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In this study, we developed a calibration method for a fast-steering antenna for investigating the mode conversion window used
in Electron Bernstein Wave (EBW) heating in the Large Helical Device (LHD). The calibration was carried out in under-dense
plasma against a line-of-sight with an optical thickness which varied spatially. Although multi-reflected background radiation
becomes dominant in optically thin lines-of-sight, we succeeded in calibrating the fast-steering antenna by including the effect of
multi-reflected background radiation in the solution of the radiation transfer equation as the constant by which the temperature
of the center of the plasma is multiplied. In addition, we report the initial results of experiments investigating the mode conversion

window in over-dense plasma using the calibrated antenna.

1. Introduction

In a fusion experimental device, it is important to gen-
erate and sustain the high electron temperature plasma
by direct electron heating. Also, it is possible to improve
the confinement performance by controlling the electron
temperature distribution. In the Large Helical Device
(LHD), Electron Cyclotron Resonance Heating (ECRH)
using high-power high-frequency gyrotrons has been car-
ried out. To date, three 1 MW gyrotrons at 77 GHz have
been installed on the LHD. The power from these gy-
rotrons can penetrate into a plasma with density below
Ne,cut—off = (-39 X 10"”m~3 and heat plasma at a reso-
nant magnetic field B = 2.75 T, where n¢ cut—og is the
plasma cut-off density. When plasma density n. is satis-
fied with ne > ne cut—oft; the plasma is called over-dense
plasma. In the opposite case, the plasma is called under-
dense plasma.

Since an Electron Bernstein Wave (EBW) can propa-
gate into the plasma without a density limit and is ab-
sorbed at the resonance layer, it can be used for plasma
heating and current drive in over-dense plasma.!')
Since the EBW is an electrostatic wave, EBW has to
be excited through a mode conversion process by an ex-
ternally injected electromagnetic wave from the vacuum
side. The EBW can be excited via the OXB mode con-
version process, where O, X, and B indicate the ordi-
nary, extraordinary, and electron Bernstein waves, re-
spectively.'? 1% O-mode injection is the first step of
the OXB mode conversion mechanism, and the mode
conversion efficiency has a narrow peak near an opti-
mum propagating angle relative to the magnetic field
at the plasma cut-off.>'%) This optimal angle is a func-
tion of the plasma parameter at the mode conversion
region.'0°1®) It is essential to tune the injection direc-
tion precisely to aim at the region where mode conver-
sion efficiency is high. This region is called mode conver-
sion window. A thermally excited EBW in the plasma
core region can be emitted as the O-mode via the in-
verse OXB mode conversion mechanism (Electron Bern-
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stein Emission: EBE).'?2%) In the over-dense case, an
electromagnetic wave cannot propagate into the plasma
nor be emitted from the plasma. Therefore, an Electron
Cyclotron Emission (ECE) is not measured when over-
dense plasma is sustained. However, the mode converted
EBE which passes through the mode conversion win-
dow can be detected. For investigation of the efficient
mode conversion window, it is important to measure the
ECE/EBE around the mode conversion window when
over-dense plasma is sustained. For this purpose, a fast
steering antenna has been installed on the LHD,?") which
can spatially scan the ECE/EBE signal around the mode
conversion window, and the radial profile of radiation
over the full minor radius of the LHD can be scanned
during one discharge.

In this study, we developed a calibration method for
a fast-steering antenna for investigating the mode con-
version window used in EBW heating. The precise cal-
ibration was carried out in under-dense plasma using
both the ECE measurement including an oblique angle
to the magnetic field (oblique ECE) and ray-tracing cal-
culations by integrating the local electron temperature
along the calculated ray path following the solution of
the radiation transport equation.??) This calculation can
include the multi-reflected background ECE in optically
thin lines-of-sight. An oblique ECE can be used to obtain
the electron distribution function both in energy and in
physical space.?*:24) And then, the mode converted EBE
measurement was attempted by scanning near the ex-
pected mode conversion window in over-dense plasma.

This paper is composed of five sections. In section 2,
the ECE/EBE detection system including the fast steer-
ing antenna and the ECE calculation method using ray-
tracing are briefly described. In section 3, for calibration
of the measurement system, results of the ECE measure-
ment using a fast steering radiometer and comparison
with the calculation in under-dense plasma are discussed.
In section 4, initial results of the EBE measurement near
the mode conversion window in over-dense plasma are
discussed. The summary of this paper is provided in sec-
tion 5.
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Fig. 1. ECE detection system: This antenna of the radiometer
can be steered during the discharge to obtain the spatial
distribution of the radiation.

2. ECE Detection System and ECE Calculation

LHD is a helical type fusion experiment device. The mag-
netic field structure which gives good confinement of the
plasma is generated by two superconducting helical coils
and three pairs of superconducting poloidal coils. The
plasma poloidal cross section is almost elliptical and ro-
tates 5 times to complete the one turn torus (toroidal
period number: n = 10). In the experiment described in
this paper, the magnetic axis and the field strength were
set at 3.65 m and 2.712 T in the under-dense case.

2.1 ECE/EBE Detection System

The ECE/EBE detection system discussed here is
the CTS (Collective Thomson Scattering) receiver sys-
tem.21>25 Because the CTS measurement requires a high
S/N ratio, a high power gyrotron is used as a probe beam
source. This system is furnished with a high sensitivity
receiver to receive the weakly scattered signal. This re-
ceiver is composed of a heterodyne mixer, IF amplifiers,
and filter banks that enable the detection of the ECE
with 74-80 GHz as the IF frequency with 50-200 MHz.
Fig.1 shows the schematic of the ECE/EBE measure-
ment system used for this experiment. This system is in-
stalled on a low loss transmission line that is connected
to a steerable mirror at a lower port (1.5L port) on the
LHD. The upgrade of the steering speed of this mirror
antenna system played an important role in the experi-
ments described in this paper.

2.2 ECE Calculation Flow and Theory

In the LHD, the ray-tracing code LHDGauss has been
developed to calculate the propagation and absorption
of the EC-wave for the ECRH.?%27) In this study, this
ray-tracing code is used for calculating the local absorp-
tion rate along the ray path using magnetic field, elec-
tron temperature, and electron density. Since the local
absorption rate can be determined along the ray path,
it is possible to estimate the ECE for a given frequency
as a solution of the radiation transfer equation discussed
below. The absorption coefficient for oblique propagation
discussed in?® is used in this calculation.

2.2.1 Ray-tracing In the weakly inhomogeneous mag-
netized plasma, the wave propagation can be treated so
that the wave packet propagates in the direction and
with the group velocity determined by the local disper-
sion relation. When the length scale of the electron den-
sity and magnetic field is large enough, as compared with
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Fig. 2. Relationship of the radiance and the frequency when

kT = 2 keV. The Rayleigh-Jeans law is comparable to the
Planck’s law below 1016 Hz at least in the range of from 0.5 keV
to 3 keV.

the wavelength of the wave, it is possible to handle the
wave propagation using geometrical optics. This is called
a geometrical optics approximation. The method for ob-
taining the wave propagation path by tracking the wave
packet is ray-tracing. In ray-tracing, the ray propagation
in plasma is calculated from the vacuum side. Then, a
local absorption coefficient along the ray path is calcu-
lated up to the point where the injected beam is com-
pletely absorbed. On the other hand, ECE intensity ob-
served from the vacuum (antenna) side is the sum of the
emission from each position on the ray path. Since the
ray should follow the same path for injection/receiving
from/by the antenna, the ECE can be calculated by in-
tegrating over the ray path using the radiation transfer
equation. Such estimated ECE is equivalent to a radia-
tion temperature to be discussed below. The ray path of
an electromagnetic wave in plasma can be determined by
the ray equation below.

dr 0G dk oG dt oG 1

ds ok’ ds or’ ds  ow’ (1)
where G(k,r,w) is the dispersion relation of the wave,
which is satisfied with G(k,r,w) = 0. k(s), r(s), and ¢
are wavevector, position, and time, respectively. s is a
path length along the ray. Eq.(1) is related to the six di-
mensional (three in real space and three in wave-number
space) simultaneous first order differential equations and
can be solved numerically with the Runge-Kutta method
for a fixed frequency.
2.2.2 Radiation Temperature The radiation temper-
ature is the temperature of the black body that emits
a radiation intensity equivalent to the measured inten-
sity. The radiation temperature of the media with inho-
mogeneous temperature and absorption is given as the

solution of a radiation transfer equation below.2?39)
dl,(s) .
S jas) — aulo)L(s) )

where s is the path length along the ray path. I,(s),
Juw(8), and ay,(s) are the radiance, radiation coefficient,
and absorption coefficient, respectively. In order to solve
this equation, it is necessary to know the relationship
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between the radiance and the temperature. As follows,
the Rayleigh-Jeans law gives the relationship between
the radiance and the temperature.

w2

Bo(s) = 55 kuT(s) (3)

where By(s), w, ¢, and kp are radiance, focused angu-
lar frequency, light speed, and Boltzmann’s constant, re-
spectively. Here the local radiance can be expressed using
Juw(s) and ay,(s) as By(s) = i“;((z)) This relation is Kirch-
hoff’s radiation law. Although Planck’s law and Wien’s
law also give the relationship between the radiance and
the temperature, the Rayleigh-Jeans law is sufficiently
accurate below 10'® Hz when assuming the electron tem-
perature of 2 keV (Fig.2). Therefore, the radiation tem-
perature Traq . (s) can be expressed in integral form as
the general solution of eq.(2),

Trado(s) = / To(s)e Ji 8 o (Nds (4)

where T¢(s) is local electron temperature on the ray
path. Here, 7(s') = [ a,(s")ds” is defined as an op-
tical thickness. In the optically thick case, the radia-
tion temperature corresponds to electron temperature on
the resonance layer for focused frequency. On the other
hand, in the optically thin case, various information from
sources other than the resonance layer, which is being fo-
cused upon here, is dominant. Thus, radiation tempera-
ture does not represent the temperature at the resonance
layer. In conclusion, when the ray path of the ECE can
be determined by ray-tracing, we can calculate the radi-
ation temperature as an integration of electron temper-
ature along the ray path (eq.(4)).

3. Results of the ECE Measurement and the ECE
Calculation

The ECE measurement and the ECE calculation were
carried out on the under-dense plasma around 77 GHz.
The under-dense experiments were performed to assess
the validity of the calculations and the calibration of the
measurement system. In the next section, we will discuss
the EBE measurement near the mode conversion window
by using the calibrated fast steering antenna.

Fig.3 shows the spatial distribution of the elec-
tron density and the electron temperature with sev-
eral times when the stable plasma were sustained. The
under-dense plasma has a line average electron density
ne = 1.5 x 10'%m™3 and center electron temperature
T. = 3 keV, and is sustained by ECRH and Ion Cyclotron
Range of Frequency (ICRF) for about 30 sec. These fig-
ures show that the electron density and the temperature
are not changed with time when the stable plasma was
sustained. These parameters were measured by Thomson
scattering with 17 mm of the spatial resolution and 30
Hz of the time resolution. The spatial resolution value is
indicated on the major radius. But the effective radius is
used to represent the plasma radius in this paper. The
amount of helium gas-puffing is adjusted to keep the den-
sity constant. Fig.4 shows the ray path at several time
slices when the stable plasma was sustained. Here, these
slices show a cross section parallel to the injection plane

+(@ t=7.0000 s

@ t=12.0010 s
@ t=15.0010 s|
@ t=19.0010 s

Fefr (M)

Fig. 3. (a): Spatial distribution of the electron density with
several times. Horizontal axis means the effective radius. The
electron density has no time changes, and is maintained under
the cut-off density for 77 GHz. (b): Spatial distribution of the
electron temperature with several times. Horizontal axis means
the effective radius. The electron temperature has no time
change. The dots indicate the measured data and the solid lines
indicate the polynomial fitting curve.

including the final arrival point. Fig.5 shows the compar-
ison of the time variations of the measured ECE signal,
the calculated ECE by eq.(4) with using the plasma pa-
rameters as shown in Fig.6, the optical thickness, and
the antenna scanning line of sight in the same ray path
scanning as shown in Fig.4. In the experiment, although
the ray path does not pass through the resonance layer
within the plasma region during the period about 9 to
13 sec., a certain constant level signal is measured. This
indicates that the multi-reflection effect dominates in the
optically thin ray path. The multi-reflection effects be-
tween the wall and the plasma produce a nearly isotropic
microwave background. However, the ECE calculation
using eq.(4) does not include such background radiation.
In order to take this effect into account, a background
radiation temperature is assumed such that the temper-
ature is equivalent to 5 times of the central electron tem-
perature. That is,
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Fig. 4. (a), (b), (c), and (d) show the slices at the incident

beam plane at each time when under-dense plasma is sustained.
The bold green and blue lines are ray path and a99, the red and
magenta lines are 77 GHz resonance layer and UHR layer. The
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of the plasma energy is stored.
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Fig. 5. Comparison of the time variation when the fast steering

antenna is scanned spatially as shown in Fig.4. (a), (b), (c), and
(d) show the measured ECE at 77.2 GHz, the calculated
radiation temperature, the optical thickness, and the antenna
scanning line of sight. The definition of the line of sight for
steering position is based on z = 0.

Ty(t) = BTo(t) (5)

where 8 is the background radiation factor and Tp(¢)
is the electron temperature at the plasma minor radius
r = 0 in each time slice. Calibration is carried out by
adding Th,e ™" to eq.(4). Here the 7 is the optical thickness
when the ray arrives at the wall from the antenna. The
calibration equation is given below

I= é (TbeT + / T.(s')e )2 aw(sn)dsuaw(s')ds'> , (6)
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Fig. 6. Plasma parameters at the time on Fig.4(a) for #131000

for X axis with respect to ray path. (a), (b), (c), and (d) show the
magnetic field strength, the electron density, the electron
temperature, and the absorption rate, respectively.
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Fig. 7. Comparison of the time variation of the calibrated

measured ECE and calculated ECE included the background
radiation. (a), (b), and (c) show the results at 76.2, 77.2, and 78.5
GHz, respectively.

where I and C are the calculated radiation tempera-
ture including background radiation and the calibration
factor. This equation means that the radiation intensity
from optically thin ray path is dominated by the back-
ground radiation. On the other hand, the background ra-
diation becomes negligibly small when the optical thick-
ness is large because the background radiation is almost
completely absorbed, and the observed intensity is domi-
nated by emission from the optically thick ray path. The
local absorption rate is a function of B and local plasma
parameters such as T,, n., and propagation direction rel-
ative to the magnetic field. Fig.6 shows the plasma pa-
rameters at the time on Fig.4(a) for #131000 for X axis
with respect to ray path. The plasma parameters T, and
ne required in the ECE calculation are obtained from
the Thomson scattering measurement at each time slice
mapped on the flux surfaces. The calibration factor C
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Fig. 8. Spatial distribution of the electron density and the
electron temperature for the shots #127651 and #127653 at 5.0
sec. Horizontal axis means the effective radius.

and the background radiation factor 8 in the eq.(6) are
calculated by least-squares fitting. The calculated Sr¢.2,
Br7.2, and Prg5 are 0.4159, 0.4867, and 0.4203, respec-
tively. Fig.7 shows the time variation of the calibrated
ECE and the calculated radiation temperature taking
the background radiation into account. It was possible
to precisely calibrate the measured signal, including the
optically thin period during about 9 to 13 sec., by con-
sidering the background radiation. Also, the multi-ray
calculation was carried out in order to take the finite
beam size effect into account. This effect becomes partic-
ularly important when the beam passes through near the
boundary of the resonance layer. This calibration method
that we developed here can be applied to a measurement
system, which has a line-of-sight with an optical thick-
ness which varied spatially.

4. Initial Results of the EBE Measurement near the
Mode Conversion Window

In the over-dense case, the He plasma with high repro-
ducibility and long duration was generated and sustained
by the five neutral beam injections (NBI). He gas-puffing
was adjusted to maintain the electron density above the
cut-off density and to stay constant during scanning pe-
riod. Fig.8 shows the spatial distribution of the elec-
tron density and the electron temperature for the shots
#127651 and #127653 at 5.0 sec. The over-dense state
was produced when the stable plasma was sustained.
Fig.9(a), (b), and (c) show the time variation of the
measured radiation during fast scanning. The scanning
path could not be set on the predicted mode conver-
sion window with higher efficiency because of the hard-
ware restriction of the steering. The fast scanning was
carried out from 4.7 to 5.7 sec. for discharge #127651
and from 5.1 to 6.0 sec. for discharge #127653. The ten-
dency with increase of the measured radiation near this
region is confirmed experimentally while almost over-
dense plasma is sustained. When the antenna scan time is
shifted by 0.4 sec. for the two shots (as shown in Fig.9(f)),

"o —#127651
o0 —#127653

(a)

0.2+

76.2 GHz

NBI#4,5 ,

Radiation temperature (keV)
o o O OO0OO0OO0OO0OO0o
v woLhwrmmo

—_

—_

—_

o
o U1 = U1 DO W O © NO

T (keV) Ng (x1019 m'3)

0.4
0.3
0.2
0.1

Path (m)

Fig. 9. (a), (b), (c): Time variation of the measured radiation
at each frequency for the shots #127651 and #127653. (d), (e):
Time variation of the electron density and the temperature at the
effective radius reyf = 0 m and 0.5 m. (f): Time variation of the
antenna scanning line of sight. The tendency with increase of the
measured radiation around the mode conversion window is
confirmed experimentally while almost over-dense plasma is
sustained. When the antenna scan time is shifted by 0.4 s for the
two shots, the increase of the measured radiation is shifted
correspondingly.

the increase of the measured radiation is shifted corre-
spondingly. While the electron temperature and the den-
sity measured by Thomson scattering for both shots are
maintained identical (Fig.9(d) and (e)), it is confirmed
that this change of the radiation is not due to the time
variation, but is the spatial structure of the radiation.
The path written on the vertical axis in Fig.9(f) is defined
as shown in Fig.10, which is the intersection with the line-
of-sight at the mid-plane. In addition, Fig.11 shows the
spatial distribution of the measured radiation for each
frequency. This figure represents the radiation intensity
on the path defined as shown in Fig.10. Although the
increase of the measured radiation shifted correspond-
ingly when the antenna scanning time is shifted for the
two shots in Fig.9(a), (b), and (c), the tendency of the
measured radiations are overlapped when the horizontal
axis is the path. In other words, it can be seen that this
radiation has spatial distribution.

Also, the ECE calculation using ray-tracing in the
over-dense state was carried out in order to distinguish
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Fig. 10. Definition of the path for the line-of-sight. The

line-of-sight of the antenna is defined by coordinate on the
mid-plane (R-T plane at z = 0) of the LHD plasma.
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Fig. 11. (a), (b), (c): Spatial distribution of the measured
radiation at each frequency for the shots #127651 and #127653.
The tendency of the measured radiations are overlapped when
the horizontal axis is the path.

EBE from ECE. The calculation results of the ECE are
negligibly small, and the order is 10~% keV. This emission
source is located only near the wall and clearly outside of
the plasma cut-off (Fig.12). Fig.12 shows the trajectory
of the rays in the over-dense plasma. Here, Fig.12 bottom
shows a horizontal cross section including the final arrival
point. After the rays are reflected at the plasma cut-off,
it can be seen that the rays are propagating toward the
vacuum chamber wall. Fig.13 shows the parameters such
as magnetic field strength, electron temperature and elec-
tron density, and absorption coeflicient for X axis with
respect to the rays path. The plasma density and tem-
perature are negligibly small because the resonance con-
dition (B = 2.75 T for 77 GHz) is located only near the
wall. This is the reason why the calculated ECE is negli-
gibly small. Although there is an emission source of the
ECE outside of the plasma cut-off, the increase in the
measured radiation (Fig.9) cannot be explained as the
ECE process when the over-dense plasma is sustained.
This measured radiation and the tendency to increase
during antenna scan can be explained by the EBE in-
stead of the ECE. The measured radiation is originated
from EBW inside of the plasma cut-off and is emitted
from through the mode conversion window.

Fig. 12.

Beam trajectories at 5.6 sec for #127651 when
over-dense plasma is sustained. (a): Slices at the incident beams
plane projected on the z direction. (b): Slices at the incident
beams plane projected on the T direction. The orange line is
plasma cut-off. Incident beams pass through near the resonance
layer. After that, the reflected beams propagate toward the wall.
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Fig. 13. Plasma parameters at 5.6 sec. for #127651 for X axis

with respect to ray path. (a), (b), (c), and (d) show the magnetic
field strength, the electron density, the electron temperature, and
the absorption rate, respectively.

5. Summary

In the LHD, the ECE measurement using a fast steer-
ing antenna and the ECE calculation using ray-tracing
were carried out. An experimental ECE measurement in
under-dense plasma was carried out in order to calibrate
the measurement system for investigating of the mode
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conversion window in the over-dense plasma. Calibration
was carried out by including the multi-reflected back-
ground radiation in the optically thin line of sight. There-
fore we could establish the general calibration method of
a fast steering antenna. Also, this study is helpful for
calibration of the CTS measurement system. The space
non-uniformity of the measured radiation is confirmed
experimentally when the over-dense plasma is sustained.
The ECE calculation using ray-tracing in the over-dense
state was carried out in order to distinguish the ECE
from the mode converted EBE. This increase of the mea-
sured radiation in the over-dense experiment cannot be
explained as the ECE. This is because there is no emis-
sion source for the ECE which can explain the increase
of the radiation outside of the plasma cut-off. Therefore,
the measured radiation in over-dense state is the EBE
via the inverse mode conversion mechanism that origi-
nates from thermally excited EBW in the plasma core
region.
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