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Using the extended Trubnikov's expression for the fully relativistic Maxwellian in the case of oblique prop-
agation to the magnetic field(), electron cyclotron emission (ECE) specare calculated in a high temperature
(Te) tokamak plasma. We investigate the ECE by changing the angles between the sight line and the equatorial
plane orB; direction. Feature of ECE spectra can be interprétamh the viewpoints of relativistic, Doppler and
absorption &ects. The downshift frequency variation due to the relatividfieat in the high field side (HFS)
observation is bigger than that in the low field side ofsaton. Absorption at the HFSigsma results in the deep
dip at the HFS of fundamental, second and third harmonics in the ECE spectra. For the vertical observation, in
the case of optically thin case, ECE spectra are simildhée emssivity profile, and when electron densitye]
is higher, ECE spectra are modified due to the absorption in plasma. SinBg theTe increase in the case of
the SIimCS DEMO reactor, the ECE spectra expands to high frequency emis2@00(GHz). So, ECE detector
in the case of Fourier transform spectrometer systhould be modified from present liquid He cooled InSb
detector because of the deiea of high frequency emission.

© 2007 The Japan Society of Plasma Science and Nuclear Fusion Research

Keywords electron cyclotron emission, oblique propagation, fully relativistic Maxwellian, absorpfifacte
tokamak

DOI: 10.158%pfr.2.51029

1. Introduction the exteded Trubnikov's expression [5], the characteris-

Plasma confined in a magnetic field emits the elec- tic of ECE speata on various sight line of observation are
tron cyclotron enssion (ECE) 1,2]. The ECE in magnetic calculated in reactor grade takaks. The computational
confinement devices has been used for the electron tem- method is given inaction 2. The calculation results are
perature Te) measurements [3]. For the measurement of given in setion 3. Summary is presented in section 4.
electron temperature profil@{(r)) in tokamak, the second

harmonic extraordinary mode of ECE in magnetic con- 2 Computational M ethod

fined plasmas is usually obsed in pependicular to the . . , .
magnetic field along the equatorial plane. WhenThés 2.1 IE_Xt_ens'on of TrUbn'k_OV sequation )
Emissivity for the perpendicular propagation to the

low, the ECE spectrum from the low field side (LFS) ob- ] ) ) =
servation is the same as that from high field side (HFS) Bt in the case of spherically symmetric relativistic
observation. However, when tfig is higher, the relativis- Maxwelllan velocity distribution fur_wctlon is glven by Trub-
tic downshift frequencyfect becomes very large, and the ~ NIKOV [6]. Although the absorption céecient for the
disagreement between spectra from LHS and HFS become °Pllqué propagation to th& by weakly reldtivistic ap-
large. By changing the anglé ) between the sight line ~ Proximation is given by Fidone et al [8, 9] and Wu et al
and the equatorial plane, the feature of ECE spectra is also [10]: there is no expression ithe case of fully relativis-
changed due to the overlapping between harmonics, rela- tic Maxwellian for the oblique propagqtlon before re.cent
tivistic broadening and absorptioffect in plasma. Onthe ~ EC14 conference [4,11]. So, for the oblique propagation to
other hand, by changing the angli) between sight line the B, an exprasion of emissivity waobtained in the case

and the magnetic field), the Doppler broadeningfacts of the spherically symmetric relativistic Maxwellian veloc-
the ECE spectra. ’ ity distribution function [4, 5] This expression is extended

Recently the analytic expression of emissivity for the from_the Trubnikov's equa_tion for the pe_rpendicular Prop-
oblique propagation to the magnetic field was obtained 29ation to that for the oblique propagation to e The
in the case of spherically symmetric Maxwellian distribu- extgnded Trqbnlkov’s expression an.d the emlssw|.t|es for
tion function [4, 5] This expression is extended from the vgnou;@s using the extended Trubn!kov’s express!on are
Trubnikov's equation [6] for the perpendicular propaga- 9Ven in Ref. 5. The extended Trubnikov's expression can

tion to that br the oblique propagation to tH&. Using be obtained by the transformation from i, dandjs cosfp
in the Trubnikov's expression tm/(1 — cosf, costg),

author’s e-mail: sato.masayasu@jaea.go.jp dfp/(1 — cosfp coshg), (cosds — S Coslp)/ sinbg, appar-
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ently. Then, andg, are the harmonic number, the angle
betweenthe velocity ¢) and B; in the momentum space,
andg = v/c. Theg is limited by the resonance condition.
When thefg decreases, the peak of emissivity becomes
small but the ot of the emissivity expands in the case of
X' mode. On the other hand in the case of O mode when the
0 decreases, the peak of essivity becomes big and the
foot of the emissivity expands.

2.2 Radiation transfer equation

The emission and absorptigprocesses inlasmas are
described by the radiation transfer equation [1]. The cal-
culation method is the same as that in ref. 7, basically.
The radiation transfer equation is solved in a slab model
under the following assumptions. The emissivity is cal-
culated using the extended Trubnikov’s expression in a
tenuous plasma. The electron velocity-distribution func-
tion is assumed to be the spherically symmetric relativistic
Maxwellian. The absorption céiecient is obtained from
the emissivity aplying Kirchhdi’s law [1]. The plasma
has cylindrical symmetry except fd;. The stricture of
toroidal magnetic field is taking into account of radial de-
pendence. The ray refractive index for wave propagation is
taken as unity in tenuous plas and the ECE is assumed to
propagate in a straight lineg., the rdraction is neglected.
The 6z is defined tie angles between the incoming wave
numberk and B;. The 6yt is defined the elevation angle
betweenthe k and the equatorial plane. Since the refrac-
tive indices at the 20 x 10°°m~3 and 8x 10°°m=3 are 0.7
in the case oB; = 4T for 2nd harmonic X mode and fun-
damental O mode, respectively, the value 86210°° m=3
and 8x 10°m3 are considered to be the limits of a ten-
uous plasma for 2nd X mode and fundamental O mode,
respectively. Reflection at tiveall is not considered in the
calculation. The propagation is taken account of the non-
propagation property due to the upper hybrid resonance.
The profilesT, andn, are assumed be parabolic function
and uniform, respectivelyfhe major and minor radiiRy,
aandB; are 3.4m, 1m, and 4T for JT-60U, respectively
except for Fig. 8.

3. Calculation Results
We calculate the ECE spectra of X and O mode for
variousfg from the LFS observation in the casemf =
5x10%°m3, T¢(0) = 25keV,B, = 4 T. The reslis of X and
O mode are shown ini§s. 1 and 2, respectively. In the case
of X mode, 6g > 60°, radidion temperatures seem to be
almost close to th&, in lower frequencyside of assumed
Te around 2nd and 3rd harmonics. Actually he> 75°
is suitable for theT, profile measurements. In the case of
0s < 30, there is small mount of radation in high fre-
quency region { > 600 GHz). Because@s is smaller, the
peak of emissivity decreases [4,5]. Whenfga&lecreases,
the radiation temperature aitlhighfrequency decreases.
Inthe case of O mode adg = 30C°, the raliation tem-

X mode, LFS

T =25keV, n =5x10"°m?~, B=4T
. A

30 ;
2nd 3rd 4th

30°

ECE Spectra [keV]

300 600 900
Frequency(GHz)

1,200

X mode, LFS
T =25keV, n =5x10"°m"~, B =4T
e e t

30

2nd 3rd 4th

20 1

ECE Spectra [keV]

0 300 600 900
Frequency(GHz)

1,200

Fig. 1 ECE spctra of X mode for variou®s in the case of
Ne = 5x 101°m=3, T¢(0) = 25keV, B = 4T, fport = O°.
The observation is made from low field side. Dotted lines
represent radiances that correspond to the assurix(ed

perature in lower frequency of fundamental mode is close
the centefT, that s the maimum Te. In the case of O
mode gg > 60°, radigion temperatures seem to be close to
the T of assumedT, around fundamental mode. Actually
thefg > 75° is suitable for thel¢ profile measurements. In
the case oflg < 30, there is small almunt of radation in
high frequency region. When tlfig increases, the radiation
temperature at high frequency (>~ 600 GHz) increases
for 0g < 45°, decreases foflg > 60°. Thefrequency de-
pendence of radiation tempé&uige can be intgreted from

the dependence ohdssivity on frequeny thatis shown

in Fig. 1 of Ref. 5. There are side peaks of the fundamen-
tal mock for6g > 75° around 60 GHz and 150 GHz. The
schematic diagram of emissivity profile is shown in Fig. 3.
The two horizontal lines in the figure correspond to the fre-
guencies of the side peaks. The emission and absorption
aroundr/a = 0.2 result in theside peaks.

Normally the T, measurement from ECE is made in
the sight line thatd perpadicular toB; and is from LFS in
the equatorial plane. The®E spectra of X and O mode for
variousne from the LFS observatiofo+ = 0°) in thecase
of 8g = 90°, T¢(0) = 25keV,B; = 4 T are shownn Fig. 4.
Whenn, increases, radiation temagure increases. In the
case of X mode, radiation temperatures are close td¢he
in lower frequency side faassumed seconldarmonicTe.

In the case of O mode, the radiation temperatures are close
to theTe in lower andhigher frequency sides of assumed
fundamentall.. So, seond harmonic X mode and funda-
mental O mode has been used for the measurement.
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Fig. 2 ECE spctra of O mode for variousg in the case of
Ne = 5x 101°m3, Te(0) = 25keV, By = 4T, fport = O°.
The observation is made from low field side. Dotted lines
represent radiances that correspond to the assdni(ed
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Fig. 3 Schematic diagram of emissivity profile. The relativistic
downshift becomes very large &, and the enssivity at
the local position has a profile with finite extent in fre-

quency.

We evaluge the ECE spectra that arefférent from

Fig. 4 ECE spctra of X and O modes for varioums in the case
of T¢(0) = 25keV, B; = 4 T. Theobservations are made
from LFS @port = 0°).
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Fig. 5 ECE spctra of X and O modes for varioums in the case

the normal Te measurement. When ttfg,; is increased,
the overlapping region between second and third harmon-
ics shrinks and the relativistidfect of only one harmonic
will be revealed. Specially, in the case of vertical sight

of Te(0) = 25keV, B, = 4T, Opore = 90°.

line, the radiation is observdrbm only one resonance fre-

quency region. The ECE spectra of X and O mode for var-

iousne from the verticaline observation{pet = 90°) in
the case oblg = 90, T¢(0) = 25keV,B; = 4T are shown
in Fig.5. For optically thin casenf = 0.2 x 10°m™3),

the ECE spectra are similar to the shape of emissivity. The

emissivity is given in Fig. 1 of Ref. 5. That is, the 3rd har-

monic ECE increases with frequency slowly from the just

higher 2nd harmonic non-relativistic EC frequency {2

and decreases with the frequency rapidly to the just lower
3rd harmonic non-relativistic frequency f). When the
ne increases, the 3rd harmonic ECE increases with fre-
quency rapidly from the just higherf?, anddecreases
with the frequency slowly to the just lowerf&. Thehigh
opticalthickness due to the high resuts in these features.
Next, in the case of the observation from the HFS
(Bport = 180°) in the guatorial plane, the ECE spectra of
X and O node for variousne in the case oflg = 90,
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Fig. 6 ECE spctra of X and O modes for various in the case
of T¢(0) = 25keV, B, = 4 T. Theobservations are made
from HFS @por = 180).

X mode, LFS
40

SIimCS:Te(0)=35keV,
n =5x10"°m’
€ 19 3

/ZOXWO m

30 Ve

JT-60U:
T (0)=25keV,

n =5x10""m"
e

20

ECE Spectra [keV]

-
500 1,000 1,500 2,000 2,500
Frequency(GHz)

o

Fig. 7 ECE spctra of X mode for various, in the case of
SIimCS & JT-60U fport = 0°.

Te(0) = 25keV,B; = 4T are shown in k. 6. The down
shift frequency due to the relativisti¢tect in the HFS ob-
servation reveals strongly compared with the observation
from the LFS. There is the overlapping region of frequency
between ( + 1)f at the outer periphery of torus and2
at the inner periphery of torusi (= 1-3). The schematic
diagram is shown in Fig. 3. The emission is absorbed at
the overlapping region, and emission decreases. The com-
bination between the absorption at the HFS plasma of 3rd
harmonic and the emission at the LFS plasma of 2nd har-
monic results in the deep dip and the peak at 320 GHz.
Japan Atormt Energy Agency (JAEA) has been de-
signing a DEMO reactor SIimCS [12]. Thgy, a and B;
are 5.5m, 2.1m, and 6T, for SIimCS, respectively. ECE
spectra of X mode for variouscsfrom the LFS observation
(Bport = 0°) in thecase oBg = 90° for JT-60U and SIimCS
are shown in Fig. 7. In the case of = 20 x 10m™3,
Te(0) = 35keV of SIIMCS, the fusion power is 3GW. The

frequency region is from 100 GHz and 1000 GHz in the
case of JT-60U. For comparison of ECE spectra between
JT-60U and SIlimCS, since the magnédgg n. and T, in-
crease, the frequency region expands to the 2500 GHz in
the case of SIimCS. When tH& increases from 3T to
6T, thefrequency region in thcase of 6T is 1.5 times

as wide as that in the case of 4 T. When thdancreases
from 5x 10°m=3 to 20x 10 m3, thefrequency region
expands from 2000 GHz to the 2500 GHz in the case of
Te(0) = 35keV, IIMCS from Fig. 7. Since th&, increases
from 25 keV to 35keV, the frequency region also expands.
At the present, ECE spectra are measured using Fourier
transform spectrometer. €tiquid He cooled InSb detec-
tor is used, the frequency response is 50 GHz to 1000 GHz.
So, ECE detector in the case of Fourier transform spec-
trometer system should be modified from present liquid He
cooled InSh detector because of the detectitiniency.

4. Summary

We evaluatedhte ECE spect in the high tempera-
ture plasma using the extension of Trubnikov’s equation
for oblique propagation td; in the case of spherically
symmetric fully relativistic Maxwellian. Feature of ECE
spectra can be interpreted from the viewpoints of relativis-
tic, Doppler and absorptionfiects. We investigate the ECE
for X and O modes by changing tingand the angles dfs
andfport.

When thefg increases, the radiation temperature at
high frequency f > 600 GHz) increases in the case of
X mode and LFS observationfpo: = 0°). In the case of
O mode,fg = 30C°, the raliation temperature in lower fre-
guency of fundamental mode is close the maxiniri-or
the LFSobservation, radiations in the fundamental O mode
and in the lower frequency side of the second harmonic X
mode are closthe assumed, for g > 75°. These modes
are used fofl¢ measurements falz = 90° normally.

For the verttal observationfp: = 90°), in the case
of opticdly thin case, ECE spectra are similar to the emis-
sivity profile. When then, is higher, ECE spectra are mod-
ified due to the absorption in plasma.

The variation of downshift frequency due to the rel-
ativistic efect in the HFS observatiortf; = 180) is
bigger than that in the LFS observatigh4: = 0°). There
is the overlappig region of frequency between+{ 1)fat
the outer periphery of torus andfZ, at the inner periph-
ery of torus (1 = 1,2). The comimation between the ab-
sorption at the HFS plasma af ¢ 1)-th harmonic and the
emission at the LFS plasma of nth harmonic results in the
deep dip and the peak near the overlapping region.

Since theBy, ne, Te become large in the case of the
SIimCS DEMO reactor, the ECE spectra expands to high
frequency emission~ 2000 GHz). So, ECE detector in
the case of Fourier transform spectrometer system should
be modified from present liquid He cooled InSb detector
because of the detectioffieiency.
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