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A far-infrared (FIR) laser scattering system for the study of tokamak

density fluctuations is described. Recent scattering data from low frequency

13 -3
microturbulence in high density (n > 5 x 10 cm ) microtor discharges are

presented. In addition, the first observation and identification of internal

modes generated during ICRF heating are described. The latter study directly

conforms to fast wave mode conversion theory in a two-ion species plasma.

In particular, the first internal observation of mode converted ion Bernstein

waves in a tokamak plasma has been made.
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1. INTRODUCTION

In this paper, the study of waves and instabilities occurring in tokamak

plasmas is described. Collective Thomson scattering techniques in the far-

infrared spectral region have been utilized for the first time to probe two

important areas. First, naturally occurring low frequency micro-instabilities,

such as drift waves and convective cells, have been investigated. These

instabilities are thought to be the main cause of anomalous transport existing

in present day tokamak plasmas and so an internal measurement of their frequency

and wavenumber spectrum is of the utmost importance. Second, radio frequency

heating at the lower hybrid and ion cyclotron frequencies (ICRF) is an important

alternative to neutral beam heating in both existing and future tokamak devices.

A study of the short wavelength electrostatic waves generated within the plasma

is essential in understanding heating mechanisms and thereby improving efficiencies.

Recent ICRF studies on the Microtor tokamak at UCLA have produced the first direct,

(1 2)
internal observation of these decay waves. '

The paper is organized as follows. Section 2 gives a brief description of

the experimental apparatus. Experimental results obtained on the Microtor tokamak

at UCLA are presented in Sees. 3 and 4. Finally, Sec. 5 contains a brief conclusion

together with a description of future work.
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2. EXPERIMENTAL APPARATUS

A detailed description of the experimental apparatus employed for FIR

scattering on the Microtor tokamak can be found in Ref. 3.

A schematic of the apparatus is shown in Fig. 1. The radiation source

is an optically pumped FIR laser. It consists of a CO. "pump" laser whose

output is absorbed by a molecular gas contained within a far-infrared cavity.

The FIR lasing transition occurs between adjacent rotational levels in an

excited vibrational state of the molecule. A variety of wavelengths between

0.2 and 2 mm may be generated by grating tuning the CCL laser to absorption

transitions in various molecules. In the present experiments, the C H F

laser generated = 5mW of power at 1222um (245GHz). The laser design is

(4)similar to that developed by liodges et al. except that the FIR cavity is

optimized for long wavelength operation.

The output from the laser is reflected from an adjustable mirror onto

a mesh beam splitter which directs part of the beam towards a quasi-optical

biconical Schottky barrier diode mixer. This serves as the local oscillator

for the homodyne detection system adopted in these measurements. The remainder

of the beam is weakly focussed (a ~ 1.5 cm) to a region located on a horizontal

plasma diameter. The scattered radiation is collected by a movable mirror which

permits a variation of scattering angle from 0 - 20 . The receiver beam diameter

in the plasma is the same as the probe beam. The entire laser and optical

assembly can be translated along the major radius of the tokamak allowing spatial

regions to be probed from the edge to the center of the plasraa. The frequency

shifted scattered beam is recombined with the local oscillator via the beam

splitter producing an output signal from the mixer at the wave frequency.
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3. LOW FREQUENCY MICROTURBULF.NCE STUDIES

The anomalous transport and energy loss observed in tokamak plasmas may

be accounted for by the presence of low frequency raicroturbulence. It is

therefore important to have a complete knowledge of the distribution of this

turbulence in space, time, frequency and wavenumber so that comparisons with

theory can be made and the effect on anomalous transport assessed. As mentioned

earlier, Thomson scattering of FIR radiation represents the only nonperturbing

method capable of providing simultaneously good spatial and wavenumber resolution

over the full range of tokamak operating conditions.

In a previous publication, the first successful FIR scattering experiment

on okamak plasma was described. Low frequency microturbulence was studied

13 -3
in a low density, low toroidal field regime (n O x 10 cm , B < 15kG).

The frequency and wavenumber spectral distributions were reproducible and

independent of radial position suggesting isotropy in a two dimensional plane.

The density fluctuation amplitude was also found to reproducibly peak toward

the outside of the plasma. Partial agreement with theoretical models was

observed although no single model accounted for all the observed phenomena.

In this section we describe new results obtained in a high density, high

toroidal field regime (n >_ 5 x 1013cm~3, B T >_ 20kG) .

The scattered signals obtained in this new regime were much less

reproducible shot-to shot than the previous low density data. However, there

have been some interesting observations that differ significantly from previous

data. For example, wavenumber spectral were no longer independent of position.

In addition, peaks were often observed between a wavenumber range of 5 - 10cm

suggestive of the generation of particular wave modes not previously observed.

The spatial distribution of density fluctuation amplitude no longer consistently

peaked at the outside as previously observed. In fact, as shown in Fig. 2,
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fluctuation levels were often found to peak at the center of the plasma and

to vary substantially temporally.

The frequency spectra were generally similar to previous observations. As

shown in Fig. 3, most of the fluctuation energy lay below 150 kHz with S(k, u) a u

above 100 kHz, where n varied between 1.5 and 3. However, occasionally large

amplitude coherent fluctuations would develop in time as illustrated in Fig. 4.

The oscilloscope traces display raw data obtained at a scattering angle of

3.75 (k = 3.25cm ). The scattering system was located to observe the central

plasma region. As can be seen, the signal to noise ratio is excellent. The

amplitude of the FIR scattering signal increases in time as the electron density

14 -3
also rises to a peak of = 1 x 10 cm . However, at approximately 15 msec into

the plasma pulse, a large increase in the scattering signal occurs which correlates

with a minor disruption in the current. The development of the frequency spectrum

in time is shown in Fig. 4. Prior to the minor disruption, the spectra are observed

to be turbulent as is the normal situation. However, at 15 msec a coherent

frequency at = 20kHz is seen to develop and eventually dominate the spectrum.

This frequency increases in time as the toroidal magnetic field decreases, and is

occasionally accompanied by higher order modes. The generation of these coherent

modes is not always accompanied by observable disruptions in the current, but

does not appear to be confined to high electron density operation. Further

( studies are underway to identify the source of these instabilities.

i.1, The scaling of these density fluctuations with plasma density is of interest

(' since future fusion devices will most probably be operating at much higher density

' 14 -3
' (n > 10 cm ). In the UCLA Microtor tokamak, the spectral power density

°
S S(k) is observed to be proportional to n (see Fig. 5) with occasional oscillations

[•• due to MHD activity of about 400 Hz.

r
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4. OBSERVATION OF MODE CONVERSION DURING ICRF HEATING

In order to achieve success in magnetic confinement fusion, ion temperatures

in excess of lOkeV are required. Ohmic heating of tokamak plasmas is insufficient,

and so some form of auxilliary heating is essential. In recent years heating at

the ion cyclotron range of frequencies (ICRF) has been under active study as a

(7 R̂

cost effective and efficient alternative to neutral beam heating ' . At UCLA

experiments aimed at understanding the generation mechanisms and propagation

properties of the electrostatic waves produced during ICRF heating have been

initiated. These experiments represent the first direct observations in a

tokamak of externally excited electrostatic modes in the ICRF.

The experiments have been performed in the Microtor tokamak whose parameters

are: B = 10 - 25kG, plasma current = 60 - lOOkA, electron density

n - 10 - 10 cm" , T = AOOeV, T = lOOeV. The present studies have con-

centrated on a low power RF regime (<_ 30kW) at frequencies between 10 - 35MHz.

Details of antenna designs can be found in Ref. 9. Detection of the electrostatic

waves was achieved using the FIR scattering system previously described. However,

in this instance two such systems were in use at symmetric toroidal locations

for the study of the toroidal wave propagation. The arrangement is illustrated

schematically in Fig. 6.

The receiver and data processing equipment used at these frequencies is

illustrated in Fig. 7. The output from the high frequency Schottky diode

mixer is at the wave frequency of - 20MHz. This signal is amplified by a

chain of low noise amplifiers (2dB noise figure) possessing a total maximum

gain of = 90dB. The scattered electric field amplitude is then measured using

a spectrum analyzer as a tuned amplifier. Phase information is obtained by

further mixing the scattered signal with a reference from the ICRF antenna.
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In the Microtor tokamak, the toroidal field varies both spatially and

temporally. Figure 8 illustrates this temporal variation together with

typical FIR scattering signals. These data were obtained in a deuterium plasma

possessing a small hydrogen concentration (<_ 10%). The applied RF was = 20MHz

which is approximately the second harmonic frequency for deuterium. The observed

signal changes are primarily caused by the time varying toroidal field. This

sweeps — and therefore modifies k in a manner determined by the wave dis-

ci
persion.

The radial variation in the scattered electric field amplitude is shown

in Fig. 9 for a deuterium plasma possessing a small hydrogen concentration.

Two modes were observed. A slow Alfven mode existed in the lower density

plasma regions separated spatially from a mode converted ion Bernstein wave

by a quiescent zone. The toroidal variation of these two modes could be

easily studied as illustrated in Fig. 6. Two identical scattering systems

are located 180 apart toroidally. The toroidal variation for both the slow

Alfven mode and converted ion Bernstein wave is illustrated in Fig. 10. Clearly the

two modes have very different properties. The slow Alfven mode decays ex-

ponentially whereas the "interior" mode variation is relatively weak.

The fact that two distinct modes exist is also confirmed by a number of

other observations. The ion Bernstein mode only exists in mix plasmas whereas

the "surface" mode is also present in pure hydrogen and deuterium plasmas.

The "interior" mode has been conclusively identified through measurement

of the wave dispersion relation (Fig. 11, 12) as an ion Bernstein wave

produced by linear mode conversion of the incident fast wave at the ion-ion

hybrid resonance layer. ' ' The experimentally determined wave dispersion

was found to agree well with theory. In addition, the spatial location of

the waves followed that of the ion-ion hybrid layer in the plasma. The
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details of the identification process may be found in Refs. 1 and 2 where

mode 2 is also established to be a slow Alfven wave. This AJfven wave

is observed to exhibit ion species effects, agrees with a cold plasma (T < 50eV.)

dispersion relation at the tokamak exterior and fits a hot plasma (T > lOOeV.)

dispersion relation in the plasma interior.

The experiments have, so far, been conducted in a low power regime

10 -3
(P < 30 kW). The fluctuation level of both modes are comparable (ft = 10 on )
Kr

and scale linearly with the applied antenna electric field strength.

Estimation of total wave power through the measured electron density

fluctuations shows a largi> fraction (= 30%) of the coupled RF power (= 6 kW)

is converted into the ion Bernstein wave while roughly only 2% is channeled

into the slow Alfven mode.

Correlation of fast particle production and the kinetic Alfven wave has been

observed both in time and space. Extension of these experiments to a high

power heating regime should further clarify heating mechanisms and establish

the existence of any non-.linear processes.
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CONCLUSION

This paper has described the first FIR Thomson scattering measurements

in a tokamak plasma. Collective scattering of low power (= lOmW) CW optically

pumped FIR laser radiation has provided new insight into two important areas.

First, low frequency naturally occuring microturbulence has been studied

in order to assess the contribution to observed anomalous transport in

tokamaks. Second, internal plasma wave modes have been observed for the first

time during 1CRF heating studies on the Microtor tokamak at UCLA. The ob-

servation and identification of these as the mode converted ion Bernstein and

slow Alfven waves represents an important step forward in understanding the

internal wave processes associated with supplementary heating in the ion

cyclotron range of frequencies.

Future studies include the development of a multi-angle/multi-spatial

FIR scattering system to provide single shot dispersion/spatial information,

thereby eliminating problems with plasma reproducibility. In addition, studies

of other proposed RF heating schemes such as lower hybrid and electron

cyclotron resonance heating will be pursued as well as continuation of the

present program.
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BEAM SPLITTER

Fig. 1 Schematic of FIR scattering apparatus used on the

Microtor tokamak.
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Fig. 2 Spatial and temporal developments of the spectra] power density

S(k) of the low frequency fluctuations.
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Fig. U (a) Signal to noise level of scattering off low frequency density

fluctuations. (b) Typical coherent spectrum observed after minor

disruptions and their temporal developments.
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TOROIDAL LOCATIONS OF ICRF ANTENNAE AND
SCATTERING SYSTEMS
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U1CR0TOR TOKAMAK (TOP VIEW)

Fig. 6 Experimental arrangement adopted to studj toroidal effects.
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Fig. 7 Schematic of the signal processing system used during 1CRF studies.
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SCATTERING SIGNALS
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Fig. 8 Raw data obtained during a deuterium/hydrogen tokamak plasma. The

applied RF vas - 20 MHz. The toroidal field maximum was - 20kG but

varied temporally as illustrated.
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TOROIDAL VARIATION OF MODE CONVERTED
ION BERNSTEIN WAVE
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Fig. 10 Toroidal variation of the kinetic Alfven and mode converted ion

Bernstein waves.
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Fig. 9 Radial variation of scattered electric field amplitude for a D/H plasma.

The applied frequency was - 20MHz. The plasma edge is located at - 8cm.
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Fig. 11 Experimental points and theoretical dispersion for both the kinetic

Alfven and ion Bernstein waves in a H/He plasma.
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ion Bernstein wave in a D/H plasma.
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