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Charge exchange spectroscopy using a Fabry–Pérot spectrometer has been developed to study the
dynamic of ion temperature and radial electric field in plasmas. A charge coupled device detecter
with 80⫻ 80 pixels was used to gain the spectral resolution of the charge exchange spectroscopy
system. This Fabry–Pérot charge exchange spectroscopy system has been applied to measure the ion
temperature using the charge exchange line of carbon impurity with a time resolution of 5 ms for
high density quasisteady discharges in W7-AS. The cold component due to the charge exchange
reaction between the carbon impurity and thermal neutrals is subtracted from the change emission
with the beam modulation technique © 2004 American Institute of Physics.
[DOI: 10.1063/1.1789587]

I. INTRODUCTION

Charge exchange spectroscopy (CXS) has been used to
measure the profile of ion temperature and plasma rotation
velocity in both the poloidal and toroidal direction in tokamak and helical plasmas.1,2 An improvement of time resolution of the CXS has been desired eagerly as going to study
the dynamic behaviors of radial electric field in the plasma
where the radial electric field changes rapidly at the transition to the confinement improved mode or in the breathing
phase. Since the background emissions from the charge exchange with the thermal neutrals around the peripheral of the
plasma overlaps the charge exchange emission to be measured, the background emission should be subtracted from
the change exchange emission to derive local ion temperature. The beam modulation is one of the techniques to subtract the background emission. The improvement of the time
resolution is also useful for the CXS measurement with the
beam modulation. A Fabry–Pérot spectrometer has good
spectral resolution, therefor the aperture for input light can
be larger compared with the slit of a conventional spectrometer. Charge exchange spectroscopy using a Fabry–Pérot
spectrometer was developed and installed in the JIPP TII-U
tokamak. The spectral resolution was limited by the number
of two dimensional (2D) photodiodes of the ditector.3 The
2D photodiodes array was replaced with the charge coupled
device (CCD) image detector to improve the spectral
resolution.
II. CXS SYSTEM BY FABRY–PÉROT SPECTROMETER

Figure 1 shows the schematic view of the CXS system
using Fabry-Pérot spectrometer. The system consists of an
étalon with a spacing of 75 m, two optical lenses, one interference filter, CCD image detector, and a bundle of seven
optical fibers that are arranged on an optical axis. The étalon
a)
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has 1.7 nm of free spectrum range (FSR) which is large
enough to measure the Doppler broadened spectrum for the
plasma with the ion temperature of 1 keV. The center wavelength and bandwidth of the interference filter are 529.1 and
1.5 nm, which is narrower than the FSR of the étalon to cut
the interference of the higher order of spectrum, respectively.
The carbon impurity line 共C VI =529.1 nm兲 is used for the
CXS measurement. Two optical lenses are arranged at each
side of the étalon. The wavelength  transmitting the étalon
with the finite angle d are given by
d = 0 cos d = 0共f/冑 f 2 + d2兲,

共1兲

where d , f , d, and 0 are the distance from the optical axis,
the focal length of the coupled lens, light injection angle into
the étalon against the optical axis, and center wavelength
transmiting the étalon along the optical axis. The system has
six channels for measurement (Nos. 1–6 in Fig. 1) and one
channel for calibration (No. 0 in Fig. 1) of center wavelength. The CCD detector is arranged at the focal plane of
the lense opposite the fiber bundle. The back illumination
CCD detector with 80⫻ 80 pixels (36 m pixel size) is used
to increase quantum efficiency. The image of the aperture of
the fiber bundle is focused on the CCD detector. The wavelength for each pixel is calculated from the distance of the
pixel position from the optical axis by using formula (1).

III. CALIBRATIONS OF FABRY–PÉROT SYSTEM

Figure 2 shows the spectra of the Sm and Cu lamps
measured with the Czerny–Turner type spectrometer, which
is already calibrated and the Fabry–Pérot system. Because
the range of the wavelength of the Fabry–Pérot system,
which is limited by a diameter of the optical fiber, is 0.8 nm
the center wavelength of the étalon is tuned at 528.8 and
529.75 nm for Sm line and 529.75 and 530.45 nm for Cu
line. The wavelengths in Fig. 2(b) are calculated with formula (1). The center wavelength of the étalon is calibrated
4136
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FIG. 1. Schematic view of the Fabry–Pérot CXS system.

by using the peak at 528.291 nm of the Sm lamp and at
529.25 nm of the Cu lamp. The spectrum, which was observed with the Czerny–Turner type spectrometer is almost
identical to that observed with the Fabry–Pérot system.
Figures 3(a) and 3(b) show the spectrum of the Cu lamp
共529.25 nm兲 without and with the intensity calibration, respectively. The intensity decreases as the distance from the
optical axis is increased (away from the CCD center) as seen

FIG. 3. Spectra of Cu 共529.25 nm兲 measured at the inner (circle), middle
(triangle), and outer (square) region of CCD image: (a) without intensity
calibration, (b) without intensity calibration, and (c) with intensity calibration plotted on wavelength axis.

FIG. 2. Spectra of the Cu and Sm lamp measured by using the: (a) Czerny–
Turner type spectrometer and (b) Fabry–Pérot spectrometer. Dotted line indicates the characteristic curve of the interference filter used for the Fabry–
Pérot spectrometer. The arrow in (a) indicates the wavelength of the C VI
line without Doppler shift. The arrow in (b) indicates the range of wavelength acquired with a fixed space of Fabry–Pérot interferometer.

in Fig. 3(a). The light intensity at the center region of the
image is higher than that at the outer region of the image
because the effective aperture of the étalon for the outer region of the image is decreased. Furthermore the sensitivity of
pixels of the CCD are scattered slightly. The profile of the
photons throughput are measured by injecting the white light
(halogen lamp) uniformly and is used for the intensity calibration. Figure 3(b) shows the spectra after the intensity is
corrected with the calibration of throughput. The scatterings
of the data are also corrected by the intensity calibrations and
the 2 value of the fitting with Gaussian curve decreases to
1 / 3 compared with the data without the calibration.
Because the dispersion of the Fabry–Pérot system is not
linear on d, the width of the spectra at the position is larger
than that at the outer position. Figure 3(c) shows the spectrum of the Cu lamp 共529.25 nm兲 polotted on the axis of the
wavelength. The spectra measured at different d overlap each
other. The instrumental width from full width half maximum
(FWHM) of the spectrum is 0.065 nm. The wavelength resolution of the data points is about 0.0015 nm, which is much
smaller than the instrumental width of the Fabry–Pérot spectrometer. The resolution of the Fabry–Pérot system is limited
by the instrumental width. The instrumental width of
0.065 nm corresponds to 0.03 keV in the Doppler width of
carbon impurity, which is much smaller than the target temperature of 1 keV. The effective finesse (FSR/FWHM)
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FIG. 4. Time evolution of signal intensity (circle) plotted with the total
power of RNBI (solid line).

which indicates the performance of a Fabry–Pérot system is
26, while the Fabry–Pérot system installed in JIPP TII-U in
19953 was only 14.
IV. CXS MEASUREMENT IN W7-AS

The Fabry–Pérot system are installed in W7-AS with six
line of sights which cross the neutral beam of the radial
neutral beam injector (RNBI). The charge exchange line of
carbon impurity is measured with a time resolution of 5 ms
with exposure time 3.5 ms for high-density quasisteady discharge. The line averaged density is 3.7⫻ 1020 m−3 and the
total heating power of the neutral beam is 3.5 MW.
Figure 4 shows the time evolution of C VI intensity and
the total power of the RNBI. The C VI intensity is modulated
with 50 Hz associated with the modulation of the radial injector of the neutral beam (10 ms on, 10 ms off). The intensity of the charge exchange line due to the beam is comparable to the intensity induced by charge exchange reaction
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FIG. 5. Spectra of the charge exchange line of C VI with the RNBI on (open
square), off (open triangle), and the beam induced component (open circle).
Solid lines the curve of fitting with Gaussian profile.

between carbon and thermal neutrals (background).
Figure 5 shows the charge exchange spectrum of C VI at
the timing of beam on (at 0.262 s) and beam off (at 0.267 s).
The difference between the spectra at beam on and beam off
gives C VI emission emitted from the cross section between
line of sight and the neutral beam line. The ion temperature
derived from the Doppler width after subtracting the background is 350 eV.
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