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ABSTRACT

In a hydrogen plasma (Te = 2.5 eV, Ti = 1.5 ev), exci-

tation of ion Bernstein waves by an externally placed electro-

static antenna has been investigated for w = 2Qi. Mode
transformation of the electron plasma wave at w = w i with-
out observable reflection was observed, followed by strong
excitation of the ion Bernstein wave. Detailed measurements
of k, (w,ks) and of the wave packet trajectory show excellent

agreement with theory.
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In ICRF and lower hybrid heating, the importance of mode-
conversion (transformation) processes, arising from finite
ion-Larmor-radius effects has been recognized for a number of
years.l_5 These processes significantly alter the wave pro-
perties ncar the cold-plasma resonance layer and can profoundly
affect the overell efficiencies of these rf heating schemes.
Recently it was piroposed that a waveguide-launched ion Bernstein
Lave {w = 2gi) may offer an attractive alternative method for
heating fusion plasmas tc <gnition temperatures.6 To achieve
wave accessibility, this heating concept invokes mode-
transformatisn of an electron plasma wave into an ion Bernstein wave.
In this letter, we report an experiment in an ACT-1 hydrogen
toroidal plasma which has provided clear evidence for such mode-
transformation at the lower-bybrid resconance layer (w = w_.),

pi
followed by strong excitation of the w = 27, ion Bernstein waves.

The relevant electrostar:c wave dispersion relation fer

. = (. .) can be expressed as7 ;
2 2
koo Rux ke Kg, =0 (1
shere
. o -1 . 2, 2,2 2 =1
Kxx =1 4+ ; “pe exp bq)bg n;l Intbg) 2n“ (74 )
and
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- 2. .2 . . . .
Here, bO £k, 1%/(mv'c Y, = dJdesignates species, In is the modi-

fied Bessel function, y = u/k, (me/2KTe)l/2, and Z is the
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plasma dispersion function. In the low-density edge region
where w - Whgo the wave is an electron plasma wave, the
dispersion relation for which can be obtained from Eg. (1)

in the form

2/w?‘) n,.?‘. (2)

As the wave propagates from the edge region into the plasma,
the finite ion~Larmor-radius effect gquickly becomes important
and causes transformation of the electron plasma wave into an
lon Bernstein wave8 at the cold-plasma lower-hybrid resonance
layer, where w ~ w_.. To illustrate, we plot, in Fig. 1l{a),

p1

k, obtained from Eq. (1) vs radial position, using typical

ACT-1 parameters. The wave frequency has been chosen sc that

u/;H = 1.9 at r = 0. Density increases linearly with radial

position, r, and when r = 2 cm the cecld-plasma lower~hybric

resonance condition is satisfied (i.e., Kxxo = Kxx (Ti = 0) =
2

1 - = a.:prz/(-,;2 - Qq ) = 0. The dashed curve shows propagation

Qt

0, then reso.uance (kl2+m) at Kx = 0. The wave is

where K,
b4 bie]

b
evanescent (k_l_2 - 0} for Kxxo < 0. The solid curve presents
the warm-ion case (Ti = 1.5 eV) shcwing continuous transforma-
tion from an electron plasma wave (EPW) into an ion Bernstein
wave (IBW)., In Fig. 1(b), the corresponding wave trajectories
are shown. As expected for the warm-ion case, the mode-
transformation process leads to continuous inward nro-ragation
of the wave through the cold~plasma resonance layer.

The experiment was performed in the 5-kiloguass Princeton

. 9 . \
ACT-1 research torus, Using a hot tungsten-filament source,
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a steady-state hydrogen plasma was produced with electron
=3

1
density ng < 1 x 1[)"l cm ~, electron temperature Te = 2,5 eV,

The hydro-

gen neutral pressure in ACT-1 can be reduced to ~7 x 10 °torr

ion temperature T, * 1.5 eV, and plasma radius ~% cm.

without much reduction in the plasma density, leaving a warm-
ion (~1.5 eV) highly ionized (<50%) hydrogen plasma.9 Relative
ion concentrations were measured using the low-frequency

10

resonance-cone propagation technigue; with the present

experimental parameters, the measured icn concentrations were

+ , + .
605 H. , 16% H, and 24% Hy . Figure 2(a) shows a schematic of

1 2
the experimental set-up. Two electrostatic antennas, alter-
nately phased, are placed one port apart (~16.5 cm) at the outer
edge (low-field side) of the plasma. This type of electrostatic
antenna has been used previously to excite the electron plasma
wavell’lz and also the cold electrostatic ion cyclotron wave.

In the present experiment, the exXcitation freguency was set at

£ = 2 fci (Hl+) ~ 12 MHz, corresponding to Bo ~ 4 kG near the
outer plasma edge, and the effective parallel wavzlength of the
antenna was put at ?, = 34 cm so that w/k,> 4,0 x 108 cm/sec >>
(2 v'l‘e/rne)l/2 = 1,0 x 108 cm/sec., The excited waves were de-
tected by rf probes placed at various axial positions.

Figure 2(b) displays 1adial profiles of the excited wave
amplitude for various axial positions, z. The wave launcher
is located at r = 0, Ipward propagation of the excited wave

packet is seen as it travels away from the antenna. The cold-~

plasma resonance, located at r = 1 cm, causes no visible

P
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perturbation to the wave trajectory. To identify the excited
wave, we measured perpendicular and parallel wavelengths by
interferometry and in Fig. 3(a) typical radial interferometer
patterns are shown for several values of w/QH. The wave
exhibits a cutcff () + «) for w = ZQH, and A, decreases with
m/QH. The wavelength also decreases with increasing r {(de-
creasing R) which reduces w/ﬂH. In Fig. 3(b), where the radial
interferometer pattern is shown for various time delays of the
boxcar sampler window, the wave phase front moves towards the
antenna, confirming the backward propagating nature of the ion
Bernstein wave. In Fig. 3(c), we have plotted the measured
wave dispersion relation (dots) and find excellent agreement
with the theoretical curve for Ti = 1.5 eV. The measured
parallel wavelength, ), = 34-38 cm, also agrees reasonably well
with the effective antenna wavelength, L, = 34 cm. From these
measurements we conclude that the excited wave is indeed the

ion Bernsteln wave.13'14

Returning to Fig. 2(b}, we have also drawn on this plot ion
Bernstein wave trajectories calculated using the experimental
parameters, To account for the spread in A,, trajectories
are shown for three values of 1,. This calculation agrees
reasonably well with the observed wave trajectory and explains
to some extent the wave packet spreading. The amplitude modula-
tion of the wave packet in Fig. 2(b) is apparently an inter-
ference phenomenon perhaps caused by the interaction of the ion
Bernstein wave with the near field (electromagnetic component)

of the antenna.l5
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In ACT~1, by changing the neutral pressure, the ion
temperature can be varied over a wide range (1/40 eV to 2 e},
and Fig. 4(a) shows the interferometer output for several
neutral pressures. For the high-pressure case (py = 4 * 1074
torr) the ions are essentially cold (T; = 1/40 eV) and the
excited wave is the well-known electron plasma wavelz; the
electron plasma wave excited in this regime behaves guite like
the cold-ion case ( 2ashed curves in Fig. 1) where the wave
packet stays near the surface, outside of the cold-plasma
resonance. As the pressure is reduced (Ti increased), a gradual
transformation into the ion Bernstein wave is observed. As may
be seen in Fig. 4(a), reduction in pressure causes the ion
Bernstein wavelength to increase (recall that X = /T;). In
Fig. 4(b), the measured wavenumber (shown as dots) is plotted
as a function of the rzdial position in a warm ion plasma
in which the plasma density was locwered so that the cold-rlasma
resonance occurs at r * 2 cm. The solid curve is obtained
from Ca. (1) for T; = 1.5 ev, and the dashed curve is for T, = 0.
The oxperimental data agree quite well here with theory, verify-
1ng the Tinite ion-Larmor-radius mode-transfermation process.

Efficient mode transformation of the electron plasma wave
(. - Zii) into an ion Bernstein wave constitutes the central
element of a newly proposed method for waveguide-launched rf
plasma heating. In an experiment on the ACT-1 torus, this
transformation has been observed in considerable detail and the

measurements of k‘(m,k") and of the wave~packet trajectories

have been found to be in good agreement with theory.
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Fig. l{a). Wave number vs radial position in a hydrogen plasma with a
lincer rise in density. F = 12 MHz, w/iy {r = Q)= 1.9, A, = 34 cm, ng{res)
2 2.5 x 20%m™3. (b) Wave trajectories for the case shown in Fig. 1(a).
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Fig. 2{(a). Schematic of exper imental setup. (b) Radial profiles of
wave amj !'itude for various axial position, 2 (as labeled}. Dashed curves

are calculated trajectories.
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Fig. 3(a). Interferometer traces. Parameter on each curve is
/Qylr = 2 em), £ = 12 MHz - 13 MHz, B,(r = 2 cm) = 4.3 kG.
(b} Interferometer trace for various time delays, At. Parameter
on curves 1s wAt/2nw. (¢) Wave dispersion relation. Dote are
experimeptal points and solid curves arz the theoreticgl values
obtained for various ion temperatures. p. = 7.0 X 10 , n_ =
103%m2, % €
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