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Abstract

A high ion temperature mode (high T; mode) is observed for neutral beam heated plasmas in the Compact
Helical System (CHS) Heliotron/torsatron. The high T, mode plasma is characterized by a high central ion temperature,
T:(0), and is associated with a peaked electron density profile produced by neutral beam fueling with low wall recycling.
Transition from L mode to high T; mode has been studied in CHS. The central 10n temperature in the high T; mode
discharges reaches to 1 keV which is 2.5 times higher than that 1n the L mode discharges. The ion thermal diffusivity is
significantly reduced by a factor of more than 2 - 3 in the high T, mode plasma. The ion loss cone is observed in
neutral particle flux in the energy range of 1 - 6 keV with a narrow range of pitch angle (90 + 10 degree) in the high T;
mode. However, the degradation of ion energy confinement due to this loss cone is negligible.

1 INTRODUCTION

The high ion temperature (T;) mode plasma is one of the improved modes in in
Heliotron/torsatron and in stellarator[1,2]. It has many similar characteristics to that observed in super
shots in TFTR [3], hot ion modes in JET and in JT-60 {4,5]. The high T; mode is characterized by a
high central ion temperature and low central ion thermal diffusivity, associated with a peaked electron
density profile produced by neutral beam (NB) fueling with low wall recycling. Recently, similar
high T; mode discharges have been observed for neutral beam heated plasmas by turning off the gas
puff at the onset of neutral beam in Heliotron-E devices[6,7]. In this paper, the characteristics of high
T; mode plasmas in CHS are described. The electron density and its profiles are measured with
scanning 3 chord FIR interferometer, 24 points, YAG Thomson scattering, while the ion temperature
and its profiles are measured with 30 point charge exchange spectroscopy (CXS) using fully stripped
carbon[8]. The radial electric field profiles are derived from plasma potential profiles measured with
Heavy Ion Beam Probe (HIBP)[9] and the poloidal rotation velocity profile and carbon pressure
profile measured with CXS.

2 CHARACTERISTICS OF L MODE AND HIGH T; MODE DISCHARGES
2-1 lon temperature in the L. mode and high T; mode plasmas

Electron cyclotron resonance heating (ECH) pulse is used to produce a target plasma and a
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neutral beam (NB}) is injected for t = 40 -140ms. The helical magnetic field is 1.76T and magnetic
axis is at 92.1cm, with an averaged minor radius of 17cm. The high T, mode is obtained at low
density with titanium gettering and with no gas puff during neutral beam injection (NBI). When the
electron density increases in time with gas puffing, the ion temperature stays almost constant in time
in the L-mode discharges. However, when there is no gas puff during the neutral beam injection,
both n,(0) and Ti(O) increase in time and the value of T;(0) reaches 0.7-0.8 keV att = 70ms then
gradually decays in time as the electron density increases. As in seen in Fig. 1, the absolute value of
the central electron density, n,(0), in the high T, mode is similar to that in the early phase of L mode
discharges. For example, n(0) at t = 70ms in the L. mode discharge is almost identical to n 0 att=
82ms in the high T, mode discharge. On the other hand, clear differences in the n o profiles are
observed between the high T, mode and L mode discharges. In the high T; mode discharge, the
electron density profile is peaked ( n/<n,>= 1.5 ~ 2.0 ), while it is less peaked ( n/<n,>=1.0 ~
1.5) in the 1. mode. As shown in Fig. 2, the ion temperatures in the high T; mode discharges are
higher than that in the L. mode discharges in any time slices. The increase of ion temperature in the
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Fig.1 Time evolution of central electron density and density peaking factor n. /<>, where <n,>is
the volume averaged density, for the L mode and high T; mode discharges in CHS. Gas puff is
turned off at 40 ms for the high T; mode discharge, while there is continuous gas puffing for
the L. mode discharge. Arrows indicate the timing of T; measurements with CXS.
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Fig.2 Radial profiles of ion temperature for L mode and high T; mode discharges at the timing
indicated by arrows in Fig.1. The plasma minor radius on the mid plane is 13cm.
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high T, mode discharges is observed in the whole plasma and in the whole duration of discharge.
These data clearly show that the higher ion temperature in the high T; mode is not due to the low
electron density alone. For example, the ion temperature at 90ms in the high T, mode discharge is
significantly higher than that at t = 70ms in the L mode discharges, although the the electron density
in the high T; mode discharges is even slightly higher than in the L mode discharges at these time
slices.

2-2 Ton heat transport in the high T; mode plasma

One of the characteristic of high T, mode is an ion temperature is as high as or even higher
than the electron temperature, although the two third of the neutral beam power is deposited to the
electrons. Figure 3 shows the central ion and electron temperature as a function of central electron
density. Since electron density increases in time, the temperature peak appears 20 - 30 ms after the
onset of NBI [t = 70ms in Ti(O) and 60ms in Te(O)]. It should be noted that there 1s almost no
difference in Te(()) between L mode and high Ti mode discharges. The peaks of Ti(O) are clear only in
the high Ti mode discharges,and there is no peak of Ti(O) in the L mode discharges, (the Ti(O) 1s
almost constant in time and does not show any density dependence). The existence of T;(0) peaks 1s
considered to be due to the strong density dependence of T,(0) in the high T; mode discharges. The
sharp increase in the low density regime is due to the increase of deposition power (decrease of shine
through and slowing down time), while the gradual decrease in the higher electron densityresults
from the density dependence of transport and the sharp drop afterwards indicates the back transition
from the high T; mode to the L mode. The peak of T;(0) increases up to 1 keV as the electron density
is decreased to 1 2 x 10 %m3 (at t = 70ms) by intensive titaniurn gettering with a slightly higher
magnetic field of 1.86T. The transport analysis has been done for the T; profiles at t = 90ms in the
high T, mode discharge and in the L mode discharge as indicated with arrows in the Fig.3(a). The ion
thermal diffusivity, x; , is significantly reduced in whole the plasma region and the reduction of ; at
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Fig.3 (a) The central ion and electron temperature in the L mode and the high T; mode discharges
with B = 1.76T and the central ion temperature in the high T, mode discharges with B = 1.86T
(also more intensive titanium gettering) as a function of central electron density and (b) radial
profiles of ion thermal diffusivity in the L mode and high T, mode discharges. Dashed line
stands for the thermal diffusivity expected from neoclassical (NC) theory.
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the plasma core is a factor of two to three, while there is no reduction of the electron thermal
diffusivity observed in the high T; mode plasmas. However, the measured X 1s still higher than that
expected from neoclassical theory except for the plasma center (p < 0.1) even in the high T, mode
discharges. The most region of the plasma (p > 0.1) is still dominated by the anomalous transport.

2-3. Operation regime for the high T; mode

Fig.4(a) shows ion temperature as a function of central electron density for various levels of
gas puff att="70, 90, 110ms. At the low density regime (t = 70 and 90 ms), there are sharp changes
of T(0) at n (0) =1.4x 101m™3 (t = 70ms) and n (0) = 2.2x10!%m3 (= 90ms) , which indicates
the transition from L mode to high T; mode. The density peaking factors in the high T, mode are 1.5
{t="70ms) and 1.8 (t = 90ms). However, there is no sharp change (transition to the high T, mode
discharge) observed at t = 110ms because the electron density exceeds the upper limit for the high T;
mode. The high T; mode is observed at only low density plasma and the upper limit of the electron
density for the high T, mode increases as the peaking factor of electron density is increased. The
dependence of critical ne(0) on the peaking factor is more clearly seen in Fig.4(b) which shows the
operation regime of high T; mode discharges. T, at the boundary between the high T; mode and L
mode is roughly 0.5 keV as seen in Fig4(a). The discharges with an ion temperature higher than 0.5
keV (high Ti mode plasma) are restricted to the lower ne(O) and higher ne(0)/<ne>. There is a
minimumn n,(0) for the high T; mode discharges. This is mainly due to the lack of enough beam
deposition and fueling at the very low density. The transition from L mode to high T, mode is
observed in the range of central electron density of 1 x 10%m73 103 x 101%m™ and the upper Limit
of the volume averaged electron density increases as the central electron density is increased.

2-4. Dependence of T;(0) on NBI power and magnetic field strength
The dependencies of ion temperature on NBI power and magnetic field are studied in the high

T, mode discharges. As seen in Fig.5, the central ion temperature increases as the input power of
NBI is increased. The T;(0) in the high T, mode plasmas increases gradually above the NB power of
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Fig.4 (a) Central ion temperature as a function of central electron density and (b) operation regime of
high T; mode discharges. The values of peaking factor n(0)<n > are also plotted in Fig.4(a).
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Fig.5 Central ion and electron temperatures as a function of (a) NBI heating power and (b) magnetic
field strength in the high T, mode plasmas The solid lines stand for the fitting curve for the data
above 0.35MW.

0.35MW as p0-25. However, T,(0) shows a sharp drop when the NBI power decreases below
0.35MW. This is because the density profile becomes less peaked due to the additional gas puff to
keep the electron density constant in this power scan as the NBI power decreases. The central ion
temperature increases up to 1.0 - 1.1 keV as the magnetic field is increased up to the maximum
{1.86T). It is noted that the central ion temperature is sensitive to wall conditions and the difference
in T;(0) for between 1.76T and 1.86T is not due to the change of magnetic field but due to the wall
conditions. Therefore the B dependence was measured with same wall conditions in a day. The
strong B dependence of Ti(O) in the high Ti mode is observed. The Ti(O) increases as B1 -3 , while
T,(0) increase as B -3 This strong B dependence can be explained by the fact that befter particle
confinement in higher magnetic field contributes to peaked density and results in more improvement
of ion heat transport in additjon to the linear B dependence of y; which is observed in L mode.

3. LOSS CONE AND RADIAL ELECTRIC FIELD IN THE T; MODE PLASMAS
3-1 Neutral particle flux energy spectra

Because of helical ripple, there is a loss cone for fast ions with energies of a few to ten times
of that of the bulk ions. The loss cone is predicted to extend to the plasma core for negative radial
electric field (negative potential), while it is expected to be localized near the plasma edge for positive
potential{2]. Both in the L mode and high T, mode discharges, the loss cone exists and appears as a
dip in the neutral particle energy spectra measured with neutral particle analyzer (NPA) observed
perpendicular to the magnetic field (viewing angle of 12 degree) , as seen in Fig.6. The dip is more
significant in the high T; mode discharge, where the ion temperature is high. The dip becomes smaller
and finally disappears when the viewing angle is tilted by up to 16 degree from the perpendicular
direction. Therefore only the ions with the pitch angle of 90 £ 10 degree and with the energy of 1.5
keV [=2T;(0}] escapes from the plasma due to the loss cone. The dip in the perpendicular energy
spectra disappears when the radial electric field becomes positive with additional ECH [Fig. 6(b) and
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Fig. 6(c)]. It is noted that the ion temperature measured with CXS, indicated as a slope in Fig. 6(a)
and Fig. 6(b) , does not increase when the loss cone disappears. During ECH, the ion heating
efficiency of NBI is expected to improve since a higher fraction of energy deposition to ions results
from the higher electron temperature and the disappearance of loss cone in the energy range of 1 - 6
keV. However, no increase of ion temperature with ECH is observed as shown in Fig.6(c). This is
because NB is injected parallel to the magnetic field (tangential injection) and the bulk plasma is
heated by the slowing down of transit fast ions whose pitch angle are small enough, and loss cone in
the narrow range of pitch angle (90 £20 degree) does not affect the slowing dawn process of injected
beam. The loss cone will be important for buik ions even in the narrow range of pitch angle. This
loss cone causes ion particle loss within the energy range of 1 - 6 keV. However, no change of ion
temperature with and without loss cone suggests that the energy loss due to this loss cone loss is
smaller than the energy loss due to ion anomalous heat transport. The loss cone loss exists in the
plasma but it does not cause a degradation of ion confinement at least for the parameter range in CHS.
These experiments suggest the improvement of heat transport of bulk ions is more important than the
control of Joss cone in optimization of the E_ profile.
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Fig.6 Neutral particle energy spectra for (a) the high T; mode plasma with viewing angles of 12 20
and 28 degree and for (b) NBI (high Ti mode) and NBI + ECH heated plasmas. The solid and
dashed lines are the slopes of energy spectra for the ion temperature measured with CXS in the
NBI and NBI + ECH plasmas, respectively. Radial profiles of (c) radial electric field and (d)
ion temperature for NBI (high T, mode) and NBI + ECH heated plasmas.
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3-2. Radial electric field m the L mode and high T; mode plasmas

The radial electric field profiles can be derived from plasma potential profiles measured with
HIBP and the poloidal rotation velocity profile and carbon pressure profile measured with CXS. The
radial electric field measured with HIBP and CXS agree with each other as seen in Fig. 7(a).
However, the agreement has not been checked in the wide range of plasma parameter. This is because
the measurements of radial electric field with HIBP are restricted only to low density and a low
magnetic field of 0.88T due to the limitation of beam energy and current, while the measurements of
CXS require a relatively high density plasma to obtain enough charge exchange emissions. Therefore
the central electron density and magnetic field in which both HIBP and CXS measurements are
available, is 1 - 2 x 101%m™> and 0.88T, respectively.

The radial electric field depends on electron density and magnetic field. The radial electric field
becomes more negative as the electron density is increased and magnetic field is increased. The radial
electric field profiles are measured for L mode and high T, mode discharges to study the effect of E.
on ion transport. The radial electric field becomes more negative in the high T, mode than that in the L
mode as shown in Fig. 7(a). Although the improvement of ion transpost in high T; mode with low
magnetic field (0.88T) is not as good as that with high field(1.76T), the high Ti mode discharges
with low magnetic field are also studied to make the HIBP measurements available. Figure 7(b)
shows central ion temperature as a function of central electron density for L mode and high T; mode
discharges. In the high T, mode discharge, the jump of ion temperature after the gas puff is turned off
at t = 70ms shows the transition from L mode to high T; mode. Figure 7(c) shows the radial electric
field profiles measured with HIBP before (t=65ms) and after (t=90ms) the L to high T; mode
transition in the low magnetic field. After the transition the radial electric field becomes more negative
than that in the L mode phase.

0-5_- L LA S AL B R SR I» T T T T [ —

E 0.88T (b) - 0.88 T ©
0.4:— hich T 9OIT13 ~£ 0: ]
£ 9 | So.30 SRl :
200 \.oLmode:f*-; - Lmode; > o o]
=10F WNL76 T S0.2F 1 -2k ;
ol O 1 1 = P ;
C e Y r 5 i ] T t=90ms ** ]
150 : & O o gas pull 4 3[{High T phase ]
: high T mode . ; 0.1_ 50 ms fumned off (e  Phase) ]
20 13?{3;{'!3. 0:....|....|.,..|....1....: _4: T T T T
0 02 04 06 08 1 0.0 05 1.0 15 2.0 25 0 02 04 06 08 1

P n (0} (10" °m-) P

Fig.7 (a) Radial electric field for the L. mode and high T; mode with the magnetic field of 0.88T
and1.76T. The solid lines stand for the radial electric field measured with HIBP, while the
dashed lines stand for that measured with CXS (b) the central 1on temperature as a function of
central electron density for L mode and high Ti mode discharges with 0.88T, and (c) radial
electric field before and after [t=65ms and 90ms as indicated with arrows in Fig7(b) ] the
transition from L mode to high T; mode with the magnetic field of 0.88T.



4. Discussion

The high T; mode discharges are characterized with peaked density profile, high ion
temperature (1keV), the reduction in ¥; by a factor of more than 2 - 3 (but no reduction in %, ), and
more negative electric field. High T; mode is observed in the low density [n0)=1-3x 10619111'3]
and low recycling condition with a wide range of magnetic field and heating power. It is an important
issue to investigate what causes the improvement of ion transport (not electron transport) in the high
T; mode discharges. The radial electric field shear is a candidate for explanation of the confinement
improvement in the high T; mode[10]. However, it is open to question whether the radial electric field
and its shear in the high T; mode is enough to suppress fluctuations and reduce anomalous transport.
More study on radial electric field and fluctuations should be done to study the mechanism of
improvement of jon transport in the high T; mode plasmas.

The ion loss cone is observed in the energy range of 1 - 6 keV with the narrow range of pitch
angle (90 £ 20 degree) in the high T, mode. When ECH is applied to the high Ti mode plasma, the
loss cone disappears but there is no increase of ion temperature observed. This observations suggests
the ion loss due to loss cone, which is considered to be a disadvantage in the Heliotron/torsatron
devices, does not affect ion energy confinement as long as the NB is injected tangentially. This is
because the energy loss due to anomalous transport is more dominant than the ion ripple loss due to
loss cone in the energy range of few times of ion temperature This seems consistent with the fact that
the observed y; 1s still much higher than that expected from neoclassical theory. When the anomalous
transport is suppressed to the level of neoclassical transport, the reduction of loss cone by positive
radial electric field will be important. In CHS, where the anomalous transport is dominant, negative
electric field would be favorable in the improvement of ion heat transport.
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