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To conclude, we have demonstrated in this pa-
per a new method of estimating rate coefficients,
which can be used with highly ionized ions pre-
viously not accessible (because of the lower elec-
tron temperature in 8 pinches). Given the wide

variety of central electron temperatures which

can be obtained in existing tokamaks (roughly 100
eV & T,s 3 keV), this method should allow ioniza-
tion and recombination rate coefficients to be
estimated for a large number of ions of the same
impurity, and for a large number of elements.
The precision of this type of estimations (which

is already not much worse than in previous work)
can be improved by increasing the signal-to-
noise ratio of the observed emission, and prob-
ably also by using electron-temperature condi-
tions such that the sawtooth modulations exist on

the emission of two successive ions. Finally,
previous work on 8 pinches has also been used to
estimate excitation-rate coefficients, by intro-
ducing into the discharge known amounts of a giv-
en impurity and measuring the intensities abso-
lutely. This technique is, of course, also possi-
ble here.
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Density fluctuations in the ion-cyclotron frequency range have been observed in the
TFB tokamak by microwave scattering. The geometry was such that the selected fluc-
tuation wave vector was aligned across the confining magnetic field in the outside region
of the torus Athres. hold for the onset of the instability as a function of the discharge
current has been observed. A plausible explanation of this instability in terms of cur-
rent-driven ion-cyclotron electrostatic wave is discussed.

There is an extensive experimental and theo-
retical literature on ion-cyclotron instability in
low-temperature plasma. ' ' To our best knowl-

edge there is no experimental observation of this
kind of instability in tokamak devices. In this
Letter, we present the first experimental evi-
dence of the presence of density fluctuations in
the region of the ion-cyclotron frequency and its
harmonics in the TFR tokamak.

The electron density fluctuations have been ob-
served by means of a microwave scattering ex-
periment. Figure 1 is a schematic block diagram
of the experimental arrangement. A 75-GHz,
10-W wave polarized in the extraordinary mode
was launched into the plasma. This mode has
been chosen because it permits propagation of
the wave beam with negligible refraction for
most of the TFH operating conditions. For the
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FIG. 1. Schematic diagram of the experimental ar-
rangement.
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extraordinary polarization the accessibility con-
dition is f„&f&f„,where f~ = —f„/2+[(f„/2)'
+f~, ']'/' is the cutoff frequency and f„andf~, are
the electron cyclotron and plasma frequencies,
respectively. For a toroidal magnetic field B„,
~ 30 kG and the plasma density in the interval
2 X IOI3-10" cm ' we find f~ = 16-60 GHz. The
incident frequency is selected in the 4-mm wave-
length band where cw power sources in the range
of 10—100 W are available.

A conventional superheterodyne receiver is
used with an intermediate-frequency bandwidth
Af =+5 MHz followed by a synchronous amplifier
tuned to the frequency (15 kHz) of the amplitude
modulation of the source in order to avoid the un-
wanted direct plasma radiation.

The frequency and wave vector k of the density
fluctuations must satisfy the usual synchronism
conditions ~ = v, —x, and k = k, —k, where the
subscripts i and s stand for the incident and scat-
tered wave, respectively. In our experiment the
geometry of the incident and scattered beam is
such that the wave vector k = k ~= 2k; sin26, = 11
cm ' (k; = k, ) is a.ligned across the magnetic
field with a fixed scattering angle 0,= 40'.

In Fig. 2(a) we present the scattered power P,
versus cu/2v for the discharge condition noted,
at the time /= 280 ms during the plateau of the
plasma current. These data were obtained by
setting the emitter frequency at 75 GHz, and
changing, shot by shot, the frequency of the local
oscillator. The frequency resolution was set by
the received bandwidth Af = + 5 MHz, and the spa-
tial resolution 4r =6 cm resulted from the emit-
ting and receiving horn lobe width.

In Fig. 2(b) the time evolution of P, is shown
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FIG. 2. (a) The scattered power P, as a function of
the frequency ~/2m at t = 280 ms. Hydrogen, n, (r = ll
cm) = 1.0&& 10' cm, T, (x= 11 cm) =800 eV, T,(r= 0)
= 2, 1 keV, I = 200 kA, B = 49 kG, a = 17 cm, Te/T (r
= 11 cm) = 2. The arrows indicate the values of 0; and
2&; at x = 11 cm, the center of the scattering volume.
(b) The scattered power P, as function of time for
~/2~ = 90 MHz corresponding to the first peak of (a}
(upper trace) and the discharge current I (lower trace).

for u/2& = 90 MHz corresponding to the first maxi-
mum of the spectrum of Fig. 2(a). For compari-
son, the discharge current is also presented.

The pattern of the frequency spectrum is very
peculiar and shows a first peak close to 0, , and
a second peak practically at 2Q, , whereas the
time evolution of P, shows a current threshold
for the onset and disappearence of the instability.

We now try to explain the observed peaks as
current-driven ion-cyclotron waves. We assume
an isotropic Maxwellian velocity distribution for
ions and electrons (T, g T, ), with an electron
drift velocity vD along the magnetic field. The
homogeneous plasma dispersion relation for the
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electrostatic ion-cyclotron waves (EICW), propa-
gating at an arbitrary angle, is given by' '

e(k, u)) = I +Q, , Q I',.(b, )A„,, (I)
k A. D,.

where A„,= 1+ $0, Z($„,), $„,= (&u —kv~, . —nQ, )/v 2

v 2k Iv, , Z is the plasma dispersion function, A. D,
'

=exp(-b, )I„(b,). We now assume k~&kI~; and
for the parameters of our experiment, k,.p, «1,
I'0, =1, I„,=O for ng0, $„«l(v~/v, «1),
(~ —0,. )/k ~~v, &l, v, &vv&v, . By retaining the
nth term only in Eq. (1), for the real part of the
dispersion relation we obtain

(d —Pl Qq ~7'=~ r„. (2)
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FIG. 3. The frequency u/2II calculated from Eq. (2)

for the experimental conditions of Fig. 2(a) versus
time for three values of k~ (solid lines). The experi-
mental points correspond to the first maximum of the
measured frequency spectra.

From the experimental values of T, /T, at t
= 280 ms (only T, has been measured simultane-
ously with the scattering experiment and the ratio
7;/T, is inferred from similar discharges) and
k ~= 11 cm ', the value at the center of the scat-
tering volume, from Eq. (2) for n= 1 we obtain
(Io —0,. )/Q, =0.29 and for n=2 we obtain (u —20,)/
2Q,. = 0.03, to be compared with 0.45 and almost
-0 corresponding to the first and second peaks
of Fig. 2(a), respectively.

In Fig. 8 we have plotted u/2II from Eq. (2)
versus time, using the experimental values of

T, /T;, for three values of the wave vector k ~
corresponding respectively to the center and to
borders of the scattering volume. In this experi-
ment we were not able to make a k ~ scan and the
selected value was k~=11+3 cm ', the resolu-

tion being set by the antenna lobe widths mea-
sured at 3 dB. The experimental points, also
shown on Fig. 3, correspond to the first peak of
the frequency spectrum measured at different
times. These points seem to fit the dispersion
relation better at the outside border of the k ~
interval. Note that if we assume k ~= 14 cm ',
as suggested by Fig. 3, we obtain (u —0,. )/0,.

=0.36 which is very close to the experimental
value for the first peak. For n= 2, (u —2Q,. )/20,
=0.08 which is of the same order of our frequen-
cy resolution. In Eq. (1) we have disregarded
the effects of the plasma inhomogeneity' since in
our experiment

0 I » m, I*= (k e cT, , /q «8) (I/n) (dn/dx)

if we assume k 8-k„-14cm '. In view of the un-
certainty of the value of T, /T; (50/~ accuracy),
the experimental results seem in good agreement
with Eq. (2).

Vfe now discuss the possible excitation mechan-
ism of the KICK.

The current-driven instability, which has been
very often observed in the low-temperature plas-
ma experiments, is characterized by a growth
rate given by'

The maximum growth rate occurs for k ~p,. -1
(I;=0.2), and the critical drift is given by

D ) 1 ~] ln 4 ~14 1

for hydrogen. With T,/T, =0.5, we obtain vgv, .
&10 which has to be compared with v Jv,. -6 for
the conditions of Fig. 2(a).

Considering the experimental accuracy (in par-
ticular, the radial distribution of v~ is not known),
the condition for the critical drift is marginally
satisfied at ]=280 ms but it is easily fulfilled for
t (100 ms. For instance, at t=20 ms we have
vJv,. =16 whereas the critical drift condition
yields vJv, . «9. In Fig. 2(b) we see a threshold
at g = 70 ms but this result has to be taken at a
fixed value of k~. Indeed at t= 50 ms the condi-
tion for maximum growth rate k~p;-1 yields k ~
= 20 cm ' which is outside the k ~ interval (k ~= 11
+3 cm ').

An order of magnitude of the density fluctuations
can be obtained from the absolute calibration of
the emitter-receiver system. The dynamic factor

S(k„~)= 0
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is obtained by a comparison of the power scat-
tered by the plasma P, with the power P„scat-
tered by a metallic sphere positioned in the cen-
ter of the scattering volume. ' Here 0, is the
cross section of the metallic sphere, o, is the
scattering cross section corrected by the effects
of the polarization of the incident wave, ' v is the
linear dimension of the scattering volume, and

Af is the bandwidth of the i.f. amplifier. The
total mean-square density fluctuation is given by

&~n~')={2s)-'JS(k~ ~)d'0 d~=10' cm-',

(&~n~ )) ~ =O. 5X1O- n„
where we have integrated over the measured fre-
quency spectrum and assumed that the k ~ spec-
trum has a maximum at k ~= 11 cm ' and a width
M=+5.5 cm '. A rough estimate of the ampli-
tude of the current-driven ion-cyclotron turbu-
lence in stationary conditions is given by'

-'2 = rl D =4X10-6
n, ' v'2m

(& ~n~2))»2=2x10-~n. ,

which compares well with the measured value.
In the toroidal configuration, the effect of the

magnetically trapped electrons has to be consid-
ered since in the trapped-electron regime the
current-driven instabilities are quenched. For
our experimental conditions v, ff/(v~ —v Rlg/

v, (2r/R)' ', where v, is the Coulomb collision
frequency of the electrons, R is the major radius,
and q =rB„,/R& p,~, has been calculated" show-

ing that it is generally larger than unity except
in a small region around r= 7 cm where v,f1/m~
=0.6. Thus for our experimental conditions, the
effect of trapped electrons can be neglected.

For the present experiment, the current-driven
mechanism cannot be ruled out, it is expected
that for increasing n, and T, the critical drift
conditions will be hardly fulfilled and for increas-
ing T, the magnetically trapped electrons should
make this instability virtually impossible.

Since t Je, -0.1, which is lesser than the thresh-
old value 0.3, we also can disregard the effect of
a slide-away distribution function. "

The presence of a runaway electron tail has

been recently proposed to explain the presence of
plasma. waves ~ = ~~, k ~~/k for a current-carrying
magnetized plasma. " A mechanism based on a
nonlinear coupling between two electron electro-
static waves for generating a wave near 0, can
be considered and it is now under investigation.

In conclusion, we have presented an experi-
mental observation of density fluctuations in the
region of the ion cyclotron frequency. The lack
of measurements of the k ~ spectrum does not per-
mit a quantitative comparison with the theory.
However, the qualitative analysis of the results
suggests that current-driven instability could ex-
plain the present measurements.
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