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Abstract

A grating polarizer with rectangular grooves is designed for 106.4GHz electron cy-
clotron heating (ECH) system on the Heliotron-E helical device. The polarizer is in-
stalled on mirrors of waveguide miter bends. In oversized waveguides, the HE1; mode
can be ireated by the plane wave theory. The polarization of the reflected wave is cal-
culated as a function of the groove parameters and the mirror rotation angle. When
launching the ECH power to fusion devices with moderate or strong magnetic shear
such as heliotron/torsatroﬁ configurations, we should take into account the change of
the wave polarization through the plasma. The effect of the magnetic shear can be in-
vestigated by using the polarizer. The dependence of the absorbed power on the mirror

rotation angle are presented.
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1. Introduction

Electron cyclotron heating (ECH) has been successfully uiilized for fusion plasmas.
Besides the plasma heating, ECH systems have been recognized as useful tools for
plasma production, current drive, plasma profile modification, MHD control and trans-
port study. So far the ECH power generated by gyrotrons has been transmitted with the
TEq or TEg; modes. However, with higher frequency, higher power and longer pulse
lengths, more efficient and reliable transmission system is required. Recently the ECH
transmission line has been made progress [1] [2]. Two types of transmission schemes are
now under development and already partly in use. One is oversized tubular HE;; mode
waveguide, and the other is quasi-optical TEMg, transmission using focusing reflectors.
The former is used in Heliotron-E[3] and DIII-D[4], and the latter is used in W7-AS[5]
and CHSI§).

Polarizers are required to be set up in these transmission lines in order to correct
the polarization which may be changed by successive mirrors not in the same plane and
to obtain the desired polarization for effective plasma heating and current drive. Such
polarizers have been used for Gaussian beam propagating through free space. Universal
polarizers using two or three mirrors have been proposed[7] . Combinations of smooth
and grooved mirrors can give an arbitrary polarization. The groove parameters are
obtained by calculating the dependence of the phase shift between the field components
parallel and perpendicular to the grooves on the mirror rotation angle[8][9]. This method
is also useful for the HE,; {ransmission line using oversized corrugated waveguides. The
polarizers are installed on the plane mirror of the miter bend. Doane[10] has shown that
his experimental results are in good agreement with the plane wave theory. Since the
waveguide of 106.4GHz ECH system on Heliotron-E is oversized, I} = 63.5mmg, we can-
apply the plane wave theory for designing the polarizer in our system.

Usually the launching conditions for ECH have been determined only by the direction

of the resonant magnetic field. For extraordinary(X)-mode heating, for example, the



wave is launched so that the electric field is perpendicular to the orientation of the
magnetic field at the resonance layer. However, in fusion devices with moderate or strong
magnetic shear such as Heliotron-E, CHS and LHD heliotron/torsatron configurations, it
has been pointed out that we should take into account the effect of the magnetic shear
on the launching conditions for good single pass absorption{11]. The launched wave
should be elliptically polarized even in the perpendicular launching case. Installation of
the polarizer in the HE;; transmission line would enable us to investigate experimentally
the shear effect and to find the optimum conditions for effective heating.

In this paper, the grating polarizer using the rectangularly grooved mirror is designed
for 106.4GHz ECH system on Heliotron-E. The organization of the paper is as follows.
In Sec.2, we briefly review the plane wave theory for rectangularly grooved mirrors. The
groove parameters are determined according to the linear and circular polarization. In
Sec.3, the wave propagation through the plasma is calculated by considering the effect
of the sheared magnetic field. The absorbed power fraction in the single path is shown

as a function of the rotation angle of the grooved mirror. Conclusions are found in Sec.4.

2. Grating Polarizer in HE;; Transmission Line

The geometry of the system is illustrated in Fig.]. The incident wave is linearly
polarized, whose direction is determined by the angle 1. The angles, § and ¢, are the
spherical coordinates, and the mirror, which has rectangular grooves on its surface, is
rotatable around the normal axis of the mirror by the angle &. The plane of incidence is
perpendicular to the plane of polarizer. By the grating polarizer, the linearly polarized
incident wave can be changed into the elliptically polarized reflected wave. The polar-
ization of the reflected wave is characterized by the rotation angle, @, and the ellipticity,
B, of the ellipse. At 8 =0°, for example, the reflected wave is linearly polarized, and at
8 = 45°, it is circularly polarized.

To determine the relation between the incident and reflected waves, the incident field



is decomposed into two orthogonal modes, the fast and slow polarizations. They are
also called the TE- and TM-like modes, respectively, because they become the TE and
TM modes when the incident wave vector is perpendicular to the plane of the mirror
(6 = 0°). The magnetic field of the TM-like mode does not have a component in the
groove direction, and the electric field of the TE-like mode does not have a component in
the groove direction. The TE-like mode penetrates into the grooves, while the TM-like
mode reflects at the surface, leading to the phase shift between them.

The relation between the incident and reflected wave is given as

e _ cos§  sing exp(17) 0 cos{ —siné E,,
E,, —sinf cosé 0 exp(—i3) siné  cosé Ey,
_ g cosyy  cos(26 +¢) cos &
’ sing —sin(2 +¢) isin %

where By, By, and Fy,, Ey, are the electric field components of the incident and reflected

(1)

waves, respectively. The parameter £ is given as £ = tan"*(tan ¢ - cos§), and satisfies
the relation sin€ - Eg + cosé - By = 0 for the TM-like mode. The phase difference, =
between the TE- and TM-like modes has the same definition as in ref.[8].

)

When we write the components Ey, and Ey, as Fg, = Eo B, exp{i{kz — wi + &)},
E4 = EoEexpf{i(kz — wt + 8,)}, then Ep, E;, 8 and 6,4 are given as
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When we define the phase shift between F,, and E4 as é = 6 — §;, then the angles, o

and B, of the reflected wave are obtained by solving the following equations,
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where —90° < a < 90°, 0° < 8 < 45°, the right rotation if § > 0 and the left rotation
if 6 <0.

The groove is characterized by the period, p, width, w, and depth, h, as shown in
Fig.2. 1f the groove period, p, satisfies p < A/{1+sinfcos @), then only the zeroth order
mode is propagating. Here A is the wavelength of the incident wave. For our system
{6 = 45°), this condtion gives p < 0.586A. The phase shift, 7, is a function of the
groove parameters, p, w, h, and the mirror rotation angle. The calculation methods
for determining the phase shift, 7, have been suggested by Kok and Gallagher[12][13],
and a slight modification has been made by Doane[10] in order to avoid a numerical
instability. The equations for the phase shift can be found in the Appendix.

Two types of polarizer are designed in this paper. One is a linear polarizer and

the other is a circular one. The rotation angle, o, and ellipticity, £, of the reflected
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wave are dependent on the mirror rotation angle as shown in Fig.3. In the case of the
linear polarizer (Fig.3(a)), we have the arbitrary rotation angle @. The polarization
is purely linear only at ® = 0°,+54° and £90°. However, the reflected wave may be
considered to be almost linear over the mirror rotation angle, ®, because the ellipticity
is less than 10°, which also means that the power contained by the componenent in the
direction of the short axis of the ellipse is less than 3%. The arbitrary rotation angle,
@, is also obtained in the circular polarizer (Fig.3(b)). However, the reflected wave can
be circularly polarized only around £55°.

In Fig.4, the mirror rotation angle, ®, to get a purely linear polarization and the
resultant rotation angle, a, of the reflected wave is plotted as a function of the groove
depth. The phase shift, 7, has a limited range when the groove depth is fixed. Thus the
linear polarization is obtained in the range 0.26 < /) < 0.36.

In the actual 106.4GHz ECH system on Heliotron-E, the incident wave is slightly
tilted as ¢ = 98°, and the launching angle is not perpendicular to the central magnetic
field of the Heliotron-E device even without the polarizer, that is, the angle between the
central magnetic field and launching angle is 17°. Considering these modifications and
changing the viewing direction from —k, to k,, we obtain the dependence of polariza-
tion parameters on the mirror rotation angle as shown in Fig.5. In the next section, the

effect of magnetic shear on wave propagation is studied by using this polarizer.

3. Effect of magnetic shear on wave propagation
through plasma

The 106.4GHz ECH power is launched from the top of the torus, which corresponds to
low field side injection. In heliotron/torsatron configurations such as Heliotron-E, CHS
and LHD, the magnetic field has moderate or strong shear, especially at the plasma

boundary. Since the launched wave is coupled to the plasma at the boundary, the

orientation of the magnetic field at the boundary is an important factor. It is also



known that the magnetic shear can affect the wave propagation through the plasma
[15][16][17].

To analyze the magnetic shear effect, a simple slab geometry in the fixed Cartesian
coordinates is used. The electron cyclotron wave propagates in the z-direction which is
along the density gradient and perpendicular to the magnetic field of the system. The
magnetic field is assumed to be sheared in the z — y plane, and has an angle { with the
z-axis. This assumption is appropriate in Heliotron-E, because B, is negligibly small
(1B./B| S 3 x 10°9).

The second order coupled equations for the O- and X-modes are given as{18]

d*E) w? 2 dFE, dn

@'*F(gNo—n By = ——=+—FE, (9)
d’E w? o 2 dEy dn
_EZE_'*'(?NX_"?)E-L = “—— B (10)

where Ej and E; are the components parallel and perpendicular to the local magnetic
field, No and Nx are the refractive indices for the O- and X-modes in a cold plasma,
Ni=1-p, Ni={(1-p—q}/(1—p—9q), p=w/? and ¢ = &2/v’. w,, w,andw
are the plasma frequency, cyclotron frequency and frequency of the launched microwave,
respectively. 7 is the magnetic shear defined as n = d(/dz. The electric field can be
numerically calculated by integrating eqns.(9) and {10) along the propagation path. In
this calculation, the electron cyclotron absorption is also included, because the second
harmonic X-mode is strongly absorbed at the resonance layer [19].

The electric field along the propagation path (z-axis) is shown in Fig. 6. The wave
with 106.4GHz frequency (the wave length A = 2.82mm) is launched from z = 0.4,
and the mirror rotation angle is set to be 0°. The electric field is normalized by the

initial field strength. Since the electric field oscillates with a period A = 27¢/Nw, the



envelope of the oscillation is plotted. The electron density profile is assumed to be broad,
ne(z) = n(0){1—(z/a)®}, n{0) = 1 x 10®*m™2, and the electron temperature profile is
assumed to be parabolic, 7.(2z) = T.(0){1—(z/a)?}, T.(0) = 1keV where a is the plasma
boundary radius. The plasma boundary is set to be a = 0.3m, which corresponds fo
the minor radius of the outermost magnetic surface. Without the plasma, the X- and
O-modes degenerate and do not rotate with the magnetic field. Since the launched wave
is tilted, o = —23.2°, the X-mode power fraction has a maximum around z = 0.2. With
the plasma, due to the shear effect, both modes do not propagate independently, and the
envelope of the electric field oscillates along the propagation path as shown in Fig.6(a).
When the central magnetic field is lower than the second harmonic resonant field,
that is, B(0) < 1.907, then the resonance layer is located in the high field side (helical
coil side) so that the wave does not cress the resonance layer and escapes from the
plasma without absorption. Measurement of the polarization at the opposite side of
the same poloidal section (z = —0.4 in Fig.6 } should show us a strong rotation of the
launched wave if the magnetic shear plays an important role in the wave propagation.
When the central magnetic field is higher than the resonant field, B(0) > 1.90T, then
the resonance layer is located in the low field side (launcher port side). The X-mode is
strongly damped around the second harmonic resonance layer as shown in Fig.6(b).
Figure 7 shows the dependence of the absorbed power fraction on the mirror rotation
angle. The absorbed power has maxima 90%(® = —88°), 89%(® = 2°) of the launched
power, and minima 8%(® = —52°), 7%(® = 58°). The shift of the maximum and mini-

mum positions is so large that it could be experimentally measurable.

4. Conclusion
The grating polarizer for the HE;; transmission line was designed for the 106.4GHz
ECH system on Heliotron-E. The polarizer is placed on mirrors of miter bends. In

oversized waveguides, the HE;; mode can be treated by plane wave theory. The relation




between the incident and reflected waves is a function of the groove parameters and the
mirror rotation angle. The rectangular groove parameters of pitch, width and depth are
determined for the linear and circular polarizations.

Arbitrary polarization is available if the two grating mirrors are installed in the
transmission line. In our system, however, we will use only one mirror as a polarizer.
One teason is that the elliticity is small over the mirror rotation angle if the groove
parameters are suitably chosen. The reflected wave is nearly linear, to the extent that we
should be able to investigate the magnetic shear effect on the wave propagation through
the plasma. Another reason is that we can reduce the probability of an arc breakdown
occurring in the transmission line. Rounding off the ribs is one of the solutions to avoid
the arc breakdown, but the phase difference between the TE- and TM-like modes is
changed, giving tise to a modification of the polarization of the reflected wave.

In moderate or strong magnetic shear configurations such as Heliotron-E, CHS and
LHD, the O- and X-modes do not propagate independently through the plasma, and
rotate with the magnetic field. The dependence of the absorbed power on the mirror
rotation angle were calculated. We plan to install the grating polarizer in the HEy; trans-
mission line. The polarizer will be tested at high power up to 400kW, and the magnetic

shear effect and optimum launching conditions will be experimentally investigated.
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Figure Caption

Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

1 Geometry of grating polarizer, incident and reflected wave.
2 Rectangular grooves with period p, width w and depth h.

3 Dependence of rotation angle « and ellipticity 8 of reflected wave on mirror
rotation ®; (a) linear polarizer (h/A = 0.32) and (b) circular polarizer(h/A = 0.20).
The groove parameters are w/A = 0.25, p/A = 0.35and A = 2.82mm. The incident

wave is perpendicular to the plane of incidence (i = 90°).

4 Mirror rotation angle @ for purely linear polarization and resultant rotation of
reflected wave as a function of groove depth, k. 7 is 98°, and the other groove

parameters are the same as in Fig.3.

5 Application of linear polarizer to 106.4GHz ECH iransmission system on
Heliotron-E. The groove parameters are w/A = 0.25, p/A = 0.35 and h/) = 0.32.

. 6 Calculation results of propagation of second harmonic electron cyclotron wave

through Heliotron-E plasma. The groove parameters are the same as in Fig.3(a).
The launched wave has a polarization @ = —23.2°,§ = 5.1° and left rotation.

The central magnetic fields are (2)1.84T and (b)1.96T. The solid and dashed lines

correspond to the case with and without the plasma, respectively.

7 Dependence of absorbed power, P,,, on mirror rotation angle. The groove
parameters are the same as in Fig.3(a). The central magnetic field is 1.927". The
solid and dashed lines denote the cases with and without the plasma, respectively.
In the case without the plasma, the power fraction is estimated by the power

reaching the resonance layer.

Fig. A1 Cartesian coodinates and rectangular grooves
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Appendix

Cartesian coordinates used is illustrated in Fig.Al. The incident wave is decom-
posed into two orthogonal modes, TE- and TM-Lke modes. By matching the fields at
the groove boundary, the TE- and TM-like modes after reflection can be derived.

{a) TE-like mode
Exterior to the grooves, the electric field E, can be written as E, = cos® ¢'-u(z, y, 2).
The function u(z,y, z) satisfies the Helmholz equation V?u + k?u = 0, and is expressed

by the Fourier components as follows,

w(z,y,2) = exp{i(aor — foy +¥2)} + Y, roexp{i(e.z + By + 72)} (A1)
where o, = ap+ 127/, op = kcosé cos ¢, fo = ksind cos¢d’ B, = (kr — 2 — )2,
v = ksing' and k = w+/ue. The transformed coordinates ¢' and ¢’ are given as §' =
tan~!(1/cos¢tanb), ¢’ = sin '(sinfsin¢). The Fourier coefficient r, is solved by

matching the fields E, and H, at the groove boudary .

Upmraexplifph) =V, (£=1,--+,n) (A.2)

where

2 &, tan(Aph)

= bpp— —(i Ll
Uln 5[7: wp(zﬂ!)ﬂLZ:l Am Iminm h
. 2 . ) = tan(An, .
Vi = —bwexp(ifh) - (ig) explifoh) Y- =
m=1 m
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Lim :/Cexp(—ianz)sin (mﬁx)dz
o ¢

r 2
munc m . mm
m{(—l) exp(—ia,c) — 1} ol # ("E—)
= ic _mw
2 *T
i mm
— a —_— —_,
L2 c

I =/cexp(ianm)sin (mm:)dz
0
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)2{(—1)m€Xp(ianc) 1 a4 (Tcz)z

(can)? — (mn

mwc

Y mT
=94 - o=—
2, ¢

.C mir

—i= o =——

c

Ay =fa? —(m7fc)? (m=12, ) and §, is the delta function.

{b) TM-like mode
Exterior to the grooves, the magnetic field H, can be written as H, = cos?¢’ -
v{z,y, z). The function v(z,y, z) satisfies the equation V?v + kv = 0, and is expressed

by the Fourier components as follows,

v(z,y,2) = exp{i(aoz — foy +v2)} + i spexp{i(anz + By +v2)} (A.3)

n==00

The Fourier coefficient s, is solved by matching the fields E, and H, at the groove
boundary.
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Xmsnexp(ifh) =Y, (I=1,---,n) (A.4)

where

. 1 &
X{n = zﬁzéfn-l- w—pZemBmtan(Bmh)ngJ;m

m=0
1 o0
}’g = 1,60 exp(—z'ﬁgh)ém — ;}—5 z GmBm tan(Bmh)J,mng exp(—iﬁgh),
m=0
2 (m#0)
€m —
1 {(m=10),

Jom :]Cexp(—ianx)cos (mwz)dm
o c

ica,

— ! (can)? — (mn)? {—1)™ exp(—ianc) — 1} o2 # (%f)z

- mn
et ..
? ¢
Jam =] exp{ia,z) cos (mﬂm)dx
¢ c
—ica mr\’
hid Ji_1ym . _ o
= ¢ (can)? — (mn)? {{—-1)"exp(iaac) — 1} o # (___C )
. mw
2 = 4—
2 ey —

and B, = \/a® — (mx/c)? (m=0,1,2,---)

If the groove period satisfies p < A/(1+sinf cos ¢), Bragg scattering is negligible and
the higher order modes do not propagate in the free space. The phase shift between the
incident and reflected waves is given by arg[ro exp(2:85h)] — arg[—so exp(2i5oh)] In this
paper, the phase shift 7 was calculated using n = 20,n = 10. The relative numerical

error of the phase shift was 5.1 x 107
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