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A millimeter/microvave detection system, in operation in the TCABR Tokamak is described. The system is
used for electron cyclotron measurements. The main part of the system is a heterodyne sweeping radiometer
based on &8W O oscillator that operates in the frequency range of 52 t6/85:. The system operates in two
modes : fixed frequency (maximum resolution ofid{) and sweeping mode (56 per frequency step). The
radiometer is calibrated in frequency and in radiation intensity. The frequency calibration is made by means of
a precision harmonic oscillator. The absolute calibration was done using a blackbodywaviesbsorber)
immersed in liquid nitrogen{7 K ) and also put in an oven with adjustable temperature upi K. Two

others components are also used for periodic intensity calibration check and sensibility measurements : a Crio-
genic Matched Load and a Noise Source. A Gaussian antenna is used for better space resolution measurements.
Between the antenna and the radiometer, oversimeaguides are used to reduced the signal attenuation. The
antenna axis is in the equatorial plane of the machine and perpendicular to the plasma column axis. The ac-
cessibility and absorption conditions are discussed. Results showing time and radial profiles of the detected
ECE radiation for the TCABR are presented. For a magnetic fielah = 1.14 T it was verified that the
maximum permissible density to access the second harmonic iX theode isn.o 2 2.3 x 10 m =3,

1 Electron Cyclotron Emission radiusr, in the equatorial plane, is given by

o neBTORo
T 2amey(Ro + 1)’

The radiation resulting from the movement of the electrons fn
around the magnetic field lines carries valuable information

about the distribution function of the electrons in a plasma wheree andm,. are respectively the electron charge and
and its detection constitutes an important diagnostic methodmass. The relativistic factoy, for the usual temperatures
for magnetic confined plasmas [1]. In tokamak machines, found in tokamaks like TCABR, can be considered as unity.
the radial dependence of the magnetic field allows the de-  The transport of the electron cyclotron radiation in a
termination, from the ECE radiation, of the electron tempe- thermal plasma is given by

rature and also, in some situations, of the electron density

[2]. I(w) = Ig(w) (1 —e 7w,

The first work on the use of the ECE radiation, as a di-
agnostic tool, in tokamaks was published in 1974 [3]. To-
day, besides being an obligatory diagnosis technique in to-
kamaks for electron temperature measurements, it is in con-
tinuous evolution and, more recently, it has been used expe- /o

where I (w), the intensity of radiation, is the radiative power
per unit area per unit solid angle per unit of angular fre-
quency,7(w) is the optical depth given by

rimentally with more elaborated purposes, for instance, in 7(w) = a(w)ds,

the characterization of electron distribution of non-thermal

ture fluctuations [S] and, in recent proposals, involving Rayleigh-Jeans approximation for the blackbody radiation
Bernstein waves for the determination of electron tempe- given by Ip(w) = w?kT./873c2. For an optically thick
rature [6]. The use of the Bernstein waves seems to bépjasma ¢-(w) > 1) substantial absorption occurs and re-
particularly interesting in spherical tokamaks where the ac- g|ts
cessibility and the absorption conditions are not satisfied for

the radiation used in common machines.

L

w? kT,
8m3c2

For a tokamak of major radiu®, and toroidal field Therefore, for a given frequency, the detected radiative
Brg, the harmonia: of the ECE frequencyf,, emitted at power is proportional to the electron temperature.

I(w) =Ip(w) =

*Instituto Astroromico e GeofSico, USP
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TABLE 1. First three harmonics of the ECE radiation (Gtf = ) for the TCABR. R - center of the plasma columR,,,,. -

external plasma edg&,,.;,, - internal plasma edge.

R(cm) B(T) fi(GHz) f2(GHz) f3(GHz)
Roax 79.5 0.93 25.9 51.8 7.7
Ry 61.5 1.20 335 67.0 100.5
Roin 43.5 1.70 47.4 94.9 142.3
Accessibiliy
optical depth, X mode, n=2
8ge+10
2.5]
b)
. 6Be+10 2]
= g
g S 15
gr de«10 g
2e+10
0.51
0 04 R
075 w01 005 0 005 or 05 015 0.1 -005 0 005 01 015
radius ( m) radius (m)

Figure 1. a.Radial profiles of: first (.. ) and second £f.. ) of the ECE radiation,fr - right-hand cutoff frequencyf. - upper hybrid

resonance frequencyf;, - left-hand cutoff frequency and;,. - electron plasma frequencyB, = 1.147, neo = 2.3 x 10*°m™>

Teo = 500eV. b.Radial profile of the optical depth for the second harmonic extraordinary modBripr= 1.14T', nco
10"m ™3 andT.o = 500€V.

2 Electron Cyclotron Emission in the
TCABR

The main parameters of the TCABR [7] are: major ra-
dius Ry = 61.5¢m; plasma radiuse = 18 ¢m ; toroidal
magnetic field (maximum valueBro = 1.27T'; electron
densityn, = 2.5 x 10 m~3 and peak electron tempe-
rature T.o = 500eV . In the equatorial plane we have

the electron cyclotron frequency

e Ry Bro

fee = T (o £ 1)

the right and left-hand cutoff frequencies

ce 4 >
fro = L (214 (14 2,

Pmin = 43.5¢m and rpq, = 79.5cm. For these condi- «
tions, the frequencies of the first three harmonics of ECE the upper-hybrid resonance frequendy,, =
are given in the Table 1. 2

»e )2 and the plasma frequency

As it will be discussed below, for the TCABR, the ECE
radiation accessibility and absorption conditions indicate
that the second harmonic extraordinary wave can be used
as a diagnostic tool.

1 n062 1

fpe:ﬂ( 2

|

€o Me

and

= 2.3 X

(f2 +

To discuss absorption conditions of the plasma, the n

2.1 Accessibility and absorption conditions important parameter is the optical depifw).

In the

Fig.1.b the optical depth radial profile for the TCABR
The accessibility conditions can be discussed examining theshown. For the extraordinary mode ¢ 2) and perpendi-
Fig.1.a. In this figure we see the radial profiles of the fol- cular propagationq = 7/2) parallel to the equatorial plan

lowing frequencies: the first and the second harmonics of of the torust(w) is given by [8]:

]

2 n2(n71) pr )2 (&
2T (n— 1) foo! ‘¢

FX) 20 (g = g) - TR g)(—),
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Figure 2. Block diagram of the TCABR heterodyne radiometer for the detection of X-mode second harmonic electrocyclotron radiatit

where The microwave signal coming from the antenna goes tc
5 ) the mixer and then to the IF filter/amplifier. After that, we
1) (9 = f) ~1 n—35 — n )(fpe )2 have the difference between the sigrfal and the local os-
" 2 n? —1 fee” cillator f.o frequencies. Thé f, — fro | signal is demo-

dulated (video detector) and amplified (video amplifier).
ve = \/kTe/me and Xy = ¢/ fe. The video amplifier output signal goes to the data acqui-
To construct the curves shown in Fig. 1.a and Fig. 1.b we sition system where is digitalized and stored for later datz
assumed parabolic profiles for the electron density and tem-analysis.
perature. Those profiles are simple and easy to use and re- ) ) )
present quite well most of observed experimental data. The ~ 1he local oscillator is a BWO (Backward Wave Oscil-

profiles used to obtain Fig. 1 were : lator) that is basically a voltage controlled oscillator. The
control voltage (variable from 2.2 to 815 and generated
r r iai i
ne(r) = neo [1 — (2)618, Tu(r) = Tuo[1 = (1)9]7, by a Digital to Analog Converter) determines the detected

frequency. That frequency keeps a direct relationship with

. the plasma position (for plasmas that are not very hot).
where¢ = 2,8 = 1,g = 2 andd = 1. In those profi-

les, a is the plasma radiusi. is the peak electron density The system can operate in measurement or calibratiol
andT is the peak electron temperature. For those curvesmode. In measurement mode, the plasma signal is cou
Bro =1.14T,neo = 2.3 x 101 m™3 andT.o = 500€V . pled to the mixer by a mechanical switch. In the calibration

The ECE radiation in th®©-mode n=1is inacessible = mode, the mixer is coupled to a harmonic oscillator, opera-
since fpe > fee, as can be seen in Fig.1l.a. For tBe ting in 54, 60, 66, 72, 78 and &4H =~ used for frequency
mode n=2the plasma is optically thin{ ~ 10=3). For calibration, or to a noise generator used for amplitude cali-
the X-mode n=], the radiation is inacessible since, if the bration check. A mechanical waveguide switch and d220
antenna is in the low field side of the machine, the ECE ra- directional coupler are used to commute the radiometer fron
diation will be cutoff when it run into thef,, < f < fr the measurement mode (coupled to the plasma) to the cal
region. Forn > 2 the plasma is optically thin for both mo-  bration mode.
des and, the use of ECE radiation for diagnostic purposes
becomes difficult. For the TCABR, it is more suitable the ~ The calibration in amplitude (intensity) can be made or
use of theX-mode n=2ECE radiation. Considering that the ~checked in three ways : by direct calibration using a black-
TCABR has low toroidal magnetic fieldfr < 1.27'),we  body emitter with a known temperature, by the use of a cryo-
need to work in plasma scenarios with densities lower than genic matched load immersed in liquid nitrogen or at the
2.3 x 10”m 3 to access all the ECE radiation. In spite of room temperature or, finally, we can use a noise source t
the limitations relating the TCABR accessibility and absorp- check the calibration. The first way is the best one but is
tion conditions, that are typical in medium and small toka- difficult and takes a longer time. The last way can be usec
mak machines, itis possible the measurement of the electrors an easy way to check the calibration.

temperature in most relevant plasma scenarios. . .
The TCABR radiometer main parameters are: Fre-

quency range 52 - 85 H z; BWO output power 4 - 2eh W ;
i LO sweep time (from 52 to 88Hz) 150us; Mi-
3 The_ TCABR heterOdyne Sweeping nimal time for one LO frequency stefd0us; Noise
radiometer temperature < 13dB; IF (amplifier/filter) frequency
band 0.1 — 1GHZ; Harmonic Oscillator frequencies:
For the detection of the ECE radiation in TCABR a hete- 54,60,66,72,78,84&H > ; Noise Source ENR (Equivalent
rodyne sweeping radiometer [9], operating in the frequency Noise Ratio)15dB; NS stability 0.01 dB/°C'; NS Flat-
range 52GHz < f < 85GH:z was developed. This nesst1.5dB. The radiometer is a double-sideband recei-
range allows the detection of the ECE radiation of 3/4 of ver (DSB) since it is sensitive to both sideband frequen-
the plasma column. In the Fig. 2 the block diagram of the cies. In the calculation of the horizontal space resolution, &
radiometer is shown. 2 GH z frequency band was used.
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where Py; is the input signal powerA is the radiome-
ter power gain andP,, 4 the output noise power (intern

270

power). Note thatdkT B + P, 4 is the total noise powe

—‘ at the radiometer output. Normally we addpt = T, =

il 290 K (17°C'). From the above relation the noise pow
o = generated by the radiometer is given by
_AI PnA:AkTOB(F—l)

Itis also possible describe the noise properties of the
diometer using the noise temperatufg . Taking P,4 =
AkT, B, T, is given by

T, = (F —1)Ty.

The measurement of the noise figure of the TCABR
diometer was made by the two temperatures method (
factor method). In this method, two emitters with two diff
rent temperatures: hdf}, (= 300 K') and coldT, (77 K)
are used. We defin® factor as the ratio of the radiomet
output power when the hot and the cold bodies are place
front of the antenna:

Py, . k(Tn+Th)B . T, + T}

Y = — = =
P, (T, +1T.)B T, +T.
or
T, - YT,
Figure 3. Gaussian antenna used for the ECE detection in TCABR In = Yy — 1

tokamak.a. Antenna dimensions imm. b. Photo of the antenna.

Using the above expressions we obtain the noise fi

A Gaussian antenna, used for better spatial resolution, Faz = 10 [logio (1 + T5,/To )]

makes the coupling of the radiometer with TCABR plasma. ~ Another useful parameter is tBgjuivalent Noise Ratio
In Fig. 3 a diagram and a photo of the antenna are shown.ENR that keeps a direct relationship with the noise temp
The waist of the beam at the antenna focas 2cm) de-  ture T, , and is defined by NR = 10log [ T7,/(To — 1) ].
fines the vertical space resolution for the ECE detection. ~ To measurel, and the noise figure we used a matct
The total ECE spatial resolution (vertical and horizontal) load, shown in Fig. 4.a, that was used in liquid nitrogen :
is about2 cm. The radiometer is placedm away from also at room temperature. The matched load (microw
the tokamak and an oversized waveguide is used to reduceabsorber) was coupled to the radiometer input. In Fig.
the losses. we show the noise temperature and the noise figure fo

the radiometer frequency bandwidth.

Besides the Noise Temperatufle, and Noise Figure

4 Experimental results F, it is important to obtain experimentally a calibratic
curve relating the radiometer output signal (iolts) with
4.1 Sensibility and absolute calibration the temperature (iaV') [10]. In this calibration, we use

. T . the experimental arrangement shown in Fig.5. For the
The radiometer sensibility is related to the minimum level |inration. we used two thermal sources with two differs

of the power that can be measured. This is related with thetemperaturesTh andT..). In this measurement, the dista
intrinsic thermal noise associated to the instrument. Anim- oq involving the emitter, antenna and the radiometer v
portant parameter that defines the sensibility of the radiome-ie same as those when the radiometer was coupled t
terisits noise f|gu_reF: (input S|gna! to n0|se_rat|o)_/(output TCABR machine. In the corresponding position where
signal to noise ratio).In ECE detection, the signalinthe an-  anier of the plasma column would be, we put two emit
tenna inputis of the order of1V". The thermal noise power  ,ne in high temperature and the other in low temperatur
|nlthe input of the radiometer that have a frequency band In Fig. 6.a. we show the output signal (in function

with the antenna coupled to a blackbody of temperaflire 001 ency) of the radiometer for emitters in the high te
is given by P = kT B. Here the Raylelzlgh-.]eans.app_roxr peratureT, (923K = 650°C') and low temperaturel’,

mation (hf < kT') was used. The radiometer noise figure (77K). Inthe Fig. 6.b, the frequency dependence of the

is given by ference of the two signals is shown for five measureme
From these measurements, we obtain the calibration c
P,;/kTB P, oo '
F = / =1+ A shown in Fig. 7.

AP,;/(AKTB + Poa) AKTB’
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rrrrrrrrrrrrrrrrrTtrrrrTrrrrTrrTrrvtorTT

. . . . 50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 80 82 84
To obtain the final absolute calibration curve, the ab- Freq. (GHz)

sorption and reflection characteristics of the diagnostic glass g5

window were measured [11] in the frequency range of the ]
radiometer. The radiation coming from the plasma is parti-  0.014+
ally reflected and also partially absorbed by the glass. The 1
measurement was done with two thermal sources (hot and 2912
cold) and applying, for each case, the radiation transport —
equation [12]: o]
Ih2 = Ihl e 7 (1*7‘)2 + ITamb (1 *6_7—) (177‘) %O'OOB__
and 0006 i
Iy = Ine " (1—7)? + I, (1—e)(1—7) o,mm-j’:
From these equations, we obtain o,m__
677—(1—’[")2:M 0-000'1‘[‘I‘I'l'l‘l'l'l‘l'l'!'l'l‘l'l'l
Iy, — I’ 50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 80 82 84

whereI;; and I, are the radiative intensities attaining the P (5
glass window coming from the hot and cold sourcgs,, ,
is the radiative intensity emitted by the glads, and I.,

are the radiative intensities from the hot and cold sources af-
ter passing through the glass windowijs the optical depth

of the glass and" = [(n — 1)/(n + 1)]? is the glass re-
flection coefficient. In the Fig. 8 the final calibration curve
is shown. This curve was obtained multiplying the curve of
Fig.7 by the factoe=" (1 — )2. The error bars shown in
the figures were obtained from five different measurements

of the calibration curve.

Figure 6.a. Radiometer output signal (wolts) in function of fre-
quency (inGH z), for the cold emitter (77 ) and the hot emitter
(923K). b. Difference of the two signals in function of the fre-
quency for 5 measurements.
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180

In Fig. 9, seven temporal profiles are presented for

160 radial positions :+ 12.6 cm, + 8.5 ¢cm, + 3.5 cm, + 1.3 ¢m,
ol I —4.5¢m, —7.8cm, —12.1cem. In that pulse the plasm

1 density is lower than the right-hand cutoff density( <
7] 2.3 x 10 m~3). We verify that in the initial stage
. 100 qH‘H-I‘ of the discharge < t < 15ms) the intensity of the
% sod f : ECE radiation is relatively high due the occurence of
=) ,yf prathermal electrons that appear during the rising phas
Pf the plasma density. These electrons are accelerated b
09 toroidal electric field present in the breakdown and hea
20 phases of the discharge. After the initial stage of the

S charge, there is a time interval§ < ¢ < 95ms) where
50 62 54 56 58 60 52 64 66 68 70 72 74 76 78 80 82 84 we have a thermal plasma and the detected ECE radi
Freq. (GH2) has a lower time variation. In the Fig.9.b a radial pro

of T, for t = 50ms, is shown, where the peak electr
Figure 7. Absol_ute calibration curver(V’/eV ) obtained from the temperature is< 500V .
curves of the Fig. 6.b. In Fig. 10, temporal and radial profiles of ECE em
sion are shown in a 3D plot for a discharge where the e
tron density is higher than the right-hand cutofi { >
2.3 x 1019 m=3). This pulse has duration of abol®0 ms .

® We verify that, for the interval between 30 and®@, there

15.] is a decrease of the radiation intensity due to the increa:
] the plasma electron density that becomes higher than th
35+ toff density. This behavior of the detected ECE radiation
1 be used to obtain information on the radial electron den
iy profile [13].
" 254 Finally we show results [14] obtained with the radion
R terin the fixed frequency mode. In this mode, the radiom:
Z 20 time resolution is10 us . In Fig.11, 15 ECE time profile!

of the electron temperature are shown. To obtain those

| files, 15 tokamak shots were used. Care was taken tc

104 only very reproducible shots and we used one shot for e

: profile. For each shot, the frequency of the local oscille

5 was changed allowing the measurement of the electron
] U perature for different radial position between= —4cm

50 50 54 56 58 60 62 64 66 68 70 72 74 76 78 80 82 84 andr = +14cm. In these profiles, it is possible to si

Freq. (GHz) clearly the occurrence of sawteeth oscillations. It is

Figure 8. Final calibration curve. served that, in the radial position = +4cm, we have

the inversion of the sawtooth. In this radius the safety f
tor is unitary (¢ = 1). Internally to the surface; = 1

The absolute calibration of the radiometer takes a lot of (—4c¢m < r < +4cm) a slow growth of the electron ten
work and time to be done. The calibration curve depends Perature is followed by an abrupt fall, and externally to t
on the characteristics of the radiometer components, parti-Surface we have an opposite behavior, an abrupt increa
cularly of the BWO, that may change with time. For this the temperature is followed by a slow fall. The duration
reason, the calibration curve should be checked routinely. the sawteeth is about00 /s .

This checking is easily done, at the begining of each toka-
mak session, using the noise generator and the harmonic os-

cillator. 5 Conclusions

4.2 Time and radial profiles of the plasma It was coupled, with success, in the TCABR tokamak, a
temperatures terodyne radiometer that operates in the 52 t6:8bz fre-

guency range. The radiometer noise figure was meas
Finally, we show radial and temporal profiles of the elec- and the value obtained was;5 = 12dB. The noise tem:
tron temperature obtained with the radiometer. These re-perature is abolw8000 K . The absolute calibration curvi
sults illustrate measurements made with the radiometer infor the entire frequency band, was obtained and the sen
the two modes of operation: sweeping (several radial posi- lity of the radiometer, for60 GHz, is = 35mV/eV . The
tions) and fixed frequency ( high time resolution). Results radiometer is in operation in TCABR and detects the E
of ECE radiation detection in a high-density plasma scenario radiation for the second harmonic X-mode. Regularly,
(above the cutoff frequency) are also shown. thermal plasmas, the radiometer is used to obtain time
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radial profiles of plasma temperature. For non-thermal plas- By = 1.14 T it was verified that we can access the ECE
mas, particularly those with runway electrons, a large incre- radiation up to a density ok, = 2.3 x 10 m~2 where
ase in the ECE radiation is observed. For a magnetic field of the right-hand cutoff occurs.

P fif e NP o
A Wi v-ﬁﬁ.,x.. I @

T e N T ]
'I'CA.BR‘ #8370 = +35cm
BL0=1.07T - 45 cm
—_ +85cm i
- 7.8 cm
— -121cm
- +12.6 cm
VL PO P =

=
e

66
time (ms)

500 —

400 -

300

T (eV)

200 <

100 ~

r (?:m) ’

Figure 9.a. Time profiles of the electron temperature obtained in TCABR. The radiometer was in sweeping mode. The calibration ¢
shown in Fig. 8 was used to obtain the temperature. Seven time profiles are shown for the following radial pesit@6s:m, + 8.5 cm,

+3.5cm, +1.3cm, —4.5cm, — 7.8 cm, — 12.1 em . For this discharge the toroidal field wdsro
same pulse obtained fdr = 50 ms. The peak temperature is aboi0 eV .

500
400

=

=2 300

= 200
100

1.07T. b.Radial profile for the

Figure 10. Time and radial profiles for the electron temperature (3D plot) obtained in the TCABR. In this discharge, the density is I
than the cutoff and we can observe a reduction in the detected ECE radiation [13] between 4@and 50
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Figure 11. Time profiles obtained in the TCABR with the radiometer working in fixed frequency mode (time resolutiop.of for 15
different radial positions fromr = +14.1 em (internal) tor = —4.0 cm (external). The toroidal field in the column centerligd3 7.
The electron density i8.2 x 10'° m~3. It is possible to observe sawteeth oscillations.
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