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A multipulse neodym doped yttrium aluminum garnet laser Thomson scattering system calibrated
by the anti-Stokes rotational Raman scattering from nitrogen gas had been developed in the HT-7
superconducting Tokmak. By virtue of this system, measured electron density results of the plasma
were obtained. The results showed good repeatability and its total uncertainty was estimated to be
±18%. © 2007 American Institute of Physics. �DOI: 10.1063/1.2813895�

I. INTRODUCTION

Thomson scattering �TS� is a powerful diagnostic tech-
nique for determining the fundamental plasma parameters
such as the electron temperature Te and the electron density
ne. Recently, a developed multipulse Nd:YAG �yttrium alu-
minum garnet� TS system has been developed instead of
Nd:glass laser TS system.1 In our previous work, this system
was applied on HT-7 Tokamak for Te measurements.2 How-
ever, ne of the plasma could not be obtained due to the lack
of absolute calibration.

Raman scattering offers many advantages for calibrating
HT-7 Tokmak system, owing to that Raman scattering light
meets the wavelength demand of the filters in TS
equipment.3 Also, Raman scattering calibration is not af-
fected by the scattering of microparticle dust. Moreover, the
intensity of Raman scattering was similar to that of Thomson
scattering.4 Thus, the accuracy of the calibration increased as
the detector could be directly adapted without changing any
characteristic of the system. The rotational Raman scattering
is an ideal choice for the calibration of the Tokmaks.

In the literature, SF6,5 hydrogen,4,6 deuterium,6

nitrogen,7 and air8 rotational Raman scatterings have been
proposed and employed. However, there is little description
of Raman scattering experiment from nitrogen gas on Tok-
maks with Nd:YAG laser TS system.

In this article, the anti-Stokes Raman-scattered light
from nitrogen gas of 1064 nm incident laser has been used to
calibrate particular channels of the TS system on HT-7 Tok-
mak. The calibration procedure and error estimation were
described in detail. At the same time, the relationship be-
tween the Raman and Thomson scattering signals has been
discussed. Lastly, an interesting example of electron density
of the center plasma of HT-7 measured by the calibrated
Thomson scattering system was shown.

II. HT-7 THOMSON SCATTERING DEVICE

The TS experimental setup on HT-7 Tokmak has been
shown in Fig. 1. This system employs Nd:YAG laser as the
source. The laser works at the fundamental wavelength of
�=1064 nm. The pulse energy is about 1.8 J, the pulse du-
ration is 6–10 ns, and the repetition rate is 10 Hz. The laser
light reaches the input optics in the lower pit underneath the
HT-7, and then passes through the plasma vertically. The
Thomson scattering light is collected by a collection lens
which images the laser beam on a 1.5�4 mm2 fiber optic
bundle comprised of about 200 low loss quartz fibers with a
diameter of 150 �m. Afterwards, the 2.3 mm diameter out-
put light from the other side of the fiber passes through every
filter sequentially and images onto each one of the five sen-
sitive detectors in the polychromator.

The basic design of the polychromator is presented in
Fig. 2. Basically, one polychromator box is made up of five
interference filters. These filters are directly coupled to a
silicon avalanche, allowing the scattered light to transmit at a
certain wavelength. Each polychromator channel also equips
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5591394. Electronic mail: zangq@ipp.ac.cn FIG. 1. Thomson scattering experimental setup on HT-7 Tokmak.
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an amplifier and a filter circuit in order to detect the small
number of photons. Consequently, we can get the higher fre-
quency signal while rejecting the lower frequency back-
ground light. The output signal from amplified circuit con-
taining the scattering light information is digitized with
LeCrroy2250L charge sensitive fast buffered 12-channel ana-
log to digital converter.

The experimental setup is identical in both the Thomson
and Raman scattering measurements, except that the HT-7
vacuum vessel is filled with nitrogen for the Raman
calibration.

III. BASIC FORMULA FOR RAMAN CALIBRATION
AND RAMAN EXPERIMENTAL PROCEDURE

The intensity of Thomson scattering signal can be writ-
ten as4

ST = AEne
d�T

d�
� S��,Te�f1���d� , �1�

S��� is the power function of Thomson scattering in the non-
cooperative regime, when the relativistic effects are taken
into account, it is given by9,10
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In function �1�, A represents the whole instrumental co-
efficient which is identical in both Thomson and Raman
measurements. This coefficient includes the efficiencies of
solid angle, scattering length, and other optical efficiencies
such as the transmissivity of the view window. E is the pulse
energy of the incident laser, ne is the electron density.
d�T /d� is the differential cross section of TS. f1, �, and 	
are the spectral responsibility of the channel 1, the angle
between the direction of incident light and the scattered light,
and the angle between the polarization of incident laser and
observation direction, respectively. In our system, �=90° and
	=90°. Similarly, the Raman scattering signal SR is given as8

SR = AEnN�
J

wj
Nd�J

N

d�
f1��J

N� . �3�

N stands for nitrogen and J is the initial rotational-
angular-momentum quantum number. The wavelengths of
Raman scattering peaks �J

N are given by11

�J = �0 − �4B − 6D��J − 0.5� + 8D�J − 0.5� , �4�

wj
N is the population of the initial rotational state.12 For a gas

in thermal equilibrium at a temperature T,

wJ
N = W−1gJ�2J + 1�exp�− J�J + 1�hcB/kT� , �5�

�
J=0




wJ
N = 1. �6�

For the nitrogen, B=1.99�102 m−1 and D=5.74
�10−4 m−1, d�J

N /d� is the differential cross section of the
anti-Stokes rotational J�=J−2 Raman transition, and which
can be written as12,13

d�J
N

d�
= �zz��1 − ��cos2 � + �� , �7�

where � is the depolarization factor. The Raman-scattered
light is largely unpolarized and the theoretical value of the
depolarization � is 3 /4. � is the angle between the polariza-
tions of incident and scattered lights, and in our system it is
90°.12
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The value of the anisotropy of the molecular polarizabil-
ity 
 is estimated about 0.66�10−30 m3 at the incident wave-
length of 1064 nm by linear extrapolation from experimental
data.3,11 J is the rotation state. For the nitrogen Raman scat-
tering, J=6 and 3 when J is even and odd, respectively.

Since the effective cross section of Raman scattering
falls exponentially, the Raman signals can be detected by
only channel 1 in the polychromator. Figure 3 shows the
spectral responsibilities of channel 1 together with effective
cross section distributions of the rotational Raman lines for
molecular nitrogen.

Rearanging Eq. �1� by substituting the solution of Eq. �3�
for A, E,

FIG. 2. Measured transmission curves �solid� for the polychromator. The
number of the curve indicates the sequence of the corresponding filter in the
polychromator. Also shown are the measured fiber optic transmission �dash
dot�, the measured detector quantum efficiency �dotted�, and 1000 eV Th-
omson spectrum.
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nN /SR can be calibrated by Raman scattering experiment. In
the Raman calibration, we fill the HT-7 vacuum vessel with
nitrogen gas and measure Raman signal intensities at six
pressure values from 5000 to 20 000 Pa, respectively, to de-
termine the quantity nN /SR. The air pressure is monitored
with a capacitance manometer installed on the HT-7. Figure
4 shows the density dependence of the Raman signal de-
tected by channel 1 in the polychromator. The Raman signals
from 60 laser pulses are accumulated to decrease the statis-
tical uncertainty. As expected, the signal intensity is propor-
tional to the air density. The calibration coefficients for the
polychromator can be obtained from the gradient of the fit
line.

The errors are mainly attributed to following aspects.
The first error is originated from the estimation of PR which
denotes the degree of overlapping of the spectral responsibil-
ity and Raman cross section distribution. The cross section
error is about ±8%, it is induced from the polarizability an-
isotropy having an uncertainty of ±4% for molecular nitro-
gen. In addition, the absolute position of the spectral respon-
sibility f1 measured includes some uncertainties. Only a
small part of the Raman spectrum can be observed from the
polychromator whose cross sections are small, as shown in
Fig. 3. Therefore, the value of PR is very sensitive to the
relative position of the spectral responsibility to Raman lines,
which causes an inaccuracy. We have estimated the uncer-
tainty of f1��J

N� to be about ±5%. The second error comes
from PT as it is the function of the electron temperature Te

which itself has a calculated error of ±10%. Thirdly, the

calibration factor nN /SR has an error of less than 5%. Lastly,
statistical uncertainty in ST depends on the detected photon
number of Thomson scattered light, and is typically ±5% or
less. From the considerations above, total uncertainty has
been estimated to be ±18%.

IV. ELECTRON DENSITY MEASUREMENTS

The electron temperature and density of HT-7 central
plasmas can be measured with the calibrated YAG Thomson
scattering system. Figure 5 shows a lower hybrid wave
�LHW� and ion Bernstein wave �IBW� combined plasma dis-
charge in HT-7 superconducting Tokamak. The total power
of LHW and IBW up to 1 MW has been successful injected.

It has been found that the values of electron temperature
increased with the LHW and IBW injected. Figure 6 gives
the results of temperature and density of the central plasma
dependence on time. For the time being, there is only one
Thomson scattering channel in HT-7 Tokamak. Moreover,
there is no sufficient millimeter-wave �MMW� interferometer
information to support Abel invert. As a result, it is difficult
to find any other method to support the density results cal-
culated from our diagnostic system. However, the experi-
ments have been repeated for several times, similar electron
density values and time-dependence trends are obtained. In
addition, the accuracy is limited to 18%. All these demon-
strate the reliability of our results.

V. SUMMARY AND DISCUSSION

We have successfully calibrated the HT-7 YAG Thomson
scattering system by using anti-Stokes rotational Raman
scattering from nitrogen gas in this work. The fundamental
scattering properties have been well established. Serials of
electron densities obtained show good repeatability. The ex-
act temperature and density measured by this system will

FIG. 3. Spectral responsibility of the channel 1 and effective Raman cross
sections for molecular nitrogen.

FIG. 4. Density dependence of the Raman signals measured by the poly-
chromator. The calibration factor is defined by the gradient of the fit line.
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serve important information on the physics properties of
Tokmak plasmas. In our next work, this calibration technical
will be employed on EAST Thomson scattering technology.
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FIG. 5. A typical LHW and IBW combined plasma discharge. �a� Plasma
current; �b� loop voltage; �c� MMW interferometer measures line integrated
�a vertical chord at R=1.22 m� electron density at a horizontal port as the
YAG Thomson scattering; �d� ECE intensity from channel 8; �e� the LBW
power �f� the LHW power; �g� R position, horizontal displacement of the
center of the last closed magnetic flux surface from two different equilib-
rium calculation programs; �h� Z position, vertical displacement of the cen-
ter of the last closed magnetic flux surface from two different equilibrium
calculation programmers; �i� soft x-ray intensity from channel 23 �central
channel�.

FIG. 6. Electron temperature and electron density.
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