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Despite the fact that density profile measurements using X-mode lower cut-off reflectometry are foreseen to be
used on ITER, little or no experience is available within the reflectometry community and to our knowledge
no results on this subject have been published so far. In ASDEX Upgrade the multichannel broadband
reflectometer is equipped with both O- and X-mode channels. While X-mode operation was designed for
upper cut-off reflection, it is observed that for high magnetic field high density discharges under favorable
conditions of both the magnetic field and density the lower cut-off becomes accessible. Here we present
reflectometry measurements obtained in ASDEX Upgrade using X-mode lower cut-off and compare both
the resulting group delay and density profile with O-mode measurements performed simultaneously over the
same plasma region. The possible use of this comparison to provide estimates of the magnetic field is briefly

discussed.
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I. INTRODUCTION

X-mode lower cut-off probing will be used on ITER
to measure the density profile from the plasma high-field
side (HFS) as part of the reflectometry system for which
the Russian Federation (RF) Domestic Agency (DA) is
responsible’ 3. However, except for experiments per-
formed in the russian T-10 tokamak, little to no experi-
ence is available within the reflectometry community and
to our knowledge no results obtained with lower cut-off
probing have been published so far in the literature.

In ASDEX Upgrade, the Frequency Modulated
Continuous Wave (FM-CW) broadband reflectometey
system? is equipped with nine O- and two X-mode chan-
nels. The O-mode channels measure the density profile
in the range 0.32 to 12.4 x 10 m~3 while the X-mode
channels are configured to probe the initial part of the
profile, not covered by O-mode, for the range of magnetic
fields used in ASDEX Upgrade typical operation regimes.

Although X-mode operation was designed for upper
cut-off reflection, it is observed that for both high mag-
netic field and high density discharges the lower cut-off
reflection layer becomes accessible. As the same plasma
region is probed simultaneously with O-mode this opens
a window of opportunity to estimate the performance of
profile measurements with X-mode lower cut-off reflec-
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tometry through the comparison with O-mode measure-
ments. In addition, the sensitivity of the X-mode profile
to the magnetic field and the possibility to provide lo-
cal estimates of the magnetic field can also be studied
through this comparison.

1. X-MODE MEASUREMENTS

The refractive index N of an electromagnetic wave
with frequency f propagating in a plasma with its elec-
tric field E perpendicular to the plasma magnetic field B
(X-mode propagation) depends both on the local density
and magnetic field and is given by:

;ge(r)(fQ - pQE(T))
FAf? = fhe(r) = fé(r))

where r is the position along the propagation direction,
fre = [(nee?)/(4m2e,me)]Y/? is the electron plasma fre-
quency, and fee = (eB)/(2mm.) is the electron cyclotron
frequency.

Wave reflection occurs for Nx = 0, which corresponds
to the cut-off frequencies

Jie =\ 2 /4 4 [3(r) = fee(r)/2 (2a)

fue = \[F2/A+ [3e(r) + fee(r) /2 (2b)

known, respectively, as lower and upper cut-off. X-mode
propagation is also limited by wave absorption occurring
when the wave frequency is such that Nx — oo, known
as upper hybrid resonance frequency and given by

Fan(r) = fe(r) + fe(r). (3)

N;(T‘,f)zl—

(1)
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FIG. 1. Accessibility regions for a typical ASDEX Upgrade
profile shape with high density and high magnetic field, show-

ing that the X-mode lower cut-off becomes accessible in the
Q and V bands.

1l. EXPERIMENTAL RESULTS

In ASDEX Upgrade, X-mode measurements are nor-
mally performed using the upper cut-off reflection in the
frequency range 33-72 GHz. The main goal of this con-
figuration is to provide measurements of the initial part
of the density profile to initialize the O-mode measure-
ments. Therefore, the lower cut-off is usually not accessi-
ble in typical operation regimes. However, for discharges
with both high density and high magnetic field it is possi-
ble to access the profile with X-mode lower cut-off. Fig. 1
shows the estimated access regions in these conditions for
a typical ASDEX Upgrade profile shape. As can be ob-
served, the lower cut-off reflection becomes accessible for
a frequency range corresponding to the full Q band and,
depending on the actual discharge parameters, to the ini-
tial part of the V band.

In standard H-mode discharge #23007, with average
density n. ~ 9.14 x 101 m~3 and magnetic field B =
2.5'T, the accessibility conditions were met. Fig. 2 shows
an example of the spectrogram of the Q (33-50 GHz) and
V (50-72 GHz) X-mode signals obtained during the dis-
charge. As can be observed, the Q band signal exhibits a
clear group delay which corresponds to the distance be-
tween the antenna and the lower cut-off reflection layer.

The quality of the V band signal is not as good as
that of the Q band, due to problems in the heterodyne
detection hardware that limit the signal-to-noise ratio,
in particular above 60 GHz. Nevertheless, the transition
between lower and upper cut-off reflection can still be ob-
served around f = 56 GHz. For f > 56 GHz the V band
group delay exhibits the characteristic shape of upper
cut-off measurements in the vacuum—plasma transition
region.
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FIG. 2. Example spectrograms of X-mode Q (33-50 GHz)
and V (50-72 GHz) bands signals obtained during discharge
#23007. The transition between lower and upper cut-off can
be observed in the V band around f = 56 GHz.

IV. COMPARISON WITH O-MODE

In the ASDEX Upgrade broadband reflectometer all
channels are operated synchronously, which makes it pos-
sible, in discharges where reflection from lower cut-off is
accessible, to probe the density profile simultaneously in
O- and X-mode. Therefore, the performance of the lower
cut-off measurements can be assessed by cross-comparing
the results with O-mode.

The comparison of the group delays measured in both
modes is performed in two steps. First, the group delay
measured with X-mode lower cut-off is extracted from
the spectrograms shown in Fig. 2 using the best-path
algorithm® and corrected for the microwave circuit and
vacuum contributions. Like with O-mode, lower cut-off
probing is unable to measure the density profile below a
given density—a zero density location xg must be assumed
and used in the calculation of the group delay correction
due to the distance between the X-mode Q band antenna
and the location where n, = 0.

Second, an equivalent lower cut-off group delay is calcu-
lated from the O-mode density profile using the standard
ASDEX Upgrade magnetic field profile and the same
value of zyg. The obtained group delays are two inde-
pendent measurements of the same plasma region and its
comparison is a valuable tool to assert the performance
of the lower cut-off measurements.

Fig. 3 shows the group delays obtained from lower cut-
off (solid line) and from the O-mode profile (dashed line)
by applying the above procedure. In this example only
the Q band signal was considered, due to the mentioned
hardware problems. As can be observed, the group de-
lays show a very good match, which is a good indication
that the X-mode lower cut-off is indeed performing very
well. This is even more so since the QQ channel was de-
signed to measure the very edge of the plasma and is
equipped with a small standard pyramidal horn, not op-
timized to measure the transport barrier pedestal located
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FIG. 3. X-mode lower cut-off group delay extracted from the
spectrogram in Fig. 2 (solid line) and the equivalent group
delay obtained from the O-mode profile (dashed line).

some 20 cm away.

One interesting possibility is to use this comparison to
estimate the local magnetic field. While X-mode propa-
gation depends on the plasma magnetic field, the group
delay calculation itself is independent of B. In princi-
ple, this would allow us to obtain information about the
magnetic field profile by iteratively changing the mag-
netic field values until the equivalent and measured lower
cut-off group delays match. In the example presented
here such a procedure is not necessary since both group
delays show a very good match for the standard ASDEX
Upgrade magnetic field profile. A preliminary assessment
of the effect of the magnetic field profile in the equivalent
group delay curve has shown that within a +1% error
in B(r) the group delays still match. A more detailed
study including the sensitivity of lower cut-off measure-
ments to the magnetic field profile is underway and will
be the subject of a future paper.

Finally, we can compare the profile obtained from the
lower cut-off group delay with the O-mode density pro-
file. The X-mode profile is initialized using the equiva-
lent group delay shown in Fig. 3 for frequencies below
the first lower cut-off probing frequency fi;. The pro-
file inversion is carried out using the Bottollier-Curtet
algorithm®. Fig. 4 shows the density profiles obtained
from O-mode (dashed line) and from lower cut-off (in-
dividual points) following the above steps. As expected
the profiles match very well showing that X-mode lower
cut-off probing is capable of measuring the density profile
with good performance.

V. DISCUSSION

Density profile measurements using X-mode lower cut-
off reflectometry is an important issue due to its appli-
cation in ITER as part of the HFS reflectometry system.
However, almost no knowledge is available about the per-

formance of this type of measurements because the lower
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FIG. 4. Comparison between the density profiles obtained
with O-mode (dashed line) and with X-mode lower cut-off
(individual points).

cut-off is not accessible in current ITER relevant ma-
chines. In ASDEX Upgrade a combination between the
machine operation parameters and the reflectometry sys-
tem setup made it possible to demonstrate the feasibil-
ity of lower cut-off profile measurements. In addition,
the possibility to perform simultaneous O- and X-mode
measurements makes it possible to validate those mea-
surements by cross-comparison with O-mode measure-
ments of the same plasma region. The results presented
here clearly show that lower cut-off measurements ex-
hibit very good performance when compared with their
O-mode counterpart, even with a non-optimal antenna
setup. Although in ITER the HFS system will certainly
face other challenging issues, mainly due to the in-vessel
space restrictions and harsh environment, these results
represent a large step towards understanding the perfor-
mance that can be expected from lower cut-off profile
measurements.
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