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Visible bremsstrahlung emission has been measured along the vertical direction of a horizontally elongated
plasma cross section in a range of −0.6 m ≤ z ≤ 0.0 m from an inwardly shifted (Rax ≤ 3.6 m) configu-
ration by means of an optimized Czerny-Turner spectrometer installed on the Large Helical Device. Chord-
integrated bremsstrahlung intensity profiles have been observed in discharges having no asymmetric strong edge
bremsstrahlung emission originating in the ergodic layer. Radial bremsstrahlung emission profiles are obtained
from the chord-integrated profiles based on an Abel inversion method. Zeff profiles are thus analyzed for peaked,
flat, and hollow density profiles, which are measured with a Thomson scattering diagnostic, as the first trial of
the analysis. As a result, a flat Zeff profile is obtained for all different density profiles with values of 1 < Zeff ≤ 2.
This indicates that the partial impurity pressure is essentially constant against the plasma radius.
c© 2010 The Japan Society of Plasma Science and Nuclear Fusion Research
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1. Introduction
Plasma fuel dilution and enhanced radiation loss

caused by impurity buildup are still serious problems in
fusion research with magnetic confinement. Therefore, the
study of impurity transport becomes important for under-
standing the behavior of impurities and improving plasma
performance [1, 2]. In the Large Helical Device (LHD), a
variety of electron density profiles, such as peaked, flat,
and hollow profiles, have been observed under different
experimental conditions; they are quite different from the
density profile usually seen in tokamaks, i.e., a peaked pro-
file. It is very interesting to study the impurity transport at
such different density profiles in the LHD and to compare
it with the tokamak case. For this purpose, the use of Zeff

profiles has been considered in the LHD to obtain neces-
sary information on impurity transport, especially in the
plasma core region.

Visible bremsstrahlung emission has been measured
along the vertical direction of a horizontally elongated
plasma cross section with an optimized Czerny-Turner vis-
ible spectrometer [3] installed on the LHD. The full verti-
cal chord-integrated visible bremsstrahlung profile is ob-
servable, including the upper and lower edge emission, in
a range of −0.6 m ≤ z ≤ 0.6 m. The instrument can en-
tirely eliminate line emission from the bremsstrahlung sig-
nal, which was a serious problem in old bremsstrahlung
measurement systems with an interference filter [4]. The
new visible spectrometer system consists of a 44-fiber ar-
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ray, an astigmatism-corrected Czerny-Turner visible spec-
trometer, and a charge-coupled device (CCD). The verti-
cal spatial and time resolutions are 30 mm and 100 ms,
respectively. However, an asymmetric bremsstrahlung
profile has still been observed after changing the diag-
nostic system. Detailed data analysis revealed that the
asymmetric part of the signal originates in strong edge
bremsstrahlung emission from a thick ergodic layer, since
all the observation chords include the edge emission. For-
tunately, we could confirm that the lower half of the full
vertical bremsstrahlung profile was not influenced by the
edge emission in inwardly shifted magnetic configurations
(Rax ≤ 3.6 m), where the ergodic layer is relatively thin.
The local bremsstrahlung emission profile is obtained from
chord-integrated signals through an Abel inversion, assum-
ing an elliptical magnetic surface with the finite-β effect.
The Zeff profile is finally obtained, taking into consider-
ation electron density and temperature profiles measured
by a Thomson scattering diagnostic [5]. In this paper, the
Zeff profiles from the LHD are presented for three different
density profiles as the first trial of the data analysis.

2. Experimental Setup
The Czerny-Turner visible spectrometer consists of a

toroidal mirror, a flat mirror, two spherical mirrors, and
three gratings, as shown in Fig. 1. A short focal length
of 300 mm is adopted to achieve an extremely bright sys-
tem. The three gratings, with 120 (blaze: 330 nm), 300
(500 nm), and 1200 (200 nm) grooves/mm, are set in the
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Fig. 1 Optical arrangement of 300-mm Czerny-Turner visible
spectrometer. Light path is indicated by black arrow.

Fig. 2 Fiber array arrangement in the LHD (R: major radius of
torus, Z: vertical distance from equator plane). Fiber ar-
ray consists of 44 fibers, and fiber chords from #3 to #43
are traced.

turret. In typical LHD experiments, the 300 grooves/mm
grating is used mainly to observe a wider wavelength range
of 500 nm to 600 nm with higher spectral resolution. Fig-
ure 2 shows parallel view chords at a horizontally elon-
gated plasma cross section. Emission from the plasma is
observed by the vertical fiber array, which measures the
height in the range −0.6 m ≤ z ≤ 0.6 m. The fiber array
consists of 44 quartz optical fibers with a core diameter of
100 μm and clad diameter of 125μm. The spatial resolu-
tion of 30 mm at the plasma center is defined by an opti-
cal lens with a focal length of 30 mm, which is coupled
with each optical fiber. Output spectra are detected by a
CCD. The CCD has a detection area of 13.3 × 13.3 mm2

(1024× 1024 pixels, 13× 13 μm2/pixel). It is usually oper-
ated at −20◦C to reduce thermal noise. An exposure time
of 31 ms and temporal resolution of 100 ms are selected in
the present study, with a readout speed of 11μs/line and
0.4 μs/pixel. The exposure time is exactly defined by a me-
chanical shutter placed in front of the CCD.

Fig. 3 Waveforms of high-density discharge with multi-pellet
injection for peaked density profile: (a) Plasma stored
energy Wp and Hα intensity, (b) Line-averaged electron
density ne, (c) Central electron temperature Te0, and (d)
Chord-integrated bremsstrahlung emission Ibrem. Zeff pro-
files are analyzed at two different time slices, t1 = 1.82 s
and t2 = 2.17 s, indicated by vertical lines.

3. Analysis of Radial Zeff Profile
Density profiles in the LHD change according to the

heating power, magnetic field strength, magnetic axis po-
sition, and fueling method. A peaked density profile is
easily produced by hydrogen multi-pellet injection. The
Zeff profile is analyzed for a peaked density profile formed
in the high-density range with pellet injection. Figure 3
shows typical waveforms: (a) plasma stored energy Wp

and Hα intensity, (b) line-averaged electron density ne, (c)
central electron temperature Te0, and (d) chord-integrated
bremsstrahlung emission Ibrem.

Ten H2 pellets were successively injected along mag-
netic axis of 3.85 m from 1.70–2.02 s. Plasma energy
quickly increased during pellet injection and reached
0.9 MJ. The line-averaged electron density, evaluated
from the density profile measured with Thomson scatter-
ing, continuously increased and reached 3.5 × 1020 m−3,
whereas the electron temperature in the plasma cen-
ter decreased drastically to 0.3 keV. Chord-integrated
bremsstrahlung emission also increased in the same man-
ner and reached quite a large value of 4.9 Wm−2 nm−1.
Here, the β value increased greatly, becoming 1.13 %.

At 1.82 s after the third pellet injection, the radial Zeff
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profile was analyzed with electron density and tempera-
ture profiles in addition to the local bremsstrahlung emis-
sivity calculation based on the Abel inversion technique
with β = 1.07 %. Figure 4 shows the radial distribution of
plasma parameters for a super-dense core (SDC) plasma
at t1 = 1.82 s: (a) electron density ne, (b) electron tem-
perature Te, (c) Abel-inverted bremsstrahlung emissivity
εbrem, and (d) Zeff from the above measurement. The ra-
dial distribution of Zeff(ρ) in Fig. 4 (d) is calculated based
on the above three values: ne(ρ), Te(ρ), and εbrem(ρ). The
temperature profile is entirely flat at ρ < 0.8 and quickly
decreases at ρ > 0.8. The outside boundary of the edge
temperature expands to ρ = 1.2 in the ergodic layer. The
bremsstrahlung emissivity profile is also peaked, like the
density profile. The Zeff profile analyzed from the peaked
density profile is fairly flat in the core plasma region in-
side ρ = 1.0. The analysis of the Zeff profile can be ex-
tended to ρ ∼ 1.13. However, it is difficult to analyze Zeff

exactly, because uncertainties in the density and temper-
ature profiles of Thomson scattering become large in the

Fig. 4 Radial profiles of plasma parameters for a peaked den-
sity distribution as a function of normalized radius ρ at
t1 = 1.82 s, indicated in Fig. 3, during multi-pellet injec-
tion: (a) Electron density ne, (b) Electron temperature Te,
(c) Bremsstrahlung emissivity after Abel inversion εbrem,
(d) Calculated effective ion charge from the above mea-
surement of Zeff for different magnetic surfaces, and (e)
Calculated effective ion charge Zeff with uncertainty due
to scattered Thomson data. Dashed lines in (a), (b), and
(e) indicate the uncertainty of the corresponding profile.

ergodic layer, which is denoted with square hatch marks
in Fig. 4. The error bars of the Zeff profile originating in
the density and temperature profiles are quite small inside
ρ = 0.7 but gradually increase at the edge plasmas, e.g.,
23 % at ρ = 1.0. The fitting curves for electron density and
temperature profiles used in the present analysis are also
indicated in Figs. 4 (a) and (b). Another important point re-
garding the uncertainty of the Zeff profile is in the selection
of a magnetic surface deformed by plasma pressure. The
magnetic surface is of course necessary for Abel inversion
of the line-integrated bremsstrahlung signal.

Figure 5 shows (a) ne, (b) Te, (c) εbrem, and (d) Zeff at
2.17 s, just after pellet injection ends, indicated by a ver-
tical line in Fig. 3. The radial bremsstrahlung emissivity
is calculated based on the Abel inversion technique with
β = 1.94 %. The electron density profile is more peaked
with a higher density at the plasma core, and the outside
density boundary is close to ρ = 1.0. This means the
plasma size has shrunk. Meanwhile, the electron temper-
ature is slightly lower than that at 1.82 s, but the profile is
still flat. The bremsstrahlung emissivity profile then be-
comes more peaked than the density profile, as seen in

Fig. 5 Radial profiles of plasma parameters for a peaked den-
sity distribution as a function of normalized radius ρ at
t2 = 2.17 s, indicated by a vertical line in Fig. 3, after
multi-pellet injection and super-dense core (SDC) plasma
formation (a) ne, (b) Te, (c) εbrem, and (d) Zeff with uncer-
tainty due to scattered Thomson data. Dashed lines in (a),
(b), and (d) indicate the uncertainty of the corresponding
profile.
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Fig. 5 (c). The analyzed Zeff profile shown in Fig. 5 (d)
seems to also be flat, at least inside ρ = 0.7, and the val-
ues are distributed around 1.11. Although the error bars of
Zeff are quite small inside ρ = 0.7, they quickly increase
with plasma radius. The error bars of Zeff , caused only by
uncertainty of the Thomson data, indicated by two dashed
lines in Figs. 5 (a) and (b), are shown with dashed lines in
Fig. 5 (d). However, these error bars of Zeff , due to the edge
density and temperature profiles, are about 50 % of the to-
tal enlarged error bars outside of the plasma. The other
source of error is quite unclear at present. As a possible
source, we consider that these enlarged error bars originate
in the magnetic surface structure used in the analysis. In
SDC plasmas, an extremely large magnetic axis shift has
been observed after pellet injection. It is then difficult to
solve the magnetic surface structure in the usual way using
VMEC calculation [6]. Further theoretical study of magne-
tohydrodynamic (MHD) equilibrium is now being carried
out to find accurate magnetic surface structure in such SDC
plasmas with extremely peaked pressure profiles.

The uncertainty of the Zeff profile due to magnetic
surface deformation is checked at the plasma core using
two different magnetic surfaces with β = 0 and 1.07 %.
The plasma axis shift used in the analysis is 0.2 m when
β = 1.07 %. Two bremsstrahlung emissivity profiles ob-
tained from the two magnetic surfaces, shown in Fig. 4 (c),
are quite similar, whereas a small difference appears in the
plasma core. Since the visible bremsstrahlung emission is
horizontally observed from the outboard side of the torus,
the effect on the magnetic surface distortion becomes much
less than that in vertical measurement. In particular, the
difference in the Zeff value can be neglected in the outer
plasma region, because magnetic surface distortion occurs
mainly in the plasma core. This strongly suggests that the
uncertainty in the Zeff profile on the assumed magnetic sur-
face is quite small, at least in the plasma core, compared to
that of the density and temperature profiles in the present
diagnostic system with the exception of SDC plasmas. An-
other uncertainty of the Zeff profile at the edge (ρ ≥ 0.75)
due to scattered Thomson data is shown with dashed lines
in Fig. 4 (e). The uncertainty of the density and tempera-
ture profiles are shown with dashed lines in Figs. 4 (a) and
(b), respectively. It is finally found that errors in the Zeff

profile are caused mainly by scattered Thomson data for
the plasma at 1.82 s. In particular, the uncertainty of the
edge density profile has a large effect on Zeff error estima-
tion, whereas the edge profile data are not scattered, as seen
in Fig. 4 (a).

Next, the Zeff profile is analyzed for a flat density pro-
file. The data are taken from stable plasma discharge at
Rax = 3.6 m. Figure 6 shows the discharge waveforms of
SN#85124: (a) plasma stored energy Wp, (b) line-averaged
electron density ne, (c) central electron temperature Te0,
and (d) chord-integrated bremsstrahlung emission Ibrem at
Z = 0.026 m. The plasma energy is constantly sustained
from 0.8 s to 3.3 s. The line-averaged electron density is

Fig. 6 Waveforms of stable discharge for flat density profile: (a)
Wp, (b) ne, (c) Te0, and (d) Ibrem.

kept at roughly 3.5 × 1019 m−3, and the central electron te-
mperature increases slightly, from 2.0 keV to 2.2 keV, dur-
ing the steady phase according to the gradual decrease in
the density. The chord-integrated bremsstrahlung emission
behaves similarly to the density. The β value is 0.88 % at
the steady phase. Figure 7 shows radial profiles of (a) ne,
(b) Te, (c) εbrem, and (d) Zeff at 2.53 s in Fig. 6. The density
profile is entirely flat at ρ < 0.9, whereas the temperature
profile is peaked. The bremsstrahlung emissivity profile
after Abel inversion becomes slightly hollow. This indi-
cates that there is little temperature dependence in the vis-
ible bremsstrahlung emission. The Zeff profile is flat, with
values near 2.05. Analysis in the ergodic layer is still dif-
ficult. The error bars of the Zeff profile gradually increase
toward the plasma core; the maximum error bar appears as
12 % at the plasma center. Clearly, the increase in the error
bars at the plasma core originates in the local emissivity
calculation of the bremsstrahlung based on the Abel inver-
sion method, in addition to error bars from density profile
fitting from 0.2 < ρ < 0.4.

The hollow density profile is observed in the den-
sity rise phase at Rax = 3.60 m. Figure 8 shows the
discharge waveforms. The line-averaged electron density
gradually increases from 0.5 to 1.5 s and finally reaches
6 × 1019 m−3, although the plasma energy remains const-
ant. The central plasma temperature then decreases from
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Fig. 7 Radial profiles as a function of normalized radius ρ at
t = 2.53 s, indicated by a vertical line in Fig. 6: (a) ne, (b)
Te, (c) εbrem, and (d) Zeff .

Fig. 8 Waveforms of density rise discharge for hollow density
profile: (a) Wp, (b) ne, (c) Te0, and (d) Ibrem.

Fig. 9 Radial profiles at 1.13 s, indicated by a vertical line in
Fig. 8, as a function of normalized radius ρ: (a) ne, (b) Te,
(c) εbrem, and (d) Zeff .

1.8 to 1.2 keV. The chord-integrated bremsstrahlung emis-
sion also increases according to the density rise. The β
value is 0.58 % in the discharge. Figure 9 depicts radial
profiles of (a) ne, (b) Te, (c) εbrem, and (d) Zeff at 1.13 s
in Fig. 8. A hollow density profile forms, having its peak
value at ρ = 0.9. In contrast, the temperature profile is
peaked and forms a triangular shape. The bremsstrahlung
emissivity decreases greatly at the plasma core, and the
profile becomes hollower than the density profile. The Zeff

profile is also flat, with values around 1.58. In the case of
a hollow density profile, analysis is generally difficult be-
cause of relatively large error bars in the density profile and
difficulty in calculating the Abel inversion. The error bars
in the Zeff profile also increase in this case, i.e., ∼30 %, at
the plasma core. At present, therefore, the detailed struc-
ture in the Zeff profile cannot be discussed.

4. Summary and Discussion
Zeff profiles from visible bremsstrahlung measurement

are analyzed for peaked, flat, and hollow density profiles in
LHD plasmas. An essentially flat Zeff profile is obtained for
all different density profiles. This indicates that the impu-
rity partial pressure is constant in typical LHD discharges.
The error bars seen in the Zeff profiles originate mainly in
fitting curves to express the electron temperature and den-
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sity profiles and in calculating the Abel inversion calcu-
lation. The uncertainty in magnetic surface distortion is
relatively small except for SDC plasmas. More precise Zeff

profile analysis will be done after optimizing the magnetic
surface used in the calculation and modifying the method
of calculating the Abel inversion.
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