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The experimental results of DIVA ICRF heating in a plasma consisting
of the deuterium and the mineority hydrogen ions were compared with the
mode conversion theory including tunneling, reflection and absorption
of the fast”magnetosonic wave near a two-ion hybrid resonance layer.

Wave length and damping length of the. wave propagating in the
toroidal direction were measured directly from phase shift and amplitude
of the excited wave detected by magnetic probes. Effective iom heating
occurred at the optimum values of plasma parameters such as hydrogen teo
deuterium density ratio and strength of toroidal magnetic field, and in
this case the damping length along the toroidal direction became a
minimum. These results were consistent with the mode conversion theory.
In the optimum case, the ion temperature with net rf power about 120 -
140 kW was increased spectacularly about three times from that without
rf powér, and it became larger than the electron temperature in the

whole plasma column.
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1. Introduction

A plasma comnsisting of two or more ion species in a static magnetic
field has new interesting properties in the vicinity of their fundamental
ion eyclotron frequency region(l). When the plasma density is increased,
two gyrated ion species are strongly coupled with each other to produce
a two-ion hybrid resonance in the intermediate frequency region of their
fundamental ion cyclotron frequencies, which value is determined by the
density ratio of two ions. '

Concérning the fast magnetosonic auxiliary wave heating in the
deuterium plasma with minority hydrogen(2)~(7), the damping decrement of
the excited wave was too large to be explained only by the normal second
harmonic cyclotron damping. The reason of these incredible increment
of the wave damping was clarified by the several experiments performed
in TFR(S), and TM1(3). The presence of hydrogen as & small amount of
impurities produces two-ion hybrid resonance near the cyclotren resonance
layer at which the fast magnetosonic wave is locally converted to a slow
electrostatic ion Bernstéin mode whose power is consequently transferred
to the plasma particles by ion cyclotron damping aﬁd electron Landau
damping(sj”(lz). Recently, the detailed calculation for the condition
of the mode conversion and the damping length under the variocus values
of the hydrogen te deuterium demsity ratio has been reported(ls).

Tunneling and absorption of the incident wave power near the reso-
nance layer was first discussed by Budden(l3). Tunneling and reflection
coefficients were obtained by using a second order wave equation contain-
ing a zero and a pole of wave number, which indicate that the absorption
takes place at the singular turning layer. Ngan et al.(la) investigated
the mode conversion from the fast magnetosonic wave to the ion Bernstein
wave in a warm, collisionless, toroidal plasma and the tunneling and the
reflection coefficient of the fast magnetosonic wave were calculated
theoretically. '

Several experimental results were tried to be explained by these
mode conversion theory(s)(g). The experimental results, however, were
not sufficient to prove the mode conversion theory because the dependences
on the parameters such as hydrogen concentration, wave number and damping
length were not investigated experimentally.

Here, we discuss the comparison between the mode conversion theory

obtained by Ngan et al. and the experimental results performed in DIVA

ICRF heating in which plasma parameters have been surveyed for tha

__1_
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optimium ion heating by varing the hydrogen to deuterium density ratio
and the toroidal magnetic field(lé)(l7). The presence of an optimium
condition for efficient ion heating is well agreed with the theory.

In the next section, we discuss the mode conversion theory and in
section 3 the experimental and the theoretical results are compared.

Conclusions are described in section 4.

2. Theoretical Consideration

Theoretical analysis starts from clarifications of property of the
dispersion relation of the fast magnetosonic wave including a thermal
effect which is very important for the discussion of the mode conversion.
Next, accessibility for the fast magnetosonic wave is calculated. In
sub-section 3, tunneling, reflection and absorption of the fast magneto-
sonic wave are calculated by using a forth order wave equation. The
damping length in the toroidal direction is also calculated in the last

section.

2.1 Dispersion relation

We consider a collisionless and fully ionized toroidal plasma consist-
ing of the deﬁterium and minority hydrogen immersed in a toroidal magnetic
field directed in z. The major radius is directed in x whose origin is
a center of the plasma column with radius a. The major radius is R. The

dispersion relation in this system is described approximately as follows.

- n2, i
K ny, 1ny, nym |
- : nl 2 -
F= |-k . Kyy - ny -ng, 0 =0 (1)
- n2
n, 0, Q , Kzz n{

where Kij is components of the dielectric tensor.

The approximate forms of the components of the dielectric tensor
for long wave length region where kipi < 1 are obtained by an expansion
of the ceoefficient In (2) e~A in a series X, where A = k%pi/Z.' Then

the first order equatiomns are as follows.
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where n =-EE k2 =k 2+k 2 k, =k and w w Vv are the
W s Bl x v L] // z ] c E] p [] T

cyclotron frequency, plasma frequency and thermal velocity, respectively.

Z is a plasma dispersion function. BHere, we discuss only a case k_ = 0,
The dispersion relation of the fast magnetosonic wave and the electro-

static ion Bernstein wave in which ﬁx, Ey >> Ez is approximately obtained

from eq. (1) as follows,

F = (Kxx'?yz)(Kyy“ﬁaz'“i?) -K _2=0. (3)
The typical w—kx diagram with parameter of the demsity ratio nH/nO
is shown in Fig.1l, wherg n, is an electron density. TFrequencies and
wave numbers are normalized by the fundamental hydrogen cyclotron fre-
quency and by the wave length of the light in a vacuum, respectively.
When the plasma contains a small amount of hydrogen, the wave dispersion
relation is modified in the vicinity of the fundamental cyclotron fre-

quency of the hydrogen. Here, the detailed explanation is devoted to

_3_
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only the case of nH/nO = 0.1. The branch A and B are the modes of the
fast magnetcsonic wave with the Alfven phase velocity w/k = VA' The
branch C approaches to two-ion cut off (m/kX > w) at w = © e and the
branch D approaches to two-ion hybrid resomance (w/kX +0) at w = Ypes
in the cold approximation. Near the two-ion hybrid resonance, the effects
of the finite Larmour radius appear, because that the perpendicular wave
length approaches to an order of the ion Larmour radius; so that the cold
approximate dispersion relation is not correct in such a region. The
branch D is deformed to the branch E due to these effects. The branch
E is corresponding to the electrostatic idn Bernstein wave which propa-
gates in the perpendicular direction to the magnetic field. The branch
F is also produced by the coupling of fast magnetosonic wave and jon
Bernstein wave, where the square roots of the wave number becomes complex
indicating an occurrence of the'damping and the spontaneous excitation
as a reflection.

So, we can see that the fast magnetosonic wave is converted to the

electrostatic ion Bernstein wave near the two—ion hybrid Yesonance layer.

2.2 Accessibility condition

'To make the mode conversion layer in the plasma columm, we discuss
the cold dispersion relation in the limit A » 0 in eq.(1). These approxi-
mation is correct in the cut off layer but is slightly modified in the
two-ion hybrid resonance layer. In Fig.2, the two-ion hybrid resonance

H 0

. . 2_ , . h
condition in wpe Wy plane with the parameter n/n . and kzc/wCH is shown
as the curve S. The two-ion cut off condition, and the cut off condition

of the fast magnetosonic wave are shown as the curve L and R, respectively.

The curves S, L and R are obtained by the following equations.

m'Z
s =K -n2=1-713 _BS _p?2=0
XX i 3 2-w /
cj
' ijz
L=K -K -n2=1-z..2 _na2=0 (4)
= 4 / I _Dw /4
cj
UJ,2
R=K, +K_ -m?=1-¢ P -//2 0
xx xy j@&mc)w
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In the case of nH/nO = 0.1 and kzc/wcH = 3,2, for example, the sign
of the square perpendicular wave number kX is changed reciprocally
around the approximate intersection point P of the curve S, L and R.
Upper the half plane of the curve R, only a narrow shaded region can be
an evanescent region of the fast magnetosonic wave. The other region
is a propagating region. Under the half plane of the curve R, only a
narrow shaded region can be a propagating region and the other region
is an evanescent region of the fast magnetosonic wave. These results
conclude that when the parallel wave number.is fixed, the plasma density
must be sufficiently high enough to produce a two-ion hybrid resonance
and a two-ion cut off in the center of the plasma column. Or if the
plasma density is fixed, we must select the parallel wave number for the
propagation to the mode conversion layer.

The two-ion hybrid resonance layer and the cut off layer in the.
plasma cross section is shown in Fig.3 under the condition that the

plasma density and the toroidal magnetic field are changed as follows,

1 - x2

o, (x) /nO (0)
(5)

BT(X)/BT(D) 1/ (1+6x)

were & = a/R, x = x/a. The out regicn of the circle R except a

narrow region surrounded by the curve S and L are a evanescent region
for the fast magnetosonic wave. When the plasma density is decreased,
the evanescent region becomes large, soO the excited wave power does not
sufficiently flow into the mode conversion layer. ;

Next, we find the accessibility condition of the fast magnetosonic

wave using a cold plasma model. This condition can be obtained by the

condition that the density at the point P must be smaller than that of
the..plasma center, whether it is included in the plasma or not, because
that the density of the cut off curve R scarcely depends on the strength
of the magnetic field.

By equating the curve L and R, the strength of the magnetic field

at the point P in Fig.2 is easily obtained as follows,

CH 1 (6)
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where €, = nH/nO. |
Substituting eq. (6) into the two-ion hybrid resonance condition § = 0 in

eq. (4), the electron plasma frequency at the point P is obtained.

L”Pez._?’.mi( 2 1)@ -2 e )t )
EEN /A 4 “H

2

wrf

Then, we can obtain the accessibility condition as follows,

o83 82
P , (8)

U3 g ) n
CH ce 0,max

n//2<1+5(1

3
e

When the value n, is increased, parallel phase velocity approaches
to electron thermal velocity at the plasma. periphery, so the wave energy
is absorbed by electron Landau damping before the absorption at a plasma
center. These phenomena cause unexpected periphery electron heating or
the unnecessary excitation of the electrostatic wave. So we must limit
the initial phase velocity to be smaller than the electron thermal

velocity whose condition is

n <—, : (9)

The wave which satisfies the condition(8) and (9) can propagate to
a plasma center. Next problem is how much power of the incident wave are
converted to the electrostatic ion Bernstein mode, We discuss this

problem in the next sub-section.

2.3 Tunneling, reflection and absorption near the mode conversion layer
Ton Bernstein wave converted from the fast magnetosonic wave is
dissipated by the cyclotron damping and Landau damping to heat a plasma.

Although the detailed damping mechanisms for each particles are varied
by the plasma parameters, the wave power of the ion Bernstein wave would
be consequently absorbed by the plasma particles.

Therefore, we can estimate the power absorption of the plasma as
the power converted to the ion Bernstein wave. When the plasma is im-
homogeneous, the parameters such as W wp are changed at the different

peint. In this case, we must go back to the full wave equation to

— § —
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understand the whole properties of the plasma.
The approximate wave equation including the fast magnetosonic wave

and also the ion Bernstein wave are already obtained as in the following
(14)

form

Ly 2y -
B L EE Lo enEeo o ao

st 3z

This forth order wave equation is deformed into the simple second order

wave equations discussed by Budden under the assumption that A2 + = and

y -+ = with the constant.li.. Then,
A

2% U
E L i+ E=0
agl &
(11)
5% CN2%
and BE L ap XE g
agh ag?
where Ny = v/ Az

So pﬁysically, the second and the third term describe the fast magneto-
sonic wave equation near the pole, and the first term explains how much
energy of the incident wave carried away by the ion Bernstein wave. We
discuss the power absorption by using a full wave equation (10)}.

The local dielectric temsor given by eq. (2) must be expanded around
the two-ion hybrid resonance layer at x = X with the small variable
L= XX Then, we obtain the first order approximate equations_in

the case of nH/nO << 1.

8 St 3 w2 3
o — - - = - 2
K g A-gept *32 -3 ep) ¥
H H
yy XX
_ 2aoM . 8 &aM 3,
ny - 3eﬁ (- EH) 9 aé (- Z EH)C
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Ve e o LL’pez
Where W=— M—— » M=— . o = 1)
C T, m e
1 e w
ce
. 3ni?
e = eyl (L H S

Using these results, the wave equation is reduced to the form of eq.(10).

The value A% and y are given as,

2. 738
3
W2 g (o) !
(13
) 3sﬁ
Y -_—
LoMW2
w a
where g = gH .

Then, we get the absorption parameter n for the power absorption,.

3/2 ol 3e”
M) Wg (34 Hy, (14)
2vV3 8 LMW

The tunneling coefficient CT and the reflection coefficient CR are
slightly different whether the fast magnetosonic wave is launched from
the higher magnetic field side or the lower magnetic field side. For

the incident wave from the lower magnetic field side,

CT = e_n
(15)
Al '
=1 -
CR e
and for the incident wave from the higher magnetic field side,
CT = e
(16)
CR =
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These coefficients have following physical meanings. When the wave with

amplitude eJC is launched from the lower magnetic field side which is
sufficiently apart from the mode conversion layer, theramplitude of the

reflecting wave and the tunneling wave are reduced like (l-e—zn)eJC and
e_nejg respectively. So the power ratio of the reflecting wave and the

_ . _ _om )
tunneling wave to the incident wave are {l-e Zn)2 and e 2’, respectively.

The total power converted to the ion Bernstein wave for the incident wave

from the lower magnetic field side,

P = e N2y (17)

and for the incident wave from the higher magnetic field side,
po=1-e2" . | (18)

when n »»> 1, then PL + 0 and PH + 1, which indicate the perfect reflec-
tion and absorption are taken place, respectively. The dependence of
PL and PH on the value n are shown in Fig.4. For the lower magnetic
field side excitation, the most efficient power absorption occures at
n = 0.35 with PL ~ 0.23. For the higher magnetic field side excitation,
large 1 is necessary for the efficient power abscrptiom.

Next we must consider how the transmitted tunneling wave behaves.
The transmitted wave must be damped somewhere. From the point of view
of the wave propagation, the periphery of the plasma is an evanscent
layer as shown in Fig.3, so a part of the fast magnetosonic wave may be
reflected at this layer. Some part of wave energy, however, 1s trans-
mitted through this layer to be carried to the wall of the device and
consequently a part of wave power is reflected at the wall. From these
considerations, a part of the transmitted power from the mode conversion
to the periphery is again reflected back to the plasma center at the
plasma periphery and the wall. The remains of the power are lost in

such a region. Here, we define the effective reflection coefficient at

the periphery as followé,

P ,
£ = re;lectlon (19)

out
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where PDut is an outgoing power from the plasma center.

The model of these systems is shown in Fig.53. This reflected wave power

again comes to-the mode conversion layer and a part of its emergy is

converted to the ion Bernstein mode. These absofption, transmission and

reflection runs so many times in the x direction untill the wave power

is heavily damped during the propagation along the toroidal direction.
The total absorption power after infinite repetition is obfained by

summing up of the infinite geometric progression. For the incident wave

from the lower magnetic field.side,

apg + aybgé
P = (20
.T
L 1- a8 - albliz

and for the incident wave from the higher magnetic field side,

b[} + (agbl—azbg)g
P = ‘ (21)

HT 1 L4, - aybyg2
where ag = e"zn(l—e_zn)
ay = 7

2
a, = (l—e_zn)

by = 1 - e 2"
by = Al
The value of PL T and Pﬁ T depending on n with parameter £ is shown in

Fig.6. When & is approached to unity, the incident wave power is perfectly

absorbed.

2.4 Toroidal damping length

The damping length of the incident wave in the toroidal =z direction
is determined by the absorption rate of the fast magnetosonic wave in x
direction. The characteristic distance d is cobtained by using an average

radial wave number EX of the fast magnetosonic wave.

k
d = 4~E§—a - (22)
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When the wave is launched from the lower magnetic field side, it is éasily
obtained from Fig.5 that the wave power after traveling the distance d

in the region far from the exciting point is reduced by the factor
gz(a22+2a1b1). So we can calculate the power damping length at which

the wave power becomes e~ ! compared with the initial wave power as follows,

A -1
_ g - (23)
tnlg2(as?+2a;by)] :

The damping length normalized by the characteristic distance d with
the parameter £ is shown in Fig.7 and the wave power variation along the
2 direction with the parameter n is shown in Fig.8. The most heavy wave
damping occurs at n = 0.5 at which the mode comversion occurs effectively
as shown in Fig.6. The damping length is increased as the reflection
coefficient £ is much increased.

In conclusion, the parameter n is the most important factor for the
effective plasma heating. As the parameter n is dependent on the plasma
density, strength of the magnetic field, plasma temperature, parallel
wave number and also the demsity ratio nH/nO, the plasma parameters must
be determined so as to select n = 0.5 for the incident wave from the
lower magnetic field side and n 2 0.5 for the incident wave from the

higher magnetic field side.

3. Experimental Apparatus

Fast magnetosonic wave heating are performed in JFT-2a (DIVA)
tokamak(l6) with a divertor. The major radius R = 60 cm and the minor
radius a = 10 em. The rf frequency mrf/Zv = 25 MEz is equal to the
fundamental ion cyclotron frequency of the hydrogen uCH/2w and alsc is
equal to the second harmonic ionm cyclotron frequency of the deuterium
wCD/Zr when the toroidal magnetic field BT is 16,5 kG. The maximum of
the rf power is about 200 kW. The generator system is shown in Fig.9.

A 10-channel charge exchange neutral particle energy analyzer is
used for the measurement of the perpendicular ion temperature. The
amplitude of the fast mégnetosonic wave is measured with six magnetic
probes which detect azimuthal component cf the magnetic field fluctua-
tions. These probes Py, Py, Pz, Pu, Ps, P, are placed at 0°, 90°, 180°,
35°, 45°, 55° from the antenna positicn in toroidal directiom, respec-

tively,. as shown in Fig.11l(a). These probes are made of one turm cupper
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A -1 :
_dsl - . (23)
Rn[i"-(a;_2+2a1b1)] :

The damping length normalized by the characteristic distance d with
the parameter ¢ is shown in Fig.7 and the wave power variation along the
z direction with the parameter m is shown in Fig.8. The most heavy wave
damping occurs at n = 0.5 at which the mode conversion occurs effectively
as shown in Fig.6. The damping length is increased as the reflection
coefficient § is much increased.

In conclusion, the parameter n is the most important factor for the
effective plasma heating. As the parameter n is dependent on the plasma
density, strength of the magnetic field, plasma temperature, parallel

wave number and also the density ratio nH/nO, the plasma parameters must

1

be determined so as to select N 0.5 for the incident wave from the
lower magnetic field side and n 2 0.5 for the incident wave from the

higher magnetic field side.

3. Experimental Apparatus
Fast magnetosonic wave heating are performed in JFT-Za (DIVA)

(16) with a divertor. The major radius R = 60 cm and the minor

tokamak
radius a = 10 cm. The rf freguency urf/ZT = 25 MEz is equal to the
fundamental ion cyclotron frequency of the hydrogen QCH/ZW and also is
equal to the second harmonic ion cyclotron frequency of the deuterium
QCD/27 when the toroidal magnetic field BT is 16.5 kG. The maximum of
the rf power 1s sbout 200 kW. The generator system is shown in Fig.9.

A 10-channel charge exchange neutral particle energy analyzer is
used for the measurement of the perpendicular ion temperature. The
amplitude of the fast mégnetosonic wave is measured with six magnetic
probes which detect azimuthal component of the magnetic field fluctua-
tions. These probes Py, P;, P3, Py, P35, Py are placed at 0°, 90°, 180°,

35°, 45°, 55° from the antenna positien in toroidal direction, respec-—

tively, as shown in Fig.11(a). These probes are made of one turm cupper
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wire with diameter 5 mm and are shielded by using a co-axial cable to
prevent electrostatic coupling. The power of the wave is also measured
by frequency spectrum analyzer.

The density ratio nH/nO is measured by the monocrometer. The value
nH/n0 can be varied over the range of 2~40 % by controlling the amount
of injected hydrogen gas.

The typical plasma parameters are as follows. Toroidal magnetic
field BT is 18 kG, electron and ion temperature at the plasma center are
300 eV and 160 eV, respectively, line average electron density n, is

3.5 x 1013 cm~3, one turn loop voltage VL is about 2.5 V, plasma current

IP is 30 KA, and effective charge number Zeff is almost unity.

4. Experimental results

The time evolutions of the plasma current IP’ one turn voltage VL
and the electron density a, are shown in Fig.lO(a) and (b}, respectively,
with BT = 17.5 kG and nH/nO =~ 8§ %, The rf power is applied from 9 ms to
12 ms. The plasma parameters are almost constant during the rf pulse.
The time evolution of the ion temperature measured by the charge exchange
neutral analyzer is shown in Fig.10(c). ITon temperature increases from
160 eV up to 430 eV, when the rf power including the circuit loss is
about 180 kW. This value is about three times larger than the basic ion
temperature, and exceeds the electron temperature of the plasma center.
It should be noted that at least 80 7% of the rf power without circuit
loss is absorbed by ions at the central region of the plasma. The

efficiency is extremely higher than the other rf heating.

4.1 Toroidal wave length

To investigate the heating mechanism of these effective ion heating
described above, first of all it is important to know how the excited
fast magnetosonic wave propagates in the plasma. These informations are
obtained by the measurement of the six magnetic probes placed at the
different positions in toroidal direction as shown in Fig.li(a). The
typical power spectrum of the fast magnetosonic wave measured by P1, P
and P3 are shown in Fig:11l(b). Along the toroidal directicn wave ampli-
tude is decreased. Higher harmonics are observed probably due to the
distortion of the wave form of the generator, but those powers are less
10 dB than that of the fundamental wave power. The phase and the ampli-

tude of the wave detected by the probe Py, Py and Pg are shown in
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wire with diameter 5 mm and are shielded by using a co-axial cable to
prevent electrostatié coupling. The power of the wave is also measured
by frequency spectrum analyzer,

The density ratio nH/n0 is measured by the monocrometer. The value
nH/nO can be varied over the range of 2~40 % by controlling the amount
of injected hydrogen gas.

The typical plasma parameters are as follows. Toroidal magnetic
field BT is 18 kG, electron and ion temperature at the plasma center are
300 eV and 160 eV, respectively, line average electron density o, is

3.5 x 10'3 cm™3, one turn loop voltage VL is about 2.5 V, plasma current

IP is 30 KA, and effective charge number Zeff is almost unity.

4, Experimental results

The time evolutions of the plasma current IP’ one turn voltage VL
and the electron density n_ are shown in Fig.10(a) and (b), respectively,
with BT = 17.5 kG and nH/nO ~ 8 %. The rf power is applied from 9 ms to
12 ms. The plasma parameters are almost constant during the rf pulse.
The time evolution of the ion temperature measured by the charge exchange
neutral analyzer is shown in Fig.10(c). TIon temperature increases from
160 eV up to 430 eV, when the rf power including the circuit loss is
about 180 kW. This value is about three times larger than the basic ion
temperature, and exceeds the electron temperature of the plasma center.
It should be noted that at least 80 % of the rf power without circuit
loss is absorbed by ions at the central region of the plasma. The

efficiency is extremely higher than the other rf heating.

4.1 Toroidal wave length

To investigate the heating mechanism of these effective ion heating
described above, first of all it is important to know how the excited
fast magnetosonic wave propagates in the plasma. These informations are
obtained by the measurement of the six magnetic probes placed at the
different positions in toroidal direction as shown in Fig.ll(a). The
typical power spectrum of the fast magnetosonic wave measured by P1, P2
and P3 are shown in Fig:11(b). Along the toroidal directien wave ampli-
tude is decreased. Higher harmonics are observed probably due to the
distortion of the wave form of the generator, but those powers are less
10 dB than that of the fundamental wave pOWwer. The phase and the ampli-

tude of the wave detected by the probe Py, Py and Pg are shown in
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Fig.12{a). Each probe is separated 10 degrees in the toroidal direction.
The relative squared amplitude and the delay time normalized by the
period of the wave along the toroidal angle are shown in Fig.12(b).
From this figure, the excited wave 1is traveling in the toroidal direction

with the wave length,
no= 42 em ' (24)

which is corresponding to one ninth of the toroidal circumference. From
this toroidal wave length, we can obtain the parallel phase velocity of

the excited wave.

v == 1.0 x 107 (em/s) . (25)

On the other hand, the Alfvén velocity is

v, s 7.20x 1089 (em/s) . . (26)

30 the observed parallel phase velocity is the same order of the Alfvén
velocity, which indicates that these detected waves should be fast

' magnetcsonic waves. For the toroidal wave length, we must consider the
accessibility ceondition whether this obtained wave length is reasonable

or not. From eq.{(8), when EH = (.08,

lz > 30 cm . (27)

The second condition given by eq.(9) for avoiding the direct coupling

with the electron is also calculated as Te = 300 eV.

A > 29 ¢cm . (28)
z

The measured toroidal wave length given by eq. (24) satisfies both condi-

tions eg.(27) and eq.(28), which shows that the excited fast magnetesonic

wave can be propagated to the mode conversion layer.

- 13 -



JAERI-M 8585

4.2 Toroidal damping length

Next we can determine a power damping length when €y = 8 % and 20 %
from the measured amplitude. In Fig.1l3, the amplitude dependence cn the
torcidal angles are shown. When nH/nO = 8 %, the toroidal damping length
at which the initial wave power is reduced to e~ can be obtained as the
toroidal angle whose value is about 43 degrees. The corresponding

toroidal damping length is about,

hy = 45 cm |, {29)

which is comparable to the toroidal wave length.

And when nH/n = 20 %, as the toroidal damping angle is about 115 degrees,

0
then

A, =~ 120 em . (30)

Using the measured parallel wave length, the value n corresponding
to the ratio nH/nO can be calculated numerically by the full equation(10},
which is shown in Fig.6 under the condition that the two-ion hybrid
resonance layer is placed at the plasma center. When the ratio nH/n0
is 8 % and 20 %, the corresponding value n is 0.5 and 1.5, respectively.
Here, we do not know the value . The damping length normalized by the
characteristic distance d is obtained numerically in Fig.7. In these

results, when n = 0.5, the damping length is not widely varied by the

value £ and is almost constant,

rgld =1 . | (31)

The experimental damping length given by eq.(29) normalized by the
parallel wave length given by eq.(24) is,

A A =1 . (32)

From above two results, we can decide the relation between the distance

d and the wave length Az, then
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d = Az = 42~45 cm. (33)

We can estimate the averaged perpendicular wave number Ex from eq. (22),
that is EX = 0.16 cmfl, which value is consistent with that obtained

from the local dispersion relation of the fast magnetosonic wave.

4.3 Reflection coefficient &

Using the results described above, the reflection coefficient £ at
periphery is determined in the case of nH/n0 = 8 % and 20 %. The ampli-
tude dependence on the toroidal angle with the parameter { calculated
from eq. (23) is shown in Fig.13. The common value &£ which f£it both cases
of nH/n0 = 8 % and 20 % is about

£ =0.9 . (34)

4.4 Dependence on nH/n0

Varying the density ratio nH/n0 by controlling the injection of
amount of hydrogen gas, we measure the increase of the ion temperature
normalized by the incident net power as shown in Fig.l4., The most
effective ion heating occurs when nH/n0 = 5-10 %. In this figure, the
absorbed power, i.e. the power converted to the ion Bernstein wave is
also presented with the parameter £. Experimental results and the
calculated curve qualitatively agree with each other. The fitted curve
to the experimental results is in the case of £ = 0.8~0.9 which is
consistent with the regult described above in eq.(34). When £ = 0.9 and
o /n. = 8 %, the absorbed power is expected to be about 85 7 of the

00
incident wave power.

4.5 Dependence on BT

Next, we must investigate how the power absorption is changed by
the position of the mode conversion layer in a plasma column. Experi-
mentally, these situations are realized by varying the toroidal magnetic
field BT.

First of all, we calculate the dependence n on BT under the constant
ratio nH/nO ~ 8 % and £ =~ 0.9. If the magnitude B, is changed, the ion
cyclotron layer and also the two-ion hybrid layer are shifted in the x

direction. So the ratio o of the density, the strength of the toroidal



JAERI-M 8585

mégnetic field at two-ion hybrid layer, the effective aspect ratio §

and also the piasma temperature W in eq. (l4) are changed by BT. Assum—
ing the density profile and the magnetic field given in eq.(5), and also
the paraboric plasma temperature dependences on x, the value n is obtained
numerically from eq. (14) using a measured value kz amd £, which is shown
in Fig.15. The value N has a maximum when BT = 18 kG and is asymmetric
against the geometric plasma center. The hydrogen cyclotron layer lies

at the plasma center in the case of BT = 16.4 kG. The maximum value n

is about 0.46 which is nearly equal to the optimum value as known from
Fig.6. The toroidal damping length and the total absorbed power are
calculated from eq.(23) and eq. (20), respectively. The relative wave
amplitude at the position z = Az is also presented in Fig.15. From the
above consideration, the most effective ion heating occurs when BT = 18 kG
and nH/nO = 8 %, and in this condition the wave amplitude will be heavily
damped in the toroidal direction.

The wave amplitude detected by the magnetic probe P3 with the various
toroidal magnetic field is shown .in Fig.16. The measuréd,amplitude
becomes minimum at By = 18 kG. The solid line is the relative amplitude
calculated from the damping length at the position z/}\z = 4.5. The curve
agreés with the experimental results,

The relative increase of the ion temperature normalized .by the
incident net power against to BT is shown in Fig.l17. The solid line is
an absorption coefficient calculated by eq. (20).  When BT = 18 kG, the

increase of the ion temperature has a maximum, which is well agreed with

the theoretical predictions.

5. Conclusions
The comparison was done between the experimental results obtained

ICRF heating in DIVA and the mode conversion theory to investigate the

heating mechanism of the plasma particles. The following results are

clarified.

(1) The toroidal wave length measured by the magnetic probes satisfies
the accessibility condition to make two-ion hybrid resonance layer
in a plasma center:_ The toroidal phase velocity is an order of the
Alfvén velocity and is larger than the electron thermal velocity.

(2) The toroidal power damping length measured by the magnetic probes
can be explained by a model including an absorption due to the

mode. conversion near the two-ion hybrid resonance layer and a
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magnetic field at two-ion hybrid layer, the effective aspect ratio §

and also the plasma temperature W in eq.(l4) are changed by BT' Assum-
ing the density profile and the magnetic field given in eq.(5), and also
the paraboric plasma temperature dependences on x, the value n is obtained
numerically from eq. (14) using a measured value kz amd £, which is shown
in Fig.l5. The value n has a maximum when BT = 18 kG and is asymmetric
against the geometric plasma center. The hydrogen cyclotron layer lies

at the plasma center in the case of BT = 16.4 kG, The maximum value n

is about 0.46 which is nearly equal to the optimum value as known from
Fig.6. The toroidal damping length and the total absorbed power are
calculated from eq. (23) and eq. (20}, respectively. The relative-wave
amplitude at the position z = Az is also presented in Fig.1l5. From the
above consideration, the most effective ion heating occurs when BT = 18 kG
and nH/nO = 8§ %, and in this condition the wave amplitude will be heavily
damped in the toroidal direction.

The wave amplitude detected by the magnetic probe P3 with the various
toroidal magnetic field is shown .in Fig.16. The measured amplitude
becomes minimum at BT = 18 kG. The solid line is the relative amplitude
calculated from the damping length at the position z/}\Z = 4,5, The curve
agrees with the experimental results.

The relative increase of the ion temperature normalized by the

incident net power against to B,, is shown in Fig.l7. The solid line is

T
an absorption coefficient calculated by eq.(20). When BT = 18 kG, the
increase of the ion temperature has a maximum, which is well agreed with

the theoretical predictions.

5. Conclusions
The comparison was done between the experimental results obtained

ICRF heating in DIVA and the mode conversion theory to investigate the

heating mechanism of the plasma particles. The following results are

clarified.

(1) The toroidal wave length measured by the magnetic probes satisfies
the accessibility condition to make two-ion hybrid resonance layer
in a plasma center. The“toroidal phase velocity is an order of the
Alfvén velocity and is larger than the electron thermal velocity.

(2) The toroidal power damping length measured by the magnetic probes
can be explained by a model including an absorption due to the

mode conversion near the two-ion hybrid resonance layer and a
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reflection at the plasma periphery with the effective power absorp-
tion coeffiecient £.

(3) From the measurement of the toroidal damping length and the toroidal

wave number, we can estimate the value & being about 0.9, which
value is consistent with the dependences on the ratio nH/nD and the
toroidal magnetic field BT'

{4) When the density ratio‘nH/nO is varied, the increase of the ion
temperature has a maximum value at nH/nO = 5~10 % in the experiment.
These phenomena are explained by the mode conversion theory as shown
in Fig.l4, which indicates that the efficiency of the mode conversion
is changed by the ratio nH/nO. The total power absorbed by the
plasma particles is about 85 % in the optimum case nH/nO = 8 7,
that is, n = 0.5 when £ = 0.9.

(5) The position of the mode conversion layer in the plasma is very
important for the effective heating because that the plasma para-

meters are changed by its position. The maximum increase of the

17

ion temperature is occurred.at B 18 kG which is corresponding

to the value about n = 0.5. Thiz result is also consistent with
the mode conversion theory.

(6) For the efficient particle heating due to the mode conversion near
the two-ion hybrid resonance layer, we must consider at least two
points. First, we must select the value n to be optimum value about
0.5 when the incident wave is excited from the lower magnetic field
side. On the other hand, the value n must be selected to be larger
than 0.5 when the incident wave is excited from higher magnetic
field side. Secondly, it is important to get the large value £(s 1)

by the improvement of the conditions of the plasma periphery and

the wall.

So we can expect the large increase of plasma temperature with high

efficiency in the ICRF heating experiments.
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Fig. 2 Boundary of two-ion hybrid resonance and cut off in wpez—mCH

plane with parameter nH/n0 and kzc/mCH.
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Fig. 4 Absorption power once through the mode conversion layer for
the incident wave excited from the lower magnetic field side

PL and the higher magnetic field side Py
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Fig. 5 Model of the energy flow in a plasma. The wave propagates and
reflects so many times to be consequently absorbed by a plasma

during toroidal propagation.
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Fig. 6 Total power absorption of the incident wave from the higher

magnetic field side P and the lower magnetic field side P

H.T
after the infinity reflection with parameter £.
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Fig. 7 Toroidal damping length of the incident wave from the lower

magnetic field side with parameter E.
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Fig. 8 Spatial evolution of the wave power incident from the lower

magnetic field side with parameter n.
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Fig.10 (a) Time evolution of the plasma current IP one turn loop
. H
voltage VL and (b) the electron density n, and (c¢) the ion

temperature with and without rf power.
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Fig.11 (a) Schematic drawing of the six probe positions in toroidal

direction. (b} Detected power frequency spectrum measured by

probe Py, Po and Pj.



JAERI-M 8595

(a)

o —
® @)

O
0))

-AT/To , By (arb.units)

() | ]
@) 10 20 - 30

A% (degree)

Fig.12 (a) Oscillogram of the three closed probes P., P5 and Pg.
(b) Time delay normalized by a period and squared relative

amplitude along the toroidal angle.
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Fig.1l4 Increase of the ion temperature against to the ratio nH/nO.

Theoretical curves are calculated with the parameter £.
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Fig.16 Observed wave amplitude of probe P3 and the theoretical relative

amplitude.
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