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ABSTRACT

We use the beam model of Doppler backscattering (DBS), which was previously derived from beam tracing and the reciprocity theorem, to
shed light on mismatch attenuation. This attenuation of the backscattered signal occurs when the wavevector of the probe beam’s electric
field is not in the plane perpendicular to the magnetic field. Correcting for this effect is important for determining the amplitude of the
actual density fluctuations. Previous preliminary comparisons between the model and Mega-Ampere Spherical Tokamak (MAST) plasmas
were promising. In this work, we quantitatively account for this effect on DIII-D, a conventional tokamak. We compare the predicted and
measured mismatch attenuation in various DIII-D, MAST, and MAST-U plasmas, showing that the beam model is applicable in a wide variety
of situations. Finally, we performed a preliminary parameter sweep and found that the mismatch tolerance can be improved by optimizing
the probe beam’s width and curvature at launch. This is potentially a design consideration for new DBS systems.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0101805

I. INTRODUCTION

The Doppler backscattering (DBS) diagnostic measures den-
sity fluctuations' and flows” by launching a microwave beam into
the plasma and measuring the backscattered power and its Doppler
shift; a schematic of this diagnostic is shown in Fig. 1. These den-
sity fluctuations typically have spatial scales 1 < k 1p; S 10, where k,
is the turbulence wavenumber perpendicular to the magnetic field
and p; is the ion gyroradius. This spatial scale of measured fluctua-
tions typically scales with the electron plasma beta (ratio of thermal

and magnetic pressures)” k, p; ~ [32/2. Since k; > k|, where k| is the

parallel turbulence wavenumber, we assume that k| does not
contribute to the backscattered signal.

The DBS diagnostic is installed on various fusion experi-
ments, such as tokamaks’ ® and stellarators.”® As such, a better
understanding of DBS will improve what we can do with exist-
ing hardware worldwide. Developing this understanding is espe-
cially challenging as the backscattered power has a complicated
dependence on the properties of the probe beam and plasma
equilibrium.”” """ To develop a quantitative understanding of
backscattered signal, we used beam tracing'”'"” and the reciprocity
theorem™'" to derive the beam model of DBS.!" This is a theoretical
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FIG. 1. Cartoon of Doppler backscattering (DBS) in the poloidal plane of a toka-
mak. The black dot represents the magnetic axis, the red line the probe beam, and
the blue line the backscattered signal.

framework for DBS, in general, geometry, giving insights on the var-
ious contributions to the backscattered signal. The model, together
with the requisite beam tracer, is implemented in our simulation
code, Scotty.

In this paper, we are concerned with one particular contribu-
tion to the backscattered signal: the attenuation of the backscattered
signal when the wavevector of the probe beam’s electric field is not
in the plane perpendicular to the magnetic field. This is quanti-
fied by the mismatch angle,* the angle between the probe beam’s
wavevector and the plane perpendicular to the magnetic field,
given by

sin Oy, = ﬂ, (1)
K

where 8, is the mismatch angle, K| | = K- b is the parallel wavenum-

ber of probe beam, b = B/B is the unit vector of the magnetic field,
B is the local magnetic field, and K is the beam wavevector; the mag-
nitudes of the latter two are B and K, respectively. Note that the
mismatch angle is defined at every point along the central ray of the
probe beam’s trajectory; the evolution of the mismatch angle along
the central ray was discussed in previous work.*

To simplify analysis in this paper, we consider the location
where most of the measured backscattering occurs and evaluate the
mismatch angle at that point only. It is traditionally assumed that
this location is at or near the cut-off." Note that the general beam
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model of DBS!! does not need to make this assumption. In fact, we
showed that in cases where the mismatch angle is zero at one point
along the ray’s trajectory and large elsewhere, then the backscattered
signal is localized to that point, regardless of whether that point is
near the cut-off. On the other hand, when the mismatch angle is
small along the probe beam’s trajectory, we found that various con-
tributions weigh the measured backscattered signal most strongly
when the probe beam’s wavenumber is minimized,'! which turns
out to be at the cut-off. The shots studied in this paper fall largely
into the latter category. Hence, for simplicity, we assume in this
paper that the backscattered signal is localized to the point where
the wavenumber is minimized, which we nominally refer to as the
cut-off location.

Launching the probe beam entirely in the poloidal plane, with
no toroidal propagation, leads to a finite mismatch at the cut-off
due to the magnetic field’s pitch angle. When the mismatch angle
is non-zero, the backscattered signal is reduced.”'” We refer to this
reduction of the signal as mismatch attenuation. However, with well-
chosen toroidal steering, the probe beam reaches the cut-off with no
mismatch, Fig. 2.

We begin by introducing the quantitative theoretical under-
pinnings of mismatch attenuation in Sec. II A, followed by an
explanation of how this effect may be quantitatively measured,
Sec. II B. These techniques are then used to elucidate the effect
of a mismatch as measured in DIII-D, Mega-Ampere Spherical
Tokamak (MAST), and MAST-U, discussed in Secs. 111 A-III C,
respectively. We then show how the tolerance to mismatch atten-
uation may be optimized by tuning the width and curvature of
the DBS probe beam in Sec. IV. The prospects of using beam
tracing and reciprocity to account for mismatch are discussed in
Sec. V, and finally, the main findings of this work are summarized
in Sec. VI.

II. EVALUATING MISMATCH ATTENUATION
A. Theoretical model

In the rest of paper, we assume that the signal is entirely local-
ized to the cut-off, the location where the probe beam’s wavenumber
is minimized, and the mismatch attenuates the signal coming from
this point. The full model, which eschews this assumption, as well
as discussing other concerns in interpreting the backscattered sig-
nal, like spatial localization and wavenumber resolution, is presented
in earlier work.'' We briefly summarize the contributions to the
detected backscattered spectral density, p,. We have

FIG. 2. Schematic to illustrate mismatch.
Launching the probe beam with no
toroidal propagation leads to a finite mis-
match at the cut-off due to the magnetic
field’s pitch angle (left). With well-chosen
toroidal steering (right), the probe beam
reaches the cut-off and backscatters off
a similar turbulent k, as before, but with
no mismatch.
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pr(w) = f F(1)(8n2 (1)), C(w) dI, @) oy g,
where [ is the arc length along the central ray, (6n§ (t))t is the mean
power of the density fluctuations, C(w) is the correlation func- K g
tion, and the rest of the integrand has been abbreviated as F(I).
The weighting function F(I) is made of various pieces multiplied O,
together; these pieces relate to the polarization, mismatch, beam
properties, and group velocity.!! We focus on the mismatch piece N
6, I R > %
exp[—z = ], 3) 6
(36) K.
U=y
where A6, is the mismatch tolerance, given by b
1
AG, = 1 [ Im(My}l) :|2 () FIG. 3. Bases for the probe beam (%, ¥, &) and magnetic field (1, iz, b). The
= — X ;
K _1\12 _ 1 1 angle between these two coordinate systems is 6 and the angle between the probe
[Im(M"Y )] Im(My; )Im(MJ’J’ ) beam’s wavevector K and the plane perpendicular to the magnetic field is 6, the
L . 1 mismatch angle. Note that 6 and 6y, are different angles; however, when one is
Here, we have contributions from the various components of M,,", zero, the other is zero as well. !’
defined by
-1 -1 A N
Mo My 0 My =, - (0% 8) Vo] ®)
-1 _ -1 -1 xy = Txy — . >
M, =M, M, o0 (5) bx§
0 0 0
and
-1 My =¥y ©)
Mxx Mxy 0
= M, M,] 0] (6) Here, g is the unit vector of the group velocity,
0 0 0 d
8= (10)
where
PP where q is the position of the central ray and 7 is a coordinate along
Max = ¥ - K (b “Vb- g), @) that ray. The beam’s widths and curvatures are related to the real
DIlI-D
100 A I
]
804 |
X | FIG. 4. Here, fpe is the plasma fre-
5 60 quency, fce is the cyclotron frequency,
~ fr is the X-mode cut-off frequency,
g 40 tan~"(Bz/Br) is the pitch angle, B is a
ha poloidal component of the magnetic field,
20 and Br the toroidal component. These

values of these quantities on the mid-
plane are plotted as a function of radius,
R. The DBS probe frequencies for DIII-

€%:90: 11 ¥20z Aeniged 9

>z: DS (left), MAST* (middle), and MAST-U
[ (UCLA system) (right)'® are plotted as
Q‘§ circles. DIII-D equilibrium data from shot
= 1 188839 at 1900 ms, MAST data from
'y : shot 29 908 at 190 ms, and MAST-U data
8 L : . : . . . : from shot 45 290. All DBS systems were
175 200 2.25 100 125 150 0.5 1.0 1.5 in X-mode for these shots.
R/m R/m R/m
|_ frpe  —— fce —— fr  — pitch angle ° fpms |
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and imaginary parts of ¥, as given in previous work,'" and the
subscripts indicate their directions, as shown in Fig. 3.

To determine the mismatch piece, we use beam tracing. In this
formulation, the electric field is given by'!

) T detm[¥) 1P [z
E, = Aan exp(igpg + 1¢P)|:det(1m[‘l’w,am]) P
xéexp(is+iKW~w+%w-‘I’w-w). (11)

Here, ¢ is the Gouy phase, ¢, is a phase associated with the
polarization, the subscript 4 denotes the properties at the launch
antenna, and Ay is the initial amplitude. The group velocity, posi-
tion, wavevector, beam width, and beam curvature are evolved by
finding derivatives of the dispersion relation, which we solve with
our beam-tracing code, Scotty.!! This code requires the plasma
equilibrium and probe beam’s initial conditions as input. The direc-
tion of launch, and thus, the initial K/K, is given by the poloidal
and toroidal launch angles, ¢, and ¢,, respectively. In cylindrical

coordinates (R, {,Z), we have

Q
Krant = - COS @1 COS ¢p, (12)
Q .
Keant = —?Ram sin @; cos ¢p, (13)
Q |
Kzant = - sin ¢p. (14)

Here, Q is the beam’s angular frequency and c is the speed of light.

To gain some physical intuition about the mismatch tolerance,
Eq. (4), we consider a circular Gaussian beam propagating through
vacuum, and find'' that Eq. (4) reduces to

Ny = Y2 (15)
KWy

Here, the subscript o refers to the beam waist, where the width is
minimized. This equation holds as the beam propagates, not just at
the waist. The widths and curvatures change in such a way'' that
together, the result is the width at the waist. Note that in earlier
work,” the backscattered power was roughly estimated using results
from CO; laser scattering;'® the mismatch tolerance is

1

AGm,est = KW (16)
Here, W is the beam width. This estimate, Afy,s is a factor of v/2
smaller than that derived from the beam model, Eq. (15). When
the probe beam is misaligned with the magnetic field, the received
backscattered signal is non-zero for two physical reasons. First, there
is a spread of wavevectors in the incoming probe beam, due to the
Gaussian width and curvature. Hence, even if the main incoming
wavevector is mismatched, there will be another the wavevector in
the probe beam that is matched for 180° backscattering. Second,
the receiving antenna has a finite spatial extent. As such, exactly
180° backscattering is not required for a finite signal. The received

ARTICLE scitation.orgljournal/rsi

backscattered signal has two contributions: the spread of wavevector
in the Gaussian beam at the point of scattering and the finite spatial
extent of the receiving antenna. The 180° backscattered power only
has the second contribution. Equation (16) is suitable for use as a
conservative design guideline, as was the intention in earlier work.*
However, quantitatively accounting for mismatch attenuation of the
detected signal requires using the full model.

B. Experimental methodology

To investigate the effect of mismatch attenuation on the
backscattered signal, the following methodology is typically”'"'>"”
used. Shots are repeated with as similar properties as possible: shape,
density, plasma current, and heating. As such, the equilibrium prop-
erties are expected to be the same (within margins of error), likewise
for the statistical properties of turbulence. The DBS is then steered

toroidally for each shot. The poloidal launch angle is fixed, and the

1.0
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FIG. 5. The mismatch attenuation piece as a function of toroidal launch angle and
frequency (top); both figures share the same x-axis. The gray line gives the 6, = 0
contour, while the white lines give the |6| = 0.1 rad contours (top). The blue and
red horizontal lines (top) show the two frequencies where we compare the beam
model’s results (bottom, solid lines) with experimental data (bottom, circles). The
experimental backscattered power, P, is normalized to the maximum backscat-
tered power in the toroidal scan, Prax. Gray vertical line (bottom) shows the angle
at which the 57.5 GHz channel has zero mismatch, the corresponding angle for
the 62.5 GHz channel is about 0.1° larger. Calculation of error bars is discussed
in a separate paper.'> Recall that the beam model is not a fit; the model-based
calculation is completely independent of the measured backscattered power data.
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toroidal launch angle is varied. Hence, the probe beams reach similar
radial locations and backscatter off similar perpendicular turbulent
wavenumbers, but at different mismatch angles, as shown in Fig. 2.
The effect of mismatch angle on the signal is thereby ostensibly
isolated from the various other complicated effects. In DIII-D, the
mismatch angle at the cut-off location varies approximately linearly
with the toroidal launch angle. However, in MAST and MAST-U,
the dependence of 0,, at the cut-off on the toroidal launch angle
is non-trivial. Hence, although one optimizes the toroidal launch
angle in experiments, one should remember that the physics actu-
ally depends on the mismatch angle, which is indirectly controlled
by the toroidal launch angle.

For each of the three tokamaks (DIII-D, MAST, and MAST-U),
we study a series of repeated shots with the methodology outlined in
the preceding paragraph. Since these tokamaks support a wide range
of plasma equilibria, the shots studied in this paper are meant to be
illustrative and not definitively representative of all possible plasma
configurations. The experimental profiles are shown in Fig. 4;
more detail is available in other papers on DIII-D,'” MAST,* and
MAST-U."¥

lll. CROSS-SYSTEM STUDY OF MISMATCH
ATTENUATION

Using the methodology described in Sec. II B, we evaluate
the effectiveness of the beam model in quantitatively account for
mismatch in DIII-D, MAST, and MAST-U. The results are then
compared with one another.

Beam model

18 —— Vacuum estimate
16 4 ¢ o —— Design guideline
¢  Experiment
14 A
12 A
210 A o
g
<
<1 87
6 1 \
4 -
2 -
0 T T T T T
55 60 65 70 75

freq / GHz
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A. DIlI-D

A new DBS system® was installed on the DIII-D tokamak in
2018. This system is capable of 2D steering of the probe beam;
the poloidal and toroidal launch angles can both be independently
varied. Toroidal sweeps at a fixed poloidal angle were carried out
on DIII-D using this DBS system”'” to investigate the mismatch
attenuation. The beam model predicts that mismatch tolerance
decreases with increasing wavenumber, Fig. 5 (top). This prediction
is validated by experimental data, Fig. 5 (bottom).

In DBS measurements, one typically attempts to minimize mis-
match across all channels,”'” hopefully achieving reasonable signals
across all channels. For the shots studied on DIII-D, the toroidal
launch angles to achieve zero mismatch for all channels are very
similarly, 2.4 + 0.1°, Fig. 5. Hence, it is possible to achieve near-zero
mismatch on all channels with an appropriate launch angle.”” This is
likely a consequence of the magnetic pitch angle not varying signif-
icantly over the different radial locations that the various channels
reach. However, the equilibrium properties change with time; there
may be good matching at certain times during the shot, but account-
ing for mismatch becomes important if one is interested in various
times in a shot where the equilibrium properties are sufficiently
different.

We proceed to quantitatively assess the beam model’s ability
to account for mismatch attenuation, A8,,. We calculated AG,, with
two different methods. Semi-analytically, by using equilibrium data,
beam tracing with the Scotty code, and Eq. (4). Empirically, by fit-
ting a Gaussian to the backscattered power as a function of toroidal
launch angle (black dotted line, Fig. 6 right). The difference in

-20 -10 0 10 20
Om /°

€%:90: 11 ¥20z Aeniged 9

FIG. 6. The mismatch tolerance in DIII-D as a function of frequency at 180 ms (left) and comparison with data for the 57.5 GHz channel (right). Both figures share the same
legend. The dotted line (right) indicates the best-fit Gaussian from empirical curve fitting, which is then used for the experimentally-determined mismatch tolerances (left).
The experimental backscattered power, P, is normalized to the maximum backscattered power in the toroidal scan, Prmax. The error bars were calculated from the covariance
matrices of the curve fitting. The mismatch tolerance is calculated in three different ways: with the full beam model (blue line), Eq. (4), with the plasma wavenumber but
beam properties as estimated by vacuum propagation (green line), Eq. (15), and with earlier estimates for conservative design guidelines” (red line), Eq. (16). The launch
widths were varied by 10%, as shown by the shaded regions (left). Most of the points do indeed lie within the shade blue region, indicating that the beam model does indeed
account for mismatch tolerance over all frequencies shown. A Gaussian fit to experimental data is given by the dotted line (right) and the 1/¢? attenuation is given by the
horizontal thin black line (right).
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mismatch tolerance, as calculated by Scotty and fitting of experimen-
tal data, appears to be quite large, up to 2°, Fig. 6 (left, the difference
between points and blue line). However, as we see from Fig. 6 (right),
a small difference in mismatch tolerance does not make a significant
visual difference in the plots of power vs mismatch angle. We var-
ied the launch widths of every frequency by £10%, and find that
this does indeed mostly account for the spread of mismatch tol-
erance. We also varied the launch beam curvature by +10%, but
the effect was much less pronounced. Changes in the smoothing
schemes of the experimental equilibria resulted in changes to Afy,
of around 0.5°. It is likely that equilibrium reconstruction might
also play a significant role, but we do not examine this in this
paper.

Having shown that the beam model can indeed satisfacto-
rily account for mismatch tolerance on DIII-D, we now evaluate
other methods of finding the mismatch tolerance. The beam model
requires the probe beam’s width and curvature as calculated from
a beam tracing code. However, beam tracing codes are not yet
widely implemented. On the other hand, ray tracing codes are
widely available; they can be used to estimate the mismatch atten-
uation as follows: The wavenumber in Eq. (15) is calculated with
ray tracing, the beam widths and curvatures are estimated with
vacuum propagation, and then magnetic field’s shear and curva-
ture are ignored. For the shots studied, this does indeed provide
a rough estimate, Fig. 6 (green line). We see that the earlier esti-
mates for conservative design guidelines are indeed stricter than
our estimate, Fig. 6 (red line). Now that we have a quantita-
tive model for mismatch, this design constraint may be somewhat
relaxed.

B. MAST

The beam model was previously applied to MAST plasmas'
for a single frequency, 55 GHz, and at a single time, 190 ms. In this
work, we analyze the mismatch tolerance of all eight Q-band chan-
nels at 190 ms, Fig. 7. As with DIII-D, the mismatch tolerance in
MAST is calculated in four different ways: by curve fitting a Gaus-
sian to experimental data, with the full beam model, Eq. (4), with the
plasma wavenumber but beam properties as estimated by vacuum
propagation, Eq. (15), and with pre-beam-model estimate, Eq. (16).
The launch beam widths in Scotty were varied by 10% to account
for possible errors in their measurement. A systematic error of 3°
in the steering mirror’s rotation angle was used for calculating the
experimental points, similar to previous work studying mismatch in
MAST.*

There are a few noteworthy points. First, that while Scotty’s
agreement with experimental data in MAST is decent, Fig. 7, it is
noticeably worse than that of DIII-D, Fig. 6 (right). This is pos-
sibly due to there being fewer points in the toroidal scan, leading
to larger errors. Moreover, the wavenumber at the cut-off varies
more strongly with toroidal launch angle for the MAST shots studied
than DIII-D, which means the other pieces of the instrumentation
weighting function could play a part. Second, vacuum propagation
poorly estimates the beam’s properties and thus, the mismatch tol-
erance, Fig. 7 (green line). For reasons that are not entirely clear, the
evolution of the beam is significantly more complicated in MAST
than DIII-D. In such a situation, using beam tracing is vital.
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FIG. 7. The mismatch tolerance in MAST as a function of frequency at 190 ms. The
mismatch tolerance is calculated in four different ways: by curve fitting a Gaussian
to experimental data (points), with the full beam model (blue line), with the plasma
wavenumber but beam properties as estimated by vacuum propagation (green
line), and with earlier estimates for conservative design guidelines™'® (red line).
The launch widths were varied by 10%, shown by the shaded regions (left). A sys-
tematic error of 3° in the steering mirror’s rotation angle was used for calculating
the experimental points, similar to previous work studying mismatch in MAST.# The
vacuum estimate is much poorer for MAST plasmas than DIII-D plasmas (Fig. 6,
left).

C. MAST-U

There are two DBS systems installed on MAST-U, one from the
University of California Los Angeles (UCLA)'**" and the other from
the Southwestern Institute of Physics (SWIP);*""** detailed informa-
tion about these two systems is available in the cited references. The
UCLA system operates in the Q-band and were already installed
during MAST-U’s first campaign. The SWIP system has two bands,
Q and V, and will be installed in time for the second campaign,
which has yet to occur at the time of writing. Moreover, its exact
quasioptical system might still be modified before installation. As
such, the SWIP DBS is not evaluated in this work.

Preliminary results from MAST-U indicate decent agreement
between the predicted and measured mismatch tolerances at low
frequencies, Fig. 8 (bottom). Since Q-band frequencies reach signif-
icantly different locations with different pitch angles, see Fig. 4, it
is difficult to optimize the toroidal angle for low mismatch across
all frequencies simultaneously, Fig. 8 (top). Specifically, for these
shots, the channels’ measurements span the outboard to the inboard,
a dramatic range of locations. This is in contrast with DIII-D shot
188839, Fig. 5, where all the frequencies reach the cut-off at
significantly more similar locations. The situation is made more
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FIG. 8. Preliminary results from MAST-U. The mismatch attenuation piece as a
function of toroidal launch angle and frequency (top); both figures share the same
x-axis. The gray line gives the 6, = 0 contour, while the white lines give the
|6m| = 0.1 rad contours (top). The experimental backscattered power, P, is normal-
ized to the maximum backscattered power in the toroidal scan, Pmax. Gray vertical
line (bottom) shows the toroidal launch angle at which the 32.5 GHz channel has
zero mismatch at the cut-off. Since Q-band frequencies reached significantly dif-
ferent locations with different pitch angles, see Fig. 4, it is difficult to optimize the
toroidal angle for low mismatch across all frequencies simultaneously (top). This
is in contrast with DIII-D shot 188 839, Fig. 5.

complicated by the probe beam’s wavevector changing directions
during propagation and not generally being aligned with the group
velocity, which makes beam’s wavevector’s direction relative to
the magnetic field at the cut-off non-trivial. At higher frequen-
cies, the optimal toroidal launch angle is significantly smaller,
Fig. 8 (top). As such, there was no clear peak of backscattered
power when the toroidal launch angle was varied in the experi-
ments. At least one more point at a negative toroidal launch angle
would have been required. Hence, we do not present a systematic
comparison of theory and experiment for all frequencies, unlike
MAST, and DIII-D. The strong dependence of optimal launch angle
on frequency poses another challenge: it is difficult to simulta-
neously optimize mismatch across all channels at once without
repeating shots, making the beam model’s ability to quantita-
tively account for mismatch attenuation crucial for interpreting the
measured data.
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FIG. 9. The mismatch tolerance as a function of the width and curvature of the
Gaussian probe beam at launch; 75 GHz channel on DIII-D. The white cross indi-
cates the beam properties at launch for the current system. The black contours
show the size of the beam waist in a vacuum, labels are in cm. The relative shift
of the black and filled contours is a result of the effects of the plasma on the probe
beam. Note that in our simulations, the beam is launched from the steering mirror.
The beam’s initial properties are specified at these locations, and not at plasma
entry.

IV. OPTIMIZING MISMATCH TOLERANCE

Now that we have established the beam model of DBS as a reli-
able quantitative method of determining the mismatch attenuation,
we can leverage its insights to help us design new DBS systems with
more tolerance to mismatch. This is complicated because such opti-
mization depends on the tokamak and what one is trying to measure.
We present preliminary simulations for optimization in this paper.
We consider the DBS on DIII-D and try to see if we can increase
the mismatch tolerance by adjusting the launch beam’s width and
curvature, Fig. 9. The plasma’s effect on the beam’s width and cur-
vature plays a significant role in this optimization, as seen from
the difference between the black and filled contours. Note that in
our simulations, the beam is launched from the steering optics: the
steering mirror for DIII-D and the movable lens for MAST-U. The
beam’s initial properties are specified at these locations, and not at
plasma entry.

Our simulation results show that the mismatch tolerance can
be significantly increased. For the particular case studied, this is
achieved by having a smaller width as well as a low curvature at
launch. It is possible that the parameter space accessible by quasiop-
tical systems is limited, but such analysis is beyond the scope of this
paper. Nonetheless, such analysis is likely important when design-
ing new DBS systems, especially when the pitch angle at the cut-off
varies significantly across the probe frequencies.

V. DISCUSSION

The beam model is capable of calculating various contributions
to the instrumentation weighting function, F(I). In this work, we
evaluate one piece of this function: mismatch attenuation and the
associated mismatch tolerance. We see that this approach appears
to be more successful at explaining the toroidal scan results from
DIII-D than MAST. It is possible that the other pieces of the
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weighting function'' play a significant role in MAST’s toroidal scan’s
results. This will be evaluated in a future paper.

Even though using beam tracing and the reciprocity theorem
allows one to quantitatively calculate the mismatch attenuation,
attempting to get good matching in experiments via prudent toroidal
steering is still important for several reasons. First, the signal is
larger, which makes it easier to analyze the data. Second, as we
have seen in this paper, calculating the attenuation has some uncer-
tainty involved, and thus, having to correct for it might increase the
uncertainty in the measured backscattered power.

VI. CONCLUSIONS

In this paper, we have shown that the mismatch attenuation in
conventional and spherical tokamaks can be quantitatively predicted
by using beam tracing and reciprocity theorem. These predictions
are validated with experiments on DIII-D, MAST, and MAST-U.
Furthermore, we show that the beam model gives significantly better
predictions of mismatch tolerance than previous estimates.

Being able to account for mismatch attenuation increases the
versatility of DBS. However, preliminary analysis of MAST-U shows
that attempting to get good matching over all channels simultane-
ously might prove challenging in certain cases, namely when the
pitch angle at the cut-off is significantly different for the various
DBS channels. To address this issue, future DBS systems could be
designed to have higher mismatch tolerances.
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