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Physics of the formation and termination of High ion temperature mode (high T-
mode) are studied by controlling density profiles and radial electric field. High ion
temperature mode is observed for neutral beam heated plasmas in Heliotron/torsatron
plasmas (Heliotron-E). This high T= mode plasma is characterized by a peaked ion
temperature profile and is associated with a peaked electron density profile produced
by neutral beam fueling with low wall recycling. This high T- mode is terminated by
flattening the electron density caused by either gas puffing or second harmonic ECH
(core density "pump-out").

1. Introduction

Improved confinement modes, H-mode, high T- mode, and reheat mode have been observed
in Heliotron/torsatrons and in stellarators as well as in tokamaksfl]. There are similarities between the
high T- mode in Heliotron/torsatron and super shots in TFTR [2], hot ion modes in JET and in JT-60
[3,4]. These improved confinement modes are characterized as high ion temperature (low ion thermal
diffusivity) and peaked density profiles, although the electron transport has no significant
improvement. The causality between density peaking and improvement of ion transport (ion thermal
barrier) is studied in Heliotron-E high Tj mode discharges.

Heliotron-E is an axially asymmetric heliotron/torsatron with 1=2 , m=19, major radius
R=2.2m, minor radius a = 0.2m, magnetic field B=1.9T, NBI power < 3MW [5]. The time evolution
of ion temperature profiles are measured with multi-chord charge exchange spectroscopy (TVCXS)
with 40 spatial channels and with a 16.7ms time resolution using a charge exchange recombination
line of fully stripped carbon [6]. Fast changes in the central ion temperature are measured with a
center chord neutral particle analyzer (NPA) with a time resolution of 2 ms. The density peakedness is
estimated with 7-chord FIR interferometer [7]. Time evolution of the central electron temperature is
measured with electron cyclotron emission(ECE), while the radial profile of electron temperature is
measured with Thomson scattering.

2. High Tj mode discharge

As expected from a density dependence of energy confinement time of Xg °= ne " in
heliotron/torsatron devices, temperature has a weak dependence on plasma density in L-mode. No
dependence of ion temperature on electron density in the plateau regime has been reported[8].
Therefore when the electron density increases in time with gas puffing, the ion temperature stays
almost constant or decreases gradually in the L-mode discharges. However, when the gas puff is
turned off after the neutral beam injection with low wall recycling due to boron coating, both central
electron density, ng(0), and central ion temperature, T-(0), increase in time and the central ion
temperature reaches almost two times higher than that in the L mode discharges with similar central
electron density as seen in Fig. l(a). These discharges are characterized by a peaked ion temperature

— 9 —



profile and are associated with a peaked electron density profile produced by neutral beam fueling
with low wall recycling, which is called the high T- mode[9]. As seen in the ion temperature profile in
Fig. l(b), there is no localized thermal barrier observed in the high T- mode. The formation of the
thermal barrier in high T{ mode is considered to be gradual in time and broad in space, since the
increase of central ion temperature is 30 - 40 ms and much longer than the global energy confinement
time (6ms in L mode and 9ms in the high T- mode plasma).
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Fig. 1 (a) Time evolution of central ion temperature and (b) radial profile of ion temperature at t = 390
ms for the high T- mode and L mode discharge in the Helk>tron-E. The values of central
electron density are illustrated in Fig.(a) in the unit of 10 *~m

3. Termination of high Tj mode by adding the second harmonic ECH pulse

Second harmonic ECH has particle "pump-out" in the core region and makes the density
profiles flat [10]. When the 2nd-ECH is applied to a plasma with peaked density profile, both the
density peakedness and central ion temperature decrease, although the total heating power by NBI
plus ECH is increased. As seen in Fig. 2(a), the central electron temperature increases in a time scale
on the order of energy confinement time ( - 6 - 9 ms) while the central ion temperature starts to
decrease slowly in the time scale of more than 40ms, when the 2nd-ECH pulse is turned on in the
high Tj mode discharge. The time scale for the recovery of central ion temperature after the ECH
pulse is turned off has a similar value.
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Fig.2 Time evolution of (a) electron temperature near plasma center (r=2.3cm) measured with ECE
and (b) the ion temperature measured with neutral particle analyzer (NPA) for the high T- mode
discharge (no ECH pulse) and the discharges with 2nd harmonic ECH pulse for t = 340-
360ms, 360-400ms, and 380-420ms in the Heliotron-E.
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As shown in Fig. 3, the drop of ion temperature due to the 2nd harmonic ECH is observed in
the plasma core (p < 0.6) , where significant increase of the electron temperature is observed. Since
both the NB heating power to ions and energy flow from electrons to ions increase by adding 2nd
harmonic ECH, the drop of ion temperature should be due to the enhancement of ion thermal
diffusivity, Xj- As seen in Fig.3(c), the change in the ion thermal diffusivity, %[ a t the formation of
high T- mode and termination of high Tj mode (high Tj + 2nd ECH) is mainly at the plasma core of p
< 0.6. when the 2nd harmonic ECH terminates the thermal barrier by degrading the density peaking,
the central ion thermal diffusivity at p = 0.1 is enhanced from ~ 0.5 m2/s to ~ 10 m2/s, which value
is even higher than that in L- mode discharges (~ 2 m2/s).
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Fig.3 Radial profiles of (a) ion temperature, (b) electron temperature, and (c) ion thermal diffusivity
for high T: mode discharge (t = 375ms) and the high T: + 2nd ECH discharge (t = 390ms)
where the 2nd harmonic ECH is added to the high Tj mode discharge for t = 360 - 400ms. The
radial profile of thermal diffusivity for low density L-mode is also plotted in Fig(c) as a
reference.

4. Causality between electron temperature rise, density peaking and ion temperature
drop

The formation and termination of the high Tj mode described above are associated with the
flattening of the density profile. To study a causal link between the electron temperature rise due to
ECH, increase of density gradient and improvement of ion transport, we measured the time evolution
of the central electron temperature, the density peakedness and the central ion temperature at the onset
of the 2nd-ECH pulse for the high Tj mode discharges, where both the electron density and ion
temperature are peaked.

Figure 4 shows the density peaking factor as a function of the central electron temperature and
the central ion temperature as a function of the density peaking factor. If both the electron temperature
rise and density flattening and the density flattening and drop of central ion temperature take place
simultaneously, this is the case that the 2nd harmonic ECH directly degrades both particle and heat
transport (and particle and heat transport have similar magnitudes), and therefore each time trace
should be on one line. When there is causality between these two parameters, the time trace deforms
to be elongated circularly and the direction of rotation (clockwise or counter clockwise) shows which
is first. Fig.4(a) shows that the increase of electron temperature is first followed by density peaking
and then finally by the drop in the ion temperature. The change of electron temperature is observed
only just after the ECH pulse is turned on (t = 300 - 306 ms), the density peaking and ion temperature
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drop take 18ms and 40ms (or more), respectively. Similar characteristics are observed more clearly
after the 2nd ECH is turned off. At t = 410ms, the electron temperature already has gone back to the
level before the ECH pulse, the density profile stays flat and ion temperature still keep decreasing.
The recovery of the density peaking and ion temperature are observed with time delays of 10ms and
20 ms, respectively. These observations support the hypothesis that the increase of electron
temperature causes the density flattening and the flattening of density profiles causes the drop in ion
temperature and the enhancement of the ion thermal diffusivity. The large ion thermal diffusivity for
the discharges with a 2nd ECH pulse [see Fig.3(c)] is also explained by this mechanism.
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Fig.4 Time evolution of (a) peaking factor of electron density profiles as a function of central
electron temperature and (b) central ion temperature as a function of peaking factor of electron
density profiles for the discharge with 2nd harmonic ECH pulse for t = 360-400ms in the
Heliotron-E.

The important effect of density peaking is its enhancement of the radial electric field shear,
because the bulk rotation tends to remain constant [11]. Since radial electric field measurements with
charge exchange spectroscopy have a relatively poor time resolution of 17ms, it is difficult to study
the causality link between the formation of radial electric field shear and improvement of ion thermal
transport. However, the radial electric field shear is observed in the steady state phase of high Tj
mode, while there is no radial electric field shear observed in L mode [9]. Therefore the flattening of
density profiles after 2nd ECH is turned on imply the disappearance of radial electric field which
contributes to the ion transport improvement in the high T- mode phase. The authors acknowledge
technical support by the Heliotron-E, ECH, NBI, and machine operation groups. The authors
acknowledge useful discussion with Dr.B.J.Peterson.
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