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Abstract: A high spatial resolution imaging Thomson scattering diagnostic system was developed in ASIPP. After 

about one month trial running on the superconducting HT-7 tokamak, the system was proved to be capable o f 

measuring plasma electron temperature. The system setup and data calibration are described in this paper and then 

the instrument function is studied in detail, as well as the measurement capability, an electron temperature o f 50eV 

to 2keV and density beyond 1 * 1019 m'3. Finally, the data processing method and experimental results are presented. 
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1 . In troduction

A Thomson Scattering (TS) diagnostic is recognized as 

the most accurate method to measure plasma electron 

temperature and density1,2, which are two o f the basic 

parameters o f tokamak plasma. TS diagnostic is also 

one o f the most technically difficu lt diagnostics on 

tokamak devices. In order to observe and understand 

the physical processes such as L-H transitions, ELMS, 

and disruptions, multi-pulse laser systems are 

required3'5. A t the same time, the high spatial 

resolution imaging Thomson scattering, also known as 

TVTS, is designed to enhance spatial resolution6.

TVTS gains name from the television-like detectors 

placed after a spectrometer for receiving a 

two-dimensional image. TVTS was originally 

developed in 1967 on PLT as a relatively simple setup. 

The system performs the spatial-resolution-oriented

electron temperature and density measurements for the 

observation o f confinement-related structures7' 10, while 

the evolution o f such structures is also measurable on 

TEXTOR due to the high temporal resolution11,l2.

An imaging Thomson scattering diagnostic system was 

developed in ASIPP. After about one month 

commissioning and trial running on HT-7 tokamak, the 

system was proved to be capable o f measuring plasma 

electron temperature.

This paper is organized as follows: after introduction, 

the system set-up is described in section 2. Section 3 

presents the wavelength calibration and relative 

sensitivity calibration, followed by analysis o f 

instrument broadening and measuring range in section

4. The data processing method and experimental 

results are presented in section 5. Finally, conclusion is 

drawn in section 6.
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2. Description o f the system

2.1. Operating conditions

The HT-7 superconducting tokamak13 is a medium size 

fusion research device. It has a major radius o f R=\.22 

m, minor radius o f a=0.21 m with a circular geometry 

cross section. The experimental conditions in which 

TVTS operation was carried out were as follows: 

plasma current み=100-250kA，toroidal magnetic field 

B,=2 T，central line-averaged plasma density ne/= 

l-3 x 10】9rrf3， central electron temperature 

!Te(f=0.5-2.0keV， and central ion temperature 

7V=0.2-1.0keV. The plasma current, position and 

central line-averaged density was feedback controlled 

during discharges. It was a great advancement in the 

study to sustain discharge under quasi-steady state 

operation.

z.2. System set-up and discussion

TVTS diagnostic system on HT-7 tokamak was 

composed or high-energy laser, transfer optics, grating 

spectrometer, image intensifier, EMCCD system and 

data acquisition system, as shown in F ig .1 .There were 

three dielectric mirrors with highly reflectivity and one 

convex lens to guide the laser beam into the vacuum 

chamber and focused into the plasma. Then, the 

scattering signal passed orderly through the collection 

optics system for imaging scattering signal onto the 

fibers， delivery fiber bundle, slit and grating 

spectrometer, coupling optics for image intensifier and 

CCD14.
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F I G . 1 . Sketch o f the T V  Thomson scattering 

system on HT-7 tokamak. This system is composed 

o f high-energy laser, m irrors, grating spectrometer, 

image intensifier, EM CCD and data acquisition 

system.

The configuration o f fiber bundle was designed to 

change conveniently the measuring position for 

different experimental requirements. Two independent 

parts were connected with the SMA connectors. For 

the input side, there were 100 fibers (10 collimation 

fibers) with a length o f 15 meters. For the output side, 

there were 30 fibers with a length o f 3 meters 

corresponding to the spectrometer. The N A  o f the fiber 

was 0.39 and the core/clad ratio was 0.8/0.83mm, 

which matched the collection lens. The fiber bundle 

allowed the spatial resolution down to one fiber o f 

scattering length about 4mm. It should be noted that 

the nbers could be binned in the software o f the 

detector to get more signals at the cost o f decreasing 

the spatial resolution.

TVTS diagnostic can not only provide fine profiles o f 

temperature and density, but also directly measure the 

shape o f scattering spectrum, while the scattering
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FIG. 2. The three-dimensional scattering signal ol 

TVTS system. The effective pixels o f EMCCD are 

1004x1002 and the reciprocal o f line dispersion is 

0.38 nm/pix, approximately.

signal is much weaker and the diagnostic system is 

more difficult. In order to reduce the disadvantage, the 

system employed a high-energy Nd:YAG laser with a 

pulse energy o f 5J working at the fundamental 

wavelength o f 1064 nm. Due to the relatively low 

quantum efficiency o f CCD detectors in near infrared 

region, a frequency multiplier was designed to transfer 

the wavelength from 1064nm to 532nm for the TVTS 

system. Due to this change, the single laser energy 

reduced fifty  percents to about 2.5 joule. The gate time 

o f the Image intensifier was about 15ns which was 

only long enough to capture the laser pulse. In order to 

obtain much more signal from the image intensifier, 

the gate time o f the CCD was synchronization with the 

image intensifier and the gate width was set about 1ms, 

taking the screen relaxation time into account.

1000

With these parameters setting, the three-dimensional 

scattering signal was obtained. As shown in Fig. 2, the 

abscissa, ordinate and brightness represent the 

wavelength, pixels number and signal intensity, 

respectively. As a result o f the notch filter, the region 

near 532nm is relatively aphotic, corresponding to a 

black bar in Fig. 2. It should be noted that the 

characteristic o f weak scattering signal is the most 

important feature o f Thomson scattering14,15. In order 

to improve signal-to-noise ratio, a polarizer was 

installed on the receiving end o f the fiber bundle. 

Because the scattering signal was polarized and the 

background radiation was approximately natural light, 

the background signal, especially strong line radiation, 

was reduced to about half o f the original but the 

scattering signal remained almost constant with the 

same polarization direction as the polarizer.

3. Wavelength and sensitivity calibrations

The spectrometer was designed to cover a spectral 

range o f about 380-720nm and so a grating covering an 

appropriate temperature range was selected. The 

groove frequency o f the transmission grating was 

720gr/mm for 50eV < Tc < 2keV. Finally, the spectral 

image at the image intensifier o f 25mm diameter was 

imaged onto the cathode o f the detector (image size 

8*8 mm2) by a camera objective.

The line radiations were used to calibrate the 

corresponding relationship between wavelength and 

pixel on the cathode o f the detector. It should be 

emphasized that the entrance slit should be set as
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FIG. 3. Relative efficiency curve obtained with the 
working parameters. This sensitivity factor includes 
the effect of lens, fiber bundle, optical spectrometer, 
image intensifier, coupling lens and EMCCD. The 
relative efficiency is higher between 500nm and 
650nm.
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FIG. 4. Instrument broadening in blue and 
Gaussian fitting function in red. The full width at 
half maximum (FWHM) of instrument function is 
about 10 nm which corresponds to the Doppler 
broadening of scattering electron at 16eV.

4. Discussion on instrument broadening and
measuring range
4.1. Instrument broadening
Using the same experimental setup o f magnification 

and stray light (532nm) as the incident signal, the 

instrument function was obtained as shown in Fig. 4 in 

blue. The instrument broadening was fitted with a 

Gaussian function and they were in good agreement

The sensitivity curve obtained from the relative 

calibration system is shown in Fig. 3. The relative 

calibration presented the sensitivity o f the system as a 

function o f wavelength and the sensitivity factor 

included the effect o f lens, fiber bundle, optical 

spectrometer, image intensifier, coupling lens and 

EMCCD. As shown in Fig. 3, the relative efficiency is 

higher between 500nm and 650nm.

2,5

narrow as possible in order to reduce the line 

broadening and improve the calibration accuracy. The 

calibration results were described by the following 

formula:

/ l= C 〇 + C ,/7 + C 2p 2 ( 1 )

where [c〇, c,, c2]=  [751.11, -0.38744, -3.0771 *10 '6] , p 

is the pixel number o f EMCCD. Then, the 

experimental reciprocal o f line dispersion is |dX/dp| = 

Ci+2〇2p -  0.387 nm/pix.

By applying a calibrated lamp (deuterium and halogen 

lamp), the relative efficiency curve was verified. It 

should be noted that the system must be set up with the 

working parameters. In other words, before the 

calibration we prepared the stable operation parameters 

o f the system, including the gain adjustment, signal 

synchronization, pulse width and so on.
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FIG.5. Transmissivity of the notch filter in blue and 
scattering spectral density of different temperatures 
in other colors. The thick lines of scattering 
spectrum include calculation of the transmissivity 
and the thin lines do not include the transmissivity, 
respectively. The measurable minimum electron 
temperature is about 50eV.

are provided in Table 1 . As shown schematically in 

Fig.5, considering the notch bandwidth and instrument 

broadening o f 10 nm, the measurable minimum 

electron temperature is about 50eV. Spectrometer 

covering wavelength range is from 380nm to 720nm 

effectively which implies that the relevant electron 

temperature is less than 2keV approximatively. In 

order to get a better signal-to-noise ratio, the electron 

density is preferably larger than 1.0*1019m'3. These 

parameters fu lfill the requirements o f the HT-7 

tokamak operation.

TABLE 1 .Parameters table of the notch filter.
Transmission Band 1 T avg>90% 399-513  nm

Transmission Band 2 Tavg > 90% 550 -  709 nm

Notch Bandwidth 17 nm (typically)

with each other. The fu ll width at half maximum 

(FW HM) o f instrument function was about 10 nm 

which corresponded to the Doppler broadening o f 

scattering electron at 16eV. This broadening was 

mainly due to the larger slit. In order to get more 

scattering signal, the slit was set as large as the 

diameter o f the fiber, about 0.8mm.

For Gaussian function s(x) and f(x), their convolution 

g(A：)=s(x)* f  (x)=js(m)f(x-m)dm  is still a Gaussian

function and in addition, their broadenings satisfy the 

following formula

As=yJAg2-A f2 (2)

As we know, the signal o f Thomson scattering is 

Gaussian function approximatively and the electron 

temperature is proportional to the square o f FWHM o f 

the scattering signal. Taking the impact o f the 

instrument broadening into account, the experimental 

electron temperature is on the high side, about 16eV 

which should be deducted from the experimental 

results by data processing.

4.2. Measuring range
The measuring range o f TVTS system in electron 

temperature was determined by the bandwidth o f notch 

filter and effective wavelength range o f system 

covering. In addition, the instrument broadening also 

influenced on the measuring range. The notch filter 

was designed to eliminate the stray light and the 

bandwidth o f the notch filter was about 17 nm 

typically (Tavg<90%:37nm). The detailed parameters
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5. Experimental results and data analysis
The signal o f Thomson scattering is close to Gaussian 

function and the electron temperature is proportional to 

the square o f FWHM o f the function, as shown in the 

following formula

Te=kAs2=k(Ag2-A f2) (3)

Where k is a proportionality constant. Ag and A f are 

the FWHMs o f scattering signal and instrument 

function.

In principle, Gaussian function with four parameters 

was selected to fit the scattering signal spectrum and 

then the FWHM Ag was determined, as shown in Fig.

6. It should be noted that the blue shift o f relativistic 

effect has been taken into account here. The influence 

o f relativistic effect on the broadening is much weak 

when the electron temperature is less than IkeV. Due 

to the lack o f absolute calibration, the signal intensity, 

corresponding to the electron density, was temporarily 

ignored.
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FIG.6. Thomson scattering signal in blue and

The experimental results are shown in Fig.7. As seen

from the figure, the electron temperature is about 

900eV near the core with spatial resolution 8mm. In 

order to obtain a larger signal, three optical fibers were 

integrated to correspond to a measurement point.

_______  ___  _____ Xiaofeng HAN
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FIG.7. The profile of electron temperature 
measured by TVTS system. The plasma current is
in the region of 150 kA and the central 
line-averaged plasma density is about 2.6><1019 m"3.

In the case o f no auxiliary heating, the electron 

temperature measured by TVTS and the ECE system 

were agree well with each other. On the other hand 

with LHW  current driven, it was d ifficult to find any 

other method to verify the electron temperature profile. 

However, the electron temperature values and 

time-dependence trends were the same with each other 

when the experimental conditions were repeated for 

several times.

The noise o f the image intensifier was EBI (Equivalent 

Background Illumination), which was thermal

corresponding fitting function curve in green. emission o f the cathode. This noise was almost 

negligible in our situation with small gate time. On the
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other hand, the noise o f the EMCCD came from

several sources: readout noise, shot noise, dark current 

noise and C1C (Clock Induced Charge) noise which 

was caused by the impact ionization when charges 

were shifted pixels to pixels. In addition, both in 

intensifying and EM process there was a multiplicative 

noise effect called noise factor. The value o f the 

statistical observational errors was limited to below 

10% in Te (for 50eV < Tc < 2keV, ne > l.OxlO19 m'3) 

during many successful measurements o f core profiles. 

Considering the stabilities o f collection, calibrations 

and data processing, the error o f the resultant electron 

temperature was estimated to be about 12%.

6. Conclusion

A high resolution Thomson scattering system was 

installed on HT-7 tokamak and successfully obtained 

scattering signal for the first measurement o f electron 

temperature profiles. A high-energy Nd:YAG laser and 

a frequency multiplier were employed to work for this 

system. The method o f wavelength calibration and 

relative efficiency curve are presented. In addition, the 

influence o f instrumental broadening and measuring 

range, minimum to 50eV, are analyzed in detail. 

Finally, data processing method considering the 

instrumental function and the experimental results are 

presented.
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