1

(&)

INTERNATIONAL ATOMIC ENERGY AGENCY o

19 th IAEA Fusion Energy Conference-
Lyon, France, 14-19 October 2002

IAEA-CN-94/ EX/P2-18

NATIONAL IN STITUTE FOR FUSION SCIENCE

Study on Ion Temperature Behaviors in Electron and Ion Heating
Regimes of ECH, ICRF and NBI Discharges in LHD

H.Funaba, P.Goncharov, Y.Hamada, K.Ida, H.Idei, T.ldo, K.lkeda, 5.Inagaki, M.Isobe, K.ltoh, O.Kancko, K.Kawahata,

’ | o 1SS 0915-633X -

5.Morita, M.Goto, Y. Takeiri, J.Miyazawsa, 5.Murakami. K.Narihars, M.Osakabe, T.Akiynms. N.Ashikawa, M.Emoto, M.Fujiwar, . fgw 7L ’

H.Kawazome, K.Khlopenkov, T.Kobuchi, A.Komori, A.Kestrioukov, S.Kubo, R.Kumazawa, Y.Liang, S.Masuzaki, K.Matsuoka,
T.Minami, T.Morisaki, O.Motojima. 5.Muto, T.Mutoh, Y.Nagayama, Y Nakamura, H.Nakanishi, Y .Narushima, K.Nishimura,
A Nishizawa, N.Noda, T.Nctake, H.Nozato, $.Ohdachi, K.Ohkube, N.Ohyabu, Y.Oka, T.Ozaki, B.1.Peterson, A.Sagara, T.Saida.
K.Saito, $.Sakakibars, R.Sakamoto, M.5asa0, K.5at0, M.Sato, T.Satow, T.Seki, T.Shimozuma, M.Shaji, S.5udo, H.Suzuki,
M.Takeuchi, N.Tamura, K.Tanaka, K.Toi, T.Tokuzawa, Y. Terii K.Tsumori, T.Uda, K.Y.Watanabe, T.Watari, Y. Xu, H.Yamada,
1.Yomada, S.Yemamoto, T.Yamamoto, K.Yamazaki, M.Yokoyama, Y.Yoshimura and M.Yoshinuma

(Received - Sep. 24, 2002 )

NIFS-753 Oct. 2002

. This report was prepared as a preprint of work performed as a collaboration research of the
. |National Institute for Fusion Science (NIFS) of Japan.: The views presented here are solely those of
the authors. This.document is intended for information only and ‘may be published in a journal after
‘|some rearrangement of its contents in the future. ,

Ingutries .about copyright.should be.addressed to the Research Information- Center, National
;[Insitute for Fusion Science, Oroshi-cho, Toki-shi, Gifu-ken 509-5292 Japan.

E-mail: bunken @nifs.ac.jp '

<Notice about photocopying>
“In order to photocopy any work from this publication, you or your organization must obtain permission from

R | the following organizaion which has been delegated for copyright for clearance by the copyright owner of this

publication.

¥ |Exceptin the USA .
‘ " Japan Academic Association for Copyright Clearance (JAACC)
41-6 Akasaka 9-chome, Minato-ku, Tokyo 107-0052 Japan
TEL:81-3-3475-5618 FAX:81-3-3475-5619 E-mail: na.ka-atsu@mu_] blglobe nejp

In the USA

Copynght Clearancc Center, Inc.
222 Rosewood Dnve Danvers MA 01923 USA
Phone: (978) 750-8400 FAX: (978) 750—4744

.

"~ TOKI,JAPAN



EX/P2-13

Study on Ion Temperature Behaviors in Electron and Ion Heating Regimes
of ECH, ICRF and NBI Discharges in LHD

S.Morita, M.Goto, Y.Takeiri, J.Miyazawa, S.Murakami, K. Narihara, M.Osakabe, T.Akiyamal,
N.Ashikawa, M.Emoto, M.Fujiwara, H.Funaba, P.Goncharovz, Y.Hamada, K.Ida, H.Idei,
TIdo, Klkeda, S.Inagaki, M.Isobe, K.ltoh, O.Kaneko, K.Kawahata, H.KawazomeS,
K.Khiopenkov, T.Kobuchi, A.Komori, A.Kostrioukov, S.Kubo, R.Kumazawa, Y.Liang,
S.Masuzaki, KMatsuoka, T.Minami, T.Morisaki, O.Motojima, S.Muto, T.Mutoh,
Y.Nagayama, Y.Nakamura, H.Nakanishi, Y.Narushima, K.Nishimura, A Nishizawa, N.Noda,
T.Notake®, H.Nozato’, S.Ohdachi, K.Ohkubo, N.Ohyabu, Y.Oka, T.Ozaki, B.J.Peterson,
A .Sagara, T.Saidaz, K Saito, S.Sakakibara, R.Sakamoto, M.Sasao, K.Sato, M.Sato, T.Satow,
T.Seki, T.Shimozuma, M.Shoji, S.Sudo, H.Suzuki, N.Takeuchi4, N.Tamura, K. Tanaka, K.Toi,
T.Tokuzawa, Y. Torii* K.Tsumori, T.Uda, K.Y.Watanabe, T.Watari, Y.Xu, H.Yamada, 1. Yamada,
S.Yamamoto®, T.Yamamoto®, K. Yamazaki, M.Yokoyama, Y. Yoshimura, M. Yoshinuma

E-mail: morita@nifs.ac.jp

National Institute for Fusion Science, Toki, Gifu 509-5292, Japan

! Research Laboratory for Nuclear Reactors, Tokyo Institute of Technology, Tokyo 152-8330,
Japan

2 Department of Fusion Science, School of Mathematical and Physical Science,
Graduate University for Advanced Studies, Hayama, 240-0193, Japan

*) Graduate School of Energy Science, Kyoto University, Uji 611-0011, Japan

? Department of Energy Engineering and Science, Nagoya University, 464-8603, Japan

3 Graduate School of Frontier Sciences, The University of Tokyo 113-0033, Japan

Abstract

Ion heating experiments have been carried out in LHD using ECH (82.5, 84.0, 168GHz, <IMW), ICRF
(38 5MHz, <2.7MW) and NBI (H° beam: 160keV, <8MW). The central ion temperature has been obtained
from Doppler broadening of TiXXI (2.61A) and ArXVI (3.95A) x-ray lines measured with a newly installed
crystal spectrometer. In ECH discharges on-axis heating was recently done with the appearance of high T.(0)
of 6-10keV and high ion temperature of 2.2keV was observed at n,=0.6x10"cm>. A clear increment of T; was
also observed with enhancement of the electron-ion energy flow when the ECH pulse was added to the NBI
discharge. These results demonstrate the feasibility toward ECH ignition. The clear T; increment was also
observed in ICRF discharges at low density ranges of 0.4-0.6x10"cm™ with appearance of a new operational
range of Ti(0)=2.8keV>T.(0)=1.9keV. In the low power ICRF heating (IMW), the fraction of buik ion heating
is estimated to be 60% to the total ICRF input power, which means P>P.. Higher T{0) up to 3.5keV was
obtained for a combined heating of NBI {(<4MW} and ICRF (1MW) at density ranges of 0.5-1.5x10%cm>. The
highest T(0) of SkeV was recorded in Ne NBI discharges at n.<1x10"’cm™ with the achievement of T{(0)>T.(0),
whereas the T,(0) remained at relatively low values of 2keV in H; or He NBI discharges. The main reasons for
the high T; achievement in the Ne discharge are; 1) 30% increment of deposition power, 2) increase in Pi/m; (11
times, Pyn>>P/n,, P<P,) and 3) increase in 7; (3 times). The obtained T;(0) data can be plotted by a smooth

function of Py/n;.
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1. Introduction

Experiments in helical devices have been limited so far to only the electron-heating
regime (Pj<P.) [1]. The ISS-95 sterallator scaling [2] was obtained from such ECH and NBI
discharges. If the experiments in the ion-heating regime (P;>P.) are realized, an increment of
T; and improvement of Tg are expected, since the ion confinement is generally better than the
electron confinement. The heating experiments have been extensively carried out in LHD in
order to obtain higher T; and understand the heating mechanism. In this paper the results are
reported, especially on the ion temperature behavior [3]. Ion temperature at the plasma
center has been measured from Doppler broadening of ArXVII and TiXXI x-ray lines using a
newly installed crystal spectrometer with a CCD [4]. The difference in ion temperature
between the measured impurity ions (Ar'®", Ti°®*) and bulk ions (ECH and NBL: H', He™,
ICRF: He2+, neon discharge: Ne10+) is estimated to be smaller than 50eV at n.=0.5x10"cm™.

2. H; and He discharges

2.1 ECH; Results from the off-axis ECH heating (82.7, 84 and 168GHz)} are plotted in
Fig.1(a). The T.(0) is obtained from the YAG Thomson scattering measurement. The T;(0)
is much lower than T.(0) in the low-density range and becomes equal at n.~1x10"”cm>. The
electron-ion heat exchange time, Ty, becomes equal to the energy confinement time, T,
(~150ms) at n.~1.1x10"cm>.  The power flow from electrons to ions at the plasma center
ranges in 3-6kWm" at ne>0.5x1013cm'3 and 0.4'—2k\?Vm'3 at n.<0.5x10%cm>. I the ion
confinement time of (3-5)*7. is taken into account, the T;(0) can be roughly explained by the
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Fig.1 Comparison between T{0) (») and T0) (A) as a function of line-averaged density n, in {a)
ECH (04MW), (b} NBI (<4MW), (c) ICRF (IMW), (d) NBI+ICRF (<4dMW+IMW) and (e)
high-power NBI discharges (SSMW).  Open squares in (e) indicate T{0) from Ne discharges.
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power input from electrons. Recently, on-axis ECH heating was carried out, and a high T;(0)
of 2.2keV has been observed with the appearance of a high T.(0) such as 6-10keV [5,6]. The
power flow from electrons to ions increased 2-3 times (see also Fig.1(a}). Furthermore, the
ECH pulse was added to the NBI discharge. A clear increment of T;(0) was also observed as
shown in Fig.2. These results strongly suggest the feasibility of ECH ignition in future
high-power and high-density ECH discharges.

2.2 NBI; NBI heating in LHD is carried out at the high beam energy of 160keV [7,8]. The
beam shine-through power becomes considerably high (50% at 1x10"”cm™) and an input
power greater than 70% is absorbed by electrons (Pi<P., Pi/ni<P./n.). The ion heating in NBI
discharges is entirely inefficient. As a result (see Fig.1(b)) the ion and electron temperatures
obtained were roughly the same. Here, the fraction deposited to bulk ions (Pi/Pngi) was 20%
at T.=2keV and 13% at T.=1keV. The total P; becomes 0.3-0.4MW at n=1x10""cm™ and
0.2MW at ne——-O.le()ch'3 in the case of Pnpi=3MW.

2.3 ICRF; Successful results [9-11] from 38.5MHz ICRF (H: minority, He: majority,
Picrri=1MW) discharges are shown in Fig.1(¢c). An increment of Ti(0) was clearly observed
in a range of 0.4<n.<0.6x10"°cm™. The bulk ions are heated through high-energy H' ions
accelerated up to 200keV (Tua(H")~25keV). The deposition profiles are calculated with a
5-D code by Murakami [12]. The results showed a broad q;(r) with a certain central
deposition of q;(0)=7kwm™ and a narrow q.(r) localized at near p=0.5. The fraction of bulk
ion heating, Pi/Picrr was roughly 60%. The bulk ion heating power of TkWm™ at p=0 and
18kWm™ at p=0.5 had a broad radial deposition profile, whereas the bulk electron heat
deposition profile was located in a range of 0.4<p<0.8. Thus, a new operational range of
T;>T. was established with a successfully performed ion heating regime (Pi>P., Pi/n;>P¢/n.).
2.4 ICRF+NBI; The ICRF pulse was added to the NBI discharge. The result is shown in
Fig.1(d). Since the ICRF heating, at present, is not effective at n>2x10"em™, the data are

plotted in the lower density range. 'We understand that the ion temperature also can be raised
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Fig.2 lon heating during additional ECH pulse in NBI discharge (left) and electron temperature
profiles before (1.965s) and during (2.485s) the ECH pulse (right).

_3_



EX/P2-18

up by the combination with NBI because of the further increase in P;.

4 ’SS;QSST!'nQI S The obtained T; was compared with
% 2_2‘3*Pt0t°- 1"“eo' A ISS-95 scaling under the assumption of
f"f_’— 3 — \ T;=T. (Fig.3). The value expected from
F the scaling is traced with the lower solid
2E © o line of 144%P,**/ml* T NBI
3 . O . i .
E A NBUI:ICRF(<4aMW)|  discharges the Ti(0) is a weak function of
1E O O NBU<4MW)
3 041, 0.49\& ICRF(IMW) Pi/ne. On the contrary, most of the data
0 134Pat, e ﬁ | from the ICRF and NBI+ICRF discharges
1
0.41,. 0.49 exceed the scaling value, and those
Ptot / e

] i suggest an improvement of the heating
Fig.3 T, plot by ISS-95 scaling. : .
efficiency of 60% at the maximum

041, 049
foe 7.

indicated by the upper solid line of 2.3*P This increment of Ti(0) originates in

the presence of ICRF pulse.

3. Neon discharge

Neon discharges [13,14] were tried using NBI to obtain a higher Ti. A pure Ne
discharge (Z.¢~9) was successfully obtained because the main part of the neon radiation could
be excluded from the core plasma and emitted in the ergodic layer outside p=1, which
characterizes LHD. The highest ion temperature of 5keV was obtained with the
achievement of Ti(0)>T.(0) in the Ne discharges (Fig.1(d)). The global energy confinement
was the same as the H, and He discharges. The main reasons why the high-T; range was
extended are; 1) increase in the NBI deposition at lower density ranges (+30%) (Fig.4(a)), 2)
increase in the bulk ion heating fraction following the T. increase (Fig.4(b)), 3) increase in
Pi/n; (11 times, Pi/n;>>Pe/n., Pi<P.) and 4) increase in T (3 times) (Fig.4(c)). Here, the ¢;(0)
becomes ~100kWm™ at n.=0.6x10"cm™ for Pygi=8MW if the orbit loss of the NBI particle
and the charge exchange loss can be neglected.

The obtained ion temperatures are plotted against Pe/ne (Fig.5(a)). The difference
between the Ne and H; discharges is notable. The same data set as in Fig.5(a) was also
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Fig.4 (a} NBI deposition rate of H;, He and Ne, (b) ratio of bulk ion heating to total NBI input power
and (¢} Tg for H; discharge and T for H, and Ne discharges.
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Fig.5 T{0) as a function of (a) P../n. and (b) P/n; (P, total input power, P input power to bulk
ions, n;: bulk ion density, NBI_Ne: neon discharge).

replotted as a function of Py/n; (Fig,5(b)). The two figures suggest the importance of the
direct power input to the bulk ions in order to realize higher ion temperature. However, the
increment of T;(0) is somewhat suppressed in the Ne discharges (qi(0)~100kW), whereas good
heating efficiency appears in the ICRF discharges (qi(0}~7kW). It possibly predicts a
confinement degradation for ions at high heating power and high T; ranges. The influence of
hydrogen neutrals on the fast ions is now being investigated, especially in low-density
discharges. Further study of the ion behavior is needed.

In conclusions, a new parameter range of Ti>T. was found in LHD for ICRF and
Ne-seeded NBI plasmas. The highest ion temperature of 5keV was achieved in the Ne NBI
discharge. The T; increase by on-axis ECH heating also revealed a feasibility toward ECH

ignition.
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