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Mode Conversion at the Hybrid Plasma Resonance
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The plasmamode conversion and absorption near the lower hybrid resonance of an inhomo-
geneous plasma has been studied using Langmuir and rnagnetic probes and also a Faraday
cup. The plasma was confined in the mirror linear device LISA, excited by a 28 MHz RF
source. It has been shown that the absorption rate and the spatial localization of the mode
conversion deperids on the resonant volume created by the external magnetic field. Due to
the collisional damping, the quality factor of the machine is comparable to a low-Q cavity

resonator.

|. Introduction

An important aspect of many plasmas which occur
in laboratory and experimental fusion devices, is the in-
homogeneity of one or more of the characteristic param-
eters such as density, magnetic field and temperature.
Theinhomogeneity isimportant in diffusion, instability,
reflection and absorption of waves and wave transfor-
mation or mode conversion(!!. Lower hybrid excitation
and mode conversion in linear devices were originally
studied by Briggs and Parker(? and extensively studied
by Simonutti®). The main contribution of the present
work is the study of the effect of the geometry (small
and large resonant volumes) and of the parallel temper-
ature on wave absorption. Especificaly, in the case of
the lower hybrid wave, several questions on the mode
conversion and absorption between fast and dow wave
remain unresolved. Among thein are

a) a detailed study of effects of collisional and non-
collisional damping;

b) the influence of finite geometry of the device;

¢) the importance of the gradients in magnetic field
and temperature, compared as those in density;

d) the size and localization of the mode conversion
absorption layer which is normally near the resonance
point (wryg = wgrr).

In this paper we study some of these effects oii the
mode conversion and absorption, comparing the numer-
ical solution of the wave equation for the electric field

distribution with the experimental data. The spatial
localization of the mode conversion region is identified
from the electric field measurements.

The experimental data were obtained in the LISA
mirror deviceshown in Fig. 1 and Table 1. The helium
plasma was created by a 28 MHz RF source built at
UFF tliat excites an helicoidal antenna. The resonant
volume profile was changed by disconnecting seven of
four coils from the magnetic system, to obtain the large
and small resonant volume, respectively (Ve, V;). This
work IS organized as follows: in Section 11 we present
the experimental results and analysis; the conclusions
are discussed in Section 1II.
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Figure1: Dimensions of thelinear mirror machine LISA and
the experimental arrangement plus the axial distribution of
the equilibrium magnetic field (V) = large resonant volume,
V, = small resonant volume).
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Table 1: Summary of the basic LISA and target plasma

parameters.
Tota leng:h, L 255 cm
Inner radius, r 85 an
Uniform magneticfield, B 10.5 kG
Mirror regon, B 13.0 kG

Extension »f the uniform magneticfidd 100 an
Electron density, ne 10Y° cm™®
Electron temperature, 7. 80 eV
lon temperature, T; 10 eV

II. Experimental results and analysis

The experiment was carried out on LISA, a linear
mirror macliine now operating at UFF - Universidade
Federal Flumninense!®?]. For the experiment described
herethedc current in thefield coilswasfinely controlled
so that the magnetic field varied from 200 Gaussto 1200
Gauss. The diamagnetic effect was not very important
because it was only of the order of 1.5 Gauss. Hall
probe was used for careful measurements of the field,
which were 'ater confirmed by means d a small mag-
netic probe used with asmall ac current superimposed
on the main dc current of the field coils. The helium
plasma was produced by a RF source of 28 MHz and a
50 W injected power at 10~ Torr filling pressure with
a backgrountl pressure of 10=° Torr. The antenna used
to launch the lower hybrid wave has five loops with
inner radius of 5.0 cm and length of 22.0 cm. The ex-
periment was designed so that we were able to have the
lower hybrid resonant heating (wpz = wrr). The elec-
tron density n. and the parallel temperature Tx were
measured with a small planar Langmuir probe. The
value of Ty has been also measured using a movable en-
ergy analyser (Faraday cup) and the results are in good
agreement with the data obtained from the Langmuir
probe. The €electric fields of the wave, E,, Es and E,
were measurel by a double floating electrostatic probe.

The experimental data were recently interpreted by
Rapozo et a}.l’l, showing that the lower hybrid layer has
been identifiel experimentally observing the k3 value
that reachesits maximum at r = £5.0 cm characterized
by atemperature rise. Landau damping and collisional
process werer :sponsible for wave dissipation. Thewave
vector from tl e cold plasma dispersion relation has its
imaginary part increased, with the largest part of dis-
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sipation taking place near of T = £5.0 cm, the hybrid
layer. The operation with seven disconnected coils next
to the waveguide port alowed us to get alarge resonant
volume and a better confinement. To get a small res-
onant volume, four disconnected coils were used. The
peaks in the temperature profile showed that the RF
energy was tliermalized close to the lower hybrid layer,
and there was a dip of the plasma potential localized
in the points r = 5.0 cm for the large and the small
resonant volumes, respectively, for the same frequency.
At this point, Ty increased. Completing that study we
showed the mode conversion near the resonance layer.

When the resonant lower hybrid layer is reached,
which is accesible from the low-density side which

requires[ﬁ]

2

we
dre (%), o
ce w=w

the E,., Fy and E, profilesare modified by the resonant
absorption. The RF frequency condition frr = fra
has to be satisfied. Figs. 3a, 3b and 3¢ of ref. [5], show
the experimental data of thefield profilesin the case of
4.0<r <50cm, with E, and E, displaying an abrupt
drop. Nevertheless, near the column axis the electric
field (r < 5.0 cm) has a Bessel's function dependence.
The fidd E, has a minimum value in the axis while E,

has a maximum.

An inductive dow wave excited by the helicoida an-
tenna at r > 50 cm traveled inwards to the lower hy-
brid critical layer, where the dow wave had a resonance.
Beyond thislayer, it was transmitted into the high den-
sity plasma as afast wave. Fig. 2 shows the favorable
density profilel”, in which we were able to obtain the
lower hybrid resonance. The fast wave propagated on
the high density side of the critical layer and the ow
wave propagated on the low density side. It occured be-
cause the fast wave was unaccessible at the boundary
for perpendicular propagation so that a finite value of
the parallel component of the propagation vector, &,

had to be established.
Stix!!l has shown that a sufficient condition for ac-

cessibility 1s
czkf

Q-
pi

> 2 (2)

W
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However, in our experiment, it is alSO necessary to con-
sider afinite k, because of thefinite extension or period-
icity of the wave generating structure in the z-direction.
The helicoidal antenna has an inner radius of 5.0 ¢m,
alength of £ = 22.0 cm, a number of loopsof N =5
and the distance between turns is 4.0 cm. So, from
these data we can find £, = Nn/f. Really, there will
be a whole spectrum of k, ’s because of the impossibil-
ity of building a real coil systern with only one ¥Fourier
component.
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Figure 2: Electron density profile versus radius for large
resonant volume (dashed line) and small resonant volume
(solid line).
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Figure 3: Absolute value of the Bessel’s functions J; versus
[k1|r for different parameters ¢.

Another iinportant aspect of theinclusion of afinite
k, at the lower hybrid is the effect of collisional and
other damping processes on the mode conversion. Dur-
ing the RF heating of plasmas, mode conversion and
absorption process are generally important only in a
thin layer located about the lower hybrid resonance for
the waves. Thislayer can have aconsiderable dimension
into the plasma, that is the region containing the lower
hybrid resonance is broader (3.0 e < r < 5.0 cm).
Theoretically, it has been shown!® that, for a given
point on the density profile, the perpendicular wave-
length of the fast mode decreases with the increasing of
k, and the wavelength of the sow mode increases with
the increasing of temperature. These increasings will
shift the low density boundary of the mode conversion -
absorption layer to lower densitiesfor a given frequency.
In our case, we must also consider the electron-neutral
collision frequency, which are responsible for the elec-
tron heating over the whole volumel™, so the layer will
not be well defined. Then, considering eq.(2), the ex-
ternal k£, and the collisional effects, we have

0.71em ™! >k, > 6.0x 10 em™". (3)

From the ion saturation current measurements we
estimated that the average ion density was about 4.0 x
101° ¢m~3, which gave k, ~ 10~2 em™! and Ny~ 17.

The lower hybrid layer wasidentified experimentally
observing that the k£, value reached its maximum at
r < £15.0 cm, characterized by a temperature rise.
Fig. 3 of ref.[5] shows the profiles of the parallel tem-
perature Te as afunction of the radius, for two different
resonant volume sizes, namely large and small resonant
volumes. At the resonant layer (Ar ~ 1.0 cm), the
paralel Landau damping on the electrons and the per-
pendicular Landau damping on the ions were respon-
sible for the wave dissipation. Realy we would expect
a strong interaction with the ions at the lower hybrid
resonance, rather than the electron heating. However,
as the plasma is weakly ionized (<< 1%), the collisions
are responsible for the RF absorbed over the whole vol-
ume. This suggests the idea that the heating via lower
hybrid resonance for electrons is global and for ions is
local. Furthermore, the electric field E, and the asso-
ciated wave nurnber k, are responsible for the electron

heating in the center of the plasma column!®7,

The peaks in the electron temperature profiles show



C. da C. Rapozo and H. Torres-Silva

approximately the position of the lower hybrid reso-
nance (tlie static magnetic field had at r = £5.0 cm,
B, = 850Gauss, which corresponded to wyy = wrr).
Close to the resonance layer, the strong electric field
Ey induced by the antenna accelerated the electrons in
the perpendicular direction, so v; /v > 1. The lower
hybrid resonancestrongly inodified theelectricfield dis-
tribution intlie plasma, specially at the resonance layer,
as shown by Rapozo et al.[?].

The determination of the electric field as a func-
tion of time and position, inside and outside the
interaction region, lias ~, paramount importance for
the understanding of the mode conversion. Theoret-
ically, the coupled linearized Vlasov-Maxwell system
self-consistently determines the structure of amplitude
waves propagating within the mode conversion - ab-
sorption layer. In order to solve these equations, it
is customary to solve the distribution function f(v) in
terms of the wave electric field E, and then use this re-
sult to find an equivalent dielectric tensor, which may
include a diffzrential operator, in our case with respect

tor and O.

Although only the gradient in density perpendicu-
lar to the magnetic field is considered, the inclusion
of damping effect will give a linear fourth-order mode
conversion equation with k; complex9.

In mode :onversion at the lower hybrid, the sow
wave travelled inward to the lower hybrid critical layer
where it was transmitted into the higher density as a
fast wave. Ia addition to these two propagating so-
lutions, there were two evanescent modes localized on
either side of :he critical layer. Within the kinetic layer,
theapplied L1 wave resonantly interacted with the par-
ticles, yielding a net transfer of power from the wave
fields to the plasma, which is governed by a generalized
Poynting's th:orem, so the complete numerical solution
of this problem is very difficult. We simplified such
situation, considering a second-order differential equa-
tion for £ wih k. complex and k, << |k1]|, when &
islarger at tlie hybrid resonant layer as it approaches
it from the low density side. As collision can be the
mechanism fcr dissipation of the RF energy, we took
the imaginary part of &k, increasing with the density
profile. So, tke best absorption should be at the mode
conversion - absorption layer.
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Under this simplification we have

ICJ_ = Ik_[_l@i¢ (4)
where
kol = (k2 + kD)2 5
and
k;
¢ = arctglz—, (8)

with k; < k., and also k, < k;.
The electric field distribution is obtained solving the
wave equation, the electric field Ey isl4l,

Eg = BoJy(Jk]e*r) (7)

where J; is afirst order Bessel function and Ey is the
maximum value, which we assume that corresponds to
the experimental data close to the antenna (0.45 V/cm
and 0.35 V/cm, for small and large resonant volumes,
respectively).

For tlie numerical calculation of Ey, E, and E, we
estimated the value of |k} and k;. From the plasma
potential profile, which exhibits maxima and minima
as a stationary wave, we chose two points of minimum
(£ = 10.0 cm), so |k, | = 27/10 = 0.68 cm™!. Another
characteristic value was given by |k | = 7/d = 0.18
em™!, where d is the LISA diameter!%. Thus, 0.18 <
k; <0.68cm~!. Thecollisional effects were considered
using an estiinate value of k; between 0.01 and 0.10
cm™!; and we took |k | ~ 0.4 em™! asan average value.

Figure 3 shows the normalized azimuthal electric
field profile versus |k |» having the angle 4 as a param-
eter. We observed that in the range 0 < |kp|r < 2.5
(0 <r < 6.0 cm), the E, profile was not modified by the
Landau damping and collisiona effects near the hybrid
layer. This agrees with the experimental data shown
by ref. [5], except close to r = Q We can observe in
Figs. 3b and 3c of ref. [5], that the respective elec-
tric fields, E, and E,, do not have the typical Bessel
function dependence, which isobtained when & isreal.

The drop observed in these profiles, at 20 <r < 3.0
cm is more pronunciated for small resonant volume. A
similar behaviour was observed by Rapozo et al. [7]
in cavity modes at electron cyclotron and lower hybrid
frequency, whereit was identified a linear mode conver-
sion.

Figure 4 shows the numerical results of the normal-
ized E,, proportional to Jo(|k [¢*®"), which is strongly
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modified at 2 < |k, |r < 3, where it would occur the
mode conversion. We estimate that the region con-
taining the lower hybrid is approximately 2.0 cm which
agrees with the experimental result. However, the ex-
perimental E, drops, but it lias a shift to tlie plasma
center. Probably, this shift is due to the gradient of
the electron density which is shown in Fig. 2. Near
r = 2.0 cm, k. increases because the wave number %
of the fast wave increases with the increasing & when
n. increases. The same effect can be observed in the E,.
profile which is proportional to Jj(k,e*¢"), but due to
the experimental data, J; ~ 0 so E,. is aso proportional
to Jo.

Experimentally it was observed that the electric
field for small resonant volume is larger than that for
the large resonant one. This means that a good cou-
pling between a RF antenna and plasma does not nec-
essarily lead to a good efficient absorption. The colli-
sional damping in the experiment is global, so we can
calculate the quality factor of the machine.

Figures 6a and 6b of ref. [5] show the power de-
position profile versus radiusfor large resonant volume
(dashed line) and small resonant volume (solid line) for
the cases without and with plasma; these data permit
us to obtain the quality factor Q of the LISA cavity.
Theaverage valuesof Q are 4 and 7, respectively. These
quantities are proportional to k./2k;. Which can be
explained as follows: the field amplitudes inside the
antenna are proportional to k. /k;, so that the stored
energy is proportional to (k,/k;). During each period &
fraction k;/k, of the stored energy is absorbed, so the
absorbed power becomes proportional to

ky

ki (ke\°
P (E) =e ©

This quantity is also related to the “Q” of the system
following Kramer[!'!], so we have
k,

2‘,{;)
where Gy is a factor determined by the geometry. In-
serting the experimental values of @ into the eq.(9), we
can obtain k,/k; with Gy ~ 1. Thus, as &4 isgiven, we
determine k; and ¢ which agree with the values used in
the numerical calculation of the electric field profiles,
as was shown in Figs. 3 and 4. This analysis shows an
important result about the absorbed power #,: for a

constant applied voltage to the antenna, the absorbed
power is inversely proportional to the effective collision
frequency in the plasma. In other words as we have
the electron-neutral collision frequency v, o 7./% and
T, | LRv > T || spv We have Pwsry > PwLrv.

Figure 4: Absolute value of the Bessel’s function J, versus
|k |r for differcnt parameters ¢.

III. Conclusions

We have shown that in the LISA machine, the RF
wave of 28 MHz is absorbed because of the lower hybrid
resonance. The RF energy is thermalized very close to
the resonance layer where the parallel temperature is
maximum. However, due to the collisional effects the
RF energy is transferred to the whole plasma. From
the study of the electric field profile we have identified
a region where we have mode conversion of a sow wave
to afast wave. Asthe collisional damping is global, the
quality factor Q found in this experiment corresponds
to alow-@ cavity.
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