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ABSTRACT

A particle simulation model which treats the wave excitation

and propagation in the nonuniform density by the external source

is developed and applied for study of the lower hybrid heating in

a fusion device. As the linear theory predicts, the cold lower

hybrid wave is observed to increase its perpendicular wave number

as it propagates to the higher density region and to damp away

near the turning point. When the wave amplitude is large or the

wave energy is about a half of the initial kinetic energy at a

surface of plasma, the following features are observed for the

increase of the ion and electron kinetic energies. Ion perpendicular

energy distributions are observed to be approximated by the two

Maxwell distributions or to have the components of the high energy

tail, whose parallel velocities satisfy the resonance, condition:

W|l = (iti-lti.)/kn , where u and k^ the frequency and ±he parallel wave

number of the external source, I is an integer, and fi. is the ion

cyclotron frequency. An strong increase of the parallel kinetic

energy of the electron is observed near the plasma surface. These

are mainly due to the trapped electrons and the collisionai heating.
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I. Introduction

Plasma heating by the lower hybrid wave is attracting our deep

interests as a mean of supplementary heating in the fusion devices.

1—4
Many works have been dcre experimenatally and theoretically.

Within linear theories ' , the following three points are

clear: (i) The pumping frequency and the parallel wave number should

satisfy the accessibility condition for the wave to propagate into

the inside of plasma. (ii) If the accessibility condition is well

satisfied, the electrostatic approximation can be employed in the
a

investigation of the lower hybrid wave . (iii) In the cold plasma

approximation, the perpendicular wave number becomes larger to

diverge at the lower hybrid layer (The lower hybrid resonance can

occur.), as the wave propagates to the inside of the plasma or

higher density region. However, this divergence of the perpendicular

wave number may not occur by the effect of the lowest order hot

plasma effect and instead the cold lower hybrid wave should linearly

convert into a hot ion plasma mode near the lower hybrid layer.

Then, the absorption of the wave energy by the ion cyclotron or

Landau damping can be expected.

Prom the 3rd point mentioned above, we can understand that

the existence of the density gradient is essential for the lower

hybrid wave propagation and heating in actual fusion devices.

Accordingly, this work is aiming to study both the propagation of

the lower hybrid wave and the associated plasma heating in a system

of the nonuniform density in which the wave is externally excited.
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For this purpose, we have developed a two and one-half dimensional,

electrostatic particle simulation code to handle these physical

situations , by considering the linear theories of the lower hybrid

wave and devising the model to match their properties.

As the wave amplitude is larger, the nonlinear phenomena become

important. These are parametric instabilities , nonlinear

filamentations , phenomena due to trapped particles, tail formation

in ion velocity distribution due to stochasticity , and so on.

Actually, the parametric instability and the associated anomalous

heating was observed by particle simulation and in a laboratory

experiment . This parametric instability is due to the electron

motion via E x B drift. In addition to this, however, it can be

expected that many other linear and nonlinear effects influence on

the phenomena in these systems.

As the first step of these studies, we choose the configuration

of the two and one-half dimensional model which excludes the effects

due to E *B drift in order to avoid too complicated situations in

the nonuniform density. In these model, we can study the

linear wave propagation and some nonlinear effects.

In Sec. II, we consider linear phenomena concerning the I. ~r

hybrid wave propagation in the nonuniform density, and on this basis

make a model which can simulate the lower hybrid wave propagation

and heating. In Sec. Ill, we present the experimental results

about wave propagation, ion heating, formation of ion high energy

tail, and electron surface heating. In Sec. IV, a discussion and

summary is presented.
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II. Linear Theory of the Lower Hybrid Wave and a Simulation Model

A. Propagation of the Lower Hybrid Wave in the System of Nonuniform

Density

Let us consider a system in which the uniform magnetic field

B is imposed and the plasma is uniform in the y direction, and
y

the plasma density increases in the x direction. The lower hybrid

wave is externally applied to the lower density region and propagates

into the plasma with a wave vector k => (k ,k , 0 ). The angular

frequency to and k are assumed to be determined by the conditions

of the external source. Therefore, k must be changed with x as

the wave propagates to the x direction or to the higher density

region. If the density gradient is sufficiently small, the

propagation can be approximated by the WKB method except near a

singular point. Namely, the electrostatic potential $(x,y,t)

of the lower hybrid wave can be written as follows;

(1)

i> = f kx(x)dx + k y - at , (2)

and the WKB approximation indicates that k (x) satisfies the local

dispersion relation: e(k , k , u ) = 0 of Eq. (7.25) in Ref. 10.
x y

In the limit of zero temperature or in the cold approximation,

kx can be diverge, or a resonance of the lower hybrid wave occurs

at a point, in which the resonace condition:
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2 2 2
to = to*, — u

holds, where to,, is the lower hybrid angular frequency, ftg is

the electron cyclotron angular frequency, and tu and oi . are the

electron and ion plasma angular frequencies. In the usual plasma,

however, k is prevented from diverging by the finite-temperature

effects and becomes pure imaginary in the region where the density

is larger than a critical one. The point of this critical density

is called the turning point. Near this point, the group velocity

8
of the wave approaches zero . Because the WKB approximation is

broken down at the singular point, the nonlocal theory should be

adopted in order to investigate the properties of the wave

propagation. Near this point, the ion cyclotron or Landau damping

of the lower hybrid wave becomes large and are expected to bring

out an ion heating in the high density region.

In order to obtain the local perpendicular wave number kfx},

we use the usual following approximation : Since o> and k are

fixed to real constants as already mentioned and e(k ,k ,(ii )

has an imaginary part due to some damping mechanisms, k must be

complex

k *> k + ik . . (4)

When the damping is weak, then k ^/k « 1 and the dispersion

relation may be written as
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e(a'kx ' V =Cr(<*>kxr+ikxi >ky} + iei(ai>kxr >ky} = ° ' (5)

Taking real and imaginary parts of Eq. (5), we obtain the following

approximation.

(6)

This approximated dispersion relation are numerically calculated

and compared their values with the simulation results in Sec. III.

B. Simulation Model

The simulation model in this work is made in accordance with

a consideration of Sec. IIA and is intended to be representative

1-3 4

of the devices as tokomaks or a linear machine , equipped with

exciters of the lower hybrid wave in the most simplified way.

Its basic features are skeched in Fig. 1, where two and one-half

dimensional system of slab geometry is immersed in a y-directional

static uniform magnetic field B . In the x direction, this system
if

is bounded by a pair of conducting walls where electrostatic

potentials $ are forced to be zeros. In the y direction, the

system is assumed periodic, so that the wave can propagate through

it. As a particle simulation model, the finite-sized particle
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or the cloud model of a gaussian shape1-' ̂ s adopted. For the

14
method of calculating the interparticle forces, CIC method is

used. Square grids of M *M are used and the grid size is taken
x y

as unity which gives the scaling of length. The finite-sized

particles are followed with their self-consistent fields plus the

external driving fields. The algolithm for advancing particles

is the standard time-centered leap-frog scheme.

In order to impose the external driving field on the plasma,

we consider the oscillating external charges on the electrodes

located at x=x . These oscillating external charges p

and the induced electrostatic potential <f> . in vacuiam, which

travels to the x direction, can be represented approximately, a.-*

follows;

Source " p0S
S(x-xe} ***<"*-\V> >

6 . = A(x) sin(o)fc-7< y) .ext y"

The function A(x) can be analytically calculated but is not

presented here. The shape of A(x) is illustrated in Fig. 1, which

shows that A(x) has a singular point at x=xa .

As art initial condition, we set the plasma density increasing

linearly in the x direction with a prescribed density gradient, as

illustrated in Fig. 1. When the maximum density is higher than

that of the turning point, we may neglect the effect of the wall,

because the wave is expected to damp near the turning point.

A pair of limiters located near the conducting walls are
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assumed to play a role of the reflactor the particles reaching the

limiters, so that the effects of the singularity of A(x) in the

external electrostatic potentials cannot disturb the phenomena.

As an initial state, the plasma is appropriately separated from

the limiters in order to reduce the effects of collisions between

the particles and limiters. In this work, however, the particles

were scarcely collided with the limiters during the time when we

observed, because the particle diffusion across the magnetic field

was very small, as shown later. Accordingly, we did not need to

consider the complex influences associated with these artificial

limiters, when we examined the various phenomena seen in this system.

The particle velocities are selected at random from the

maxwellian distribution and adjusted for the thermal and drift

velocities to be equal to Vfan
 arK2 zero, where a denots a species of

ion or electron.

A mass ratio of 10 was u^ed for economy in computation.

The size of the gaussian clouds was chosen as 0.67. A time step

was 0.4 to , where u> is the plasma angular frequencype,max pejUiax
at the point of the highest density.

C. Measurements

In these nonuniform systems, each physical quantity is non-

uniform. Because we assume the periodicity and uniform initial

conditions in the y direction, we can expect only x-dependence
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about each physical quantity. In this work we measure mainly the

following quantities:

(1) Instantaneous electrostatic potential.

(2) Temporal correlations between sinwt and the observed electro-

static potential $(sc3y*t) . These correspond to the so-called

interferometer output in laboratory experiments,

{3) k (x)i These are obtained quite accurately by Fourier expanding

the above correlation in the x direction and by tracing the iso-

p>.ase of their fundamental mode.

(4) Particle density n(x), perpendicular and parallel kinetic

energies Kj^(x) and K{{ fx): These are measured by averaging in a

time interval of x f=2ir/uj in each cell, which is one of 12 cells

defined by dividing equally the region between a pair of limiters.

Each cell is specified by renumbering from 1 to 12 from the left

one.

(5) Velocity distribution functions: These are also measured in

the same way as the above (4) . In order to reduce the fluctuation

caused by small number of particles, however, we decrease the

number of cells by 1/3 and enlarge the area of each cell by 3

compared to (4). We specify these cells by 1-3, 4-6, 7-9, and

10--12, considering a correspondence to (4).
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III. Experimental Results

Runs Ml and M2 were performed. In order to discriminate

between linear and nonlinear phenomena, the wave amplitudes are

mainly changed in these two runs and other simulation parameters

are essentially the same between these two runs. The wave

amplitude in Ml is q<b /kT ~ 3 (e0E
2 /nkT ~ 0.5 ) and that

^ max e max e
in M2 is q$ /kT ~ 1 (e0E

2 /nkT ~ 0.05 ). Ml was run untiln max e max e

t=76i (T =2TT/W) , while M2 was obliged to be run until 230 x

due to the slower heating than in Ml. The simulation parameters

are the following:

(1) Mass ratio: m./m -10.
% e

(2) The number of spatial grids: M *M =128*64.
x y

(3) The numbers of the electrons and ions: N.=N =257*247=37999.

(4) Density distribution: The density increases linearly in the

x direction between a; and xo as shown in Pig. 2. For Ml,to (ar,=5Vfl,, =0.5, u (xo=120)/tt =1.0 and for M2, u (x^-8)/

=0.52S3 a (x2=120)/Qe=*1.05.

(5) The position x of the electrode as shown in Figs. 2 and 3:

(6) The position % and Zo of the limiters as shown in Fig. 2:
J. 0

(7) Amplitudes of the external fields: For Ml, qp /m $2 eo=0.361
US & 6

2
and for M2 qpn /m ii £o=o.ll.

US & &

(8) The angular frequency u and the wave number k : u>=3.169 ft.

k 2n/M



(9) The initial ion and electron temperatures, T.Q and T , and

the Larraor radii, i» . and r : 21. = T (isothermal), k »... =

O.1SS ( { / ) I / 2

(10) The effective collision frequencies of ions and electrons

V and v. , respectively: v./fl. ~ v /fi ~ Order of 0.01.

A. Particle Diffusion

It is favourable to us that the lower hybrid heating will

scarcely cause the particle diffusion because the pumping frequency

is much higher than the ion cyclotron frequency. Actually, as

shown in Fig. 2, negligible particle diffusions for both runs Ml

and M2 are observed by the density measurements which were carried

out at the latest time of runs, in which the plasmas were well

heated. If there do not exist any enhanced diffusions due to

the externally excited lower hybrid wave, these results are

reasonable because the collisional diffusions of ions can be

neglected in these runs ( v./to ~ 0.003 ). However, we should

take notice that any effects of perturbations due to ExB drift

are automatically precluded in these two runs. From the viewpoint

of analysis of phenomena, however, it is convenient to be able

to neglect the complicated effects of a change of the density

associated with the particle diffusions.
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B. Wave Propagation

The positions of the turning point calculated by the

approximation Eq. (6) are xL=l15 for Ml and x =110 for M2. The

appearances of the wave propagations are presented in Figs. 3 and

4 for Ml, and Fig. 5 for M2, respectively. Figure 3 shows the

contour of the instantaneous equipotential at t= 35 x . The

levels q$/kT of potentials are 2.7, 1.8, 0.9, and -0.9 from the

highest one. Other contours are omitted for simplicity. The

maximum and minimum potentials are 3.0 and -5.0, and the average

one is -0.1. Through the runs, we noticed a tendency that the

potential of the whole system is negative biased because of the

sheath effects in the plasma edge. These sheaths are caused by

a larger Larmor radius of the ion than that of the electron.

The observed electrostatic potentials lose the coherency of the

wave and become fluctuation-like in the region as > 100, which is

also omitted in Fig. 3. At this time t= 3S x , the wave is

damped away before reaching the turning point x=110. This is
v

partially caused by the change of the dispersion equation due to

increases of the ion and electron kinetic energy, which is shown

later.

In order to see these temporal changes of the propagation,

we investigated the correlation between sin uit and §(x,y3t).

These correspond to the ^-directional interferometer output traces

used in actual experiments, although time t during which the

corrlation is being calculated is much shorter than in experiments.
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We chose their times as t =2 x for Ml and as t =4 T for M2.
w o ) m w

Figure 4 shows that the wave penetrates to a half of the system

after t=4 x and through the whole system after t=16 x . Near

this time t=16 x , however, it vas not observed that the wave

patterns were changed from the type of the traveling waves in

the * direction to the standing wave type due to reflection of the

wave by the conducting wall. Therefore, the turning point at

this time is considered to exist near the approximately predicted
turning point x=110, because the wave must be damped strongly

v

in front of the wall (In the plasma parameter, in which the turning

point was not in the system, the wave patterns were observed to be

changed to the standing type). After t=30 x , the damping of

the wave becomes gradually strong in the high density region.

These are considered to be caused by the shift of the turning point

to the low density side and increase of cyclotron damping due to

ion heating and high energy tail formation of ion, presented later.

In Fig. 5, we show the observed values of k at t=28 x for
OS CO

Ml. As references, we show two values calculated from Eg. (6)

in the cases of T^, =T... and T..= 1.3 T. , considering that the

perpendicular kinetic energy of ion increases by 30 %. In t-.he

high density region of x > 90, we are not able to measure k due
x

to noise. A discrepancy near x=80 between observed and calculated

values would be mainly caused by the spoilage of the approximation

Eg. (6) due to large imaginary part e. . Namely, in these

simulation parameters, Taylor expansion of Eq. (5) is not accurate

near the turning point, because k . is comparable to k
act' 3*2?
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This comes from the fact that the perpendicular wave length increases

at this region and becomes comparable to the ion Larmor radius.

C. Ion Heating

Figure 6 shows the favoubable increase of the kinetic energy

of ion to the supplementary heating in the fusion devices. These

results were obtained in run Ml after 1=76 T . The ratio of

the energy associated with the ordered motion to the initial kinetic

energy were less than 10 % for Ml with the larger wave amplitude.

In the following, we study the increase of the perpendicular kinetic

energy in detail.

Figure 7 shows the increase of the perpendicular kinetic

energies at t = 24, 48, and 76 x for Ml. The peak of the

increase exist in the region 6 or 7 through the run. At t=24 x ,

the increase is slightly larger in the higher density side of

regions 7-10 than in the lower density side of regions 1-6, while

after t=48 x the situation reversed itself. These are well

represented with the time variation of the perpendicular kinetic

energies in regions 2, 4, 7, and 11, as shown in Fig. 8. Namely,

the increase in region 11 is stronger untill t=20 T after the

wave reaches the region, while the increasing rate in region 2

is larger after t=40 T . These phenomena are correlated intimately

each other with time variation of the wave amplitude and the increase

of the ion Larmor radius or the increase of the wave damping.

As shown in Fig. 4, the amplitude of the electrostatic potentials

in region 11 is not so small from t=10 T to t=20 T , compared
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with region 2. The perpendicular wave length in region 11 is

smaller by a factor of about 2 than that in region 2. Therefore,

the amplitude of the electric field in region 11 is larger in this

time interval than that in region 2. In addition, the smaller

perpendicular wave length lets the wave interact strongly with

ion motion and increases the damping rate. As shown in Fig. 4,

the damping of the wave becomes stronger in the right half of the

system after t=30 x . This is caused by the fact that the ratio

of the perpendicular wave length to the Larnor radius in the central

region becomes smaller and the damping rate of the wave becomes

larger, i.e. fc^r. increases.as the time. In other words, the

increase of the ion perpendicular kinetic energy depends on both

the wave amplitude and the damping rate. Although this result

is self evident, it suggests that the feedback control of fy or u

will be necessary in order to heat the higher density region

continuously. Namely, if we control the parameters of the external

source with time, we can heat ion more strongly near region 11.

Figs. 9 and 10 are results corresponding to the above

discussions for run M2 which make comparisons for Ml possible.

The fine oscillation in Figs. 8 and 10 correspond to something

relating to the ion cyclotron motion.

D. Formation of High Energy Tail in Ion

Figure 11 shows the perpendicular velocity distribution measured

in regions 1-3, 4-6, 7-9, and 10-12. These are clearly
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approximated by the two Maxwell distributions, which are composed

oi: the bulks and high energy tails. The portions of the tails

to the bulks are a few percents and their temperatures of the bulks

are scarcely changed through the run. These appearances are

quite similar to the results in the laboratory experiments such

as TM31.

In order to examine the mechanism of the high energy tail

formation, we observed the time variation of the perpendicular

velocity distribution in region 6-9, as shown in Fig. 12.for run

Ml and Fig. 13 for run M2. Figure 12 shows that the tails are

heated, keeping their distributions maxwellian just from the birth

of the high energy tail. Therefore, the time variations of the

tail portion to the bulk and the tail temperature are the most

important (and simplest) to know the appearances of the tail

formation, as is seen in Fig. 14. These appearnces have two

clear features that the number of tails N. ., is reduced rapidly

and then increases slowly and that the temperature increases

linearly in time at first and then saturate with a value larger

by a factor of about 12 than that of bulk. This ratio 12 may be

compared with v /2t>m. =o> /(kj_2vT.Q)=25. However, we notice that

the rapid reduction of N, .« in the early stage is liable to lead

to misunderstanding, because it may.be a pretence associated with

approximation of a distribution function with a tail temperature

close to a bulk one by a two Maxwell distribution, while the slow

increase in the later stage ::s considered to be true.

In order to study the mechanism of the formation of high
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energy tail, the phase space plot (v^* v^ ) of ion is shown in Fig.

15. The high-energy tail is formed near the parallel velocity

which is not zero, but satisfies the resonance condition,

E» Electron Surface Heating and Formation of the Trapped Electrons

As shown in Fig. 16, a strong increase of the parallel kinetic

energy in the low density side is observed in run Ml with the

larger amplitude, while, as shown in Fig. 21, the corresponding

increase is gentle in run M2 with the smaller wave amplitude.

Accordingly, this strong increase can be considered to be a kind

of the nonlinear surface heating. Even in run Ml, the contribution

of the ordered motion to the parallel kinetic energy is less than

11 % of the initial kinetic energy. In this section, we study

this strong surface heating in detail.

Figure 17 shows time variations of the parallel kinetic

energies in regions 1, 5, 9, and 12. Here, our interests are

focused on the time variation in region 1, which shows the very

anomalous hehaviors. Until 20 T , the parallel kinetic energy

increases linearly in time with the large increasing rate, then

during 20 ^ 50 T , it saturates and oscillates with a period of

12 T , then during 50 ~ 60 T , it again increases linearly in
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time with the larger increasing rate than in the 1st stage, and

then after 70 T saturates again. Here, we note that period of

12 x is larger by a factor of about 3.2 than the bounce period

3.7 x of the '•scillation of the trapped electrons in the wave

trough. Fv dhermore, we exaraina the parallel energy distribution

in region -3, as shown in Fig. 18. Here, we measured by

discriminating between the positive and negative parallel velocities,

where the positive one is in the same direction of the parallel

phase velocity of the wave. At t=76 x and 76.4 x 3 the trapped

electrons are observed as shown in the energy distribution of

Fig. 18 and a phase space plot of Fig. 19, respectively. These

are compared to 9pg - 6.4 vTeo , T>tx>aptmax - 8.9 ^ , and

Vtrap,mim ~ 4'° VTe0 ' w h i c h a r e calculated from u, ky , and the

wave amplitude in region 1-3. For the purpose of comparing these

values with the energy distributions, it is convenient to transform

them to 4rap,min/vTe0 ~ ie* vl,/vle0 ~ 41> and v\vaV,max
/v\e0

-79.

In order to show the formation of the trapped electrons, the

time variation of distribution function is presented in Fig. 18.

It suggests that a few percents of the bulk plasma, which are the

tails in the initial Maxwell distribution with velocity larger

than t>tv m^n , are trapped by the wave trough of large amplitude.

Then, we consider the increase of the bulk temperatures. Under

the influences of formation of the trapped electrons, the

temperature of v > 0 increases considerbly more rapidly than

that of v < 0 untill 20 x , as shown in Fig. 20. After that.
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the increasing rate of v > 0 is slightly larger than that of

v < 0. Namely, the trapped electrons of high energy can

interact with the electrons of the bulk, whose velocities are nearer

to the velocity of the trapped electrons or are positive. Here,

we esetimate the inverse of the heating rate y from the increase

of the bulk temperature

2y = U(nT)/dt}/z0E
2

Then y is calculated to be Q.003 to which can be compared to

the effective collision frequency 0.01 w .

In Figs. 21 and 22, the results for run H2 are shown. The

heating is isotropic and the trapped electrons cannot be found.
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IV. Discussion and Summary

We have developed a particle simulation model which treats the

wave excitation in the nonuniform density plasma by the external

source and applied it for study of the lower hybrid heating in a

fusion device. In order to avoid too complicated situations and

to save a computer time, we have mad2 a code of the two and one-half

dimensional system which excludes the effects of the E x B drift

and used the mass ratio of 10, although this model should be developed

to the code which includes the E * B drift or to the 3-dimensional

coJe with a larger mass ratio in the future.

As the linear theory has predicted, it is confirmed that the

cold lower hybrid wave changes the properties and damps near the

turning poiit. It is observed that the properties of the dispersion

relation which determines the position of the turning point and the

damping rate of the wave are changed in accordance with increase

of the kinetic energy of plasma due to absorption of the wave

energy. This result suggests that for the purpose of the continuous

wave energy absorption in the deepest of the plasma near the initial

turning point, it may be necessary to control the wave frequency

or the parallel wave number.

Concerning increase of the ion kinetic energy, we have observed

a favourably rapid increase of it: the perpendicular kinetic energy,

is increased by more than 100 % during the time of 76 periods of

the excited wave, when the wave amplitude is large. We have also

observed that the high energy tail is formed in the perpendicular
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energy distribution, likely as observed in the laboratory experiments.

From the birth of the tail, the perpendicular energies are

approximated by the two Maxwell distributions. The tail

temperatures are heated up to those larger by about 12 times than

those of the bulks and then are inclined to saturate, while the

bulk temperatures are scarcely changed. In the phase space plot,

the high energy tail is observed to have the parallel velocity

which satisfies the resonance condition.

An strong increase of the electron parallel kinetic energy

is observed near the surface of the plasma, when the wave amplitude

is large. These are mainly caused by the formation of the trapped

electrons and the collisional effects.

Jrom the two runs with the different wave amplitudes, we can

conclude the following. The lower hybrid heating is one of the

hopeful methods to heat the fusion plasmas supplementarily, even

if we do not rely upon the anomalous heating due to the parametric

instability. However, it is the future problem to study which

mechanism of the heating is the more efficient and appropriate for

the fusion plasmas. The simulation model developed in this work

for the lower hybrid propagation and hsating ir the nonuniform system

is useful to study some problems of the lower hybrid heating.

The reason is that, in -the research of the heating due to propagated

wave from the plasma surface, it is necessary to study the wave

propagation and the plasma heating consistently, because the heating

causes to modify the properties of the propagation and damping of

the wave as the time.

- 22 -



Acknowledgements

The authors would like to express sincere thanks to

Professor H. Momota for his critical reading of the manuscript

and suggestions, and to A. Fukuyarr.a for his valuable discussions.

They are grateful to Professor K. Nishikawa for his helpful

discussions and suggestions. Thanks are also due .to Professors

R. C. Davidson, H. Okuia, and I. Kawakami for their interests

and critical comments.

This work was partially supported by the Grant-in-Aids for

Scientific Research of the Ministry of Education, Science and

Culture in Japan and has been carried out under the Collaborating

Research Program at the Institute of Plasma Physics, Nagoya

University.

- 23 -



References

\. V. Alikaev, Yu. I. Arsen'ev, G. A. Bobrovskii, V. I. Poznyak,

K. A. Razumova, and Yu. A. Sokolov, Sov. Phys. Tech. Phys. 20,

327 (1975).
2

I. P. Gladkcvskii, V- E. Golant, V. V. D'yachenko, M. M. Larionov,

L. S. Levin, V. V. Rozhdestvenkii, V. A. Sadovnikov, and O. N.

Shcherbinin, Sov. Phys. Tech. Phys. 18, 1029 (1974).

M. Porkolab, S. Bernabei, W. M. Hooke, and R. W. Motley, and T.

Nagashima, Phys. Rev. Letters 38, 230 (1977).

4P. M. Bellan and M. Porkolab, Phys. Fluids 19, 995 (1976).

5T. H. Stix, Phys. Rev. Letters 15, 878 (1965).

T. H. Stix, The Theory of Plasma Waves (McGraw-Hill Book Company/

New York, 1962).

A. Fukuyama, H. Momota, R. Itatani, and T. Takizuka, Phys. Rev.
Letters 38, 701 (1977).
g
H. Momota, A. Fukuyama, M. Azumi, M. Okamoto, and T. Takizuka,

JAERI-M 6964 (Japan Atomic Energy Research Institute, Tokai-mura,

Naka-gun, Japan, 1977).
Q
H. Abe, H* Kajitani, and R. Itatani, in the Third International

Conference on Plasma Theory (Kiev Conference), Trieste, Italy

1977.

1 0C. Chu, J. M. Dawson, and H. Okuda, Phys. Fluids 19, 981 (1975).

n G . Morales and Y. C. Lee, Phys. Rev. Letters 35, 930 (1975).

- 24 -



12

S. Ichimuaru, Basic Principles of Plasma Physics (Benjamin,1973).

C. K. Birdsall, A. B. Langdon, and H. Okuda, Mehtods in Plasma

Physics, Vol. 9, P.241 (Academic Press, New York and London, 1970}
14
C. K. Birdsall and D. Fuss, J. Computational Phys. 3, 494 (1969)

- 25 -



Figure Captions

Fig. 1. A schematic illustration of simulation model and a shape

of function A(x).

Fig. 2, Final density distributions: Negligible particle diffusions

are observed for run Ml as shown in (A) and for run M2 in (B).

Fig. 3. Instantaneous /equipotential contours are drawn only for

q$/kT = 2.7, 1.8, 0.9, and -0.9. Other contours are omitted

for simplicity (Run Ml).

Fig. 4. (A)-(C) Interferometer output traces of the electrostatic

potentials at characteristic times and (D) comparisons of the

measured perpendicular wave numbers with the calculated ones (Run Ml).

Fig. 5. (A)-(C) Interferometer output traces of the electrostatic

potentials at characteristic times and (D) comparisons of the

measured perpendicular wave numbers with the calculated ones (Run M2).

Fig. 6. Final spatial dependent increase of the ion parallel and

perpendicular kinetic energies (Run Ml).

Fig. 7. Time variations of increase of the perpendicular kinetic

energies (Run Ml).

Fig. 8. Time variations of the perpendicular ion kinetic energies

in regions 2, 4, 7, and 11 (Run Ml).

Fig. 9. Spatially dependent increase of the ion parallel and

perpendicular kinetic energies (Run M2).

Fig. 10. Time variations of the perpendicular ion kinetic energies

in regions 4 and 7 (Run M2).

Fig. 11. Final perpendicular ion energy distributions in each
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region (Run Ml).

Fig. 12. Time variation of the perpendicular ion energy

distributions in region 7-9 (Run Ml).

Fig. 13. Time variation of the perpendicular ion energy

distributions in region 7-9 (Run M2).

Fig. 14. Measurements of the normalized tail temperature

T n/T-h ib v s time and the normalized number of the tail

T h e b u l k temperature ̂ ^i^ is slightly changed

through the run. (Run Ml)

Fig. 15. Plot of ion phase space (v^_ , »(| ). The arrow sign

shows the parallel velocity which satisfies the resonant condition:

a = (ID- IQJ/kft .

Fig. 16. Final spatially dependent increase of electron kinetic

energy (Run Ml).

Fig. 17. Time variations of parallel electron kinetic energies

in regions 1, 5, 9, and 12 (Run Ml).

Fig. 18. Time variation of parallel electron energy distributions
2

in region 1-3. The arrow signs show the positions of v.

™dv2 C»m Ml).
Fig. 19. Plot of electron phase space, the arrow signs show the

positions of vtpapt m.n , v^ , and vtrapj nax (Run Ml).

Fig. 20. Time variation of the parallel electron temperatures

in region 1-3 (Run Ml).

Fig. 21. Spatially dependent increase of the electron kinetic

energies (Run M2).

Fig. 22. Parallel electron energy distribution in region 1-3 (Run M2)
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