JAER I -M

89-036

EXPERIMENTAL OBSERVATION OF ION BERNSTEIN
WAVE HEATING ON JFT-2M TOKAMAK

Mareh 1989

Hiroshi TAMAI, Toshihide OGAWA, Hiroshi MATSUMOTO
and Kazuo ODAJIMA

A x* & F Hh W & A
Japan Atomic Energy Research Institute



JAERI-M LR — bid, UARR FFERARERIZOTA LT 3 EREE T,

AF OE GO, AR PRI REE R EER (T319—11 RIEIBIERRH)
HT, BRLIL{ZSe, 2k, IOESCHEIBRART HLE &L > 2~ (T319-11 KK
IEAFURRRA B AR F DETRARA) TS LA ERARE B I 2 THN &Y,

JAERI-M reports are issued irregularly.

Inguiries about availability of the reports should be addressed to Informatien Division, Department
of. Technical Information, Japan Atomic Energy Research Institute, Tokai-mura, Naka-gun,
Ibaraki-ken 216-11, Japan.

© Japan Atomic Energy Research Institute, 1989

RIERIT H # & T 77 #f 3% AT
2] m w0 o B Rl AR



JAERI-M 89-036

Experimental Observation of Ton Bernstein Wave Heating

on JFT-2M Tokamak

Hiroshi TAMAI, Toshihide OGAWA
Hiroshi MATSUMOTO and Kazuo ODAJIMA

Department of Thermonuclear Fusion Research
Naka Fusion Research Establishment
Japan Atomic Energy Research Institute

Naka-machi, Naka-gun, Ibaraki-ken

(Received February 28, 1989)

Plasma heating by Ion Bernstein Wave (IBW) on JFT-2M tokamak is
reported.

IBW is a kind of slow wave, therefore dominant coupling with plasma
ions and efficient heating are expected. Since IBW launcher is located
at low field side of torus, it is advantageous as a method to heat the
future reactor plasma.

Qur experiment is made at the generator frequency of w=3/2wy or 3uwp,
where wy, and wp are the ion cyclotron frequency of hydrogen and deuterium,
respectively.

Plasma loading impedance increases as outermost plasma surface ap-
proaches to the IBW launcher, and in approaching case the impedance
decreases as averaged electron density increases.

Increase of stored energy is observed by IBW heating. This is mainly
contributed to density build-up, but a small part comes from net plasma
heating. On the other hand, enhanced impurity radiation is observed
during IBW heating, and the increment of radiatlion loss exceeds IBW
launched power by a factor of two or three.

In order to reduce the radiation enhancement, optimum condition is
searched by surveying several plasma parameters like as configuration,
current, density, and concentration ratio of hydrogen in deuterium.
However, maximum IBW launched power is only 150 kW.

Maximum launched power is increased up to 300 kW through the combina-

tion with neutral beam heating which compensates the radiation cooling.

(i)
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As same as IBW only case, the radiation increment limits the maximum
value of launched power. Enhancement of high energy hydrogen up to 10 keV
is observed,

Loading impedance with H-mode plasma falls to about 40% of that with
L-mode plasma, mainly due to the drastic change of edge plasma feature.
H-mode plasma is terminated by only 20 kW of IBW power, because of edge

plasma heating,

Keywords: Ion Bernstein Wave, JFT-2M Tokamak, Plasma Heating, Out-Side
Launcher, Loading Impedance, Stored Energy, Radiation Cooling ,

H-mode Plasma
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1. INTRODUCTION

Plasma heating by Ion Cyclotron Range of Frequency(ICRF) is one of the
attractive method because of locality of heating position, and high power acces-
sibility, On JFT-2M, heating through the higher-field-side launcher has been
done in advantage of high coupling and absorbing efficiency through mode conver-
sion. Successive results like impurity control{l], transition to H-mode[2]
have been observed.

In considering the wave heating in future reactor scale plasma, the low
field side launcher is suitable for the operation and maintenance. However,
plasma intends to leave away from the antenna especially in H-mode dis-
charge, then the wave coupling of plasma in conventional out-side
launcher becomes less with the decease of plasma density, In contrast to
these out-side launcher, the Ion Bernstein Wave(IBW) heating is estimated not
to degradate the plasma coupling.[3]

It is necessary to clarify the plasma response like coupling, and power
absorption by IBW heating in H-mode phase. On this view point IBW heating ex-
periment is done on JFT-2M. In our experiment, IBW does not achieve efficient
plasma heating due to induction of extremely enhanced radiation loss. IBW does
not launched efficient power for H-mode transition, .in addition, a small
launched power into H-mode plasma forces L-mode transition. Then, the coupling
efficiency with several plasma configurations are investigated at relatively
lower IBW power, |

This report presents the experimental observation during IBW heating,
several attempts to increase the launched power to plasma, and investigation of

coupling characteristics with H-mode plasma..
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2. EXPERIMENTAL SETUP
2.1 Heating Regime

Heating regime of 3/2 harmonic ion cyclotron resonance of hydrogen or
third harmonic resonance of deuterium is selected, since Ion Bernstein Wave is
well absorbed in that resonance layer.[4][5] The harmonic resonance layers ex-
isted in JFT-2M torus at the generator frequency of 27MHz are shown in Fig.l.
The resonance layer of 3/2 harmonic of hydrogen or third of deuterium allocates
at the center of magnetic axis when toroidal magnetic field strength(B;) is
1.18T.

2.2 Launcher Configuration

The IBW launcher used in our machine is Bg - E; type loop antenna which
makes the RF current in the toroidal direction,{4] as shown in Fig.2(a).
Launcher is constructed by inner conductor made of cooper metalled stainless
steel, two layers of Faraday shield made of titamium, and side protector of
carbon graphite. As shown in Fig.2(b)(c), the launcher is installed at oblique
port on JFT-2M, with angle of 43" to the horizontal plane,
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3. RESULTS AND DISCUSSION
3.1 Loading Impedance

At first, plasma loading impedance is investigated for plasma configura-
tions of D-shaped limiter and upper singie null divertor. Dependence on the
averaged electron density is shown in Fig,3, In D-shaped limiter configura-
tion, the loading impedance goes down as density goes up. On the other hand, in
upper single null divertor configuration there seems to be no strong dependence
on averaged density, In addition, loading impedance is much different in dif-
ferent configuration even at the same averaged density. The dominant difference
between these configurations is the distance between IBW launcher and the plasma
(AR). Then, the loading impedance is replotted versus the distance AR, which
is deduced from outermost magnetic surface. Figure 4 shows this dependence for
density region of 2.0-3.5x10'm=., It is obvious that the loading impedance be-
comes larger as plasma approaches to the launcher. It is considered that in
the D-shaped limiter plasma approaches very close to the launcher and the sur-
rounding plasma is influenced by the feature of main plasma region; on the other
hand in single null divertor, the influence of main plasma region is not so much
because of sufficient isolation between outermost plasma and launcher. These
results show that the loading impedance is very sensitive to edge plasma around
the launcher and qualitatively agrees well with the theoretical estimation. [3]

3.2 Optimization of Resonance Layer

An optimum absorption and heating position of IBW is searched by survey-
ing the strength of toroidal magnetic field. The survey range from 1,0T to
1.34T includes the resonance layer of wy(Zwy), 3/2w,(8wy and 2wy(dwp),
where wy and w, are the ion cyclotron frequency of hydrogen and deuterium.

B,-survey is done in the following plasma parameters; plasma species of a
few percent of hydrogen mixture in deuterium, configuration of upper single null
divertor, plasma current of 240kA, density of 2.3x10' m> before IBW power
input (OH phase). IBW power of about 120kW is coupled with plasma.

The heating efficiency is investigated by the increments of plasma
stored energy W, obtained by diamagnetic measurement, and by the increments of
electron density and radiation loss power P,. Figure 5 shows these increments

dependence on toroidal magnetic field strength.
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The increments are larger around B,=1,2T. From this figure the depen~
dence of power absorption on toroidal magnetic field may be expected. This
possibility is checked by the estimation of IBW absorbed power in plasma from
the decay of stored energy after IBW turns off.[1] Figure 6 shows the ab-
sorption efficiency which is determined by absorbed power divided by
launched  power. Dependence on B; is week in contrast with that of stored
energy or vradiation loss increment, Therefore, plasma heating efficiency
is better when the 3/2wy or 3w, resonance layer locates around the plasma
center; that is B.=1, 18T.

3.3 TFeature of Plasma Parameters

Figure 7 shows the temporal variation of typical plasma parameters with IBW
of about 120kW at B; of 1,18T in upper single null divertor, As clearly seen,
after initiation of IBW pulse the density and radiation loss increase, and in
similar manner, loop voltage goes up. Electron temperature measured by Electron
Cyclotron Emission(ECE) decreases, but stored energy increases slightly.
These hehaviors show the increase of impurity contamination. In this case,
increments of the radiation loss reaches as three times as IBW launched.
power, The negative margin is supported by the chmic heating power. The
ratio of total radiation loss to total input power increases from 40% at OH-
phase to about 90% during IBW-phase.

Typical impurity line emission 1is shown in Fig. 8. Impurity lines are
carbon which is the material of limiter and wall panel, titanium of antenna
Faraday shield and sublimation layer, iron of the wall base, and oxygen.
These impurity lines are all enhanced about factor of two or three during IBW
pulse, Especially titanium and iron intensities rapidly rise at the onset of
IBW.

The radiation profile is observed by horizontal bolometer array.[6]
Viewing area of each chord is shown in Fig.9(a). Figure 9(b) shows an intensity
of each viewing chord(before Abel inversion) of the same shot in Fig.T. During
I1B¥W pulse, the radiation in the central chords largely increase than the
peripheral chords; this indicates the accumulation of impurity in the plasma
center region.

From these observation, it is confirmed that IBW enhances the impurity
influx especially metal impurity influx, and enhanced radiation induces the
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plasma cooling down.

Stored energy is plotted versus electron density in the case of upper
single null divertor. Figure 10 compares that during IBW phase [+ ] and that
ohmic phase [O]. Stored energy during IBW is slightly larger than that of OH
phase, Thus, the increase of stored energy by IBW is mainly due to the density
build-up, but a small fraction of stored energy increase is contributed by net
heating by IBW. In this case about lkJ of heating is observed by 120kW IBW
power. Global energy confinement time{t ) is reduced from 40ms at OH-phase to
20ms at IBW-phase. This value is less by a factor of two or more than that in
conventional mode conversion heating by high field side launcher on JFT-2M
tokamak, [2]{7]

3.4 Attempt for more power launching

In order to reduce the radiation enhancement and maintain the plasma
heating by IBW, we search the optimum c¢onditiomn by surveying several plasma
parameters. Surveyed parameters are configuration, current, and concentra-

tion ratio of hydrogen in deuterium.
3.4.1 Plasma Configuration and Concentration Ratio

Figures 11 shows the radiation increments versus IBW launched power
in the configuration of circular, upper or lower single null divertor,
and D-shaped limiter discharge. Concentration of hydrogen is about
half ratio (a), a few percent(b) and almost pure hydrogen{c).  Among these
concentration ratio, radiation increments are the minimum at half ratio case,

although increments also exceeds the launched power. - The maximum launched
power 1s about 150kW. Little differences are observed between the different
configurations,

The radiation increments versus launched power in the case of mede con-
version heating is plotted in Fig.1Z. In this case, plasma configuration is
upper or lower single null divertor, plasma current is 200k4, toroidal magnetic
field is 1.2T, RF generator frequency is 16.8MHz, and concentration ratio of
hydrogen is nearly 40% in deuterium. Radiation increments never exceeds the
launched power, and launched power more than 600kW is attainable, - In contrast
to mode conversion heating, our IBW heating gives an extremely large impurity

radiation,
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In Fig.13, stored energy versus density is compared between two cases of
hydrogen concentration of half ratio(QO) and a few percent(+)., Stored energy
in the half ratio case is slightly larger than that in a few percent case: that
is considered to be from less radiation enhancement,

3.4,2 Plasma Current

The next parameter is plasma current as shown in Fig, 14, At three
type of plasma current of 100kA, 200kA, and 270kA, increments of radiation
loss versus IBW power is plotted. Higher IBW power input is available in
higher plasma current because of the stronger support of ohmic input
power. However the radiation loss exceeds the IBW power by a factor
of about 1.5,

3.5 Combination with NBI

In order to compensate the cooling by enhanced radiation and to couple
more IBW power, the combination heating with neutral beam injection is examined.

Hydrogen neutral beam of 570kW is injected into deuterium plasma with
pulse length of 300ms. IB¥ power of 300kW with pulse length of 200ms starts
at 100ms after the initiation of NBI.

Temporal variation of typical plasma parameters are shown in Fig.15.
Increments of stored energy, radiation, and density versus B; are plotted in
Fig.186. In this case good heating is investigated in narrow region around
B,=1.3T. At B;=1.1T, radiation is large, however stored energy decreases.
This means cooling rather than heating by IBW.

Radiation Increment versus IBW launched power is plotted in Fig.17. As
similar to IBW only case, radiation increments exceeds the launched power by a
factor of 1,5. However maximum launched power increases to about 300kW by com-
pensating of radiation loss power with NBI power.

Hydrogen and deuterium ion energy spectra are observed by charge exchange
measurement{(CX) in perpendicular direction, Figure 18 shows the comparison of
energy spectrum during NBI phase and during NBI with IBW phase, Hydrogen
energy up to 10keV is enhanced, and this corresponds to perpendicular ion tem-
perature increase from 0,7keV at NBI phase to about 1lkeV. On the contrary,
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deuterium ion temperature does not change. At present, it is not distinguish
that the increase of energetic hydrogen is caused whether by central ion heating

or by peripheral neutral enhancement.
3.6 Launching to H-mode plasma

IBW power is launched to H-mode plasma produced by NBI in single null
divertor. Temporal variation of density, Hy /Dy emission, radiation loss, and
stored energy are shown in Fig. 19, In this shot, IBW launched power is about
100kW. H-mode transition occurs at 610ms with sudden depletion of Hy /Dy
emission, consequently density, and stored energy increase, At the onset of
IBW pulse at 700ms, H-mode is terminated with sudden jump-up of Hgy/Dgy emis-
sion. The termination of H-mode is observed above 20kW of IBW launched power.

Electrostatic probe measurements show the behavior of scrape-off plasma.
As shown in Fig.20, sudden increase of electron temperature in scrape-off plasma
T¢SO is observed at the onset of IBW pulse, which is in contrast to lower con-
stant value at H-mode phase. Two mechanisms for H- to L-mode transition might
be considered when some fracticn of IBW power is absorbed in the edge plasnma,
One is that the increase of edge electron temperature enhances the sputtering
yield, and through the increase of impurity influx H-mode would be terminated.
The other is that the edge plasma heating would destroy the temperature pedestal
at the plasma edge which is required to keep the H-mode plasma.[81[9] It is not
yet distinguished which mechanism is dominant to H- to L-Transition by IBW in-
put.

By launching IBW with lower power than Z0kW, the change of loading im-
pedance with H-mode plasma is observed. Figure 21 shows the behavior of loading
impedance in the upper single null divertor. At the instant of H-mode transi-
tion, loading impedance falls rapidly to 0.25Q from 0.65 Q at L-phase. at the
transition from L-phase to H-phase average density increases from 2x10'® m® to
4x10'°n~2, whereas the distance between outermost plasma and launcher changes not
so much from 9.2cm to 9.6cm. It should be remembered that the loading impedance
is independent on the averaged density but gradually decrease with increasing
distance between plasma and the launcher in the upper single null divertor as
shown in Fig.3. Therefore, change of another plasma feature is necessary for
relating to the rapid drop of loading impedance with H-mode plasma. It is ob-
served that in H-mode phase density in scrape-off layer quickly decreases, and

increases at the H- to L- transition as shown in Fig.20; it changes in similar
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manner to that of the loading impedance. Thus the decreases of loading im-
pedance during H-mode phase is considered to be mainly due to the drop of
scrape-off density, and this fact qualitatively agrees well again with the
theoretical estimation. [3]
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4,  SUMMARY

Ion Bernstein Wave(IBW) is launched to several parameters of plasma on JFI-
2M tokamak. Better coupling and heating is observed when 3 /2 wy and 3 w,
resonance layer is allocated on the plasma center.

Plasma loading impedance increases as outermost plasma surface approaches
to the IBW launcher, and in approaching case the impedance decreases as averaged
electron density increases. Loading impedance is seemed to have a strong depen-
dence on edge plasma feature.

Increment of stored energy during IBW is mainly contributed from the den-
sity build-up, and a small part of store energy rise is due to the net plasma
heating.

Enhanced radiation loss is observed and its increment exceeds the
launched IBW power by a factor of two or more. Because of the radiation limit,
IBW launched power of 150kW is the maximum value. Although various parameters
such as plasma configuration, hydrogen concentration ratio, and plasma current,
are surveyed in order to suppress the radiation enhancement, good heating aspect
is not observed.

Even combination heating with neutral beam injection, enhanced radiation
of 1.5 times as launched power is observed and the radiation loss limits the
maximum launched power at 300kW. Hydrogen energy up to 10keV is enhanced by
IBW.

Launching to the H-mode plasma shows a rapid transition to L-mode by
launched power above 20kW, This is considered to be induced by heating of edge
plasma,

Loading impedance with H-mode plasma is less than that with L-mode plasma

mainly due to decrease of scrape-off density.
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Fig.18 Energy spectrum of hydrogen and deuterium during combination heating.
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Fig.20 Temporal behavior of scrape-off electron temperature measured by

electrostatic probe,
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Fig.21 Loading impedance with H-mode plasma.



