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ABSTRACT
A new Doppler backscattering (DBS) system has been installed and tested on the MAST-U spherical tokamak. It utilizes eight simultaneous
fixed frequency probe beams (32.5, 35, 37.5, 40, 42.5, 45, 47.5, and 50 GHz). These frequencies provide a range of radial positions from the
edge plasma to the core depending on plasma conditions. The system utilizes a combination of novel features to provide remote control of the
probed density wavenumber, the launched polarization (X vs O-mode), and the angle of the launched DBS to match the magnetic field pitch
angle. The range of accessible density turbulence wavenumbers (kθ) is reasonably large with normalized wavenumbers kθρs ranging from ≤0.5
to 9 (ion sound gyroradius ρs = 1 cm). This wavenumber range is relevant to a variety of instabilities believed to be important in establishing
plasma transport (e.g., ion temperature gradient, trapped electron, electron temperature gradient, micro-tearing, kinetic ballooning modes).
The system is specifically designed to address the requirement of density fluctuation wavevector alignment which can significantly reduce the
SNR if not accounted for.
Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0101848

I. INTRODUCTION
Electron thermal transport in high power H-mode spheri-

cal tokamak (ST) plasmas generally far exceeds that due to colli-
sional processes while, in contrast, the ion transport is found to
be near the neo-classical collisional values (Refs. 1 and 2 and ref-
erences therein). In spherical tokamaks, this anomalous electron
thermal transport is often attributed to various instabilities includ-
ing electron temperature gradient (ETG) modes, micro-tearing
modes (MTM), global Alfvén modes (GAE), trapped electron modes
(TEM), and kinetic ballooning modes (KBM). In comparison to
conventional tokamaks, spherical tokamaks have reported a much
stronger inverse scaling of confinement with collisionality ν∗.3,4

This favorable scaling of energy confinement with collisionality
has strong implications for reducing the size and costs of an ST
based Component Test Facility. Measuring the level of density

turbulence and flow velocities provides valuable insight into the
turbulent processes that can affect confinement in fusion research
devices. The density fluctuation level and flow velocity of plasma
fluctuations can be measured using a technique termed Doppler
backscattering (DBS) or Doppler reflectometry. This technique was
pioneered by multiple researchers5–8 and has since spread to many
plasma devices around the world.9–30 DBS is also being planned
for the ITER tokamak.13 From the range of references, it is evi-
dent that the technique has expanded both in the number of
plasma devices as well as types of measurements including low
and intermediate-k fluctuations, radial correlation lengths, GAMs,
and zonal flows. It has also benefitted from theory and simulation
attention.31–42

A new DBS system was installed and tested on the MAST-U
spherical tokamak. The system launches eight simultaneous fixed
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FIG. 1. Examples of radial access for the eight-channel Q-band DBS system on
MAST-U. (a) Ohmic, (b) lower density H-mode, and (c) higher density H-mode.

probe frequencies (32.5, 35, 37.5, 40, 42.5, 45, 47.5, and 50 GHz.)
which all utilize the same optics. Figure 1 shows example radial cov-
erage of this system for three different plasma confinement regimes:
Ohmic, lower density H-mode, and higher density H-mode. The
range of accessible density turbulence (ñ) wavenumbers (kθ) is rea-
sonably large with normalized wavenumbers kθρs ranging from ≤0.5
to 9 (based upon 3D GENRAY43 raytracing simulations and esti-
mates of ion sound gyroradius ρs = 1 cm). This wavenumber range is
relevant to a large variety of instabilities (e.g., ion temperature gradi-
ent, trapped electron, electron temperature gradient, micro-tearing,
and kinetic ballooning modes).

II. SYSTEM DESIGN CONSIDERATIONS
The Doppler backscattering (often referred to as Doppler

reflectometry) community has known from early on that the
wavevector matching of the launched DBS beam as it relates to
the so-called bi-normal direction of the density fluctuations can
be critical to the operation of these systems. The bi-normal den-
sity wavevector is typically defined as the local vector that both
lies in the flux surface and is perpendicular to the vector mag-
netic field B. The effect involves the geometries of the launch
antenna, the receive antenna, and this bi-normal density fluctua-
tion wavevector. This effect can be very significant, especially for
a spherical tokamak, where the local magnetic pitch angle can be
quite large. Figure 2 helps to illustrate the geometry of millime-
ter wave backscattering, the wavevectors involved, and the so-called
mismatch angle, ϕmismatch. The figure shows the launch or incident
wavevector, k⃗incident ; the desired backscattered wavevector, k⃗scattered;
and the density fluctuation wavevector, k⃗ñ. The phrase “desired”

FIG. 2. Wavevector diagram illustrating an example of launch and scattered
wavevectors. 1 and 2 are different receiver locations and the launch is at 1.

backscattered wavevector is critical here and refers to the viewing
geometry of the receiver. Although the density fluctuation wavevec-
tor k⃗ñ exists in the example of Fig. 2, it is not oriented in such a way
as to scatter k⃗incident directly back to the receive antenna located at 1.
Note that if a receiver was located at 2, it would receive a signal asso-
ciated with k⃗incident and k⃗ñ. The signal received by an antenna 1 will
thus be reduced, potentially to the noise level, by the mismatch of
the angle. The wavevector matching effect has been mathematically
described44 with the intensity signal written as

E2
∼ ñ 2e−0.5(kñ ,x−kscattered,x)2a2

x e−0.5(kñ ,y−kscattered,y)2a2
y . (1)

The x and y directions are normal to the direction of propaga-
tion and E, kñ,x, kscattered, x, and ax are the scattered electric field,
the density fluctuation wavenumber in the x direction, the scattered
wavenumber in the x direction, and the probe beam width in the
x direction, respectively. The beam is assumed to have a Gaussian
structure perpendicular to its direction of propagation. As can be
seen, an analogous term for the y direction is also present. Tak-
ing the x direction as an example, relation (1) is interpreted as
the power scattered into the wavenumber kscattered, x by the density
fluctuations having a fluctuation wavenumber kñ,x. The scattered
intensity E2 thus depends strongly on the wavenumber difference
kñ,x − kscattered,x. If kñ,x − kscattered,x is zero, this will result in the largest
scattered signal and is referred to as the “matched” wavenum-
ber condition. Using kñ,x = ∣

Ð→
kñ∣ sin ϕmismatch and assuming that kñ,y

− kscattered,y is very nearly zero, (1) can be simplified19

E2
∼ ñ 2e−0.5kñ

2a2
0 sin2(ϕmismatch) (2)

(also using the assumption that the probe beam is symmetric
ax = ay = a0). From (2), it is seen that the scattered power E2 rapidly
decreases as kñ increases and that smaller kñ are much less sensi-
tive to ϕmismatch than higher kñ. (2) is a convenient simplification.
Recent predictive modeling has shown a good ability to predict the
mismatch response.45

Figure 3 illustrates this matching effect using experimental data
where the received power is significantly reduced as the toroidal
mismatch angle is increased (poloidal launch angle is constant).
Figure 4 illustrates the required matching toroidal angle for a range
of poloidal launch angles on MAST-U. These results were obtained
using the GENRAY 3D43 raytracing code. While not linear, the best
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FIG. 3. Data from the DBS system on MAST-U illustrating nearly matched
ϕmismatch ≈ 0.9○ and unmatched ϕmismatch ≈ 4.7○ conditions.

matching toroidal angle is seen to be roughly half of the poloidal
launch angle. Scans such as these are used to optimize the DBS angles
prior to taking plasma data. To perform this optimization, the mag-
netic equilibrium and density profiles used must be good estimates
of the plasma shot to be measured. The ñ wavenumber to be moni-
tored is then selected, and a range of toroidal launch angles is used
in the GENRAY code from which the optimum toroidal angle is
obtained. From this discussion, it is clear that a two-dimensional
steering capability is essential for effective operation of DBS on
MAST-U.

In the DBS design for MAST-U, this angular matching con-
straint is specifically dealt with by using a novel remotely adjustable
lens/antenna arrangement. This provides the desired poloidal angle

FIG. 4. Optimum toroidal launch angle vs poloidal launch angle and launch fre-
quency from GENRAY 3D raytracing. For clarity, only 30 (slightly lower than the
32.5 GHz used in the system) and 50 GHz are shown for each condition. The
dashed line is a reference using ϕ = 0.5θ. (a) L-mode, (b) lower density H-mode,
and (c) higher density H-mode. Only X-mode right-hand cutoff results are shown.

(determined by desired wavenumber to be probed) and required
toroidal matching angles (as required to fully match the scattering
wavevector, e.g., Fig. 4). Note that the DBS launch polarization will
be matched to the MAST-U edge magnetic pitch angle via remotely
controlled launch/receive antenna. In Secs. III and IV, it will be
shown how the design and operation of the UCLA DBS/CPS systems
took this wavevector matching effect and requirement explicitly into
account.

III. SYSTEM DESIGN
For this project, UCLA utilized an existing eight channel Q-

band DBS transmit and receive system (32.5–50 GHz). The design
of this system is very similar to that shown in Peebles.46 Due to the
differences in frequencies between Peebles46 and the Q-band sys-
tem, different components were used; however, the overall circuit
design remains analogous (specifics of this circuit and components
used are available upon request). The DBS system is modular and
designed to fit into a standard equipment rack (box size 22.9 × 43.2
× 43.2 cm3) and easily transportable. The DBS data are acquired as
quadrature signals, allowing the propagation direction, the Doppler
shift magnitude, and the scattered power to be determined [E2 in (1)
or (2)]. Quadrature detection is a standard and powerful technique
for DBS data acquisition. The Q-band system utilizes eight simulta-
neous probe frequencies 32.5, 35, 37.5, 40, 42.5, 45, 47.5, and 50 GHz
that share the same optics and waveguides. Example radial locations
using three different plasma regimes are shown in Fig. 1.

The MAST-U DBS system design incorporates several novel
approaches that facilitate remote control operation. These include
(a) remote selection of X-mode vs O-mode polarization, (b) remote
tuning of the final polarization angle to match the edge pitch angle of
the total magnetic field (for a given plasma and time), and (c) remote
aiming control of launched probe and receive beams. Figure 5
illustrates the remote polarization selection utilizing two identical
Q-band scalar antennas along with two remote controlled waveguide
switches. Using O-mode DBS as an example [i.e., Fig. 5(a)], the eight
probe frequencies are transmitted through waveguide switch No. 1,
through the 3 dB directional coupler, to the O-mode antenna shown
and then into the plasma. The signal from the plasma is received
by the O-mode antenna and is directed to waveguide switch No.
2 by the 3 dB directional coupler and then to the receiver (not
shown on the diagram). The X-mode DBS operation is analogous
and is illustrated in Fig. 5(b). Note that with the circuit shown,
the option of X-mode launch and O-mode received is possible
[Fig. 5(c)] (and vice versa). This allows the system to be operated
as a cross polarization scattering system capable of measuring inter-
nal magnetic fluctuations47–49 (this option will not be discussed
further in this article). The polarizer shown in Fig. 5(a) is a large
aperture (25 cm diameter) parallel copper wires deposited on a
Kapton polyamide film substrate that is mounted on a rotatable
circular frame. The orientation of this frame and, thus, the polar-
izer are remote controlled, allowing selection of the final launch
polarization. Due to the 45○ tilt of the polarizer with respect to the
beam [see Figs. 5 and 6(b)], the projection of the polarizer wires
onto the beam must be taken into account when determining the
polarizer angle,

θ polarizer = a tan(tan(θ desired) cos(45○)), (3)
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FIG. 5. Circuit diagram (not to scale) showing waveguide switches, couplers,
polarizer, and lens for three different launch/receive configurations. Waveguides
show example signal paths. Design allows for remote and independent switch-
ing of transmit and receive signals between O-mode (a), X-mode (b), or a
combination (c).

where θdesired is the desired polarization angle of the beam as it enters
the plasma and θpolarizer is the polarizer angle setting.

During the design process, magnetic equilibria calculations
indicated that MAST-U expected an average magnetic pitch angle
of 36.4○. Taking into account the 45○ polarizer frame tilt [Fig. 5 or
Fig. 6(b) and Eq. (3)], this meant a static setting of 27.5○ on the scalar
antennas would provide the optimum starting point. The polarizer
would then be adjusted around that angle in order to match the
particular plasma being investigated. As an example, if the target
plasma has an edge pitch angle of 38○ (from magnetic equilibrium
calculations), the polarizer would be rotated to a 28.9○ setting on
the polarizer frame. If we used X-mode in this example, there is a
small amount of signal, with power proportional to sin2(1.4○), that
is not reflected by the polarizer and is rather transmitted through
the polarizer. This unwanted radiation (O-mode polarization really)
propagates upward [in reference frame of Fig. 5(a)] away from the
plasma toward a beam dump. An analogous process occurs for
O-mode, which transmits the required O-mode through the polar-
izer and reflects unwanted X-mode upward (Fig. 5).

The DBS poloidal and toroidal launch angles are selected using
beam steering via horizontal and vertical movement of the lens (the
lens is indicated in blue in Fig. 6). The angular range for the verti-
cal and horizontal directions is 0–10.6○. These angular limits are set
by size of the quartz vacuum window [Figs. 6(a) and 6(b)], the tube
just inside the window, and to a lesser extent by structures inside the
tokamak vacuum vessel [Fig. 6(a)]. The lens position is remotely set
using two piezoelectric motors controlling the horizontal and verti-
cal lens positions. Figure 6(a) diagrams how vertical beam steering

FIG. 6. (a) elevation view of MAST-U illustrating location of DBS system
and beam steering and (b) plan view of showing location of various quasi-
optical components. (c) and (d) beam profile laboratory data illustrating steering
and beam quality of HDPE lens, taken 80 cm from lens, horizontal scale of
2 cm/div.

would look, while Fig. 6(b) shows more of the details of the design
including the polarizer, lens, and antenna placements. The piezo-
motors are located near the toroidal field coils and are completely
non-magnetic to avoid any interaction with the MAST-U magnetic
fields. Not indicated in Fig. 6(a) is the system’s ability to inde-
pendently steer toroidally and poloidally. The performance of this
system was tested and optimized in the laboratory prior to instal-
lation on MAST-U. Figures 6(c) and 6(d) show laboratory beam
profile measurements demonstrating the lens beam steering for two
different frequencies, 35 and 50 GHz. The beam profiler is located
80 cm from the lens. As can be seen from the figure, the beam qual-
ity remains high as the angles change by ∼8○ [i.e., ∼5.8 div ∗ 2 cm/div
= 11.6 cm, atan(11.6/80) ∼ 8.3○].

IV. EXAMPLE PLASMA DATA
An example of the operation of the new DBS system is shown

in Fig. 7. In that figure, both Ohmic and L-mode plasma phases are
illustrated. Before the neutral beams at 300 ms, the mean Doppler
frequency is slightly below zero for the 32.5 GHz channel [Fig. 7(d)]
while the other two channels are somewhat symmetric around
0 kHz. After the neutral beam initiation, a delay of ∼10 ms occurs
before the three channels [Figs. 7(d)–7(f)] clearly respond. All chan-
nels show an increase toward positive frequencies with the higher
probe frequencies showing larger changes. This Doppler shift vari-
ation is likely due to a radial variation of the local ExB velocity
as the higher frequencies probe more deeply into the plasma and
higher frequencies having a higher k with a larger Doppler shift (i.e.,
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FIG. 7. Example MAST-U data with NB injection. DBS X-mode data from three
probe frequencies (d)–(f). After the NBI starts near 300 ms, Doppler shifts are seen
to rapidly change in the positive direction. Sawteeth oscillations also begin near
320 ms, which is seen on the signals (c)–(f). The ñ amplitudes plotted in (d)–(f) are
log scales with respective min-max ranges of (1.7 × 10−5, 0.08), (1.5–05, 0.09),
and (2.5 × 10−5, 0.11).

Doppler shift is given by Δω = k⃗ ⋅ V⃗). The system shows a high time
resolution.

V. CONCLUSIONS
Toroidal and poloidal steering of the launched millimeter

wave beam is known to be essential for effective use of DBS
systems on a spherical tokamak. The DBS system on MAST-U
specifically addresses this important requirement using a remotely
controlled lens beam steering system. An innovative waveguide
switching system is utilized to control the launch and receive polar-
izations (e.g., X-mode vs O-mode launch/receive). Finally, fine con-
trol of the polarization angle is achieved by a remotely controlled
polarizer.
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