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Abstract

Launching conditions for an electron cyclotron wave in a plasma with a
sheared magnetic field are studied. One dimensional second order coupled
equations are solved for the ordinary and extraordinary modes. It is shown
that for wave absorption, the rotation angle and ellipticity of the wave should
be determined by taking into account the effect of the sheared magnetic field,
particularly in heliotron/torsatron configurations. Launching conditions for
effective heating are obtained for second harmonic extraordinary-mode heat-

ing in the Heliotron-E, CHS and LHD helical devices.
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Electron cyclotron heating (ECH) is an advantageous heating tool for
fusion plasmas. It is known that electron cyclotron waves have good cou-
pling with a plasma. Optimally, the launched ECH power should be ab-
sorbed in a single pass in order to make the power deposition profile narrow.
In helical systems, the fundamental and second harmonic ECH have been
successfully applied to produce and heat a currentless plasma [1]. Usnally
the launching conditions for ECH were determined only by the direction of
the resonant magnetic field. For example, for the extraordinary{X)-mode
heating, the wave is launched so that the electric field is perpendicular to
the orientation of the magnetic field at the resonance position. However,
in heliotron/torsatron configurations like Heliotron-E, CHS and ATF, we
have moderate or large magnetic shear, particularly, at the plasma bound-
ary. Since the launched wave is coupled to the plasma at the boundary,
the orientation of the magnetic field at the boundary is an important fac-
tor. Furthermore, the space-dependent magretic field could affect the wave
propagation. Our main concern is to study the propagation of the eleciron
cyclotron wave in a plasma with a sheared magnetic field and to obtain the
launching conditions for effective heating.

Shear effects on the wave propagation have been studied from the view-
point of electron cyclotron emission (ECE) diagnostics [2]-[5] and polarimet-
ric measurements [6]. Bell et al. investigated the polarization rotation of
the electron cyclotron radiation with the third harmonic X-mode on ATF,
and experimentally and theoretically showed that the wave did not emerge
with the same polarization it had at its source. The polarization of the wave
leaving the plasma is changed by the magnetic shear.

In this letter, we apply the calculation method used for plasma diagnos-
tics, in order to investigate how the launched wave can access the resonance
region. The propagation of the launched wave for electron cyclotron heating

is studied in a sheared magnetic field, especially, in the Heliotron-E helical
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device [7]. Recently a new ECH system has been installed in Heliotron-E
[8], and the plasma experiment has been performed with 106.4GHz second
harmonic ECH [9]. Launching conditions of ECH power at this frequency
are calculated for effective heating.

Fixed Cartesian co-ordinates are used in this letter. The microwave
propagates in the z-direction which is along the density gradient and per-
pendicular to the magnetic field. The magnetic field B is sheared in the
z — y plane. We define 6 as the angle that the magnetic field makes with
the z axis, § = tan™!(B,/B,). Since B, is negligibly small in Heliotron-E
(] B,/B| <3 x107%), this simple slab model is applicable. Thermal and
relativistic effects on the polarization are neglected in order to clarily the
shear effect. The second order coupled equations for the ordinary(O)- and

X-modes are given as [2]
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where Ej = E,cosf+ E,sinf, E, = —E,sinf+E, cos8, N3 =1-p, N} =
{(1—-p)*—q}/(1—p—1q),p =’/ ¢ = i/’ No and N are the refractive
indices for the O- and X-modes in a cold plasma, tespectively. w,,w, and w
are the plasma frequency, cyclotron frequency and frequency of the launched
microwave, respectively. Here, the shear ¢ = dfi/dz is defined to be the
angular gradient of the magnetic field in the 2 direction. EH and E| refer
to the components parallel and perpendicular to the local magnetic field
direction, respectively. They are normalized by the initial total intensity.
The initial launching condition are illustrated in Fig.1. 7 is the ellipticity
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defined as v = tan~!(b/a), f is the rotation angle that the long axis of the
ellipse makes with the z-axis, where a and b are short and long radii of the
ellipse, respectively. The condition v = 0 corresponds to linear polarization.
The electric field can be numerically calculated by integrating eqns. (1)
and (2) along the propagation path. We consider the second harmonic X-
mode heating in this letter. The effect of the electron cyclotron absorption
is included in the numerical calculation. The second harmonic X-mode is
strongly damped at the resonant layer, while the second harmonic O-mode
and higher modes are weakly damped [6]{10]. The absorption coefficient
at the perpendicular injection to a Maxwellian distribution of velocities is

derived from the Kirchhoff’s law in the following form

e X) n (n? —v3)" (2,X)
Z 2"r—n vn? — viexp{— ,u ——1j}—"a4a"

wee' 15 (2n + 1)!
(3)

where v = w/w, and p = m,c?/T,. For nonrelativistic energies (T, $ 1keV),

A, is given by

(Zy
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The optical depth is given as 7 = [ a{w)ds, where s is the distance along
the propagation path. From eqn.(3), we find that the absorption is shifted in
frequency, that is, a(w) has maximum at a slightly lower frequency than nw,,
and the absorption spectrum is broadened by the broadning of the energy
distribution.

In the absent of plasma (n. = 0}, eqns.(1)(2) are reduced in the following

form.
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where N2 = N3 = N3 = 1. E, and E, are kept constant, that is, the
orientation of the electric field is independent of the background magnetic
field. The same situation also occurs at Nj = Nk.

Figure 2 shows the electric field along the z-axis for the Heliotron-E con-
figuration. Since the electric field oscillates with a peried A = 2irc/Nuw,
the envelope of the oscillation is plotted. The launched wave frequency
is 106.4GHz, which corresponds to the second harmonic resonant mode at
B = 1.9T. The electron density profile is assumed to be broad, ne(z) =
n.(0}{1 - (z/a)®},n.(0) = 1 x 10®m=>, and the electron temperature profile
is assumed to be parabolic, Tu(z) = To{0){1 — (z/a)’}, T.(0) = 1keV, which
have been observed in typical ECH plasmas on Heliotron-E [11]. The wave
is launched from the top of the torus, z = 0.4m. The plasma boundary is
set to 0.3m, which corresponds to the minor radius of the last closed mag-
netic surface of Heliotron-E. Initially, the launched wave is linearly polarized,
E,=1,E, =0 (y=0°p8=0°), that is, F is perpendicular to the axial
magneiic field B(0). Since we are interested in a plasma below the cut-off
density, the backward propagating wave does not come into existence unless
the reflection at the wall is considered. Therefore we treat only the forward
propagating wave. If we launch the wave perpendicular to the magnetic field
on axis, then 70% of the power is absorbed, and the remaining power escapes
from the plasma in the single path. In Heliotron-E, when the resonance layer
is located at the high field side (the helical coil side), that is, B{0} < 1.90T,

then the wave does not cross the resonance layer, resulting that the power is
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weakly absorbed. In such a case, we can see that the envelope of the electric
field oscillates along the propagation path, which means that both the X-
and O-mode do not propagate independently.

For effective heating and localization of the absorbed ECH power, it is
desirable to optimize the launching conditions. Figure 3 shows dependence
of the absorbed power on the launching conditions. The absorbed power Py,
is defined by P, = 1 — No(—a)Ey(—a)? — Nx(—a)EL(—a)?, respectively.
Here —a corresponds to the boundary position of the opposite side. The
plasma profile is the same as in Fig.2. At v = 15°,8 = —30° and right
rotation, the launched wave is converted into almost the pure X-mode, and
the absorbed power becomes nearly 100% in the single path. The power
deposition profile could be peaked. The rotation parameter 5 = —30° means
that the the launched wave is absorbed better when the electric field is close to
be perpendicular to the magnetic field at the plasma boundary. At v = 45°,
the absorbed power does not depend on the rotation angle &, because the
wave is circularly polarized.

In Fig.4 the n.(0) dependence of the absorbed power is shown. The den-
sity profile is fixed to be broad as given in Fig.2. The oscillation period
of the envelope seen in Fig.2 becomes shorter with the increase of the den-
sity. This density dependence is due to the different density dependencies
of refractive indices for the O- and X-mode. When the density is very low,
n.(0) £ 0.3 x 10®m=3, P,, is small due to a weak absorption. We find that
P, 1s larger than 95% of the total power, from n,(0) =~ 1 x 101*m~° to near
the cut-off density, 7 x 10'm™, when we choose the launching conditions
as 7 = 15°, f = —30° and right rotation. This feature is convenient, as it is
difficult to modify the polarization according to variation in density during
the plasma discharge.

The plasma boundary position should also be considered. From sev-

eral probe measurements, it was experimentally observed that there was a



scrape-off layer(SOL) plasma outside the LCFS, but the density decreased
exponentially around the LCFS [12]. When the plasma boundary position
used in the calculation is changed from a = 0.3 to 0.33, corresponding to the
ambiguity in the experimentally measured position, the change in P, was
less than 10%.

These calculations are applicable to other helical devices. Calculation
results show that for second harmonic heating with the wave launched per-
pendicular to B, Py, is 78% in CHS(53.2GHz) and 77% in LHD (84G Hz).
Though the rotational transform of these devices are smaller than that of
Heliotron-E, the magnetic shear # at the edge is high, § ~ 40°, giving rise to
low efficiency. Optimization of the launching conditions are listed in Table
I. The rotation angle has an opposite sign between Heliotron-E and CHS,
because the helical coil has a right-handed winding in the counterclockwise
direction viewed from the top in Heliotron-E and has a left-handed one in
CHS.

In summary, the propagation of the electron cyclotron wave for ECH
was studied in a plasma with a sheared magnetic field, in particular, in
heliotron /torsatron configurations. The wave propagation and the absorbed
power Tatio were calculated by solving the second order coupled equations.
It was shown that the magnetic shear effects should be taken into account
for effective ECH. The launching conditions for the second harmonic X-mode
ECH were calculated on Heliotron-E, CHS and LHD.

The rotation angle and ellipticity can be easily controlled by a polarizer
[13] [14]. Such a polarizer is planned to be installed in the 106.4GHz ECH

system of Heliotron-E. Using this polarizer, the shear effect will be experi-



mentally studied in the near future.
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Figure Caption

Fig.1 Schematic view of launched wave. The right and left rotations are

defined to be clockwise and counterclockwise, respectively.

Fig.2 Envelope of the square of the electric field for 106.4GHz electron cy-
clotron wave through the propagation path in the Heliotron-E config-
uration. The solid and dashed lines denote the cases with and without
plasma, respectively. The power is launched from the top of the torus
(z = 0.4m), and the initial launching condition is £, = 1, E, = 0.
The axial magnetic field is 1.92T. The plasma profiles are assumed as
ne(z) = n(0{1 — (z/a)®},n.(0} = 1 x 10¥®m™3 T,(z) = T.(0){1 -
(z/a)?}, T.(0) = tkeV and a = 0.3m.

Fig.3 Dependence of absorbed power, P,,, on the initial launching con-
ditions, v and f, (a)left rotation and (b)right rotation. The plasma
profiles are the same as in Fig.2. Almost all the power ( 2 99%) is
converted into the X-mode and abscrbed in the single path when the
launched wave has y = 15°, # = —30° and right rotation.

Fig.4 Dependence of P, on central eleciron density, (a)linear polarization
¥ =0°,8 = 0°, (b)linear polarization v = 0°, 3 = 90° and (c)elliptic
polarization (right rotation) v = 15°, 8 = —30°.

Table I Optimization of launching conditions for second harmonic X-mode
heating in Heliotron-E, CHS and LHD. Frequencies of ECH are 106.4GHz,
53.2GHz and 84GHz, respectively.
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