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ABSTRACT

Confinement of ripple-trapped energetic ions is studied in a low-aspect-ratio
helical system using a neutral beam with variable injection angle. The heating efficien-
cy was found to be very low for the perpendicular injection compared with the tangen-
tial one, in the magnetic field configuration which is optimized for the global confine-
ment for the tangential NBI plasmas. Confinement of beam ions was improved by
shifting the magnetic axis inward, which was confirmed by the measurement of their
energy spectrum. The results are consistent with the calculation of Monte Carlo beam-
ion-thermalization code. The poloidal rotation near plasma edge is measured for differ-
ent injection angles which shows larger value for the perpendicular injection.

The fast wave ICRF heating is applied to a low-aspect-ratio helical system. Sub-
stantial energy increase is obtained for the NBI taget plasma. High energy ion tail is
observed in the limited range of pitch angles.

Keywords : Low-aspect-ratio, Fast ions, Orbit loss, Trapped particles, Neutral
particle energy analyzer, Electric field, ICRF heating



Introduction

In helical systems, the transport related with the magnetic field ripple is one of the
most important problems. It appears as direct orbit losses of high energy particles
which are trapped in the magnetic field ripple, as well as additional non-axisymmetric
terms in the neo-classical transport calculations. In low-aspect-ratio heliotron/torsa-
trons, because the drift orbits of trapped particles largely deviate from the magnetic
surfaces, the problem of the orbit losses is more important [1]. It is possible, however,
to improve the confinement of trapped particles by optimizing the magnetic field config-
uration [2]. This paper gives the experimental studies of these problems by comparing
the heating efficiencies of tangential and perpendicular neutral beam injection for differ-
ent magnetic field configurations.

The radial electric field in the plasma has been receiving attention especially for
helical systems in relation to the confinement improvement [3,4]. The electric field is
determined primarily by the bulk plasma density and temperature profiles but additional
particle loss channels are also important to determine the electric field. In particular,
orbit losses of trapped ions possibly contribute to the generation of the electric field in
plasmas.

The ICRF heating has been successful in tokamak research. In helical systems, it
was successful so far in Heliotron-E which has a high aspect-ratio [5]. The applicabili-
ty of ICRF heating to low-aspect-ratio machines has been in discussion because of the
uncertainty of the sufficient confinement of high energy ions produced by ICRF waves.
The actual experiments are necessary.

NBI experiments with variable injection angle

CHS (Compact Helical System) [6] is a low-aspect-ratio heliotron/torsatron
which has an aspect ratio 5 (major radius: R = 1 m, minor radius: a = 0.2 m) and the
toroidal period number : m = 8. The maximum magnetic field on axis is Bi=2 T.
Two neutral beam injectors are installed. NBI-1 (Eg = 36 keV, port-through power
Pngi1 = 0.9 MW) is movable and its injection angle is varied from tangential to perpen-
dicular. NBE-2 (Eo = 32 keV, Pngr2 = 0.6 MW) is fixed for the tangential injection
making the balanced injection possible with NBI-1. The NBI-1 beam was injected onto
a target plasma produced by the NBI-2. The magnetic axis position Rax was 92.1 cm
{in vacuum field) which gives the best global energy confinement for tangential NBI
plasmas in CHS. Itis possible to make the plasma density constant by shaping a gas
puffing throughout the discharge. The parameters of the target plasma were : diamag-
netic energy Wdia = 2.5 kJ, ne(0) = 5 x 10" cm™, Te(0) =250V, B;= 1.5 T.

Figure 1(a) shows the incremental energies produced by the additional heating of
NBI-1 as a function of injection angle (cinj : angle formed by the beam ray and the
magnetic axis). The incremental energy for the tangential injection of NBI-1 is almost
the same as the expectation from the power scaling law : W o< Pret™* ( Prer is the net
input power ) {7]. When the injection angles of NBI-1 were 19° < @inj < 44°, almost



the same heating efficiency was obtained. It is because most beam ions are not trapped
in the magnetic field ripple for these angles. The heating efficiency decreases for tinj >
44° and almost no global heating effect is found for the case inj = 74°.

In this paper, the injection with ainj = 74" is referred to as a perpendicular injec-
tion because the pitch angles of beam ions are almost 90° in the plasma edge region
owing to the bumpy structure of the helical ficld. Calculations of collisionless orbits
show that the injected ions are completely lost when they are born in the region r/a >
0.4 (a: plasma radius) on the outboard side of the torus.

In ozder to estimate beam ions dynamics more quantitatively, calculation is made
with the Monte Carlo code HELIOS [8] which traces particles in realistic magnetic field
configuration, Fast ions are traced in the entire vacuum vessel including the region
outside of the plasma. Figure 1(a) shows the calculated fractions of injected beam
power : shine-through, orbit loss and the power thermalized in the bulk plasma. The
calculated value for the charge exchange power loss is less than 15 % for oinj = 29°
and still lower for the perpendicular injection. The simulation results are consistent
with the experiments.

The beam ion energy spectra are obtained by a fast neutral particle energy analyzer
(FNA) which is capable of scanning the observation angle. For the perpendicular in-
jection, the fast neutral flux was reduced significantly and the energy spectrum of beam
jons shows a large drop in the range Eo/2 < E < Ep indicating the orbits losses during
the thermalization process (Rax = 92.1 ¢m case in Fig. 1(b)}. Since the radial electric
field was negative in this experiment, the helical resonance increases the orbit loss of
trapped ions. The Monte Carlo simulation shows some effects of electric field for Eo/2
and Eo/3 ions but very litile for Eg ions.

It is shown by the orbit analysis that the confinement of trapped ions can be im-
proved by controlling the magnetic field configuration especially by shifting the mag-
netic axis position. With the inward shift of the magnetic axis, the deviation of the
orbits of trapped particles from the magnetic surfaces becomes smaller. Figure 1(b)
shows the energy spectra of beam ions measured by FNA for three different positions
of magnetic axis. The observed fast ion flux increased with the inward shift of magnet-
ic axis especially in the energy range Eo/2 < E < Ep. The incremental energy increased
for the inward shifted configuration even though the plasma volume decreases and
hence the shine-through power increases. AW = 0.4 kJ is obtained with the perpendic-
ular injection for the case Rax = 87.8 cm.

To investigate the correlation between the beam ion loss and the radial electric
field, the poloidal rotation of the plasma was measured by CXRS [9] for the experi-
ments shown in Fig. 1(a). The measurement takes CVI impurity line emission (A =
5292 A) which is induced by the charge exchange process with the residual neutrals in
the plasma instead of beam neutrals, because the NBI-1 beam path is varied. Figure
2(a) shows the product of the poloidal rotation speed and the local toroidal magnetic
field in the plasma edge region (1/a = 0.7 - 0.8) for the different injection angles of



NBI-1. The ion pressure gradient term is about 40 V/cm for these plasmas. The elec-
tron temperature and density profiles are shown in Fig. 2(b) for ainj = 19° (tangential
injection) and 74° (perpendicular) cases. The density profiles are almost the same and
the difference in temperature profiles corresponds to the total energy difference. For
dinj = 74" case, the electron temperature did not increase with the NBI-1 additional
injection. In these experiments, an increase of the electric field in the outer region (r/a ~
0.8) was observed for the perpendicular injection of NBI-1, but no substantial change
in the global confinement was found.

ICRF heating experiments

Two-ion hybrid (H or 3He minorities in D) fast wave heating experiments were
successful in CHS using two poloidal half-turn antennas. The antenna position was
determined te fit the plasma with Rax = 92.1 cm configuration. With ECH initial target
plasmas, plasmas are heated solely by ICRF (P = 300 kW) and the resultant stored
energy was 0.65 kJ for the plasma density of 2 x 10'* cm™ (B = 1 T, ficrr = 14
MHz). But the radiation loss was increasing during the discharge (20 ms heating pulse
length). Ion temperature was 200 - 350 eV which was comparable 1o the electron
temperature. Figure 3(a) shows the time traces of plasma parameters for the combined
heating experiments using NBI target plasmas (Bt = 1.4 T, ficre = 22 MHz). The
increase in an stored energy was 0.85 kJ with 500 kW ICRF power for the initial
plasma energy of 1.2 kJ.

The ion energy spectrum was measured by FNA for different observation angles.
The spectrum shows two-component Maxwellian type and the tail component extends
to 10 keV energy (shown in Fig. 3(b)). The tail formation was observed at the same
time as the bulk ion heating occurred for various experimental conditions. The energy
ratio of tail and bulk components has a pitch angle dependence as shown in Fig. 3(c),
though the tail temperature is almost constant, With the assumption of the adiabatic
motion of fast ions, this dependence reflects the difference of magnetic field strength
between the observation points and the ion cyclotron resonance points where the ions
are accelerated perpendicularly. It is supposed that the thermalization of high energy
ions is not sufficient in the configuration with Rax = 92.1 cm. The similar optimization
of the magnetic field configuration by shifting Rax inward should be effective for a
better confinement of high energy ions in ICRF heating.
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Fig, 1

Fig. 2

Fig. 3

FIGURE CAPTIONS

(a) Dependence of the incremental energy AWdia on the NBI-1 injection angle
ainj. Monte Carlo calculation results for the fractions of injected beam power
are plotted with thinner lines as the function of aunj. (b) Energy spectra of
beam ions for the perpendicular injection measured by a neutral particle energy
analyzer (FNA) for three different magnetic axis positions Rax. The observa-
tion angle is the same as the beam injection angle ainj = 74°. The injection
energy was Eo =36 keV.

(2) Dependence of the poloidal rotation on the injection angle of NBI-1 at two
different radial positions for Rax =92.1 cm configuraion. The outboard bound-
ary of the plasma is R ~ 108 cm. (b) Profiles of electron temperature and
density for ainj = 19 (tangential injection) and 74° (perpendicular injection).
Density of the target plasma produced by NBI-2 shows hollow profile which is
different from both profiles in this figure.

(a) Time traces of heating power and gas puff (upper), diamagnetic energy Wdia
and radiation power (middle) and average density (lower). Traces for two shots
with and without the additional ICRF heating for NBI plasma are overlapped
for the comparison. (b) Spectrum of fast neutral particles measured by FNA in
ICRF heating experiment. (c) Dependence of energy ratio of tail to bulk
component and tail component temperature on the observation angle.



0S

(A8Y) ABieuz

0¥ oFE 0¢ ol

wo 1’26 = xey 43—
wo '8 = Xey —e—

wo g'/8 = XBY —O—

(9)

(@) 24607

{1

(%) uonoelq ismod

0¢

ov

09

08

00}

06

fulp gfuy uonosiuj

09

o€

ybnoiyy eulys —o-—
8507 IO —m—

oz|jewlioy L —o-—

(e)

00

c'0

¥'0

9'0

80

o't

¢l

(M) mv



2 '81q

0 fulp e|6uy uonoelu
08 09 0¢g 0
, © ; _ 0°0G1L-
g
Sn
p =
x
9 Omo, - 4 0°00L-
8 3,
5
0 B 11 0°0G-
00
IL
[
002 ,A.-N\ 00
00€

00¥

(wo/p) g x %A



(A®Y) ainesadwal L

e|buy uopeAIoSqD

¢ 91

05 0L 06 0L 0S5
0 1 T T O
20| ° 40k
o,
b 402 m
0 + M .
4o0e €
90 w
¢ Jov B 2
. =
8'0 - o = £
- b me mu
¢ . _ _ 09
(9)
(A®Y) ABusugzg .
ol 8 9 4 oo
! T
Hm__w m_ n.u w_
I Ooa B o 1° osz
i _unﬂun_ 1t -
B Bu_ulh. nm
—t
- m

(a)

1

8]0 30]

TT T T T

?.Eoﬂo: <au>

_Huc/____

g
-
i o o it o ey AN S

(M) Jlemod pey (r) ABroug palols
.n_na..,..._}.__l.ﬂ__ _"_|~|1_|1 171 u
= m _.’r | ynd seB m."_....“ 7
- 1 —
R ] D L
189N ]
(e)



NIFS-137
NIFS-138

NIFS-138

NIFS-140

NIFS-141

NIFS-142

NIFS-144

NIFS-145

NIFS-1486

NIFS-147

NIFS-148

NIFS-149

Recent Issues of NIFS Series

T. Hayashi, U. Schwenn and E. Strumberger, Field Line Diversion
Properties of Finite § Helias Equilibria; Mar. 1992

T. Yamagishi, Kinetic Approach to Long Wave Length Modes in
Rotating Plasmas;, Mar. 1992

K. Watanabe, N. Nakajima, M. Okamoto, Y. Nakamura and M.
Wakatani, Three-dimensional MHD Equilibrium in the Presence of

Bootstrap Current for Large Helical Device (LHD), Mar. 1992

K. ltoh, S. -1 Iteh and A. Fukuyama, Theory of Anomalous Transport
in Toroidal Helical Plasmas; Mar. 1992

Y. Kondoh, Internal Structures of Self-Organized Relaxed States and
Self-Similar Decay Phase; Mar. 1992

U. Furukane, K. Sato, K. Takiyama and T. Oda, Recombining

Processes in a Cooling Plasma by Mixing of Initially Heated Gas,
Mar. 1992

Y_Hamara K Masai Y. Kawasumi, H. lguchi, A, Fijisawa and JIPP T-
U Group, New Method of Error Elimination in Potential Profile
Measurement of Tokamak Plasmas by High Voltage Heavy lon
Beam Probes; Apr. 1992

N. Ohyabu, N. Noda, Hantao Ji, H. Akao, K. Akaishi, T. Ono, H. Kaneko,
T. Kawamura, Y. Kubota, S. Morimoto. A. Sagara, 7. Watanabe,

K. Yamazaki and O. Motojima, Helical Divertor in the Large Helical
Device; May 1992

K. Ohkubo and K. Matsumoto, Coupling to the Lower Hybrid Waves
with the Multijunction Grill, May 1992

K. ltoh, S. -1.loh, A. Fukuyama, S. Tsuji and Allan J. Lichtenberg, A
Model of Major Disruption in Tokamaks; May 1992

S. Sasaki, S. Takamura, M. Ueda, H. !guchi, J. Fujita and K. Kadota,
Edge Plasma Density Reconstruction for Fast Monoenergetic
Lithium Beam Probing; May 1992

N. Nakajima, C. Z. Cheng and M. Okamoto, High-n Helicity-induced
Shear Alfvén Eigenmodes; May 1992

A. Ando, Y. Takeiri, O. Kaneko, Y. Cka, M. Wada, and T. Kuroda,
Production of Negative Hydrogen lons in a Large Multicusp Ion



Source with Double-Magnetic Filter Configuration, May 1992

NIFS-150 N. Nakajima and M. Okamoto, Effects of Fast Ions and an External
Inductive Electric Field on the Neoclassical Parallel Flow, Current,
and Rotation in General Toroidal Systems; May 1992

NIFS-151 Y. Takeiri, A. Ando, O. Kaneko, Y. Oka and T. Kuroda, Negative lon
Extraction Characteristics of a Large Negative Ion Source with
Double-Magnetic Filter Configuration, May 1992

NIFS-152 T.Tanabe, N. Noda and H. Nakamura, Review of High Z Materials for
PSI Applications ; Jun. 1992

NIFS-153  Sergey V. Bazdenkov and T. Sato, On a Ballistic Method for Double
Layer Regeneration in a Vlasov-Poisson Plasma; Jun. 1992

NIFS-154 J. Todoroki, On the iagrangian of the Linearized MHD Equations,
Jun. 1992

NIFS-155 K. Sato, H. Katayama and F. Miyawaki, Electrostatic Potential in a

Collisionless Plasma Flow Along Open Magnetic Field Lines; Jun.
1992

NIFS-156 O.J.W.F.Kardaun, J.W.P.F.Kardaun, S.-l. Itoh and K. ftoh,
Discriminant Analysis of Plasma Fusion Data; Jun. 1892

NIFS-157 K. ltoh, S.-l. lteh, A. Fukuyama and S. Tsuji, Critical Issues and
Experimental Examination on Sawtooth and Disruption Physics;
Jun. 1992

NIFS-158 K. ltoh and S.-1. ltoh, Transition to H-Mode by Energetic Electrons;,
July 1992

NIFS-159 K. Itoh, S.-i. ltoh and A. Fukuyama, Steady State Tokamak Sustained
by Bootstrap Current Without Seed Current; July 1992

NIFS-160 H. Sanuki, K. Htoh and S.-I. ltoh, Effects of Nonclassical Ion Losses
on Radial Electric Field in CHS Torsatron/Heliotron; July 1992

NIFS-161  O. Motojima, K. Akaishi, K. Fujii, S. Fujiwaka, S. Imagawa, H. Ji,
H. Kaneko, S. Kitagawa, Y. Kubota, K. Matsuoka, T. Mito, S. Morimoto,
A. Nishimura, K. Nishimura, N. Noda, |. Ohtake, N. OChyabu,
S. Okamura, A. Sagara, M. Sakamoto, S. Satoh, T, Satow, K. Takahata,
H. Tamura, S. Tanahashi, T. Tsuzuki, S. Yamada, H. Yamada,
K. Yamazaki, N. Yanagi, H. Yonezu, J. Yamamoto, M. Fujiwara and
A. liyoshi, Physics and Engineering Design Studies on Large
Helical Device; Aug. 1992

NIFS-162 V. D. Pustovitov, Refined Theory of Diamagnetic Effect in




NiFS-163

NIFS-164

NIFS-165

NIFS-166

NIFS-167

NIFS-168

NIFS-169

NIFS-170

NIFS-171

NIFS-172

NIFS-173

NIFS-174

Stellarators; Aug. 1992

K. Itoh, A Review on Application of MHD Theory to Plasma
Boundary Problems in Tokamaks; Aug. 1992

Y Kondoh and T.Sato, Thought Analysis on Self-Organization Theories
of MHD Plasma; Aug. 1992

T. Seki, R. Kumazawa, T. Watari, M. Ono, Y. Yasaka, F. Shimpo,

A. Ando, O. Kaneko, Y. Oka, K. Adati, R. Akiyama, Y. Hamada,

S. Hidekuma, S. Hirokura, K. Ida, A. Karita, K. Kawahata,

Y. Kawasumi, Y. Kitoh, T. Kohmoto, M. Kojima, K. Masai, S. Morita,
K. Narihara, Y. Ogawa, K. Ohkubo, S. Okajima, T. Ozaki, M. Sakamoto,
M. Sasao, K. Sato, K. N. Sato, H. Takahashi, Y. Taniguchi, K. Toi and
T. Tsuzuki, High Frequency Ion Bernstein Wave Heating
Experiment on JIPP T-IU Tokamak; Aug. 1992

Vo Hong Anh and Nguyen Tien Dung, A Synergetic Treatment of the
Vortices Behaviour of a Plasma with Viscosity, Sep. 1992

K. Watanabe and T. Sato, A Triggering Mechanism of Fast Crash in
Sawtooth Oscillation; Sep. 1992

T. Hayashi, T. Sato, W. Loz, P. Merkei, J. Niinrenberg, U. Sciwenn
and E. Strumberger, 3D MHD Study of Helias and Heliotron; Sep.
1992

N. Nakajima, K. Ichiguchi, K. Watanabe, H. Sugama, M. Okamoto,

M. Wakatani, Y. Nakamura and C. Z. Cheng, Neoclassical Current and
Related MHD Stability, Gap Modes, and Radial Electric Field
Effects in Heliotron and Torsatron Plasmas; Sep. 1992

H. Sugama, M. Okamoto and M. Wakatani, K- ¢ Model of Anomalous
Transport in Resistive Interchange Turbulence ; Sep, 1992

H. Sugama, M. Okamoto and M. Wakatani, Viasov Equation in the
Stochastic Magnetic Field ; Sep. 1992

N. Nakajima, M. Okamoto and M. Fujiwara, Physical Mechanism of
E Sb-Driven Current in Asymmetric Toroidal Systems ; Sep.1992

N. Nakajima, J. Todoroki and M. Okamoto, Or Relation between
Hamada and Boozer Magnetic Coordinate System ; Sep. 1992

K. ichiguchi, N. Nakajima, M. Okamoto, Y. Nakamura and
M. Wakatani, Effects of Net Toroidal Current on Mercier Criterion
in the Large Helical Device ; Sep. 1992



NIFS-175

NIFS-176

NIFS-177

NIFS-178

NIFS-179

NIFS-180

NiFS-181

NiFS-182

NIFS-183

S. -i. itoh, K. ltoh and A. Fukuyama, Modelling of ELMs and
Dynamic Responses of the H-Mode ; Sep. 1992

K. ltoh, S.-L. ltoh, A. Fukuyama, H. Sanuki, K. Ichiguchi and
J. Todoroki, Improved Models of g -Limit, Anomalous Transport
and Radial Electric Field with Loss Cone Loss in Heliotron /

Torsatron ; Sep. 1992

N. Ohyabu, K. Yamazaki, |. Katanuma, H. Ji, T. Watanabe,

K. Watanabe, H. Akao, K. Akaishi, T. Cno, H. Kaneko, T. Kawamura,
Y. Kubota, N. Noda, A. Sagara, O. Motojima, M. Fujiwara and

A. liyoshi, Design Study of LHD Helical Divertor and High
Temperature Divertor Plasma Operation ; Sep. 1992

H. Sanuki, K. ltoh and S.-1. itoh, Selfconsistent Analysis of Radial
Electric Field and Fast Ion Losses in CHS Torsatron | Heliotron ;
Sep. 1992

K. Toi, S. Morita, K. Kawahata, K. Ida, T. Watari, R. Kumazawa,

A. Ando, Y. Oka, K. Ohkubo, Y. Hamada, K. Adati, R. Akiyama,

S. Hidekuma, S. Hirokura, O. Kaneko, T. Kawamoto, Y. Kawasumi,
M. Kojima, T. Kuroda, K. Masai, K. Narihara, Y. Ogawa, S. Okajima,
M. Sakamoto, M. Sasao, K. Sato, K. N. Sato, T. Seki, F. Shimpo,

S. Tanahashi, Y. Taniguchi, T. Tsuzuki, New Features of L-H
Transition in Limiter H-Modes of JIPP T-11U ; Sep. 1992

H. Momota, Y. Tomita, A. Ishida, Y. Kohzaki, M. Ohnishi, S. Ohi,

Y. Nakao and M. Nishikawa, D-3 He Fueled FRC Reactor "Artemis-L"
; Sep. 1992

T. Watari, R. Kumazawa, T. Seki, Y. Yasaka, A. Ando, Y. Oka,

0. Kaneko, K. Adati, R. Akiyama, Y. Hamada, S. Hidekuma,

S. Hirokura, K. Ida, K. Kawahata, T. Kawamoto, Y. Kawasumi,

S. Kitagawa, M. Kojima, T. Kuroda, K. Masai, S. Morita, K. Narihara,
Y. Ogawa, K. Ohkubo, S. Okajima, T. Ozaki, M. Sakamoto, M. Sasao,

K. Sato, K. N. Sato, F. Shimpo, H. Takahashi, S. Tanahasi,

Y. Taniguchi, K. Toi, T. Tsuzuki and M. Ono, The New Features of
lon Bernstein Wave Heating in JIPP T-1IU Tokamak; Sep, 1992

K. ltoh, H. Sanuki and S.-l. ltoh, Effect of Alpha Particles on Radial
Electric Field Structure in Torsatron | Heliotron Reactor; Sep. 1992

S. Morimoto, M. Sato, H. Yamada, H. Ji, S. Okamura, S. Kubo,

O. Motojima, M. Murakami, T. C. Jemigan, T. S. Bigelow,

A. C.England, R. S. ister, J. F. Lyon, C. H. Ma, D. A. Rasmussen,

C. R. Schaich, J. B. Wilgen and J. L. Yarber, Long Pulse Discharges
Sustained by Second Harmonic Electron Cyclotron Heating Using a
35GHz Gyrotron in the Advanced Toroidal Facility; Sep. 1992




