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A review is given of the current state of studies of the confinement and stabilization of hot plasma

using high-frequency magnetic fields in the megahertz region. The principles upon which such studies

are based are summarized. A theoretical analysis is reported of a plasma confinement system using

"traveling-wave" high-frequency fields and of the results of experiments performed with systems of

this kind. Another section is devoted to dynamic plasma stabilization systems, the fundamentals of

the theory of the dynamic stabilization of the Ζ pinch, and the results of experiments performed in

this field. Experimental data are compared with the basic assumptions of the theory and certain

general conclusions are reported with regard to further developments and possibilities in this subject.
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1. INTRODUCTION

Investigations into the properties of hot plasma, which
have now been continuing for over twenty years, have,
in essence, been concerned with searches for methods of
confinement and stabilization of unstable plasma con-
figurations.

The present review is devoted to one of these methods,
in which the required effect is achieved by exposing the
plasma to high-frequency electromagnetic fields. Al-
though the basic aim of all these studies has been con-
ditioned by the problem of controlled thermonuclear
fusion, many of the problems in this area are of more
general interest and may turn out to be very significant
in other branches of physics.

High-frequency fields can be used to produce field
configurations whose average variations per period are
such that the equilibrium and stability conditions can be
satisfied for plasmas placed in such fields. The period
of the field oscillations must be made small enough to
ensure that the variation in the field per period does not
lead to a substantial deformation of the plasma, or to its
intensive interaction with the walls of the gas-discharge
chamber. The minimum frequency of the applied field is
given by

where vTi is the thermal velocity of the plasma ions
and L is a characteristic linear dimension of the sys-
tem.

The above formula gives an order-of-magnitude es-
timate. More accurate expressions for the minimum
frequency will be given below for specific systems in-
volving dynamic interaction with the plasma.

We must now define the frequency region which is
of interest in connection with the problem of controlled
thermonuclear fusion. The thermal velocity of deu-
terium ions at a temperature of ~10 keV is νχι = 108

cm/sec. This is, in fact, the optimum temperature when
the DT reaction is employed. If we suppose that L is

' of the order of 10 cm, we find that fmin- 107 sec ' 1 . The
wavelength Λ of the electromagnetic wave which corre-
sponds to this frequency in vacuum is 30 m, which is
much greater than the geometric dimensions of the sys-
tem, so that the electromagnetic field can be looked upon
as quasistationary, and the electric field is less than
the magnetic field in the ratio of L/Λ « 1. The effect of
the electric field can therefore be neglected.

Methods which employ the application of strong elec-
tromagnetic fields in this frequency band to plasmas,
with a view to confinement and stabilization, will be re-
ferred to as dynamic methods. The phrase "strong
fields" means that the forces associated with the mag-
netic pressure due to the action of these fields are
comparable with the gas pressure in the hot plasma.
The expression "dynamic methods" is introduced be-
cause the field period in the above frequency band is
comparable with the intrinsic times which are charac-
teristic for macroscopic processes in plasma, namely,
the time taken by particles moving with thermal veloci-
ties to traverse a given distance, the period connected
with the propagation of the ions found in plasma, the
period of oscillations at the Alfven frequency, and the
growth times of MHD instabilities. The plasma can
therefore "feel" the field oscillations, and its con-
figuration tends to adjust to the changes in the con-
figuration of the high-frequency fields. The duration
of the entire plasma confinement and stabilization
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process in the case of dynamic methods is much greater
than the period of the applied high-frequency fields.

The present review is restricted to methods involv-
ing the application of quasistationary fields to plasmas.
Questions connected with the use of wave fields in de-
vices in which the wavelengths are comparable with the
dimensions of the system must be the subject of a sepa-
rate review.

The first ideas on the confinement of plasma by
quasistationary high-frequency fields and on the dy-
namic stabilization of plasma in connection with the
problem of controlled thermonuclear fusion were put
forward in the late fifties. Experimental studies be-
gan in the early sixties. In 1963, Osovets113 published
a review of plasma confinement and stabilization by
high-frequency electromagnetic fields. In the present
paper, which appears a decade later, we attempt to
return to this theme, using more recent ideas.

Existing methods of hot-plasma confinement and
stabilization by electromagnetic fields have been the
subject of extensive investigations, are well known,
and there is little point in describing them in detail
here. These are the toroidal traps (Tokamak and
Stellarator), open adiabatic traps, and pulsed systems
based on the Ζ and θ pinches. Recent developments
involve two new methods based on the utilization of
strong laser and electron beams. Each has its own
specific merits and difficulties.

We believe that dynamic methods which involve
the interaction between the plasma and high-frequency
electromagnetic fields will occupy an important place
among other methods in connection with the problem of
controlled thermonuclear fusion.

High-frequency fields can be used to produce fields
with configurations approaching the ideal trap for
collisionless plasma. It is then possible to satisfy the
conditions of equilibrium and macroscopic stability
for values of the parameter 0 = 8πρ/Ή2 approaching unity.

This opens up a relatively broad range of different
possibilities. We shall not describe here all the existing
variations on this theme, and will concentrate our at-
tention on common physical properties of such systems,
using specific devices as characteristic examples
rather than as final recipes. In the words of the great
Czech chess-player, Richard R6ti, "variations die but
ideas remain."

The basic ideas can be briefly formulated as follows:

a) Plasma confinement-the gas kinetic pressure of
the hot plasma is opposed by the pressure associated
with the high-frequency magnetic field. It turns out that
the field configuration can be made such that the field
on the surface of the plasma always increases toward
the periphery. The rate of increase of the field can be
made as high as desired and is restricted only by energy
considerations.

It is, of course, assumed that the frequency of the field
variations is sufficiently high [see (1.1)] to ensure that the
time-averaged magnetic pressure acts on the plasma. It
is probably basically impossible to produce a configura-
tion using only time-independent fields in which the mean
Hz is a maximum everywhere on the surface of the
plasma and, at the same time, the field curvature be-
tween the boundary of the plasma and the periphery is
sufficiently large.

In the case of high-frequency fields, it is possible
to ensure that the plasma is everywhere separated from
the walls of the discharge chamber. This can be achieved
even when the plasma is in a closed volume, for example,
in a toroidal chamber.

Since the characteristic length over which the plasma
pressure changes from zero to the maximum value is
determined by the depth of penetration of the confining
field into the plasma, the pressure gradient is observed
only over the depth of the skin layer (the confining high-
frequency field penetrates as a result of the skin effect
to a relatively small depth). This is why the radial
plasma pressure distribution is not as smooth as in the
case of slowly varying confining fields and is charac-
terized by a steep profile which clearly differentiates
the region occupied by the plasma from the surrounding
regions. Since a strong high-frequency field is present
in the region between the plasma and the wall, this re-
gion cannot contain an appreciable concentration of the
neutral gas or ionized particles because the neutrals
are ionized by strong electric fields whilst charged
particles drift into the region occupied by plasma.
Thermal insulation of the plasma from the chamber
walls in such systems should therefore be better than
in systems with constant or relatively slowly varying
confining magnetic fields.

These advantages of plasma confinement by high-
frequency fields are, however, negated by practical dif-
ficulties connected with the technology of devices having
parameters approaching those necessary for producing
the thermonuclear fusion reaction with a positive energy
yield. These difficulties are to do with energy, and will
be considered in the next section when we analyze the
operation of a specific system of this kind.

b) Plasma stabilization. In this case, the plasma
pressure is balanced by the pressure associated with
the slowly varying field. The function of the high-fre-
quency field is to maintain stability, which is mainly
of the MHD type. This can be achieved by high-fre-
quency fields alone, or in combination with constant or
slowly varying fields (these are the hybrid systems).

Here, because of the time variations in the stabiliz-
ing-field configuration, the instability does not succeed
in developing in any particular direction provided, of
course, the stabilizing-field configuration varies at a
sufficiently high rate. In effect, there is an alternation
of conditions favoring and impeding the development
of instabilities, but the plasma deformation is never
allowed to reach danger level, and so the plasma re-
mains stable on the average.

Systems of this kind are frequently referred to as
systems with dynamic stabilization.

We now begin our review of specific systems by con-
sidering high-frequency traps. As an example, we start
the "traveling wave" trap.

2. "TRAVELING WAVE", THEORETICAL
FOUNDATIONS

In this trap, the field configuration can be such that
the mean value of the square of the magnetic field always
increases from the center to the periphery. This field
can be produced by a set of conductors in which the phase
of the currents in neighboring conductors is shifted by
an angle θτ. The simplest example of this system is the
time-independent trap with cusp geometry in which this
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angle is equal to ir. In this case, the field at the center
of the vessel is zero and increases rapidly toward the
periphery. However, in this trap, there are gaps between
the conductors through which the particles can escape
and reach the chamber walls.

Such traps have been extensively investigated and
have now been almost totally rejected because the es-
cape of the particles through the gaps is unacceptably
high.

In 1957 a system was proposed [ 2 ] in which the gaps
were continuously displaced, so that the particles did
not succeed in leaving the useful volume. This can be
achieved only with the aid of high-frequency fields which
are produced by a set of conductors carrying high-fre-
quency currents whose phase is shifted between adjacent
conductors by a constant angle Θ, greater than zero and
less than π. In this system, the amplitude of the mag-
netic field propagates in the direction of the ζ axis
(Fig. 1). This is the so-called "traveling-wave system."
When it is closed into a torus, the wave rotates in a way
similar to, for example, the configuration in an electric
induction motor.

The wave velocity is νρη = ω/κ, where the wave num-
ber κ = 2π/λ and λ is the space wavelength. The condi-
tions ensuring that the perturbation of the plasma sur-
face due to the moving gap is small can be reduced to
(1.1). If we take the characteristic dimension of the
system to be the minor radius of the torus a= 10-100
cm, and take the thermal valocity as νχι= 107-108

cm/sec, then ω = 107-108 sec"1, which corresponds to
a wavelength of 300-30 m, i.e., the wavelength is al-
ways much greater than all the characteristic dimen-
sions. We can therefore neglect displacement cur-
rents in comparison with conduction currents, and
suppose that the system is quasistationary.

This frequency criterion will, of course, ensure
that particles with velocities much greater than the
thermal velocity, i.e., those from the tail of the
plasma velocity distribution function, can in principle
succeed in entering the gap. However, the fact that
the field increases toward the periphery should prevent
appreciable escape of such particles. Moreover, it will
be shown below that the quasiconstant magnetic field due
to the drift current, which appears in the traveling-wave
system, and will also impede the escape of fast ions from
the plasma. However, these problems require separate
analysis which will not be given here. We merely re-
port the basic relationships characteristic for devices
of this kind.

To avoid cluttering the present review with long cal-

FIG. 1. "Traveling wave" calculations for the plane case in terms of
the coordinates y, z. The shaded region represents the plasma. The bro-
ken line shows the surface perturbation, where Δ is the perturbation am-
plitude. The conductors are numbered relative to an arbitrary point; b is
the distance between conductors in the supplying coil, h is the distance
between the system of conductors and the unperturbed plasma surface.

culations, we confine our attention to the simplest prob-
lems with a view to establishing the physics of the situa-
tion. We begin by considering the solution for the plane
problem. We have a set of conductors carrying alternat-
ing currents in such a way that currents in neighboring
conductors are shifted in phase by an angle Θ. Strictly
speaking, the problem should be considered for a torus,
and the corresponding set of equations should be writ-
ten in terms of toroidal coordinates. The latter problem
has been solved (see, for example, t3>4:l) but the solution
is quite complicated and will not be reproduced here.
The solution for the plane case is useful when the dis-
tance between the supply coil and the surface of the
plasma is much less than the radius of the plasma for-
mation. Since this requirement has been satisfied in
the experiments performed so far, we consider this ap-
proach to be justified. We shall formulate the problem
as follows. Consider the surface of plasma interacting
with a set of conductors whose disposition and numera-
tion are shown in Fig. 1. The shortest distance between
the conductors and the plasma surface will be denoted
by h and the distance between neighboring conductors
by b. The plasma is assumed to be perfectly conducting
and its surface undisturbed. The conditions which en-
sure that the perturbation of the surface is sufficiently
small will be given below. Under these assumptions, a
magnetic field pressure can be assumed to be applied to
a plane surface. We now calculate the magnetic field
produced by the currents flowing in an infinite number
of conductors, arranged as shown in the figure, at a
point ζ on the plasma surface.

Using the method of images, we obtain the field at
the point ζ on the surface of the plasma in the form of
the series

H(z, 0 = y (h/b) e1' (2.1)

where Jo is the amplitude of the current in the conduc-
tors, θ is the phase difference between currents in
neighboring conductors, and η is the number of the
conductor.

Evaluating the sum in (2.1), and taking the real part,
we find that
„ , • _ 4π/0 3h[(M>) (2π — 9)1 cos fcui + (9z/6)|+sh (ftB/i>) cos [ω( — (ζ/6)(2π — θ)]
" \ ζ ' ι Ι — b c ch(2nfc/i>) — cos(2nz/fc)

(2.2)
If 2ffh/b » 1 , which is usually the case, this expres-

sion can be replaced with adequate accuracy by the
formula

B(z, t) = - ^ (2.2a)

Hence it is clear that when θ is neither zero nor π, we
have a traveling wave and the field strength increases
from the surface of the plasma to the periphery. The
phase difference is θ = 27r/m where m is the number
of phases and e/b = K = 2n/X, where λ is the space wave-
length. Hence it follows that the wave propagates in the
ζ direction with the phase velocity νρ η = ω/κ and the
depth of the magnetic well increases as the ratio of the
wavelength λ to the distance h decreases.

The magnetic pressure on the plasma, averaged over
the coordinates and time, is

I'M =~
) — 2xh\

where we have used (2.2). We now substitute the ap-
proximate formula given by (2.2a) and obtain
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?„ = «(-£)'«-*·*. (2.3a)

This average pressure should balance the gas dynamic
pressure in the plasma and, therefore,

"(4)2 ch[(2n/i>c) — 2xA

sh (2nh/b) --nkT, (2.4)

«'here η is the plasma density, Τ is the temperature,
and k is Boltzmann's constant.

Since the true pressure on the plasma at any given
time is different from the average at each point, the
plasma surface exhibits perturbations. The size of the
perturbation, Δ(ζ, t) (see Fig. 1), must be small in com-
parison with the distance h between the plasma surface
and the conductors. The maximum distortion of the
plasma surface was calculated in l2Z for two cases: the
three-phase (m = 3) and six-phase (m=6) systems and
the results are, respectively,

(4-) =0.091 and (A) =o.i5.
\ h /oitr V h lei.tr

These two values may be regarded as acceptable. The
curvature of the "magnetic well" for m = 3 is greater
than for m= 6, and this provides more favorable condi-
tions for equilibrium and thermal insulation of the
plasma. The three-phase system was therefore chosen
in the experiment although the magnetic-field energy
in the region between the plasma and the conductors for
given magnetic pressure on the plasma surface should
be somewhat higher than for m = 6.

The above results enable us to choose the currents
in the coils, the number of phases, and the ratios of the
basic parameters including, in particular, h/b.

All that remains is to find the criterion for the fre-
quency, which is also determined from the condition
that the surface distortion must be small at different
instants of time, and not at different points for a fixed
instant of time, as was done above. The corresponding
calculations are also given in
dition

[ 2 ]
and lead to the con-

(2.5)

which determines the minimum frequency, i.e., the re-
quired frequency band lies in the region of a few mega-
hertz .

The corresponding wavelength of the electromagnetic
wave amounts to a few hundred meters, which is much
greater than all the geometric dimensions of the system.

We have thus determined all the basic parameters of
devices of this kind, subject to the simplifying assump-
tions adopted in the calculations.

More detailed analysis shows that there are several
important effects which have not been taken into ac-
count above. These include, above all, nonlinear ef-
fects which appear as a result of the drift of electrons
dragged into motion by the traveling wave. Electron
drift leads to the appearance of a current in the ζ di-
rection, and this current has a constant component.

In order to investigate this phenomenon, we shall
write out the complete set of equations describing elec-
tromagnetic processes in plasma exposed to a traveling
magnetic field. We must introduce the finite conductivity
σ of plasma, and investigate the field penetrating the
plasma. The characteristic length representing the
depth of penetration of the field into the plasma is the

skin depth 6. The significance of the skin layer in the
present problem will be evaluated below. Since, usually,
the depth of the skin layer is also much less than all
the other characteristic dimensions, we can confine our
attention to the plane problem.

The basic equations written in the usual notation are
the generalized Ohm's law

(2.6)

and the Maxwell equations (without displacement cur-
rents)

rotH = divH = 0. (2.7)

We shall suppose that the plasma temperature and den-
sity are everywhere constant, so that σ = β2ητ/ηι does
not vary throughout the plasma. This may not be a fully
justified assumption but must be introduced since it
provides us with the only possibility of solving the
problem.

The solution obtained for this idealized problem leads
to a qualitative picture of the phenomenon.

The situation is, however, complicated still further
by the following fact. We are using the usual, i.e.,
collisional, conductivity. In this connection, it is usu-
ally assumed that the skin layer depth is much greater
than the mean free path for electrons undergoing
Coulomb collisions. In reality, this condition is not
satisfied in the most interesting cases.

The Coulomb mean free path is given by (in cm)

z = ̂ l > cm;

where Τ is in electron-volts and Lg is the Coulomb
logarithm which we shall assume to be approximately
10. If the temperature is 100 eV and n e = 1015 cm"3,
we have I = 30 cm, whereas the skin layer depth is
less than 1 cm.

The existing theory of the anomalous skin effect is
not valid in this case because it is based on the assump-
tion that the pressure due to the high-frequency field
produces small density perturbations. In our case, the
field pressure completely balances the plasma pres-
sure, so that the distance over which the plasma den-
sity changes from zero to its maximum value is com-
parable with the skin-layer depth.

In a recent paper, Halland and Gerwin C5] considered
the penetration of the high-frequency field into plasma,
when the pressure of this field was sufficient for the
confinement of dense hot plasma, on the assumption that
collisions could be neglected.

Their results (obtained with the aid of a computer)
can be briefly summarized as follows. The skin layer
depth for a relatively broad range of the correspond-
ing parameters is always equal to a few units of c/aj0

[ 2 / 1 / 2 ]
g p y q

[the plasma frequency is wo = (47re2ne/m)1/2], or
5 · 1 0 5

where the numerical coefficient is k»2-3.

(2.8)

The second result is that the phase of the wave does
not change in the course of penetration into the plasma
and remains constant at the value corresponding to its
value in vacuum.
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It is clear that the quantity δ given by (2.8), subject
to the condition that Η2/8π = nekT, reduces to

6 = k^- = krL, (2.9)
ω Η

 L ' v

where vTe is the electron thermal velocity and TL is
the electron Larmor radius.

Consequently, the results reported in t 5 3 mean that
the skin layer depth amounts to a few electron Larmor
radii, which correspond to the effective value of the
high-frequency field on the plasma-vacuum boundary.

We shall see below that these conclusions reveal
a certain conflict with the experimental results. The
skin layer depth is found to exceed the prediction based
on (2.8) and, at low densities the skin layer, tends to
fall rather than increase. All this refers to experiments
with the best parameters (high fields and low densities)
which are of particular interest because the usual ideas
are then known not to apply. Moreover, a strong change
in the phase is observed as the field penetrates the skin
layer. The phase shift reaches up to 100-140°. It is
important to remember, however, that under the condi-
tions of these experiments there was a considerable
drift current in the plasma, and the field due to this
current was comparable with the applied field. This
may have had a substantial effect on the penetration of
the high-frequency field into the plasma.

Let us now return to our basic problem. This is ex-
pressed by (2.6) and (2.7) which, under our adopted as-
sumptions, form a closed system whose solution will
yield all the quantities in which we are interested.

Since (2.6) is nonlinear and quite complicated, quan-
titative results can only be obtained by numerical inte-
gration of (2.6) and (2.7), subject to the corresponding
boundary conditions. This problem has been solved on
a computer and the results are published in t 6 " 9 ] . The
difference between : 6 ' 7 : l and C 8 > 9 1 is in the boundary con-
ditions and characteristic parameters. Thus, in [ 6 ' 7 ] the
field is specified on the plasma surface whereas in t 8 > 9 ]

the current in the coil is specified.

We shall not consider a largely qualitative analysis
(see Cl03) which will help us to elucidate the basic phys-
ical processes which take place in plasma under the
above conditions.

Since the processes in which we are interested oc-
cur in a thin skin layer, we shall again confine our at-
tention to the plane problem. All the y derivatives
will therefore be assumed to be equal to zero. More-
over, we shall assume that the current component
9Hy/3z, which is perpendicular to the plasma surface,
is negligible and that 9Ηχ/9ζ is small in comparison
with 9Ηχ/9χ. The ratio of these quantities is of the or-
der of (κδ)2 « 1 where δ is the skin layer depth which
is much smaller than the space wavelength λ of the
electromagnetic wave.

We shall next assume that as the wave penetrates
the plasma the magnetic field of the traveling wave
changes in the same way as for a linear system, i.e.,

where Hz o is the amplitude of the high-frequency field
on the surface of the plasma and s is a coefficient which
governs the phase shift of the wave and must be found
experimentally.

Under the above assumptions, the equations given by
(2.6) and (2.7) can readily be solved and the result is

iv~ 14-l,ti;.J.,B · (2.11)

This is the generalized Ohm's law which can be written
in the more usual form by introducing the effective
conductivity

σ /Q io\

The value of Ηχ can readily be found from the condi-
tion that divH = 0, and for Hz we can use (2.10).

In addition to the high-frequency current jy, the
solution of (2.6) and (2.7) enables us to find the drift
current in the ζ direction, whose density is given by

(2.13)

It is clear that this current is determined by the drift
of electrons in the traveling wave field, and that the
electron velocity is determined by the phase velocity
of the wave and cannot exceed it. Moreover, it follows
from (2.13) that the drift current contains a time-
independent component. The density of this constant
component is

—

V

(2.13a)

In this expression, we have introduced the dimensionless
parameter

The solution obtained for the plane wave can be gener-
alized to more realistic conditions, namely, a cylinder
of radius a whose thin walls carry currents. Integrat-
ing (2.13a) with respect to x, and assuming that the
current flows over the perimeter of the cylinder 27ra,
we obtain the constant component of the drift current
(which can be measured) in the form

Jz = 2na I j z dx= — (2.14)

Assuming that this current produces a field Ήφ around
the cylinder, we can find the ratio of the field due to
the constant component of the drift current on the plasma
vacuum boundary to the amplitude Hzo of the high-
frequency field:

•In
(2.15)

δ2 —4πσω

When looked upon as a function of q, this ratio has a well-
defined maximum at q=2.4, and the function of q on the
right-hand side of (2.15) then has the value of »0.49.

In the above discussion, the skin-layer depth δ is
assumed given. The value of δ is found from the self-
consistent problem described by (2.6)-(2.7), the
numerical solution of which ίβ~9: has led to the follow-
ing results. The problem is solved on the assumption
that the conductivity is governed by the usual Coulomb
collision mechanism. It then turns out that the skin-
layer depth δ under the above conditions is increased
by a factor of about 2, as compared with the usual
depth, and further increase in the corresponding
parameters leads to saturation in the value of the skin-
layer depth. Numerical calculations show also that the
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ratio Ηφ/Ήζο is bounded, and that its maximum value is
approximately 0.8, which corresponds to q=3.5.

It thus turns out that even in this system which, at
first sight, looks like an ideal trap, there is a "special"
direction which is connected with the appearance of the
drift current whose field is comparable with the applied
field for the range of parameters in which we are inter-
ested. This leads to at least three important conse-
quences. It is well known that the plasma ring cannot
be in equilibrium on its own. It is subject to the elec-
trodynamic repulsive force

where Jz is the drift current, and R and a are, respec-
tively, the major and minor radius of the plasma ring.

It is readily shown that this force cannot, in practice,
be compensated by the pressure associated with the ex-
ternal high-frequency field. It follows that this system,
which might be imagined to be the ideal trap, is, in
reality, an unstable configuration. However, this dif-
ficulty can be overcome in two ways. First, the current
ring can be "suspended" in a transverse field.1113 If
the transverse field is denoted by Hi, then the force
associated with this field, which is directed toward the
center of the torus, is F2 = 27rRJzHi/c. The equilibrium
condition then reduces to

ff± = ^ £ . ( i n M _ i ) . (2.16)

It is clear that this field is small and should not lead
to additional difficulties. Moreover, since the process
is stationary (the current is established in a short time),
this type of equilibrium or, more precisely, the control
of the position of the plasma ring relative to the axis of
the discharge chamber, can be maintained without much
difficulty throughout the course of the process. This
has, in fact, been achieved in practice. The plasma ring
suspended in this way has definite advantages, since
the field due to the drift current produces additional
pressure on the surface of the plasma and this adds to
the pressure associated with the high frequency field
and smooths out effects connected with the presence
of rapidly varying fields.

The drift current, and the complications associated
with it, can be almost totally eliminated in practice.
This is achieved with the aid of a system of two travel-
ing waves moving in opposite directions with roughly
equal amplitudes and phase velocities. It is clear
that these waves must have different frequencies and
different space wavelengths because the condition
vphl = vph2 leads to ωι/ω2 = λ2/λι. In principle, this
system exhibits all the properties of the ideal trap,
since it does not contain special directions. A system
with waves traveling in opposite directions has been
constructed and investigated. The results will be re-
viewed below.

However, the development of this system leads to
additional technological difficulties. Therefore, be-
cause experiments on the suspended-ring system lead
to sufficiently satisfactory results, this system must be
regarded as offering the best solution for the moment.
It is also simpler to realize in practice than the system
with opposing waves. There is a further fact associated
with the presence of the drift current, namely, the pos-
sible appearance of MHD instabilities. It is well known
that the plasma column containing a longitudinal current

is unstable against perturbations with m = 0 (sausage
type) and m = 1 (kink and screw type instabilities). In
our case, the plasma column is under the action of a
longitudinal high-frequency field for which the stability
conditions are much more readily satisfied than for a
column carrying a current in a stationary longitudinal
field. This question will be discussed in Sec. 4 under
the heading of dynamic stabilization. Here, we merely
note that in the experiments performed so far, in which
the equilibrium conditions were satisfied, no evidence
has been found for the presence of instabilities, at least
at a macroscopic scale.

The presence of the drift current in the plasma leads
to additional heating which is connected with the large
consumption of active power.

In fact, the power dissipated per unit volume of
plasma is

= ~

and since jz=-(eT/mc)jyHx, we have

(2.17)

Hence, it follows that aeff characterizes the high-
frequency energy dissipation per unit volume of the
plasma, plus the additional energy which must be
expended to maintain the drift current and which is
dissipated when this current passes through the plasma.

Whilst in systems with constant and slowly varying
fields the production of hot plasma at the required tem-
perature is a major problem for which an adequate so-
lution has not yet been found, in the case of plasma
confinement and stabilization by high-frequency fields,
we have the opposite problem, i.e., "plasma over-
heating."

When (2.20) was derived, it was assumed that the
energy was released in the region through which the
current flowed, i.e., the skin layer. This is valid in
the usual skin layer for which the skin layer depth is
greater than the electron mean free path. In the case
of the anomalous skin effect, and small magnetic fields,
the skin layer depth is less than the mean free path but
greater than the electron Larmor radius. Under these
conditions, the electron acquires energy from the elec-
tric field in the skin layer, but loses it by collisions with
other particles, mainly in the part of the plasma where
there are practically no fields. In this case, (2.20) will
not, of course, be valid.

In the case of interest to us, the electron Larmor
radius is less than the skin layer depth. Therefore, an
electron drawing energy from the electric field in the
skin layer will drift in the magnetic field and remain in
the region of sufficiently strong fields until, as a result
of collisions with other particles, it escapes into the
low-field region. Therefore, provided we exercise care,
we can use (2.20) in this case. For the first term in
this expression, we find, using cylindrical coordinates,
that the total power dissipated per unit length in the
plasma is

where we are assuming that Hz=Hzo exp[-(a-r)/5] and
δ is the anomalous skin layer depth (δ«a).

The energy liberated in the plasma per unit volume
(per unit length) in a time τ is
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W = -

The thermal energy per unit volume is nkt = Ηζο/8π
(where Hzo is always the root mean square effective
field). On the other hand, by comparing these quanti-
ties, we can obtain a formula which will enable us to
find the time for overheating. During this time, the
plasma heats up (as a result of the application of the
high-frequency field) to a temperature at which the gas
pressure is balanced by the magnetic pressure. The
corresponding condition is

8 π

and hence

8rt

αδ
TOV = -TT5" ~ "

2πασδ (2.18)

If we assume, following C5], that 5 = kc/a)0, where k is
of the order of a few units, then

2naka
V'n

(2.18a)

As an example, consider the conditions which must
be satisfied by a system of this kind, working as a
thermonuclear reactor with a positive energy yield.

To ensure that the energy released during thermo-
nuclear fusion in the DT reaction is greater than the
energy input into the plasma, we must have

ητ>10", (2.19)

where r is the lifetime of the particles in plasma
(seconds) and η is the plasma density (cm"3). The
plasma ion temperature is then Τ = 10 keV.

We shall suppose that the lifetime is equal to the
time for overheating, in which case (2.18a) yields
(taking k = 3)

na'n = Ν = 3 ·1018 particles/cm SO that τον « 1 sec

If we take a= 100 cm, then Hz o = 104 Oe. These figures
may appear difficult to achieve at present, but will
probably become quite realistic in the near future.

However, we now encounter the basic difficulties
mentioned above.

Equation (2.19) was derived on the assumption that
the entire energy was expended in heating the plasma
and that the energy losses in all the electrical supply
systems were negligible. This requirement can be
satisfied in practice when the current in the conductors
supplying the system varies sufficiently slowly. For
high-frequency devices, however, the energy losses in
the supply system cannot be reduced to a sufficiently
low level because of the well-defined skin effect in the
conductors.

The energy losses in the circuit are given by

where the integral is evaluated over the entire volume
Vf occupied by the high-frequency field, Q is the
Q-factor of the oscillatory system, and Η is the
maximum magnetic field. The thermal energy stored
in the plasma is

/> = f nkTdV,

where the integral is evaluated over the volume Vp oc-
cupied by the plasma.

The pressure balance condition is Ηο/ΐ6ττ = nkT (Ho

is the field on the surface of the plasma, whilst nkT is
taken on the axis where the pressure is a maximum)
and, therefore, these two expressions give us a condition
which ensures that the losses in the supply circuit are
less than the thermal energy in the plasma. This condi-
tion can be reduced to

Q>U)rK(^L; (2.20)
Ρ

where Kf is the "form factor" which characterizes the
variation of the magnetic pressure with distance from
the surface of the plasma in the peripheral direction. If
this field increases toward the periphery, then Kf is
greater than unity and increases with increasing field
curvature.

When Kf is not too large, and the field and plasma
volumes are usually of the same order, (2.20) can be
written, for our purposes, in the form

<?>ωτ.

From (1.1) we have ω = 108 and, if we suppose that
T~ 1 sec, we find that Q > 10s, whereas the usual Q fac-
tor of high-frequency systems in this frequency region
is -150-200. When the frequency is increased, the
situation becomes worse still because Q increases with
frequency only as ω1'2.

Superconducting coils are being increasingly used in
modern systems with constant and quasiconstant fields,
designed for investigations into the question of controlled
thermonuclear fusion. It is now possible to construct
superconductors whose properties are unaffected by suf-
ficiently strong fields (up to some tens of kOe). How-
ever, these are type-II superconductors which retain
their properties only for stationary currents. The char-
acteristic time for the change in the currents cannot
then be less than of the order of the second. It is clear
that such superconductors cannot be used in high-
frequency devices. It follows that high-frequency cir-
cuits with the necessary value of Q cannot as yet be
constructed. There are, however, some grounds for
moderate optimism. It is well known that, some years
ago, Little put forward the idea that it may be possible
to produce superconductors with very high critical
temperature. One would hope that a solution free from
the disadvantages exhibited by type II superconductors
will be found in the not too distant future. The confine-
ment and stabilization of plasma by high-frequency
fields for the purposes of thermonuclear fusion will
become technologically possible when high-Q circuits
for fields of some tens of kOe are developed. Until this
happens, this approach to thermonuclear fusion can only
be regarded as a problem in physics and not a techno-
logical possibility. Nevertheless, the interaction be-
tween strong high-frequency fields and plasmas is in
itself exceedingly interesting and may turn out to be
very useful in other branches of physics.

We believe that such studies should be continued and
developed in very different directions in order to pre-
pare the ground for future technological solutions.

After this brief excursion into futurology, we must
now return to reality and try to compare existing re-
sults with the various relationships given above. In
studies performed on the "Volna" installation, the
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typical values were 6 = 0.5 cm, T e = 25 eV, and a=4 cm.
From (2.18) we then have

το ϊ = — ~ Ϊ — « 2 5 · 10 ' sec

and since, according to (2.17), losses due to the drift
current are approximately of the same order, the true
time for overheating must be reduced by a factor of two,
in which case τ~ 12 Msec, which is quite close to the
observed value.

Therefore, to explain the phenomena observed in ex-
periments performed so far, there is no need to intro-
duce any additional energy dissipation mechanisms into
the plasma. So far, the observed picture lies wholly
within the framework of classical ideas on the collisional
mechanism of heating. It must not, of course, be for-
gotten that the skin layer depth used in the above calcu-
lations is taken from experiment and is not the usual
skin layer depth.

3. EXPERIMENTAL STUDIES OF THE
'TRAVELING WAVE" SYSTEM

These experiments were performed on several in-
stallations. The most complete and reliable results
were obtained for the Delta-2 and Volna installations.
These results were published i n

[ 1 0 > 1 2 - 2 i : .

We must first note that the development of the high-
frequency system, namely, the supply generator and
the matching of it to the very unusual load, lead to
very considerable difficulties. A number of specific
problems has to be solved in the development of such
systems: the currents producing the high-frequency
magnetic fields must be kept relatively constant while
the plasma conductivity undergoes a very considerable
change, the high-frequency oscillations must be excited
at a frequency which follows sufficiently closely the
natural frequency of the circuit loaded with the plasma,
the traveling magnetic field must be excited in the
coil and the direction of propagation of the traveling
wave must be stabilized, a high-frequency system must
be developed with power output of several tens of mega-
watts for pulse lengths of the order of milliseconds,
and the output power of many simultaneously operating
vacuum-tube generators must be added. We shall not
consider in detail the various engineering problems and
their solutions, many of which are highly original. This
has been a challenge for the skill and originality of the
engineers, led by I. Kh. Nevyazhskii, who developed
the system. A few words must be introduced in this
connection.

The maximum power per pulse which can be derived
from a single tube is approximately 5 MW. The required
active power is

where V is the working volume. The experiments
were carried out on a toroidal chamber with R = 40 cm
and r = 5 cm, where r is the radius of the current-
carrying coil which defines the field volume. At first,
we used a quartz chamber and, subsequently, a ceramic
one. Under these conditions, V = 27r2Rr2 = 2x 104 cm3 and
ω~ 107. The field amplitude, for which experiments of
basic physical interest can be performed, is H= 103 Oe,
in which case

Since the efficiency of the system is =0.3, and if
we assume that Q = 20, which is close to the observed
value, we find that the required power output of the
vacuum-tube generator should be about 60 MW. The
vacuum-tube generator therefore consisted of twelve
5-MW tubes. The power outputs of these tubes had to
be combined in order to produce the traveling wave.
This was done with the aid of a three-phase system
with a phase shift of 120°. The system is based on
coupled circuits with the secondary detuned on open
circuit, so that near-resonant conditions are produced
when the circuit is loaded in the presence of the plasma.
The vacuum-tube generators are self-excited but this
substantially reduces the efficiency of the system due to
high grid currents. However, this makes the system
flexible and insensitive to changes in circuit parameters.
The traveling field is thus produced in an artificial LC
line. The helix which forms the inductance of the line
is closed into a ring, forming a torus containing the
discharge chamber. A capacitance is connected between
each turn of the helix and the common grounding rail.
The size of the chamber was indicated above. The num-
ber of turns is 180 and the pitch of the helix is about
12 mm. Ceramic capacitors of 470 pF each are used in
the artificial line. The total capacitance of the system
is 0.367 μι. From the spectrum of resonance frequen-
cies of the system, the working frequency was chosen
to be f = 2.5 MHz, for which 12 waves fit into the perime-
ter of the torus. The space wavelength is therefore
λ= 18 cm. This wavelength and, of course, the working
frequency can be varied within very broad limits. In
the latest measurements, the number of waves was
varied from 4 to 16. The experiments described here
refer to a system of 12 waves. The field near the plasma
surface then rises sufficiently rapidly in the peripheral
direction and this improves the plasma stability condi-
tions. Field distortions, due to the fact that the system
is toroidal and the pitch of the helix finite, are quite
small. The length of the high-frequency pulse can be
raised up to 500

50Q

To be able to carry out the experimental work at
sufficiently low initial gas pressure in the chamber
(less than 10"3 Torr), we used an additional generator
for preliminary ionization with an output power of about
100 kW at 13 MHz. The pulse from this generator pre-
ceded the main working pulse.

The first cycle of measurements was concerned with
the distribution of the magnetic fields, namely, the ap-
plied high-frequency frequency field and the constant
component of the field due to the drift current. These
measurements were carried out with miniaturized mag-
netic probes. The diameter of these probes did not ex-
ceed 1-2 mm, i.e., it was much smaller than the charac-
teristic dimensions of the system. The magnetic probes
were placed in quartz tubes (outer diameter of 3-4 mm)
placed across the discharge chamber in horizontal and
vertical directions. The probes could be moved along
these tubes so that the magnetic fields could be found at
at all the required points.

The distribution of the high frequency and quasi-
stationary fields in the plasma enabled us to elucidate
the interaction between the field and the plasma, de-
pending on the initial gas pressure and the amplitude
of the applied magnetic field. We reproduce the char-
acteristic distribution curves for the high-frequency
field in the plasma over the cross section of the dis-
charge chamber (z component) under different condi-
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tions, together with the corresponding oscillograms of
the high-frequency field amplitude and the drift current
produced by the traveling wave.

The form of the high-frequency field distribution sug-
gests the existence of two characteristic regimes, de-
pending on the values of the above parameters. The first
(Fig. 2a) corresponds to initial gas pressures in the
range 0.01 <po <0.1 Torr. When the emplitude of the ap-
plied field is up to 500 Oe, there is a monotonic fall in
the field between the periphery and the center of the
discharge chamber. Here, we can see a well-defined
skin layer. The skin layer depth varies somewhat, de-
pending on the field: it decreases with increasing field.
No explicit dependence on time beyond a certain mo-
ment is observed. Even under these relatively weak
conditions, the skin layer depth turns out to be several
times greater than the ordinary skin depth. At the walls
of the chamber, where the field is a maximum, the ef-
fective conductivity is low but inside the plasma, where
there is practically no field, the electron temperature
measured by the double probe amounts to 10-12 eV.
Figure 2b shows the drift-current oscillograms under
these conditions, and Fig. 2c shows a typical oscillo-
gram of the hf field envelope.

When the initial pressure is reduced to about 2x 10~3

Torr, the hf field distribution undergoes a substantial
change and one observes a relatively well defined time
dependence. Figure 3a shows the distribution function
at different instants of time for a maximum field of
600 Oe. It is clear that, eventually, the plasma partially
departs from the inner wall of the chamber. This is ac-
companied by a reduction in the skin-layer depth, and
the drift current increases rapidly (Fig. 3b).

»cm

FIG. 2. (a) Distribution of the hf field amplitude Hz over the cross
section of the discharge chamber at a fixed instant of time for different
anode voltages Ua of the generator tubes (all the measurements are re-
ferred to the axis of the chamber cross section; the initial pressure is
Po = 1.5 X 10"2 Torr, Ua(kV)= 26 ( 0 , 2 2 ( 2 ) , 18 (3), and 14(4);
(bj oscillogram showing the drift current for different Ua with p 0 =
1.5 X 10-2 Torr [Ua (kV) = 26 (1), 22 (2), 20 (3), 18 (4), 16 (5), and
14 (6)]; (c) typical oscillogram of the envelope of the hf field at the
wall of the discharge chamber for relatively high pressure 10'2 < ρ <
0.1 Torr (pulse length 500 usec).

The Hz oscillograms exhibit weak oscillations. Fur-
ther reduction in the initial pressure leads to a clear
separation of the plasma from the inner wall (Fig. 4a).
The curves given in this figure correspond to a fixed
instant of time somewhere near the center of the ap-
plied pulse. Oscillograms of the hf pulse envelope
and the drift current (Fig. 4b) show rapid oscillations
with large amplitudes which, at first sight, may appear
as a sign of instability. More detailed analysis shows,
however, that this is not an instability and that the
oscillations are connected with loss of equilibrium due
to the fact that the drift current rises sharply under
these conditions. It was shown above that the electro-
dynamic repulsive forces acting on the current-carrying
plasma ring cannot be compensated, when this current
is large, by the pressure associated with the high-fre-
quency field which decreases toward the center, and that
this system cannot be in equilibrium.

Plasma which interacts strongly with the walls under-

50ΰ μ sec

FIG. 3. (a) Distribution of the amplitude of the hf field 1^ over the
cross section of the discharge chamber at different times for an initial
pressure p0 = 2 X 10"3 and anode voltage Ua = 26 kV (oscillograms of the
envelope of the voltage across the circuit and of the hf field at the cham-
ber wall are shown at the top of the figure; we also show the time scale
and instants corresponding to points on the distribution curve); (b) oscil-
lograms showing the drift current at anode voltage Ua= 26 kV for the
upper oscillogram, 22 kV for the middle, and 20 kV for the bottom os-
cillogram (same scale as in Fig. 2b; maximum drift current 1 = 3 kA).

FIG. 4. ( a) Distribution of the amplitude of the hf field Hz over the
cross section of the discharge chamber at a given time for Ua(kV) = 22
(1), 20 (2), 18 (3), and 16 (4) (initial pressure p0 = 8 Χ 10"4 Torr);
(b) oscillograms of the envelope of the hf field at the wall of the dis-
charge chamber (upper trace) and the drift current (lower trace) for
Po = 8 X 10 1 4 TorrandU a =22kV.
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goes cooling, the drift current falls, the equilibrium is
re-established, the plasma moves away from the walls
and is heated, the drift current increases, the equilibrium
is violated, and so on. It is therefore necessary either
to compensate the electrodynamic repulsive forces act-
ing on the plasma ring by the force of interaction be-
tween the drift current and the transverse magnetic field,
or to eliminate the drift current by using traveling waves
propagating in opposite directions.

These possibilities were investigated on the Volna in-
stallation in a natural continuation of the experiments
performed previously on Delta-2.

Both in its design and in the high-frequency supplies,
the Volna system is similar to Delta-2. The essential
point is that the Volna generator was divided into two
groups of three-phase generators, and the circuit was
modified so that the following operating conditions could
be achieved:

1) Separate operation of each of the generators with
one group working at 1.9 MHz or 1.6 MHz, and the other
group at 2.8 or 3.8 MHz.

These frequencies correspond to 4, 8, 12, and 16
waves fitting into the coil.

2) Simultaneous operation of both generators at the
frequencies indicated above with the pulse from one
generator shifted in time relative to the pulse from the
other, or the simultaneous generation of the two pulses
when the two opposite traveling waves are employed.

3) Combined operation of the two generators in the
form of a single six-phase or three-phase system at one
of the above frequencies in order to achieve maximum
output power.

In the Volna installation, a transverse magnetic field
was used to compensate the electrodynamic repulsive
forces on the plasma ring due to the drift current when
only one traveling wave was employed. This transverse
field was produced by placing two or four circular turns
on the outer perimeter of the toroidal discharge cham-
ber, which were supplied by the modulator feeding the
vacuum-tube generator.

Figure 5 shows the measured and calculated dis-
tributions of the amplitude of the longitudinal component
of the hf field for the above numbers of waves.

It is clear that, as the number of waves increases,
the field increases in the direction of the wall more
rapidly and this, of course, improves the stability
conditions. However, there is an attendant increase
in the toroidal inhomogeneity, and the possible repul-
sion of the plasma in the direction of the outer wall
becomes increasingly dangerous. This effect is com-
pensated by the interaction between the drift current
and the transverse field. It is known [ l i : that, under these
conditions, the equilibrium is stable in the horizontal
plane for the plasma ring as a whole. However, very
stringent conditions must be satisfied by the transverse-
field configuration if the ring is to retain its stability
in the vertical plane as well. In our case, the presence
of a high-frequency field which is symmetric in the
vertical plane, and has a well-defined "well," ensures
stability in this direction.

This method of controlling the equilibrium position of
the plasma ring tends to conflict with the original idea
because we are now producing a special direction, i.e.,

we no longer have an ideal trap in the sense indicated
above.

Nevertheless, the results show that, in this case, one
achieves not only equilibrium but also ring stability, at
least against MHD-type instabilities.

Figure 6 shows oscillograms of the hf field recorded
by a probe displaced in the horizontal direction over the
cross section of the discharge chamber at a given time.
It is clear that, depending on the ratio of the drift current
to the transverse field, one can control the position of
the plasma ring so that it remains separated from the
walls at all points.

The top-left oscillogram shows the field distribution
in the absence of compensation. The current in the coils
producing the transverse field is 1 = 0. The middle
oscillogram, which corresponds to 1 = 500 A, shows
clear separation from both walls. This is, in fact, the
optimum state. The bottom oscillogram shows over-
compensation, i.e., the plasma presses against the in-
ner wall of the chamber. Here, the current is I = 1000 A.

FIG. 5. Distribution of the am-
plitude of the hf field over the
cross section of the working
chamber for different frequencies
(in the absence of a plasma): 1)
wave No. 4, f = 0.9 MHz; 2) wave
No. 8, f = 1.6 MHz; 3) wave No.
12, f = 2.6 MHz; 4) wave No. 16,
f = 3.6 MHz. Dashed curves -
theoretical; solid curves - measure-
ments on a real system ( in rel.
units for equal values of the cur-
rent in the exciting coil).

Ζ * 5cm
Outer wall

FIG. 6. Oscillograms of the hf field distribution: (a) without compen-
sation, 1 = 0, plasma pressing against outer wall; (b) optimum compen-
sation, I = 500 A; (c) overcompensation, I = 1000 A. plasma pressing
against inner wall; (d) oscillograms of the drift current J, hf field H, and
compensating current I corresponding to_optimum compensation (oscil-
lograms b). Oscillograms of the hf field Η were obtained for three posi-
tions of the probes, as shown in the figure. The scales of current, field,
and time are indicated (po = 5 Χ 10"3 Torr, 100 usec/cm).
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On the right of the figure, we give oscillograms of the
drift current J 2 , the high-frequency field H, and the
current producing the control field as functions of time.

The Η oscillograms on the right correspond to the
three positions of the probe indicated in the figure. It
is clear from these oscillograms that there is a time
interval during which the probe records practically no
field in a zone well away from the outer and, even more
so, from the inner walls. This time we take to be the
separation time.

This state of separation exists for 20 to 25 μββο,
after which the plasma expands and reaches the chamber
walls. When four space waves fit into the periphery of
the torus, it is possible to increase the hf field ampli-
tude up to about 1000 Oe. Under these conditions, the
electron temperature measured by the double probe was
found to be 60-70 eV.

The oscillograms in Fig. 6 refer to this situation. As
noted above, the time of existence of the plasma ring is
restricted by the "overheating time," whose magnitude
is close to the observed value. Under these conditions,
the Q factor of the circuit is found to be greater by a
factor of two as compared with the values measured un-
der different conditions. To increase the plasma tem-
perature and its lifetime in the separated state still
further, one must increase the output power of the
generator.

The stability of this suspended plasma ring will be
discussed below in Sec. 4 (dynamic stabilization). In this
particular experiment, there were no signs of instability
and no oscillations were detected, at least in the mega-
hertz band and below.

We may conclude from this that the suspended ring
in the traveling wave presents us with a promising sys-
tem. It would be desirable to carry out further investi-
gations in this area with improved supply-system
parameters.

The variant in which two waves traveling in opposite
directions are employed enables us to reduce the drift
current, and the effects associated with the special
direction can be reduced to a minimum. The real
question is, of course, not which variant is closer to the
ideal trap, but which method will enable us to produce
plasma with the best parameters (temperature and
density) for a given generator and with the equilibrium
and stability conditions properly satisfied.

In this sense, the Volna system with the suspended
ring offers the best solution. However, it is possible
that, in the future, when the generator power output will
not be subject to such serious restrictions, the system
with the two waves traveling in opposite directions may
become preferable.

Figure 7 shows oscillograms of the hf pulse envelope
and the drift current which quite clearly show that oscil-
lations connected with the loss of equilibrium due to the
presence of the drift current when a single wave is em-
ployed (Figs. 7a and b) are suppressed when this current
is compensated by the two opposing waves (Fig. 7c). It is
clear from the oscillograms and the envelopes of the hf
field that the system then enters a nonoscillatory state
and is stable (Fig. 7d). It is also clear that there is an
attendant substantial increase (by a factor of nearly 2)
in the hf field, which suggests an increase in the Q of
the plasma, i.e., a reduction in the resistive losses. This
situation can be achieved and used in practice.

FIG. 7. Oscillograms of the envelope of the hf field (top) and drift
current ( bottom) during the operation of the Volna system with p0 =
3 Χ 10"4 Torr. (a) Operation with one wave (8 waves fitting into the
perimeter of the torus); Η = 400 Oe, maximum value of drift current
J = 4 kA, frequency 1.8 MHz; (b) ditto for twelve waves directed in op-
posite direction; the fields and currents are roughly the same and the
frequency is 2.8 MHz; (c) envelope of the hf field for two waves traveling
in opposite directions (eight and twelve) (upper trace) and oscillogram
of the drift current for two opposing waves (lower trace); (d) oscillo-
grams of the hf field envelopes recorded with probes in the skin layer for
2.8 MHz (upper trace) and 1.8 MHz (lower trace); the oscillograms were
recorded using filters tuned to these frequencies.

We have thus achieved our basic aim, i.e., to produce
hot plasma, fully separated from the walls, with the
thermal insulation conditions satisfied.

The lifetime of this separated state is unambiguously
determined by the overheating time. There is some
evidence that, as the generator output power increases,
this time will also increase.

It was indicated above that there is at present no
satisfactory theory of the penetration of the hf field
into plasma under the conditions approaching the situa-
tion in traveling-wave systems.

To develop this theory, we must know the phase of
the hf field as a function of penetration into the plasma.
To obtain this information, we have carried out phase
measurements as follows. The signal from the magnetic
probe coil is fed along one channel through a bandpass
filter to the plates of an oscillograph and through another
channel to a phase-shift meter. The latter generates a
pulse whose amplitude is proportional to the phase dif-
ference between the probe signal and a reference signal
from a fixed loop located near the circuit. Figure 8
shows the phase shift of the hf field at approximately
the center of the pulse.

These measurements were performed for the en-
tire range of the parameters. It was found that the
phase shift across the skin-layer depth was between
TS/Ϊ and π, which is substantially greater than the
ordinary shift and is certainly not consistent with the
corresponding theories of the anomalous shift.

This concludes our review of experimental studies
of systems of this type. We hope that the above data
provide a clear enough idea of the difficulties and pos-
sibilities of these systems, and that they may stimulate
further searches for improved variants of systems in
which the plasma is confined by high-frequency fields.

4. DYNAMIC STABILIZATION: FUNDAMEN-
TALS OF THE THEORY

It was noted above that the phrase "dynamic stabili-
zation" was introduced when the stabilization of plasma
by high-frequency fields was first suggested. The con-
finement of the plasma, i.e., the introduction of condi-
tions ensuring the equilibrium of gas-kinetic and mag-
netic pressures, is then produced by constant or rela-
tively slowly-varying magnetic fields. The high-fre-
quency fields are used only for suppressing MHD-type
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instabilities. Here, too, we restrict our review to sys-
tems with waves in the megahertz range, in which the
electromagnetic fields may be looked upon as quasi-
stationary.

The first proposal for dynamic stabilization was
concerned with the stabilization of the m = 1 mode (by
high-frequency multipole fields t 2 2 ] in the case of kink
and screw instabilities, and by a longitudinal hi
field C233 in the case of flute instabilities).

The basic idea of the first method of stabilization
can be explained by considering a Z-pinch and a multi-
pole with current directions as shown in Fig. 9. In this
case, the pinch is stable as a whole during its motion
along the horizontal axis and unstable along the vertical
axis. If after a certain sufficiently short interval of time
the currents in the multipoles and in the pinch are re-
versed, the pinch will be stable along the vertical axis
and unstable along the horizontal axis.

Therefore, when alternating currents are present,
there is a continual replacement of conditions favorable
for instability by those unfavorable for instability, and
vice versa. If the frequency at which these changes take
place is sufficiently high, the pinch will be stable, on
the average, against kink deformations, beginning with a
certain value of the wavelength. The greater the kink
wavelength, the easier is it to satisfy the stability condi-
tions for this method. It is well known that when the
pinch is stabilized by a longitudinal magnetic field the
situation is reversed, i.e., as the kind wavelength in-
creases, it becomes more difficult to satisfy the sta-
bility conditions.

The central idea of all the suggestions put forward
so far in connection with the dynamic stabilization of
plasma is that the spatial configuration of the magnetic
field must change in time sufficiently rapidly in order
to prevent the development of instability in a particular
direction. At each given time, there are directions in
which the system is unstable. However, it is possible to
find certain definite conditions under which the system
will retain stability in the presence of dynamic stabilizing

FIG. 8. Phase shift of the high-
frequency field as a function of pen-
etration into the plasma. The shift is
measured relative to the phase at the
wall of the discharge chamber; 1 cm
corresponds to 60°. The maximum
phase shift for this state is about
140°.

fields which are much smaller than those necessary to
maintain stability under stationary conditions.

Before we give the theoretical justification of the dy-
namic stabilization method, it will be useful to outline
the elements of the theory of stabilization of a stationary
Z-pinch by a longitudinal stationary magnetic field.

We start with the equation given in [ 2 4 : for small radial
departures of a plasma column from the position of
equilibrium:

Ή--^; (4.1)

FIG. 9. Basic arrangement for dynamic
stabilization.

where

(χα)
xa(«urm(xr)/dw)r (dlm (xr)/rixr)hi

a is the radius of the plasma column (the cross section
of the column is assumed to be constant and circular
independently of the method of stabilization), ρ is the
plasma density, κ = 2π/ΐ is the wave number character-
izing the kink deformation along the ζ axis with wave-
length Ι. Εφ is the magnetic field on the undisturbed
boundary of the plasma column due to the pinch current,
HZe is the longitudinal magnetic field outside the plasma
column, and Hzi is the same field inside the plasma. In
analyzing the perturbations, it was assumed that the
plasma was perfectly conducting, and the perturbation
of the plasma boundary was taken in the form ξΓ

= ?(t)exp(im<? +i/cz), where m is the mode number for
the instability in the azimuth φ , Im(Kr) and Km(fr)
are m-th order Bessel functions of an imaginary argu-
ment of the first and second kind, respectively.

The stability condition for the system described by
this equation reduces to a well-known criterion t 2 4 1

which, for the most dangerous instability modes m = 0
(sausage) and m= 1 (kink and screw) reduces to

L "• ι

g»tJo(wi)-i
/,(χα) J

when m = 0, and to
Mm)
him)

(4.2)

(4.3)

11 (xa) Κ0(χα)+[Κ,(χα)Ιχα]π2 1 xagp (xa)
Κι(γ.α) J 0 (xa)_ [/,(χα)/χβ] "j K,(xa)

when m = 1.

This condition becomes increasingly difficult to
satisfy as the wavelength increases, i.e., «a decreases.
In the limit as /ca « 1, this inequality reduces to

(4.4)

for the most unfavorable case when we take the negative
sign in (4.3). For small «a this predicts a longitudinal
field which is too high and may lead to fundamental
difficulties even apart from technological difficulties.

For example, it is well known that, in high magnetic
fields, magnetic radiation by electrons produces a sub-
stantial contribution to the energy balance.

The problem is then to reduce, one way or another,
the stabilizing field. One possibility is to use high-
frequency magnetic fields. There are a number of pos-
sibilities here, each of which must be considered
separately. We shall follow the historical sequence of
events and begin by considering the stabilization
method illustrated in Fig. 9.

The Z-pinch with stationary current J is stabilized
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by high-frequency fields due to the currents in the mul-
tipole which is located on the periphery of the discharge
chamber. The force per unit length of the pinch due
to the ψ component of the high-frequency field Hcoswt
in the r direction is (JH coswt)/c, or if we express the
current in terms of the field Εφ due to this current on
the boundary of the pinch, (aH<pH cosa>t)/c. When the
plasma column departs from the position of equilibrium
by a small amount ξΓ in the radial direction, it experi-
ences a restoring force (a/2)coso)t[H^(9H/9r)a
+ H(9H<p/3r)a]£r· The second term in this ex-
pression is much less than the first, because the
high-frequency field falls rapidly from the periphery
toward the center, and relatively little on the boundary
of the pinch. We shall therefore neglect the second
term. There is, of course, no difficulty in taking this
term into account but, for the sake of simplicity, we
shall neglect it. We now substitute the remaining ex-
pression in (4.1) [we shall use the method mainly for
the stabilization of kink-type perturbations and will
investigate (4.1) for the case n= l] . The result of this
is the Mathieu equation

(4.5)

When the constant component on the right-hand side
is greater than zero, this is the equation for an inverted
pendulum on an oscillating suspension. We shall only
be interested in this particular case since the opposite
situation means that (4.3) is satisfied, i.e., the system
is stabilized by constant fields and there is no point in
introducing high-frequency fields.

The stability criteria for the inverted pendulum were
first obtained by P. L. Kapitzat25] (see also t 2 6 ]) and by
Jeffreys. l2lZ Their results are identical and the stability
conditions for (4.5) reduce to

ϊ φ {dH/dr)a

2παρ
]2>2ωΜ. (4.6)

From these two inequalities we obtain the following
condition for the stabilizing field:

d 4παρΛ

and for the frequency:

>>V2A.

(4.6a)

(4.6b)

If stabilization is produced only by the high-frequency
field due to the multipole, and there are no longitudinal
stationary fields, then for n= 1 condition (4.6a) assumes
the form

^ . (4-7)

which, for long waves, when »ca« 1 takes the form

(4.7a)

[22]This form of stability condition is given in

To ensure that the plasma column is stable for
m = 1 at all wavelengths, including κ& » 1, we have from
(4.7)

/ an \ ΗΨ 2/
V dr )α'> α ~ ct& '

(4.7b)

This condition can be satisfied only by very strong
high-frequency fields, which means that there are
major practical difficulties in using this method to

stabilize appreciable currents. The second criterion,
which defines the minimum frequency of the high-
frequency field, is obtained from (4.6b) by assuming
that Hz/ = H z i = 0. Here,

V 4 M V V Κ0(Χα) + [Κ,(χα)/κβ] •

or, since Εφ = ντί(4πρ)1/2 [where the thermal velocity
of the ions is νχι = ( 2 T / M ) 1 / 2 ]

( 0 ' > a V AO(xa)-t-ATi(xa)/xa'

which for long waves yields

2nvTl

and for short waves

(4.8)

(4.8a)

(4.8b)

These inequalities clearly show that this is the
most effective method for the stabilization of long-wave
perturbations, whereas constant longitudinal fields
stabilize short-wave perturbations quite easily.

At first sight, it might appear that the optimum
system is that in which a constant longitudinal field
stabilizes short-wave perturbations and a multipole
high-frequency field suppresses long-wave perturba-
tions. This is not so. It is shown in l2a: that the com-
bination of a longitudinal field and a high-frequency field
will satisfy the stability conditions only if Hze is close
to the value for which (4.4) is satisfied, i.e., the stabiliz-
ing effect of the high-frequency field is then quite weak.
This can be readily understood by considering the basic
ideas involved in the stabilization and confinement of
plasma by high-frequency fields. The starting point must
be to avoid introducing a special direction in which the
deformation may develop differently in comparison
with other directions. The presence of an external
stationary field leads to the appearance of a direction
which depends on the sign in front of m, i.e., on the
direction in which the pinch is twisted. The stability
conditions are different, depending on whether this
twisting action is left- or right-handed relative to the
field and, since the effect of the hf field is, on the
average, independent of the direction of twisting, this
field turns out to be ineffective. The field inside the
plasma does not interact with the external high-fre-
quency field and, therefore they facilitate the improve-
ment in the stability conditions.

In fact, when HZe = 0 and Hzi ^0, condition (4.6a)
yields

;«)/xa] ( 4 i 9 )

χ [\ ι g * ' Ι'<-ΜΊ Κ0(χα) + [Κ,(χα)/χα]\
I Hi Kt(xa) /0(κβ) —[/,(xe)/xa] / '

To each value of H I J / H ^ there corresponds a certain
ΚΆ for which the right-hand side of this inequality is a
maximum. The dependence of this maximum on HIJ/H 2 ^
is shown in Fig. 10, which also shows some values of ΚΆ
corresponding to the maximum. For example, it fol-
lows Jrom the figure that when E\=JE\> = 0.5 the value
of (a3/ar)aa/H^ for which stability persists for
the m= 1 mode amounts to about 0.1 for all wavelengths,
and it follows from (4.2) that for this field ratio all
wavelengths with m = 0 are also stable.

These calculations suggest that a system incor-
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FIG. 10. Dependence of the right-hand
side of (4.9) on H^i/H2^, for values of Ka
for which, with given H2

zj/H2,p, this func-
tion assumes the maximum value.
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porating a longitudinal field localized inside the pinch
and an hf field due to a multipole has definite advan-
tages.

It was pointed out above that the stability conditions
depend on the direction in which the pinch is twisted
because (4.3) includes two solutions, each corresponding
to a particular direction of twist relative to the ex-
ternal field. In one case, (4.3) reduces for long waves
to the well-known criterion

Hu\

and, in the other case, it reduces to

(4.10a)

(4.10b)

It is clear that the second condition is much more
readily satisfied than the first.

When either the external field or the current in the
pinch are of high frequency, it is natural to expect that
the stability conditions will correspond to an inter-
mediate position between the two limiting values defined
by these two inequalities. This system with a high-
frequency current in the pinch and con stant longitudinal

t 2 9 ]

fields was proposed and investigated in
a

t 2 9 ] The sta-
bility condition for this case can be written in the form

\~ϊί^Ι •> 2xaKt(xa) \ l ~*~ \ΉΖ) Κ, (.χα) /„ (χα) - [/, (xa)lw) / ' V * · " '

which for long waves with «a « 1 becomes

(4a)'> kffig (4.11a)

The frequency condition for this system is

ω> ^ _ ; (4.12)

where Εφ is the field at the edge of the pinch due to

the high-frequency current flowing through the discharge.
It is readily seen that condition (4.11a) is the square

of the geometric mean of conditions (4.10a) and (4.10b)
for thejsffective high-frequency field. It is clear that
since Ηφ is produced by the high-frequency current, the
special direction is eliminated because twisting in either
direction is equally probable. Therefore, the effect
averaged over both directions is operative in this case.

There is, of course, very little change in the situa-
tion when the field Hz is a high-frequency field and the
current is constant. The critical conditions remain
the same as before but the possibility of resonances
must be borne in mind in both these variants.

It is well known that in systems described by equa-
tions with periodic coefficients, the regions of stability
alternate with regions in which the system is unstable.

Particularly dangerous are those conditions which lead
to the appearance of parametric resonances occurring
when the natural frequency of oscillation of the plasma
column approaches half the frequency of the hf field.
These questions are considered in C3OJ.

The present author has investigated experimentally
dynamic stabilization by an hf longitudinal field
(see [ 3 1>3 2 3). Unfortunately, these studies have not been
continued. Insofar as the appearance of parametric
resonances in such a system are concerned, the ex-
periments reported in t 3 3>3 4 ] did reveal the presence
of a phenomenon which could be treated as parametric
excitation. At any rate, oscillations at half the fre-
quency were observed. However, this does not mean
that there is little point in pursuing investigations in
this direction because it would appear to be quite easy
to provide conditions under which parametric reso-
nances can be avoided.

As an example, let us return to the experiments
with a traveling wave. In this system, there is a longi-
tudinal drift current in the high-frequency field of the
traveling wave, so that the conditions obtaining in this
case are close to the ideas developed in [ 2 9 \ No evi-
dence has been obtained for the presence of instabilities,
at any rate the MHD type, and, even more so, para-
metric resonances.

We must now return to (4.11a). For this case, Hzi = 0,
«min= 2ff/Zmax. so that

According to the results given above, (Hq?/Hz)max
«0.8 and, consequently {ΒζΐΜφ)τηίηα 1-55 which satis-
fies the above criterion. This suggests that the sta-
bility of the drift current in the traveling-wave system
is ensured by the stabilizing effect on the hf field.
Moreover, this enables us to conclude that the relation-
ships obtained for systems of this kind are at least
to some extent confirmed by the results of the above
experiments.

Theoretical studies of various aspects of the above
variants of dynamic stabilization are considered
in C 2 5-4 0 1. Our references do not pretend to be exhaus-
tive and include only some of the published papers.

5. DYNAMIC STABILIZATION: RESULTS OF
EXPERIMENTS AND CONSEQUENCES

We shall describe experiments on the stabilization
of the Z-pinch by high-frequency multipole fields. In
these experiments, longitudinal fields were not employed.
The high-frequency fields were produced by a multi-
pole located on the periphery of the discharge chamber
in such a way that the currents in neighboring rods
forming the multipole were shifted in phase by 180°.
Figure 11 illustrates the hexapole arrangement. Two
series of experiments were performed.

In the first series, the multipole rods were supplied
by a damped circuit consisting of capacitors with rela-
tively high Q (Q« 60-80).

In these experiments we used six stabilizing rods.
The discharge chamber was in the form of a glass
cylinder, 20 cm in diameter and 60 cm long, covered
by flat electrodes at each end. Gas was exhausted and
admitted to the system through one of the electrodes.
The stabilizing circuit was in the form of a set of six
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To pump

FIG. 11. Schematic diagram of the
discharge chamber (a) and supply cir-
cuit for dynamic stabilization (hexa-
pole) in a system fed by a damped cir-
cuit (b). •ο ζ 4 e a w α 14

bus bars arranged, as shown in the figure, on the outer
surface of the chamber. This system was connected by
36 cables to a bank of high-quality capacitors with a total
capacitance of 0.6 μΐ. The connections were made so
that at each instant of time the currents flowing through
neighboring bus bars were opposite in direction. At a
frequency of about 700 kHz the amplitude of the current
on each bus bar was about 27 kA.

The Q factor of the stabilizing circuit with the dis-
charger and plasma was Q = 20. The parameters of
the main discharge-current circuit were C = 70 (iF,
U = 8-12 kV. The period of the discharge circuit was
about 40 Msec.

The main diagnostic means employed in this cycle
of experiments114'41"43·1 were the following: streak
photography of the discharge, measurements of the
longitudinal field Hz which appeared as a result of
loss of stability with m= 1 (kink and screw instabilities),
and measurements of the energy flux to the chamber
walls.

The photographic method was used to record the
luminous diameter of the plasma column and provided
an estimate of the time of its localization near the
chamber axis. The slit of the photographic recorder
was perpendicular to the axis of the discharge chamber.
One of the bus bars contained longitudinal gaps and the ob-
servations were carried out through these gaps and the
spaces between the bus bars. The field component Hz

was measured with a single-turn coil around the chamber.
The integrated signal was applied to oscillograph plates
so that the signal amplitude was proportional to the
component of the discharge current producing the field
H z .

The thermal probe described in C441 was used to
record the beginning of the interaction between the
plasma and the wall and to determine the rate of escape
of energy from the plasma column. This method en-
abled a reliable recording to be made of the energy flux
up to 5xlO~3 j / c m 2 .

In all the measurements, an oscillograph was used to
monitor the phase at which the stabilizing voltage was
switched on. In this way, it was possible to achieve
simultaneous synchronous recording of all the quanti-
ties listed above. The photographic time scan of the
emission (Fig. 12), taken from, ] shows that, when
both the main and the stabilizing circuits are acting

FIG. 12 FIG. 13

FIG. 12. Oscillograms of the discharge current and the stabilization
current, and photographic time scan of the emission from the plasma
column in the absence (1) and presence (2) of stabilization, obtained for
a system with a damped circuit.

FIG. 13. Oscillograms of thermal probe signal (a) and longitudinal
field signal (b). Upper trace - without stabilization; lower trace - with
stabilization. These oscillograms correspond to the photographs and
oscillograms in Fig. 12 (1-2).

simultaneously, the column is confined near the axis
for a time interval of about 6 Msec, whilst, in the ab-
sence of stabilization this time is much shorter.

Figure 13a shows the thermal-probe signal syn-
chronized with the discharge current, and Fig. 13b
shows the oscillograms of the field H z . It is clear from
the photographs in Fig. 12 that the instant of appear-
ance of the field Hz corresponds to the disintegration
of the column. It is precisely at this moment that the
emission localized near the axis is found to disappear.
It is important to note that, in the absence of stabiliza-
tion, the plasma column will disintegrate under these
conditions almost immediately after it is formed or,
more precisely, at the time when the characteristic
second break is observed on the current curve (this is
the second singularity; see, for example, C 4 5 ] ) .

When the stabilizing field is imposed, the time of dis-
integration of the column is shifted so that disintegration
is observed on the maximum and sometimes even after
the maximum of the discharge current, when the stabiliz-
ing field is already subject to considerable damping.
The thermal-probe signals (Fig. 13) which are syn-
chronized with the discharge-current oscillogram
clearly show the delay in the arrival of the energy
flux on the wall in the presence of stabilization, as com-
pared with the unstabilized discharge.

It may be concluded that the onset of intensive arrival
of the energy flux on the wall corresponds to the instant
of disintegration established by other methods, i.e., by
photographs of the emission and measurements of Hz ·

Comparison of the results of all these measurements
leads to the conclusion that, for certain definite values
of the parameters characteristic for devices of this
kind, there is in fact a well-defined stabilization effect.
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In a relatively broad range of gas (hydrogen) pressures,
roughly between 0.05 and 1 Torr, the plasma column
is confined to the axis of the chamber, with a mean di-
ameter of 3 to 3.5 cm, up to the instant of time when the
current reaches about 100-150 kA. At the same time,
the stabilizing current is reduced by a factor of about
two owing to damping.

During this time the column does not kink (there is
no Hz) and the thermal probe does not show the pres-
ence of any appreciable arrival of energy at the wall.
It is important to note that stabilization is not observed
if the hf circuit is switched on after the beginning of
the contraction process, when the column has already
begun to deform. This method of stabilization merely
prevents the appearance of instabilities but cannot sup-
press an already existing instability. This situation was
observed in all the experiments.

In order to obtain a clearer picture of the develop-
ment of instabilities and of the stabilization effect, we
carried out experiments on installations with somewhat
different parameters but essentially similar to those
described above. In these experiments, the plasma col-
umn was examined by the framing camera. In this way,
one could obtain photographs of the entire plasma col-
umn at intervals of about 1 Msec and thus establish the
deformation of the column, the wavelength of the insta-
bility, and the deformation of the cross section of the
column. In the first series (see C 4 1 ] ) , photographs re-
corded on the side wall were obtained (see Fig. 14).

It is clear from these photographs that, in the ab-
sence of stabilization, the column breaks up as a result
of kink and screw instabilities, and the deformation be-

l - f • •' · • ;..•'•"•'!-= •"/-.·

FIG. 14. High-speed photographs of the Z-pinch recorded through
the side wall (framing camera; 1 frame per iisec) and synchronized with
the discharge and stabilizing currents. Top - photographs of the plasma
column in the absence of stabilization; bottom - ditto in the presence of
stabilization. The interval of time during which the photographs were
recorded is indicated. The shadow at the center of column is the projec-
tion of the stabilizing rods.

gins with long-wave perturbations which eventually de-
velop into shortwave perturbations. When the stabilizing
circuit is switched on, there are no visible instabilities
when the circuit parameters satisfy certain definite
conditions.

The lifetime of the stable state does, of course, de-
pend on the damping of the current in the stabilizing
circuit. This time is found to increase with increasing
Q of the circuit, as shown in l 4 1 ] .

The results of experiments with a damped stabilizing
circuit given here are subject to an important short-
coming.

The stabilization is carried out mainly in the region
of growing current, while the amplitude of the stabilizing
current decreases. The result of this is that, as the
discharge current increases, there is a reduction in the
stabilizing field. It is therefore natural to try and in-
vestigate dynamic stabilization with an undamped circuit
supplied by a vacuum-tube generator. Although the tech-
nological facilities at our disposal place a substantial re-
striction on the magnitude of the stabilizing current,
nevertheless, we have succeeded in obtaining results of
definite interest.

The experiments (see C 4 6"4 a ]) were carried out on an
installation consisting of a glass discharge tube, 6.5 cm
in diameter, in which the distance between the electrodes
was 75 cm. One of the electrodes had an axial aperture
through which observations could be carried out. The
electrodes were connected to a capacitor bank of 22 μ¥
and the anode voltage applied to them could be varied
between 8 and 22 keV. The switching was carried out
through an air spark gap. The inductance of the circuit
was about 8 mH. Under these conditions, the discharge
current could be varied from 12 to 35 kA, and the initial
rate of rise of the current (dj/dt)0 from 1.5 to 4.5X109

A/sec. One quarter of the period, i.e., the time taken
for the current to rise to its maximum, was 19

A quadrupole was used for stabilization. The length
of the rods was 70 cm and their diameter 1 cm. The
distance between opposite rods was 10 cm. The oscilla-
tory circuit consisted of the stabilizing rods with an
equivalent inductance of 0.39 μΗ and a bank of ceramic
capacitors of 54 x 10"3 MF, SO that the working frequency
was about 1 MHz. The effective Q of the circuit in the
course of the discharge was Q=25. The circuit was
supplied through a matching unit from a pushpull self-
excited oscillator consisting of four vacuum tubes.
For a steady output power of about 4 MW, about 2 MW
was transferred to the circuit. The current in each
rod could then be increased up to 3.5 kA. The corre-
sponding radial rate of increase in the field was
8H/3r=110Oe/cm.

For diagnostic purposes, we used both framing and
streak cameras, magnetic probes for measuring the
high-frequency fields and the field due to the discharge
current, and coils for the detection of the longitudinal
magnetic field Hz- Moreover, from the position of the
limit of the continuous spectrum in the visible part of
hydrogen emission, it was possible to estimate the
mean charged-particle concentration.

Main results. The plasma column is formed only
after a certain definite rate of increase of the current
has been reached. In the above experiments, this
minimum rate of increase was aj/ata 2x 109 A/sec.
Moreover, the formation of the column was very de-
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pendent on the delay time At, i.e., the interval between
the moment when the high-frequency stabilizing field
was switched on and the moment at which the main dis-
charge was switched on. Stable confinement of the
plasma column was observed for 40 < At < 100 Msec, and
all the results corresponded to this range of delay
time. For At<40 Msec, the plasma shrinks to the axis
too rapidly, and for At > 100 Msec the plasma column
is not formed. This is, of course, connected with the
degree of ionization of the gas at the beginning of cur-
rent flow. When the degree of ionization is low, the
process occurs too rapidly and, as will be shown below,
short-wave instabilities develop and cannot be stabilized
by the methods employed here. For At > 100 Msec, this
current is insufficient for compressing the gas because
of the presence of heavy gas impurities due to the
evaporation of the wall material. The experiments were
carried out for an initial gas (hydrogen) pressure of
po = 0.2 Torr. This pressure corresponds to the most
favorable conditions for the processes in which we are
interested. Unfortunately, the most important parame-
ter is the initial rate of increase in the discharge cur-
rent which must not lie outside the relatively narrow
range 2x 109 <(w/at)0 <3.5x 109 A/sec. If the upper
limit is exceeded, the plasma column disintegrates very
rapidly for reasons which will be indicated below. If the
lower limit is not reached, the plasma does not separate
from the walls.

When all these conditions are satisfied, a plasma
column is clearly formed (Fig. 15) and is stabilized on
the axis for a certain interval of time. For comparison,
Fig. 16 shows photographs of the discharge obtained
under the same conditions but without the stabilizing
field.

We reproduce streak and framing camera photo-
graphs recorded on the side wall and from the end of
the chamber, and oscillograms of the discharge current
and longitudinal magnetic field Hz generated during
the development of the instability. The electron density
determined from the Balmer series limit is not less
than 1016 cm"1. The radius of the compressed column
determined from the framing camera photographs is
-0.5 cm under these conditions. The lifetime of the
stable compressed state does not exceed ~10 Msec
under these conditions.

In order to explain the limited lifetime of the
pinched state, it is not necessary to assume that the
plasma column became unstable after a certain inter-
val of time. As in the case of the traveling wave, this
time is restricted by the overheating process.

We shall now use the well-known formula J = 4c2NT
(valid for the Ζ-pinch) which is deduced from the balance
of the magnetic-field and gas-kinetic pressures. In our
case of relatively low currents, when the temperature
does not exceed ~10 eV and J = 20 kA (this is close to
the maximum value for which the breakup of the plasma
column is observed), we find that N = 6xlO1 6 cm"1.

The total number of particles per unit length of the
discharge tube at a pressure of 0.2 Torr was ~5x 1017

cm"1.

Thus, as the particles are captured into the plasma
column, become ionized, and heated, the plasma pres-
sure becomes such that the current cannot confine these
particles by its field, and the column breaks up. Ac-
cording to the above estimates, the time of ionization and

FIG. 15. Experiments with undamped stabilizing circuit fed by a
vacuum-tube generator. Top - streak photograph of the plasma column.
Bottom - framing camera photographs (1 frame per Msec) taken from the
side wall. The middle photograph shows oscillograms of the discharge
current J and longitudinal field Hz. The quantity Jc rjt is the current for
which the plasma column disintegrates; a0 is the internal radius of the
discharge tube (J = 2.8 kA, p 0 = 0.2 torr. J o = 35 kA. J0(t = 0) = 2.4 X
10" A/sec).

J»m

FIG. 16. As in Fig. 15 but without stabilization (D2, p 0 = 0.2 Torr,
= 35 kA, J 0 (t = 0) = 2.4 Χ 109 A/sec).
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heating of the gas entering the column from the periphery
is quite close to the observed lifetime of the stable state.

The question why the lifetime of the stable state is so
short can therefore be answered relatively simply. On
the other hand, it is much more difficult to explain why
this state exists at all. For example, are there no in-
stabilities with m = 0, and short-wave instabilities with
m= 1, for which the stability criteria introduced above
are definitely not satisfied?

Let us now consider the minimum wavelength for
which the stability conditions are satisfied. In the
above experiments (aH/9r)0 = 100 Oe/cm, J = 2x 10" A,
and a =0.5 cm. We shall see that, in this case, we can
use (4.9a) from which it follows that Zmin- 80 cm, i.e.,
the kink and screw deformations are stabilized for wave-
lengths close to the separation between the electrodes.
A roughly similar situation occurs in experiments with
the damped circuit, described above, and in other in-
vestigations of this kind.1 1 4»4 2'4 3'4*'4"

We have thus encountered a problem which is rela-
tively rare in practical physics. A more common situa-
tion is that in which one has to explain the reasons why
the experimental results disagree with the theoretical
predictions to an extent greater than one would expect
in view of the adopted assumptions. The theory is usually
better than the experiment. Here, we have the opposite
situation. The results of the experiment are more satis-
factory than is predicted by the theory. It turns out that
it is sufficient to satisfy the stability conditions from
some relatively long wavelength onward and, when this
is so, short-wave perturbations and m = 0 perturbations
are not observed.

From the standpoint of the theory of magnetohydro-
dynamic stability, developed for stationary plasma and
used above, this is a contradictory situation. Instabili-
ties of this kind develop more readily than shorter wave-
lengths. The growth rate is known to be inversely pro-
portional to the wavelength. One would therefore expect
to observe the appearance and development of short-
wave instabilities with m = l and m = 0 modes.

The above results clearly indicate that we are dealing
with phenomena which do not fit into the framework of
the results obtained for stationary Z-pinches. It is
therefore natural to ask: what governs the instability
wavelength in the unstabilized Z-pinch? Which dis-
charge parameters determine this quantity? To obtain
an answer to these questions, we have carried out ex-
periments in which the development of instabilities could
be observed in a broad range of values of the parameters
characterizing the discharge. In these experiments, we
varied the geometric dimensions (length of discharge
gap L and tube radius ao), the initial rate of increase
in the current (dj/dt)0, and the initial gas (hydrogen)
pressure po. In all other respects, the installation was
the same as that described above. The wavelength was
determined with the aid of a high-speed framing camera.

Figure 17 shows (top row) photographs of the column
for discharge tubes of different length. The chosen frame
corresponds to the instant of time close to the maximum
compression of the column. It is clear that there is no
substantial difference between the wavelengths. Hence,
it can be concluded that the length of the discharge gap
has no appreciable effect on the instability wavelength.

A completely different situation is observed in ex-
periments in which the values of (dj/dt)0 and the radius

FIG. 17. Typical photographs obtained with a framing camera (po =
0.1 mm Hg of H2): (a) dependence of wavelength on the length of the
discharge chamber [2ao = 20 cm, (dJ/dt)0 = 109 A/sec]; (b) ditto as a func-
tion of the rate of increase in the current (h = 60 cm. 2ao = 20 cm); (c)
ditto as a function of the initial radius [/ = 60 cm, (dj/dt)o = 5 Χ 109

A/sec].

ao of the discharge tube varied. The second row in
Fig. 17 shows the corresponding photographs. It is
clear that the instability wavelength increases with in-
creasing ao and (dj/dt)0. The experiment was performed
for 109 < (dj/dt)0 < 1011 A/sec. For (dj/dt)0 > 1011 A/sec
the m = l instabilities go over into m = 0 instabilities.

Using the results of experiments performed for a
relatively broad range of values of (dj/dt)0 and ao, it
is possible to establish a definite relationship between
the instability wavelength and the values of (dj/dt)0 and
ao. It turns out that, in the range 5x 109 <(dj/dt)0 < 10u

A/sec and for ao between 4.5 cm and 20 cm, the product
i(dj/dt)o/2/ao varies very little and remains approxi-
mately equal to 2 xlO5. Hence Z«2x 105ao(dj/dt)o"1/2.

We note that no clearly defined effect was observed
due to variations in the initial pressure. It would appear
that the dependence on this parameter is very slight.
Most of the measurements were performed for po~0.1
Torr. The onset of instability was fixed by two mag-
netic probes which measured the longitudinal field com-
ponent H z . One probe was located near the walls (this
is the Hz probe) and the other (Hz0) was placed on the
axis of the chamber. It was found that the wall probe
was the first to record the appearance of the instability
Hence, it follows that the instability sets in at a rela-
tively early stage of the compression process, quite
close to the instant of separation of the plasma column
from the chamber walls. This is confirmed by the
fact that the dynamic stabilization operates effectively
only if the stabilizing pulse is applied before the column
contracts toward the axis.

The results given above cast doubt on the validity
of the basic assumptions on the nature of instabilities
appearing in relatively fast Z-pinches. A clear de-
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pendence of the instability wavelength on the initial rate
of increase in current and tube radius are not consis-
tent with the description involving MHD-type instabili-
ties in the stationary Z-pinch for which the current and
radius of the compressed plasma column are charac-
teristic quantities. Here, as we have seen, the instabil-
ity is connected with the dynamics of the column com-
pression process and not with its appearance in the
compressed state.

We shall now attempt to explain the observed contra-
diction as follows. It is pointed out above that, in our
case, the dynamics of the process plays the main role
and there is hardly any point in considering stability
as the development of a perturbation of some quasista-
tionary equilibrium state. A more natural assumption
is that the instability is of the Rayleigh-Taylor type
and arises as a result of the acceleration of the plasma
during its motion from the periphery toward the center.
The instability may develop prior to the separation of
the entire plasma from the walls of the discharge tube,
as a result of the propagation of a compression wave.
There is a long-standing proposal that, in fast Z-pinches,
the m = 0 instabilities are of the Rayleigh-Taylor origin.
Experiments have been performed which have provided
relatively satisfactory confirmation of this hypothesis.
Theoretical studies of such processes, among which
we note the work of Harris, show that this instability
will also occur for the m = 1 mode. Harris has also
given a bibliography of experimental studies.

However, the assumptions upon which Harris's work
is based have led to the conclusion that perturbations
of all wavelengths are stable. This result is explained
by the adopted model.

We shall summarize here the results reported in 5 1 ]

and based on an analysis of certain dimensional rela-
tionships . The starting point was the well-known Kurskal
and Schwarzschild relation obtained from an analysis
of Rayleigh-Taylor instabilities in semi-infinite plasma
confined by a magnetic field in a gravitational field:

Ο = ΤΓ I·' gx. (5.1)

where g is the acceleration of the boundary of the
plasma, κ is the wave number of the perturbation
harmonic, and ω is the instability growth rate.

Since the above experimental results establish the
existence of a clear dependence of the instability wave-
length on the radius of the discharge tube, it is natural
to assume that this instability develops while the plasma
still interacts with the walls of the discharge chamber,
i.e., before the plasma contracts toward the axis. The
only quantity which determines the time scale is the
time of separation of the plasma from the walls, tsep·
We shall suppose that ω = l/tsep· This is a purely di-
mensional relationship which we introduce without suf-
ficient justification.

The acceleration of the plasma boundary during the
initial stage of the compression process can be deter-
mined from the equation of motion for a mass of gas
during compression by the magnetic field due to the
current flowing through the plasma (see, for ex-
ample, t 4 9 ' 5 2 3 :

, = tdJ№)0

OQC " | / 3 π ρ 0

(5.2)

function of time, i.e., J = (dj/dt)ot. From (5.1) and (5.2),
we can then find the instability wavelength by reducing
all the quantities to the separation time:

2c ~\/MN

where Μ is the ion mass, Ν is the number of particles
per unit length of the discharge chamber, MN = jra^p0,
and Jsep is the current at the time of separation of the
plasma from the vessel walls. This current was calcu-
lated in t 4 5 : and is given by

In the separation current was determined for
weakly ionized plasma. The ionization was produced
during the development of the discharge, so that in the
expression for the separation current we have the
electron factor e which we assumed to be approxi-
mately 100 eV per ionization event. The capture of
particles while the plasma moves toward the axis of
the chamber takes place for low degrees of ionization
through the charge-transfer mechanism which of all the
elementary events in this energy range has the largest
cross section (in hydrogen σΐη= 3x 10"15 cm2).

If we now introduce the separation current into the
expression for I, and substitute the various numerical
values, we obtain in practicel units

In the experiments reported in [ 5 1 ] there were Ν* 1018

particles/cm, in which case ? = ao(dj/dt)o1/2 · 2x 105

which agrees with experimental results rather too well.

It is clear that, since the fourth root of Ν is pres-
ent in (5.3), the dependence on the initial pressure has
not been noticed, especially since the experiments were
carried out in a relatively narrow range of initial
pressure values.

It follows from the above results that the m = 0
perturbations may appear when z/ao < 1, and this means
that

/ dJ
\ dt

3-101»
(5.4)

When N= 1018, neck formation occurs for (dj/dt)0 >3
x 1010, which is also in good (even too good) agreement
with all the experimental results.

We shall now compare the above results with the ex-
perimental results on dynamic stabilization, assuming
that to suppress instabilities it is sufficient to satisfy
(4.9) at the time of separation of the plasma, i.e., when
a = ao,J = Jsep a n d I is given by (5.3).

As an example, consider the experiment with the
undamped circuit described above. For this case,

I:

since ao = 3.2 cm.

Condition (4.9) assumes the form

I—) ~ (3.2)2 1 0

During this stage, the current is assumed to be a linear

where the current is in amperes.

The separation current in these experiments is ~10
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kA and, as indicated above, the value of (9H/8r)0 for
which a well-defined stabilization effect is observed
-100 Oe/cm. It is clear that there is an equally sur-
prising agreement between the above relationships and
experimental data.

Analogous calculations performed for the experi-
ments reported in t l 4 > 4 2 · 4 3 ' 4 4 3 have led to similar results.

Such precise quantitative agreement between the re-
sults must be viewed with considerable scepticism, es-
pecially since the foundations upon which the calculations
are based are decidedly shaky. Nevertheless, it is quite
clear that these results force us to reconsider the quali-
tative explanation of the phenomena. Even when a theory
becomes available which will provide an explanation for
the appearance of this instability, and the mechanism
responsible for the appearance of the instability during
the early stage of compression of the pinch will be un-
derstood, it will still be unclear why the usual types of
instability do not develop in the compressed pinch. The
lifetime of the compressed state observed in all the
experiments is much greater than the development
time for MHD-type instabilities. The theory of these
instabilities shows that the instability development
time is proportional to the wavelength. Therefore,
short-wave perturbations should develop in very
short intervals of time (<10~7 sec), but no appreciable
deformations in the plasma column develop for at
least several microseconds, which is much longer than
the instability development time, even for the longest
wavelengths. Nor can this anomalous instability be ex-
plained in terms of fields frozen into the plasma. It
would appear that the high-frequency fields penetrate
the plasma during an early stage of discharge devel-
opment and then, as the process continues into the
compression stage, the captured field somehow in-
creases and somehow stabilizes the column. The most
optimistic estimates of the attenuation time for the
captured field show that the fields are damped out in a
time which is much shorter than the lifetime of the
compressed plasma column. None of these explanations
is therefore satisfactory.

An explanation can only be obtained from a deeper
understanding of the various phenomena, and this will
only be possible after additional experimental studies.

The above results and speculations lead to the con-
clusion that studies of the above processes have, at
least so far, led to more questions than answers.

Studies of the confinement of plasma by high-fre-
quency fields and experiments on dynamic stabilization
have produced such surprises that very little remains
of the assumptions upon which the experiments them-
selves were formulated.

This, in turn, means that the many assumptions and
their theoretical justification must be approached with
considerable caution, at least until really satisfactory
experimental data confirming or contradicting the ini-
tial assumptions become available.

There is, therefore, little point in considering in de-
tail all the various existing suggestions. We note only
those upon which we can pass a meaningful judgment.

6. HYBRID SYSTEMS

Hybrid (or composite) systems are defined as those
in which the hf fields are not the main fields, not even
for the suppression of MHD-type instabilities, but act

as auxiliary fields in combination with constants or
quasiconstant fields. Among the large number of pro-
posals in this area, we consider only two.

We start with a brief description of the composite
systems in the form of toroidal traps, known as RO and
RT-2.E53~55:| The differences between these two devices
are not very substantial, at least insofar as the prin-
ciples on which they are based are concerned.

These traps employ a strong quasiconstant magnetic
field (10-20 kOe), and a high-frequency magnetic field
is used to compensate the toroidal inhomogeneity and to
heat and stabilize the hot plasma instabilities in the trap.

It is shown in [ 5 3 ] that it is possible to stabilize both
MHD and kinetic plasma instabilities with rotating
high-frequency fields, where the rotation of the field is
carried out about the longitudinal axis of the torus and
the field strength increases from the center toward the
periphery.

Such fields can be produced by the helical multipole
illustrated in Fig. 18, where the phase difference be-
tween neighboring conductors is ττ/2. However, the ap-
plication of only the high-frequency field, even a helical
field, would not ensure plasma equilibrium. Stellarator-
type coils with quasiconstant currents are therefore
used to compensate toroidal effects. The main parame-
ters of the RT-2 installations are as follows.

The toroidal chamber has a major diameter of 130
cm and a minor diameter of 2.5 cm. The longitudinal
magnetic field is 20 kOe and the pulse length is 0.01
sec. A double helical coil producing the quasiconstant
field is employed with six steps along the major radius;
the current in the coil is 100 kA.

The high-frequency field is produced by a self-ex-
cited vacuum-tube oscillator with a power output of
about 60 MW at 2 MHz, which produces a pulse length
of 0.001 sec. The hf field amplitude on the periphery
is about 200 Oe. An octuple three-step winding is em-
ployed.

The installation is designed for experiments on
plasmas with density n« 1012-1015 cm"3 and Tp
= 10-100 eV. Under these conditions, ϊ3 = 8τΓηΤ/Η2 « 1
and ί3=16ττηΤ/Η2ϊ.1.

The first step was, of course, to determine the depth
of penetration of the high-frequency field into the plasma.
As usual, magnetic probes were used for this purpose.
An anomalous penetration depth was observed which,
again, cannot be explained in terms of existing theories.
It was found that an increase in the quasiconstant
longitudinal field Hz was accompanied by an increase

Rogowski belt

Diamagnetic probe

FIG. 18. Disposition of coils producing quasiconstant and hf fields in
the RT-2 installation.
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in the hf field at the center of the chamber. The same
effect was observed when the initial gas pressure was
reduced.

The high-frequency current in the plasma was prac-
tically independent of the type of gas employed (the
measurements were carried out with hydrogen, helium
and xenon in the chamber). It was also independent of
the initial pressure and amounted to ~2.2 kA, which
corresponded to a magnetic field of about 150 Oe on the
boundary of the plasma column. Up to pressures po
= 2x 10~3 Torr, the skin layer was nearly classical. For
po < 2x 10"3 Torr the skin layer was anomalous (in the
usual sense).

Insofar as plasma instability is concerned, it is im-
portant to note that oscillations were observed both in
the ultrashort-wave region, corresponding to frequen-
cies in the range 200- 500 MHz, and at relatively low
frequencies in the band between 10 and 45 kHz.

A high level of ultrahigh-frequency oscillations was
observed only during the initial stage of the discharge,
when the current through the plasma was increasing.
After about 300 μββο following the onset of the dis-
charge, the level of the oscillations was found to fall
and became lower by an order of magnitude, as com-
pared with the beginning of the hf current pulse. The
skin-layer plasma density corresponding to the maxi-
mum level of ultrahigh-frequency oscillations was
approximately 2xlO1 3 cm"3. The frequency of ion-
acoustic oscillations (these experiments were carried
out with helium) was found to be

Since the maximum of the spectrum of ultrahigh-fre-
quency oscillations lies precisely in this region, it may
be concluded that we are dealing with ion-acoustic
oscillations.

The level of these oscillations is found to fall very
substantially as the discharge develops, and is relatively
low in the steady state. The presence of the ion-acoustic
oscillations is used by the authors of these studies to
explain the somewhat too intensive heating of the ions
and the dependence of the ion temperature on mass. The
mean ion temperature is relatively high-of the order of
some tens of electron volts—which is comparable with
the electron temperature. Moreover, the heavy-gas ions
are heated to a higher temperature roughly in propor-
tion to the square root of the ion mass.

The authors consider that such rapid heating of ions
and the observed dependence of the temperature on mass
is due to the appearance of the ion-acoustic instability
right at the beginning of the discharge development, since
the observed ion heating time is much shorter than would
be necessary for the heating to take place through the
Coulomb collision mechanism. This heating time amounts
to a few microseconds. This anomalously fast ion heat-
ing restricts the energy lifetime of the ions. As in the
other high-frequency confinement systems and dynamic
stabilization systems described above, here again over-
heating restricts the lifetime of the thermally insulated
plasma. The only difference is that, in the hybrid sys-
tems, i.e., systems with a strong longitudinal quasi-
constant magnetic field, there would appear to be the
anomalously fast heating. This is connected with the
possibility of resonance phenomena whilst, in the sys-
tem described previously, the overheating time is not

inconsistent with the description of the heating process
in terms of the usual Coulomb collision mechanism.

The question of dynamic stabilization of MHD insta-
bilities can also be approached from a somewhat more
general standpoint. So far, we have confined our atten-
tion to the interaction of magnetic fields, for example,
the field due to a direct current and some stabilizing
field, either longitudinal or transverse. One of these
was a high-frequency field with frequency comparable
with the MHD frequency of the plasma as a whole.

In principle, it would appear that the dynamic stabili-
zation effect will occur for a periodic variation (with the
corresponding frequency) of one of the basic parameters
characterizing the state of the plasma, for example, the
density, pressure, change in radius, or change in the
form of the cross section (see, for example, 4 0 ).

In the final analysis, these oscillations are produced
by the applied high-frequency field. However, the direct
effect on instability is due to oscillations in other
quantities.

As an example, consider the investigations carried
out on the Toloskop installation, in which stable states
were investigated in a toroidal system in the presence
of a composite current (quasiconstant plus high frequency)
in a quasiconstant longitudinal magnetic field.C34>56] These
fields and currents were varied within the following
limits: the longitudinal field Hz was varied from 0.2
to 2 kOe, the quasiconstant current from 2 to 10 kA,
and the high-frequency current from 0.2 (preliminary
ionization state) to 6 kA. The experiments were per-
formed in a toroidal discharge chamber made of quartz
with minor diameter equal to 6.2 cm and major diame-
ter of 60 cm. The chamber was placed in a copper en-
velope with a slot and an internal diameter of 7.5 cm.
The working gas was hydrogen at an initial pressure of
2xlO"3 Torr. The mean charged-particle concentration
in the plasma column, which was measured by various
methods in a broad range of currents and fields, was
found to be 2x 1014-3x 1014 cm"3.

When only the quasiconstant current flows through the
plasma, there is a well-defined m= 1 instability when
condition (4.3) is not satisfied. This, in general, is a
trivial result. However, a transition to a stable state
was observed when the constant field was combined with
the high-frequency field for different values of the
current modulation coefficient <x=j/J. The oscillations
on the oscillograms showing the magnetic probe signal,
the reflected signal from the 2-mm interferometer, and
the photomultiplier signals recording the intensity of the
Ήβ line and of the impurity lines are then found to
disappear.

Moreover, it is found that in the stable state there
is an appreciable increase in the plasma temperature.
Thus, in the unstable state Te~5-10 eV and there are
sharp changes in the diamagnetic signal which suggests
rapid cooling of the plasma. In the stable state, the
plasma temperature measured by the diamagnetic effect
and the intensity of the spectral lines, reaches -25-100
eV. The lifetime of the stable state amounted to several
microseconds in these experiments, i.e., was roughly
the same as in all the experiments described above.

Here again, this time could, of course, be associated
with the overheating of the plasma and, again, one would
expect that it should increase with increasing tempera-
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ture, i.e., with increasing power output of the high-fre-
quency source.

The very fact of transition to the stable state in
this system was associated by the authors with radial
oscillations of the plasma column due to oscillations in
the magnetic pressure of the high-frequency field
component of the plasma current.

However, it would be premature to draw any definite
conclusion from all these data. This would, in fact, re-
quire additional experimental and theoretical data.

With this, we conclude our review of existing dy-
namic stabilization systems. As regards the work of our
foreign colleagues, we refer the reader to a recent
review by Berge C57] and the proceedings of the confer-
ence on Feedback and Dynamical Control of Plasmas/493

where a detailed bibliography is given.

Both in the Berge review and in the conference
proceedings, the main attention was paid to the theo-
retical analysis on the various proposals in the field
of dynamic stabilization. Experimental studies in this
area are clearly insufficient to enable us to draw
definite conclusions. It has been shown above on the
basis of existing experience that a theoretical analysis
of any particular variant must be regarded as a starting
point for the formulation of experiments and no more.
Definite conclusions can only be based on analyses of
sufficiently reliable experimental results and one must
be ready to accept that, at the end of the day, very few
of the original assumptions will remain.

7. CONCLUSIONS
The author hopes that the foregoing review of results

and ideas will stimulate further studies of this ex-
ceedingly interesting, though not fully understood, branch
of plasma physics.

One thing is clear: dynamic methods are sufficiently
effective both in confinement and in stabilization sys-
tems for hot plasmas. The variants of these methods
considered here, and the results of experimental studies
which we have reviewed above, are sufficiently reliable
to enable us to draw certain conclusions.

Dynamic methods of plasma confinement. An example
of the application of this method is the traveling wave
system which we have considered above. The magnetic
field configuration in this system is such that the field
everywhere increases in the peripheral direction, and
it has been shown that the plasma can be in a state of
stable equilibrium in such a field.

It is possible, in principle, that other and more effec-
tive systems, using dynamic methods of plasma confine-
ment, will be found in the future. The use of high-fre-
quency fields for this purpose opens up new possibilities
which in practice are inaccessible for quasiconstant or
constant fields. Here, one can vary the field geometry in
time and thus acquire a further degree of freedom which
can be controlled. Attempts must therefore be made to
find solutions in which these advantages are exploited
more effectively.

Insofar as systems for dynamic stabilization of plas-
mas are concerned, here again, we may conclude that
the foregoing account clearly demonstrates the real
possibility of practical devices based on these prin-
ciples. In all the systems of this kind which we have
considered (dynamic stabilization by longitudinal hf

fields, stabilization with the aid of the hf component
of the longitudinal current), there is a well-defined
stabilization of MHD instabilities. In some cases, the
stabilizing effect is stronger than one would expect
on the basis of the criteria deduced from analyses of
stationary systems.

In order to match the experimental results to the
theoretical predictions, it will be necessary to carry
out additional studies, both theoretical and experimental.

There have been many papers in recent years devoted
to this subject and most of them were theoretical. Ex-
perimental studies are, of course, impeded by substan-
tial technological difficulties, perhaps greater than in
other branches of plasma physics. The situation is also
complicated by the fact that substantial progress will
only be possible when there is a substantial increase in
the output power of hf systems.

It has been shown above that the plasma confinement
time and the lifetime of the stable state in dynamic
stabilization and high-frequency plasma confinement
systems are restricted by the "overheating time."
This, in its turn, is determined by the plasma temper-
ature. The character of this dependence must be de-
termined experimentally. If the conductivity is deter-
mined by Coulomb collisions, the "overheating time"
should increase rapidly with temperature. So far, the
various studies have been carried out on devices in
which the temperature was too low and, therefore, the
overheating time was restricted to a few microseconds.
Higher temperatures were achieved with damped cir-
cuits, but here the lifetime was restricted by the damp-
ing time which was also of the order of a few micro-
seconds.

In order to escape from this Procrustean bed, we
must increase the output power of the continuously
operating generator, at least by an order of magnitude,
i.e., up to 500-1000 MW.

It is only then that we shall be able to establish
reliably whether the lifetime is determined by over-
heating or the development of some kind of instability,
and to determine the heating mechanism. This will also
resolve the question as to whether there are anomalies
in the absorption of power by plasma.

There are no fundamental difficulties in the use of
existing technology for the development of such systems,
but the unavoidable practical difficulties will, of course,
demand considerable engineering skills before they can
be overcome.

As regards further developments in this direction,
with the final aim of achieving controlled thermonuclear
fusion with positive energy yield, existing possibilities
are, of course, inadequate. The basic problem is whether
it will be possible to develop high-frequency circuits
operating in the frequency band of a few megahertz with
Q= 107-108. This is the basic question which distinguishes
the methods considered here from other currently exist-
ing methods.

However, the rate of technological advance in this
century of scientific and technolgical revolution is such
that new engineering developments based on particular
physical ideas frequently overtake purely physical
studies. We are confident that, when the physics of the
phenomena become sufficiently clear and, at the same
time, it will be reliably demonstrated that one of the
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variants of dynamic confinement and stabilization of
plasma is a realistic possibility, the necessary tech-
nologies will also become available. In this respect,
the situation is hardly worse than in any of the other
directions which are being researched at the present
time.

The confinement of plasma by high-frequency fields
may turn out to have one further very important advan-
tage. Whilst the application of the DD reaction to the
problem of thermonuclear fusion is limited by the mag-
netic emission by electrons, in the case of high-fre-
quency confinement this restriction is removed because,
owing to the well-defined skin effect, there is no mag-
netic field in most of the volume occupied by the plasma.

The DD reaction, especially in hf fields, looks at
present like pure fantasy. There are enough difficulties
with the DT reaction, but the situation may change in
the future.

In conclusion, I should like to thank I. A. Popov and
V. I. Sinitsyn for their help in writing this review.
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