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Electron cyclotron emission (ECE) can be used to determine the electron temperature
profile in magnetized plasmas. The complex structure of the magnetic field configuration in
the Large Helical Device (LHD), which has a large shear, complicates the analysis of the
ECE spectrum. In a sheared magnetic field the propagation of X and O-mode polarization
through the plasma are coupled, causing mode conversion and polarization rotation. Mode
scrambling is also caused by wall reflections. In this report, this mode conversion in LHD is
numerically analyzed. It was found that at low density mode conversion scrambles the ECE
spectra. However, at higher density («„, > 1.0 1019 m's) the polarization mode is found to
rotate with the sheared magnetic field, yielding only a negligible mode conversion. Wall
reflections are found to depolarize the ECE spectrum. Notwithstanding the LHD magnetic
configuration, it is shown that temperature profiles could be revealed from the ECE spectra.
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I. Introduction

Electron Cyclotron Emission (ECE) spectroscopy
has proven to be a powerful tool to measure
temperature profiles in thermonuclear fusion
plasmas123. The emission is generated by
elections, which gyrate around the magnetic field
lines that confine the plasma, and is microwave
range. The frequency is determined by the local
magnetic field strength while the intensity is
proportional to the temperature at the emission
resonance. Because the plasma is a refractive
medium for microwaves the waves may be
interfered or re-absorbed before they reach the
diagnostic antenna. Two polarization modes
exists: X-mode if the electric field vector is
perpendicular to the magnetic field and O-mode
with a parallel electric field vector. The two
polarization modes have different refractive
indices and, hence, propagate differently through
the plasma towards the diagnostic antenna.

In Tokamak plasmas, the analysis of ECE
spectra is generally straightforward. The
magnetic field is a monotonic decreasing
function of the radius. Hence, different
frequencies are emitted at different positions.
Usually the second harmonic of the X-mode
spectrum is monitored which is not interfered by
cut-offs. More important is that this polarization
mode is also optically thick for this harmonic.
This means that plasma is a black body for these
frequencies and the intensity is linearly
proportional to the temperature at the resonance.

However, the situation is more complicated in
the case of the Large Helical Device (LHD)4

(RO=3.75 m, a-0.6 - 0.9 m, B,,= 1.5 - 3 T) which
employs the so-called heliotron configuration
with helical winding field coils around the
plasma column. The magnetic field configuration
is non-monotonous function of the radius; hence,
equal frequencies are emitted at different
positions in the plasma. The largest problem
arises from the sheared field yielding a coupled
propagation of X and O-mode . Mode
conversion can take place along the propagation
path. It may seem that it is more difficult to
monitor a distinct polarization mode. Electron
Cyclotron Heating (ECH) in heliotrons faces the
same problem^. High power microwaves are
launched into plasma and are absorbed at a local
resonance. However, in a heliotron, mode
conversion can take place. Because both modes
have different absorption properties, part of the
injected waves may not be absorbed if these
effects are not taken into account.

Details of electron cyclotron emission from
fusion devices, tokamaks in particular, have been
reported in the past. In this report, the numerical
analysis of ECE mode conversion in a heliotron
will be presented. First the general effects of the
sheared magnetic field on the propagation of
coupled X and O-mode waves will be treated.
The polarizing properties of the LHD plasma will
be shown. Secondly, the multiple resonance's in
the plasma will be discussed. Absorption and
emission, which is different for the two
polarization modes, is included in the

* The magnetic shear is defined in this report as the
field vector angular gradient in radial direction and not
as the change in rotational transform.
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calculations. In the complete report is assumed
that absorption and emission only take place in a
narrow region around the resonance's. Multiple
resonance's may cause problems if one considers
mode conversion. The X-mode wave, emitted at
one resonance, is converted into O-mode and,
hence, only partly absorbed by the second
resonance. Besides the multiple resonance's,
reflected waves from the wall opposite the
diagnostic antenna, may scramble the spectrum.
Part of the waves will be mode converted at
reflection, which was also observed in earlier
experiments6. Nevertheless, this scrambling of
polarization modes is not important in tokamak
experiments, because the plasma itself does not
cause mode conversion, and X and O-mode can
always be distinguished. In the last section, the
applicability of ECE spectroscopy at LHD will
be discussed. LHD is equipped with various ECE
diagnostics7 and first measurements of ECE
spectra will be presented.

II. Propagation of ECE waves in LHD

The analysis of ECE spectra is complicated in
LHD because of its magnetic configuration. The
diagnostic antenna collects radiation from the
LHD equatorial plane and is located on the
outside of the torus. The magnetic field profile,
in the line-of-sight of the ECE diagnostic
antenna, is shown in Fig. 1. It is a non-monotonic
function of the major radius and has a maximum
around R=3.6 in. The diagnostic antenna is
located at the outside of the torus. The central
magnetic field value can be changed from
Bm-1.5 T up to 3 T. The first setting, with
Bm=1.5 T at R=3.6 m, will be used in the
numerical simulations shown in this report.

The frequencies emitted by the electrons are
determined by the local magnetic field strength.
Second harmonic frequencies, which are relevant
for the determination of the temperature profile,
are in the range of 50 GHz at the edge to 83 GHz
in the center. Because of the non-monotonous
magnetic field profile, equal frequencies are
emitted from two different resonance layers. The
first is directly viewed by the diagnostic antenna,
while the second resonance is behind that.
Emission from the second resonance might not
be re-absorbed by the first one if the last is
optically thin. Mode conversion can occur along
the path between the two resonances, which also
cause the second resonance emission to shine-
through.

Propagation of ECE waves is determined by
the refractive indices, Ns, and, Nm for the two
polarization modes. The refractive index is a

complex function of the wave frequency and
plasma frequency, and therefore indirectly
determined by the plasma density2. Normally the
X and O-mode waves propagate independently
towards the diagnostic antenna. However, in a
heliotron the propagation is coupled. The
coupling of X and O-mode propagation is caused
by the large magnetic shear in LHD. In Fig. 1 the
magnetic shear is given as the angle, 6, between
these to field components defined by: tanO =
B/Bp. The derivative of this shear is given by:
<p=d&/dr. In contrast to the tokamak
configuration, where the magnetic shear is very
small, the ratio between the poloidal and toroidal
field component is of order unity in LHD.

Mode conversion can be illustrated by the
example shown in Fig. 2. A wave propagates in
vacuum in the r-direction from I towards II. The
magnetic field is sheared along the r-axis. At I
the wave has an electric field vector in the JC-
direction, while the magnetic field is
perpendicular to that in the _y-direction. It is an
X-mode wave. In vacuum the wave polarization
is not expected to change, hence, up to II the
electric field vector remains in the jc-direction.
However, the magnetic field vector is rotated in
the x-y frame. The electric field vector has a
component perpendicular (X-mode) and parallel
(O-mode) to the magnetic field in II. Part of the
X-mode power is converted into O-mode
between I and II.

In dense plasmas the coupling of the two
modes is described by their wave equations.
Fidone, et a/.8 found for the propagation of X
and O-modc waves along, r, perpendicular to the
magnetic field the following second order
coupled equations:

dr'

dr
W da)
dr

dr

where, 0, and, <j>, are defined above and the £\
and E// are the electric field components of the X
and O-mode, respectively. If the shear is
negligible (<t>=0) one obtains two uncoupled
wave equations and the two modes will
propagate independently.

If the refractive indices are equal for both
modes, for example in vacuum, mode conversion
takes place. The electric field vector has the
inertia to preserve its polarization, however, E1
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and E/r, change mode conversion. If the refractive
indices differ, both modes do not propagate
independently, yielding Faraday rotation. The
polarization of the electric field vector will rotate
with the magnetic field; i.e. polarization rotation.
Furthermore, the different propagation velocities
of X- and O-mode may cause an elliptization of
linear polarized waves. It is possible to calculate
the amount of mode conversion and polarization
rotation in specific plasma by solving
numerically the two coupled differential
equations.

The three effects on wave propagation,
addressed above, will be discussed. The density
and temperature profiles are assumed to be
simple functions of the minor radius with a
maximum at R-3.75 in. The temperature profile
is taken to be parabolic (1=2), while the density
profile is squared parabolic (m=4):

Density profiles are observed to be flat in
heliotron devices. The magnetic field
configuration as shown in Fig. 1 is used.

An X-mode microwave emitted in the plasma
center with a second harmonic frequency off=81
GHz propagates towards the outside along the r-
axis while the magnetic field is sheared in the x-y
plane. On the magnetic axis, the magnetic field is
parallel to the y-axis and perpendicular to the x-
axis. The coupled wave equations are
numerically solved using Adams-method. X-
mode emission means that the initial electric field
vector of the wave is perpendicular to the local
magnetic field, i.e. in y-direction at R=3.6 in. O-
mode emission is assumed to be zero and
absorption is neglected for now.

First the propagation in vacuum (Nx = N,, =
/) will be treated. In Fig. 3a the power fraction
(°^E2) of the X and O-mode are shown as a
function of radius. The initial X-mode wave is
slowly converted into O-mode during
propagation. The electric field components in x
and v direction are not changed. The initial
direction of polarization (y-direction) does not
change in vacuum. The wave travels in vacuum
with a constant polarization, however, the
projections on the magnetic field (X and O-
mode) change due to the magnetic field shear.
The power fractions of X and O-mode plotted in
Fig. 3a are therefore equal to Px = E2cos20 and
P,,=E2sin20.

The situation is different in dense plasmas. In
Fig. 3b the X and O-mode power fractions are
shown for a wave which propagates through the

plasma with a density profile: nei, = 3.0 -I0lv iri3,
m-4. In this high density case, when Nx < N,, ,
the X-mode power remains constant up to the
edge of the plasma (r=0.9 m). In the vacuum
region (r>0.9 m), again a conversion from X to
O-mode is observed. Inside dense plasmas, the
wave remains its polarization with respect to the
local magnetic field vector. Because it is sheared,
the power fractions in x and y-direction vary, as
shown in Fig.3b. A rotation of polarization
occurs in the laboratory (x-y) frame at high
density. In all cases, the elliptization of the
initial linearly polarized X-mode wave was found
negligible. Elliptization will play a role in the
mode scrambling if the emitted O and X-mode
have the same order of magnitude, and if a fixed
initial phase relation exist. If microwaves, with a
specific polarization, are send into the plasma,
for example for purpose of ECH, this will be the
case. However, no specific phase between X and
O-mode waves emitted by the plasma.
Ellipization effects are therefor found to average
out for ECE.

Polarization rotation depends strongly on the
density. In Fig. 4 the polarization angle is shown
for several densities (assuming again typical
profiles with m=4). The polarization angle is
defined as the angle of polarization within the
laboratory x-y frame at r=a.

It is found that in vacuum, the polarization
angle is unchanged in the x-y frame, i.e. the each
frequency has a polarization angle given by the
angle of the local magnetic field where it is
emitted. The calculation for /»,,„= 0.25-1OIV in'
shows that the lower frequencies, emitted in the
outer plasma region, are still not due to
polarization rotation. While at higher frequencies
the polarization angle starts to deviate from the
initial angle in the x-y frame. For densities larger
than nm> 1.0-1019 m'3 polarization rotates almost
up to the edge of the plasma. Hence, all
frequencies exit the plasma under approximately
the same angle. For the high-density case (/!„,=
3.0-10l9tri3) the polarization angle of the ECE X-
mode emission approaches 35°, which is
perpendicular (X-mode) to the magnetic field at
r=a=0.9m.
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III. Effect of multiple resonance's and
reflections

Polarization rotation can be favorable with
respect to reflections and the double resonance
layer in a heliotron device. In high-density
plasmas, the wave will remain its polarization.
Hence, X-mode waves emitted at the inner ECE
resonance will be absorbed at the outer resonance
if it is optically thick. Furthermore, effect of
reflections from the back wall will also be
reduced in the optically thick, high density,
plasma. In this section, absorption and emission
are included in the calculations.

Emitted waves propagating can be refracted
or re-absorbed. The absorption, emission and
refraction is different for the two polarization
components2'3. If the density is high enough,
second harmonic X-mode waves will be
interfered by the upper cut-off, while the O-mode
component of the wave can pass freely. For
B,,= L5 and B,,=3 T this occurs at neo>3-10lv m'3

and nrl,>l3-I019 m'3, respectively. The O-mode is
shielded by the plasma frequency resonance for
at nm>6.7-l0l9ms for B,,= 1.5 T. Usually, The
upper cut-off will shield the lower frequencies
emitted at the edge first, because of the flat
density profiles in LHD. Higher densities are
required in order to affect ECE emitted at the
center.

The relation between the intensity of the ECE
emission and black body temperature is
determined by the optical depth, T, which is the
integrated absorption along the propagation
path2. If the plasma is optically thick (i.e. it has a
large optical depth for a specific frequency and
polarization mode); the intensity of this
frequency component is linearly proportional to
the local temperature. Furthermore, equal
frequencies will be completely re-absorbed.

The absorption coefficients for each
harmonic resonance and polarization mode have
been calculated for finite plasma density.
Common expressions for the optical depth in
tokamak plasmas can be derived from this,
however these cannot be applied to heliotrons.
This is because they assume that the resonance
width is narrow in both frequency and radial
space2 (i.e. dco/dR is finite). The is not valid in
the center of a heliotron, hence, proper
integration is required. Integration of the
absorption coefficient for the second harmonic
frequencies in LHD showed that the X-mode is
largely optically thick for «„,> 1.5-W19 m3 and
B,,= 1.5 T. With the B,,=3 T magnetic
configuration higher densities will be required

(ne,,> 2-1019 rti3). Nevertheless, at low densities
one should be aware of an optical gray area at the
edge of the plasma. The optical depth of second
harmonic O-mode is normally lower by a factor
kT/mtc

2. It can be concluded that second
harmonic O-mode emission will be very low in
LHD at low temperature (i.e. 7",,, < 3keV). O-
mode waves, emitted by the plasma, or caused by
mode conversion will hardly be re-absorbed at a
resonance.

The shine-through and re-absorption of ECE
emitted from the second resonance has been
calculated. An X-mode wave, emitted at the
inside resonance, propagates towards the antenna
and encounters the outside resonance. The
emission resonance is chosen to be at, r=-0.7 m
and the outside resonance was found at r=+0.42
m The mode conversion along the propagation
path is calculated accordingly. The powers of X
and O-mode are reduced inside the resonance, by
a factor of, e"', where T is the resonance's optical
depth for the two polarization modes,
respectively.

Two examples for different densities are
shown in Fig. 5a-b. At very low density («„,=
0.25-]0lv m3), the optical depth of the outside
resonance for the X-mode is low. X-mode power
shines through and is able to reach the antenna.
Furthermore, part of the X-mode power is mode
converted in the low-density region at the edge.
However, as also found in the previous section,
even at this low density, minor mode conversion
is found in the central part. In Fig. 5b it is shown
thai mode conversion is negligible at the density
of nn,= I.OIOW nf'. The emitted X-mode is
almost completely re-absorbed at the outside
resonance. A shine-through level less than 5%
was found. The shine-through fraction for all
second harmonic frequencies, emitted at the
inside resonance, is shown in Fig. 5c, for three
different density profiles. The mode conversion
fraction, the ratio between the original X-mode
power and the O-mode power at the edge, was
always smaller than 7% for nni> 0.25-Wlv m'3. A
strong shine-through component is found due to
small re-absorption at the outside resonance. If
the density is nm> 11019 m3 a maximum shine-
through fraction of 10% is found for edge
frequencies, but this decreases with increasing
optical depth for higher densities.

ECE spectroscopy measurements are
irrelevant at densities lower than nm<l.0I019 m
', due to the required optical thickness. Mode
conversion is negligible in the relevant high-
density cases. Therefor, we assume that X and 0-
mode propagate independently through the LHD
plasma, while rotating with the sheared magnetic
field in the x-y frame. This makes it easier to
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handle the calculations of shine-through emission
and reflected waves. The only difference with the
situation in tokamaks, is the presence of a second
resonance in the line-of-sight of the diagnostic
antenna. One outside resonance in front of the
antenna and an inside resonance behind that. The
intensity of a spectral component, with a
frequency, (O, can be determined. If the
temperatures at resonance's of this frequency are,
T"", and, f", respectively, one find:

- < •

_r'"" -r'" -T"'" -IT'"

\-pe -T""

\-pe T"" e r"
(3)

Where, p, is the reflectivity of the wall opposite
of the antenna. Usually the reflectivity is about p
= 90% for a stainless steel wall. This expression
gives the intensity, including that from multiple
reflections between the vacuum vessel walls. The
optical depth, r, of the two resonance's, gives the
amount of re-absorption and the intensity of the
emission. The integrated absorption through the
plasma is: e"" e""". This equation differs from
that of tokamaks, however, if one assumes one
resonance to be optically thin, the usual one
resonance, tokamak, expression is obtained.

If the outside layer is optically thick, the
second term at the right-hand-side, can be
neglected, i.e. emission of the inside layer is
completely re-absorbed. Reflected waves are also
re-absorbed and, as usual, the first term, becomes
only dependent on the temperature: T"J = T"".
Hence, in the case of an optically thick outside
resonance, the spectral intensity depends on the
temperature at this resonance. At high density
«,.„>/.0I0lv m~* this is the case for second
harmonic X-mode in LHD. However, if the
resonance layers are not optically thick, for
example at low density in the plasma edge, or for
O-mode, the intensity is determined by the
temperatures at both resonances. Hence, the
measurement is not localized and it will be
difficult to determine a temperature profile.

Of course, one should mind that the X and O-
mode exit the plasma under an angle, as shown in
the previous section. Furthermore, reflections can
still scramble the spectrum, even if the resonance
is optically thick. This is due to the mode
conversion caused at reflection. Though only
very small, 7T~W%, multiple reflections can
largely increase the mode converted reflected

intensity. This effect has been reported already in
the first ECE measurements from tokamaks.
where it was found to de-polarize the spectrum6.
If it is assumed that the emission of O-mode ECE
at the two resonance's is very low, i.e. O-mode is
optically thin, All detected O-mode is due to
mode converted reflections. In LHD the optical
thickness of second harmonic O-mode is found
negligible for moderate densities between and
temperatures below T<3keV. Under this
assumption the mode-converted fraction is given
by6:

TMC(co) =

np*
1- p' +xpe

(3)

1 -e'1'" {\-e'

(4)

The effective reflectivity p* of one polarization
mode is less than that given by p because part
returns in a different mode. Therefor, the
reflectivity, p, in Eq. (3) should be replaced by
the effective reflection coefficient given by:

n(\-p) \ (5)

Hence, it is easy to calculate that with, Jt=0.1 and
p=0.9, that the mode converted reflections have
an intensity which is about 50% of the X-mode
intensity. For larger reflectivity, the polarization
component perpendicular to X-mode increases.
In the above equation, it is assumed that the
emission originates from within the narrow
antenna pattern. However, the vessel wall may
focus reflected waves into the antenna, from a
much larger part of the plasma. The reflected
intensity is thus expected to be larger, than found
from eq. 4. Even if the plasma does not emit O-
mode ECE, a strong O-mode component is
detected. Reflections of X-mode are re-absorbed
at high density and cannot enter the diagnostics.

IV. Temperature profiles by ECE
spectroscopy

In the previous sections, the effects of mode
conversion and multiple resonance's on the ECE
spectrum have been shown. It was found that the
polarization of the ECE spectrum would be
mainly influenced by reflections while at higher
density polarization rotation prevented mode
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conversion inside the plasma. In this section, the
intensity of the spectral O-mode and X-mode
component will be calculated.

It has been assumed that the emission
originated from two narrow resonances with
different emission and absorption properties for
X and O-mode. The equations given in the
previous section have assumed O-mode emission
and absorption to be zero. As the wave's pass one
of the resonances, the intensity of the two modes
is reduced according to the local absorption. Part
of the wave will be reflected at the wall.
Furthermore, the reflection causes a small mode
conversion. The reflection coefficient and mode
conversion fraction are taken to be, p-0.9 and
7C=0.1, respectively. It has been assumed that
mode conversion is negligible if only densities of
«,„>/.010 lv m3 are used. The X and O-mode
defined as the polarization component
perpendicular and parallel to the magnetic field
at r=a, respectively. The intensity for all second
harmonic frequencies is determined.

In Fig. 6 an example is shown for a moderate
density of ne,,= I.0l0lv m'3 and a temperature,
T,,(,= l keV (with profiles, m=4 and 1=2). The
temperature profile is shown, as a function of the
frequency of the outside resonance. The X-mode
power is nicely proportional to these
temperatures. Only a small deviation at the edge
is observed due to insufficient optical depth.
However, at higher densities this optical gray
area decreases. A large O-mode intensity is
found which is predominantly due to mode
converted reflections. O-mode emission at these
low temperatures in LHD is negligible.

Usually ECE diagnostics measure only one
polarization component. Because the two modes
have an angle with respect to the laboratory x-y
frame, the measured intensity in the jr-direction is
not identical to the X-mode power. In Fig. 6, the
power measured in the x-direction is shown. It is
a mix between X and O-mode. The power of the
wave component with an angle a with the x-axis
is given as,

T(a) = Tx cos2 (a - d(a)) + T° sin2 (or - 9(a)),

(6)

where, 6(a), is the angle of the magnetic field
within the laboratory frame at r=a.

At LHD, it is possible to choose the
polarization direction of the detected radiation
that is fed to the ECE diagnostics. A polarization
rotator is installed for this purpose in the circular
waveguide system7. This polarization rotator is
able to select only the X-mode component by

setting the appropriate angle with respect to the
x-y frame. If a different angle is set, a different
mix of O and X-mode is detected.

In Fig. 7a the ratio between the measured
power, T(a), and the temperature at the outside
resonance is shown, for all spectral components.
If the polarization rotator is aligned {a=9(a)=35 °
) to the magnetic field at r=a, the central
frequencies are proportional to the local
temperature. Only in the optical gray edge
region, large deviations are found. At higher
densities more frequencies become optically
thick, as shown in Fig. 7b. Only a fraction of the
temperature is measured if the polarization
rotator is set differently. Pure O-mode is detected
under an angle of (a=9(a)+90=125o).

Hence, even in the presence of two
resonance's and with the effect of mode
converted reflections it will be possible to reveal
the local temperature at the (outside) resonance
viewed by the antenna. The polarization rotator
should be set to the appropriate angle. From Eq.
(4) it can be shown, that if the inside resonance is
also optically thick, the O-mode intensity is
linearly proportional to the local temperature at
this resonance. This might be a possibility to
deduce information from the other side of the
magnetic field profile.

V. Discussion

At LHD second harmonic ECE is monitored in
order to deduce a temperature profile. The
requirement is a sufficient high density. It was
shown that the second harmonic X-mode is
optically thick and that mode scrambling inside
the plasma is negligible at ne,,>I.O-IOlv m'3 for
B^l.5 T or nm>1.5-10lv ni3 for Bm=3.0 T.
However, at low density one should mind optical
gray areas. At nm=1.0W19 in'3 and m=4 a
maximum fraction of 10% was found to shine-
through from the inner resonance which increases
the observed intensity.

Wave propagation in a sheared magnetic field
has been numerically analyzed. It was assumed
that reflected waves and emission from the inside
and outside resonance's did not affect each other.
A difference between calculations for ECE waves
or those used for ECH, is that in the later case a
definite phase relation between X and O-mode
exist, for example a linear polarized wave is
injected. In that case, the initial X and O mode
wave are in phase. For microwaves emitted by
the plasma, no such a relation exist, hence the
results are averaged over all possible phases or
polarization possibilities. Because, the O-mode
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level is very low for low LHD temperature
plasmas, usually the above is not important. The
initial emitted wave is entirely X-mode.

Inside the plasma, mode conversion was
found negligible if the waves propagated through
a sufficient high density (n,,,>1.0-1019 m'J ).
Calculations for a magnetic field of 8=7.5 T
have been shown. The results did not differ for
higher magnetic fields. Although the refractive
indices of the two polarization modes are slightly
different, the mode conversion properties depend
mainly on the shear of the field and not the
absolute strength of the field.

The polarization modes were found to rotate
with the magnetic field almost up to the edge of
the plasma. Mode conversion can also be caused
by reflections. At high density, the X-mode
polarization of the reflected waves is re-absorbed
inside the plasma. Hence, they do not affect the
measurement. However, mode converted
reflections of the X-mode are not, because of the
plasma is optical thin for O-mode. The O-mode
emission will be small at moderate densities and
temperature (T<3 keV), while the dominant
contribution is to the measured O-mode from the
plasma is due to mode converted reflections of
X-mode emission.

For the reconstruction of the temperature
profile, only the second harmonic X-mode
component of the ECE from the resonance
viewed by the antenna should be detected.
Otherwise. O-mode emission and reflected mode
converted X-mode will scramble the
measurement. To do so, a polarization rotator
should be aligned with the magnetic field vector
at r~a. The required polarization mode is
expected to exit the plasma perpendicular to this.
After this, the specific polarization of the ECE is
fed to the spectroscopic diagnostics.

A fixed angle is chosen for the polarization
rotator. However, small deviation might occur in
the angle at which the X-mode is emitted by the
plasma. Firstly, it can be observed in Fig.4 that
the polarization angle is not equal for all
frequencies. Furthermore, it varies with the
density. A maximum variation of 6° is found for
densities above ne,,>I.O-IOlv m'3. Secondly, the
position of the plasma edge may be different.
The minor radius, which was chosen to be a=0.9
m in this report but the angle of the magnetic
field at the edge will be smaller with decreasing
r-a. The shift of the plasma position will have a
similar effect. Variations of the polarization
angle due to changes in the plasma edge position
were estimated to be approximately 5°.
Furthermore, deviations of the magnetic field
configuration will be caused by, for example the
bootstrap current, at high ($. A measurement error

of Afi=±5 ° yields an error in the measurement of
the X-mode power of to cos2Afi -3%. This is
still smaller that the error made in the calibration
of the diagnostics, which is approximately 10%.
Therefor, major corrections are only required in
the case of large modification in the magnetic
field configuration.

At LHD, three different spectroscopic
techniques are applied to measure the ECE
spectrum. It is possible to monitor opposite
polarization mode simultaneously. Up to now,
the ECE diagnostics have been cross-calibrated
against temperature profiles, measured by the
Thomson-scattering diagnostic. It should be
noted that in this case, the observed intensity is
mostly found to be proportional to the
temperature at the outside resonance. Even if the
polarization rotator is set differently and a mix of
O and X-mode is detected. In Fig. 7 it can be
seen that the intensity of the spectrum is always
more or less proportional to the temperature, for
each polarization rotator setting. This is mainly
because the temperature and magnetic field
profiles are almost symmetric around the plasma
axis.

The polarization of the ECE spectrum can be
observed by changing the polarization rotator
setting on a shot-to-shot base. Identical
discharges, with sufficient high density are
compared. The peak intensity of the ECE
spectrum, measured by the Michelson
Interferometer , is shown in Fig. 8 as a function
of the polarization rotator setting. A cos~-
function is recognized, as expected from Eq. (6),
can be seen.

Future experiments will be dedicated to a
more accurate measurement of the spectral
polarization. Simultaneous measurements of X
and O-mode will be performed in the next
experimental cycle of LHD.
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List of Figures Fig. 8: ECE intensity measured with the
Michelson Interferometer for various rotator

Fig. 1: Magnetic field configuration at the ECE angles,
diagnostics cross section for Btuc=1.5 T and
Rax=3.6 m

Fig. 2: Example of mode conversion in a sheared
magnetic field.

Fig. 3: a) Normalized amplitude of the O and X-
mode powers for a wave propagating in LHD in
vacuum. Additionally the power fractions in,
respectively, x and _y-direction are given, b)
Similar calculation but now for a dense plasma
with ne,,=3.010lv m"( m=4. The sum of the two
electric field components is not constant along
the propagation path because the total power of
the wave in a refractive plasma is determined by:
ExB = NXEX

2 + N,,Ej. Because the refractive
indices are below unity, the wave vector
amplitude will decrease with density.

Fig. 4: The calculated polarization angles of
linear polarized waves emitted in X-mode are
shown for density profiles with nm-0, 0.25, 1.0,
3.01019 m'J (diamonds, triangles, open and
closed circles respectively). The higher
frequencies are emitted in the plasma center. The
polarization angle is defined as the angel which
the wave electric field vector has with respect to
the .v-axis at r-a.

Fig. 5: Calculated shine-through of a X-mode
wave emitted at a resonance at r--0.7 in. Part of
the X and O-mode power is re-absorbed at the
outside resonance at r-0.42 m. Two cases are
shown: a) n,,,=O.25IO19 iri* b) nr,,= l.0-10lv m'J.
c) The shine-through fraction for all frequencies,
calculated for nm=0.25, 1.00, 3.00 -10i9'mJ and
m-4. The corresponding mode conversion
fraction is given by the dashed lines.

Fig. 6: Second harmonic ECE spectrum,
calculated for of «„,= 1.0- 1OIVm* and, Teo=l keV
{m-4 and 1=2) and B=1.5 T. The O and X-mode
components, at r=a, are given by the triangles
and circles, respectively. The power in the x-
direction is indicated by the diamond line, while
the temperature at the outside resonance is shown
by the fat line.

Fig. 7: The fraction of the measured power and
the temperature at the outside resonance, given
for different polarization rotator settings, a)
nm=I.0-10lv nr and T,,,= l keV (m=4 and 1=2)
b) nm=2.5-1019 m' and Tn,= I keV (m=4 and
1=2)
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