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Abstract

The studies on the linear and nonlinear interactions between the
electromagnetic waves and plasmas are of importance in order to
understand the basic processes in the laser-pellet interaction, heating
of magnetically confined plasma, and ionospheric modification.

In the present thesis are described the nonlinear interactions asso-
ciated with the parametric and modulational instabilities, and pondero-
motive force. The high frequency electromagnetic field inside a reso-
nant cavity is applied to the quiescent plasma, which is produced by
the Lisitano coil at the electron cyclotron resonance. The experimental
conditions, where each nonlinear phenomenon is dominant, are obtained
by adjusting the pump and electron plasma frequencies.

After the parametric decay of one pump field into the Langmuir
and ion acoustic waves is studied, the double resonance parametric
instability is experimentally confirmed for two pump fields, which have
the frequency difference of twice the ion acoustic wave frequency.
The modulational instability of the electron plasma wave is studied,
comparing the experimental results with a theory. It is based on the
coupling of the nonlinear schrodinger equation with the equation of the
ion acoustic wave including the ponderomotive force. An experiment,
in which the ponderomotive force is dominant, is carried out by using
the electromagnetic wave with the higher frequency than the electron
plasma frequency. The results obtained to confirm the ponderomotive
force are extended to the experiments for suppressing the end loss of
the mirror-confined plasma, and stabilizing the drift-cyclotron loss-
cone instability.
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1. Introduction

1. 1. Historical Survey

The interactions between the electromagnetic waves and plasmas have been
studied since a long time ago. Among them the linear dispersion relation has been
already summarized in many books,1~5) where the effects of static magnetic field,
electron and ion temperatures, boundary, the collisions and nonuniformity of the
mediums are theoretically Analyzed. Moreover, the dispersion characteristics of
the electromagnetic wave propagating in the plasmas are utilized for the diagnosis
of plasmas.8>

The nonlinear interactions between the electromagnetic waves and plasmas have
developed since about ten years ago, in connection with the heating of plasmas in
magnetic traps, the study of the laser-pellet interaction and the modification of
the ionosphere by a intense radar waves. The developed nonlinear phenomena
mainly consist of the wave-wave and wave-particle nonlinear interactions and the
coherent nonlinear wave propagation.

The parametric instability produced by the wave-wave interaction has been
studied in unmagnetized plasmas by the many investigators.’~51 This instability
introduced from the dynamics to the plasma physics by Silin?> can occur when the
pump wave resonantly drives two waves, which satisfy the matching condition of
the frequency and wavenumber. After this work, the extentions of the theory
have been reported.8~39 For example, DuBois and Goldman8,® deduced the thre-
shold for the parametric decay coupling of the electron plasma wave with ion
acoustic one, where the Landau damping was considered. Jacksonl® studied the
instability by the intense pump field on the basis of the Vlasov equation. And
Nishikawal® predicted the oscillating two stream instability produced by the pump
field with the lower frequency than the cut-off one. Perkins and Flick?? showed
an increase of the threshold by considering the inhomogeneity of the plasma density.
Arnush et al.3D predicted that the threshold power could be decreased when two
pump fields whose frequency difference was equal or twice the ion acoustic fre-
quency were applied. This phenomenon is called the double resonance parametric
instability. Moreover, the saturation mechanisms, such as the nonlinear Landau
damping, mode coupling and cascade process, are considered.4~39
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The first observation of the parametric instability was carried out in a weakly-
ionized and unmagnetized plasma immersed in a S-band waveguide by Stern and
Tzoar,49 who observed the frequency spectra of the decayed waves. After this
report, many experiments¢l~51 have been carried out using the waveguide, the
cavity, the grid and horn to supply the electromagnetic wave to the plasma. For
example, Dreicer et al.41) demonstrated that the reduction in the quality factor Q
of the resonant cavity occured at a certain pump power, which was presumed to
be the threshold of the parametric instability. Afterwards Hendel and Flick*?
observed the ion and electron heatings due to the decayed wave, where the plasma
was produced by Q-machine. FEubank%® observed an increase of the threshold for
the inhomogeneous plasma, where the open-ended waveguide was used to supply the
pump power to the high density plasma. Stenzel and Wong4% observed the double
resonance parametric instability using two pump fields having a frequency difference
equal to the ion acoustic wave frequency. The experiment¢? using a pump power
higher than the threshold value was also reported for the purpose of studying
nonlinear saturation and evolution. Moreover, the parametric instabilities in mag-
netized plasmas have been studied in relation to the heating of magnetically con-
fined plasma.52~61)

The modulational instability62~73) as one of the coherent nonlinear wave pheno-
mena has been theoretically described by the nonlinear Schrodinger equation, which
was derived by Taniuti and Yajima®2 by means of the reductive perturbation
method expanded to the third order. Asano et al.6® reported that the electron
plasma wave was stable for the modulational instability in an unmagnetized plasma
with the cold ions. However, Zakharov?? insisted that the electron plasma waves
became unstable in a small wave number region, when the equation for the ion aco
ustic wave including the ponderomotive force term is coupled with the nonlinear
Schrodinger equation. Nishikawa et al.”1) obtained the solitary wave solutions as a
special case by analyzing both the nonlinear Schrédinger equation and Korteweg-de
Vries equation modified so as to include the ponderomotive force.

Some experiments’4~79 in relation to the modulational instability have been
reported. Kim et al.7% and Ikezi et al.”® independently observed the enhancement
of the high frequency electric field trapped by the density depression, and the
obtained results were explained by Nishikawa et al.7l> Then Wong and Quon??
observed that the electron plasma wave excited by the electron beam collapsed
into the intense field spikes. This might be a developed state of the modulational
instability described by Zakharov.”® Then some computer simulations were also
reported.80~83) .

The ponderomotive force,84~86) which changes the density profile of the plasma,
is important as a basic process of some nonlinear phenomena. Veksler8? proposed
to confine the plasma using a high frequency field. Following such suggestion, the
theories88~95 and experiments?6~193 have been reported by many investigators.
Sato et al.?® succeeded to decrease the plasma loss from the cusp magnetic field
using the elctromagnetic field near the ion cyclotron resonance. Dougar-Jabon et
al.192) observed the suppression of end loss from the mirror magnetic field using
a cavity resonating at the electron cyclotron frequency. Shelby and Hatch!0® tried
the plasma confinement in the resonant cavity by the ponderomotive force without
the magnetic field.

Lastly, the drift-cyclotron loss-cone (DCLC) instability and its suppression
will be described. This instabilityl04, 105 restricts the confinement time of the



Nonlinear Interaction of High Frequency Electromagnetic Field with a Plasma 10l

plasma in the mirror magnetic field as shown by the experiment on 2X IB device!14
at Lawrence Livermore Laboratory. Post and Rosenbluth!?6 analyzed theoretically
DCLC instability with the Cartesian co-ordinate, and Shima and Fowler®™ did
with the cylindrical co-ordinate. The saturation mechanism and the finite 8 effect
were also studied.108~113) The instability can be stabilized by controling the radial
density and particle velocity distribution of the driving force. For example
Coensgen et al.114 used the cold plasma stream to modify the loss-cone velocity
distribution. Logan et al.11® modified the distribution by the low energy plasma,
which was produced by ionizing the neutral particles in the gas box located at the
mirror end. Kanaev et al.11®) stabilized DCLC instability by the low energy ions
trapped in the potential well produced by the microwave. There is another pro-
posalll™ such as the trapping of low energy particles in the potential well produced
by the tailored magnetic field. '

1. 2. Purpose and Scope of the Presem‘ Work

Research on nonlinear interactions between the electromagnetic wave and pla-
sma has been developed remarkably along with the investigations of the laser-pellet
interaction and heating of the collisionless plasma. The observation of the nonlinear
phenomena by laser is difficult, and the measured plasma parameters are restricted,
since the phenomena occur in the extremely fast time and small spatial scales.
The similar phenomena can be observed in detail using the microwave instead of
laser, since the phenomena develop with the slower temporal and larger spatial
scales than those of the laser-plasma interactions.

The present series of works have started with the purpose to investigate some
nonlinear interactions between the microwave and plasma. A plasma with a density
of 109~ 10! cm~3 produced by the Lisitano coill18,11% {s appropriate for the
experiments of the wave and instability, because the density fluctuation is the low
level. The microwave field is supplied to the plasma by a resonant cavity operating
at TMg1o mode. Then a sufficiently high intensity field can be easily obtained
with a relatively small input power to the cavity. Moreover, the plasma density
and effective collision frequency can be known by measuring the resonant frequency
of the cavity and quality factor respectively.

In chapter 2, the decay instability is studied by using the electromagnetic wave
with the frequency near the electron plasma frequency. Dreicer et al.4#® first
demonstrated only that the effective collision frequency increased when the micro-
wave power feeding the cavity which contained c, plasma of Q-machine exceeded a
threshold value, In order to identify the type of the decay instability still more,
we made measurement of the frequency spectra and wave numbers of the induced
ion acoustic and electron plasma waves, and observed an increase of the electron
temperature in addition to the measurement of the effective collision frequency.
Moreover, we found that the amplification of the high frequency electric field and
the decrease of the density occured at the cut-off region, which existed in the
nonuniform plasma. These phenomena were explained by the theories of white et
al.129 and the ponderomotive force.

In chapter 3, the double resonance parametric instability predicted by Arnush
et al.3D is confirmed experimentally. Stenzel and Wong44 reported that the
waves excited by two pump fields with the frequency difference equal to the
ion acoustic wave frequency had the larger amplitude than those excited by one
pump field. We study the double resonance parametric process by using the two
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pump fields with the frequency difference, which is twice the ion acoustic wave
frequency, and the experimental results are compared with the theory.3V

The experiments on the modulational instability of the electron plasma wave
are reported by Wong and Quon.’” However, no direct comparison between the
experiment and theory is possible, since the amplitude of the electron plasma wave
in such well-developed situation is too large. Therefore in chapter 4, the modulat-
ional instability of the electron plasma wave with the small amplitude is studied
following the comparison with the theory, which is derived from the basic equation
used by Zakharov.”9 This phenomenon is related not only to the laser-pellet in-
teraction but also to the heating of the plasma by the relativistic electron beam.

The nonlinear interactions between the electromagnetic wave and plasma, such
as the oscillating two stream instability,!)> resonant absorption,12® are mainly
caused by the ponderomotive force. The experiment, in which only the pondero-
motive force is relevant factor, is important for the full understanding of the
nonlinear phenomena. Therefore in chapter 5, an experiment on the ponderomotive
force is carried out using an intense high frequency field in the resonant cavity.
The frequency of the electromagnetic wave used is selected to be higher than the
electron plasma frequency to prevent other nonlinear phenomena.

In chapter 6, the results obtained in chapter 5 are utilized to suppress the end
loss of the mirror-confined plasma. The electromagnetic waves with the electron
and ion cyclotron frequencies are generally used to suppress the plasma loss from
the mirror1°? and cusp?8’ magnetic fields respectively. However, the suppression
mechanism is not quantitatively so clear, since the effects of both the plasma
confinement and heating caused by the cyclotron resonance are not considered in
the theory.12D) The adiabatic plugging is here studied using the electromagnetic
wave near the electron plasma frequency and off the cyclotron resonance. Then
the obtained results can be compared with a theory which takes into accounts the
mirror effect and ponderomotive force.

In chapter 7, the identification and suppression of DCLC instability are studied.
The frequency and the direction of propagation of DCLC instability were measured
in 2X T device at the Lawrence Livermore Laboratory.194 In order to identify the
instability more clearly, we measure the wave number and spatial localization in
addition to the measurement of the frequency and the direction of propagation.
The obtained dispersion relation is consistent with the theory.196> The DCLC
instability is next suppressed by the ponderomotive force, which changes the loss-
cone velocity distribution to the loss-hyperboloid one. This method is a new one
to stabilize the DCLC instability.

2. Parametric Instability and Electric Field Amplification

in a Nonuniform Plasma

2. 1. Introduction

Since the theoretical analysis of the parametric excitation of the coupled waves
have been published,?, ¢, 10, 11,19, 21) meny experimental4?, 41, 49, 51, 122, 123) gpd
computer simulated124~126) results are reported. Dreicer et al.41 first demonstra-
ted that the effective collision frequency increased when a microwave power to a
cavity which contained a C; plasma of Q-machine exceeded a threshold value. They
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attributed the effect to the parametric decay of the high frequency electric field
into the Langmuir and ion acoustic waves by showing that the threshold value
coincided with the theoretically predicted one. It should be emphasized, however,
that the parametrically excited low and high frequency waves are neither observed
nor identified in their experiment.

The increase of the electron temperature 7, and decrease of the density N at
wy==wyp, in a highly ionized plasma were found by Minami et al.12? using a pulsed
microwave, where w, and wp, are respectively the applied pump and plasma fre-
quencies. Ikezi et al.75 observed the localized field and density depressions, and
also observed their propagation parallel to the density gradient. Sugai et al.12®
observed a large amplitude ion wave excited by the ponderomotive force of electro-
magnetic wave. Our experiment is different from their ones in that the polariza-
tion of the electromagnetic field is perpendicular to the density gradient and that
the observation is performed in a steady state.

In the present chapter, we describe the details of the parametric processes in
the Lisitano plasma,11® where the electron temperature 7', is much higher than
the ion temperature T;. This condition is suitable to excite ion acoustic waves, in
contrast to Q-machine where the excited waves would be strongly Landau damped.
The parametric decay of high frequency electric field into the Langmuir and ion
acoustic waves appears for w,>wjp. as expected. It is also found that the effective
collision frequency v.rr has two distinct breaking points as a function of the high
frequency field intensity. When the field intensity is greater than the first break-
ing point, the frequency spectrum of w, is only broadened, while the low frequency
spectrum does not change. Above the second point for the higher input power, the
excited low and high frequencies are observed on the spectrum analyser.

The dependence of the density depression on the amplified electric field of the
frequency of w, is also investigated with a reasonable agreement between the ex-
perimental result and theory. The mechanism is explained in terms of the pon-
deromotive force of the high frequency field induced along the density gradient, as
expected by theory.®2®

In 2.2 is described the experimental apparatus. In 2.4, the experimental results
written in 2.3 are discussed in comparison with the theory. The results obtained
are summarized in 2. 5.

2. 2. Experimental Apparatus
The schematic diagram is shown in
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, y Loscifaren

the Lisitano coil11® to which the (CRCLIETORH ae e
microwave power ‘ls supplied from a cw FJX#FN%@ POVERMATCHNG]
magnetron operating at a frequency of | ﬁ

: : Pt P2
2450 MHz with maximum output power g e

L ~7JLISITAND COIL}

MATCH!SNG

500 watt. Lisitano coil with a diameter
of 38 mm has the 12 slits each having

CAVITY{ TMoi0)
meeemosczuoscowgl“—“f MAGNETRON |
2 mm in width and 60 mm in length.

2 45GHz
20cm
The magnetic field of 875 gauss is ap- v_J

plied to the Lisitano coil to meet the =

condition of electron cyclotron resona- Fig. 2. 1. Schematic diagram.
nce. The resonance point is located

inside the Lisitano coil. By adjusting

1SOLATOR]

8{arb units)




104 H. Akiyama and S. Takeda

the position of the solenoid coil and its exciting current, the best condition is
obtained for producing a stable plasma with a proper density. Then the plasma
expands in the axial direction with an almost constant diameter of about 4 cm.

Output power of a few watts from the cw oscillator with the variable fre-
quency is fed to the loop antenna inside the cavity through the circulator, variable
attenuator, power meter and matching stubs. The cavity has the diameter of 30
cm, the length of 10 cm, @-value of 1400 and resonant frequency of 763 MHz
without the plasma. No glass tube is used in order to eliminate the dielectric loss
in the cavity. The high frequency electric field inside the cavity is parallel to the
plasma axis and the static magnetic field, and has only the mode TMy,,, because
the skin depth of the electric field inside the plasma is much longer than the
plasma diameter. Then the static magnetic field, which is almost parallel to the
axis for sustaining the plasma steadily, does not interact with the high frequency
field. The output signal, which is picked up by another loop antenna, is fed to the
sampling oscilloscope. 1t can display the original wave form of high frequency
signal without using the crystal detector.

The Langmuir probes P1 and P2 with diameter of 1 mm are radially movable,
and probe p3 of same dimension is axially movable. These probes are used to
measure the electron temperature, density, and the fluctuation in the plasma. The
ion temperature is measured by the multi-gridded probe of the diameter of 5 mm
with two mesh grids. Either P1 or P2 is replaced by this probe when T; is being
measured. '

Argon gas is used with a pressure of 10~ Torr. The electron temperature 7,
is'a few eV, the ion temperature 7; divided by T, is about 0.3, the plasma density
N, is 109~101° ¢m~3 and the plasma diameter is about. 4 cm. The value of N, is
axially almost constant.

2. 3. Experimental Procedure and Results

2. 3. 1. Pump frequency nearly equal to the maximum plasma frequency

In Fig. 2. 2 is shown the electron density distribution in the perpendicular
position without high frequency input. When the high frequency pump power, whose
frequency w, is nearly equal to the maximum plasma frequency wpen, increases
over a certain value, the measured 1/@ value changes, as is shown in Fig. 2. 3,
having two distinct breaking points. Then the effective collision frequency vess
(€wy) can be calculated from the following well known formula$, 129

Ye — I/Q“l/QO
afﬁ“ 24w/ w, @D

where @ and @, are the quality values with and without plasma, and 4w is the fre-
quency shift of the cavity resonance due to the plasma. Equation (2. 1) does not
include the plasma volume which is not exactly known, since its effect on @ and
dw is cancelled.

In Fig. 2. 4 are shown the frequency spectra of the signal picked up by p3
located on the axis of the plasma. Figure 2.4 (a) is a typical example of frequency
spectra in the range (a) in Fig. 2. 3. Only a sharp spectrum is observed at the
frequency w, (f=769 MHz) in the upper figure. In the lower figure of the low
frequency range appears a broad noise which is independent on the input power.
The value of @ and therefore v.;; are constant in this range. The measured @, is
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about 1400. The value of v.rs estimated from measured 1/Q and eq. (2. 1) is quite
reasonable considering the electron-neutral collision frequency. Figure 2. 4 (b)
corresponds to a medium power of high frequency. At this range (b) of Fig. 2. 3
the spectra of the picked up signal near w, become broader than those of Fig. 2. 4
(a), without any change in the low frequency range. The measured 1/@ increases
with input power, as is shown in the middle part in Fig. 2. 3. Figure 2. 4 (¢)
corresponds to a larger power of high frequency. A spectrum of the low frequency
w, (f=27KHz), which must be the ion acoustic wave, is observed as well as a
high frequency spectrum of w; (f=769MHz—27 KHz), which must be an electron
plasma wave. It is confirmed that the observed frequencies, w; and ,, satisfy
the matching condition w,=w,—w,. In order to prove the process being a para-
metric one more clearly, we next examine the dispersion relation of the waves
which corresponds to ws,.

The wave number k, is determined by observing the propagating wave patterns
of the signal picked up by p3. In the usual interferometric technique for observing
wave propagation, the launched signal can be directly used as a reference signal of
the lock-in amplifier. In the present experiment, however, the wave of w, is
indirectly excited by the high frequency field of w,. Thus, the second fixed P 3 is
used to pick up the reference signal. It passes through a narrow band-pass filter
in order to select out a particular frequency w,. A typical wave pattern is shown
in Fig. 2. 5. In Fig. 2. 6, the dispersion relation for the low frequency wave is
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Fig. 2. 5. Interferometer trace of the low Fig. 2. 6. Dispersion relation of the ion
frequency wave vz as a function acoustic wave.

of the axial position.

plotted as a function of the wave number %k, with a theoretical line for the ion
acoustic wave. The line is calculated from the measured T..

The changes in N, T, and the wave amplitude of the low frequency ws; by P1
at the perpendicular position off the maximum density are shown in Fig. 2. 7 as a
function of the input power. The threshold power for the change on N and 7,
coincides with each other, whereas that of the wave amplitude is higher than the
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. - former one. Referring to Fig. 2. 3, we
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2. 3. 2 Pump frequency higher than the maximum plasma frequency

The density profile shown in Fig. 2. 8 has the point of w,=wp, at the periphery
of the plasma column. The value of wp. is determined from the local density
which is measured by the Langmuir probe. The relative changes in the density and
the electron temperature, i. e., AN/Ny (AN=N—N,) and 4T./T.o (4T .=T¢—Teo)
respectively are shown in Fig. 2. 9, when a constant power of frequency is fed.
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wpe/wo=1.
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Here N, and T, mean the values without the high frequency. - Around the position
of wo=wpe, 4AN/N, is negative, whereas 4T./T., is positive. The changes in N
and 7, at the position of wp./w,=1 in Fig. 2. 9 are shown in Fig. 2. 10 as a
function of wpe./w,, when the density is changed by the magnetron power. The
absolute value of wpe./w, is not perfectly correct, since the Langmuir probe chara-
cteristic is not yet clearly understood in the magnetic field. Similarly to Fig. 2. 9,
AN/N, decreases and 4T ,./T., increases around the point w,=wp,. This increase
of AN/N, and 4T./T., for low wp,/w, will be caused by the electrons which
move radially owing to the ponderomotive force. In stead of measuring the
electric field E inside the cavity which is perpendicular to the density gradient,
the electric field outside the cavity is measured using P1. The weak signal which
leaks from the cavity is assumed to have the same radial distribution as that
inside the cavity. The amplitude of the spectrum at o, displayed on the frequency
analyser is plotted in Fig. 2. 11 as a function of radial position. The ordinate is
proportional to E. It is clearly shown in Fig. 2. 11 that £ is enhanced from the
electric field E; without plasma and has the maximum value at the points A and B
where 4N/N, is negative. The dotted line is assumed to be horizontal in such
narrow range near the center of the cavity.

o
E (arb.unit)
T

o

]310 L L
) i Ci
s J¢J’
0 POSITION {CM) ]
0‘ ) . . , . Fig. 2. 11. Radial distribution of the elect-
06 07 08 09 10 11 ric field E outside the cavity.
Wee/ Wo Dotted line corresponds the pump
Fig. 2. 10. 4T¢/Te¢ and AN/N, as a fun- electric - field intensity. Arrows
ction of wpe/wo at the position of are the positions where 4N/Ng is
wpe/wo=1 in Fig. 2. 9. negative.

2. 4. Theoretical Consideration and Discussions

The first breaking point in Fig. 2. 3 agrees with the threshold value of the
field intensity calculated from the theory!? of the parametric decay of high
frequency electric field into the Langmuir and ion acoustic waves in uniform
plasmas. However, neither low nor high frequency oscillation, corresponding res-
pectively to w, and w,, is detected around this point, as is shown in Fig. 2. 4 (b).
When the field intensity is greater than that for the second breaking point, the
low and high frequency oscillations are observed, as are shown in Fig. 2. 4 (c).
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The theory of the decay process in nonuniform plasma is given by Perkins and
Flick.2D They consider that the unstable region has a finite extent, and the ad-
ditional loss due to the nonuniformity is the energy loss in the form of the electron
plasma waves propagating out of the unstable region. The threshold for the decay
process in the nonuniform plasma is defined as the value of the driving electric
field, at which the amplitude of the plasma waves in the unstable region is a few
times larger than amplitude of the outgoing plasma waves. The second breaking
point P 2, which is the threshold for the observable decay waves, is considered to
correspond to the threshold of the decay process in the nonuniform plasma, even
though no quantitative comparison is made for the threshold values between the
theory and our experiment.

The dispersion relation of low frequency waves agrees well with the theoretical
one. However, for k,>0.8 (cm~1), the experimental value of w, deviates from the
theoretical line, and tends to saturate at a level. This discrepancy, which was
observed in a current-carrying plasma by Mase and Tsukishima!®9 too, might be
due to the influence of drift velocity of ions and the nonuniformity of the electron
temperature.

For wo<wpem, @ theoretical model was obtained by White et al.12® for an
injected electromagnetic wave whose polarization is perpendicular to the gentle
density gradient of the plasma. Then the electric field in the plasma has a type
of Airy function. And the amplification factor of the electric field is derived.
Their formulation is not valid under the present condition kox,<(1, where ko and
x, are respectively the wave number for w, and the scale length of the density
gradient. The density N should decrease by the ponderomotive force due to the
amplified electric field E. This relationship is written, in our notation, as®®

2
Wpre E€o
°

wk 7<E2> }
NKT,

N:Noexp[—— 2.2)

Then 4N/Ny=(N~—N,)/N, can be drawn
by the solid line in Fig. 2. 12. The
measured value of 4N/N, is also plotted ECV/CM)
as a function of the field intensity E. 00 50, 100 80 200
The absolute value of F in V/cm is " >
obtained by referring to E; estimated i
from the measured @ and input power.
The good agreement is found between
experimental values and theoretical line.
Ikezi et al.7% observed a density
depression near the point where wo==
wpe in a large cavity with a nonuniform
plasma, where applied electric field is
parallel to the density gradient. They
found that the density perturbation 4N
/N,, in our notation, is linearly pro-
portional to the field intensity of w,.
The dynamic properties of 4N/N, they
observed were attributed to a parame-

ke
(&)
R S

{ ———— THEORETICAL LINE
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AN/N, (%)

TFig. 2. 12. Relation between 4N/No,and E.
Solid line shows the theoretical
line calculated from eq. (2.2), and
circles the experimental values.
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trically excited ion acoustic wave in the presence of the ponderomotive force due
to high frequency w,. In our case, however, the high frequency field perpendicular
to the density gradient is applied steadily on the plasma. Then, the static pressure
balance will be achieved between the plasma and the ponderomotive force due to
high frequency field.

2. 5. Conclusion

When the intense electric field is applied to the plasma with density gradient,
nonlinear interaction appears for both cases ®o=wpen and @< Wpem.

In the first case, the measured collision frequency increases with broadening
of the spectrum of signal at w,. At the same time, T, and N change. Afterward
verr again abruptly increases due to the parametric decay process accompanied
with the excitation of the low and high frequency waves. The low frequency wave
of @, is identified as an ion acoustic wave from the dispersion relation.

In the second case, where w,=wy, appears in the gradient of the density, 7.
increases and N decreases around that position. The decrease of N is explained
quantitatively in terms of the ponderomotive force of the amplified electric field.

3. Double Resonance Parametric Process in a Plasma

3. 1. Introduction

Since the theoretical analyses of the parametric excitation of the coupled waves
have been published,?, 8, 11,19, 21,31 many experimental results4?, 41,45, 49,51, 54,
122,123,131 are reported. When the electric field of the one high frequency near
the electron plasma frequency is supplied to the plasma, the ion acoustic and the
electron plasma waves are parametrically excited over a threshold of the electric
field, as predicted by the theory.

Arnush et al. extended the theory to the double resonance parametric process
excited by using long wavelength electric fields with two frequencies. This pheno-
menon is different from the nonlinear mixing of the two electromagnetic waves.
They concluded that the total threshold power required for exciting the coupled
waves decreased, if the beat between two pump frequencies was chosen equal either
to the ion acoustic wave frequency 2,, or 22,. The process is efficient for
heating the laser produced or magnetically confined plasmas.

In this chapter, the experiment to verify the double resonance parametric
excitation is described, where only 22, is used as the beat frequency. The freque-
ncy of £, is not used, since it is difficult to distinguish experimentally the double
resonance parametric process and the nonlinear mixing of the two electromagnetic
waves. The present experimental results well agree with the theory.3D

In 3. 2 is described the experimental apparatus. In 3. 4, the experimental
results written in 3. 3 are discussed in comparison with the theory. The results
obtained are summarized in 3. 5.

3. 2. Experimental Apparatus

Figure 3. 1 shows the schematic diagram of the apparatus. The plasma is
produced by the Lisitano coilll® fed from the cw magnetron operating at the
frequency of 2.45 GHz with the maximum output power of 500 watt.131 The weak
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and homogeneous static magnetic field
of about 100 gauss is used to prevent
the plasma to radially expand, except
the region of the plasma produced by ——
the electron cyclotron resonance. The Verenll Sroms "eins - [veren
operating pressure of Argon is 3x10-4
Torr. The electron and ion tempera-
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tures are 4 eV and 1 eV respectively,
and the plasma densitty N is about 101° e e
p—— TRIGGER

The outputs from two cw oscillators Fig. 3. 1. Schematic diagram.

(A) and (B) with the frequency around

770 MHz are applied to the loop-anten-

na in the cavity through the variable attenuator or the circulator, the power
meters which can measure simultaneously the input and the reflected powers, and
the matching stubs. The high frequency electric field inside the cavity of the
mode TMyq, is parallel to the plasma axis and the static magnetic field B. The
cavity mode TM,y1, is not almost disturbed by the plasma, since the skin depth of
the electric field inside the plasma is much longer than the plasma diameter. The
diameter and length of the cavity are respectively 30 cm and 10 cm, and the quality
value @, and resonant frequency F, are 1400 and 763 MHz in the absence of the
plasma.

The oscilloscope triggered by the signal from the oscillator (A) displays the
transmitted wave form picked up by another loop-antenna inside the cavity. The
electric field inside the cavity is monitored by the wave form displayed on the
oscilloscope. To detect the wave signals are used the radially and axially movable
Langmuir probes P1 and P2, which are inserted into the plasma outside the cavity
in order not to disturb the cavity mode. The ion temperature is measured by the
multi-gridded probe with the diameter of 5 mm, which is replaced by Pl

3. 3. Experimental Procedure and Results

In Fig. 3. 2 is shown the dependence of 1/Q on the input power P to the
cavity for the different resonant frequencies. The upper figure (a) shows the
results for two pumps, while the lower one (b) does those for one pump. Then
the pump power P in Fig. 3. 2 (a) means the total power from both the oscillators
(A) and (B). The output power from the oscillator (B) is constant and less than
1 mW. The frequencies of both the oscillators are selected within the half-width
of the resonant curve for the cavity. The resonant angular frequency ® of the
cavity increases with the plasma density N.132 The plasma density which corres-
ponds to the frequency of 790 MHz is two times as large as that for 775 MHz.
The value of 1/Q for the horizontal line approximately coincides with that calcu-
lated by considering the electron-neutral collision frequency. The @ value is cal-
culated here from Q/Q.=hw/how,, where k and h, are the amplitudes of the
transmitted signals read on the oscilloscope at the resonance frequency, and the
subscript O is the value without the plasma. The quality value € with the plasma
obtained by the present method is more accurate than that determined by the
half-width of the resonant curve, because the anomalous absorption by the para-
metric decay process is sensitive to the intensity of the high frequency electric
field. The value of @, is measured by sweeping the frequency of the oscillator.
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Fig. 3. 2. Measured 1/Q as a function of the input power P into the cavity.
(@) shows the result for the two pumps, {(b) does the results for
the single one. 1 means the first breaking point, 2 does the
second one. The parameters are the resonant frequency F. Open
circles: F=779 MHz, Closed circles: F=781 MHz, Ooen triangles:
F=785 MHz, Closed triangles: F=790 MHz.



Nonlinear Interaction of High Frequency Electromagnetic Field with a Plasma 113
The frequency difference between two pump waves is chosed twice the ion acoustic
wave frequency @2, excited by the one pump wave with the higher frequency of
two pump waves. No change of 1/Q between the single and two pumps is observed
for the frequency difference deviated from £, and 22,.

The input power P, at the first and second breaking points, as are shown by
1 and 2 in Fig. 3. 2, is plotted in Fig. 3. 3 as a function of the cavity resonant
frequency F. The circles and triangles are respectively P, at the first and second
breaking points. The open and closed signs mean respectively P, for the two and
single pumps. The increase of 1/@ means that the electromagnetic wave is absorb-
ed by the plasma. The breaking points are the threshold for the anomalous absorp-
tion produced by the parametric instability as discussed later. The threshold for
the two pumps is smaller than that for the single pump. The ion acoustic waves
cannot be observed for the single pump because of the high damping under the

resonant frequency of 775 MHz, therefore 2, cannot be known and the measure-
ment for the two pumps is impossible.

In Fig. 3. 4 are shown the ratios of 4(1/Q) to 4 (log P) near the first breaking
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Fig. 3. 3. Threshold power as a function
of the resonant frequency. Circles:
for the first breaking points, Tri-
angles :for the second ones. Open

signs: for the two pumps, Closed:
for the single one.

Fig. 3. 4. Gradient of 1/Qx103 to log P
near the first breaking points as a
function of the resonant frequency.
Open circles: for the two pumps,
Closed : for the single one.

points in Fig. 3. 2 as the function of F. The open and closed circles correspond
to two and single pumps. The saturation level of amplitude of the waves generally
increases with the growth rate, and the saturation level of 1/@ increases with the
wave amplitude ; therefore the saturation level of 1/Q increases with the growth
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rate. As above assertion means that the ratio of 4(1/Q) to 4(log P) increases
with the growth rate of the parametric instability, the growth rate for the two
pumps is higher than that for the single one as shown in Fig. 3. 4.

In Fig. 3. 5, the amplitude A of the low frequency waves on the spectrum
analyzer, which is picked up by the probe P 1, is shown as a function of P. The

\‘\

Fig. 3. 5. Amplitude of the low frequency
wave as a function of the input power.
The broken line is the noise level. Open
circles: for the two pumps, Closed: for | ot AR
the single one.
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resonant frequency F is 786 MHz. The broken line shows the noise level. The
open and closed circles corresdond to two and single pumps respectively. The fre-
quency .of the low frequency wave is about 50 kHz. For the single pump, is
observed the lower side frequency that satisfies the matching condition of the
frequency.131  The difference be’cween the single and two pumps is larger in the
lower power range where the waves are just excited. The difference is smaller
in the region of the high input power, since the relative output power from the
oscillator (A) to that from the oscillator (B) becomes much larger with the
increase of the input power.

3. 4. Theoretical Consideration and Discussions

- The experimental results for two pumps are compared with the theory by
Arnush et al.3V for the double resonance parametric excitation in a plasma. If the
beat frequency is chosen approximately equal to the ion acoustic wave frequency
or twice, the total threshold power required to excite the ion wave is lower than
that for the single pump. Then the linear damping rate v of the electron wave
should be greater than £,. This condition is satisfied in the present experiment.
The growth rate just above the threshold is larger than that for the single pump.
The minimum values of the thresholds depending on the differences between the
pump frequencies and Bohm-Gross frequency are given by

Ay dy =40/ 0,2, @E.D
for the two pumps, and

2= (U T/9) (4 20) (T 2) -2

for the single one, where A% and A% are the ratios of the electrostatic field energy
to the electron thermal one for each pump, /" the linear damping rate of the ion
wave, and wp, is the electron plasma angular frequency.

The frequency shift of the cavity due to plasma must be considered. If the
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plasma fills a part of the cavity, the frequency shift dw is expressed by the for-
mulalz?, 132 o

do=Cwl,w,/w? 3.3)

where w, is the resonant angular frequency without the plasma, C is the constant
dependent on the size of both the cavity and plasma, and the collision frequency is
neglected.

The cut-off density N, is calculated from w=wy,. The radial distributions of
the plasma density are shown schematically in Fig. 3. 6 as a parameter F. The
error in plasma density calculated from eq. (3.3) is within 13% at F=792 MHz
compared with the value obtained from the exact solution for w<<wpem.12%9 The
maximum density N, is smaller ‘than N, for F<782 MHz, N,, is equal to N, for
F of 782 MHz, and N, exists at the local position of the density slope for F>
782MHz, as are shown in Fig. 3. 6 (a), (b), (¢) respectively.

In Fig. 3. 7 is shown the threshold E at the first breaking points in Fig. 3. 3
as a function of N, Here N, is calculated from F using eq. (3.3) and the proper
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Fig. 3. 6. Perpendicular distributions of Fig. 3. 7. Threshold of the electric field
the plasma density as a parameter of as a function of the maximum density.
the resonant frequency. N is the cut- The solid line is the theoretical one
off density. for the single pump. F. is the cut-off

frequency. Open circles: for the two
pumps, Closed: for the single one.

constant C. The experimental value of the electric field E is calculated from E?2
=2PQ/nw,1®® where 7 is a numerical factor depending on the geometry of the
cavity, and the net input power P into the cavity is considered as the loss power.
The closed and open circles show the threshold for the single and two pumps
respectively. The solid line is calculated using v=1.1x10¢ and 7I'=8.3x102 from
eq. (3.2) for single pump. The increase of the threshold for the lower density is
due to the increases in v and I'. The theoretical line is approximately close to
the closed circles which are the threshold for the single pump. In the region of
Nn>7.6x10° cm~3, o is smaller than the electron plasma frequency of the maxi-
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mum density @p., as shown in Fig. 3. 6 (c). The parametric decay instability will
appear near the density where the local electron plasma frequency is equal to F.
Thus the steep inhomogeneity of the plasma density is essential. The direct com-
parison between the theory and experiment is not possible because of the difficulty
of the measurement of the characteristic length for the density profile inside the
cavity.

In Fig. 3. 8 are shown the ratios of the threshold P,, for the two pumps to
P, for the single one as a function of F. The horizontal solid line is calculated
from egs. (3.1) and (3.2). The experi-
mental values of the open circles agree
well with the theoretical one for the 05
double resonance parametric decay pro- -
cess in the neighborhood of the cut-
off frequency F. which is equal to F, : °
since the effect of the inhomogeneity -
is smaller near N, in Fig. 3. 6 (b). o
However, the discrepancy increases with 2

. Q
the increase of the resonant frequency. ~ -

i‘i

The inhomogeneity of the plasma near
N. as shown in Fig. 3. 6 (¢) enhances
the effect of the second pump because -
of the spread for the resonant region.

The second breaking points are ob-
served near 782 MHz of the cut-off - e
frequency as shown by 2 in Fig. 3. 2. 0 ; R 1
The effect of the inhomogeneous density 770 780 - 790
was described in the previous chapter F (MHz)
for the single pump. We consider that Fig. 3. 8. Ratios of the thre.shold for two
the first breaking points show the thre- pumps to that for single one as a

.. . function .of the resonant frequecy.

shold of the parametric instability for The solid line is the theoretical
the homogeneous plasma, and the second one for the homogeneous plasma.
ones are the threshold, where the growth
of the excited wave overcomes the sup-
pression due to the inhomogeneous density. In the region of F>775MHz as shown
in Fig. 3. 6 (a), the first breaking points are essential because of the uniformity
near the maximum density where the parametric process occurs. In the region of
F>782MHz, where N, exists on the density slope as shown in Fig. 3. 6 (c), the
second breaking points are essential.

The growth rate measured qualitatively agrees with the theory that the growth
rate for the two pumps is much larger than that for the single one at just above
the threshold.

01

3. 5. Conclusion

The parametric process is experimentally examined by using the two pumping
fields with the beat frequency of twice the ion acoustic frequency. The two pumps
have the lower threshold and higher growth rate than the single pump when the
linear electron-wave damping rate is greater than the ion acoustic frequency.
These phenomena are well explained with the theory3? of double resonance para-
metric excitation.
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The results presented here suggest that the two pumps are more efficient than
the single pump for heating the laser produced and magnetically confined plasmas.

4. Modulational Instability of Electron Plasma Waves Excited
by Electric Field in a Resonant Cavity

4. 1. Introduction

The modulational instability of the electron plasma waves has been studied for
many years as one of the nonlinear phenomena for heating the plasma by lasers or
relativistic electron beams.

The modulational instability for various waves in a plasma has been generally
investigated using the nonlinear Schrédinger equation derived from the fluid equa-
tions.62~73>  Although the modulational instability of electron plasma waves does
not occur in the unmagnetized plasma where the cold ions are assumed,®®’ the
instability appears in a certain region, if the behavior of warm ions is consider-
ed.79,71  Zakharov reports that the electron plasma waves are unstable in his
theoretical analysis, where the equation of ion acoustic wave including the term of
ponderomotive force is coupled with the nonlinear Schrédinger equation for the
electron plasma wave.”® Nishikawa et al. used hoth the nonlinear Schrédinger
equation and Korteweg-de Vries equation modified by the ponderomotive force.”?

The experiments on the modulational instability were reported by some authors.
74~77,79  Kim et al.7® observed an enhancement of the high frequency electric
field trapped by the density depression in the region where the electron plasma
frequency is close to that of the electro-magnetic wave launched from r. f. elect-
rode to the plasma. Wong et al.”? observed that the electron plasma waves ex-
cited by the electron beam collapse into the intense field spikes. Tkezi et al.79
studied the trapping of the electron plasma wave by the ion acoustic wave. In
these reports, there were no direct comparisons between the experiments and the
theory derived by Zakharov,”® since the amplitude of the electron plasma waves
observed in these experiments was too large.

In the present chapter the modulational instability of electron plasma wave
excited by an electric field in a resonant cavity is described. And a theory is
developed to compare with the experimental results extending the basic equations
deduced by Zakharov. Then the experimental dependences of the modulational fre-
quency on the amplitude of the electron plasma and modulational waves are in good
agreement with the theoretical prediction.

In 4. 2 are described the experimental apparatus and procedure. The experi-
mental results are described in 4. 3, and compared with the theory in 4. 4. The
results obtained are summarized in 4. 5.

4. 2. Experimental Apparatus and Procedure

The method of plasma production and the distribution of static magnetic field
are the same as those shown in 2. 2. The high frequency field in the cavity of
TMy10 mode is used for exciting the electron plasma waves.

The density of the plasma in the cavity is changed a little when the intensity
of the homogeneous magnetic field is varied, since the diffusion loss to the wall
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changes at the place where the plasma streams from the region of production to
that of the weaker homogeneous field.

The probes P1 and P 3 as shown in Fig. 2. 1 are electrostatically shielded by
the stainless pipes. The high frequency signals superposed on the floating potentials
of, and the ion saturation currents to the probe P 1 and P 3 are heterodyne detected,
and the output amplitudes are recorded on an X-Y recorder as a function of time.

Ar gas is used with a pressure of 10-4 Torr. The electron and ion tempera-
tures measured by Langmuir and multi-gridded probes are about 5 eV and 1 eV
respectively. The plasma density and relative density fluctuation are 109~101%cm~3
and about 1 %.

4. 3. Experimental Results

4. 3. 1. Excitation of electron plasma waves

A high frequency signal of 770 MHz, which corresponds to the resonant fre-
quency of the cavity, is detected by the probe P 3 outside the cavity. In Fig. 4. 1
is shown the amplitude of this signal as a function of the axial distance z from
the cavity end. The amplitude has the maximum value at z=0, and decreases
markedly as the probe is moved outward from the cavity. For z>1.8cm the rate
of decrease becomes very small and a fairly uniform distribution is observed. It
is found that the fast decreasing part corresponds to the leakage field from the
cavity and the fairly constant part stands for an induced electron plasma wave.

The wave number is evaluated from a spatial interferogram of the wave along
the axial direction. The spatial interferogram is obtained on the sampling-oscillo-
scope, to which the probe signal feeds with time axis triggered by a part of the
output of the oscillator driving the cavity. The measured values satisfy the dis-
persion relation of the electron plasma wave considering the inhomogeneity of the
plasma density, where the intensity of the static magnetic field is negligibly small.
The ratio of the electric field intensity E, in the cavity to the intensity £ of the
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Fig. 4. 1. Axial distribution of the wave Fig. 4. 2. Dependence of the electric field
amplitude corresponding to the high intensity of electron plasma wave on
frequency electric field inside the that inside the cavity at z=3 cm.

cavity. The distance z is one outward
from the cavity end which is nearer
to the probe P 1.
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excited waves is found to be about 25.
In Fig. 4. 2 is shown the dependence of £, on E at z=3cm. The E, is cal-
culated by the following formula,103

F=2PQ/mw 4.

where, @ and o are respectively the quality value and resonant frequency of the
cavity, P is the input power to the cavity, and 7 is a constant value depending on
the geometrical size and resonant mode. Since E, is directly proportional to E,
the electron plasma wave with E=4V/cm is excited by the electric field with
Ey,=100V/cm.

The excitation of the electron plasma wave is due to the mechanism that the
velocity modulated electrons by the high frequency field in the cavity are converted
to density modulated ones. This mechanism is very similar to that for the wave
excitation by the shielded grid.

4. 3. 2 Observation of side band waves

In Fig. 4. 3 are shown the frequency spectra of the floating potential sensed
by P3, where center frequency is about 770 MHz. The electron plasma frequency
Wpem corresponding to the maximum plasma density in the radial profile can be
adjusted by the axially homogeneous magnetic field. The typical photographs of
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Fig. 4. 3. Frequency spectra near the frequency of 770 MHz at z=1cm.
(@): I=65A, (b): I=55A, and (c): [=45A.
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the frequency spectra produced by the electric field with a little different o from
wpem are shown in Fig. 4. 3 (a)~(c), where [ is the coil current for providing the
homogeneous magnetic field. The electro-magnetic wave leaking out the cavity has
so large amplitude in Fig. 4. 3 (a) that the amplitude of the excited electron plasma
wave with the same frequency is masked. In Fig. 4. 3 (b) is observed the lower
side band wave with the larger amplitude than that of the upper side band wave.
Moreover, a low frequency wave with a frequency equal to the difference between
the lower side band wave and the applied electro-magnetic wave is also observed,
although it is not shown in the figure. This means the parametric decay of high
frequency electric field into the electron plasma and ion acoustic waves.131,133
In Fig. 4. 3 (c¢) are observed another upper and lower side band waves with the
same amplitude and the same frequency difference from the center frequency.

In Fig. 4. 4 is shown the dependence of the amplitude A, of lower side band
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wave in Fig. 4. 3 on the coil current 7,
where E, is held constant by monitoring
the signal from the loop antenna inside
the cavity. The closed and open circles
show respectively A; when both the side
band waves with the same amplitude
are observed and when the lower side
band wave with the larger amplitude
than that of the upper side band wave
is observed. The regions of (a), (b)
and (c) in Fig. 4. 4 correspond to those
in Fig. 4. 3. The following experiments
are carried out in the region of I,
where the amplitude of the closed cir-
cles is larger than that of the open
circles.
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Fig. 4. 4. Dependence of the amplitude A;
of side band wave on the current [/
of static magnetic field coil. The
closed circles stand for the symmetric
side band waves, and open circles do
for the asymmetric side band waves.

4. 3. 3. Modulational instability at the small amplitude

In Fig. 4. 5 is shown the temporal waveform of the envelope of the electron
plasma wave at z=5cm, where the floating potential of probe P 3 is heterodyne

E (vicm)
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I { 1 i { i !
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Fig. 4. 5. Detected wave form of electron
plasma wave for different E.

detected. The amplitude of the electron
plasma wave is clearly modulated as
shown in Fig. 4. 3 (¢) and Fig. 4. b.
The frequency and amplitude of the
modulational waves increase with E.
The both side band waves are not ex-
cited by mixing the low frequency waves
and electron plasma waves, because the
low frequency waves do not observed at
the small amplitude.

The modulational instabilities are
studied here in two stages. In the first
stage where the amplitude of the elec-
tron plasma wave is relatively small,
the amplitude modulation occurs and
both the higher and lower side band
waves are observed. In the second
stage where the amplitude is larger
than that in the first stage, the low
frequency wave is excited in addition to
the both side band waves. The boun-
dary between two stages is experimen-
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atlly found to be E=5.5V/cm which corresponds to ¢,E2/2NK,T,=5x10-4, where
N, K, ¢o and T, are respectively the plasma density, Boltzmann constant, dielec-
tric constant in vacuum and the electron temperature.

Figures 4. 6. and 4. 7. show the dependence of 4; and F on E. The value of
A; is proportional to the square of E, and F is directly proportional to E. The
error bars in Fig. 4. 7. mean the broad band width of the side band wave. In Fig.
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Fig. 4. 6. Dependence of the amplitude of
side band waves on the electric field
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Fig. 4. 8. Axial distributions of X4 and Fig. 4. 9. Axial distributions of the ampli-
Xr. tude of side band waves.
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4. 8 is summarized the dependence of A4, and F on E, where X4 and Xr are the
indexes of E for A, and F respectively. The position of cavity end is shown by
2z=0, and so the negative values of z are the positions inside the cavity. The
values of 4; and F for 5cm>z>0 are directly proportional to £? and E respec-
tively, and it is hard to determine such dependence for z>5cm, since both the
side band waves heavily damp out. For z<{0, the exact measurement is difficult
because the cavity mode is disturbed by the probe.

Figure 4. 9 shows the dependence of A; on the axial positions for various
values of E. The amplitude grows, and then damps exponentially, and the values of
z for the maximum amplitude decrease with increasing E for E<(2.8V/cm. Thus
the spatial growth rate of the side band wave increases with the electric field E
of the electron plasma waves.

4. 3. 4. Modulational instability at the large amplitude

Figure 4. 10 shows the temporal waveforms of the squared detected electric
field |E}? and the ion saturation current I;; at z=3cm. The ion density is modu-
lated by the self-modulated |E|? due to the large amplitude. Then the minimum
amplitude of |Ef2 coincides with the maximum one of [;;. This phenomenon is
observed only for E>>5.5V/cm.

Figure 4 11. shows the dependence of the amplitude A, of low frequency wave
and A, on z. After A, and A, grow spatially with about the same growth rate,
A, propagates with a less dampmg in spite of the heavy damping of A;.

o
foind
C
3
0
| - o o
\fg i /}o
o sk N
L._Ll. — ° ° o ol e
—~ ) ° o . © .
o
;o_g, 2 A \°\§
C \r‘@ < Ay oAz
3 < y . °
kS < / \ o
- < X %,
g "
5
T | il (B ) SN RS
0 5 10 1
[ (10 usec/dlv) Z(em) :
Fxg 4.10. Waveform of |E|? and the ion Fig. 4. 11. Axial distribution of the ampli-
. saturation ‘current Iy at =3 cm. tudes A; and A; of the side band and

the low frequency waves.

4. 4. Theoretical Consideration and Discussions

4. 4. 1. Theory of modulational instability

Zakharov?® derived the equation of ion-acoustic wave including the term of
ponderomotive force and the nonlinear Schrédinger equation. The nonlinear Schro-
dinger equation expresses the electron plasma wave averaged during the “fast time”
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of 1/wp, in the long wave length region. Here, we derive the equations which are
convenient to compare with the present experimental results from two equations
derived by Zakharov.

The two basic equations?® are written as

. aSJ aU 3 2 a s!’ Wpe —
e PAS Lk T (4.2)

020N ., 00NN ¢
372 —C3 022 4M 322 !V‘ 4.3)

where, ¢, wp., Ap, Cs, v and M are respectively the electric field intensity of the
electron plasma weves (complex number), the electron plasma frequency, Debye
length, ion-acoustic velocity, group velocity of modulational wave and ion mass.

The quantities ¢, z, 6N, v and ¢ are normalized by 1/wp;, 1/kpn, N, C; and
Ng/kpeo, and written as 7, & 6N, v and ¢ respectively, where wp;, kp and ¢ are
the ion plasma frequency, Debye wave number and charge respectively. In terms
of the normalized quantities, the egs. (4. 2) and (4. 3) are rewritten as

oy ¢ 3 M o*¢ 1 | M —
i(Ge 036 )+ o g~ g =0, 4.9
0? 1 92
oN—Lon=1 T jyp, 4.5)

where m is the electron mass. The oscillating quantities are assumed to behave

sinusoidally as exp i(£v-K&). Then we insert 6N obtained from eq. (4. 5) into eq.

(4. 4), and have the following relation,
Z.<a¢ a¢>13 M 3%

5. V52

2N m 6;’2_8'\/771 1;2' ikd ¢=0, (4.6)

The equation (4. 6) is divided into the real and imaginary parts by putting
¢=¢e exp 19, and then the following relations are obtained,

9 a¢ 3 (1 %%c [ 3¢ 2},;_1 M et
2 Ve \/ {e‘afz <a‘s> sV o0 @D

v e g s

Next we substitute E-+de exp i(20-K&) and d¢ exp i(£2c-K&) for ¢ and ¢ in egs.
(4. 7) and (4. 8). Then after linearizing we have

. . 3 Z\/j K2 1 /M E
—i 247 Ko, N \/ T oo
=0, 4.9

3 [ Mapp :o
?\/%EK, i 2—1i Kv de

For simplicity of notation, we write A=1/4+/}f/mE?/v?—1 and B=3/2+M/mkE.
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From the condition that both 6¢ and de are non zero, the following dispersion
ralation is derived,

2 4 2
0=vK 1| BEL ABKC (4.10)

The unstable region for the amplitude modulation exists for B2K4/E24+ABK?/E<0
which requires that »2—1 is negative. The equation (4. 10) is written as

Q=9,+il, (4.11)

where Qr=vK, I'==/—(B2K%/E?+ ABK?/E), and [ is the growth rate.
The wave number which gives the maximum growth rate is obtained from the

relation dI’/dK=0. Then the wave number is tranformed into the frequency using
the relation 2z=vK,

— N
L e (4.12)

4. 4. 2. Dependence. of amplitude and frequency of modulational
wave on electvic field

The experimental parameters such as 7, and N are substituted to the equation
(4. 10) rewritten in terms of the denormalized quantities for the comparison of
the experimental results with theory. The wave number is replaced by £2z/v, since
the relation between the frequency and electric field of the modulational waves is
measured in the experiment. The experimental value of v is nearly equal to the
ion acoustic velocity. Now, it is assumed that the saturated amplitude of the
modulational wave is directly proportional to the growth rate.

Figure 4. 12 shows the theoretical
and experimental values of the frequency
spectra of the upper side band wave for 62(Vcm)
the various values of E. The measured
values agree fairly well with the theo- 53 (V/em)
retical curves except for the high fre-
quency side. - Small deviations may be
due to the mode coupling among the 38(Vfem)
modulational waves.

. The modulational frequency 2z with
the maximum growth rate is theoreti-
cally proportional to E from eq. (4.12),
and the maximum growth rate is pro- %% 2%

. . F(xHz)
portional to E?2 by substituting K=
v —E%/12(v2—1) to eq. (4. 11). The

E (Vlem)

(3]

Ay (arb.units)

Fig. 4. 12. Frequency spectra of the upper
side band waves for different values

dependence of E on A, and F, which is of E.
shown in Fig. 4. 8, well agrees with the
theory.

4. 4. 3. Modulational and parametric instability
The region of v2—1<0, where the electron plasma wave is unstable for the



Nonlinear Interaction of High Frequency Electromagnetic Field with a elasma 125

modulational instability, corresponds to that of k<(kp+/m/M, as obtained by sub-
stituting the group velocity of the electron plasma wave to the original value v.
On the other hand, the parametric instability of decay type occurs for the. whole
region of the wave numbers.?, 11, 40, 41, 131,133) Thus, the instabilities which occur
in the region of k>kp+/m/M can be identified as the parametric ones. The wave

number can be determined from the frequency by making use of the dispersion
relation of the electron plasma wave.

Firstly, let us consider the characteristics of the resonance of the cavity
partially filled with the plasma in order to compare the experimental result with
theory for the region where two types of unstable waves exist. The relation
between the resonant frequency and electron plasma frequency is described by!3®

w=w,(1+C-wi,/wk), (4.13)

where C is a constant depending on the size and mode of the resonant cavity and
the diameter of the cylindrical plasma. Figure 4. 13 shows the dependence of the
resonant frequency and wp, on the ave-
rage density N. If the plasma is radially
homogeneous, the modulational and par-
ametric instabilities occur respectively
at the density near and under the arrow.
The minimum of N exists for the par-
ametric instability, since the threshold
values increase with the difference be-
tween o and w®p,.

Next, we consider the case where
- the plasma is assumed to consist of two 750
coaxial cylinders, of which the inner
cylinder has a radius of 1cm and the N(Cmﬁa)
outer one has a radius of 2c¢m. The Fig. 4. 13. Dependence of the electron
electron density for #=2cm is assumed plasma frequency wpe/2r and the
to be one tenth of the density for #<C resonant frequency of the cavity
lecm. The electron plasma frequency w/2r on the plasma density,
Wpem Of the maximum density is equal
to w at about I=>52A. In Fig. 4. 4, the parametric instability is observed in the
region of 62A>I>40A corresponding to wpem<®, since the region of the plasma
density satisfying wp.<w exists at the radial position of plasma with the density
gradient. In the regions of I>62A and I<{40A, the parametric instability is not
observed because of the increase of the threshold values due to the sharp density
gradient in the radial direction and the large difference between o and wp, re-
spectively. The modulational instability is observed at only w=wyp., as predicted
by the theory.
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4. 4. 4. Density fluctuations of ions at the large amplztude

The experimental results of the modulational instability for the electron plasma
wave with the large amplitude as shown in Figs. 4. 10 and 4. 11 are interpreted
as follows. The fluctuation of ion density with the phase difference of = to the
envelope of electron plasma wave is produced by the ponderomotive force of the
electron plasma wave.84,134 Then the fluctuation of ion density propagates as the
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ion acoustic waves after the ponderomotive force becomes insufficient. The side
band wave damps more heavily than the ion acoustic wave in Fig. 4. 11, since the
electron plasma wave as the carrier wave damps as shown in Fig. 4. 1.

4. 5. Conclusion

The modulational instability excited by the electric field in the resonant cavity
is experimentally examined, and compared with the theory. The results obtained
are summarized as follows.

(1) The frequency and amplitude of the modulational wave of the electron
plasma wave are respectively proportional to the electric field of the electron
plasma wave and to the square of it. These phenomena are consistent with the
theoretical prediction based on coupling the nonlinear Schrédinger equation describ-
ing the electron plasma wave with the equation describing the ion acoustic wave,
which include the term of the ponderomotive force.

(2) The modulational instability of the electron plasma waves and the para-
metric instability of the decay type are experimentally distinguished by control of
the plasma density. The region of the density, where two instabilities are observed,
agrees with the theory considering the characteristic of the resonant cavity and the
radial density gradient.

(3) The low frequency fluctuation of the ion density with a phase difference
of = with respect to the envelope of the electron plasma wave is excited for E>>
5.5V/cm, and the fluctuation propagates with a moderate damping constant. These
phenomena are explained in terms of the ion acoustic wave excited by the pon-
deromotive force due to the modulated electron plasma wave.

5. Plasma Plugging by High Frequency Field in a Resonant Cavity

5. 1. Introduction

Since the plasma plugging and the heating by the ponderomotive force were
proposed in 1956,87) some theoretical works84, 85, 93) and computer simulations®?’
have been reported. The experiments?6, 99, 103) reported were insufficient to make
clear the effect due to the ponderomotive force. For example, Shelby and Hatch!0®
produced the plasma by applying the electromagnetic wave with several hundred
watts to the cavity of TM,;; mode, and observed the plasma by the photomulti-
plier. This work could not confirm the ponderomotive force, because the electro-
magnetic field was used not only for the plasma plugging but also for production.

Kim et al.?7® and Ikezi et al.”5 observed the amplification of the electric
field and a density depression in the neighborhood of the plasma density which
corresponds to the cut-off frequency of the electromagnetic wave. They used the
pulsed high frequency electric field which directed to the density gradient of the
plasma. Authors!31 reported the interactions between the inhomogeneous plasma
and the electromagnetic field in steady state for @pen=w, and w@pen >w,, where
Wpem and wg are the maximum electron plasma frequency and the electromagnetic
wave frequency. In the latter case was observed the high frequency electric field
amplified with the density decrease and the electron temperature increase.

As an extension of these experiments, the present chapter describes that the
plasma can be plugged by the ponderomotive force due to the electromagnetic field
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in the cavity under the condition of ®y=wpen This work differs from that
carried out in the Institute of Plasma Physics, Nagoya University,8 191 in points
of the applying frequency, the direction of the electric field to the static magnetic
field, the feeding apparatus of the electric fleld and the magnetic field conflgura-
tion.

In 5. 2, we describe the experimental arrangement Experimental results given
with the method of the measurement in 5. 3 are discussed in comparison 'with the
‘theory in 5. 4. The results obtained are summarized in 5. 5.

5. 2. Experimental Apparatus

In 2. 2 are shown the method of plasma production and the dlstrlbutlon of
static magnetic field with the value of 140 gauss. The high frequency field m the
cavity of TMy,, mode is used for the plasma pluggmg The detall about the cavity
is written in 2. 2. ,

The electron plasma frequency is lower than the frequency of the high fre-
guency field in the cavity. The probes P1 and P2 as shown in Fig. 2. 1 are used
to measure the electron temperature and density in the downstream and upstream
sides of the cavity respectively. The axially movable probe P 3 is connected to the
spectrum analyzer. o

The operating pressure of Ar gas is 10~ 4 “Torr. The electron and ion tem-
peratures are about 5 eV and 1 eV respectively. The plasma density and diameter
are about 109cm~?% and 2cm. :

. 8. Experimental procedure and Results

In Figs. 5. 1 and 5. 2 are shown the radial distributions of 7', and Ne measured
by P2 and P1. Each figure shows the values in the upstream and the downstream
sides. The geometrical center of the apparatus is indicated by the radial position
R=0. The input power P, is 1 watt and the resonance frequency of the cavity is
767 MHz. The influence of the electromagentic field to the probe characteristic
is negligible, since the outside of the cavity is the cut-off region for the electro-
magnetic wave. It is confirmed by the fact that the ratio of the electric field at
the position of the probe to that in the cavity is less than 10-%. The field is
measured by picking up the signal of the high frequency with P 3 comnected to the
spectrum analyzer. When the electromagnetic wave is fed to the cavity, the density
N, in the upstream side increases up to the maximum value of 180% at R=1.2cm
for the density without input power, and then the temperature T, is little changed
In the downstream side, N, decreases down to the maximum value of 43 % at R=
1.2cm, and T, increases a little.

In Figs. 5. 3 and 5. 4 are shown 4N./N. and 47,/T¢o of the upstream and
the downstream sides. These values are measured by changing the input power P,
through the variable attenuator, where N, and T ‘are 1.2x10%m"3 and 3.4 eV
respectively for no input power, 4N, and 47T, are the difference between the values
with and without input power. Then P1 and P2 are almost situated on the axis of
the apparatus. The input power P, means the net input power which is' the
difference between the power fed to the loop-antenna in the cav1ty and the reflec-
ted one. In Fig. 5. 3 is shown the density increase with the input power in the
upstream side. For example, the input power of 10 watt produces the density
increase of 57% and the small change of T.. In Fig. 5. 4. are shown the decrease
of N, and increase of T, with the input power in the downstream side.
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R(cm)

Fig. 5. 1. Radial distributions of the elec-
tron temperature and the density in
the upstream side. Open circles show
the case with electric field, and closed
circles without electric field. Cut-off
density is 7.3x109 cm~3.
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Fig. 5. 3. Dependence of 4N,/ Ne and
4T ¢/Te on the input power in the
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Fig. 5. 2. Radial distributions of the elec-
tron temperature and the density in
the downstream side. Open circles
show the case with electric field, and
closed circles without electric field.
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In Fig. 5. 5 are shown the frequency spectra of the floating potential picked
up by P3 at a position near the cavity, where P, is 2.5W. The Figs. 5. 5 (a) and
(b) show the frequency spectra of the low and the high frequency ranges, respec-
tively. Upper and lower side frequencies @, are observed at the separated points
from the center frequency of 767 MHz. The amplitude of the side waves w; and
the corresponding low frequency wave w, increases with P,. The difference
between the center frequency and w; increases with the amplitude. The frequencies
of w; and w, are not observed for P, less than a certain value.

After the high frequency signal picked up by probe P3 is converted to an
intermediate frequency using the local oscillator, the i. f. signal is firstly passed
through a filter with a narrow band width and then fed to an i. f. amplifier. Fi-
nally the amplitude of the output of the i.f. amplifier is displayed as a function of
time on the oscilloscope. Then the amplitude of the high frequency signal is
shown in Fig. 5. 6. The amplitude of the high frequency is modulated by @, which
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Fig. 5. 5. (@) Low frequency spectrum, Fig. 5. 6. Wave form of the envelope for
(b) High frequency spectrum. the high frequency.

corresponds that in Fig. 5. 5 (a). This amplitude modulation is not observed for
P, under a certain value. The ion temperature is not changed by P, within the
resolution of the energy analyzer.

5. 4. Theoretical Consideration and Discussions

The high frequency electric field along the magnetic field is produced by apply-
ing the electromagnetic wave to the cavity. Only the small fraction of the electro-
magnetic wave leaks outside the cavity, since the cut-off condition is satisfied by
the geometry of the apparatus. The flowing plasma is pushed back by the pondero-
motive force which is produced by the axial inhomogeneity of the high frequency
electric field. In other words, we adopt a model that the electric field E, in the
cavity becomes the barrier against the plasma flow.

Ponderomotive forced4, 86> f¢ is given by

fo=—2p S ELS (5.1)
: w2 N2 TR ’
considering E,=E,=0, where s stands for electrons or ions, w, the frequency of
the applied electromagnetic wave, wp; the electron or the ion plasma frequency,
and e, represents the vacuum dielectric constant, z is the direction of the static
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magnetic field, The bracket means averaging over one period of oscillation.

For investigating the effect of the ponderomotive force to the plasma, the
motion and Poisson equations are coupled. The equations of motion are modified
by the presence of the ponderomotive force of eq. (5. 1) as an external force,
where only the slow motion is considered for the electrons. The basic equations
are written as

v, 0 . _ 0
mN( L 0,0 0,)= —NeE-+f,—3-(NKT), (5.2)
for electrons
ov; 0
MN< % v ) NeE+fi—2 9 (NKT), (5.3)
for ions. The Poisson equation is
0E _ e(N;—N,)
az - o ’ <5. 4)

where m, M, v, ¢, K and E are the electron mass, ion mass, velocity, charge,
Boltzmann constant and electric field produced by the charge separation.
We assume the charge neutrality and equal velocity as

N=N,=N,, (5.5)
V=0,=0;, (5.6)

The sum of egs. (5. 2) and (5. 3) is written as

A MOND s MIND Y = fot f—- D NK(TAT,  (5.7)
where eE(N;—N,) of the second order is dropped. The steady state is calculated
from eq. (5. 7) as

St (oD .
oz ZMZ) +~m -2-—E, +K(T,+T), log N=0, (56.8)
where m<& M is used. As the flow velocity is slow, the solution of eq. (5. 8) is
derived as

N=N, exp{ (5.9

oY wz<E2>
KT.+Ty) |

where N, is the plasma density without the high frequency field.

The changes in the density measured are shown in Fig. 5. 7 as a function of
the high frequency electric field. The broken line is drawn through four points
deviated from the theoretical line, which is obtained from eq. (5. 9) considering
AN,=N,—N,. The E, of eq. (5. 9) is measured from the amplitude of the signal
on the oscilloscope connected with the loop-antenna in the cavity. Its absolute
value is calculated from E,2=2P,Q/nw,1°®, where 7 is a constant determined by
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the geometry of apparatus. The experimental values in Fig. 5. 7 agree with the
theoretical line under the electric field of 110V/cm, and are linearly proportional
to the electric field for the higher field. We think that the point of intersection
between the horizontal axis and the broken line shows the threshold value of the
transition from the exponential type to the linearly proportional one.

We believe that the modulational instability occurs in the linearly proportional
range, since the amplitude of the high frequency is self-modulated by the low
frequency, as is shown in Figs. 5. 5 and 5. 6.

Tkezi et al.7% reported that the relation between the density and the electric
field at wo=wyp, is not dependent on the static pressure balance, when the modula-
tional instability occurs. Nishikawa et al.7? and Mima et al.1®% explained theo-
retically their experiment. The broken line in Fig. 5. 7 may correspond to their
phenomenon, but our experiment is carried out under the condition of w,>®@pem.
We suppose that the inhomogeneity of the applied high frequency electric field
produces the modulational instability in spite of a different condition.

The electron temperature T, at radial positions does not change as average in
the upstream side, as shown in Fig. 5. 3. However, T, increases in the downstream
side, as is shown in Fig. 5. 2. The reason is that the high energy electrons pass
through the cavity.

5. 5. Conclusion

In the present experiment are observed the plasma plugging due to the pon-
deromotive force and the amplitude modulation.

The density N, increases with a little change of 7. in the upstream side of
the cavity. The density N, decreases with some increase of T, in the downstream
side. The relation between the density decrease and the electric field is in quanti-
tative agreement with the theory which includes the ponderomotive force, when
the high frequency electric field is lower than a certain threshold value. The
density decrease is linearly proportional to the electric field for the higher value,
and at the same time the amplitude of the high frequency signal is modulated by a
low frequency.

Since the high intensity of the electric field is easily obtained by the high @-
value of the cavity, the extension of the present technique to the high density and
high temperature plasma may be possible by using the microwave of higher power
and frequency.
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6. Suppression of Plasma Loss from a Mirror End by the Ponderomotive
Force of High Frequency Field '

6. 1. Introduction

Mirror machines which have been investigated for many years haveisome ‘disad-
vantages as fusion reactors.136,13"  One of those is that the loss from both ends
of the mirror machines seriously restricts the confinement time of the plasma.

In order to reduce the end loss, some proposals to use the high frequency or
electrostatic fields have been reported by many authors.87,93,97,100,102,134,138,139)
In the experiments?®7, 100,102 of plasma confinement by r. f. field carried out at
the frequency near the electron and ion cyclotron resonances, it is difficult to
separate the effect of the ponderomotive force and the heating of electrons and
ions. On the other hand, Shelby and Hatch!®® report that the plasma can be
confined even without cyclotron resonance by the quasi-potential well produced by
r. f. field in the cavity: In their work, the ponderomotive force is not quantita-
tively confirmed since the r. f. field is used for both the plasma production and
confinement.

In the present chapter, it is possible to study quantitatively the suppression of
plasma loss at a mirror end by applying an r. f. field to the plasma separately
produced by another r. f. oscillator. The used frequency is a little higher than the
electron plasma frequency. Since the direction of electric field in the cavity
operated at TM,;, mode coincides with the plasma axis, the cyclotron resonance
is avoided to achieve the adiabatic confinement. The experimental results agree
well with the theoretical analysis based on the ponderomotive force with the
mirror magnetic field.

In 6. 2 is given the theoretical analysis. The experimental apparatus and pro-
cedures are described in 6. 3, and the experimental results are discussed in com-
parison with the theory in 6. 4. The obtained results are summarized in 6. 5.

6. 2. Theory

It is theoretically analysed that the plasma loss at a mirror end is suppressed
by the ponderomotive force produced by the electric field in the resonant cavity.
The axial distribution of the magnetic field is shown in the bottom of Fig. 6. 2,
where the intensity B, at one end is variable, while B, at the another end and B
at the mirror center are fixed. Then it is assumed that the plasma, which is
produced near B, and flows toward the mirror center, has a half Maxwellian
velocity distribution.

At first, the density of electrons reflected by the mirror field with B, is
theoretically deduced as follows. The conservation of energy and the adiabatic
invariance of the magnetic moment are expressed by

1,21, 5

5§ = 5 mv?, (6.1)
mvi, _ mvi (6.2)
2B, 2B’ )

where, the velocity v and B with and without subscript of 0 mean those at the
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position of B, and in the region of B, and m and the subscript | are the electron
mass and the perpendicular component to the magnetic field. From egs. (6. 1) and
(6. 2), we obtain

6=sin"'(v/ R, sin 6,), (6.3)

where Ry=B/By, v,=vsind and v,,=v,5ind,. The velocity distribution of the
electrons in the region of uniform magnetic field B changes from the half max-
wellian velocity distribution to the following one, considering the decrease of the
magnetic field from B, to B and eq. (6. 3).

f= 2( m ‘gvﬁ cosﬁ sin 6 ex( mv2>

— (6.4)
27KT. ) R, \/1 9KT,

Sln26

where K and T, are the Boltzmann constant and the electron temperature, and
0<sin"'y/R,. The density zn, of electrons reflected by the mirror field B; is

written as

oo 2 sin'l,\/I

n,:1~§0dvgod<pgo Rfeda:V/ 1 R}Ro, (6. 5)

where R is B;/B, and B;>B,. Then the plasma density #, in the region of
uniform magnetic field is

n,=1+n,, (6.6)

where the quasi-neutrality is assumed. The values of 7, and %, are normalized by
the plasma density in the region of B at R=1.

Next, we consider the effect of r. f. field in the cavity introduced at the
position shown in Fig. 6. 2. The quasi-potential ¢ produced by the ponderomotive
force is written as8®

e’E?

:W’ 6.7)

where o and E denote the frequency of the applied r. f. field and its intensity.
The end stopper effect of the r. f. field converts the loss-cone distribution of
electrons into loss-hyperboloid one, when the electrons are reflected by the mirror
field.*® Then it is assumed that the ions are reflected by the ambipolar potential
@, which is produced by the charge separation between the ions and eléctrons.
Thus the necessary potential ¢ for the plasma confinement should be the sum of
the kinetic energy of the ions and electrons.
The loss-hyperboloid angles 4.; are®®

@ci:sin-l{(k 2 >/R}é at v>< %) (6.8)
0.i=0 at v\%.j_) (6.9)

for ions, where M is the ion mass, and
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ace:sin-l[{1—i%g_ﬁ>_}/zef at v>{ 2(¢—9) 1, (6.10)
0..=0 at vg{ﬁﬁ‘%ﬂl} (6.11)

for electrons. In this calculation, we should take the ratio of the magnetic field
intensity at the position of the cavity to B.  The error for using R=B;/B is
negligibly small. The plasma loss #;, and 7., at the mirror end is

2 o Oct

My= XO de| 2¢deO £.do, (6.12)

M
for ion, and
2 oo - Oce )
n,=\ do dv\ f.do, (6.13)
L S 0 S \/Z(sb—sb)_ So

m

for electrons, where f; is the same expression as eq. (6. 4) for f, except that M
and the ion temperature T'; are substituted for m and T..

The ambipolar potential ¢ can be obtained by assuming the charge neutrality
that #;;, of eq. (6. 12) is equal to #n, of eq. (6. 13). Then #n, can be calculated
from eq. (6. 13) using the value of the potential ¢ obtained. The plasma density #
in the region of the uniform magnetic field can be deduced as

n=1+1-n,). (6.14)

The suppression ratio —d4un/n,, of the end loss by the ponderomotive force is
deduced as

27 oo sin~lq/ &=
| dgug de Redo—n,
—dm_o 0 o (6. 15)
Ny 27 co sin‘l\/L ’
dgog de R dg
0 0 0

for RyR>1, where the denominator is the
end loss 7, for the mirror field without A
r. f. field, and the numerator is the dif-
ference of #,, from ;.

This theory is schematically explained . e \3INIRo
by Fig. 6. 1, which shows the velocity Slﬂjg QC\Z AN
space in the region of the uniform mag- , o—o—o
netic field for the distribution of the / 3= v,

e o

Fig. 6. 1. Schematic velocity distribution of \/Zﬁ‘fr;—@ for electrons
plasma at the mirror center. 20 .
J M for ions
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magnetic field in Fig. 6. 2. The dotted region contains the charged particles flow-
ing from the region of the plasma production toward the mirror field. The hori-
zontally and vertically hatched regions contain the particles reflected by only the
mirror field and by the ponderomotive force with the mirror field respectively.

6. 3. Experimental Apparatus and Procedure

The schematic diagram of the experiment is shown in Fig. 6. 2. - The plasma is
produced by the Lisitano coil,}?® to which a microwave power is supplied from a
cw magnetron operating at the frequency
of 2.45GHz.  The magnetic field B, is
875 gauss, which satisfies the condition
of the electron cyclotron resonance. The
magnetic field B is 135 gauss, and B is
variable.

After the output power of a few 0~200W
watts from another cw oscillator is mo- S CAVITY (TMe]
dulated by the master pulse, the power
is amplified up to 200 watts. Then the
r. f. power is fed to the lcop-antenna
inside the cavity operated at TMgqo
mode through the circulator and two

Incident Signal
Detector

Reflected Signal
: Detector

2,45GHz Transmitted Signal
Detector

Cyclotron Resonance

directional couplers. The cavity has the 1 oo )

. @ g By B;Variable
diameter of 30 cm, the length of 10 cm, Fig. 6. 2. Schematic diagram of the ex-
the @-value of 2500 and resonant fre- periment.

quency of 763MHz without the plasma.

Another loop-antenna is connected to the

oscilloscope through the square-law detector in order to monitor the electric field
in the cavity. The r. f. field leaking through two holes of the cavity damps
strongly because of the cut-off effect of the geometrical size of the holes.

The ion density and temperature in the region of the uniform magnetic field
are measured by the multi-gridded probe P3 with a diameter of 5 mm. The
electron density and temperature are measured by the Langmuir probe P1 with a
diameter of 1 mm. Both probes are radially movable. The Langmuir probe P2 is
used to measure the plasma density and the electron temperature of the plasma at
the mirror end. The experimental values of 64 data obtained with the time interval
of 0.1 sec are averaged by the data-processor (Iwatsu-1330).

The operating pressure of Ar gas is 10~¢ Torr, and the ion and electron tem-
peratures are about 0.4 and 4 eV respectively. The plasma density and Larmor
radius of ions are 10°~101%cm~3 and 4.3 cm. The radius of apparatus is 2.7 cm.
The plasma is thought to be collisionless, since the ion-ion mean free path is com-
parable to the vessel length.

6. 4. Experimental Results and Discussions

6. 4. 1. Mirror effect without r. f. field

The mirror effect is investigated in the axial distribution of the magnetic field
as shown in Fig. 6. 2. In Fig. 6. 3 is shown the radial distribution of electron
saturation current /.. in the region of the uniform magnetic field as a parameter
of mirror ratio R. The electron saturation current I,, increases with R. Since
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the measured electron temperature does not change with R, [, is thought to cor-

respond to the relative electron density.

In Fig. 6. 4 is shown I, at »=0 shown in Fig. 6. 3 as a function of R, where

the theoretical curve is calculated from eq. (6. 6).

ISG‘ (X']O-SA)
T

0—= 0

o ri{cm)

Fig. 6. 3. I as a function of r for the
different values of R at the mirror
center.

mirror ratio R is 6. 4.

When B, is equal to By, the

at

Jse (x1075A)

2 L : 1 I I ) 1 : L 1 L

Fig. 6. 4. I as a function of R at the
mirror center.

A breaking point appears at R=6.4 for the theoretical

line. The experimental values almost lie on the theoretical line except near the

breaking point.

Such deviation near that point may be caused by a fact that the

charged particles scattered by the microwave field for the plasma production pre-
vent the plasma having theoretically assumed half maxwellian distribution.

6. 4. 2. R. F. field effect in the mirror field
Figure 6. 5 shows the effect of the r. f. field for the suppression of the end

loss in the mirror field. The incident
waveform to the cavity and transmitted
one from the cavity are shown by the
upper 2 traces. Then the transmitted
waveform corresponds to the temporal
change of the electric field in the cavi-
ty. The trace of I, at the bottom one
shows that the plasma loss at mirror
end is suppressed by the r. f. field in
the cavity. At the same time the pla-
sma density increases at the mirror
center as shown by the third trace, and
the electron temperature does not cha-
nge. The transmitted waveform does
not follow the incident one, since the
resonant frequency of the cavity chan-
ges with the plasma density in the
cavity.

The temporal changes of the elec-

Incident
waveform

Transmitted
Waveform

at Mirror
Center

at Mirror
End

Ise (arb.unit)

TIME ( 50 psec/div )

Fig. 6. 5. Temporal incident weveform to
the cavity, transmitted waveform
from the cavity. I at the mirror
center and end.
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tron saturation current ;. at the mirror end are shown in Fig. 6. 6 for various
values of the input power P; to the cavity. -The end -loss- s, decreases with an
increase of P; for the incident pulsed r. f. field, where the frequency is shifted
only a little from the resonant frequency of the cavity.

In Fig. 6. 7 is shown the relation between the ratio-4[,,/Is.o and P;, where
Isoo is I,. without r. f. field and 47, is the absolute value of the decrease of I,

Incident f \
Waveform /\
Transmitted

Waveform PilWw)
125 100 0000
Is 3 000
VY
k= 48 <
w 3
. wy
Q __‘—:.————\/f\—‘ \8
b 40 o}
o=/ 5 10}
0 W 20 il P /
O 13 !
1 1 ytn'nl 1 It 1]
o] SO S S S B 1 5 10 50-- 100
100 psec / div. Pi(W)
Fig. 6. 6. Incident waveform to the cavity, Fig. 6. 7. —4Is/Iseo as a function of P;
transmitted waveform from the cavity at the mirror end.

and I5 at the mirror end for the
different values of Pi.

with P;. The 1009% of the ratio means no plasma loss at the mirror end. The
theoretical curve 4n/n,, which corresponds to 471,,/I;., for a constant T, is cal-
culated from eq. (6. 15) by using egs. (6. 7) (6. 13). The value of E in eq. (6. 7)
is obtained from the @-value of the cavity and the net input power to the cavity.
Then the value of E is 500V/cm for the input power of 50W. The difference
between the experimental values and theoretical curve would be due to the particle
loss to the side wall, since the ion Larmor radius is comparable to the radius of
the container.

Figure 6. 8 shows the electron tem-
perature T.and [, at the mirror center
as a function of the radial position r.
The r. f. field increases the total plasma
density, while the temperature T, re-
mains constant. This fact means the
adiabatic plugging, which is expected
under the experimental condition that
the excursion length (0.38mm) of elec- |  TelTiee— 4
trons for E=500V/cm and the ratio
(1.5mm) of the electron thermal velo-
city to the frequency of r. f. field are  Fig. 6. 8 I, and T as a function of r at
much shorter than the characteristic the mirror center. P;=70W.

e,-—-- Without R.F. Field ]
""" o,— With R.F. Field 1

Ise(x1075A)

o
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length of r. f. field.

The relative increase 4/,,/I,.o of the plasma density at the mirror center is
shown in Fig. 6. 9 as a function of R. The theoretical curve is calculated from
(B—nm)/Nn,- which is obtained from egs. (6. 6) and (6. 14). The experimental
values are one third of theoretical ones. Thus two-thirds of the particles reflected
by the ponderomotive force of r. f. field are lost to the side wall.

Figure 6. 10 shows the ion saturation current Iy; versus # measured by P3 in
the region of the uniform magnetic field, where 6 is the angle between the axis of

50 With i
out R.F. Field
< Theoretical Curve :
2
o
Q .
x
3
,J.{) .
3
9
4 F
O~o.
N SN W RN ] DO B
O ‘
5 10
R

Fig. 6. 9. 41s/Iso as a function of R at
the mirror center. P;=70W.

Fig. 6. 10. Is; as a function of r at the

mirror center for the different values /_,-\/_\\-\_
of R and 0. The multi-gridded probe (ol Zmimmiiermimmer] Tt
faces to the cavity at 0=0. -1

ricm)

the multi-gridded probe and the plasma axis as shown in the figure. The lower
and medium lines show I,; without r. f. field at the homogeneous magnetic field
(R=1) and the mirror field (R=7) respectively, and the upper lines show Iy
increased by the r. f. field with the mirror field. Both effects of the mirror and
r. f. fields are clearly demonstrated in Fig. 6. 10. However, the absolute value of
the plasma density cannot be compared among the lines of the different &, since
the multi-gridded probe has not the small radius compared with the plasma one.
The broadened distributions indicated by solid lines may be caused by the enhanced
radial diffusion due to the r. f. field.

6. 5. Conclusion

The plasma loss is quantitatively investigated in the mirror field with and
without the r. f. field.

First, the observed increase of the plasma density with the mirror ratio in
the mirror center is theoretically explained.

Secondly, the suppression of the plasma loss at mirror end is observed by
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applying the r. f. field with a little higher frequency than the electron plasma one.
Then the adiabatic plugging without the electron and ion heating is-achieved. ‘These
phenomena are theoretically explained by the ponderomotive force considering the
ambipolar potential produced by the charge separation.

Thus the ponderomotive force is useful to suppress the plasma loss at the
mirror end even without the cyclotron resonance. The effect of the plasma flow
for the ponderomotive force and the stability as well as equilibrium for the mirror
confined plasma with the end stopper should be studied as the future subjects.

7. Identification of Drift-Cyclotron Loss-Cone Instability in
a Plasma and Suppression by High Freguency Field

7. 1. Introduction

Mirror machines, which have been investigated for many years as well as other
machines, are said not to be hopeful as fusion reactors. One of the reasons is that
an instability caused by a non-Maxwellian velocity distribution increases the radial
and end loss of plasma particles.137, 140,141

In order to reduce the end loss, proposals and experiments which use the high
frequency or electrostatic fields have been reported by many authors.87,89,98,102,
184,142, 143) Recently, it has been shown that the instability!94 in the mirror-
confined plasma is suppressed by feeding a cold streaming plasmall® or ionized
gas.11% However, the comparison with theory!06, 107 js not sufficient.

In this chapter is studied an instability which appears in a steady state plasma
with mirror field on one side. It is reported that the instability is suppressed by
a high frequency electric field near the electron plasma frequency which is applied
inside a resonant cavity. The instability is identified as the drift-cyclotron loss-
cone instability from the coincidence of the dispersion relation of the wave with
the theoretical value predicted by Post and Rosenbluth.196> The suppression of the
instability is explained by the end stopper effect caused by the ponderomotive
fOfC6.84: 134)

In 7. 2 is described the experimental apparatus. In 7. 4, the experimental re-
sults described in 7. 3 are discussed in comparison with the theory. The obtained
results are summarized in 7. 5.

7. 2. Experimental Apparatus and Procedure

Figure 7. 1 shows the schematic diagram of the apparatus. The plasma is
produced by the Lisitano coil,21® to which a microwave power is supplied from a
cw magnetron operating at the frequency of 2.45 GHz with the maximum output
power of 500W. The plasma has the mirror effect only on one side, as the mirror
effect near the plasma production region is considered to be small becauce of
scattering of particles due to the microwave field. The magnetic field strength is
330 G at the center of the apparatus.

In order to suppress the instability, the output power of cw oscillator with
the maximum power of 10 W is fed to the cavity operating with TM,,, mode
through the circulator, the variable attenuator, the power meter and matching
stubs. The cavity with the diameter of 30cm and the length of 10cm has the
quality value Q of 900 and the resonant frequency of 763 MHz without plasma.
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The direction of the electric field inside
the cavity is parallel to the plasma axis.
The electric field is picked up by a loop-
antenna, and monitored on a sampling
oscilloscope.

The ion temperature and ion satura-
tion current at the center of the appar-
atus are measured by the multi-gridded

probe P1 with a diameter of Smm. The g B-variable
plane probe P2 with a diameter of 15 §’E Sregiron Resenance i
mm is utilized to measure the plasma %o 2
flux in the radial direction. The insta- Fig. 7. 1. Schematic diagram.

bility is observed by the axially movable

probe P3 connected with the spectrum
analyzer. Probe Pl is replaced by a Langmuir probe to detect the radial distribu-
tion of the instability and electron temperature, The operating pressure of He gas
is 3x10-4 Torr, and the ion and electron temperatures are about 0.3 and 7 eV,
respectively. - The plasma density and Larmor radius of the ions are about 10° cm~3
and 3.4 mm, respectively. The ion-ion collision mean free path, which is shorter
than the ion-neutral collision mean free path, is comparable to the machine length.
In Fig. 7. 2 are shown the block diagran (a) and the arrangement of a double
probe consisting of two single probes which are denoted DP1 and DP2 (b) to
determine the wave number of the in-
stability. The double probe is coated

pP1HAMPLIFIERHBANDPASS-FILTERH [A-D CONVERTER with the glass except the tungsten tips,
EPE{AMPLIFIER]}{BANDPASS—FILTER [MICROCOMPUTER] and is covered by the aluminum pipes

SPECTRUM-ANALYZER | {OSCILLOSCGPE] to shield the high frequency electric
(a) field. Here the two kinds of double

probes with the tip separation of 5 or
2 mm are used. In Fig. 7.2 (b), 0,
and / are respectively the angle between
the direction of the two probes and that

{(b) PLASMA of static magnetic field B or plasma
Fig. 7. 2. Block diagram (@) and double axis, and the azimuthal distance between
probe (b) to determine the wave two probes. The DP2 can be rotated
number of the instability. around DP1 to change ¢; and [. The

signals of the instability from both

probes are fed to the microcomputer
(Iwatsu SM-1330) through the amplifiers, the bandpass-filters which pass signals
from 50 kHz to 1 MHz and the analog-digital converter (Iwatsu DM-901). The
auto-correlation and cross-correlation functions calculated by SM-1330 are displayed
on the oscilloscope. The frequency spectra of the instability are displayed on the
spectrum analyzer.

7. 8. Experimental Results

7. 3. 1. Observation of instability

The intensity of the light picked up by the photomultiplier in the center of
apparatus is shown in Fig. 7. 3 as a function of the current [ of the mirror coil
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or the mirror ratio K, where R is cha-
nged by adjusting the coil current at
the mirror throat. The light intensity,
which is supposed to be proportional to
the plasma density, starts to increase
when R exceeds a small value pointed
by an arrow, because the velocity dis-
tribution of the plasma produced at the
resonance point is randomized by the
microwave field for plasma production.

In Fig. 7. 4 are shown the frequen-
cy spectra detected by P 3 for different
values of the axial distance z; measured
from the position of the maximum ma-
gnetic field (mirror throat). An insta-
bility with the lower frequency near 50
kHz is excited not only in the mirror

)
_A(10dB/DIV)
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Fig. 7. 3. Light intensity at the mirror

center as a function of R or I.

Fig. 7. 4. Frequency spectra of the instability for the different values of
2z, at R=3. (8) 21=2cm, (b) 6 cm, (¢) 20cm, (@) 30cm.

magnetic field but also in the homogeneous field (i. e. R=1).

Another instability

with the higher frequency near 200 kHz is observed only in the mirror field (i. e.
R>1), and its amplitude 4 and frequency F are shown in Fig. 7. 5 as a function

of 21.

In Fig. 7. 6 are shown A and F detected by a Langmuir probe, which is replac-
ed by P1, as a function of R. The lower frequency mode (a) is close to the ion
cyclotron frequency of 120 kHz at z;=35cm. At the mirror ratio R of 2.5 and
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5.5 is dominant the higher frequency mode (b), which splits into two branches for
R>4, and the lower frequency mode grows up at R=4. Such instability cannot be
observed in the homogeneous static magnetic field (i. e. for R=1).

In Fig. 7. 7 is shown the ion saturation current I, which depends on the
diffusion flux, measured by P2 as a function of R, where » is the radial distance
from the geometrical axis of the apparatus. The monotonous increase is due to
the increase of the plasma density caused by the magnetic mirror effect. The
steep increases of I,; for R=1~2.5 and 4~5 mean the increase of the diffusion
flux, and are considered to correspond to the increase of wave amplitude A, as is
shown in Fig. 7. 6. ‘

In Fig. 7. 8 are shown the auto-correlation function calculated from DPI1 signal
and cross-correlation function calculated from the signals of DP1 and DP2 with
the tip separation of 5mm for mode (a). The auto-power spectrum for the signal
from DPI1, which is not shown here, is also calculated by the microcomputer to
determine the frequency. Figure 7. 8 (a), (b) and (c) show auto-and cross-cor-
relation functions for 6; of —30°, 0°, and 90° respectvely, where ¢ is the time
delay. The increase of amplitude with = in (c) is possibly due to a beating effect
with the low frequency (~50 kHz) shown in Fig. 7. 4. The axial propagation of
the wave is not observed in the mea-
surement of the double probe, since
there is no phase difference between
two patterns in Fig. 7.8 (b). The wave 51
propagates in the azimuthal direction of i /
the ion diamagnetic drift. Figure 7. 9

is obtained from several values of /, E I /

where 47 is the time difference between

two maxima of the auto-correlation and - /

cross-correlation functions. The fre- I -

quency F measured from the auto-power I /

spectrum is 165 kHz, where the ion Lo

cyclotron frequency is 123 kHz. The L L

deviation of frequency from that in Fig. 3 2 - 0 1 2 3

7. 6 results from a small difference of ér(usec)

the radial density distribution. Fig. 7. 9. Relation between / and 4r.
The auto-correlation function ¢4 (7)

and cross-correlation function ¢q5(7)

for sine waves are calculated as

1 1

z
gou(f):v%_g A? sin (wf—kx+8) sin (vt —kx+0+wr)dt

= ‘32 cos(wt), 7.1

]

gplz(f):-%_g A?sin (wi— k3 +0) sin(wt~kx+8+wr-——%l)dz‘

2

;! N
=3 COS(CU‘ Vpl)’ (7‘2>
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where T, w, k, 0, Vp, t and x are a period, angular frequency, wave number, phase
constant, phase velocity, time and distance, respectively. The phase velocity V5
and wave lenghth are calculated from Vy=/[/47 and 2=V ,/F, and corrected for the
E X B drift. By using the technique mentioned above, the wave length longer than
the probe distance can be determined. The same value of V, is obtained by the
double probe with the tip separation of 2 mm.

7. 3. 2. Suppression of instability

In Fig. 7. 10 are shown the ion saturation current [, the electron temperature
T., the space potential @ and the amplitude A of the wave for R of 3 as a function
of #, which are measured by the Langmuir probe. In Fig. 7. 10, a and b are the
amplitude A of the wave without and with the high frequency electric field of
65V/cm inside the cavity. The value of @ is hardly affected by the high frequency
field. The high frequency of 770 MHz is close to the plasma frequency.
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Fig. 7. 10. A, @, T, and I, as a function Fig. 7. 11. 4A/A and 4Is/Ig; of the radial

of r. a: without high frequency field diffusion flux as a function of £.

E, b: with E.

The values of 4A/A and 4I;;/I;; are shown in Fig. 7. 11 as a function of the
high frequency electric field E, where 47;; and 44 are the difference of A and [g;
measured at »=30mm for the diffusion flux with and without the electric field.
The field £ can be calculated from the quality value and the net input power into
the cavity. The plasma flux in the radial direction measured by P2 decreases with
the wave suppression due to the high frequency electric field.

The value of 41,/1; is shown in Fig. 7. 12 as a function of R. where 47, is the
difference of the ion saturation current I, measured by the multi-gridded probe Pl
in the axial center for £ of 50 V/cm and without E, and § is the angle between



Nonlinear Interaction of High Frequency Electromagnetic Field with a Plasma 145

the axis of the multi-gridded probe and the plasma axis. The experimental value
is the average one of 64 data obtained with the time interval of 0.05 sec. The
values of 47, in Fig. 7. 12 are related to the wave amplitude from the fact that
the minimum and maximum of 47./I, coincide with the maximum and minimum of
the wave amplitude A in Fig. 7. 6 respectively.

The dependence of 41,/I; on @ in Fig. 7. 12 is shown in Fig. 7. 13 for different
values of R. The increase of the plasma density near 30° is the largest.

® R=26
° 40
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Fig. 7. 12. 4Is/Is of the multi-gridded Fig. 7. 13. 41¢/I; of the multi-gridded
probe as a function of R for the probe as a function of ¢ for the
different values of 6. different values of R.

7. 4. Theoretical Consideration and Discussions

7. 4. 1. Drift-cyclotron loss-cone instability

The electrostatic instabilities in the magnetic mirror-confined plasmas were
theoretically analysed by Post and Rosenbluth.198> They predicted the wave pro-
pagating azimuthally in the direction of ion diamagnetic current. This instability
is called the drift-cyclotron loss-cone (DCLC) instability, which originates from a
finite radial density gradient and the loss-cone distribution.

The dispersion relation for DCLC mode is given by the following formula:

Wecot W-+W =3 (eCap)nt/*(rt-22) @.3)

pi

where

p=r(h<a)*(Fr+-22),

pi /



146 H. Akiyama and S. Takeda

<ai>=[§{—§d3v}‘”/wci,
W= (/0

_1an
N dr’

and M, m, N, 0., woi, k, fo, and v, are the ion mass, the electron mass, the

plasma density, the ion cyclotron frequency, the ion plasma frequency, the wave

number, the ion velocity distribution function and the perpendicular velocity of ions,

respectively.

The theory!9® for the plane geometry applies to the cylindrical geometry by
substituting k2 with J/r, where J is a mode number. The ion temperature measured
by the multi-gridded probe is used for calculating the numerator of <a&;>. The
theoretical value of wave length A, which is calculated from eq. (7. 3), is 1.05cm
for F=165kHz. Since the direction of the wave propagation is the same as that of
the Ex B drift, the phase velocity in the absence of Ex B drift should be equal to
the difference between the phase velocity of 1.9x105cm/sec obtained from Fig. 7.
9 and the E'x B drift speed of 3x104cm/sec at #=0.65cm. Then the phase velocity
Vp and wave length 2 are 1.6x105cm/sec and 0.97cm respectively. These results
and the direction of wave propagation are in good agreements with the theoretical
predictions.

7. 4. 2. Mechanism of suppression

The change of the loss-cone distribution of the plasma, which would appear in
the mirror field, to the loss-hyperboloid??) is possible by use of the ponderomotive
force of the high frequency electric field. As shown in Fig. 7. 13, the number of
particles pushed back by the ponderomotive force is large for & near 30°, which is
approximately equal to the critical angle #,=sin"1(1/R)1/2, and the increase of
number is not observed for # close to 90°. If the Maxwellian distribution is as-
sumed, the 47;/I; should be flat versus 4. The observation suggests that particles
reflected by both the one side mirror and ponderomotive force have the loss-
hyperboloid distribution.?® The abrupt decrease of the reflected particles for @
close to zero degree seems to represent the shadow of the multi-gridded probe.
Then the suppression of DCLC instability is expected, since the free energy source
to excite the instability becomes small. The suppression of the instability is ob-
served in Figs. 7. 10 and 7. 11.

The diffusion flux in the radial direction and wave amplitude decrease with the
high frequency electric field as are shown in Fig. 7. 11. This indicates that the
diffusion flux is due to the wave-enhanced diffusion caused by the instability. Figure
7. 12 indicates the stopperine effect of high frequency electric field. Ionization due
to the high frequency field is neglible, and the absolute value of 47/l is reasonable
referring to the previous paper.134 The instability affects the number of the
particles reflected by the ponderomotive force, as is shown from the fact that the
minimum and maximum of 47/, coincide with the maximum and minimum of the
wave amplitude A4 in Fig. 7. 6.

7. 8. Conclusion .
The instability, which appears at frequency comparable to the ion cyclotron
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frequency in the plasma reflected by a mirror field, is identified as the drift-
cyclotron loss-cone instability by comparing the experimentally determined dispers-
ion relation with the theoretical prediction of Post and Rosenbluth1®, The insta-
bility can be suppressed by the high frequency field. whose frequency is close to
the plasma frequency.

The wave amplitude of the instability and the plasma flux in the radial direction
decrease with increasing intensity of the high frequency electric field. The increase
of the ion saturation current I, to the multi-gridded probe in the mirror center
depends on the angle @ between the axis of multi-gridded probe and the plasma
axis. The decrease of the wave amplitude and increase of the ion saturation current
are well explained by the ponderomotive force which shifts the loss-cone distribu-
tion to Maxwellian. The decrease of the plasma flux in the radial direction is also
explained qualitatively as the decrease of the anomalous diffusion due to the insta-
bility.

Although the plasma is mainly reflected by only one side mirror field in the
present experiment, the technique to suppress the instability by using two resonant
cavities will improve the plasma confinement time in usual machines with two
mirror throats.

8. Concluding Remarks

Some nonlinear interactions between the electromagnetic fields and plasmas are
studied in the present thesis, and then the ponderomotive force is used to suppress
the plasma loss from the mirror magnetic field and to stabilize the drift-cyclotron
loss-cone (DCLC) instability. In this chapter, the results obtained in preceding
chapters are summarized, and the subjects to be studied further are suggested.

In chapter 2 are described the amplification of the high frequency field and the
parametric decay instability, which are produced by the high frequency electromag-
netic field in the resonant cavity. When the frequency of the electromagnetic wave
is slightly higher than the maximum electron plasma frequency, the decrease of the
quality factor Q and increase of the electron temperature begin to be observed at
a certain input power to the cavity. This power agrees with the theoretical thre-
shold value of the decay instability for the homogeneous plasma. Then the ion
acoustic and electron plasma waves begin to be observed when the input power is
somewhat higher than the threshold value for the homogeneous plasma. This second
threshold power is found to correspond to the threshold of the decay instability in
the inhomogeneous plasma. When the frequency of the electromagnetic wave is
lower than the maximum electron plasma frequency, the amplification of the high
frequency electric field and decrease of the density are observed at the cut-off
region. This decrease of the density is explained in terms of the ponderomotive
force by the amplified electric field.

In chapter 3 is experimentally confirmed the theory of the double resonance
parametric instability by using the two electromagnetic waves with the frequency
difference which is twice the ion acoustic wave frequency. The parametric decay
instability excited by the two pump fields has a lower threshold and larger growth
rate than that excited by one pump field. The ratio of the threshold for two
pumps to that for one pump nearly agrees with the theory. The slight difference
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between the theory and experiment will be due to the inhomogeneity of the plasma
used in the experiment. ;

In chapter 4 is described the modulational instability of the electron plasma
wave excited by a resonant cavity. The modulational and parametric instabilities
are experimentally distinguished by the control of the plasma density. The modu-
lational wave of the electron plasma wave grows and then damps spatially, and the
frequency and amplitude of the modulational wave are respectively proportional to
the electric field of the electron plasma wave and to its square. These obtained
results are in agreement with the theoretical prediction based on coupling of the
nonlinear Schrédinger equation with the equation of the ion acoustic wave including
the term of the ponderomotive force. Then the low frequency fluctuation of the
ion density with the phase difference of 7 to the envelope of the electron plasma
wave is produced with increasing the amplitude of the electron plasma wave. This
phenomenon is explained by the ion acoustic wave excited by the ponderomotive
force due to the modulated electron plasma wave.

In chapter 5, the ponderomotive force is quantitatively confirmed by the high
frequency electric field in the resonant cavity. The increase of the density and no
change of the electron temperature are observed in the upstream side of the pla-
sma. On the other hand, the decrease of the density and increase of the tempera-
ture are observed in the downstream side of the plasma. The relation between the
density decrease and the high frequency electric field is in agreement with theory
including the ponderomotive force due to the electric field smaller than a certain
value. The instability excited with the higher electric field decreases the density
in the downstream side.

In chapter 6, the ponderomotive force is utilized to suppress the plasma loss
from the mirror magnetic field. The plasma density at the mirror center increases
with the mirror ratio due to the mirror effect. When the electromagnetic field is
applied to the plasma, the plasma density at the mirror center increases, and the
plasma loss from the mirror magnetic field decreases. Then the adiabatic plugging
without the electron and ion heatings is achieved. These phenomena are explained
by the mirror effect with ponderomotive force.

In chapter 7 are described the identification and stabilization of DCLC instabi-
lity. The observed wave with about the ion cyclotron frequency localizes in the
radial region with the sharp density gradient, and propagates in the direction of
the ion diamagnetic current. These characteristics and the dispersion of wave are
in good agreement with the theory of DCLC instability. The DCLC instability is
next stabilized by -the introduction of the ponderomotive force, which shifts the
loss-cone velocity distribution to the loss-hyperboloid one.

Finally, the some subjects left in the future are mentioned below on the para-
metric, modulational instabilities and ponderomotive force studied in this thesis.
The saturated state of the parametric instability in the inhomogeneous plasms must
be studied for further understanding of the laser plasma interaction and for the
application to the plasma heating Then the efficiency of the double resonance para-
metric instability for the plasma heating needs to be investigated by using two
electromagnetic waves with the higher power. Next, the developed phenomena of
the modulational instability must be theoretically studied including the generation
of the magnetic field reported in the recent laser experiment. The future subjects
on the ponderomotive force will be to consider the influence of the plasma flow,
and to investigate the influence of the ponderomotive force on the stability and
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equilibrium for the mirror-confined plasma with the end stopper. Moreover, the
discovery and research of the new nonlinear phenomena are important for the
development of the plasma physics and the realization of the nuclear fusion reactor.
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