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FHYSICS OF MIRROR REACTORS AND DEVICES.

Ralph W. Moir
Lawrence Livermore Laboratory, lmiversity of California
Livermore, California

Abstract

The physics of plasma confinement using the magnetic mirror principle is discuscad,
and the unique features of the mirror reactor approach to fusion are discussed and com-
pared to the toroidal confinement approach,

Introduction

Since the beginning of controlled thormonuciear research in the early 1950°'s,
several distinct approaches using mapnetic fields to confine hot plasmas have been followed.
Some of these approaches have been toroidal (Tokamaks, Stellarator, toroidal pinches)
mirrors, pinch confinement (8-pinch, z-pinch), and cusp confincment. (For a peneral
review of the field, see Ref. 1,) The discussion to follow describes aspects of the
mirror magnetic confinement approach and makes some comparison to. the toroidal (Tokamak)
approach to controlled fusion, We should keep in mind that none of theso approaches
have yet been proven to be scientifically feasible (breakeven power possible) in the
sense that the Fermi pile in 1942 proved that fission reactors were feasible, [t may
turn out that one of the presently conceived approaches may succeed, or several
combinations of the ideas, such as mirror-toroidal hybrids. Or the first feasible fusion
rea~tor might be a combined fission and fusion hybrid reactor. All of these approaches
depend on understanding plasma physics much better than we do now.

The aspects of plasmas we will discuss are plasma confinement, equilibrium,
stability, and thermonuclesr power density. We will compare mirrors and toroidal roactors,

and finally some nmew idens in mirror confinement will bo mentioned.

.Work performed wunder the euspices of the 1,5, Atomic Enerpy Commission,



Confinement, Equilibrium, and Stability

The principle of confinement of charged particles by the magnetic mirror effect can
bo best understond by viewing the particle's helical motion around a magnetic field line
as a moving loop of current, i.e., a dipole sliding along a field line, As this dipole
approaches strong field regions, a strong retarding force pushes the dipole back to lower
fields; that is, the particle is confined in the direction along the magnetic field. The

particle's magnetic moment, defined as
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is called the first adlabatic invariant, and when the magnetic field seen by a particle in
one revolution (cyclotron period) around the field line varies slowly (:5%), then p is
essentinlly a constant. From the consiancy of p we can derive the idea of a velocity
space loss cone as follows, At the low ficld point (BmN) along a fleld line the particles
velocity (;) makes an angle 8 with respect to the fleld line (vH = v cos0, v =y 5in0).
12 m’sin
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As the particle moves Into stronger field regions, the angle increases and equals

Then p =

90° at the reflection point. The particle will reflect at fleld strengths of B = BMIN/
sinze. The mirror rotio is defined as the ratio of the maximum field to the minimum field
along a field line (R = DMAX/BMXN)' Since the field line is double onded, therc are two
maxima, and we take the smaller of vhe two since leakoge will occur therc. The loss cone
sngle ls then Sinzlimss cone ° 1/R, Particles having anples less than elnss cone 4T lost
in one transit, and those having mmgles greater are confined axinlly.

Coulamb collisions result in a random walk of the particle's angle as well as its

energy. Psrticles injected at 90° at BMIN will on the average be lost after a tima
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where W is the mean energy of the confined deuterium and eritium (in keV} and n is the
density (:m'JJ (2}. Radial Ioss due to collisional cross field diffusion should be
smaller than axisl loss by the factor (-Ir)z, where a is the ion larmor radius end r is
the plasma radius. The ratio of a/r is usunlly about 1710 in experiments and as small as
1/1C0 in reactors.

The particles drift from one ficld line to another due to the gradient of B. If
the drift motion closes on itself, then an equilibrium can exist, The condition for
existonce of drift surfaces is the constancy of the second adiabatic invarinnt
= fv” ds) and the third invariant, which is that the flux within a drift surface
be conserved (& = IB « dA) (sec Ref. 3).

This description applies equally well to the particles confined in the earth's
magnetic field, with its north and south magnetic mirror.

Stability

The plasma cen satisfy all the above equilibrium conditions but must further satisfy
stnbilitx conditions for pross magnotohydrodynamic (MHD) motion and also fine gprained
motion or microscopic motion. It hos been well verified that the plasma is unstable to
gross displacements if the confining magnetic field decreased in a radial direction, as
in the simple mirror shown in Fig., 1, A configuration whose field lines curve inward
towards the plasma ("good curvature"} has the property that the magnetic field is a
minimum in the center. This type of confipguration is called magnetic well (or minimum |IJ|
and can be made with severml coil configurations, such as Ioffe.bars plus simple mirrors
(Fig. 2), the baseball coil (Fig. 3}, or the Yin-Yang coil (Fig, 4) (4}. Experimentally,
minimum |B} configurations have heen quite effective in producing stability ta MID
motiens, but at the expense of rather more complicated coils. A comceptual mirror

reactor using the Yin-Yang coil is shown in Fig. 5.



The microinstabilities sre a divect result of the loss conc in that low energy
particles scatter rapidly in angle into the loss cone and are lost. From enerpetic
arguments, a thermodynamically stable (lowest enerpy) velocity distribution is
Maxwellian., Departure (absence of tho low energy part] from a Maxwellian distribution
can and does lemd to instabilitizs. Tie most important goal of the research on mirror
machines ia to find out if conditions suitable for a reactor can be achicved while
suppryessang these instabilities to an acceptable level.

Some of the names of these instabilities have become household terms, like drift
loss cone mode, Harris mode, Post-Rosenbluth convective mode, Baldwin-Callen theory, and
mirror mode (5). These instabilities will not be discussed excopt to point out that hope
for controlling thom lies in design of the plasma conditions, such as broadening the ion
energy distribution by injecting at widely spread energies with a high mirror ratio (10
or greater), shaping the fiold to obtain good curvature, shear, fanning of field lines
towards the mirrors, warm unconfined plasmas, and control of cnd boundary conditions,

The above list is only intended to give a flavor of a much morc camplicated picture which
is being investigated at Lawrence Livermore Laboratory and elsewherec (6).
Power Balance

In order for a mirrer reactor to be of interest it must have the potentinl for
being A reasonably efficient power producer, i.e., making morc power than consumed by
some margin, This is expressed by Q, where Q is the ratio of themmonuclear pover

* . 4.8 MeV from the n(Li, He) T renction)

produced (14,06 MoV neutron + 3,56 MeV He™
to the power that is trapped in the plasma. The wirror reactor can be viewed as a power
emplifier where the injected power Pinj is multiplied by Q, and the power out of the

reactor is Pinj + ijq. If the efficiency of energy recovery iy and that of injection

is Ny then a breakeven condition is

fts@agn > 1, @



For LT 0.45 and no= 0.85, the required Q is 1.6. The expected Q for a stable D-T
plasma with a mirror ratio of 10, assuming injection perpendicular. to B at 150 kev,

15 1.8. (See Ref. 2.) With this value of Q the overall efficiency would be only 4%.
The power balance is considerably improved if we directly convert leaking fuel ions

(see Fig, 6 and the discussion in Ref. 7), If we take into account the possibility of
direct conversion with an efficiency nm[D.G) and the fraction f=(0.2) of energy
raleased as charged particles, and 1€ we assume that the 14 MeV neutrons are converted
with an efficiency n.nu(o.ASJ, that the direct converter has a thermal bottoming cycle
n.mz[IJAJ. and that the blanket multiplication of the 14 MeV neutron encrgy M(1,34) pives
22.38 MeV per fusion event, then the overall plant efficiency is

£ Mn +(—1—-of)n +(-1...f)(1.n)n PR S
noTH qQ e} Tl qQ < oc} TH2 Q'ny

overall fc + &

n

where Q' is the ratio of fusion energy (14 MeV meutron plus 3.56 MeV 4Hcs) to injection

encrgy.

For the conditions given above, Noveratl i1s zero (breakeven) for Q' = 0,656, and
for Q' = 1,428, i.e., the expected value, Noverall = 275,

Often one iooks at the value of nt rather than Q, and these ore related by the
expression

W
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nt =

'Assuming a 30% enhancement over the so-cplled mormsl mode injection,
"By direct conversion we mean that tho energy carried by the leaking plasma in the form
of kinstic energy of charged particles is converted directly to electricity without resorting

to thermal conversion with its rotating machicery,



where wu is the injection enerpy, (E\T]DT is the resction rave pnrameter, and EF is

22,38 MeV, the fusion eneryy release. At 150 keV, (&T)DT is 8.5 x 10736 o3 sec'l,

and with a Q of 1.8 the value of nt is & x 10” cm'3 sec.

Still another mensure of confinemont is the fraction of fuel ions (D‘ and T+)
which burn (fuse) in one confinement time. The burn fraction BF is related to qQ as
follows:

BF = i:lq- .
F

For 150 keV and a Q of 1.8, the burn fraction is 2.4%. This means the Lverage fuel fon
will have to be reinjected Tlﬁ:' times before it burns, or 42 times for a 2.4% bumn
fraction, The fuel ions leaking out of the reacior will have to be recovercd and
reinjected, Some of the tritium will inevitably be iost and must be made up by a tritium
breeding ratio (v = tritium bred per tritium consumed in fusion reactions) greater than 1.

If the fraction of the tritium leakinp out of the reactor which is recovered is frec' then

we renuire

For a breeding ratio of 1,2 rnd a burn froction of 2.4%, frel: 2 0,996,

The conclusion is that there is a chance for a mirror machine to be a practieal
power groducer if the classicnl Q values can be achieved, i,e., if the plasma will be
essentially stable,

The value of @ is almost energy independent above 150 keV because (’a_v)m. is
proportional to wa”z; thus it is possible to consider mirror reactors aperating over a
wide emergy range from the present example of 150 keV to the 600 keV case discussed by

Lees (8).



Densities and confinement times sufficient for a remctor have already been

hieved in di mirror experi ~ but unfortunately not all of these in

one exy . The 1 ers for some of the many mirror experiments {9) — past,
present, and future — are shown in Fig. 7, alonp with conceptunl design parameters
for a mirror FERF (Fusion Engineering Research Facility) (10), a low temperature

{150 keV) mirror reactor, a 600 keV reactor (B), and a fuslon-fission hybrid (11).

Power Density

The pawer density in the plasma is related to the fusion energy release EF as

2
PV = B~ (V) pEe. )

The ratio of plasma pressure to magnetic pressure is called 8 and can be quite high (20.5)

in mirror machines:
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The power density then becomes
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Now since
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we have
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Ne see that the power density increases rapidly as tho energy decreases, Thus,

compact reactors should have high B, a high fleld, and low energy, say 100-200 keV.
Economics

3ince mirror reactors will apparently ho low gain power amplifiers (1 2Q22), large
circulating powers result, In order for this circulating power, which is about threc timos
the net power in the reference desig, not to be cconomically prohibitive, the power hendling
equipment must be quite efficient and relativaly cheap, In this repard, direct enerpy
conversion is heing developed out of necessity to increase the recovery efficiency, {See
Ref. 12 for a review of direct enerpy conversion.) The injection system will alsa have to
be both efficient and cheap. For a discussion of aspects of injection for remctors, see

Ref, 13.

Comparison of Mirror and Toroidal Reactors

The nt in mirrors scales as (1ogmn)w3’2-, that 1s scottering into the loss cone does
not depend on physical size, and therefore a mirror rcactor does mot have to be made large,
and in fact one of its assets may be that it can be made in smoll sizes. In toroidal systems
nt scales up vith radius so that larpe systems aro very good for confinement and large
enhanced losses con be tolerated. The confinement can be so good that the alpha particles
from the fusion burn can heat new funl so that, in principle, essentially no recirculating
pawer would be reqrired —~ in contrast to mirrors, where the power goin is so marpinal that
recirculation of power is a major cancem.

The role of impurities should be quite different in the two cases. In mirrors the ions
are confined botter than electrons, thus leaving the plasma positivoly charged so that any
impurity ion is repelled from the plasma as it trics to enter; conscquently, mirror reactors
ghould have essentially no impurity problem. In toroids the eloctrons are confined better
then fons, essentinlly because loss is by cross field diffusion and the electrons having
such small gyro orbits diffuse more slowly than lons. This leaves the plasmn nepatively
charged, and any impurity ion will be attracted to the plasma, Accumalation of impurity

ions can be expectod, leading to line radiation, enhanced bremsstrahlung radiatien, and

charge exchange,



In mirror reactors the leaktng fuel ions are directed through the open ends into a
large direct converter where the energy is rocovercd and the Dz' Tz, and He gases are
pumped, It is a disadvantage te have to have a direct converte:, but once we have it,
plasma disposal is automatically accomplished. In the toroidal system the plasma must
leak across the field into the first wall and the energy flux and particle flux are so
great that special precautions such as a diverter must be developed to dispose of the
1eakinp plasma, The diverter and impurities in pencral) are a mnjor concern for toroidal
approaches.

With regard to plasma stabllity, the mirror device is subject to hiph frequency
{ > “ci) instabilities which try to make the velocity distribution more Maxwellian, but
MID (tow frequency) mades should he stable by the minimum {8] configuration. In toroids
the velocity distribution is very nearly Maxwgllian, and thus it has high frequency
stability, but low frequency (drift waves) instabilities should occur. The investigation,
both experimentally and theoretically, of instabilities of plasmas is the main effort of
the fusion resparch commmity todoy,

Advanced Concepts and Applications of Mirror Confincment
Multiple Mirrors

It may be possible to have a series of connected nirrors which couid excood the
hreakeven nt (14). The idea is that a particle escaping From one cell mipht he trapped
in the next cell. Such reactors requiro very high magnetic fields and arc vory long,

however, the distribution is nearly Maxwellian, so the i bilities in icnal

reactors shuuld be svoided, This concept hasn't gained much interest.

Two-Camponent {Wet Wood Burner')

The idea here is to inject p* at mbout 200 keV into a tritium plasna target (15),

The 0° is mirror confined as it slows down, but the T plasma is assumed to be frecly
flowing along the mapgnetic field, This idea is related to tho concept of injecting into
a relatively cold, sublawson, torpidally confined plasmn, The two component concept is

receiving a fair emount of attention lately (16),



Hybrid Fusion-Fission Reactors

The idea is to surround a sublawson mirror plasma with a fission blanket to greatly
enhence the cnergy cutput {17). The unproven spoculation is that such a hybrid has advantapes
over a pure ficsion reactor, The speculation poes as follows: since the fission assembly
can be suberitical, ruch desipn frecdom exists to make up for the added cost of the
fusion 14 MeV neutron source, These concepts arc receiving renewed actention lately (11},
Materials Testing Roactor

One would like to develap materials which are compatible with 14 MeV neutron
irradiation, as well as for other fusion reactor conditions, before actually building
the fusion recctors. To do this will require irradintion facilitices, anu perhops a small
high power deasity sublawsen pmiyrer reactor could provide just such a facility, It could
test first wall materials, tritium handling facilities, and a1l components of Future
reactors, Such a facility presently is still in the iden stage and is called FEAF (Fusion
Engineering Research Facility). A study is now underwny at the Lawrence Livermore Laboratory
on a Mirror PERF (10)

Con¢lusion

Mirror Reactors will operatc at high enerpy, probably 150 ke¥ or hipher, Impurities
are not expected to be a problem ns in toroidnl systems, lfowever, direct emerpy sonversion
must br developed to efficiently vecirculnte lorpge quonticies of powor (perhaps three times
the net power). A major asset of the mirror concept is its inherent compactness,
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FIG 1

Schamatic of the configuration of simple (axially symmetric) mirror fields. Note that field
intensity at midplane is saddle-shaped, i.c., whils it increases in either direction alonp

the axis, it wenkens in the radial direction.



Mirror coil

Ioffe bar-mirror coil,

"Joffe bar"

FIG 2



FIG 3

Baseball coll., The field intensity increases fram the center in all dirvections, makinp o
magnetic well,



FIG 4

Yin-Yang coil makes a magnetic well with efficient use of conductor material.
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FIG 5

Mirror Reactor based on a Yin-Yang magnet,
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FIG 6

Leaking plasma is directed out individual holes by electrostatic stoppering of all the end
regions except the hoies, The electrodes are located outside the magnetic mirrors,
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Density vs particle lifetime for mirror experiments and reactors.



