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Abstract

The neutralization effect for energetic protons in Large Helical Device (LHD) was estimated from
the high energy neutral flux measured by Natural Diamond Detectors (NDD). The neutral- and partially-
ionized-particle-distributions are calculated with a code for the incoming H®, He transport (Analytical
Calculation of Helium Neutral, ACHEN-Code). The electron density dependence of the effective He*
density at the ICRF resonance region derived from measured neutral flux of high energy particles is well
reproduced by the neutral-transport calculation with the incoming neutral temperature of about 10 eV and
the neutral density at the Last Closed Flux Surface (LCFS) of 107 X n,. The estimated loss rates are
consistent in factors with the saturation level of decaying time of tail temperature after the termination of

the ICRF heating.
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1. Introduction

In Large Helical Device (LHD), high-energy
neutral flux and spectra are measured by Natural
Diamond Detectors (NDD) [1], Si-diods [2], and
conventional Neutral Particle Analyzers (NPA) [3],
during NBI sustained, ICRF sustained, or ICRF assisted
NBI discharges. With a help of a code to calculate H°,
He?® He* distribution (ACHEN-Code) [4], the effective
temperature, 7., of an energetic tail formed by ICRF-
waves is obtained for most of ICRF discharges since the
3" Champaign [5-7]. Comparison of measured effective
perpendicular temperature of ICRF driven H* minority
ions with the classical Stix model indicates that
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perpendicular ions are well confined in the center region
of the LHD. However, deviation from the classical
prediction was observed in the outer region of the
plasma, indicating ripple-induced transport and charge-
exchange-losses [7]. In separate experiments, the
relaxation time (Z4.cay) Of Tofr in decaying phase after
ICRF termination is studied. It is consistent with the
classical prediction when 74, < 0.1sec, but it saturates
at around 0.15-0.2 sec, indicating existence of loss
which has a time constant of this range [6].

Among various loss mechanisms of high-energy
ions in magnetically-confined fusion plasma,
neutralization loss is one of the key processes. This is
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loss of energetic particles that are neutralized through
charge exchange processes with residual neutrals or
partially ionized ions in a plasma. The magnitude of this
contribution is strongly related to their orbits, because
excursion from the magnetic flux surface to outer region
where the neutral density is higher, enhances the
neutralization probability.

In the present work, the neutralization effect has
been studied by analyzing the high energy neutral flux
of a vertical viewing chord measured by NDD during
ICRF-heating experiments. Here the discharge gas is
helium with small amount of H-minority. The measured
neutral flux is compared with that estimated from the
density of protons which are coupled with ICRF, and
neutral and partially-ionized particle density in a core
plasma. The latter is calculated using a code to calculate
H° He® He* distribution (ACHEN-Code). Once the
calculated H°, He®, He* density distributions and source
neutral temperature are verified, it is possible to evaluate
the total neutralization loss.

2. Experimental Setup and Data Analysis

Two sets of NDD of vertical line of sight are used
in the present work [4]. Each detector assemble has a
double slit system, but the geometrical efficiency, 7,
and the viewing area, s are determined by the detector
size (2 mm) and the changeable aperture of 525 mm
apart. The aperture of the center chord, which provides
most of measurement of present study was fixed at 2mm
(ny = 1.53x107, s = 2x10* m?). The details of the
measurement setup are discussed in ref. 1.

A simplified relation [6] of measured neutral flux,
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Fig. 1 ICRF power deposition profiles of 38.47 MHz
(type-5) and of 40.47 MHz (type-6) at B,= 275 T,
R, = 3.6 m are shown by solid lines. Dotted lines
indicate those multiplied by the n,, (z) profile cal-
culated with 7°= 10 eV, and n° = 10°x n,, where

n,=1x10"%cm?.
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Tieas (E) 10 the proton energy distribution function f; (E)
that separates the z-dependent and E-dependent factors,

Thneas (E) = Ny 5 8(E) fy(E) [ny(2) npen(z) dz. (1)

has been used for the analysis. Here z is a vertical coor-
dinate along the viewing line. In the present study, we
consider H°, He?, and He", as particles resposible for the
neutralization, but the contribution of the He* is most
important, so we use the profile of He* but the energy
dependence of the sum of all contributors. We first cal-
culate the z-dependent factor, n,(z) nye.(z),and integrate
along the line of sight, by using the calculated He* pro-
file (ng..(z)) and the ICRF power deposition profile nor-
malized in to 14 % proton density(n,(z)), because the
comparison of measured effective perpendicular tem-
perature with the classical Stix model indicates that 14
% of total protons resonate to the ICRF waves [8]. The
Nues(2) profile depends on the neutral temperature 7°,
across LCFS and its density n°. These parameters are
discussed in the next section. Examples of z-dependence
are shown in Fig. 1. The velocity (energy) dependent
factor g(E) is neutralization efficiency and is summation
of contributions from all possible atoms/ions (denoted as
i), that can transfer one electron to a proton.

g(E) = Zi <O'v>g 1 (ZR)/Myer (2R) - 2)

We consider only H°, He®, and He*, because the im-
purity concentration is low in LHD. Here zy is a repre-
sentative point through the viewing line, such as the
resonance point of the ICRF wave. Finally the derived
proton spectrum, f,, (E} is fit into an exponential line,

fo (E)AE = v dvy [(m/2_)"(T,)"?

exp{—((mv /2)/ T)}], (3)
assuming that the parallel velocity distribution is that of
thermal ions.

3. The Incoming Neutral Temperature and
the Neutral Density

In the procedure to derive the effective
perpendicular temperature 7, the calculated He* profile
(nue. (z)) is assumed. However this calculation contains
two free parameters, the neutral temperature TO,
incoming across LCFS and its density n°. The electron
desity dependence of ny,, at certain radius inside the
plasma core is determined by T°, while the overall
absolute value is affected by n°. Some examples of time
traces of ICRF sustained discharges of LHD at B, = 2.64
T, R, = 3.75 m, are shown in Fig. 2, together with those
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Fig. 2 Time traces of ICRF sustained discharges (#24045, 24051, 24069) of LHD at B, = 2.64 T, R, = 3.75 m, together with
those of T,, and measured neutral flux @. The minority concentration is kept nearly constant (7%) while the elec-
tron density varies from 0.3 x 10%3/cm? (#24069), 1 x 10"%/cm? (#24051) to 2 x 10"%/cm? (#24045), and T, are changing
accordingly. Note that the neutral beams are injected after t=2 sec, and short but strong gas puffing at 1.5 sec on

#24045.
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Fig. 3 The electron density dependence of n.,, (z) esti-
mated from ® upon n, (symboils). The lines are
those calculated at p = 0.5, where the ICRF reso-
nance surface exists. Good agreement is obtained
by the neutral-transport calculation with 7° = 10
eV and n(neutral)/n,=4 x 10*.

of T, and measured neutral flux @, which is the
measured proton spectra integrated over E, defined by

(42)
(4b)

@ = [Tyus (E)/2(E) dE
~ 1y 5 [1y(2) nues (2) dz.

As the electron density varies from 2 x 10'%*/cm?
(#24045), 1 x 10%/cm?® (#24051) to 0.3 x 10%/cm®
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(#24069), both T, and @ are increasing. The dependence
of He* density estimated from @ upon n, (Fig. 3) is
compared with the calculated ng,, (z) at p = 0.5, where
the ICRF resonance surface exists, for three cases of 79,
(30 eV, 10 eV, 1 eV). As the T°is diminished, the at-
tenuation of neutrals become severe, and the He* density
decreases. Good agreement is obtained for 7° = 10 eV.
The absolute value of ny., (z) and hence n° can be
obtained from ® by normalizing it with 1, s / 1p(2) Aies
(z)dz calculated for each T9, thus obtained. In the
present case, the n® of 0.4 X 10 n,, obtained with 7%=
10 eV is consistent with the measured density depen-
dence .

4. Neutralization Loss and Conclusion
High-energy neutral particles detected are actually
particles lost from the plasma, and directly related to the
neutralization loss. The local information on the
neutralization loss and its energy dependence can be
estimated by using the 7° and n° derived from the
comparison of the density dependence and absolute
neutral flux with the calculation. Using these parameters
obtained in the analysis described in the previous
section (with 7%= 10 eV, n° = 0.4 x 107 n,), and the
neutralization loss profiles are estimated as in Fig. 4.
Here, we used the effective neutralization probability of
g(E) as defined in eq. (2), including three charge
exchange rates. A short neutralization time causes large
neutralization loss. Figure 4 indicates that the neutraliza-
tion loss is not negligible when the density is less than
103/cm? in the peripheral region (p > 0.7), especially
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Fig. 4 The neutralization loss time estimated at the elec-
tron density of 0.5 x 10¥/cm3, 1 x 10%/cm®and 3 x
10%/cm?® of helium plasma for energetic protons of
50 keV, 100 keV, and 200 keV, when n{neutral)/n,=
4x10% and T° =10 eV.
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for ions in the energy about 50 keV. When the electron
density is 1 x 10'*/cm?, the characteristic neutralization
time at the ICRF resonance region (0.4 < p < 0.7) is
40 - 200 ms, which is consistent with the saturation
level of decaying time (150 - 200 ms) of tail
temperature after the ICRF termination [6], indicating
that the neutralization is one of the dominant loss
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processes. However, the present calculation shows that
particles of energy higher than 100 keV have longer
confinement time, while the saturation in the Stix
diagram shows the faster loss for higher-energy
particles.

In this study, the orbit effect that the excursion of
high-energy particle orbit from the magnetic flux
surface is not considered. Actually this effect is strongly
coupled to the neutralization loss, and affects more for
higher energy particles. The study on the combined
effect of orbit excursion and neutralization is now in
progress.
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