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ABsTrRACT: The Collective Thomson Scattering (CTS) diagnostic measures the scattering spectrum
of incident radiation off collective fluctuations in plasmas. In Wendelstein 7-X (W7-X) the diag-
nostic uses a 140 GHz heating gyrotron as a source of the probing radiation. At this frequency,
the CTS spectra are heavily affected by the electron cyclotron emission, and the microwave beam
propagation is restricted at typical W7-X plasma parameters. The diagnostic was successfully
commissioned in the last experimental campaign and demonstrated ion temperature measurements.
However, the signal-to-noise ratio was too low for measuring other quantities such as the fast-ion
velocity distribution function or the fuel ion ratio. Currently, the W7-X CTS diagnostic is undergo-
ing an upgrade to a frequency of 175 GHz. This will increase the sensitivity of the diagnostic, since
the noise due to electron cyclotron emission will be reduced, and it will relax the constraints on
microwave beam propagation in W7-X. Here we present the salient features of the upgraded CTS
system and discuss its prospects for both thermal-ion and fast-ion measurements.
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1 Introduction

Collective Thomson scattering (CTS) is based on scattering of probing radiation (most frequently
microwaves) off collective fluctuations in the plasma. A CTS diagnostic is installed at the stellarator
Wendelstein 7-X (W7-X) in order to measure the ion temperature. The diagnostic is installed at two
different cross-sections of the stellarator, namely in the bean-shaped and triangular cross-sections.
140 GHz heating gyrotrons are used as a source of probing radiation [1]. Here eCTS, a java
code integrated into the Bayesian analysis framework Minerva, has been developed and used for the
analysis of experimental data [2—4]. The first experimental results on ion temperature measurements
in the bean-shaped cross-section are reported in reference [1]. The results from the triangular cross-
section of W7-X are currently being analyzed and prepared for publication.

Using heating gyrotrons as a source of probing radiation is not a usual diagnostic setup, and
this has previously been done only at ASDEX Upgrade [5]. Typically, the probing frequency
is chosen to minimize the electron cyclotron emission background, which allows measurements
with good signal-to-noise ratio in reasonable integration times. In that case, the diagnostic can be
used not only for measuring thermal-ion plasma properties (temperature, rotation velocity, isotope
composition) [6-11], but also a projection of the fast-ion velocity distribution function [12-21].
The measurements of the diagnostic can further be used in tomographic reconstructions of the fast
ion velocity distribution function [22-26]. More details on the diagnostic are found in the review
[27].

2 140 GHz collective Thomson scattering diagnostic at Wendelstein 7-X

At Wendelstein 7-X, the CTS diagnostic uses the existing infrastructure of the electron cyclotron
resonance heating (ECRH) facility [28-31]. The details of the diagnostic can be found in reference
[1], so here we focus on the implications of using heating gyrotrons. The ECRH plant is presently
equipped with 10 gyrotrons, and two additional gyrotrons are in the procurement phase. Each
gyrotron experiences a frequency chirp that lasts up to 500 ms. The final frequency depends on



the temperature of the resonant cavity and hence on the power of emitted microwaves. The CTS
receiver picks up stray radiation from all gyrotrons due to the layout of the diagnostic. Therefore
the receiver has to be adequately protected by broad and deep notch filters.

In addition, the operation of the diagnostic at the heating gyrotron frequency implies the presence of
strong electron cyclotron emission background in the keV range for the bean-shaped cross-section
and several hundred eV in the triangular cross-section [1]. This affects the signal-to-noise ratio
SNR of the CTS measurements, which is given by the following expression:

P,VWt
SNR = 4 2.1
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where P is the spectral power density of the scattering signal, W is the frequency bandwidth
of a receiver channel, ¢ is the total integration time, and P}, is the spectral power density of the
background.

The diagnostic performance at 140 GHz is sufficient for the proof-of-principle measurements of ion
temperature in typical low and medium performance plasmas of Wendelstein 7-X. In such plasmas
the receiver should be able working in future campaigns as well, since 140 GHz probing radiation
causes fewest problems to the other machine systems from the stray radiation. However, at that
frequency, refraction significantly influences the beam paths of both probe and receiving beams in
the triangular cross-section. Refraction is substantially reduced for 175 GHz as shown in the next
section.

3 Upgrade to a higher frequency

Vacuum-air interfaces present difficulties associated with transmitting microwave power to the
plasma. Two such interfaces must be passed: one from the gyrotron to the transmission line and the
other from the transmission line into the vacuum vessel. The problem is that the vacuum window
should absorb only very small fraction of the transmitted power and have extremely good thermal
conductivity. As a result only a synthetic diamond window is an option. The reflections from
the interface should also be suppressed, which limits the thickness of the window to a multiple of
half-wavelengths. The diamond windows at W7-X are optimized for harmonics of 35 GHz, leaving
105 and 175 GHz as possible options close to 140 GHz.

Generally, moving away from 140 GHz either to higher or lower frequencies would significantly
reduce the electron cyclotron emission background. At 105 GHz, the scattering cross-section is also
typically higher than at 175 GHz. However, a low probing frequency also implies a low cut-off den-
sity in the plasma, and the resulting strong refraction then becomes a showstopper, especially for the
triangular cross-section. The problem with the triangular cross-section is that the receiving antenna
launches fairly tangentially and its steering capabilities are limited. The receiving antenna accepts
broadband radiation and can be steered in 1D, but the launcher is a remote steering rectangular
corrugated waveguide which is optimized for 140 GHz only [32]. Thus, there is only one launching
direction possible for any other probing frequency, which makes finding the overlap between the
probe and the scattering beams a real challenge in the case of refraction. This problem is illustrated
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Figure 1. Three beams in O-mode polarization at 175 GHz, 140 GHz, and 105 GHz traced from the
reference position of the CTS antenna in the triangular cross-section using the TRAVIS ray-tracing code.
Plasma parameters in the center: n, = 102 m™3, T, = 3 keV.

in Fig. 1, where three beams originating at the reference position of the CTS receiving antenna in
the triangular cross-section are traced. The beams are launched in ordinary mode (O-mode) at 105
GHz, 140 GHz, and 175 GHz into the plasma. The central electron density of n, = 10?0 m=3,
and the central electron temperature of 7, = 3 keV. The tracing is done by the beam-tracing code
TRAVIS [33]. One sees that the 105 GHz beam refracts very strongly. For higher frequencies the
beams are gradually refracted less, making 175 GHz a more attractive option than 105 GHz. For
this reason, 175 GHz is the frequency of choice for the upgraded CTS system.

It was shown theoretically that the current probing gyrotron is able to emit at the frequency

of 173.92 GHz using a TE34, 19 cavity mode instead of the current TEyg g cavity mode. For this
mode less than 5% of the microwave power is converted into stray radiation. The output power will
be at the level of 60% of the output power at 140 GHz, and new phase-correcting mirrors will be
necessary. A stronger magnet for the gyrotron that generates up to 7 T will be procured. At 175
GHz, the high frequency probing beam in the triangular cross-section will not be absorbed by the
plasma and will be terminated by a beam dump after the first pass. At the bean-shaped cross-section
a beam dump is not foreseen.
The CTS receiver will be equipped with a new horn antenna that is capable of working in both 140
GHz and 175 GHz frequency ranges and a new high frequency back-end for the new frequency
range. The intermediate frequency part of the receiver, as well as the data acquisition system will
be retained. For the details of the current CTS receiver see reference [1].

3.1 Collective Thomson scattering spectra due to thermal ions

The main task of the current and upgraded CTS system is ion temperature measurements. To evaluate
the performance of the upgraded diagnostic at 175 GHz, we computed the associated CTS spectrum



due to thermal ions, assuming scattering from O-mode to O-mode and from the extraordinary
mode (X-mode) to X-mode for both the triangular and bean-shaped cross-sections, see Fig. 2(a).
We assumed a hydrogen plasma with 1.5% carbon content and the following parameters: electron
temperature T, = 2.3 keV, electron density n, = 6 - 10! m™3, ion temperature T; = 2 keV, power
of the probing beam P, = 400 kW, overlap integral (normalized volume integral of the product
of intensities of the probing and receiver beams) O, = 30 m~!. The difference between X-mode to
X-mode scattering (red lines) and O-mode to O-mode (blue lines) scattering is explained by higher
scattering cross-section in the X to X mode scattering channel in comparison to the O to O mode
scattering channel. The difference in the spectral width for the triangular cross-section (solid lines)
and bean-shaped cross-section (dashed lines) is explamed by the scattermg geometry. The width
of the spectrum is proportional to the length of kS = ks — k’ where &5 and k' represent the wave
vectors of scattering and incident waves, respectively. In the trlangular cross-section ki and k* are
nearly perpendicular to each other, and the scattering angle is 8 = é(k‘, ks ) = 95°. In contrast, in the
bean-shaped cross-section the scattering angle is §=160°, which is nearly a backscattering geometry.
This results in a larger length of k% and hence a broader spectrum at the same temperature. The
difference in in normalization between spectra from the different cross-sections is primarily due to
differences in polar angle y of the projection of the magnetlc field onto the plane that has the x-axis
aligned with ki x k% and the y-axis aligned with kd x (kl x k* ). For the triangular cross-section ¢ =
28° and for the bean-shaped cross-section ¢ = 350°.

For ion temperature inference a signal-to-noise ratio of at least 10 is desirable. Fig. 2(b) shows
predicted integration times as a function of the spectral power density of the background for
a frequency channel with 20 MHz bandwidth at the frequency 1.5 GHz away from the probe
frequency in the bean-shaped cross-section and 1.13 GHz away from the probe frequency in the
triangular cross-section. Thus different spectral widths in the different cross-sections are taken into
account. The frequency shifts are limiting the thermal spectra in the bean-shaped and triangular
cross-sections, respectively, and the bandwidth is typical for the thermal spectra analysis. The
signal in these bands has lowest spectral power density and allow conservative estimations of the
integration time. Average spectral power densities are: 340 meV (O-O scattering, triangular cross-
section), 560 meV (X-X scattering, triangular cross-section), 640 meV (O-O scattering, bean-shaped
cross-section), and 1000 meV (X-X scattering, bean-shaped cross-section). TRAVIS predicts zero
electron cyclotron emission background for the standard magnetic configuration with the on-axis
magnetic field of 2.52 T at zero toroidal angle (typical magnetic configuration for W7-X). However,
the first measurements with the Michelson interferometer [34] in the last experimental campaign
showed a weak signal in the frequency range of interest. The signal was uncalibrated but is
estimated to lie in the order of several eV. The nature of this weak signal may be due to the hardware
but bremsstrahlung from the plasma cannot be excluded. However, even in the case of 10 eV
background, the integration time required for achieving signal-to-noise ratio of 10 will not exceed
20 ms for the triangular cross-section, which is smaller than the hardware limits of the receiver.

3.2 Collective Thomson scattering spectra due to fast ions

Two neutral beam injection (NBI) sources were commissioned at W7-X in the first divertor cam-
paign [35]. Two more sources will be added in the next campaign with a water-cooled divertor. Ion
cyclotron heating will also be commissioned in the next campaign [36] for ion heating and fast ion
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Figure 2. (a) Predicted spectral power density (SPD) of the thermal spectrum for a hydrogen plasma with
1.5% carbon. Simulation parameters: scattering angle § = 95° for the triangular cross-section and 6 = 160°
for the bean-shaped one, angle of the resolved fluctuations to the magnetic field ¢ = 4(5, ko ) = 80° in both
cases, ¥ = 28° for the triangular and ¢ = 350° for the bean-shaped cross-sections, magnetic field B=2.3 T
for the triangular cross-section and B=2.5 T for the bean-shaped cross-section, electron density n, = 6 - 10'°
m~3, ion temperature T; = 2 keV, electron temperature T, = 2.3 keV, overlap integral O, = 30 m™~!, power
of the probing beam P, = 400 kW. The spectra for the triangular cross-section are plotted as solid lines
and for the bean-shaped cross-section as dashed lines; the spectra for the O-O scattering are plotted in blue
and for X-X scattering in red. (b) Integration time for achieving signal-to-noise ratio=10 as a function of the
spectral power density of the background for a frequency channel with 20 MHz bandwidth at the frequency
1.5 GHz away from the probe frequency in the bean-shaped cross-section and 1.13 GHz away from the probe
frequency in the triangular cross-section.



generation [37, 38].

CTS measurements are sensitive to g(u), the fast-ion velocity distribution projected onto k4. To
assess the prospects for CTS fast-ion measurements at 175 GHz in W7-X, the fast-ion velocity
distribution function from two hydrogen NBI sources with a total power of 2.9 MW and beam
energy of 50 keV was modelled using ASCOT [39]. Assumed plasma and scattering parameters
remain the same as in Section 3.1. The projected fast ion velocity distribution function in the center
of the triangular cross-section is shown in Fig. 3(a). The resulting contribution of fast ions to the
scattering spectrum is defined as the difference in spectral power density between spectra simulated
with and without fast ions for the same thermal-ion plasma parameters. The corresponding contri-
bution of fast ions to the scattering spectrum is shown in Fig. 3(b). The same projection of the fast
ion velocity distribution function is used to simulate the spectra, although higher fast ion densities
are expected in the bean-shaped cross-section in comparison to the triangular cross-section because
a magnetic field well is located in the triangular cross-section.

Fig. 4 shows predicted integration times required to reach a signal-to-noise ratio of 10 within
a frequency channel with 200 MHz bandwidth at a central frequency of 177 GHz for the triangular
cross-section and at 177.7 GHz for the bean-shaped cross-section. The results show that the
integration time must exceed 1 s for O-O scattering in the triangular cross-section at a background
spectral power density of 10 eV. The integration time for the same background drops to 250 ms in
the case of X-X scattering in the bean-shaped cross-section. The total integration time is limited
by the memory of the fast digitizer of the receiver (1 GB). It can sample approximately 170 ms
of continuous data. It implies that for achieving the target value of signal-to-noise ratio of ten,
maximum background level should not exceed 4 eV for the triangular cross-section and 5.5 eV for
the bean-shaped cross-section. In the case of high background, the measurements will have to be
performed with lower signal-to-noise ratio or with coarser frequency binning.

4 Conclusions

The existing CTS diagnostic at Wendelstein 7-X operates using a 140 GHz heating gyrotron as
the source of probing radiation, and proof-of-principle measurements with this setup have been
successfully conducted. Nevertheless, we have here highlighted the need to transition to a higher
frequency, in order to improve the signal-to-noise ratio of the diagnostic and reduce the impact
of refraction, which is significant at typical electron densities in Wendelstein 7-X. With some
modifications, the present Wendelstein 7-X gyrotrons are capable of emitting at a frequency of
173.92 GHz with limited stray radiation in the gyrotron itself. At this frequency, the diamond
windows in the gyrotron tramission lines retain their non-reflective properties, and background
electron cyclotron emission from the plasma is minimized. To evaluate the diagnostic performance
at frequencies around 175 GHz, we computed resulting thermal and fast ion-induced scattering
spectra for typical Wendelstein 7-X plasma parameters. These spectra show that it is possible to
obtain high quality scattering spectra for ion temperature measurements (signal-to-noise ratio of
10) across a wide range of background levels. However, fast-ion measurements with signal-to-noise
ratio greater than 10 are only achievable in the case of very low background: less than 4 eV for the
triangular cross-section and less than 5.5 eV for the bean-shaped cross-section.
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Figure 3. (a) Projection of the fast-ion velocity distribution function g(u) in the center of the triangular
cross-section of W7-X, assuming Pyp; = 2.9 MW and an injection energy of the beam particles of 50
keV.; (b) Simulated contribution of fast ions to the scattering spectrum using the scattering parameters as in
Section 3.1. The spectra for the triangular cross-section are plotted as solid lines and for the bean-shaped
cross-section as dashed lines; the spectra for O-O scattering are plotted in blue and for X-X scattering in red.
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Figure 4. Predicted integration time for achieving a signal-to-noise ratio of 10 as a function of the spectral
power density of the background for a frequency channel with 200 MHz bandwidth at the frequency 2.66 GHz
away from the probe frequency in the bean-shaped cross-section and 2 GHz away from the probe frequency
in the triangular cross-section. The predictions for the triangular cross-section are plotted as solid lines and
for the bean-shaped cross-section as dashed lines; the predictions for the O-O scattering channel are plotted
in blue and for the X-X scattering channel in red.
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