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A spectroscopic system with multiple viewing chords was developed for QUEST (Q-shu University Experiment
with Steady-State Spherical Tokamak) to measure the spatial distribution of ion toroidal velocities in discharges
sustained by electron cyclotron resonance heating (ECH). Twenty-four viewing chords were aligned in the
midplane and C III emission line spectra were measured for three types of ECH discharge under different
magnetic field configurations. By applying an inversion method to the measured spectra, we evaluated the radial
distributions of C* jon emissivity, temperature, and toroidal velocity. The error in the evaluated velocity was

estimated to be less than 5 km/s. It was found that the velocity depends on the magnetic field configuration.

1. Introduction

The development of a noninductive discharge startup method is
important for spherical tokamaks to reduce the sizes of central solenoid
coils. A candidate method is a startup with electron cyclotron resonance
heating (ECH) [1,2] and its capability has been studied in QUEST (Q-shu
University Experiment with Steady-State Spherical Tokamak) using two
types of microwave source (8.2 and 28 GHz) under two different mag-
netic field configurations (inboard limiter and inboard poloidal null).

In these ECH discharges, variation in C2* ion toroidal velocity with
the magnetic field configuration was suggested in a previous research
[3]. The profile of the toroidal velocity could be controlled by changing
the magnetic field configuration. To further investigate the spatial dis-
tribution of the velocity and its dependence on the magnetic field
configuration, we have developed a spectroscopy system with high
wavelength resolution and multiple viewing chords in the midplane.
Emission spectroscopy was used for the measurement instead of charge
exchange recombination spectroscopy because ECH discharges have no
neutral beam injection. We measured C III emission line spectra in three
types of discharge and evaluated radially resolved ion emissivity, tem-
perature, and toroidal velocity by an inversion method.

* Corresponding author.
E-mail address: yoneda.nao.45m@st.kyoto-u.ac.jp (N. Yoneda).
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2. Experimental setup
2.1. Discharges

QUEST is a medium-sized spherical tokamak, which has the major
and minor radii of 0.64 and 0.46 m, respectively. As illustrated in Figs. 1
and 3, the first walls consist of an inboard limiter and a radiation shield
located at R = 0.22 and 1.30 m, respectively, and the top and bottom
divertor plates located at z = 1.0 and —1.1 m.

During the startup by ECH, a cylindrical plasma with open magnetic
flux surfaces is initially produced around the resonance layer, and then a
closed flux surface is formed by rapidly increasing plasma current. In
QUEST, three types of discharge have been established to date: (i) the
inboard limiter (IL) configuration with 8.2 GHz ECH (8.2 GHz IL), (ii)
the IL configuration with 28 GHz ECH (28 GHz IL) [4] and (iii) the
inboard poloidal null (IPN) configuration with 8.2 GHz ECH (8.2 GHz
IPN) [5].

For cylindrical plasmas in QUEST, emissivity-weighted toroidal ve-
locities of C2* jons were measured. Their directions were the same as
those of the Pfirsch-Schliiter flow, and their velocities increased with
the strength of the superposed vertical field [6]. For the transitional
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phase from the cylindrical plasmas to discharges with closed flux sur-
faces, the scale of the temporal evolution was shorter than the minimum
exposure time required to obtain analyzable data. Thus, we focused on
the flat-top phase of the three types of discharge with closed flux sur-
faces when the ECH power, the currents of the magnetic coils, and the
plasma current were constant.

Table 1 shows plasma parameters during the flat-top phase. Under
the IL configurations, the last closed flux surface (LCFS) is tangent to the
inboard limiter (Figs. 1(i) and (ii)), and under the IPN configuration, it
has a poloidal null at the inboard midplane (Fig. 1(iii)). In 8.2 GHz ECH
discharges (i) and (iii), the fundamental and second-harmonic resonance
layers exist in the plasma at R,es = 0.29 m (B = 0.29 T) and 0.57 m (0.15
T), respectively, whereas in 28 GHz ECH discharge (iii), the second-
harmonic layer exists at R = 0.32 m (B = 0.50 T). The radial distribu-
tions of the electron density n. and temperature T. in the midplane
measured by Thomson scattering in the flat-top phase are shown in
Fig. 2 [7].

2.2. Spectroscopic system

We evaluated the toroidal flow velocity of C2* ions from the Doppler
shift of the C III (464.742 nm) emission line. Fig. 3 shows the spectro-
scopic system, which consists of four optical-fiber bundles, a spec-
trometer, and a CCD camera [8]. We denote the fiber bundles as bundles
A, B, C and D. The former two and the latter two respectively contain 27
and 15 fibers (Mitsubishi Cable Industries, STU230D; 230 and 250 pm
core and clad diameters, respectively, and 0.2 NA). Bundles C and D
combined with lenses (Edmund Optics, TS achromatic lens 15x15 MGF2;
15 mm focal length and 14 mm diameter) were used to collect plasma
emission, and bundle B was used to collect He-Ne discharge tube
emission (NEC, GLG5000) as a wavelength reference. Twenty-seven
optical fibers from these three bundles, 3, 11, and 13 fibers of B, C,
and D, respectively, were connected to a Czerny-Turner spectrometer
(Acton Research, AM-510; 1 m focal length, F/8.7, and 1800 grooves/
mm grating) via bundle A. The collected emission enters into the spec-
trometer through a slit of 50 pm width and an astigmatism compensa-
tion system, which consists of two concave mirrors (Tokyo Instruments;
0.3 m focal length). The dispersed spectra were recoded using a CCD
camera (Andor Technology, DU440-BU2; 2048 x 512 pixels and 13.5
pm square pixels). The central wavelength of the spectrometer was set to
468 nm. The reciprocal linear dispersion was 6.4 pm/pixel and the
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Table 1

Parameters of (i) 8.2 GHz IL, (ii) 28 GHz IL, and (iii) 8.2 GHz IPN discharges.
tplasma 1S the plasma duration, and the time of the flat-top phase is shown in
parentheses. The following plasma parameters are for the flat-top phase. Pgcy is
the ECH power, B, is the toroidal field strength at the magnetic axis, and I is the
plasma current. Ry, Rauis, and Rycrs are the radial positions of the resonance
layer, magnetic axis, and LCFS, respectively. n. and T, are the electron density
and temperature measured by Thomson scattering [7]. 5 is the tangency radius
of each viewing chord, and its range is shown in the column. t,, is the exposure
time of the CCD.

(i) 8.2 GHz IL (ii) 28 GHz IL (iii) 8.2 GHz IPN

totasma [S] 15 1.3 15
(15) 0.2) 15)
Pecn [kW] 50 120 50
B, @axis [T] 0.1 0.5 0.1
I, [kA] 4 25.4 7
Ryes [m] 0.29 (1st), 0.32 (2nd) 0.29 (1st),
0.57 (2nd) 0.57 (2nd)
Ruxis [m] 0.7 0.3 0.6
Ricrs [m] 1.1 0.4 0.7
n.@axis [m~3] 1 x 107 1 x 108 5 x 10'°
T, @axis [eV] 40 300 100
5 [m] 0.31-0.95 0.24-1.01 0.31-0.95
texp [s] 1 0.13 1

simultaneously measured wavelengths were in the
461.2-474.2 nm.

Twenty-four viewing chords were aligned in the midplane using
bundles C and D. Fig. 3 shows the viewing chords used for measurements
in discharges (i) and (iii). 5 is the tangency radius of each viewing chord.
As shown in Table 1, n ranges from 0.31 to 0.95 m for discharges (i) and
(iii). The wider radial view, = 0.24-1.01 m, was used for discharge (ii),
which is the same setup as that used in [8] (see Fig. 2 of Ref. 8). The
diameter of each viewing chord was approximately 30 mm. For three
pairs of adjacent viewing chords of the setup used for discharges (i) and
(iii), the differences in # between the adjacent viewing chords were
about 8 mm and smaller than the diameter. We averaged the spectra
measured on the adjacent viewing chords, which reduced the number of
viewing chords used for analysis to 21 for discharges (i) and (iii).

The wavelengths of observed spectra were absolutely calibrated
using Ne I emission lines of known wavelengths [12] and their intensity
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(1) 8.2 GHz IL (ii) 28 GHz IL (iii) 8.2 GHz IPN Fig. 1. Pololldal cross sectll.ons of QUEST Wit.l.l. flux
surfaces at (i) 8.2 GHz IL, (ii) 28 GHz IL, and (iii) 8.2
T T LI_IIIIIIIIII[II_ [T == N AR R X ,

——1 C a1 [ K 7] GHz IPN discharges. Red lines show the last flux

'\ N[l < —= —] surfaces. Height positions of the top and bottom

X \\>§ = X - A divertor plates are shown as z,, and Zyyom, respec-

+Z @ " | N — tively, in (i). Radial positions of the inboard limiter

4 = /A jjn S and radiation shield are shown as Rimier and Ryeid,

N : -1 [ a2 i 7] respectively, in (iii). (For interpretation of the refer-

0.5 | =] [l 1 N\ E_‘ ences to colour in this .ﬁgure le.gend., the reader is

C NI [T 1 I 7] referred to the web version of this article.)

E oofy 4 E A E 3
(SN} = / i L ‘ { el L n/ | =
05H 2 g b Eff Rshield 71 30[2—:
- —r B 4
i = J [ NN Rhmlter —0 22:m 3
-1.0 v/ /7T e i =
B AVRRALLL =/-J—,,.l A§m))))J [ A ]
A LTINS 1 ] = ]
1 O JllLtllnnil” il -1'1]1141111111‘

00 05 1.0
R [m]

15 00 05 1.0
R [m]

1.5 00 05 1.0 15

R [m]

RBAEFHERY LS b

KURENAI

Kyoto University Research Information Repository

il



A Self-archived copy in
Kyoto University Research Information Repository
https://repository.kulib.kyoto-u.ac.jp

pry PN

KYOTO UNIVERSITY

N. Yoneda et al.

8.2 GHz (1st) 8.2 GHz (2nd)

Limiter :28 GHz (’nd) Shield
bl
“[ITTTTTTT Illl[llll TITTTTTTT llll|nn|llll]lnl]llll[llll
(a) 1k l I ! (1) 8.2GHzIL
< (1) 28 GHz IL
. 41 + (i) 8.2 GHz IPN
o] NI .
£ 2
% 0.1 &
= :
< 4
s 2k
0.01 g
4
2-'|||l||ulu1|l|||||||||11111111||I||||||1111u|||| 1
500 n;nn AR LR R RN AR RN RN RARRY RRRRE RN
(b) B ! ! ! (1) 8.2 GHz IL 7]
il < (1) 28 GHz IL ]
400 1 + (1) 8.2 GHz PN
= 300 - -
o b .
& 200 - —
100 f- -
0 -11|!|||||||||l|||||111| dli e T T d
0.2 0.4 0.6 0.8 1.0 1.2 1.4

R [m)]

Fig. 2. (a) Electron density, (b) electron temperature measured by Thomson
scattering. Markers and curves are measured data and the interpolation and
extrapolation by smoothing spline [14], respectively. Solid vertical lines show
the positions of the inboard limiter (Limiter) and radiation shield (Shield),
respectively. Dotted vertical lines show the positions of the resonance layers for
8.2 GHz ECH (8.2 GHz (1Ist) and 8.2 GHz (2nd)) and 28 GHz ECH (28
GHz (2nd)).

was also absolutely calibrated using continuum spectra from a standard
tungsten-halogen lamp (Ushio Lighting, 212012) or a xenon standard
lamp (Hamamatsu Photonics, L7810-02). To reduce systematic errors in
the calibrated wavelength produced by room temperature variation, we
measured the Ne I emission lines immediately after the discharges [6].
This procedure reduced the errors to less than 0.4 pm, which correspond

R, shield = 1 30 m E
2nd resonanceglayer
(Rres =0.57m)

~. Fundamental rcsonancc layer
(Rre;:’O 29m) ¥

\ Bundles C and D \
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to a toroidal velocity of less than 0.3 km/s.

The instrumental function was measured using a Ne I emission line
spectrum at 464.9904 nm, whose Doppler broadening is negligible.
Owing to slight misalignment of the astigmatism compensation system,
the instrumental function has a wider and asymmetric shape at the
upper part of the CCD, which corresponds to viewing chords at smaller 7.
We used a double Gaussian function with the same standard deviation to
approximate the instrumental function. The instrumental width was
estimated to be 20.2-43.9 pm at FWHM depending on the viewing
chords.

We measured spectra in the flat-top phase of the discharges with the
CCD exposure time of 1 s for discharges (i) and (iii) and 0.13 s for
discharge (ii) (see Table 1). Fig. 4 shows a spectrum measured on a
viewing chord at = 0.78 m in discharge (iii). The red and green bars
respectively show the wavelengths of C III and O II emission lines cited
from the NIST database [12]. We have roughly calculated the velocity
relaxation time of the C?* and O" impurity ions with bulk H* ion col-
lisions [9,10]. The following parameters were used for the calculations:
H* ion density ny- = 107 [m~3], impurity ion density Mim, =
10% [m~3], and H* and impurity ion temperature Ty+ = Timp = 10 [eV].
The parameters were determined from the results of Thomson scattering
[7] (assuming n. = ny+) and spectroscopic measurements. The derived
relaxation times were 0.4 and 2 ms for C2* and O ions, respectively.
Because of the shorter relaxation time, we focused on the emission from

— 50 [T T 1 I L I LI T | LI T L
T © -+ measured .
£ 40 — — CIII -
" | —ou z
3] 30 = =
= C -
B - 3
EXF E
Z0F B
& C ]
8 - -
E ob .

I
463.5 464.0 464.5

wavelength [nm]

465.0 465.5

Fig. 4. Example of spectrum measured for (iii) 8.2 GHz IPN discharge (n =
0.78 m).

He—Ne discharge tube

/’Eundle B
\_(for wavelength calibration)

~ ilicrminal

y, " Bundle A

Spectrometer Entrance slit
and astigmatism

compensation system

CCD

Fig. 3. Schematics of the spectroscopic system. Viewing chords used for the measurements of (i) 8.2 GHz IL and (iii) 8.2 GHz IPN discharges are shown with the
midplane of QUEST. Light blue and blue lines correspond to viewing chords of bundles C and D, respectively. ; is the tangency radius of each viewing chord. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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C2* jons. We analyzed the C III emission line at 464.742 nm
(1s22s3s 3S; — 1522s3p 3PY), and the line spectrum was isolated and had
a sufficiently large signal-to-noise ratio.

3. Analysis
3.1. Inversion method

The markers in Figs. 6(a) and (b) show the intensity I, calculated
from the area of the chord-integrated spectra and the emissivity-
weighted velocity V evaluated by a single Gaussian fitting to the
spectra. We applied an inversion method assuming an axisymmetry of
the plasmas to estimate the radially resolved toroidal velocity V,,.
Firstly, we evaluated the radially resolved emissivity ¢ from I, using the
Abel inversion, and then evaluated V,, and the radially resolved ion
temperature T; by an inversion method using the “shell model” [11].

In the first step, we evaluated the continuous radial distribution of
the emissivity ¢(R) as

1

1 1 dlA(’?)d

Rend
eR) = —_—
® ﬂ/R VP —R dyp

(€Y

where R.,q is the outer boundary of the emission. We interpolated the
measured I, with a single or double sigmoid function, as shown in Fig. 6
(a) with the solid lines, and determined R.,q to be a position where the
extrapolated curve becomes zero. The error of ¢ was estimated by the
following six steps: (I) calculate the 68.3% confidence interval when I
is interpolated, (II) estimate the standard deviation of I, by regarding
the confidence interval as the standard deviation, (III) generate 500
datasets by adding Gaussian noise with the estimated standard deviation
to the measured I,, (IV) interpolate the datasets, (V) apply the Abel
inversion to the dataset, and (VI) calculate the mean and standard de-
viation of the derived ¢ for each radial position R. The mean and stan-
dard deviation were plotted as the value and standard deviation of ¢ in
Fig. 6(c).

In the second step, we divided the midplane into concentric regions
called “shells”, as shown in Fig. 5, and assumed that V,, and T; are
uniform in each shell. We denote the viewing chords as chords 1, 2, 3, ...
and the shells as shells 1, 2, 3, ... from the outboard side (see Fig. 5). The
radii of shell boundaries were determined such that they became means
of n of the adjacent two viewing chords. The radius of the outermost
shell boundary was set to Reyg.

Since chord k intersects with shells 1, 2, ..., and k, a spectrum chord-
integrated along chord k (Ix(4)) is expressed by the sum of spectra from
intersecting shells as

\,‘hord.l il

Chord-2" .
Cherd k L \
Shell 1, -
/" Shell 2
7/ Shell j
/

Fig. 5. Schematics of the second inversion method: shell model. Light blue and
blue lines show the viewing chords used for the measurements of 8.2 GHz ECH
discharges. Gray concentric circles show the boundaries of shells, and shells 1,
2, and j are colored yellow, orange, and gray, respectively. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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1) = D 152, @

where Ij;(1) is the emission line spectrum from shell j. I;(1) is expressed
as a function of the toroidal velocity V,,; and temperature T;; in shell j as

e [ [ E)e]

Iii(A) =2 —
4i(4) Yk o /—anj 2w]2

dsy, 3

where Jy is the central wavelength without the Doppler shift, c is the
speed of light, V:, j is the toroidal velocity vector, Se is a unit vector
along chord k, and w; is expressed as

kgT;;
— )

Wi = AO mc
where Tj; is the ion temperature, kg is the Boltzmann constant, and m is
the ion mass. si is a one-dimensional coordinate system along chord k,
and its origin is located at the foot of the perpendicular line from the
torus axis to the viewing chord. s; is a position of the intersection be-
tween chord k and the outer boundary of shell j. Note that s(.1) = 0. 7,
is a factor that compensates for small errors in €(R) produced by the Abel
inversion. It is obtained so as to satisfy the following relation:

In(m) =27, / (s )dsy, 5)
0

where 7, is 5 for chord k.

The measured spectral shape is distorted because of the instrumental
function. Thus, a spectrum measured on chord k (M(4)) is expressed as
the convolution of the instrumental function and chord-integrated
spectrum expressed as Eq. (2).

T, and \7,,, inshell 1,i.e. T;; and V;l , respectively, can be determined
by fitting M (1) to a spectrum measured on chord 1. Then T; ; and V;‘z in

shell 2 can be determined using T;; and V;‘l and by the fitting to a
spectrum measured on chord 2. Using similar procedures, we can

sequentially determine T; and \Zp in all the shells from the outboard side.
The uncertainties in the obtained parameters were estimated from the
standard deviations of the weighted fitting. Random and systematic
errors were considered as the weight. Random errors mainly originate
from the plasma, detector, and shot noise and were estimated from the
standard deviations of signals without any emission lines. Systematic
errors include errors that originate from wavelength calibration and
approximations of the instrumental function, ¢, and the parameters in
outer shells except for shell 1.

3.2. Density estimation

The density of C2* ions was derived from emissivity. The emissivity
of the transition from state p to state q is expressed as

h
e = m(PAP.q). ©

where h is the Planck constant, v is the frequency of the transition, n;(p)
is the ion density of the upper state p, and A(p,q) is the spontaneous
emission coefficient of the transition [12]. Then, the ion density of the
ground state n;(1) was estimated from n;(p) on the assumption of the
corona equilibrium:

C(L,p)m(L)ne = _Alp,Omi(p), 7

where C(1,p) is the rate coefficient for electron-impact excitation from



A Self-archived copy in
Kyoto University Research Information Repository
https://repository.kulib.kyoto-u.ac.jp

K 5F

KYOTO UNIVERSITY

RBAEFHERY LS b %I
|

KURENAI

Kyoto University Research Information Repository

N. Yoneda et al.

the ground state to state p [13] which depends on T.. The summation on
the right-hand side shows the sum for all the allowed transitions. As
shown in this formula, the values of n. and T. are required. We have
interpolated the distributions of n. and T. to derive the continuous
distributions [14]. Errors of the interpolated n. and T, were estimated by
the same steps as that for emissivity, except that errors of the data were
used as the standard deviation instead of performing steps (I) and (ID).

4. Results and discussion

We applied the inversion method to the measured spectra in dis-
charges (i)-(iii). Note that 10 viewing chords were removed for
discharge (ii) because of a low S/N ratio or the superposition of signals
coming from X-rays. The evaluated radial distributions of ¢, V,, and T;
are shown in Figs. 6(c)-(e), and I, and V as functions of # are shown in
Figs. 6(a) and (b), respectively. For discharges (i) and (iii), the spatial
points in Figs. 6(d) and (e) are smaller than those in Figs. 6(a) and (b)
because the measured spectra could not be expressed as My (). The three
types of discharge have different toroidal velocity profiles. In the core
region, V,, was found to be almost zero in discharge (i), but co-I,, flows of
10 and 4 km/s were observed in discharges (ii) (R < 0.4 m) and (iii) (R =
0.6-0.7 m), respectively. In the SOL regions of discharges (ii) and (iii),
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velocities of up to 20 km/s were observed. These flows were in the same
direction as that of the Pfirsch-Schliiter flow [15,16] despite the
different directions of the toroidal magnetic field.

For the other parameters ¢ and T;, € peaked near the peak positions of
n, for all the discharges. T; was the largest in discharge (ii) owing to the
largest T. and the shortest ion temperature relaxation time with elec-
trons, which is caused by the largest n. [10]. In discharge (ii), T; peaked
near the resonance layer, where T, also peaked.

Since the error bars in V|, do not include any errors produced by the
discretized approximation in the shell model, we estimated it using
model data of ¢, V,,, and T;. We used three types of model data, (i), (ii),
and (iii), shown with the dashed lines in Figs. 7(c)-(e). The data were
produced to have similar radial distributions to those measured in dis-
charges (i)-(iii). We calculated chord-integrated spectra for each
viewing chord, and to these spectra, Gaussian noises were added with
standard deviations of comparable magnitudes to those in the experi-
ments. The calculation was conducted on the axes of the viewing chords.

Then, we applied the inversion method to the synthesized spectra.
The results are shown in Figs. 7(c)-(e), and I, and V are shown in Figs. 7
(a) and (b), respectively. The differences between the assumed model
data and the inversion results for ¢, V,,, and T; are less than 3.5 pW m~2
st nm™!, 1.7 km/s, and 2.3 eV for model (i), 3.8 pW m2sr'inm™, 1.4
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Fig. 6. n-direction distributions of (a) intensity I, and (b) emissivity-weighted velocity V, and radial distributions of (c) emissivity ¢, (d) toroidal velocity V,,, and (e)
ion temperature T;. Solid lines in (a) are interpolated curves of I,. Long solid vertical lines show the positions of the inboard limiter (Limiter) and radiation shield
(Shield). Dotted vertical lines show the positions of the resonance layers for 8.2 GHz ECH (8.2 GHz (1st) and 8.2 GHz (2nd)) and 28 GHz ECH (28 GHz (2nd)). Short
vertical dotted lines shown in (d) and (e) show the boundaries of shells used for the inversion method, which are different for different types of discharge.
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Fig. 7. Validation of inversion method. Dashed lines in (c)-(e) show the values of models used for the validation. Dashed lines in (a) are calculated from the model
profile of ¢ shown in (c). Markers and solid lines in (a) are chord-integrated intensity I, calculated from the area of the synthesized spectra and interpolated curve of
I, respectively. Markers in (b), (d), and (e), and solid lines in (c) are values reconstructed by the inversion method.

km/s, and 5.6 eV for model (ii), and 0.58 pW m~2sr! nm™, 5.0 km/s,
and 10.0 eV for model (iii), respectively. The differences in V,, are found
to be less than 2 km/s except for the inboard side region in model (iii),
where the emissivity is small. Also, it was shown that the effect of the
chord integral is large for model (iii) but small for models (i) and (ii), as
can be seen in Figs. 7(b) and (d).

The radial distribution of n; is shown in Fig. 8. For discharges (i) and
(ii), n; increased near the outer boundary of emission, R.,q, because the
rate coefficient C(1,p) decreased with the decrease in T, (see Egs. (6)
and (7)). The estimated n; was larger than n, for some regions, where the
assumption of the corona equilibrium was inappropriate. All the dis-
charges had peaks near the inboard limiter, which implies that the
source of carbon was the limiter.

5. Conclusions

We developed a spectroscopic system with multiple viewing chords
and an inversion method to measure radially resolved C2* ion toroidal
velocity in the QUEST midplane. We measured the magnetic field
configuration dependence of flow velocity in three types of discharge: (i)
8.2 GHz IL, (ii) 28 GHz IL, and (iii) 8.2 GHz IPN. The evaluated flow
velocities were almost zero in the core regions of discharge (i) but 10 and
4 km/s in the co-I,, direction in core regions of discharges (ii) and (iii),
respectively. In the SOL regions of discharges (ii) and (iii), the flow
velocities were up to 20 km/s, and their directions were the same as that

8.2 GHz (1st) 8.2 GHz (2nd)
Limiter :28 GHz (an) Shield
-3 |l||||||||||||||||||||||||||||||I|||||||||||||I|||||| TTTT]

— (i) 8.2 GHz ILxs

1

— (i) 28 GHz IL
— (iii) 8.2 GHz IPN

T

e
Eoo b b b b

1l 1|/|||||I|||:||||[|I||||||||1 oot
2 0.4 0.6 0.8 1.0 1.2
R [m]

—
N

Fig. 8. Radial distributions of ion density. Solid vertical lines show the posi-
tions of the inboard limiter (Limiter) and radiation shield (Shield). Dotted
vertical lines show the positions of the resonance layers for 8.2 GHz ECH (8.2
GHz (1st) and 8.2 GHz (2nd)) and 28 GHz ECH (28 GHz (2nd)).
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of the Pfirsch—Schliiter flow [15,16].
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