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We developed a spectrometer specialized for simultaneous observation of the hydrogen Balmer-c,
-3, -y lines and the Fulcher-a v’ =v"=2 rovibronic transition band. The spectrometer was optimized
for the light input coupled by nine optical fibers having 400 wm core diameters. The spectral
resolutions were 0.02—-0.03 nm for these wavelength ranges at the entrance slit width of 20 um. The
polarization resolved spectra of these emissions from the peripheral region of large helical device
(LHD) plasmas were measured simultaneously and showed the polarization dependence coming
from the magnetic field in the LHD plasma. © 2010 American Institute of Physics.
[doi:10.1063/1.3356730]

I. INTRODUCTION

In a magnetically confined fusion plasma, dynamics of
the neutral hydrogen and its isotopes in the peripheral region
is known to have a strong influence on the core
confinement.* Spectroscopic diagnostics of the dynamics of
the neutral hydrogen (or deuterium) has been proposed by
many authors.””’ From the observation of the line shape of
the hydrogen Balmer-« emission from large helical device®
(LHD) and Torus of Research Institute for Applied Mechan-
ics (TRIAM-1M),* the emission locations of the atomic hy-
drogen in the peripheral region were determined from the
Zeeman effect, together with the flow velocity and the tem-
perature estimated from the Doppler effect. Regarding the
molecular hydrogen, the Fulcher-a band spectra were mea-
sured for TRIAM-1M, and then the emission locations and
the rotational and vibrational temperatures of hydrogen mol-
ecules were determined’ with a similar analysis to that of the
hydrogen Balmer-a spectra * A simultaneous measurement
of the line shapes of these spectra may provide the informa-
tion about the neutral hydrogen transport as well as the dis-
sociative dynamics of the molecules in the peripheral region.

The estimation of plasma parameters such as electron
temperature and density in the peripheral region from the
emission intensities of the Balmer series with identification
of the emission locations may be valuable. Sawada et al.
developed a collisional-radiative model for the system of hy-
drogen molecules and atoms in a plasma They showed
that the emission-line intensity ratios of the Balmer series
show the dependence on the electron temperature, electron
density, and the dissociative ratio. It is, however, difficult to
measure high resolution line shapes and intensities of more
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than one wavelength range simultaneously with a conven-
tional spectrometer. In this work, we developed a
multiwavelength-range fine-resolution (MF) spectrometer for
these hydrogen emissions and demonstrated it for the obser-
vation of neutral hydrogen in the peripheral region of LHD
plasmas.

Il. MF SPECTROMETER

Figure 1 shows a schematic illustration of the MF spec-
trometer. Emission from a plasma is introduced by optical
fibers (core: 400 wm, cladding: 500 wm, 24 fibers are
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FIG. 1. (Color online) A schematic illustration of the MF spectrometer, (a)
top and (b) side views.
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TABLE I. The diffraction angles 8 at a=60°.

M, Mg M Mgy

B [degree] 453 17.6 10.2 39.0

bundled linearly with the center intervals of 500 wm),
whose exits are located in front of the entrance slit. After
passing through a stigmator, which is explained below, the
introduced emission is collimated to be a parallel beam by a
concave mirror (M; focal length: f=1143 mm, diameter:
d=108 mm). The parallel light beam is incident on a diffrac-
tion grating (2400 grooves/mm, ruled area: 102 X 102 mm?).
The diffracted light beams are focused on a charge coupled
device (CCD) (1024 X 1024 pixels, 13X 13 um?/pixel, An-
dor, DV435-BV) by four concave mirrors (M,, Mg, M,,
M;,; f=1143 mm, d=108 mm) at the locations which cor-
respond to the wavelengths of the Balmer-a (656 nm), -3
(486 nm), -y (434 nm), and the Q branch of the Fulcher-a
v’ =v"=2 rovibronic transition band (620-622 nm). Here, v’
and v” are the vibrational quantum numbers of the upper and
lower states, respectively. The CCD detector is located just
above the grating.

The diffraction angle 3, at the incident angle «, is cal-
culated with the grating equation of

cos g(sin a + sin B) = mNN\, (1)

where « and B are defined as shown in Fig. 1(a) in the plane
perpendicular to the rulings of the grating (the vector normal
to the grating surface is shown as n in Fig. 1.), while ¢ is
defined as the angle between the plane perpendicular to the
rulings and the incident light beam as shown in Fig. 1(b). N,
m, and N are the number of rulings per unit length, the dif-
fraction order, and the wavelength of light, respectively. In
our case, m=1.

The off-axis reflections at the concave mirrors cause co-
matic aberration and astigmatism. For the purpose of mini-
mizing the aberrations, we set € to be 3°, which is the small-
est angle determined from the size of the optical components
we used. We set « to be 60° to make enough separation
between the diffraction angles of the observed emissions.
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From Eq. (1), the diffraction angles B for the Balmer-c, -3,
and -+ lines and the Fulcher-a v’ =v"=2 rovibronic transi-
tion band are calculated. The results are listed in Table I.

Even though the angle ¢ is minimized, the term cos € in
Eq. (1) tilts the focused image of the fiber exits because the
values of ¢ are slightly different among the light passing
through the different height of the slit. The magnitude of the
tilt angle depends on the wavelength. We tilt the entrance slit
together with the fiber bundle 2.0° against the ruling direc-
tion of the grating to compensate this effect.

Because of the off-axis reflection at the concave mirrors,
there is also some astigmatism on the focused image, which
means the focused image on the CCD detector is expanded
vertically. An example of this expansion is shown in Fig.
2(a). Since we use bundled fibers, it is demanded to reduce
the vertical expansion. We compensate the astigmatism with
a stigmator composed of two concave mirrors (Mg, M/; f
=635 mm, d=63.5 mm) and one flat mirror, which are
shown in the gray shadow in Fig. 1(a).

We designed the stigmator with a ray-tracing and
multidimensional-minimization calculation assuming pure
geometrical optics. We traced 100 000 rays left from the five
fiber exits aligned with a center distance of 500 wum. The
fiber exits are located in front of the entrance slit with a
width of 20 um. We assumed that the rays leave uniformly
from the fiber exits and calculated the image of the optical
fiber exits focused on the CCD detector after reflections at
the mirrors and diffraction at the grating. The condition in
which the image was minimized horizontally and vertically
was derived. The adjustable parameters for the minimization
were the reflection angle 6 of the stigmator and the focal
adjustment length [ for My, the definitions of which are
shown in Fig. 1.

Figure 2(b) shows the result of the calculation. The op-
timization is made for the light wavelength of 622 nm, since
the molecular emissions require high resolution because of
their narrow Doppler widths. From the optimization, 6
=7.6° and /=0.36 mm were derived. The astigmatism is
well compensated so that the images of the fiber exits are
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FIG. 2. (Color online) Calculated instrumental function of the MF spectrometer (a) without and (b) with the stigmator, and (c) the measured instrumental
function with a thorium emission line of the wavelength 622.5 nm at the entrance slit width of 20 um. The horizontal axis is parallel to the direction of the
wavelength dispersion. The circles show the size of the core (0.4 mm) and the cladding (0.5 mm) of the optical fibers. The vertical and horizontal cross
sections of the focused image are shown in the left and bottom sides, respectively. Although the scale of the axes in (a) and (b) are millimeters and that in (b)
is pixels, the images can be relatively compared. The adjacent three images of the fiber exits are shown in (b) and (c), while only one image is shown in (a)
for the purpose of avoiding the overlap of the images.
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FIG. 3. (Color online) (a) A two dimensional image for the emission from a
hydrogen low-pressure discharge tube focused on the CCD detector. The
width of the entrance slit width is 20 um. The area on which the image of
each transition line is focused is closed by the dashed square. The nine
bright spots aligned vertically in each area correspond to the nine fiber exits.
Since the hydrogen molecular emission is very weak, it is hardly seen in the
image. (b) The center positions of the bright spots.

clearly separated, and then we can use many optical fibers
simultaneously and all the area of the CCD detector effec-
tively.

Figure 2(c) shows the measured image of a thorium
atomic emission line at the wavelength 622.5 nm from a
thorium-argon hollow-cathode discharge lamp (Heraeus,
P858A), the Doppler broadening of which is negligible. The
measured full width at the half maximum in the horizontal
direction (FWHM,,.,) is 5.7 pixels (105 wm), which is much
larger than the calculation (FWHM,,=26 wum). The broad-
ening due to the diffraction limit of the grating, which is
neglected in the ray-tracing calculation is smaller than 5 um
and does not explain the discrepancy. Some aberration may
be caused by insufficient accuracy in the locations of the
optical components.

Figure 3(a) shows a CCD image for the emission from a
hydrogen low-pressure discharge tube measured by the MF
spectrometer. The areas, in which the images of the relevant
transition lines are focused, are shown by dashed squares.
We set vertical positions of Balmer-« and -3 lines to be the
same on the CCD detector for the measurement with more
optical fibers. We confirmed there are any other strong lines
around 653-655 nm and 487-489 nm and the overlapped
light from the other wavelength regions can be neglected for
the measurement of the emission intensities and the line
shapes. In this work, we can use the central nine fibers of the
fiber bundle. The bright spots aligned vertically in each area
correspond to the nine fiber exits at the entrance slit. The
Fulcher-« band emission is hardly seen in the image within
the scale of the figure because of their weak intensity. In Fig.
3(b), we show the center positions of the bright spots for the
relevant hydrogen emissions. Since the entrance slit and the
fiber bundle are tilted so as to align the spots of the
Fulcher-« band emission vertically, the spots of other wave-
length emissions tilt slightly. The tilt of every spots is, how-
ever, less than 2 pixels even for the Balmer-y emission of
430 nm.

For the conversion from the horizontal pixels of an im-
age such as Fig. 3(a) to the light wavelength, we used emis-
sion lines of the thorium-argon hollow-cathode discharge
lamp which has many emission lines in the visible range. We
obtained the emission spectra by binning the intensity in the
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TABLE II. The instrumental widths of the MF spectrometer at the entrance
slit width of 20 um for the hydrogen emission lines.

Balmer-a Balmer-8 Balmer-y  Fulcher-a v'=v"=2

FWHM[nm] 0.019 0.023 0.030 0.022

CCD image over the vertical pixels for each spot. The instru-
mental widths at the entrance slit width of 20 um for the
wavelength of the hydrogen emission lines are measured
from the FWHM of the thorium atomic emissions and listed
in Table II. We calibrated the absolute sensitivities of the MF
spectrometer for each wavelength range using a standard
lamp with a standard reflection sphere (Labsphere, USS-
600C).

lll. APPLICATION TO LHD PLASMAS

We applied the MF spectrometer to the observation of
LHD peripheral plasmas. The poloidal cross section of LHD
and the lines of sight we used are shown in Fig. 4. We mea-
sured polarization resolved spectra with a polarization sepa-
ration optics3 (PSO) because the spectral shapes are affected
by the strong magnetic fields of LHD. The direction of the
ordinary polarization of the PSO was set to be the magnetic
direction at the inner ergotic layer.

An example of the spectra, which are measured simulta-
neously, is shown in Fig. 5. The spectra of ordinary ray (o-
ray) are shown by the black lines while those of extraordi-
nary ray (e-ray) are shown by the gray lines. The spectra
were measured with an exposure time of 90 ms, during a
hydrogen discharge heated by the neutral beam injection at
the total input power of ~1.5 MW. The line-averaged elec-
tron density and temperature were 1.5X 10** m= and 0.77
keV, respectively. Observed intensities of the Balmer-a, -f3,
-y and Fulcher-a v’ =v"=2 Q1 spectra are 8.2, 1.3, 0.28, and
0.004 Wm™2 sr™!, respectively, and the intensity ratios are
within the dynamic range of the CCD detector (16 bits). Note
that the throughput of the spectrometer for each wavelength
range can be controlled independently by adopting apertures
on the corresponding focusing mirrors if necessary. The po-
larization dependence of the line shape is clearly observed
for the Balmer-« line. The polarization dependence is also
detectable for the Balmer-8 line and the Q1 line of the
Fulcher-a v’ =v"=2 rovibronic transition band. It is noticed
that the polarization dependence of the intensities observed
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FIG. 4. (Color online) LHD poloidal cross section and the lines of sight for
the spectra observation. The emission locations, intensities, and flow veloci-
ties derived from the observed Balmer-a spectra through the line shape
analysis are indicated by the center of the circles, the area of the circles, and
the length of the arrows, respectively.
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FIG. 5. An example of the hydrogen emission spectra from LHD plasma
simultaneously observed with the MF spectrometer. The spectra of the
Balmer-, -3, -y lines and the Fulcher-a v’ =v"=2 Q1 line are shown in (a),
(b), (c), and (d), respectively.

in Fig. 5, notably in (b) and (d), are due to the error of the
sensitivity calibration of ~15% at the present stage of the
measurement.

We analyzed the observed Balmer-« line shapes by a
least-squares fitting of the calculated Zeeman and Doppler
profiles to both of the e-ray and o-ray line profiles. In the
analysis, we assume that the positions of the Balmer-a emis-
sions are localized two points on the line of sight (the inner
and outer points) like the helium LHD plasma case.'” The
velocity distribution of hydrogen atoms of each location is
assumed to be expressed by a sum of three Maxwellian
distributions.® Details of the analysis method are described in
Ref. 3. As shown in Fig. 6, the calculated spectra are well
fitted to the observed ones. The emission locations, intensi-
ties, and flow velocities of hydrogen atoms derived from the
fitting are shown in Fig. 4 by the centers of the circles, the
areas of the circles, and the lengths of the arrows, respec-
tively.
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FIG. 6. (Color online) Fitted results (the thick gray lines) to the observed
Balmer-« spectra (+). The o-ray and e-ray are shown in (a) and (b), respec-
tively. The dashed, dotted, and solid lines show the inner, outer, and hot
components, respectively.
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We confirmed the line shapes of the other emissions to
be consistent with calculated ones assuming the same emis-
sion locations derived from the Balmer-« line shape within
the measurement accuracy. However, the present instrumen-
tal resolutions for the Balmer-8 and -y lines and the rela-
tively bad signal to noise ratio of the Fulcher-a v'=v"=2 Q1
line spectra were insufficient to separate the respective inten-
sities at the two emission locations. In the case where the
effect of the line integration for the emission observation can
be neglected, this kind of measurement may be useful for the
plasma diagnostics and the observation of the dynamics of
neutral hydrogen.

IV. CONCLUSION

We developed a spectrometer for simultaneous measure-
ment of line shapes of the hydrogen Balmer-«, -8, -7y lines
and the Fulcher-a band with the resolutions of 0.02-0.03 nm
for the light input with nine optical fibers. With the spec-
trometer we observed polarization resolved emission spectra
of these lines from the LHD plasma with the CCD detector
exposure time of 90 ms. Their emission intensities were 8.2,
1.3, 0.28, and 0.004 Wm2sr !, respectively. The spectra
showed the polarization dependence and allowed us the line
profile analysis.
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