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The Thomson scattering diagnostic systems are widely used for the measurements of absolute local
electron temperatures and densities of fusion plasmas. In order to obtain accurate and reliable
temperature and density data, careful calibrations of the system are required. We have tried several
calibration methods since the second LHD experiment campaign in 1998. We summarize the current
status of the calibration methods for the electron temperature and density measurements by the
LHD Thomson scattering diagnostic system. Future plans are briefly discussed. Published by AIP
Publishing. [http://dx.doi.org/10.1063/1.4961276]

I. LHD THOMSON SCATTERING SYSTEM

II. CALIBRATION FOR Te MEASUREMENT

The Large Helical Device (LHD) Thomson scattering
system measures electron temperature (Te ) and density (ne )
profiles of LHD plasmas along the LHD major radius at a horizontally elongated section.1–3 Figure 1 shows the schematic diagram of the LHD Thomson scattering system, and the typical
specifications are summarized in Table I. In typical LHD
experiments, we measure Te and ne in 144 spatial points, which
cover the entire core plasma region of LHD plasmas. Temporal sampling frequency is determined by the laser repetition
rate. Currently, four neodymium-doped yttrium-aluminumgarnet (Nd:YAG) lasers are available: one 1.6 J-30 Hz laser
(Continuum DLS 9030), two 2 J-10 Hz lasers (Thales SAGA
230-10), and one 0.55 J-50 Hz laser (Continuum NY-8050).
Therefore, measurements at the sampling frequency of
10–100 Hz are possible. The LHD Thomson scattering system
observes backscattering light as shown in Fig. 1, and the
typical scattering angle is 167◦. Thomson scattered light is
collected by a large spherical mirror on the optical fibers of
which the core diameter, numerical aperture (NA), and length
are 2.0 mm, 0.2, and 40 m, respectively. The Thomson scattered light is transmitted to 144 polychromators through the
fibers. Each polychromator has five wavelength channels used
for the Thomson scattering diagnostic and is equipped with an
additional channel used for Rayleigh scattering calibrations.
We determine Te and ne by using the lookup table method
and minimum χ2 method. Thomson scattering spectra used
in the analysis are calculated by using the modified Selden’s
formula.4,5

Since Te is determined from the wavelength distribution
of the Thomson scattering spectrum, the calibration of the
wavelength dependences of the spectral responses of polychromator channels is one the most important issues. We
determine the spectral response curves of polychromators
by using a monochromatized light source. The light from a
halogen lamp is monochromatized by a Czerny-Turner grating
monochromator (CVI DK240), of which the focal length and
effective aperture ratio are 240 mm and f /3.9, respectively.
The wavelength of the monochromator is calibrated by using
a low-power continuum YAG laser, He–Ne laser, and mercury
lamp. The wavelength dependence of the output intensity is
calibrated by using some calibrated Si photodiodes (Melles
Griot: D99G0299 and Thorlabs: FDS100CAL) for which
the absolute spectral responsivity data are provided for each
product. We carefully measured the output spectrum by using
the detectors. Figure 2 shows the output intensity spectrum
determined by the Thorlabs photodiodes together with the
spectral responsivity. The uncertainty of the output intensity
has been estimated to be 3% by comparing the data obtained
by some photodiodes. The uncertainty is taken into account
in Te and ne analysis. The experimental error in Te and ne
due to the uncertainty of the output spectrum is estimated
to be less than 2%. We have carried out the polychromator
calibration every year before experiment campaigns. The
spectral responses of a polychromator, f i (λ), measured in
2007-2014 are overplotted in Fig. 3(a). We made a major
improvement for all polychromators in 2006-2007, in which
the installation of Rayleigh scattering channel and related
works were completed. Therefore, it may be meaningless to
directly compare the spectral response data measured before
and after 2007. Figure 3(b) shows the history of the integral
values of each wavelength channel, f i (λ) dλ, obtained in
2007-2014. No significant and/or systematic variations are
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FIG. 2. Solid curves show the monochromator output intensity. Dotted
curve shows the spectral responsivity of calibrated Si photodiode (Thorlabs
FDS100CAL).
FIG. 1. Schematics of the LHD Thomson scattering.

seen, and the typical variations are less than 5%. The room
temperature of our laboratory is kept within ±0.5◦, and the
humidity is also well controlled. Therefore, we consider that
the degradation of the performance of our polychromators is
small, and annual calibration is sufficient.
Concerning the wavelength dependences of the observation window transmittance, light collection mirror reflectivity, and fiber transmittance, these are also important. We
measured them by using a small halogen lamp and mini spectrometer. However, satisfactory calibration data were not obtained because the sensitivity of our spectrometer near the
laser wavelength, 1064 nm, is too low. Currently we do not
take these wavelength dependences into account in Te and ne
analysis. However, the error due to neglecting these wavelength dependences was estimated to be less than 1% at Te
≤ 5 keV, 2% at Te = 5-10 keV, and 5% at Te = 10-20 keV.
We will remeasure the wavelength dependences by using new
spectrometers whose sensitivity near the laser wavelength is
3-5 times higher than the old spectrometer in the near future.
III. CALIBRATION FOR ne MEASUREMENT

In Thomson scattering diagnostic, electron densities are
determined from the absolute measurement of the Thomson
scattered light intensity. In the LHD Thomson scattering system, Rayleigh scattering and Raman scattering in gaseous
nitrogen and/or dry air have been tested for the absolute calibration.6 It is noted that we tried Raman scattering calibration using gaseous hydrogen for the Compact Helical System
(CHS) Thomson scattering system, which was developed as a
prototype of the LHD Thomson scattering system.7 In both the
Rayleigh and Raman scattering calibrations, the LHD vacuum
vessel is filled with target gas up to about 30-50 kPa. The
target gas density is determined by using a state equation of
ideal gas. The gas temperature and pressure are monitored

by a thermocouple sensor installed inside the vacuum vessel
and a capacitance manometer that can measure absolute gas
pressure, respectively. The Raman scattering calibration is
carried out under the same settings of the laser system as the
Thomson scattering measurements. On the other hand, laser
pulse energy is decreased about 1/100–1/1000 in Rayleigh
scattering calibration, because the Rayleigh scattering cross
section is three orders of magnitude larger than the Raman
scattering cross sections. Stray light intensity is also decreased
in proportion to laser pulse energy. Then, stray light effect
does not cause a serious problem though non-negligible stray
light is observed in our Rayleigh scattering calibrations. Figure 4 shows an example of the target gas pressure dependence
of measured signal intensity. The Rayleigh scattering signal
intensity is proportional to the gas pressure, as expected. It is
noted that Rayleigh scattering has the same scattering properties as Thomson scattering because both of them are generated from dipole transition. On the other hand, since Raman
scatterings are quadrupole transitions, the angular distribution
of emitted light should be taken into account.
In our calibration experiments, Rayleigh scattering calibration has been found to provide better results than Raman
scattering calibration because the spectral response of the
polychromators at the Rayleigh scattering wavelength (=incident laser wavelength) can be more accurately determined in
our polychromators. In order to verify the reliability of the
Rayleigh scattering calibration, we compared line-integrated

TABLE I. Specifications of the LHD Thomson scattering system.

Scattering angle
Solid angle
Spatial resolution
Number of spatial points
Sampling frequency
Measurable Te range
Measurable n e range

Outside–inside

Units

161–171
39.0–9.4
11.6–25.4
144
10–100
5–20 000
≥1018

(deg)
(msr)
(mm)
...
(Hz)
(eV)
(m−3)

FIG. 3. (a) Spectral responses measured in 2007-2014. The CH. 6 is used
for the Rayleigh scattering calibration and not used for Thomson scattering
measurement. (b) The history of the integral value for each wavelength
channel.
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FIG. 6. Schematic diagram of the calibration of measurement point.

FIG. 4. Signal intensity as a function of target gas pressure in Rayleigh
scattering calibration.

electron densities obtained from the Thomson scattering diagnostic to those obtained by the LHD millimeter-wave (MMW)
interferometer diagnostic.8 Both of the two diagnostic systems
measure electron density along the LHD major radius at a
horizontally elongated section. Thus, the two results can be
directly compared without any assumption and/or special
procedure such as the Abel inversion. Figure 5(a) shows an
example of the comparison for an LHD plasma discharge,
showing good agreement. Figure 5(b) shows the summary
of the comparison for the data obtained in the latest, 2014
LHD experiment campaign. The horizontal axis is the LHD
discharge number. Roughly speaking, they show good agreements throughout the campaign of 3 months. The systematic
error is estimated to be +4.3%. And, it is found that the ratio
is slightly decreased in the campaign. We are considering that
it is due to the long-term variation of the laser pulse energy.
We have monitored the laser pulse energy for all laser pulses,
however, the reliability of the laser energy monitor system may
not be satisfactory. We must replace it with a better system to
obtain more accurate density data.
IV. CALIBRATION FOR MEASUREMENT POINT

Thomson scattering diagnostic system measures local Te
and ne . Thus, the information of the measurement points is

also important. In the usual YAG Thomson scattering systems, each fiber and its measurement point are in one-to-one
correspondence. We calibrate the measurement point observed
by each fiber by a simple process. First, a reference He–Ne
laser beam is injected into the LHD vacuum vessel, such as
the YAG laser. Then, a linearly movable target plate is also
introduced into the vacuum vessel from another port, as shown
in Fig. 6. By scanning the target along the laser beam (i.e.,
the LHD major radius), we obtain the one-to-one correspondence table for the fiber number and observation position.
The position calibration is carried out before the experiment
campaign when the environment at the inside of the vacuum
vessel is an atmospheric air open state. We are now installing
a new target driving system. The system can be operated even
when the vacuum vessel is evacuated and has a precise remote
control system. The uncertainty in the previous target scanning
method is estimated to be 10 mm in the worst case because
the target support structure and scanning method are poor. By
using the improved target scanning system, the uncertainty
will be decreased down to 1 mm.
V. SUMMARY

We installed the LHD Thomson scattering system in 1998
and have tried some calibration methods to obtain accurate
and reliable Te and ne profiles. We summarized the current
status of some calibration methods used in the LHD Thomson
scattering diagnostic. Calibration systems using new instruments and/or an improved system will provide more accurate
calibration data.
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FIG. 5. (a) Comparison of line-integrated electron densities obtained by
the LHD Thomson scattering (crosses) and MMW interferometer (solid
curve) diagnostics. (b) Summary of the comparison in the 2014 experiment
campaign.
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