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INTRODUCTION

'f‘ugethﬂr with toroidal systems, which now hold a leading position in controlled
thérmnnuclear fusion tesearch, an important place also belongs to open plasma
confinement systems. Because of their geometrical simplicity and technological advan-
tages they are considered as one of the main alternative concepts for a thermonuclear

reactor.

During the last twenty years considerable progress has been made in developing
new types of open systems, which possess improved longitudinal confinement in com-
parison with the ‘‘classical” single cell mirror [1,2]. The plasma lifetime in a single
cell mirror is roughly equal to the ion-ion collision time, which is marginal for a
fusion l.;E:aCtﬂl'. Furthermore, if microfluctuations are exited in the plasma, due to the
non-Maxwellian velocity distribution, then scattering on these fluctuations can transport
velocities into the mirror loss cone, with corresponding deterioration the reactor power
characteristics. Since the level of fluctuation needed for significant enhancement only
exceeds the level of thermal fluctuations by a few times, simple open systems, are very
sensitive to the presence of high frequency microinstabilitics. Our present understand-
ing is not sufficient to insure that known methods of stabilization of mese microinsta-
bilities will be effective under thermonuclear reactor parameters. Therefore one of the
central aspects of open system investigation is to search for methods of confinement
fﬁr which the longitudinal losses are not strongly effected by the influence of microin-
stabilities.

One concept for improving this situation is that of the Tandem Mirror [3,4]. In

this concept a long central cell has improved ion confinement due to electrostatic



forces arising from the higher density end cells. This improves the basic confinement,
while at the same time flux from the central cell niay inhibit microinstabilities by par-
tially plugging the loss cone. The tonditions for inhibiting the instabilities are delicate,
‘and experimental results were not as favorable as theoretical predictions.

Another solution to this problem is to have an open system whose length exceeds
the mean free path of the charged particles. Under this condition the velocity space

distribution function is close to an equilibrium Maxwellian which therefore eliminates

the thermodynamic drive for a wide class of microinstabilities. This makes the physics

of plasma confinement simpler and therefore allows more reliable predictions of the
various confinement schemes. However, to have a device of reasonable length the
value of the mean free path must be radically reduced, requiring both low temperature
and high density. The practical realization of a device in this temperature and density
range also requires the reduction of energy and particle flux to the ends of the
machine. One pﬂﬁsibilit)r of achieving this reduction consists in corrugating the mag-
netic field, E'D. that the flux becomes diffusive rather than a free interial flow.
Configurations of this type have been called “‘corrugated open traps’ or “‘multiple
mirrors.””

A multiple mirror consists of a set of mirrors which are connected to each other
at their ends and have a full length L. which exceeds the mean free path A of the parti-
cles. If, at the same time, the corrugation period / < A then a transiting ion will be
trapped in one of the mirrors, due to Coulomb collisions, before it leaves the plasma.
When after a few oscillations it again becomes transiting, the direction of its longitudi-

nal velocity changes with respect to its initial velocity in a random way. The resulting

motion of ions is thcfefnm a random walk with characteristic space step A and time
interval A/vy;. As a result the free inertional plasma flow in a uniform magnetic field
turns into slow diffusional expansion along the corrugated magnetic field, which is
described by the law
: v . 22~ Dt ~ Qv

The effect of the reduction of the plasma expansion rate can be interpreted in
another way as the result of the, friction of transiting particles colliding with the
trapped particles. The latter ones give their momentum to the magnetic field. One
should emphasize that in a straight magnetic field the diffusive process is not possible
because the collision of a pair of ions does not change their total momentun;, in a cor-
rugated field such scattering results in trapping in mirrors with high probability (i.e. the
loss of the total momentum) with corresponding' decrease of the plasma expansion
velocity. This effect allows a considerable reduction in the length and energy input in
a reactor based on multiple mirror confinement. The multiple mirror concept has the
additional very useful property that if the confinement time (and therefore the reactor
Q) falls short of predictions, the desired values t:.an be recovered by making the device
a little longer, with T, improving proportionally to L=

We now give a brief history of the idea of multiple mirror confinement. The
term “‘corrugated field”” has been mentioned in papers on plasma physics over a long
period, (see, for example [5]) but this work is not directly related to axial confinement.
A mechanism similar to that of multiple mirror confinement was discussed in [6],
which analyzes the slowing down of longjtudinal plasma motion inside of a dense

pinch plasma, by use of rough walls. A boundary between plasma and magnetic field



with B = 1, i.e. no field inside the plasma, was considered, and particle motion in the
transverse direction was limited by reflection from the corrugated magnetic surface.

Another statement of the probleth was considered in [7], where the effect on

_ confinement of a single mirror by adding additional cells was studied. The approach

taken in [7] was based on the Monte-Carlo cal;:ulati{}ns of particle behavior in the cor-
rugated field with fixed scantering centers. In connection with this model we should
note that a fixed scattering center model can produce diffusion even in a straight mag-
netic field, so the diffusive character of plasma expansion in a corrugated field cannot
be confirmed using a ﬁxqi centers model. As to the results of [7], because the plasma
temperature and density were chosen such that L = L the wrong conclusion was made
that there is a linear dependence of lifetime on the number of mirrors. This was
pointed out in [8], where the fixed centers model was used in the proper mean free
path regime, so that the correct quadratic dependence of lifetime on number of mirrors
was found. The. result was consistent with that obtained in a different problem in
which r.f. induced scattering in small mirror cells was investigated [9]. Although this
result was based on the fixed centers model and is therefore not rigorous it was intui-
tively clear that trapped particles would behave similar to fixed scattering:; thus, it
encouraged the authors to pursue a self-consistent treatment of multiple mirror

confinement [10].

Independently from this work, being carried out in Berkeley, at approximately the
same time a self-consistent analysis of multiple mirror confinement was performed by
a group in Novosibirsk [11] that contained a quantitatively precise description of the

effect of the corrugation, The diffusion equation for plasma density that was first given
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in {-1 1] was derived from the full set of kinetic eqqatinns haséd on actual i, ee, and
ei collisions. The detailed presentation of the theory appeared in [12]. The
mathematical methods needed for the construction of this theory, was parily based on
the papers published earlier under the study of the pl‘ﬂblE;.[ﬂS of elec_tri}mnductivit}r of
inhomogeneous plasma [13] and skin-effect in corrugated magnetic field [i4, 15].
Hawever,. the consideration of some aspects of multiple mirror theory, particulary the

construction of macroscopic equations for plasma parameters, required the creation

of new methods.

In summary, the concepi of multiple mirror confinement was independently
invented and developed in Novosibirsk and Berkeley from the beginning of 70’s.
From that time umil_ the present it has been extensively studied from both theoretical
and experimental points of view as a new method of longitudinal plasma confinement.
The bibliography of multiple mirror systems now numbers more than 100 papers.
Since the basic studies in this field are reasonably complete it appears to be an
appropriate time to present a detailed description of the results. The main attention
in the present review is on the results of axial loss theory.

Since the plasma parameters during the expansion along the field vary consid-
erably, the theory should cover this wide parameter range. In Section 1 the various
regimes of reduction of the plasma expansion rate are qualitatively disc_pssed, the
velocities of plasma motion are estimated, and the regimes are classified delpending
on the mean free path, the length of corrugation and mirror ratio. .

A rigorous theory of longitudinal plasma flow in a corrugated magnetic field is

given in Sections 2 and 3. In Section 2 the method of construction of flow equations
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is described for the case when the particle motion within the length of each mirror
can be considered .as collisionless (e.g. with small-scale corrugations) . Although, in
this regime, the flow of plasma does not obey the ordinary two-fluid gas dynamic
equations, the smallness of A compared with the scale of longitudinal inhomogeneity
(which can normally be assumed equal to L) is sufficient for the flow of the plasma
to be described macroscopically by means of moment equations.

The investigation of the opposite limiting case of collisional cells (regime of
large-scale corrugation) is presented in Section 3. For the case of large-scale
corrugations, when the mean free path is small in comparison with the period of the
corrugation, the two fluid gas dynamic equations can be used to describe the motion.
Besides the pure gas dynamic casé the tﬁenry of an “intermediate” regime, which is
realized in a magnetic field with narrow collisionless mirrors ("point" mirrors) is
discussed as well. Since there are a number of different regimes, it is useful to construct
a single approximate equation which covers them. Such an equation proved to be
effective, fci? example, in the analysis of the problem of reducing the length and energy
of the reactor due to inserting a small amount of heavy impurities with Z >> 1.

In order to be useful as a controlled fusion device, the multiple mirror confinement
scheme must have a reactor embodiment that is feasibia, i.e., one that operates with
reasonable magnetic field strengths, lengths, and average powers. Although the
results of the basic confinement studies at Novosibirsk and Berkeley gave similar
results [10, 12], two quite different reactor embodiments were conceived. The
Novosibirsk group considered a pulsed reactor concept with dense plasma (10—
10" cm™?) heated by means of relativistic electron beams. Since at the high density

and thermonuclear temperature, megagaus fields are required for magnetic

confinement, the alternate radial confinement mechanism of “wall” confinement (]
>> 1) is considered, for which the magnetic field suppresses only the transverse
thermal conductivity, but equilibrium in this direction is provided by the rigid walls.
The length is kept short due fo the high density (n~ 10'7em™) and the average power
and wall loading is maintained at a reasonable level by having a low duty cycle. The
concept was put forth and developed in a series of papers, which we reference in
Section 4.1.

In contrast. the Berkeley group considered a steady-state reactor with # <1. The
highest feasible supercenducting magnetic fields were used in the central cell to have
high density (n~1 0'%cm™), to keep the length short, and employing a few relatively
large mirrors. The average power was high but could be partly conitrolled with the
plasma radivs. The concept was set out and further developed m a series of papers
referenced in Section 4.3.

Because of the very different reactor concepts, ancillary physics, required to
validate the concept, also took different paths. For the pulsed concept, major concerns
were the effectiveness of the magnetic insulation, and the maintenance of the on-axis
mirror ratio, both arising from the high § operation. These concerns were addressed
in a series of papers, which we reference in Section 4.2. For the steady-state concept
the major ancillary concern was MHD stability. Since a multiple mirror is, at best,
avarage minimum B, the conditions for stability and the design of appropriate magnetic
lield siructures, particulary for the large mirror ratios, becomes quite difficult. Early

work considered low g stability, while later work also dealt with ballooning modes.

We reference these studies in Section 4.4.

&



The early theoretical results of the longitudinal confinement encouraged parallel
experimental efforts in Novosibirsk and Berkele.y to confirm the results. These expe-
riments employed alkali plasmas that were easy to produce and could operate in a
density-temperature regime in which multiple mirror confinement could clearly be
observed in small laboratory experiments. MHD stability was insured by line-tyving
to a cathode at which the plasmas was generated. The results of these experiments
confirmed the main aspects of multiple mirror confinement theory, although in a
regime very different from the usual fusion experiments.

Following the early quite similar results, the experimental work in the Berkeley
and Novosibirsk groups diverged, in accordance with the reactor concepts being con-
sidered. The Berkeley group was interested in investigating combined confinement

and MHD stability in a more realistic, but still scaled, density and temperature regime

] (neﬂlﬂucm"_a, T=T;=10 eV). Plasma was injected into the center of the device,

either from one or both ends, and allowed to decay. Linked quadrupole fields, built
according to the results of the low g stability calculations, were employed. Two devi-
ces of lengths 3 meters with 7 cells and, later, 10 meters with 10 cells were employed.
The results, pal_'ticuTarly in the large machine, were consistent with the multiple mirror
confinement calculations and indicated stability up to 8==1, as predicted. The Novosi-
birsk group was interested in creating plasmas with f# >1 on aﬂ, requiring novel plas-

ma injection and heating schemes. This work has led to the development of a 7 meier

electron beam-plasma interaction experiment with plans to increase the length and.

insiall multiple mirrors. These experimental investigations are referenced in Section

5, where the results are presented. This is followed by a summary and conclusions.

1. QUALITATIVE CONSIDERATION OF MULTIPLE MIRROR EFFECTS

The main developments of the physics of multiple mirror confinement were
obtained in the process of investigation of the possibility of creating a thermonuclear
reactor with a dense plasma (dense in the sense that the mean free path A is small
compared with the length L of the system). To estimate what effect the corrugation of
the magnetic field can have on such a reactor we first consider a simpler system con-
sisting of a magnetic field without corrugation. Although both pulsed and steady-state
variants can be considered, for simplicity we concentrate our attention on a pulsed sys-
tem. Following [16] let ﬁs take a long solenoid with a straight magnetic field in which
a relatively short bunch of hot (T = 10 keV) dense plasma is prepared at 5 = 0. This
bunch, then freely expands along a magnetic field for ¢ > 0. If the magnetic field
suppresses the transverse transport then the time of energy containment is determined
by the time of longitudinal expansion T = L/vy;, where vy; is the thermal ion velocity
(which holds when there is no contact between plasma and the ends of the device).
During plasma expansion a thermonuclear reaction in a bunch takes place and this sys-
tem is effective as a reactor, if nT > 10" sec-ecm™, where n is a characteristic density.

In terms of limitation on the length L it means

nl > 3.10%2 cm? % (1.1)
It shows that even if the characteristic density is very high, n = 10'7 em™ (the ini-
tial bunch has considerably higher n), the length of reactor, based at free plasma

expansion, should be not less than 3000 m. A reactor with these parameters, both

because of the high plasma pressure and high power needed for heating, is not
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tcchni.c'all}r feasible.

As already mentioned in the introduction, a dramatic improvement in longitudinal
confinement can be obtained with a corrugated magnetic field (see Fig. 1). Considering
that the longitudinal and transverse problems of plasma confinement can be considered
separately, the longitudinal confinement problem is reduced to specifying initial density
and temperature distribution along a magnetic field line and then describing the space
and time plasma parameter evolution. We use this approach to qualitatively consider
the different regimes of plasma flow in a corrugated magnetic field and estimate the
velocity of expansion and confinement time as a function of mean free path A, corru-
gation length ! and mirror ratio k. To explore the complefe parameter range, requires

investigation of the various limiting cases:

et paried
These four pbs_sibiliﬁ:s are not all of equal significance, as we shall see below and in
the following sections. The intermediate values are approached by extrapolation of the
limiting cases. We classify these regime first by A4/, designating A/l » 1 as the regime
of “*small scale corrugation’’ and A/l <« | as the regime of “‘large scale corrugation.”
Secondarily we designate k 3 1 as the regime of **strong corrugation’ and & - 1 <= 1
as the regime of ‘“‘weak corrugation.”” In exploring these limiting cases we shall also
find some sub-cases of interest for which explicit calculations can be made. In addi-
tion, particularly for-the lower density .ste,ad}hstate concepts, it is desirable to construct
cells with “‘point’’ mirrors, i.e. with a mirror scale length {,, << [, such that it is possi-

ble to operate in the regime [, < & — [, which has improved confinement properties.

14
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Figure 1. Multiple-mirror ﬁlagnetic trap
(a) the geometry of the force lines
(b) the strength of the magnetic field on the axes of the system.
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We also note that because A varies inversely with n, various regimes of A/ can exist

within a given device.

The axial confinement in the device can be characterized either by the local flow
velocity u(z) or by the local diffusion coefficient D (z). The two are related through

the flow, such that

n{zu(z) = —.l‘_?.'fI:z']l-":-ifﬂuuﬂ;fl

Sometime one representation, and sometimes the other, is more convenient for calcu-

lating confinement. For the purposes of the qualitative examination in this section, we

shall express the local properties in terms of u. Furthermore, since we are only

~ presenting estimates, we shall not consider the z-variation of the quantities. When D

is calculated, it can then be converted to u by the simple estimate u = D/L. In the

following sections, where the local quantities are calculated more precisely, we will
also consider the appropriate z -variations. .

We first consider the range of mean free path A > ! which we classify as the
regime of small scale corrugation. In this regime it is reasonable to separate particles
in each mirror cell into particles trapped between mirrors and transiting ones. Since the
trapped particles are able to complete many bounces between mirrors during the time
between two successive collisions they make only a small contribution to the mass and
energy transport, i.e. the PIasma flow along the axis is tﬁc-slly carried by the Hansiﬂng
particles. Consequently the friction occurs between the transiting particles and the
trapped particles and the latter transmit the momentum received to the magnetic field.

Therefore one can say that the plasma undergoes friction with the magnetic field.

16

In the case of not-too-large mirror ratio, & — 1 ~ 1, the frictional force on a parti-

cle can be Estimatf:d as
F 1. = my vﬁu'

where m; is the mass of an ion, v; is the ion-ion collision frequency (in case
k — 1 ~ 1 this determines the time needed for transiting particles to scatter through an
angle of the order of unity and to become trapped, i.e. lose its momentom), and u’ is
the directed velocity of the transiting particles, which at £ — 1 ~ 1 coincides in order.
of magnitude with the macroscopic flow velocity of the plasma. Equating n Fy , which
is the friction force acting on unity plasma volume, with plasma pressure gradient

dpidz ~ nTJL, we find the expansion rate
'~ VT"{ML:I' <« V5

From this it can be seen that the introduction of even relatively small k (k -1~ 1)
corrugation causes a marked reduction of u_and a corresponding increase in the plasma
expansion time compared with the case of a smooth field. In fact the very character of
motion changes: inertial expansion with a velocity u ~ vy; becomes diffusion of the
plasma from one magnetic mirror cell to another and the pressure gradient is counter-

balanced by the friction of the plasma with the magnetic field.

A larger mirror ratio further limits the expansion rate by reducing (i) the number
of transiting particles and (i) their effective free path length, The first effect results
from the fact that since the trapped particles, the number of which is & tmes greater
than of the transit ones, on average are not in motion, the mass velocity of the plasma

as a whole is smaller than u” by a factor k. The second effect results from the fact
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that, when k = 1, for capture in a cell to occur it is sufficient for a transiting particle
to be scattered through a small angle A8% ~ k™!, Therefore the effective mean free path
and effective collision frequency, that determine the time of the momentum loss of the
transiting particles, become of the order of Ak and v;k, respectively. For this reason

**smallness’’ of a magnetic mirror trap length must be taken to mean:
! <& Mk (1.2)

As 3 result of these two effects the expansion velocity decreases with high mirror ratio
by a factor k2.

u ~ vy (ME2L) - (1.3)

A reduction of the expansion velocity occurs even with very weak corrugation

k — 1< 1. In this case those particles are trapped for which a pitch-angle 8 at the

minimal magnetic field is close enough to w2,
18- =1g @k -D"
5 ! = k=1, (1.4)

so the ﬂﬂ‘bﬂ-.ﬁf transition from trapped particles into transiting ones is of the order of
magnitude (k — 1)/v;. In a classification of different regimes with weak corrugation,
the regime of small cell length, when the transition time exceeds the bounce time of
trapped particles in single mirror trap II fvr; (k — 1)Y? we call the small-scale corruga-

tion regime. This regime exists when

|« Ak ~ 17, (1.5)

where we have taken into account that in mirror trap with weak corrugation the longis

tudinal velocity of trapped particles is of the order of vy (k ~ 1)

The effect of a weak corrugation can be found by introducing the frictional force
related to one particle that can be estimated from reasoning quite similar to that
described above for the situation with k > 1. The only difference is that now the
characteristic time for the tansiting particle to lose it’s momentum increases
correspondingly to the decrease in probability for it to find itself in the narrow interval
of pitch angles (1.4). This time increases as V! (k — 1Y"2. Taking this into account

one can easily derive the following expression for Fi,
Fp = —m; vk ~ D2y,
Equating n Fg, with the plasma pressure gradient, we estimate the expansion rate as
4 ~ v MLk = D2 < vy;. S

From (1.6) one can see that if both (1.5) and the limitation A< Lk -1 are

satisfied then the expansion rate is much smaller than the thermal velocity.

We now consider the intermediate nrlr:an free path regime for weak corrugation. If
the mean free path becomes smaller than given by the inequality (1.5), the expansion
rate ceases to depend on the collision frequency. In this range of parameters the time
of exchange between trapped and transiting particles becomes smaller than a period of
trapped particle oscillations. The mechanism of transfer of momentum from plasma to
magnetic field is quite analogous the a usual collisionless Landau damping. An effect
of this kind is also found in ‘‘neoclassical’” theory of transport in toroidal devices
creating the ‘‘plateau’’ regime [17]. As is known from the solution of the Landau
damping problem, the frictional force between particles and wave is proportional to

Qquarf: of the amplitude of modulation. The condition of the balance of frictional force
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and pressure gradient allows one to estimate the expansion velocity as
u ~ v LGk - 1)2, (1.7)

which shows that in the range J « L(k — 1)? the weak corrugation substantially

decreases the plasma flow velocity in comparison with the straight magnetic field case.

If one continues to decrease the mean free path, there is a transition to a third
mean free path regime which is strongly collisional and for which the expansion rate
can be found from two-fluid gas dynamic equations. In this regime the flow is impeded
as a result of the longitudinal ion viscosity. This interval of parameters which
corresponds to very small (in the sense noted above) mean free path we define as the

regime of large-scale corrugation, or alternatively as the viscous fluid regime.

To estimate the plasma expansion rate in this regime let us consider the plasma
flow in an individual magnetic mirror cell. The motion of the plasma is due to the
pressure difference between the ends of the {.t-f:‘-ll, which is equal in order of magnitude
to nTt/L. The work of the pressure force is balanced by viscous dissipation and, with
strong enough magnetic field. only longitudinal viscosity is significant. The energy dis-

sipated per unit time within the trap is
.-r a 2 : 7
it
n,-SL} [-g;} dz ~n; Sultk - 1)1, (1.8)

where 1); is the coefficient of longitudinal ion-ion viscosity [18), which is given
approximately by m; ~ n m; vy; A, and § is the characteristic transverse plasma cross-
secticn. In the estimation of the integral in (1.8) we take into consideration that the

variation of u along the length of single mirror cell is approximately determined by

20

the variation AS of the cross-section S: Au/u ~ AS/§S ~ k — 1. Comparing (1.8) with
the work performed per unit time by the pressure forces, SunTI/L, we find the plasma

velocity to be
u ~ vy P2OLE - 1)? (1.9)

Cumparigﬁ (1.7) and (1.9) one can conclude that the regime of large-scale corrugation
is realized if A < [. Certainly all results presem'éd above are valid only if u <& vp;; in

the opposite case the inertial effects are of major importance.

Equating the flow in the plateau regime, given by (1.7) to the flow in the smali
and large scale corrugation regimes, given by (1.6) and (1.9), respectively, we find that

the plateau exists for

{

e 1}3-"2 = A

{

i

When the mirror ratio increases this interval gets shorter and if £ — 1 ~ 1 it disap-
pears. The optimal confinement is realized in this situation with A ~ I which separates
the cases of small-scale and large-scale corrugations. A summary of the different
regimes considered above is presented in Fig. 2, that qualitatively explere the depen-
dence of the plasma expansion velocity on the factor &/ for both the cases of weak
k ~ 1 <=1 and moderate ¥ — 1 ~ 1 values of mirror ratio. It should be noted that for
k = 1-1 the expansion velocity is considerably decreased in comparison with the
thermal velocity even if A < [ (up to A — I%/L).

The classification given above is related to the geometry of a magnetic force line

with a single scale, that is, when the areas with weak and strong magnetic ficld have




Figure 2.

(k'- REY 1 - A

Qualitative dependence of the plasma expansion velocity on the factor
1

(a) the case of weak corrugation k — 1 < 1;
(b) the case of moderate corrugation & — 1 ~ 1.

approximately the same length. A better geometry from a practical point of view has
narrow mirrors, i.e. a scale length [, of the strong magnetic field which is much
smaller than /. In this case of a two-scale field geometry there is an intermediate range
of mean free paths [, « A <« kf, when the plasma flow inside the individual mirror

cells is pure gas dynamical but particles move without collision through the mirrors.

Let us consider an individual mirror cell with [, </. The rate of plasma losses
through a mirror throat can be estimated as n vy S;,, where S .. is the plasma
cross-section in the throat. Dividing the total amount of ions in the mirror cell ni§ by
the loss rate, one obtains an estimate of the particle lifetime in the individual mirror
cell as kf fvy;. After this time the ion leaves one of the mirror traps in a random direc-
tion becomes trapped in an adjacent cell such that the space step of this random
motion is equal to { and time interval is equal o kl/vy;; the diffusion coefficient can
then be estimated as D ~ vy l/k. An estimate of plasma expansion velocity in this
“intermediate’’ regime is then

u ~ DL ~ v (HkL). I (1.10)

Comparing (1.10) to (1.3) we see that the two expressions are equal for A/k = {. This

is a considerable reduction of the velocity from the “‘single scale’ mirror satisfying

(1.2). This regime has been called the *‘ideal’’ multiple mirror regime.

Let us now analyze qualitatively the improvement of a pulsed reactor, discussed
at the beginning of this section due to a multiple mirror geometry, If one takes, for
example, the expression (1.3} or (1.10) for the expansion velocity, estimating the
plasma life-time €~ L/u, and substituting it in Lawson criteria for a temperature

of 10 keV, the following limitation for the length of the system is obtained:
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nl > 21074k cm™ (1.11)

Comparing (1.1) with (1.11) we see that with the same-densities the corrugation allows
a reduction of the length of approximately a factor of 10 k. Finding such a strong
effect warrants a more accurate theory, the development of which will be given in the

following sections.
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2. PLASMA FLOW IN A MAGNETIC FIELD WITH SMALL-SCALE

CORRUGATION

In the regime of small scale corrugation, A = /, the diffusive process is directly
related to the scattering of ions in velocity space, which transfers them between
rapped and passing distributions, A kinetic description is required to adequately
describe this regime. Various approximations have been used to make these kinetic
equations tractable, in fact, in the limit of k == 1, a simple geometric approximation, in
which the magnetic field effects depend only on K, gives reasonably accurate valuals
for the local diffusion coefficient [11]. The most systematic kinetic treatment was
presented in [13], and extended to weak corrugations in [21]. We follow these presen-
tations here. The derivation of the equations for the averaged plasma parameters is
presented in Section 2.1. It is based on the cxpanfinn of the kinetic equation solutions
in the small parameter A/L . The mass and energy fluxes are determined from the first
order corrections to Maxwellian distributions. They can be calculated analytically in
the case of a high mirror ratio in the presence of ii, ee, and ei collisions. The possi-
bility of simplifying the collisional terms results first from the smallness of the number
of transiting particles and second from the narrow interval of pitch-angles occupied by
transiting particles in velocity space.

The equations for the first order corrections, simplified in this way, are solved in
Section 2.2 by expansion in another small parameter //A with average over a single
mirror cell similar to the method suggested in [22). The solution of these equations

allows one t find the mass and energy fluxes and to get a closed system of diffusive
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equations for macroscopic plﬁsma parameters. The analysis of the properties of this

equations is carried out in Section 2.3,

For a weakly modulated magnetic field the regime of small-scale corrugation
corresponds to the case (1.5), when the trapped particles’ period of oscillation is much
longer than the transit time of untrapped ones. The analysis of this case has_. similar
fEB.I.'I-.ll'ES to the well-known problem of finite amplitude Langmuir wave collisional
damping [23]. The effect of the interaction of the particles with weakly corrugated
magnetic field is given by an expression for the frictional force, which is derived in

Section 2.4 .
2.1 Derivation of the Macroscopic Equation

In the limit of small-scale corrugation (1.2) the plasma motion does not obey the

two-fluid gas dynamic equations [18]. However, as was shown in [12] the smallness

- compared with the scale of axial inhomogeneity L is sufficient to enable the flow of

the plasma to be described macroscopically by means of moment equations.

We shall regard the magnetic field as large enough to enable us to neglect (i) all
transport phenomena perpendicular to the lines of force and (ii) any change in the
magnetic field caused by the plasma itself. Given these conditions, the state of the
plasma inside an individual field tube is described by the following pair of kinetic

equations:

E'lFﬂ aF‘ ysinﬂ BH aFﬂ
SR ol vaibe e
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€ oF, sin® 9F,

: E ” cos B e = = 38 = % Sfab (2.1)

mg

Here v is the particle vélocity, 0 is the angle between the veiocity vector and.the
direction of the magnetic field, s is a co-ordinate aloﬁg the line of force,
F, =F,(v,0,5,t) is a distribution function (the subscript @ = i, & denotes the type of
particle), E y is a projection of the electric field onto a line of force, St , is the colli-
sion operator between species @ and b and the other notation is standard, The plus
sign before the last term on the left-hand side of the equation refers to ions and the
minus sign to electrons. It is assumed that the corrugation length is 1ﬁrgﬂ compared

with the Larmor electron and ion radii.

The required system of gas dynamic equations is obtained from expression (2.1)
by an expansion in the parameter AL, where L represents the characteristic scale of
inhomogeneity of the plasma. Here we shall regard E y as a first order quantity with
respect to A/L (since the electric field is created by an electron pressure gradient). In
the zero approximation with respect to A/L (i.e. in a plasma that is uniform along the
line of force and has no electric field) equations (2.1) have a steady-state solution in

the form of two Maxwellian distributions:

P m,v>
i fr|
Fy, =n, [ T ] exp |- Tk (2.2)
d a

Contrary to normal two-fluid gas dynamics, the macroscopic velocity is a small quan-

tity (first order with fr;spect to AL (see expression (1.3)) which means that the solu-
tion of the zero approximation for each type of particle is characterized by only two

parameters, n, and T,_. It should be noted in particular that we consider 7, = T,
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since the temperature equalization time contains the large parameter m;/m,.

If the Maxwellian distribution parameters n, and T, vary along the line of force,
functions (2.2) cease to be accurate solutions of the kinetic equations. Accurate solu-

tions are then best written in the form
Fp=Fy, +f, 2.3

where the parameters of the Maxwellian function Fys, are determined from the rela-

tions

n
na=z::-_[ viv [ sind F, e,
{} 0 !

= 2nm,

a

™
j v"dvj sin@ F, d6
n, Jo 0

and f, is a small additional term associated with the inhomogeneity and propertional

to AJL . Tt will be obvious, then, that

™ m
J' v2dv j sin@ f, d = 0, _[ Ny I sin@ 7, d8 = 0
0 0 0 0
For practical applications the most interesting case is that of strong corrugation
(k = 1), and fortunately it is precisely here that we can obtain relatively easily a
closed system of gas dynamic equations. Therefore, from now on we shall consider

that £ = 1.

Let us examine a section of the field tube located between two mirrors (Fig. 1).
Since the plasma parameters vary little over the length of one magnetic mirror trap, the
state of the plasma within this section can be adequately described by the mean densi-

ties and temperatures over the section:
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Heoo 778 0, (s)ds ot Ll s p®a g b YT (% Jely
= T = f (2.4)

ol s SRy Hw, Jsi  His)

where

I:H‘““ J‘E‘ dy
I Js, H(s)

and integration with respect to ds is performed from mirror to mirror. Using the

kinetic equations (2.1) together with the definitions (2.4) it can easily be shown that

an,  g.(52) — q.(5y)
+ —

0 : (2.5)
ot 1
on, T, Q,(s9) = Q,(sy) _ 2eHyy 2 Ey (5)q,(s)ds
st A el b £y = [ =0 (@6
ot o il 31 51 Hix)
where the quantities
L n
q, =2x-[ vidv | f, sinBcos® dd,
0 0 _
2 K
A it _[ vidv | £, sinB cos@ 46
0 0

are, respectively, the mass and energy fluxes. In Eq. (2.6) we have omitted terms of
two types: (1) terms which describe the temperature exchange between electrons and
ions and (ii) terms which appear in the event of directional motion of any of the com-
ponents and describe the energy dissipation due to mutual friction forces between elec-
trons and ions. We have neglected terms of the second type as they are small when

k = 1. As regards temperature equalization, this can be allowed for directly in the

final moment equations.

In view of the small variation of all the plasma parameters along the magnetic

nurror trap, it is convenient to introduce the quaniitics

29



——

e e

aqa = Ta {32} T ‘?3(51} aQa = Qa {52} e Qa (51)

2.7
oz ! : dz i kes)

with which we can operate formally as with ordinary derivatives. Here instead of

expression (2.5) and (2.6) we have:

a, 1 94,
e = (2.8)
ot - I -oz 2 | '
aﬁai: 2 1 90, 2eHpy " E il ($)qy(s)ds
s F = 2.9
dr 2 . S g | 3 -L‘l His) i : o

Let us now find the functions f,. The derivative dF_/dr is a quantity of the
second order of smallness. Therefore the equation for determining f,, obtained by sub-

stituting expression (2.3) in (2.1), takes the following form (accurate to terms of first

11

order):
. dfa  vsin® oH 9.
= 3 *
R e ' C(2.10)
oF eE oF :
=§S.r;b—v cos afa F ma” cos B a?:a

where St_, denotes the result of linearization of S, with respect to f .

The variation of f, over the length of a magnetic mirror cell is a quaniity of

second order, so that the boundary condition for Eq. (2.10) ¢cam be written as
falsp) —falsp) =0 (2.11)

Since E y is a quantity of the first order, in the last te:m on the right-hand side of

equation (11) we can neglect the variation of F,,, over the magnetic mirror trap and

put
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IF j1, o

wea F
dv e

where Fyy, represents a Maxwellian distribution with averaged parameters

s s m, vt
Fua = a |57 b B
d a

Similarly, it can be assumed that

IF pa 1 dn, 1 9T, |m, v? 3 F
=] — + — ——
ds A, Os by 3 - Ma

As already pointed out, when the condition / <« A/k applies, mass and energy can
be transported only by transiting particles. . Therefore, to find g, and ¢, we need to
know f, only in that region of the phase ‘space corresponding to transit particles.
Using the small parameter k7', it is possible to obtain from expression {2.10} a
simplified system of equations for transit particles. The principal simplification is asso-
ciated with the fact that, when k = 1, there are few transit particles and the collisions
between them can be neglected. Moreover, the collision integrals nn:ﬂ& retain only
those terms in which there are two differentiations with respect to B (the other terms
do not contain the large parameter AB2 = k). As shown in papers [13,15] it is then

possible to write St,, and Str;; for transit particles as follows:

57 ve,(v) g df
o) - s R
e sin® 90 a0
2
e Ak WY g B
e [m,— } sinB 06 e Er}

wherg
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e : 4 ) 2 = ; 8 2
o, (v) 4—1[ [ju [v 2_ ;}2 }Fﬂa{v’}dv +?j vy’ Fa(v)dv ]

7]

i 2rAe’nm
mdv?

{A is the Coulomb logarithm). We have explicitly allowed for quasi-neutrality of the

plasma and put n, = n; = i.

The second simplification lies in the fact that for transit ions one can neglect St/
in comparisor. with St;, since when there is not too large a difference between 7, and
T;, the transit ions exchange momenta and energy with trapped ions much more
effectively than with electrons. The final simplification is that for the purpose of calcu-

lating St.; the ions may be regarded as immobile:

ws i 5in® e
sin® 98 a8

, Taking all the above into account, one can write the following equations for

Stei =

determining f, and f; in the region of transit particles:

2 vil+a,) 3 af, = oy
e S R el g = o1
3 SnB 0 5in B 3 v cos B F,,, oy (2.12)
2
2 m vay daf M
Df; = |- o WRAL wesan T8 il
i [mE ] prories sin 8 T C.ﬂbﬁ Mi 5 (2.13)
", Ta mavz 3 g 2
¢a=":—+f —_—— — ;—J- E“d‘i‘
P EI B G T, 4=

2.2 Calculation of the Distribution Function Correction

First we shall solve Eq. (2.12). To do this, we represent f, as the sum of the two

functions p, and r,, respectively even and odd with respect to cos 8
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=

f.g =p., + 7T,

td | =

Pe = -azl-m(m S F =B, 1, = —[f,(0) - f.(x - 0)]

and proceed from expression (2.12) to the following pair of equations for p, and r,:

A Wl+a)-pi. oor S O,

5 : bl T OF, e 2.14
Dp, = = sin B = =V cos® Fyy, = (2.14)
. vil+a,) 5 . _op, :

e i R : 215)
T e e W $

To find f, it is sufficient to solve Egs. (2.14) and (2.15) over the interval [0, n/2].

Since the scale of variation of the magnetic field is small compareq with the
free-path length, it is appropriate in equations (2.14) and (2.15) to introduce the vari-
ables €=m,v¥2 and w=m,v? si‘n2 @/2H, which are integrals of the motion of
charged particles in a magnetic field. The advantage of such a substitution in this kind
of problem was pointed out some years ago [22]. Thus in place of expression (2.14)

and (2.15) we obtain

dp V8m, v(l+0a,) 3 F o -a're- _ o,

= = - S e = e e 2.16
os H i _“{E HE) ol | Fie os il
ar VEm, v(l +0a,) : dp !

£ . e e i Ze | 2.17
o5 H du _”'(E ) on | ol

Equations such as these have been solved in other studies [13,15,24] in connection
with other problems (calculation of the conductivity of inhomogeneous plasma and
plasma in a corrugated magnetic field). The solution is based on the use of the small

parameter [/A. An expansion of the function p, and r, in powers of [/} takes the form
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p£=A-+BUmF+_“,r}=(”M

As can be seen from expression (2.17) dr,/ds ~ I/h. This means that the function r,
may be considered constant over the magnetic mirror trap with a relative accuracy of
~(1/A)%. Allowing for this, we integrate Eq. (2.16) with respect to ds from mirror to

mirror. As a result of this, and taking expression (2.11) into account, we obtain

G 2 4 e pH)ds _F -
V8m, v(1 + a,) P {p [J':r; = ] % }—Fue[% (52) — 0. (51)]

The solution of this equation, which is finite when g — 0, is elementary:

_ Fage[0Gs2) = 0(s )] * e - WHYds |
fuy o wERE [-[ H s

mm e

The function C(g) is determined from the condition that r, should vanish at the
transit-trapped particle boundary (i.e. when €= pH ). This boundary condition is
given more formal treatment elsewhere [13,23]. It can easily be seen that it gives
C) =0,

With a large mirror ratio (¢ 3 1) the integral with respect to ds in the formula
for r, is expressed in terms of the quantity J, introduced previously, and is equal to

1 €2 1iH ,,,. In view of this we can write

_ _Fuel0(s5) - 966
V8m, (14 a,)ve2

mu_E}

Knowing r,, we can determine the electron mass and energy fluxes after integrating

with respect to € and L.
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The scheme for finding the ion fluxes does not present any new difficulties. The

final results of all the calculations can be written in the following form:

e
[P

_— }
=3 p> (2.18)
H 3 n
0o = -5 — %l T UES @2.19)

where the coefficient ¥, is determined by the formula

T—am

ioager g (2.20)
m )2 A 42

xdz

The remaining symbols in expressions (2.18) and (2.19) are defined in the Table I,

where e, and i, are expressed as integrals:

.__ti s {1:: = 1}_[ d‘i-l‘ | e xm gy
i

N

. 1 3 i 9 =2 J -x* _m
by 2 e +(2x*=1)1 > d e xdr
i B [ J :

The numerical values of these integrals are
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TABLE 1. INTEGRAL VALUES

] e | | W P
1 —€ i — i €E
9 9 5 11 11 .j;.:l
2 e i € i - g
9 : 9 11 11 ﬁ-ﬂ v
. et B —--3-'~£ i —ii e;3——¢€ i —-3-:' —La_a
11 ) @ 11 2 9 13 2 11 13 2 11 ,I";:I dz
Eg ={].2ﬂ? EII ZDSI €13 - 4{]1
ig = 0.455 i =174 i3 =8.47

The quantities E, o7, /0z, 0T,/9z in the last column of the table are defined by anal-

ogy with the formulae in expression (2.7):

S 13 dn, n(ss)—nis))
£y i 51 5 i d.i', a‘z - [
aTa o Ta ':32:' Thl Tu{-f]:}
dz !

Substituting relations (2.18) and (2.19) in (2.8) and (2.9) we obtain the required

system of gas dynamic equations, which may be written as follows:

[ B e
= 2% gepm Fd':“)} 221
or oz | T, ,E‘i 20
on, T, 5 3 e S
g e {xa g‘,l ¥rp ] }] F (2.21b)
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g

]_6 T ﬁedmgh'?-n

The term n(T, —T;)/t on the right-hand side of Eq. (2.21b) describes the heat
exchange between electrons and ions. The upper signs in formula (2.21I:rj; relate to
ions and the lower ones to electrons. Here and below we omit the averaging bar above
the values | ey Pa{“}.

The characteristics of the corrugated magnetic field are represented in the above

system of equations by the integral

I =

F ¢ o J"F2 s

[ Jds H(s) _(2'22}

on which the coefficient ¥, depends (see 'E:K[JI'EISS-IPDH (2.20)). The effect of the corru-
gation on mass and energy transfer increases as [. With a fixed mirror ratio the
integral / depends only on the magnetic field profile and increases when the length of
the mirror [, decreases in relation to the length of the homogeneous magnetic field
region. When /[, — 0 (“'point”” mirrors) / attains its maximum value, / = &. For prac-

tical purposes the formula / =k can be used when [ < //k,

2.3 Analysis of the Macroscopic Equations

We now consider the practical application of the expansion of a plasmoid into a

viacuum. Here the quasi-reutrality condition n, = n; = n also means that the current in
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forn, T, and T;:

: ol dlnT, = dlnT;
s e T; oz =N dz
anT, 3 a

e lxe = (ﬂ.sslnm]

+ [L %'{ﬂ.ﬁﬁ]ﬂﬂ +1.621n m]

T, Te dlnp
s O ML S ]
5 Tj [ [T. g ] dz

+ 1.10— +1

T, olnT, o dinT; = T, - T,
T -9z : oz

1

onT; d T, dinn
= —_— e —
o oz {x, [1'15[1:- + 1] %

InT, 5 olnT;
+ 3.
dz oz

2.52 I 0
+ i JPE———
T.

i

= X% 3 0 66Inn + 1.62InT,)
Ti az :

Te a].ll?l
% [0.45 [?; 4 l] 3

1) + 1.06

T, 3T, anmtl T.-7
: +
T 0z

(wherever possible, we have neglected terms of the order of \m, /m; ).
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the plasma is zero, i.e. g, = ¢;. Determining the electric field from this relation and

substituting it in expressions (2.21a) and (2.21b) we obtain a sj'stem of three equations

(2.23)

(2.24)

(2.25)

e

Equations (2.23-2.25) conserve the number of particles and their total energy:

Indz = Jugdz (2.26)
[n@, + Todz = [no(T.o + Tz 2.27)
(ng, T,q. and T;, denote the initial values of the respective parameters).

It will be seen from expression (2.23) that the characteristic ;;lasmoid expansion
time (i.e. the density vz;riatiun time) is equal in order of magnitude to £; ~ I2L%Avy;.
The electron temperature equalization time along the plasmoid is much less:
1ty ~ I* L%\ vy, ~ t;\Jm,Im;. This means that the electron temperature is uniform
along the plasmoid: dT,/dz = 0. The ion temperature, generally speaking, is not equal-
ized along the plasmoid because ion thermal conductivity is low. But in the case of
practical interest where L > (A1 )(m; a’mg}”“' the electron-ion energy exchange time is
small compared with f; and the equality T; = T, =T(dT/dz =0) is accordingly

fulfilled. Hence energy integral (2.27) can be written as
T Imiz = const

But since the number of particles is also conserved (see expression (2.26), the latter
equality means that T is also independent of tme.

Thus the motion of sufficiently long (L > (M) % (m;/m, )% plasmoids can be
described by the single equation (2.28) which is also considerably simplified in view

of the condition dT /dz = 0
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For reference purposes we may show one of the exact solutions of this equation,

corresponding to an initial condition of the form

=Ny 1 +—"i']
dj

For constant { (uniform corrugation) this solution is

=1
dony z2 :
Hn = 7 [l 3 ?

where

!
i

d = ﬂ'rj'l‘ .—Z—C-LI—.-

dong

Let us now consider these results in rq_lsiijlp& to the problem of thermal insulation
of a plasma in a device of finite length. . ]f’the plasma is in contact with the ends, its

. £

cooling time is r.z ~ 2L v, wheré £ is the length of the devices. On the other
hand, the characteristic expansion time for a plasmoid of length L is t| - (m;/m, }mrz.
Therefore it might be thought that the plasma thermal insulation time could be
increased to values of ~r, by establishing a plasmoid of length ~L/2 in the center of
the device. Then the presence of plasma-free gaps between the ends of the device and
the edges of the plasmoid would prevent heat ransfer to the ends. In fact, however,
immediately after the plasmoid is created its boundary layers, which have a thickness
of the order of the f:ffectiﬂ.ff: free-path length (i.e. A/), begin to expand freely into the

vacuum from both ends of the plasmoid at a rate of ~vy; and arrive at the ends of the

device in the time ~L/vy;. The plasma density between the plasmoid and the ends of
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the device reaches n'g{lfIL] and continues to increase. This means that the effective
free-path length in the region between the plasmoid and the ends will not be greater
than L, so that heat transfer in this region can be described, at, least qualitatively, by
the macroscopic equation (2.24). From this equation it will be seen that the plasma
thermal conductivity coefficient is independent of the density. However, this means
that the plasma cooling time will be of the same order as when the plasma fills the

whole space between the mirrors from the very beginning.

The phenomenon just described (which may be termed the *‘precursor effect™) is
significant only in conditions where the plasma breaking away from the plasmoid
boundaries accumulates between the plasmoid and the ends of the device. If the boun-
dary conditions corresponding to leakage of a plasma into a vacuum are fulfilled at the
ends, the confinement time of the hot plasma inside the device will be of the order of
t1. This condition can be provided, for example, by means of regions ai t_hf: ends of

the device which have strongly expanding force lines,

Let us now consider, briefly, the problem of distortion of the magnetic field by
the plasma. This question is of great importance for the pulsed reactor concept since
this system, as was mentioned in the introduction, is expected to operate with p = 1.
In this “*wall™ confinement regime the magnetic field suppresses only transverse ther-
mal conductivity but the equilibrium in this direction is provided by the rigid walls.
The distortions of the magnetic field with p = 1 result from both radial and axial
plasma flow. The first effect was studied in a number of paper [25-27]. These papers
are mainly devoted to the analysis of efficiency of thermal conductivity suppression.

They are based on the model of an infinitively long solenoid with straight magnetic

i
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ﬁel_d- Without discussing here the results related to the efficiency of radial thermal iso-
lation let us consider the main features of the magnetic field cj.rﬂlutium If the conduc-
tvity of the wall is high enough, the plasma heating does not lead to a noticeable
decrease of the magnetic field in the center of the machine (see, for example [26]).
This result shows that predictions in [28] Gfkmmplﬂlﬂ. ﬂ!.cpulsiun of magnetic field from

the central part to a thin layer near the wall are not valid.

A more advanced model of the solenoid, with a corrugated magnetic field but
plasma :pa_ramctﬁrs still periodic in the axial direction (without an average pressurc. gra-
dient) was studied in [29], It was found that, if the wall is a good conductor and if it
has a form close to one of the magnetic surfaces, then magnetic flax conservation
prevents noticeable deformation of the magn-ﬁtia;': configuration; the mirror ratio
increases a liitle near the axis and is not s.l:ronlgly decreased on the periphery. Note that

if the wall 1s a sufficiently good conductor, a magnetic surface will automatically con-

form to it. By corrugating the wall it is possible to create practically any magnetic

ficld profile al-::rﬁg the axis of the system.

If one uses a well conducting corrugated wall the longitudinal pressure gradient

“and plasma axial flow caused by it can not lead to substantial distortion of the corru-

gated magnetic surfaces. In fact, the perturbation of magnetic field results not from

. the absclute value of pressure but from its axial gradient. Since the pressure difference

along one mirror trap is small Ap ~ pl/L, then the minimum of the magnetic field

strength needed for multiple mirror confinement is ﬂeterrnined by the inequality:

HY8% > WTI/L

42

One can see that for the case of sufficiently long plasma bunches plasma flow does not
result in a strong limitation on ﬁ. (B <L) A derivation of this criterion is given in

f12].

Finally, we mention an interesting possibility for the case of strong magnetic field
(B == 1), for which the plasma is magnetically confined. Then, if a trave]ing. multiple
mirror field ﬁwﬁng from the plasma ends toward the center can be constructed, one
can obtain a steady state axial confinement [20], If { _-'t wE | then confinement .thmr}r

predicts a steady state length of the plasma bunch of the order of

P L =itk uy

where ug is the velocity of the field nﬁﬁun, This estimate is valid only if L » Ak,
and, as we shall see in the con;::luding section, gives only a rough approximation to the

complete dynamics. The idea has also been considered as a method of improving

steady-state confinement [30].

2.4 Plasma Diffusion Along A Wezkly Corrugated Magnetic Field with

with Small-Scale Corrugation

A qualitative consideration of the plasma flow along a weakly corrugated mag-
netic field was carried out in Section 1. The flow was classified into three different
regimes of plasma motion (see Fig. 2). This subsection, based on p:{per [21], is

devoted to a quantitative description of the small-scale limiting case (1.5), when the

trapped particles execute several oscillations from mirror to mirror before they become

untrapped.
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In both its physical sense and calculation procedure this regime is quite analogous
to the problem of collisional damping of d finite-amplitude electrostatic Langmuir
wave [23]. Because of their similarity we will linﬁt ourself with only a brief descrip-
tion of the scheme of calculation and will concentrate attention on these features which

are inherent in considering the problem for the magnetic field case.

To derive the axial transport equation for the case of a weakly corrugated mag-
netic field it is more convenient to use a somewhat different approach than that in Sec-
tion 2.1. It is based on finding an average, over one mirror cell, of the friction force
caused by the interaction between the particles and magnetic field. To calculate this, it
is necessary to know the ion distribution function. Under the same assumptions as in

Section 2.1 the kinetic equation for the ion component has the form

oF; oF; vy sing aH 9F;
; = St 2:29
% +v cos@ 3 + A 35 3 St;;. (2.29)

For simplicity we have cancelled the term containing the electric field from the left

sidé of (2.1) that can be taken into account directly in the final equations.

Integrating (2.29) over the velocities with weight m; v cos8 and averaging with
weight 1/H over the single mirror cell one gets the expression for the frictional force:

m; 'I:’z :
[ =5 sineF,a (2.30)

H 1 ds dH
s max )
Ir It Ll H2 ds

It follows from (2.30) that F, is governed by that part of correction f; to a Maxwel-
lian distribution which is symmetric with respect to cos® and is an odd function of s.
This correction f; is the first term of an expansion of the distribution function F; in a

power of the small parameter AM(k — 1)L « 1 (see (1.6)). It is localized in velocity
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space on a scale of the order of a few A8 (1.4) near the value 8 = /2. Since this part
of the velocity space is very narrow one can simplify the collision term for f; using
the same arguments as in Section 2.1. After this operation the kinetic equation for f;

takes the form

Lo e mnl O g - Nk D ‘Eéi 231
£ L0N 3% . OH Of o6 o o0 96" S

where v; = 2nAenim®3, and o;(v) is given in Section 2.1. The term df;/d¢ is
omitted as it is second order with respect to the small parameter (1.6), that corresponds

to a very slow plasma expansion along a magnetic field.

The factor o (v) describes the effect of collision between trapped particles and
Maxwellian ones. In paper [23] where the collision damping of a Langmuir wave with
a high phase velocity was considered, the relative velocities of these two groups of the
particles were much greater than t}.‘rE thermal velocities and correspondingly an asymp-
totic o, (v) = const was used. In the present context the directional plasma velocity
which plays the role of the phase velocity is small compared with the thermal one,
For this reason the formal use of the results obtained in [23] for the calculation of the
frictional force between plasma and magnetic field resulted in a wrong numerical

coefficient for Fp, in [31]

The Eq. (2.31) for f; can be solved by expanding in powérs of another small
parameter (1.5) in accordance with the scheme described in Section 2.2. Under the
integration of the system of equations for r; and p; the general boundary condition
(2.11) that makes them periodic is used. Two additional boundary conditions in velo-

city space are applied to find r;. One of them was already used in Section 2.2 and
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corresponds to the vanishing of r; at the transit-trapped particle boundary (i.e. when
£ = WH . .,). Another one provides conversion of F; into a shifted Maxwell distribution
in the region of ﬁ'ansiﬁng particles far from the boundary with trapped particles, that
ig: |

i Vil
cos B

Fre =% FMi

when k — 1< 1—-pH /e < 1. The solution for r; which satisfies these conditions

Has a form

-

i
i e | e,
r“(E}Laum iﬂf_ [Li el HIH}MJS] W< el (2.32)

e B> EH

where rg(€) = —Fy (E}(mpijmiafuﬁ" ). If r; is known, the even function of cosB, p;,

can be determined by integrating {2.15) over s

.o Py :PG(E)H'_E:.I. [LL(E ~ pH)2 ds /_[:{e ~ pH }”""ds*] G

where pole) = -2eu l v; a; m; Fy,; ITH .

In variables g, | the expression (2.30) has a form:

2
e *ds dH .~ bdup; -
Fpp = —n [m ] Ll ey j = 234

In calculating Fy, we should break up the integral over p into three pars: over the
phase space corresponding to trapped particles, untrapped particles and the narrow

transition layer which arises near the boundary g =g/H_. because of Coulomb
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mlli.ﬁiuns‘ Since the collisions result in diffusion of the particles in velocity space, the
width 8t of this layer can be easily estimated as follows:
it H € =1k = 112

In this layer the solutions given above are not vailid. In calculating the fluxes g,
and @, in Section 2.2 it was of no importance, since the contributions to the
corresponding integrals from the transition layer were small in comparison with the
contribution from the tansiting particles. In calculating (2.34) the situation changes
and contributions from the transiting particles and from the layer are quite comparable
while the contribution from trapped particles 13 negligibly small.

Although the function p; is unknown in the transition layer the contribution from
it in {2.34) can be calculated by the standard method of integrating the exact equation
(2.16) across the layer. Since the layer is narrow, the coefficients in {2.34} can be con-
sidered as constants over the integration. So finally the integral through the transition
layer is expressed by the derivative or; /oyt outside of ihe layer where it is described by
expression (2.32). This operation all.nws the contribution of the transition layer to be
taken into account in an explicit form.

In the final expression for Fy, the integral of o;(e) over € is calculated analyn-
cally. The integration over the variables | and s leads to integrals that can be found
for a specific dependence #(5). As an example we adopt a field with a sinusoidal

profile
Hisr= Mt o i) sin® % (2.35)

then the integral becomes an elliptic integral of the second kind, the numerical value
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of which gives

hzmimﬁ 4

* 11
Ep = —LEET uik — 1) (2.36)
; :

A somewhat more detailed description of this calculation can be found in [32].

Using (2.36) one can derive axial wransport equations in a weakly corrugated mag-
netic field, To illustrate this approach we use the diffusive plasma equation for the
case, when T, =T; =T and oT/9z =0. The velocity of plasma expansion is deter-

mined by the balance of the forces acting on an ion component.

p;
EHE”_'E—FFIFZH (23?]

Since the frictional force for the electron component is negligibly small, the electric

field can be written as follows: enE |, = —dp,/dz. Finding the expansion velocity from
(2.37) and substituting it in the equation of mass conservation, one obtains the

diffusive equation for the plasma density:

Dy 2.38)

Hk =12 el Lk - D17
where

1.1T7%

D = :
n milfzhé,#(k i 1]1!1

The inegualities in (2.38) provide the conditions for small-scale corrugation and the

smallness of the expansion velocity 4 ~ D/L in comparison with the ion thermal velo-

city.

i8

3. PLASMA DYNAMICS WITH LARGE-SCALE CORRUGATION

As already defined in Section 1, the large-scale corrugation regime currespunds_ 0o
a regime when the mean free path is sufficiently small in comparison with the charac-
teristic space scale of the magnetic field that the plasma obeys the ordinary two-fluid
gas dynamic equations. The method of reduction of these equations in an application
to the case of slow plasma expansion developed in [12] i1s described in Section 3.1.
Note that a few years after [12] the derivation of the same equations was indepen-
dently carried out in [33, 34]. While the results in [33] did not coincide exactly with
those in [12], in the subsequent paper [34] equations were obtained which were identi-

cal with the results of [12].

A maximum efficiency of multiple mirror confinement and a saving of the enaré,r
consumption required to maintain the magnetic field is achieved in muliiple mirror
fields with **point’’ mirrors, whose !ength I, is much less that the cnrl'l.\lgaticn period
{. In this two scale field there is ag intermediate range of (1.10) which is between the
cases of small-scale and large-scale corrugation. The plasma confinement theory
de;.felnped in [35] for this interval of parameters is described in Section 3.2. Appmxi—.
muately at the same time, independently from [35], some results, concerned with this
case, were published in [22]. In distinction from [35], the effects of ambipolar poten-
tial and temperature gradients were not taken into account so the results of [22],
related to this regime, were more qualitative. The ambipolar effects were taken into
consideration by the authors later in [36]. Both in [22] and in [36] the results were

extended to the important regime of A — [, a regime not treated in [35].
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In accordance with the classification of Section 1, in the case of weakly modu-

lated magnetic field there is also an intermediate regime (‘‘plateau”’ regime) which is

between the cases of SI]]Elﬂ-—SCi;lﬂ'ﬂnd largc-scalé corrugation. In Section 3.3 the deriva-
tion of the frictional force based on [21] is described. The theoretical results are

extended to parameters which were realized in some multiple mirror experiments [37].

The idea of increasing the Coulomb collision frequency by means of inserting a

plasma small a:ri_ount of Haa:vy impurities with z 3 1 was suggested long ago (see, for

example, [38]). The pc-ssibi]ity of improvingthe -efficiency bf multiple mirr_ﬂr

confinement was pointed out in [ﬁ?] and was stadied in detail in [40-42]. As
developed in these papers, the quantitative theoretical déﬂdriptiﬂn of the impurity

dynamics in a multiple mirror magnetic field is discussed in Section 3.4,
3.1 The Description of a Plasma Motion with Two-Fluid Gas Dfnamic Equations

When A d::! < L ﬁhsﬁ behavior caﬁ be described from the uut;s.at with
double-fluid gas-dynamic equations. To obtain the equations describing slow
(< vy;) c;pansian of the plasma, we use the same method as in Section 2; first, by
studying plasma flow inside an individual magnetic mirror cell we find the mass and
energy fluxes and then, substituting these in the conservation laws of the type (2.8) and

(2.9), we obtain a closed system of equations for slow processes.

For solving the first part of the problem the motion inside each cell can be
regarded as steady-state, because all the parameters of the problem vary with a charac-
teristic time L /u, which is much greater than the time {/u determining the passage of

the plasma through a cell. A further simplification is associated with the fact that over
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the length of one cell there is litle variation in any of the plasma parameters:

An =n(sy) —ni(s)<xn, AT, =T,(55) - T,(s;) «T,, and so on. Thus only first
order terms with respect to An and AT, need to be retained in the gas dynamics equa-
tions. Since mn'- main practical interest here is expansion of the plasma, we shall con-
sider the macroscopic electron and ion velocities to be equal from the very outset:
W, =U; =U. .

We shall project a system of double-fluid gas dynamic equations onto a line of

force. As a result, taking the above points into consideration, we find that :

.—n &;'; _Tﬂ%g:FRiﬁnE“ i
41314- H:1 %H‘E%{qufi)ﬂl :

22 (32)

-a@;' % =0 | . (3.3)

where ¢ = nu is the mass flux, @, = -x,(d7,/ds) + (5/2)g T, is the energy flux,
R =-0.71n (8T, /ds) is the thermal force and M, and k, are the longitudinal viscosity

and thermal conductivity determined by the relations [2]*

W Y
My 1 m;
m; = 0404 —— K; = 4.04 =
m 11"2-1;*5.'"2 _
1, = 0215 ———— K, =4.33 . 2
Ae . e

The upper sign in equation (3.1) relates to ions and the lower one to electrons. It

®
To avoid misunderstandings, we would point out that gur notation differs slightly from that used by Braginsky [158].
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should be noted that when [ > A(L /)" the equation for ion movement must include

an inertial term, m; nu du /ds . However, this term does not affect the expressions for ¢

and @, given below.

The quantitics ¢ and €, can be found from the given values of AT, and An

using Egs. (3.1)-(3.3):

a :
fl."! EH{T"’.FT‘I)

N (3.4)
"rleu n;
o g
Qa 1 2 qTa IZ‘Hm.a:r. Ka az ':3-5)

Here

’ 2 P
3 (ds |oH 1 j*
T Ry s MR L G S Hds
LT R T [as] LA i o

The derivatives d/dz in expressions (3.4) and (3.5) are inwroduced as in expression (8).
The averaging bars above n and T, are omitted. In deriving relations (3.4) and (3.5)
we neglected the electron viscosity (since it is much smaller than the ion viscosity)
and, in addition, excluded the electric field with the aid of the equation for electron

dynamics

aTe an
=l e (3.6)

The law of conservation of matter in gas dynamics coincides precisely with

-EnE I — R =-n

expression (2.8}, Substituting in that equation the expression obtained above for g, we

find the equation for n
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TG Lt e weer
ot I, 9z w; E[H(T*+Ti}] 3.7)

The gas dynamic energy conservation law is written as follows [18]:

ety B
onT, - 30, 2H_. ¢ [-‘3 Lt ] q (s ds (3.8)
RIS Y A e g Ll H(s) .

Substituting relations (3.5) and (3.6), we find the equations for T, and T;:

anT, g e 9T D i o
dt #3? d: 1’-1 dz +E Im; EH{T\Q 1
22 | @ 2 To~T, 5
+ By P T s '
3, [az nler L [az "T*]i T

To illustrate the results obtained, let us consider the motion of a plasmoid when
ko> LU0 ) mgim)! and L > 1) V2( 0m,)Y. The first of these conditions
indicates that the electron thermal conductivity provides uniform T, along the
plasmoid, and the second that heat exchange between electrons and ions maintains
T; =T, =T. Considerations similar to those in Section 2 show that T is then
independent not only of the coordinates but also of time. The system of gas-dynamic

equations then resolves into a single equation for the density

dn d _dn £o 21

dt = dz ¥ “5;-1 = T]Ef.rrl s
With the initial condition
2
.
gl = —1. izr‘:ﬂl}
nl o= [ d& ] ‘
{ [z] > -_'lr“

this equation has the solution

a3



where

d = 6donokt)'?
The effect of the magnetic field profile on the plasma expansion rate is
represented in Eq (3.10) by the product /7. This quantity can be calculated for quite
general magnetic field configurations in which the mirror scale length [, is uncoupled

from the cell length [, as shown in Fig. 3. For example, if the function H (s) takes the

form shown in Fig. 4, /I is equal to

61 In | Ink
I {.i’c—l)ln_k[1+21 [k—l 1”

(i

Ifk > 1and/ <1, then I[; = 6(/l, )k Ink. The plasma expansion rate is then of
the order of vy { [ /(AL k In k).

. The validity condition for the gas dynamic approximation A(@Inu/ds) < 1 in the
case of the magnetic field shown in Fig. 4 may be written i the form A < [,,. Thus,
between the zones of validity of the results in Section 2 (I < A/k) and the results in
this section (/ > I,, > A) there is a region I, <X <kl where none of these results is
valid. A kinetic approach is called for in the mirror region, and double-fluid gas
dynamics in the rest of the cell. Based on the re;aults of paper [35] we now describe

this intermediate parameter range.
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Figure 3. Geometry of the force lines for a magnetic field configuration in which the
mirror scale length /. is much less than the cell length.
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Figure 4. An approximate form for the magnetic field strength, which is useful for
calculations.

56

3.2 The Intermediate Regime in a Multiple-Mirror Field with ‘‘Point’’ Mirrors

Since in the range of mean free paths /,, < A the dynamics of the plasma expan-
sion should not depend on the size and shape of a mirror, we will solve the problem in
the approximation that /, =0 and the field in the space between mirrors is uniform
(the square magnetic well approximation).

The procedure for the derivation of the gasdynamic equations describing the
dispersion along a field tube of a plasmoid with a characteristic longitudinal scale L is
analogous to the system of calculations used in Section 2.1. First one must solve the
steady-state problem and relate the fluxes of matter g, and energy Q, of the two
plasma components with the drops in concentrations An, and temperatures AT, and
the potential A¢p berween the centers of two adjacent mirror cells. At this stage of the
calculation one must assume that the differences An,, AT,, and A¢ are given and do
not depend on time. We introduce the coordinates along the field tube in such a way

that a mirror separating two mirror cells is located at the point 5 = 0. Then

An, =n,(12) — n,(~112)
AT, =T,(/2) = T,(~112) (3.11)

AG = &(1/2) ~ ¢(-1/2)

We assume that the plasma bunch is sufficiently extended and occupies a large
number of mirror cells (W = L/l = 1). In this case the values of n,, T,, and ¢ vary
only slightly on the scale of a single mirror cell (A, < n,, AT, < T,). The nature of
their variation is different in diﬂ'ergnt sections of a field tube; within the mirror cell

where the flow has a collisional nature the parameters n,, T,, and ¢ vary smoothly in
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accordance with the equations of two-fluid hydrodynamics. In the region of a mirror
the hydrodynamic approximation breaks down. Here the plasma parameters can
undergo sharp jumps whose spatial scale is on the order of the size of the mirror,
Therefore, in a solution of the problem in zero order with respect to [, /A one must
take into account the fact that the boundary values of n,, T,, and ¢ may not coincide
to the left and to the right of the mirror. We determine the jumps in these values upon
the transition through a mirror by the equalities
dn, = n, (+0) — n, (-0, 8T, =T, () — T, (-0

o = ¢(+0) — o(-0)

For further calculations we will use the assumption that the mirror ratio is large

(3.12)

(k >» 1). This assumption allows us to find, in explicit form, the connection between
;hc fluxes of matter and energy, and the values (3.12). Let us examine the flow of any
component of the plasma through a mirror. If the mirror ratio were equal to infinity,
then the exchange of particles between mirror cells would be absent and a Maxwellian
velocity diSH‘ibﬂl‘iGl‘l. with parameters corresponding to the given mirror cell would be
established within each of them. With a finite mirror ratio the Maxwellian distribution
near a mirror is disturbed by the flux of particles from the next mirror cell which has
different values of the parameters (concentration, temperature, and potential). The dis-
turbance in the distribution function is proportional to the difference in the values of

the parameters and also, since the mirror ratio is large, to the smallness of the number

of particles, ~n/k, penetrating from mirror cell to mirror cell

F() - Fy(v) =F ) ~ % —‘%f—
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In the calculation of the fluxes of matter and energy the contribution to the
integral from the function F(v) gives a narrow region of phase space

Vi Zv2=5in0 < l/k. Keeping this in mind, one can verify that the allowance for a

disturbance f (v) would lead to the appearance of terms containing the small value -
in the equations for the fluxes. Therefore, the fluxes of matter and energy can be cal-
culated with an accuracy of the terms of order k~' by assuming that the distribution
functions near a mirror are Mﬂ;&WElliHﬂ. The results of these calculations performed in

a linear approximation with respect to dn,, 8T,, and 8¢ have the form

1r2
a =_f-:z_[ Ta ] {Enﬂ +_Ll__ oT, 3 € B
: 2 R, 2 T, T,

(3.13)

: o 112 o 3
Qaz_nafﬂ T, zﬁftu_'_gﬁfaile',‘ﬁq,
2mm, n, " Ta |

In the mode when the plasma bunch expands freely the condition of quasineutral
ity is expressed by the equality g, = q; = ¢, which allows ciie to eliminate from

]

(3.13) the jump in potential at a mirror. Equations (5) take the form

I [{T,, +T,)8n + %(a:'"g 'S a*ri}}

e
k(2mm; T; )2
9 12
Q. = ..;;‘. {_-m‘ } 8T, (3.14)
e :
O == = i_*;m_ [T, + T;)0n + 3n8T; + néT,]

Terms containing the small value m,_/m; are omiued in Egs. (3.14)

Now we can find the connections between the jumps at a mirror, which figure in

(3.14), and the assigned drops in the parameters (3.11) between adjacent mirror cells.
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The transition from free flow at the mirrors to hydrodynamic flow in the central sec-
tion of a mirror cell takes place near a mirror at distances on the order of the effective
mean free path. We can take the effective mean free path as the distance A = Mk in
which a transiting particle is scattered through an angle A? = k™! and enters the region
of phase space occupied by trapped particles. If A ¢ <« I, then the equations of two-
 fluid hydrodynamics can be used everywhere within the mirror cells to describe the

plasma flow [18].

We can join the steady-state solutions for the regions of Knudsen and hydro-
dynamic flows by using the fact that the fluxes of matter and energy are nearly con-
stant along a flux tube. The variations in these values along the length of a mirror cell
are quantities of the second order of smallness with respect to the parameter {/L,
whereas the fluxes are values of the first order of smallness. By equating the hydro-
dynamic equations for the fluxes of matter and energy with the values of (3.14) we
obtain equations _describing the temperature distributions in the hydrodynamic region:

LR SO (3.15
'Ia as +2an_Qn = }

The thermal-conductivity coefficients are given by the equations

752 T2

x‘- o lﬁ3m, xe =(0.93 Ag"mglm

These equations must be supplemented by the condition of the steady-state flow.
Neglecting- viscosity, it is just the requirement of constancy of the total pressure along

a field tube

2 nT, +T;)=0 (3.16)
ds

We integrate Eqs. (3.15) and (3.16) with respect to s between the centers of the
mirror cells (from the point s =—{/2 to § =1/2), excluding a region of width
8 (hosr « 8 « 1) on both sides of the mirror where the hydrodynamic approximation

breaks down. As a result we obtain

BN, ~ T, + TN =0, - 3 T,

n (AT, + AT;y + (T, + T;)An = (T, + T)In (8) — n (-] (3.17

+ n[T,(8) - T,(-B)] + nlT; () — T;(-5)]
Since & < [, the differences T,(8) — T,(-5) and n(3) — n(-5) are equal to the
jumps (3.12) in cnnce:nt:aﬁun and temperatures at the mirror with the accuracy of

terms of order 8/1. With allowance for this we can rewrite (3.17) in the form

Xq 5
T(ﬁTa -0T,) =0, *EqTa
T,An + nAT, =n T, + 8T;) + (T, + T;)én

(3.18)

Together with Egs. (3.14), Eq. (3.18) forms an algebraic system of equations relating

the jumps &n and 8T, with the total drops An and AT,.

The solutions of this system, which are, in general, cumbersome, are considerably .

simplified if the dimensionsless parameter Ak/l, which figures in (3.18), is small or
large compared with unity. For example, in the case when Ak// > 1 the solutions have

the form
on =An, 5'1'4 = AT, (3.19)

In this case the entire drop in density and temperatures occurs in the region of the
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muror. In the opposite limiting case of Ak/l < 1 the changes in n and T, are distri
o stri-

buted more uniformly alon g the mirror cell, while the jumps at the mirror are

5,,:1[5,1.-,,155*”; o b [mm, ]2
9 SRR i) Sl o | e (3.20)

9

AR :

BTE = = [T(TE + Tx} -+ ﬁTx 4 ‘A'Tf'
J
By substituting Eqgs. (3.19) or (3.20) into Egs. (3.14) we arrive at the desired

expressions for the fluxes of matter and energy for the assigned drops An and AT

bttween the centers of the mirror cells.

Akl a1

£ o =
s @re; T V2T, + T))An + n (AT, + AT:)]

AT
Q.F‘ e =
. e ™ (3.21a)
6. nkn J”
: % | [(Te + T))An + n(AT, + AT,)]
or
Ml = 1
 QumT Y2 1
el P (Te + T;)An + E(:TLTE + AT,)
T 112 :
Q. =—[ : ] L AT
nm, | o (3.21h)
i ! S
Yetaee S, (T, + T;)An + 3AT; + AT, ]
The further procedure for the derivation of the equations describing the time and
space distribution of the plasma paramet

ers is analogous to that described in Section
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2.1. We will confine ourselves to the consideration of one particular case, which is of
practical interest, of the evolution of rather long plasmoids with L » I{m;!mﬂ)“‘*,
when the temperatures of the electrons and ions are able to become equal to gach other

and equalized along the magnetic field in the time of expansion:

o _

=% =0 (3.22)

T,=T,=T,

Under these conditions the dynamics of the plasma is described by a single equation
for the concentration. Substituting g from (3.21) into (2.8) and keeping (3.22) in mind,

we obtain the equation for a:

o

112
D]=£[£.] L <A<k

Ok | rm;
HopLr e e (3.23)
ot dz Di=i[_zr_] Mk ehelk

k | my :

The eguation formulated describes the process of diffusional expansion of the plasma
along the magnetic field. The inequalities pertaining to the coefficient of diffusion are
obtained through a combination of conditions (1.10) and the inequalities Ak/l <« 1 and

A/l = 1 which were used in solving the system of equations (3.18).

By using Eq. (3.23) one can estimate the velocity of expansion u and the time of
longitudinal confinement © = L /u, of the plasma, by a corrugated field, in the range of

mean free paths (1.10)

that coincides with the estimate (1.11) obtained, approximately in Section 1.
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P e T e S i between plasma and magnetic field. Based on paper [21], we present details of the cal-

obtained can be compared with the corresponding equations derived in Section 2.3 and fati
culation.
in Section 3.1. The results presented here are intermediate berween the purely kinetic

The frictional force (2.30) is determined by the correction to the Maxwellian dis-
and purely hydrodynamic models anal ; o . _
. : s o = tibution which can be found in a linear approximation with respect to a field modula

give a complete picture of the dynamics of plasma flow in a strongly corrugated

tion from the collisionless version of the kinetic'equation (2.29). Integrating this equa-
(k = ) magnetic field.

] tion over the trajectories of unperturbed motion 5 = §¢ + v cos 8z, we find
3.3 The ““Plateay’’ Regime of Plasma Motion in a Weakly Corrugated Magnetic m; uv sin2@ H(s) - H(s — vt cos8) | 3349
i T cos0 H{(s — vt cosB)
Field !

w Iready discussed where it is taken into account that the unpel‘turbed distribution function is a ‘‘shifted
As was a iy di sed in Section among : gimes of plasma : : : R
cmnls 1: ed m gnetic fi Lj il e Es % Maxwellian. Substiml‘jng (3.24) into (2.30) and integrating over 6 in the limit f — oo
motion in a weakly t : = ‘ ; -
: : : - o i l : , {such that the main contribution in integral (2.30) results from the values of © close to
which corresponds to the transition between the limiting cases of small-scal =

%/2) we get the expression for frictional force.

large-scale corrugation studied in Section 2.4 and Section 3.1. It is realized under the

nu (T;m;)'2

H?I

il eh; : :
condition that the transition time of trapped particles to untrapped ones is smaller than Ff = - [__]

ji ds ﬁr" HE)=HG =59 400 325
0 ds —o ;

pL" B

the bounce timé of the trapped particles (see (1.5)), while at the same time A=/ In

Making use of the periodic structure of the magnetic ficld the integration over an
the opposite case with A </ the flow becomes pure hydrodynamical and is described

infinitive interval can be substituted by a sum. This sum is calculated in an explicit
by the equations obtained in Section 3.1.

form, which is convenient for finding the values of F 27 under the various magnetic
With fast exchange between trapped and the transiting particles the phase space

o : field profiles:
distribution is close to a Maxwellian. The mechanism of transfer of momentum from

: S (Zan-m;}mnu
the plasma to the magnetic field is quite analogous to Landau damping. The effect is A ey = 2?2 o ds

The velocity of the slow plasma expansion can be found from the balance of

I r
.-:is_[ [H(s) = H(s - s)]ctg %ds' (3.26)
{

well known in a ¢

‘neoclassical” theory of transport phenomena in toroidal devices

[17]. It is convenient to consider it quantitatively by means of the same approach used

A forces which is quite similar to that used in Section 2.4. Under the conditions

in Section 2.4, that of finding an average over one mirror cell of the friction force 5 o e e S L e phvet b e
e e
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diffusive equation for the plasma density

- on _ 9 _on
% R (3.27)

fed <tk -1 <Lk - 2

2 3z T]Q[
D= (=

The numerical coefficient in the expression for D corresponds”to a sinusoidal profile
(2.35). The set of inegualities provides the condition for the plateau regime and the

smallness of the expansion velocity in comparison with the ion thermal velocity.

One of the possible applications of this theory was developed in [37] to explain
the data obtained i Novosibirsk experiments with an alkali plasma. The experiments
were carried out in the multiple mirror field with 11 mirror cells with two values of
mirror ratios; & = 1.83 (moderate corrugation) and k = 1.15 (weak corrugation). As to
results for £ = 1.83 it will be discussed later in Section 5. Here it is reasonable to con-

centrate on the results related to the case of weakly modulated magnetic field.

In these experiments the density drop An in a steady state alkali plasma flow was
measured while it passed through 11 mirror cells. The values of the density and the
temperature were such that the regime of plasma flow was within the scope of the pla-
teau regime. The last inequality in (3.27) {/L /< (K - 1)* was not satisfied so the fric-
tional force was comparatively small and couIcl- not produce a large decrease of the
flow velocity in comparison with thermal velocity; correspondingly, An/n < 1. Since
the plasma velocity was high (1 = vy.), the factor exp(—m;u?/2Ti) was added in

(3.26) to take this into account.
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dynamic equations with frictional force (3.26) was analyzcd:
nu = const
Bu___t'_:!__ +p)+ F (3.24) .
i Rl _a; e (pe +Pi fr

=
et aty

g o | # T b [ lt rl .

i ion motion can
Under these conditions, the work perfurmed by the electric field on the ion

be given by

9 |mu? +3T;]=€E (3.28)
oz 2 2

i densit
Combining expressions (3.27) and (3.28) one gets the equation for the plasma y

an .3 : . =
_T.+—Tz-m‘u}] fr
az[‘ 5(

Taking the frictional force as a perturbation one finds the density drop

1r2 z
T.m Y2 uk - 1)

An 11 (1 ;)
%)

exp(-m; u2T;) (3.29)

5 T +~§-(T£ —mu

The numerical coefficient corresponds to the field profile (2.35).

i ide
The value of An/n depends on a number of parameters which can vary over wi

ranges. Taking into acéount the possible experimental variations of the values of T;,

er
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the experimental data,

Indeed, if n;Z%ny > 1, the hydrogen ions scattering path decreases by a factor of

3.4 The Effect of Heavy Impurities on Multiple Mirror Confinement nyZ%ny in comparison to the case of a pure hydrogen plasma. The scattering path

reduction results in a slowing down of the plasma diffusion along the multiple mirror

ew possible conditions of given confinement time

plasma flow appear if a small amount of a heavy impurities is added to the device

: 2 i - A ith respect
I ; i & In the case of nyZ</ny > 1 the hydrogen ions mean-free path Az with resp
nserting the impurities with 2 | allows, as will be shown et

i . . : to the collisions between themselves is connected to their mean-free path Ayzy with
improvement of multiple mirror reactor characteristics,
respect to the collisions with impurities and with impurity mean-free path A, by the

At a temperature T = 1) keV the fusion power output in a .purﬂ DT-plasma is

: relationships: Azy ~ Ayz/Z% ~ Ayy nyinzZ*. For the quantitative illustration of the
known to be approximately 30 times greater than

e I

rahlung loss i ;

ﬂxzze’nﬂ__ WHETE s a0l 7 e tenmesie At = : D 5 mc s o ! between two mirrors is smaller than the minimum scattering length, A-7. All species
gen isotopes (th J - . : | %SI-”“"WE]}’ T TmaEE s of particles are therefore in the small scale corrugation regime. The longitudinal
£ Hi e e NNy il "L Sty diffusion coefficients of the various components according to (2.28) can be estimated
or which the electrons have mainly a ““hydrogen” origin). Then the ultimate permissi- ‘ ; :
ble density of ir't.‘lpm'ities is determined by the condition b e Sollowi s xanons

D, ~vp, Ayzlk%, Dy ~ vig Aygglk?, Dy ~ v Agpik? (3.31)

nzZ%ny < 30. (3.30) :

On the other hand, at densit

. & z ks 1 1 i i i 1
s nyZL%ny =1 the impurities can considerahly {the mirror ratio k£ is taken to be large, & > 1, and the width of the mirrors is assumed

increase the scattering

frequency of hydrogen ions. Tt was suggested in [38 to be smaller than the distance [ between them). Here, in an order of magnitude est-

138] to use this

circumstanc s ¢ - 4 - : it
ce to decrease the absorbtion len gth of CO,-laser radiation in 1 plasma (the ks, we negipal e diiamice DetWotal ORIICITINL AN SN DIeS,

absorbtion length is inverse] 100 ing f
¥ proportional to the scattering frequency of electrons on \ The estimates (3.31) show, that the electron diffusion is fast compare to the other

jUﬂS]. It is evident that by inserti 1 it
A Sermng imm e Y - g : i y %
E purities one can reduce the Eil?::;:.xrpfl{}ﬂ len g[h by [JH.IIIEIISS. However, 1n the case when the Plﬁi-;lllﬁ cxpands into a vacuum the electrons

an order of magnitude without violat - 2
¢ ut violatio : . : ! { : e :
n of the condition (3.30). h is obvious that, in move together with the light ions due to the effect of a polarization electric field. As to

[hL SHIHE ﬂrﬁ!r o1 e ':.1"1“ -rli} ¥ i LICE © i o B EE) I| i 1 | §] . 4] ¥ 1_.[ K
£l . rLL’[LibI\' re N P 11t i ; I I 1
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coefficient) within the scale of the light component expansion time.

Based on the estimates (3.31), let us compare. numerically, the case of
confinement of a pure DT-plasma with that of a plasma with a small heavy ion admix-
ture. For the parameters T"~ 10 keV, n ~ 310" cm™3, and mirror ratio £ = 3, with
pure DT-plasma confinement, 1o obtain the Lawson time, ;; ~ 3-10~4 sec, the length
L of the muldple mirror device, is of the order of 30 m. If 10% of impurities with
Z =10 are inserted, the length of the machine can be reduced to 10 m (to obtain this,
one should note that for a given confinement time, the installation length is propor-
tional to the square root of a diffusion coefficient), However, in this case the mean-free
path A7 equals 0.6 cm, so it is rather hard to satisfy the condition / < A, with a rea-

sonable installation diameter. Therefore we shall analyze the case of A, < [ « Ay,

Over this range of parameters the impurity flow is purely hydrodynamic
(Azz < [}, while the light ion motion CDrrespGI-]dH to the regime of a small-scale corru-
gation. The expnnsinn velocity of a heavy component is defined by the balance of two
forces: the accelerating force, which is due to the polarization electric field and the
friction force against the magnetic field, which is connected with a longitudinal ion
viscosity: nqux.-’f?‘~eanE (this estimate holds for not too -large mirror ratios,
k =1 ~ 1). Hence, taking into account that Nz =~ AzzvizZMyn; and E ~ Tiel, one
gets uy — vy NZ 120, L. Comparing this with (3.31), we find the condition
e 23’413 for the heavy component expansion to be slower than the light one. For
the numerical example considered above this inequality gives / < 5 cm; this estimate is

quite acceptable if an installation radius is smaller than 2 - 3 gm.
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Since in the case of | < Z¥*\, the heavy ions can be considered as immovable
within the scale of a light component expansion ﬁmg.. the exact equations describing a
light component flow can be obtained in the way analogous to that used in Sections
2.1-2.3. Thereby it is quite sufficient to take into account only the collisions of elec-

trons and light ions with heavy ions (Lorentz plasma model). As was shown in Section

- 2.3, the temperatures of all species can be considered to be equal (T, =Ty =Tz =T)

and constant (97 /ox = 0) along the plasma column which holds in many cases of prac-

tical interest, Under these assumptions the equations for deuterium and tritium densi-

ties have a form:

i aﬂﬂ‘]" a.ﬂﬂI
anﬂ,T i STSFZ _ﬂ_ _.1_..._-_ (EHD.T -+ n-rﬂ:lT + HD.T ax

ot = *i'zwr"*mﬂli%.hg‘*zik'z ax | nz(np + ny)

where A is the Coulomb logarithm and nz = nz(x) is an imitial distribution of impuri-

ties (the polarization electric field is excluded by means of a quasinetrality condition).

These equations allow one to predict a time-space evolution of a DT-plasma with
heavy impuritics in a mulitiple mirror magnetic field. The practical use of these equa-
tions for impurity parameter optimization has several difficulties since the conditions of
their applications can be easily violated under the parameter variation. To derive the
equations which have no such disadvantages another approach was developed. It is
based on a less accurate but a more convenient force balance equations for each group
of particles (deuterium and titium ions were considered as one group with
m; = 2.5my ). A brief description of this equation was published in [41] and a detailed

one with the analysis of the results of optimization was given in [42]. Since this theory
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was mostly developed in an application to the j:rc:bh:m of reactor

ton we will discuss it in the next

parameter optimiza-

section, devoted to different aspects of reactors
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4., MULTIPLE MIRROR REACTOR CONCEPTS

The general theoretical treatment can be used to quantitatively optimize the
different types of multiple mirror fusion reactors. With this objective we will present
a brief review of these studies. Two main types of multiple mirror reactor were stu-
died: a pulsed reactor with dense plasma, first described in [43], heated by relativistic
electron beams and confined in the radial direction by a magnetically insulated rigid
wall (so-called ‘‘wall’ confinement); and a steady-state reactor with magnetic
confinement, first described in [27]. The procedure of optimization of axial
confinement for the pure D-T pulsed reactor is described in Section 4.1. In the same
Section the results of a quantitative analysis of the effect of heavy impurities is
presented. The physics of the radial nonmagnetic confinement and the cn}mplttc‘cnn—
cept of the pulsed multiple mirror reactor with > 1 are discussed in Section 4.2.
Section 4.3 is devoted to a review of the optimization of steady-state multiple mirror
reactor confinement. The stability, radial confinement, and complete concept are con-

sidered in Section 4.4.
4.1. The Optimization of the Axial Confinement of 2 Pulsed Reactor

Comparing (1.1) with (1.11) one can see that the corrugation of the magnetic ficld
allows an improvement of pulsed reactor characteristics of approximately a factor of
10k. We now consider what a more accurate analysis, based on the equations presented
in Section 3.3, gives. The case of pure D-T plasma was treated in [44]. The statement

of the problem was very close to that described at the beginning of Section 1. At




i i i INCTeE: I ds of the system was
eters by allowing the mirror ratio & to increase toward the en y

£ =0 the initial space density distribution, initial temperature T'p, which was assumed analyzed in [44]. It allows a reduction of the value of W by approximately 1.5.

1o be constant along z, and the energy Wy per unit of transvers hirgn A :
y €l g PEr unit of transverse pla.‘jmﬁ Cross-section : ;
| Finding the optimal values of Ty and W, for each value of O one can calculate

were fixed. A numerical integration of the equation (2.28) for 1 > 0 determi : : . e
: : { o o values of ngl. It is obvious that by means of choosing higher values of density the

time evolution of the space density distribution while the time evolution of the t _ :
: : : Emh ® 4 - - *
length of the system can, in principle, be made shorter. The main limitation on ng in

perature was found by including the plasma cooling due o the bremsstrahlun radia- : ot :
. [44] is concerned with the limitation on the pressure which the containing walls can

tion, the end losses, and the o particle heating. With this data the fusion en 3
; : e = 8. nis dat; g €rgy oulput s s : e
S support. To illustrate the results of an optimization we show the dependence of the

per unit of plasma cross-section was calculated during the plasma expansion along the _ e
: length of the reactor for the achievement of given values of Q0 under the different

multiple mirror field. Dividing this value by W, one finds the reactor (.
values of ny and correspondingly, pressure pg.

One feature of the small scale corry gation regime (2.28), is that the peak value of

> 3 " ..' £ o i - r . - 11 " > l
the initial density distribution g and the length of the installation L do not come into s

i i : : . ,‘ : i including o-particles heating (k = 2)
the expression for @ separately, but in the combination n ol.. This product can be Pulsed multiple mirror reactor axial confinement including a-p £

expressed in terms of Ty and Wy, 50 the value of @ can be analyzed as a function of e e T
Q =04 Q=1 S s
only these twe ameters. £ s - 2 / MIfem®) | (Wg = 10 Ml/em?)
only these two parameters. The study of the dependence @ (Tg) with a given value of (Wo = 2.5 Mlfem?) | (W, =5 Ml/cm 0 .
P ehivinad : ‘;'- valips o . T e PR i) S, :
‘0 Snowed that a maximum value of this function is achieved with Fo=4 -5 keV, n =810 cm =3 170 m : 340 m 700 m
e . . = 1000 bar
which is, therefore, the optimal range of values from the point of view of axial 9 e e
i . 17 -3 1 120 m 230 m
confinement. n =2-10"" cm 60 m
Fo= JO00 bar i} Al

The energy supply W required for the achievement of moderate values of

¢ L ' i ihili ' srme he reactor characteristics by inserting a
(@ = 1) to some extent exceeds the value obtained from estimate (1.11). This The possibility of further improvement of th

differenbe arices haen e : ; ‘ o Pt -avy impurities into the plasmoid was studied in [41,42]. Before
difference arises because Plasma cooling is faster than partcie loss from the system, It small amount of heavy impurities into the plasmo '

. 1 1
eSS Tron igh intion ; imization ; we will estimate the value of expected
results from the higher energy losses through the electron channel if one assumes that description of the accurate optimization theory

! ' : - W, as the input neede the reactor with impurities and
cach electron takes out energy of the order of 5T, ~ 67,. (This clection enerey loss effect. Let us define W5 as the energy input needed for the re: p

fiay bE recove ibili : ' : : ' hich produc same values of Q. We
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introduce then the energy lifetime 45 m

s + __._’ h 1 i 1 - " -
Sp oo e the time of the axial This consideration shows the main characteristic features of the effect of the impuri-
confinement; T, ~ W;/P, (1 + p) is the time of Bremsstrahilung losses, where the factor ties, which plays a small role for values of @ > 5. On the other hand for increasing
i = 2 : : - ;
W =nzZ%n takes into account the presence of the impurities. Taking into considera- values of O o-particle heating becomes of more and more importance in the encrgy
tion that the fusion power Py = n?Lf(T) = 30P, and W = nTL, one finds balance. The estimate obtained shows that for ¢ = 2 - 3, the impurities allow a
1 Wy I 1 1 { reduction of W by about a factor of 2. Larger effects can be achieved by means of an
LSRR v B S O S =
Q P it T s 2 + =
i % WAF(T)1 +p) 30

inhomogeneous initial impurity density distribution, with impurities mostly located

where the function F(TY ~ f{THTY2 should be optimized with respect 1o temperature S o e it

Noting further, that if y1 = ity distribut
SERE Tt bt if40= 0 we ave The search for an optimal form of the impurity density distribution, and the value

| E 1 of the temperature and the other plasma parameters, was carried out by means of a
W2Fr) 30’ '

L
Q a - L] " -
numerical solution of the equations which describe the self-consistent motion of the

we can substitute F(T) with w2

- If one neglects the difference between optimal tem:. plasma and heavy impurities. The problem was analyzed in the same way as

eratures for the nlas Ak - : e :
p or the plasma with and without impurities (the numerical factor 30 ch

anges described above for pure D -T plasma. Given, at ¢ = 0, the initial plasma and impurity
a little with the temperature) then P 5 _
2 ) then the relation W /W can be written as follows: ! density distributions find the slow (in comparison with thermal velocity) diffusive flow
= o w2 = [ I 1 ] 1 +p of each of the components, the pressure gradient, the electric field, the joint frictional
2] 731 PR el B e ey
Wil+w (@ 30 )" 30

SRR forces, and the friction of the magnetic field. Macroscopic equations for the velocities
vlaxar gl T AR . . :
nizing Wz/W the maximum improvernent from impurities is achieved for .

Uy , iz of the components, which follow from the balance of these forces, have a form
L+ =150 and it equals
o ngMy vy dpy
W o MUy Vry |5+ 1|3 S faeiy (uy — uz) + engE - T 0
IT{:‘L = ‘..'Q f?‘g .HZ HH HZ t
Mgy My Vg ny Uz mz Vi 1 , dpz
If one considers another strermes i . — Uy — Uy ) — + +elngE - —— =0
onsiders another statement of the problem and calculates the increase in Q' that Mz T ! Uz + Agzll) . 9z

L

L]

s |.- 3 gl 1 I
can be obtained when W is fixed, the result js the same l

Here py and p; are, respectively, the pressure of the plasma and of the impurities.

0,0 = 1350, The factors o, B, Y, 8, M are the numerical coefficients which values depend on the

geometry of the magnetic field and, correspondly, are functions of the mirror ratio.
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The calculaticns, using this f:quatic-ﬁ, showed that the optimal values t;:rf Z are in
the range Z < 10. For small @ and optimal parameters the value of QO increase 3 — 4
times in comparison with the case of a pure h}'dmgén plasma. &nesmﬁngly the
energy decreases by the same factor if Q is fixed. The comparison of the C;*iﬁﬂs of
homegeneous and inhomogeneous initial impurity density distributions shows that by
the appropriate chﬁice of the profile the effect of impurities can be incfeased by

approximately 2 times. Similar effects were found for steady-state reactors [45], and

will be discussed, briefly in Section 4.3.

In cﬂnsiderihg the thermonuclear aspects of multiple mirror axial cm‘:ﬁn&ment one
should keep in mind that only the ions with A/k <« I are effectively confined in these
systems. We suppose that this condition is fulfilled for most of the particles, but this
can be violated for high energy ions with A{e)k > L. Since it is the high energy parti-
cles that give the main contribution to D -7 fusion power output, it is essential wo clar-
ify how large is the difference between the actual distribution function and the
Maxwellian m@ at high energies. This problem was rcsc-lved- in [46]. T;qis difference
was shown to be insignificant at large mirror ratios (k > 3), but at small & it is possi-
ble to have some decrease of the neutron yield. In the same paper it was found that

e A : 5
addition of some impurities does not lead 1o a noticeable variation of the Maxwel-

lian distributi i 5 i
bution provided n,Z%n {(L&fl)m. At high concentrations of impurities

there is a substantial deviation of the distribution function from a Maxwellian

e

4.2. The Complete Puilsed Reactor Concept

The procedure of axial confinement optimization described above allows us to
minimize the value of the initial energy input per unit of plasma cross-section. The fuil
amount of tmerg{r that is needed for the achievement of the given value of ) is deter-
mined by the transverse size of the system. The axial optimization of a pulsed reactor
shows that for reduction of the length of the reactor to 100 m it is necessary to use the
plasma with high density » > 3.10"7em™. At a temperature Ty =35 KeV magnetic
containment requires the use of magnetic fields in the megagauss range which is not
practical. For this reason, for a pulsed multiple mirror reactor, “‘wall”’ c:oﬁnemmt 18
employed. The magnetic field is then required only to reduce the transverse heat con-
duction, and radial equilibrium is provided by the rigid walls. Besides the cbvious
features, concerned with -the contact between plasma and wall, s.uhslanlial differéences

appear in plasma behavior as a whole, Most impontant of these are convective plasma
and magnedc field motions, which are practically absent in plasma with B < 1, but
become dominant in the case B > 1.

A number of papers have been devoted t{} theoretical study of these questions. In
most of them a pure transverse problem is analyzed, in which the magnetic field and
plasma parameters are considered to change only ﬂang the radius and to be homi':!w-
geneous along the z-axis which coincides with the directiﬂn. of the magnetic field.
Since the plasma is considered to be heated by means of a relativistic electron beam
(REB), the problem of initial conditions was studied which correspond to the radial

cold plasma density distribution which is homogeneous in the direction of the magnetic

1




field. The heating pulse and the plasma cooling processes are described with one-fluid
MHD equations. The analysis of the cooling rate allows one to find the scaling of the
transverse confinement time T . (R ), then the optimal value of the plasma radius can

be found from the condition T ¥ R)=1 i (L)

The analytical study of the plasma cooling process is very complicated because of
the strongly inhomogeneous profiles n(r), T(r), H(r) which are created due to the
passage of an REB through the plasma bunch. The first numerical calculations [23]

showed that the plasma cooling rate is approximately 10 times faster that follows from

the simple estimate

=i
T, = R%y, @.1)

where ¥ | 1s the coefficient of thermal conductivity.

There is now a clear understanding of the physical mechanisms which are respon-

sible for the 'rcs;ll:ing thermal conductivity becoming much greater than the classical

value (4.1) (seé review [27]). The main feature of nonmagnetic confinement is that the

plasma pressure remains almost uniform in the radial direction during cooling:

nT

= const. Hence, the temperature drop near the wall causes a corresponding rise in

the density which is provided by plasma convective flow from the center to the wall.

Although the velocity of this plasma radial expansion is much slower than the thermal

RS ; : :
velocity, it can (as shown in [27]) be considerably higher than X _LIR, the velocity of

propagation of the cooling wave. Thus the convective plasma flow results in a cooling

time for the plasma which is much shorter than the estimate of (4.1). In the case for

example, of nonconducting walls the cooling time can reach the value of the Bohm
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time, despite the classical values of the transport coefficients.

These results are mostly re‘.lal:cd. to the case of the uniform initial density distribu-
tion of the cold plasma. The numerical calculations [26,41] showed that by means of
the choice of nonuniform initial density distribution the confinement time can be
increased by an order of magnitude as compared to the uniform case. If, for example,
the plasma occupies the central part of a tube before the beam is switched on, it
expands during heating and compresses the magnetic field in the gap until its pressure
becomes locally equal to the plasma pressure. As a result, the hot plasma is isolated
from the walls by the magnetic field. Since the diffusion of a magnetic field is
(m;/m, 312 times slower than temperature conductivity the cooling time increases. The
efficiency of this method is limited by the finite time of the magnetic field diffusion
into the chamber walls. This effect decreases the improvement of a nonuniform initial
distribution with values of p = 100 and it makes moderate values of § = 5 - 10
more optimal. The final result of the computer study of the problem can be approxi-
mated by means of the expression for the transverse confinement time

1, =72 1072 txf[i”l [41], where T, is given by (4.1). From this calculation achieve-
ment of Q0 = 1 with # = 100 kG required a plasma radius not less than 4 - 5 cm.

The effect of the microinstabilities on the confinement time can be estimated, as

usual, by introducing Bohm thermal conductivity % o (1/16)cT feH ). It is interest-

ing to note that, in contrast to the case of the classical transport coefficient, with Bohm
scaling the rough estimate and the exact numerical calculations of the transport equa-

tions give approximately the same result. This is caused by the difference in the tem-
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perature dependences of the Bohm and the classical coefficients.

Radiative effects during the cooling of high-B plasma were examined in a number
of papers (see review [27]). We will not discuss them here since, in the parameter
range close to the optimal reactor ones, they play no role. The additional impurity flux

caused by contact between the-plaﬁma and the metallic walls can lead, in principle, to

a large increase of the radiative losses, Consideration of the problem showed that the

diffusion of heavy impurities into a dense plasma is substantially suppressed due to the

convective plasma flux and the ion thermal force [47].

Apart from the microinstabilities that might result in an increase of the radial

-transport, flute-type MHD perturbations can be very dangerous for axisymmetric multi-

ple mirror systems, They certainly would appear in the case of the magnetically

confined plasma (f < 1) because of the considerable pressure drop along the radius.

However, this instability is absent in the case when the plasma pressure is constant in_

the transverse direction (pure wall confinement). In a real situation of finite B there is

-

an intermediate case; plasma pressure varies along the radius, but its variation does not

exceed p/B. The study of the MHD stability of a B > 1 multiple mirror system carried

out in [48] showed that variation of p along the radius equals, in order of magnitude,

to just the value p/p. It means that the question of stability of the system depends on

what concrete profile p (r) is realized. Stable profiles of p (r) certainly exist and one of

them seems to be cstﬁhlished automatically.

The effects of ion-ion viscosity have substantial influence on the dynamics of the

flute instability in corrugated magnetic fields with B = 1. They result in the reduction

of the growth rate by a factor B'2 [48]. If the inequality B > N/A is satisfied then it

: : = =
was found that the time for the development of the insiability becomes greater than the

ial confinement time. These arguments show that in wall confined systems the flute
axi ;

instability is not as dangerous as in traditional systems with B<l.

In summarizing the optimization of the axial and radial confinement we will
describe the parameters of a multiple mirror pulsed reactor with O =1 [49]. The full
length of the reactor is mﬁl to 60 m, radius of the chamber is 4 cm, magnetic field
strength is 75 KG, and the mirror ratio equals 2. The maximum plasma density is
6-10'7 em™, temperature is 5 keV, and the total energy is 120 MJ. A suggested
method for plasma heating is by means of an REB with the use of a *‘two-stage”
scheme. The main feature of this scheme is that the central part of the reactor is occu-
pied by a smaller density plasma n = 108 cm™, where _the beam effectively
transfers its energy by a collective interaction, This energy is, rapidly transpnrtec! by
the electron heat conductivity to the adjacent areas with the high density plasma which
makes the main contribution to the fusion power output. For the parameters given
above the heavy impurity improvement has been taken into account.

The operation of the reactor as practical energy source requires another optimiza-
tion, which includes economic variables, which have not been considered above. A
reactor has to operate with higher values of Q and there are more rigid restrictions on
the maximum pressure and density of the plasma. These requirements result in a sub-
stantial increase of both the reactor size and its total energy. For example, including
the reduction of the maximum plasma pressure below 500 atmospheres leads to the

reactor length L = 1000 m,
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4.3. Optimization of the Axial Confinement of a Steady-State Reactor

A steady-state concept for a multiple mirror reactor has the basic advantages over
a pulsed concept that is shared by all reactor configurations. It also differs from the
pulsed concept in a number of important respects, that can be either advantageous or
disadvantageous. Because the average power must be held to reasonable. levels, the
density is much lower in a steady-state reactor than in a pulsed reactor. This requires
longer cunﬁﬁeme.nt times to achieve a given reactor Q, requiring more attention to
optimization of the magnetic field confi guration in order to keep the reactor of reason-
able length. The lower density opens the possibility of full magnetic confinement, with
B < 1, which is reasonably well understood. However, since the axisymmetric field is
not MHD stable, quadrupole fields are required to obtain stability, which can introduce

new problems, both of a fundamental and practical mature, In this subsection we con-

sider the results of the reactor studies considering only axial confinement issues, In the

following subsection the MHD stability and radial transport issues will be considered.

As we have seen, when [, << A < &/ then there is a minimum local diffusion rate

given by

s _8“ 7T 172
Tk | s

The steady-state operation of a multiple mirror reactor was studied [39] using a local

diffusion coefficient slighuly differing from this value [11]. The reactor model consists

of a solenoid with multiple mirrors added 1o both ends. The central-solenoid length

was assumed to be half of the device length and the multiple-mirror cells were
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assumed to have equal cell lengths. Assuming an upper limit of 20 T for the supercon-
ducting solenoid coils, peak mirror fields of 30 T, and reasonabie values of conversion
efficiency from plasma loss energy and thermal neutron energy to alwﬁﬁty, then for
P =P ciuliing 2 = P tusion! P recirculating =~ 2) the Teactor parameters were found to
be: L =400 m, T =45 keV, and the central-cell density, ny =8 X 102 m™ for
B =08. The system had 20 cells, each 5 m long, at each end. They also found that
the breakeven reactor, P, =0 (@ =1) is 140 m long, and the ignited reactor,
P recireulating = 0» is 1100 m long. Since the density decreases towards the end of the
nachine and A ~ T%n, the assumption of constant cell length leads to a device which
does not operate in the ideal multiple-mirror regime near the ends, resulting in larger

i i i 1d be
axial loss. Thus, the reactor length found in [39] is somewhat shorter than it wou

if the axial loss were accurately computed.

Realizing this problem, a device with variable cell lengths was considered [45].
The cell lengths increase towards the end of the device to keep the plasma in the ideal
multiple-mirror regime throughout the machine. In addition, it was assumed that the
re-circulating power is provided by means of fast-neutral D-beam injectors. The fusion
reactions between the fast beam particles and the background plasma increase the total
fusion power over the stut;lias. of Logan et al,, resulting in a shorter reactor. Both stu-
dies also assumed that the only loss processes are bremsstrahlung and axial loss; the
entire alpha particle power is deposited in the plasma, and T, =T; =T. For the same
central mirror ratio, magnetic field and P as in the previous study, for 0 = 2 they
found L = 340 m. The second study did not include a long central solenoid, but rather

a central cell which operates in the same mean-free-path regime as the other cells,
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which results in a reactor length about 13% longer than a reactor with optimum

central-cell length.

Another mode of operation was also studied called the wetwood-burmner mode
(pure-T background plasma) with depressed ion temperature [51]. In the wetwood-

burner mode, the fusion power is produced by reactions between plasma T and beam

D ions. In this case, Q increases with T, while Q is almost independent of T;

because the background ion temperature is low compared to the beam energy,

Ep (T; < E,). Since the axial power loss scales as T;2, depression of the ion tem-

perature results in a shorter MMR for a given Q. By adjusting the reactor parameters

s0 that most of the beam and alpha particle power is deposited in the electrons, one

can make the ion temperature lower than the electron temperature. It was found that

the depression of the ion iemperature can be achieved by using high-energy neutral-
beam injectors (E, ~ 170 keV) in MMRs with only a few (5 to 15) cells to make

Tinm = Toge (Tegr 18 the electron-ion equilibration time). For a central-cell field of 9.3 T

and a peak mirror field of 16 T, the reactor parameters were found to be: T, = 5.6
keV, T; =3.1 keV, E), =170 keV, n; = 5.8 x 102 m™, and L =230 m for B=038.

The resulting value of @ = 1.1 was probably too low to be viable, even considerin ga

blanked multiplication of approximately 1.5.

These studies [39,45,51] i gnored the pressure of the alpha particles and assumed

that the entire alpha particle power is deposited in the plasma. However, the alpha par-

ticles which are born in the loss cone carry almost all their energy out of the system.

Furthermore, some of the confined alpha particles scatter into the loss cone while they

are slowing down. Therefore, only about 80% of the alpha particle power (for R - 3
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and T. ~ 5 keV) will be deposited in the plasma, which results in a longer MMR.
E -

Based on the reactor studies [45,51], a cost analysis study of a MMR has also
been performed [52]. Minimization of the unit direct capital cost ($/kW (e ) output) was
chosen as the optimization goal. The economic trade-offs among reactor length, mag-
netic field strength, mirror ratio, recirculating power fraction (or @), wall loading and
other related parameters were studied. Tt was found that the reactor cost versus Q
shows a broad minimum in the range @ = 5 to 20; a MMR operating in the wetwood-
burner mode, even though short, was not found to be economical, although optimistic
unit costs were assigned to the recirculating power systems. The study also showed
that, because of the B2 = const scaling of MMR, the economics of the system
favours high magnetic fields. In addition, the optimum mirror ratio and number of cells
(and, therefore, the reactor cost) were found to be sensitive to the Joule losses in the
mirror-quadrupole assemblies needed for average-minimum-B stabilization. The effects
of the wall loading on reactor cost were also studied. Because of the high power den
sity in 2 MMR, the first wall is located far from the plasma and the first-wall radius is
hasically determined by the desired wall loading. The study indicated that the optimum
wall loading (minimum direct plus indirect cost of replacing the blanket) is about 1 to

2 MW m™2,

The most complete steady-state reactor ﬁndel took these various effects into
account,and, although not explicitly considering cost optimization, used the results of
that study to consider high central cell magnetic ficlds, and a relatively small total
number of mirror cells [53]. Because of the small number of cells and the not-too-

large value of £ in the central cells a local diffusion model underestimates the density.
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A cell-by-cell analysis, which we have already described in Section 3.2, can be used to
obtain more accurate results. This was done using a somewhat different, but mainly

equivalent, theoretical treatment [36].

The basic assumption for a steady-state MMR which consists of a central
solenoid with length /., and multiple mirrors at both ends are as follows. The back-
ground plasma (the warm component) consists of deuterium ions with density fpn;
and ftritium ions with density (1 — f p)n;, where f, is the fraction of the D ion den-
sity of the total Mmund ion density. The recirculating power, Py, is supplied by
means of fast-neutral D-beam injectors. The beam pa:ticl;s, slowing down in the
plasma, form a hot component with density n, and deposit part of their energy in the
plasma (with a,, P, going to electrons and @ P, going to ions). The remaining beam
power, a,, Py, is lost because of the scattering of the beam particles into the loss cone.
Fusion power is produced by reactions berween hot 2 and warm T ions (Pry) and
warm D and T ions (Pry). For other means of heating (e.g. ICRH), one can set
ny, =Pp =0. Alpha particles, produced by fusion reactions, deposit some fraction of
their power, P, into the plasma (with a,,P,, going to electrons and @; P o EoOing to
ions). The remaining power, carried by either the particles which are born in the loss
cone or those that scatter into the loss cone, is lost (@;qf o). Particle loss and
bremsstrahlung are the only lo-ss processes; synchrotron radiation (unimportant in these
low-T', high-n devices) and radial diffusion are ignored. Radial loss can be important
in high-Q MMR and will probably determine the highest B at which a reactor can
operate [54]. A comparison of the radial confinement time with the axial confinement

time is given in the next subsection. As in the pulsed reactor the elimination of axial

&8

heat flow to end walls requires insulating sheaths in an expanding plasma at the device

ends, and the electron and jon-temperatures are assumed constant throughout the dev-
ice.

Using these assumptions, either in a diffusion model or a. cell-by-cell maiching
model for the axial loss, an equation connecting all of the reactor parameters can be

found in the form
l 1 ;'l.:ff :
piL =f(QJc1,-%,—E ,2N+1,T)

where p, is the central cell pressure k, is the mirror ratio of the central cell including
pressure effects, [, is the length of the central cell, 2N +1 is the total number of cells,
and T is the temperature, assumed constant and equal for ions and electrons. For this
calculation fp = .5 and n, = 0. The quantity Ao/l = MKl is the ratio of trapping mean
free path to cell length, which it is necessary 10 take into account because operation is
in the transition region A/l ~ 1, where the formulas for large scale corrugation must
be corrected. The results of an approximate correction given in [11] are used for the
calculation. The magnitudes of the mirror field and B are taken to be cnnstant. in all
cells, so that the mirmor ratio k increases as the density decreases, and is therefore a
variable in the optimization process. The optimization procedure is to minimize f to
obtain a minimum of p,L for a given @, with k, taken as fixed. A simple optimiza-
tion of T, as a function of 2N+1 is then performed, with Ayl is a parameter. The
‘results of this study for a given Q@ are shown in Fig'. 5. We see that good results are
obtained with A/l in the range 0.2-0.25. As expected, the operation improves with

increasing number of cells (the envelope of the Al curves), with a reasonable
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operating condition with 20 cells on each end (2N+1 = 41), which was then held fixed
for a study of other Q values. The economic optimum might well occur with fewer
cells, e.g. ten cells on either end, with a 10 percent longer length. The complete set of

reactor parameters for a range of Q -values is shown in Table 3.

TABLE 3

Parameters of a 41-cell MMR with k; = 3.36, and A, = 0.2 W, = 1.4)

Q 1 5 Ignition
T (keV) 4.6 6.0 i
1,/L 0.46 0.50 0.53
pL(x 10° Pa -m) o5 6.3 12.5
B 10°T*-m) 0.8 2.0 39
L(m)® 312 773 1534
ny(x 102 m)° 55 4.2 34

A8 =08, = 1.75).

bg -8R, =1.75) and B, = 16T,

The results of this study included some conservative features that overestimated
the energy flux and therefore predicted a larger p,L than actually required. Recent
unpublished work [55] indicates that considerable reduction in both length and mag-

netic field may be possible.
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4.4. Steady-State Multiple Mirror Reactor

In common with tokamaks and tandem mirrors, multiple mirrors are at best ave-
min-B devices. A magnetic configuration consisting of magnetic mirrors and linked
quadrupole fields produces an ave-min-B well in a region near the axis [56). As an
example, choosing [, /], = 0.1, and assuming a realizable form for the quadrupole
field, the last stable radius at the midplane, r,,, is found to have a broad maximum of
rw/R = 15%, where R is the mirror coil radius. These values are consistent with typi-
cal parameters of a steady-state reactor calculation for which r, =3 cm, R = 50 cm,
and /. =5 m. One limitation of ave-min-B stabilization is the onset of localized (bal-

looning) modes with finite B. Calculations indicate, that substantial B’s are possible in

realistic reactor configurations [57, 58].

The fan shaped flux surfaces that are created by ave-min-B coils have certain
undesirable features. The enhanced radial diffusion in the fans can add to the overall
losses [59]. The asymmetry breaks the Pg invariant that would otherwise prevent radial
diffusion arising from nonadiabaticity. In addition, the quadrupoles increase the Joule
heating in non-superconducting coils by about a factor of five and increase the com-

plexity of coil design and censtruction 152].

The theoretical studies of the ave-min-B low B magnetic field structures explored
the relationship between the well radius and flux surface ellipticities for varieus ratios
ln/l and mirror ratios. An idealized coil configuration was considered consisting of

local mirrors and two sets of quadrupole bars, one carrying weak currents extending

the full cell length I (the ‘*weak quadrupoles™) and quadrupole bars with strong

?

o = W

mirror i irror radi the *‘stron
currents extending over the mi scale length, with a mirror radius R (the g
imi 1 3 g ua-
quadrupoles’). The well radius was optimized with respect 1o weak and strong g
R e
drupole currents and strong quadrupele length. The results of the optimization are su

marized in Fig. 6. In Fig. 6a the well radius at the center of the cell r,, is given, and
in Fig. 6b the corresponding well radius in the mirror throat rpg, 18 shu.v.rn. Fortui-
tously, both large mirm; rutit};s. and small values of R/L, which are required for
efficient longitudinal confinement, are more effective in producing large midplane

lls. On the other hand, large mirror ratios also lead to large ellipticities, such that
wells. ,

Bt v o 3 a T 1 SS .

Although ave-min-B fields are subject to ballooning modes, which can limit the 3
of tandem mirrors, multiple mirrors do not appear o have such a limitation. The rea-
son for ‘Lhis i that the unfavorable curvature is concentrated in a small region near the
mirror throat, with a short connection length to the favorable curvature regions that

= RS 3 =
extend over most of the cell. An approximate stability criterion can be written [57]
B < 8n¥yr,R./lx,

: s o
where ¥ is the ratio of average good curvature o the maximum destabilizing curva

is the plasma radius, and [, is the connection length, With the scalings for the

R

P

f gt ]

multiple mirror, ¥~ 0.1 [, /[, and R, ~ I.1,ir,, the critical beta is predicted to be
B. < 8. These calculations were performed for practical geometries used in experi-
ments, indicating stability at all B < 1 [57]. this work was extended to a general
study of resistive ballooning which was more relevant to the experimental studies. The

isti idual slow- ing modes
results were similar, except that resistive effects allow residual slow-growing
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.25,

: ' ' - : , [58]. The resistive effects become ummportant under reactor conditions. The experi-

mental results and comparison with the theory are given in Section 5.

R/L=0.05
p Particularly for devices with B near unity, the radial diffusion time can become
L)
E : - - =
comparable to the axial diffusion time. In this case a more complete theory, including
0.15 —
both radial and axial diffusion, is required. We have already given a simple estimate of
the combined effect, for pulsed systems, in Section 4.2. For steady-state systems, in
0.10 -
which the plasma is far from any radial wall, the actual process of combined radial
and axial loss is that the central density diffuses radially toward the plasma edge,
0.05

where the density is lower. At the lower density the axial diffusion is enhanced, so

that all flux is eventually lost axially.

K An analytic investigation of this combined phenomenon was made, showing that

Figure 6a. Optimi - : .
. ized well radius normali; : : : ; : :
normalized to mirror radius versus mirror ratio. with proper definitions the overall confinement time could still be cast into the form

0.04 - : : : 1 1 1
I — T — .-|.- e
R/L=0.05 i : T
0.03+ as used in Section 4.2 [54]. The theory shows that as p — 1, the radial profiles are
Tmin
R essentially flat with sharp gradients near the plasma edge. The results of the theory
0.02+ can be characterized in terms of a single parameter o ~ (T, /t,)"2, and show that one
can trust, quantitatively, a heuristic evaiuation of the axial and radial loss using an
] — et
gl o . effective mirror ratio k and an average magnetic field B given, even for values of B
)
v close to unity, by
:
| : ; — 12
£ 3 i 5 5 ks 1 o B;kuz
k k =k,
' 1-p

Figure 6b. The minimum well dimension in the mirror throat

and
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B =B,(1-p"”

where k, and B, are the vacuum values of £ and B, respectively. Radial losses are
unimportant (e.g., less than 10% decrease in confinement time) for o< 05 It was
shown qualitatively that some improvement in overall confinement can be made by
increasing the B of a system beyond the B = 0.8 value usually used in the calculations.
However, for the usual parameters of steady-state reactors radial losses play a substan-

tial role and cannot bf:, neglected. Such designs should be optimized with the inclusion

of the effect of radial losses.
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5, EXPERIMENTAL EVIDENCE OF MULTIPLE MIRROR

CONFINEMENT

Since the mean free path of the charged particles in plasma scales as A e T%n,
the predictions of the I'ﬂl.ﬂﬁplﬂ mirror theory can be easily checked in a lahoratory by
using a wide range of temperatures and densities which correspond to the rangﬁ of
parameters for which A ~ {. The steady state alkali plasma, obtained in Q -machines, is
a very cuﬂvenient medium for carrying out such experiments. Shortly after the first
suggestions on multiple mirror confinement were published, these experiments were

performed in Novosibirsk and Berkeley.

The first Berkeley installation had a length about 150 cm, the diameter ';nras 6 cm,
the number of mirror celis N could be varied from 1 to 5 and the mirror ratio could be
varied from 1 to 4. The main part of experiments was carried out with N = 5, k = 3.7,
ar:d the mirror cell length / = 28 cm. The plasma, created by the ionizer near the one
end of the device, was absorbed, after passing through the corrugated field, by a cel-
lector placed at the other end of the system. The length of the plasma column could be
varied by moving the collector in the axial direction. The number of cells in the sys-
tem could be changed ﬁitﬁer by moving the collector or by switching coils on or off.

:

The plasma density was determined by Lﬁngmuh probes which measured the density

distribution in the axial and radial directions.

The first results of the Berkeley experiments were published in [60] practically at
the same time as paper [61] appeared giving results of experiments carried out at

Navosibirsk. More detailed results of the Berkeley experiments were given later in




.1

[27]. The experiments were performed over a wide range of densities
10%cm™ < 5 < 10" cm, that made it possible to observe the behavior from the
free Knudsen plasma flow at small densities to strongly collisional MHD flow at high
v;_'ﬂues of density. In the first Berkeley experiments a comparatively small number of
cells was used and there were no reliable information about radial losses. In addition,
the ion temperature which is needed for the mean free path determination, was
estimated from known alkali plasma properties. Despite these limitations, the results of
the measurements of the effective plasma confinement time confirmed the theoretical
predictions of the quadratic dependence l.}ﬂ the number of cells and demonstrated, as

well, the theoretical prediction of the dependence on the average mirror ratio.

An example of the experimental results is given in Fig. 7, which shows the probe
current ( o< density) in the first cell next to the source as a function of collector posi-
tion in the (a) low, (b) intermediate, and {c) high density regimes. For the intermediate

density case, the density at the source is seen to increase in 2 stepwise fashion as the

~ collector passes each mirror throat, adding another cell to the system. (The first density

jump corresponding to the collector passing the second mirror is a result of partial
filling of velocity space due to ion trapping when the first cell is created, and is not a
multiple-mirror effect.) The increases of the measured first cell density are smaller
with the collector moving into cells 4 and 5, due o increasing radial loss. However,
this can be taken account in the measurement of the lon gitudinal confinement time, by
using the flux to the collector in the calculation. When this was done, the 1, o N2
scaling was obtained over all cells for the intermediate density case. The low density

(A — L) case and the high density (A < I) case are characteristic of Knudsen fow and
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collisional MHD flow, respectively. These regumes were confirmed by measurements
with sliding axial probes.

The Novosibirsk installation had a length of 240 cm and consisted of 14 mirror
cells with mirror ratio & = 1.83. The range of densities corresponded 1o the mndititu;
A = I, which allowed both the free Knudsen ﬂm»; regime and the small scale c.r::«n*uga—
tion regime to be studied. Sometimes the boundary of the large scale regime (hydro-
dynamical regime) was reached.The experiments were carried out in both the steady
state regime [62], and impulse regime [63], when the plasma behavior was analyzed
after a rapid switching off of the flow from the ionizer. The method of performing and
analyzing the experiment allowed a comparison of theory with experiment without

exact knowledge of the ion temperature.

We now discuss the results of the Novosibirsk experiments in greater detail. If

everywhere in the device A > /, then equation (2.28) predicis the stationary density

profile to be exponential;

n(z)=n; exp [Ll_z], 5.1)

where z is a disran;r: from the ionizer, L is the coordinate of the last probe which was
located in the cell with number N =. 11, ng, and Ay are the plasma density and the ion
mean free path (the exact ciﬂﬁnitfﬂn of &; follows from (2.28)) at the exit of the sys-
tem z = L. It follows from (5.1) that for A; <« L the plasma density near the ionizer

is much greater than the density n;. This theoretical variation was checked experimen-

tally.

. The results of the measurements of the plasma density distributions confirmed the
exponential dependence of a(z). Calculating the slope of the linear fmcﬁm
In(n(z)/ng ) the value of A; was found for a given experiment. In this way Ay, is cal-
culated without using the ion temperature. This A; was then checked for self-
consistency with the assumption leading to (5.1). With this treatment of the measure-
ments for each experiment, the dependence n(0)ny, = f(L/A;) was then found from
.the results of a number of experiments. The value of A, and the correspondingly ny

was varied from one cxperiment to another by changing the plasma flux at the ionizer.

The results of measurements are illustrated in Fig. 8. As one can see, over a rea-
sonably wide range of parameters there is good agreement between theory and experi-
ment. The transition to the high density regime (k; < [) proved to be difficult to
reach because of the appearance of plasma losses. Some deviation from the exponen-
tial dependence that occured at a small A seemed to be concerned with the beginning
of the large-scale corrugation regime. If this happens then the small scale approxima-
fion is violated first within some arca near the ionizer, where the approximation of
large-scale corrugation stm;ts to apply. Some theory, developed for this simation and
based on the matching of the solution of the equation (2.28) and (3.23) across the
boundary A = [, predicts the existence of a maximum for the function f(L/A.) at
A; = NI. The maximum value of this function is estimated as N/(2In¥ )2, which
gives (n(0)ng dpax = 5 at N =11, in a reasonable agreement with the results
presented by Fig. 8. In summary, the experiments with an alkali plasma not only qual-
itatively but also, guantitatively confirmed the validity of the multiple mirror

confinement theory.
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The Berkeley multiple mirror alkali device was later modified for experiments
with hydrogen plasma. A conical 8-pinch was used as a plasma source that allowed a
density within the range n = 10!2 - 101 ¢m~> at a temperature T = 10 eV 1o be
obtained. The geometrical characteristics of the device and the number of cells in it
were practically the same as in the experiments with alkali plasma. The magnetic field
configuration was reconstructed into a set of the nonaxisymmetric mirror cells with an
average min-B. Th-iﬁ was done for stabilization of the MHD flute perturbation which
was absent in the alkali plasma because of the contact with the ionizer. The main pur-
poses of this sct of experiments [64] was an analysis of the MHD stability and the
measurement of transient confinement at higher density and temperature in the pres-
ence of radial and axial plasma losses. A quantitative comparison of the axial loss with
the theoretical prediction was difficult because of the small number of mirror cells and

the small length of each of them.

This difficulty was decreased in a larger installation which had a full lengtil
(including sources) L = 10m, N =9, [ =75 cm [65]. The magnetic system provided
the nonaxisymmetric magnetic field with a small mirror scale length [, = 10 cm, that
made it possible to realize all of the plasma confinement regimes, including the
tideal”” one {(Section 3.2). Plasma sources at each end consisted of a 8-pinch and a
plasma gun, respectively, providing initial density values up to n. = 10 em™ at a
temperature T = 3 - § eV. The probe measurements, whic:ﬁ were made simultane-
ously in many cells, allowed the time and the spatial plasma bunch evolution to be
measured during the expansion along field lines. Since the density decreased with time,

the various regimes of the plasma motion could be observed from the large scale to the




small scale. The comparison of the numerical calculations using (2.28) and (3.23)

with the experimental dependences n(z,r) gave good quantitative agreement [66]. This
conclusion relates to the moderate density range n < 10%cm™. At high densites
n = 10 - 10" em™>, when plasma flow was pure hydrodynamic, the comparison of
axial confinement theory with the experiment could not be done because the plasma

was dominated by radial losses.

A set of experiments on multiple mirror confinement were also carried out at
Nagoya University [67-69]. Using a small installation with L = Im, N =10, [ = 10
cm they could observe at # = 10Mem™ and T = 10 eV the regime of large scale

corrugation (A < 7).

The experimental results summarized above generally confirm the theory in prac-
tically all of the regimes of multiple mirror confinement. These conclusions hold both

for experiments with alkali plasma and for experiments with hydrogen plasma.

The experiments, in which the plasma was not stabilized by line tying, were also
useful in checking the predictions of MHD stability. A set of quadrupole coils of the
type investigated theoretically [56] (see Fig. 6) were installed on the first Berkeley
experiment. Because of design constraints of the existing magnets it was not possible
10 obtain complete stabilization with the added quadrupoles. The resulting conﬁntmcn:
system was tested both using an alkali plasma that was disconnected from the ionizing
source, and with a hydrogen plasma created by a B-pinch source. For both types of

plasmas a flute imstability was clearly seen when the guadrupole coils were not

activated. The flutes were not totally stabilized, as expected, when the quadrupole coils
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were activated, but the reduction in growth rate predicted by the theory was observed
[70].

MHD stability studies were also undertaken in the Berkeley 10 m device. The
coil design for this system included fully stabilizing weak and strong quadrupoles such
that an ave-min-B magnetic field was achieved over a range of mirror ratios. The
experiments indicated that stable plasmas could be achieved up to the highest B’s
obtained by the counterstreaming 6-pinch and Marshal gun hydrogen sources
(B > 25%) [57]. Other ave-min-B magnetic field configurations, with longer connection
lengths, were also tested, and found to go unstable at lower values of P, as predicted
theoretically [57,58]. The cnncl;]siun of these studies was that ave-min-B coils struc-

tures could be designed to stabilize magnetically confined plasmas up to p ~ 1.
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SUMMARY AND DISCUSSION

L -
1 £
A theory of plasma diffusion thmugh a corrugated magnetic field (multiple mir- e Tk i 1 2 la
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rors) has been developed, that is applicable to the complete range of ratio of mean free ¥ El<= & < | oiw
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. A . e 0N ook
path to cell length, and of mirror ratios. Estimates of the local flow rate, and therefore l.,.;l”g
the local diffusion, are given in Section 1. These regimes naturally divide, for study,
into the long mean free path regime (*‘small scale corrugation’’) with A// 2 1, and the
short mean free path regime (‘‘large scale corrugation’’) with A/l < [, and are treated e %
8 —~
rigorously in Sections 2 and 3, respectively. Analytic results can be obtained for the g = % & 2
: S e
cases of k » 1 (strong corrugation) and k <« 1 (weak corrugation). The results are :;8_1 = L & = Iy P
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I is much less than the length of an individual mirror cell [. In this case the inequal- % 3 ["*“
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ity I,, A <« { can be satisfied, such that the individual cells are collisional but the [E. ::I:;
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mirror regions are collisionless. The resulting confinement properties are very favor- E =
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able for reactor design, particularly for the steady-state concept, and has been called - %\ % E
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the ““ideal’” multiple mirror regime. The analysis of this case is presented in Section E 3 ﬁ _L = Eﬁ
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< T8 :
3.3. The flow velocity found there is approximaiely e ~< & A £ =
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¥ Ti
which, for I/k <« L, is a dramatic improvement over the free flow. The results for this
case are also given in Table 4.
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Detailed studies of axial confinement in both pulsed and steady-state reactors

have been made, using the results presented in Sections 2 and 3, or similar results
obtained from alternate calculations. The basic procedure is to find a feasible
configuration and then to optimize the variable parameters to obtain a device with
minimum length at a given value of Q. Thc pulsed concept uses very high densities
(B> 1) in which the magnetic field, in addition to supplying the magnetic mirrors,
also thermally insulates the plasma from the wall which contains the plasma pressure.
The procedure for calculating the axial confinement is outlined in Section 4.1 and the
results of the optimizations are given in Table (2). The steady-state concept relies on
magnetic confinement with the wall far from the plasma. The plasma density is limited
by the necessity of balancing the plasma pressure with the magnetic pressure. The cal-

culation procedure is outlined in Section 4.3 and the optimized parameters given in

Table (3).

Each of the main reactor concepts have some special features that must be con-
sidered sepamtgly, Since the pulsed reactor operates with B = 1 on axis, the guestions
of plasma displacement of the magnetic field and of radial heat conduction to the wall
become critical. Both of these questions have been considered in detail, and the results
appear to be favorable for reactor operation. An important advantage of the pulsed
concept 1s that the wall provides stability againts MHD modes in an axisymmerric
magnetic field. This stabilization is sensitive to the overall configuration, and therefore
has been carefully analyzed. These analyses are discussed and resuits given in Section
4.2. A main consideration in a magnetically confined steady-state reactor is MHD sta-

bility. Stabilization requires the use of linked quadrupoles which give distorted
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magnetic surfaces and a limited r-aﬁgc of stabilization. In addition, the resulting field is
only ave-min-B and therefore may be subject to ballooning modes for § = 1. Calcu-
lations indicate the well radius is sufficiently large for reactor operation. Because of
the short connection length between good and bad curvature regions, ballooning modes
are fournd to be stable up to P < 1. Finally, radial diffusion, which is enhanced because
of the fanned magnetic field, is found to be acceptable at a reactor design value of

B = 0.8. The results are summarized in Section 4.4,

The basic confinement theory has been checked, experimentally in most of the
confinement regimes discussed. Because A o< T%n it is quite easy to scale the mean
free path to laboratory plasmas that operate over the range of values of A/l. This was
initially done in steady state Alkali plasmas with simple mirrors, in which the plasma
was smbiliz;d by line-tieing to the ionizing source. Reasonable agreement between
theory and experiment was obtained, over the complete range 1« M < 1, with mir-
rors that had a single scale length. Later, the ;n'lpcﬂ'tﬂllt regime [, < A <[ was investi-
gated with a 10 meter device in which [, <, giving1 good agreement with theory. In
this device a pulsed hydrogen source was used to create the plasma, which therefore
had to be stabilized with quadrupoles. The stabilization was achieved in agreement
with the theoretical predictions of ave-min-B stability. The plasma was also stabilized
up to the highest B obtainable in the device (B ~ 0.25) in agreement with the predic-

tions of ballooning theory. These results are discussed and summarized in Section 3.

The results given in Tables (2) and (3) for the parameters of pulsed and steady-
state reactors are feasible and competitive with the Tokamak concept. Nevertheless,

there are various features that are not desirable. Consequenily many suggestion have
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been made to improve the reactor operation or otherwise to modify the less desirable
aspects of the reactors. Although optimization procedures were employed for minimilz-
ing the reactor length, certain parameters were held fixed, without optimization. For
example, B was considered fixed at the value § = 0.8 for the steady-state reactor calcu-
lation. If we assume classical losses between unlike charged particles only, then the
confinement time scaling with B for axial loss T, and radial loss T, is as follows:
1, o« (1=P)! and 1, o< 1 -P. Approximating the total confinement time as
I/t = 11, + 1/7,, then T is maximized for T, = T,. We can therefore vary J} to achieve
this l.;,ondirion. For an axisymmetric device this optimization has been performed [54]
indicating some improved confinement could be achieved, particularly for the werwood

burner concept.

More radical methods of achieving improved performance have also been pro-
posed. One method mentioned briefly at the end of Section 2.3 involved the creation of
traveling-wave mirrors [20]. It was shown that mirrors traveling at the expansion speed
of the plasmoid .cn::—uld essentially stop the expansion. A steady-state version of this
idea were also examined [30] under different assumptions, and it was found that large
improvements in confinement could be achieved. An important limitation on this type
of confinement, which was not discussed by either of the above authors, is plasma
heating. The time varying mirror fields magnetically pump the plasma, which, together
with collisions, lead to irreversible energy transfer [71]. A simplified analysis of the

containment time T, with traveling-wave multiple mirrors gives [71]

Ho

Yo L
3 _P_LFE_I]_L (1)

T
i Vo | ¥o -

where vy is the mirror velocity and D (assumed independent of n) is the diffusion
coefficient in the absence of . For v significantly greater than vy = 2D/L, the flow
velocity in the absence of moving mirrors, the” exponential term dominates the
behavior, giving

T T = Wpivg)? exp(vghvg ) > 1. @)

To obtain the heating we use the magnetic pumping equations {72] giving

I o
= el (3)
Ty EIE{R i 1}2 [Uﬂtﬁ ] if

We use the restriction that 1, < 1,/8 to prevent overheating and find that the

improvement in confinement is limited to about Tpp e = 3. This improvement,

although not dramatic, is still interesting, and merits a more exact calculation.

The traveling mirror concept is a specific example of the general concept of pro-
ducing asymmetric scattering, If the random walk distance that an ion moves could be
made asymmetrical such that it moves further towards the center of the device than
towards the ends, a large improvement in confinement can theoretically be obtained.
The scaling for an arbitrary asymmetry was examined for the special case of a large
central cell, with the end cells used for confinement, only, to obtain the ratio of the

confinement 1o the center cell confinement [73]

Tt = [1 + (1 — pg)N*¥ ] (4)
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where N* = (k¥ — D)(ky + k3 — D(ky = 1), ky = fo/fe, ky =1 = foIf., where f, and

f. are the probabilities of escape toward the center and end, and p, the probability of
_ a particle being untrapped in the center cell. For k, large, N* and therefore T.q/1, are
very large. The authors did not clearly demonstrate that such an asymmetry could l:n‘:
produced, but they reasoned physically that one non-adiabatic and one adiabatic mirror
should produce an asymmeny. Although tﬁe asymmetry achieved in this manner is
likely to be small, it can siill have a significant effect on confinement. For example, a
10 percent asymmetry with ten mirror cells will give a T4/t = 2. Clearly more
detailed calculations of the amount of asymmetry that can be achieved in this manner

should be undertaken.

Another interesting possihility is collision independent scattering. We have seen
that the power loss for collisional scattering has the temperature proportionality
P, o= T2 For collision independent scattering, if we assume that the random walk
distance [, is mdépcnd{:nt of n and T, then the multiple-mirror confinement time has
the pmpnr:iﬂﬁulit}r T = Lvpl, o< T™% and the power loss P, “ aT>2,, An
optimum temperature of T, = 15 keV, was found [74]. The more favorable tempera-
ture allows significant reduction in density and therefore in B, If -fz can be made
significantly smaller than that for the comparable collisional reactor further improve-

mients are possible.

One method of achieving collision independent scattering is to have sharp gra-
- dients in the d.c. magnetic field. These are further enhanced by high . However, the
nonadiabaticity is strongly energy dependent, only scattering the higher energy parti-

cles. Although some improvement can be achieved in this manner, dramatic

Ha

improvement requires non-adiabaticity of the lower energy particles, also. A method of
obtaining non-adiabatic scattering, particularly suitable to lower energy particles, is by
cyclotron resonance heating (CRH). If we assume that the fields can penetrate into the
plasma at the ion cyclotron resonance, which appears to be possible, then the collision
independent scattering process works as follows: Rapid stochastic heating is obiained
up to a stochastic energy W, Beyond this energy, slower heating takes place up to a
barrier energy W), = 5W,, with the steady-state energy distribution function having a
maximum around W,. Individual particles rapidly diffuse both up and down in their
perpendicular velocity, thereby scattering in and out of the loss cone, thus giving a
short effective random walk distance for energies below W, . However, on a collisional
time scale the plasma is heated beyond W,, which can l2ad to overheating. An
analysis of a reactor employing this mechdnism indicated a modest improvement in

confinement time of about a factor of 2 [73].

In conclusion, multipie mirror devices hold consider=bic pronuse for confining
fusion plasmas. They have the specific advantages of simplicity, and ease in extending
the confinement ﬁmﬁ by increasing the device length. The fundamental confinement
theory has been worked out in detail. Using the results of the confinement calculations,
both I:iulsad and steady-state reactor concepts have been developed and appear to be

feasible,
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