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Observation of Second-Harmonic Ion Bernstein Waves Excited
by Fast-Wave Mode Conversion in the Microtor Tokamak
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This paper reports the first conclusive observation of ion Bernstein waves near the
second-harmonic cyclotron layer in a single—ion-species tokamak plasma. The interpretation
that the ion Bernstein waves are generated through fast-wave mode conversion at the
second-harmonic cyclotron layer is supported by wave dispersion measurements as well as
the observation of the long-wavelength fast wave by laser scattering techniques.

PACS numbers: 52.35.Fp, 52.50.Gj

In recent years, heating in the ion cyclotron range
of frequencies (ICRF) has been under active study
as an efficient source of supplementary heating in
tokamak plasmas.!~° At the University of Califor-
nia at Los Angeles (UCLA), far-infrared (FIR) col-
lective Thomson scattering has been employed to
probe directly and identify the various plasma
waves excited. This has served to improve the
understanding of ICRF wave physics while also
offering potential diagnostic applications.®’

Previous FIR scattering studies of ICRF waves in
the Microtor plasma at UCLA identified ion Bern-
stein waves generated via mode conversion at the
ion-ion hybrid layer in a mixed—-ion-species plas-
ma.*® The present paper reports the conclusive
identification of ion Bernstein waves excited at the
second-harmonic cyclotron layer in a pure hydrogen
plasma. In addition, a long-wavelength mode, iden-
tified as the fast magnetosonic wave, has been
directly probed internally for the first time by use of
collective Thomson scattering techniques. Obser-
vations strongly support the interpretation that
fast-wave mode conversion at the second-harmonic
cyclotron layer is responsible for the ion Bernstein
wave generation.

The experiments were performed in the UCLA
Microtor tokamak. The device parameters are as
follows: major radius, Ry=40 cm; minor radius,
12.5 cm; Br=10-25 kG; I;=60-100 kA; n,
=10%-10" cm~3; T,=<600¢eV; and T,<300eV.
The ICRF antenna was located toroidally at a refer-
ence plane of 45° whereas the FIR scattering system
was located at 0°. Quarter-turn electromagnetic an-
tennas (10 MHz < /27 < 40 MHz, P;<25 kW)
located in the low-field plasma region were primari-
ly utilized, although electrostatic antennas were also
used occasionally to confirm experimental observa-
tions.

The far-infrared-laser scattering system em-
ployed for these measurements is described in de-

tail by Peebles ef al.’ The radiation source is a cw
optically pumped 3CH;F laser operating at 1222
pwm (245 GHz) and producing =10 mW output
power. The output power radiation is divided via a
mesh beam splitter into a local oscillator (LO) beam
and probe beam. The local oscillator beam provides
rf drive for a quasioptical Schottky-diode mixer.
The frequency-shifted scattered radiation is collect-
ed at a particular scattering angle (0°~20°) and then
combined with the LO beam in the mixer to pro-
duce a signal at the plasma wave frequency. The
scattered electric field amplitude is monitored with
use of a tunable narrow-band filter and is given by

E(64,k,)
« i expl — + (k,, — 2kosin+6,)%ad ], (1)

where 7 is the density fluctuation amplitude, & is
the incident far-infrared-laser wave number, 6, is
the scattering angle, a, is the beam waist in the
scattering volume, and k,, is the density fluctuation
wave number.

The Gaussian term is simply the result of wave-
number matching. When the scattering wave
number [k, =2kysin(8,/2)] matches k,,, this term
is a maximum. If k, changes so that a mismatch
occurs, the scattered electric field falls off as a
Gaussian with an e~! width determined by the
beam waist. The output of the laser was weakly
focused to a beam waist of = 1.8 cm on the equa-
torial plane of the plasma, resulting in a wave-
number resolution Ak = +1 cm~! Variation of
the scattering angle allowed wave numbers k,, in
the range 0 < k,, < 18 cm~! to be observed. The
spatial resolution along the incident beam is depen-
dent on the scattering angle. However, in Microtor
the majority of the scattering data were obtained for
0, = 10° and were essentially chord averaged.

The scattered electric field for k =7.2 cm ™! at a
minor radius of 6 cm is illustrated in Fig. 1 together
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FIG. 1. The time development of the scattered electric
field (k=7.2 cm™!) illustrated together with plasma
current, toroidal magnetic field, electron density, and rf
monitor. The signal is chord averaged at a major radius
of 46 cm and the rf frequency is 25 MHz. The temporal
variation of the toroidal field locates the second-
harmonic cyclotron layer at one instant of time, as indi-
cated by the arrow. The maximum central toroidal field
is 14.2 kG.

with plasma current, toroidal magnetic field, elec-
tron density, and rf monitor. The rf frequency was
25 MHz and the maximum toroidal field at the plas-
ma center was 14.2 kG. Operation in a pure hydro-
gen plasma at the second-harmonic ion cyclotron
frequency eliminates the possibility of overlap with
any other fundamental cyclotron resonance. The
only remaining coincidences occur at higher har-
monics (e.g., fourth harmonic of deuterium) whose
effects should be negligible.! The location in time
of the second-harmonic cyclotron frequency (at
R =46 cm) resulting from the temporal variation of
By is indicated by the arrow. The trace with the
probe beam blocked indicates the background level
of synchrotron emission and electromagnetic in-
terference. The signal-to-noise level is seen to be
excellent even though input rf powers of <15 kW
were typical.

Experimentally, the wave dispersion can be
determined by performing an angular scan. The
peak in the scattered signal [Eq. (1)] occurs when
the scattering wave number, k,, matches the densi-
ty fluctuation wave number, k,. This instant in
time corresponds to a particular value of w/wc,
determined by the spatial and temporal variation of
the toroidal field, thereby allowing the dispersion to
be determined.

Figures 2(a) and 2(b) illustrate the measured
dispersion for chord-averaged data centered at ma-
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FIG. 2. (a) The experimentally measured wave disper-
sion for chord-averaged data at a major radius of 44 cm.
The solid line represents a theoretical fit using a full elec-
tromagnetic code (k,=0.07 cm ™!, n,=3.8x10" cm =3,
Br=8.7KkG, f=262 MHz, T;=150 eV, T,=400 eV).
(b) The experimental dispersion at a major radius of 48
cm. The full electromagnetic code uses the following
parameters: k;=0.07 ecm~!, n,=1.6x10" cm~* By
=8.7kG, fi=262MHz, T,=50eV, T,=150¢eV.

jor radii of 44 and 48 cm. The solid lines represent
the best theoretical fit to the experimental data. A
full electromagnetic code was used to solve the
hot-plasma dispersion equation in the local approxi-
mation. Electromagnetic modifications to purely
electrostatic solutions of the ion Bernstein wave
dispersion were found to be nonnegligible, improv-
ing agreement between theory and experiment
especially at small wave number. Figure 2 clearly
illustrates that the measured dispersion is very sen-
sitive to ion-temperature variations and agrees well
with a theoretical model based on fast-wave mode
conversion to ion Bernstein waves at the second-
harmonic cyclotron layer. It should be noted that
the slope of the dispersion is relatively insensitive
to variations in electron density, electron tempera-
ture, and parallel wave number. Extrapolation of
the experimental measurements suggests a central-
chord-averaged ion temperature of =200 eV
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which is somewhat lower than that measured by a
charge-exchange analyzer (= 280 eV, Lee!?). This
discrepancy may be a result of the exact nature of
the spatial-averaging processes involved but clearly
warrants further investigation.

The interpretation that the observed waves are
ion Bernstein waves generated through mode con-
version at the second-harmonic cyclotron layer is
based on a number of observations. First, as
described above, the experimentally measured
dispersion agrees well with theory. The waves exist
close to, but below, the second-harmonic ion cyclo-
tron frequency and the measured dispersion
displays the expected ion-temperature dependence.
Second, the waves are only observed when magnet-
ic induction excitation was adopted; purely electro-
static excitation (by use of a poloidal metallic plate
whose potential was varied) failed to generate any
observable waves close to the second-harmonic cy-
clotron frequency. Finally, observation of a long-
wavelength (k <1 cm~!) mode, identified with
the fast magnetosonic wave, further supports the
mode-conversion interpretation.

This long-wavelength mode has been observed
with use of the FIR scattering system. A typical
chord-averaged scattering signal at R =34 cm is il-
lustrated in Fig. 3 for an rf frequency of 36 MHz.
The following characteristics should be noted.
First, scattering signals were only observed at very
small scattering angles within the k resolution of
the scattering system (.e., k <1 cm™!). In this
situation, both perpendicular and parallel wave
numbers are probed simultaneously. Second, the
signals were observed over a wide range of frequen-
cy (1.1 < w/wg <2.9). In Fig. 3, for example, the
time-varying toroidal field sweeps out a range of
o/og from 1.7 to 2.9. This is in strong contrast to
the short-wavelength ion Bernstein wave which ex-
ists close to the second-harmonic ion cyclotron
layer and has not been observed at higher frequen-
cies. The above observations result in a measured
dispersion in reasonable agreement with that illus-
trated in Fig. 2 for the fast magnetosonic wave.
However, scattering measurements, at present, can
only set an upper limit on the fast-wave perpendicu-
lar wave number (k <1 cm™!). In the future,
far-forward scattering measurements may permit a
more accurate determination of both perpendicular
and parallel wavelength.!!

In addition to the above spectral observations, it
should also be noted that the scattering signals
correlated well with magnetic probes, as illustrated
in Fig. 3. Strong modulation of the scattered signal,
characteristic of eigenmode structure, was also ob-
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FIG. 3. The scattered electric field from the long-
wavelength mode (k < 1 cm ') illustrated together with
magnetic probe, plasma current and toroidal magnetic
field signals. The scattered signal was chord averaged at
a major radius of 34 cm whereas the magnetic probe was
located in the edge plasma at a major radius of = 30 cm.
The rf frequency in this instance was 36 MHz. The
toroidal-field temporal variation results in a sweep of
w/we, from 1.7 to 2.9.

served, as expected for weakly damped fast waves.
Note that the scattering system is sensitive to the
electrostatic component in the wave (.e., )
whereas the magnetic probe detects only magnetic
field. In addition, the magnetic probe represents a
local measurement in the plasma edge (R =30 cm)
whereas the scattering signal is chord averaged at
R =34 cm. It is not surprising, therefore, that,
although the correlation is good, the details are not
exact. Finally, detailed Langmuir-probe measure-
ments in a low-density, low-temperature plasma
(n,=3x10" cm™3, T, = 5 eV) using the identical
electromagnetic antenna have permitted determina-
tion of k, and k,, while also allowing cutoffs to be
clearly displayed. Agreement between experiment
and theory for the fast magnetosonic wave was ex-
cellent.!> The accumulated evidence presented
strongly confirms our initial interpretation that the
long-wavelength mode observed in tokamak
discharges is, in fact, the fast magnetosonic wave.

In summary, excitation of ion Bernstein waves
close to the second-harmonic cyclotron frequency
in a pure hydrogen plasma has been observed in the
UCLA Microtor tokamak plasma. The interpreta-
tion that the generation mechanism is fast-
magnetosonic-wave mode conversion is supported
by a number of experimental observations. These
include good agreement between the experimental-
ly determined and theoretically predicted ion Bern-
stein wave dispersion together with observation of
the long-wavelength fast magnetosonic wave.
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FIG. 1. The time development of the scattered electric
field (k=72 cm~') illustrated together with plasma
current, toroidal magnetic field, electron density, and rf
monitor. The signal is chord averaged at a major radius
of 46 cm and the rf frequency is 25 MHz. The temporal
variation of the toroidal field locates the second-
harmonic cyclotron layer at one instant of time, as indi-
cated by the arrow. The maximum central toroidal field
is 14.2 kG.



IT (110kA/div)

BT(max) 14.2 kG
(4.6 kG/div)

SCATTERED SIGNAL,
Eg (k < 1em™)

MAGNETIC PROBE

6 msec/div

FIG. 3. The scattered electric field from the long-
wavelength mode (kK < 1 cm™!) illustrated together with
magnetic probe, plasma current and toroidal magnetic
field signals. The scattered signal was chord averaged at
a major radius of 34 cm whereas the magnetic probe was
located in the edge plasma at a major radius of = 30 cm.
The rf frequency in this instance was 36 MHz. The
toroidal-field temporal variation results in a sweep of
w/we from 1.7 to 2.9,



