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Chapter 1

Background for the Present Study

1.1 Introduction

When fusion research began in the early 1950’s,
there were three main concepts pursued around
the world [1]: an open confinement configura-
tion called a mirror, a pulsed concept labeled a
pinch, and a closed configuration called a stel-
larator. Over the past 40 years, all of these
concepts have undergone considerable modifica-
tions and the pinch configuration was essentially
dropped in the United States in 1977 [2], the
modified version of the mirror dropped in the
U.S. in 1986 [3], and the stellarator program
essentially suspended in the U.S. in 1991 [4].
Some of these concepts have been continued at
a low level in European and Japanese laborato-
ries, but the closed configuration named ‘toka-
mak’ now accounts for over 90% of the world’s
magnetic fusion effort.

The early work on the mirror revealed an at-
tractive reactor configuration that was more
amenable to maintenance and repair compared
to the closed configurations. By the mid-1980’s,
there were six major experimental programs
and at least ten smaller efforts on the mirror ap-
proach (see Fig. 1.1). However, when the United
States program ran into financial constraints in
the mid 1980’s, the USDOE Office of Fusion
Energy decided to narrow its development pro-
gram to one concept, the tokamak [5]. The
funding for the tandem mirror (TM) program
peaked at 93 $M/y in 1984 and by 1988 the
tandem mirror program was essentially gone in
the U.S. (see Fig. 1.2 [6]). At that time, approx-
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imately 600 $M had been spent on the tandem
mirror in the U.S. compared to ~3,000 $M on
toroidal systems (see Figs. 1.3 and 1.4 [7]). Var-
ious reasons for the specific choice were given,
but the one most often cited is that the physics
of the Tokamak is much more advanced than
that of the open systems. Continued research
into the tokamak configuration, most notably
related to ITER [8], as well as the contempo-
rary tokamak power reactor studies embodied
in the ARIES [9] project, has revealed serious
problems which still need to be addressed be-
fore electric utilities will consider such reactors
for their power grids. Specifically, divertor op-
eration, disruption control, current drive, and
maintenance have proved to be more difficult
than originally anticipated. It is worthwhile
noting that these problems exist in spite of the
fact that the total investment in toroidal mag-
netic fusion is now approaching 5 $B in the
U.S. (through FY 1993), approximately 7 times
that invested in the tandem mirror program (see
Fig. 1.4). Worldwide this ratio is more like 20:1
in favor of toroidal systems compared to mirror
devices.

The severity of the problems identified in
toroidal systems is sufficient to prompt some
in the fusion community to reexamine the deci-
sion to narrow the world program down to one
commercial configuration. In addition, the fol-
lowing legitimate question is now being asked,
“ Have recent advances in physics and technology
been sufficient to warrant a revival of the mirror
program for power or other unique applications
(e.g., for a neutron source)”.
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1.2 Purpose and Organization
of This Report

The purpose of this report is to address a few of
the key questions on the topic of tandem mir-
ror research and to suggest what, if any, exper-
iments need to be performed to revive the tan-
dem mirror concept for commercial power appli-
cations in the 21st century. Because of the lim-
ited time allowed for this report (~3 months),
it should not be expected that this study is the
ultimate word on these questions. However, it
does approach the question of commercial via-
bility from a different perspective and hopefully
it will stimulate others in the field to reexamine
the future of fusion research.

After a brief review (Chapter 2) of the state of
tandem mirror physics at the time of the deci-
sion to close the U.S. program, a description of
the progress in tandem mirror physics since that
decision is given in Chapter 3. Given recent ad-
vances in technology and our understanding of
power reactor design, Chapter 4 addresses how
one might improve the tandem mirror reactor
configuration compared to the last full scale de-
sign, MINIMARS [10]. The question of criti-
cal experiments that could be performed in the
1990’s is discussed in Chapter 5 and the overall
conclusions plus recommendations are given in
Chapter 6.

1-4
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Chapter 2

Status of Tandem Mirror Physics Through

1986

2.1 Introduction

Tandem mirror physics rests on a foundation
of thirty years of successful single-cell mirror
physics. The combination of simple-mirror cells
into the tandem mirror creates some qualita-
tive differences due to the interactions of plasma
flowing from one cell to another, but much of
the earlier work still applies. Thus, in order
to understand the present status of the tandem
mirror, the main focus of this report, we will
also discuss the parameter achievements and
the relevant understanding gained through re-
search on simple mirrors. Several summaries of
single-cell and tandem-mirror physics exist [1]~
[9], and Ref. [1] has been particularly valuable in
comprehensively summarizing progress through
1986.

An attractive fusion reactor must satisfy both
physics and engineering constraints. Histori-
cally, toroidal device research was motivated by
the physics issue of confinement, whereas mir-
ror machine research was motivated by the en-
gineering issue of beta (8 = plasma pressure/
magnetic field pressure) [8]. Sufficiently good
confinement reduces plasma transport losses so
that the required external input power can be
minimized. High § allows efficient use of the
external magnetic field and minimizes magnet
cost. Both confinement and § are critical pa-
rameters for fusion reactors. The early toroidal
devices exhibited good plasma confinement but
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they were limited in (3, while the early sim-
ple mirror devices achieved high # with lim-
ited confinement. The characteristic difference
in 3 between reactor geometries remains valid
today, but the invention of the tandem mirror
has greatly improved the confinement in linear
devices. In comparison to toroidal fusion reac-
tors, tandem mirror reactors have several ad-
vantages, as listed in Table 2.1.

Historically, as illustrated schematically in
Fig. 2.1, mirror devices first solved the magne-
tohydrodynamic (MHD) stability and microsta-
bility problems in simple mirrors—which had
intrinsically poor confinement due to collisional
scattering of particles into the magnetic mir-
ror ‘loss-cone.” The invention of the original
tandem mirror and the thermal-barrier tandem
mirror then eliminated the low theoretical limit
on confinement. At present, the key remaining
issues for tandem mirrors lie in

o the interactions between plasmas in differ-
ent cells,

the RF-plasma interactions,

the ‘pumping’ of the electrostatic potential
well in the thermal barrier, and

the generic fusion-reactor issue of the
experimentally untested effects of fusion
products.



Table 2.1. Advantages of tandem mirrors over
toroidal configurations.

o The axisymmetric tandem mirror central
cells have high § and a magnetic field on
the axis that approaches the magnetic field
on the coils. This gives high leverage to
such designs, because the fusion power den-
sity in the plasma scales as 3?B%, where
B is the magnetic field.

¢ No equilibrium plasma current is required,
so plasma, disruptions do not occur, in con-
trast to tokamak operation.

o The linear, axisymmetric central-cell ge-
ometry greatly simplifies the engineering
design in the region of highest radiation
fluxes.

¢ The open-field-line topology is amenable to
the direct conversion of charged-particle fu-
sion power to electricity [10, 11], which in-
creases the attractiveness of advanced fuel
cycles in tandem mirrors.

e Because most of the transport energy loss
is axial, the magnetic flux tube can be ex-
panded to reduce the surface heat flux to
more manageable levels than those experi-
enced on divertor plates in toroidal devices.

The history of mirror research is illustrated in
Fig. 2.2, where three stages are shown: sim-
ple mirrors, original tandem mirrors, and ther-
mal barrier tandem mirrors. Simple-mirror re-
search began in the 1950’s [8], and it domi-
nated the first 20 years of the program. The
invention of the tandem mirror occurred in
1976 [12, 13], followed by the thermal barrier
concept in 1979 [14]. Considerable tandem mir-
ror theoretical understanding had been gained
and parameter achievement accomplished be-
fore the U.S. Department of Energy mirror re-
search program was terminated in 1986 due

to budgetary pressures, but just four thermal-
barrier tandem mirrors had been operated, so
the concept was only partially developed.

This chapter is organized into various topics in
mirror physics, but it is important to recog-
nize that there are strong links between many
of these areas. Section 2.2, “Magnetohydro-
dynamic Equilibrium and Stability,” treats the
macroscopic stability of the plasma. Section 2.3,
“Microstability,” deals with the smaller-scale in-
stabilities driven by density, temperature, and
velocity-space gradients. Section 2.4, “Trans-
port,” discusses the fundamental limits to the
loss of particles and energy after instabilities
have been eliminated. Electrostatic potentials
for tandem mirror thermal barriers and end-
plugging are also considered in Sec. 2.4, as is the
issue of electron thermal conduction. Fusion-
product physics issues are explored in Sec. 2.5.
Section 2.6 describes the physics issues that
arise during plasma startup. Research on di-

MULTIPLE-CELL PHYSICS

RF-PLASMA INTERACTIONS
THERMAL-BARRIER PUMPING

3

v CONFpVENT

TANDEM MIRROR

\/ MICROSTABILITY

/

MHD
STABILITY
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Figure 2.1. Ewolution of mirror configurations.
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rect conversion of fusion power to electricity is
described in Sec. 2.7, and Sec. 2.8 draws some
conclusions.

2.2 MHD Equilibrium and
Stability

2.2.1 Equilibrium

Generally, a robust magnetohydrodynamic
(MHD) equilibrium exists in open-ended de-
vices. This robustness contrasts with the some-
what fragile nature of the equilibrium in a
toroidal device, which is sensitive to the closure
of the magnetic flux surfaces and to magnetic-
field perturbations. The strong mirror equi-
librium stems from the externally generated
magnetic fields and the existence of adiabatic
invariants—which derive from high-frequency
motions in comparison to MHD instability fre-
quencies. These invariants, defined in Table 2.2,
are the magnetic moment, y, related to charged-
particle gyromotion about the magnetic-field
lines; the longitudinal action, J, related to
the bounce motion of charged particles between
the magnetic mirrors; and a flux invariant, ®,
related to the azimuthal drift motion of the
plasma. The adiabatic invariants are of funda-
mental importance in maintaining the equilib-
rium, because losses from the non-Maxwellian
ion population can be limited

¢ to the relatively slow process of pitch-angle
scattering (changing u) due to collisions or
nonadiabatic effects, and

e to the normally even slower process of ra-
dial transport (changing J) due to drift
motions resonant with the ion or electron
bounce frequencies (wy; and wye).

The adiabatic invariants are well understood
and experimentally verified [1]. In fact, inves-
tigations into the magnetic moment in mirror
machines generated important contributions to

2-4

Table 2.2. Mirror machine adiabatic invariants.

INVARIANT | DEFINITION
© mv? /2B
J fv” ds
¢ 27 f B(r)rdr

chaos theory [15]. Finite-8 mirror equilibria for
arbitrary geometry can be calculated with high
accuracy [16].

2.2.2 Minimum-B MHD Stability

The macroscopic (MHD) stability of mirror de-
vices can be extremely good, because open-field-
line geometry allows the formation of absolute
minimum-B magnetic wells (exemplified by the
‘baseball’ coil in Fig. 2.3). The plasma in a
minimum-B equilibrium effectively sees a ‘mag-
netic hill’ on all sides, which suppresses low-
frequency MHD instabilities (w <« w.;, where
wei is the ion-cyclotron frequency). A key con-
sequence of minimum-B geometry is that § — 1
can be achieved, as experimentally demon-
strated in 2XIIB at high average plasma den-
sity and temperature (7 ~ 2 x 102° m~3, E; ~
13 keV) [17]. Much of the high-3 capability of
simple mirrors carries over into tandem mirrors,
where an appropriate average over stable and
unstable cells must be done. In performing such
averages, modes which localize in unstable cells
must be avoided, such as the trapped-particle
mode [18] (see Sec. 2.2.4). In the TMX tan-
dem mirror, where ‘yin-yang’ magnets created
minimum-B end cells, volume-averaged beta
values of 40% were reached in a short, neutral-
beam-heated section of the central cell [19].
The predictive capability for the MHD equilib-
rium and stability of both simple mirrors and
minimum-B stabilized tandem mirrors is excel-
lent [1]. This reflects both the extensive early
effort on simple mirrors and the fact that mirror



geometry is relatively simple to model theoret-
ically.

2.2.3 Axisymmetric MHD Stability

Important developments in achieving high-4,
axisymmetric tandem mirror operation emerged
in the mid-1980’s. These were the possibilities
of RF stabilization, wall stabilization, magnetic
divertor stabilization, sloshing-ion stabilization,
and non-paraxial design.

The Phaedrus tandem mirror experiment first
demonstrated the use of RF stabilization to
maintain MHD stability with both the end cells
and the central cell axisymmetric, and central
cell beta values exceeding 15% were achieved,
even in this relatively small experiment [20, 21].
Figure 2.4 shows the dramatic reduction of den-
sity fluctuations for an RF-stabilized case (a)
compared to an unstable case (b) in the Phae-
drus experiment [20]. The RF-stabilization
problem generated a very active research effort,
and theoretical models matched well with ex-
perimental results [22, 23].

Wall stabilization would theoretically allow very

high 8 (~80-90%) with no injected power, al-
though external power would be required for

Minimum-B mirror

Field fines

Coil current

Figure 2.3. Minimum-B magnetic-field geome-
try in a ‘baseball’ coil [1].
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Figure 2.4. Density fluctuations for (a) unstable
case and (b) RF-stabilized case in the Phaedrus
experiment [20].

real systems and during startup at lower g val-
ues [24]. The concept is well-grounded in the
same MHD theory that predicts other tandem
mirror and tokamak stability boundaries with
good accuracy. Wall stabilization may have
been observed in a small, multiple-mirror de-
vice [25].

The use of a magnetic divertor in the central cell
was also proposed to help provide MHD stabil-
ity [26]. The proposed divertor would also be
axisymmetric, and its stabilizing effect would
be to allow good electron mobility in the annu-
lar flux tube near the magnetic x-point, thereby
‘shorting out’ growing instabilities.

The possibility that the sloshing-ion neutral
beams in the plug could produce an ion dis-
tribution with sufficient pressure in the good
magnetic-field curvature region to give MHD
stability has been proposed theoretically, but
has had no experimental test [27, 28].

Similarly, theoretical work indicates that non-
parazial mirror cells, defined as cells whose ra-
dius is comparable to their length, may allow
axisymmetric MHD stability [28]. The impli-
cations of the large volume of the non-paraxial
mirror cells on the design of a tandem mirror
reactor have not been analyzed, especially with



regard to their impact on the power balance re-
quirements.

2.2.4 Trapped-Particle Modes

In the early 1980’s, concern arose that elec-
trostatic modes localized to regions of ‘bad’
magnetic-field curvature might exist [18]. A
key objective of the Tara experiment [29] was
to test this trapped-particle mode theory in its
‘axicell’ tandem mirror configuration. The axi-
cell concept [30] was developed in order to avoid
some of the difficulties related to the use of
minimum-B end cells (see Sec. 2.4.6). For axi-
cell configurations, the thermal barrier and end-
plugging potential are formed in an axisymmet-
ric cell between the central cell and a minimum-
B cell (anchor) that provides the MHD stability.
The relative isolation of the MHD anchor cells
makes the configuration particularly susceptible
to these modes.

2.2.5 MHD Summary

Simple-mirror MHD equilibrium and stability
are very well understood. Experiments have
achieved 8 — 1 at high density and tempera-
ture, and theory provides an excellent predictive
capability at all 3 values. The understanding of
minimum-B stabilized tandem mirrors is almost
as good at modest 3 ( < 25%), but higher 8 val-
ues could not be tested experimentally because
of device design limitations. Axisymmetric tan-
dem mirror operation has achieved g < 15%,
limited by design power, while theoretical lim-
its on axisymmetric tandem mirror operation
approach 8 = 1. The ‘trapped-particle’ mode
appears to be important only in ‘axicell’ config-
urations. Experimentally achieved and theoret-
ically predicted 8 values are shown in Fig. 2.5.
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2.3 Microstability

2.3.1 Overview

Simple mirrors and the end cells that re-
duce plasma loss from tandem mirror central
cells unavoidably contain non-equilibrium (non-
Maxwellian) plasma populations. Therefore,
the free energy of the non-Maxwellian popula-
tions can be tapped to drive so-called micro-
instabilities, which appear primarily in two
forms:

1. Velocity-space instabilities, caused by a
population inversion due to the depletion
of low-energy particles that is intrinsic to
simple-mirror confinement, and

. Spatial gradient instabilities, usually
caused by anisotropy in pressure, but also
by variations in density or temperature
alone.

Another useful distinction is between electro-
static modes, which are driven by charge sep-
aration and can persist to 8 ~ 0, and electro-
magnetic modes, which involve perturbed cur-
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Figure 2.5. Beta-value operating space for mir-
rors and tandem mirrors.



rents and magnetic fields, necessitating finite 3.
Unlike MHD instabilities, which can cause an
immediate movement of the bulk of the plasma
into the device walls, microinstabilities cause
a relaxation of the plasma distribution func-
tion toward an equilibrium state—usually, but
not always, strongly enhancing particle diffu-
sion and loss thereby.

The earliest mirror experiments were plagued
by several microinstabilities caused by very nar-
row ion energy distributions, because little col-
lisional broadening occurs at low densities [4, 1].
The successful theoretical effort to understand
these experiments set the stage for stabiliz-
ing the high-density modes of fusion-relevant
plasma regimes. High density is defined by the
condition “’Zi > w, with w?, ~ W2, where
Wpiy Weiy Wpe, and wge are the ion and electron
plasma and cyclotron frequencies, respectively.
In this regime, electron mobilities force the ion-
driven modes to be flute-like (k) < ki), and
the modes are qualitatively different from those
in low-density conditions [1]. Sufficiently patho-
logical distributions can drive many instability
modes, as illustrated in Fig. 2.6, which shows
how various combinations of plasma waves and
dissipative mechanisms give rise to the indicated
instabilities [4]. However, only a few modes are
important for realistic distribution functions in
the high density and temperature plasmas of the
reactor regime,

2.3.2 DCLC and AIC Modes

In the reactor regime, the two most danger-
ous instabilities are the drift cyclotron loss cone
(DCLC) mode and the Alfvén jon cyclotron
(AIC) mode. A triumph of the mirror research
program was the stabilization of the DCLC
mode in the TMX tandem mirror experiment
and the subsequent stabilization of both the
DCLC and the AIC modes in TMX-U. The
result was that extremely low fluctuation lev-
els could be achieved in the TMX-U experi-
ment [31]. The stabilization of the DCLC mode
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is brought about by partially filling the loss cone
in the ion distribution function with a small
amount of warm plasma. In TMX, DCLC sta-
bility was accomplished using the end-loss ion
stream. In TMX-U, warm plasma was trapped
in an electrostatic potential well formed in the
end plug by ‘sloshing ions’—an ion distribution
peaked away from the plug midplane and gen-
erated either by perpendicular, off-midplane in-
jection or by angled injection at the midplane.
The amount of warm plasma in the loss cone
required to stabilize the DCLC mode also effec-
tively stabilizes instabilities that had been im-
portant in 2XIIB and other simple-mirror ex-
periments: the high-frequency convective loss-
cone (HFCLC) mode and the absolute loss-cone
(ALC) mode [1].

The only important electromagnetic instabil-
ity in the reactor regime is the AIC mode,
and TMX-U was designed to be stable to it
through the injection of angled end-plug neu-
tral beams to give a sloshing-ion distribution
with a sufficiently high ratio of parallel to per-
pendicular plasma pressure, B/Py. The en-
hanced microstability more than compensates
for the slight increase in diffusive, collisional
losses, which occurs for a sloshing-ion distribu-
tion because the average ion is located nearer
to the loss boundary.

2.3.3 Microstability Summary

An excellent understanding of microinstabili-
ties in mirrors and tandem mirrors has been
achieved, including a great deal of confidence
that they can be avoided in the design of fu-
ture experiments and reactors [1]. Because even
minimum-B mirror geometry is relatively sim-
ple to model theoretically, even nonlinear mir-
ror theory is well understood in comparison to
modelling of toroidal geometry (especially with
a rotational transform). A prime example is
the DCLC mode in 2XIIB, where the instability
normally reached nonlinear saturation at fluc-
tuation levels below those of the AIC mode—in
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Figure 2.6. Microinstabilities driven by various combinations of plasma waves and dissipative mech-

anisms [{].

contrast to the expectations from linear theory.
A quasilinear analysis of the filling of the ion
distribution’s loss cone by warm plasma gener-
ated by the DCLC mode itself quantitatively
explained the instability boundaries [32].

Regarding the status of microstability know-
ledge in mirrors and tandem mirrors, Post [1]
gives a succinct summary:

While continued care must be ezercised
in future devices, it can be concluded
that achieving adequate control of mi-
croinstability modes should be possible
in mirror systems, in agreement with
the predictions of theory. This conclu-
sion represents a major milestone in
mirror research.
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2.4 'Transport

2.4.1 Overview

In ‘collisionless’ mirror devices, particle and en-
ergy losses stem primarily from ion and elec-
tron diffusion in velocity space and subsequent
loss along the open magnetic field lines. The
term ‘collisionless’ in this context implies that
the collisional mean free path is longer than the
length of the device, so that a particle traverses
the device many times before experiencing a sig-
nificant change in its pitch angle with respect
to the magnetic field. For most practical pur-
poses, mirror plasmas of interest for fusion are
collisionless.




Because the pitch-angle scattering of electrons
is (m;/m,)'/? faster than that of ions, electrons
scatter into the loss cone more quickly than ions,
and an ambipolar electrostatic potential forms
to reduce electron losses and enhance ion losses
so that their loss rates are equalized. The struc-
ture of the electrostatic potential along the axis
of a simple mirror machine is shown in Fig. 2.7.
The physics of the electrostatic potentials and
the calculation of the related loss of particles
and energy will be discussed in Sec. 2.4.5.

Figure 2.7. Simple-mirror electrostatic potential
profile along the axis.

2.4.2 Electron Thermal Conduction

An early issue for mirror machines was whether
energy loss due to electron thermal conduc-
tion along open field lines to the walls could
be kept small. In devices where the electron
mean free path exceeded the axial length—such
as Baseball II, 2XIIB, and the tandem mirror
experiments—energy losses were many orders of
magnitude below the losses that would have oc-
curred if classical electron thermal conduction
dominated. This thermal insulation from the
walls occurs because the main electron energy
loss mechanism, rather than collisional electron
energy transfer, is the escape of relatively few
electrons over an electrostatic potential hill.

The basic physics of classical thermal conduc-
tion applies, of course, to both mirror and
toroidal devices. The key difference between
them lies in the way that particles and energy
are lost. In mirrors, the loss of particles that
have diffused into the mirror loss cone is essen-
tially instantaneous, so that the plasma density
in the velocity-space loss cones and, therefore,
beyond the magnetic mirror peaks, is a very
small fraction of that in the main plasma. Thus,
no effective medium for thermal conduction ex-
ists. In tokamaks, diffusion takes place in con-
figuration space, with preferential ion loss due
to large banana orbits, so that the ambipolar
potential acts to reduce ion loss and enhance
electron loss. No loss cone exists for most toka-
mak particles, so the scrape-off layer is rela-

~ tively dense, and electron thermal conduction
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can be an important effect.

2.4.3 Electrostatic Potentials

The high mobility of Maxwellian electrons
along magnetic field lines leads to a Maxwell-
Boltzmann distribution function and, conse-
quently, to an electrostatic potential that de-
pends logarithmically on the density:
n(s)

0

e®(s) —e®g =T, In -

(2.1)
where T is the electron temperature ®(s) and
n(s) are the potential and density along a mag-
netic field line, and ®y and ng are their values
at a reference point—typically the midplane.
Because a small number of high-energy elec-
trons are lost over the electron-confining am-
bipolar potential, the distribution is not exactly
Maxwell-Boltzmann, but the difference is negli-
gible for most purposes.

When the ion density is locally increased or de-
creased, for example by neutral beam injection
or radial transport, the electron density adjusts
to give the appropriate electrostatic potential
profile. Figure 2.8 illustrates the axial variation
of magnetic field, electrostatic potential, and
densities in the GAMMA-10 experiment. This
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ure shows both the the ion-plugging potential
(see Sec. 2.4.5) and the electrostatic thermal
barrier (see Sec. 2.4.4). Tandem mirror elec-
trostatic potentials are experimentally verified
and reasonably well understood [1].

2.4.4 Thermal Barrier Physics

The creation of a thermal barrier potential is
usually more complicated than indicated by
Eq. 2.1. The thermal barrier potential dip is
initially created by the reduction of the mag-
netic field, with a consequent expansion of the
magnetic flux tube and reduction of the ion den-

sity. However, such a potential well will quickly
fill up due to ion-ion scattering if no active ion
pumping is done. Such pumping will never be
perfectly efficient, so an analysis of the pumping
process must be included in the calculation of
the potential. Furthermore, a non-Maxwellian,
hot-electron population localized at the bottom
of the thermal barrier is often used to further
reduce the density of Maxwellian, passing elec-
trons. The appropriate formula for the electro-
static potential in the thermal barrier then be-
comes

Nec(S)

e<I>(s) - 6@0 = Te In m

(2.2)
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where, at position 3, n..(s) is the density of
central cell electrons (which pass through the
thermal barrier region and return after reflect-
ing off of the ambipolar potential, ®.); ni(s) is
the barrier ion density; and nen(8) is the den-
sity of ‘hot’, mirror-confined electrons—which
are generated with a high ratio of perpendicu-
lar to parallel energy using electron cyclotron
range of frequencies heating (ECRF). Tandem
mirrors can operate without the hot electron
population, but the resulting ECRF power re-
quirements are high, and most tandem mirror
reactor designs invoke hot electrons [34, 35, 36].

Thermal barrier research has focused on three
key problems: (1) the thermal barrier filling
rate due to collisions, (2) methods for pump-
ing trapped ions out of the thermal barrier, and
(3) details of the thermal barrier electrostatic
potential axial and radial profiles.

Thermal barrier collisional filling Sev-
eral theoretical treatments have been performed
which treat the problem of the rate at which
ions collisionally scatter into the thermal bar-
rier region and partially ‘fill’ the electrostatic
potential well [37]-[41]. Although the calcula-
tional methods are quite different, the results
for the barrier filling rate agree reasonably well.
An experimental test of the barrier filling rate
has been performed on GAMMA-10 [33], where
the numerical coefficient, the density, and the
ion parallel temperature dependence of the life-
time of the unpumped thermal barrier agreed
well with the Futch-LoDestro formula [37].

The radial and axial variations of the plasma
and magnetic field parameters along a magnetic
flux tube are generally neglected in the theories,
and the assumption of square-well axial depen-
dence is used. In real devices, the magnetic field
and electrostatic potential profiles will be qual-
itatively similar to those in Fig. 2.9, raising the
question of the importance of the regions far
from the square-well reference point at the bar-
rier midplane.

Thermal barrier pumping The initial pa-
per on the thermal barrier concept [14] sug-
gested several barrier-pumping possibilities,
and neutral beams emerged as the leading can-
didate in the early experimental and concep-
tual reactor design work. The TMX-U exper-
iment successfully demonstrated thermal bar-
rier pumping by neutral beams [43], but the
WITAMIR-I reactor study showed that the en-
gineering constraints of injecting the beams at
the proper angles and of minimizing the in-
Jjected power make neutral-beam barrier pump-

(a) B

d(2)

— i —

barrier

J=— central ceit

(b)

End plug

Central cell Thermal barrier

Figure 2.9. Typical magnetic field and electro-
static potential profiles in thermal barrier tan-
dem mirrors: (a) barrier and plug in the same
cell [42] and (b) barrier in a separate cell [40].
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ing very difficult [34]. Therefore, the idea of
drift pumping by radio frequency waves that
generate a perturbed, perpendicular magnetic
field, By, began to dominate [44, 45] and it was
used for the MARS reactor design [35]. Un-
fortunately, subsequent calculations indicated
that the plasma response to the RF waves re-
duces the effectiveness of B, drift pumping
predicted by the initial theories. Thus, moti-
vated by experiments that showed plasma losses
could be induced by the RF ponderomotive
force [46], the idea of using the ponderomo-
tive force to pump the thermal barrier through
Ey x B drifts was proposed [47]. The MINI-
MARS conceptual reactor design used a variant
of this idea to pump the barrier through the en-
hanced diffusion caused a time-varying RF field
and ponderomotive force [36]. As discussed in
Sec. 3.4.4, RF-produced thermal barriers were
subsequently produced experimentally.

Thermal barrier electrostatic potential
The basic theory of the electrostatic potential
in thermal barriers is straightforward, but its
measurement is difficult. Fortunately, the tech-
niques of heavy-ion beam injection and Lang-
muir probes provide fairly good data, and the
existence of thermal barriers has been well ver-
ified experimentally [43, 31, 33, 48]. The initial
results from the TMX-U experiment appear in
Fig. 2.10.

Another issue is the calculation of the ther-
mal contact between the ‘passing’ central cell
electrons and the ‘warm’ trapped electrons in
the end plugs. The theoretical problem is
difficult and is only tractable with simplifica-
tions [49, 42]). Although the experimental re-
sults generally validate the theory, they are
sufficiently inconclusive to motivate alternative
theories [31].

2.4.5 Axial Loss

An elegant theoretical analysis exists for the
axial particle and energy losses of species con-

fined by electrostatic potentials in mirror ma-
chines and tandem mirrors. This analysis was
originated by Pastukhov [50] for electrons, was
extended and generalized by Cohen and co-
workers [51], and was subsequently further re-
fined [52, 53]. The trapped and untrapped
regions of velocity space for this problem are
shown in Fig. 2.11. The magnitude of the losses
is hard to calibrate experimentally. However,
the theoretically predicted dependence of the
loss on exp(®/T) has been verified over a wide
range of parameters, as shown in Fig. 2.12 [54].

Tandem mirror end cells necessarily contain
‘hot’, magnetic-mirror-confined ions, and of-
ten ‘hot’ electrons as well. The energy of the
hot species is generally high enough so that
particles collisionally scattered into the rele-
vant magnetic mirror loss cones are not con-
tained by the electrostatic potentials and are
immediately lost out the ends of the machine.
The most accurate method of calculating losses
for these species is through the use of Fokker-
Planck computer codes, which are available,
but a relatively simple model for neutral-beam-
injected hot ions that contains the most impor-
tant physics effects—the collisional pitch-angle
scattering and the electron drag—has also been
developed [55]. The strong interaction of hot
electrons with the ECRF that generates them
has precluded the development of an analogous
model, although some simple estimates have
been used for parametric studies [36].

The central cell in a reactor will produce high-
energy fusion products: 3.5-MeV alpha particles
in D-T reactors or 3.7-MeV alphas and 14.7-
MeV protons in D-3He reactors. If the axial
magnetic field gradient at the central cell ends
is too high, the fusion products can be nonadia-
batic. That is, they can experience a resonance
between their bounce motion and gyromotion
that causes large changes in the adiabatic in-
variant u. The result of these large Ap’s is that
the affected fusion products quickly scatter into
the mirror loss cones and escape over electro-
static potentials that are much smaller than the
ion’s parallel energy. To maintain adiabaticity
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for the fusion products roughly requires that the
axial magnetic field gradient scale length, L,,,
satisfy the condition that L,, 2 v))/wY, where
v|| is the parallel velocity and w?, is the gyrofre-
quency at the field minimum [56]. This condi-
tion generally does not unduly constrain the de-
sign of experiments or reactors. In fact, it may
even be useful to enhance the loss of high-energy
fusion products and convert them to electricity
at high efficiency [57, 58] or use them for spe-
cialized purposes such as positron production or
fission-waste transmutation [59).

Loss of plugging in TMX-U. The TMX-U
experiment experienced a troublesome loss of
end plugging at a plasma density of ~3 x 108
m~3. Several explanations have been put forth,
but the experiment was terminated before a
definitive explanation emerged. Post [1] at-
tributes the difficulties experienced by TMX-U
in attempting to achieve high density to an ex-
cessively high barrier filling rate, although com-
peting explanations exist. Another strong pos-
sibility is that radial ExB drifts were generated
in the plugs due to the asymmetric ECRF heat-
ing in a highly elliptical magnetic flux tube re-
gion [60]. The most worrisome explanation, of
course, is an unknown microinstability.

2.4.6 Radial Transport

Although mirror geometry is generally eas-
ier to treat theoretically than is tokamak ge-
ometry, mirror machines allow different (non-
ambipolar) axial and radial loss rates, which
somewhat complicate the analysis. It is conve-
nient here to separate mirror devices into two
classes: axisymmetric and non-axisymmetric.
For axisymmetric devices, ‘classical’ radial
transport occurs for both electrons and ions,
with a diffusion coefficient of D ~ v,p?, where
Ve is the collision frequency and p is the gyro-
radius. In general, classical radial transport is
very small and can be neglected for most prac-
tical purposes.

Figure 2.13. Cross section of typical tandem
mirror particle drift surfaces [61].

For minimum-B tandem mirrors, curvature and
gradient drifts due to the non-axisymmetric
magnetic flux tubes lead to radial excursions
from the flux surfaces. Typical drift surfaces
in non-axisymmetric tandem mirrors are shown
in Fig. 2.13 [61]. In particular, mirror-trapped
particles must see almost cancelling drifts at
their turning points, or their transport will be
significantly enhanced. This was verified in the
GAMMA-6 tandem mirror, where the magnetic
flux tube in the central cell was elliptical, lead-
ing to additive radial drift contributions and to
very large transport rates [62].

One form of non-axisymmetric mirror radial
transport is analogous to neoclassical trans-
port in tokamaks [63]: collisions lead to dif-
fusion with radial step sizes that depend on
large excursions from flux surfaces rather than
on the much smaller gyroradii [64]. ‘Banana,’
‘plateau,’ and ‘collisional’ collisionality regimes
analogous to tokamak neoclassical transport
regimes have been delineated, with similar def-
initions.

The other form of transport important to non-
axisymmetric mirrors is caused by radial elec-
tric fields that arise in response to either non-
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uniform radial plasma profiles or non-ambipolar
transport. In this case, the resulting ExB drifts
in the azimuthal (¥) direction can lead to signif-
icant transport losses if either A¥ 2 1, termed
‘resonant’ tramsport, or AV > 1, termed
‘stochastic’ transport [65]. Resonant transport
is important when AV resonates with a sym-
metry of the magnetic flux tube geometry, e.g.,
AV ~ 7 /2 in quadrupole geometry, because the
radial drifts then add on each bounce.

Even if the end-region-induced transport loss of
particles is manageable, the central cell length
in non-axisymmetric tandem mirrors can be
limited by transport due to the distortion of
central cell flux tubes by parallel currents.
These currents occur because the azimuthal cur-
vature and gradient drifts are in opposite direc-
tion for ions and electrons. To close the current
paths, axial currents must be generated. The
minimization of such distortions can be a ma-
jor design constraint.

2.4.7 'Transport Summary

Experiments have demonstrated that electron
thermal conduction losses in mirror machines
are negligible. The main transport-induced en-
ergy loss mechanism is the scattering up in
energy of ions or electrons, causing them to
be lost over the respective confining electro-
static potential. The theory of this ‘Pastukhov’
loss problem is well developed, and experiments
have verified the theoretical scaling formula.
However, the TMX-U experiment experienced
a loss of end plugging at plasma densities above
~10'® m=3, and a definitive explanation does
not exist. The most likely explanation for this
loss of plugging appears to be azimuthal elec-
trostatic potentials generated by the localized
ECRF, with consequent ExB radial drifts.

The creation of thermal barriers, both with and
without ‘hot’ electrons in the barrier regions,
is well established. Theoretical treatments ex-
ist for the collisional pitch-angle scattering of
ions into the thermal barrier, but only the ba-

sic scaling has been verified experimentally. A
critical need is the experimental demonstration
of a thermal barrier pumping mechanism that
will work effectively in the reactor regime. The
present leading candidate for barrier pumping,
ponderomotive-force drift pumping, has no ex-
perimental data base.

Non-axisymmetric, minimum-B tandem mir-
rors can experience significant radial transport
losses, particularly due to resonant and stochas-
tic diffusion, where asymmetry-induced radial
steps do not cancel at opposite ends of the mag-
netic mirrors. End cell asymmetry can also
induce axial currents which distort the central
cell flux surfaces and enhance radial transport.
Although radial transport in non-axisymmetric
tandem mirrors is reasonably well understood,
its effects limit the available design space. In ax-
isymmetric tandem mirrors, only the very small
‘classical’ collisional transport applies. Thus, a
strong transport incentive exists to find suitable
axisymmetric configurations.

2.5 Fusion-Product Physics

As for all fusion-reactor configurations, defini-
tive answers to the question of the effects of
fusion products must await a thorough exper-
imental test program. This section will sum-
marize the theoretical work that has been ac-
complished on fusion products in tandem mir-
rors. There are two main topics of interest:
(1) fusion-product particle loss and energy de-
position, and (2) instabilities driven by the fu-
sion products. The discussion will focus here
on the 3.5 MeV alpha particles generated by
D-T reactions and on the 14.7 MeV protons
generated by D-3He reactions. The physics of
the D-3He alpha particle (3.7 MeV) and of the
charged fusion products from D-D reactions will
be qualitatively similar to that of the D-T alpha
particle.

2-15



2.5.1 Fusion-Product Particle Loss
and Energy Deposition

Neutral-beam injection experiments indicate
that high-energy ions slow down classically on
a background plasma, as expected. This allows
some confidence in predictions from the rela-
tively simple problem of computing the parti-
cle and energy losses as fusion products ther-
malize in the presence of a loss region. For
a given species, there exists a ‘critical’ energy,
E. ~ 30 T, at which pitch-angle scattering and
electron drag are equal in magnitude. Above
E., electron drag dominates, and little loss of
particles to the loss region will occur, except
for particles born in the loss cone. The most
difficult part of the problem is modelling the
boundary between trapped and lost particles.
This problem has been solved [66], and typical
D-T reactor parameters lead to the prediction
that 5-10% of the alpha-particle energy and 10—
20% of the alpha particles would be lost dur-
ing thermalization. Because D-3He protons are
born at four times the alpha energy and because
of the lower proton mass, their critical energy
is only 10-15 T, so electron drag dominates for
~95% of their energy loss, and the loss cone has
only a small effect.

Because the tandem mirror central cell is typ-
ically a long cylinder with a small radius, flat
radial density and temperature profiles, such as
those required by wall stabilization, can lead to
significant energy loss to the plasma halo. The
halo is the region between the core plasma and
the first wall; it contains a low temperature,
fairly high density plasma that can cause sig-
nificant fusion-product drag. Theoretical mod-
els and computer codes exist that give approxi-
mate predictions for the losses from this mech-
anism [67, 36]. The results are very design de-
pendent, but they are expected to be less than
10% of the fusion power, even for wall-stabilized
reactors.

Fusion-Product Driven
Instabilities

2.5.2

The large gyroradii of fusion products often
provide a stabilizing influence on MHD modes.
However, there is a mirror loss cone and, con-
sequently, free energy in an anisotropic fusion-
product distribution function. Also, the fusion-
products can exceed the Alfvén velocity, vy,
in some parameter regimes, which facilitates
driving Alfvén waves. A quasilinear theoretical
treatment exists for the most dangerous mode,
the alpha-loss-cone instability [68]. This the-
ory predicts that the MARS tandem mirror re-
actor [35] would be unstable to the alpha-loss-
cone instability and would require < 10% more
power to replace the resulting energy losses. Al-
though the design modifications required to off-
set these losses would probably be modest, there
will be a strong incentive to design future tan-
dem mirror reactors in parameter regimes that
avoid the alpha-loss-cone instability.

2.5.3 Fusion-Product Physics
Summary

Theoretical calculations exist for the important
problems of fusion products scattering into the
loss cone or interacting with the halo while ther-
malizing and for the alpha-loss-cone instability.
These processes may each lead to effects that
could reduce the fusion power available to the
core plasma by ~10%. A cumulative 30% effect
would substantially reduce the reactor perfor-
mance, so minimizing these losses must be a
major element of future reactor and test facility
designs.

2.6 Startup

The startup of the plasma of a conventional tan-
dem mirror was demonstrated successfully in
the beginning of the tandem mirror program.
Basically, one creates a target plasma by ei-
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ther pre-ionization of gas using microwaves or
electron beams, or by injecting a plasma from
plasma guns at the ends of the machine. Neutral
beam injection into the plugs then creates the
hot ion plug plasma, which provides the electro-
static confinement and the MHD stabilization
of the central cell plasma. Once created, the
central cell plasma is sustained by neutral gas
puffing in the central cell, although pellet in-
jection or other forms of refuelling are required
for a reactor because of the failure of neutral
gas to penetrate the larger and hotter plasmas
characteristic of reactors.

Startup of thermal barrier tandem mirrors re-
quires careful programming of the various neu-
tral beams and RF sources. If the thermal bar-
rier is created while the central cell plasma is
too cold and dense, the increased collision fre-
quency will cause the thermal barrier to fill with
trapped ions at a faster rate than the ther-
mal barrier pump beam is capable of remov-
ing them. This will cause the thermal barrier
to quench and lead to cooling of the hot elec-
trons in the thermal barrier and the plug. One
particular startup sequence [69] studied in re-
lation to TMX-U was to first build up a hot
electron plasma in the plugs using gas injection
and ECRH. Once the hot electron plasma is cre-
ated, the sloshing ion neutral beams are turned
on to produce a sloshing ion population. Appli-
cation of microwave power at 2 w. in conjunc-
tion with the thermal barrier pump beams then
produces a thermal barrier; microwave power at
wee produces the confining potential for the cen-
tral cell. The central cell is heated with ICRF
power while its density is raised by gas puffing
in order to maintain an acceptably small ther-
mal barrier filling rate. ICRF heating of the
central cell is preferable at low central cell den-
sity since it leads to bulk ion heating and not
tail heating; neutral beam heating can be used
once the central cell density has been increased
sufficiently.

Variations of the startup scenario above have
been accomplished successfully in TMX-U [43].
The use of ICRH in the central cell allowed ther-

mal barrier operation at higher central cell den-
sity than was achievable without ICRH. Central
cell densities above 3 x 10'® m~2 have not been
obtained in TMX-U because of loss of plugging;
this phenomenon is not understood, but there
is data indicating that it is not related to col-
lisional filling of the thermal barrier. Conse-
quently, sustained thermal barrier operation at
the design value of the central cell density was
not demonstrated in TMX-U. Thermal barriers
have been obtained in GAMMA-10 with central
cell densities in the high 10'® m~3 range [70, 71],
when a similar startup sequence is used.

Startup scenarios for the inboard thermal bar-
rier [72] and axicell versions of MFTF-B have
also been investigated [73] and show that
startup of thermal barrier tandem mirrors can
be achieved, but careful programming of the
various particle and energy sources is required.
Reactor studies such as MARS [35] have also
considered startup within the context of a par-
ticular reactor design and have also concluded
that plasma startup, while requiring careful pro-
gramming of the various particle and energy
sources, can be accomplished using the same
physics understanding required for the design
operating point. In this sense, startup of a tan-
dem mirror plasma is not unlike the startup of
some advanced tokamaks where careful control
of the plasma current density is required as the
density, temperature, and beta are increased.

2.7 Direct Conversion

One of the key advantages of the tandem mir-
ror configuration is that it facilitates the direct
conversion of charged-particle fusion energy into
electricity. In fact, because the end-loss ions are
falling down an electrostatic potential ‘hill’ of
~10 T; as they escape, their ratio of peak en-
ergy to energy spread is very high—an ideal con-
dition for electrostatic direct conversion. Ex-
perimental electrostatic direct converters have
achieved efficiencies up to 90%, with the exact
value depending upon the configuration and the

2-17



energy distribution of the escaping ions. For re-
alistic fusion reactor direct converters, efficien-
cies of 70-80% appear feasible for the portion
of the fusion power that enters the direct con-
verter.

R.F. Post originally proposed the idea of elec-
trostatic direct conversion for minimum-B mir-
ror fusion reactors with highly elliptical mag-
netic flux tube fans at the ends [10]. A series of
electrodes of gradually increasing voltage was
envisioned to slow the ion stream and collect
ions with energy between a given collector and
the following one. Figure 2.14 shows the ge-
ometry and the ion trajectories for a 22-stage
direct converter that experimentally achieved
87% efficiency [74]. Furthermore, the theoret-
ically predicted efficiency was within a few per-
cent of the experimental value. Related ideas,
which rely on perpendicular electric fields and
E x B drifts to separate particles by energy, suf-
fer from low power-density limits due to space-
charge effects [75], although they may be useful
for high-energy protons from D-3He reactions.

An important variant of the original electro-
static direction conversion idea is to insert grids
and ‘venetian blind’ plates held at constant volt-
age into the magnetic flux tube [76]. A two-
stage experimental version is shown schemati-
cally in Fig. 2.15. The venetian blinds are par-
allel to the incident ion beam so that their trans-
parency is high for ions entering the direct con-
verter. Because the applied electric field behind
the venetian blinds has a component perpendic-
ular to the incident ion beam, the ions follow
parabolic trajectories which cause the venetian
blinds to be opaque to backward going ions.
Consequently, ions are collected at either the
back plate, which is at a high voltage, or at the
venetian blinds, which are at a lower voltage.
Although the finite opacity of the grids to the
ion loss stream limits the efficiency of this con-
cept to slightly less than that of Post’s original
concept, the gridded configuration works with
flux tubes of arbitrary cross-section, making it
more suitable for a variety of tandem mirror
configurations, including the important class of

axisymmetric devices. Again, theory and exper-
iment agreed within a few percent [11].

Electrostatic direct converters have been tested
successfully both on the test stand and on the
TMX experiment [11]. A single-stage, gridded
direct converter placed in the TMX end-loss
stream had a measured efficiency of 48% and
a theoretically calculated efficiency of 47%. For
D-3He tandem mirror reactors, theory predicts
direct converter efficiencies of ~80% [77]. The
ability of tandem mirrors to utilize highly effi-
cient direct electrostatic converters is a key ad-
vantage for the configuration, particularly with
advanced fuels such as D-3He, where almost all
of the fusion energy goes to charged particles.

2.8 Conclusions

Mirror and tandem mirror research through
1986 had achieved a good understanding of
MHD equilibrium and stability, microstability,
and transport physics. However, only four ther-
mal barrier tandem mirror experiments had
been operated, and some outstanding issues re-
mained.

High (3 values (15-20%) had been routinely
reached in tandem mirrors, but theoretical pre-
dictions of even higher limits (3 ~ 80%) had
not been testable because of limited power in
those experiments. Several concepts that would
allow very high § values in azisymmetric tan-
dem mirrors had been proposed, and testing of
RF stabilization had begun.

The theoretical understanding and experimen-
tal elimination of microinstabilities had been ac-
complished up to the maximum parameters the
experiments could reach. Although these modes
constrain the operating space, microstable re-
actor designs appear to be possible without a
significant reduction in performance.

The existence of the thermal barrier configura-
tion had been demonstrated, and a fair under-
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Figure 2.14. Ion trajectories and configuration of a 22-stage direct converter based on the original

concept of Post [7{].

standing of the physics of thermal barrier col-
lisional filling and of possible barrier pumping
mechanisms had been reached. The interaction
of ECRF with both hot and warm electrons in
the barrier and plug region had been examined,
but required more extensive testing.

Axial end loss could be predicted with fair con-
fidence up to central cell plasma densities of
~3x10'® m~=3, but a loss of end plugging oc-
curred in TMX-U at higher densities and was
not understood. The basic end-loss scaling had
received preliminary verification in GAMMA-10
and TMX-U. Radial transport was recognized
as capable of causing problems in some param-
eter regimes for minimum-B stabilized tandem
mirrors, particularly because ECRF power is
required in regions with non-circular magnetic
flux tubes. Azimuthally symmetric tandem mir-
rors were not expected to experience signifi-
cant radial transport unless the plug and barrier
ECRF power was applied very asymmetrically.

The mechanisms by which fusion products slow
down on the background plasma and the plasma
halo were fairly well understood theoretically. A
microinstability induced by the fusion-product
loss cone, the ‘alpha-loss-cone’ instability, was
theoretically predicted to constrain the allowed
operating space for reactors.

The startup of tandem mirror experiments had
been accomplished successfully, but it was a
relatively complex process. Careful program-

ming in time was required for the neutral beam
power, the RF power, and the particle fueling
sources. Viable startup routes had been defined
for conceptual tandem mirror reactor designs.

The outstanding issues indicated above needed
to be addressed by an experimental test pro-
gram and possibly by revisions of theory. Nev-
ertheless, the substantial progress by 1986, both
in experimental results and in theoretical under-
standing, gave considerable confidence that the
hurdles could be overcome. Solutions to the re-
maining problems, particularly if viable, high-
B3, axisymmetric designs could be found, were
recognized to lead to exceptionally attractive

magnetic fusion reactors that could burn either
D-T or D-3He fuel.
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Chapter 3

Tandem Mirror Physics Progress Since 1986

3.1 Introduction

This chapter surveys the progress made in
tandem mirror physics since the TMX-U
experiment—the major part of the U.S. fu-
sion research program—was shut down in 1986.
During this time period, ~200 papers related to
tandem mirrors were published in refereed jour-
nals. A brief evaluation of what were judged
to be the most important of these papers was
performed, but an exhaustive study of all of
them was not possible within the resources of
the present project.

This chapter is organized into topics that par-
allel those in the main sections of Chapter 2.
Some of the material in this chapter discusses
new experiments on the thermal barrier tan-
dem mirrors that have continued operating, es-
pecially on GAMMA-10 and Phaedrus, while
other material describes further analysis of data
taken earlier on TMX-U. A section on fuel cy-
cles for tandem mirror reactors has been added,
because interest in this topic has revived since
1986 due to the identification of the lunar 3He
resource [1].
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3.2 MHD Equilibrium and
Stability

3.2.1 Equilibrium

MHD equilibrium theory for tandem mirrors
can be considered to be well established. The
main equilibrium result since 1986 has been the
further verification of the electrostatic potential
structure in GAMMA-10 [2].

3.2.2 Minimum-B MHD Stability

The main result during this period in the area
of minimum-B stability is that the TMX-U ex-
periment published an analysis of earlier exper-
imental results in which the central 8 limit that
was below the standard MHD limit by about a
factor of six [3]. These experiments were run in
the original tandem mirror configuration, with
quadrupole end cells and without thermal bar-
riers. There are difficulties in interpreting these
results, however; they have, for example, been
interpreted as drift-wave turbulence due to an
unknown microinstability [3].

3.2.3 Axisymmetric MHD Stability

As discussed in Sec. 2.2.3, several ideas for
stabilizing axisymmetric tandem mirrors were



emerging in 1986: RF stabilization, mag-
netic divertor stabilization, wall stabilization,
sloshing-ion stabilization, and non-paraxial mir-
ror stabilization. Those which were the subject
of further research since 1986 are discussed be-
low. They have received varying degrees of de-
velopment and experimental verification.

Most of the effort on achieving axisymmetric
tandem mirror operation has been in the RF
stabilization area. An excellent theoretical un-
derstanding of RF stabilization had been devel-
oped through 1986, as discussed in Sec. 2.2.3.
Much of the experimental effort since that time
has been spent testing the theory, with reason-
able agreement found. Extensive results from
the Phaedrus experiment were published [4, 5,
6, 7], and Tara [8] also achieved stable axisym-
metric operation using ICRF.

Some refinements of wall-stabilization theory
were made after 1986 [9, 10]. In particular,
it was shown that central-cell magnetic-field
ripple—which usually contributes destabilizing
terms to the MHD analysis—helps in the wall-
stabilized case [10].

Experimental results from the Tara experiment
indicated that magnetic divertors helped the
MHD stability [11], as predicted by theory, al-
though the exploration of parameter space was
limited by the presence of the trapped-particle
mode discussed below.

3.2.4 Trapped-Particle Modes

The localized, electrostatic trapped-particle
mode was identified in Tara, and reasonably
good agreement with theory was found [12].
The mode may also have been observed in
TMX-U [13]. A later paper discussed this
TMX-U low-frequency instability, and con-
cluded that it may have been driven instead by
ExB rotation, although a definite identification
was not possible [14].
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On the theoretical side, some further work on
the trapped-particle mode found that it would
be possible, in principle, to stabilize it ‘robustly’
in tandem mirrors [15]. A Fokker-Planck code
for analyzing the mode was also written [16].
Thus, the trapped-particle mode appears to
constrain design space, but the tools are avail-
able to predict and avoid its occurrence.

3.2.5 MHD Summary

Very little occurred during this time period in
the areas of equilibrium or minimum-B stability.
Significant, encouraging extensions were made
in the experimental operation and theoretical
understanding of axisymmetric tandem mirrors,
especially for RF, wall, and magnetic-divertor
stabilization. The trapped-particle mode ap-
pears to have been identified, as expected, in
the Tara configuration, while its identification
in TMX-U is uncertain.

3.3 Microstability

3.3.1 Overview

There may have been an observation of a drift
wave in the TMX-U experiment [3], but the
identification of the mode was ambiguous. Some
early work on tandem mirror drift waves had
been done [17], but they have not yet been pos-
itively identified. It is not presently clear how
much they would constrain the tandem mirror
reactor operating space.

3.3.2 DCLC and AIC Modes

These modes were well understood prior to
1987, and little work has been done on them
since that time.



3.3.3 Microstability Summary

Tandem mirror experiments have generally op-
erated with very low levels of fluctuations that
can be attributed to microinstabilities. This
area has only been slightly active since 1986.

3.4 Transport

3.4.1 Electron Thermal Conduction

This topic is no longer an issue for mirror de-
vices with plasma temperatures beyond a few
10’s of eV.

3.4.2 [Electrostatic Potentials

The basic physics of the thermal barrier tandem
mirror electrostatic potential formation has not
been questioned during this period.

3.4.3 Thermal Barrier Physics

Thermal barrier collisional filling In the
TMX-U experiment, ICRF power was used to
heat the passing ions and reduce their collision-
ality by about a factor of ten [18]). This did not,
however, allow TMX-U to reach higher densi-
ties, indicating that collisional barrier filling was
not related to the loss-of-plugging problem.

Thermal barrier pumping The concept of
ponderomotive-force pumping of thermal barri-
ers was demonstrated to be possible in relatively
small experiments {5, 19]. A related thermal-
barrier pumping method, using the uV B force
on a magnetic-field slope, was observed in the
Phaedrus experiment [20].

Thermal barrier electrostatic potential
Further verification of the existence of thermal
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Figure 3.1. Azial profiles of the electrostatic po-
tential, plasma density, and magnetic field for
the Phaedrus ezperiment [21].
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Figure 3.2. Radial profile of the hot electrons in
the thermal barrier of GAMMA-10 [22].

barrier potentials occurred in GAMMA-10 [2]
and Phaedrus [21]. Fig. 3.1 shows the measured
axial profiles of electrostatic potential, plasma
density, and magnetic field for the Phaedrus ex-
periment during thermal-barrier operation [21].

The GAMMA-10 experiment also demonstrated
the existence of the hot-electron ‘disk’ necessary
to the efficient functioning of the thermal bar-
rier when both the barrier and plug are in a
single cell [22]. A typical radial profile of the
hot electrons is shown in Fig. 3.2.
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3.4.4 Axial Loss

Some progress has been made since 1986 in
understanding the loss of end-plugging experi-
enced by TMX-U for densities about 3 x 10!8
m™3 [23]. Central-cell ICRF heating experi-
ments in TMX-U increased the central cell ion
temperature and reduced thermal barrier trap-
ping of the passing ions, but this did not remove
the limitation on central cell density [18]. The
implication is that the loss of end plugging is
not due to barrier trapping. A likely explana-
tion for the loss of plugging has been given by
Dimonte [24]. That is, ECRF heating in the
highly elliptical end-plug magnetic flux tubes
creates azimuthal potential structures, and the
resultant azimuthal E fields induce ExB radial
drifts. Even more importantly, the GAMMA-10
and Phaedrus experiments were able to operate
with strong end plugging at densities of 2 10!°
m~3, including the suppression of both axial
and radial losses.

The Pastukhov end-loss scaling was verified fur-
ther during this time [2], and the GAMMA-10
experiment observed an end-loss-ion energy dis-
tribution that graphically shows the expected
velocity-space loss region [25] (see Fig. 3.3).
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3.4.5 Radial Transport

Except for RF-induced radial transport, dis-
cussed earlier, there has been little activity in
this area since 1986.

3.4.6 Transport Summary

Generally, the formation of electrostatic po-
tentials in tandem mirrors is well under-
stood, but questions remain regarding the rate
of thermal barrier collisional filling. Ther-
mal barrier pumping mechanisms, especially
ponderomotive-force pumping, have received
preliminary verification, but experiments must
be performed at reactor-relevant parameters.
The limit on central cell density due to the loss
of end plugging in TMX-U has been tentatively
explained as due to ExB drifts. Pastukhov
end-loss scaling can be considered to be well
verified, the basic scaling having been observed
over three orders of magnitude.

3.5 Fusion-Product Physics

3.5.1 Fusion-Product Particle Loss
and Energy Deposition

This area has not received any attention since
1986.

3.5.2 Fusion-Product Driven
Instabilities

An important development in this area was
the theoretical analysis of the ‘alpha-loss-cone’
mode, which results when an Alfvén wave is
driven by the fusion product loss cone [26, 27].
This research predicts that the MARS concep-
tual reactor design [28] would have lost 36% of
its alpha particles and 47% of its alpha-particle
energy [27], a prohibitive energy loss. Although



the theory of the alpha-loss-cone instability is
not yet well developed, these results give serious
concern and would require significant modifica-
tion of the MARS design if they remain valid.

3.5.3 Fusion-Product Physics
Summary

The key development since 1986 in this area is
the theoretical analysis of the alpha-loss-cone
mode, which must be evaluated carefully for fu-
ture reactor designs and for reactor-relevant ex-
periments.

3.6 Startup

A brief review of the tandem mirror literature
since 1986 did not turn up any references to
startup issues. There may be some information
contained in more general papers primarily de-
scribing other results of the various tandem mir-
ror experiments. In particular, careful attention
to details of the startup process appear to have
helped the GAMMA-10 experiment achieve its
success in verifying several aspects of tandem
mirror operation [29].

3.7 Direct Conversion

Already prior to 1987, experiments had exten-
sively verified electrostatic direct converter the-
ory and had successfully demonstrated the op-
eration of these devices at high efficiency (see
Sec. 2.7). One notable later development was a
very detailed, 2-dimensional computer code for
electrostatic direct converter analysis [30]. This
code verified the earlier, simpler analysis [31].

3-5

3.8 Fuel Cycles

This section has no parallel in Chapter 2, be-
cause it discusses general fuel-cycle issues in
tandem mirrors, rather than primarily report-
ing the results of previous research.

Although D-T fuel is the easiest to ignite, there
are advantages to some of the ‘advanced’ fuels
and, in particular, the D-3He fuel cycle. This
is especially true for the tandem mirror, which
is well situated to burn D-3He fuel. The diffi-
culty with the D-3He fuel cycle, of course, is in
acquiring the 3He fuel, and it presently appears
that it will be necessary to rely upon the devel-
opment of the lunar 3He resource on a relevant
time scale [1].

In assessing fusion fuel cycles, no single figure
of merit can adequately encompass the multi-
tude of important criteria involved. The cost of
electricity is a key reactor parameter, but safety
and environmental features will be just as im-
portant to the long-term future of fusion power
in the marketplace. Furthermore, although the
physics figures of merit, such as the fusion power
density in the plasma, are easiest to calculate,
the engineering features of the device are at
least as important.

The two key fusion fuel cycles are expected to
be D-T and D-3He. Their main and secondary
reactions are given in Table 3.1. The cor-
responding Maxwellian-averaged reaction rates
are shown in Fig. 3.4. The resulting fusion
power density in the plasma appears in Fig. 3.5,
and the required ignition parameter, n.7g, is
plotted in Fig. 3.6. Clearly, D-T fuel has the
highest fusion power density in the plasma and
will be easiest to ignite.

Turning to engineering considerations, the pic-
ture is somewhat different. In this case, the dif-
ficulties caused by neutrons are a prominent fac-
tor, and the attractiveness of D-3He fuel is en-
hanced because it facilitates the use of charged
particles for direct conversion of fusion power
to electricity at high efficiency, as discussed in



Table 3.1. D-T, D-3He, and D-D fusion reactions.

D +T
D +3He
D +D
D +D

Ll

n (14.07 MeV)+*He (3.52 MeV)
p (14.68 MeV)+*He (3.67 MeV)
n (2.45 MeV)+3He (0.82 MeV)
p (3.02 MeV)+T (1.01 MeV)
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Figure 3.4. Mazwellian-averaged fusion reac-
tion rates for the reactions most important in
D-T and D-3He reactors.

Sec. 2.7. A key engineering figure of merit is the
fraction of fusion power produced in neutrons,
shown in Fig. 3.7. The neutron power fraction
for D->He can be seen to be reduced far below
the D-T value, ameliorating the neutron prob-
lems and allowing more charged-particle power
for direct conversion.

Rather than the plasma fusion power density,
a better figure of merit is the engineering fu-
sion power density, the electric power produced
per unit mass of the reactor core—although this
is still not a perfect measure. Factors such as
the shielding thickness and the limits to sur-
face and neutron heat loads must be consid-
ered in this case. A rough comparison be-
tween D-T and D-3He can be gained from Ta-
ble 3.2, which compares the approximate fac-
tors involved in the engineering power density
for typical D-T and D-*He tandem mirror reac-
tors. The most important point to be drawn
from Table 3.2 is that, despite the different fuel
cycles, the engineering power density values are
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Figure 3.5. Fusion power density in the plasma
for the D-T and D-3He fuel cycles, with two ra-
tios of 3He to D density shown.

about the same. In addition, a D-3He tandem
mirror reactor would possess significant safety
and environmental advantages, and the compli-
cated tritium-breeding blanket would be elimi-
nated.

3.9 Conclusions

Detailed conceptual designs indicate that at-
tractive tandem mirror reactors can be based
on the D-T fuel cycle. Tandem mirrors would
also be ideal devices for burning D-3He fuel,
because their central cell magnetic field is low
and they can greatly increase the fusion power
density by increasing the field, they allow ef-
ficient electrostatic direct conversion, and they
provide high 3. D-3He tandem mirror reactors
would require higher energy (~2 MeV) neutral
beams, but would otherwise be very similar to
D-T tandem mirror reactors.



Table 3.2. Approzimate effects on engineering power density for a D-3He tandem mirror reactor

compared to a D-T tandem mirror reactor.

AREA D-T | D-3He | Effect
Normalized fusion power density in plasma 1 0.013 | 0.013
Net Efficiency 0.35 0.7 2
Normalized blanket and shield volume 1 0.4 2.5
Central cell magnetic field 31T| 65T 19
Total Effect on Engineering Power Density 1.2
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fuel cycles.
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Chapter 4

Contemporary View of Tandem Mirror Fusion

Power Plants

4.1 Introduction

There have been only four major power reac-
tor studies in the past 13 years using the tan-
dem mirror (TM) configuration: WITAMIR-
I [1], MARS [2], MINIMARS (3], and Ra [4].
In addition, there have been three test facilities
designed with that configuration: TASKA [5],
TASKA-M [6], and TDF [7]. Only the power re-
actors will be addressed in this study. Table 4.1
contains the key parameters of the power reac-
tor studies along with a column labeled Current
View of D-T and D-3He Reactors. The latter
column contains the authors’ estimate of pa-
rameters that might be used at the present time
in a tandem mirror power reactor study.

4.2 Characteristics of Past
D-T Commercial Reactor
Studies

The key features of the D-T reactors can be
compared in Table 4.1 and Figs. 4.1-4.4. In the
past, it was customary to design the early reac-
tors at high power levels (<1200 MWe) to take
advantage of the economy of scale. This led to
competitive reactor economics (at least relative
to the tokamak). However, this also required
larger capital investments and increased overall
reactor lengths (Central Cell + End Plugs +
Direct Converter) to 250 meters (See Fig. 4.1).
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The MINIMARS [3] design was the first to in-
vestigate the smaller power levels (600 MWe)
and incorporated recent physics and technol-
ogy advances. The combination of these factors
reduced the central cell length to less than
90 meters and the overall length to less than
140 meters.

There were also major changes in the end cell
configurations in the 1980’s. WITAMIR-I (1]
utilized the inboard thermal barrier with yin-
yang coils (see Fig. 4.2). The MARS [2] de-
sign modified that configuration by adding “C”
coils (see Fig. 4.2) and introduced ion bounce
frequency drift pumping of the barrier region.
When the MINIMARS ([3] project was initi-
ated, a single cell thermal barrier approach was
used with an octupole plug. The barrier pump-
ing was accomplished by ponderomotive drift
pumping. The MINIMARS design also included
a gridless direct converter configuration which
could better accommodate the spreading of the
ion energy in the central cell. This approach
was able to lower the hot electron temperatures
in the barrier from ~800 keV in MARS to <300
keV in MINIMARS. This concept reduced the
power level of ECRF injected in the end cell by
a factor of &2, albeit at a frequency of approxi-
mately 2 times higher (110 GHz in MINIMARS
vs. 60 GHz in MARS).

The technology requirements of the central cell
were modest in all three reactor designs. Com-
mon features included (see Fig. 4.4 and Ta-
ble 4.1):



Table 4.1- Summary of Past Tandem Mirror Power Reactors

Current View

Current View

Parameter Units WITAMIR Mars MiniMars Ra DT Reactor | D3He Reactor
Overall Reactor
Year Published 1980 1984 1986 1987 1992 1992
Fuel DT oT DT D3He, 3:1 DT D3He 1:1
Fusion Power! MW(th) 3000 2600 1290 1227 1290 990
Net Elactric Power MW(e) 1530 1200 600 600 600 600
Net Efficiency % 39 34 35 49 35 53
Reactor Length (CC+EP) m 207 194 104 109 98 90
Overall Length (CC+EP+DC) m 250 220 138 158 132 140
Central Cell
CC Length m 165 131 88 100 88 81
ID Plasma Chamber m 1.94
Max. CC Magnetic Field T 3.6 4.7 3.08 6.5 3.08 6.5
lon Density| 10714/cm3 1.51 3.3 3.96 1.26 3.96 3
lon Energy keV 32.5 28 24.7 83 25 100
n Wall Loading] MW/m2 2.4 4.3 3.3 0.05 3.3 0.1
<beta> % 40 28 60 73 60 73
Beams/Pellet Laser Propelled Compact
Fueling Injection Pellet Injection Pellets Undetermined Toroid Compact Toroid
End Cell
Inboard Single Cell
Thermal Inboard Thermal| Thermal Barrier| Axisymetric
Barrier with | Barrier with Yin| With Octupole With RF
Type Yin Yang Coils | Yang & *C" Coils Plug Stabilization | Axisymmetric| Axisymmetric
Maximum Choke Magnet Field T 14.1 24 24 24 (16+8) 24 24
<lon Energy> keV 905 690 (anchor) =500 880 =500 880
<Hot Electron Eng. in Barrier> keV 270 820 297 434 297 434
<Warm Electron Temp. in Plug> keV 123 123 277 336 277 336
Central Cell Materials
Stainless Low Activation
Structural HT-9 HT-9 HT-9 Steel HT-9 Stainless Stesl
Maximum Temp. of Structure °C 530 550 525 300 525 550
Neutron Damage| dpa/FPY 40.5 60 46 0.5 46 1
Helium Production| appm/FPY 281 500 380 <3 380 <6
Neutron Multiplier None {Pb) None (Pb) Be, Pb None None(Pb} None
n Energy Multiplication 1.37 1.362 1.46 2.4 1.36 2.4
Coolant
Type Li17Pb83 Li17Pb83 Helium @ 8MPa water Li17Pb83 Pb
T{in)/T(out) °C 330/500 350/500 275/575 218/300 350/500 350/500
Breader
Type Li17PbB3 Li17Pb83 Li17Pb83 None Lit7Pb83 None
Tritium Breeding Ratio 1.07 1.15 1.067 None 1.07 None
Blanket T2 Inventory g 101 (8) 7 6 None 6 None
End Cell Heating
Hot lon NBI Beams| MWe/keV 37/500 14/475 12/412 8/2000 12/412 8/2000
Anchor ICRF| MWe/MHz - 25/55 - - - -
RF Stabilizing RF| MWe/MHz - - - 38/196 - 38/196
Mantle ECRF| MWe/GHz - - 33/110 - - -
Warm-Electron Plug ECRF| MWe/GHz 33/112 /71 4/70 11/185 4/70 11/195
Hot-Electron Barrier ECRF] MWe/GHz 67/40 110/60 23/110 25/13 23/110 25/13
Barrier Pumpin,
lon bounce Pondero-
frequency drift | Ponderomotive | motive drift | Ponderomotive| Ponderomotive
Mechanism Neutral Beams pumping drift pumping pumping drift _pumping | drift pumping
Low Energy NBI| MWe/keV 12/10 - - . - -
High Energy NBI| MWe/keV 85/190 . - - - -
RF systern| MWe/MHz - 20/0.05-.6 50/46 25/144 50/46 25/144
Direct Converter
Type Venetian Blind | Venetian Blind Gridless Venetian Blind Gridless Venetian Blind
Net Electric Power From Direct
Converterl  MW(e) 302 292 82 400 82 375
Coolant H2O H20 H2O H2O HO H20
Economics ( in Year of Publication)
Unit Capital Costs{ $/kWe 2130 2437 2740 2283 2600 (1986) 1850 (1987)
Cost of Electricity] mills/kWh 36 46 41 34 + fuel 39 (1986) 27 + Fuel (1987)
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Modest central cell solenoidal coil fields of
3-5 tesla.

Fueling of the plasma by pellets containing
D and T.

Use of economical and highly radiation
damage resistant ferritic steels, HT-9.

A coolant-breeder (Li;7Pbgs) that could
operate at high temperatures (x500°C)
with a high neutron energy multiplication
(~1.4) and generate an adequate tritium
breeding ratio (&1.1).

Peak neutron wall loadings of =2 to 4
MW /m?.

Low tritium inventories in the breeder ma-
terial (=6 to 8 grams)

Relatively easy maintenance (compared to
toroidal systems) associated with the cylin-
drical geometry (see Fig. 4.4).

The simple geometry of the central cell, where
most of the neutrons are produced, allowed the
designers to develop maintenance and repair
schemes which are probably the most credible
of all the nearly 50 power reactor studies per-
formed in the 70’s, 80’s and 90’s.

4.3 Implications of Reactor
Studies for Heating and
Fueling Technology

4.3.1 Heating Technology

Tandem mirror reactors utilize neutral beams
for injection into the end plugs to produce the
mirror-confined ions, electron cyclotron heat-
ing to produce hot electrons in the end plugs
and to produce thermal barriers, and ion cy-
clotron heating to heat the central cell ions dur-
ing startup. The neutral beam requirements
identified in tandem mirror reactor studies are

relatively modest in power but require high en-
ergy by present standards for fusion experimen-
tal devices. The MARS [31] study set the neu-
tral beams at 4.4 MW per end plug with an
energy of 475 keV; the injected species is Dp.
This beam energy requires negative ion tech-
nology, a field which has advanced considerably
in the last few years due to the Strategic De-
fense Initiative. This is also a modest neutral
beam compared with the requirements for neu-
tral beam current drive in ITER (75 MW at 1.3
MeV [8)]).

The ECRH technology requirements identified
in the MARS study are for about 80 MW with
frequencies in the range 70-110 GHz. This
should be compared with the ITER [8] require-
ments for 20 MW at 140 GHz for plasma heat-
ing and current profile control. The proposed
sources for the MARS study are gyrotrons and
free electron masers. Steady-state operation
and high efficiency (about 80%) to keep the re-
circulating power low are required.

The tandem mirror reactor studies use ICRF
heating to heat the central cell during startup.
The needs are modest, about 10 MW at fre-
quencies in the range 25-70 MHz. This is the
typical frequency range (20-100 MHz) for ICRF
heating in tokamaks and the power is less than
that in JET (18 MW).

4.3.2 Fueling Technology

Fueling of fusion grade plasmas is a generic
problem for long-pulse or steady-state reactors.
The plug region of a tandem mirror is naturally
fueled by the neutral beams producing the hot
ion population. Fueling is required in the cen-
tral cell to replace the losses by escape out the
ends, by radial transport, and by fusion burnup.
Tandem mirror experiments (e.g. TMX-U) used
gas puffing into the central cell to maintain the
plasma density. This is not an option for reac-
tors since the penetration of gas is very poor in
large, high density plasmas. The usual assump-
tion in tandem mirror reactors is that end-loss



dominates over radial loss; furthermore, there
is no reason to believe there is a pinch effect
to take plasma from the edge to the axis of the
central cell. Consequently, penetration of the
fueling source all the way to the axis is believed
to be required. Fueling of the central cell us-
ing neutral beams alone is also not an option
since the energy required for penetration com-
bined with the necessary injection current im-
plies an enormous power input to the central
cell; this upsets the power balance on the cen-
tral cell and of the whole system. In addition,
it produces ions with an average energy higher
than that which maximizes the fusion reaction
rate for a given plasma beta. The options for
fueling that have been identified are pellet in-
jection and plasma injection.

Pellet injection in tandem mirror reactors is
similar to pellet injection in tokamak reactors.
The MARS reactor study [2] analyzed pellet in-
jection for fueling and concluded that an injec-
tion velocity of about 25-30 km/s was needed
for a pellet diameter of 4 mm. The required
repetition rate was 6 pellet/s. In order to min-
imize the required injection velocity, the pel-
lets were injected near the throat of the choke
coils forming the ends of the central cell. The
plasma radius there is about one-half the radius
in the main part of the central cell. For MARS
a rail-gun pellet accelerator with a centrifugal
pre-injector was proposed. The MINIMARS re-
actor study [3] had similar requirements for fu-
eling and also considered pellet injection; they
proposed, however, a laser-ablation accelera-
tion scheme. Both of these pellet acceleration
schemes require considerable development be-
fore they can be considered to be practical.

Plasma injection is receiving some interest for
injection into tokamaks since the formation of
compact toroid plasmas and their subsequent
acceleration has been achieved in the RACE
experiment at LLNL. Compact toroid injection
can easily produce the injection velocity neces-
sary to penetrate to the plasma center, although
this concept has not received much attention in
the current experimental program for tokamaks.
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Critical issues for compact toroid injection are
achieving the required repetition rate and being
able to insure that the plasma being injected is
sufficiently clean. Present compact toroid plas-
mas are formed in a Marshall gun which has
electrodes in contact with the plasma, so they
are notorious for producing dirty plasmas. Lit-
tle attention has been given to plasma formation
using electrode-less techniques so the ultimate
potential for producing a clean plasma for in-
jection is not known.

4.4 Performance Characteris-
tics of an Advanced Fuel
Tandem Mirror Power
Reactor

In 1987, the advantages and disadvantages of
using a D-3He fuel cycle in a tandem mirror con-
figuration were examined [4]. Because most of
the energy from this reaction is in the form of
charged particles, a strong emphasis was placed
on the use of direct converters. A power level
of 600 MWe was chosen so as to be comparable
to the most recent D-T tandem mirror power
reactor study, MINIMARS [3]. One of the first
non-intuitive observations one makes from Ta-
ble 4.1 is that even though the overall efficiency
of Ra is 49% compared to 35% in MINIMARS,
the fusion powers are approximately the same
in both reactors. The explanation lies in the
fact that in D-T systems, the energy deposited
by neutrons in the blanket is multiplied by a
factor of ~1.4. In a D-®He system there are few
neutrons and the increased electrical conversion
efficiency basically balances the “loss” in total
energy production from the neutrons.

A few of the features on Ra which differ from
the D-T designs include:

¢ Axisymmetric end cells with RF stabiliza-
tion,

¢ Use of low activation austenitic alloys.



e Very low neutron wall loading (=0.05
MW /m?).

o Permanent first wall life due to neutron
damage.

¢ No tritium breeding.

e Water cooling of the blanket/shield at
modest temperatures, 300°C.

¢ Use of 2 MeV NBI’s for the hot ions.

¢ 195 GHz ECRF power to the warm elec-
trons in the plugs.

o A large fraction of the gross electrical
power from the direct converter (=400
MWe).

¢ One of the lowest capital costs of a fusion
power plant ever designed (<2300 $/kWe).

The level of detail on the Ra design was much
smaller than that in the previous D-T tandem
mirror reactor studies because of the premature
shutdown of the mirror program.

4.5 Current View of D-T
Tandem Mirror Reactors

If the mirror program were to be revitalized in
1992, what would designers do differently than
before? In an attempt to answer that question,
possible reactor configurations for both fuel cy-
cles are shown in Table 4.1. The reader should
recognize that while every attempt was made
to make the parameters self consistent, a full-
fledged reactor design study would be necessary
to assure complete self consistency.

It is felt that only a few improvements that
could be made in the D-T MINIMARS reactor
concept and these are listed below:

¢ Use of compact toroid fueling

¢ Axisymmetric end cells

¢ Optimize the HT-9/Lij7yPbgs blanket de-
sign and remove Be.

The use of an axisymmetric end plug would re-
sult in a major simplification of the coil design,
construction, shielding, and maintenance. This
concept alone would place the tandem mirror
far ahead of toroidal systems when it comes to
engineering credibility.

Such changes would have a relatively small ef-
fect on the COE and on the safety of the reac-
tor. This is not to say that little improvement
is possible, only that the past D-T designs were
rather robust. Given that the plasma issues can
be satisfactorily resolved, the MINIMARS reac-

tor was very attractive in its own right.

4.6 Current View of D-*He
Tandem Mirror Reactors

One of the first changes one might implement
in the D-*He tandem mirror reactor would be
to adjust the 3He/D ratio from 3:1 in Ra to
1:1 in a current reactor. This would increase
the power density enough so that more fusion
power in charged particles could be extracted to
the direct converter. The end result would be
a higher overall efficiency (53 vs. 49%), a lower
fusion power required (990 vs. 1230 MW), and a
shorter central cell (81 vs. 100 m). On the nega-
tive side, the neutron wall loading would double
from the low value of 0.05 to ~0.1 MW /m?.

An important solution to the fuel-injection
problem would be the use of a compact-toroid
injection system. This would resolve one of the
key uncertainties of the Ra design.

Another improvement in a D-3He tandem mir-
ror design would be to abandon the concept of
low temperature structure and maximize the
thermal conversion efficiency by using a Pb
coolant instead of water. This makes more sense
in a low neutron wall loading scenario than in
a high wall loading situation as in MINIMARS
because metals are notoriously brittle after high



temperature exposure to neutrons. The cumu-
lative fluence of #3 MW-y/m? on the first wall
over the life of the reactor should still allow
those components to last for the entire reactor
lifetime.

The effect of the three changes above might
make a ~20% impact on the COE and/or the
capital cost making a current D-3He tandem
mirror even more attractive now than 5 years
ago.

4.7 Conclusions

The overall conclusion of this analysis is that the
engineering and technology of past tandem mir-
ror power reactor designs was sufficiently con-
servative and robust that the key emphasis of
any revived mirror program has to focus on the
solution of the plasma physics problems, not on
the technology challenges. Said in another way,
once the physics problems are solved, the path
to a commercial tandem mirror reactor should
be much easier than for a toroidal configuration.
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Chapter 5

Critical Issues for the Advancement of the
Tandem Mirror as a Reactor

5.1 Introduction

The state of tandem mirror research has not
advanced as far as that of the tokamak, be-
cause the tandem mirror is a more recent in-
vention and there have been only a few tandem
mirrors compared with the more numerous and
much larger tokamak experiments. The tandem
mirror approach to fusion was invented in 1976
and terminated in 1986, at least in the U.S.;
there are only about 40 machine-years of experi-
ence accumulated with tandem mirrors, includ-
ing non-thermal barrier tandem mirrors. The
largest tandem mirror, MFTF-B, was canceled
after construction of the magnet system and the
vacuum chamber, but before it could operate.

The present experimental data base for tan-
dem mirrors, despite having made considerable
progress in the 10 years in which there was a
substantial program in the U.S., is currently in-
adequate for building a reactor and needs to
be expanded. Shown in Table 5.1 [1]-[8] are
the parameters achieved in experiments and the
approximate requirements for a reactor. If the
tandem mirror is to be considered as a reactor
concept, a number of critical physics questions
require further exploration. Among the various
questions one might consider, we propose the
following as needing further investigation and
being important to the success of the tandem
mirror as a reactor concept.
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5.2 Loss of End Plugging and
Thermal Barrier Physics

The TMX-U tandem mirror experienced a loss
of central cell plugging when the central cell
density was higher than about 3 x 10'® m~3 [2,
9]. The cause for this was unknown, but it
prevented the machine from reaching its design
goal. GAMMA-10 has not reported experienc-
ing this loss of plugging, but their operating
range for the central cell density is from 108
m~ to about 10'® m~3 [1] at the highest. Phae-
drus and Tara also operated only in the low
central cell density region. Successful operation
with a thermal barrier at central cell densities
of the order of 10%° m~2 is required in order to
demonstrate the reactor potential of the tandem
mirror. It is also important to understand the
reason for this loss of plugging so that the phe-
nomenon can be avoided in future experiments.

5.3 Achieving Reactor
Relevant Parameters in
a Microstable Plasma

The present experimental database (see Ta-
ble 5.1) is restricted to low densities and tem-
peratures compared with those needed for a re-
actor. While the present experiments with ther-
mal barrier tandem mirrors have shown that mi-
croinstabilities can be largely avoided through



Table 5.1. Tandem mirror parameters achieved and required.

Parameter

Central Cell
Density (m~2)
Ion temperature (keV), Ty
Ion temperature (keV), Ty
Electron temperature (keV), Tec
Beta (%)
nry (m™3 s)

End Plug or Anchor
Plug-to-central cell density ratio

Beta (%)
Ion confining potential (kV), ¢,

¢C/Tic

Thermal Barrier
Barrier potential (kV)
Hot electron energy (keV)

Best Achieved Reactor [8]
1.1 x 10'® [1] 4 x 10%
5.6 [1] 25
0.3 [6] 25
0.28 [2] 20
13 [3] 60
1 x 102 [1] 1x 102
0.4 [1] -

15 [4] 25
2.0 [5] 148
5.5 [6] 7.4

1.1 (1] 126
50 [4] -100 [7] 297

careful control of parameters, this needs to
be demonstrated at reactor-relevant conditions.
The usual consequence of microinstabilities is
that confinement is rapidly degraded. Hence,
microinstabilities must be avoided at all cost.
In addition to the microinstabilities driven by
loss-cones, anisotropy, and density gradients,
there is also the potential for microinstabilities
to be driven by the fusion products in a reacting
plasma.

5.4 Purely Axisymmetric
Operation with MHD
Stability

The wuse of quadrupole or higher order
minimum-B end cells poses severe problems for
a tandem mirror reactor. The complexity and
cost of yin-yang magnets is an important fac-
tor determining the engineering and economic
viability of the tandem mirror concept. The

lack of axisymmetry inherent in the quadrupole
magnets is the primary cause of the rapid radial
transport seen in TMX-U. GAMMA-10 placed
the quadrupole magnets inboard of the end-cell
and took advantage of a canceling of the non-
axisymmetric fields when the ions pass through
the entire quadrupole magnets before being re-
flected by the confining potential in the end-
cells. As a result, enhanced radial transport was
small in GAMMA-10. However, this configura-
tion is not desirable for a reactor, because it
requires high-field, heavily shielded quadrupole
magnets due to the high pressure of the central
cell plasma streaming through the quadrupole
anchor. The tandem mirror concept would be
considerably improved if operation with purely
axisymmetric magnets proves to be feasible.

There is hope that axisymmetric operation may
be possible. Phaedrus operated successfully us-
ing RF stabilization with purely axisymmetric
fields and achieved a central cell beta of 13%.
Subsequently, RF stabilization was also seen in
Tara. This is a very intriguing result and, if ex-



trapolatable to a reactor, would lead to consid-
erable simplification of the tandem mirror con-
cept from an engineering viewpoint. Consider-
able theoretical attention has been given to RF
stabilization, but experimental demonstration
of RF stabilization in denser and hotter plas-
mas is required. Furthermore, RF stabilization
would need to be effective at central cell betas
of about 50% to 60% in order to be useful in
a reactor and the RF power required should be
sufficiently low so that the recirculating power
fraction is not excessive.

There are other possibilities for axisymmet-
ric operation which do not require RF power.
These include the magnetic divertor con-
cept, tested on Tara, and wall stabilization.
These concepts are discussed in more detail in
Sec. 2.2.3.

5.5 Thermal Barrier Pumping

The TMX-U and GAMMA-10 tandem mirrors
used neutral beams to pump out ions that be-
came collisionally trapped in the thermal barri-
ers; this is straightforward from a physics view-
point since it depends on atomic collisions and
geometry, but is expensive in terms of the re-
quired beam power. There have been several
proposals for pumping the thermal barrier using
guiding-center drifts [10] or waves to enhance
the radial loss of barrier-trapped ions. These
concepts are discussed further in Sec. 2.4.4.
Barrier pumping by guiding center drifts can
have the effect of introducing non-axisymmetry
in the central cell potential and thereby cause
azimuthal electric fields which enhance the ra-
dial transport of the central cell plasma [11].

Using waves or stochastic fields to induce radial
transport in the thermal barrier and thereby re-
move trapped ions is an intriguing concept re-
quiring further exploration to see if it is fea-
sible. It also has the advantage of being con-
sistent with axisymmetry, but has the possible
disadvantage that it may also enhance the ra-
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dial transport of passing ions and thereby en-
hance central cell loss. Clearly, further investi-
gation is needed to determine the practicality of
these ideas, but their successful implementation
will greatly reduce the amount of recirculating
power in tandem mirror reactors.

5.6 Impurity Control

The thermal barrier is an electrostatic well and
thus is a natural accumulation point for im-
purity ions. Impurity accumulation needs to
be avoided; this will probably require a plasma
halo which shields the central cell and thermal
barrier plasma from wall-originated impurities
in much the same manner as the scrape-off layer
plasma in tokamaks. The plasma halo will also
shield the plasma from the neutral gas and as-
sociated charge exchange losses. In addition,
the barrier pumping scheme needs to be able to
remove impurities, especially the fusion prod-
uct ash. These concepts require experimental
demonstration in a steady-state plasma.

5.7 Enhanced Central Cell

Confining Potentials

End cell potentials greater than that expected
from the density ratio and the Boltzmann rela-
tion have been achieved in Phaedrus [12] when
RF power is used in the end plugs. This result
has been interpreted as due to the pumping of
electrons by the parallel component of the wave
electric field. This suggests that RF waves in
the ion cyclotron frequency range can be used to
enhance the ion confining potential. While not
a critical issue, this development offers a means
for increasing the ion confining potentials and
thereby reducing the demand on the thermal
barrier and high power ECH in the plug.



5.8 Next Steps in an
Experimental Program

In order to advance the tandem mirror as a reac-
tor concept, an experimental program which ad-
dresses the critical issues discussed in Sec. 5.2—
5.7 is required. Reasonable next steps in such
an experimental program would be to:

1. Establish successful operation in an experi-
ment the size of GAMMA-10 but based on
axisymmetric end cells and achieve MHD
stable operation at a central cell beta of
about 25%.

. Develop alternative thermal barrier pump-
ing concepts (see Sec. 2.4.4 and 5.5) in this
device.

. Build an experiment of about the size and
magnetic field strength of MFTF-B, but
with axisymmetric end cells. Reasonable
goals for the central cell parameters would
be a density of 3x10!® m~3, an ion temper-
ature of 15 keV, an electron temperature of
6 keV, and an n7, of 6 X 10'® m~3 5. These
parameters are essentially the goals of the
(cancelled) MFTF-B experiment.

This set of parameters, if achieved, would
produce a plasma roughly equivalent to that
achieved to date in tokamaks and would allow
researchers to investigate

microstability

MHD stability

axisymmetric end cells

thermal barrier physics

thermal barrier pumping

impurity control

in reactor-relevant plasma conditions.
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Successfully achieving these goals would essen-
tially establish the physics basis for proceeding
with the tandem mirror as a reactor concept and
thereby allow the fusion program to realize the
technological advantages of the tandem mirror
as a reactor concept.
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Chapter 6

Summary and Conclusions

The state of the mirror program prior to 1986
was characterized by a strong effort in the
United States; the program at Lawrence Liv-
ermore National Laboratory was aggressive and
was backed by substantial university programs
at Wisconsin and MIT. In addition, there were
substantial programs in Japan and in the USSR.
There was no program in Europe, however. The
achieved experimental results for tandem mirror
research were considerably behind those from
toroidal machines, especially tokamaks, but this
should be understood in the context that the
worldwide investment in tokamaks was a fac-
tor of 10-20 larger than that for mirrors and
related concepts. Because of budgetary pres-
sures and because tokamaks were able to pro-
duce plasmas closer to those needed for an igni-
tion experiment, the decision was made in the
U.S. to terminate the mirror line of fusion re-
search in 1986. The effect was felt initially at
Livermore where MFTF-B was mothballed be-
fore operation and TMX-U was canceled. The
university programs continued for a few years
but were eventually phased out. The programs
in Japan and the USSR continued, although the
USSR program was hampered by technical dif-
ficulties with the equipment, so their contribu-
tion to tandem mirror research has been largely
with respect to theory and not experiment.

Despite the decision to terminate the mirror
line of research, considerable progress had been
made in tandem mirror research by 1986. The
primary achievements were:
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the demonstration of the tandem mirror
concept of electrostatic confinement of the
central cell ions in TMX,

the reduction of the particle end-loss from
the central cell by at least a couple of orders
of magnitude compared with that due to
simple mirror loss,

the establishment of thermal barriers in
TMX-U, GAMMA-10, and Phaedrus,

the demonstration that tandem mirrors can
be made stable against the microinstabili-
ties that degrade mirror confinement,

the establishment of MHD stable plasmas
using the concept of pressure weighting of
regions of good magnetic curvature.

It must be recognized, however, that TMX-U
did not meet the goals that had been established
for the experiment when it was authorized. The
thermal barrier was obtained only at low den-
sity (less than 3 x 10'® m~3, which is about
a factor of three below the goal). In addition,
the electron temperature in the central cell in
TMX-U was no higher than that in TMX (about
280 eV). This failure to meet the promises made
for TMX-U may have been another factor in the
decision to terminate the mirror program in the

U.S.

Since 1986, the mirror program has continued
to advance, although at a slower rate. The
GAMMA-10 experiment in Japan has achieved
improvements in the central cell density, the



electrostatic potential confining the central cell
jons, and the potential in the thermal barrier
which thermally isolates the plug electrons from
the central cell electrons. There has also been
experimental corroboration of much of the the-
oretical basis for the tandem mirror, especially
microstability, MHD stabilization, scaling of
end-loss, and the establishment of electrostatic
potentials. In addition, newer concepts for end
cells have emerged from experiment and theory.
These include the possibility of axisymmetric
end cells stabilized by RF waves or magnetic di-
vertor configurations and the use of RF waves to
enhance electrostatic potentials and pump ther-
mal barriers.

Work on systems studies for tandem mirror
power reactors was largely discontinued in 1986,
so there have been few advancements in tandem
mirror reactor concepts since that time. If a
tandem mirror reactor study were to be done
today, it would probably be based on axisym-
metric end cells, rather than quadrupole mag-
nets, and take advantage of recent improvement
in high energy neutral beams, and free electron
lasers and gyrotrons as microwave sources.

The tandem mirror concept has considerable
technological advantages as a reactor concept
compared with tokamaks, but there remain sev-
eral critical plasma physics issues which need to
be solved experimentally before one can con-
sider building a tandem mirror ignition experi-
ment. These include:

understanding the loss of plugging in
TMX-U,

achieving reactor relevant parameters in a
microstable plasma,

achieving purely axisymmetric operation
with MHD stability,

developing alternative means of pumping
thermal barriers, and

demonstrating adequate impurity control
in a steady-state tandem mirror plasma.

6-2

Reasonable next steps in a tandem mirror ex-
perimental program would be to:

1. Establish successful operation in an experi-
ment the size of GAMMA-10 but based on
axisymmetric end cells and achieve MHD
stable operation at a central cell beta of
about 25%.

. Build an experiment of about the size and
magnetic field strength of MFTF-B, but
with axisymmetric end-cells. Reasonable
goals for the central cell parameters would
be a density of 3x10'® m~3, an ion temper-
ature of 15 keV, an electron temperature of
6 keV, and an nr, of 6 x 10" m™3 s.

Achieving these results would essentially estab-
lish the physics basis for proceeding with the
tandem mirror as a reactor concept and thereby
allow the fusion program to realize the techno-
logical advantages of the tandem mirror as a
reactor concept.
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