Plasma and Fusion Research: Regular Articles

Volume 9, 3402128 (2014)

Microwave Reflection from the Region of Electron Cyclotron
Resonance Heating in the L-2M Stellarator®

German M. BATANOV, Valentin D. BORZOSEKOV, Nikolay K. KHARCHEY, Leonid V. KOLIK,
Eugeny M. KONCHEKOYV, Dmitriy V. MALAKHOV, Alexander E. PETROV, Karen A. SARKSYAN,
Alexander S. SAKHAROV, Nina N. SKVORTSOVA and Vladimir D. STEPAKHIN
Prokhorov General Physics Institute, Russian Academy of Sciences, Moscow 119991, Russia
(Received 9 December 2013 / Accepted 15 May 2014)

In experiments on electron cyclotron resonance (ECR) heating of plasma at the second harmonic of the
electron gyrofrequency in the L-2M stellarator, the effect of partial reflection of high-power gyrotron radiation
from the ECR heating region located in the center of the plasma column have been revealed. The reflection
coefficient is found to be on the order of 1073, The coefficient of reflection of an extraordinary wave from the
second-harmonic ECR region is calculated in the one-dimensional full-wave model. The calculated and measured
values of the reflection coefficient are found to coincide in the order of magnitude.
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1. Introduction

In studying the interaction of microwave radiation
with a weakly inhomogeneous high-temperature plasma in
toroidal magnetic confinement systems, reflection of mi-
crowaves from the electron cyclotron resonance (ECR) re-
gion, where the heating radiation is absorbed, is usually
ignored. When the plasma is heated at the second har-
monic of the electron gyrofrequency, the absorption region
is much shorter than the characteristic inhomogeneity scale
lengths of the electron density and magnetic field, whereas
microwaves in many cases are almost completely absorbed
over a distance comparable with the radiation wavelength.
Strong nonuniformity of the absorption coefficient should
result in a partial reflection of microwaves from the region
of ECR heating [1, 2]; however, this effect has not been
studied experimentally as of yet.

In our experiments on ECR heating of plasma in the L-
2M stellarator (see, e.g., [3]), we have revealed microwave
reflection from the region of the resonance at the second
harmonic of the electron gyrofrequency (wy = 2wce, Where
wy is the angular frequency of heating radiation and wc.
is the electron gyrofrequency) by analyzing backscattered
gyrotron radiation [4, 5].

2. Experiment: Measurement Tech-
nique and Results
The scheme of the experiment is shown in Fig. 1. The

linearly polarized gyrotron radiation with the frequency
fo = wo/2nr = 75GHz splits near the plasma column

author’s e-mail: sakh@fpl.gpi.ru
*) This article is based on the presentation at the 23rd International Toki
Conference (ITC23).
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Fig.1 Scheme of the experiment on the detection of backscat-
tered gyrotron radiation in the L-2M stellarator: (1) gy-
rotron, (2) gyrotron radiation, (3) quasi-optical coupler,
(4) mica splitter, (5) absorber, (6) radiation collimator,
(7) detector of the gyrotron radiation power, (8) detector
of scattered radiation, (9) polarization grid, (10) reference
beam, (11) backscattered radiation, (12) cross section of
the vacuum chamber, and (13) cross section of the plasma
column.

boundary into elliptically polarized extraordinary (X) and
ordinary (O) waves. The X-wave is absorbed in the ECR
region located in the center of the plasma column and
heats plasma electrons. The O-wave passes through the
plasma practically without absorption. The input radiation
power was 200-350kW. About 15% of the input power
was transformed into the O-wave. The average plasma
density was (1.7-1.8) x 103 cm™, and the central elec-
tron temperature 7.(0) reached 0.7 - 1.0 keV.

Figure 2 (a) shows signals from the detectors of the
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Fig. 2 (a) Signal of the homodyne detector before and after av-
eraging over the time interval of 300 us (1500 readings)
and the time dependences of (b) the phase increment of
the interferometer measuring the plasma density along
the central horizontal chord and (c) the average plasma
density.

quasi-optical directional coupler recorded during one of
the L-2M discharges. The backscattered signal was
recorded using the homodyne detection scheme. By turn-
ing the receiving rectangular waveguide by n/2, two mu-
tually orthogonal components of the backscattered radia-
tion could be recorded—the Y component collinear with
the field of the incident wave and the Z component orthog-
onal to the field of the incident wave. Thus, the backscat-
tered X- and O-waves could be recorded separately.

The shape of the detected signal shown in Fig.2 (a)
is a result of the interference of three signals: the refer-
ence signal, the fast oscillating signal, and the signal with
a slowly varying phase. The fast oscillating signal can be
attributed to gyrotron radiation backscattered from small-
scale plasma fluctuations with wavenumbers k; ~ 2k,
where k is the wavenumber of the scattered wave. The sig-
nal with a slowly varying phase is quite natural to interpret
as a wave reflected from some obstacle or a quasi-steady
perturbation. Hereinafter, we will call this signal quasi-
steady.

If the quasi-optical coupler is calibrated, then it is easy
to determine the reflection (backscattering) coefficients of
both the fast oscillating and quasi-steady components. Af-
ter averaging over the fast oscillating component, the result
of the interference of the reference signal and the signal
with a slowly varying phase is retained. The location of the
plasma region that is the source of the quasi-steady signal
can be determined by analyzing variations in the phase of
this signal. The change in the phase of the quasi-steady sig-
nal is apparently caused by a change in the average plasma
density on the path of the incident and reflected radiation.
If gyrotron radiation is reflected from the rear wall of the
vacuum chamber, then its phase increment should corre-
spond to the doubled length of the central chord of the

cross section of the last magnetic surface. If reflection
takes place inside the plasma column, then the phase in-
crement should be smaller. Since the resonance at the sec-
ond harmonic of the electron gyrofrequency is located on
the magnetic axis, the phase increment of X-wave in the
case of reflection from the ECR region should correspond
to the length /) of the central chord. Note that the X-wave
is almost completely (= 99%) absorbed in the ECR region.
Therefore, it is hard to expect that reflection of the X-wave
from the rear wall of the chamber could be detected.

Reflection from the ECR region is confirmed by the
calculation of the length over which the recorded phase in-
crement ¢, of the quasi-steady signal at the gyrotron radia-
tion frequency f; takes place. To calculate this length, it is
necessary to have information on the change in the average
plasma density over a given time interval. This informa-
tion can be obtained by analyzing variations in the phase of
the signal from the interferometer operating on the O-wave
with the frequency f; = ¢;/27 = 141 GHz and measuring
the average plasma density along a horizontal chord pass-
ing through the center of the plasma column. Figure 2 (b)
shows the time evolution of the interferometer phase ¢;
for the same discharge in which the backscattered signal
was recorded, and Fig.2 (c) shows the time evolution of
the average plasma density recovered from the interferom-
eter signal.

The change in the phase of the quasi-steady signal
over a certain time interval Af can be written as

Xo X0

AN

Ago = 2k f ANxdx ~ 2k, f a—XAvdx, (1)

1%
0 0

where kg = wg/c is the wavenumber of gyrotron radiation
in vacuum, Nx = ((1 = v)® = u)/(1 — u — v))'/? is the re-
fractive index of the X-wave propagating perpendicular to
the magnetic field, u = (we/wo)%, v = (Wpe Jwo)?, and Wpe
is the plasma electron frequency. The factor 2 in formula
(1) accounts for the double passage of radiation from the
plasma boundary (x = 0) to the point of reflection (x = xp)
and back.
The change in the interferometer phase Ay is

Iy lo

ON,

Agr =k f ANodx ~ ky f 0—0Av1dx, 2)

Vi
0 0

where No = (1 —v)"/? is the refractive index of the O-
wave propagating perpendicular to the magnetic field, k; =
wi/c, vi = (wpe Jw1)?, and integration is performed over
the entire length of the central chord (ly = 23 cm).

Taking into account that

8&__ 1 —u—2v+2uv+1? 3)
v 2= —w) A —u—v

dNo 1

2 4
oy 201 =v)? @

3402128-2



Plasma and Fusion Research: Regular Articles

Volume 9, 3402128 (2014)

Table 1 Position of the reflection region and reflection coeffi-
cient of the X-wave as functions of time.

At, ms xo/lo R}
52.1-52.8 0.40 1x107°
52.4-53.2 0.55 1x107
52.8-53.6 0.58 82x 107
53.6 - 54.6 0.58 25%x107°

54-55.6 0.49 27%107
54.5-55.6 0.49 27%107

for the conditions of our experiment (u = 0.25, v = 0.25,
vi = 0.07), we can approximately write

ON;
Ay ~ Zkoxoa—vXAv ~ =2.2koxoAV, (5)

ON
Ap; ~ kilg—2 APy ~ —0.52k; 1oA¥
6v1
~ —0.28koloAT, (6)

where the upper bar stands for the averaging over the cen-
tral chord.

Thus, for the known values of A¢y and Ag;, the dis-
tance xy from the plasma boundary to the point of reflec-
tion can be found by the formula

Agp
X0 L 0125270, %
lo Apy

The Table 1 presents the values of xy/ly calculated by
formula (7) and the measured values of the power reflec-
tion coefficient R§( in the quasi-steady component of the
backscattered X-wave for several time intervals during the
L-2M discharge illustrated in Fig. 1.

It can be seen from the table that the x( positions deter-
mined from the measured change in the phase of the quasi-
steady component of the backscattered X-wave lie close to
the center of the plasma column. The average values of Ri
and xo/lp (with allowance for their root-mean-square de-
viations from their average values) over the time interval
52-56ms are (1.8 + 0.8) x 107 and 0.52 + 0.06, respec-
tively.

3. Discussion of the Results

We performed numerical calculations of the coeffi-
cient of reflection from the ECR region for the conditions
corresponding to the experiments on ECR plasma heating
at the second harmonic of the electron gyrofrequency in the
L-2M stellarator [3]. Let us consider a plane X-wave prop-
agating along the x axis and polarized in the (x, y) plane
perpendicular to the external magnetic field By(x)e,. The
propagation of such a wave near the resonance wy = 2wce
is described by the following set of one-dimensional full-

wave equations [1,6]:

d ( dE, .d ( dE,

— — =2+ SE,-iDE, =

dx( dx) ‘I (fd )+S x~iDEy =0, ()
d ( dE, d

—i— — |
’dx( dx) dx ((

=0. )

)+1DE +SE,

Here,

l_ _
S:kg—lfuv, k(z)lvi/_
2wce)
Bwo ’

where § = Te/mec? and F7),(x) is the Dnestrovskii func-
tion [7], which accounts for the thermal effects near the
resonance at the second harmonic of the electron gyrofre-
quency in weakly relativistic (8 < 1) Maxwellian plasma,

f__ 7/2(

1
ReF7,(8) = E for |£] > 1,

0 for é>0 (10

II’I]F7/2(§)={ 8 . 502 ¢ .
151\/7_r|§| e for £<0

Set of equations (8) and (9) possesses the energy integral

d
—P+W=0. (11)
dx
Here,
_ C2 I * y PR e d .
P= o m(E g x—tEy)a(Ex+1Ey) Vi

12)

is the power flux density (where the first and second terms
in parentheses correspond to the Poynting flux and the ki-
netic power flux, respectively) and

CZ

W=-—

d E,+iE,))| Imf >0 (13)
(i)

dx

8wy

is the power density absorbed by the plasma.

Since set of equations (8) and (9) consists of two
second-order differential equations, it describes two types
of waves. In a uniform plasma, the spatial dependence of
the electrical fields of these waves can be represented as
~exp(ikx), where the wavenumber k satisfies the following
biquadratic dispersion relation:

fK* =S +2(S +D)HKE+S*-D*=0. (14

Far from the resonance (Jwg — 2weel/wo > B, f — 0), the
solutions to dispersion relation (14) correspond to the left-
and right-propagating X-waves,

kx ~ /(82 - D2)/S, (15)

as well as Bernstein (B) modes at the second harmonic of
the electron gyrofrequency,

kg = ++S/f, ksl > |kx|. (16)
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Fig. 3 Calculated profiles of |E,| (heavy solid line) and |E,|
(light solid line) near the resonance wy = 2we. The
dashed line shows ReE, as a function of x at a certain
instant of time. The fields are normalized to the ampli-
tude E, of the incident wave in vacuum.

The B-modes are propagating at wy — 2wee > 0 (Imkg = 0)
and evanescent at wg — 2wee < 0 (JImkg| > |[Rekg]).

In a nonuniform magnetic field, the X- and B-modes
turn out to be coupled. The coupling is the strongest in the
ECR region, where the dispersive properties of the medium
vary most rapidly, and gradually weakens with increasing
distance from the resonance region. As a result, a fraction
of the X-wave energy can transform in the resonance re-
gion into the energy of the B-mode propagating toward the
lower magnetic field.

Set of equations (8) and (9) was solved for the con-
ditions close to the experiment on ECR plasma heating
in the L-2M stellarator. It was assumed that the X-wave
with the frequency fy = 75 GHz (1p = 0.4 cm) was inci-
dent from the right (from the low-field side) and propa-
gated along the x axis toward negative values of x (toward
the major axis of the vacuum chamber). The magnetic
field was directed along the z axis. The resonance point
wo = 2w was at x = 0. The gradient of the magnetic
field along the x axis was assumed to be constant and equal
to its value on the minor axis of the stellarator chamber,
|dBy/dx|/By = L' ~ 0.0116 cm™!. The plasma density and
temperature were assumed to be constant and equal to n, =
1.75 x 1083 cm?® (v = 0.25) and T, = 1keV, respectively.

The problem was solved numerically by the sweep
method [8] with a spatial step of Ax = 0.004cm. The
boundary condition at the right boundary corresponded
to the superposition of the incident X-wave with a
given amplitude, the reflected X-wave, and the outgoing
(right-propagating) B-wave. The boundary condition at
the left boundary corresponded to the transmitted (left-
propagating) X-wave. The heavy solid line in Fig. 3 shows
the amplitude of the transverse component of the elec-
tric field |E,|. The dashed line in Fig.3 shows ReE, as a
function of x at a certain instant of time. The light solid
line shows the amplitude of the longitudinal components
of the electric field |E,|. It is seen that the X-wave ex-
periences strong damping in the resonance region over a
length comparable with its wavelength. The coefficient of

power transmission through the resonance region is 72 =
0.59 x 1072, which is very close to its value calculated for
the same parameters in the geometrical optics approxima-
tion [9] (T2 = 0.57 x 1072).

In the region x > 0, the profile of the amplitude of the
transverse field |E,| exhibits spatial oscillations with the
period equal to one-half of the wavelength of the X-wave,
which corresponds to the presence of a wave reflected from
the resonance region. The power reflection coefficient of
the X-wave in this case is Ry ~ 1.56 x 107, Thus, the
result of numerical calculation of the reflection coefficient
of the X-wave from the set of full-wave equations (8) and
(9) turns out to be close to the values obtained in the above-
described experiment.

To be assured that spurious reflection from the bound-
aries of the computation region was negligibly small, we
performed a test calculation in which the magnetic field
was reduced by 10%, so that there was no longer a res-
onance at the second harmonic of the electron gyrofre-
quency in the computation region (i.e., the entire compu-
tation region was in the zone of the weak magnetic field).
In this case, the power reflection coefficient of the X-wave
was at a level of ~10715.

Small-scale oscillations observed in the profile of the
amplitude of the longitudinal field |E,| (see Fig.3) are a
result of the interference between the longitudinal electric
fields of the X-wave and the B-wave propagating toward
the region of the weak magnetic field. In this case, the
coefficient of X-B transformation (in terms of the power)
isRZ =0.12x 1072

4. Conclusions

In experiments on ECR heating of plasma at the sec-
ond harmonic of the electron gyrofrequency in the L-2M
stellarator, the effect of partial reflection of high-power gy-
rotron radiation from the ECR heating region located in the
center of the plasma column has been revealed. The reflec-
tion coefficient is found to be on the order of 103, which
agrees with the results of full-wave numerical calculations.

To conclude, we note that microwave reflection
from the ECR heating region can contribute to the low-
frequency modulation of the gyrotron power caused by the
reflected wave. Since the reflection coefficient depends
strongly on the electron temperature, this effect can, in
principle, be used to estimate the electron temperature in
the ECR region.
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