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Abstract. We demonstrate measurements of spectra of O-mode electron cyclotron
resonance heating (ECRH) waves scattered collectively from microscopic plasma fluc-
tuations in ASDEX Upgrade discharges with an ITER-like ECRH scenario. The mea-
sured spectra are shown to allow determination of the main-ion temperature and
plasma rotation velocity. This demonstrates that ECRH systems can be exploited
for diagnostic purposes alongside their primary heating purpose in a reactor relevant
scenario.
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1. Introduction

Measurements of the temperature and rotation velocity of the main fuel-ion population
are important to understand and control the behavior of magnetically confined fusion
plasmas as these properties directly affect both the plasma confinement and fusion
power. However, the high densities and harsh environments foreseen in future fusion
power plants, as well as in machines such as W7-X and ITER, will be challenging
for most present day measurement techniques. It is therefore relevant to explore
alternative diagnostic approaches. Here we will show that the main-ion properties
in ASDEX Upgrade (AUG) plasmas can be determined through measurements of
scattering of electron cyclotron resonance heating (ECRH) millimeter-waves. As ions
move through the plasma, they are screened by the electrons and generate microscopic
fluctuations in the plasma density, currents and fields. Scattering of electromagnetic
waves off these fluctuations, so-called collective Thomson scattering (CTS), occurs when
the length scale corresponding to the wavenumber shift between the incident wave,
ki, and the scattered wave, k®, is greater than the Debye screening length, \p, i.e.
when }ks — K| = k* < 1/Ap (the Salpeter criterion [1]). For millimeter-waves this
criterion is easily fulfilled, imposing few restrictions on the scattering geometry, and
the spectrum of scattered radiation carries detailed information about the ion velocity
distribution. In addition, millimeter-wave systems are generally robust and capable
of operating under reactor relevant conditions for extended periods of time with little
damage or degradation of performance. Millimeter-wave based CTS, using probing
radiation from gyrotrons, is thus a promising diagnostic for confined ion properties
with applications including measurements of ion temperatures [2-5], plasma rotation
velocities [5], plasma composition [4,6, 7], as well as the velocity distribution of non-
thermal, fast-ion populations [8-13] and their interactions with plasma instabilities
[14-16).

An important aspect of the design of millimeter-wave CTS diagnostics is the ability
of the plasma to itself emit and absorb such waves due to the electron cyclotron
motion. The background signals in millimeter-wave CTS measurements are typically
dominated by electron cyclotron emission (ECE) from the plasma. So, in order to
maximize the signal-to-noise ratio, a common approach is to operate at frequencies that
avoid any electron cyclotron (EC) resonances along the probe and receiver beam paths.
Such designs, avoiding resonances in the plasma, generally allow CTS measurements
with sufficient signal-to-noise ratios to resolve the relatively weak fast-ion signatures
at large frequency shifts. They are therefore appropriate for measurements of e.g.
fast-ion dynamics, which additionally require integration times of no more than a few
milliseconds. Thus, the CTS systems at JET [17], TEXTOR [11] and ASDEX Upgrade
[18] were designed to operate in O-mode at frequencies between the fundamental and
second harmonic electron cyclotron resonances in the plasma. An alternative approach
is to operate in X-mode at frequencies below the ECE emission spectrum but above the
L-cutoff, as on TFTR [19] and FTU [20,21], and as is intended with the CTS system
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on ITER [22,23].

Here we demonstrate a new approach based on scattering of strongly absorbed
electron cyclotron resonance heating (ECRH) radiation in AUG. We conducted
measurements with the CTS system during experiments with a heating scheme designed
to be qualitatively similar to that of the O1 ECRH scenario in ITER, i.e. with absorption
of O-mode gyrotron radiation on the fundamental EC resonance located well inside the
plasma. In this regime, the ECE background is far higher than for the normal CTS
scenario in AUG. Nevertheless, we find that it is still possible to resolve the thermal-
ion features in the CTS spectra with a signal-to-noise ratio sufficient to allow useful
temperature and rotation measurements in good agreement with boron-based charge
exchange recombination spectroscopy (CXRS) measurements. CTS based on absorbed
probing waves has also been performed in the W7-AS stellarator [3] and in the Large
Helical Device [12], but this approach is new for AUG, and here we are further able
to show the first detailed comparison between main-ion properties inferred from such
measurements and standard impurity-based CXRS measurements. The main advantage
of this approach, exploiting scattering of ECRH waves, is that it does not require a
dedicated high-power gyrotron as a source of probing radiation. Also, since the probing
power is absorbed in the plasma, it presents fewer challenges with respect to reflections
and stray probing radiation, which can otherwise give rise to unwanted secondary signal
components [3,13] and affect the operation of other microwave diagnostics.

2. The CTS system at ASDEX Upgrade

The CTS receiver system on ASDEX Upgrade consists of two heterodyne radiometers,
which view the plasma through two of the ECRH transmission lines. The probing
radiation is delivered by one of the dual-frequency ECRH gyrotrons. These are normally
used in X-mode for second harmonic heating at 140 GHz but were here operated in O-
mode at 105 GHz to enable studies of the ECRH deposition profile at the fundamental
resonance in a scenario similar to that foreseen for the ITER ECRH system. Here the
CTS receivers were operated as a piggyback experiment to measure the spectrum of
scattered radiation at frequencies around 105 GHz. In order to resolve the thermal-ion
feature, one of the receivers is equipped with a fast digitizer allowing the frequency range
from 104 to 106 GHz to be measured through direct digitization and Fourier analysis
of the signal with relatively high frequency resolution (here 1.5 MHz). The first results
from this system as well as its design and operation have been described in some detail
elsewhere [5,24].

3. Plasma conditions

The measurements presented here were obtained in four H-mode discharges, AUG
#30739, #30742, #30746, and #30749. The plasma current was 1 MA during the
flat-top in all four discharges. The magnetic field was —2.9 T in the first two and
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—2.8 T in the last two discharges. The discharges were otherwise similar, with central
densities around 7 x 10 m=3, NBI heating ramping up to 7 MW, and ECRH heating
ramping up to 1.2 MW. Time traces for these quantities are shown in Fig. 1. The two
ECRH gyrotrons (gyrotron 7 and 8) were modulated in a 50% duty cycle with on/off
periods of 6 ms. From a CTS point of view, gyrotron 7 was used as the probe (i.e. the
receiver beam intersected the beam of that gyrotron), and the off-periods were used to
measure the ECE background.
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Figure 1. Time traces for the central electron density, total neutral beam injection
(NBI) power, and ECRH power from gyrotrons 7 and 8. The gyrotrons were modulated
in a 6 ms on / 6 ms off duty cycle. The individual modulation cycles would not be
distinguishable in the figure, so instead we show the maximum values across a running
12 ms time interval.

4. Scattering geometries

Figure 2 illustrates the CTS beam geometries in these discharges. The beam overlap
region, from where the received CTS signal originates, is illustrated by the magenta
ellipsoids. In discharge #30742 the beam overlap was at the position labeled B and was
located at (R,Z) = (1.75m, —0.2m) at normalized poloidal flux-coordinate p, = 0.5.
The scattering angle was § = Z(ki,k®) = 128°, and the angle between the resolved
fluctuation wave vector and the magnetic field was ¢ = Z(k°, B) = 64°. The geometry
for discharge #30746 was very similar, except that the resonance was located a few
centimeters further towards the high field side due to the slightly lower magnetic field.

In discharges #30739 and #30749 the gyrotron injection angle was the same as
in the two other discharges, but the receiver beam was swept along the probe beam
to vary the location of the beam overlap region between the positions A, B and C in
Fig. 2. Specifically, the measurement position was fixed at B until ¢ = 2 s. It was



Main-ion measurements based on scattering of ECRH waves in AUG 5

then swept, first to the high-field side (reaching A at ¢ = 2.38 s), and then to the low-
field side (reaching C at ¢ = 3.2 s). It was finally swept back to position B where it
remained from t = 3.6 s to the end of the discharges. In terms of flux coordinates, the
measurement position was thus varied from p, = 0.85 on the high-field side to p, = 0.65
on the low-field side. The scattering angle similarly varied between 120° and 150° while
¢ varied from 62° to 71°.

R [m]

Figure 2. An illustration of the beam geometries in a poloidal projection (calculated
with ray tracing). Red: receiver beam at different times. Blue: probe beam. Magenta
ellipsoids mark the beam overlap regions. The dashed line marks the fundamental 105
GHz resonance position (this was slightly further out in discharges #30746 and #30749
with lower magnetic field). In discharges #30742 and #30746 the beam overlap was
held at the position labeled B. In discharges #30739 and #30749 the receiver beam
was swept along the probing beam to move the beam overlap between positions A and
C.

5. Measured CTS spectra and basic analysis

The CTS acquisition periods were timed to cover 0.75 ms before each gyrotron turn-off
and 0.7 ms after. Due to memory and bandwidth limitations, the fast digitizer cannot
measure throughout the discharge, so specific acquisition periods must be selected in this
manner. Figure 3 shows an example of (uncalibrated) data obtained during one such
acquisition period. A number of features are worth pointing out. The gyrotron lines are
visible as two fine lines at 104.9 GHz (both gyrotron 7 and 8 were on at this time). To
protect the receiver electronics, the frequency range near the gyrotron lines is attenuated
by about 100 dB using two notch filters in series. In the notch filter stop band there
is essentially no detectable signal except for the gyrotron lines. At the time when the
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gyrotrons turn off, they chirp quickly towards higher frequencies, potentially ending up
outside the notch filter stop band, which would damage the highly sensitive radiometer.
To guard against this risk, the signal is further attenuated using a voltage-controlled
variable attenuator (VCVA) for 0.3 ms just after the gyrotron turn-off. During the
last part of the acquisition, the gyrotrons are off and the VCVA is open allowing the
background signal (mainly ECE) to be measured.

Gyrotron on VCVA closed Gyrotron off 0.9

3334
Time [ms]

Figure 3. A spectrogram showing uncalibrated CTS data from an acquisition period
in AUG #30739. The gyrotron is on for the first 0.75 ms of the acquisition period and
the gyrotron line is visible inside the notch filter stop band during that period. During
and just after the gyrotron turn-off the signal is attenuated by a VCVA for 0.3 ms and
there is then a period with only background measurements.

We note two occurences of very large signal levels (inconsistent with standard CTS
signals) during the gyrotron-on period of the acquisition shown in Figure 3. One at
t = 3333.3 ms with a powerful burst of up-shifted signal, and the second at t = 3333.8 ms
where a series of strong, down-shifted lines appears in the spectrogram at frequency
intervals of 14 MHz. These types of signals occur during only some of the acquisition
periods (roughly 1/3) in bursts lasting a few pus. Usually, only one of the two types found
in Fig. 3 occurs during an acquisition period (so, in that respect, Fig. 3 is not a typical
example). The origin of these signals is currently unknown, but possible explanations
could include effects of parametric decay instabilities [25,26], scattering on transient
plasma instabilities, and gyrotron generated noise or secondary modes. However, our
present purpose is to analyze the CTS component in the signal, and to that end we
just note that these outliers can be rejected as they are clearly identifiable and affect
only a fraction of the data during some of the acquisition periods. In principle, one
could simply reject every acquisition period affected by such signals, but, to be more
economical with the data, we instead seek to remove these burst from within each of
the affected acquisition periods using a sigma-clipping procedure: iteratively rejecting
positive outliers in each acquisition period until the frequency-specific histogram of the
remaining data is consistent with a normal distribution. This has generally been found
to be effective in identifying and removing these bursts. The spectra from the affected
acquisition periods are then generally consistent with those from the unaffected periods.
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Figure 4. Examples of spectra measured with the CTS system in AUG #30739 at
different NBI power levels and with the probing gyrotron on (blue, cyan) and off (red,
magenta), respectively.

To extract the CTS component, we further apply a calibration based on cross-
calibrating the ECE background measured during the gyrotron-off periods with electron
temperature profiles obtained from integrated data analalysis, IDA [27]. This procedure
is similar to the way the TEXTOR CTS system was calibrated [28] and differs from
the hot/cold source method usually employed with the CTS system on AUG [24].
In these experiments, with EC resonances for the receiver frequencies well inside the
plasma, the ECE background is around 700 eV, 10-100 times higher than for the
normal CTS operating scenario on AUG. To ensure that these signal levels would not
damage the receiver and that the receiver remains in its linear regime, the signal was
attenuated by roughly a factor 20 (by partially closing the VCVA mentioned above). The
calibration curve obtained with the usual hot/cold source technique would not account
for this additional attenuation so we apply the cross-calibration technique. However,
the practical difference is limited as the VCVA attenuation is largely independent of
frequency and affects mainly the overall scaling of the spectra. The signal within
the notch filter stop band cannot be calibrated either way, so that frequency range
is excluded in the analysis and the figures presented in the following.

Figure 4 shows two examples of spectra obtained with this procedure in AUG
#30739 at times with different NBI heating powers. The spectra are here shown before
background subtraction, and we note that the CTS component is clearly visible above
the background at frequencies between 104.5 and 105.5 GHz. The spectrum measured
at higher NBI power is also clearly seen to be broader, indicating that the effect of
higher ion temperature can be discerned despite the relatively high background and
noise levels (effects of rotation are less easy to see and require detailed analysis).

For the two examples shown in Fig. 4, the background levels measured at frequencies
far from the probing frequency during the gyrotron-on and -off periods are seen to match
each other very well. So here the background can easily be subtracted, but this is not
always the case. The background can change during an acquisition period, and due
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to the generally high background level this can lead to background subtraction errors
significant in comparison to the CTS component. To illustrate this, Fig. 5 shows time
traces of the spectral power density obtained after subtracting the background measured
during the gyrotron-off periods in AUG #30739 and binned over frequency intervals of
150 MHz. At frequencies far from the probing frequency (|d f| > 500 MHz), the residuals
oscillate around zero, but with outliers ranging up to a few hundred eV. The up- and
down-shifted residuals are nearly identical and their variations are highly correlated
(linear correlation coefficient above 0.9 between the time traces at |§f| > 500 MHz).
The residuals at frequency shifts beyond 500 MHz cannot be explained by variations
in the CTS component, which is expected to contribute at most a few eV at such
frequencies. Variations in the CTS component would also not explain why the residuals
remain the same size after t = 3.9 s when the probing gyrotron is turned off. At that
time the CTS component in the time traces for |0 f| < 400 MHz disappears and these
then show the same residuals as for higher frequency shifts.

6f=-0.85 to -0.7 GHz
—— 0f=-0.65 to -0.5 GHz
—— 0f=-0.4 to -0.25 GHz
——0f=0.25 to 0.4 GHz

6f=0.5 to 0.65 GHz
——0f=0.7 to 0.85 GHz
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Figure 5. Time traces of the spectral power density found after subtraction of the
background signals measured with the probing gyrotron off. The signals are binned
over 150 MHz intervals and labeled by their frequency shift relative to the probing
gyrotron. The highly correlated residuals at |0f] > 500 MHz are best explained by
offsets caused by variations in the background within each acquisition period.

The simplest explanation for these residuals is therefore that rapid variations in the
background level within each acquisition period lead to errors in the initial background
subtraction. These errors are approximately independent of frequency shift and appear
as overall offsets in the spectra. We correct for this by subtracting the mean residuals
at [0 f| > 700 MHz. This will also subtract any CTS signal present at those frequencies
(e.g. due to fast, non-thermal ions), but, as noted above, such signals are expected to be
small and the effect will be undetectable considering the statistical noise of roughly 50-60
eV in these spectra. In hindsight, it might then be argued that the ECE measurements
during the gyrotron-off periods were not strictly necessary for background subtraction
(which could be based entirely on the signal far from the probing frequency). But,
considering that CTS measurements have not been attempted in this scenario before,
the ECE measurements are nevertheless important for a complete characterization of
the signal.
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In connection with the background subtraction, it is also relevant to consider if
the probing radiation itself has an effect on the ECE level [29]. This could potentially
cause errors in the background subtraction and distort the CTS spectra, provided the
ECRH heating could change the plasma temperature significantly within an acquisition
period, or that the temperature could drop significantly during the 0.3 ms background
measurement after the gyrotron turn-off. In particular, one might expect such effects
for beam geometries as A in Fig. 2, where the absorption and emission take place on
nearby flux surfaces (see Fig. 6). However, the variation of gyrotron power due to the
on/off modulation corresponded to less than 10% of the NBI heating power at the time
when measurements were made for geometry A. At other times the gyrotron power
variation was larger, but there was little overlap between the locations of the absorption
and emission along the probe and receiver beams. So it is reasonable to expect that any
effect on the ECE background should be small (in comparison with the CTS component
and overall background), and in practice we have not been able to detect any evidence of
such effects here. For example, we found no detectable signs of a systematic decrease of
the ECE levels consistent with a cooling effect during the background measurement just
after the gyrotron turn-off. Thus we conclude such effects are too small to be detected
for the noise level in these measurements.

40

along probe beam

along viewing beam, position A
along viewing beam, position B
along viewing beam, position C

w
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Flux coordinate, p,

Figure 6. The absorption coefficient calculated along the receiver and probing beam
for the beam geometries labeled A, B and C in Fig. 2. For geometry A the absorption
and emission happen at the same flux surfaces. For other geometries they are clearly
separated.

Figure 7 shows a spectrogram of the CTS measurements obtained through this
analysis in discharge #30739. As mentioned above, the measurement volume was swept
along the probing beam in this discharge, covering the radial positions shown in the
lower panel. In addition, the NBI power and electron density ramp up gradually until
t=1.8 s (see Fig. 1). The spectra in Fig. 7 show a clear response to the resulting changes
in the density and temperature in the CTS measurement volume.

As noted above, the observed noise level in these spectra is around 50-60 eV. This
is estimated from the standard deviation of the temporal fluctuations of the measured
signal within each acquisition period, and it is roughly independent of frequency. The
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signal-to-noise ratio then ranges from zero at large frequency shift, where there is no
main-ion CTS signal, to roughly 10 near the notch filter stop band. This corresponds
well to the idealized expression for the signal-to-noise ratio in CTS measurements [30],
SNR = P, (WT)Y2/(2(P,+ R,)*+2P2)/2, where P, is the spectral power density of the
CTS signal, P, that of the background, W the frequency resolution and 7' the integration
time. For discharge #30739, we can insert P; < 500 eV , B, = 700 eV, W = 1.5 MHz,
T = 1.1 ms, and we then get SNR < 10.3. This illustrates that, as was also found on
TEXTOR [28], the above expression is indeed useful to predict the signal-to-noise ratio
in CTS measurements.

AUG #30739, spectral power density [eV]

Frequency shift [GHz]

1.5 2 25 3 35
2 T T T T T

Radial position, Rerg [m]
Flux coordinate, p,

) - > >A—] ——>¢C 8 >
1.5 2 25 3 3.5

Time [s]

Figure 7. A spectrogram of the CTS measurements in AUG #30739. In this discharge
the measurement position was varied by scanning the receiver beam along the probing
beam as explained in Sect. 4. The lower panel shows the radial and the poloidal flux
coordinates of the measurement position. The labels A, B and C refer to the positions
defined in Fig. 2. The width and intensity of the measured CTS spectra are seen to
vary with the measurement position and with the changes in local plasma conditions.

6. Results and discussion

To interpret the C'TS measurements and extract information about the ion temperature
and plasma rotation, we fit the measured spectra using a model for CTS [31,32] and
a least squares fitting method previously used in CTS experiments on TEXTOR and
AUG [4-6,11,15,33,34]. We here use a simulated-annealing algorithm to minimize the
x?-figure of merit [35]. This approach is comparatively robust against local x?-minima
and variations in the initial guess for fitting parameters and in tests on simulated data
it has been found to recover bulk-ion parameters with an accuracy consistent with
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the statistical uncertainty expected for given noise levels in the data [4,36]. In the CTS
model we assume the ions follow a Maxwellian velocity distribution with plasma rotation
described as a drift velocity along the magnetic field. We neglect fast ions as they
play a minor role at the frequency shifts considered here, 200 MHz< |§f| <500 MHz).
Other model parameters are fixed at the values measured by other diagnostics and
interpolated to the flux coordinate of the CTS measurements. For example, the electron
temperature and density are fixed at the values obtained by IDA, and the angles
describing the scattering geometry are taken from ray tracing based on input from
equilibrium reconstruction and IDA profiles. Uncertainties on these input parameters,
as well as on the CTS spectra themselves, were estimated from the temporal fluctuations
in each parameter and at each frequency and were taken into account when calculating
the statistical uncertainty of the inferred ion temperatures and rotation velocities using
a Bayesian framework [33].

Figure 8 shows examples of such fits to spectra measured in AUG #30739, and Fig. 9
shows comparisons of the ion temperatures and plasma rotation frequencies inferred
from the fits to results from boron-based CXRS measurements [37], and to neoclassical
TRANSP simulations [38,39] of the main-ion properties (based in part on input from
the CXRS measurements).

t=1.306 s, pp:0.5, PNE‘:2.3 MW t=1.522s, pp:O.S, PNB‘:4.7 MW t=1.858 s, pp:O.S, PNEI:7.3 MwW t=2.374 s, pp:O.B, PNBI:7.1 MW
60 600 600 600

500 500 500 500

400 400 400 400

300 300 300 300

200 200 200 200

Spectral Power Density [eV]

100 100 100 100

0 0 0 0

-0.! 0.5 -0.! 05 -0. 05 -0. 05

5 0 5 [ 5 [ 5 0
Frequency shift [GHz] Frequency shift [GHz] Frequency shift [GHz] Frequency shift [GHz]

Figure 8. Examples of measured and fitted spectra from AUG #30739 at different
positions and NBI power levels. The example shown to the right was obtained
for a position near the EC resonance. Such spectra show no special features, but,
as discussed in the text, the fitted model is not valid in that regime, and the ion
temperature inferred from the fit is lower than what is measured with CXRS.

In general we find a reasonable level of agreement considering the noise
and uncertainties involved in these measurements, but some exceptions are worth
mentioning.

In discharges #30739 and #30749 the CTS measurement volume was swept along
the probing beam. Around ¢ ~ 2.38 s it overlapped with the position of the fundamental
EC resonance (the geometry labeled A in Fig. 2, and the example shown furthest to the
right in Fig. 8). The CTS model used here assumes [31,40] that the probing frequency
is sufficiently far from any EC resonances that the electron velocity distribution is
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Figure 9. CTS, CXRS and TRANSP results for AUG #30739, #30742, #30746,

and #30749. Upper panels:

ion temperatures.

Lower panels: rotation frequencies,

w; = V;/R. In discharges #30739 and #30749 the measurement position was swept
between the two positions labeled A and C in Fig. 2 and covered the coordinates shown
in the lower panel of Fig. 7. For those two discharges, the shaded gray areas indicate

the time ranges when vrekj/(w

S —we) > 0.12.

In discharges 39742 and 39746 the

measurement position was held fixed at the position labeled B in Fig. 2.
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significant only for parallel velocity components, vy, fulfilling v”kﬁ /(W — sw.) < 1.
Here kﬁ is the parallel wave vector component of the scattered waves, w® its angular
frequency, w. the angular EC frequency, and s is an integer. Using the electron thermal
velocity, vre = +/2kgT./m., for v and setting s = 1, Fig. 10 illustrates that this
condition is not met in discharges #30739 and #30742 around ¢t ~ 2.38 s when the
EC frequency in the measurement volume is near the probing frequency. In both
discharges the ion temperature measurements by CTS are systematically higher than
those from CXRS in the time window ¢t = 2.1 — 2.7 s. This corresponds to the time
when vrekj/(w” — we) > 0.12, which may indicate that this is a practical limit for the
applicability of the model to O-mode scattering near the fundamental EC resonance. To
our knowledge, such a limit has not been experimentally established before. Outside this
time window, and in discharges #30742 and #30746 with the beam geometry labeled
B in Fig. 2, we stay below this limit. We then find no significant systematic difference
between the ion temperatures measured by CTS and CXRS.

The rotation frequencies inferred from the CTS measurements are often somewhat
higher than those measured by CXRS in these discharges. These differences are most
pronounced during the early part of the discharges, for ¢ < 2.5 s, but we have found
no clear dependence on plasma parameters or heating scheme. We also note that these
differences exist in all four discharges, and that they do not vary systematically with the
measurement position or the proximity to the EC resonance as for the ion temperature.
Therefore it does not seem likely that this is a result of being near the model limitations
with respect to EC resonances.
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Figure 10. Time traces for the quantity v)kj/(w" — swc) in the CTS measurement
volume using the electron thermal velocity for v and setting s = 1. The shaded gray
area marks the approximate time range where we find significant discrepancies between
CTS and CXRS ion temperature measurements in discharges #30739 and #30749.

Geometrical effects alone also do not clearly explain these differences. The CTS
and CXRS measurements provide ion drift velocities parallel to the magnetic field and
in the toroidal direction, respectively. However, the magnetic field is nearly toroidal
in the CTS measurement volume, so this is a small effect (less than 1% correction),
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which does not explain the observed differences. The CTS and CXRS measurements
are also made at different positions. We therefore show the measurements as rotation
frequencies, and the CXRS measurements are mapped to the time and flux coordinates
of the CTS measurements assuming the plasma rotates as a rigid body within each
flux surface. Significant poloidal rotation could cause differences between rotation
frequencies measured at different locations on the same flux surface [41]. However,
the poloidal rotation velocities required to explain the observed differences would be in
the range of 5-15 km/s while the neoclassical TRANSP simulations indicate deuterium
poloidal rotation velocities generally below 5 km/s. So purely geometric effects and
neoclassical poloidal rotation levels are not sufficient to explain the observed differences.
Further experiments will therefore likely be needed to determine the origin of these
discrepancies. For the present we note that discrepancies between impurity-based CXRS
rotation measurements and Balmer-alpha measurements of the main-ion rotation rates
have also been seen in DIII-D [42], as well as in AUG [43] where the deuterium velocity
was observed to significantly exceed the nitrogen velocity. In view of these results, we
cannot rule out differences between main-ion and impurity rotation rates as the cause of
the discrepancies seen here. Balmer-alpha measurements were not available at the time
of the experiments presented here, but future benchmarking of CTS and Balmer-alpha
measurements could clearly be helpful to determine the cause of these discrepancies.

7. Conclusion and outlook

We have shown that scattering of O-mode ECRH waves can be exploited for diagnostic
purposes to determine the main-ion temperature and rotation frequency in AUG. In this
scenario the ECE background is 10-100 times higher than in the usual CTS scenario
on AUG. While this precludes fast-ion measurements, we nevertheless find that signal-
to-noise ratios up to 10 are achieved for the thermal-ion feature of the CTS spectra
using an integration time of 1.45 ms. This is sufficient to allow useful ion temperature
measurements, with statistical uncertainties of 8-10% (around 120-200 eV) and rotation
measurements with statistical uncertainties of 20-30% (around 10-40 km /s or 5-25 krad /s
depending on position).

In this scenario, the probing frequency is also closer to the EC resonances in
the plasma than usual. This was in some cases found to affect the ion temperature
measurements, with discrepancies between CTS and CXRS measurements observed
when vrekj/(w® — w.) > 0.12. The spectra measured above this limit show no special
or unexpected features, but they cannot be interpreted with the CTS model used here.
Exploitation of scattering closer to the EC resonance would therefore either require
more radial launch directions for the probe and receiver beams (to reduce k‘ﬁ) or further
development of the model to accomodate positions near a resonance. For positions
further away from the EC resonance, the main-ion temperatures from CTS are generally
in good agreement with boron-based CXRS measurements.

The ion rotation frequencies measured by CTS are also comparable to those
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obtained with CXRS, but they do show systematic discrepancies during some phases of
the discharges discussed here. These discrepancies do not clearly depend on proximity
to the EC resonance, and we have so far been unable to determine their cause, leaving
this as a potential topic for future study. One possibility is that they are related to
discrepancies observed between impurity- and main-ion based rotation measurements
on AUG and DIII-D [42,43].

The measurements presented here were obtained in an ECRH scenario intended to
be similar to the O1 heating scenario planned for ITER. Hence it seems pertinent to
comment briefly on the possibility of such measurements there. Fig. 11 illustrates an
example of how this might work on a conceptual level. We have here assumed that
170 GHz ECRH waves launched from an equatorial port plug can be viewed with a
receiver system located in an upper port plug. For simplicity, the waves are further
assumed to be launched radially in the same poloidal plane. It should be noted that the
present design for the ITER ECRH system [44,45] foresees large toroidal injection angles
with no steering capability in the toroidal direction and with the launchers displaced
toroidally. So Fig. 11 should be viewed only as a conceptual illustration, and more
detailed calculations would be required to assess if main-ion CTS measurements would
require a dedicated receiver system or could be incorporated in the ECRH system as on

AUG.

Figure 11. Ray tracing for a 170 GHz CTS geometry in ITER assuming a standard
plasma shape in the ITER baseline sccenario with By = —5.3 T. The probe (ECRH
wave) is assumed to be launched radially from an equatorial port and viewed from an
upper port. As there is presently no detailed design for such a system, we have no
estimate of the beam width, and we therefore show only a single ray for the probe and
four examples of receiver rays with different injection angles. The measurements would
be localized near the intersections of the probe and receiver rays. All rays terminate
near the (cold) fundamental 170 GHz EC resonance indicated by the thick dashed line,
either directly or through reflections off the plasma facing wall.
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To minimize the ECE background, the receiver lines of sight in Fig. 11 are
terminated on the fundamental resonance in the (relatively) cold part of the plasma
around p, = 0.95—0.97. The resonance is reached directly for the leftmost (red) viewing
direction, and through reflections (assumed to be specular) on the plasma facing wall
for measurement positions further on the low field side (green, purple, and yellow lines).
Such an approach was considered in some detail for the fast-ion CTS diagnostic in
ITER [46]. It was ultimately rejected (in favor of a 60 GHz option) because the spectral
power density of the ECE background could not be reduced below 3.5 keV, which
would not allow useful fast-ion measurements. Nevertheless, it may still be possible to
achieve a signal-to-noise ratio sufficient to exploit scattering of the ECRH waves for
main-ion measurements. For the parameters used in the fast-ion feasibility study [46]
the spectral power density of the thermal feature in the CTS spectra ranged up to
~ 100 eV. Assuming a background of 3.5 keV, the signal-to-noise ratio would then be
around 10, as in the present experiments, for a frequency resolution of 10 MHz and a
temporal resolution of 50 ms. While a more detailed assessment is beyond our scope
here, we note that such simple signal-to-noise considerations therefore would seem to
allow exploitation of scattered ECRH waves for main-ion diagnostics. However, it should
also be noted that, at the leftmost beam intersection in Fig. 11 (red receiver view), we
find that vrekj/(w” — we) = 0.11, i.e. just around the limit established here. Assuming
this limit also applies under ITER conditions, interpretation of measurements closer to
the resonance or for larger kﬁ would then again depend on new developments in CTS
theory.

Finally, we note that most present machines usually employ ECRH in X-mode
at a second harmonic EC resonance, and that this can in principle also be exploited
for diagnostic purposes. The CTS system on AUG has recently been equipped with
a 140 GHz receiver line, which, among other applications, will be used to test this
proposal. Early results from this system indicate that it is indeed possible to detect
and interpret CTS spectra of a quality useful for main-ion measurements in a second
harmonic X-mode heating scenario as well [47].
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