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Three emission lines of neutral helium, i.e., #867.8 nm (2P-3'D), 1728.1 nm (3P-3'S), and1 706.5 nm
(2°P-3FS) lines, are observed with an array of parallel lines-of-sight which covers an entire poloidal cross section
of the plasma in the Large Helical Device (LHD). Their emission locations and intensities are determined from
the Zeeman profiles. The electron temrgiare and dnsity are evaluated from intensity ratios among the observed
emission lines at each emission location and the poloigd#ilution of ionization flux or its equivalent quantity,
inward neutral particle flux, is derived with the help of collisional-radiative model calculations. A relatively strong
neutral flux is observed at the inboard-side X-point ang gsult implies a high particle recycling in the inboard-
sidedivertor region. The result is consistent with the ionxftlistribution onto the helically located divertor plates

measured with Langmuir probes.
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1. Introduction

A passive spectroscopic measurement with a colli-
matedline-of-sight gives a line-integrated radiation inten-
sity at the plasma edge, and it is generallffidult to de-
termine the local structure of the emission location from
such line-integrated data. In magnetically confined fusion
plasmas, however, splittings of emission lines due to the
Zeeman #ect are helpful to determine their emission lo-
cations.

Though a proportionality relationship has been as-
sumed between the line intensity and ionization flux in our
calculations, there really exists a slight dependence on the
electron temperaturg, and electron density, [2]. There-
fore, a measurement of these plasma parameters at each
emission location is desired for a deeper understanding of
the neutral particle behawiin the plasma edge region.

This paper presents our attempt on Thandn, deter-
mination at each emission location which is based on the

We have succeeded in a simultaneous measurement intensity ratio measurement among three emission lines of

of the locdion and intensity of neutral helium emission
lines over an entirpoloidal cross section in the Large He-
lical Device (LHD) with the help of Zeeman splittings [1].
The results indicate that the helium emission region forms
a narow zone just outside the last closed flux surface
(LCFS), and that the radiation intensity is relatively high
in the vicinity of the inboard-side X-point.

Here, a question arises: what is the reason for such a
localized strong radiation? The line emissions measured
here are subject to the ionizing plasma and then its inten-
sity can be a raasure of the ionization flux [2]. Since the
plasma isin a stationary state, the ionization flux is fur-
thermore regarded as the inward atom flux. Therefore, the
result in our previous study suggests an existence of strong
inhomogeneity in the inward atom flux around the LHD
plasma. The two-dimensional distribution measurement of
the neutral flux is an important subject in relation to a re-
cent study which points out an importance of poloidal neu-
tral density variation for the transition to a high confine-
ment mode in tokamaks [3].
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neutral helium [4, 5]. We encounter dlittulty in the anal-
ysis of thed 706.5nm line out of the three lines required
for the parameter determinati: the energy levels related
to thed 706.5nm line belong to the triplét-S coupling
scheme andhe Zeemanfgect is no longer expressed with
alinear function while it is exactly valid for other two lines.
Therefore, we solve the general problem of the Zeeman ef-
fect with the help of perturtieon theory and use the results
for the line profile fittings othe experimental data.

2. Zeeman Effect

For the neasurement ol and ne, intensty ratios
among thel 728.1nm (3P-3S), 1 667.8nm (2P-3D),
and 1 706.5nm (3P-3S) lines are used. The first two
lines have been already founditable for the method of
the emission location determination in Ref. [1]. The
706.5nm line corresponds to the transition between triplet
levels and the line splitting is no longer subject to the nor-
mal Zeeman fect which exhibits the so-called “Lorenz
triplet”. Though the upper state’S purely consists of a
single fine structure level witld = 1, whereJ is the total

© 2007 The Japan Society of Plasma
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Fig. 1 Dependence on the magnetic field strength of the wave-
length shifts for the HeR 706.5 nm line.

angular momentum quantum number, and the level shifts
are proportional to the strength of the magnetic field, the
lower state 3P has three fiie structure levels witd = 0,

1, and 2, and the intrinsic energy level separations between
J = 0 and the thers are as large as the level shifts caused
by the Zeemanféect with a typical magnetic field strength

in LHD (~ 3T). Consequently, the level splittings of the
lower level and accordingly the emission line profile be-
come so complicated that the general problem of the Zee-
man dfect must be solved.

The splittings and relative intensities of emission lines
in a magnetic field are calcukd in accordance with the
perturbation theory. The energy levels are obtained as
eigenvalues of the Hamiltonian which includes a pertur-
bation term due to a magnetic field, and the line intensities
or spontaneous transition grabilities between all pairs of
magnetic sublevels involved in the upper and lower states
are calculated from the wavefunctions which are also ob-
tained as a solution ohe eigenvalue problem.

Figure 1 shows the dependence on the magnetic field
strength of the wavelength shifts and relative intensities
among the split line components for the706.5 nm line.
The brightness represents tredative intensity. Since the
line splittings exhibit a rather complicated structure, the
Lorenz triplet approximation is no longer applicable. This
resultis used in the analysis of observed line profiles as
explained later.

3. Experiment

Emission lines are observed with 40 parallel view-
ing chords which cover an entipoloidal cross section
of the plasma as shown in Fig.2. Each line-of-sight is
set up with a 10@m diameter optical fiber and a colli-
mator lens so that the spatial resolution is about 30 mm.
The collected light is guided into an astigmatism-corrected
Czerny-Turner type spectrometer (McPherson Model 209)
[6] and the chord-resolved spectra are recorded on a CCD
(charge coupled device) detector. The observation system
is absolutely calibrated with a tungsten standard lamp.

The three emission lines required for the parame-
ter determination are respectively measured in a series of
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Fig. 2 Plasma crs section and viewing chords for the present

observation. Emission locations far 667.8 nm deter-
mined in the line profile analysis are also shown. The
symbol size represents the intensity.
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Fig. 3 Tenporal development of a discharge for the present
measurement with principal parameters.

almost identical tree disclarges withR,x = 3.75m and

Bax = 264 T, whereR,4 is the magnetic axis radius and
Bax is the magnetic field strength on the magnetic axis.
The temporal development of the discharge is shown in
Fig. 3 with typical parameters. The spectra are acquired
with a sampling rate of five frames per second, and they
are summed over a stationary phase of the discharges from
t=16sto22s.

4. Resultsand Discussion
4.1 Profileanalysis

Emission locations and intensities of the667.8 nm
line are first determined with the same method as used in
Ref.[1] except that the line width of all the narrow compo-
nents is fixed to the instrumental width and the maximum
number of Lorenz triplet components is limited to two. The
former is jusified by the fact that the line width is pre-
dominated by the instrumemtaidth rather than by other
physical broadening mechanisms. Due to the latter restric-

2



Plasma and Fusion Research: Regular Articles Volume 2, S1053 (2007)

tion such cases that thecomponents are clearly broader the A 728.1 nm line for the same line-of-sight as taken for
than ther-component like Fig. 4 in Ref. [1] are excluded  Fig. 4 (a).
from the analysis. Figure 4 (a) shows an example of the fit- For thed 706.5nm line, the Lorenz triplet profile is
ting results. In this case values of 1.34T and 1.82T are no longer valid as seen in Fig. 1. Instead we calculate the
derived as the field strength. A broad Gaussian component line profile for a given field strength with the method intro-
(~ 14 eV) has a fraction of about 18 % to the total intensity. duced in Sec. 2. The experimtahdata are fitted with the
Similar amount of broad eoponent is found necessary in  superposition of two synthetic profiles and a broad Gaus-
the fitting for most of the measured line profiles. The field siancomponent. The same assumptions as for the case of
strengths determined from the narrow line components are the 728.1 nm line are adopted, i.e, the field strength val-
readily translated intepatial locations on the line-of-sight. ~ ues andthe relative velocities are taken from the fitting re-
Since he total expsure time ¢ 0.6 s) is iorter than sults for thed 667.8nm line, and the amplitude and the
that in the case of Ref. [LM 20 s), the signal count of the ~ width of the broad component are treated as independent
A728.1 nm line is sometimes too small to conduct an inde- parameters.

pendent analysis. Therefore, we assume that (1) the emis- From the line profile fitting for all the lines-of-sight,
sion locatons and thereby the magnetic field strength val- the two-dimensional intensity distributions of the three
ues are the same as those derived fromité67.8 nm line, emission lines are obtained. The result for 4h@67.8 nm,

and that (2) the relative velocities of neutral atoms between for example, is shown in Fig. 2.

the inboard-side and outboard-side groups are the same as

those derived from tha 667.8nm line. Under these as- 4.2 T, and n. evaluation and inward neutral
sumptions, only the amplitudes of the individual Lorenz flux

triplet components are th@dependent parameters in the The values offe andne are evaluated at each emission
fitting of narrow Components_ The amp”tude and width location with the same method as introduced in Ref. [5]
of a broad Gaussian component are also treated as inde- The results are shown in Fig. 5. Here, the abscissa repre-
pendent parameters. Figure 4 (b) shows the fitting result of ~ sents e poloidal angleg, which isdefined as

—1
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Fig. 4 Examples of line profile fitting for the (2)667.8 nm, (b) Fig.5 Te andn, distributions derived from intensity ratios of
A1706.5nm, and (c) 728.1 nm lines of neutral helium. measured neutral helium lines.
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Fig. 6 Distribution of inward atom flux determined from emis-
sion line intensity of thel 667.8 nm line and derived,
andn, values.

When the plasmais in a statiary phase, the neutral atoms
to be bnized must be replenished by the inward atom flux.
Therefore, the ionization flux and the inward atom flux can
bethought to be an equivalent quantity. SinceThelepen-
dence of theScr/e value is smbin the temperature range
derived here [2], the possibility that the poloidal inhomo-
geneityin the line intensity distribution is ascribed to the
temperature variation is denied. TBer/e values for the

A 667.8nm line at respective emission locations are taken
from Ref. [2] and the poloidal distribution of the inward
patticle flux is derived. The result is shown in Fig. 6.

In the vicinity of the inboard-side X-points, the dis-
tribution profile of the atom flux is similar to that of the
emission line intensities as expected from the small varia-
tions of the plasma parameters, while the variation of the
line intensities is compensated hyaround the outboard-
side X-point. The variationfadhe abm flux is consequently
small. The incease in the atom flux at the inboard-side X-
points implies a high particle recycling in the inboard-side
divertor region. The Langmuir probe measurement shows
high ion fluxes onto the inboard-side divertor plates [7].
This result tends to be consistent with the present results.

There are a few studies which predict the poloidal
asymmetry of the neutral density distribution. Boivin et al.
have calculated the density of neutral hydrogen at 5mm
inside the separatrix usingecas2 code for the Alcator
C-Mod tokamak [8]. The highest neutral density appears
at the inboard-side location on the midplane where the
distance between the plasma and the vessel wall is the
shortest, and the density ib@ut one order higher than at

the X-point. The lowest and the highest densities are dif-
ferent by more than three orders. In Alcator C-Mod, the
shortest distance between the plasma and the wall is about
2cm, while that is longer than 20cm in our observation
at the location close to the helical coils. That might be a
reason why we observe no intense radiation at this loca-
tion. However, the distance between the plasma and the
inboard-side wall is about 1 cm [9] at the vertically elon-
gated pasma cross section. The particle recycling could be
locally activated on the inboard-side wall surface and then
the toroidally averagd neutral density would be higher in
the inboard-side region than in the outboard-side region. If
this is true, the higher neutral density at the inboard-side
X-point as compared to that #te outboard-side X-point

in our observation is understandable.

The reliability of the deduced parameters has yet to be
assessed. Owing to the weak signals in the poloidal angle
between 10 degrees and 40 degrees, the errors of the ob-
tained parameters may be large in this region. It is noted for
a reference that the change by a factor of two in the inten-
sity ratio of thed 667.8 nm tal 728.1 nm lines corresponds
to the change ime by about one order. Although a further
detadled investigation is dficult at present, this method
could be a powerful diagnostics tool for the poloidal in-
homogeneity of the neutral particle flux in the plasma edge
region.
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