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Abstract

We have demonstrated for the first time that turbulent plasma density fluctuations in the edge of
the DIII-D tokamak are responsible for substantial broadening of an injected microwave beam
by successful quantitative comparison between experimental observations and first principles
2D full-wave simulations. The broadening of the beam has important implications for control of
tokamak discharges through localized electron cyclotron deposition needed for eliminating
magnetohydrodynamic instabilities. This new predictive capability is mandatory to design &
operate present & future tokamaks in such a way that microwave heating schemes achieve their
intended objectives.
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The scattering of electromagnetic (EM) radiation by
wavelength-sized inhomogeneities in the transmission
medium is not fully understood: it is challenging to describe
analytically except in a limited number of special cases and the
tools of geometric optics cannot be applied since the assump-
tions on which they are based are not satisfied. Magnetized
plasmas are interesting media for studying these phenom-
ena: on the one hand, the refractive index can be reliably
calculated (assuming background density, temperature and
magnetic field are known). On the other hand magnetized
plasmas exhibit exotic effects including birefringence and
various polarization-dependent resonances and cut-offs. Some
of the first observations of plasma waves were in the field
of ionospheric physics; the underlying wave-plasma inter-
actions remain relevant today for radio and satellite com-
munication [1]. The effect of locally strong plasma density
irregularities still provides a challenge in modeling EM wave
propagation across the ionosphere [2].

Magnetic confinement fusion studies provide a variety
of experiments well-equipped with diagnostics for studying
the physics of EM wave propagation. Microwaves are used
in tokamaks for diagnostic purposes such as measuring the
plasma temperature via electron cyclotron emission and char-
acterizing plasma turbulence via reflectometry and Doppler
back-scattering [3]. Microwaves are also used in tokamaks for
heating and current drive via the injection of a high power
beam whose frequency is chosen to coincide with a particu-
lar resonance at the desired absorption location [4, 5]. ITER,
the next generation tokamak currently under construction [6],
will rely on high power microwave injection for heating the
plasma in its core, for driving currents to control and mitigate
magnetohydrodynamic instabilities, and to stabilize neoclas-
sical tearing modes (NTMs) which are magnetic reconnection
instabilities associated with the interplay of local reductions
in plasma current and flattening of the pressure profile, redu-
cing energy confinement of the device. Effective stabilization
of the NTMs requires, however, precise spatial localization of
the current driven by the microwaves [7—10]. In this letter, we
demonstrate how turbulence in the tokamak plasma edge is
responsible for substantial broadening of the injected heating
beam by successful quantitative agreement between experi-
mental measurements and first-principles simulations.

The present study is based on experimental observations
and numerical simulations of the DIII-D tokamak plasma [11]:
typical parameters are major radius R = 1.7 m, minor radius
a=0.67m, plasma current /, = 800kA and on-axis toroidal
magnetic field B; = 2 T. The facility’s gyrotrons can deliver
3MW of microwave power for heating and current drive
including NTM stabilization [12, 13]. As shown in figure 1,
the gyrotron beams are launched from a set of steerable mir-
rors located above the midplane on the tokamak’s outboard
side; their polarization and frequency ( fo = 110 GHz, corres-
ponding to a vacuum wavelength Ay ~ 2.7 mm) are optimized
for second harmonic X-mode absorption at a magnetic field
strength of 2T. The plasma is optically thick at this reson-
ance: the beam is totally absorbed. The beam waist radius at
the launcher is approximately 65 mm == 24 )\, corresponding
to a beam divergence of ~1°.

Zinm

Figure 1. Cross-section of the DIII-D tokamak, dashed lines
represent closed flux surfaces, the solid black line represents the
separatrix, and the vacuum vessel is indicated by the thick grey line.
The injected microwave beam is illustrated by the blue arrow, the
resonant magnetic field strength by the green line, and the full-wave
simulation domain by the red rectangle.

The NTMs are known to exist on rational surfaces where
the ratio of poloidal to toroidal transits of the magnetic field is a
rational number m/n with m and n small integers; typically the
most unstable NTMs exist on the surfaces (m,n) = (3,2) and
(2,1). The NTM mitigation strategy is therefore to target the
beam at those surfaces. Broadening or misaligning the beam
leads to wasted power (reduced machine efficiency) and might
require additional modulation of the microwave power [14].
In the worst case it leads to failure to stabilize the NTM (and
critical loss of plasma confinement).

The strategy for the present investigation has been first
to deduce the deposition profile from measuring the heating
profile. Due to transport during the finite time needed for
the measurement, the width of the measured heating profile
appears, as a rule, larger than the width of the illuminated
region. The latter is hence to be inferred from a careful trans-
port analysis, as detailed below. It is found that the power
deposition is broadened substantially compared to what would
be expected due to refractive effects of the background plasma
density alone calculated using the ray tracing code TORAY-
GA [15] (which accounts for the effects of the 1D plasma tem-
perature and density profiles, but not for the effect of plasma
density fluctuations). This is in agreement with similar obser-
vations reported from other experiments [16, 17]. We then
performed a first-principles full-wave simulation of the heat-
ing beam’s propagation through the experimentally-measured
edge turbulence (using the full-wave code EMIT-2D, which is
a novel version of EMIT-3D [18]). These measurements and
simulations are compared for three distinct operation scenarios
with varying shape of the equilibrium profiles and of the fluc-
tuation degree showing very good agreement.

The microwave beam heat deposition profile is isolated
from the resulting heat transport by power-modulating the
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injected microwave beam with a square wave at 70Hz in an
otherwise stationary discharge: the absorption is highly loc-
alized and its modulation generates a time-periodic heat wave
propagating away from the deposition layer. The modulation is
sufficiently fast that the resulting density perturbation is negli-
gible [19, 20]. The electron temperature can be measured using
electron cyclotron emission (at the fundamental) with excel-
lent temporal and spatial resolution of 2 us and approxim-
ately Smm, respectively. The time variation of the temperature
profile enables us to deduce the heat transport coefficients D
and V, the diffusion and convection coefficients, respectively.
A dedicated fitting analysis involving the energy transport
equation including harmonics of the modulation frequency,
outlined below and described in detail in [21, 22], yields the
power deposition profile as a separate fitting parameter to
the heat transport coefficients. We note that the time scale of
the fastest harmonic used in the fitting analysis (/~1.5ms) is
still an order of magnitude slower than the electron collision
time.
Local conservation of energy is stated by

0 (3

ot (2’1Te
where n denotes the number density, subscript ‘e’ refers to
the electron species, T the temperature, Q the heat flux, I" the
particle flux, Pgcy the electron cyclotron heating power, and
Pomer incident power from other sources (e.g. Ohmic heating).
Linearizing and retaining only those quantities oscillating at

harmonics of the microwave heating modulation frequency
(denoted with tildes), we obtain

5
) +V- <Qe + 2TCFC) :PECH+Pother7 (1)

oT, -
" TV Qe @)

Pgcu =

The perturbed ohmic heating power Piher has been neglected
after verifying by transport simulations that it contributes only
marginally (below 2%). The perturbed electron temperature 7,
as obtained from the electron cyclotron emission (ECE) dia-
gnostics for various harmonics is shown in figure 2. We note
the perturbed quantities in equation (2) are complex, contain-
ing both amplitude and phase information. If we were to neg-
lect transport completely (0. = 0), we could use equation (2)
to estimate the power deposition profiles directly. The profiles
are, however, broader than predicted by ray-tracing calcula-
tions using TORAY-GA, also shown in figure 2. The increased
broadening of the deposition profile can be due to the initially
neglected transport processes, due to a broadening of the injec-
ted microwave beam or a combination of both. The correlation
of the observed broadening of the microwave beam with meas-
urements of edge density turbulence (see figure 3) motivated
the hypothesis of a causal link between the two phenomena.
Therefore, we need to solve the complete model in equation (2)
to determine the best fit values for Pgcy and transport coeffi-
cients given the measured amplitudes and phases of T at all of
its harmonics. Note that we calculated >99.5% absorption of
the microwave and thus assume the same shape for the depos-
ition profile and the microwave beam profile at the position
of the resonance. This is justified by a geometrical argument:

1.0 —— 70Hz 300
' —— 210 Hz
250
0.8 350 Hz ™
= —¥— 490 Hz 200 E
T 0.6f —— 630 Hz Z
< 150 ¢
+ 0.4 5
100, 2
0.2 {50
0.0 % : : ‘ : 0
0.0 0.10 0.15 0.20 0.25 0.30 0.35 0.40
o

Figure 2. Amplitude perturbation of electron temperature T, as
obtained from the ECE diagnostic during power-modulated ECRH.
Solid lines represent a guide to the eye to the data, dashed line
indicates a guide to the eye to the deposition profile Pgcy obtained
from the TORAY-GA code indicated by the filled black stars. The
radial coordinate p denotes the normalized radius with p =1
corresponding to the last closed flux surface.

the absorption occurs at the 2nd harmonic X-mode resonance
which, while broadened by thermal effects, is on the orders
of a few centimeters thick. The beam size at the resonance
is much larger, in small parts due to the divergence of the
beam and mostly due to the additional broadening by turbu-
lence (see this paper). Furthermore, given the relative position
of launcher and target on the mostly vertical resonance layer
and the nearly perpendicular launch of 110 GHz at 2T in DIII-
D (as illustrated in figure 1), the absorption layer thickness
aligns along flux surfaces minimizing the impact of deposition
width on beam size [23].

Employing a cylindrical large aspect ratio approxima-
tion, we integrate separately the real and imaginary parts of
equation (2):

. 1 (/- 3 9T,
Qc(r,t) = ;/0 (PECH_Zn o >r’dr’. 3)

In a general form, the heat flux can be described by the sum
of diffusive and convective parts. Linearizing the modulated
heat flux by ordering terms based on their dependence on the
predominant Te perturbation [22] gives

Qc(r,t) =DnVT,+ VnT, + ¢, 4)

where D(r) and V(r) are the modulated diffusive and con-
vective coefficients, respectively, and ¢ (r) represents coupled
transport: these quantities are radially-varying and time-
independent. Equating the right-hand sides of equations (3)
and (4) and inserting the measured 7 (r) profiles gives us a set
of equations (one for each harmonic’s amplitude and phase)
for D(r), V(r), 5 (r) and PECH(F). Note that Pgcy and é are
both also functions of w: PECH(r,w) is calculated from the
calibrated ECH power measurements and & (r,w) is estimated
from a fit to previous perturbative transport studies [24]. The
transport coefficients, D and V, can now be obtained from a
best fit including the PECH(r) together with a value for 5 . The
shape of the obtained radial profiles matches the expectations,
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Figure 3. Beam broadening across a range of experimental
scenarios, for which the fluctuation level at p =0.95 is used as a
label, deduced from experimental data and from full-wave
simulations.

e.g. the largest values of D were obtained for the L-mode scen-
arios, and £ was found to contribute 20% at most [21, 22].
Microwave deposition profiles can be calculated and com-
pared with the predicted profile by TORAY-GA yielding a
broadening factor b (which we assume to be the same for
the deposition profile and the microwave beam at the reson-
ance layer, as explained above). Table 1 lists the broadening
prior and after transport analysis. It is found that the depos-
ition profile, i.e. the broadening after transport analysis, is up
to three times the width predicted by ray tracing. A potential
source of the broadening are plasma density fluctuations, as
indicated by the experimental data in figure 3 which show the
deduced beam broadening as a function of the fluctuation level
at p = 0.95 obtained from five different plasma configurations
(listed in table 1 in descending order of fluctuation level). A
clear trend is seen, which motivates a full-wave simulation of
the beam propagation. The error bars in the beam broadening
are due to uncertainties from the measurements and from the
fitting procedure [21].

At the plasma edge, turbulent density fluctuations are
known to occur with fluctuation levels up to 100% [25]. Tur-
bulence in magnetized plasmas is in general highly anisotropic
with density structures that are elongated along the back-
ground magnetic field By. Perpendicular to By, the correla-
tion length of the structures L, typically scales with the drift
scale parameter p; = +/T.m;/(eBy) like L, ~5— 10p [26].
The resulting structure size is with L ~ 0.5cm at the edge
for a typical L-mode discharge [26] on the same order as
the vacuum wavelength of the injected microwave, result-
ing in strong scattering [27]. The large fluctuation levels and
structure size being similar to the vacuum wavelength Ao
requires a full-wave treatment to correctly describe the scatter-
ing process. The broadening of an injected microwave beam
due to plasma edge density fluctuations is an active field of
research [14, 18, 27-33].

EMIT-2D [18] is a full-wave cold-plasma code (thus not
accounting for absorption of the X-mode at the resonance

T 4 :
£ zlGE
2 T .
o
— 2F div. L-mode N ‘
£ | — -6 L-mode \\ti
3 H-mod N
I ol mo: e . 1=
o 100f — div. L-mode _
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¢ 50
: 2]
S I
0 22lues]] |
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Figure 4. Radial electron density and fluctuation level profiles as
used in the full-wave simulations. The radial coordinate corresponds
to the full-wave grid, the positions of the separatrices are indicated
by vertical grey lines. The n. profiles shown correspond to a fit to
Thomson scattering data normalized against a CO, interferometer
and calibrated against the second harmonic X-mode density

cutoff [35]. Symbols in the dne /n. profiles correspond to
measurements from beam emission spectroscopy [36], solid lines
correspond to the ensemble-averaged profiles used in the full-wave
simulations.

layer) based on the finite-difference time-domain scheme. For
the scenarios considered here, a novel 2D version of the code
is used, as there is no need for computationally expensive
3D simulations to describe the scattering process (similar to
the scenario discussed in [34], the beam propagates mostly
perpendicular to the background magnetic field). The code
enables us to simulate the propagation of EM waves with arbit-
rary background density and magnetic field. In the time-frame
of the microwave, the plasma density fluctuations appear to
be frozen due to their low velocity ~10*ms~! (as compared
to the group velocity of the microwave). To account for the
effect of turbulent density fluctuations on microwave propaga-
tion, an ensemble-average is made over a series of simulations.
An initial ensemble of turbulence profiles for the diverted
L-mode was created with the BOUT++4 turbulence simula-
tion code [37] using the Hermes model [38]. Experimentally-
measured equilibrium profiles from DIII-D discharges were
used as input parameters for the turbulence simulations as
shown in figure 4. The obtained fluctuation levels correspond
to those measured in the experiments, also shown in the figure.
The BOUT++ simulations were only able to yield data close
to the separatrix, whereas the absorption layer is located deep
inside the plasma, see table 1. We have therefore used a syn-
thetic turbulence generator [31, 34] to get profiles up to the
absorption layer. The fluctuations are generated by a truncated
sum of Fourier-like modes exhibiting a Gaussian k-spectrum.
While usually power laws are found in the experiments [39],
this is not expected to result in a noticeable difference in the
beam broadening as the power laws and the Gaussian devi-
ate significantly only at large k-values where strongly reduced
broadening is expected [27]. As an input for the turbulence
generator, equilibrium density profiles are required, which



Nucl. Fusion 63 (2023) 044001

M.W. Brookman et al

Table 1. DIII-D discharge configurations with B; = 2T for all shots.
The physical units are MA for I,, and 7 is in units of 10" m’3, by
and b, refer respectively to the broadening prior and after transport
analysis (b, corresponds to the values plotted in figure 3).

Scenario Shot I, 7e K ) pECH b1 b2

diverted L-mode 165078 1.0 29 1.8 045 03 35 2.7

limited L-mode 154532 1.2 42 164 0.16 03 28 22
QH-mode 157131 1.1 1.7 1.82 045 07 99 19
H-mode 165146 1.0 3.2 1.83 032 025 23 1.7
—§ L-mode 166192 0.9 3 1.32 —0.38 045 54 1.5
10°
0.40 3.70
10-t
0.35§ 3.02
— 10-1 R
£ 0.30 e | - ;E
c 410727, E]
>\ 0-25 Ll <
1102 168 <
0.20
10-3 1.01
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L10-3 0.34
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Figure 5. Snapshot of the absolute value of the wave electric field
obtained from full-wave simulations together with the turbulent
density profile for a diverted L-mode sample. The present figure is
oriented such that going from right to left corresponds to decreasing
p (see figure 1).

are obtained from Thomson scattering [35], and profiles of
the fluctuation amplitude profiles. For the latter, exponential
fits to the experimental data (obtained from beam emission
spectroscopy [36]) were performed, truncated at a maximum
value which was informed by the BOUT++ simulations and
the literature [25, 40]. The perpendicular correlation length
(the radial and vertical correlation lengths are assumed to be
equal) used in the synthetic turbulence generator corresponds
to a value of L) ~ 5mm, which is in agreement with previ-
ous experimental findings [41]. For the other scenario con-
sidered, the fluctuation amplitude profiles were chosen based
on experimentally observed values [25, 39]. The fluctuation
amplitude was set to a value of 0% in the core. Using a value
of 1% had a negligible influence on the overall broadening
of the microwave beam, in agreement with similar investig-
ations [31]. The ensemble size was chosen to ensure conver-
gence of the average, where a value of N =50 was found to be
sufficient.

Figure 5 shows as an example a snapshot of the wave elec-
tric field as obtained from the full-wave simulations together
with the turbulent electron density for a diverted L-mode
sample. The deteriorating effect of the fluctuations on the
coherence of the microwave beam can be seen clearly, res-
ulting in a splitting into multiple beams. Averaging over
the ensemble of simulations, an effective broadening of the
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Figure 6. Transverse beam profile from the full-wave simulations
taken at the end of the simulation plane. Shown are the reference
case without turbulence, the ensemble-averaged signal for the
diverted L-mode scenario and a Gaussian fit to the latter.

injected beam is observed. This is illustrated in figure 6 which
shows the transverse beam profile at the end-plane of the
simulation grid corresponding to the position of the absorp-
tion layer. The fluctuations result in a decrease of the central
peak amplitude of the beam together with an increase of its
width. The width of a fitted Gaussian can be compared with
the reference case, resulting in a relative beam broadening of
Wﬂucl/Wno-ﬁuct ~2.1.

The resulting values of the broadening can now be dir-
ectly compared with the values obtained from the ECE meas-
urements. Figure 3 shows the relative beam broadening as a
function of the relative fluctuation level at p = 0.95. The error
bars in beam broadening are due to the statistical error of
the ensemble average and the fluctuation level uncertainty is
given by the radial uncertainty of the fluctuation level meas-
urements to which the profiles used in the full-wave simula-
tions are matched. The beam broadening deduced from the
transport model applied to experiments and the broadening
calculated by the full-wave simulations are consistent within
the computed error bars across a wide range of fluctuation
levels. A quadratic scaling with fluctuation level as observed,
for example, in [27], is not expected here due to the strong vari-
ation in background density across the fluctuation layer and the
more complicated shape of the fluctuation layer itself (which
is in agreement with recent numerical investigations of beam
broadening in realistic experimental scenarios [31]).

We have shown that edge turbulence can dramatically
broaden the deposition profile of the microwave beam above
what would be expected otherwise in DIII-D. For the first
time, we have demonstrated experimentally the correlation
between observed beam broadening and turbulent edge dens-
ity fluctuations over a wide range of fluctuation levels. Very
good quantitative agreement with first-principles 2D full-wave
simulations has proven the direct causal link between these
phenomena. This work has consequences for ITER: it con-
firms the wisdom of the vertical orientation of the NTM
stabilization system, which minimizes the amplitude of the
turbulent fluctuations through which the beam must propagate
[31]. Moreover it validates a quantitatively-accurate predictive
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simulation tool which can be used to calculate beam broad-
ening and, if necessary, to formulate effective mitigation
strategies.
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