Collisionality Dependence of Electron Energy Confinement
in the Mantle Region of Plasmas
with the Electron Internal Transport Barrier
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A working hypothesis that good confinement will be maintained even in high-density and/or high-
collisionality plasmas around the density limit, as long as the central heating is applied, has been examined
in the plasma experiment using electron cycrotron heating in LHD. As a result, this hypothesis has been
proven. A weak negative collisionality dependence was also recognized. These are favorable for the helical
fusion reactor that will be operated with the low collisionality plasma near the density limit sustained by the
alpha heating intrinsically peaked on the plasma center.

1. Introduction

In magnetic plasma confinement experiments,
regardless of tokamak or helical, degradation of
the energy confinement time near the density limit
has been often observed. It is also the case in the
Large Helical Device (LHD). However, it has been
pointed out in LHD that this confinement
degradation is presumably due to the shallow
penetration of heating beams in high-density
plasmas [1]. In LHD, the main heating is the neutral
beam injection (NBI), of which the injection
direction is tangential to the plasma torus. In spite of
the high beam energy reaching ~180 keV of the
LHD-NBI, the heating profile becomes hollow at
high-density of the order of 10* m™. Then, the
energy confinement time compared with the gyro-
Bohm scaling becomes degraded. The energy
confinement in helical plasmas including LHD
shows the gyro-Bohm type parameter dependence as
summarized in the International Stellarator/heliotron
Scaling 1995 (ISS95) and 2004 (ISS04) [2]. Then, a
working hypothesis emerges; “As long as the central
heating is applied, good confinement will be
maintained even in high-density plasmas”.

To examine this, the plasma experiment using
Electron Cyclotron Heating (ECH) has been carried
out in LHD.

2. Energy Confinement in ECH Plasmas
It is possible to realize central heating in the

plasma near the density limit, by setting the ECH
cutoff density much higher than the density limit. In
LHD, the density limit is reached when the electron
density around the plasma edge exceeds a value
predicted by a semi-empirical scaling called the
Sudo limit, 5", given by #.°"% (10" m3) =2.5 (P
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Fig. 1. Radial profiles of (a) ne, (b) T, (¢) 5, and (d) Pe,
att~1.50s (P ~2MW, nS'%° ~5x 10 m>) and t ~ 5.0
s (P~0.3 MW, nS'% ~ 2 x 10" m3) in an ECH discharge.



B/ (a* R))"?, where P, B, a, and R are the heating
power in MW, the magnetic field strength in T, the
plasma minor radius in m, and the plasma major
radius in m, respectively. In this study, this
requirement has been realized using 154 GHz — 0.3
MW 2™ harmonic X-mode heating at B = 2.75 T.
Then, 15" is ~2 x 10" m™. This is much lower than
the cutoff density of ~1.5 x 10*° m™ of the 154 GHz
ECH. When the ECH focused on the plasma center
is applied in LHD, the so-called electron Internal
Transport Barrier (e-ITB) is formed and the electron
temperature profile becomes sharply peaked. In
other words, observation of a strongly peaked
electron temperature profile with the e-ITB can be
clear evidence of the central heating by ECH.

In the experiment, the plasma was generated by
ECH of ~2 MW in total. Then the heating power was
reduced to ~0.3 MW. In Fig. 1, typical radial profiles
of (a) the electron density, n.(p), (b) the electron
temperature, 7Tc(p), (c) the plasma beta, Ap) =
(ne(p)Te(p))/(B*/(2u0)), and (d) the gyro-Bohm
normalized electron pressure, po(p) = 1.6n.(0)T(p)
/(P**B"*ne(p)*®) with P ~2 MW (¢~ 1.50 s) and P ~
0.3 MW (¢ ~ 5.0 s) are shown. In both cases, T«(p),
BAp), and p.(p) are sharply peaked at the center. In
LHD, the typical shape of p.(p) is parabolic and can
be fitted by zero-order Bessel function, as shown in
Fig. 1(d). In the center region of p < 0.3, pe(p) is
larger than the broken curve denoting the Bessel
function, anJo(2.4p/ ), fitted to Pe(p) at 0.6 < p <
1.0. This means that the energy confinement in the
central region is improved compared with the typical
plasmas following the gyro-Bohm scaling. The thick
curve in Fig. 1(a) denotes a fitting function of [re/(1
— )[(1 - (plaa)*) — oa(1 — (p/an)?)], fitted to ne(p)
at 0.6 < p < 1.0. The broken curve for 7.(p) shown
in Fig. 1(b) is then given by P**B“*cpJy(2.4
plon)/[1.6n4p)"*]. As seen in the figure, this does
not include the sharply peaked temperature in the
core region. Hereinafter, the central value of the
fitting curve for 7.(p) is treated as the central
electron temperature without e-ITB, Tco wio c-ITB-

From top to bottom in Fig. 2, shown are (a) peq
(= P.(0)) and o0, (b) the kinetic energy confinement
time normalized by ISS95, 75"/ 75%%, or by 1SS04,
7"/ 7559 (d) the central electron temperature, T,
and the ion temperature measured by the Doppler
broadening of ArXVII, TV and Te wio e1Tn,
respectively. The abscissa is the collisionality
defined by Vei/(Vew/R) (= VpxX2), where Vei, Ve, Vor,
and ¢ are the electron-ion collision frequency, the
electron thermal speed, the plateau collisionality, and

the rotational transform, respectively. As seen in Figs.
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Fig. 2. Collisionality dependences of (a) P, and o,
(b) 7/ 7515595, gkin/ 715804 and the ratio of the kinetic
electron energy to the diamagnetic plasma energy,
Wekin/WPdia’ (d) TeO, TiArXVVll, and Te 0. wlo_c-ITB-

2(a) and 2(c), the central values of P, and T are
larger than those without e-ITB of oo and Teo wio 118,
respectively, even at high-collisionality including the
cases near the density limit as was shown in Fig. 1 (¢
~ 5.0 s). At the same time, the energy confinement
time is larger than the ISS95 prediction (Fig. 2(b)). It
should be noted that both 7:*"/7:"5%% and 7"/ 7S5
gradualy decreases as the collisionality increases. A
change of collisionality of the two orders of
magnitude leads to a change of a factor ~2 in
confinement. This was already pointed out in [2].
This is a good news for the helical fusion reactor [1]
that will be operated at low collisionality of
(Vei/(Ve,th/R) at p~ 2/3) ~ Vp* 213~ 0.01.

3. Conclusion

As long as the central heating is applied, good
confinement comparable to, or better than the
conventional energy confinement scalings together
with the core confinement improvement with e-ITB
can be maintained even in the plasmas of v, ~ 0.1.

The energy confinement time gradually increases
as the collisionality decreases. This is favorable for
the helical fusion reactor designed at v+ 23 ~ 0.01.
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