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A multi channel ECE Radiometer, in the frequency range of 75 - 110 GHz, has been designed, con-
structed and tested for the SINP-Tokamak to diagnose second harmonic X-mode electron cyclotron
emission (ECE). This frequency range covers approximately 80% of the plasma cross section in case
of a magnetic field of B = 1.5 T. For the maximum field of the SINP-Tokamak B = 2.0 T, about 50%
is covered. The ECE radiation is received by a single horn antenna with a gain of approximately 30
dB. To increase the spatial resolution perpendicular to the line of sight, a focusing lens is employed.
The incoming radiation power is split into two branches by a 3dB coupler. Before down conversion
of the input spectrum, the upper and the lower side band are selected respectively by means of a
high pass and a low pass filter. Behind the filters, identical components are employed. The local
oscillator frequency is 92 GHz for both mixers. The IF frequency range after down conversion is
2 to 18 GHz. The IF spectrum is amplified by two amplifiers with a total gain of approximately
60 dB. The outputs of these amplifiers are split into 6 branches. The frequency selection is made
by band pass filters and the received power is detected by Schottky diode detectors followed by
video amplification and filtering. The data is recorded by an ADC with 1 MHz sampling rate.
The radiometer has been tested and calibrated with a high temperature blackbody radiator. The
effective input noise temperature for the radiometer channels is found to be in the order of 0.1
eV. The linear regime of operation extends up to an input power which corresponds to an electron
temperature of approximately 200 eV. Above this temperature the 1 dB compression point of the
Schottky diode detectors is exceeded and the IF gain should be reduced. This can be easily done
by incorporating appropriate attenuator behind the IF amplifiers.
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I Introduction

A radiometer using the technique of heterodyne for
measuring microwaves was first reported in 1946 [1].
This technique is used for spectral decomposition of the
radiation received by the radiometer. A heterodyne ra-
diometer has several advantages over the other types of
receivers. Some of these advantages are high selectiv-
ity, high stability, high accuracy and very good signal
to noise ratio. Recent developments in microwave tech-
nology have been intelligently exploited to measure high
frequency up to 170 GHz with much better frequency
resolution and signal to noise ratio [2,3]. A spatial res-
olution of AR/R < 1%, a temporal resolution of > 100
kHz and a temperature resolution of AT/T < 1% are
achievable with radiometer [4].

The principles of heterodyne detection has three dis-

tinct processes involved in it. First, the radio frequency
(RF) signal which is received by the radiometer is mixed
with the signal from a local oscillator. In this stage the
frequency spectrum of the original signal is translated
to a much lower frequency named as intermediate fre-
quency (IF). The resulting intermediate frequency sig-
nal is subsequently amplified and finally detected and
processed in a video circuit. In the process of frequency
down-conversion three essential components are identi-
fied. These are local oscillator, mixer and an interme-
diate frequency output port. If the RF frequency is
fry and the local oscillator signal has a frequency of fi,
respectively then the mixer produces signals of frequen-
cies fis =| fry £ fio | and also of many combinations
of the respective harmonics. Ounly the difference fre-
quency | frr — fio | is of interest. Output signals with
high frequency are not desirable and can be filtered out
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by appropriate filtering circuits.

The super heterodyne radiometer can be utilized to
obtain the spatial and temporal profiles of electron tem-
perature in a magnetically confined plasma through a
measurement of the electron cyclotron emission (ECE)
[5-8]. The gyration of electrons around the magnetic
field lines gives rise to emission (in the non relativistic
case) at gyro frequency

eB

MeC

Wee =

and its harmonics. In a tokamak, the largest component
of the magnetic field, the toroidal magnetic field, Br
varies inversely with the major radius R. In the weakly
relativistic regime, the emission in a direction to the
perpendicular to the magnetic field is broadened due
to the magnetic field inhomogeneity. The frequency of
emission is therefore directly related to the spatial po-
sition. The temperature profile T'(R) can therefore be
obtained by a measurement of the emission spectrum
from the tokamak plasma.

For a plasma in thermodynamic equilibrium, the
specific intensity of emitted radiation is given by

I(w) = IpW)(1—e™T)

where Ip(w) = w?kpT,/873c is the blackbody emis-
sion, where I(w) is intensity of radiation emitted by
plasma, T, is plasma temperature, kp is Boltzmann’s
constant and 7 is optical thickness.

Re-writing we get

8PP I(w)
T Wwkp(l—e7)

For an optically thick plasma (7 >> 1) there is a
reabsorption of emitted radiation and I(w) = Ig(w), so
that the observed intensity is proportional to the tem-
perature [5]. For 7 << 1 plasma is optically thin and
there is negligible reabsorption of the radiation emitted.

II The sinp radiometer

The SINP tokamak parameters are Ry = 30 cm, a =
7.5 cm, maximum value of toroidal magnetic field = 2
T; peak electron density = 3 x10*° m~3 and peak elec-
tron temperature = 300 eV. [9]. In the equatorial plane,
the plasma radius varies from 22.5 cm to 37.5 cm. For
a toroidal magnetic field B = 1.3 T at the centre, the
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second harmonic of cyclotron frequency varies from 58
GHz to 97 GHz.

The optical depth for the second harmonic extraor-
dinary wave has been calculated and has been found
to be greater than 1 for the above working conditions.
The following radial profiles of density, toroidal mag-
netic field and temperature have been utilized to cal-
culate the profile dependence of the right hand cut off
frequency fr and the upper hybrid frequency fym [10].

Ne = neo(1 — r2/a2),

Br = Bo/(l + T/Ro),
T, = Too(1 —1%/d?)

_ fce

9 1/2
fn= T+ (g

fUH = ( p%e + 626)1/2

with fee = wee/2m.

The accessibility calculations reveal that the second
harmonic extraordinary mode can escape the plasma
for values of density ~ 3 x 10m=3.

A twelve channel ECE Radiometer (Fig. 1), in the
frequency range of 75 - 110 GHz has been designed,
constructed & tested for SINP-Tokamak to diagnose
second harmonic X- mode electron cyclotron emission
(ECE). The selected central frequencies for the 12 chan-
nels are given by 74.5, 77.5, 80.5, 83.5, 86.5, 89.5, and
94.5, 97.5, 100.5, 103.5, 106.5, 109.5 GHz. The fre-
quency range covers approximately 80 % of the plasma
cross-section in case of a magnetic field B = 1.5 T. For
the maximum field of the SINP-Tokamak B = 2.0 T,
about 50% is covered. The minimum magnetic field is
B = 1.1T, where only one channel has a corresponding
electron cyclotron resonance layer inside the plasma.
It is found that harmonic overlap between 2°¢ and 3™
harmonic occurs at the inside board of the vessel (22.5
< R < 24.0 cm for B = 1.5T) as is evident from Fig.
2. The ratio of third and second harmonic cyclotron
frequency is always less than 0.1%. The selected band-
width of each channel is 1 GHz, which yields a spatial
resolution of AR/R = 1.4% at the low field side and
0.9% at the high field side, since the spatial resolution
is given by

AR By
R fi

where f; is the central frequency of a channel.
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Figure 1. Schematic drawing of the radiometer.
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Figure 2. Harmonic overlap between 2"¢ and 4"¢ harmonic at the inside board for B=1.5T.
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The following functional requirements were chosen
for the SINP-Tokamak.
(a) Frequency range of 75-110 GHz distributed over 12
channels with centre frequencies of 74.5 etc.
(b) The temperature resolution

ATrad
— < 2.
T 5%

and
(c) The spatial resolution

AR _ By

R fi

The radiated power from the plasma is given by

<2%

P = kT, By

where P is radiated power, k is the Boltzmann con-
stant, T, is plasma temperature and B,y is bandwidth
of IF amplifier.

The calculated value of radiated power for 1 GHz
bandwidth is found to be 32 nW or - 45 dBm.

The noise equivalent temperature can be deter-
mined with the help of the following equation:

Tnoise = (F - 1)Tamb

where F' is the overall noise figure of the radiometer
and Tymp is the ambient temperature of approximately
300K (25 meV). The noise figure F is defined as the
ratio of the signal- to-noise ratio at the input to the
signal-to-noise ratio at the output and can be calcu-
lated according to:

E -1 . F; -1 .
G GGy 7

where F; and G; are the noise figure and power gain of
the individual components respectively.

The ECE radiation is received by a single horn an-
tenna with a gain of approximately 30 dB. The incom-
ing radiation power is split into two branches by a 3 dB
coupler. Before down conversion of the input spectrum,
the upper and the lower side band are selected respec-
tively by means of a high pass and a low pass filter.
Behind the filters, identical components are employed.
The local oscillator frequency is 92 GHz for both mix-
ers. After down conversion the IF frequency range be-
comes 2 to 18 GHz. The IF signal is amplified by two
cascaded amplifiers with a total gain of approximately
60 dB. The output of these amplifiers is split into 6
branches. After frequency selection by means of band
pass filters, the received power is detected by Schottky
diode detectors. After video amplification and filtering
the data is recorded by an ADC with 1 MHz sampling
rate. Video low pass filters having cut-off at 300 kHz
is used to avoid aliasing. The schematic drawing of the
radiometer is shown in Fig. 1.

F=F +
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III Calibration & testing of the
radiometer

Several interesting methods are available for the cali-
bration of ECE radiometer [11]. The SINP radiometer
has been tested and calibrated with a high temperature
blackbody radiator. The radiation was chopped by a
100 Hz chopper. The output signal of the radiometer
was averaged by means of a digital oscilloscope, with a
maximum integration time of 1000 sweeps. The effec-
tive input noise temperature for the radiometer chan-
nels was found to be in the order of 0.1 eV. The lin-
ear regime of operation extends up to an input power
which corresponds to an electron temperature of ap-
proximately 200 eV. Above this temperature the 1 dB
compression point of the Schottky diode detectors is
exceeded and hence the IF gain needs be appropriately
reduced. This can be easily done by incorporating an
attenuator behind the IF amplifiers.

The calibration of the SAHA radiometer was per-
formed with a high temperature calibration source to
provide thermal emission at Ty. The operating tem-
perature of this source can be set to 600° C maximum.
The source is placed in front of the receiving antenna of
the radiometer. The distance between the source and
the radiometer is approximately 40 cm, which is large
enough to be in the Fraunhofer region of the antenna,
but small enough to cover the complete cross-section of
the antenna pattern by the emitting area of the source.
A mechanical chopper with blades large enough to block
the emission from the source completely is placed be-
tween the antenna and the source. The chopper enables
the radiometer to detect the T}ot and the room tem-
perature (Teo1q) thermal emissions alternately. Both
the hot source and the chopper blades are placed with
a small angle with respect to the position perpendicular
to the line of sight of the radiometer to prevent stand-
ing waves to influence the measurements. The output
waveform of the radiometer is recorded with a digital
oscilloscope.

Since the calibration was done at a relatively low
radiation temperature compared to the ECE radiation
temperature in a tokamak the linearity of the radiome-
ter was checked with the help of a Backward Wave Os-
cillator (BWO).

IV Results & Conclusion

The combination of a high spatial and temporal reso-
lution, a high sensitivity and an equivalent input noise
temperature of a few eV make the radiometer for the
SINP Tokamak a very useful diagnostic. The radiome-
ter is in regular use for the measurement of plasma tem-
perature for toroidal magnetic fields ranging from 1.5
Tesla to nearly 2 Tesla. Efforts have been made to find
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out the temperature profile. A typical temperature ra-
dial profile is shown in Fig. 3.
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Figure 3. A typical temperature radial profile of the
SINP-Tokamak.
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