LETTERS
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ABSTRACT. Direct measurement of the fast magnetosonic
wave near the hybrid resonance layer in a deuterium-hydrogen
plasma by magnetic probes is described. Externally driven
waves in the ion cyclotron range of frequencies (ICRF) are
excited by a half-turn antenna located on the high-field side in
the TNT-A tokamak. The amplitude and the phase shift of the
fast magnetosonic wave are measured by magnetic probes in the
equatorial plane of the plasma. The amplitude of the fast
magnetosonic wave is damped in the ion-ion hybrid resonance
layer, and the wavelength changes at the high-field side near this
layer. The amplitnde and the phase shift of the wave as measured
by the probes agree with those calculated from a cold-slab model.

1. INTRODUCTION

Wave heating in the ion cyclotron range of frequen-
cies (ICRF) is recognized to be an effective method of
additional heating; it was studied by various
approaches. Improvements in the efficiency of heating
and an increase in the ion temperature or a power
balance were observed in many experiments [1-3].
Recently. an increase in the RF power level. optimum
conditions of ICRF heating and the power balance
were studied in PLT [4], JFT-2 [5], and JIPP T-1I [6].
However, only few experiments on propagation or
mode conversion have been performed, so far.

Mode conversion was observed from density fluctu-
ations by far-infrared laser scattering in Microtor [7]
and by CO, laser scattering in TFR [8]. Direct
measurements of waves in ICRF without ion-ion hybrid
resonance layer were made in TPH [9] and the PROTO-
CLEO stellarator [10]. In this paper, the results of
direct measurements of fast magnetosonic waves near
the ion-ion hybrid resonance layer by magnetic probes
in TNT-A [11] are presented: damping and phase shift
of the wave observed near this layer are discussed, and
the experimental results are compared with those from
a cold-slab model [12].
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2. NUMERICAL CALCULATIONS

The cold-plasma-slab model is used in these numeri-
cal calculations, and a rectangular co-ordinate system
(x.,v,z) is adopted. Uniformity of plasma parameters
is assumed in the y- and z-directions; the toroidal
magnetic field and the plasma density are supposed to
vary as follows in the x-direction:

B,(x) = By (1 +x/Ro) "

n(x) = ne(1 — x?/a?

The antennas are assumed to be infinite in the y- and
finite in the z-direction; the antenna current flows in
the y-direction. Walls are infinite in the y- and
z-directions. When the electric field E; is neglected, the
following second-order differential equation is obtained:

d?E(x, k) w? .
(S—n2) T(szi)+ 7 {(S—n3)? —D*}Ey(x.k;)=0

where S and D are defined as in the book by Stix [13],
and Ey (x.kz) is the k; Fourier component of the
electric field Ey(x, z). The component Ey(x.kz) is
derived with boundary conditions at the antennas
(G=1,2) and the walls (j=1, 2). The value of Ey(X.kz)
is equal to zero at the walls and continuous at the
antennas. The derivative of Ey(x,k;) with respect to x
is discontinuous at the antennas by a quantity
—iwuolj(kz), where Jj(k;) is the k; Fourier component
of the current which flows in antenna j.

The components Ex(x, kz) and By y,.(x. kz) are
derived from Ey (x, kz) _ley using Maxwell equat_i)ons,
and the magnetic field B (x, z) is derived from B(x.k;)
by inverse Fourier transformation. The z-component
of ﬁ(x, z) is compared with the results of probe
measurements.

3. EXPERIMENTAL ARRANGEMENT

TNT-A is a non-circular tokamak with a major
radius of 40 cm and a minor radius of 7.4 cm, as is
shown in Fig.1. The toroidal magnetic field is up to
4.3 kG, and the RF generator frequencies are 4.0, 4.5
and 5.6 MHz. The power coupled to the plasma in this
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FIG.1. Cross-section of TNT-A device and position of

RF antennas and probes. Wave is excited by antenna at the
high-field side. Reference probe is fixed outside plasma, and
RF probe is scanned from centre 10 edge of plasma.
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FIG.2. Probe structure. This probe has a rectangular coil,

2 mm X 5 mm, to pick up magnetic field of excited wave in
ICRF. The micro cable is used for transmission of signal; it is
covered by a polytetrafluoroethylene (TFE)tube. This tube is
also covered by an alumina tube, one of whose ends is sealed.
Outer diameter of probe: 5 mm; length: 250 mm.

experiment is in the range from 5 to 10 kW, and the
externally driven wave can be excited by two half-turn
antennas, one of which is located at the high- (x <0 cm)
and the other one at the low-field-side (x>0 cm). Both
antennas are located on the same poloidal cross-section
(z=0cm). The antenna at the high-field side is used
in this experiment.

Two magnetic probes are located near the antenna
(z=2.5 cm); one (an RF probe) is used for the measure-
ment and the other one (a reference probe) serves as a
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reference in measuring the phase shift. The RF probe
is moved from the centre to the edge of the plasma,
while the reference probe is fixed outside the plasma.
The amplitude of the fast magnetosonic wave is measured
by the RF probe, and the phase shift is obtained from
RF and reference probes together.

A cross-sectional view of the magnetic probe is
shown in Fig.2. This probe has a rectangular coil,
2 mm X 5 mm, wound on a polytetrafluoroethylene
(TFE) tube and is protected by an alumina tube,
whose inner and outer diameters are 3 and 5 mm,
respectively. A dummy prove with no coil (i.e. the
cable short-circuited) is used to investigate the noise
level. The frequency response is flat from DC to
13 MHz, and the signal-to-noise ratio. S/N = 9.

4. MEASUREMENT OF THE
MAGNETIC FIELD OF THE FAST
MAGNETOSONIC WAVE

Deuterium-hydrogen plasma is used to form the
ion-ion hybrid resonance layer inside the plasma. The
temperature, plasma density and plasma current are low
enough (Te(0) = 60 eV, Tj(0)=20eV, n.(0)=1.0
X 1013 (cm™). I, =6 kA, V;=5 V) to allow insertion
of magnetic probes into the plasma without serious
deterioration of probes or plasma current. The
RF probe is moved from the centre to the edge of the
plasma only on the low-field side (x >0 cm) unless
insertion of the probe changes plasma current, plasma
density and antenna loading resistance.

CASE 2

FIG.3. Locations of hybrid resonance layer, L, R cut-off layer
and cyclotron resonance layer in case 1 (ny/fny+np)=0.15and
f=5.6 MHz)and case 2 (ny/fnyy+np)=0.45 and f= 4.5 MHz)
for Bio=4.3kGand k,=2.5m™".

NUCLEAR FUSION, Vol.23, No.9 (1983)



z

CASE 1 CASE 2
B3 @
3 3
82 ; & 2%&%
w w
S 9 i
[ =1 ]
r 3
[ o
s Wy W, Wy b Wy W
< | | <, l ]
1 3 5 7 1 3 5 7
MINOR RADIUS {cm) MINOR RADIUS(cm)
(b)
CASE 1 CASE 2
= -
o o 1
o0 o O
1] w
< <
T Wy W Wey z Wy, Gy
e I | _nl |
1 3 5 7 1 3 5 7

MINOR RADIUS({cm) MINOR RADIUS(cm)

FIG.4. (a) Radial dependence of amplitude of magnetic-field
z-component of excited fast magnetosonic wave in case 1

and case 2 fory = 0 emand z= 2.5 cm. Open circles are results
of RF probe measurements and solid lines are calculational
curves; wy, Wi, and wcy designate locations of ion-ion hybrid
resonance, L cut-off and cyclotron resonance of hydrogen.

{b) Radial dependence of phase shift of magnetic-field
z-component of excited fast magnetosonic wave in case 1 and
case 2 fory=0cmand z=2.5 cm.

In this paper, two cases of experimental conditions
are described. Case 1 is characterized by a hydrogen
density ratio of ng/(ng + np) =0.15, a toroidal field
of Bip = 4.3 kG and an excited-wave frequency of
f=5.6 MHz; case 2 is given by ni/(ng + np) = 0.45,
Bio=4.3 kG and f = 4.5 MHz, where ny is the hydrogen
and np the deuterium density. In case |, the ion-ion
hybrid resonance layer, L, the R cut-off layer and the
cyclotron resonance layer are all located inside the
plasma. In case 2, the cyclotron resonance layer lies
outside the plasma. The locations of these layers in
cases 1 and 2 are shown in Fig.3.

The amplitude and the phase shift of the z-component
(toroidal component) of the excited magnetic field are
shown in Fig.4. The open circles are the measured
magnetic fields at several radial locations, and the
solid lines are curves calculated by the code described
in Section 2. The amplitude of the z-component of
the magnetic field of the excited fast magnetosonic
wave near the ion-ion hybrid resonance layer decreases
in both measurements and calculations as is shown in
Fig.4a. This amplitude damping indicates that the
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fast magnetosonic wave is absorbed near the resonance
layer. The phase velocity slows down on the high-field
side near the ion-ion hybrid resonance layer as is shown
in Fig.4b, which approximately coincides with the
value calculated by this code.

5. DISCUSSION AND CONCLUSIONS

In case 1, the hybrid resonance layer. L, the R
cut-off layer and the cyclotron resonance layer are
inside the plasma. In case 2, there is no cyclotron
layer. In both cases, the damping of the fast magneto-
sonic wave near the hybrid resonance layer is measured.
This damping is only observed in mixed-species
plasmas. There is no observable damping of the fast
magnetosonic wave in the cyclotron resonance layer,
nor can standing waves between the walls and the L
cut-off layer be observed. In this experiment, the
minor radius of the plasma is small compared with the
wavelength of the fast magnetosonic wave.

No mode-converted slow wave is measured by the
probe. This does not necessarily mean that no mode
conversion occurs in the plasma. The size of the
RF probe coil is 2 mm X 5 mm, and the wave number
resolution in the probe is S mm. The maximum wave
number measured by the probe is estimated to be
12 cmit. Moreover, the RF probe responds to all
modes of the excited waves in ICRF, so that it is
difficult to measure the slow wave.

The amplitude and the phase shift of the fast
magnetosonic wave are measured by probes; the results
agree with those calculated from the Maxwell equations
in a cold-plasma-slab model. This indicates that this
model is suitable for TNT-A, whose plasma size is too
small to allow a ray trace approximation [14] for the
waves in ICRF in the plasma. With these measurements,
damping of the fast magnetosonic wave is observed
near the ion-ion hybrid resonance layer, which is con-
sistent with the calculational results.

REFERENCES

[l] HOSEA,I., BERNABEIL S., COLESTOCK,P.,
DAVIS, S.L., EFTHIMION, P., et al., Phys. Rev. Lett. 43
(1979) 1802.

[2] EQUIPE TFR, Nucl. Fusion 19 (1979) 1538.

[3] KIMURA, H., ODAJIMA, K., SENGOKU, S.,
OHASA, K., SUGIE, T., et al., Nucl. Fusion 19 (1979)
1499.

1261



LETTERS

[4] HWANG, D., BITTER, M., BUDNY, R., CAVALLO, A,

CHRIEN, R., et al,, in Plasma Physics and Controlled
Nuclear Fusion Research (Proc. 9th Int. Conf. Baltimore,
1982) Vol.2, IAEA, Vienna (1983) 3.

KIMURA, H., MATSUMOTO, H., ODAJIMA, K.,
KONOSHIMA, S., YAMAMOTO, T., et al., ibid., 113.
AMANO, T., FUJITA, J., HAMADA, Y., ICHIMURA, M.,
KANEKO, O., et al., ibid., Vol. 1, 219,

LEE, P.,, TAYLOR, R.]J., PEEBLES, W.A; PARK, H.,
YU, C.X., et al., Phys. Rev. Lett. 49 (1982) 205.

TFR GROUP, TRUC, A., GRESILLON, D., Nucl. Fusion
22 (1982) 15717.

AMAGISHI, Y., TSUSHIMA, A., INUTAKE, M., Phys.
Rev. Lett. 48 (1982) 1183.

1262

(10]

(1]

[13]

(14]

HOFFMAN, D.J., SHOHET, I.L., Nucl. Fusion 23
(1983) 87.

TOYAMA, H., IWNAHASHI, A., KANEKO, H.,
KAWADA, Y., MAKISHIMA | K., et al., in Plasma Physics
and Controlled Nuclear Fusion Research (Proc. 7th Int.
Conf. Innsbruck, 1978) Vol.1, 1AEA, Vienna (1979) 365.
LAPIERRE, Y., Excitation et propagation de I'onde
rapide dans un plasma non uniforme Association Euratom
CEA Report, EUR-CEA-FC-1043 (1980).

STIX, T.H., The Theory of Plasma Waves, McGraw-Hill,
New York (1962).

MCcVEY, B.D., Nucl. Fusion 19 (1979) 461.

(Manuscript received 5 May 1983)

NUCLEAR FUSION, Vol.23, No.9 (1983)



