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OBSERVATION OF THE LOW-FREQUENCY ION ACOUSTIC 

INSTABILITY IN THE TURBULENTLY HEATED TRIAM-1 

TOKAMAK PLASMA 

0. MITARAI*, T. WATANABE**, Y. NAKAMURA***, 
K. NAKAMURA***, N. HIRAKI***, K. Tm****, 

Y. KAWAI****, S. ITOH***** 

Density fluctuations in the frequency range of several MHz are obser・
ved in the turbulently heated TRIAM-1 tokamak plasma by means of a 4 
mm microwave scattering method. It is found from the measurement of 
the dispersion relation that this instability is considered to be the low-
frequency ion acoustic instability propagating nearly perpendicular to the 
toroidal magnetic field. 

Key words: Microwave scattering, Low-frequency ion acoustic ins-
tability, Turbulent heating 

1. Introduction 

The turbulent heating experiments have been carried out using both 
toroidal and linear machines, so far. It has been reported1)-5l that ion 
and electron temperatures can be raised up in a short time by passing a 
turbulent heating current and this heating may be caused by current-driven 
turbulence. However, such a mechnism has not been clarified exper-

imentally. The main reason is considered to be due to bad confinements 
of a plasma. In order to heat a well confined tokamak plasma to temper-
atures of keV by turbulent heating, we have been performing the TRIAM-1 
project. The TRIAM-1 machine is a tokamak with high toroidal magnetic 
fields, which provides a tokamak plasma with a high density of 1014 cm-3 

and a high temperature of a few 100 eV. When a strong pulsed electric 
field is applied to the TRIAM-1 tokamak plasma, an increase in the ion 
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temperature from 100 to 300 eV at the plasma center is observed, which 
has been reported in detail elsewhere5J. For understanding the mechanism 
of turbulent heating, it is necessary, first of all, to investigate what types 
of instabilities are excited, which could be made by measuring the dispersion 
relation of waves. 
A microwave scattering method is a powerful one for measuring the dis-
persion relation especially in a high temperature plasma. A number of 
microwave scattering experiments have been performed using the toroidal 
machines6J as well as the linear machines. 7) To our knowledge, however, 
the ion acoustic instability, which is considered to be one of promising can-
didate responsible for the heating, has not been identified in the turbulent 
heating experiments in a tokamak plasma. In this paper, we present the 
first experimental evidence for the excitation of the low-frequency ion acous-
tic instability by the turbulent heating current in the TRIAM-1 tokamak. 
In Sec. 2, we describe the experimental apparatus. Experimental results 
of the power spectrum and dispersion relation of the observed fluctuations 
are given in Sec. 3. The results of the numerical calculation for explain-
ing the observed dispersion relation are presented in Sec. 4 and discussion 
and conclusion are given in Sec. 5. 
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Fig. 1 The 4 mm microwave scattering system. 
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2. Experimental Apparatus 

Figure 1 shows the schematic block diagram of the microwave scatter-
ing system, which is a conventional homodyne detection system. An 
incident microwave with a frequency of fi=70 GHz and a power・ of 0. 4 W 
is launched perpendicular to a plasma column with electric fields polarized 
in the direction of toroidal magnetic fields. Since antennas are installed 
outside the vacuum chamber of the TRIAM-1 tokamak叫 itis possible to 
make measurements of fluctuations for various scattering angles. 
The received signal is mixed with the reference signal by the mixer 
diode (E 965, TRG), which is operated with fixed bias voltages in order to 
reduce the conversion loss. The output of the mixer diode passes a bias 
insertion coil and is led to an osciloscope. This bias insertion coil has a 
flat frequency response from 1 MHz to 1 GHz and is used to apply the DC 
bias voltage to the mixer diode. This scattering system is shielded by a 
shield box, as shown by dotted lines, in order to reduce noises from high 
turbulent heating voltages. 
Figure 2 shows the block diagram of the data acquisition method. Wa-

Photograph 

Wave Tracer 
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Fig. 2 The data acquisition method of obtaining power spectrum. 
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veforms recorded on photographs are traced by a wave tracer by manual 
and resistered on a computer. These data are analyzed by the FFT method. 
Raw spectrum are smoothed by the triangular window. The resultant 
spectrum are drawn on a X-Y plotter. 
We selected the scattering angles 30°, 75°, 90° and 110° to study the 
dispersion relation of instabilities excited by the turbulent heating current. 
Figure 3 is the schematic figure of the scattering arrangement. Here, we 
defined{}s as the angle between the incident wave vector ki and the scattered 
wave vector k8. Since the transmitter and receiver horn antennas have a 
finite beam divergence of about 20° full width at half-maximum in E and H 
planes, this system can measure only waves propagating almost perpendicular 
to the toroidal magnetic fields. Therefore, it will be possible to observe 
only the waves propagaing at the angle between about 80° and 90°. 

3, Experimental Results 

The scattering experiments were performed in the TRIAM-1 tokamak 
(R。=24.5 cm, a=4 cm). In Fig. 4 we show the current and loop voltage 

(A) 0s=30' (BI 8s=75' 

(C) 0s=90° (D) 0s=ll0° 

Fig. 3 Geometry of microwave scattering experiments. 

library2
ノート注釈
library2 : None

library2
ノート注釈
library2 : MigrationNone

library2
ノート注釈
library2 : Unmarked

library2
ノート注釈
library2 : None

library2
ノート注釈
library2 : MigrationNone

library2
ノート注釈
library2 : Unmarked



OBSERVATION OF THE LOW-FREQUENCY JON ACOUSTIC INSTABILITY 65 

/‘― 
，，，，， /9 

ク / 

、ク //• 
ク

9ク

(A) 

t~ ．． こ~ ー一 Ip 
5.8 KA/div 

w レ VI 10 V/div 

ヽ

‘ ‘ ヽ
‘ ‘ ‘‘ ヽ

sweep rate 

500fs/div 

(B) 

I評 3.8kA/div 

v(H 1 kV /div 

(C) 

Vs 5 mV/div 

sweep rate 

1 p,!div 

Fig. 4 Typical discharge waveforms and observed scattered signals. 
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waveforms of the tokamak discharge (A) and the turbulent heating current 

and voltage waveforms (B). In the same figure, the scattered signal (C), 
where the turbulent heating current was superimposed, is shown. T加
main parameters of the turbulent heating experiments are: toroidal magnetic 

field Bt=31 kG, tokamak plasma current lp=l5 kA (at 3 ms from the in・ 
itiation of the discharge) and turbulent heating current nH=19 kA (peak 

value). We made the experiments, keeping the tokamak plasma current 
as low as possible in order to pass large turbulent heating currents, because 

the macroscopic stability of the turbulently heated plasma is limited by a 
safety factor q (a). Figure 4 shows that the fluctuation begins to appear 
at (1 ~2) μsec after the application of the turbulent heating voltage. 

Figure 5 shows the scattered signals scanned by 1 μsec and 200 nsec. 

The upper and lower waveforms correspond to the case without and with 
the turbulent heating current, respectively. It is found clearly from this 

(A) without TH current 

V, 5mV/div 

sweep rate 

1 μs/div 

(B) with TH current 

Vs 5mV/div 
sweep rate 

200 ns/div 

Fig. 5 (A) The scattering waveform without the turbulent heating current. 
(B) The scattering waveform with the turbulent heating current. 
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Fig. 6 Power spectrum at 30° and 75° scattering angles. 
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Fig. 7 Power spectrum at 90° and 110° scattering angles. 
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photograph that fluctuations with several MHz are excited by the turbulent 
heating current. 
We obtained the power spectrum of the fluctuations for the various scat-
tering angles. The typical power spectrum are shown in Figs. 6 and 7. 
As the scattering angle is increased, peak frequencies become large and the 
tail of the spectrum becomes broad. 
In Fig. 8 we plotted the peak frequencies obtained from the power spe-
ctrum as a function of k 1 vector defined by k 1 =2 k; sin ({js/2). The cross 
bars indicate the resolution of the k vector obtained from Fig. 3. Note 
that the frequencies are below the ion cyclotron frequency fc;=50 MHz. The 
solid line in Fig. 8 is the theoretical prediction of the low-frequency ion 
acoustic instability, which corresponds to the case "A" in Fig. 9. 
Furthermore, we observed that the fluctuation levels increase with incr-
easing the turbulent heating current. This suggests that the observed 
waves were excited by current-driven instabilities. 

4. Identification of The Observed Dispersion Relation 

To explain the observed dispersion relation, we calculated numerically 
the dispersion equation of electrostatic current-driven instabilities in the 
magnetic field. We assume a homogeneous infinite collisionless plasma, 
in which electrons with a Maxwellian distribution drift toward the magnetic 
field through stationary ions with a Maxwellian one. The dispersion equa-
tion is written as follows9l: 

e=l＋員D2{1+ ＇✓]ズ雰eIm n且Z巳芯乳閃？~)ln(k;_pDe-ki叫

+¾,叫1+✓五kilい冗IM れ幻（✓五―：万ilIM)In(k記）パ叫
=0 (1) 

where k"=k危＋kf,(}=tan―1(kl./k11) and In is the n-th order modified Bessel 
function. The following definition is used as a plasma dispersion function 

Z: 

Z（こ）＝ 1「竺―ぷ2dC 
✓ 冗―=x-(

for Imこ＞O (2) 

and its analytic continuation for Im こ旱0.
Since the skin layer of the electron temperature has been measured in 
the turbulently heated TRIAM-1 tokamak plasma by the Thomson scattering 
method8>, we consider the case where the turbulent heating current passes 
in the skin layer. Defining l:J as a thickness of the skin current, the ratio 
of the electron drift velociy, Vct, to the thermal velocity, v0, during the tur-
bulent heating is given as follows: 
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The measured dispersion relation. Cross bars indicate the 

resolution of the k vector. The solid line is the theoretical 

prediction for 杓＝ lxl019m-•, T,=200eV, Ti=20eV and炉

0.5cm. 

library2
ノート注釈
library2 : None

library2
ノート注釈
library2 : MigrationNone

library2
ノート注釈
library2 : Unmarked

library2
ノート注釈
library2 : None

library2
ノート注釈
library2 : MigrationNone

library2
ノート注釈
library2 : Unmarked



70 0. MIT ARAI et al. 

Vd _ nH 
＝ ve n.e冗alJ(2-lJ/a)v.

(3) 

where v0=✓r;Jiii, and a is a plasma radius. To obtain the theoretical 

dispersion relation, we solved Eq. (1) for w(=2冗f+ir)as a function of k.L・
The result for the case of Fig. 8 is shown by the solid line in Fig. 8. In 
this calculation, we used the experimentally determined values as T., n. and 
lJ at the skin layer, while T1 was estimated from the measured profile of 
the ion temperature without the turbulent heating current. Figure 8 shows 
that the observed dispersion relation agrees with the dispersion relation of 
the low-frequency ion acoustic instability. 
It is easily demonstrated that the growth rates of the instability are 
very sensitive to the plasma parameters such as T./ T1 and vd/v.. The 
growth rates for the different parameters are shown by the dotted lines, 
together with the dispersion relation, in Fig. 9. It is found from this 
figure that the growth rates become negative as k.Lincreases. In our exper-
iments, the instability was observed at k.L=24 cm―1 so that the growth rate 
at this value must be positive. Therefore, the case "A" explains well the 
experimental results. 
Furthermore, the growth time measured in the present experiment was 
of the order of several hundred nsec., which is consistent with a calculated 
value t~l/r. Thus, we conclude that the observed instability is the low-
frequency ion acoustic instability excited by the turbulent heating current. 

5. Discussion and Conclusion 

As seen in Fig. 3, the scattering volume is relatively large in the present 
case. This may be improved by using horn lenses or shorter micro-
wavelength sources such as a 2 mm-klystron. 
It is shown from the analysis of the dispersion equation (1) that whenever 
the low-frequency ion acoustic instability is excited, the ion acoustic ins-
tability is excited in the larger k11 region. When we choose the parameter 
of the case of (A), a maximum growth rate is r=7Xl06 sec―1 at k11=180 
cm―1. Therefore, we expect the excitation of the high-frequency ion 
acoustic instability having a growth rate much greater than that of the low-
frequency ion acoustic instability. To measure such an instability, an 
infrared scattering method will be useful because of smaller wavelengths. 
We applied the theory of the homogeneous plasma to analyze the exper-
imental results in spite of the formation of the skin current. The measured 
wavelength(Amax=2冗／km1n=2冗／0.7=lcm) is comparable with the thickness 
of the skin current. This effect has not been taken into account in the 
present analysis. 
As the turbulent heating current was increased, the fluctuation level 
became large and the ions as well as electrons were heated. The instability 
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observed here may play an important role in such heating, which is will be 

reported elsewhere. 
In conclusion, density fluctuations in the frequency range of several MHz 
are observed in the turbulently heated TRIAM-1 tokamak plasma by means 

配 30KG, I炉＝10KA, 8=8d゚

A B C D E 

ne m -3 I冨1019 1畢1019 1 • 10 19 1•10 1 9 2叶〇19 

Te ev 200 200 200 400 200 

T; eV 20 20 40 20 20 

6 cm 0.5 1.0 0.5 0.5 0.5 

VdlVe 0.9 0.48 0.9 0.63 0.45 

15 

1 0 

(
N
H
N
)
↑
 

5
 

ヽ
ヽ一ヽ一

、

/

l

 
/

―

―

 

/

-

/

 

／

／

 

／
 

I
/
 

／

、

/／ 
ヽ
／

／

必

I

/

 
I

I

 

I

I

 

I

I

 

‘ヽ
II 

I
I
l
 

"
u
o
 ゚

10 

B, 

C

D

A

E

 
(
9
0
 
l•)..t 

A
 
ヽ

＼
 

＼
 

＼
 

¥

D

 

＼
 

＼

ヽ

＼

＼

 

¥

＼

B

、

、
‘
‘
`

、

、

Eヽ

¥

‘

 

ヽ

ヽ
ヽ

＼

＼

＼

＼
 ‘、
、
C

＼
 
、

ヽ

‘
、
9

‘、ミ、
¥‘、ミ

ヽ
I

l

 
二ー＿
一，
 

5
 

10 20 

K..L(cm―I) ゜30 
Fig. 

，
 

Calculated dispersion relations for different parameters, where 

Bt=30kG, JTH=19kA and 0=80°. 
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of a 4 mm  microwave scattering method. It is found from the measur-
ements of the dispersion relation that this instability is considered to be the 

low-frequency ion acoustic instability propagating nearly perpendicular to the 

toroidal magnetic field. 
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