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Electron cyclotron emission (ECE) diagnostic (superheterodyne millimeter wave radiometer) is a regular tool to
provide the radial distribution and time dependence for a bulk electron population for the Uragan-3M (U-3M)
plasmas. Under some plasma conditions when RF heating pulse switched off a substantial increasing of the radiation
intensity signal we observed at the frequencies which corresponds to the second and third harmonics of ECE (2w,,,
3w, ) of the extraordinary mode. The existing phenomena could be attributed with the presence of the suprathermal
(ST) and / or “runaway” electrons (RE) in U-3M plasmas. A procedure is described by which the electron
temperature profile can be obtained from spectral measurements of the cyclotron emission at optically thin
frequencies. No absolute calibration of the detection equipment is needed for this method.

PACS: 52.55.Hc, 52.70.Gw, 52.35.Hr, 52.25.0s, 42.60.Jf, 42.15.Eq.

INTRODUCTION

The presence of the population of the suprathermal
electrons caused the additional problems in ECE
measurements. Thus, it is of the great importance for the
present plasma fusion experiments. Because of their
high energy ST could significantly alter the and as a
result introduce considerable error in the bulk thermal
electrons temperature measurements. It is well known
that optically thick second harmonic X-mode is the best
candidate to measure electron temperature. However
under some condition it is possible to use different
approach. A second way may be offered by using an
optically thin harmonic. Here T<(s) can be inferred from
the ratio of the spectral distributions of the intensities of
the fundamental modes emitted in radial direction
within the equatorial plane of a toroidal system. In fact,
the intensities of these modes, the ordinary and
extraordinary wave, differ, by a factor:

Im_o =~ 0.15 (kBTe)

Imx mgyc?
The drawback is that the polarization ratio must be
known. It is clear, however, that this method requires
that no appreciable change in the polarization occurs
during the propagation through the plasma. In this paper

we follow [7] with yet another close approach. We will

use same polarization (X-mode) but following
harmonics —™*— ~ A (kB—Tez)
mocC

(m+1)X
1. EXPERIMENTAL CONDITIONS

Uragan-3M is small size torsatron with [ = 3, m =
9, major radius Ry, = 1m average plasma radius
a, = 0.12 m and toroidal magnetic field By < 1T . The
whole magnetic system is enclosed into large five
meters diameter (volume of 70 m3) vacuum tank, so
that an open natural helical divertor is realized. As a
heating mechanism, the multimode Alfvén RF
resonance heating is realized. To produce and sustain
the hydrogen plasma two types of antenna is used. The
magnetic field pulse have the following parameters:
pulse raise time 1.5 s pulse fall time 1.3 s, pulse width
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3.5s with at least flat top pulse time of 2.0s. At the
middle of flattop of the magnetic pulse, the plasma
ignites by RF range (8.6...8.8 MHz) antennas and
sustained for 50 ... 70 ms. period. Recently it was shown
[1, 2] that it is possible to realize two types of plasma
discharges. If only frame antenna (FA) with broad
spectrum of parallel wavelengths is used than produced
plasma have moderate electron temperature of T, =
400 ...500 eV and with low density n, = 0.8...2.5 X
10'®m™3. During those experiments the plasma is
weakly collisional, thus, its investigation could be of
some interest for modeling physical processes in large
fusion devices. The FA antenna could be used for
production of target plasma for the start-up of three-
half-turn antenna (THTA) which has shorter
wavelengths. Conical horn antenna which is used to
receive emitted microwaves from the plasma set for
observation at 90° to the toroidal magnetic field and
looking inward along a major radius at DD-3
crossection.
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Fig. 1. Radial distribution of the characteristic
frequencies for the central magnetic field 0.72T and
central electron density ngy = 8 x 10'®m™3 in the
equatorial plane for the U-3M plasma

2. ECE RADIOMETRY

Electron cyclotron emission diagnostics is a standard
tool that routinely used for electron temperature profile
measurement of high temperature plasmas at U-3M. The
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diagnostic utilize a conventional single antenna super-
heterodyne radiometers [3-5] one of which is operated
at the single tunable frequency of the second harmonic
for the X-mode (X2) in the upper part of the K,-band
(32...39 GHz) other one is the multichannel V-band
(57; 60.6; 64.2; 67.8; 71.4; 75GHz) radiometer which is
operated at the third harmonic of the X-mode (X3)
(Fig. 1). The frequency range was chosen according to
the wvalue of the toroidal magnetic field of
By =0.68...0.72 T. For the standard operational regime
of the torsatron plasma parameters was in the range
(Mg =1-8x10%m™3, T, =100..700eV). In this
case the detected ECE signals, which are corresponding,
to a so-called ‘radiation temperature’ Igcg ; of the given
polarization and harmonic number /. According to [6]
measured ECE intensity from a thermal plasma (with
Maxwellian distribution function) is given by equation:

_ [ 1-exp(r)
Tic, 1 = Ion {1 o). (1)
where
W2T,
BB = 53,20 2

is emission level of the blackbody at a temperature T,
and t; is averaged optical depth through the microwave
beam path from the plasma to the X-band conical horn
antenna. There is no ‘classical’ toroidal inner wall
inside U-3M tank. To include reflection from helical
winding components an effective reflectivity coefficient
I, efr has to be introduced (see denominator in Eq. 1).
Following procedures described in [6] for the
perpendicular  propagation case the numerical
calculation of the optical depth for the X2, X3
harmonics was done according to formula:

nzlz(l—1) kpT, l—1f
X1 = 2(1‘1)(1—1)!Zl(q) (mic;) %R ’ Q)
where
3
/2)(12-q)\' 2 /1 \2
2@ =q(1-9250) P14 1) @

and q = (a)pe / a)ce)2 is square of electron / plasma
gyrofrequency ratio.

A numerical calculation of the optical depth for the
given electron temperature T,(R) and electron density
n.(R) profiles is shown in the Fig. 2. According to
calculation for the X2 case with maximum electron
density n,(0) = 7.5 x 10¥m™3 only central part of the
plasma column (R=102...107 cm, where optical depth
7;~2) ECE radiation is almost proportional to the
electron temperature T,. For the rest of the plasma ECE
signal mast be corrected. X3 mode remains optically
thin for entire plasma radius. For this plasma 7; < 1 an

Igcg, 1 < 7T, /(1 — Ty enrtl — exp(—‘rl)}).
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Fig. 2. Radial distribution of the optical depth for the
second and third harmonics for the extraordinary mode;
B(0)=0.72 T, Te(0)=0.5 keV, ne(0)=7.5e+018 m™

Now, let us consider the discharge with significantly
lower density 7T, = 1.5X 10®m™3. In this case
fpe/ fee < 0.35 and optical depth drop up to 0.4. The
corresponding calculation of the optical depth for the
same as at the Fig. 2 electron temperature T,(R) =

0.5keV . Calculated profiles are shown in the Fig. 3.
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Fig. 3. Radial distribution of the optical depth for the
second and third harmonics for the extraordinary mode;

B(0)=0.72 T, Te(0)=0.5 keV, ne(0)=1.5¢+018 m”

In this case, both X-mode harmonics are optically
thin. Thus, entire electron temperature profile data have
to be corrected with the optical depth factor.

3. FAST ELECTRONS ‘AFTERGLOW’

The emission for the extraordinary mode is measured
for a wide range of plasma parameters, 100 < T, <
500eV, 0.4 < f,o/fce <13 where the effect of
energetic electrons according to [6] is relatively small.
As long as we measure ECE intensity at 8 =90° to the
magnetic field, we can neglect the Doppler broadening
of the emission line for a Maxwellian distribution.

0.5
Awp =~ V21 lw,, (kBTe) cos 6. (5)

mgc2
The line width due to relativistic broadening is
approximately:
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kgT,
Awg ~ V21l lwg, (m’zcz). (6)

For the bulk electrons with Te of 500 eV numerically

Afa(X2) = 25 MHz and Afy(X3) = 45 MHz. Only
electrons which have temperature of 5...10 thermal can
significantly deform distribution function.

However, as reported in [4] for low density discharge
the effect of the ECE ‘afterglow’ signal with wide
spectrum was observed. Cyclotron emission radiation
signals at all channels (X2, X3; 32...75 GHz) raised and
sustained at almost constant level more than
100...120 ms after RF pulse off (Fig.4). One of the
possible explanation is that when average plasma
density crosses the ‘threshold value’ equal to ng =
1.0 X 10*®m~3 during RF heating phase. Appearance of
the ECE signal that could attribute with suprathermal
electrons is possible due to the Dreicer, hot-tail, gamma-
ray Compton scattering, avalanche generation
mechanisms, and due to radial diffusion caused by
magnetic field fluctuations. At the moment we do not
have the definitive opinion on this.
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Fig. 4. Time evolution of the line electron density
(upper) for the FA, magnetic field B(0)=0.72 T, RF
power 130 kW; evolution for the ECE intensity X2, X3
harmonics (lower)

In order to obtain local information more accurately,
the intensity ratio of the second- to the third-harmonic
emission is investigated similar to Boyd [7]. To confirm
that ST have considerable influence not only after RF
off but at the heating phase as well intensity ratio of the
neighboring harmonics must have slow variation.
Otherwise, the content of distribution function during
RF heating and after will be different. The specific
intensity ratio

Ry3 = sz/13x

of the second and third harmonics of ECE is given in the
plane-parallel- model by:

Iy = 1 (1 — exp(—1))/(1 = Ty, exexp(—71)). (7)
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Fig. 5. Intensity ratio vs electron density. Curves
represents calculation according the Eq. 7 for different
wall reflection coefficient 0.3, 0.5, 0.7

The magnetic configuration allows deduction of the
intensity ratio without harmonics overlapping inside the
confinement region (see Fig.1). In fact, overlapping will
be if:

l 1-€

12 1re ®
where € = a, /R, is inverse aspect ratio. For U-3M case
€ = 0.11. Overlapping zones are very small. They are
near helical coils and have width 1...2 cm. One can see
that for a given inverse aspect ratio the higher
harmonics are more strongly affected by overlapping.
Another complication that can arise is that on reflection
the radiation can suffer a polarization change. At the
moment this effect is not included in the scope of the

paper.
CONCLUSIONS

In summary, it has been shown that the intensity
ratio of the second- to the third-harmonic emission is in
good agreement with calculated results using the plane-
parallel-walls model having a low effective reflectivity
of the vacuum vessel wall. This makes it possible to
obtain the electron temperature from ECE measurement
without an absolute intensity calibration of the
radiometer if density is known and the reflectivity is
less than 0.5. The low reflectivity may be made by
placing a radiation dump in the vacuum vessel opposite
to a receiving antenna of high angular resolution.
Moreover, this method is useful to obtain the time
behavior of the local electron density in the absence of
overlapping of the harmonics. Plasma physics research
requires understanding of runaway population influence
on bulk electrons in toroidal plasma.

During recent experiments at U-3M torsatron it was
found an ‘afterglow’ radiation measured via radiometry
diagnostic. It appears just after heating RF pulse off. We
confirm that EC ‘afterglow’ emission has wide
spectrum (32...75 GHz) for both second and third
harmonics of the X-mode. This emission appears when
average plasma density crosses the threshold value
equal to nS" = 1.0 X 108 m™3 during RF heating phase.
At the moment we have only phenomenological
explanations on the experimental.

The main result of the specific intensity ratio

295



measurement is that to sets of data exists. First one is
represents ‘afterglow’ radiation and it has low, almost
constant 2-5 ratio. Other one that is very close to the
modeled curve (for bulk temperature of T, = 500 eV).
The data points are between zones, which correspond to
effective wall reflection index 0.3...0.5. Thus, it can be
stated with some degree of confidence that ECE
radiation during RF heating time is mostly from bulk,
thermal electrons. The influence of the ST is negligible

To minimize scattering of the experimental data it is
also possible to tune X2 frequency for more precise to
identity in both radial positions.
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BJIMAHUE CBEPXTEIIJIOBBIX 9JIEKTPOHOB HA PAIMOMETPUYECKUWE U3MEPEHUA
B TOPCATPOHE YPAI'AH-3M

P.O. Ilagnuuenko

JlmarHocTuka 3JIEKTPOHHOTO IUKIOTpOHHOro wm3nydeHus (OLM) sBiaseTcd IUTaTHBIM HHCTPYMEHTOM IS
obecrieuennst HHGOpMaLUK O BpEMEHHOI 9BOJIIOIMYU U paualibHOM paclpe/ieieHHH dJIEKTPOHHOM TeMIIepaTyphl BO
BpeMs IKCIIEPUMEHTOB Ha TopcaTpoHe Yparan-3M (Y-3M). beuto oOHapy»keHO, YTO MOCiie OKOHYAHUSI UMITYJIbCa
BY-narpeBa HaOiromaeTcsi 3HAYUTENBHOE YBEJIMYEHUE CUTHAJIA MHTEHCUBHOCTH M3JIyYSHHS HAa 4YacToTax, 4To
COOTBETCTBYET BTOpoil U Tperheil rapmonukam OUM (2w, 3w.,) HEOOBIKHOBEHHON BOJIHBI. CyIecTBYIONUE
SIBIICHUSI MOXHO OOBSCHHTH IPUCYTCTBHEM CBEPXTEIUIOBBIX MM «yOerarommx» 3J1eKTpoHoB (YD) B mma3me
Topcarpona Y-3M. Onucana nporeaypa, B KOTOpoi Npod b TEMIEpaTypsl JJIEKTPOHOB MOXKET OBITH MOJIy4YeH U3
CHEKTPAJbHBIX N3MEPEHNUH IMKIOTPOHHOTO M3IYYEHHS Ul ONTHYECKH TOHKHMX rapMoHHK. OOHapy»XeHO, 4To Ui
ATOTO METOJIa He TpeOyeTcss aOCOMOTHON KaIMOPOBKH 000pYIOBaHUS.

BIIJINB HAATEIIVIOBUX EJIEKTPOHIB HA PAJJIOMETPUYHI BUMIPFOBAHHSA
B TOPCATPOHI YPAI'AH-3M

P.O. Ilagniuenxo

JiarHocTHKa eNeKTPOHHOTO UMKIOTpOHHOro BumnpoMiHioBanHsd (ELIB) € mraTHUM iHCTpyMEHTOM JUIst
3a0e3neueHHs iH(pOpMAIll PO TUMYACOBY CBOJIOMIIO 1 palialbHUN PO3MOILT €IEKTPOHHOI TeMIIepaTypH I Yac
eKCIIEpUMEHTIB Ha TopcaTpoHi Yparan-3M (V-3M). Byno BusBieHO, o Micis 3akiHYeHHs iMmynbcy BU-HarpiBy
CIIOCTEpIraeThCst 3HAYHE 30UTBIICHHS CUTHAITY iHTCHCHBHOCTI BUIIPOMIHIOBAaHHS Ha 9acTOTaX, IO BiAMOBiaE qpyTii
i tperii rapmonikam EIIB (2w.., 3w..) He3BHUaiiHOT XxBWi. [cHyrOUi sSBHIA MOXXHA TOSCHUTH IPUCYTHICTIO
HaITeIUIOBHUX abo «rikarounxy» enekrpoHis (TE) y muazmi Topcarpona ¥Y-3M. Onucana mpoueaypa, B skii mpodinb
TEMIIEpaTypH eJIEKTPOHIB MOXe OyTH OTPUMaHHH 13 CIIEKTPAIbHUX BUMIPIOBaHb IIMKIOTPOHHOTO BHIIPOMIiHIOBAHHS
JUIl ONTUYHO TOHKHMX TapMOHIK. BUsBIEHO, 110 IS IIbOTO METOJNy HE MOTPIOHO abCOJIOTHOrO KalliOpyBaHHs
o0nasHaHHS.
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