designs are possible for the 
inside-barrier configuration. 

A series of physics models has been 
developed at Lttil to predict the plasma 
performance for tandem mirrors with the A-cell 
barrier configuration. The second generation of 
this series, consisting of scaling laws for rich 
input power requirement based on the HFTF-B 
design point, was used to calculate the results 
given in this paper. A third-generation model, 

just being completed," solves the detailed 
particle and energy balance equations ai 
presented in Ref. 6. 

Example results for an A-cell barrier THR 
are shown in Fig. 4.'1" The figure shows 
35 
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Fig. 4 Tandem reactor performance for A-cell 
barrier and axisymmetric cusp barrier 
configurations. 

calculated plasma Q as a function of assumed 
peak (on-axis) Bc for several different 
central-cell lengths. In all cases, the fusion 
power is 3500 MB, the yin-yang mirror and center 
fields are 9 and 6 T, the A-cell mirror field is 
9 T, the barrier minimum field is 1.7 T, and the 
yin-yang and barrier B values are 0.7 and 0.5, 
respectively. The other constraint for the 
A-cell cases of Fig. 4 is that the radius of the 
plug plasma was held constant at about 1 m. 
Consequently, along one <)f the constant Lc 

curves of Fig. 4, the central-cell magnetic 
field varies as (1 - 0 . 6 t t ) 1 / 6 / B | / 3 , 
and the first-wall neutron loading varies as (1 
- 0 . 6 B c ) 1 / 3 / B j / 3 • (This scaling 
results from constant fusion power per unit 
length and magnetic flux conservation; the 0.6 
factor comes from profile-averaging Be, which 
is the peak, on-axis beta value.) The values 
for central-cell field and first-wall loading at 
the reference point identified on the figure are 
3.4 T and 1.9 ISI/m2, respectively. 



Coincidentally, the 8 C , \ relationship 
along the constant l c curves of Fig. 4 is very 
close to B C B J - 6 * constant, which was 
found in the MHD study to be a condition for 
constant stability. Thus, we would expect each 
constant L c curve to be either stable or 
unstable in its entirety. Unfortunately, for 
coil designs we have devised to date, our 
predictions are that the A-cell configuration 
curves of rig. 4 are unstable. Comparing the 
reference case to Table 1, for example, 
indicates that we would have to reduce the 
central-cell field to about 1.6 T to achieve a 
stable 3 C value of 0.5 to 0.6. 

Reducing B c to achieve stability .results 
in an increase in the plasma radii if L c and 
fur m power are held constant. For example, 
taking the reference case of Fig. 4, reducing 
B e to 1.5 T, and estimating a stable 8 C of 
0.6 results in an increase in plug plesma radius 
from 1.0 to 2.7 m. The central-cell p l a n a 
radius increases by an even greater ratio, from 
1.3 to 5.3 m, resulting in a decrease in first 
wall-neutron loading from 1.9 to only 0.5 
Witt?. Calculations show that the plasma Q 
decreases from 14 to 11. Thus, although we can 
identify a specific A-cell magnetic design 
predicted to be HUD stable and yielding a 
reactor with Q >10, the fusion power density is 
perhaps uneconomically low. Work is continuing 
to more firmly establish the limits of the 
A-cell configuration. 

Figure 4 also shows some preliminary 
results for TKR's with the axisymmetric-cusp 
end-plug configuration. (These results were 
calculated using a model similar in detail to 
the secjnd-generation model for the A-cell 
configuration.} The axisymmetric-cusp cases 
have the same fusion power and plug mirror 
fields (9 T) as the A-cell cases. Higher Q's 
are expected with the axisymmetric cusp because 
of the near-unity peak beta achievable in the 
central cell. Dote that the axisymmetric 
results are somewhat below the extrapolation of 
the A-cell curves; this is because of the 
additional plug plasma volume in the 
axisyimetric configuration (the on-axis plug 
volume which does not flux map to the central 
cell). Verification of these preliminary 
results for the axisymetric-cusp configuration 
awaits the completion of the MHD stability 
analysis. 

End-Flug Technologies 

The detailed design of end-plug component; 
for a tandem mirror reactor with thermal 
barriers must await the choice of end-plug 
configuration. However, there is enough 
similarity among the various configurations that 
the general end plug technological requirements 
ca.i be discussed. The end-plug technologies 
include high-field superconducting magnets, 
neutral beam injectors, and gyrotrona for (ECRE). 

Superconducting Magnets 

Both the inside-barrier and A-cell barrier 
configurations require minimum-B mirror cells 
such as those produced by yin-yang magnets. The 
miniimrm-B cells for the inside-barrier cases we 
considered had mirror and central fields of 6 
and 4 T (U.NL design), and 9 and 6 T(University 
of Wisconsin design), respectively, while the 
A-cell cases all had fields of 9 and 6 T. These 
field values are all for vacuum fields on-axis. 
Carefully designed yin-yang magnets can achieve 
coil efficiencies (maximum on-axis field divided 
by peak conductor field) of about 0.75. Thus, 
the peak conductor fields of interest are 8 or 
12 T. The firat can be done with Nb-Ti 
superconductor; the second requires the less 
developed superconductor, VbjSn. 

The structural support of large, high-field 
yin-yang coils is a difficult engineering 
problem. A study by Grumman Aerospace Corp­
oration 1 7 has deaonstrated that the support 
of reactor-sized yin-yang coils with peak 
conductor fields of 8 or 9 T is feasible with 
thick-walled magnet cases and intercoil bracing 
(similar to the support structure methods used 
on the HFTF yin-yangs magnet). For the 12 T 
yin-yang magnets specified for the A-cell 
configuration, it appears that massive external 
clamping structures will be required. 

Circular coils, such as those required for 
the barrier coil of the inside-barrier 
configuration and for all of the coils of the 
axisymmetric-cusp and simple mirror 
configurations, are much more easily designed 
than yin-yang coils, because most of the 
electromagnetic forces can be taken as simple 
hoop forces. 

Heutral Beam Injectors 

Neutral beam injectors are proposed for two 
different purposes in tandem mirror reactors 
with thermal barriers: sustenance of the 
end-plug plasma and charge-exchange pumping of 
the barrier region. All neutral beam injectors 
must operate continuously. 

Although the introduction of direct electron 
heating and thermal harriers has reduced the 
necessary plug-plasma neutral beam injection 
energy from the 1.2 HeV specified in Ref. 3, the 
energy requirement is still in the 100'8 of 
keV. This is because the plug ions injected at 
the potential peak are in trapped velocity space 
only if 

4 + 4 \ ]_e 
I > R - 1 , 
inj 

where * + $ i s the height of the potential 



peak (see Fig. 2) ami R is the ratio of the mag­
netic field strength at the mirror point to that 
at the injection point. As an example, the LLK. 
inaide-barrier TMR with B c - 0.4 (middle column 
of Table 2) had $ c + * e « 265 keV and E • 
1.9; therefore the minimum plug injection energy 
was 295 keV. The design used 400-keV injec­
tion. The A-cell examples of fig. 4 had Ej^j 
« 100 keV in the yin-yang cell and 330 VeV in 
the A-cell. We prefer the negative-ion type 
neutral beam injector for the TMR plugs because 
of its efficiency at the required energies is 
higher that that possible with positive-ion-type 
injectors. 

For all thermal barrier configurations, it 
is necessary to pump avay trapped ions 
accumulating in the barrier at a result of 
collisions among ions pasting back and forth 
from the central cell. Such filling it 
unacceptable because it vould negate the 
depression in plasma potential. It hat been 
proposed (and will be tested experimentally on 
TMX Upgrade and HFTF-B) that the pumping can be 
accomplished by having the trapped ions undergo 
charge-exchange interactions with neutral beau 
located at each end of the machine and aimed 
nearly along the axis. In a charge-exchange 
collision between a trapped ion and an axially 
aimed neutral, a trapped ion is exchanged for 
one that is not trapped. An advantage of this 
pumping method is that it is bated upon well 
understood, classical processes. Possible 
disadvantages are that access for axial injec­
tion may be difficult, and various inefficiences 
may hurt the power balance. Other approaches to 
ion pumping in thermal barriers will also be 
explored in the tandem mirror physics program. 

Analysis of the charge-exchange pumping 
concept has shown that to minimize the power 
requirements for the pump beams a multistage 
pumping systea is desirable. In this system, 
decreasing fractions of the total ion load are 
pumped by injectors of increasing energy level 
(a situation analogous to a multistage vacuum 
pumping system in which decreasing fractions of 
the total gas load are pumped at increasing 
vacuum levels). 

Reference 7 describes the methodology behind 
the design of a four-stage barrier pump system 
for an inside-barrier THE. The system consists 
of a gas jet to charge exchange with those trap­
ped ions that follow drift surfaces extending 
out of the main plasma column, and neutral beams 
at three energies: 10, 50, and 139 keV. The 
specific system described required a total 
injection current nearly double the required 
pumping rate, largely because of the competing 
ionization reactions. (An ionization reaction 
provides a fuel ion to the central cell, but 
does not remove a trapped ion.) 

An important extra function of the charge-
exchange pumping system might be the removal of 

thermalized alpha particles from the reac­
tor.^ Dnder certain conditions, the 
charge-exchange reaction Be** + 1)0+ He* + 
I* will lead to the lots of the He* ions 
over the potential peak. Preliminary estimates 
are that this ash-removal scheme can adequately 
restrict the accumulation of alpha particles, 
thereby making possible steady-state reactor 
operation. 

Hegative-ion-type neutral beam injectors are 
preferred for charge-exchange pumping for two 
important reasons, first, for the high-energy 
pump beam, negative ions are desired for the 
usual reason of neutralization efficiency. The 
second reason is the normal pretence of positive 
molecular ions in poiitive-ion-type sources, 
which produce atoms with 1/2 or 1/3 of the 
primary beam energy. The fractional energy 
components are undesirable in any neutral beam 
but are intolerable in a charge-exchange beam if 
they become trapped in the barrier potential 
well. 

Electron Heating 

Electron heating in the plug region is an 
important element of reactor design for THR's 
with thermal barriers. We propose to accomplish 
the electron heating with radio-frequency 
sources (rf) sources operating in the ECRH 
regime (JO to 150 GHz). Efficient transfer of 
rf power to plasma heating normally requires 
coupling with one of the fundamental plasma 
resonances. In ECRH, the resonant frequency is 
the fundamental or a harmonic of the electron 
cyclotron frequency; i.e.. 

f - n f c e » neB/2 m,, • 28Bn, (2) 

where n is the harmonic number, f is in GHz, and 
B is in teslas. however, the resonant condi­
tion oust occur where the plasma is accessible 
to the injected rf power. This requires that 
the microwave frequency be higher than the 
electron plasma frequency to avoid reflections 
from the plasma cutoff; i.e., 

f>fpe • Cl/27T)(n ce 2/m eE 0) 1 / 2 -
9.98 x lO" 6^/ 2, (3) 

where fp e is in GHz and n» is in cm"*. 
Combining Eqs. (2) and (1) yields the requirement 

-7 
nB . 3.21 i 10 (4> 

e 

Fortunately, THR plug parameters typically 
satisfy Eq. (4) for all harmonics. The recent 
and continuing development of gyrotron oscil­
lators has improved the feasibility of ECRH at 
the frequencies and power levels required for 
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THR's (10's of MIT at 30 11 150 GHz). 

Central Cell Design 

In the TMR, the fusion power is produced in 
the cylindrical-geometry central cell. The 
design goal for the central cell is that it be 
compact, simple to fabricate using mass 
production techniques) and easily maintained. 
Fortunately, the central cell is largely 
decoupled from the plug regions, and its design 
can be optimized somewhat independently of the 
complexities of the end plugs. 

A basic design philosophy adopted for the 
TMH central cell is that of axial modularity, as 
depicted in Fig. S. The central cell is divided 

M « T W I1MCHNO 

VACUUM TRENCH 

tCOVEBS REMOVED!, 

COOUNTOUCrOALLEHV 

Fig. 5 Central cell of tandem mirror reactor. 

into cylindrical modules, typically 2 m in 
length and 8 m in outside diameter. The 
modules, each containing blanket, shield, and 
two solenoidal magnets, can be individually 
removed by crane for service or replacement. As 
a design variation, the removable module might 
consist of only blanket and shield if the magnet 
segments can be moved axially to provide 
adequate space for module withdrawal. 

The central cell must have some way to 
provide high-vacuum conditions in the plasma 
region; at the same time, however, easy module 
separ&ttion is an advantage for maintenance. One 
possibility is to house the entire central cell 
in a vacuum trench maintained at 10" 2 Torr, 
and to achieve high vacuus in the plasma region 
through the use of pressurUed-cushion seals 

between modules. The cushion seals are of 
annular shape and h»ve a radial dimension of 1 m 
(the shield thickness). The cushion seal uses 
omega-joint expansion elements, that behave 
similarly to a bellows but are much more rugged 
(see Fig. 6). One cm of clearance for assembly 
can be obtained by evacuating the cushion to 
allow the ambient pressure in the trench to 
collapse it. (Though normally evacuated, the 
trench is backfilled to atmospheric pressure 
with dry air or inert gas prior to the beginning 
of a module change-over.) The two faces of the 
cushion are contoured on their inner surfaces 
(in contact with the pressure energizing fluid) 
to impede neutron leakage. 

Extended Retracted 

1cm—'U 
(clearl 

-Seal is gas-
pressure-actuated 

joint 

Fig. 6 Central cell module-to-module 
pressurized cushion seal. 

Many different designs are possible for the 
central-cell modules. The example discussed 
here is a pod design using solid lithium oxide 
as a neutron moderator and tritium breeder and 
helium as a coolant, An alternative design by 
the University of Wisconsin uses liquid lithium 
lead as moderator, tritium breeder, and 
coolant.^ Figure 7 shows three central-cell 
modules of the pod type, as designed at LLHL. 
The central-cell solenoidal coils are at the 
periphery of the modules. Because typical 
central cell fields strengths are 2 to 3 T the 
coils are constructed of Hb-Ti superconductor. 
.Just inside the coils is the shield region. The 
shield is made of poured lead concrete in a 
steel case. Inside the shield region is the 
blanket. The blanket comprises 2 a-long pods, 
arranged in parallel to the machine axis, and 
grouped together into pod clusters, each of 
which has a common coolant gas distributor. 
Each pod is a 25-cm-diam cylinder with 
hemispherical ends, and is constructed of 
Inconel 718*. The pod contains a cylindrical 
stainless steel canister of lithium oxide 
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Fig. 7 Fod type central cell modules. 

granules. The canister is penetrated by 
longitudinal tubes, also of stainlesa-steel. 
The helium coolant flow path is as follows: the 
coolant enters via an inlet pipe inside a sten 
piercing the shield (see Fig. 7), flows through 
one side of the gas distributor and is divided 
among the pods, flows from the midplane of the 
pod to both ends between the pod wall and the 
inside canister, returns to the pod nidplane 
through the canister tubes, collects in the 
other side of the gas distributor, and exits via 
an outlet pipe in the stem. The helium inlet 
temperature is 350°C; outlet temperature is 
550°C. 
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