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Hot-Ion Effects and Mode Conversion of the Lower-Hybrid Wave

G. A. Wurden) ' K. L. Kong) F. Skiff, and M. Ono
Plasma Physics Iaboratory, Princeton University, Princeton, Nese Jersey o85&&

(Received 27 December 1982)

Finite-ion- Larmor-radius modification of lower-hybrid waves in the ACT-1 toroidal
plasma at frequencies ~ = (4-8)~„,close to the lower-hybrid resonance layer, is ob-
served experimentally. Probe and CO, laser scans of the wave amplitude show patterns
at frequencies above each ion cyclotron harmonic. Modeling with a hot-ion, electrostatic-
ray-tracing code and Fourier reconstruction of the wave form provide evidence for linear
mode conversion to hot-plasma waves.

PACS numbers: 52.35.Fp, 52.40.Db, 52.50.Qj

Lower-hybrid waves (LHW) are of importance
to ion and electron heating as well as to driving
of toroidal. currents in tokamak fusion devices.
Linear mode conversion of LHW into hot-plasma
waves (HPW) and then ion Bernstein waves (IBW)
as the LHW approaches the lower-hybrid reso-
nance layer from the l.ow-density side was pre-
dicted theoretically by Stix' in 1965, and sketched
for a single parallel wave number k ~~. In 1969,
Fisher and Goul. d' showed experimentally that
LHW propagate in resonance cones when a spread
in k~~ is launched from an antenna. Since that
time, a number of authors' ' have suggested
that resonance cones from a localized source
antenna are maintained throughout the mode-con-
version processes. This idea has influenced ex-
perimental searches for LHW HPW mode con-
version, none of which have reported success. '
However, in a manner analogous to (but more
complicated than) finite electron temperature's
causing mell. -known dispersion and interf erence
effects, ' the inclusion of finite ion temperature
in a magnetized plasma causes extensive spatial.
dispersion and interference structures in the
wave packet of the original LHW near the LH
resonance layer. As has been pointed out by
Simonutti, ' a key signature of the mode-conver-
sion processes would be a periodicity of wave
forms in the parameter tl = &u/u!„. , where cu„ is
the local ion cyclotron frequency, and f= cu/2m

is the launching frequency from the antenna.
In this Letter, we report the first experimental

observation of finite-ion- Larmor-radius modif i-
cations of lower-hybrid waves, characterized by
ion-cyclotron periodicity, in close vicinity (1
s cu/ru»& 2) to the lower-hybrid layer ~»= &u (1
+~,'/ur„') ~', where &up, , cuz, , and &u„have
the usual definitions as the ion plasma, electron
plasma, and electron cyclotron frequency, re-
spectively. Mode conversion of the lower-hybrid
wave to hot-pl. asma waves is required to calcu-

late patterns observed in the data, with the ex-
perimental. ly determined radial electron density,
ion temperature, electron temperature, toroidal
magnetic field profiles, and ion concentration
information as input parameters.

This experiment was performed in the Prince-
ton Advanced Concepts Torus (ACT-1) steady-
state toroidal. p1.asma device" at frequencies ~- (4-8)&u„, or f-25-50 MHz, with n, - (2-8)
&10 cm, T,.-0.5-2 eV, 7,-0.5-3 eV) Bo
= 4.5 kG, and parallel wavelengths launched by
the antenna covering the range X~~-2-20 cm. The
antenna structure consisted of six narrow (width
az = 0.65 cm) plates on 1.8-cm centers located
on the outer major radius edge of the plasma at
a midpl. ane minor radius of r =6.5 cm, protected
by limiters at r =6 cm. Only one of the central.
plates was powered (less than 0.1 W to avoid non-
linear effects" ), resulting in a broad k

~~
spectrum

and waves launched in both directions around the
torus. The filament-produced hydrogen plasma
consisted of H, ', H, ', and H, ', in the ratio
0.45:0.27:0.28+ 0.05, measured by ion cyclotron
wave resonance cone techniques. " Radial. ion
temperature information was obtained via second-
harmonic ion Bernstein wave measurements,
using rf probes and CO, laser scattering. "
Radial electron density profiles, measured from
high-frequency (~» co,„=~~; ) lower-hybrid reso-
nance-cone angles and Langmuir-probe traces,
complete the basic plasma parameters.

ACT-1 differs from older devices' with regrad
to LHW studies in four important respects. The
ion temperature is higher, so that waves with

k~p,.-0.5-2, where p,. denotes the ion Larmor
radius, are readily obtained. Long effective
machine lengths are achieved (a torus) so that
the wave can approach the resonance layer along
weak gradients in the perpendicul. ar (radial or x)
direction, with no gradients in the parallel di-
rection. Since the plasma source is in the inner
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various X ll, that to directly detect the mode- con-
verted HPW, k~ should be in the range of 40-100
cm '. The Bernstein wave should exist even
higher, , k~-100-200 cm '. It is evident that the
laser data alone cannot distinguish conclusively
between HPW and I.HW of differing All with the
same k~. However, to explain the probe data,
wh' h cannot be generated by LHW alone, re-
quires that LHW interfere with HPW to produce
the observed patterns. This is suggested by cor-
responding ray-tracing results show g.n in Fi ~ 2(b),
where i can e set b seen that mode conversion to the
HPW and IBW breaks up the initial resonance
cone, since ethe LHW- HPW conversion points
for different ill are at widely differing toroidal
and radial locations. Since the hot-plasma-wave
region is defined between the two turning points
(I HW - HPW and HPW - IBW), the latter of which
depends strongly on proximity to an ion cyclo-
tron harmonic layer, strong magnetic field de-
pendence is expected.

In order to simulate the probe data to see if
such interference patterns could in fact be gen-
erated, a computer code was written to recon-
struct the radial profile of the rf electric field
amplitude, E, (x,z). The antenna k,

~
spectrum

(each components, ) is assumed to be given,
and in fact has been estimated with the laser
scattering system. For this two-dimensional

obl. em eighty k
ll components, centered in a

propagated into the plasma in the Wentzel-Kram-
ers-Bril. louin (WEB) sense:

z (~)=& exp(i f"k (kt, ,~')«')lk, b)l" ~Ey X Q J

Here k~ (complex) is obtained by finding a root of
the hot-ion electrostatic dispersion relation,
given the magnetic field, plasma parameter pro-

l s and k . Electromagnetic effects are un-
ACT-1 a-important, and can be ignored for — pa-

rame ers.t " At points of mode conversion, where
dxydk+ =

&
ey'dk = 0 th WEB approximation clearly fails.

10
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= 0.5 eV at r = 6 cm plasma edge, ~n-for (a) cold ions and I,

'b) hot ions. T; = . efour toroidal distances from the antenna or a
creasing linearly to T; = 2 eV at r = 0 cm, on axis.
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However, these regions are very narrow for
ACT-1, and although phase errors are introduced
because the exact connection probl. em has been
negl. ected, the general. picture is not significantl. y
altered. The total. electric fiel.d is then obtained
by the Fourier sum over k |i.

Electric field amplitude calculated from this
code is shown in Fig. 3(a) for cold ions, and Fig.
3(b) for hot ions (T, =0..5 eV edge, 2 eV center),
with all. other parameters fixed, for a set of
launching frequencies. Four toroidal locations,
ranging from s = 0 cm (at the antenna toroidal
position) to z =195 cm (-halfway around the
machine), are depicted. Wave amplitude in Fig.
3(b) is seen to "track" the harmonic layer, rep-
resented by the dashed line e/~„= 6, in a fashion
very simil. ar to the experimental. data shown in
Fig. 1. In particul. ar, sharp interference struc-
tures can be seen which move through the "main
cone" near the harmonic l,ayer, as well as damp-
ing of the cone near the harmonic layer in the
hot-ion case. Mode- converted HPW are responsi-
ble for features outside of, and at some frequen-
cies on top of, the resonance-cone remnants.
These effects are absent for col.d ions or unmag-
netized ions.

In summary, the presence of a modification of
the lower-hybrid wave traj ectory, characterized
by ion-cyclotron periodicity, has been seen ex-
perimentally for the first time. We have shown
that this feature is reproduced theoretically when
mode conversion to the hot-plasma wave with

magnetized ions is taken into account. In a l.arge
tokamak I HW experiment, such as on the Prince-
ton Large Torus, the wave frequency is f =(20-40)
&&f„. But at the same time k~ p,. is approximate-
ly five times l.arger than in ACT-1, so that sim-
il.ar effects should be present. However, because

of the presence of a poloidal. field and many close-
ly spaced harmonic layers, the effects may be
subtle and diff icul. t to observe directly.
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