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Abstract

Microwave transmission measurements in tïie Tore Supra tokamak.

exhibit low-frequency oscillations of the transmitted power, associated

to the presence of a saturated m = l, n = l mode, as observed by soft

X-ray diagnostics. It is shown that these oscillations are related to

refraction effects, and specifically to modulations Of1 the electron

density profile due to a rotating magnetic island. An analytical solution

of the ray equations in the presence of a rotating density perturbation

is found, explaining the frequency spectrum of the oscillations.
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Microwave transmission measurements below the electron

gyrofrequency u are a powerful method for diagnosing the velocity

distribution of superthermal electrons in tokamaks [1,2]. The basic

property used in such diagnostics is the proportionality between the

local absorption coefficient and the parallel (with respect to the

tokamak magnetic field) distribution function of the superthermal

electron tail [3]. One major drawback of the method is its extreme

sensitivity to refraction effects : bending and broadening of the launched

wave beam is seen as apparent absorption, which must be distinguished

from the true one. Conversely, this sensitivity could be exploited by

using microwave transmission, in the absence of absorption, for

diagnosing the electron density profile [4] or, more interestingly, large

scale perturbations of the electron plasma, such as sawteeth and

magnetohydrodynamics (MHD) activity in general.

In this Letter, we report the first experimental observation of

MHD oscillations, identified as a saturated m = 1, n = 1 mode, by

microwave transmission measurements in a tokamak plasma. In this

experiment, the ordinary mode propagating perpendicularly to the

toroidal magnetic field at frequencies a < u < u is used, u beingp c p

the electron plasma frequency. In such conditions, the wave refractive

2 2 %index N =(!-«/«) depends on wave frequency and plasma density,

thus refraction effects are related to the electron density profile only.

Moreover, the wave beam used to probe the plasma is injected vertically

and it propagates along a nearly constant magnetic field: thus, in a

thermal plasma a frequency is easily found, low enough to avoid cyclotron

absorption. This means that in a thermal plasma the oscillations observed
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in the transmitted signal can be unequivocally attributed to a periodic

electron density perturbation. This method, once applied to a

multiple-chord detection system, offers the possibility of investigating

the structure and behavior of m = 1 modes and sawteeth as density per-

turbations, unlike the usual soft x-ray tomography, which detects

oscillations depending on both density and temperature.

Tore Supra [5] is a large tokamafc device (major radius R = 2.37

m, minor radius a = 0.8 m, plasma current I S 1.7 MA, circular cross

section) equipped with a superconducting coil system, producing a

toroidal magnetic field B £ 4.5 Tesla. The microwave transmission

diagnostic in Tore Supra is mainly devoted to the investigation of

superthermal tails during Lower Hybrid and/or Electron Cyclotron current

drive. The experimental set-up is shown in Fig. i. A narrow beam of

microwaves (divergency angle < 2°) is launched into the torus from a

bottom port along a vertical direction intersecting the magnetic center

of an average discharge. Both the launching and the receiving antennae

are rectangular horns, having the longest sides perpendicular to the

direction of the magnetic field at the plasma/vacuum interface, in order

to couple a pure ordinary mode and to minimize Faraday and Cotton-Mouton

effects [e]. The poloidal spread at the receiving antenna, caused by

the beam divergency, is about ±15 cm in vacuum and, e.g., twice this

value at an average density' of 3 x 10 cm . This is much larger than

the aperture of the receiving horn (2.2 cm), which implies that even

in case of strong refraction (broadening and/or deflection) of the beam

the signal/noise ratio is not strongly reduced. The problem of standing

wave formation due to multiple wall reflections is avoided by using large



- 4 -

oblique port windows. We nave checked that this method is very effective

in eliminating standing waves. The millimeter wave source used is of

the Impatt type (povser > 5 mW). The frequency can tie swept at pre-

programmed times (t > 200 (is) or fixed to any value within the range

77-97 GHz. The noise is mainly due to the detector (a SchottJcy diode)

and to spontaneous emission of radiation by the plasma. In order to

enhance the signal/noise ratio, the injected beam is amplitude-modulated

at the frequency f = 350 kHz, and the received signal is video-detected

through a narrow filter (4 kHz band). The result is an average

signal/noise ratio over 20 dB.

The typical Tore Supra discharges we now consider are characterized

by an Ohmic phase followed by long pulses of Lower Hybrid wave heating

(power £ 4 MW). In the Ohmic phase sawteeth are often present, accompanied

by an intense MHD activity, which is systematically monitored by soft

X-ray tomography. During the steady-state Ohmic phase preceding Lower

Hybrid heating, electron cyclotron emission (ECE) spectra measured over

the first three harmonics by a Michelson interferometer show no emission

due to superthermal electrons, indicating that the target plasma is

thermal. Since the electron cyclotron frequency along the probing chord

is w /2« » 104 GHz, no absorption is expected for frequencies below 95

GHz in a 3 kev plasma. These predictions are confirmed by transmission

measurements at variable frequency. Therefore, at f = 87 GHz the signal

is certainly not affected by cyclotron absorption. The transmitted wave

power P normalized to the corresponding power measured in vacuum P is

shown in Fig. 2 (a) during the Ohmic phase of discharge* 6014 (îî a 1.5

x 1013, Tg(0) a 3 fceV, BT» 3.7 Tesla). We first note that P/Py< 1,
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due to refraction effects, in good agreement with ray-tracing calcu-

lations. The signal shows inverted sawteeth at t = 4.01 and 4.04 sec,

accompanied by MHD oscillations, displaying a regular structure in an

intermediate region Between two sawtooth crashes. Analysis of similar

features observed on soft X-ray tomography permits to identify the

observed oscillations with the m = 1, n = 1 mode. Since the possibility

of cyclotron absorption at f = 87 GHz has been ruled out, we conclude

that these low-frequency oscillations are associated to the periodical

distortion of the electron density profile due to a rotating m = l

magnetic island and to the corresponding re-adjustment of the density

profile during the sawtooth rise and crash [7,8]. Such signatures of

HHD activity are observed systematically, whenever also detected by soft

X-ray tomography.

A better analysis of fine-structure phenomena is possible when the

m = 1 mode appears as saturated oscillations, in the absence of sawteeth.

These conditions are more easily found during the heating phase, since

Lower Hybrid waves often tend to stabilize sawteeth, although now the

signal is also affected by superthermal absorption. The ratio P/P in

such a regime is shown in Fig. 2 (b), for discharge 5998 (n = 1013,
€

T (O) si 4.5 kev, B_ a: 3.7 Tesla, PTtI = 2.5 MW). Soft X-ray emission
S 1 Jjil

intensities, measured at the same time along two different viewing

directions, are shown in Figs. 2 (c) and (d), respectively. The line-

intagrated density, measured by infrared interferometry along a vertical

chord crossing the plasma center, is shown in Fig. 2(e). We first note

the much better quality of the microwave transmission signal, compared

to both soft x-ray emission and interferometry. Simple inspection of
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Fig. 2 (b) indicates two frequency components of 232 Hz and lie Hz.

The relative amplitude of the two frequency components is a very sen-

sitive function of the plasma parameters, since in time it evolves into

different structures, still characterized Cy approximately the same

frequencies. The soft X-ray signals also have a periodic structure of

frequency 116 Hz. Inversion of the multiple-chord measurements (44

vertical and 53 horizontal chords) permits to identify this frequency

as the rotation frequency of an m = 1 magnetic island of maximum width

S s 15 cm, located at r a 20 cm (q = 1 surface). The line-integrated

density oscillates at the same frequency, which proves the existence

of a density perturbation of the order of 5 percent typically.

In order to elucidate the double-frequency structure of the measured

transmission coefficient, the refraction of the wave beam has to be

evaluated in the presence of a magnetic island perturbing the density

profile. To this end, a simple model of rotating perturbation is

introduced. As shown by numerical simulations [7,8], the presence of a

crescent-shaped magnetic island of width 8 (see Figs.3,4 of Réf. 7)

produces a poloidal asymmetry of the magnetic flux function ¥ in a region

of radial width 5 around the radius r where q(r) = 1. Since n is expected

to be constant on a magnetic surface, the density profile has a similar

asymmetry. An exact simulation of the signal requires a model for the

m = 1 mode radial dependence, in order to obtain a realistic magnetic

configuration and the function n (W). Nevertheless, a simple model

allows to reproduce analytically the main feature of the observed signal,

i.e., its double-frequency^structure. Therefore, we describe it as a

perturbation An of average size S in the density profile, for r-S/2 <
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r < r+ô/2, at a given poloiûal angle d, rotating at the frequency v of

the mode and vanishing at the X-point of the island, i.e.,

(AnVn.) = u[l + cos(0-i>t)]/2 , (1)
6 SU

where t is the time, n is the central density and the amplitude u of

the perturbation is assumed small and constant. The refraction of the

wave beam is governed by the ray equations [9]

dx _ 3D/3Ît die _ 3D/3x , ,
dt 3D/3&) ' dt 3D/3u ' ( '

where x is the space coordinate, k is the real part of the wave vector.

-1 refers to the direction of the magnetic field, c is the speed of light

and D = O is the dispersion' relation of the ordinary wave. In our

conditions k,, s O and refraction effects in the toroidal direction are

negligible, thus the ray trajectories basically lie in a poloidal sec-

tion. Assuming an unperturbed parabolic density profile n /n = 1 -

r /a , and initial conditions x. , Jc. at the time t., the solution of

Eqs. (2) for u = O is

xe(t) = X1COSh[A(̂ t1)] + (c
I/Aw)ltxisinhtA(t-ti)]

k = (w/c*)dx/dt , Ic = (u/c*)dy/dt , (4)
x y

where x and y are horizontal and vertical coordinates, respectively,
V

referred to the center of the plasma column and A = cu 0/aw. For u *

O, u « l, the first order perturbation solution of Eqs. (2) is
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2 3/2 . - X0SIn(It)]
^ "*" V

(5)

2
(x. + y; )

From Eqs. ( 5 ), it appears that each ray trajectory oscillates at

frequency v, in addition to the bending of the ray paths described by

Eqs. (4). The beam is deviated periodically in the horizontal direction

and its horizontal width also varies. These two oscillations determine

the oscillations in the transmitted power. In view of the small

divergency of the launched beam (half-width < 2°), we model the beam

by studying the propagation of its two side rays, forming angles i|> =

±1.5° with the vertical, from the location of the emitting antenna, x
Si

= O, y = -1.6 m. The trajectories of the two rays described by Eqs.

(4,5) determine the horizontal position of the center of the beam x

and its horizontal spread Ax at the height of the receiving antenna y

= 1.6 m. Assuming a bell-shaped antenna pattern, the beam power at the

location of the receiving antenna x = x is computed, for n = 2.5 x

13 —3 — —10 cm , u/2n = 87 GHz, r = 20 cm, B=B cm, u = 0.06 and vl~2.it. = 116

Hz. It is found that both Ax and x oscillate at the frequency v, but

they are not necessarily in phase. The mutual modulation of these two

oscillations yields a double-frequency structure in the received power,

as shown in Fig. 3 (a). Note that a small perturbation in the density

profile is sufficient to produce large oscillations in the transmitted

power. The structure of this signal turns out to be very sensitive to
- _

the location r of the q = l surface, the island width S and the position

x of the viewing chord relative to the plasma center. For instance,
Cl
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typical patterns of P/P are shown in Fig. 3 (b) for x = -4 cm, i.e.,

when the plasma center is displaced with respect to the probing chord.

In this case, the structure of the modulation changes significantly and

appears to be similar to the late phase of the signal shown in Fig. 2

(b).

In conclusion, the experimental observation of the m = l mode in

Tore Supra on microwave transmission measurements opens the possibility

of a new diagnostic method for the investigation of MHD activity in

tokamaks. This prospect looks very promising for two main reasons.

First, the measured signal has a very high signal-to-noise ratio, which

permits a detection of low-level modulations. This could be exploited,

for instance, to measure possible m = 2 components of the m = 1 mode

[1O]. Second, in a thermal plasma the oscillations in the transmitted

power are clearly related to oscillations in the electron density profile

and carry information independent of both temperature and magnetic field.

The theory worked out in this Letter yields simple expressions for the

deviation and broadening of the wave beam refracted by a model density

perturbation, which gives a basis for the analysis of the detected

signals. In this regard, it is worth noting that the analytical solution

[Eq. (5)] found for a constant u can be easily generalized to arbitrary

u(r) « l, and that perturbations of arbitrary 6 dependence can be

reconducted to the same solution via Fourier analysis.
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Figura Captions

Fig.l. Schematic view of the Tore Supra microwave transmission dia-

gnostic.

Fig.2. Measured transmitted power P normalized to the corresponding

power measured in vacuum P . (a) shot 6014, Ohmic phase; (b) shot 5998,

heating phase, (c) and (d): measured soft X-ray emission intensity

during shot 5998, for two different viewing chords, (e): line-

integrated electron density.

Fig.3. P/P vs time, computed from Eqs. (4-5), for r = 20 cm, 5 = 8

cm, u = 0.06, «>/2n = 116 Hz, n = 2.5 x 10 cm" , w/2n = 87 GHz.

(a) x = O, (t>) x = -4 cm.
3 3,



x(t)

subcarrier
AM
detection

_ microwave
detector

A

\

taper

oversized
guide

receiver
horn

TORE-SUPRA
PLASMA

port window

transmitter
horn

control
unit

Impatt
sources

AM pin
modulator

fo subcarrler

FIG.



4,02

aoo
/nedl
doV)

1.94
4.36 4.38

TIME (sec)

FIG. 2



P/PV

Q5

QO
0.00

00» . .
0.00

0.02 TIME (sec) Q04

0.02 TIME (sec) 0.04

Fig. 3


