
Plasma and Fusion Research: Regular Articles Volume 7, 1402019 (2012)

Measurement of Ion Temperature and Toroidal Rotation Velocity
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This paper describes design and installation of a charge-exchange recombination spectroscopy (CXRS) sys-
tem in Heliotron J. In this system, two tangential-heating neutral beams are used for plasma heating as well as the
diagnostic beams. The sightlines are set to be parallel to the magnetic axis to achieve high spatial resolution. The
spatial resolution is Δ〈r/a〉 ∼ 0.05 for a measurement area of 0.37< 〈r/a〉< 0.79. We adopted a Czerny-Turner
monochromator, whose dispersion is 0.74 nm/mm. We applied this system is applied to an NBI plasma and the
time evolution of the ion temperature and the toroidal rotation velocity profile are successfully obtained.
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1. Introduction
Measurement of ion temperature (Ti) and plasma ro-

tation velocity (vφ, vθ) profiles is important to understand
the ion thermal and momentum transport phenomena in
magnetically confined plasmas. Moreover, it is also im-
portant to investigate the spontaneous rotation for a fusion
reactor, such as ITER, since the expected external torque
injection is not enough to stabilize the MHD instabili-
ties [1]. A charge-exchange recombination spectroscopy
(CXRS) method is a useful diagnostic to measure the ion
temperature and rotation velocity profiles and has been per-
formed in Tokamaks, such as JT-60U [2], DIII-D [3] and
JET [4], and in Stellarators/Heliotrons, such as LHD [5,6],
W7-AS [7] and TJ-II [8]. This method is to measure an
emission from charge-exchange recombination reactions
between fully ionized impurity ions (Az+) and energetic
hydrogen atoms of the neutral beam (H0) as follows:

H0 + Az+ → H+ + A(z−1)+(n, l)

where (n, l) refers to an excited state of A(z−1)+ with sub-
sequent photon emissions. The ion temperature and rota-
tion velocity are estimated from the Doppler broadening
and the Doppler shift, respectively, of the spectral line. A
CXRS method can realize a good spatial resolution and
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allow time-resolved ion temperature and rotation velocity
profiles in a single shot [3].

In Heliotron J, Ti has been measured using a neutral
particle analyzer (NPA) [9] but the rotation velocity has not
been measured. Since NPA has an integral effect along its
sightline, it is not suited to local measurements of Ti. To
investigate local transport phenomena, measurement of Ti

and vφ profiles is necessary. Therefore, we have installed a
CXRS system in Heliotron J to measure Ti and vφ profiles.

In this paper, first, we introduce the CXRS system,
which is installed in Heliotron J, in Chapter 2. In Chapter
3, we describe the several calibrations to measure measure-
ment on Ti and vφ accurately. The first results of Ti and vφ
profiles measurement in Heliotron J are reported in Chap-
ter 4. Finally, we summarize our results in Chapter 5.

2. Charge Exchange Recombination
Spectroscopy System in Heliotron J
Figure 1 shows heating devices, gas fuelling systems

and certain diagnostic systems in Heliotron J. Heliotron J
is a helical-axis heliotron device with an L/M = 1/4 heli-
cal coil, where L is the pole number and M is the helical
pitch of the helical coil [10, 11]. Two tangential neutral
beam lines (BL1, BL2) with positive ion sources (maxi-
mum acceleration voltage is 30 kV, maximum port through
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Fig. 1 Heating devices, gas fuelling system and diagnostics in
Heliotron J.

injection power is 800 kW on the each beam line) are used
for plasma heating. One is co-direction (BL2) and the
other is counter injection (BL1) for the normal direction of
the magnetic field. Here, the co direction is defined as the
direction of the plasma current, which increases the rota-
tional transform. These beams are also used as diagnostic
beams for CXRS. A gas puffing (GP) system and two super
molecular beam injection (SMBI) systems are installed for
the fuelling. The SMBI is an effective gas fuelling tech-
nique, which can penetrate its fuelling gas deeper into the
plasma compared to the normal gas-puffing [12]. The line-
averaged electron density is measured by using a 2 mm
interferometer. The NPA system is equipped to measure
Ti and the fast ion distribution in both velocity and real
spaces.

Figure 2 shows the CXRS system in Heliotron J. This
system measures the CVI line (n = 7-8, 529.05 nm). We
install two sets of optical fibers (beam and background re-
gion) to remove the cold component, which is an emission
from excitation via electron impact and charge-exchange
with thermal neutral. Two sets of optical fibers are adopted
to be symmetrical against toroidal direction. Each optical
set has 15 sightlines. The objective lenses are arranged
to focus the CXR emission into the optical fibers, whose
numerical aperture (NA) is 0.2 and core diameter is 0.2
mm. We installed a Czerny-Turner monochromator, whose
F number is 2.8, focal length is 400 mm, grating is 2160
grooves/mm and γ, which is the half angle between the in-
cident optical axis and output optical axis, is 15 degree.
A camera with back-illuminated charge coupled device
(ANDOR DU-887, 512× 512 pix, 16 µm2/pix, and max-
imum scanning frequency = 400 Hz), is mounted on the
monochromator. The scanning is externally triggered by a
pulse generator.

The magnetic configuration of Heliotron J has a three-
dimensional structure. To obtain a high spatial resolution
using the tangential-heating neutral beams, we choose the
sightlines of the CXRS system parallel to the magnetic

Fig. 2 CXRS system in Heliotron J.

Fig. 3 Schematic view of the designed CXRS sightlines in He-
liotron J.

axis. In this case, the spatial resolution of each sightline
can be small [13]. Figure 3 schematically shows the top-
and side-views of the designed CXRS sightlines, including
the inner wall surface of the vacuum vessel, last closed flux
surface (LCFS) and magnetic axis. Heliotron J has a three-
dimensional magnetic axis, which has a square shape at the
top view and a sinusoidal shape at the side view. Figure 4
shows the normalized minor plasma radius (〈r/a〉) along
each sightline as a function of the distance from a pivot
point (#2.5 port, see Figs. 1 and 2) under the standard mag-
netic configuration. Here, the pivot point represents the lo-
cation of a reflection mirror. Since, the neutral beams cross
the sight lines at approximately 0.7 ∼ 1.3 m from the pivot
point (see Fig. 4), each sightline effectively correspond to a
value of 〈r/a〉with a small deviation. Therefore, we expect
to achieve high a spatial resolution.

The measurement location in 〈r/a〉 and the spatial res-
olution are evaluated from the CXR emissivity calculation.
The CXR emissivity, which has a sightline dl, can be esti-
mated by the following equation,

ICXR ∝
∫

nimpnbeamσCXR |v| dω dl, (1)
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Fig. 4 Normalized minor radius (〈r/a〉) of plasma along each
sightline as a function of the distance from a pivot point
(#2.5 port, see Fig. 2) under the standard magnetic con-
figuration [13].

where nimp, nbeam, σCXR, |v| and dω denote the impurity ion
density, neutral beam density, charge exchange cross sec-
tion between the impurity ions and a neutral particles by
NBI, the relative velocity, and the solid angle at the CXR
emission respectively. In the calculation, the peaked den-
sity profile of the impurity ion (C6+) is assumed to be pro-
portional to ((1- ρ2)3). The neutral beam is estimated from
the neutral beam trajectory based on a Monte-Carlo sim-
ulation for the beam birth-point analysis [14]. We used
the ADAS [15] data for computing σCXR. The relative ve-
locity is assumed to be the acceleration velocity of NBI.
The bulk ion temperature (several hundred eV), which was
measured with the NPA, is much smaller than the accel-
eration voltage of NBI [13]. The calculation for BL2 is
reported in [13], and the same calculation is also applied
to BL1. Figure 5 shows the expected radial profiles of
CXR emissivity for each channel under the standard mag-
netic configuration (Figs. 5 (a) and 4 (b) for BL1 for BL2,
respectively). Here, the acceleration voltage of NBI is
24 kV. We fit a Gaussian function to these profiles to esti-
mate the measurement location and the spatial resolution.
The measurement location is defined as the mean value of
the Gaussian distribution function and the spatial resolu-
tion is defined as its variance value of Gaussian distribu-
tion function. Figure 6 shows the measurement area and
the spatial resolution for each sightline (chord number).
The measurement area is 0.37< 〈r/a〉< 0.79 for BL2 and
0.38< 〈r/a〉< 0.79 for BL1 in normal magnetic field. The
spatial resolution (Δ〈r/a〉) is about 0.05 in the measure-
ment area for the two cases.

3. Calibration
Several calibrations are necessary to accurately esti-

mate Ti and vφ. The instrument function of monochroma-

Fig. 5 Radial profile of CXR emissivity on each channel for
BL1 (a) and BL2 (b).

Fig. 6 Measurement location and spatial resolution for each
sightline.

tor and the fine structure of the transition spectrum could
affect to estimate Ti. To evaluate the Doppler shift, iden-
tification of the accurate position of λ0 (529.05 nm) on an
image of CCD camera is necessary. In addition, the dis-
persion of monochoromator must be measured. Therefore,
we experimentally confirmed the dispersion and the instru-
ment function of the Czerny-Turner monochromator, and
the λ0 position on the CCD image. The effect of the fine
structure on Ti was studied based on a numerical calcula-
tion.

Figures 7 (a) and 7 (b) show the experimentally ob-
tained dispersion and instrument function of the Czerny-
Turner monochromator, respectively. The dispersion is
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Fig. 7 (a) Dispersion of the Czerny-Turner monochromator, (b)
Instrument function of Czerny- Turner monochromator as
a function of the slit width, (c) Shift of λ0 positions on the
CCD image.

about 0.74 nm/mm, corresponds to 1.2× 10−2 nm/pix at
529.05 nm. We measured the instrument function by
changing the slit width from 0µm to 250µm. For measure-
ment, the slit width is set to 100µm, so that the instrument
function is approximately 0.05 nm.

To estimate the rotation velocity, the λ0 position
(529.05 nm) for each channel must be accurately deter-
mined on the CCD images. Because, the objective lenses
are installed in front of the CCD camera for focusing,
the lens aberration affects the λ0 position for each chan-
nel. We estimated the λ0 position, which is considered
lens aberration measured with a line emission (527.14 nm)
from an Sm lamp, for each channel on the CCD images.
The black dots in Fig. 7 (c) denote the λ0 positions con-
sidered to lens aberration for each channel We determined
the λ0 position by fitting the measured Sm lamp spectral
profile to an ideal Gaussian function via the nonlinear Mar-
quardt’s least-squares method. The error bars are estimated

from the uncertainties in the Gaussian fit parameters [16].
To check the accuracy of λ0 positions, we measured the
Doppler shift from the λ0 position in electron cyclotron
heating (ECH) plasmas (quasi-steady-state discharges with
a line averaged electron density of 0.6× 1019 m−3) in the
normal and reversed magnetic fields. The observed shift
includes the lens aberration effect and the Doppler shift due
to the toroidal rotation of cold component. If the change in
the field direction reverses completely, we can cancel out
the Doppler shift effect due to the toroidal rotation of cold
component by taking the averaged value of the observed
shifts between the two cases. The Doppler shift from the λ0

position is determined by fitting the measured spectral pro-
file to an ideal Gaussian fit via the nonlinear Marquardt’s
least square method. The error bars are estimated from the
uncertainties in the Gaussian fit parameters [16].

In Fig. 7 (c), the red and blue lines denote the observed
shifts on each channel in the normal and reverse magnetic
fields, respectively, and the orange line denotes the aver-
aged of theses shifts between them. Here, the optical axis
is projected on between the channel 15 and 16. The differ-
ences in λ0 positions are proportional to y2, where y is the
distance from the optical axis. The λ0 positions evaluated
with both methods agree well.

The fine structure components influence the Ti evalu-
ation. Figure 8 (a) shows the fine structure components of
the CVI Δn = 7-8 transition at Ti = 0 eV. The relative in-
tensities of each component are obtained from the cascade-
corrected transition coefficient and population including l
mixing in higher n states [3]. The population of each j level
of the upper states was estimated by the cascade-corrected l
distribution and the Buger-Dorgelo-Oristein sum rule [17].
Here, we assume that all transitions are under the ground
state. If Ti is not 0 eV, each component has the Doppler
broadening. The sum of each component will be an actual
measured spectral profile, resulting wider broadening ex-
pected from Ti. Therefore, we should consider this differ-
ence between the real Ti and the apparent Ti. Figure 8 (b)
shows the correction factor between the real Ti and the ap-
parent Ti, which is observed Ti. The correction factor is
estimated from the ratio of full width at half maximum
(FWHM), which is considered the instrument function by
taking the convolution between each FWHM and the in-
strument function. The FWHM of a Gaussian shape, W, is
given by

W = 1.73 × 10−3 × λ
(Ti

z

) 1
2

, (2)

where λ is the transition wavelength. The correction factor
increases from 0.8 to 0.95 as Ti increases from 100 eV to
1000 eV.

Additionally, sensitivities between two optical sets
should be checked. Therefore, we carried out the sensitiv-
ity calibration in an ECH plasma. We measured emission
intensities and calculated ratio between emissions mea-
sured by two sets of optical fibers. These ratios are multi-
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Fig. 8 (a) Fine structure components of the CVI Δn = 7-8 tran-
sition at Ti = 0 eV, (b) Correction factors for Ti.

plied to the signal of cold component.

4. First Result of Ion Temperature
and Toroidal Rotation Velocity
Measurement in NBI Plasmas
In this chapter, we present the first result on Ti and

vφ profiles in NBI plasmas of Heliotron J. Figure 9 shows
the time evolutions of several plasma parameters in NBI
plasmas with SMBI. The ECH was used to generate the
plasma from 160 ms to 170 ms and its injection power was
about 270 kW. The counter-NBI is injected from 170 ms
to 270 ms and the co-NBI is additionally injected from
220 ms to 270 ms. Here, the total port through power
is about 1 MW (co-NB : 500 kW, counter-NB : 500 kW).
Gas fuelling by GP is performed from 160 ms to 240 ms
and a single pulse of SMBI is applied at 215 ms from
port #3.5, which is indicated as a spike like signal of Hα
3.5 in Figs. 9 (b). The line-averaged electron density of
the plasma is jumped up by SMBI from 1.8× 1019 m−3

to 2.6× 1019 m−3 and then gradually increases up to more
than 3.0× 1019 m−3. The stored energy decreased just after
SMBI, and then increased up to 3.8 kJ. Figures 9 (c), (d),
and (e) show the time evolution of the CXR emission in-
tensity, Ti, and vφ, respectively. The scanning frequency
of the CCD camera is 100 Hz in this discharge. The ion
temperature and toroidal rotation velocity are determined
by fitting the measured spectral profile with an ideal Gaus-
sian function via the nonlinear Marquardt’s least-squares
method. The error bars are estimated from the uncertain-
ties in the Gaussian fit parameters [16].

Fig. 9 Time evolution of (a) line-averaged electron density and
the stored energy, (b) signal of gas puffing and the in-
tensity of Hα at #3.5 (c) CXR emission intensity, (d) ion
temperature, and (e) toroidal rotation velocity.

The CXR emission intensity increases during dis-
charge. The ion temperature at 235 ms is greater than that
at t< 225 ms. The ion temperature reached its maximum
when the stored energy came to the maximum. The in-
crease of Ti (about 100 eV) measured with NPA, whose
sightline crosses the magnetic axis, is larger than that mea-
sured with CXRS (0.37< 〈r/a〉< 0.79, about 50 eV). This
suggests that Ti near the plasma center increases larger
than that near the plasma periphery. The toroidal rotation
velocity at 〈r/a〉= 0.37 slows down in the counter direction
from about 12 km/s at 205 ms to about 2 km/s at 235 ms.

Figure 10 shows Ti and vφ profiles at 215 ms, when the
plasma is sustained only by the counter-NB, and 235 ms,
when the plasma is sustained by the co- and the counter-
NBs and the stored energy was maximum. The increase of
ion temperature in the region of 0.37< 〈r/a〉< 0.79 is ∼ 20-
40 eV and those shapes of radial profile are almost same at
215 and 235 ms. At t = 215 ms, the toroidal rotation ve-
locity changes along the minor radius from ∼ 10 km/s in
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Fig. 10 Radial profiles of (a) ion temperature and (b) toroidal ro-
tation velocity at t = 215 and 235 ms.

the counter direction at 〈r/a〉 = 0.37 to ∼ 4 km/s in the co
direction at 〈r/a〉 = 0.79. At t = 235 ms, the toroidal ro-
tation velocity slows down to about 0 km/s in the region
of 0.37< 〈r/a〉< 0.43. The decreasing rate of vφ in the re-
gion of 0.37 < 〈r/a〉< 0.43 is about twice larger than that
in the region of 0.43< 〈r/a〉< 0.6. The observed reduction
of vφ in the region of 0.37< 〈r/a〉< 0.43, might be caused
by the additional co-NB. However, note that vφ at 〈r/a〉 =
0.37 starts decreasing with the increasing electron density
before the injection of co-NB (see Figs. 9 (a) and (e)). This
suggests that the electron density effect on the reduction of
vφ in this region. To clarify the origin of the reduction of
vφ in this region, the measurement of the electron density
profile is necessary. At 〈r/a〉 = 0.66∼ 0.79, on the other
hands, the toroidal rotation velocity increases slightly from
205 ms in the co direction. In the plasma periphery, the ex-
ternal torque due to NB should be smaller than those in
the plasma center. Therefore, the change of toroidal rota-
tion in the periphery region might be the change of sponta-
neous flow. However, to clarify the origin of the observed
toroidal flow, we must estimate the external torque injec-
tion profile by NB and neoclassical parallel viscosity with
experimentally measured electron density and temperature
profile.

5. Summary
The high spatial resolved CXRS system is designed by

using two tangential-heating neutral beams as the diagnos-
tic beams, and installed in Heliotron J. We achieved a wide
measurement area of about 0.37< 〈r/a〉< 0.79 and a high

spatial resolution of Δ〈r/a〉 ∼ 0.05 simultaneously by the
selecting the sightlines parallel to the magnetic axis. The
spectral resolution is 0.74 nm/mm by adopting the Czerny-
Turner monochromator. The experimentally measured in-
strument function is 0.05 nm when the slit width is set to
100 µm. To estimate vφ accurately, the lens aberration ef-
fect is considered to determine the λ0 position (529.05 nm)
on the CCD images. The correction factor of Ti is cal-
culated for the apparent spectral broadening effect due to
the fine structure of the transition. It is in the range of 0.8
∼ 0.95 for Ti of 100∼ 1000 eV.

By using this CXRS system, the ion temperature and
toroidal rotation velocity profiles are measured in a set of
NBI plasma. The ion temperature measured by CXRS
reaches its maximum when the stored energy reaches to
maximum. From the comparison to the NPA measure-
ments, it is suggested that the Ti close to the plasma center
increases larger than that close to the plasma periphery. As
for the toroidal rotation velocity, we successfully observed
the changes in its radial and temporal profile. To under-
stand the observed behavior of the ion temperature and the
toroidal rotation velocity profiles, it is necessary to extend
the measurement area to plasma center (〈r/a〉< 0.37) in ad-
dition to the studies of the external torque injection profile
by each NB and neoclassical parallel viscosity.
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