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We have developed a spectrometer specialized for a simultaneous high-resolution measurement of emission
spectra of the hydrogen atomic Balmer-α, -β, -γ lines and molecular Fulcher-α (v′ = v′′ = 0) and (v′ = v′′ = 2)
ro-vibronic bands, where v′ and v′′ is the vibrational quantum number. The instrumental widths for the respective
wavelength ranges are 0.008, 0.009, 0.010, 0.008, and 0.007 nm. We apply the spectrometer to the observation
of emissions from a LHD plasma. The observed profiles of these emission lines and bands show polarization
dependence. The absolute intensities of these emissions are also estimated.
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1. Introduction
Dynamics of the neutral hydrogen has a significant in-

fluence on the plasma confinement of magnetically con-
fined plasmas [1, 2]. It is demanded to observe behavior
of atomic and molecular hydrogen in and around the pe-
ripheral regions. Spectroscopic diagnostics is one of the
powerful tools. Emission intensities of excited hydrogen
atoms and molecules have been analyzed for over a decade.
From atomic emission line ratios, the electron density, tem-
perature, and dissociation ratios have been estimated [3–5]
from the comparison with a collisional-radiative model of
hydrogen developed by Sawada et al. [6, 7]. From molec-
ular line ratios, the rotational and vibrational tempera-
tures, which are related to the background gas temperature,
have been determined [8, 9]. On the other hand, spatially
resolved emission intensities and velocities of hydrogen
atoms and molecules have been determined with a tech-
nique based on the Zeeman patterns appeared in the emis-
sion line shapes by several groups [8, 10, 11].

For simultaneous observation of both the hydrogen in-
tensity ratios and line shapes, it is required to measure sev-
eral atomic and molecular lines with high resolutions at
the same time. Here, we report the development of such a
spectrometer.

2. Spectrometer
Figure 1 shows a schematic image of the spectrome-

ter. Light introduced by optical fibers (diameter: 400 µm,
NA: 0.15) located just in front of the entrance slit is colli-
mated by a concave mirror (Mc, focal length: 1143 mm),
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and then incident on a grating (2400 grooves/mm). The
diffracted light beams are focused on different areas of a
CCD detector (1024× 1024 pixels, 13× 13 µm2/pixel, An-
dor, DV435-BV) by five concave mirrors (Mα, Mβ, Mγ,
M0

Ful, M2
Ful; focal length: 1143 mm) at the locations which

correspond to the wavelengths of the Balmer-α (656 nm),
-β (486 nm), -γ (434 nm) lines and the Q branch of the
Fulcher-α (v′ = v′′ = 0: 602-604 nm), (v′ = v′′ = 2: 622-
625 nm)) ro-vibronic transition bands. Here, v′ and v′′ are
the vibrational quantum numbers of the upper and lower
states, respectively. The incident angle to the grating is set
to be 39.5 degrees for enough separations of the five fo-
cusing mirrors. The diffraction angles β for the five wave-
lengths are shown in Table 1.

The off-axis reflections at the concave mirrors cause
comatic aberration and astigmatism. We set the reflection
angle to be 4.1 degrees which is the smallest angle de-

Fig. 1 A schematic image of the spectrometer.
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Table 1 The diffraction angles and reflection angles of the focusing mirrors, and the measured instrumental
width (FWHM) for five hydrogen emission lines.

Fig. 2 A two dimensional image for the emission from a hy-
drogen low-pressure discharge tube focused on the CCD
detector. The entrance slit width is 20 µm. The areas for
the observed emissions are distinguished with the dashed
lines. Since the molecular emissions are weak, the CCD
exposure time is 10 times longer than that for the atomic
lines.

termined by the size of the optical components we used.
Even in this condition, the mismatch between the reflec-
tion angles of the collimating mirror and that of the focus-
ing mirror makes the focused image of the fiber exit on
the CCD detector to be distorted. Using a ray-tracing and
multidimensional-minimization calculation, we optimized
the configuration of the optical components of the spec-
trometer. In this calculation, we traced 500,000 rays left
from the five fiber exits aligned with a center distance of
500 µm, assuming the pure geometrical optics. The width
of the entrance slit is set to be 20 µm and the rays are as-
sumed to leave uniformly from the fiber exits. We calcu-
lated the image focused on the CCD detector after reflec-
tions by the mirrors and diffraction by the grating. The
parameters to be optimized are the positions of the five fo-
cusing mirrors and the CCD detector. We minimized the
instrumental widths of the five focused images. The op-
timized reflection angles of the five focusing mirrors are
shown in Table 1.

Figure 2 shows an example of the focused images ob-
tained for the emission from a hydrogen low-pressure dis-
charge tube. The horizontal axis is parallel to the direction
of the wavelength dispersion while the vertical axis is par-
allel to the slit. The boundaries of the areas on the CCD
detector for respective emissions are shown by the dashed
lines. The five spots aligned vertically in each area corre-
spond to the five fiber exits at the entrance slit. The verti-

Fig. 3 (a) The two dimensional focused image measured for the
thorium emission of 602.1 nm and (b) that calculated by
the ray-tracing code at the entrance slit width of 20 µm.
The horizontal axis is parallel to the direction of the
wavelength dispersion. The dotted circles show the im-
age of the optical fiber exit at the entrance slit. The hori-
zontal cross sections of the focused images are shown in
the bottom sides. It is noted there are some weak thorium
emission lines in the line wing in (a).

cal instrumental width is 400µm. The astigmatism is small
enough to avoid overlapping the fiber images.

The instrumental resolution for the five wavelength
ranges are estimated from the line widths of thorium emis-
sion lines of a thorium-argon hollow cathode discharge
lamp (Heraeus, P858A), the line widths of which are nar-
row enough. Figure 3 (a) shows the observed focused im-
age of the thorium emission at 602.1 nm. The horizon-
tal width (FWHM) of this line is obtained to be 36 µm
(0.008 nm in wavelength). The instrumental function for
Fulcher-α band v′ = v′′ = 0 Q1 emission (601.8 nm) calcu-
lated by the ray-tracing code is shown in Figure 3 (b). The
calculated width is 28 µm (0.005 nm in wavelength). In this
calculation, we neglect the effect of the diffraction limit of
the grating, of which FWHM is 0.002 nm for the light of
600 nm. It may be a dominant reason for the difference be-
tween the measurement and calculation. The instrumental
widths for the five wavelength ranges are shown in Table 1.

We converted the horizontal pixels of an image like
Fig. 2 to the light wavelength with the thorium-argon dis-
charge lamp because there are many lines in the visible
range. We obtained emission spectra by binning the inten-
sities over the vertical pixels in each fiber image. The ab-
solute sensitivities of the spectrometer are calibrated with a
standard lamp and a standard reflection sphere (Labsphere,
USS-600C).
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3. Application to LHD Plasmas
We applied the spectrometer to the observation of

LHD periphery plasmas. The poloidal cross section of
LHD and the line of sight we used are shown in Fig. 4. We
measured polarization resolved spectra with a polarization
separation optics (PSO) [3] because the spectral shapes are
affected by the strong magnetic fields of LHD depending
on their polarization. The direction of the extraordinary
polarization of the PSO was set to be the magnetic direc-
tion at the inner ergotic layer.

The spectra were measured with 370 ms exposure time
of the CCD detector, during a hydrogen discharge heated

Fig. 4 Poloidal cross section of the LHD and the measurement
line of sight.

Fig. 5 The observed spectra of the emissions from the LHD periphery plasma. (a), (b), (c), (d), and (f) show the hydrogen Balmer-α, -β,
-γ lines and Fulcher-a v′ = v′′ = 0 and v′ = v′′ = 2 transition bands, respectively. The spectra of ordinary polarization are shown
by the red lines and the black lines show those of extraordinary polarization. The expanded spectra for the Q1 emission lines of
hydrogen molecules are shown in (e) and (g).

Table 2 The intensities of the observed hydrogen emission lines.

by the electron cyclotron heating (ECH) at the input power
of 3.7 MW. The line-averaged electron density and the
electron temperature at the plasma axis were 1× 1019m−3

and 4 keV, respectively. An example of the observed spec-
tra is shown in Fig. 5. The polarization dependences are
clearly observed in the Balmer-α and Fulcher-α Q1 spec-
tra. Those of the Balmer-β and -γ line shapes were also de-
tected. They were relatively small since the Zeeman split
of the spectrum is proportional to the square of its wave-
length [8], while the Doppler broadening is proportional to
the wavelength. We analyzed the observed atomic spec-
tra with a fitting calculation described in Ref. [10], and
we confirmed the degrees of the Zeeman splittings of the
observed spectra are consistent with the vacuum magnetic
field in the edge regions. The absolute intensities of these
emissions are estimated from the areas of the measured
spectra, and the result of which are shown in Table 2.
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