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A versatile combination Doppler backscattering and Cross-Polarization Scattering (CPS) diagnos-
tic for the C-2W beam-driven field-reversed configuration is described. This system is capable of
measuring density fluctuations and perpendicular magnetic field fluctuations across a wide wavenum-
ber range (2.5 < kgps < 50), with typical resolution Akg/kg < 0.4-0.8. Four tunable frequencies
(26 GHz < f < 60 GHz corresponding to plasma cut-off densities 0.8 x 10! < n, < 4.4 x 10! m™3)
are launched via quasi-optical beam combiners/polarizers and an adjustable parabolic focusing mir-
ror selecting the beam incidence angle. GENRAY ray tracing shows that the incident O-mode and
backscattered CPS X-mode beam trajectories for C-2W plasma parameters nearly overlap, allowing
simultaneous detection of 7 and B, or By from essentially the same scattering volume. Published by

AIP Publishing. https://doi.org/10.1063/1.5038914

. INTRODUCTION

Field-reversed configurations (FRCs) are axisymmetric,
compact plasmas characterized by high g (the ratio of kinetic
to magnetic pressure). Typically, in fusion plasmas, radial
particle and heat transport in excess of classical or neoclas-
sical transport is observed, which is caused by plasma tur-
bulence. In the C-2U FRC device at TAE Technologies,'?
Doppler Backscattering (DBS) measurements®* with a diag-
nostic described earlier’ clearly show that fluctuations at low
toroidal wavenumber are absent/stable in the FRC core.®
Gyrokinetic stability analysis has attributed core stability to
the combined effect of large ion Larmor radius, short field-line
connection length restricting the parallel wavenumber spec-
trum, and favorable magnetic field gradient.”® Only low-level
electron-scale fluctuations are observed in the FRC core. How-
ever, substantial density fluctuation amplitudes with an expo-
nentially decreasing wavenumber spectrum were measured in
the scrape-off layer (SOL) and near the excluded-flux radius
(near the magnetic separatrix). Anomalous electron radial heat
loss is also observed, and the diagnosis of radial magnetic field
fluctuations is therefore clearly important. In FRC plasmas,
the radial thermal electron heat flux Q' is typically anoma-
lously high compared to the classical value. Q.' can formally
be linked to the radial fluxes produced by correlated density,
electron temperature, and toroidal electric field fluctuations,
and fluctuations of the parallel heat flux and radial magnetic
field,”
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0 = %(nTe)/B<<(Te/Te>E0> + <(ﬁ/n)Ee>) + <?1||Br>. (1)

Here, the first two terms on the right-hand side correspond
to the electrostatically driven electron heat flux, and the third
term describes the electromagnetic contribution.

In an FRC, electromagnetic contributions could be impor-
tant as £ is near unity and well in excess of (n,/m;)""?.!0 In this
paper, we describe an extension of the existing DBS diagnostic
for density fluctuation, capable of measuring in addition spec-
trally resolved radial or poloidal magnetic field fluctuations
via Cross-Polarization Scattering (CPS),''~!7 simultaneously
with DBS density fluctuation measurements.

The diagnostic principle of CPS is based on scattering
of an incident microwave beam into the opposite polarization.
Using the wave equation ' for the scattered field E and the per-
turbed nonlinear equation of motion for the plasma electrons,
the current J® induced by the incident wave (with incident
electric field E;) is described by

2 oOJ®
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Here, o is the unperturbed plasma conductivity. The sec-
ond term in Eq. (3) describes the electron current induced
via cross-polarization scattering. If a Gaussian microwave
beam, for example, in O-mode polarization, is launched toward
the plasma at an oblique angle to the magnetic flux sur-
faces, the beam is refracted in the FRC plasma and its tra-
jectory/wavenumber will be approximately toroidal near the
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cut-off layer. In addition to backscattering (exploited for
density fluctuation measurements via DBS), a fraction of the
incident radiation scatters into the opposite (X-mode) polar-
ization. In principle, backscattering and CPS occur along the
entire beam trajectory; however, several effects localize the
backscattering and CPS response to the cut-off layer, includ-
ing the reduction of the incident radial wavenumber as the
beam approaches cutoff.>> In C-2U and with the expected
early C-2W plasma parameters, the calculated O-mode and
X-mode cut-off locations are relatively close together, as
demonstrated in Fig. 1(a). This is due to the fact that the plasma
frequency, wpe, is substantially above the electron cyclotron
frequency w. across the FRC core plasma and most of the
SOL.

In this paper, we describe a combination DBS/CPS
diagnostic planned for the C-2W FRC, which has recently
completed construction at TAE Technologies, Inc. The
paper is organized as follows: in Sec. II, calculations of
the cut-off layer radii for X-mode and O-mode incident
polarization are shown. GENRAY ray tracing calculations
have been carried out, showing the trajectories of incident
and back-scattered microwave beams for different repre-
sentative expected plasma parameters in C-2W. The beam
optics setup and microwave signal detection and process-
ing are discussed in Sec. III. In Sec. IV, limiting geometry
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FIG. 1. (a) Cut-off frequency for the X-mode (fcx) and O-mode (fc,) vs. radius
R, for the initial plasma parameters in C-2W, (b) for expected advanced plasma
parameters, and (c) for expected plasma parameters in a future higher—field
FRC. The electron cyclotron frequency fc. is also shown. The calculations are
based on rigid-rotor equilibria.!®
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considerations and the requirements for beam alignment are
discussed.

Il. GENRAY RAY TRACING RESULTS FOR DBS
AND CPS BEAM TRAJECTORIES

A thorough understanding of the trajectories of incident
and scattered microwave beams, including the cross-polarized
feature, is required to evaluate the probed wavenumber and
the radial/toroidal location of the cut-off layer. For the initial
plasma parameters in C-2W [with external field B. ~ 0.1 T
and total (electron + ion) temperature T =T + T; < 1 keV],
the X-mode and O-mode cutoff radii are located very closely
together, as shown in Fig. 1(a). A rigid-rotor equilibrium,'®
with external field B, = 0.1 T and total temperature T = T +
T; =1keV, was used to calculate the cut-off radii. The X-mode
and O-mode cutoff locations track very closely in the FRC
core, as shown in Fig. 1(a). As C-2W reaches its maximum
expected ion energy and external magnetic field [Fig. 1(b)],
the X-mode and O-mode cut-off radii separate, in particular
in the SOL outside the separatrix (R > Rg). The effects of a
further projected performance increase for a follow-up exper-
iment are indicated in Fig. 1(c). Here, the X- and O-mode
cut-off radii are separated considerably in the SOL and in the
FRC core plasma. It will be shown in the following Fig. 2,
for launched O-mode and initial C-2W parameters, that the
cross-polarized X-mode emission can be detected with only
minor re-alignment of the (dedicated) receiving X-mode horn
antennas, within a few cm off the optical axis. Beam trajec-
tories are calculated with the GENRAY beam tracing code,”
using the cold plasma dispersion relation, which is adequate
for electron temperatures below ~4 keV, well above the pro-
jected C-2W electron temperature. Figure 2 shows the results
of ray tracing calculations for launched O-mode radiation at
different frequencies and toroidal launch angles €. The O-mode
beam (shown in red) is launched here for simplicity in the
C-2W midplane. Within the available launch frequency range
of 26-60 GHz, the SOL and the FRC core plasma between
the separatrix and the field-null region can be accessed up to
a density maximum of 4.4 x 10'° m™3. The O-mode radia-
tion backscattered from the O-mode cut-off layer is detected
via monostatic beam optics for DBS (the launch antenna is
also used as a receive antenna, and directional couplers are
used to separate out the backscatter return). Cross-polarized
radiation emission is expected to be most prominent near the
X-mode cut-off layer, which is just outside the O-mode cutoff.
We focus on backscattering because it allows using monos-
tatic detection for DBS for a large range of toroidal launch
angles, providing the toroidal turbulence wavenumber spec-
trum. The corresponding outbound CPS X-mode ray paths
are shown in green and follow a slightly different trajectory
than the incoming O-mode due to the higher X-mode refrac-
tive index. Dedicated X-mode receive antennas are used that
can be independently positioned off-center with respect to the
O-mode optical axis via adjustable xyz stages. Ray tracing
for a range of toroidal launch angles demonstrates that the
maximum expected deviation of backscattered X-mode radi-
ation from the optical axis is <5 cm at the detection location.
The probed turbulence wavenumber is predominantly toroidal
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FIG. 2. (a) Ray tracing for launched O-mode (42 GHz, toroidal launch angles
with respect to the flux surface normal € = 0.5°, 5°, 14°, in red) and backscat-
tered cross-polarization X-mode emission (launched at X-mode cutoff, in
green); (b) ray tracing for launched O-mode (28 GHz, T =2.5°, 5°, and 14°,
in red) and cross-polarized X-mode, in green; the probed toroidal turbulence
wavenumbers are kg = 0.57 em™!, 43 cm™!, and 10.2 cm™! for case (a), and
ko=11cm™, 22 cm™!, and 5.8 cm™! for case (b). The maximum plasma
density (at the field-null radius Rg) is 2.2 x 10!® m™3. R, designates the sepa-
ratrix radius. The red arrows indicate the beam launch position/direction; the
toroidal coordinate @ is also indicated.

inside the separatrix, but fluctuations with mixed toroidal
and radial wavenumbers are detected in the SOL, due to the
slightly larger separation between O-mode and X-mode cut-off
layers. Since magnetic field fluctuations are expected to have
both radial and toroidal wavenumber components, this restric-
tion will likely not impact CPS sensitivity very much. The
expected toroidal wavenumber range detectable via CPS is
ko ~ 0.5-10 cm™! (corresponding to kgps ~ 2.5-50 near the
FRC separatrix, with a typical ion sound gyroradius pg ~ 5 cm).
The lower limit is given by the detectable Doppler shift, and
the upper limit is due to the scattering geometry and the
expected CPS sensitivity limit, based on previous DBS results
for toroidally propagating density fluctuations.>® Simultane-
ous cross-correlation measurements of density and magnetic
field fluctuations in corresponding wavenumber intervals are
therefore possible for the first time in FRC geometry. Due to the
intrinsic toroidal plasma curvature, the wavenumber response
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of both DBS and CPS is broadened, as described in Ref. 20
and Sec. IV.

lll. BEAM OPTICS AND SIGNAL PROCESSING

A schematic of the measurement principle is shown in
Fig. 3. The DBS/CPS diagnostic in C-2W will be located
near the axial machine midplane, at a distance of 47 cm
from the midplane of the confinement vessel. A total of four
channels are implemented (two tunable frequencies in the
26-40 GHz Ka-band and two tunable frequencies in the
40-60 GHz U-band). For each combined (two frequency)
channel pair, a Gaussian O-mode microwave beam is launched
quasi-optically via a conical scalar horn antenna and an aspher-
ical HDPE (High Density Polyethylene) lens. A beam com-
biner is used to merge the two frequency bands. The O-mode
beam is refracted toroidally near the cut-off location. For DBS,
the backscattered O-mode radiation is collected via the same
lens/horn combination (monostatic detection, as shown in
Fig. 3 for one frequency band). The X-mode signal induced via
cross-polarization scattering predominantly originates near the
cutoff, where the matching toroidal wavenumber is minimal,
according to the Bragg condition (wave momentum conser-
vation). Figure 4 shows the layout of the optical table for the
DBS/CPS beam optics. Two scalar horns are used to launch the
combined Ka-band and U-band probing beams. An adjustable
stainless steel parabolic focusing mirror inside an evacuated
enclosure is used to focus the combined probing beams and
select the toroidal launch angle C. Two-axis adjustability can in
addition compensate for axial FRC contraction and the result-
ing axial misalignment, as discussed in Sec. IV. Two polarizers
(copper filaments on a polyester substrate) are used to separate
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FIG. 3. Schematic of the combination DBS/CPS system, illustrating O-mode
launch, ray trajectory in the plasma, O-mode backscattering return (mono-
static detection), and X-mode cross-polarization return (CPS receive). The
(adjustable) toroidal launch angle T with respect to the flux surface normal is
indicated.
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FIG. 4. (a) Layout of the optical board for DBS/CPS beam optics; scalar
microwave horns with HDPE lenses, and polarizers are used to launch/receive
Ka band (26-60 GHz, two channels) and U-band (40-60 GHz, two channels)
for monostatic detection of DBS returns. Separate lensed scalar horns are used
to detect the Ka-band and U-band CPS return; (b) diagnostic layout on C-2W.
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out the backscattered X-mode cross-polarization signals from
the DBS O-mode backscattering return signals. One additional
lensed scalar Ka-band horn antenna and one scalar U-band
horn antenna are provided to detect the cross-polarization
signals.

Figure 5 shows a schematic of the heterodyne microwave
transceivers and signal processing electronics for the U-band
DBS/CPS system (a similar system will be implemented
for the Ka band). The output of two tunable hyper-abrupt
varactor-tuned 10-15 GHz oscillators (HTOs) is quadrupled
via active frequency multipliers to generate the launched
40-60 GHz probing signals and the difference frequency used
for heterodyning. Both channels are combined via a direc-
tional coupler to generate the launch signal fed to a scalar
U-band horn antenna (typically arranged for O-mode launch).
Monostatic detection is used for DBS (the backscattered sig-
nal is detected via the same scalar horn and separated out
via a directional coupler). Two double-balanced U-band mix-
ers are used to generate intermediate frequency (IF) signals
for both channels that are amplified by ~25 dB (amplifiers
are not shown here for simplicity) and detected via hybrid
in-phase/quadrature (IQ) detectors. The DBS IF section is
highlighted in orange in Fig. 5. The local oscillator (LO)
input for the IQ detectors is generated via a third double-
balanced mixer from the two launched frequencies. The use-
ful frequency separation range of the two channels (the IF
frequency range) is determined by the properties of the IQ
hybrid detectors (typically 1.5-10 GHz here). An additional
U-band scalar horn, typically oriented to receive X-mode radi-
ation, is used to detect the cross-polarization signal backscat-
tered predominantly from the plasma cut-off locations. The
signal paths for the backscattered CPS return signals are
shown in green. The CPS signals for both launched fre-
quencies are separated out via heterodyning, using two addi-
tional balanced mixers, with the LO input derived from the
microwave source signals. After amplification (not shown
here), IQ detectors with the same IF frequency range (typically

]
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—— —
DBSIF:1.5-10
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Tunable FIG. 5. Schematic of U-band microwave transceiver,
s 40-60 GHz including IF sections, for the combined DBS and CPS
ources DBS Launch/ diagnostics. The U-band launch antenna (used also for
Receive monostatic DBS detection) and the horn used to detect
the cross-polarized backscattered signal are also shown
here. CPS signal paths are shown in green.
Qi) \
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1.5-10 GHz) are used to detect the CPS signals (highlighted
in blue here).

IV. GEOMETRY AND ALIGNMENT

For optimum spatial resolution, the DBS probing beam
should be narrow and well focused on the plasma region of
interest. Wavenumber resolution would however be improved
with a larger diameter probing beam.?’?! As described in
more detail previously,?! the wavenumber resolution of the
backscattered signal depends, however, also on the toroidal
and poloidal curvature of flux surfaces, and optimization for
the expected C-2W plasma equilibria requires narrow prob-
ing beams with a Gaussian width of 3-6 cm. For these beam
parameters and plasma curvature radii of 0.2-0.4 m in C-2W,
a wavenumber resolution Akg/kg < 0.4-0.8 is calculated. FRC
plasmas in C-2W are also expected to slowly contract axially
on a timescale of several ms, reducing their axial length in
the confinement vessel. Since the DBS/CPS diagnostic will be
installed close to but not exactly in the axial device midplane,
a possible axial misalignment of the probing beam needs to be
taken into account. Figure 6(a) shows trajectories of O-mode
beams launched with different axial launch mismatch angles
¢1. with respect to the magnetic field direction [as shown in
Fig. 6(a)]; Fig. 6(b) shows the resulting local axial mismatch
angles ¢¢ of the launched microwave beam inside the plasma
vs. radius, for different initial launch mismatch angles ¢ . To
estimate the permissible beam misalignment, the change of the
scattered power along the beam path can be expressed as!

dl krag Sin2(¢o))

—C 52 —
Z o (kn, 2) exp( 4)
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FIG. 6. (a) O-mode ray trajectory in a typical C-2U FRC plasma for different
axial launch mismatch angles ¢p, as indicated vs. radius R and coordinate
z along the local magnetic field (referenced here to the launch point); (b)
local O-mode mismatch angle ¢ vs. radius in the plasma for different launch
mismatch angles ¢r.. ¢g is increased substantially compared to ¢r, due to beam
refraction in the plasma [angles appear exaggerated in (a) due to expanded
z-axis scale]. The toroidal launch angle (defined in Fig. 3) is { = 4°.
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where the index “n” denotes the density fluctuation wavenum-
ber, ag is the beam radius, and ¢ is the local axial mismatch
angle at the turning point (cutoff), which is increased compared
to the launch mismatch angle. Accordingly, significant scat-
tered power is still received when the mismatch angle at the

turning point satisfies |@¢o| < V2/(2kqap), leading to permis-
sible launch misalignment angles ¢, between ~8° and 1° for

probed toroidal turbulence wavenumbers kg = 1-8 cm™!. Two-
axis adjustability of the focusing mirror allows minimizing
the axial beam misalignment, enabling useful data collection
once the FRC has axially contracted, in addition to selecting
the toroidal launch angle and hence the probed DBS and CPS
wavenumber.
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