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Abstract

The Thomson scattering method was applied to determine the temperature and
density profiles of plasma electrons in the NOVA II tokamak. To minimize the inten-
sity of stray light, use was made of a viewing damp, which was an array of blue-glass
knife edges.

The radial profile of clectron density has been found to be approximately parabolic,
while the temperature profile appeared more peaky and can be represented by the square
of the parabolic expression. The electron energy confinement time determined by this
method is in good agreement with that predicted by the Alcator scaling law.

8§1. Introduction

The temperature and density of electrons in a high temperature plasma can
be determined by means of the Thomson scattering of laser light.'™® This tech-
nique provides time- and space-resolved distributions with a sufficient accuracy,
on the condition that the apparatus is designed properly. In the case of tokamak
plasma, the electron density is low and, what is still worse, the intens:ity of the
background radiation is high. Therefore, the Thomson scattering apparatus for
a tokamak machine has to be designed carefully, so that there will be no unfa-
vourable experimental conditions.

We can alternatively determine either the electron temperature T, or the ion
temperature 7; from an analysis of the spectrum of the Thomson scattering. The
alternative is mainly controlled by the parameter a=[4xl,sin (6/2)]"'4,, where
0 is the angle between thé incident and scattered beams, A, the Debye length
and 2, the wave length of the incident laser light. For @<<0.1 and for e=21,

the scattering process is incoherent and coherent, respectively. = The sc‘attering' of
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the visible laser radiation is incoherent when observed at §=90°. For electron
temperatures below 1 keV, the spectrum of the Thomson scattering is approximate-

ly Gaussian, and in a particular case of the Ruby laser, the half width is
42 (FWHM) = 32.5/T,, (1)

where 42 is in A and 7, in eV. The electron temperature T, is directly deter-
mined from Eq. (1) by using the observed width of the scattering spectrum:.
In the case of incoherent scattering, the total intensity of the scattered light is
given by
I=% 45199 49, (2)
N de
where I, is the intensity of incidence, S the cross section of the incident beam, [
the path length of the beam in the plasma column, do/d®2 the differential cross
section for the Thomson scattering, 42 the solid angle of the collecting lens, re-
spectively, In designing the apparatus, the F-numbers must be matched between

the monochromator and the collecting lens. The matching condition is given by
= 5 (3)

where 4 is the height of the monochromator slit, F; and F; are the F-numbers
for the monochromator and the collecting lens, respectively. By using this match-
ing condition in Eq. (2), it yields

L2 de £

I=_"1In,

4 " dQ F,F,

(4)

In this expression, the ratio 4/(F,F,;) is the light collecting capacity of the appa-
ratus. We have chosen A=1 cm and F;=F;=4.5. '

This report describes the characteristics of the Thomson scattering apparatus
for the NOVA II tokamak® and the obtained results.

§2. Apparatus

Figure 1 shows a schematic layout of the Thomson scattering apparatus built
recently for determining the electron temperature and density in the NOVA 11,
The giant pulse Ruby laser consists of an oscillator, a Q-switch and an amplifier.
Helical Xenon. flash lamps are used in the oscillator and the amplifier, and a
KD*P pockel cell in the Q-switch. A stable pulsed beam is fired with a 20 ns
pulse width, and the maximum energy is 12 J. The beam divergence is less than

3 mrad. The horizontal laser beam is sent vertically up into the machine through
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Fig. 1. Schematic drawing of the Thomson scattering apparatus.

a rectangular prism. The lens L, with a 40 cm focal length focusses the beam to a
spot, 2 mm in diameter. The plasma is scanned vertically by moving the spot.
The window for the beam incidence is fixed at the Brewster angle, with respect
to the beam axis, in order to avoid excessive energy concentration on the window
surface. The beam damp consists of two blue-glass plates, one of which is again
fixed at the Brewster angle.

The scattered light is collected by the lens L, having a 56 mm diameter. To
minimize the background due to stray light, a viewing damp is attached to the
inner wall of the discharge chamber so that it covers that part of the wall where
the aperture of the monochromator is visible. We have tested three types of view-
ing damps; i) stainless steel knife edges, 0.5 mm thick, separated by 0.5 mm from
each other, ii) stainless steel knife edges arranged closely, and iii) an array of blue-
glass knife edges, having a 2 mm thickness, fixed closely. The reflection coeflicient
was measured with the instrumentation shown in Fig. 2 (a). The viewing damp
was exposed to a helium-neon laser beam incident at an angle 6 to the optical
axis of the collector photo-multiplier. The relative intensity of reflection is shown
in Fig. 2 (b) as a function of the angle 6. This figure clearly shows that the
blue-glass viewing damp is the best among those tested. The knife edges are ex-
posed to scrape-off layer plasmas whose typical parameters are 7,=10” cm™® and
T,~=20 eV. Nevertheless, no appreciable damage of the edges was detected.

The scattered light is collected by the lens L, 56 mm in diameter, and is
detected by a photo-multiplier tube (HTV R-943). The monochromator is a 25
cm Czerney-Turner mount which has a 52 mm X 52 mm grating with a dispersion
of 30 A/mm. Both the entrance and exit slits are 10 mm high and 1 mm wide.
Therefore, the channel width is 30 A per channel. Single-channel spectrum analy-
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Fig. 2. (a) Instrumentation for the measurement of
angular distribution of reflection factors for
three types of viewing damps. (b) Angular
distribution of reflection factors. Triangle:
stainless steel knife edges arranged separately
at a distance of 0.5mm; Filled circle: stain-
less steel knife edges arranged closely; Open
circle: blue-glass knife edges arranged closely.

ses were performed for central wave lengths of 6813, 6750, 6720, 6660, 6610 and
6520 A. The photo-multiplier tube has a square photo-cathode (10 mm X 10 mm)
of GaAs with a high quantum efficiency in the red and near infra-red regions.
The tube is shielded from the strong magnetic field of the tokamak machine by

means of a 3 mm soft iron housing plus a u#-metal shield, 1 mm thick.

§3. Experiments

The measurement of the electron temperature and density by the Thomson
scattering method has been performed on the plasma of the NOVA II tokamak,
whose major and minor radii, R and a, are 30 and 6 cm, respectively. The experi-
mental arrangement is schematically shown in Fig. 3. The impurity ions are sup-

pressed and the gas recycling is controlled by the techniques of both titanium
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Fig. 3. Experimental arrangement.
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Fig. 4. Time sequence of gas puffing,

gettering and gas puffing. The time sequence of the gas puffing is digramatically
shown in Fig. 4. A slow gas injector is started about 10 ms before the ignition of
the discharge. In addition to this, a fast injector is worked 2 ms before the igni-
tion. The plasma density is maintained during the discharge by slow gas puffing.
Fast gas puffing reduces the production of runaway electrons, and suppresses.the
interaction between the plasma and the limiter in the current rise stage. Fast gas
puffing immediately followed by ignition is effectual for obtaining a stable high-

density plasma.?® The toroidal field intensity was typically 1.0 T throughout the



456 Sadao MasaMUNE, Issei Yokovama, Masayuki Fukao and Hiroshi NISHIHARA

o
T T T
O~
——
-0

PR S SRR WA SN T TN TN SR [N AN TR SR S N NS TS S M |

5 10 15 20
(ah 2 (10°A%)

INTENSITY OF SCATTERED LIGHT (a.u.)
<3 :
o

o4
T

o

Fig. 5. Typical spectrum of the scattered Ruby laser light.
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Fig. 6. Time behaviros of the loop voltage V', the plasma current
I,, the average density 7,, and the central electron tem-
perature T,(0).

experiment.

An example of the observed spectra of the Thomson scattering method is shown
in Fig. 5. The spectrum measurement was performed in the quasi-steady state at
6 ms after the ignition. Each of the open circles is the average of 5 to 10 obser-
vations, while the bars show the standard deviations. The electron temperature
T, was obtained by the least-square fit of the Gaussian distributions to the ob-
served spectra. To establish a spectrum and its temperature, 40 to 60 shots of the
discharge were tried. The electron density n, was simultaneously determined by
means of the measurement of the total intensity of Thomson scattering and the
microwave interferometry.

Figure 6 shows the typical time behaviors of the loop voltage V,, the plasma
current I,, the line-averaged electron density #, by a 6-mm microwave inter-

ferometer, and the central electron temperature T,(0). In this figure, the fast
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Fig. 7. Typical radial profiles of electron temperature and density measured
at {=3 and 6 ms after the start of discharge.
initial rise of the initial density is followed by a rapid decay. The peak value
indicates that the initial filling gas is ionized by half. The rapid decay of electron
density is stopped, because the gas pressure is recovered by slow gas puffing, and
the average density reaches a wide second peak.

Figure 7 shows the radial profiles of the electron temperature T,(r) and den-
sity n,(r) at 3 and 6 ms after the ignition of the discharge. Near the plasma bound-
ary, both the temperature and density were measured by the method of electro-
static probing. Reasonable expressions of the observed temperature and density
profiles are as follows:

T,(r) = [T.(0)—T.(a)] [1 —(r/a)*]’+ T.(a) (5)
2001 {§ }}{
: | 1
.é_:'loo- $
N e

Ip (kA)

Fig. 8. The central electron temperature T,(0) versus
the plateau value of the plasma current [,.
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ny(r) = [1,(0)—n,(a)] [1—(r/a)*] +n.(a) . (6)

Figures 6 and 7 show that the temperature profile is established in the earlier
stage of discharge, and remains almost unchanged for several milliseconds.
Figure 8 shows the central electron temperature T,(0) in the quasi-steady state
for the plateau values of the plasma current [, from 5 to 11 kA. The temperature
increases almost linearly up to 250 eV with an increased plasma current.
By using the radial profiles of the electron temperature and density, we can

estimate the global electron energy confinement time 7% defined by

47*R S—:—)’— n,Tydr  47n°R Si n, T ,rdr
g = —32 =22 (7)

POH Vllp ’

where P,y is the power of Ohmic heating. In the quasi-steady state, Poy is ap-
proximately equal to the plasma current I, multiplied by the loop voltage V; at
the position of the conducting shell. Figure 9 shows the confinement time versus
the average density f,,. The average density varied from 1 x 10" to 2.4 x 10¥ cm™3,
while the current was kept around 10 kA. The confinement time 7% increases
with an increased electron density. This is because the electron temperature is
mainly determined by the plasma current. By assuming T,/[,~=constant in Eq.
(7), it immediately yields the relation r%och,.

The Alcator scaling law'? is

Tg,Al = aazn“ s (8)

where a is the minor radius in m, and n,, the line-averaged density in 10* cm™,

The coefficient @ takes on a value between 0.6 and 1.0. In Fig. 9, the extreme

cases of this scaling law for «=0.6 and a=1.0 are shown for comparison. It

fie (10%cm?)

Fig. 9. The global electron energy confinement time %
versus the average density n,. 7g,4; is the energy
confinement time expected from the so called
Alcator scaling .law for the two cases of the
numericl coefficients of 0.6 and 1.0.
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should be noted that Fig. 9 indicates the consistency of the NOVA II confinement
time with the established Alcator scaling law for tokamak plasmas.

§4. Summary

The Thomson scattering method was applied to determine the temperature
and density profiles of plasma electrons in the NOVA II tokamak. The results
obtained are summarized as follows:

1} Use was made of a viewing damp, which was an array of blue-glass knife
edges. It was the most effective as regards minimizing the intensity of stray light
among the three types of viewing damps tested, including two types of widely
used viewing damps of stainless steel knife edges.

2) The radial profile of the electron temperature has been found to be approxi-
mately the square of the parabolic expression, while the density profile appeared
somewhat broader and can be represented by the parabolic expression.

3) The global electron energy confinement time determined from the tempera-
ture and density profiles is in good agreement with that predicted from the Alcator
scaling law.
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