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PREFACE

The electromagnetic interactions of radio frequency (RF)
waves with plasmas have been basi¢ and important problems
in plasha physics. The interactions are also extensively
investigated in conjunction with thermonuclear fusion re —
search.

The purpose of the present thesis is to study experimental-
ly the plasma heating and confinement with the application of
RF waves. The main technique we employ is to use mode-control-
led RF fields for the excitation of the RF waves. By préperly
choosing the mode of the applied RF fields, we can achieve
the radial confinement of a plasma in a single axisymmetric
mirror through the stabilization of flute instabilities, the
improvement of the heating efficiency in ion cyclotron heating
through the elimination of nonlinear convective plasma loss,
and the improvement of the axial confinement in RF-plugged
open ended systems.

The experimental results and techniques developed in
this thesis can be readily abplicable to larger-scale experi-
ments, and in fact, have been successfully put into use in

several present-day devices.
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CHAPTER 1

INTRODUCTION

1. ROLES OF ICRF WAVES IN MAGNETIC CONFINEMENT SYSTEMS

Radio frequency (RF) wave applications in magnetic con-
finement systems have held an important position in this decade.
in researches of controlled thermonuclear fusion. RF waves
can directly couple with charged particles providing energy
deposition and/or momentum transfer in a desired position
in the phase-space of particles. This enables us to utilize
the RF waves as an efficient method for plasma heating and
confinement. Among several frequency ranges, it may be the
ion cyclotron range of frequencies (ICRF) that is used most
extensively for additional heating and controls of plasmas
in tokamaks and open ended systems. A MW-level RF power in
ICRF was successfully coupled into a plasma to achieve an
efficient heating up to a few keV in tokamaks [1]. Reduction
of high-Z impurities through a control of temperature profile
by ICRF heating was investigated [2]. Studies of toroidal
current generation by waves in ICRF as well as by lower hybrid
and electron cyclotron waves are also performed [3].

For open ended systems, RF waves seem to have much more
potentiaily important uses in viewpoints of RF heating and
confinement of plasmas. Since the confinement of a plasma

with fusion-oriented parameters was demonstrated in the mirror



machine 2XIIB [4], investigations of open ended systems have
become active, and recently, large mirror machines based on

a new concept of ambipolar potential confinement were construct-
ed [5—7].vA1though such a mirror machine, the tandem mirror,
greatly improves the plasma confinement, and hence, the Q

value (energy amplification factor) over a simple mirror,

there are still problems such as resonant radial diffusion

of particles due to asymmetric configuration, large gas 1load
and technological restriction associated with high-energy
neutral beam injections (NBI) at plug cells, needs for an
efficient heating of a central cell plasma, and so on. Use

of RF waves may resolve these problems, and in fact, is being
investigated in detail. For example, MHD-stable radial con-
finement of a tandem mirror plasma may be achieved by RF stabi-
lization [8] instead of non-axisymmetric MHD anchors, and the
high-energy NBI can be replaced by ICRF heating and sustainment
of plug plasmas [9]. It is also predicted that the pumping of
cold ions in a thermal barrier or sloshing ion formation can

be performed by RF waves [10].

Besides the tandem mirror, the RF wave applications have
played an important role in Radio Frequency Containment (RFC)
experiments [11—13]. Large amplitude ICRF fields applied
at open ends produce the ponderomotive potential to confine
particles axially just as the ambipolar potential in the tandem
mirror. This configuration, the RF plugging, requires an ef-
ficient method for creating the ponderomotive potential.

The roles of ICRF waves described above are characterized

as energy and momentum transports from waves to particles



through particle acceleration and deceleration by Lorentz
force and, for large amplitude waves, ponderomotive force.
For a cylindrical plasma surrounded by a conducting wall,
which is the most general situation in real experiments, the
wave characteristics, e.g., field distribution and polarization
are strongly dependent on geometrical parameters as well as
plasma parameters. The magnitude, the direction, and their
spatial distribution of the Lorentz force and the ponderomotive
force are dependent on such a mode structure of the RF field.
Hence, in order to realize efficent RF heating and confinement,
it is important to select RF mode so that desired energy and/or
momentum transports take place in a desired position of phase=
Stix [14] was the first who used the antenna which

space.

selectively excites a specific mode. He chose m = 0 mode

for ion cyclotron heating, where m is the azimuthal mode of
RF fields in a cylindrical coordinate. Several experimental

reports by Russian authors are available concerning the effect
of RF mode selection in heating and stabilizing plasmas. Diky
et al.[15] showed that the m = +1 mode (linear combination

of m = +1 and m = -1° modes) was better than the m = 0 mode

for heating the core of a plasma in a circular torus.
Demirkhanov et al.[16] used a phased helical antenna to excite
Alfven wave of m = +2 mode selectively. The plus sign of

m means that the RF field rotates macroscopically in left-hand
It

sense with respect to the axial static magnetic field.

was also reported that a plasma
into a column when the RF field

a frequency much lower than the

in a linear solenoid was formed
(not a wave) of m = -1 mode with

ion cyclotron frequency was



applied [17]. Hipp et al.[18] calculated the loading resist-
ance of a phased helical antenna when 1apnching m= 0, +1,

or -1 wave in ICRF. Knox et al.[19] demonstrated the selective
excitation of m = +1 slow wave and m = -1 fast wave in ICRF using
the phased helical antenna. Although the improtance of RF

mode selection has been recognized in several experiments
mentioned above, it seems that little attention has been paid

so far to systematic selection of RF mode in viewpoints of
optimization of Lorentz force and/or ponderomotive force.

In the present thesis, we present the experimental studies
on plasma heating and confinement with mode-controlled RF fields
in ICRF. The experiments described here are RF stabilization
of MHD instabilities for radial confinement in an axisymmetric
mirror, observation of a new type plasma loss associated with
the ICRF heating and its elimination for an improvement of
the heating efficiency, and efficient RF plugging for axial
confinement in open ended systems. The main idea we employ
is to control the azimuthal mode of applied RF waves as well
as the selection of wave branches for the purpose of efficient
RF controls of plasma transports. In the following Sections,

historicalbackgrounds and critical issures of these subjects

are described.

2. ALTERNATIVE METHOD FOR MHD ANCHORS IN A TANDEM MIRROR

Mirror trap is one of the most common configurations

in open ended systems. In 1975, it was demonstrated that



a plasma with fusion-oriented parameters was created in the
mirror machine 2XIIB with high-energy NBI and warm plasma
stabilization of micro instabilities [4]. It is well known
that the mirror trap has several advantages over a tokamak
such as a simpler configuration with good accessibility, steady
state operation, confinement time independent of machine size,
high-g operation, possible use of a direct energy converter,
and so on. However, the most serious problem that prevented
the mirror from being a fusion reactor was the low Q value
due to losses through open ends even if a direct converter
with very much high efficiency was incorporated. A new concept
"ambipolar potential confinement" was proposed by Dimov et al.
[20] and Fowller and Logan [21] as a method for enhancing

the Q value considerably. Based upon the concept, tandem
mirrors were constructed in Tsukuba Univ. and later in LLNL
and Univ. of Wisconsin. The tandem mirror consists of a long
central cell and minimum-B end plug cells in both ends. Ions
in the central cell is confined by an ambipolar potential
created in plug cells with high-energy NBI. This configura-
tion was experimentally confirmed to work well in GAMMAG6 [51,
TMX [6], and Phaedrus [7]. It was further shown that the
ambipolar potential could be created with less plasma density
in plug cells and less NBI power provided that the thermal
contact between electrons of the central and plug cells was
broken down by a thermal barrier [22]. The experiment of
the‘thermal barrier is now being carried out in TMX-U [23].
Rapid progress of the tandem mirror research enables us to

ensure enough longitudinal confinement of a plasma. It has

—_5 -



been, however, pointed out that the resonant transverse dif-
fusion due to non-axisymmetric configuration degrades the radial
confinement significantly. 1In fact, although the original
tandem mirror had minimum-B end plugs, they were axisymmetrized
and only anchor regions remain asymmetric in present-day and
future machines [24-26]. The non-axisymmetric anchor regions
are necessary to maintain magnetohydro-dynamic (MHD) stability
of a whole plasma. Although sophisticated designs of the
anchors have been made to minimize the resonant diffusion,
it is impossible to completely eliminate the enhanced diffusion
in this configuration. It is, therefore, important to investi-
gate other methods for maintaining MHD stability in order to
realize a purely axisymmetric tandem mirror.

The most deleterious MHD instability in an axisymmetric
mirror is the flute mode [27]. This instability is driven
by a radial force due to "bad" curvature of the magnetic field
line. Ions and electrons drift oppositely with each other
in azimuthal direction by the radial force so called the ef-
fective gravity. If a small perturbation occurs at a plasmas
vacuum interface, a charge separation is created and a resultant
electric field acts as to enhance the perturbation through the
ExB drift. The plasma is then lost radially.

If we apply an RF wave (or field) in such a way that
the ponderomotive force of the RF field acts on ions or elec-
trons oppositely to the effective gravity, the relative azi-
muthal drift of ions and electrons is eliminated and the plasma
becomes stable against the flute perturbation [28-30]. The

experiment of stabilizing a precessional drift wave using

—6—



this method was done by Yamamoto et al.[31]. In the succeeding
paper [32], they showed flute stabilization by an RF field which
was generated electrostatically by rod electrodes aligned

to cover almost the entire plasma surface. In their experiment,
however, the observed instability was not clearly identified.
Furthermore, the density was restricted to 1012cm_3, so the
availability of this stabilization method was not confirmed

for higher densities where the electrostatic RF field exci-
tation would become inefficient. Yasaka et al.[33] showed

the experimental identification of the curvature-driven flute

13em73, They

instability in a density range higher than 10
also demonstrated the stabilization of the flute instability

by the RF field which was electromagnetically coupled and
applied only in the bad-curvature region in a single axisym-
metric mirror [34]. The stabilization method was confirmed

to be effective in a wide range of density up to 1014cm_3.

To clarify the utility of the RF stabilzation in a fusion
plasma, it is necessary to obtain a scaling relation of re-
quired RF field strength to plasma parameters. An empirical
scaling of the RF stabilization in a single axisymmetric mirror
was obtained [35]. The results of these experiments suggest

that the RF stabilization could be an alternative for MHD

anchors of a tandem mirror.



3. ICRF HEATING BY ROTATING RF FIELDS

ICRF heating is divided into two categories; one is ion
cyclotron heating (ICH) in which ion cyclotron (slow) waves
are absorbed by ions through fundamental ion cyclotron damping,
and the other is fast wave heating in which magnetoacoustic
(fast) waves are absorbed through second harmonic damping
in one ion species plasma or are absorbed via mode conversion
near the ion-ion hybrid resonance layer in two ion species
plasma. Ion cyclotron heating was first proposed by Stix
f14] and was investigated in B-65, B-66, and C-stellarators
in PPPL [36,37]. An azimuthally symmetric slow wave was ex-
cited by a Stix coil at a uniform magnetic field section, propa-
gated toward weaker field side, and damped at a magnetic beach.
In the local magnetic beach, ion temperature reached 3 keV.
Although the wave was efficiently coupled and absorbed in
the linear section of the racetrack torus, it could not propa-
gate around whole of the torus.

In the Uragan stellarator, an azimuthally asymmetric
slow wave of m = +1 mode was launched by a Kharkov coil and
propagated around the torus to bring a uniform heating of
a whole plasma [15,38]. The asymmetric wave had one more
advantage overAthe symmetric wave that the perpendicular com-
ponent of the RF field was maximun on minor axis, hence the
wave could heat a core of the plasma.

In circular machines such as ST tokamak [39] or Heliotron
[40,41], the slow wave was propagated perpendicularly to the

toroidal magnetic field with a fixed axial wave length. After-



wards, the density of tokamak plasmas became so high that the
slow wave could not propagate into the core unless the axial
wave length of the wave was chosen to be unreally short.
Hence, the fast wave came into use for RF heating in tokamaks.

The ICRF heating was investigated also in open ended
systems. The azimuthally symmetric slow wave was used in
THM-2 mirror machine and plasma heating at first and second
harmonic ion cylotron frequencies was observed [42,43] . 1In
TPD-III [44], plasma heating by the m = +1 slow wave was com-
pared with that by the m = 0 slow wave. A detailed experiment
concerning the mode effect on antenna loading was performed
by Knox et al.[19] using m = +1 and m = -1 RF fields. They
indicated that a proper selection of the direction of rotation
might increase the efficiency of wave excitation.

It is of cource desirable not only to achieve higher
heating efficiency but to suppress enhanced plasma loss during
ICRF heating, which was observed, for example, in ATC [45],
Proto-Cleo [46], and Macrotor [47]. Since the excursion
velocity greatly exceeds the thermal velocity in RF heating,
nonlinear effects due to, for example, a ponderomotive force
will become important. Although nonlinear processes in lower
hybrid heating have been investigated in detail [48,49], few
experimental reports are available for ICRF heating.

Yasaka and Itatani showed that the conventional slow
wave of m = +1 mode gave rise to a new type of plasma transport
1eading‘to a reduction of plasma confinement in a linear device
[50]. The transport is produced through a radial convective

motion of ions caused by the nonlinear interaction of m = +1



and m = -1 RF fields. It was found that the anomalous trans-
port could be eliminated if the slow wave was of m = +1 rotating
mode. The use of the m = +1 dee improves.the overall heating
efficiency by a factor of 1.7 [50]. The improvement

of heating efficiency by the use of the slow wave of m = +1
rotating mode was also confirmed in toroidal [51] and mirror
plasmas. These experiments have first established the superi-
ority of using the rotating RF field in slow wave heating of
both linear and toroidal plasmas.

Adati et al.[52] performed ICH experiments in the double
cusp machine RFC-XX following in the wake of our experiments.
They changed the mode of the slow wave, from non-rotating
to rotating mode continuously, and found that the best heating
occurred in the case of the m = +1 rotating mode. This result

also supports our conclusion.

4. IMPROVEMENT OF RF PLUGGING

Low Q value of open ended systems requires some efficient
methods for reducing end losses. The principal method is
the ambipolar potential confinement, which is explained in
Section 2. The other method, which has longer history of
investigation, is the RF plugging of end losses. If an RF
field of appropriate mode and frequency is applied at an open
end, charged particles are repelled along the static magnetic
field by a ponderomotive potential created by the applied

RF field. The ponderomotive potential confinement has an



outstanding advantage ovef the ambipolar potential confinement
that the ions with a specific charge to mass ratio can be
plugged selectively. This leads to a possibility that, in

a reactor, only fuel ions are confined selectively and ash

or impurity ions are automatically exhausted from the confine-
ment region.

The RF plugging can be applied to linear solenoids,
mirror machines, and cusp machines. In the course of researches
in IPP, Nagoya, the effectiveness of plugging the cusp plasma
has been established [53-56]. The loss flux through a line
cusp was reduced by a ponderomotive potential of electrostatic
ion cyclotron RF fields launched by parallel plate electrodes.
The loss flux could be reduced to 5 % of the initial value
with 800 V/cm RF eletric field in a plasma of density of 1.3x

lzcm—3 [57]. The ability of -plugging a specific ion species

10
was also demonstrated [58].

For a point cusp or a mirror end, an electromagnetic
coupling is used to create a ponderomotive potential in a
larger-cross-section, higher-density plasma compared to the
line cusp plasma. In the experiment performed by Watari et
al.[59], it was shown that the azimuthally asymmetric RF fields
produced by the type-III coil was much more effective for end
loss reduction than the symmetric RF fields in the sense that
the required RF electric field strength remained relatively
small for higher densities. They also found that the plugging
effect was due to the axial ponderomotive potential for ions,

and electrons were confined by a resultant ambipolar potential.

Since the perpendicular acceleration of ions by RF fields is



responsible for RF plugging, it is expected that a use of
left~hand circularly polarized RF fields of m = +1 mode will
enhance the end loss reduction compared to the linearly polar-
ized RF fields of m = +1 mode used in TPD-III.

Yasaka et al.[60] showed that the plugging effect was
greatly improved when the m = +1 RF fields were employed in-
stead of the m = +1 RF fields. The particle and energy confine-
ment times in an RF-plugged simple mirror were compared for
different RF modes. The best confinement occurred when the
m = +1 RF fields were used.

In the simple mirror, the flute instability was observed
resulting in significant reduction of the confinement time.

In this case, both the RF stabilization and the RF plugging
are necessary for confinement. The simultaneous application
of the RF stabilization and the RF plugging was reported [61].

The experiments of RF plugging in a different frequency
range [62] or in a different magnetic field configuration
[63,64] were also performed successfully although the density
and the temperature used were relatively low.

In order to extend the results in TPD-III and to obtain
prospect for using the RF plugging in a reactor, Nagoya group
constructed the double cusp machine RFC-XX, which consisted
of a central solenoid section and two cusp regions in both
ends. By applying the RF voltage to the parallel electrodes
located at two line cusps, the end loss flux through the line
cusps was reduced to less than several % of the initial value.
The energy confinement time of the central-section plasma

is improved by a factor of 2 through the line cusp plugging



[60]. The end loss flux through the point cusps was about
one-tenth of that through the line cusps, and hence had minor
effects on total plasma confinement. However, once almost
complete end loss reduction is achieved at the line cusps,

an efficient RF plugging of the point cusps is necessary for
further improvement of the energy confinement time. Yasaka
et al.[65] applied the asymmetric, rotating RF fields to the
point cusp plugging, according to the results in the simple
mirror, and found that this type of RF field had better plug-
ging effect than the non-rotating RF field.

The RF plugging of ICRF-heated plasma was also performed
[65]. The streaming plasma with ion temperatures up to 250 eV
could be plugged by the rotating RF field of m = +1 mode with
a voltage less than 20 kV. A scaling formula of the RF plug-
ging of the ICRF-heated plasma was obtained experimentally

for the first time.

5. FRAMEWORK OF THE PRESENT THESIS

The present thesis is organized as follows:

In Chapter 2, basic properties of RF waves in ICRF in
a cylindrical plasma are explained. It is described how the
effects of Lorentz force and the ponderomotive force on energy
and momentum transports depend upon the azimuthal mode of
the RF fields. Forced excitation of RF fields and a method
for controlling the azimuthal mode of RF fields are also

discussed.



RF stabilization and associated radial confinement in
a single axisymmetric mirror is presented in Chapters 3 and
4. In Chapter 3, low frequency instability observed in the
mirror is identified as a curvature-driven flute instability
for a wide range of densities up to 1014cm-3. It is demon-
strated that the flute instability is stabilized by the RF
field which is electromagnetically coupled and applied only
in the bad-curvature region. Radial loss of the plasma is
reduced significantly through the stabilization. This method
of stabilization is revealed to be effective in densities
from-lOlocm_3 to 1014cm_3.

In Chapter 4, the RF stabilization of the flute instabili-
ty is investigated by varying the plasma density, the radius
of curvature of the magnetic field line, and the ion tempera-
ture. It is described that a scaling formula of the RF stabi-
lization which relates the required RF electric field strength
to plasma parameters is obtained, predicting a reasonable
value of 1.1 kV/cm for the stabilization of a fusion-grade
plasma. The results of Chapters 3 and 4 suggest that the
RF stabilization could be an alternative for MHD anchors of
a tandem mirror.

Chapters 5 and 6 contain the studies on improvement of
the heating efficiency of ICRF heating. In Chapter 5, we
present that a conventional slow wave of m = +1 mode gives
rise to a new type of plasma transport leading to a reduction
of radial confinement. The mechanism of the anomalous trans-

port is investigated both theoretically and experimentally.

It is found that the anomalous transport can be eliminated



if the slow wave is of rotating mode. The use of m = +1
rotating mode improves the overall heating efficiency by a
factor of 1.7.

In Chapter 6, the slow wave of rotating mode is applied
to ICRF heating of toroidal !and. mirror plasmas. It is also
confirmed that the m = +1 rotating mode can reduce the anoma-
lous loss leading to an improvement of the heating efficiency.
These experiments have first established the superiority of
the m = +1 RF fields in slow wave heating of linear and toroid-
al plasmas.

Chapter 7 contains the results on improvement of RF plug-
ging in open ended systems. The particle and energy confinement
times in an RF-plugged axisymmetric mirror are compared for
different RF modes. The best confinement is achieved when
the m = +1 RF field is applied for plugging.

The simultaneous application of the RF stabilization
and RF plugging are also described. It is observed a combined
effect that the plugging efficiency is enhanced with less
total RF power as compared with the case of RF plugging only.

In the latter half of Chapter 7, the RF plugging of ICRF=
heated plasma is performed at a point cusp. The streaming
plasma with ion temperatures up to 250 eV can be plugged by
the m = +1 rotating RF field. A scaling formula of the RF
plugging of the ICRF-heated plasma is obtained for the first

time.
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CHAPTER 2

MODE CONTROLLED ELECTROMAGNETIC FIELD
IN ION CYCLOTRON RANGE OF FREQUENCIES

1.INTRODUCTION

Radio frequency waves in Ion Cyclotron Range of Frequencies
(ICRF) have been used with growing importance in researches
of additional heating and dynamic control of plasmas. There
have been reported a number of theoretical studies concerning
the wave coupling, propagation, and absorption in infinite
or slab plasmas, while such investigations in a cylindrical,
bounded plasma, which is the most general situation in real
experiments, seem to be not enough. For a cylindrical plasma
surrounded by a conducting wall, the wave characteristics,
e.g., field distribution and polarization, are strongly de-
pendent on geometrical parameters including antenna structures
as well as plasma parameters. For example, it was shown that
the cutoff frequency of a compressional Alfvén wave (or simply
tefmed as a fast wave) significantly changes when the thickness
of vacuum layer between the cylindrical plasma and the wall
is changed [1].

The cylindrical plasma can support a variety of eigen-
modes, each of which has a different characteristics of prop-
agation. Stix [2] proposed a "Stix" coil to generate an

ion cyclotron wave of azimuthally symmetric mode and to heat



a plasma via ion cyclotron damping of the wave. The.use of

the Stix coil was successful in the ion cyclotron heating
experiments performed in the straight section of C-stellarator
[3]. But the wave did not propagate through toroidal sections,
and hence, did not bring a heating of fhe whole plasma. On

the other hand, the same wave but of azimuthally asymmetric
mode was experimentally revealed to propagate freely in a
toroidal plasma [4]. These extremely different characteristics
come from only the difference in the azimuthal mode of ion
cyclotron waves.

Knox et al.[5], used a phased herical antenna to excite
azimuthally asymmetric Alfveén waves in a linear machine. They
showed that the antenna can selectively couple to either the
slow wave or the fast wave by controlling the phase difference
of RF currents in the antenna, i.e.( the azimuthal mode of
RF current distribution.

As described above, the propagation of waves in ICRF
in a cylindrical plasma is strongly dependent on the azimuthal
mode. It is, therefore, easily predicted that plasma transport
phenomena are also strongly affected by the azimuthal mode
of the wave, while few experimental reports in this standpoint
are available so far. Before describing the experimental
results which show the very evidence of the prediction, we
here preseht in Section 2, a brief theoretical consideration
of the dispersion and mode structure of waves in ICRF.

When a plasma is subjected to the large amplitude RF
fields, nonlinear effects become important for plasma trans-

ports. As an examplekof positive utilization of these effects,
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we can point out a series of studies on RF plugging of a cusp
plasma [6-8]. Although the mechanism of plugging in relation
to the axial ponderomotive force was investigated in detail
by many authors, fhe effect of other components of the pondero-
motive force has been looked over. 1In Section.3, the pondero-
motive force is derived and effects of each component on
plasma transports are discussed.

Forced excitation of RF fields in ICRF is accomplished
by an RF antenna outside a plasma column. Energy and momentum
transports due to the wave fields are dependent on mode struc-
ture. So, to optimize a desired transport, the RF antenna
must be designed so that it generates coherent mode spectrum.

The antenna design is discussed in Section 4.

2. EIGENMODE IN A CYLINDRICAL PLASMA

The behavior of waves in a plasma is governed by the

wave equation given by

Fx¥x B + 2L K E = o0, (2-1)

where E is the electric field which varies as exp[j(-k,z +
wt)] with k, and w being the parallel wave number and the
angular frequency, respectively, c is the veiocity of 1light,
and K is the dielectric tensor. As far as the propagation

of waves is concerned, it is sufficient to use the cold plasma

approximation for ions. But, for electrons, we consider



both cases of hot and cold electrons. For a collisionless,
homogeneous plasma immersed in a uniform static magnetic field

in z-direction, the dielectric tensor [9] takes the form,

S iD 0
¥ = -jD S 0 . (2-2)
0 0 P
where
| 1
S=T(R+L)’ D=—2—(R—L),
2
_SEE ( w )
R=1-1 ’
o w2 w + wcc
- (2-3)
w
_ _ po w
L= g 2 ( w - W )
w co
2
Yoo
P=1- g g s (cold electrons)
w
W 2
pi 1 (hot electrons)
]_ + ?
wz k Zk 2
IID

wpo and Wog denote the plasma and the cyclotron frequencies

of the o-th species, respectively, and AD is the Debye length.
The explicit form of the wave equation for E, is written as
4

{ VT + (a + c) VT

2 , (ac - bd)] E, =0, (2-4)

where

2s)P/s, b = jwuok"D/S,



2
c = -k, + kOZRL/S, d = -jwe k,DP/S,

k0 = w/c, and N and €q are the permeabilit§ and the permit-
tivity in vacuum, respectively [10].

If we further assume that E is proportional to exp(—jiL;),
Eq.(2-4) reduces to sécond order differential equation with
two eigen values k_Ll and klz- The eigen values must satisfy
the dispersion relation:

k_,_4 + (a + ¢) k_’_2 + (ac - bd) = 0. (2-5)

In infinite plasmas, the propagation of waves is well explained
by Eg.(2-5). Figure 2-1 shows the dispersion relation on

k, versus w i2/m2 plane for a frequency of w/mci = 0.9. The

p
other parameters are k, = 21 m_1 and w/2m = 3.5 MHz. (Hereafter,
if otherwise noted, the plasma contains single ion species

of hydrpgen.) It is seen that for the slow wave, the propaga-
tion is limited up to a density where (k..c/w)2 = S in the

case of cold electrons, while for hot eletrons with the tem-
perature of Te = 30 eV, the wave can propagate into higher
densities. Fast wave appears beyond a density where (k..c/w)2

= R. The same plot is given in Fig.2-2 for w/w = 2.4,

ci
ko, = 10.5 m—l, and w/21 = 10 MHz. Slow wave becomes evanescent
for a cold electron plasma. There is no essential change
in fast wave propagation as compared with Fi§.2—1.

We then consider the case where a cylindrical homogeneous

plasma with radius p is surrounded by a perfectly conducting

cylindrical wall with radius w as shown in Fig.2-3. An RF
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antenna is approximated by a current sheet at r = s, and the
static magnetic field is again in z-direction. The solution

of Eq.(2-4) is given by

N 4
E, =221A2Jm(k12r) expl[j(m0 - kyz + we)], (2-6)

where m is the azimuthal mode number, and k,, must satisfy
Eg.(2-5). The other components of the electric fields and the
magnetic fields are obtained from Maxwell's equations.
Restarting from Eq.(2-4) with wpc +~ 0, we can also obtain

the fields outside the plasma in the same manner. The results
are summarized in Appendix A. These fields must satisfy bound-

ary conditions at plasma-vacuum and vacuum-wall interfaces,

which are given by

TR=7, (2-7)

where A is a constant vector of field amplitudes, J is the
RF current density in the antenna, and matrixf¥'is defined
in Appendix A. For an eigenmode (finite A with infinitesimal

J), a non-trivial solution requires
det T = 0, (2-8)

The dispersion in the cylindrical plasma is given as a simul-
taneous solution of both Egs.(2-5) and (2-8). The w-k, diagram
of fast and slow waves in ICRF is shown in Fig.2-4 for m =

-1 and +1 modes. The plasma has following parameters; density
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Fig.2-5 Radial distribution of electric fields for
(a) m = +1 slow wave, (b) m = -1 slow wave, (¢c) m = -1
fast wave, (d) m = +2 fast wave, and (e) m = -2 fast

wave. For (a), (b)), and (c), w/wci = 0.96 and k, = 21
-1

m with other plasma parameters being the same as in
Fig.2-4. For (d) and (e), w/w . = 2.4, ky = 10.5 m !,
13__-3 ot '

ng = 5x10 “ecm 7, B0 = 0.31 T, Te = 20 eV, p = 3 ¢cm,

and w = 7.5 cm.



0 = 4x10120m-3, By = 0.3 T, T, = 0, plasma radius p = 4 cm,

n
and wall radius w = 5 cm. The many branches for the slow
waves correspond to discrete sets of kig's which satisfy the
boundary condition. The axial wave number of each branch of
the slow waves in (a) or (b) becomes larger as the wave fre-
quency approaches the ion cyclotron frequency. The fast wave
appears in very small k, range for m = -1 mode, while it
becomes cutoff for m = +1 mode [1].

In Fig.2-5, the radial profiles of the electric field are
shown for (a) m = 41 slow wave, (b) m = -1 slow wave, (c) m =
-1 fast wave, (d) m = +2 fast wave, and (e) m = -2 fast wave.
We plot —jEr instead of Er' Hence one can easily find that

Er leads E, or EZ by 90° if —jEr is positive, and vice versa.

0
For (a), (b), and (c), the frequency and k, of the wave are
chosen to be w/wci = 0.96 and 21 m_l, respectively, and the
plasma parameters are the same as in Fig.2-4. The m = +1
slow wave is left-hand circularly polarized on axis and has
a maximum amplitude there. Both the m = -1 slow wave and
m = -1 fast wave are right-hand circularly polarized near axis.
Although the polarization reverses near the mid-radius for the
m = -1 slow wave, the m = -1 fast wave is almost purely right-
hand circularly polarized over all plasma radii.

In (d) and (e), we plot the m = +2 and -2 fast wave field

with w/wc. = 2.4 and k, = 10.5Am—1 in a plasma of n, = SXI013

i
cm—3, BO = 0.31 T, Te =20 eV, p =3 cm, and w = 7.5 cm.
The field pattern at a radius larger than 3.0 cm is not shown

here. The perpendicular field for these modes is zero on axis

and increases with r, in contrast to those of m = +1 and -1 modes.



3. EFFECT OF PONDEROMOTIVE FORCE

The equation of motion of particles in an electromagnetic

field is given by

q
Ly U = —E(E 4V x B), (2-9)

where o = i(ion) or e(electron), $a is the particle velqcity,
B is the magnetic field, d, and m, are the charge and the

mass of the particle, respectively. Expanding physical quan-

tities in power series of field amplitude and assuming ﬁ(o)

-0, 30 3 (0)
o

= BOZ, and v = 0, we obtain the second order

part of Eq.(2-9) [11]:

0"

(2-10)

Since we are interested in the quasi-steady part, we take

>(2)
o o ygp(n, Ja g, 30 g, .3
at o m, o o

a short-time average over a few periods of the fundamental
frequency. The slowly varying part of the solution of Eq.(2-10)

is written-as

(2) (2) m, 9847
>(2 >(2 - > 2
Vi = [ETTe Sy x By + = == 1/ BTy
(2-11)
v q
oy _ _a (2)
Bt = ma ( En + Sau)a
where
> (1), 2(1) o (1) (1) -
Sg = < Vg x B T> - —= <y Vv, >, (2-12)

o



which reprersents so called ponderomotive force if multiplied

(2)

by g . The steady electric field E arises due to a charge
o

(2) and :le(z).

separation caused by the difference between Gi

The axial component of the ponderomotive force has been
intensively investigated in researches of RF plugging [6-8].
It should be noted that the perpendicular components of ga

take more important roles giving rise to an §ax'§0 drift.
The radial component of §a makes particles drift azimuthally.
We can expect a cancellation or reversal of particle drift
due to "bad" curﬁature of a magnetic field line leading to
the stabilization of flute-type instabilites. This effect
will be investigated in Chapters 3 and 4.

We can also see that a radial drift is caused by the
azimuthal ponderomotive force. The radial drift of particles
may produce a degradation of the particle confinement. On
the other hand, this effect may be useful for the RF pumping

in a thermal barrier. In Chapter 5, we will present the effects

of the azimuthal ponderomotive force.

4, FORCED EXCITATION OF EIGENMODES

Several ﬁypes of RF antennae have been used to launch
waves in ICRF. Schematic views of the RF antennae are shown
in Figs.2-6 to 2-8 together with the Fourier spectrum a., of
the azimuthal antenna current I, namely,

2T

IG(O)exp(—ij) do. (2-13)
0

1
8w T 27
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Fig.2-8 RF antennae for generating m = +2, m = +2,
and m = -2 RF fields.



The RF power P which is coupled to a wave from an antenna
is represented by

2T

P = s Re < —J *40 > (2-14)

EO|r=sIO
where s is the radius of the antenna, and Re and * denote
the real part and the complex conjugate, respectively. So,
if one wants to excite the wave of azimuthal mode m, one should
use the RF antenna whose spectrum has a peak at the m.

Figure 2-6 shows the RF antennae which excite mainly
m = 0 mode. The Stix coil was used in earlier studies of
ICRF heating [2,3], but was replaced by the half turn antenna
in experiments in ST tokamak [12] and TFR [13]. For the purpose
of ion heating with the slow wave, it is desirable that the
wave is left-hand circularly polarized at the plasma core
as discussed in Sectio. 2. Referring Fig.2-5, we find that
the m = +1 modé is the most convenient one. The antennae
in Figs.2-7(a) and (b) have m = +1 Fourier component, which
is, howerver, not 1arge as compared with other Fourier com-
ponents. The Kharkov antenna {14] has the m = +1 and -1
components of the same amplitude and generates linearly polar-
ized field in vacuum. Therefore, we call this field as the
m= +1 field.. The pair of two half turn antennae used in
TFR [13] and the type-III coil used in RFC-XX [15] are essen-
tially the same as the Kharkov antenna in the sense that
they all generate the m = +1 RF field.

on the contrary, the antenna in Fig.2-7(c) can generate

either the m = +1 or m = -1 component selectively, provided



that the phase of RF currents in two coil units is properly
adjusted. Since the fields of these modes are rotating in
azimuthal direction, they are termed as the rotating RF field.
By using this antenna, it is possible to generate the RF field
of purely coherent azimuthal mode.

As will be described in Chapter 3, the cancellation of
particles' drift due to a bad curvature of the magnetic field
line requires radially inward ponderomotive force at the plasma
periphery. The RF field of m = +2 or m = -2 mode meets this
requirement in the case of w > w4 because E, of the field
peaks near the periphery and decreases toward the center |
Figs.2-5(d) and (e)]. We illustrate the antennae for the
excitation of the m = +2 or -2 RF field in Fig.2-8. Although
the antenna (a) has the multi-mode structure, it will be shown
in Chapter 3 that this antenna is sufficient for the excitation

of .the m = +2 mode.
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CHAPTER 3

RF STABILIZATION OF HIGH-DENSITY PLASMA
IN AN AXISYMMETRIC MIRROR

1. INTRODUCTION

Recently, a tandem mirror with minimum-B field has re-
ceived considerable interest as an effective confinement
system [1,2]. The plasma in a long central cell is confined
by the ambipolar potential created in plug cells located at
both ends. It has been, however, pointed out that the reso-
nant radial diffusion due to non-axisymmetric configuration
degrades the confinement. In fact, although the original
tandem mirror [3-5] had minimum-B end plugs, they were axi-
symmetrized and only the MHD anchor regions remain asymmetric
in present-day and future machines [6-8]. It is, therefore,
important to investigate other methods for maintaining MHD
stability in order to realize a purely axisymmetric tandem
mirror.

Following the éxperiment performed by Arsenin et al.[9],
a great deal of reports concerning the feed back stabili-
zation of flute instabilities were published. This method,
which was confirmed to be effective in low-density plasmas,
may not be applicable for a fusion-oriented plasma because
some electrodes must be placed close to a high-density, hot

plasma. This unfavorable situation is the same for the line-



tying stabilization [10] scheme in which conducting plates
contact with a plasma. Even when a surface line-tying stabili-
zation [11] is employed, energy loss through the end plates
would be significant.

Sidorof [12] discussed the possibility of stabilizing
the flute mode by the application of radio frequency field.
The experiment of stabilizing a precessional drift wave using
this method was done by Yamamoto et al.[13]. 1In the succeed-
ing paper [14], they showed the flute stabilization by
the RF field which was generated electrostatically by the
rod electrodes aligned to cover almost whole of the plasma
surface. 1In their experiment, however, the observed instabili-
ty was not clearly identified and remained to be experi-
mentally clarified. Furthermore, the density was restricted
within an order of 10'%cm 3, so the availability of this
stabilization method was not confirmed for higher densities
where the electrostatic RF field excitation would become
inefficient.

We here present the experimental identification of the
MHD instability in a density range higher than 1013cm_3. The
observed instability in the axisymmetric mirror machine HIEI
is identified as the curvature-driven flute instability
through the experimental determination of the dispersion
relation and its comparison with the theoretical prediction.
We further demonstrate the stabilization of the flute instabili-
ty by the RF field which is electromagnetically coupled
and applied only in the bad-curvature region. This method

of stabilization is revealed to be effective in a wide range



of density, from 10 %3 up to 10%%m™3.  The results of

this work suggest that the RF stabilization could be an

alternative for MHD anchors of a tandem mirror.

2. DESCRIPTION OF THE EXPERIMENT

The experiment was carried out in the axisymmetric mirror
HIEI as shown in Figs.3-1 and 3-2. The hydrogen plasma of

10 11 -3

density ranging from 10 to 5x10" "cm {(low density regime)

13 6 10%%cm™3

or from 10 (high density regime) is produced

by TPD or MPD plasma guns [16], respectively, in a static
magnetic field up to 1.1 T at the throat. The length between
two mirror points is 1.2 m and the mirror ratio is variable
from 1.4 to 4. The plasma diameter at the throat is 4 cm
(FWHM), which is fixed by the limiter made of pyrex glass.
Typical electron temperatures are Te = (15-20) eV, and ion
temperatures without heating are Ti = (10-15) ev. The gun
injectged plasma is terminated by an end plate of insulator
located outside the mirror point.

The RF stabilization of MHD instabilities is accomplished
by applying the RF field only in the bad-curvature region.
The stabilizing antenna shown in Fig.3-3 consists of a copper
strap of 2 cm width and 0.3 cm thickness formed just like
a quadrupole winding of 7 cm in diameter and 30 cm in length.
This antenna is placed at the.midplane and produces the RF

field of m = +2 mode in frequency range 1.5 < f/fciO < 3,

where f is the applied RF frequency and fcio is the local ion
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Fig.3-2 Experimental set up.



cyclotron frequency at the midplane. This antenna is driven
by an RF self-oscillator which can deliver pulsed RF power up
to 200 kWw at £ = 10 MHz.

The maximum RF current in the antenna was 50 As in this
experiment. The modulation of the static magnetic field due
to the RF is less than 20 G at the plasma surface. This is
an order of magnitude smaller than the difference between the
confining magnetic field strengths at the plasma surface and
on axis for typical operations. Hence, the modification of
the mirror field by the RF magnetic field is negligible.

Plasma parameters and instability signals are measured
with a charge exchange analyzer, diamagnetic loops, end loss
analyzers, and electrostatic probes. The raw data from these
equipments are A/D-converted, stored on magnetic tapes, and
analyzed in real time mode with a digital data acquisition
system using multiple microprocessors. The block diagram of
this system is shown in Fig.3-4(a), where three blocks are
connected to a main bus line. Each block including one CPU
has a peculiar function such as controls of A/D converters,
display and management of experimental parameters, controls
of a graphic display, and so on. These functions are operated
by a request from the bus master (CPU 1l). An example of the
data acquisition is shown in Fig.3-4(b), where raw data of
voltage and current from a swept double probe (graph 1A and
1B) are converted into plot of V-I characteristics. We have
also developed an FFT program, which is used for an analysis

of instabilities described in next Section.
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and so on. (b) Raw data from a double probe (IA and IB)
and Vd—ld plot of them.



3. IDENTIFICATION OF THE INSTABILITY

A. Measurement of the Mode
Fairly monochromatic oscillations of plasma density and
potential are observed near the plasma periphery in both high-
and low-~density regimes, with a fluctuation level fi/n0 larger
than 80%. 1In the following, we will determine the mode of

the instability in both density regimes separately.

(1) Low density regime

Figure 3-5 shows typical oscillogram of the density
fluctuation near plasma periphery (r/rL = 0.6 with T being
the local radius of the plasma which maps on the limiter radius
at the throat.) and the ion saturation current at r = 0. As
the instability grows up, the build-up of the central density
slows down and then the density begins to decrease until the
amplitude of the instability gets saturated. The density
at quasi-steady state was about 60% of that without the insta-
bility. The decay time of the density after the gun turn-off
was rapid as compared with the stable case.

The radial variation of the fluctuation level, plasma
density, space potential, and T; are plotted in Fig.3-6 for

magnetic field strength at the throat BM = 0.38 T, mirror

ratio R = 2.4, and density n, = 1><1011 cm—3. For this mirror

ratio, the radius of curvature of the magnetic field line,
Rc’ is 4.3 m. The electron temperature on axis was 20 eV.
The fluctuation level has a maximum around r/rL = 0.7 at

the midplane, where the density gradient is large, and has
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very small amplitude at the center. The frequency spectrum
of the fluctuation was sharply peaked at about 15 kHz. The
wave number of the fluctuation was measured by two single
probes using cross-correlation technique. Setting one probe
at a radius where the fluctuation level is a maximum, we move
the other probe along the circumference with the same radius.
The measured phase difference is plotted in Fig.3-7(a) as
a function of azimuthal offset angle of two probes. We can
see that the observed fluctuation is of M = 1 azimuthal mode.
The direction of propagation coincides with that of electroh
diamagnetic drift. We also measured the phase difference
along the magnetic field line to find that the axial wave
number is nearly zero within the plasma column as shown iﬁ
Fig.3-7(b).

As will be shown later, the fluctuation is stabilized
by applying an RF field. We can measure the growth rate of
the instability by measuring the time evolution of the fluc-
tuation amplitude after switching off the RF pulse. The
value of the growth rate Qi thus obtained is 0.2 < Qi/Q < 0.4
with © being the real angular frequency. The fluctuation
level observed at the midplane increased with the mirror ratio
R as shown in Fig.3-8, roughly indicating the increase of

the growth rate with R.

(2) High-density regime
Figures 3-9 and 3-10 show, respectively, typical density
fluctuation and radial variations of the fluctuation level,

the density, and the space potential for BM = 0.51 T, R= 2.3,
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T, =11 eV, and n, = 2x1013 cm_3. The fluctuation level has

a maximum around r/rL * 0.6 [r = (2.5-3) cm] at the midplane,
and has very small amplitude on axis. The frequency spectrum
of the fluctuation was sharply peaked at about 30 kHz and

had a minor peak around 15 kHz. The result of the cross-cor-
relation measurement is shown in Fig.3-11; (a) and (b) are
auto power spectra of two probe signals, (c¢) and (d) are cross
amplitude spectrum and phase spectrum, respectively. The
phase difference of two probe signals at a frequency of 30
kHz, which is given by Fig.3-11(d), is plotted in Fig.3-11l(e)
as a function of the azimuthal offset angle of the probes.
Three lines in the figure represent ideal cases of M = 1,

2, and 3 azimuthal modes. It is seen that the observed fluc-
tuation is of M = 2 mode. We also measured the phase differ-
ence along the magnetic field line to find again that the
axial wave number is zero within the plasma column. The fluc-
tuation level versus R is given in Fig.3-12 for By = 0.42 T
and n, = 2><1013 cm_3. In this case the fluctuation level
was measured at a radius of maximum instability amplitude

for each mirror ratio. It should be noted that the fluctuation
level becomes greater than several tens of % immediately after
R exceeds unity. The normalized growth rate was 0.4 < Qi/ﬂ

< 0.6.

We finally summarize the results of the observation in

low- and high-density regimes in Table 3-1.

B. Comparison with Theory

There have been many theoretical works concerning the
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dispersion relation of flute mode. In the present problem,
the perpendicular wave length of the observed instability

is of the order of plasma radius. Hence it is not appropriate
to use a local approximation in deriving the dispersion re-
lation. We therefore employ the finite Larmor radius equation
derived by Rosenbluth and Simon{17]. This equation describes
the low frequency flute perturbation of the form exp[j(Mé+Qt)]
propagating in-a cylindrical plasma with arbitrary density,
radial electric field, and gravity profiles, and is given.by

dn

2
2 2 0
T + (MG +Q r)mi—dr]\y = .0, (3-1)

- M)

3
r

1d  dv 4!
r dr(Tdr) + 0

where T = ﬁzminOSr3, y = Ee/ﬁ, Q=q- Mwy, and S = 1 - M
/(rminowcioﬁ)d(noeTi)/dr. Here, EO is the azimuthal component
of electric field of the flute fluctuation, W [= Eo(r)/rBO]

is the rotation frequency of the plasma drift due to the

steady radial electric field Eg and the external magnetic field
B0 (evaluated at the midplane), m, is the ion mass, and Ti is
in the unit of ev. For simplicity, we assume the radial
variation of the plasma parameters such that n, and wg have

a discontinuity at r = Too but are constant in both sides

0 <r <rg (region 1) and r, < r <rg (region 2) [see Fig.3-13].
In region i, the normalized density p; = nOi/(n01+n02) and

woy = EOi(r)/(rBO) (1 =1,2), and there is a perfectly conduct-
ing wall at r = ry. The effective gravity G due to the curva-
ture of the magnetic field line is given by eTi/Rc, which

is assumed to be constant in both regions. .Following the

procedure used by Kent et al.[18], we obtain the dispersion



relation from Eq.(3-1):

[p](;-1)+pz(c+1)]92 - 2[(M —l){p](;—l)+02(;+l)}

+ 2p2c]wosg + M wosz[(n -l){p](§-1)+p2(C+l)}

2 (3-2)
+202§] - 2M (M -l)wosy(p]—pz)(c—l)
+ f g’ (pl-pz)(c—l) = 0,
S 1

= 2M — _ 2
where ¢ = (ro/rs) roWyg = (w01 + woz)/z, and y = eTi/(2rs eBO).
As we have replaced M in Eqg.(3-1) by -M, Eq.(3-2) describes
the perturbation of the form exp[j(Me - Qt)]. From Fig.3-10,
we can determine the parameters in Eq.(3-2) to be Py = 6.77,

2 < rs(cm) <3, 4 < EOl(V/cm)< 5, 20 < E,,< 25 for the high-

02
density regime. We have chosen the value of pq SO that

(p1 - p2)/rs, which corresponds to the density gradient,

is equal to the measured density gradient. The other parame-
ters necessary for calculation are BO = 0.22 T, Rc = 4.3 m,
and Ti = 20 eV. As the measured values, especially, ry and

Egi have some ambiguity, we calculate Eq.(3-2) for several

combinations of r and E and plot the frequency /2" and

0i
the square of the growth rate Qiz in Fig.3-14 as a function
of M. Although the values of /27 and Qi have some spread,
all curves predict that M = 2 mode is most unstable in a fre-
quency range from 20 to 40 kHz.

The circles in Fig.3-14 denote experimental points for
the high-density regime (see Table 3-1). The agreement between
the theory and the experiment is very good in spite of the

simplification of the theoretical model. It is also predicted
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from Eqg.(3-2) that the growth rate increases with decreasing
Rc’ in accordance with the experimental result in Fig.3-12.
Thus, we conclude that the observed fluctuation in the high-
density regime is the flute instability.

For the low-density regime, we also calculate Eq.(3-2)
to find that 10 < Q/27 (kHz) < 20 and 0.4 < Qi/Q < 0.6 for
M = 1 mode, and that Qf <0 for M > 2.. These values are
in quantitative agreement with the measured ones shown in
Table 3-1. The difference of the most unstable mode number
from that in the high-density regime is mainly due to larger

IE and larger dIEol/dr in the TPD plasma. We can say that

0l
the instability arising in the low-density regime is also

identified as the flute instability.

C. Effect of Line-Tying

It has been said that the flute instability hardly occurs
in moderate-scale experiments because a mirror plasma contacts
directly, or through an ambient plasma, with end walls. 1In
our experiment, however, it seemed that the end effects were
negligible on flute destabilization. As shown in Fig.3-12,
the fluctuation level of the flute mode exceeds 0.1-0.2 (typi-
cal for drift mode) and increases monotonously immediately
after the mirfor ratio exceeds unity. If there exists some
stabilizing effect, the fluctuation level should remain small
and constant until the curvature effect overcomes the stabili-
zing effect. So, in the following, we consider the line=
tying effect in our experiment in more detail.

The MPD gun used in the experiment consists of a rod



cathode and a hollow ring anode separated each other by

a Macor insulator. The magnetic flux tube on which the
instability has a maximum amplitude at the midplane maps on
the insulator surface, not on metal electrodes. The other
end of the plasma is terminated on the end target made of
pyrex glass. Thus there is no contact of the plasma with
conducting walls at least in a radial region where the insta-
bility amplitude is large.

Prater [19] reported that the longitudinal current flow
to conducting end plates can decrease or even increase the
growth rate of the flute instability depending on the admit-
tance of the sheath at the contact region. He showed that
if the sheath parameters, y_ and z_, are small, the growth
rate of the flute instability is enhanced and vice versa.
Here, y_ = w .2r32/(2csM2LQ) and z_ = vTi/(ZLQ) with Cqr L,

Cc1l

and, v being, respectively, the sound velocity, the length

Ti
of the ambient plasma, and the ion thermal velocity. Figure
3-15 shows the value of Qi'/Qi on y_-z_ plane where Qi' and

Qi are the growth rate of the flute mode with and without

the wall effect. Calculation of Eq.(14) in Ref.19 under the
present experimental condition gives the sheath parameters
shown as a hatched region in Fig.3-15. Since 0.8 < Qi'/Qi

< 1.1, it is seen that, according to the Prater's theoty,

the stabilizing effect is very weak, if any. This prediction
is in agreement with our observation. Thus, the second reason
is the relatively low sheath admittance which prevents elec-

trons from moving freely to cancel the charge separation

due to flute perturbation. We conclude that the effect of



line-tying on the flute instability is negligible in our experi-

mental condition for these two reasons.

4. RF STABILIZATION

A. Stabilization Measurements

The flute instability described in the previous Section
is investigated in the presence of RF fields. During a quasi-
steady state of the plasma, which lasts about 1.5 msec,
the RF field of m = + 2 mode is applied with the RF antenna
shown in Fig.3-3 for a period of about 0.5 msec. The density
fluctuation of the flute instability is sampled for this period
except for each 50 psec of beginning and end of the RF

pulse. Figure 3-16(a) shows the flute fluctuation for B
-3

M

=0.39 T, R=1.8, and n, = 5x1010cm (low-density regime).

0
If we apply the RF field (w/wciO = 2.9 at the midplane) for
a duration of the gate pulse shown in the figure, the ampli-
tude of the flute fluctuation decreases with increasing

the RF antenna current IRF [2.5 Arms in (b) and 3.5 Arms in
(c)]. The power spectra of the fluctuation during the RF

RF
, the spectral component of the

pulse is displayed in Fig.3-16(d) for I =0, 1.1, 2.5, and

3.5 Ar For IR = 3.5 Ar

F
flute fluctuation around 20 kHz completely disappeared.

ms ms

Figure 3-17 also shows the power spectra of the flute insta-
bility in a plasma with B, = 0.62 T, R = 2, and n, = (3-5)x

M 0
13 -3
c

10 m (high-density regime). The arrow in each spectrum

denotes the D.C. level of the ion saturation current. When



0.1 msec/div.

Fig.3-16 RF stabilization of the flute mode in the low-
density regime. (a), (b), and (c) are the fluctuation signals

at the plasma periphery. RF is applied during the gate pulse

with (a) IRF= 0, (b) IRF= 205 Arms, and (c) Iep= Fml5 At_ms.
(d) Power spectra of the flute mode for several IRF'
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Fig.3-17 RF stabilization of the flute mode in the high-
density regime. The power sepctra of the flute mode are

shown for (a) I__.= 0, (b) I__.= 20 A , (¢) I_ .= 25 /\r
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Fig.3-18 Suppression ratio versus IRF for (a) ng= 6x10
cm_3 and (b) n,= 1x10]3cm_3. The value of w/wCi is 3.4

for (a) and 2.2 for (b).
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the m = + 2 RF field (u)/wcio = 2.4) is applied, the spectral
amplitude at 20 kHz decreases [(b)], and further increase

of IRF results in almost complete suppression of the flute
instability [(c)]. As the vertical gain is doubled in the
spectrum (c) so that the D.C. level is approximately equal
to those in (a) and (b), one can readily compare the fluctu-
ation level each other. 1In practice, the ion saturation
current for (c) at the plasma periphery decreased to half

of the initial value showing that the radial diffusion is
reduced through the flute stabilization. The flute instabili-
ty disappeared everywhere in the plasma, even though the

RF stabilization was applied only for 30 cm length around
.the midplane.

When IRF was increased, it was observed a little upward
shift of the instability frequency [see Fig.3-16(d)], which
was. hardly notable in the high-density regime. This may be
attributed to a change in the plasma density and/or its pro-
file caused by the RF field.

In Figs.3-18(a) and (b), the ratio of the spectral ampli-
tude of the instability with stabilizing RF to that without

the RF, §, is plotted versus I for the low- and high-density

RF
regimes, respectively. In the low-density regime, several
amps of_IRF was sufficient for the stabilization with § <
0.2, while much larger current was required for the high=

density regime.

B. Estimation of the Ponderomotive Force

When the large amplitude RF field is applied to the plasma,



charged particles feel the ponderomotive force as described

in Section 3 of Chap.2. If the radial component of the pondero-
motive force is such that the resultant azimuthal drift

of ions or electrons tends to cancel the charge separation

of the flute instability, the charge accumulation is reduced

and the stabilization of the flute instability will be achieved.

The RF electric field in the plasma may by represented by

(1)

E = E (r) cosd
T T
¢! - Eg(r) sind | (3-3)
E (D = E (r) sind
z Z
where ¢ = mO@ - k,z + wt. The radial component of the pondero-
motive force [see Eq.(2-12)] is written as
Far = qasar
: - ay
- (D, 1)y _ (1, (1 _ (1) Tar
= g < Va0 Bz Vaz BG) > o < Var T 3r
n n
v v
(1) 1 “Var (1) %Var 1 (12
M Va0 r 30 * Vaz dz T Voo >, (3-4)

where angular brackets denote high~frequency average. The

values of ﬁ(l) and 3 (1) can be obtained using Eq.(3-3),
Maxwell's equations, and the equation of motion. Substitut-

ing these values into Eq.(3-4), we obtain



e 1 ' 0 m
Flr 2m 2 2 ( —(wc Er wEO)(EO oot T Er)
iw -w
c1l
1 ' 1 2
72 {(mEr 0 EQI(WE, ~w By ) + = (0 (E - wEy)
ci
- % (w E_ - wEe)(wEr w EO)}] for ions (3-5)
e2 1 '
Fer = zme —;7 Ez Ez ) for electrons (3-6)

where the prime denotes the derivative with respect to r.
In above equations, we have retained only major terms. It
should be noted that Eq. (3-5) differs from the conventional
expression of the radial ponderomotive force

- e ] 2

= 3-7
Fir 4m, 2 2 vr B r ( )

which has been employed for the explanation of the RF stabi-
lization [13,14]. In the present experimental condition,
the azimuthal scale length of the RF field is comparable to
the radial scale length. Furthermore, the polarization of the
RF field varies with r. Since these effects are not included
in Eg.(3-7), we must use EJ.(3-5) for the present problem.

In order to calculate Eq.(3-5) and (3-6), we must deter-
mine the RF field distribution first. Figures 2-5(d) and
(e) in Chap.2 show the calculated RF electric field distri-

bution for the m = +2 and -2 modes, respectively, in a
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Fig.3—-19 Calculated value of the radial ponderomotive
force for ions, Fir’ as a function of the plasma radius
for ' (a) m = -2 mode and (b) m = +2 mode. The assumed
electric fields are shown in Fig.2-5 (d) and (e) in

Chap.2.
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cylindrical, sharp boundary, cold plasma. The plasma parame-
ters are the same as in Fig.3-17 except for the fact that
the density profile in the calculation is rectangular rather
than parabolic as in the experiment. 1In general, Ee(r)
increases with r, while Er(r) becomes a maximum at a certain
radius within a plasma radius. We define the maximum value
of ]Er(r)| as E - Substitution of E(r) in Fig.2-5 into

" Eq.(3-5) gives the radial ponderomotive force for ions. The
value of Fir normalized by Erm2 is shown in Fig.3-19 as a
fuction of r for (a) m = -2 and (b) m = +2 modes. For both
modes, Fir is negative in almost the entire‘plasma column
producing the ion drift in 40 direction, which cancels the

charge separation resulting from the curvature drift.

The RF field generated by the antenna shown in Fig.3-3 is
of m = +2 mode. Since ﬁ(l) of m = +2 mode is a linear combi-
nation of those of m = +2 and -2 modes, the value of Fir

for m = +2 mode will be in the range between the above two
values. [Note that the cross-term such as viecos(ze - kuz

+ wt) x Bzcos(—2® -kwz + wt) vanishes if averaged over O and t.]

We can calculate Fer in Eg.(3-6) in the same manner.
The ponderomotive force for electrons is produced mainly by

the product of B_ and Veg+ .But, in the present experiment,

0 z

electron-neutral and electron-ion collision frequencies are
much larger than w,hence the phase correlation between B@
and Vey is easily destroyed by the collisions. Therefore,
we can expect no ponderomotive force for electrons. For a
case of weak collisions, Fer would become greater than Fir'

The necessary condition for the RF stabilization of the



flute instability may be written as
-F._ >G . (3-8)

The value of the RF magnetic field is measured to be |B6|(r/rL
= 0.8) ~ 6 Gpp (Measured Be is maximum at this position.)
under the same condition as in Fig.3-17(c). Since the cal-
culated radial distribution of E and B determines the relative
magnitude of the RF field, we can estimate the value of E

rm

by fitting the calculated B@ to the measured one.
This procedure gives Erm ~ 16 V/cm. The absolute value of
the radial ponderomotive force is estimated from'Figs. 3-19(a)

and (b) to be

- F. = (1.6-4.3)x10 '8

ir Newton/particle.

On the other hand, the effective gravity is given by

19

@
il

eTi/Rc ~ (1.6x10
19

x20)/4.3

7.4x10"

Newton/particle.

Although the value of Fir is only an order of magnitude
estimation, it can be seen that the stability condition of

Eg. (3-8) could be satisfied in the case of Fig.3-17(c).

C. Improved Confinement
If the flute instability is suppressed, radial particle

diffusions should be reduced and, consequently, the plasma



confinement would be improved. We here show a typical example
demonstrating an improvement of the plasma confinement. Figure
3-20 shows the oscillogram of (a)the density perturbation

of the flute instability measured at r/rL= 0.7, (b) the radial
loss flux at the midplane, (c) the radial loss flux near the
throat, and (d) diamagnetic signal for BM = 0.26 T, R = 2.3,

and ng = 5x10100m_3. The radial loss collector consists of
negatively biased plane electrode and grounded mesh grid in
front of the electrode. For one axial position, four collectors
are set with 90° interval along the azimuthal direction at

a radius larger than that of the limiter. The signal shown

in (b) or (c) is the sum of ion currents detected by these

four collectors. As shown in (a), the flute instability arises
just after the gun injection, and by the application of the

m = +2 RF field the instability amplitude eventually decreases.
As a consequence, the radial loss flux reduces to about (20-30)%
of the initial value at the midplane [(b)] and to (60-80)% even

at the throat where no RF is applied [(c)].

The energy rate equation is written as

’ (3-9)

where W 1is the total plasma energy, Pin is the power input
from the gun, P, and P, are the parallel and perpendicular
power conduction losses, respectively, and T represents the
loss time due to charge exchange, collision, and radiation.

If we assume that the input power from the gun
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and parallel energy loss are not affected by the stabilizing
RF, we obtain from Eq. {(3-9) that Pin - P, = ?ino - P.,0
= WO/T0 + P,ys where suffix 0 represents the value in quasi=

steady state. Then the energy rate equation during the RF

pulse is given by

-dw

- (3-10)
dt T

+

s

Pig = Py -

If we further assume that WO/T0 ~ W/t at the beginning of the

RF pulse, we find that

~ Py, - P, . (3-11)

We can estimate the value of P, and P, from Figs.3-20(b)

and (c) to be P, - Pl' ~ 1.2 W. On the other hand, the

valﬁe of the left hand side of Eq.(3-11) can be obtained from
a rise of diamagnetic signal due to the stabilization of the
flute instability shown in Fig.3-20(d). At a time immediately
after switching on the RF pulse, dW/dt = 2.3 joule/sec (We
have assumed parabolic profile of the plasma energy density.);
We can see a fairly good agreement between these two values

of "power gain" due to the stabilization obtained in different
ways. This fact strongly indicates that the plasma confinement
is improved through the stabilization of the flute instability.
For later time, Eq.(3-1l1) no longer holds since the increase
of the plasma energy enhances other power losses. This can

be seen from a saturation and even decrease of the diamagnetic

signal during the latter half of the RF pulse.



In Fig.3-20, the net RF power into the plasma was about
20 W, which is much larger than the power gain of the plasma.
This is due to the lack of a mirror confinement in the present
system in which the mean free paths for ions and electrons
are much shorter than the mirror length. The electrons near
the RF antenna are collisionally heated extracting the RF power
and are lost through both ends. If the axial confinement
is improved by increasing Ti and decreasing neutral gas density,
the electron loss could be reduced and the power gain of the

plasma would exceed the RF input power.

5. CONCLUSION

In this Chapter, we have investigated the instability
arising in the axisymmetric mirror machine HIEI.

The instability observed in a wide range of density has
been identified as the flute instability through the comp-
arison of experimentally determined dispersion relation with
the theoretical one.

We have demonstrated that the flute instability can be
stabilized by applying m = +2 RF field only in the bad curv-
ature region. The stabilizing mechanism has been revealed to
be the reversal of azimuthal drifts of ions by the radial
ponderomotive force. The simple calculation shows that the
stabilization océurs when the ponderomotive force exceeds
the effective gravity.

It has also been observed that the radial confinement



of the plasma is improved with the stabilization of the flute
instability. The increase of the plasma energy during the RF
stabilization can be explained by the energy balance eduation.
At the present stage, however, the power gain of the plasma
achieved through the flute stabilization is smaller than the
input RF power. This difficulty will be easily ovércome

by improving the axial confinement in HIEI through reduction
of residual neutral gas and ion heating, then the plasma

power gain will exceed the RF power.
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CHAPTER 4

SCALING OF RF STABILIZATION

1. INTRODUCTION

Complete axisymmetrization of a tandem mirror requires
a method of MHD stabilization other than minimum-B anchors.
We have reported in the previous Chapter that the mode-cont-
rolled RF field in the ion cyclotron range of frequencies
can stabilize the flute instability arising in a wide range

-3 -3

.0of density, from 1010cm up to 1014cm , resulting in the

reduction of radial diffusion [1]. The stabilization mechanism

is well explained by the reversal of ion drift caused by the
radial ponderomotive force for ions. This has been con-
firmed by the estimation of the éonderomotive force from the
measured value of RF field strength and its comparison with
the effective gravity force.

To clarify the utility of this method for stabilizaing
a fusion plasma, it is necessary to obtain a scaling relation
of required RF electric field strength to plasma parameters.

In this Chapter, we perform the RF stabilization of the
flute instability, varying the plasma density, the radius of
curvature of the magnetic field line, and the ion tempera-
ture. It is to be described that the required strength of
RF field in vacuum region for the flute stabilization scales

0.3+0.05 0.4+0.1
- (T; /R 7=

as n ; predicting a reasonable value of

0



1.1 kV/cm for a plasma of n, = 5x1013cm—3, Ti = 20 keV, and

R = 4.3 m.
o]

Following the description of the experimental setup in
the next Section, the experimental results of the RF stabi-
lization in various plasma parameters are presented in Section
3A. The detailed measurement of the RF field penetration is
shown in Section 3B. Section 4 gives the theoretical calcu-

lation and its comparison with the experiment. Conclusions

are given in Section 5.

2. DESCRIPTION OF THE EXPERIMENT

The experiment was performed in the axisymmetric mirror
machine HIEI, details of which are described in Chap. 3.
The major modification of the setdp is the installation of
heating RF antenna at a place just inside the throat of the
gun injection side as shown in Fig.4-1. This antenna pro-
duces the rotating RF field of m = +1 mode at a frequency
slightly lower than the local ion cyclotron frequency. The
m = +1 mode has been confirmed to give better heating effi-
ciency than the m = +1 mode used conventionally [2-4]. We
use this anteﬁna to change ion temperature through ion
cyclotron heating. The resistance of the antenna was 0.3
with no plasma present, while it increased to 0.4 & when the
plasma of ng = 1.5x1013cm_3 was injected. This value was

measured at an RF power level of 20 kW. It was observed

that the plasma loading resistance decreased for higher RF
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power. This fact as well as relatively large charge exchange
loss restricted the increase of ion temperature up to 3 times
the initial value. The increase of plasma energy was meas-
ured by a diamagnetic loop located close to the heating
antenna. (12 cm downstream from the heating antenna and 20 cm
upstream from the stabilizing antenna.) The RF stabilization

-3

was carried out with a density range from 1010cm up to 1014

cm -, ion temperature range from 10 eV to 30 eV, and the
mirror ratio from 1.4 to 4. Figure 4-2 shows the radius of
curvature of the magnetic field line at (r,z) = (rL,O)-as a
function of the mirror ratio.

During the quasi-steady state of 1-1.5 msec after the
plasma injection from TPD or MPD gun, the stabilizing RF field
of m = +2 mode was applied at the midplane for a duration of
0.5 msec. The frequency of the stabilizing RF was 10 MHz
(6 MHz in some cases) and the ratio of it to the local ion
cyclotron frequency at the midplane ranged 1.5 to 3.5.

A change of this ratio affected little the stabiliZing charac-
teristics provided that the antenna current IRF in the stabi-
lizing antenna was kept constant. Stabilizing effects in

various plasma parameters are investigated by measuring

power spectrum of the flute fluctuation at various positions.

3. EMPIRICAL SCALING OF RF STABILIZATION

A. Dependence on Plasma Parameters

As described in Chap. 3, low frequency, large amplitude



fluctuation observed in HIEI has been identified as the flute

instability for a density range 1010cm_3 to 1014cm-3. We

apply the m = +2 RF field at the midplane, and observe power
spectra of density fluctuations of the flute instability.

The spectrum has a sharp peak at a certain frequency, and

the peak decreases with increasing the RF current in the stabi-
lizing antenna. Let us define § as the ratio of the spectral
amplitude of the instability with stabilizing RF to that
without RF. Figure 4-3 shows the value of § as a function of

10 -3

square of IR for a plasma with n, = 2x107"cm 7, Ti = 15 eV,

F

BM = 0.4 T, and R = 2.3, For § < 0.1, the curve in Fig.4-3

has large ambiguity since the spectral amplitude of the insta-
bility is too small to be distinguished from background noise
level. It is seen that § can be expressed as § = exp(-C0
xIRFz) for § > 0.1, with C0 being a constant.

We plot in Fig.4-4(a) the value of I necessary for

RF
obtaining § = 0.5, 0.3, and 0.2 versus the plasma density

in the low-density regime. The value of IRF2 increases
0.6

proportionally to n, for this density range. In Fig.4-4
(b), the wvalue of IRF for § = 0.2 in both the low- and high-
density regimes are given versus the plasma energy density,
where Ti + Te is approximately kept constant to be (20-25)
ev. Here, the value 0.2 is chosen in order to determine §
within an accuracy of + 10%. For ng = 3x1013cm—3, the

value of IRF was 30 Arm , and the net power into the plasma

s
was 12 kW. Although there is no experimental point in the
middle pressure range in Fig.4-4(b), it is found that the

extrapolated line for § = 0.2 in Fig.4-4(a) connects smoothly
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to the experimental data for nO(Ti+ Te) > 10 evem ~.
Therefore, from Figs.4-4 (a) and (b), we obtain a scaling

law that I necessary for § = 0.2 is proportional to

RF
0.3+0.05 14 -3

n, for a density up to 10" “cm ~.

The most important parameter that affects growth of the
flute instability is the effective gravity, which is equal
to eTi/Rc with-Rc being the radius of the curvature of the
magnetic field line. We proceed to measure the effect of Rc
and T, upon the RF stabilization. The value of R, is given
in Fig.4-2 as a function of the mirror ratio.

In Fig.4-5, the suppression ratio 6 is plotted versus

2

IRF for the mirror ratio of 1.5, 2.0, and 2.5. Other param-
13

eters are BM = 0.63 T, Ti = 10 eV, and n, = (3.2-3.5)x10

-3

cm T, It is seen that larger IR is required for the

F
stabilization of the plasma with larger mirror ratio. The
value of § is limitted to 0.5 for R = 2.5 because the plasma
radius at the midplane for this R is so large that the direct
contact of the plasma to the stabilizing RF antenna causes
a breakdown especially for larger IRF‘
In order to see the Ti—dependence of the stabilization,
we perform ICRF heating as described in Section 2. The ion
temperature was doubled for the net input power of 4.5 kW
from the heating RF antenna. Figure 4-6 compares the char-
acteristics of the RF stabilization with and without the
ICRF heating. When Ti ~10 eV, about 19 Arms of IRF is
sufficient for obtaining the suppression ratio of 0.2. If

Ti is increased to ~25 eV, the required IRF«for § = 0.2

exceeds 25 Arms'
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Fig.4-5 Suppression ratio versus IRF2 for R = 1.5,

2.0, and 2.5 in the high-density regime.
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Fig.4-6 Suppresssion ratio versus IRF2 for
Ti = 10 eV and Ti = 25 eV in the high-density

regime.
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The experimental data in Figs.4-5 and 4-6 and those
obtained in different conditions of nOTi are plotted in

Fig.4-7, where the normalized value of I necessary for

RF
obtaining § = 0.2 is given as a function of the effective
gravity G. The value of IRF is normalized by nOO'3 ac-
cording to the result in Fig.4-4. It is clearly seen that

the experimental data for different n Ti fall on the line.

0
By combining the results in Figs.4-4 and 4-7, the empirical

scaling formula;

I . 0.3 0:3+0.05

0.4+40.1

(4-1)

is obtained, where'IR
13 -3
cm

g’ Do Ti’ and Rc are in the unit of

kA , 10 , keV, and meter, respectively.

rms
B. Penetration of RF Fields

We measured the RF magnetic field generated by the m =
+2 RF antenna by using a shielded loop of 2.5 mm in diameter
covered by a glass tube, which is inserted at the midplane.
In vacuum, B_,_/IRF was maximum at r = 0 and decreases mono-
tonously with r as shown in Fig.4-8(a). This kind of field
pattern is different from that of m = +2 or -2 eigenmode,
indicating tha£ the antenna near field dominates the radiated

13 -3

field. When the plasma with ng = 5x10" “cm

measured field has a well-defined shape of m = +2 or -2 mode,

is present, the

as shown in Fig.4-8(Db).
We calculate the dispersion relation and RF field dis-

tribution in a cylindrical, uniform, sharp boundary plasma
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Fig.4-8 (a) Radial distribution of the RF magnetic
fields in vacuum. (b) RF magnetic fields in the plasma;

solid curves denote the calculated value of the field

amplitudes.



13

with parameters n, = 5x10 cm—3, w/wci = 2.4, Te = 20 eV,

0

Ti = 0, and the plasma radius p = 3 cm. We assume that

2n/k, 1s constant and fixed to be 0.6 m, which is twice the

axial length of the antenna. The dispersion relation shows
that the RF field consists of the fast mode with k,; = 80 m™t
and the slow mode with k,, = 4x10° m™Y.  The field distri-

bution of the latter mode is highly oscillatory with respect
to r, and is quite different from the measured pattern shown
in Fig.4-8(b). Therefore, we neglect this mode, and calculate
the field distribution of the fast mode. Figures 2-5 (d) and
(e) in Chap. 2 show the electric field distribution of m = +2
and -2 fast mode, respectively. The solid curves in Fig.
4-8(b) represents the calculated magnetic field distribution
for the m = -2 fast mode. The value of numerical constants
of the field amplitude is so chosen that the amplitude of B@
at the peak fits to the experimental value. It seems that
the measured magnetic field pattern is well approximated by
the calculated one. The descrepancy for small r may come
from the fact that the m = 0 mode is partially excited in the
real experiment. (Remember that the m = +2 RF antenna generates
the m = 0 mode simultaneously as described in Chap. 2.)

The calculated magnetic field distribution for the m = +2

fast mode is vefy similar to that of the m = -2 fast mode,
except that the phase relation between B. and By is inverted.
So, we cannot identify the excited field whether it is of

m = -2 or +2 mode, because the phase difference of the mag-
netic fields,kis not measured. There is, however, no experi-

mental report showing that the fast wave of positive m is



excited in a laboratory plasma. The possibility of the
excitation of the m = +2 fast wave would be excluded. There
is another possibility that the measured RF field is formed
by the m = -2 fast wave and the m = +2 quasi mode. In this
case, B_ should be zero on © = const. plane including the
axial antenna current, and maximum if © differs by 45°.

The position of the magnetic probe was very close to the
plane which included the axial antenna current. Therefore,
B should be very small if the m = +2 RF field is formed.
This is not the case. We could say that the m = -2 fast
wave 1s excited in the experimental condition shown in Fig.
4-8(b). For a density lower than 0.5x1013cm—3, the fast
wave becomes cutoff, and the excited field will be an
evanescent mode. It should be emphasized that, for the RF
stabilization, it is not essential whether the RF field is
of . m = -2 or +2 or +2 mode as will be shown later. So, it is
sufficient to confirm from Fig.4-8(b) that the stabilizing RF
antenna indeed excites the RF field of |m| = 2 mode.

2 and

Figure 4-9 shows the relation between |B®|2/IRF
the plasma energy density, where BO is measured at r/rL =
0.8 for w/mci = 2.4. It is evident that the RF field is

screened heavily for higher density.(Ti + T, is approximately

constant.) If we take this effect into account, we obtain

g P o ~0.3540.05 |

0 0 RF (4-2)

where Bep is the absolute value of B

riphery of the plasma column).

o at r/rL = 0.8 (pe-
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4. COMPARISON WITH THEORY

In the previous Section, an empirical scaling formula
of the RF stabilization has been obtained. We, then, consider
the RF stabilization scheme theoretically, starting from the
simple model shown in Fig.4-10.(See also Fig.3-13 in Chap. 3.)
Since we are much more interested in the result in the high-
density regime than in the low-density regime, the following
discussions are devoted to the former density regime, if
otherwise noted.

In the case of no stabilizing RF field applied, the dis-
persion relation of the flute mode is given by Eq.(3-2). We
approximate the effect of the RF field by a change in effective
gravity in the region ro <r <ryas shown in Fig.4-10. 1In
this case, we replace G in Eq.(3-2) by G + Fp/z with Fp being
the radial ponderomotive force existing only in region 2 [5].
This situation is, of course, not exact because the radial
ponderomotive force affects ions for almost whole of the plasma
radii as shown in Fig.3-19. But, as the direction of Fi

r

in Fig.3-19 is favorable for the RF stabilization, it may not
r. +r
S 0

be an overestimate of the Fp to assume Fp = Fir(r = —__7___)

with ry = p. Assuming that g >> 1, and neglecting the finite

Larmor radius effect, we solve Eq.(3-2) to find that

MeT. MF o, -p
2 i P - 2. P17 P2
Q= g+ -+ {(M-1) + 20,}r wy C1 ——= . (4-3)
1 cC 1 s
The stabilization of the flute mode requires Qi + 0. Since

the first term in the square brackets in Eq.(4-3) is much
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larger than the last term under the present experimental
condition, the marginal stability is achieved when - Fp =
2eTi/Rc. As the ponderomotive force is considered to be pro-
portional to the square of the RF magnetic (or electric) field

in the plasma, Fp can be written as
F o=F, (=0 = - E,'|Bep|2 ' (4-4)

where BOp is the azimuthal component of the RF magnetic field
in the plasma region at r/rL = 0.8 and £ is a form factor,
which will depend on Ny, Ti’ and m even if the geometries of
the plasma and the stabilizing RF antenna are fixed. Here,
there is no reason why r/rL should be 0.8. We have chosen

this value only because B, is measured at this position in the

]
experiment.

The value of § is calculated as follows: We solve the
dispersion relation for a given density and obtain the RF
field distribution using the parameters w/wci = 2.4, k, =
10.5 m—l, p(=r,)= 3.0 cm, T, = 0, and T, = 20 eV. The value
of Fir is obtained from Eq.(3-5) for the calculated RF field
distribution. Then, we divide this value by the square of
BOp which can be read from the field distribution. The
result is given in Fig.4-11, where § for the m = -2 mode is
plotted as a function of the density. We note that the density
dependence of §{ is very weak though the RF field changes its
mode from evanescent mode to propagating mode as ng exceeds

3

SX1012cm— . We also calculate the value of § for the m = +2

mode to find that it is smaller than the value in Fig.4-11



by only a factor of ~2, and is very weakly dependent on ng.
It is also expected that £ is insensitive to Ti at least
for the range used in the experiment. Thus, we can treat §

as a constant value, and the stability condition yields

T,
Bep - (_%?_)0.5(_§l_)0.5 . (4-5)
Cc

This expression predicts that the RF magnetic field necessary
to stabilize the flute instability is proportional to GO'5
regardless of the density. It simply means that the larger
ponderomotive force is required to reverse the azimuthal drift
of ions due to larger effective gravity. We must note that
Eq.(4-5) does not hold when the sum of the first two terms in
the square brackets in Eq.(4-3) becomes comparable to the
last term for large Fp‘

On the other hand, Egs.(4-1) and (4-2) give the empirical
scaling formula for the flute stabilization. As the RF elec-
tric field in the vacuum region (outside the plasma column),

v

E°, is proportional to I Eg.(4-1) is rewritten as

RF'

v

gV . 0.3 p 0-3+0.05

0.4+40.1 (4-6)

Here, the relation between EV and IRF has been calculated
using Maxwell's equations. This equation gives the RF electric
field in vacuum region necessary for the flute stabilization
with § = 0.2.

Combining Egs.{(4-1) and (4-2), we obtain the empirical

relation between B,.F necessary for the flute stabilization with

0



§ = 0.2 and the plasma parameters;

s P -0.05+0.1

0.4+0.1
o M - -

(T,/R.) (4-7)
Comparing Eq.(4-7) with Eq.(4-5), one finds that the powers of
ng and (Ti/Rc) which are determined experimentally are very
close to those predicted by the theory. [The powers of n, is
zero in Eg.(4-5).] We have already obtained the semi-quanti-
tative agreement of the experiment and the theory in Section 4

of Chap. 3 concerning the absolute value of B p necessary to

€]

stabilize the flute instability at ng = 5x1013cm_3. Therefore,

it is concluded that Eq.(4-7) agrees with Eq.(4-5) within an
accuracy of the experiment.

Having established the scaling formula of the flute stabi-
lization [Eq.(4-6) or Eq.(4-7)], we can predict a necessary
valye of the RF electric field for the RF stabilization of a
fusion-oriented plasma from Eq.(4-6) to be EV ~ 1.1 kv/cm for
n, = 5x1013cm—3, Ti = 20 keV, and Rc = 4.3 m. The value of E'
is easy to bevrealized and this method is hopeful for an
application to a mirror fusion reactor. Furthermore, in a
hot plasma the required RF field strength should be smaller
by additional effects of finite Larmor radius and thin RF field
penetration depth.

There may arise a question that Eq.(4-6) or Eq.(4-7)
still holds or not for ion temperatures and the plasma radius
larger than those in our experiment. It was reported that,

in the tandem mirror Phaedrus, the central cell plasma could

be stably sustained by the RF (w/wci > 1) even when the plug



cell plasmas are turned off. If w < wci’ large amplitude

MHD instabilities were observed to reduce the central cell
beta significantly. Having referred to our results in HIEI,
Hershlowitz et al. [6] concluded that, in the case of w >

Wy the stability of the axisymmetric mirror plasma in
central cell stand alone mode was maintained by the radial
ponderomotive force. The estimated value of the ponderomotive
force was just enough to 6vercome the curvature force in a

12 -3

plasma of n, = 3x10 cm ©°, T.~ 60 eV, and r, > 15 cm.
0 i -

0
Although their RF antenna configuration is different from ours,
the results in Phaedrus strongly support our scéling forﬁula,
and confirm that the RF stabilization method is still effective
for these values of Ti and fo. It is, however, necessary to
confirm the validity of Eq. (4-6) or Eq. (4-7) for much higher
Ti.

There are two more problems which remain to be resolved.
First, which mode of RF is the best for the stabilization ?
In the experiments described in Chapters 3 and 4, the modes of
the RF were the propagating fast wave for the high-density
regime, and the evanescent mode for the low-density regime.
If we use the propagating mode, the RF field can be large in
the plasma producing large ponderomotive force, but cares
should be taken not to lose the RF energy as it propagate
away towards the ends. For the evanescent mode, although the

efficiency of the RF field excitation is smaller, the

problem of the RF energy loss will be insignificant.

We have used the m = +2 RF field, which is linearly polar-

ized, for stabilization. As will be shown in the next Chapter,



the linearly polarized field produces radial convective loss

of the plasma. The convective loss is, however, negligibly
small as compared with the loss caused by flute instabilities.
Therefore, the convective loss has no effect on the RF stabili-
zation experiments described in Chaps. 3 and 4. But once a
complete stabilization of the flute instabilities is achieved,
we must use a circularly polafized RF field for further )
improvement of radial confinement. The RF antenna shown in
Fig.2-8(b) in Chap. 2 is suitable for this purpose.

Second, can the RF stabilization method improve the plasma
confinement time in the axisymmetric mirror to a classical
value ? As described earlier, the residual neutral gas
pressure was relatively high and Ti was less than several
tens of eV in HIEI, resulting in the lack of a mirror con-
finement. Therefore, we could not discuss about overall
pafticle and energy confinement times using the experimental
results. We did obsefve the decrease of the radial diffusion
loss followed by the increase of the diamagnetic signal
when the RF stabilization was applied to HIEI. It was also
observed in Phaedrus [6] that the central cell beta increased
with the RF stabilization compared to the unstable case.
Judging from these experimental results, we can surely expect
an improvement of the particle and energy confinement times
by the RF stabilization. The experiment of the RF stabilization

of a mirror-confined plasma is now in progress.
L]



5. CONCLUSION

The RF stabilization of a plasma in the axisymmetric
mirror HIEI was invéstigated in various plasma parameters.

We have obtained the empirical scaling formula of the RF
stabilization that the required RF field strength increases

0.3#0.05 0'4i0'1- This scaling

proportionally to ng (Ti/Rc)
formula has been revealed to agree fairly well with the
theoretical prediction that the radial RF ponderomotive force
must overcome the curvature force for stability.

From this scaling, a reasonable Qalue of the RF electric
field of 1.1 kV/cm is estimated for the RF stabilization of
a fusion-oriented plasma with n, = 5x1013cm—3, Ti = 20 kevV,
and Rc = 4.3 m.

This method of stabilization will be effective for in-

creaseing the central cell beta of a tandem mirror and

could be an alternative for non-axisymmetric MHD anchors.
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CHAPTER 5

CONVECTIVE PLASMA LOSS. CAUSED BY AN ION CYCLOTRON RF FIELD
AND ITS ELIMINATION BY MODE CONTROL

1. INTRODUCTION

RF fields in ion cyclotron range of frequencies (ICRF)
have been successfully employed in heating ions in linear
and toroidal devices. In most experiments, slow and fast
waves are launched by half-turn coil(s) [1-3] or a Kharkov=
type coil [4],which produces RF fields of m = +1 and -1 [and
0 for half-turn coil(s)] azimuthal modes simultaneously. 4
Here, RF fields are assumed to vary as exp[j(m6-k,z+wt)] in
cylindrical geometry. For large amplitude waves, there may
arise deleterious effects due to nonlinear interactions
between these fields and a plasma. Chen .and Etievant [5]
calculated particle drifts caused by ponderomotive force of
excited waves. The ponderomotive effects will become
important if the excursion velocity of particles in wave fields
exceeds the thermal velocity.
Although nonlinear processes in lower hybrid heating [6,
71 have been investigated in detail, few experimental reports
are available concerning the nonlinear effects in ICRF heating.
In this Chapter, we wish to present the experimental evidence
that the RF field of m = +1 azimuthal mode, which is conventionally

used in ICRF heating, produces convective cross-field plasma loss.
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The convective loss is produced through particle drifts due
to the ponderomotive force of the large ampiitude m = +1 RF
field. By utilizing the m = +1 circularly polarized RF field,
we can achieve higher overall heating efficiency in conse-
qguence of eliminating the convective loss.

Theoretical consideration of the convective motion in
an RF field is presented in Sec. 2. Section 3 includes the
description of the experimental setup. The experimental re-
sults which demonstrate the convective loss in ICRF heating
are given in Sec.4 together with the comparative measurement

of the heating efficiency. Section 5 contains conclusions.

2. THEORY OF CONVECTIVE LOSS

The mechanism producing ion convection may be understood
from the following fluid theory in which the quasilinear cor-
rection to the linear solution is taken into account [5].

Let us consider a cylindrical, homogeneous, collsionless plasma

with radius Ty immersed in a static magnetic field BO in the

positive z direction. If the current density in a Kharkov-
type RF antenna (see Fig.2-7 in Chap. 2) is approximated by

J, = J, 8{(r-s) sin® cos(-k,z + wt) with s being the coil radius,

0 0
the RF electric field in the plasma is a superposition of the
fields of m = +1 and -1 modes, and may be represented by

E = [E](r)+E2(r)]cos® + [E3(r)+E4(r)]cos<I>2

1
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g (D

0 = [—El(r)+E2(r)]sin(I>] + [-E3(r)+E4(r)]sin(D

2

E =0, (5-1)

where ¢, =0 - kez + wt, ¢, = -0 -k,z + wt with k, being the
axial wave number, and E1 (E3) and E2 (E4) are, respectively,
the amplitudes of the left and right hand circularly polarized
field components of the m = +1 (-1) mode. Using Eq.(5-1), we
can obtain linear and second order (in the field amplitude)
solutions for particle motions. To second order, the pondero-
motive force gives rise to a quasi steady drift of ions in the
direction perpendicular to both the force and ﬁo as given by
Eq.(2-12) in Chap. 2. For the field of Eg.(5-1), no charge
separation arises due to the second order drifts of ions and

electrons. We can calculate the quasi steady flux of ions;

_1z = < n(l);;i(l)> + n0$i(2), (5-2)

where n0 and n(l)

respectively, 3i is the ion velocity, and the brackets denote

are the zeroth- and first-order density,

a high-frequency average. After some algebra, we obtain the

radial component of the quasi steady ion flux, which is given

by

n E.E E.E
. o= 2(-29)2 wo % sin20[— 3 _ 4 2 4 = 1, (5-3)
i ci (w~w .) (w+w )

c1l Cc1l

where m, is the ion mass and Wog is the ion cyclotron angular

frequency. This equation has been derived under the condition
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that the RF field is traveling in the z direction. 1In the

case of an axially standing RF field, T._ is represented by

ir
Eg.(5-3) multiplied by [wz + wciz/(waci)]coszk"z. Equation
{5-3) shows that the large cross-field ion flux is produced
by the m = +1 RF field at fundamental ion cyclotron resonance.
We must note that the m = +1 andv—l RF fields in Eqg.(5-1) are
not necessarily the wave fields.

Since we have assumed that no(r) = 0 for r > rL, the net
plasma loss is obtained by integrating Eq.(5-3) over that
half-wave of the sine which leads to flux toward the outside.

In order to eliminate this convective plasma loss, we
design the RF antenna which can produce the m = +1 or -1 RF
field selectively. [see the antenna (c) in Fig.2-7 of Chap. 2]
In this case, we have E3 = E4 = 0 (for the m = +1 mode) or

E., = E 0 (for the m = -1 mode), then Eq.(5-3) predicts

1 2~
that no radial flux of ions is produced.

3. EXPERIMENTAL SETUP

The experiment was performed in the single-ended Q-
machine HIEI-Q illustrated in Fig.5-1. A potassium plasma
is continuously produced by thermal ionization of the neutral
K-beam on a tungsten plate heated to about 2200°K, and forms
a column of about 1.2 m long and 3 cm in diameter. A uniform
static magnetic field up to 1.0 T confines the plasma radi-
ally. 1Initial temperatures of ions and electrons are both

about 0.25 eV, and electron density is in the range of 10°
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to 1011 cm_3 with the background neutral pressure less than

2 ><10_6 Torr. For the plasma parameters described above,
mean free paths of ion-neutral and ion-electron collisions
are much longer than the length of the plasma column.

In order to measure the perpendicular and parallel ion
temperatures, we constructed an ion sensitive probe and a
Faraday cup. These probes should be as small as possible
not to disturb the plasma, and should have a heater to avoid
contaminative attachment of potassium atoms. The ion sensi-
tive probe which is shown in Fig.5-2(a), has the structure
so as to receive ions selectively using the difference of the
Larmor radii. The configuration of the Faraday cup is shown
in Fig.5-2(b). Considering the Debye length of the plasma,
we adopted grids with 100 meshes per inch to apply a uniform
retarding potential.

In the experiments described later, it is sometimes neces-
sary to measure two dimensional profiles of the plasma
parameters. We developed a probe mechanism which enables
us to set the probe tip at any position in the plasma column.
Figure 5-3(a) shows the bird's-eye view of the three dimension-
al probe (3D probe) mechanism, where the single probe
is mounted on a pantograph which slides back and forth along
the guide rail laid in the axial direction. The lower pivots
of the pantograph are coupled with the ends of the inner and
outer shafts which are extended out of the vacuum chamber
throﬁgh a gauge port. The relative translational movement
of the inner and outer shafts makes the probe go up or down,

and the rotaion of the shafts results in the probe tip move-
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ment along an arc. The axial position of the probe is easily
changed by sliding the schafts. By combinihg these three
driving mechanisms, we can set the probe tip at a desired
position. The photograph of the probe and the gear box which
drives the inner and outer shafts are shown in Figs.5-3(b)

and {c), respectively.

The RF antennae are installed 50 cm downstream from the
hot plate with the electrostatic shield inside. The antenna
A in the inset of Fig.5-4 is the Kharkov-type, and consists
of two half-turn loops. Each loop is made of 8 turn copper
wire of 2 mm in diameter ahd has a length of 26 cm, which
determines the axial wave'length of the excited RF field to
be Aw = 52 cm. The loops are connected in series to an RF
oscillator which can deliver pulsed RF power up to 200 W at
a frequency of 6.35 MHz. The RF antenna A excites the
linearly polarized RF field given by Eq.(5-1), which we call
the m = +1 field.

The RF antenna which produces circularly polarized RF
field consists of g half turn loops placed around the plasma
column so that they forms an angle of 360°/g with each other
in azimuthal direction. In the experiments, we use both the
2 = 3 and ¢ = 4 RF antennae. The RF antenna B in Fig.5-4
shows the casé of § = 3, while the antenna (c) in Fig.2-7 is
essentially the § = 4 type. Each loop has the same di-
mension as that used in the antenna A. The loops are con-
nected in parallel to the RF oscillator through an LC-phase
divider and impedance matching circuits. By adjusting

the phase divider so that f-phase RF current flows in the
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antenna with proper sequence, we can establish the m = +1

or m = -1 RF field selectively.

4. EXPERIMENTAL RESULTS

A. Antenna Loading and Wave Excitation

The series loading resistance of the antenna, Pin/ITZ, was
measured as a function of w/wci and Ny, where Pin is the incident
RF power into the RF circuits and the plasma as measured with a

directional coupler connected at the output of the oscillator and

2T
2 _ . _1 2 -
IT < 5o Jo ‘“Ie) de > , (5-4)
which gives total spectral power of azimuthal RF current I6 in
each u-turn loop. The axial RF current is of no consideration

because it does not couple to the plasma as long as the electro-
static shield is installed. The resistance was resonantly peaked
near w/mci = lbfor the m =+1 and the m =+1 operations, and the
increment of the series loading resistance at resonance relative

to its vacuum value, AR, is plotted against n, in Fig. 5-4 for

0
several modes. The value of AR increases linearly with ng.
It should be noted that the m =+1 data points obtained by using
different types of antennae (% = 3 and % = 4) fit on the same line.
The ratio of resistive load for the m =+1 operation to that for
the m =-1 operation is about 5. For the m =+1 operation, the

loading resistance should be the arithmetic mean of the m = +1

and m =-1 values because IT2 is equally divided into the m =+1

—109—



AR (103 0hm )

-~

10
© m=ej |=3
0 m=+1 l=4
A m=z2
x m=-1 t=3 _
Fig.5-4 Increment of
A the equivalent series
loading resistance vs.
the density for several
8 types of RF antennae.
The inset shows simpli-
fied schematics of RF
1 antennae.
0 05 10
Ng ( 100 em-3)
10} 76psec
after RF on
i m=+1
e
s t
~ m=-1
s | T T T ——

Sr o vacuum : :
Fig.5-5 The amplitude
of BO as a function of

s w/wci for the m = +1

— : ! . : : (solid line), m = -1
08 1.0 1.2 .
W (broken line), and m =
+1 in vacuum (dotted
n._.5x1d°crn'3 line).
Wiy =0.986

r

[ o3

o

~ Fig.5-6 Radial profiles

D

@ of IBOI for m = +1 and
m = -] modes.

—110—



and m = -1 spectral power. This is clearly seen from the
result shown in Fig.5-4. We have thus confirmed the reasona-
bleness of Eq.(5-1).

The RF field was measured by a magnetic probe located 44
cm downstream from the center of the RF antenna. The amplitude
of the azimuthal component of the magnetic field is shown
in Fig.5-5 as a function of wﬂuci for the m = +1 operation
(solid line), the m = -1 operation (broken line), and the m =
+1 operation with no plasma (dotted line). It is clearly
seen that, for the m = +1 mode, the slow wave is resonantly
excited near the ion cyclotron frequency (w/wci = 0.96 for

n0 = 6><1010cm_3

). If the density was more decreased, the peak
shifted closer to the point where w/wci = 1. When the RF
antenna was operated in the m = -1 mode, the RF magnetic field
amplitude had no dependence on w/wci. The measured phase
difference between the radial and the azimuthal magnetic fields
showed that the field was almost left-hand circularly polar-
ized on axis. These results indicate that the m = +1 field
generates the m = +1 slow wave, while the m = -1 field gener-
ates only antenna near field rather than a propagating‘wave
field. For the antenna A, the m = +1 field is equally divided
into the m = +1 and -1 spectral powers, and both the m = +1
slow wave and the m = -1 antenna near field are generated.

Radial profiles of IBO' for m = +1 and -1 modes are
compared in Fig.5-6. It is found that the m = +1 wave field
is sharply peaked as compared with the m = -1 field. The

axial components of the RF magnetic field was about 10% of

the other components.
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- B. Measurement of Convective Loss

The temporal evolution of two-dimensional profile of ion
saturation current Iis during rf pulse was measured with the
Langmuir probe movable in three degrees of freedom. The equi=

I.. contours are displayed in Fig. 5-7 for the m =+1 and +1 op-

is
erations with mean squared rf current IT2= 0.51><103 2

0.99, and n0=l.ZXI010 cm_3 for both modes. The contours are

.A ' w/wci=
almost concentric at t=0 (before the RF pulse) and continue to be
so with time for the m =+1 operation. On the contrary, the pro-
file for the m =+1 operation shows a convective drift pattern at
't=0.4 msec such that higher density, hot ions in the plasma core
drift radially outward and lower density, cold ions in the periph-
ery radially inward in adjacent Quadrants alternatively. From the

(1)

boundary condition which relates Bz to J., we note that the azi-

)

muthal position where J6=0 corresponds to 6=0 or m in the theory
described before. The arrows in Fig.5-7 designate the direction

of T predicted from Eq.(5-3), There is a good agreement between

ir
the prediction and the experimental result.

We also note from Eq.(5-3) that the rotation of the RF
antenna A in Fig.5-4 by 90° in azimuth will result in the
reversal of the direction of Tipe This is demonstrated by the
difference of the measured Iis—contours in Fig.5-8.

Only the antenna A was rotated by 90° between the two traces, all
other parameters were the same. The convective drift patterns
well correspondé with the theoretically predicted direction of Pir

which is again indicated by arrows. No enhanced cross-field loss

was observed when the m =-1 field was applied, showing that both
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Ey and E; ‘for E, and E4) are necessary for the convective motion.

The cross-field ion flux was obtained in such a way that the
axial ion saturation current I, to the negatively biased cold end

rlate of radijius rp was measured as a function of axial distance z
to give T, which is equal to (2nrpe)—l(BIc/Bz) [8]. Figure 5-9

shows Fir divided by the density averaged over the cross section,

ﬁ, as a function of IT2. . The drift wave activities ; an . increase

of the amplitude and the phase velocity and changes in the freqg-
uency spectrum, were observed as IT2 was increased. The dotted
line in Fig.5-9 is drawn theoretically using the Bohm diffusion co-
efficient with measured Te and the density scale length for the m =

+1 case. The numerical factor of the coefficient, so chosen as to

2

fit the experimental data at I 2=0, is 5.2x10 . The theoretical

T
curve agrees well with the experimental points for the m =+1 mode,

showing that the increase of radial loss for this mode is due to
the enhancement of Bohm diffusion. Since the drift wave activi-

ties were nearly the same for both modes with the same ITZ, the

excess of Pir/ﬁ for the m =+1 mode (solid curve) over that of the
Bohm diffusion (dotted curve) is attributed to the radial ion
convection peculiar to the m =+1 field. ‘This fractional Pir/ﬁ

corresponding to the convective loss is proportional to I 2, which

T
is consistent with Eq.(5-3) since E1 to E4 are proportional to IT.
From the measurement of wave magnetic fields with probes, the
magnitudes of El and E3 are estimated to be 6.3 V/m and 3.8 V/m,

respectively, at r=2.0 cm for IT2=0.62><103 A2. Substituting
these values and w/wci=0.98 into Eg. (5-3), we obtain Pir/ﬁ =
2Fir/n0(r=0) to be 6.7 m/sec with an error of +30 % involved in

the estimation of the field amplitudes. The directly measured
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value of Pir/ﬁ for the m =+1 mode above the Bohm diffusion value

is (6.9-9.3) m/sec for the same I 2 as shown in Fig. 5-9. The

T
agreement between theory and experiment is seen to be very good.
There may arise a question that the convective drifts are

produced by the azimuthal asymmetry of equilibrium potential due

to asymmetric heating of ions or electrons by the m =+1 field.
The difference in equilibrium potential of (0.6-0.8) V between
two points separated by 90° in azimuth at r=l1.5 cm is necessary

to produce I‘ir:9><1015 m_zsec—l, which is measured at n= O.SXI09

-3 -
cm T, no(r=l.5 cm)=0.3><109 cm 3, and IT2=0.48><103 A2. However,
the measured potential difference is always less than 0.3 V,

which is much weaker than that required.

C. Comparison of Ion Heating

The perpendicular ion temperature T, was measured with the
multi-grid energy analyzer and the ion sensitive probe. In
Fig.5—10vare shown the temporal evolutions of Ti*’ Te’ and ng
at a position of 44 cm downstream from the RF antenna. The
envelope of RF current in the antenna is also shown in the
Figure. Significant difference in ion heating is observed
between the m = +1 and m = -1 cases although the RF electric
fields in the plasma have little difference in amplitude. This
is the very confirmation of the theoretical prediction that
ions are heated by the RF field which is left-hand circularly
polarized. A little ion heating for the m = -1 mode may be
due to the presence of the left-hand component in outer radii.
For the m = +1 mode, it is the fractional component of m = +1

mode that heats ions.
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The electron heating may be due to the electron Landau
damping of the slow wave (the thermal velocity of the electron
is nearly equal to the phase velocity of the wave) or RF Joule
heating. The density decrease for the m = +1 mode and for the
m = -1 mode is attributed to the enhanced Bohm diffusion as
duscussed in the previous Subsection. The convective loss
peculiar to the m = +1 mode produces very rapid decrease of the

density as seen from Fig.5-10.

The reciprocal of the density decay time, Tn-l, for the m
=+1 operation with IT2=1.27 X 103 A? was 9.6 x 103 sec_l , which
is larger than the sum-of Tn—l=5"4 x 103 sec™!  for the m =+1
-1

operation with I,°=9.79 x 102 a2 and 1 7'= 3.05 x 10° sec”! for

the m =-1 operation with IT2=3.33 X 102 A2 . This result shows

that the density decay for the m =+]1 operation is enhanced over

the m =+1 case by an amount more than what is brought by the
fractional m =-1 spectral power in the m =+]1 field, supporting
the existence of nonlinear effect in the plasma loss mechanism,
that is, convective plasma loss.

Figure 5-11 shows the increment of the ion temperature as
a function of the static magnetic field. The RF currenﬁ reached
its maximum value of IT = 30 A at 200 psec after switching on
the RF, and T,, was measured at 180 usec. The ions are heated
resonantly at a frequency near the ion cyclotron frequency
for the m = +1 mode. The + 10% discrepancy in w/wci value
yields the reduction of T,. by a factor of 3. For them = -1
mode, ion heating is very little as expected.

Figure 5-12 shows the dependence of ion heating on the

plasma density for m = +1 and w/mci = 1.0 . The value of T

—117—



20 T T T T T

Tig (eV)

Te(eVv)

bO-‘NO
i

14
12

myho(t=0)
&
]

© °

0 01 02 03 04

t (msec)
Fig.5-10 Temporal evolution of the perpendicular

ion temperature, the electron temperature, and the

plasma density for three RF modes.

n=2.2x10%m?
25
— 0
=
ﬁJS'
10}
08 10 _ 12
Wi
Fig.5-11 T., versus w/u)ci for the m = +1 and +1

modes.

—118—



is plotted versus the initial plasma density at different times
after RF is switched on. The RF current, which reaches 49 A

at t = 200 pusec, is kept constant throughout the measurement.

No obvious dependence of ’I‘i_L on the initial plasma density is
observed. This result implies that the RF power absorbed by ions
per unit volume is proportional to the plasma density as expected
from the hot plasma theory. The result is also consistent with
the plasma loading resistance in Fig.5-4 where AR is proportional
to the density. The value of T;: i1s maximum on axis and becomes
markedly smaller for larger radii in accordance with the radial
profile of the left-hand component of the m = +1 slow wave field.
These facts indicate that the observed ion heating results from
fundamental cyclotron damping of the slow wave.[9].

The heating efficiency for each RF mode is given in Fig.
5-13, where the ordinate is the maximum increment of ion energy
density, Ap, and the abcissa is the incident RF energy into the
plasma from t = 0 to the time when the maximum Ap is attained.
The increased ion energy density is proportional to the incident
RF energy. We can see that the m = +1 RF field indeed improves
the overall heating efficiency over the m = +1 RF field by more
than 70 %. From the antenna loading measurement shown in Fig.
5-4, we found that, in the m =+1 operation, about 20 % of the
incident RF power is dissipated in the m =-1 field which heats ions
little as shown in Fig.5-13. So, the elimination of the m =-1 field

component should result in improvement in heating efficiency of no

more than 20 %. The observed improvement far more than expected
is due to the fact that the heating by the m =+1 field is accomp-

anied by the convective cross-field loss of accelerated ions.
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5. CONCLUSION

We have investigated nonlinear effects in the Q-machine
plasma subjected to large amplitude RF fields in ion cyclotron
range of frequencies.

‘We have observed for the first time that the  convective
plasma loss occurs due to the azimuthal ponderomotive force
of the m = +1 ICRF field. This result is in quantitative
agreement with the theory based on the fluid model in which
quasi-linear corrections are taken into account.

In order to eliminate the convecfive plasma loss, we
have developed the RF antenna which can produce m = +1 circu-
larly polarized RF field. By utilizing the m = +1 RF field,
the convective loss is eliminated and the improvement
in heating efficiency by more than 70 % is achieved.

Careful measurements of the wave propagation and charac-
teristics of the ion heating have revealed that the power
absorption is entirely due to the cyclotron damping of ion

cyclotron waves.

-121—



REFERENCES

1)

2)

3)

4)

5)
6)

7)
8)

9)

J.C.Hosea and W.M.Hooke, Phys. Rev. Lett. 31 (1973) 150.
H.Takahashi, Journal de Physique 38 supplément7C6—171
(1977).

T.F.R. Group, in Proc. of 6th Int. Conf. on Plasma Physics
and Controlled Nuclear Fusion Research (iAEA, Vienna, 1977)
Vol.3, p-39.

A.G.Diky, I.I.Kalinichenko, S.S.0Ovchinnikow, O.P.Pavlichenko,
V.K.Pashnev, A.S.Slavny, V.A.Suprunenko, V.F.Tarasenko,
V.T.Tolok, O0.M.Shvets, in Proc. of 6th Eufopean Conf. in
Controlled Thermonuclear Fusion and Plasma Physics (Moscow,
1973) vol.1l, p.l1l05.

F.F.Chen and C.Etievant, Phys. Fluids 13 (1970) 687.
M.Porkolab, S.Bernabei, W.Hooke, R.Motley, T.Nagashima,
Phys. Rev. Lett. 38 (1977) 230.

R.L.Stenzel and W.Gekelman, Phy. Fluids 20 (1977) 108.
J.A.Decker et al., Phys. Fluids 10 (1967) 2442.

M.Hirosawa, Master Thesis of Kyoto University (1977).

—122—



CHAPTER 6

APPLICATIONS OF IMPROVED ICRF HEATING
TO TOROIDAL AND MIRROR PLASMAS

1. INTRODUCTION

ICRF heating is recognized to be one of the most prom-
issing methods for additional heating of a fusion plasma.
A number of experiments performed in tokamaks have confirmed
the effectiveness of ICRF heating with fast waves up to MW
level. For open ended systems, power level of ICRF heating
with fast or slow waves is yet within a few hundred of kW,
and a great deal of efforts are devoted into the increase of
input RF power and the improvement of heating efficiency.

In 1978, we first verified experimentally that the RF
field of m = +1 mode was much more effective in slow wave heating
than the m = +1 mode employed conventionally {1]. The m = +1 RF
field is purely left-hand circularly polarized on axis énd can
accelerate ions effectively, while for the m = +1 field, a
fractional RF power of the m = -1 component is lost without
heating ions. Furthermore, we have observed in Chap. 5 that,
for the m = +1 mode, the nonlinear interaction between the m =
+1 and -1 RF fields produces convective motion of ions in radial
direction resulting in the reduction of radial confinement.
The pure m = +1 RF field has no such problem, and can give the

heating efficiency 1.7 times higher than the m = +1 RF field [2].
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In this Chapter, in order to clarify the advantage of the
m = +1 RF field in more general, we investigafe the ICRF heating
by slow waves in two types of device;, i.e., a small axisymmetric
torus and a simple mirror. ICRF heating of the toroidal plasma
is performed in Sec. 2 using slow waves generated by m = +1
circularly polarized RF fields and m = +1 1inear1y_polarized.RF
fields. From direct comparison between two field-modes on
wave excitation, ion heating, and effects on plasma confinement,
it is revealed that the circularly polarized fields are far
more effective than the linearly polarized fields in both
achieving higher heating efficiency and reducing plasma loss.
The ion heating by the linearly polarized fields is accompanied
with enhanced  cross-field plasma loss, which is again quanti-
tatively explained by the two-fluid theory.

Section 3 contains the experimental results of ICRF heating
in the simple mirror. It is also confirmed that the use of the
m = +1 RF field improves the heating efficiency. Discussions

and conclusions are given in Sec. 4.

2. TOROIDAL PLASMA HEATING

A. Experimental Apparatus

The experiment is performed in a small axisymmetric torus
named Synchromak [3,4] shown in Fig.¢-1. A hydrogen plasma of
4 cm in minor radius and 25 cm in major radius is produced by
Joule heating in a toroidal field up to 6 KG. Typical

toroidal current and loop voltage are 3 kA and 20 V, respective-

—124—



Joule trans.

glass

matching and
phase shifting circuits

to pump

50 GHz p-wave

electrostatic

energy analyzer Br< 6KG

/ Langmuir

probe
Loss collector or magnetic probe

Fig.6-1 Schematic of the experimental apparatus.

—125—



ly. The plasma density as measured with a 6 mm microwave
interferometer is initially 1 X lO13 cm_3 and decays at a time
constant of about 0.5 msec. Ion and electron temperatures

without RF are (12-14)eV and (20-25)eV, respectively.

"

ICRF field is produced with an 1 = 2 helical coil of one
field-period which consits of four helices wound at 90° inter-
vals around the glass section of the torus with an electro-
static shield inside [ 5]. The pitch length of each helix is
0.3 m, hence, giving the axial wave number k, to be 21 m_l.

An RF oscillator which can deliver the maximum power of 200 kW
at a f;equency of 3.5 MHz is connected to the helical coil
through a phase shifter and impedance matching circuits.

Four helices are driven in sequential phase difference of 90°.
We can thus establish the RF field of m = +1 mode (field
rotation in the left-hand sense with respect to the toroidal
magnetic field) or the m = -1 mode, selectively. These modes
are circularly polarized dn minor axis. The m = +1 linearly
polarized RF field, which is the superposition of the m = +1
and m = -1 fields, is obtained when two helices placed opp-
osite to each other are driven out of phase, with the other two
being in open-circuit. This implies that direct comparison
between circularly and linearly polarized fields ié possible'

using the same RF coil in the same machine.

B. Wave Excitation

The series loading resistance of the RF coil, R, is ob-

2

tained by the relation; R = Pin/ IT , where Pin is the incident

RF power and I 2 is the sum of the squared RF current in every

T
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helix. The resistance without the plasma, Rvac’ is about 1.2 q,
which corresponds to the circuit and wall losses. 1In Fig.6-2 is
shown the series plasma loading resistance AR; the difference

between R with and without the plasma, as'a function of m/mci,

where Woi is the ion cyclotron frequency on minor axis. Data

were taken at a density n, = 6.0 x 1012 cm—3 and with Pin less than
3 kW. For the m =+1 and m =+l operating modes, AR has a peak at
m/mci ~ 0.95, while, for the m =-1 mode, no resonant coupling is
seen.

The wave field is detected by a small magnetic probe away from
the RF coil. As the RF power is applied to the density-decaying
plasma, the wave field on minor axis is peaked once at a certain
time after switching on the RF power for a fixed w/wci. The plot
of the density and w/wci at that time on the parameter space gives
the dispersion relation. The result for the m =+1 operation is
shown in Fig.6-3. We also calculate the dispersion relation of
the slow wave in a cylindrical, bounded, cold plasma using the
procedure described in Chap. 2. (The toroidal effect is not taken
into account.) The solid curves in Fig.6-3 show the dispersion
relation of the m = +1 slow wave with the radial n = 0, i, and 2
moedes for k, = 21 m_l. The experimental points seem to agree
semi-quantitatively with the calculated dispersion.

The radial distribution of the RF electric field for the
present experimental condition is shown in Fig.2-5(a) in Chap.2
for m = +1, n =1, and w/wci = 0.96. We compared the measured
radial magnetic field distribution with the theoretical one

and obtained reasonable agreement between them.

The m = +1 slow wave was also excited by the m = +1
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operation of the RF coil. As explained in Sec. 4 of Chap.2, the
spectral power of the m =+1 field would be equally divided into
the m =+1 and -1 spectral powers, and it is the m =+1 component
that generates the m =+1 slow wave. In this sense, the value of
AR for the m =+l operation should be the arithmetic mean of those
for the m =+1 and -1 operations. In Fig.6-2, this relationship is
fulfilled in the region w/wci < 1.0 (propagating region).

We note tﬁat (AR) 4 = (0.2-0.25)(AR)+1, where the subscript
denotes the mode of operation. This means that, in the m =

+1 operation, (20-25)% of the RF power is lost as m = -1 field.
We define n, as the efficiency of generating left-circularly
polarized RF fields, which accelerate ions. For the m = +1
operation, (nw)+l‘= 1, while, for the m = +1 operation,

(nw) +1
= 0.8-0.83.

C. Comparison of Ion Heating

A typical oscillogram of perpendicular ion temperature,
T;1r and density n, with and without RF are shown in Fig.6-4.
Here, Ti_L is measured with a multi-grid energy analyzer of
6 mm in diameter which is inserted at r = 1.5 cm. The'RF
coil is operated in the m = +1 mode, and the RF pulse of
duration of 0.5 msec starts at t = 0.24 msec. As the plasma
density decays from 1 x lO13 cm_3 to the half during RF pulse,
the toroidal field is chosen to be w/wci = 0.88 so that
optimum coupling is maintained.(see Fig.6-3) The temperature
of bulk ions is raised from 12 eV to about 20 eV. The

electron temperature without rf is (20-25) ev. No change in

both the loop voltage and the toroidal current is observed

-129—-



0

10

with RF

e
without RF

(=

n.(x10'2cm™3)

o

[3)]
I

Fig.6-4

t ( msec)

10 o<
0

Temporal evolution of the plasma density and the

perpendicular ion temperature with (solid line) and

without RF (dotted line) of m

+1 mode.

power 1is also shown as a reference.

The incident RF

T T T
15 _'"E xioB  Prep=14kW whiu ;=088 -
3
o o
[} < m=e}
§
T 10 F .
o
e
-
&
< s b |
m=21
m=-1
M 1
0 5 10 15 20
Fhet(kW)

Fig.6-5

Increment of the perpendicular ion energy density

as a function of the net RF power for three RF modes.

The inset shows typical time evolution of the ion energy

density.

—130—



when the RF pulse is applied, showing little electron heating,
if any. Here, the effect of potential fluctuation caused by
the RF pulse on probe characteristics of the analyzer must
be considered. The fluctuation level in potential, §, is
several volts at a position of the measurement. Since e$/kT
< 1 for both ions and electrons, an error involved in the
determination of the ion and electron temperatures is expected
to be less than a few % [6].

It is found from Fig.6-4 that the decay of the plasma
density is enhanced by the RF pulse.

Figure 6-5 gives the increment of perpendicular ion energy

density, APil, as a function of Pn £ for three operating modes,

e
where AP., is defined as the difference of n, (£)T,, (t) with

RF from that without RF, and Pn £ is the net RF power into the

e

plasma, which is given by PinAR/(RV + AR). An example of

ac
temporal evolution of AP, for Plet = 14 kW is shown in the

et
inset. The value of APil reaches a maximum within first (0.1
-0.15) msec and remains approximately constant during RF pulse.
We have used the value at t = 0.5 msec in the plot of Fig.6-5
in order to eliminate an error in T, Measurements causéd by
RF fields. The value of AP, increases linearly with P et
for the m = +1 and m = +1 modes. When the RF coil is operated
in the m = -1 mode,there is little ion heating. The m = -1
field is right-circularly polarized on minor axis and continues
to be so for most plasma radii, so it does not accelerate ions.
It is clearly seen from Fig. 6-5 that the energy gain of ions

per unit RF power for the m = +1 mode is larger than for the

m = +1 mode; The value of AT 4 /P ¢ is 1.5 eV/kW for the
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m = +1 mode and 0.9 eV/kW for the m = +1 mode. In this case,

T., 1s not measured, but in a separate experiment, it is ob-
i

served that Ti“ = (0.4-0.6) Ti_L . So, it may be reasonable
1 . 5
to set Pi = nOk(Ti* + - Ti") = = nOkTi_L . Thus, we can

say that the use of the m = +1 mode improves APi/P by a

net
factor of 1.7 .

D. Enhanced Plasma Loss
When the RF power is applied,‘the decay time of the

plasma density appears to be shorter than that without RF.
In Fig. 6-6 is plotted the reciprocal of the decay time, Tn_l
versus the applied RF power. The increase of Tn-l with Pin
for the m = +1 mode is significant compared with that for the
m = +1 mode. We suspect that the confinement of the plasma
is seriously influenced by the RF field of m = +1 mode.

In our plasma, the density is partially maintained by ion-
ization of incoming neutral gas. So, the value of T in Fig.
6-6 is different from the particle confinement time T .

In order to obtain Tp, we measure ion flux toward the outer
wall with plane collectors set just outside the radius of the
limiter (rL = 4.0 cm). The value of Tp is calculated by the
relation; Tp =.N/F, where N is the total number of plasma
particles within the radius of the limiter estimated from the
microwave measurement, and F is the radial particle flux toward
the whole wall estimated from the flux to the collectors.

To do this we must assume toroidal and poloidal symmetry of
ion flux and n,. The value of Tp thus obtained is (0.22-

0.29) msec when no RF is applied. Using the relation;
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with <v> being the average ionization rate, we find <v> to be
3 -1

(1.5-2.5) x 10~ sec . The value of Tp with RF is calculated
by the relation; Tp_l = Tn-l + <v>, under the assumption that
<v> is unaffected by RF power. This assumptibn is con-

firmed to be true as discussed in the following. When the
electrostatic shield beneath the RF coil was .removed, ‘the
density increased by more than 30 % with Pin = 20 kWwW. It is
evident that the axial RF electric field enhances ionization.
In the present experiment with the sheilded coil, the density
rather decreases with RF and no electron heating is observed.
Hence, the effect of RF field on ionization is negligible.

We finally obtain the particle confinement time with RF to be
('rp)+1 = (0.20—0;25) msec for the m = +1 mode and (Tp)il =
(0.15-0.18) msec for the m = +1 mode. [P, = 45 kW P,

R

et
14 kW) for both modes.]

Figure 6-7 shows temporal evolution of the radial profile
of ion saturation current to a Langmuir probe for the m = +1
and m = +1 modes. This curve roughly gives the radial density
profile since Te varies within 40 % or less over the minor
radius. In the case of the m = +1 mode, the density decays
holding an initial shape of the radial distribution after the
start of RF. The density profile for the m = +1 mode becomes
much flatter with time indicating enhanced radial loss.

It has been shown that the application of the m = +1

ICRF field results in decrease of particle confinement time
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accompanied with the modification of density profile. It
should also be noted that such a reduction in T is little
when the m = +1 field is launched. As the excursion velocity
of ions in RF fields exceeds the thermal velocity in the
present experiment, we must take into account ponderomotive
effects.

Let us consider a cylindrical, homogeneous, collisionless

plasma with radius r. immersed in a static magnetic field B

L

in z direction. If the azimuthal current density in the

0

helical RF coil in m = +1 operation is approximated by
j@ = j0 §(r - s) cos(® - k,z) coswt (6-1)

with s being the coil radius, the RF electric field in the
plasma, which is a superposition of the m = +1 and -1 modes,
may be represented by

E E
+ -
E_= 5 { AT, - BJZ]cos®] + 5 [-BJO + AJZ]cosd)2

E
- BJ2]s1n<1>1 5 [-BJ

=1
|

+ .
= 5 [—AJ0 0" AJ2]s1n®2

E_ =0, (6-2)

where ¢1 =0 - k,z + ot, @2 = -0 + k,z2 + wt, E+ and E_ are,

respectively, m = +1 and m = -1 field amplitudes which are
proportional to the coil current, Jv is the v-th order
Bessel function of the first kind with the argument k,r,

2

A=k, %/(-k,% + k,°L), and B = -k,%/(-k.? + Kk °R).
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Following the procedure used in Chap.5, we obtain the radial

component of the quasi-steady ion flux, which is given by

(0 +w .%) A2

i 20w, (w - w .)2
Cc1l

_ m ] rl Jo(kyr) T, (kyr)sin2(0 - kyz),

: (6-3)
for the m = +1 RF field. For the case of the m = +1(-1)
RF field in which E_(E+) is identically zero, Eq.(6-3) predicts
that Fir = 0. This equation shows that a radial ion flux is
produced by the interaction of field components of the same
polarization but different propagation direction with respect
to one another. The net loss flux of ions is obtained by

integrating Eqg.(6-3) over the whole surface at r = r Since

L*
0= 0 for r > rL,.the integration should be taken over that
half-wave of the sine which leads to flux towards the outside.

n

The reciprocal of characteristic ion loss time Tr,
which is given by Fir/nOrL’ is proportional to the field ampli-
tudes E, and E_ and becomes very large at ion cyclotron
resonance. This prediction is consistent with the experimental
result shown in Fig.6-6, in which the reciprocal of the density
decay time for the m = +1 mode is proportional to the incident
RF power, i.e.; to the square of the field amplitude. To
calculate Fir in Eq.(6-3), we measure wave fields with a cali-
brated magnetic crobe. When Pin = 45 kW, E A and E_B are
estimated to be 28 Vpp/cm and 11 Vpp/cm, respectively.
Substituting plasma parameters into Eq.(6-3) with A/B = 1, we

obtain Fir(r = rL)/n0 > 3,1 x 102 m/sec. The characteristic
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loss time is, therefore, 0.13 msec. On the other hand, a

reduction in Tp, from (0.22-0.29) msec to (0.15-0.18) msec, is
observed when a 45-kW, m = +1-mode RF pulse is applied. This
requires thatlTL = {(0.3-0.4) msec. The agfeement between the

predicted T from Eq.(6-3) and the experimental value is fairly

good. The prediction may be an underestimate of T. because

L
the convective loss is considered to be localized near the RF

coil.

The fact that Tp is affected little by the m = +1 RF
filed is also explained by Eq.(6-3). We can thus say that the
enhanced loss observed when the m = +1 RF field is applied is

due to the ion convection caused by ponderomotive effects.

E. Power Balance
We consider power balance of ions by using the following
equation:

dWi W. W. - W
dt = nwnthet - . T ‘ (6-4)

Here, Wi and We are, respectively, ion and electron energy,
Tei is the ion energy confinement time, Teq is the equipartition
time, and nn is the efficiency of power transfer from left-

circularly polarized RF fields to ions. (nw is defined in Sub-

section 2B. The value of T -1

_ -1 -1
= Tp t* Tex Y Tcond

Ei can be estimated from TEi

-1, where Tcx and T are loss times

cond
of energy due to charge exchange and thermal conduction, res-—

pectively. Under the experimental condition shown in the

inset in Fig.6-5 , we obtain T = 0.2 msec, hence, (Tt

cx Ei)+l =
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] i i 110-160
Ei)il 85 usec. [TEi without RF is ( )

usec.] The last term on the right hand side of Eq.(6-4) is

110 usec and (T

-negligible since Teq is an order-of-magnitude larger than Tei®
From Eq.(6-5), we find that, at equilibrium, Awi = Wi - Wio

= N, Pnet Tai’ where W.o is the value of W, without RF.
Recalling that (nw)+l = 1 and (nw)il = 0.8-0.83, and noting
that Ny should be the same for both modes, we can predict
that Awi/Pnet for the m = +1 mode is larger than for the m =
+1 mode by a factor of 1.6 . Direct measurement of AT,
exhibits that the improvement factor of APi/Pnet is 1.7 .
The agreement between the prediction and the experiment is
veryvgood.. The value of UIN is calculated to be 23 % under

the assumption that the radial profile of Pi is parabolic

and that the heating is uniform along the torus.

3. MIRROR PLASMA HEATING

A. Experimental Apparatus

RF heating of a mirror plasma at w < Waoia? where Waia
is the ion cyclotron frequency at an RF antenna position and
w is the applied RF frequency, was carried out in the axi -
symmetric mirror TPD-III. The magnetic field could be
varied up to 1.3 T at the throat with the mirror ratio of
2-3. Hydrogen plasmas were injected through one mirror throat
by the TPD plasma gun. The initial plasma parameters were

11 -3

as follows: n {(3-8)x10""cm 7, Te = (10-15) eV, and Ti =

O=
10 ev. 1In Fig.6-8, the schematic diagram of TPD-III is shown
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togéther with RF antenna and some diagnostics. It is operated’
in quasi-steady mode of 30 msec duration and. at 5 sec inter-
vals. The pressure of the neutral particles in the experi-
mental region is kept less than 1x10_5Torr.

The RF antenna simmilar to the one shown in Fig.2-7(c)
in Chap. 2 is installed at 27 cm downstream from the midplane.
The length and the radius of the antenna are 6 cm and 3 cm,
respectively. Beneath the antenna, copper straps>6f 0.5 cm
width and 20 cm length are aligned with 1 cm interval along
azimuthal direction. These straps work as a Faraday shield.
Feeding RF currents 90° out of phase into two coil units of
the antenna, we can establish the azimuthally rotating RF
field either of m = +1 mode or of m = -1 mode. The in-phase
excitation of two units gives the m = +1 RF field. The an-
tenna is excited by a self-oscillator with output power
up to 500 kW at a frequency of 6.35 MHz. The resistance of

the antenna with no plasma preéent was 0.38 Q.

B. Heating Results

After the plasma injection from the TPD gun, the quasi=
steady state of plasma density lasts for about 30 msec. The
MHD stability 6f the plasma is maintained through a line-tying-
effect of the metal plate of a Faraday cup which is located
outside the right throat. The heating RF is applied for
(0.5-1) msec during this period. Figure 6-9 shows the
series loading resistance of the RF antenna as a function

of w/wcia for m = +1 mode. The resistance is sharply peaked
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near the fundamental ion cyclotron resonance. We measured
the polarization of the excited RF field by a magnetic probe
to find that the field was almost left-hand circularly polar-
ized on axis when the m = +1 field was generated.

Unlike the case of the toroidal plasma, the slow wave
launched from the RF antenna propagates toward the midplane and
cyclotron-damps at the beach. Ion temperature was measured
at the midplane by using a Faraday cup, which is inserted
perpendicularly with respect to the static magnetic field.
Figure 6-10 shows the increment of Til just after the RF pulse
of 0.54 msec, ATEL, as a function of the net RF power Pn for

et

the m = +1 and m = +1 modes. The value of Pn was almost

et
constant during the RF pulse. The data for m = -1 mode is not
shown here because the increment of T., is very little for
this mode. The value of AT;, increases linearly with P et for
both the m = +1 and +1 modes. With 0.7 kW of RF of m = +1
mode, the ion temperature doubled, from 15 eV to about 33 eV.
In the toroidal plasma heating, it was confirmed that the
increment of Til per unit RF power for the m = +1 mode was
1.7 times greater than that for the m = +1 mode. This result
is reproduced in the mirror plasma heating as shown in Figq.
6-10. It is, however, seen that the improvement factor of the
heating efficiency is 1.5, which is smaller than in the
toroidal plasma.

We have observed in the previous Section that the con-
vective loss caused by the m = +1 RF field yields a flattening

of the radiél density profile. We also measured the density

profile in TPD-III. Figure 6-11 displays the ion saturation
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current of a single probe Iis located at the midplane versus
11 -3

the radius for ng = 1.8x10""cm 7, w/wcia = 0.71, and Plot =

0.5 kW. The solid line in the figure denotes the case without
RF, while the dotted line shows IiS at 0.3 msec after switching
on the RF pulse. We note that the density decreases signifi-
cantly by the application of RF pulse even for the m = +1 mode.
The measurement of the injected ion flux from the TPD gun with
a directional probé at the midplane showed that the amount of
plasma influx itself decreased and broadened during RF regard-
less of the RF mode. So, the observed decrease in density in
Fig.6-11 may come from the change of plasma influx from the
gun as well as the enhancement of diffusion due to RF heating
[7]. Comparing the Iis—profile for the m = +1 mode with that
for the m = +1 mode, we»find larger decrease of IiS on axis
and more remarkable distortion of the profile especially near
the periphery. These characteristics indicate the existence
of the convective radial loss for the m = +1 mode.

The profile of Fig.6-11(b) was measured on a plane 45°
offset from the polarization plane of the RF electric field.
The theory described in Chap. 5 predicts that the convection
leads the flux toward outside on that plane. This may be in
qualitative agreement with the measurement. In a plasma produced
by a TPD source, a deep potential well tends to be formed within
a radius of the anode hole. The resultant steady radial e-
lectric field gives rise to a plasma rotation, and ions would
feel the ponderomotive force averaged over 0. If the period of

ExB rotation is much shorter than the time for ions to traverse

convectively the plasma radius, the averaged ponderomotive force
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is zero, and hence no convection occurs. For a moderate ExB
rotation frequency, there would appear a flaftened or hollow
density profile instead of the convective pattern as observed
in HIEI-Q. This is the case of Fig.6-11(b). The convective
loss for this case is considered to be smaller than expected
from Eq.(5-3), and this may be a reason for the smaller differ-
ence of heating efficiencies of m = +1 and +1 modes observed

in Fig.6-10.

4, DISCUSSION AND CONCLUSION

In Sec. 2, ICRF heating at w < Wi has been investigated
in Synchromak using the helical RF coil which can generate both
the m = +1 circularly polarized field and the m = +1 linearly

polarized field.

It is found from the coméarative measurements that the
m = +1 RF field greatly improves the overall efficiency of ion
heating over the m = +1 RF field used conventionally.

The ion heating by the m = +1 RF field is accompanied with
the enhanced cross-field plasma loss. For an explanation
of this result, is presented the theoretical prediction that
the radial ion convection is caused by the poderomotive force
of the applied m = +1 RF field. The prediction agrees
quantitatively with the experimental result.

Of course, the slow wave heating used here is not applica-
ble to larger tokamaks. It should be noted, however, that

if poloidally asymmetric RF fields of moderate amplitude ( a

—144—



few hundred volts / cm for present-day tokamaks) exist,
resulting ponderomotive force might give rise to convective
loss of surface plasmas, at least, near an RF coil.

In fast wave heating of a two-ion plasma, radial loss
of the minority species would take place, resulting in
increase of recycling or decrease of energy confinement time.

In Sec. 3, we have applied the improved ICRF heating to
a mirror plasma produced in TPD-III.

Although the anomalous convective loss caused by the m = +1
RF field was not clearly observed as in HIEI-Q and Synchromak,
we again confirmed that the m = +1 RF field could improve the
heating efficiency by a factor of 1.5. The smaller improvement
factor as compared with other two experiments may be attributed
to the much larger ExB rotation frequency in TPb—III.

Through the experiments described in Chaps. 5 and 6, we
have established the superiority of the m = +1 rotating RF field
over the m = +1 RF field used conventionally.

Recently, Adati et al.[8] performed ICRF heating experiments
in the double-cusp machine RFC-XX following in the wake of our
exXperiments. They changed the polarization of the excifed RF
field at w < W from linear to circular continuously, by
varying the phase of RF currents, ¢, in two pairs of the Type-III
coils located ét the central cell. - The increment of plasma
energy measured from the diamagnetic signal is plotted in Fig.
6-12 as a function of ¢ for a constant RF coil current
012c -3.

and no = 1

(+1/2) corresponds to the RF field of m = +1 (~1) mode. Their

m In the abscissa, the point where ¢ = -u/2

result shows that the energy increment for the m = +1 mode is
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1.6 times higher than for the m = +1 mode (¢ = 0 or 7m), rep-
resenting the exact reproduction of our preceding results.

In the tandem mirror Phaedrus is obtained an experimental
result in which the convective drift due to the azimuthal
ponderomotive force may play an important role. Hershkowitz
et al.[9] observed that the radial potential profile was hollow
when the plasma was RF-sustained and heated by the RF field
launched from half-turn antennae. As the RF field includes the
m = +]1 component, the resultant convective drift of hot ions
toward outside may possibly form larger potentials in larger
radii. They started to investigate the mechanism of the
poteﬁtial formation along this interpretation [10].

We finally conclude that the superiority of the m = +1 RF
field in slow wave heating observed in HIEI-Q for the first time
has been generally confirmed by the experiments described in

this Chapter.
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CHAPTER 7

PLUGGING OF OPEN ENDS IN LINEAR DEVICES
BY ROTATING ION CYCLOTRON RF FIELDS

1. INTRODUCTION

RF plugging is one of the methods for enhancing the energy
amplification facﬁor of an open ended system. A number of
experimental and theoretical studies have been carried out
especially in IPP, Nagoya [l]. In the experiment perfbrmed
by Watari et al.[2], it was shown that the m = +1 RF field
produced by the type-III coil was much more effective for
end loss reduction than the m = 0 RF field in the sense that
the required RF electric field strength remained relatively
small for higher densities. They also explained that the
plugéing effect was due to the axial ponderomotive force for.
ions, and electrons were confined by a resultant ambipolar
potential.

Fader et al.[3] concluded that the ponderomotive effect
on electrons was dominant in their plugging experiment where
the cross-sectional variation of end loss reduction was com-
pared with the m = +1 RF field distribution of the type-III
coil to find that the maximum reduction occurred along the
magnetic field line on which the axial electric field E, was
large.

We have shown in Chaps. 5 and 6 that the m = +1 RF field
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is far more effective in ICRF heating than the m = +1 RF field.
Since the perpendicular acceleration of ionslby RF fields is
responsible also for RF plugging in which the ponderomotive
force for ions is dominant, it is predicted that a use of

the m = +1 RF field will enhance the end loss reduction.

In this Chapter, it is reported that the plugging effect
is greatly improved when the m = +1 RF field (rotating in
the sense of ion gyration) is used instead of the m = +1 RF
field generated by the type-III coil. This result suggests
that the plugging is attributed to the ponderomotive effect
on ions because the left-hand polarized component of RF field
of m = +1 mode is larger than that of m = +1 mode, while Ez
remains the same.

We further present the detailed experimental investigation
of effects of RF mode on the plugging and resultant plasma
confinement in an axisymmetric mirror stabilized by line-tying.
The particle and energy confinement times with and without
the RF plugging are compared for different RF modes. The
‘best confinement occurs when the m = +1 mode is used. The
confinement time is observed to be limited by an increase
of the radial loss of the plasma due to associated heating
and MHD activities.

If the line-tying is removed, the flute instability is
observed resulting in a significant reduction of the confine-
ment time. In this case, both the RF stabilization and the
RF plugging are necessary for confinement. We also present
the first experimental result on simultaneous application

of the RF stabilization and the RF plugging. It is observed
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a combined effect that the plugging efficiency is enhanced
with less total RF power as compared with the case of RF
plugging only.

In the latter half of this Chapter is'described the
application of the plugging by the m = +1 RF field to a point
cusp of RFC-XX. RFC-XX is the open-ended machine in IPP,
Nagoya, which consists of a central section and two cusp
regions in both ends [4]. By applying the RF voltage to paral-
lel electrodes located at two line cusps, the end loss flux
through the line cusps is reduced to less than a few % of
the initial value. The energy confinement time of the central=
section plasma is improved by a factor of 2 through the line
cusp plugging [Sj, The end loss flux through the point cusps
is about one-tenth of that through the line cusps, and hence
up to now, has minor effects on total plasma confinement.
However, once almost complete end loss reduction is achieved
at the line cusps, an efficient RF plugging of the point cusps
is necessary for further improvement of the energy confinement
time. The type-III coil is adopted for this purpose so far,
but we apply the m = +1 RF field to the point cusp plugging.
The m = +1 RF field is confirmed again to have better plugging
effect than the m = +1 RF field.

The RF plugging of ICRF-heated plasma is also performed.
The streaming plasma with T, up to 250 eV can be plugged by
the m = +1 RF field with an RF voltage less than 20 kV. A
scaling formula of the RF plugging of the ICRF-heated plasma

is obtained experimentally for the first time.
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2. BRIEF THEORY OF RF PLUGGING

The RF plugging scheme has been investigated by many
authors [3,6-8]. If a ponderomotive quasi-potential wi acts
on ions, there would arise an ambipolar potential ¢ that
maintains plasma quasi-neutrality. The local densities of

electrons and ions are given by

=]
14

o n, explo/ Té] (7-1)

=]
1’

. n
i 0

expl (-eq -wi)/(eTi)], (7-2)
where ng is a density at a reference position‘and Te and Ti
are, respectively, the electron and ion temperatures in the
unit of eV. The quasi-neutrality requires that n, = n;. It
is found from Egs.(7-1) and (7-2) that

n. = ng exp[—lIJi/{e(Ti + Te)}]. (7-3)
The ion flux T, passing over the ponderomotive potential
barrier is written as

r, =T exp[—q)i/{e(ri + Te)}], (7-4)

IIO
where F"O is the ion flux in the absence of RF. Even when

the electrons are directly plugged by a ponderomotive potential
Eq.(7-4) applies provided vy is replaced by we.

Then we proceed to obtain an explicit form of wi in a
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cylindrical plasma. We assume the RF electric field in the

plasma launched from the antenna in Fig.2-7(c) in Chap. 2

to be’
(n_ _1 : -Kyz
E 7= s [e,(E +E,)cosd  + €_(E4+E,)cosd,]e
(nH_ 1 B . _ . -Ky, 2
Eg —-;%— e ( E]+E2)s1n¢] + e _( E3+E4)s1n¢2Je "
e (Da o (z > 0), (7-5)

where K, is the axial scale length of the localized RF field,

El(r) to E4(r) are the field amplitudes, @1 = 0 + wt, ¢2 =

-0 + wt, and E, and E; are zero at r = 0. In Eq.(7-5), ¢

2 +
=/2 and e_ =0 (e, = 0 and e_ = v/2) for the m = +1 (-1) mode,

and €, = €_ 1 for the m = +1 mode if the antenna current

I

is kept constant. The axial ponderomotive force can be calcu-
lated from Egs.(2-11) and (2-12) in Chap. 2. Assuming that

B, is uniform and the plugging is adiabatic, we find that

2 2 2 2
v - o2 1 [(s+E]) + (e_Ey) . (e ,E))" + (e_E,)
i~ 4mi w w - ow, . w o+ w
E.E E,.E
173 274 -2K,z(9_
* 2e ¢ ( TR * .)cosze 1l e "2 (7-6)
c1l c1l

For the case of the m = +1 (-1) mode, the ponderomotive po-

tential near (r,z) = (0,0) is represented as
2 E 2 2 E 2
\l) = € ..].. ] ( q) = e l 4 )
i 2m, W W - W, i 2m, W W + W !
1 c1l 1 cl
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and hence the conventional expression is recovered. For the

m = +1 mode, the dominant term in wi is

2 E 2 - E 2
4m, w w - w_. w+ w .
1 c1l Ccl

which is smaller than wi for the m = +1 mode near r = 0.
Furthermore, for larger r, the ponderomotive potential is
azimuthally asymmetric producing an asymmetric density distri-
bution. The resultant density gradient may bring about an

(2)

electric field E giving rise to a convective plasma loss

C]
due to Ee(z)xB0 drift. Convective plasma loss may be produced
also through SiOXBO drift with Si@ being the azimuthal com-

ponent of the ponderomotive force of the m = +1 RF field divided
by e, as described in Chaps. 5 and 6. Therefore, if is pre-
dicted that the m = +1 RF field is superior for the RF plugging
to the m = +1 RF field in viewpoints not only of efficient

plugging but of overall plasmé confinement.

3. BASIC EXPERIMENTS IN HIEI

A. Experimental Apparatus
The experiments are carried out in the axisymmetric mirror

machine HIEI in which a hydrogen plasma of density from 1010

cm_3 to 5><1013cm_3

is produced with TPD or MPD plasma guns,
in a static magnetic field up to 1.1 T at the throat. The
length between two mirror points is 1.2 m, and the mirror

ratio is variable from 1.4 to 4. Figure 7-1 shows the sche-
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Fig.7-2 Typical oscillogram of the end loss flux.
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matic diagram of HIEI. The plasma diameter at the throat is 4
cm (FWHM), which is fixed by the limiter madé of pyrex glass.
Typical electron temperatures are Te = (15-20) eV and ion
temperatures without heating are T, = 15 eV. The plasma
injected through the left mirror point is terminated by the
metal end plate which is located outside the right mirror
point and has an entrance slit to an end loss analyzer. This
plate ensures MHD stability of the plasma through line-tying
effects. (The plate is removed in the experiment in Subsection
3E.) |

The RF antenna for the plugging is essentially the same
as that used in Chap. 5. The configuration of the antenna
is shown in Fig.2-7(c) in Chap. 2. We install this antenna
40 cm downstream from the midplane and generates m = +1, -1,
and +1 RF fields selectively. An RF oscillator which can
deliver the RF power of 200-kW, 0.5-msec pulse at a frequency
of 8 to 10 MHz is connected to.the antenna through a phase
shifter and impedance>matching circuits.

In Subsection 3E, we apply the RF stabilization together
with the RF plugging. The antenna at the midplane generates
m = +2 RF field and suppresses the flute instability as de-

scribéd in Chaps. 3 and 4.

B. End Loss Reduction
We first perform the RF plugging by the m = +1 RF field
to confirm the result in TPD-III[2]. The end loss flux Ie

measured with the end loss analyzer is shown in Fig.7-2 for

-3

n, = 2x10-Yen”3, w/w i, = 1.1, and w/27 = 9.0 MHz with w

0 ia cia
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Fig.7-3 End loss reduction ratio versus the net RF

power for ng = 3.4x]010cm—3, BM =0.63 T, R= 2, m = +1,

and w/w _. = 1.1,
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Fig.7-4 End loss reduction ratio versus the net RF
power for ng = (5-8)x1013cm—3. Other parameters are

the same as in Fig.7-3.
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being the ion cyclotron frequency at the plugging antenna.

The value of I reduced to less than 20 % of the initial value
with a net RF power of 200 W into the plasma. The ratio of
end loss flux with RF to that without RF, a,, is plotted in

Fig.7-3 as a function of the net RF power Pn for ng, = 3.4x

et
10 -3
10""cm ~, BM = 0.63 T, R = 2, m = +1, and w/wcia =.1.1. The
value of o, decreases with increasing Pnet' Figure 7-4 shows
the same plot for n, = (5—8)x1013cm_3. (Other parameters

0

are the same as in Fig.7-3.) These characteristics in Figs.
7-2 to 7-4 are qualitatively the same as in TPD-III. We have
also found that the net RF power necessary for a, = 0.1 in-
creases proportionally to nOO'5 up to a density of 1014cm_3.

We then investigate the effect of RF mode on the end
loss reduction. The value of o0, is given in Fig.7-5 as a
function of the axial magnetic field B0 for the RP fields
of m = +1, -1, and +1 modes. The plasma density is (2-3)x
1011cm_3 with R = 4, and the RF power is kept constant for
three operating modes. The end loss flux is resonantly de-
creases near the cyclotron resonance for the m =+1 mode. Since

B, varies more than 15 % under the RF antenna of 15 cm long,

0
the resonance is rather broad. The value of a, for the m

=-]1 mode is little dependent on BO‘ We also note that the
resonant decreése of o, for the m = +1 mode is weaker than for
the m = +1 mode. If the plasma density was decreased less
than 1x1011cm_3, the resonant point shifted to weaker B0
indicating the change from electromagnetic to electrostatic

coupling.

We measured the perpendicular component of the RF magnetic
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Fig.7-6 The reciprocal of the end loss reduction ratio
versus the square of amplitude of the RF magnetic field

for m = +]1 and +1 modes.
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field underneath the RF antenna, B,, by using a magnetic probe.

In Fig.7-6, the value of In(l/a,) is given versus B_,_2 for
2 2

m = +1 and +1 modes. It should be noted that B,” = B, (or
Bez) for the m = +1 mode and B_l_2==Br2 + B@2 for the m = +1

mode. We can see that the same value of o, is obtained with
less Bl2 for the m = +1 mode.

It is predicted from Eqg.(7-6) that wi becomes resonantly

large near w w_ ., for the m = +1 and m = +1 modes and that

ci
wi for the m

+1 mode is larger than for the m = +1 mode since
the numerator of the first term in the square brackets for the
former is larger than for the latter. These characteristics
are just what Fig.7-5 shows. The non—resbnant behavior of «,
for the m = -1 mode is also explained by Eq.(7-6).

The ponderomotive potential given in Eq.(7-6) is expressed
in an alternative form in terms of the perpendicular RF magnetic

field at r = 0. The results are

wi(r=0, z=0) ~

(7-7)

wi(r=0, z=0) ~ (m = +1),

4m, 2 w - w . W+ W . -
(7-8)

where B, is the amplitude of left-hand component of the m = +1

v 1
RF field and BL and BR are the amplitudes of left- and right-

hand components of the m = +1 RF field, respectively. Experi-

mentally observed amplitude B, is related as (B_,_2)+1 = BL2

_ 2 o2 12
for the m = +1 mode and (B,") =B + B

+1 L R for the m = +1

mode. In Fig.7-6, we varied B_,_2 holding (B_Lz)+1 = (BL2)+1.

In this case, Egs.(7-7) and (7-8) predict that (\Pi)+1 > (lbi)il
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for w = W.y since BL2 > BL'2. The ordinate in Fig.7-6 is
proportional to wi as seen from Eq.(7-4). So, the experimental
result agrees qualitatively with this prediction. Using the
ratio of (\pi)+1 to (\bi)+1 which is obtained from Fig.7-6, we
find from Equ(7—7) and (7-8) that BL'/BR' ~ 1.9 for the m =
+1 mode. The value of BL'/BR' obtained directly from the
measured amplitudes of the RF magnetic field was about 1.2.
The agreement between both values of BL'/BR' is fairly good
showing the reasonableness of Egs.{(7-7) and (7-8).

We have thus verified both theoretically and experimentally

that the m = +1 RF field is more effective for the end loss

reduction than the m = +1 RF field used conventionally.

C. Particle Confinement Time

The particle confinement time of a plasma is given by

T, = —F T ’ (7-9)

where N is the total number of particles in the mirror region,
Fu and Yd are the parallel loss fluxes through the mirror
points of upstream and down stream sides, respectively, and

Iy, is the total perpendicular loss flux. We estimate these
values as follows; From the measured density profile at the
midplane, we approximate that N = LJ L 2nrn0(r) dr, where

ry is the radius of the limiter and Lois the length between
the positions where Pu and Fd are measred. (L is nearly

equal to the length between the mirror points.) The value of

Pd is measured by the end loss analyzer used in the previous
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Subsection. The loss flux toward the plasma source is obtained
by scanning a small Faraday cup over the plaéma radius. Three
loss collectors which measure perpendicular loss flux are set
at three different axial positions, left and right mirror
points, and the midplane. Each collector consists of negatively
biased plane electrodes and a grounded mesh in front of them.
We estimate the total T, by integfating Ir,(z) which is obtained
from an interpolation of measured values.

Figure 7-7 shows the ratio of Fd with RF to that without
RF, a,, and the ratio of T, with RF to that without RF, a,,
as a function of the net RF power divided by the density for
BM =0.71 T, R = 2, and w/wcia = 1.2. The plasma density is
varied as indicated in the figure. The value of «, decreases
with the normalized RF power for both the m = +1 and +1 modes,
while o, for the m = +1 mode is smaller than for the m = +1
mode indicating better plugging effeciency for the former.
These results are the same as fhose described in the previous
Subsection. The perpendicular loss flux increases proportionally
to the normalized RF power regardless of the RF mode. The
increase of a, may be due to flute instabilities caused by the
reduced line-tying effect through the RF plugging. The value
of Pu decreased to (70-80) % of the initial value for P

~ 1 kW/lOllcm-3, and was insensitive to the RF mode. The ratios

net/nO

of T,, and Fu to the total loss flux were ~ 0.15, ~ 0.8,

Tyr
and ~ 0.05, respectively in the case of no RF applied.

It was also observed that the value of N increased by a factor
of 2.5 when the m = +1 RF field with P__,/nj ~ 0.9 kw/10''en™>

was applied. For the m = +1 mode, the increment factor was
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about 2. The increase of N is brougt about not only by the
RF plugging but also by RF ionization of residual neutral gas.
This is the very reason why we use Eq.(7-9) to estimate the
particle confinement time. The value of the particle con-
finement time without the RF plugging, TpO' was obtained from
Eq1(7—9) to be 0.45 msec. We plot the value of Tp normalized

by TpO in Fig.7-8 as a function of P /n0 for the m = +1 and

net

+1 modeé. The particle confinement time is indeed improved by
more than a factor of 2 by applying the RF plugging of m = +1
mode. The use of conventional m = +1 RF field results in an
improvement of Tp by only a factor of 1.5.

It seems that the value of T /7t

p’ 'pod
This is due to the increase of I', which amounts to

saturates for larger
Pnet/nO‘
(60-80) % of the total loss flux for larger Pnet/nO' Since the
increase of T; is caused by the flute instabilities, it may be
easy to reduce I', by using the RF stabilization method simul-

taneously. We will describe the preliminary experiment of the

RF plugging of RF-stabilized plasma in Subsection 3E.

D. Effect on Energy Confinement
Since the RF field near the fundamental ion cyclotron
frequency is used for plugging, fractional ions are heated
through ion cyclotron resonance. Fiqure 7-9 shows the dia-
magnetic signal measured at 20 cm upstream from the plugging
antenna. The m = +1 270-W RF power is applied to a plasma
of n, = 2.2x1011cm-3,in a magnetic field of By = 0.69 T and

0
R = 1.7. The increment of the diamagnetic signal depends

strongly on the magnetic field strength. 1In Fig.7-10 is
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shown the increment of the perpendicular plasma energy density
AW divided by the initial value Wy versus the magnetic field
strength. The value of AW is

resonantly peaked at w/wcia = 1.1, indicating that the heating

is due to the cyclotron acceleration. The deviation of the

w/mcia value for the maximum AW from unity is because the in-

crease of W is partly produced by the RF plugging effect which

is maximum at w/wcia = (1.2-1.3).

The perpendicular component of the plasma energy W is

expected to vary as

W(t) = W, + P

0 netTE[l - exp(—t/TE)], (7-10)

ElS

the energy confinement time with the RF plugging. If the RF

where t is a time after the start of the RF pulse and =t

pulse is switched off after W reaches a maximum value Wmax

(=W, + P

0 netTE)’ W decays as

W(E) = W exp(-t /T,), (7-11)

ma EO

' .
where t is a time after switching off the RF pulse and Tro

is the energy confinement time without the RF plugging.
Figure 7-11 shows the product of plasma energy and energy

confinement time as a function of P The value of

net/n0'
is increased by a factor of 5 with the m
-3

WmaxTE +1 RF field

. . 11
with Pnet/n0 > 0.5 kW/10" "cm

, while for the m +1 RF field

with the same power, W
max

The absolute value of e with the m = +1 RF field is 40

s is increased by a factor of 3.
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to 52 usec, which is about twice as long as that without RF.

E. RF plugging of an RF-Stabilized Plasma

It has been observed that, if the RF power is increased
to obtain larger end loss reduction, the perpendicular loss
flux increases due to the flute instabilities. The onset of
the instability is attributed to a réduction of line-tying
effects caused by the kF piugging. The flute instabilities
can be easilf stabilized using the method described in Chaps.
3 and 4. So, the simultaneous application of the RF stabili-
zation and the RF plugging will surely improve the particle
confinement time more than observed in Subsection 3C.
Before performing such an experiment, we think it is important
to investigate whether any combined effect other than additive
effects exists or not when the plugging RF and the stabilizing
RF are both applied.

We now replace the metal end target by a target made of
pyrex glass‘to remove the line-tying effects. The end loss
is measured by an end loss analyzer of 6 mm in diameter and
10 mm long which is movable along the radius. The analeer
is located at 10 cm upstream from the target. The RF antenna
for stabilization is installed at the midplane as shown in
Fig.7-1. The structure and RF circuits of the stabilizing
antenna are the same as those described in Chap. 3.

The end loss flux measured at a radius r/rL = 0.4 is
shown in Fig.7-12 together with the gate signal to the RF
oscillator. By applying the m = +1 RF field with w/wcia

= 1.2, the loss flux is reduced to about 50 % of the initial
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Fig.7-12 Typical oscillogram of end loss flux at r/rL
= 0.4 for the cases of (a) RF plugging only and (b) sim-

ultaneous application of RF plugging and RF stabilization.
The upper trace in each oscillogram is the gate signal to

the RF oscillator and the time scale is 50 psec/div.
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= 1011cm—3, B, = 0.69 T, and R = 2.3. It is,

value for n M

0]
however, found from Fig.7-12(a) that the flute instability
leads to bursts of the end loss flux even during the plugging
RF pulse. No stabilization effect was observed both at the
midplane and at the throat. Figure 7-12(b) shows the end loss
flug for the case of simultaneous application of the plugging
RF and the stabilizing RF. The total RF power is the same as
in (a). As the stabilizing RF antenna is excited by the same
RF oscillator, the value of w/wcia is 2.4 at the midplane.

We find not only the stabilization of the flute mode but also
the improved RF plugging with a, = 0.35 during the RF pulse.
We also note in the separate experiment that no reduction of
the end loss flux occurs by the m = +2 stabilizing RF field.

In Fig.7-13, the reciprocal of o, is given versus the RF
power for two cases. The cross points show the case with the
plugging RF only, whilé the open circles show the case in
which the plugging and stabilizing RF are applied simul-
taneously. The abscissa is the total RF power to the two
antennae. Larger reduction of the end loss fluk is achieved
with less RF power in the latter case.

The ion saturation-current at the midplane corresponding
to the case in Fig.7-12 is shown in Fig.7-14. The Langmuir
probe was inserted at r/rL = 0.2, where the fluctuation of
flute instability was small. The increase in the ion satu-
ration current for (b) the simultaneous application of two
RF fields is larger than for ' (a) the-plugging RF only.

Comparing Figs.7-12(a) and (b), we note that the decrease

of the fluctuation amplitude in (b) is due to an additive
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50 psec/div.

Fig.7-14 Typical oscillogram of the ion saturation
current at the midplane for the cases of (a) RF plugging
only and (b) simultaneous application of RF plugging and
RF stabilization. The upper trace in each oscillogram
is the gate signal to the RF oscillator and the time

scale is 50 psec/div.
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effect of the RF stabilization. But the further reduction of
the end loss flux is considered to be a combined effect of the
RF plugging and the RF stabilization. The larger increase of
the midplane ‘density observed in Fig.7-14(b) may be caused by
larger decreases of Ty and T, as compared with the case in (a).
A rough estimation of rp from Eq.(7-9) in the cases of Figs.
7-12 'and 7-14 shows that Tp is increased by a factor of 1.4

by the supéfposition of the RF stabilization even if we assume
that T, is the same for both cases. As shwon in Fig.3-20 in
Chap. 3, F; is significantly reduced by the RF stabilization.
Hence, we can expect an improvement factor much larger than
estimated.

The mechanism respohsible for the combined effect, i.e.,
the further reduction of a«, with the RF stabilization, is not
clearly understood at present. But a possible explanation
is as follpws; When the RF stabilization is superimposed, the
density perturbation is reduced and the denéity profile changes
especia11y>hear the periphery. If this change of the density
profile is such that the region of the left-hand polarization
of the plugging RF field extends to outer radii, the end loss
tends to rédﬁée further in outer radii. This explanation is
consistent with the observatioﬁ that the combined effect is

significant in the periphery.
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4. APPLICATION OF PLUGGING BY THE m = +1 RF FIELD TO RFC-XX

A. Experimental Apparatus

Figure 7-15 shows the schematic view of RFC-XX, details
of which are described elsewhere [4]. A hydrogen plasma is
injected frcm the TPD plasma gun to the central section through
differéntial pumping sections. Typical plasma parameters in
the central section are as‘follows; nO = 2x1012cm_3, Ti = 20
eV, and Te = 10 eV. The magnetic field strengths are 2 T at
the line cusp, 3.7 T at the point cusp, and 0.95 T at the
central section. The cusp field ensures MHD-stability. The
ion temperature is increased up to 250 eV through the ion
cyclotron heating at the central section.

Two line cusp ends and two point cusp ends are plugged by
RF fields in ICRF [9]. In the present e#periment, only the
point cusp end of downstream side is RF plugged to investigate
effects of RF mode precisely. The RF antenna for the point
cusp plugging, which is shown in Fig.7-16, consists of two
pairs of type-III coils displaced azimuthally by 90° with
respect to each other. Two 200-kW RF amplifiers tuned at w/2m
= 51 MHz are excited by two signal generators with the same
frequency but with a different phase angle A. Each output of
the RF amplifier is connected to one of the type-III coils
through an impedance matching line. Since the value of A is
variable continuously, we can establish the RF field of any
desired polarization.‘ The ratio of the applied RF frequency
to the local ion cyclotron frequency at the center of the RF

coil is chosen to be 1.1. The RF field is measured by a
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calibrated small loop inserted 25 cm upstream from the RF

coil.

B. Mode Effect on RF Plugging

We measured the RF magnetic field components, Br and BO’
and their phase difference by the small loop inserted onto
the axis. The field amplitudes of right- and left-hand polar-
ized components are calculated from the measured values and
are plotted in Fig.7-17 as a function of the phase shift A
of the coil currents. The point where A = -90° (+90°) cor-
responds to the m = +1 (-1) mode operation of the RF coil.
The density was ng = 5><1011cm-3 at the cusp region of down-
stream side. The left- (right-) hand component of the RF
field is maximum near A = -90° (+90°). This is in agreement
with the theory described in Chap. 2. It seems that the right-
hand polarized field is excited a little more effectively
than the left-hand polarized field. It is thus confirmed that
the polarization of the excited RF field is controllable
through the phasing of the RF antenna in RFC-XX.

Figure 7-18 shows typical temporal evolutions of the out-

put of a 24-GHz microwave interferometer, the end loss flux,
and the RF voltage to the RF antenna. The line density was

2.5x10 2cm ™2

and the antenna was operated in the m = +1 mode.
When the RF field is applied the end loss flux through the
point cusp decreases and, at the same time, the line density
slightly decreases. We define the loss reduction rate «,

as a ratio of the end loss flux with RF to that without RF

in the same way as in Sec. 3. The value of a, is 0.5 in this
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is
F

measured for three cases of RF modes. As shown in Fig.7-19,

case. The dependence of a, on the applied RF voltage VR

the value of a, decreases with increasing the RF voltage
regardless of the mode. But, for a fixed RF voltage, the
reduction of the end loss flux is the maximum when the m = +1
RF field is applied. This is because the ponderomotive po-
tential for ions is the largest for the left-hand circularly
polarized RF field. The result in Fig.7-19 is qualitatively
the same as that already obtained in HIEI. We have achieved
further improvement of the plugging efficiency over that
obtained in TPD-III by using the m =';} RF field [2].

We plot the value of 1n(l/a,) and the ratio of the density
reduction associated with the RF plugging, —An/no, in Fig.7-20
versus A. Small changes in n, and VRF in the measurement are
corrected by normalizing the values by (VRF/nO)Z. The plasma
parameters are the same as in Fig.7-17. It is evident that
the plugging effect becomes very large for the m = +1 RF field.
The minimum of In(1l/a,) occurs at A =~ 135°, not at 90°. Refer-
ring to FIg.7-17, we note that the polarization of the RF field.
at A = 135° is almost completely right—handéd rather than at

A 90°.' This is the reason for the deviation of the minimum

[}

point of 1n(l/a,) from A = 90° in Fig.7-20. It is clearly
seen from Fig.7-17 and 7-20 that the plugging effect increases
with increasing the left-hand circularly polarized component
of the RF field.

On the other hand, the decrease of the density at the cusp
region seems to be significant when both the left- and right-

hand components coexist. It is not surprising that the density
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(VRF/nO)2 as a function of the phase shift of RF currents.

—180—



in upstream side does not increase with the RF plugging. The
plugging is applied only to one point cusp end, the loss flux
through which is less than 10 % of the total loss flux in the
absence of RF. Hence the point cusp plugging contributes
little to an improvement of the total particle confinement,
and rather enhance the line cusp losses through RF heating.
In the case of the RF plugging with the m = +1 mode, the
significant decrease of the density was observed as in Fig.
7-20. This may be due to the convective loss peculiar to

this RF mode described in Chap. 5.

C. Scaling of RF Plugging

We proceed to investigate the RF plugging of a high-temper-
ature plasma. In addition to the RF antenna for plugging,
another RF antenna is installed at the central section. This
antenna excites slow waves of m = +1 mode at a frequency slight-
ly lower than the local ion cyclotron frequency for ICRF heat-
ing [10]. 1In the experiment presented here, the value of Ti
is varied from 20 eV to about 250 eV by controlling the RF
power to the heating antenna. The ICRF-heated plasma passes
through the field-null point before it reaches the point cusp.
So, the velocity distribution function is considered to be
isotropic at the RF plugging section. The plasma density
is kept almost constant to be 0.7x1012cm_3 at the line cusp
of downstream side.

Figure 7-21 shows a typical oscillogram of (a) the dia-
magnetic signal at the central section, (b) the fringe shift

of a 70 GHz microwave interferometer at the central section,
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and (c) the end loss flux through the point cusp. When the
heating RF power is applied, the diamagnetic signal increases
with a rise time of ~40 usec followed by a gradﬁal decrease

of the density. The ion temperature was obtained from the
diamagnetic signal and the density. The electron temperature
has been confirmed to change little by the ICRF heating in

a séparate experiment. The value of Ti is about 220 eV in

this case. It is seen that the end loss flux increases rapidly
with the ICRF heating. By applying the plugging RF at 1.

msec after the heating RF, the end loss flux is reduced to

less than 10 % of the initial value. The value of w/mcia
is 1.43 at the center of the plugging antenna. We measure

the value of a, varying the RF voltage of the plugging antenna
for several values of T, . The result is displayed in Fig.7-22
for the m = +1 mode. The RF voltage necessary for a, = 0.2

is 10 kVpp for T, = 20 eV, while it increases to 17.5 kVpp
for Ti = 220 eV. The plot of 1n(l/a,) versus VRF2/Ti is given
in Fig.7-23 for m = 41, m = +1, and m = -1 modes. It is clear-

ly seen that o, is proportional to exp(-V 2/Ti) for each mode.

RF
Comparing this result with Eq.(7-4), we can obtain the absolute
value of the ponderomotive potential. The value of wi scales

as
V., = n.V , (7-12)

where ng is the efficiency of the RF plugging and takes the
values of 1.02, 0.59, and 0.31 for the m = +1, +1, and -1

mode, respectively, and wi and VRF are in the units of ev
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Fig.7-22 End loss reduction ratio versus the RF voltage

applied to the plugging antenna for several values of Ti'
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Fig.7-23 The reciprocal of a, versus VRFZ/Ti for

m = +1, +1, and -1 RF modes.
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and kVpp. (We have assumed that T; >> Te.) The value of ng

for the m = +1 mode is larger than that for the m = -1 mode

by a factor of 3.3. It is found from Eq.(7-6) that (d}i)+1/(\|}i)_l
= (El/E4)2(w + wci)/(w - wci). Since the value of El/E4 is

0.75 (see Fig.7-17), (wi)+1/(wi)_l is calculated to be 3.2

by gssuming Woi = Woiae This value is in quantitative agree-
ment with the directly measured value in Fig.7-23. Therefore,
it is proved that the ponderomotive potential for ions is
essential for the RF plugging observed here. It is also con-
firmed that the use of the m = +1 RF field improves the plugging
efficiency by a factor of 1.7 over the m = +1 RF field used

conventionally.

5.CONCLUSION

We have investigated the RF plugging by the rotating RF
field of m = +1 mode in the axisymmetric mirror HIEI and the
double cusp RFC-XX. The m = +1 RF field has been found to
be more effective for end loss reduction than the m = ii RF
field used conventionally. This result has been well explained
by the theoretical model of ponderomotive potential. It
has been also revealed that the plugging effect is entirely
due to the ponderomotive potential on ions for both devices,
since the plugging is strongly dependent on the field polari-
zation.

In HIEI, by using the m = +1 RF field, the particle

confinement time and the energy confinement time has been
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improved by a factor of 2 and 1.7, respectively, compared to
the m = +1 RF field. The RF plugging of'an ﬁF-stabilized
plasma has been investigated. It has been confirmed that both
the plugging and the stabilization are achieved additively7

It has been further observed that the end loss is decreased
further due to the combined effect of the stabilizing RF and
the plugging RF;

In RFC-XX, a scaling of the RF plugging with respect to
the ion temperature has been obtained for the first time.
The end loss reduction factor scales as exp(—nSVRF2/Ti) for
Ti up to 250 eV. The value of ng is the largest for the m =
+1 RF field among the three RF modes tested. This scaling
- formula agrees well with the theory in terms of the pondero-

motive potential.
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CHAPTER 8

CONCLUSIONS

In this thesis, we have studied the plasma heating and
confinement with mode-controlled ion-cyclotron RF fields both
experimentally and theoretically. Summaries of the studies

are given in the following.

In Chapter 2, we have considered linear and nonlinear
effects of waves in the ion cyclotron frequency range, and
found that the azimuthal mode of RF waves plays an important
role in momentum transport and energy deposition. We have
proposed the antennae for the forced excitation of RF waves
with coherent azimuthal mode.

In Chapter 3, we have investigated the instability arising
in the axisymmetric mirror machine HIEI. The instability
observed in a wide range of density has been identified as the
flute instability through the compariscon of experimentélly
determined dispersion relation with the theoretical one.

We have demonstrated that the flute instability can be
stabilized by applying the m = +2 RF field only in the bad
curvature region. The stabilizing mechanism has been revealed
to be the reversal of azimuthal drifts of ions by the radial
ponderomotive force. The simple calculation shows that the
stabilization occurs when the ponderomotive force exceeds the

effective gravity.
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It has also been observed that the radial confinement of
the plasma is improved with the stabilizatioh of the flute
instability. The increase of the plasma energy during the
RF stabilization can be explained by the energy balance
equation.

In Chapter 4, the RF stabilization of a plasma in the
axisymmetric mirror HIEI has been investigated in various
plasma parameters. We have obtained the empirical scaling
formula of the RF stabilization that the required RF field

strength increases proportionally to n00'3i0'05 0'4i0‘1.

(T,/R.)
This scaling formula agrees fairly well with the theoretical
prediction.

From this scaling, a reasonable value of the RF electric
field of 1.1 kV/cm is estimated for the RF stabilization of
a fusion-grade plasma with n =.5x10l3cm—3, T. = 20 kev,

0 i
and R_ = 4.3 m,
c
From the experiments described in Chapters 3 and 4, the

utility of the RF stabilization of the flute instability for

high-density plasmas has been established.

In Chapter 5, we have investigated nonlinear effects
in the O-machine plasma subjected to large amplitude RF fields
in ion cyclotron range of frequencies. We have observed
for the first time that the convective plasma loss occurs
due to the azimuthal ponderomotive force of the m = +1 ICRF
fields, which are used conventionally for ICRF heating.
This result is in quantitative agreement with the theory
based on the fluid model in which quasi-linear corrections

are taken into account.
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In order to eliminate the convective plasma loss, we
have developed the RF antenna which can produce m = +1 circu-
larly polarized RF field. By utilizing the m = +1 RF field,
the convective loss is eliminated and the improvement in
heating efficiency by more than 70 % is achieved.

In Chapter 6, ICRF heating by the m = +1 RF field has
been applied to the small torus Synchromak and the simple
mirror machine TPD-III. In Synchromak, it is found from the
comparative measurements that the m = +1 RF field greétly
improves the overall efficiency of ion heating over the m = +1
RF field. The ion heating by the m = +1 RF field is accompanied
with the enhanced cross-field plasma loss. For an explanation
of this result, the theory of convective plasma loss is again
applied. The theory agrees quantitatively with the experi-
mental result.

In TPD-III, although the anomalous convective loss caused
by the m = +1 RF field was not clearly observed as in HIEI-Q
and Synchromak, we again confirmed that the m = +1 RF field
could improve the heating efficiency by a factor of 1.5. The
smaller improvement factor as compared with other two‘cases
may be attributed to the much larger ExB rotation frequency
in TPD-III.

We have found from the studies in Chapters 5 and 6 that
the azimuthal symmetry of RF fields is indispensable for ef-
ficient heating without degradation of confinement.

In Chapter 7, we have investigated the RF plugging by
the RF field of m = +1 mode in the axisymmetric mirror HIEI

and the double cusp RFC-XX. The m = +1 RF field has been found
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to be more effective for end loss reduction than the m = +1 RF
field used conventionally. This result has been well explained
by the theoretical model of ponderomotive potential. It has
been also revealed that the pluggingbeffect is entirely due

to the ponderomotive potential on ions for both devices,

since the plugging is strongly dependent on the field polar-
ization.

In HIEI, by using the m = +1 RF field, the particle
confinement'time and the energy confinement time has been
improved by a factor of 2 and 1.7, respectively, compared to
the m = +1 RF field. The RF plugging of an RF-stabilized
plasma has been investigated. It has been confirmed that both
the plgging and the stabilization are achieved additively.

It has been further observed that the end loss is decreased
further due to the combined effect of the stabilizing RF and
the plugging RF.

In RPC-XX, a scaling of the RF plugging with respect to
the ion temperature has been obtained for the first time.

The end loss reduction factor scales as exp(—nsVRFz/Ti) for

Ti up to 250 eV. The value of Ng is the largest for the

m = +1 RF field among the three RF modes tested. This scaling
formula agrees well with the theory in terms of the pondero-

motive potential.

Some problems are, however, left in open for future study.
In Chapters 3 and 4, we used the simplified solution for the
dispersion relation of the flute mode. A full solution of

the dispersion relation is necessary for more detailed expla-
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nation of the éxperimentally obtained empirical scaling of
the RF stabilization. It is also necessary to extend the
plasma parameters in the RF-stabilization experiments in order
to prove the effectiveness of the RFrstabilization in high=
temperatufe plasmas.

Concerning the experiments in Chapters 5 and 6, the power
level of ICRF heating was restricted to a few tens of kW.
We must confirm the superiority of the m = +1 RF field in
higher power levels.

The RF plugging experiment in RFC-XX described in Chapter
7 was done at one point cusp end. Plugging of all open ends
is necessary for comparative measurements of overall particle

and energy confinements.

As summarized above, this thesis has made some contribu-
tions to the researches of controlled nuclear fusion, especially
to those of open ended magnetic confinement. We have extended
the RF stabilization method so that it is applicable to a
high-density, high-temperature plasma for complete axisymmetri-
zation of a tandem mirror. It is worth emphasizing that our
work has stimmulated experimental, theoretical, and numerical
investigations of the RF stabilization.

We have developed the ICRF heating and RF plugging with
mode-controlled RF fields, which are much more efficient than
those with the RF fields of conventional type. These methods
have been successfully applied to present-day larger. devices

and are now giving further achievements.
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APPENDIX A
1. WAVE FIELDS IN A CYLINDRICAL PLASMA

In plasma;

= [ AT (k;7) + BI_(k,T) ] L (A-1)

EgP= [ Al 28 1.5 (k;x) + L, k3 (k1))

2 1
jm ' ' [ _
+ B {l; 1,9 (k,r) + Lok,d (k,r)}l e (A-2)
P_ ' _ Jjm
E "= [ A{k;1,3  (k;r) l; L,J (kyz)}

+ B {kzllJml(kzr) - i% L3 (k,r)}] eI, (a-3)

where ¢ = m® - k,z + wt, A and B are constants, and other

notations are given in Ref. 10 in Chapter 2.

In vacuum annulus between the plasma and the antenna;

= [ CG_(Br, Bs) + DH_ (Br, Bw)] eJ? (A-4)
v -k.m
Eg = I v (CG, + DH_)
’ ijO ' . K ; j¢
- — (EG '+ FH ")) e (A=5)
V jkll ) ]
E, = [ —— (CG  +DH )
B r
wuom _
- Bzr (EGmm + FH )] e3¢’ (A-6)
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where H oo (Bxr, Bw)

Il

Im(Br)Km(BW) - Im(BW)Km(Br), Gmm(Br, Bs)

2 2
kg® = Kn®.

I, (Br)K (Bs) - I_(Bs)K (8r), and - g°

In vacuum annulus between the anténna and the wall;

Ef=vu_ el? (A-7)
VA mm :
k,m jwu .
£ " - 0 ' 39 -
Ee = [ 5 V H B WH '] e (A-8)
B r fom
k Wl M .
£ 3w v 0 vy J9 -
Er_[__B VHmm —5 WH ] e . (A-9)

2. DEFINITION OF MATRIX T

For A = (A, B, C, D, E, F, V, W) and 3t =

(Jz, JB’ 6, 0, 0, 0, 0, 0), ﬁ?is defined as

0 -ag. 425 o 2 ms)%'ﬂw{ el 2.

0 0] O  Guaps) (FS) O -Huip®
O """‘6 (Ps) F’;H (Ps)J_fG '(fﬂjj}rm—%_Hnn(Pg"prm(Ps) .
0 0 6 s Hmfps) 0 O  -Hmps) O

.Tm(}qP) TnCkep) —Gm(p}’) Hm(pp) 0 0 0 0

J

o O O

(A-10)

h, Jm(kP) hz\Tm(kzP) 0 .0 ‘Q,,,,,(({SP) Hmm({’P) 0 0
Fae Foa pelmn(FP) ’—’"Hmfpp) W@,,,,,(pp) #hap O 0
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where
1 'm

- _im 5
a,Ba = SIky 51y 19y (Kp 5P 5 U2,17m(ky, 2P ]

F

o dm -
+ 300 45 1, 35 (kg oP) * Ty gk o0 (Ky 5P

1, 19n(ky o P) + Ly gky oJp (kg 5P)

wlE

A,B3 2,

for (A,B)=(1,2),

and Jz and J6 are axial and azimuthal current densities in

the antenna.
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