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Abstract
Abstact: Electron Bernstein wave (EBW) emission, a possible alternative to the standard electron

cyclotron emission diagnostic for overdense (@p" )) o"") plasmas, was studied on the TST-2 spherical
tokamatr:. Simultaneous measurements of the radiation temperature and the density gradient at the upper
hybrid resonance layer were carried out using a newly developed instrument consisting of a heterodyne

radiometer combined with an AM reflectometer. It was found that the emission was fully unpolarized and

the radiation temperature from the core region was about 150 to 200 eV. The mode-conversion efficiency
was approximately 40 Va which led to the estimated electron temperature of 250 to 370 eV.
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1. lntroduction
Standard techniques for temperature diagnostic or

heating and current drive based on the electron
cyclotron wave (ECW) are not effective in ST, because

ST plasmas are overdense and cannot sustain ECW. A
promising option is to use the electron Bernstein wave
(EBW), which has no density cutoff. For EBW is a short

wavelength electrostatic wave, its optical thickness at

the cyclotron resonance is high and can be considered to
be black body emission.

A comple;<ity associated with the use of EBW is
that electrostatic wave cannot leave the plasma and must

be mode-converted to an electromagnetic wave. The
EBW undergoes mode-conversion near the upper hybrid
resonance (UHR) to the X-mode to which access is
possible via tu,o scenarios. In the first scenario, first
investigated by Preinhaelter and Kopeck'y in the early
1970's [], the X-mode is mode-converted again to the

O-mode. This scenario requires the optimum (1 such that

the locations of the O-mode cutoff and the hieh field

Corresponding author' s e -mail : shiraiwa@ plasma.phys. s. u-tolcyo. ac.jp

side cutoff coincide (B-X-O). In the second scenario,
proposed more recently by Efthimion l2l, the X-mode
tunnels through the evanescent region between the UHR
and the low field side cutoff (B-X-FX). In ST plasmas,

the triplet composed of the high density cutoff, the UHR
and the low density cutoff is formed within a few
centimeters width (see Fig. 1), which makes the mode-

conversion efficiency high
The B-X-FX power mode-conversion efficiency is

given by [3]

( = {s-nt (l - 
"-zr.)|cos2({p) 

, (1)

where cos2(g) represents the interference effect between

the high density cutoff and the UHR,

L_t2
ry= i-

is the Budden parameter when the magnetic field is con-

stant, Z, is the density scale length, all is the upper hy-
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Fig. 1 Locations of critical layers and the perpendicular
wave number for 6 GHz on TST-2. Parabolic pro-
files are assumed for the density and the tempera-
ture for the core plasma (inside the limiter radius)
and an exponential decay for the scrape-off layer.
The magnetic field on axis is 0.2 T, the central
density is 1.0x101s m-3 and the density at the
limiter is 1.0x1018 m-3. The perpendicular wave-
numbers drawn by dashed lines are evanescent
waves.

brid frequency and Ois the electron cyclotron frequency

at the UHR. eq. (l) shows that the efficiency can be

100 Vo for optimum density scale length and phase fac-

tor. If a strong turbulence averages the phase factor, the

average efficiency is simplified to Cuu" = )s-n! - s-n)
and depends only on the density scale length.

So far, comparisons of the radiation temperature

with the electron temperature carried out on CDX-U [4]
and NSTX measured the density profile by Langmuir
probes and Thomson scattering. However, Langmuir
probes cannot be used in hot plasmas and Thomson

scattering does not have a continuous temporal
coverage. We have developed a new instrument that

consists of a heterodyne radiometer and a reflectometer
(radio-reflectometer) that can measure the radiation
temperature and the density gradient simultaneously.

In the present paper, details of the newly built
radio-reflectometer are described in Sec.2. Section 3 is

devoted to the description of initial results of the radio-

reflectometer on TST-2. The results and perspectives are

summarized in Sec. 4.

2. Radio-Reflectometer
In order to measure the density gradient of the

region where the wave received by radiometer is mode-

converted, the radiometer and reflectometer should share

Refl ectometer Signals Radiometer Signa
t'e =6Ql75OMHzl2n

Fig. 2 Block diagram of the radio-reflectometer. The fre-
quency coverage is from 5-12 GHz that corre-
sponds the 2nd and 3rd harmonic emission from
TST-2.

the receiving antenna. The difficulty of the sharing is

that the probing wave of the reflectometer may be

detected by radiometer. Using the different wave

polarization for radiometer and reflectometer may offer
a solution. However, the reflected wave from plasma

was found to contain nearly l0 70 cross-polarized
component. A better way is to use two frequencies and

to make the frequency difference greater than the

radiometer bandwidth. Hence, we employ the amplitude

modulated reflectometry [5].
A block diagram of the radio-reflectometer is

shown in Fig. 2. It has a single microwave YIG
oscillator that is fed to two mixers. The first one is used

to generate probing waves of slightly different
frequencies. Representing the YIG oscillator frequency
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by F, the launched wave frequencies are F+75 MHz and

F-75 MHz. The probing waves are amplified to power

levels of about 15 dBm and fed to the ridged horn
antenna whose frequency range is 5 to 18 GHz. The
mixture of the reflected waves and the EBW emission

are received by the second ridged horn antenna,

amplified by 33 dB and fed to the second mixer and the

diode detector.

The second mixer is used to detect the EBW
emission. Since the bandwidth of mixer's IF port is 300

MHz, the output of the second mixer contains the

emission in the frequency range from F-300 MHz to

F+300 MHz and the intense reflected wave components

at DC, 75 MHz and its harmonics. The bandpass filter
composed by a 50 MHz low pass filter and a 3 MHz
high pass filter at the input stage of the logarithmic
amplifier is used to eliminate the reflected wave

components and reduce the radiometer bandwidth to 100

MHz (Double Side Band detection). Finally, the

logarithmic amplifier, Analog Devices AD8307, detects

the filtered EBW signals. The radial resolution
determined by the bandwidth is about 5 mm. The

radiometer is calibrated using liquid nitrogen.

A diode detector is used to detect the beat signal

between two probing waves at 150 MHz. Contribution
produced by nixing other harmonics generated at the

first mixer such as F+150 MHz and F are less than -30
dB in power and are negligible. A diode detector
produces the liequency components such as 75 MHz
and 225 MHz. A filter is used to eliminate them. With
the local signal generated by the frequency doubler, the

phase sensitive detector performs quadrature phase

detection and the phase delay of the beat wave is
obtained.

3. Experimental setup and results
The radio-reflectometer is installed at the low field

side mid-plain of the TST-2 [6]. TST-2 is a small
spherical tokarnak with major radius R=0.36 m, minor
radius c = 0.23 m, aspect ratio 4-1.6 and elongation

r-1.3-1.8. We measured the ohmic plasmas with
plasma current of 80 kA, discharge duration of 20 ms,

ion temperature of 50-100 eV and toroidal field of 0.15

to O.2 T . As shown in Fig. 1, the plasmas are calculated

to be overdense except in the very peripheral region and

mode-conversion takes place near the limiter surface.

We locate the antennas 90 cm away from the
vacuum window for two reasons. The first reason is to
suppress the interference effect of the reflectometer. The

closer the antennas are located to the window, the

(c) | lll ll X-mode
0-mode

15 t6 17 18 79 20
time [ms]

Fig. 3 Comparisons of EBW emission for different re-
ceiving antenna orientation and polarizations. (a)

the antenna arrangement (b) X-mode emission in
the direction perpendicular to flux surface (black)
is smaller than emission in the oblique direction
(gray). {c) X-mode (black} and O-mode (gray) have
the same intensity.

greater the solid angle that the antennas view the plasma

and the interference of waves reflected at various parts

of the plasma surface becomes more serious. The second

reason is to restrict the range of the parallel wave

number received by the radiometer to as close to zero as

possible. This is because higher X-mode emission were

detected at an oblique angle (t11*0) than in the normal

direction (ftrr=O) (Fig. 3(b)), when the antenna was

located 50cm away from the window.

The plasma current, the measured 3rd harmonic
EBW emission from the core region and the phase delay

of the reflectometer of typical discharge are shown in
Fig. 4. Several sudden drops of emission coincide with
reconnection events, while the reflectometer signal
shows no obvious change. It is inferred that the emission

drop represents the core temperature decrease. By
sweeping the YIG oscillator frequency by shot by shot
manner, the spectrum of EBW emission and density
profile around the UHR were measured. Figure 5 shows

the spatial profile of EBW emission obtained by
mapping the frequency to the radial location. It is shown

that the 3rd harmonic emission from the core plasma is
100 to 150 eV and monotonically decreases as minor
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Fig. 4 Temporal evolution of radiometer signal and the
phase of reflectometer. The frequency of the ra-
dio-reflectometer is 11 GHz.

vacuum vessel have randomized the wave number

spectrum and polarization.

Presently, a full wave treatment is under
preparation for precise reconstruction of the density

profile, because the wavelength of the probing wave is

comparable to the measured density scale length. As an

independent absolute electron temperature measurement,

Thomson scattering is also under preparation.

4. Conclusion
In this paper, we report the newly constructed

EBW emission diagnostic that consists of a radiometer

and an AM reflectometer. The instrument is installed on

TST-2 and the radiation temperatures of the 2nd and 3rd

harmonic emission and the density scale length are, for
the first time, measured simultaneously. Initial results

show that the radiation temperature is about 100 to 150

eV in the plasma core. The density scale length of about

3 cm was obtained from reflectometer using the WKB
approximation. The calculated mode-conversion
efficiency is about 40 Ea, rcsulting in the estimated

electron temperature of 250 to 370 eV.
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Fig. 5 Spatial profile of EBW emission at f=18.5 ms. In
order to map the frequency to the radial location,
the 1/B dependence of the toroidal field and a lin-
ear spatial profile of the poloidal field are as-
sumed.

radius increases. Using WKB approximation for the

sake of simplicity, the density scale length of about 3

cm is obtained. The mode-conversion efficiency
calculated from eq. (l) is about 40 Vo and leads to the

central electron temperature of 250 to 370 eV.

In the B-X-FX scenario, the evanescent region is
narrowest for ft',=0 and mode-conversion becomes most

efficient. Hence, the result shown in Fig. 3(b) seems to
contradict the one dimensional mode-conversion theory.

Another contradictory result is shown in Fig. 3(c), in
which O-mode emission has almost the same intensity
as X-mode emission. The phenomena shown in Fig. 3(b)

and (c) are not thoroughly understood. A possibility is

that multiple reflection between the plasma and the
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