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MULTIPLE MIRROR PLASMA CONFINEMENT
Abstract

A large enhancement of the confinement time can be achieved in a straight
system of multiple mirrors over an equal length uniform magnetic field.

The scaling is diffusive rather than that of flow, thereby scaling as the
square of the system length rather than linear with system length. Probably
the most economic mode of operation for a reactor occurs when A/Mﬂkﬂc, where
A is the mean free path, M the mirror ratio, and KC the length between mir-
rors; but where the scale length of the mirror field Km«:k. The axial con-
finement time has been calculated theoreticaliy and numerically for all im-
portant parameter regimes, and confirmed experimentally. A typical reactor

calculation gives

Ptozaﬂ electrical

Pinjected

for a 320 meter system with 1500 MV(e) net output. A number of possibilities
exist for improving this basic reactor performance.

Linked quadrupoles can theoretiéally achieve min-ave-B stabili-
zation of flute modes, and experiments have demonstrated this stabilization.
Feedback stabilization has also been shown to be possible, with experimental
confirmation. Enhanced diffusion resulting from the distorted flux surfaces
of min-ave-B has been investigated and shown to be manageable. Finite g

effects remain to be investigated.



I INTRODUCTION

A multiple mirror device consists of a series of connected mag-
netic mirrors. In the appropriate plasma density and temperature regime for
which the ion mean free path A is much less than the device length L, but
long compared to the scale length of the changing magnetic field £m=B/(dB/dz),
repetitive trapping and detrapping of ions by the multiple mirrors leads to a
diffusive loss processl.IO with the loss time scaling as Lz. For A>L, free
flow exists for untrapped particles with loss on a time scale wwL/v, where
v is the particle velocity, while trapped particles are lost by the usual
scattering into the loss cone. For A<£m there is a gradual transition to
MHD flow in which the loss time TAML/v where M is the mirror ratio. Viscosity
effects preserve the L2 diffusive scaling, although the fuil multiple mirror
confinement time is not realized.t"10

In the next section we show that the multiple mirror loss time

is given approximately by

2
ML
T =72

L
= .

It is thus strongly enhanced over the free flow time if the mirror ratio is
large and the mean free path is short. The mirror ratio is limited by magne-
tic field requirements and the requirement of B=p/(BZ/2uo)<l, where p is the
piasma pressure and Bz/2uo the magnetic pressure. Considering that the mean
free path is determined by classical collisions, the requirement that X be

small suggests that the temperature should be as low as possible and the density

as high as possible, since AaT%hL To see this more clearly we note that the -
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power loss scales as RK«nT/Tmm. Substituting for Tom’ Eﬁx(fWZLz)/MZ. The
fusion power, on the other hand scales as Pfcnzf(T). For a reactor the opti-
mum T is approximately 4.5 keV for a D-T Reaction. The density and mirror
ratio M are chosen as high as possible, limited by available field strengths
at B<l.

A number of options exist for major improvements in this basic

1,31 As examples: high Z material can be introduced

reactor performance.
to decrease the mean-free path; neutral beam injection with two-component
operation can provide the benefit of additional fusion reactions; partial
decoupling of the clectron and ion temepratures can significantly increase
performance. These concepts are discussed with respect to reactor design in
Section V. If a process can be found in which A can be varied independently
of classical collisions, then a more favorable reactor scaling exists, lead-
ing to a higher optimum ion temperature and considerably lower field and
length requirements.12 In this case RemT3/2 and Topt%lh keV. The length,
magnetic field, and total power depend on assumptions of the nonclassical
scattering process, which is discussed in greater detail in Section V and
Ref. (12).

A two-component (''wetwood burner') reference reactor design,
summarized in Section V, gives the following results. Typical reactor para-
meters are: length L=320 m, T _=6 keV, T.= 4.5 keV, density n=7.7 x 10'° en 3,
and plasma pressure = 290 bar, with net electrical power output ﬁaet=

P There are seven cells. For P .=1500 MWe, the plasma dia-

necinculating”
meter is 3 cm. For B=.8, the solenoidal field is 9.3 T and the mirror field
is 14 T. The 180 keV neutral beam injection current is 8.3 kA. The break-
even reactor Pn&t&o at the same magnetic field strength would have Te%3 keV and

reactor length L®&35 m.
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In contrast to the wetwood burner solution, a reactor design of
roughly the same Q and length, but employing the beam mainiy for supplying
energy, would have a magnetic field approximately 1.7 times as large to take
up the pressure.

An alternative approach is to allow B>1 with the pressure taken
up by a gas blanket and radial diffusion inhibited by the residual field. This
approach is actively being pursued by the Novosibirsk group.9 In the Novosi-
birsk high B configuraton, as in a proposal by Tuck]0 for confinement of a
B=1 plasma, the magnetic moment p is not conserved. However, another adia-
batic invariant exists which acts similarly to the -uVB force to reflect part-
icles. The reflections occur where the plasma diameter narrows due to the
external mirror field. Tuck did not consider collisions, but rather discussed
the possibility that the external field could be made to vary sufficiently
fast that adiabaticity is lost, thus simulating the effect of fixed scattering
center collisions.

As an endstoppering mechanism, multiple mirrors can also be
incorporated into other reactor concepts. These include steady state or
pulsed reactors driven by intense electron beams, ion beams or lasers. For
example, with an axial electron beam injection at 100 keV, one would require
3X10h amperes of electrons, steady state. It has been shown that; even in
the absence of strong collective effects, a 100 keV electron beam will colli-
sionally transfer most of the energy along a plasma column of the density
and length of the proposed reactor.27 Studies of energy absorption for MeV
beams in multiple mirrors are being pursued, among other places, at Physics
International,zs’29 and at Novosibirsk.90 A pulsed linear 9-pinch reactor

may also be stoppered, in principle, with multiple mirror end sections. Details
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of reactor configurations of these types, including stabilization for the
mi rror sections, have not been explored.

In common with toroidal devices, multiple mirror containment
is at best average minimum B, and therefore subject to localized modes.lh
At high B, the connection lengths for localized mode suppression are small,
but reactor designs can conveniently minimize the connection length. Drift
instabilities would be expected to enhance radial diffusion, which can be
serious in these naturally small diameter systems. If linked quadrupole
stabilization is used the field line fanning will also enhance radial diffu-
sion. These problems must all be considered carefully in evaluating the mul-
tiple mirror concept. Because the loss cone is nearly full, the multiple
mi rror should not be subject to velocity space instabilities.

In Section Il we will review the theory of multiple mirror
confinement, and the results of computations. Stability theory will be con-
sidered in Section Ill, and in Section IV the results of experiments

confirming the multiple mirror scaling laws and stability theory will be

reviewed. Reactor calculations will be given in Section V.



II CONFINEMENT

A. Axial Loss

We present here a simple treatment of the axial diffusion process,
emphasizing the basic mechanism for confinement. Consicder a symmetric multi-
ple mirror system with F particles per unit area per unit time injected into
the center in the steady state. The mirror widths iim=B|dB/dz|-l are assumed
to be small compared to ZC, so that the loss cone angle ec defined by sin26c=

1/M, where M=B__ /B

max’ Bmin 'S the mirror ratio, is a constant over the cell length

ZC. For many cells (l}aﬁg large mirror ratios (M»1), and sufficient source
strength F such that the scattering mfp A<«L, particles will be trapped and
untrapped many times before reaching the ends, so that their axial motion
can be described by a random walk.

Since the distribution of velocities in such a system may
approach Maxwellian, the scattering distances for individual particles
vary from distances much less than KC to distances much areater than 20.
Considering the velocity groups which would have average step length Ké»ﬂc
(but ££«L), the average step length ZZ and step time t can be estimated
from average times t and t, spent out and in the loss cone, fespectively.
For particles at speed v, and Mx»l (small GC) we can estimate

re(v)

L (1)

2 4
N
tZ(V) N Te(v)ec n

where te(v) is the scattering time at speed v for a mean-square deflection
of =1 radian. We define the average step length between successive trap-

pings to be



ﬂz(v) = atz(v)v v A (2)

=

where o is a proportionality constant of the order of unity which can be
determined by a more exact theory or by experiments.

Assuming the velocity-space density of ions at speed v in th
loss cone is nearly the same as that out of the loss cone, (e.g., a Maxwel-
lian) statistical mechanics gives the ratio of trapped time t](v) to untrap-
ped time tz(v) (see Ref. 1) equal to the ratio of trapped to untrapped

surface area at radius v in velocity space

tl(v) cos 0 _
= —= ¥ 2M M >1) . (3)
tz(v) 1 -cos®_
5
Equation (3) was found qualitatively to describe numerical results for =
2

(see Ref. 1). For large M, tz(v) can be neglected compared to t](v) in the
total step time t(v)=t‘(v)+t2(v), and Eq. (3) with Eq. (2) gives t(v)&
Zre(v). Note that for o of order unity and Kz(v)¢>>f.c,tI is many bounce
periods KC/V, so that the concept of trapping is well-defined. In this
limit we can define a diffusion coefficient for the average velocity Vv,

satisfying KZ(V)»>£C, as

2_
2@ -

DY) = Zv=ivz (4)
2t(v) LM

For Zz/ﬂé«l the cell length ZC is the basic step size and a

straightforward analysis yields7
KCV ‘
D . (V) = (5)
mn LM



where the subscript min refers to the minimum diffusion coefficient at a

fixed Ec. If this relationship holds for most particles in all cells,

then the density profile is triangular; dn/dz=constant22n]/L, with an aver-
age density na=no/2. For a discrete system of N=L/2£c cells in a half

length L/2, the maximum density n in the center cell is given by nl=N6n, where
8n is the density increment across each mirror. The containment time for

this case is

1 2
v (max) = — = M (6)

ZDanVn 2£Cv

A number of theoreticél treatments have been devised, valid for
both of these limits, as well as for the transition between them, giving
essentially the results indicated here.h’6 In addition *to calculations of
the particle flux F=-DVn, the end loss energy flux G can also be calculated.
Defining A*=A/M, if we take the product l(GBan)/(kTFB“ to obtain the
relative variation of G as a function of X*/KC we find that the product
has a broad flat region near A*/£c=l, rising slowly for A*[%<0.2 and falling
flowly for x*/£c>5. Considering that the system length L and A%, are held
fixed, we obtain the result that the energy flux decreases slowly, i.e.,
the energy confinement time increases slowly with increasing number of mirrors.

3,4

The limiting case is the corrugated magnetic field strucuture. For eco-
nomy of design, long mirrors are desirable, and we therefore will concentrate
our attention on the region for which A*/KC%l.

The high density regime needs to be looked at separately, how-

ever, for if A«Zc then it may also be that A<£m. In this case the magnetic

moment is not constant in the mirror region and ion flow is limited by ion
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viscosity. For this regime Mirnov and Ryutovh and Berk]0 obtain multiple

mirror loss times of the form

2
- fML™ x (7)

mm 2£Cv Km

where f(M) depends on the exact form of the magnetic field. Thus, the con-
finement time is reduced proportional to A/ﬂm for increasingly short mean
free paths. For a variety of magnetic field shapes we find f(M)<r(M-l)2,
and thus the M2 mirror ratio scaling is recovered for large M. Comparing
Eqs. (4) and (5) with Eqs. (6) and (7) we observe that with L and Kc fixed,
the multiple mirror diffusion time is maximized for Zm'<h‘<M£C. For col-
losional scattering, in which A«1/n, in order to remain in the optimum
range over many cells, we require that Km«:Mtc. This inequality is found
to be consistent with stability considerations.

Except where explicitly noted, the above analysis is indepen-
dent of the scattering mechanism. For collisional scattering AleZ/n
which is then used for optimization of parameters in reactor calcuations in
Section V. However, there are mechanisms such as nonadiabatic scattering

12 In Section

for which A may have entirely different n and T dependencies.

V-F we show how other scalings can lead to more favorable reactor parameters.
Numerical calculations of containment time in a multiple

mirror device were made using a model in which the field particle densities,

drift velocities and temperatures are included in a self-consistent manner.

A number of test particles are numerically followed through the multiple

mirror system with the velocity vector of each test particle varied on

each step. The variation is composed of two parts, an adiabatic change due



to the variation of the magnetic field and a random change arising from
small angle Coulomb sollisions with the background plasma. The random
small angle scattering is computed in the center of mass frame of the back-
ground plasma which is drifting, and the velocity vector transformed to
the laboratory frame for computation of the adiabatic motion. The mathe-
matical procecure is presented in Ref. (1) and (6). The confinement times
of a large number of test particles are averaged to obtain a multiple
mirror confinement time. The mirror regions were peaked in accordance
with the theory and also to simulate actual reactor designs. The results
confirmed both the L2 scaling and the value of the containment time pre-
dicted from the theory with A*’EKC at the average density.6

In the preceding analysis, one important factor that has not
been taken into account is the electrons. The electrons diffuse more rapid-
ly than the ions by the ratio M/m and thus are contained by an amibpolar
force reuiqred to preserve charge neutrality. As the electrons are in ther-
mal equilibrium with the ions they increase the axial diffusion by a factor
of two. Heat conduction must also be considered. This is rapid compared
to the ion containment time within the multiple mirror system and therefore
keeps the temperature constant. At the machine ends care must be taken
that cold electrons are not available to reenter the device exchanging
energy with the hot trapped electrons. This problem, common to mirror
devices, is gererally thought to be accomplished by expansion of the field
lines, which would be required, in any event, if direct conversion is
employed. Although there is considerably higher density in multiple
mirror devices than in single mirrors, the density in the end cells of the
multiple mirror is approximately 1/N smaller than that of the central

cells. These issues are considered in Section V.
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B. Radial Diffusion

We next consider, briefly, the problem of radial diffusion.
If the primai'y mechanism is the amibpolar electron-ion diffusion, then for
reaonable dimensions and parameters the radial loss is negligible compared
to the axial loss. However, when the ratio of the ion gyroradius to the
plasma transverse dimension is of order of the fourth root of the mass
ratio, then calculations indicate that like-particle diffusion becomes
significant.15 This situation can occur because the device is operated
at high B, the plasma radius is reduced to a minimum value to reduce the
total system power or the plasma is distorted to a highly noncircular
shape by quadrupolar stabilization. These factors can act together, but
are counterbalanced by the fact that tha plasma B is reduced in the mirror
throats where the radial scale length, particularly in the gquadrupole
stabilized system, becomes smallest. In a typical reference reactor design,
moreover, the fanned regions constitute a small fraction of the axial length
and thus the diffusion in the fans may be the highest per unit length and
yet not be dominant.

We can compare classical radial and axial diffusion using
calculations of radial diffusion from Ref. (15). For a cylinder with
uni form axial density the eigenvalue problem for like-particle radial

diffusion was solved to obtain a radial time constant

...]]-



where a; is the Larmor radius and rp the plasma radius. |If we assume that
the lengths aird mirror ratios of the cells are designed to maintain the
optimality of the axial containment, we may take tii%Mﬂc/Q, and Eq. (6)

then becomes

1

Tom ~ .2 Yii - (9)
[of

mm 22

Comparing Egs. (8) and (9) we find that T 2T for

B, (L)
s > \z7r | (10)

For the reactor example in Section V, with T=4.5 keV, B=9.3 T, 8=.8,
rp/ai’Bh and since L/ZKCFBS, Eq. (10) is satisfied. |In this design
the diffusion in the fans is negligible because the decrease in the
narrow dimension of the fan is more than compensated by the decrease in
a; due to the combination of increasing B and decreasing B.

Estimates have been made of the effect of neo-classical

16 Due to the

diffusion due to the nonaximsyymetry of the flux surfaces.
collisional natures of the plasma these effects appeared to be small, but

a complete calculation of the motion on the actual J surfaces has not been
made. Pseudoc’assical and nonclassical diffusive processes have not been

explicitly considered. Howevér, we have estimated that for the parameters
used in the reactor design noncollisional radial diffusion of the order of
10-3 DB(Bohm) would be acceptable.7 We also note that the radial diffusion

does not lead to actual radial loss, but to enhanced axial loss at large

radii. This is due to the onion-skin effect in which axial diffusion increases

- 12 -



at large radii because the density is reduced.]7 Thus, the radial and
axial fluxes combine and can be considered as a total particle flux for
purposes of direct conversion.

The radial diffusion problem is considerably different,
if we consider diffusion due to the nonadiabaticity of the fields. In
this situation, in the worst case, a cross-field scattering occurs with

each axial scattering, such that the condition that Tr=Tmm becomes

o]0

imiz—c. (1)
This leads to requirements of a much larger plasma radius and higher power/
unit length. However, for axisymmetric magnetic fields the existence of

the canonical angular momentum as a constant of the motion prevents radial
diffusion, and Eq. (11) need not be fulfilled. For nonadiabatic scattering
a strong premium is therefore put on stabilization with axisymmetric
fields. We are currently investigating if there are conditions for which

an adiabatic invariant exists, to prevent radial diffusion in linked quadru-

pole stabilized fields, without axisymmetry.

_]3_



III STABILITY
A. Minimum-Average-B

A magnetic configuration consisting of magnetic mirrors
and linked quadrupole fields can produce a min-ave-B well in a region
near the axis.]8 Optimization procedures have been employed, using the
Euler-Lagrange Equations, to determine the parameters that give minimum
ellipticity for marginal stability, and give the largest region of stab-
ility.19 Mininum values of ellipticity for marginal stability as a func-
tion of R/L (where Raiﬂm) and M are given in Fig. 1. Here R is the
mirror coil radius. A broad optimum near the maximum region of stability
was found near the values of M=4 and R/£c=0.l for the mirror field.
Assuming a realizable form for the mirror field, the maximized stable
radius at the midplane, Mo’ is given as a function of the ellipticity, Q,
in Fig. 2.-, Above Q =20 a broad maximum of rw/RRSIS% exists. These
values are quite consistent with typical parameters of our reactor calcu-
lation for which rw==3 cm, R¥ 50 cm and ECRiS m. The ellipticity of 20
leads to enhanced but still acceptable radial diffusion, as discussed in
the previous section.

Practical coil designs approximating these optimized fields
can be constructad for experiments, consisting of mirror and solenoidal
fields and weak and strong quadrupole currents, the weak currents extend-
ing over the entire cell, while the strong currents extend only in the
neighborhood of the mirrors. A comparison of the results of the practical
coil design with the results from the optimized equations is given in Fig. 3.

_ - . e P . . N n
Here Fmin rw/MQ is maximized, to minimize diffusion in the fans (QN/R«,JS,
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as before). Experiments on a multiple mirror device, to be described in
Section 1V, were performed with 1linked quadrupole coils that had not been
optimized, and for which min-ave-B was not obtained. A 10 meter multiple
mirror device is currently under construction which employs the optimized
coil configurations. The optimized values of M=4 and R/£C==0.I, used
in the design, also allow the intermediate mean free path to be maintained
over a wider range of densities, thus allowing a more exact comparison of
theory and experiment in the 10 meter device. The parameters of the large
experiment are given in Table 1.

One limitation of min-ave-B stabilization is the onset of
localized modes with finite B. A criterion for stability against these

14

modes

(12)

where Y is a ratio of average good curvature to the characteristic curva-
ture RC, rp is the plasma scale length and Km the connection length. Al-
though it is difficult to calculate these quantities outside of a specific
design, we estimate that Yy« 1/10, rpRC/KiﬂiI/IO such that g~ 1. Further-
more, the region of bad curvature occurs where the field is maximum, and
therefore where B is minimum. We expect, therefore, that substantial B's
are possible in realistic reactor geometries.

The fan shaped flux surfaces that are created by min-ave-B
coils have a numver of undesireable features, some of which have already
been mentioned. They enhance the radial diffusion due to collisions, and

break the Pg invariant that would otherwise prevent radial diffusion arising
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from nonadiabaticity. |In addition, as described in Section V-G they in-
crease the Joule heating in the nonsuperconducting mirror and strong-
quadrupole coils and increase the complexity of coil design and construc-

tion.
B. Feedback and Othern Stabilization Methods

Although a major effort has been devoted to min-ave-B stab-
ilization, other methods of stabilization not requiring distorted magnetic
surfaces may be possible. These include feedback, line-tying, dynamic, and
wall current stabilization. The small radius of a multiple mirror plasma
indicates that few modes would be present, which makes feedback stabiliza-
tion quite attractive.

Axial feedback stabilization of the flute mode in a mirror-
confined plasma of density o has been considered for stabilization of a
multiple mirror.zo The instability is described using the usual low
frequency slab model. The instability potential ¢ ié sampled at various
azimuths around the plasma circumference. The sampled potential is ampli-
fied, phase sﬁifted in azimuth, and the resulting feedback voltage e is
applied to a conductin endwall split into azimuthal segments. An external
plasma of density N is present in the region between the confined plasma
and the endwall. The admittance between the endwall and confined plasma is
modeled to include the external plasma impedance and the sheaths at the
endwall and mirvor throat. For typical multiple mirror reactor conditions
stabilization is obtained for exactly 90° azimuthal phase shift provided
enx/¢no is greater than 7mza?/r§, where p is the azimuthal mode number, a;

the ion Larmor radius, and o the plasma radius. For m=1, ai/rp’BO.l, and
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nx/n Q:IO_Z, the required gain e/¢ for stabilization is modest. By

sampling the potential and its derivative, or by sampling the time inte-
gral of the potential, feedback stabilization is obtained over a wide

range of azimuthal phase shift angles, as shown for integral feedback
stabilization in Fig. 4. Studies of finite time delays and mode coupling

in the feedback loop have been performed. Time delays lead to a transcen;
dental equation which was solved using finite sample time, z-transform
techniques. The delay leads to a shrinking of the teardrop-shaped region

of stability shown in Fig. 4. The flute modes are coupled by the inhomo-
geneous (discrete) nature of the probe sampling system and the end collector
feedback plate system. The coupling is being studied using a system-the-
oretic matrix approach in which the input-output matrices for all elements
in the feedback loop are separately modeled, including all effects of mode
coupling, line-tying, and finite Larmor radius. The theory shows that
stable or weakly unstable higher order modes can be driven more unstable

in the process of stabilizing the m=1 mode, due to mode coupling, and

that this effect can be eliminated if the sampling system properly decouples
the modes. An experiment in which the m=1 flute mode was successfully
stabilized by means of integral feedback is described in Section IV-C.

An initial analysis of wall current stabilization indi-
cates that the method can be effective in suppressing flutes. Alternating
the stabilizaticn current can prevent the appearance of current driven
modes. A calculation for reactor parameters indicated stabilization with
an oscillating current of 5 kA, well below the random current.21 Comparison
of currents in a long thin mirror system with the dynamic stabilization

currents needed in Scyllac show that this current is an order of magnitude
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less than would be required to dynamically stabilze a toroidal device.

The requirement of having a close wall may be a difficulty with this

scheme. The stabilization scales in such a manner that it is difficult

to test the method on a small experiment.
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IV EXPERIMENTS
A.  Line-Tied Axial Conpinement Cxper.iments

Because the mean free path scales as A“’Tz/n it is possible
to scale laboratory size experiments over a wide range of temepratures and
densities while maintaining AR:KC. A convenient steady state plasma can
be created with a ''Q-machine' source. Experiments with this type of source

5,7 and at Novosibirsk.8 The steady-state

have been carried out at Berkeley
plasma generated at a hot plate simulates a central source for a multiple
mirror device, with the length of the experimental system being one half

of a symmetrical device. Simple magnetic mirrors can be used in this con-
figuration, as the plasma is stabilized by line-tying to the hot plate.

The effects of neutrals can be made negligible, but recombination at the
hot plate, as well as radial loss, must be considered.

The Berkeley device (Fig. 5) contained a series of water-
cooled coils forming up to 8 mirror cells along a 6 cm in diameter, 150 cm
long vacuum chamber. The peak magnetic field is in the 5 kG range and the
mirror ratios could be varied between 1 (nearly uniform) and a large number
(say 10) depending on the coil configuration. The plasma length was varied
by moving a negatively biased collector plate along the chamber axis, as
shown in Fig. 5. The end loss rate of ions was measured by the collector
current lc. The number of mirror cells N==L'/£c was varied either by moving
the collector within a fixed multiple mirror field, or by switching mirrors

on and off between the source and a fixed collector. The plasma density was

_]9-.



measured by Langmuir probes which could be moved both radially and longi-
tudinally to explore the entire plasma volume. A comprehensive set of ex-
periments has oeen performed confirming the variation of confinement time
wi th the square of number of cells and the predicted variation with average
mirror ratio. The stepwise density falloff from cell to cell as well as
the stepwise increase in density in the first cell as new cells were added,
were also demonstrated. The experimentally determined values of the con-
finement time were also in reasonable agreement with those expected from
the theory. The transitions to the free flow regime at low density and

to the MHD flow regime at high density were also demonstrated.7

Here we give examples from some of the results. In Fig. 6,
we compare the density profile for a long mirror with a three cell system
of the same overall length. Figure 6a shoWs the density profile at low
density indicating the free flow behavior in which fhe density follows
the magnetic field variation. In Fig. 6b, the density has been increased
to the intermediate mean free path regime in which the increased density
in the first cell and the characteristic stairstep density pattern is ob-
served. The ratio of confinement times of 2, between the multiple mirror
and the long mirror configurations is as predicted by the theory.

Another test of the scaling law of multiple mirror confine-
ment time with the number of mirror cells can be made by observing the
changes in the desnsity in the first cell,‘n], for a constant source, as
the collector is withdrawn within a fixed multiple mirror field, thus add-
ing mirror cells to the system. Figure 7 shows the probe current (density)
in the first cell next to the source as a function of collector position

in the (a) low, (b) intermediate, and (c) high density regimes. In Fig. 7b
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the density at the source is seen to increase in a stepwise fashion
as the collector passes each mirror throat, adding another cell to the
system. The increase in density is strongest in the intermediate density
regime, as expected. The first density jump, corresponding to the collec-
tor passing the second mirror is a result of particle filling of velo-
city space due to ion trapping when the first cell is created, and is
not a multiple mirror effect.

The Novosibirsk device8 had 13 mirrors over a 2 meter length
and could be switched between a uniform field and a mirror ratio of M=
1.83 with Bmax==5,h00 Gauss. The device operated in a density range for
which A* >£C such that the axial density distribution should vary exponent-
ially. Comparison of the density in the last cell, s with the density

in a cell, nine cells closer to the source, n,, gave increasing ratios of

9°
n9/nL as the density was increased, indicating that gradual transition
from the free flow to the multiple mirror regime. At the highest density
of stable operation they obtain n9/nL5¥4, which was in good agreement
with the theoretical value of n9/nL==9/2£n9 =4.3. Switching to a uni-
form field gave n9/nl.=l, as expected. They also operated in a transient
(but still line-tied) mode by intercepting the neutral flux before it
reached the hot plate. The increase in the transient plasma lifetime

with increase in plasma density was consistent with that expected from

increasing multiple mirror action.
B. TrhansLent Experiments

The Berkeley multiple mirror device was modified to include

linked quadrupole fields in an attempt to achieve min-ave-B stabilization.
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The basic design follows principles described in Section IlI-A and Refs. 18
and 19. Practical constraints of coil size, mirror iengths, and external
leads, altered the design shape sufficiently that min-ave-B could not be
attained. Subsidiary trim coils (arc straps) designed to counteract the
advgrse effects of the leads, which weaken B where the curvature is unfav-
orable, did not fully counteract these adverse effects. In the final de-
sign the unfavorable average curvature was improved by a factor of 2 at one
half centimeter radius, in the compensated system. The ellipticity is ap-
proximately 10 in this design.  The magnet and quadrupole configuration is
given in Fig. 8.

Transient experiments to test both confinement and stability,

23,16 In the

have been perfcrmed in two density and temperature ranges.
first, a gating coil creates a cusp field between the.multiple mi rrors

and the hot plate to eliminate both the source of new plasma and the line-
tying. Without the quadrupole fields the plasma becomes flute unstable
and moves transversely to the walls. Despite the lack of complete compen-

sation, there is a range of parameters in which at least partial stabiliza-

tion can be obtained.

The decay of plasma density was observed both with Langmuir probes
and with a plasma camera. The latter device could be used both to identify
the modes and to observe that rate of translation of the plasma for the m=1
mode. In Fig. 9 a typical set of sequential plasma camera pictures are
shown for a given mirror ratio and three values of stabilizing quadrupolar
field. The plasma is observed to move mainly in an m=1 mode with some
indication of m=2 and higher modes. The m=1 flute velocity is substantially

reduced with the quadrupolar fields. Similar pictures for other mirror ratios
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indicated increasing instability with increasing mirror ratio. The growth

rate in its simplest form is given by

_2 5 -
y = (&v_ '_> - /i(L) (13)
RC r LB

where LB is the magnetic field scale length and Vv is the ion thermal velo-

city. We therefore expect both the growth rate and the large amplitude

drift to be proportional to LB]’

for varying both the mirror ratio and stabilizing

in Fig. 10 the measured flute velocity

is plotted against L;
the field. Al! points lie on a single curve, indicating the importance of
the [E] driving term, but the dependence is closer to L;z with apparent

stabilization at finite L-] indicating the presence of other stabilizing

B
mechanisms. The decay time under stabilized conditions was of the order
of 1 msec compared to an estimated theoretical decay time of 1.5 msec.

In the second experiment a higher density and temperature trans-
ient plasma was created by a conical 8-pinch source. Keeping A‘ITZ/n con-
stant, the temperature was scaled up by almost two orders of magnitude to
T=10 eV, and the density scaled correspondingly by almost th, to n==1014.
This temperature range with a density of 10]5 (required to allow for ex-
pansion into the multiple mirror) was achieved with a 50 kV, 2 uf capacitor
at a filling pressure of %20 Torr of hydrogen. The gas fill was accomplished
with a pulsed gas valve to keep the main system at low pressure, with a 50
cm uniform magnetic guide field used to separate the neutrals by time-of-

flight (400 psec) from the experiment which has a characteristic decay time

of about 100 usec. An additional fast gating coil can be used to prevent
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the influx of slower plasma. The experimental results were similar to
those at low temperature and density, showing an énset of stabili-
zation with inzreasing quadrupole current. Axial profiles of density are
shown in Fig. 1. Detailed measurements of this nature have been made
and compared with a simulation model of the buildup and decay process,
showing reasonable agreement for the stabilized plasmas.16

We observed that the decay times from the simulation T, were
higher than the experimental decay Texp by 30% to 60%. The main reason
for this discrepancy is probably the enhancement of the ion diffusion
caused by the electrons, which tend to leave the mirror system axially at
a higher rate than the ions (the numerical model ignores electron effects).

A second observation concerns the classical radial losses. The
reduction in’confinement time due to enhancement in classical radial loss
by the ellipticity in the fans at a given mirror ratio, for the simulation,
is 11% at M=1.6 and 20% at M=2.2. For the experiment, these figures are
15% and 29%, respectively. We consider that the radial losses calculated
in Ref. 15 are in reasonable agreement with the experimentally observed
radial losses. We note that the observed radial losses correspond to a
maximum of a few percent of Bohm diffusion and, thus, the level of turbu-
lence in those experiments is limited to a few percent of the Bohm value.
Neoclassical diffusion, arising from particle drifts in the nonaxisymme-
tric fields, has been estimated to be at least a factor of 10 below the
ion-ion radial diffusion and, therefore, could not be osbserved in these
experiments.

A number of reasons may be advanced for the improvement of stab-
ility over that predicted from MHD theory. Although finite Larmor radius

effects theoretically do not stabilize the m=1 mode in azimuthally
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symmetric systems, they may have an effect in the strongly fanned configura-
tion, particularly as the stabilization was more pronounced in the hotter
plasma in which there are only two to three Larmor radii across the narrow
dimension of the ellipse. A related stabilizing effect from nonuniform
plasma rotatior could arise from ambipolar electric fields.

The most probably explanation for the enhanced stability is re-
sidual line-tying. Calculations, including line-tying, have been made
which indicate that, for the amount of external plasma estimated to be
present, the growth of the M=1 mode can be sufficiently slowed to stabi-
lize the plasma during the lifetime of the experiment.zu This conclusion
holds both for the alkali and for the hydrogen plasmas. The residual line-
tying can also destabilize higher order modes, a situation that was also

23

observed in the experiments.
C. Axdial Feedback Experniments

Althcugh line-tying, by itself, is probably not practical for
fusion plasmas, we recall from Section I11-B that line-tying coupled
with feedback may be a viable alternative to min-ave-B stabilization.
Axial feedback stabilization has been successfully employed on the Berke-
ley multiple mirror device using the low temperature lithium source.32
Simple mirrors without the linked quadrupole windings were employed. A
set of eight Langmuir probes arranged azimuthally around the circumfer-
ence of the plesma, a set of eight probe current ampliifiers, an end col-
lector split into four segments, and four feedback amplifiers with adjust-

able amplitude and azimuthal phase were constructed and employed

in the experiment. In the absence of



the feedback signal, the m=1 flute mode was seen to abpear when the
source gating coil was fired, disconnecting the plasma from the hot

plate. The plasma was lost radially to the wall, as shown in Fig. 12a.
With the feedback present and properly adjusted in phase and amplitude,
the instability was absent and the plasma decayed smoothly with a lifetime
of approximately 1 msec. This decay is seen in Fig. 12b. Theory and ex-
periment are in good agreement.

Recently, a mode decoupler has been constructed which aliows
separate and simultaneous observation of the m= 1,2 and 3 mode amplitudes
vs time. Preliminary stabilization experiments using this decoupler have
been performed, in which the m=1 flute mode was stabilized without affect-
ing the higher order mode amplitudes. Qualitative agreement between theory

and experiment has been obtained. The experiments are continuing.
D. The Ten Mcien Experniment

The parameters of the ten meter multiple mirror experiment are
given in Table 1. Detailed calculations of field :ine shapes were made
using the MAFCO code, and the min-ave-B properties of the field structure
was confirmed. A mechanical design was developed, and a prototype cell
was built. An electron source was used to map out the magnetic flux
suefaces. It was found that considerable distortion in the flux surfaces
was introduced by the mechanical design. Field line calculations were
extended to include various types of field errors, so that these errors
could be predicted. Redesigned sets of one, three, and five cell systems
were tested to determine field alignment procedures and the use of the

compensation windings. Satisfactory resul ts were obtained.
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In Fig 13a photographs of flux surfaces at various axial posi-
tions in a cell are shown as taken by the plasma camera. In Fig. 13b the
theoretical and actual flux surfaces are shown after passing from midplane
to midplane through three cells of a five cell system, showing the dipole
field distortion before and after applying the correction fields. The
entire system has been constructed employing the revised mechanical design.
A single cell is shown in Fig. 14, giving the main features of solenoid
and weak quadrupole bars, and with the mirror and strong quadrupole
embedded in fiberglass epoxy to withstand 20 kG stresses. Electrical
tests of the system and the theta pinch source are currently under way.

The experiments are continuing.
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\% REACTOR FEASIBILITY

A. Basic Reacton

Preliminary evaluations of the significance of the multiple
mirror concept have been made by estimating parameters for steady state
reactors, assuming synchrotron radiation, radial diffusion, and axial
and radial heat flow losses are negligible. Both beam-driven DT and wet-
wood burner configurations have been considered. The energy flows consi-
dered are fusion neutrons Pn’ fusion alphas Pa, bremsstrahlung power loss
PB’ and power loss associated with plasma loss along field lines PK‘
Taking a practical magnetic field limit Bmax in all mirror throats,
the midplane field is chosen to maintain the plasma B constant, which
allows for the maximum mirror ratio in each cell.

We assume Pn and P_ are converted into electricity by a thermal

B

cycle at efficiency Ny Ea is deposited directly within the plasma, and
Pp is directly converted into electricity at efficiency "pe* The reactor

Q is defined as

Pflﬁubion power)

o
"i

’

Pb(injecied, on necinculating electrnical power)
and the power ratio QE is defined as

P(total electrnical power generated) .

Q .
E Pb(injected, on necineulating electrnical powenr)

For P+ >0, Q. >1, the recirculating electrical power fraction is QEI.
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One possible method of supplying the recirculating energy is by
high energy neutral injection transverse to the device. An additional
benefit is the power produced by hot deuteron warm triton fusion reactions.

1, 31

Computational studies of energy ba]ance have been undertaken
order to investigate reactor parameters available under two-component oper-
ation. A simplified reactor model was considered to explore the effects
of two-component operation and impurities, rather than to economically
optimize reactor parameters. Variable length mirrors were placed along
the entire lenyth of the device, with length chosen to maintain a constant
A*/£c==.25 in each mirror cell. The energy flows between the hot and warm
components and the thermal converter are shown in Fig. 15. The hot component
is nonmaxwellian with density s and is supplied by an energetic neutral
deuterium beam with beam energy Eo. The warm component is Maxwellian at
temperature T, consisting of a density ng of deuterium and n, of tritium.
The total ion density ni:=nh+nd+"t' As shown in Fig. 15, of the injected
beam power density Pb’ a power density Pt is collisionally transferred to
the warm component, with a small scattering loss Ps remaining. Fusion
reactions between both hot and warm deuterons, and warm tritons, produce
neutron power densities Poh’ in and alpha particle power densities Pah’
Paw’ respectiveiy. The alpha particles deposit their entire energy in
the warm plasma.

The velocity distribution of the hot component is obtained from
the Fokker-Planck Equation}l or by using an average energy approach.3]
The power densities Ps’ Pt’ Pnh and Pah are then evaluated. These power
densities, along with in, Paw and P_ all scale proportional to nz, inde-

B
pendent of the reactor length L. On the other hand, the multiple mirror

_29-



7/

loss RK is proportional to T 2/Lz, independent of ng: The equation for

power balance in the warm plasma can be cast in the form

1
-_= X(EO’T’f’E’MI)

p%LZ
where f==nd/(nd+nt), e==nh/ne, M, is the mirror ratio, and the plasma
pressure p, «n, has been used. Thus, if the plasma pressure is doubled,
the reactor lergth is halved. The subscript 1 refers to quantities evalu-
ated in the center cell.

Té optimize the system, we write Q(EO,T,f,e,M])==Pf/Pb, where
Pf is the total thermal fusion power density. Holdina Q fixed, we maxi-
mize X. For a given M], optimum values of Eo, T, f and € are then deter-
mined. For these values, a minimum reactor length is found.

A neutral beam driven, multiple mirror reactor may be operated
in two possible modes. For Q less than about 3.0, a pure two component
mode ('‘wetwood burner') produces the smallest reactor length. The warm
plasma is pure tritium (f=0), and all fusion reactions arise from the
interactions of beam deuterons with warm tritons. For Q greater than 3.0,
the minimum length system has a warm component containing both tritons
and deuterons { >0, with f+0.5 as Q tends toward the self-sustaining

condition Q+». Fusion reactions between deuterons and tritons in the

warm plasma play an important role, and dominate the behavior as Q-+w=.
B. Wetwood Buwen Reference Reactorn Design

A Q of 2.1 has been chosen for the reference reactor design,

corresponding te a wetwood burner mode of operation. For this reactor,
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the energy confinement time for the pure triutium, warm component
Te is of the order of or shorter than the triton-electron energy exchange
time Tie® This allows the warm-ion temperature T, to be significantly

depressed below the electron temperature Te. Since the axial power loss

5/2

scales as Ti (Ti+Te)’ the axial energy loss is reduced, while the hot
component fusion reactions are maintained.

The power ba]ance equations for the warm electrons and the tri-
tons have been solved self-consistently, assuming unequal electron and
ion temperatures.Bh For the beam and o particles, average powers have
been used, rather than those calculated from the Fokker-Planck Equation.
For given values of the beam energy Eo’ Te and Ti’ the relative beam den-
sity €, the reactor Q, and the product pILM] have been determined. The

value of plLM has been minimized with respect to Eo’ Te and Ti' The

1

results are presented as a graph of plLM] vs reactor Q, as shown by the
steep solid curve in Fig. 16. At Q=1.5, the reactor length is reduced
by almost a factor of two, as compared with the equal temperature case.
For Q=2.5, the length reduction is about 30%.

Choosing representative values of nDc==0.8 and nT==0.5, we find
for Q=2.1 that QE==2, a reasonable value on economic grounds. Reasonable
choices for the plasma B and the mirror ratio are 8=0.8 and M]==3.3. We
then find E0=l80 keV, Te=6 keV, 'I'i =4.5 kev, Py =290 bar, e=.16, n =

3

7.7><1015 cm”, A, =25 m, and 1. =0.6 msec. The reactor consists of 7

1 E

cells and is 32C meters long, with a midplane (vacuum) field B of 9.3 T

and a mirror (vaccum) field B, =14 T. For P = 1500 MW,

net electrnical

the plasma diameter in the center cell dl is 3.0 cm, the mean plasma

Im
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diameter, averaged over z, is 6 cm, and the injected beam current is
8.3 kA.

The min-ave-B magnetic fields can be generated entirely by
superconducting coils placed outside the reactor blanket in the usual
manner. Alternatively, the solenoidal and weak quadrupole fields can
be generated using superconducting coils, with required mirror-strong
quadrupole fields near the mirror throats being generated by small,
""basebal I1-type' copper coils placed inside the blanket. In this case,
the copper coiis must generate a field of B]m~Bl=lL7 T. The ohmic
power dissipation in such coils can be a small fraction of the total
output power of the reactor, as described in Section V-G.

The maximum cross-sectional area available for neutral beam
injection is La, where d is the average plasma diameter. For injection
along a single diameter, this implies an average beam current density
of 0.43 kA/mz. For a beam source currently being developed of 10 kA/mZ,
four percent of the reactor length would be used for injection. This
requi res aproximately 30 beam sources at this density of the type now

33

being designed at the Lawrence Berkeley Laboratory. The varying plasma
density along the reactor length allows matching of the neutral beam energy
absorption to the plasma line density across a diameter. The subsequent
energy transfer, primarily to the electrostatically confined electrons,
is distributed axially throughout the plasma.

The theory of neutral beam ionization has been worked out in

34

considerable detail. For our purposes we have used these results to

calculate the beam attenuation in the form
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"least as fast as 1/T

=1, exp [-n (GV)IOI r/vb] '

where <Gv>tot’ the reaction rate for ionization 1is a weak function
of the beam energy and plasma parameters,.vb is the beam velocity, n
the plasma density, and r the attenuation distance. For the wetwood
burner operation, the design case of Eb==l80 keV and the typical plasma
parameters, we find\g/(cv)t0t==5 ><10]!5 cm-]. To obtain an attenuation
by l/e2 to the center of plasma (r=1.5 cm) we find n=6.7x 10]5 cm_3.
This implies injection into an axial density slightly lower than the peak
axial density of n]==7.7><10IS cm-3. For the higher density operation with
interacting D-T lower energy ion species, a combination of higher beam
energy and operation further down the axial density distribution would
be required. |

Star:-up does not appear to be a problem in a multiple mirror
reactor. If the plasma density is maintained at its reactor value, beam
trapping efficiency is essentially constant down to arbitrarily low plasma
energies. The rate of energy transfer to the plasma increases with de-
creasing plasma temperature. Energy loss from the plasma decreases at
3/2, and is negligible at low plasma energies. Thus,
build-up of plasma energy proceeds rapidly toward the operating tempera-
ture. An additional requirement both for stability of operation and
build-up is that at the operating temperature dﬁuyt/dT< 0, which implies
that T be chosen slightly higher than the temperature which maximized Eq.

(14). This requires slightly more beam power if all other parameters are

held constant.
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in making the above choice of reactor parameters, we have opted
for a high but practical magnetic field strength, in order to minimize
the device length. |If these requirements (Bhn=lh T) are difficult to
achieve in anaverage minimum B field configuration, they may be relaxed
at the expense of an increased reactor length. For example, consider
doubling the length from 320 m to 640 m. For constant Q, M], and B the
the multiple mirror scales as B2L==constant, such that all magnetic fields
are reduced by .707 of their original value. The superconducting solen-
oidal field is then 6.6 T and the additional normal mirror field is 3.4 T.
These values appear to be obtainable even with today's technology. IZR
losses and forces in the mirror-quadrupole coils have both been reduced
by a factor of 2. To keep the same number of Larmor radii across the
device we hold rB=constant, implying an increase in radius by a factor of
Y2. The total fusion power is proportional to n2r2L, and is thus con-
stant. Since (i is also constant, the beam power is constant, but can be
spread over a iarger area. The new area Ld is 2.8 times larger, implying
at 10 kA/m2 current density, that roughly 1.6% of the reactor length is
used for beam injection. Holding the wall loading censtant keeps the
power density within the vacuum chamber constant, but lowers the power
density, within the magnetic field structure by about V2. The result is
a redesigned lcwer field reactor which has nearly the same characteris-

tics as the higher field one, except for length.
C. Conventional Beam-Drniven Reacton

For Q> 3, the optimum reactor mode of operation consists of a

warm plasma containing both tritons and deuterons. Both beam-triton and
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warm-component DT fusion reactions occur, although typically the latter
dominate. The energy confinement time Tp is longer than the ion-electron
equilibration time, so that the equal temperature assumption Ti==Te

is valid. The power balance equation has been solved in this limit.]l
The solid curve to the right in Fig. 16 shows p]LM] plotted against the
reactor Q. For comparison, the dashed curve shows plLMI for a conventional
mutliple mirror reactor driven by some means other than neutral beam injec-
tion, such that beam-triton fusion reactions are absent.

For comparison with the more favorable wetwood burner mode of
operation, we again choose to examine the case Q=2.1, nDc==0.8, nT==0.5,
QE=2’ 8=0.8 and M1=3.3. At this Q, T=4.8 keV, Eo=180 kev, f=.28
and € =.002. For a reactor length of 320 m, we then have pl==900 bar,

n =6.h><10]6 cm-3, mean free path A, =3.1 m, center cell length £c1=

3.7 m, and end cell length lce==2h.3 m. The reactor consists of 30 (var-
jable length) cells, and the energy confinement time is TE==2.9 ms. We
also have B]==l6.5 T (superconducting solenoidal field) and Blm==25 T

(8.5 T additional normal field coil). For the reactor to generate Pnet

= 1500 MWe, we have an injected neutral beam current n>=8.3 kA and a cen-
ter cell plasma diameter d] of 3.6 cm. The magnetic rield requirments
are severe, but they can be scaled down by increasing the length, as

noted in the previous section. Doubling the length to 640 m, for example,
reduces the field by 1/V2 to 11.7 T in the superconducting solenoid and 6

T additional normal field in the mirrors.
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D. Low Z Impuwrities

Another study involves the addition of a small fraction fz of a
fully ionized, low Z impurity to the warm plasma.]] This impurity pro-
duces effects in the power balance equation which are proportional to
szz, Zfz and‘fz. Iﬁ addition, there are power flows due to free-bound
and bound-bound bremsstrahlung if the impuritfes are not fully ionized.
The dominant effects are those which scale as szz. These include (1) an
increase in free-free bremsstrahlung radiation P, (2) a reduction in
multiple mirror power loss PK’ due to increased scattering of warm D and
T ions against the impurity ions. |If the reduction in E@ is greater than
the increase in PB and PS, then the addition of impurities may actually
enhance confinement, i.e., cause the reactor length to decrease.

A core has been developed to minimize the system length, includ-
ing all these terms. A corona equilibrium model was used to estimate the
fractional impurity ionization. Typical results for a high impurity con-
centration, ~1%, Sre shown in Fig. 17. It can be seen that there is a
reduction in system length of order 10%. Reactor operation is insensi-
tive to impurities, which may even be beneficial. Also of significance,
multiple mirror operation is possible at considerably higher temperatures
than in the absence of impurities. This is of importance because in
the absence of impurities E and T ions in the extreme Maxwellian tail of
the warm component generate the bulk of the fusion power.

At these high impurity concentrations (of order 1%), there will
be significant radial loss of warm ions due to classical diffusion against

these impurities. This effect has not been studied in detail. However,
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a crude estimate suggests a factor of ten enhancement, which implies
radial loss roughly half the axial loss for the reference reactor design
radius. For impurity concentrations considerably less than 1% the enhanced

radial losses are not significant.
E. Othern Enengy Losses

Other energy loss processes, which have been neglected in the
foregoing analyses, include synchrotron radiation, radial diffusion, and
axial and radial heat flow. Synchrotron radiation losses are negligible
for these low temperature, high density regimes.

As discussed in Section |1-B, for the design reactor, like
particle diffusion is more than a factor of 10 slower than axial diffu-
sion. Classicel diffusion is also negligible for the parameters considered

here. This is seen by comparing the radial diffusion time

- (M/m)%RZA

r
alv,
[

to a typical energy confinement time t For typical multiple mirror

£’

parameters, ai/rpQ§O.2 and )\/vi’\‘:IO“5 sec, yielding 1, % 25 msec, more

R
than an order of magnitude larger than the energy confinement time 154:0.6
msec. The plasma column is assumed to be isolated from the chamber wall
by a vacuum layer. This layer is maintained even in the presence of
radial diffusion, since enhanced confinement due to multiple mirror action

ceases at the low density plasma edge. The edge particles are therefore

lost axially, rether than flowing radially to the wall. The radial

_37-



temperature distribution is thus assumed to be uniform, and energy loss
due to radial heat flow is negligible.

If the confining'magnetic field is not axisymmetric, then
radial losses will be enhanced. In particular, if minimum average B
fields are used, enhanced radial losses will occur near the fanshaped
flux surfaces at the mirror throats, as discussed. in Section |I-B. A
calculation of radial diffusion in elliptical geometry, including the
effects of both ion-electron and ion-ion collisions, indicated a consi-
derable paramerers range over which radial losses, while enhanced, are
still small compared to multiple mirror axial losses.]S

As pointed out previously, electron heat flow and the resulting
cooling of ions on electrons must be prevented by separating the plasma
from the end wall with an insulating sheath. In one possible end confi-

25

guration,“” a distributed sheath is generated by expanding the end loss

plasma, reducirg both the number and the power density of the plasma to

d3° that

some reasonable value near the end wall. |t has been estimate
the insulating sheath will be maintained provided that the power is kept
below 200 W/cmz, to prevent the emission of cold electrons from the end
wall. For a 1500 MW end loss this requires 750 m2 6f collector area,
divided equally between the two ends.

In the preliminary feasibility calculation, it was assumed that
every ion lost an average energy 3T axially, and that an electron with
equal average energy was also lost. The axial energy loss per ion-
electron pair was thus taken to be of order 6 T. However, the existence

of an insulating sheath of order 4 T results in the loss of an ion with aver-

age thermal energy of order 3 T and directed energy of order 4 T, accompanied



by an electron with energy of order T. The total axial energy loss

per ion per elactron pair is then of order 8 T, rather than 6 T, leading
to an increase in reactor length by a factor of (4/3)%==1J5. However,

this increase can be compensated by a small increase in the direct con-
version efficiency, an increase which seems reasonable in view of the o
directed nature of the ion energy spectrum when it i3 accelerated through
a b T sheath potential.

The axial electron heat flow time within the confined plasm is
short, of order Lz/Ave5¥IO-h sec. Thus, the electron temperature within
the plasma is a constant, independent of axial position z. Axial ion
heat flow within the confined plasma tends to maintain the ion tempera-
ture constant with z. Axial ion heat flow across the insulating sheath
does not occur, since the ions are in a low density, collisionless
regime in this region. However, the basic multiple mirror loss rate is
enhanced by the ambipolar potential in the plasma. The enhanced loss

rate has been used in the feasibility calculations.

F. Nonclassical Collisions

With the mean free path dependent on classical interparticle
collisions, the range of densities for which favorable scaling occurs
is limited and a reactor requires high magnetic fields and long lengths.
If a scattering mechanism exists independently of collisions between part-
icles, then reactor parameters can be found with considerably lower field
and length requirements.

A preliminary evaluation of the collision - independent multiple

mirror concept as a steady-state reactor has been made]2 by estimating
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the parémeters-fOr a self-sustaining reactor independently of the phy-
sical mechanism of producing diffusive loss. We assume a reactor with
constant temperature T, linear density profile, and constant cell length
£C and mirror ratio M. We assume that a prbcess exists for limiting the
mean free path to a cell length, and the effective time between steps,
to the transit time multipled by the ratio of trapped-to-untrapped phase
space. The axial power loss per unit volume is then calculated to be

32pIlcVT

b (15)

L am2m

where vT==(kT/mi)%, p]==2n]kT is the plasma pressure, and the power loss
includes the usual enhancement due to electron energy loss and ambipolar

effects. The self-sustaining reactor condition Pa==P£f+PB yields

£

C

2
L p]M

= H(T) . (16)

H(T) has a maximum Hyy at TN 14 keV. We then have

1
2

L
L= <——°—) (17)
PyMHy

independent of the process producing the diffusion.

For a given maximum pressure Py> there are three factors which
act to reduce L below the collisional muitiple mirror reactor length Lcoﬂ’
as follows:

(n) The cell length KC can be smaller than the optimum cell length

for the collisional multiple mirror confinement.

_40-



(2) The optimum plasma temperature of 14 keV is larger than the
optimum for collisional multiple mirror confinement (6 -7 keV) thus lead-
ing to a larger value of H.

(3) The effective mirror ratio M can be much larger than for colli-
sional multiple mirror confinement.

The total reactor fusion power is given by

1

£ Fi
= 3/2{ ¢
Pe = .034 Ap] (M> (18)

where Pf is in MW, P in bars, the reactor cross-sectional area A==nr§
is in cmz, and ZC is in m.

The vaiue of KC and R are determined by the particular noncol-
lisional confinement scheme which is employed. As an example, we choose
KC/M==0.1 m. With these assumed conditions, self-sustaining reactor
lengths are modest. For example, at a pressure P o7 400 bar and a
fusion power Pf==3000 MWt, the reactor length is 225 m and the central
plasma diameter is 6.6 cm. These results are considerably more favorable
than those obtained for collisional scattering where a self-sustaining
length of 2200 m was calculated at a pressure of 1200 bar.

Possible methods of decoupling pitch-angle scattering from inter-
particle collisions are by introducing nonadiabatic effects, either with
low field regions, or with rapidly varying fields. These effective colli-
sions, induced by the breaking of magnetic moment invariance in low field
midplane regions of a multiple mirror system, are currently under study.
The collisions can lead to enhanced radial loss; however, as noted in Sec-

tion |1-B, enhanced radial loss does not occur in an axisymmetric system
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due to the invariance of the canonical angular momentum Pg- Numerical
studies of radial diffusion in such systems are currently being performed,

using the TIBRO code.
G. Reactor Deiign

Little attention has been given to the design of specific reac-
tor components. The axially averaged neutron power loading is of order
10 MW pef meter of length, with the bremsstrahlung povier loading being
perhaps 1/10 of that. The wall loading is adjusted by varying the wall
diameter. For a neutron loading of 3 MW/mZ, the diameter is 1 m.

For the wetwood burner reference reactor design of Section V-B,
with a reactor length of 320 m, the coil system consists of a linear
superconducting solenoid plus weak quadrupole coil generating a field of
9.3 T, with mirror and strong quadrupole fields provided by either super-
conducting coils, or by small, steady state nonsuperconducting coils
which add 4.7 T to the superconducting solenoidal field. No studies of
superconductinc magnet design have been made. The design of a nonsuper-
conducting simple mirror coil to generate 10 T fields has been examined
in order to identify problems and difficult design constraints. The coil
design finally considered was of hard drawn copper, water cooled, Bitter
design (j “r-]). Higher strength copper alloys might also be used. The
inner diameter was 10 cm, the outer diameter was 40 cm, and the coil
length was 20 cm. The coil is placed inside the neutron blanket. The
following factors were considered in the design: (1) magnetic forces
and mechanical stress, (2) ohmic power dissipation, (3) neutron energy
deposition, (4) bremsstrahlung energy deposition, (5) cooling require-

ments, (6) neutron damage and (7) activation. The most critical factors
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were (1) and (2), both of which biased the design toward small dimensions.
The ohmic power dissipated in a single coil is about 2 MW. For the wet-
wood burner reactor design, the ohmic power loss for efght coils is then
of order 16 MW, for a 1500 MWe net power output reactor.

Little consideration has yet been given to the design of coils
producing min-ave-B fields. It is expected that the solendoidal field,
and the weak quadrupolar field in the cell midplanes, will be generated
using, respectively, a superconducting solenoid and a set of supercon-
ducting, linked quadrupole bars. The mirror fields and the strong quadru-
polar fields near the mirror throats may be geneated by either supercon-
ducting or by conventional coils. Difficult constraints are imposed on
the design of these coils. The coil structure must support the high
stresses and generate the spatially varying fields requred by the min-ave-B
condition. Fo- a realization using conventional coils, the use of separ-
ate Bitter-type magnets to generate both mirror throat, leads to consi-
derable ohmic power dissipation. The evaluation of a ''‘Baseball'' coil
design is a logical next step in examining the feasikility of magnet de-
sign for achieving min-ave-B in a reactor. This evaluation is currently
under way. An wlternate concept is the fitting of current elements to

the current patterns on an elliptical flux surface near the fans.
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TABLE 1

PARAMETERS OF the 10 METER MULTIPLE MIRROR EXPERIMENT

max, = 20 K6 maximum §ield in minron throat
M= 4 movon hatio
£ N R=7.5cm mivon scale Length
KC =75 cm cell Length
N=1 number of cells
= 1.15 cm midplane hadius fon ma@inaﬁ stabilization
Q = 23 fan ellipticity
Fmin = 12 cm minon /Lad/éu/i 04 fan
Foax = 2-8 cm majon radius of gan
T, X T = 10-50 volts
Nax = 1014 - 10!° cm_3
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arrows indicate Qm/Ln for singular fields.



.20 —

05

FIGURE 2

M=4 R/L=.2
—— EULER EQUATION CALCULATION
l'w 5 [M3(Q-QM|N)]I/2

02

Well radius vs ellipticity,



a

QUADRUPOLE RADIUS
MIRROR RADIUS

1.4 -
M=4 R/L=.2
1.2 = CURRENTS
OPTIMIZED
- a) Maximized 1y,
1.0 4 cr qs
vs coil dimen-
sions
0.8 | l | —
0.8 1.0 |.2 .4
C:QUADRUPOLE LENGTH
- MIRROR RADIUS
/\
| ;o\
4 - / \
|
—— COIL DESIGN R=1.2 C=LlI |
— — OPTIMAL FIELD \
3 — (EULER EQV. Q=23.5) \
gR \
5 \
|
2 \
l —
|
O 4— 7 | I I
0.0 2 4 6 8 1.0

Z/L

b) Comparison of quadrupole field shapes

FIGURE 3 Quadrupole field.
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F'eedback gain vs phase angle, showing theoretical stability
boundaries for axial integral feedback stabilization. Solid
curve: absolute stability. Dashed curve: unstable, with

growth time grecater than 400 usec.
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FIGURE 7 Langmuir probe ion saturation current (density nl)

in the first cell as a function of collector position,
in the (a) low density, (b) intermediate density, and

(c) high density regimes. Potassium, 5 cells.
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FIGURE 10

Flute velocity vs effective maghetic field
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FIGURE 12

WITHOUT FEEDBACK

amplifier gain=0

WITH FEEDBACK
amplifier gain=0
phase angle =180°

Typical Langmuir probe saturation currents vs time for axial

integral feedback stabilization. Top trace: probe at r= 0.

Bottom four traces: probes at r=0.5 cm, 90° apart in azi-

muth. Timescale: 200 psec/cm.
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Uncompensated

Compensated

(a) Theory

FIGURE

13b

(b) Experiment

Theoretical flux surfaces (a) and experimental flux
surfaces (b), measured using a low voltage electron
beam and a "plasma camera' illustrating the correc-
tion of dipole distortion. The experiment has been

enlarpged - byia ‘factor of 4.
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FIGURE

14

A single multiple mirrer cell. The two midplanes are
at the ends, with the min-ave-B mirror strong quadru-
pole windings embedded inside the epoxy-fiberglass

gylinder in the center of the cell. The weak guadru-
pole bars are attached to the outside of the cylinder,

and are surrounded by the seven turns of the solenoid.
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Pressure-length-mirror ratio plLM1 vs Q for a wetwood burner
(WWB), a multiple mirror reactor without injected beam MM(f% ,
Ph =0), and a multiple mirror reactor with injected beam MM

(f optimized), for M1 =3.3.
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