
Spectroscopic studies for 
tungsten and hydrogen in LHD
M. Goto, T. Oishi, D. Kato, I. Murakami, Y. Kawamoto, T. Kawate, 
H. Sakaue, S. Morita 
National Institute for Fusion Science



2

Large Helical Device (LHD)

diameter 13.5 m
weight 1500 t
major radius 3.9 m
minor radius 0.6 m
volume 30 m3

B strength 3 T



•heliotron-type device: 
no inductive plasma current 

•advantageous for steady-state 
operation (no disruption)

achievements
Te ~20 keV

Ti ~10 keV

ne ~1021 m-3



helical coil

helical coil

divertor plates



tungsten pellet injection for 
spectroscopic measurements



1XFOHDU 0DWHULDOV DQG (QHUJ\ �� ������ ������

�

2. W Pellet injection experiment in LHD 

LHD is a heliotron type plasma confinement device which has the 
major/minor radii of 3.6/0.64 m in the standard configuration with 
maximum plasma volume of 30 m3 and toroidal magnetic field of 3 T 
[12]. The coil system consists of a set of two continuous superconducting 
helical coils with poloidal pitch number of 2 and toroidal pitch number 
of 10 and three pairs of superconducting poloidal coils. Tungsten ions 
are distributed in the NBI-heated LHD plasma by injecting a pellet 
consisting of a small piece of tungsten metal wire enclosed by a carbon 
or polyethylene pellet with a shape of a cylindrical tube [3]. Fig. 2 il-
lustrates a schematic drawing of the spectroscopy system using a flat- 
field grazing incidence EUV spectrometer (denoted as “EUV Long”) 
[13] and a normal incidence 20 cm VUV spectrometer (denoted as “VUV 
109L”) [14]. Top view of magnetic surfaces with the position of the 
magnetic axis, Rax, of 3.6 m, optical axis of two spectrometers, incident 
direction of impurity pellet, and a plasma cross section including optical 
axis of the EUV spectrometer are shown together. 

Fig. 3 shows a typical waveform of the W pellet injection experiment 
in a hydrogen discharge with Rax of 3.6 m at toroidal magnetic field, Bt, 
of 2.75 T in the counter-clockwise direction. In this discharge, the length 
and diameter of a W wire enclosed in a carbon pellet were 0.7 mm and 

Fig. 1. Ionization energy, Ei, of W ions as a function of charge state, q!. Green 
and yellow-hatched regions indicate electron temperature range at Te " Ei for 
ITER core plasmas and LHD core plasmas with W pellet injection, respectively. 
(For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 2. Schematic drawing of VUV and EUV spectroscopy system using a flat- 
field grazing incidence EUV spectrometer (“EUV Long”) and a normal inci-
dence 20 cm VUV spectrometer (“VUV 109L”) in LHD. Top view of magnetic 
surfaces (Rax " 3.6 m), optical axis of two spectrometers, incident direction of 
impurity pellet, and a plasma cross section including optical axis of the EUV 
spectrometer are shown together. 

Fig. 3. Typical waveform of W pellet injection experiment in LHD: (a) heating 
power of ECH, n-NBI, and p-NBI, (b) central electron temperature, (c) line- 
averaged electron density, (d) plasma stored energy, and (e) total radia-
tion power. 
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observation to date
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 (space-resolved)

φ0.15mm tungsten wire  
in polyethylene tube

11E818-2 Huang et al. Rev. Sci. Instrum. 85, 11E818 (2014)

FIG. 1. Photos of (a) W-in-PE and (b) W-in-C coaxial pellets. The yellow
dashed lines denote the position of tungsten wire.

Figure 2 shows velocity of the tungsten pellet against
pellet mass. It also includes results from C tube, PE tube,
Al-in-PE, Al-in-C, Fe-in-PE, and Fe-in-C. The velocity tends
to decrease with the mass. The W-in-PE velocity is then
slightly higher than the W-in-C velocity. It may be interpreted
by the acceleration of !pellet ( = F/mpellet) at which the kinetic
force is basically given by the pellet size and the helium gas
pressure in addition to acceleration length.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. Experimental comparison between two pellets

Typical waveforms of discharges with W-in-PE and W-
in-C pellets are shown in Fig. 3. The discharges are main-
tained by two counter-close-wise NBIs (#1 and #3) and
a close-wise NBI (#2). The tungsten pellet is injected at
t = 5.5 s. After the injection the discharge with W-in-PE
smoothly recovers with density increase of 1.8 ! 1013 cm"3,
whereas the discharge with W-in-C is terminated by the col-
lapse just after the injection (see Figs. 3(c) and 3(d)). The
WXXV at 32.3 Å with 5 g-4 f transition4 is clearly observed
after the W-in-PE injection (see Fig. 3(g)). In the discharge
with W-in-C, the WXXV and CVI lines only display a sharp
peak at the injection. The small signal after the plasma col-
lapse is due to high-energy neutral particles from NBI.11

FIG. 2. Pellet velocity against pellet mass; W-in-PE (open circles), W-in-C
(solid circles), Fe-in-PE (solid triangles), Fe-in-C (open triangles), Al-in-PE
(open squares), Al-in-C (solid squares), PE tube (crosses), and C tube (plus
signs). The dashed line denotes a polynomial fitting.

FIG. 3. Waveform of discharges with W-in-PE (dash lines) and W-in-C
(solid line) pellets: (a) ECH and NBI port-through power, (b) line-averaged
electron density, (c) central electron temperature, (d) plasma stored energy,
(e) radiation power, (f) CVI at 33.73 Å, and (g) WXXV at 32.3 Å.

Most discharges with W-in-PE can be sustained, but most
discharges with W-in-C are terminated just after the injection.
Such a clear difference can be explained by pellet deposi-
tion profile. Figure 4(a) shows time evolution of H! , visible
bremsstrahlung, and CI emissions observed along the path of
W-in-PE pellet with velocity of 216 m/s. The time sequence of
emissions is first converted into pellet movement distance as-
suming a constant velocity during the ablation. The distance
is again converted into magnetic surface coordinate as indi-
cated at upper abscissa in Fig. 4(a). The H! emission exhibits
a wide ablation between " = 0.75 and 1.0 with a peak at
" = 0.82, indicating the deposition range of PE tube sur-
rounding the tungsten wire. The radial location of tungsten
deposition is revealed by the narrow H! peak at " = 0.72,
which coincides with peaks of bremsstrahlung and CI emis-
sions. Since the tungsten wire does not include any C atoms,
the CI peak may originate in emissions of WI and/or WII in
wavelength range of the CI filter. Since numerous tungsten
lines appear in the visible range during the tungsten abla-
tion, the intensity increase in three signals is caused by the
tungsten visible line. The deposition layer of PE tube and
tungsten wire is also verified by a time evolution of elec-
tron temperature (Te) measured by electron cyclotron emis-
sion (ECE) diagnostic, as shown in Fig. 4(b). The ordi-
nate indicates a relative change in Te from the pellet trig-
ger timing, t0 = 5.503 s. At two H! peaks, the Te gradient at
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the central electron temperature remains at an almost constant value until t = 5.4 s, while the 
line-averaged electron density gradually increases due to a hydrogen gas puff. About 0.1 s after 
the hydrogen gas puff is stopped at t = 5.3 s, the electron temperature is increased, meanwhile 
the line-averaged electron density is decreased. Such changes in electron temperature and 
density can be considered due to the onset of a reheat mode. 

Figure 2 (a) shows the radial profile of ion densities of W26+ and W27+ at t = 5.0 s, which are 
obtained by dividing measured local emissivity of 
M1 lines by theoretical photon emission 
coefficients (PECs) of these M1 lines. Photons 
emitted along 44 line-of-sights (LOSs) on a 
horizontally elongated poloidal cross section of 
the LHD plasma are guided to a UV-Visible 
spectrometer by an optical fiber array. The local 
emissivity is inferred by an Abel inversion of 
vertical profiles of line-integrated intensities at the 
44 LOSs. The PECs are calculated using a 
collisional-radiative (CR) model in which proton 
collision effects are also considered. Density 
dependence of the PECs is significant at high 
electron densities in the core, because collisional 
excitation and de-excitation among excited levels 
become important. Such density dependence, 
omitted in the corona model which is valid at low 
densities, can be correctly calculated with the CR 
model. The calculated PECs at t = 5.0 s in Fig. 2 
(d) are almost constant in the core due to a flat 
electron density profile. The ion abundance ratios 
of W26+ and W27+ (see Fig. 2 (b)) agree with 
theoretical values of the ionization equilibrium 
model where CR ionization and recombination 
rate coefficients are used. In the ionization 
equilibrium, fractional ion abundance is 
determined by rates of ionization and 
recombination of tungsten at the local temperature 
and density, regardless to transport. Thus, the 
agreement with the ionization equilibrium model 
indicates that tungsten transport time in the core is 
so long that the fractional ion abundance 
instantaneously equilibrate at local temperature 
and density via the fast ionization and 
recombination processes. Based on this result, a 
total tungsten density is evaluated from the W27+ 
ion density divided by the theoretical fractional 
ion abundance of the ionization equilibrium 
model. It should be noted that W24+ - W28+ have a 
dominant abundance in the plasma of interest. 
Figure 3 shows time evolution of the total tungsten 
density from t = 4.8 s to t = 5.6 s. Until t = 5.4 s, 
the electron temperature and its profile change 
little. In this phase, the total tungsten densities 

 
Fig. 2 Radial profiles of (a) W26+ and W27+ 
densities assessed at t = 5.0 s, (b) ion 
abundance ratio, (c) electron temperature 
and electron density, and (d) PECs for Line 
1 (337.7 nm of W27+) and for Lines 2 and 3 
(335.7 nm and 333.7 nm of W26+, 
respectively). The red curve in (b) shows an 
ion abundance ratio of W27+/W26+ calculated 
by using ionization and recombination rate 
coefficients of ADAS database. 
 

 
Fig. 3 Radial profiles of total tungsten 
density from t = 4.8 s at 0.2s interval.  

q+ IP (keV) Wavelength (nm) Transition

26+ 0.7844 333.748(9) 4f2 3F4 → 3F3

335.758(11) 4f2 3F4 → 1G4

27+ 0.8334 337.743(26) 4f 2F7/2 → 2F5/2

ionization balance is a 
good approximation when 
fractional abundance is 
considered

identified to be M1 lines
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0.1 mm, respectively. Then, the number of atoms enclosed in a pellet, 
NW, was 3.5 ! 1017. As shown in Fig. 3(a), the plasma was initiated by 
the electron cyclotron heating (ECH), and further heated by the neutral 
hydrogen beams. Fig. 3(b), (c), (d) and (e) show the central electron 
temperature, Te0, the line-averaged electron density, ne, the plasma 
stored energy, Wp, and the total radiation power, Prad, respectively. After 
the tungsten pellet injection at 4.1 s, Te0 and Wp quickly decreased, while 
ne increased. In our previous experiments, Te0 kept decreasing after the 
pellet injection and sustained in a steady state with Te0 ! 1 keV [6]. On 
the other hand, ECH superposition after the pellet injection was 
attempted in the present study to recover Te0 to observe the highly- 
ionized W ions. As a result of the ECH superposition for 4.2–4.7 s, Te0 
recovered up to around 3 keV. It is also worth noting that Prad was 
sustained at a relatively high level of ~4 MW until 5.0 s, which is one of 
the signs indicating that W ions were effectively confined within a 
confinement region with releasing emissions. 

3. VUV spectra of W M1 lines in the wavelength range of 
500–900 Å 

Fig. 4 shows VUV spectrum including line emissions released from 
tungsten ions in the wavelength range of 500–900 Å measured using 
“VUV-109L” spectrometer. Line identification of the emission lines with 
strong intensity from intrinsic impurity ions, such as carbon, oxygen, 
and iron are also indicated in Fig. 4. The spectral data were averaged 
over 3.6–4.0 s, which corresponds to the temporal period before pellet 
injection, 4.2–4.6 s and 4.6–5.0 s, which corresponds to the temporal 
period after pellet injection and ECH superposition. In this wavelength 
range, 46 lines of the M1 transition with the charge states of 
W29"~W39" are registered in the NIST database [5]. As shown in Fig. 4, 
19 lines of the M1 transitions were successfully observed after the pellet 

injection. Even though most of the lines have weak intensities and are 
blended with other intrinsic impurity lines, it is found that three lines at 
532.33 Å, 559.30 Å, and 646.43 Å are emitted with relatively high in-
tensity and isolated from other lines. Table 1 summarizes wavelengths of 
these three lines observed in this study together with the W lines of M1 
transitions of which the closest wavelengths are registered in the NIST 
database. The first column gives charge states. The second column gives 
the wavelengths together with the uncertainty of line emissions from the 
NIST database, !NIST. The third column gives the wavelengths obtained 
using a peak-fitting together with the error in the fitting from the present 
observation, !obs. Discrepancy between !NIST and !obs is shown in the 
fourth column. The lower and upper level configurations are stated in 
the fifth and sixth columns, respectively. Discrepancy values between 
!NIST and !obs were within the uncertainty of the wavelengths listed in 
the NIST database for all of these three lines. Thus, these three lines are 

Fig. 4. VUV spectrum including line emissions released from tungsten ions in the wavelength range of 500–900 Å. The spectral data were averaged over 3.6–4.0 s 
(before pellet injection), 4.2–4.6 s and 4.6–5.0 s (after pellet injection and ECH is superposed). 

Table 1 
Wavelength list of M1 forbidden transitions of W ions observed in this study. The 
first column gives charge states. The second and third columns give the wave-
lengths of line emissions from the NIST database, !NIST, and the present obser-
vation, !obs, respectively. Discrepancy between !NIST and !obs is shown in the 
fourth column. The lower and upper level configurations are stated in the fifth 
and sixth columns, respectively.  

Wq" !NIST 
(Å) 

!obs (Å) !NIST #
!obs (Å) 

Lower level 
configuration 

Upper level 
configuration 

W38" 532.9 
$ 0.6 

532.33 
$ 0.09 

0.6 4p5
3/2 4d3/2 (J 

% 3) 
4p5

3/2 4d5/2 (J 
% 3) 

W38" 559.1 
$ 0.6 

559.30 
$ 0.05 

#0.2 4p5
3/2 4d3/2 (J 

% 2) 
4p5

3/2 4d5/2 (J 
% 3) 

W37" 646.7 
$ 0.5 

646.43 
$ 0.10 

0.3 4p6 4d3/2 (J % 3/ 
2) 

4p6 4d5/2 (J % 5/ 
2)  
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M1 lines in VUV and their temporal behaviors
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probably considered to be W38! 532.9 Å, W38! 559.1 Å, and W37! 646.7 
Å, respectively. 

In order to ensure the correctness of the line identification, temporal 
behaviors of the line intensities of the newly observed W37! and W38!

lines are compared to those of well-known W lines in higher charge 
states. Fig. 5 shows temporal evolutions of (a) central electron temper-
ature, Te0, and density, ne0, line intensities of (b) W45! 127.00 Å and (c) 
W41! 131.21 Å measured using “EUV Long” spectrometer, (d) W38!

532.9 Å, (e) W38! 559.1 Å, and (f) W37! 646.7 Å measured using “VUV 
109L” spectrometer. The line intensity was evaluated by integrating in 
the wavelength range of 126.93–127.25 Å for W45! 127.00 Å, 
130.97–131.30 Å for W41! 131.21 Å, 531.32–533.03 Å for W38! 532.9 
Å, 558.66–560.37 Å for W38! 559.1 Å, and 645.37–647.06 Å for W37!

646.7 Å. The signal levels in neighboring wavelength ranges which have 
no significant line emissions were subtracted from the W line intensities 
as background levels mainly consisting of bremsstrahlung emissions. As 
shown in the figures, the dominant charge state varied from higher to 
lower as Te0 decreased from 3 keV to 2 keV after the onset of ECH 

superposition of 4.2 s. Considering Ei, for each charge state analyzed in 
this study, 1622 eV, 1830 eV, 1995 eV, and 2414 eV for W37!, W38!, 
W41!, and W45!, respectively, this sequential behavior for each charge 
state is reasonable for the relationship between the electron temperature 
and the ionization potential. 

Fig. 6 shows the line intensity of (a) W45! 127.00 Å, (b) W41! 131.21 
Å, (c) W38! 532.9 Å, (d) W38! 559.1 Å, and (e) W37! 646.7 Å normalized 
to ne0 as a function of Te0. Blue solid lines are fractional abundance for 
each charge state calculated using the ionization and recombination rate 
coefficients registered in the ADAS database [15]. The definition of the 
fractional abundance, fq, is the ratio of W ion density in particular charge 
state q, nq, to the total W ion density, !qnq, namely, fq " nq/!qnq and !qfq 
" 1. fq was calculated based on an assumption of collisional ionization 
equilibrium where fq is determined by a balance between ionization and 
recombination, such as Sqfq " "q!1fq!1, where Sq and "q!1 are the rate 
coefficients of ionization from q to q ! 1 and recombination from q ! 1 
to q, respectively. Here we used Sq calculated by Loch et al. [16] and "q 
calculated by Post et al. [17] followed by modification by Pütterich et al. 
[18]. The Te0 values where both the emission intensity and the fractional 
abundance have the maximum values are almost identical for each 

Fig. 5. Temporal evolutions of (a) central electron temperature, Te0, and den-
sity, ne0, (b c) line intensities of tungsten W45! 127.00 Å and W41! 131.21 Å 
measured using “EUV Long” spectrometer, (d–f) line intensities of W38! 532.9 
Å, W38! 559.1 Å, and W37! 646.7 Å measured using “VUV 109L” spectrometer. 
ECH is superposed from 4.2 s to 5.0 s. 

Fig. 6. Line intensity of tungsten (a) W45! 127.00 Å, (b) W41! 131.21 Å, (c) 
W38! 532.9 Å, (d) W38! 559.1 Å, and (e) W37! 646.7 Å as a function of central 
electron temperature, Te0. The intensity is normalized to central electron den-
sity, ne0. Blue solid lines are fractional abundance for each charge state calcu-
lated using the ionization and recombination rate coefficients registered in the 
ADAS database. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 
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VUV lines also suggest 
ionization balance



• The pellet injection is a standard 
method for the impurity-relating 
studies in LHD. 


• We have established a technique of 
providing tungsten ions adequate 
for spectroscopic measurements 
without causing a plasma collapse. 


• A number of emission lines of 
tungsten ions from visible to EUV 
have been successfully observed 

and they are being used for the 
impurity transport study and for the 
atomic data evaluation study. 


• Special interest is focused on the 
M1 lines which should be useful for 
accessing the core plasma region 
with visible or VUV observation 
systems.



polarization of hydrogen Ly-α 
and plasma anisotropy
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Fig. 3 Simulation results for the polarization degree as a func-
tion of T! under a fixed T" at 20 eV. The influence of the
unpolarized line 12S1/2 – 22P1/2 is included.

broadening profile. We use the Stark broadening data by
Stehlé et al. [9] for ws.

Figure 3 shows the polarization degree P as a func-
tion of T! when T" is fixed at 20 eV for several ne values.
The results take into account the influence of the unpolar-
ized line 12S1/2 – 22P1/2. The observation line-of-sight is
assumed to be perpendicular to the quantization axis, and
P is evaluated as

P =
I! # I"
I! + I"

, (5)

where I! and I" are the intensities of linearly polarized light
components in the parallel and perpendicular directions re-
garding the quantization axis, respectively. It is seen that
T! < T" gives negative polarization degrees, i.e., I! < I",
and the other way around with the opposite condition. It is
also confirmed that the polarization is relaxed with increas-
ing ne due to enhancement of the polarization destruction
process.

3. Experimental Setup
The measurement has been made for LHD with a nor-

mal incidence VUV spectrometer having a focal length of
3 m. Figure 4 shows the line-of-sight of the present obser-
vation. Line emissions of hydrogen atoms are expected
at the plasma boundary, approximately at re! = 0.67 m
[10, 11] as shown by crossing points between the line-of-
sight (horizontal dashed line) and the magnetic surface of
re! = 0.67 m (solid curve) in Fig. 4.

Figure 5 shows a schematic drawing of the spectrom-
eter. Some optical components have been supplementarily
installed in the spectrometer for the polarization measure-
ment. The light dispersed by the grating is reflected 90
degrees into a CCD detector by two mirrors. The mirror in
front of the detector is placed at Brewster’s angle so that

Fig. 4 Cross section of the plasma for the observation and the
field of view.

Fig. 5 Schematic drawing of the spectrometer. Two mirrors and
a half-wave plate are supplementarily installed for the po-
larization measurement.

the linear polarized angle in the vertical direction is only
reflected. The purpose of the second mirror is adjusting the
light path angle. These two mirrors have been developed
in CLASP so that the reflection e"ciency is optimized at
the Lyman-! line wavelength.

Another optical component is a rotatable half-wave
plate placed between the entrance slit and the grating. Al-
though the linearly polarized light in the vertical direction
is always detected at the detector, the corresponding lin-
early polarized light in the plasma can have angles di!er-
ent from the vertical depending on the rotation angle of the
half-wave plate. By rotating the half-wave plate during a
steady-state of discharge, we can obtain linearly polarized
light components at all angles as a time series.

In the actual measurement, spectra are taken every
50 ms and the rotation speed of half-wave plate is adjusted
such that the angle of the linearly polarized light to be ob-
served is rotated 22.5 degrees for every measurement in
the counter-clockwise direction observed from the plasma.
Figure 6 shows an example of the discharges which the
measurement has been made. The magnetic axis position
and the magnetic field strength at the magnetic axis are
Rax = 3.75 m and Bax = 2.64 T, respectively, for all the dis-

2402029-3
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resolved measurement
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charges used in the present study. The plasma is sustained
by the electron cyclotron heating in this case as shown in
the top panel in Fig. 6. The bottom panel shows the Lyman-
! line intensity which is derived as an integral over the
entire measured spectrum. The intensity clearly shows a
modulation synchronized with the half-wave plate rotation
which indicates that the Lyman-! line is polarized.

We here assume that the polarization state is un-
changed during a quasi-steady-state of the plasma and fit
the temporal variation of line intensity I(t) with a function,

I(t) = f (t) [1 + Pabs cos ("t + #)] , (6)

where Pabs is the absolute polarization degree, " is the an-
gular frequency of the polarized light rotation to be ob-
served, # is the phase o!set. The function f (t) expresses
a general temporal variation except the sinusoidal oscilla-
tion. The polarization degree Pabs is defined as

Pabs =
Imax ! Imin

Imax + Imin
, (7)

where Imax and Imin correspond to the maximum and mini-
mum of the oscillating intensity. The line intensity is well
fitted by Eq. (6) with Pabs = 0.035. The fitted curve is
shown with the red solid line in Fig. 6.

The value Imin is recorded at the angle of 55.5 de-
gree which is measured in the clockwise direction from the
vertical upward axis when observed from the spectrom-
eter position. On the other hand, according to the mag-
netic equilibrium database TSMAP [12], the angle of the
magnetic field direction at the Lyman-! line emission, i.e.,
re! = 0.67 m, on the line-of-sight is 56.1 degree at the in-
board side and 108.5 degree at the outboard side. This re-
sult suggests that the polarization has a correlation with
anisotropy in EVDF regarding parallel and perpendicular

Fig. 6 Example of discharge for the measurement: (a) ECH
power and stored energy, (b) line-averaged electron den-
sity and central electron temperature, and (c) Lyman-!
line intensity of the present observation.

directions to the magnetic field and that the polarization is
mainly made at the inboard side rather than at the outboard
side. Under such a condition, Imax and Imin correspond to
I" and I# in Eq. (5), respectively, and therefore P takes
negative values as P = !Pabs.

4. Results and Discussion
We have obtained P for a number of discharges in-

cluding some di!erent plasma heating conditions. Figure 7
shows the results against the line-averaged electron density
ne. It is found that P shows a tendency to decrease with
increasing ne, while no clear dependence on the heating
conditions is seen.

We attempt a derivation of the EVDF anisotropy in
terms of T#/T" for each P in Fig. 7 with the help of the
atomic model introduced above. The ne and Te data by
Thomson scattering diagnostic are used as the local param-
eters at the emission location which is assumed to be fixed
at re! = 0.67 m for all the cases [10, 11]. Because the
Thomson scattering system in LHD dominantly measures
the perpendicular temperature with respect to the magnetic
field, Te data by Thomson scattering are taken as T" in the
atomic model. The parallel temperature T# is then derived
such that the model gives the same polarization degree P
as the measurement with the fixed T" and ne.

The results are shown in Fig. 8 where T#/T" is plot-
ted against the electron-electron collision frequency $ at
the expected emission location. It is observed that T#/T"
decreases or the anisotropy becomes larger with lowering
$.

This result is qualitatively understandable when the
confinement characteristics di!erence between the trapped
and passing particles are taken into account. Particles hav-

Fig. 7 Measurement results of the polarization degree plotted
against ne for some di!erent heating conditions. The
red and green circles show results with the perpendic-
ular NBI and tangential NBI, respectively, and the blue
squares show results with the ECH.
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as the measurement with the fixed T" and ne.

The results are shown in Fig. 8 where T#/T" is plot-
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2. There is no coherence among di!erent Zeeman multiplets. We specify an
atomic state by its total angular momentum quantum number, J , and
its projection onto the z-axis, M , besides the other indices, !, necessary
to specify the state. In the following, an atomic level (Zeeman multiplet)
!J is sometimes denoted by p or r. It should be noted, however, that,
in Chap. 3, p or r was used to denote the principal quantum number
of a hydrogen-like level: a di!erent usage from this chapter. We further
assume the absence of coherence among the di!erent magnetic sublevels
in a Zeeman multiplet, i.e., no Zeeman coherence.

3. Electric and magnetic fields are absent. When a weak magnetic field is
present, this field a!ects little the formulation developed in the following
in this chapter. Rather, this field defines the quantization axis z and makes
the system axially symmetric around it.

The above assumptions imply that the atomic system is described as an
incoherent superposition of “level states,” and that its density matrix (See
Appendix C and, for example, Blum [4].) reduces to a sum of density matri-
ces for each level !J or p,

"(p) =
!

MN

"M,N(p)|!JM!"!JN |, (4.1)

where "M,N (p) with N #= M is the coherence and with N = M is the “pop-
ulation” of the magnetic sublevel M . In place of |!JM!"!JN | we introduce
the irreducible tensorial set

T (k)
q (p) =

!

MN

($)J!N "JJM $N |kq!|!JM!"!JN |, (4.2)

where ($) means ($1) and "JJM $N |kq! is the Clebsch–Gordan coe"cient.
As is stated in assumption 2, we will restrict our consideration to the situations
in which "M,N(p) = 0 for N #= M , so that we will only have the cases with
q = 0. We then expand (4.1) in terms of (4.2).

"(p) = "0
0(p)T (0)

0 (p) + "2
0(p)T (2)

0 (p) + · · ·, (4.3)

where the expansion coe"cients are given by

"k
q (p) =

!

MN

($)J!N "JJM $N |kq!"M,N (p). (4.4)

It is noted that the odd rank terms are dropped in (4.3) because, owing to
the symmetry of our situation, they do not appear in the formulation below.
This is connected with the fact that, for an atom, a collision of a perturber
incident on it from the +z-direction cannot be distinguished from a collision
from the $z-direction, except for the recoil motion, which we ignore in our
discussion. Therefore, an orientation "1

q(p) does not appear. In the following
we retain only the first two terms in this equation and neglect those of higher
rank. We thus assign two quantities to each level p: the “population” "0

0(p)

population alignment
n(p)

n(1)

a(p)

C0,0(1, p) C0,2(1, p)

C2,2(p, p)

A(p,1)

population-alignment CR model

spherical coordinate 
representation of 
density matrix
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Fig. 3 Simulation results for the polarization degree as a func-
tion of T! under a fixed T" at 20 eV. The influence of the
unpolarized line 12S1/2 – 22P1/2 is included.

broadening profile. We use the Stark broadening data by
Stehlé et al. [9] for ws.

Figure 3 shows the polarization degree P as a func-
tion of T! when T" is fixed at 20 eV for several ne values.
The results take into account the influence of the unpolar-
ized line 12S1/2 – 22P1/2. The observation line-of-sight is
assumed to be perpendicular to the quantization axis, and
P is evaluated as

P =
I! # I"
I! + I"

, (5)

where I! and I" are the intensities of linearly polarized light
components in the parallel and perpendicular directions re-
garding the quantization axis, respectively. It is seen that
T! < T" gives negative polarization degrees, i.e., I! < I",
and the other way around with the opposite condition. It is
also confirmed that the polarization is relaxed with increas-
ing ne due to enhancement of the polarization destruction
process.

3. Experimental Setup
The measurement has been made for LHD with a nor-

mal incidence VUV spectrometer having a focal length of
3 m. Figure 4 shows the line-of-sight of the present obser-
vation. Line emissions of hydrogen atoms are expected at
the plasma boundary, approximately at re! = 0.67 [10, 11]
as shown by crossing points between the line-of-sight (hor-
izontal dashed line) and the magnetic surface of re! = 0.67
(solid curve) in Fig. 4.

Figure 5 shows a schematic drawing of the spectrom-
eter. Some optical components have been supplementarily
installed in the spectrometer for the polarization measure-
ment. The light dispersed by the grating is reflected 90
degrees into a CCD detector by two mirrors. The mirror in
front of the detector is placed at Brewster’s angle so that

Fig. 4 Cross section of the plasma for the observation and the
field of view.

Fig. 5 Schematic drawing of the spectrometer. Two mirrors and
a half-wave plate are supplementarily installed for the po-
larization measurement.

the linear polarized angle in the vertical direction is only
reflected. The purpose of the second mirror is adjusting the
light path angle. These two mirrors have been developed
in CLASP so that the reflection e"ciency is optimized at
the Lyman-! line wavelength.

Another optical component is a rotatable half-wave
plate placed between the entrance slit and the grating. Al-
though the linearly polarized light in the vertical direction
is always detected at the detector, the corresponding lin-
early polarized light in the plasma can have angles di!er-
ent from the vertical depending on the rotation angle of the
half-wave plate. By rotating the half-wave plate during a
steady-state of discharge, we can obtain linearly polarized
light components at all angles as a time series.

In the actual measurement, spectra are taken every
50 ms and the rotation speed of half-wave plate is adjusted
such that the angle of the linearly polarized light to be ob-
served is rotated 22.5 degrees for every measurement in
the counter-clockwise direction observed from the plasma.
Figure 6 shows an example of the discharges which the
measurement has been made. The magnetic axis position
and the magnetic field strength at the magnetic axis are
Rax = 3.75 m and Bax = 2.64 T, respectively, for all the dis-
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Fig. 8 Anisotropy in terms of T!/T" plotted against the electron-
electron collision frequency at the expected emission lo-
cation re! = 0.67.

ing a large velocity component in the direction perpendic-
ular to the magnetic field are called the trapped particles
because they are apt to be trapped in the magnetic field rip-
ples due to the mirror e!ect. On the other hand, particles
moving in parallel with the magnetic field are not influ-
enced by the magnetic field ripples and called the passing
particles. In the region where the Lyman-! line emissions
take place, the magnetic filed is open so that the passing
electrons are expected to be led to the divertor plates im-
mediately while trapped electrons could remain longer.

It is still an open question why an anisotropy is only
observed in the inboard side. A possible explanation is
that the line emission observed is actually dominated by
the line emission at the inboard side. The neutral flux gen-
erally has a poloidal asymmetry in LHD following an in-
homogeneous divertor flux, and a previous study of ours
demonstrated that the inboard side line emissions are larger
in the case of the present magnetic configuration [13]. It is
also possible that the anisotropy is smaller at the outboard

side even though line emissions at the outboard side sig-
nificantly contribute to the observed line intensity. There
is actually some di!erence in the connection length struc-
ture between at the inboard side and at the outboard side,
and this could cause di!erent anisotropic states in these re-
gions.

Although further investigations are necessary for a
clear understanding of the obtained results, the observation
of polarized emission line itself is assured, and the present
results should be of significance in the study of anisotropy
in the magnetically confined fusion plasma.
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• Polarization of the hydrogen 
Lyman-α line is detected in the 
Large Helical Device. 


• A simple simulation model is 
constructed in the framework of 
PACR model.


• With the help of the simulation 
model, the anisotropy in EVDF in 
terms of T∥/T⊥ is evaluated.


• T∥/T⊥ shows a tendency to 
decrease and deviate from unity 
with decreasing electron-electron 
collision frequency.


• This result qualitatively agrees with 
an intuitive understanding of the 
anisotropic EVDF in the plasma 
boundary. 


