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Abstract
Despite high demonstrated efficiency, lower-hybrid current drive (LHCD) has not been
considered localized enough for neoclassical tearing mode (NTM) stabilization in tokamaks.
This assessment must be reconsidered in view of the radiofrequency current condensation
effect. We show that an island with a central hot spot induces significant localization of LHCD.
Furthermore, in steady state tokamaks where a significant amount of current is provided by
LHCD, passive stabilization of NTMs may occur automatically, particularly as islands become
large, without requiring precise aiming of the wave power.
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1. Introduction

Disruptions are a major concern in for ITER and future toka-
mak reactors. One way to address disruptions is through
mitigation, i.e. minimizing damage caused by disruptions.
Yet disruption mitigation will not alone suffice for dealing
with disruptions. Every mitigated disruption in a reactor class
device will cause some damage to the first wall, and it is
estimated that ITER will need to maintain a disruption rate
of less than 1% to keep cumulative damage to the first wall at
an acceptable level. In fusion reactors, unplanned shutdowns
will severely impact commercial viability, even if mitigation
is 100% successful, and disruptions will need to be extremely
rare. Every mitigated disruption will also carry with it some
level of risk. It will be desirable to avoid disruptions to the
extent possible. The Joint European Torus (JET) device has
had a 16% rate of unintended disruptions since it was conver-
ted to have an ITER-like wall and 95% of the disruptions are
preceded by the appearance of large locked islands [1]. A stat-
istical analysis of disruptions in JET found that there is a dis-
tinct islandwidth at which islands cause the tokamak to disrupt

corresponding to approximately 30% of the minor radius [2].
This suggests that islands are playing a key role in triggering
disruptions. Thus, there is then a critical need for a capabil-
ity to suppress magnetic islands in tokamaks before they can
cause disruptions.

The stabilization of magnetic islands by noninductive RF-
driven current has long been predicted [3]. Particularly atten-
tion has been given to electron cyclotron current drive (ECCD)
[4] and significant progress has beenmade using this approach,
both theoretical [5, 6] and experimental [7]. The question
remains, however, what is the best means of noninductive RF-
driven current to stabilize these islands? There are many RF
waves that might be employed to generate toroidal current in
tokamaks [8]. The waves that have received the most atten-
tion have been the lower hybrid wave for lower hybrid current
drive (LHCD) [9] and the electron cyclotron wave for ECCD
[4]. Both of these waves have been employed to generate sub-
stantial noninductive toroidal current for the purpose of oper-
ating tokamaks in the steady state. In this regard, LHCD has
been shown to be particularly efficient with the theoretical effi-
ciency well supported by detailed comparison to experiments
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[10]. On the other hand, for the purpose of neoclassical tearing
mode (NTM) stabilization, while LHCD has received some
experimental attention [11], nearly all of experimental effort
to date has been focused on ECCD. ECCD has been preferred
since it is thought to be the only current drive method that can
operate in ‘in a highly localized, robustly controllable way’
[12].

However, the recently identified RF current condensation
effect causes RF wave power deposition, that is initially broad,
to condense near the center of a magnetic island at high power
[13]. This effect relies upon positive feedback; the damping
of the power in a magnetic island raises the temperature at
the island center relative to the temperature of its edge. For
waves with damping rates sensitive to the temperature the
wave damping is then increased at the island center. Increased
damping at the island center further raises the central island
temperature relative to the periphery. The current drive pro-
file then follows the power deposition profile. This effect is
pronounced for both LHCD and ECCD, as both of these
RF heating and current drive methods have damping which
is extremely sensitive to the electron temperature [14, 15].
However, since LHCD normally has both a broader profile
and greater temperature sensitivity than ECCD, the current
condensation effect should provide relatively greater benefits.
Thus, the assessment that LHCD might be too broad for NTM
stabilization must be reconsidered in view of the RF current
condensation effect.

To perform this assessment, we evaluate the sensitivity of
lower hybrid (LH) power deposition to a temperature perturb-
ation, and the extent to which an elevated central island tem-
perature can localize the damping of lower hybrid waves. The
evaluation is carried out by considering lower hybrid waves
launched into a model ITER equilibrium, with an assumed
temperature perturbation near a rational magnetic surface
where islands might form. The ITER equilibrium was chosen
as a canonical example of a reactor relevant equilibrium sus-
ceptible to 2–1 and 3–2 magnetic islands. What we show is
that, for lower hybrid waves launched from the high-field side
of the tokamak (‘inside launch’), there can be substantial cur-
rent drive localization for temperature perturbations as large at
15% in even moderately large islands.

Although we report on only a partial scan of all possible
parameters, what can already be deduced from the scenarios
offered is that, while the LHCD profile remains broader than
scenarios offered by ECCD, the localization by the temperat-
ure perturbation is clear and pronounced. What this suggests
is that a relatively broad profile of LHCD, which might be
employed for supplying a significant part of the current in
steady state reactors, could act as a passive methodology for
controlling the NTM. Passive stabilization stands in contrast
to needing to accurately determine the location of the island
and then to direct the RF power as needed for ECCD stabil-
ization. In other words, in the presence of broad deposition of
LHCD, an emerging island will automatically develop a hot
center and condense the lower hybrid driven current so as to
passively stabilize the island. In the case of passive stabiliz-
ation, much of the RF power is not used for the stabilization
but might be used for maintaining a steady state. However, a

higher degree of localization may be possible when a launcher
specifically designed to maximize the effect is used.

The paper is organized as follows: in section 2, we discuss
properties of the lower hybrid wave and how it triggers
the RF condensation effect. In section 3, we show with
raytracing/Fokker-Planck simulations that the damping in the
presence of a temperature perturbation can lead to signific-
antly enhanced power deposition near the local temperature
maximum. In section 4, we evaluate the importance of non-
Maxwellian effects on the localization of LHCD and RF con-
densation. In section 5, we summarize our main conclusions.

2. Lower hybrid waves

Lower hybrid current drive has long been employed as an effi-
cient means of current drive and non-inductive sustainment of
tokamak discharges. LH waves have frequencies correspond-
ing to the lower-hybrid limit, Ωi ≪ ω ≪ Ωe. Here ω is the
angular frequency of the lower-hybrid waves andΩi andΩe are
the ion and electron cyclotron gyro-frequencies respectively.
The lower-hybrid limit typically corresponds to 1–10 GHz fre-
quency window over a wide range of tokamak parameters.
Lower hybrid waves are launched from a waveguide with a
slow-wave launching structure which is placed close to the
plasma edge in order to ensure good coupling as the lower-
hybrid wave is evanescent unless its frequency is below the
electron plasma frequency, ωpe [16]. The waves then propag-
ate until they encounter one of two limits. The first limit, cor-
responding to LH slow-wave accessibility, is [17, 18]:

n|| ≥ n||acc =
ωpe
Ωe

+

√
1+

(
ωpe
Ωe

)2

−
(ωpi
Ω

)2
(1)

where n|| is the parallel refractive index corresponding to
ck||/ω and ωpi is the ion plasma frequency. When the paral-
lel refractive index drops below this limit the wave is reflected
and mode converted into a fast wave. The other limit on LH
wave propagation is the onset of Landau damping when [17–
19]:

n|| ≥
5.4

[Te (keV)]
1/2

(2)

When this relation is satisfied the wave is quickly absorbed
by non-thermal electron Landau damping at three to six times
the electron thermal velocity, vthe [19] and drives a plasma cur-
rent there [5, 10]. The non-thermal nature of LHwave damping
causes significant distortion of the electron distribution func-
tion at high electron energies necessitating a Fokker-Planck
calculation to determine the non-linear evolution of the dis-
tribution function in response to LHCD and predict the LH
wave’s absorption and the current drive profiles.

In previous studies of reactor relevant parameter regimes
simulations of LHCD have indicated that the current drive pro-
files should be broad and off axis, between r/a ∼ 0.6–0.8
[20–27], in comparison to the localized current drive which
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can be obtained with electron-cyclotron current drive (ECCD)
[12, 28, 29]. While LHCD has been suggested as a mechan-
ism for NTM suppression in future tokamak designs no mech-
anism by which the LHCD could be localized to effectively
stabilize the NTMs was described [21, 22]. The temperat-
ure perturbation associated with thermal insulation in a mag-
netic island [30–36], however, can be large enough to induce
significant localization of the LH wave. Moreover, due to the
shape of the temperature perturbation present in these islands,
wave damping and therefore current drive is localized near the
O-point of the island where the temperature is peaked and the
current drive is most effective at suppressing the island [3].

Lower hybrid current drive localization can occur because
of the non-thermal nature of LH wave damping. A small
increase in electron temperature can increase the number of
electrons with ve = vph,LH (the phase velocity of the LHwave),
by many orders of magnitude inducing strong wave damping,
a consequence of the nonthermal electron population avail-

able for damping ∝ e
−
( vph,LH

vthe

)2

. As a result of the localiz-
ation, and thus increased heating and current drive within
the island, further wave localization can occur as a result of
RF-condensation, which is, a non-linear feedback effect that
occurs as a result of the RF power deposition balancing with
the thermal diffusion [13]:

∇· [neκ ·∇T(x)] =− [Prf (T(x))+POH (T(x))] (3)

where T is the temperature, ne is the electron density,
κ is the thermal diffusivity, Prf is the RF heating power, POH
is the ohmic heating power, and x is the spatial coordinate.
The evolution of equation (3) leads to further peaking of the
island temperature profiles about the O-point. The temperature
peaking in turn increases LHwave damping, Prf, at the island’s
O-point leading to a feedback loop. This is the RF condensa-
tion effect which can be used to further localize LHCD at an
island’s O-point and greatly increase LHCD’s efficiency when
used to suppress magnetic islands.

3. Simulations of LHCD localization

Simulations of LHCD were performed using the GENRAY
(General Raytracing) raytracing code [37] and the plasma
distribution function’s response to the LH wave absorption
was modeled using the CQL3D (Collisional/Quasilinear 3D)
Fokker-Planck code [38, 39]. GENRAY models the propaga-
tion and absorption of LH waves in the Wentzel-Kramers-
Brillouin approximation using raytracing/geometric optics
and passes the resulting ray paths to the CQL3D Fokker-
Planck code. CQL3D reconstructs the quasi-linear diffusion
coefficient along the ray paths then quasi-linearly evolves
the distribution function in time and recalculates the damp-
ing along the rays. After a sufficient number of timesteps in
CQL3D the ray absorption and perturbed distribution function
reach a steady state that correctly models the ray damping on
a perturbed distribution function. GENRAY/CQL3D provide
ray data that can be analyzed on a ray-by-ray basis and current
drive profiles that can be used later for stability calculations

in order to predict the required launched LH power needed to
suppress a magnetic island.

We have calculated how imposed temperature perturbations
affect LH power deposition. In practice we are interested in
local temperature perturbations produced by the presence of
magnetic islands, with their associated change in topology
and associated boundary conditions. For our purposes here,
of establishing the sensitivity of the power deposition to the
temperature perturbation and the associated localization of the
power deposition, it is sufficient to consider only temperat-
ure perturbations. The coupled problem, with the nonlinear
feedback between the temperature perturbation and the power
deposition described by equation (3), has been left to future
work. In order to properly calculate the RF power source term
in equation (3), the magnetic island’s geometry will need to
be considered rigorously in the raytracing and Fokker-Planck
simulations.

In the following simulations themagnetic equilibrium, tem-
perature profiles, and density profiles, of ITER Scenario 2 [40]
generated using TRANSP [41] were used to model LHCD loc-
alization. Scenario 2 was chosen as a canonical example of a
reactor relevant parameter space susceptible to 2–1 and 3–2
magnetic islands [42]. The temperature, density, and safety
factor profiles used in the simulations appear in figure 1. The
ITER scenarios, unlike many other reactor relevant scenarios,
are highly vetted, and ITER Scenario 2 has q = 2 and q = 1.5
surfaces that are far enough off-axis that they are access-
ible to LH waves. ITER scenario 2 also has high, reactor-
relevant, electron core temperature, Te0, ensuring that the LH
wave damps in a single pass. The strong single pass damp-
ing of the LH waves in this discharge ensures that the raytra-
cing simulations stay far from the regimes where reflections
and edge cut-offs can occur causing the Wentzel–Kramers–
Brillouin (WKB) approximation to break down. Additionally,
in strong damping regimes, the LH wave is localized to so
called ‘resonance cones’ that propagate in an organized fash-
ion [43] as opposed to weakly damped regimeswhere the wave
exhibits a cavity mode like propagation pattern filling the toka-
mak stochastically [44, 45]. An example of the propagation
of the LH waves in Scenario 2 is shown in figure 2. As LH
wave propagation is predictable in strong damping, one can
more easily extrapolate the localization associated with a one-
dimensional temperature perturbation to the localization that
would occur in a more realistic three-dimensional island geo-
metry. This allows one to make an accurate assessment of the
LHCD localization expected in a more complex geometry as
the wave absorption in the one-dimensional case will be sim-
ilar to the three-dimensional case assuming the waves hits the
island relatively close to the island midplane.

The evolution of the magnetic island may be neglected in
these analyses using a timescale argument. The energy con-
finement time of the magnetic island is short compared to the
global resistive timescale, on the order of seconds in ITER, on
which the island is growing and this ordering is already used in
the original analysis of the RF condensation effect [13]. The
quasi-linear timescale, corresponding to the RF response to
and the evolution of the plasma distribution function, on which
this analysis is performed reaches a steady state in < 10 ms.
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Figure 1. ITER Scenario 2 temperature (Te), electron density (ne), and safety factor profiles (q) vs the square root of the normalized toroidal
magnetic flux (ϕn). The profiles and magnetic equilibrium were generated using TRANSP [39] and the electron temperatures were then
perturbed with a perturbation of the form in equation (6) about the q = 2 or q = 1.5 flux surfaces. An example of a perturbation at the q = 2
surface with w = 20 cm and δT = 0.10 is shown by the dashed line in the upper plot.

This is a shorter timescale than the other relevant timescales
in the RF condensation problem in ITER. The timescale sep-
aration allows us to decouple the problem of RF sensitivity to
island temperature perturbations from the island evolution and
the RF condensation effect in the analysis here.

The magnetic field perturbation δB from the magnetic
island is also not included in these simulations, but it is
expected to have little effect on LH wave propagation. The
width of a magnetic island is approximately:

W≈ 4

√
rδB
smBp

(4)

where: δB is the resonant component of the radial field, s=
q′/q, m is the mode number of the perturbation, and Bp is
the poloidal magnetic field. For a 2–1 island this equation
becomes:

δB
B

≈ 1
32

a
R
W 2

a2
(5)

In the case of a 20 cm q = 2 island in ITER Scenario 2
the predicted δB/B0 is ∼ 1 × 10−4 [46]. For a perturbation of
this magnitude it can be shown that no element of the dielec-
tric tensor in the LH limit [18] is modified by a value greater

than ∼ 0.1%. Since the LH wave is strongly damped, only a
single pass through the perturbation will occur, and any addit-
ive effects from multiple interactions, which could make a
small perturbation more significant, can be ignored. Thus, we
expect that the effect of δB perturbation on wave propagation
can be safely ignored in our study of the LH wave sensitiv-
ity to island temperature perturbations here. Previous studies
examining the LH wave response to perturbations in the back-
ground magnetic field B0 serve to reinforce the validity of this
assumption [47].

The δB perturbation from the magnetic island, while is
expected to be unimportant to wave propagation, may be more
important in the FP calculation. The θ−(poloidal) axisym-
metry along a flux surface, assumed in CQL3D, is broken
when a magnetic island forms. As solving the FP equation
with RF diffusion in a magnetic geometry without θ sym-
metry would require the creation of a novel code, or at the
very least would necessitate significant modifications to an
existing code, we have opted to minimize error in our simu-
lations here by ensuring that the LH wave is strongly single
pass damped. If the wave were to pass through the perturba-
tion many times at many different θ locations, as is the case in
a weakly damped discharge, a significant error could result in
not including the θ variation. However, as thewave only passes
through a given flux surface a single time at a single θ location
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Figure 2. Two-dimensional projection of ray paths in an ITER
Scenario 2 simulation with no temperature perturbation. The rays
shown as bold black lines, propagate in an orderly, predictable,
fashion characteristic of strong damping. Rays are launched slightly
inside the last closed flux surface at r/a = 0.98. The dotted line
indicates the q = 2 surface and the dashed line indicates the q = 1.5
flux surface.

in these simulations (with some spread in θ due to finite beam
width), the most significant error introduced will be that the
local RF power, and resultant fast electron, density at the flux
surface corresponding to the island location could be underes-
timated due to the trapping of heated electrons within the mag-
netic island. Such an increase in local power and fast electron
density would lead to a corresponding increase in the import-
ance of non-Maxwellian effects on the wave damping. This
effect may in fact be desirable in LHCD localization when RF

condensation feedback is included and will be discussed fur-
ther in section 4where non-Maxwellian effects are considered.

The one-dimensional radial temperature perturbation used
in these simulations has the form:

T= T0

[
1+ δT

(
ρ

w/2

)2

+ δTsin

(
2πρ
w/2

)]
,−w

2
≤ ρ≤ 0

T= T0

[
1+ δT

(
ρ

w/2

)2
]
,0< ρ≤ w

2
(6)

T= T0, otherwise

where w corresponds to the island width, ρ corresponds to
a relative radial coordinate in the magnetic island extending
from -w/2 to w/2, and δT corresponds to a free parameter that
allows us to set the perturbation size. The temperature perturb-
ation was centered about either the q = 2 or q = 1.5 flux sur-
faces. The perturbation in figure 1, resulting from equation (6),
is qualitatively similar to the radial temperature perturbations
induced by magnetic islands without the presence of local RF
heating in previous tokamak experiments, with maximum δT
values of ∼ 0.05–0.15, as measured using electron-cyclotron
emission diagnostics [30–32, 34, 46]. In future studies where
realistic island geometry is added the temperature perturbation
would be directly calculated from equation (3). The width of
the island, w, was set to either 10 cm or 20 cm and the δT value
associated with the perturbation was varied between 0.05 and
0.15 in steps of 0.05.

In order to ensure LH wave accessibility to the 3/2 and
2/1 rational surfaces it was necessary to launch the LH
waves from the high-field side (HFS) of the Scenario 2
discharge. This is not a realistic launcher configuration for
ITER as there is not port space for the installation of a
LHCD launcher on HFS or room to run the RF waveguides
to such a launcher even if space were available. However,
it is relevant to other future reactor design studies with
similar parameters such as pulsed or hybrid scenarios in
ARC (Affordable Robust Compact) class devices, EU-DEMO,
and Chinese Fusion Engineering Test Reactor (CFETR)
[24, 25, 48]. Investigation of this concept in ITER rather than
one of these reactor concepts where HFS launch is possible
was done as the ITER Scenario 2 has seen substantially more
development and physics validation than any other reactor rel-
evant scenarios and any important results derived from it can
be translated to these other devices with high confidence. The
HFS launch was required because the high density and tem-
perature pedestal in Scenario 2 causes the LH wave accessib-
ility window defined by equations (1) and (2) to be very small.
The maximum accessible n|| value at the low-field side (LFS)
midplane for ITER Scenario 2 is defined by equation (1) to
be ∼-2.0 significantly lower than ITER Scenario 4 where an
n|| =−1.8may be launched from the LFS as the pedestal dens-
ity is ∼ 7 × 1019 m−3, substantially lower than that of Scen-
ario 2 (see figure 1). In reality the launch n|| has to be slightly
below the maximum value in order to ensure that no part of the
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Figure 3. Results of a GENRAY/CQL3D simulation showing the power deposition by the lower hybrid wave and T1/T0 vs. the square root
of the normalized toroidal magnetic flux for a 20 cm temperature perturbation centered at the q = 2 flux surface. The vertical line represents
the location of the q = 2 flux surface in the simulation and the shaded region represents the region subject to the perturbation. In the case of
δT = 0.10 the power deposited inside the perturbation half width increased by a factor of 1.95 to ∼ 5 MW and the power density at the
center of the perturbation increased by a factor of 2.18.

launch spectrum, which has finite width, is cut off. In order to
reach the q = 2 flux surface where the electron temperature
is ∼ 7 keV the n|| value of the LH wave must be greater than
∼-2.05 according to equation (2). Thus, on the LFS in Scenario
2, the wave is inaccessible, or only very marginally access-
ible in the case of a wave launched from slightly below the
mid-plane where one may take advantage of a geometric n||
upshift as the wave propagates inwards. Accessibility to the
q = 1.5 surface is likely impossible with any LFS launcher
configuration in Scenario 2. These analytic estimates were
confirmed in raytracing/FP simulations which showed signi-
ficant power reflection and absorption in the pedestal when
LFS launch configurations were utilized. By increasing the
magnetic field at the launch location, and therefore Ωe, the
accessibility constraint imposed by equation (1) is relaxed
allowing wave accessibility at both the q = 2 and q = 1.5 sur-
faces.

Lower-hybrid waves in the simulations of Scenario 2 were
launched at a frequency of 5 GHz from a 0.5m highwaveguide

grill positioned 55 degrees above the high-field side midplane
with a total launched power 20 MW. Launched power was
fixed to 20 MW, a value commonly used in other ITER studies
of LHCD [22], in order to minimize the number of parameters
which needed to be scanned. For the purposes of studying the

sensitivity to temperature perturbations the input power should
be less important than other launcher parameters, however,
scanning input power will be very important when temperature
feedback effects are included as local power density determ-
ines the onset of RF condensation [13].Two-hundred forty
total rays were simulated. Rays were launched at 12 different
locations along the waveguide grill. At each of these locations,
20 rays were launched with a peak n||= −1.57, a spectral

width ∆n|| = 0.06, and a (sin(x)/x)2 spectral shape where
x= 2π

(
n|| − 0.5∆n||

)
/∆n||. The peak n|| value chosen found

by the following methodology. The value of peak n|| value
was scanned from n|| = −1.5, slightly above the accessib-
ility limit defined in equation (1) for a location 60 degrees
above the inboard midplane, to n|| = −2, the minimum value,
defined by equation (2), at which the wave should be able
to reach the q = 2 flux surface before Landau damping. In
addition to the peak n|| value the launch location was also
scanned between 0 and 60 degrees off relative to the inboard
midplane. Results of these scans were down-selected based on
which configurations were capable of providing strong local-
ization, i.e. greater than 50% increases in power density, at
both the q = 2 and q = 1.5 flux surfaces when perturbations
with δT = 0.15 were imposed. Results meeting these criteria
further down-selection to the configuration that provided the
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Figure 4. Results of a GENRAY/CQL3D simulation showing the power deposition by the lower hybrid wave and T1/T0 vs. the square root
of the normalized toroidal magnetic flux for a 10 cm temperature perturbation centered at the q = 1.5 flux surface. The vertical line
represents the location of the q = 1.5 flux surface in the simulation and the shaded region represents the region subject to the perturbation.

greatest localization and current drive efficiency. As localiza-
tion and current drive efficiency both increase with greater vph
this basically amounted to picking the wave with the highest
vph in the range of phase velocities showing strong response to
both perturbations. Some launcher configurations were found
to achieve stronger localization in response to perturbations at
one of the two surfaces but were not found to be able to localize
effectively at both. In reactor applications multiple launchers
with different spectra could be employed for optimized local-
ization on all flux surfaces vulnerable to instabilities.

The calculated ray trajectories were then used in a CQL3D
simulation using 60 flux surfaces. Flux surfaces were packed
around in the region where 0.5≲√

n ≲ 0.9 in order to increase
radial resolution around the rational surfaces of interest
without significantly increasing the computational cost of the
simulation. Here √n is the square root of normalized toroidal
flux. On each flux surface the FP equation was solved with 400
points of resolution in parallel velocity space and 250 points
in pitch angle. The FP simulations were evolved over 20 incre-
mentally increasing timesteps starting at ∆t = 10 µs and end-
ing ∆t = 10 ms for a total simulated time of 55.55 ms. The
fairly long total simulation time used here ensures that the dis-
tribution function always comfortably achieves a steady state.
This particular CQL3D configuration has been found to ensure
very good agreement between launched and damped power.
Between 99% and 100% of launched power is damped in these

raytracing/FP simulations over a large range of different para-
meters (in the baseline, δT = 0, simulations of Scenario 2
19.957 MW of power was damped).

Smaller numbers of rays were initially used and produced
similar results in most cases. However, it was found that the
velocity space resolution in the Dql construction in CQL3D
became too coarsely grained at low ray number. This coarse
graining in velocity-space occasionally led to inconsistent
results where very small modifications to the details of the
launched spectrum, such as slight changes to where the launch
locations along the grill were chosen, led to excessive sensit-
ivity in the simulation results. Increasing the number of total
rays in the simulation filled phase spacemore finely effectively
resolving this problem. Moving to large ray number could
increase the importance of neglecting effects related to spec-
tral width and interference, however, full-wave simulations of
LHCD in ITER have shown full-wave effects to be relatively
unimportant in similar regimes [49]. If these effects were truly
of concern, however, these reactor relevant scenarios are well
suited to the use of the paraxial WKB method, sometimes
known as beam-tracing, which could be employed to properly
account for them using a code such as Lower Hybrid Beam
Tracing (LHBEAM) [50].

Results of the coupled GENRAY/CQL3D simulations of
Scenario 2 with 20 cm perturbations on the q = 2 surface are
shown in figure 3, and simulations of a 10 cm perturbation on
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Figure 5. Power deposition with a LHCD launcher configuration optimized for maximum q = 2 power density and power deposition within
the perturbation half-width. The LHCD launcher was moved to 60 degrees above the inboard mid-plane and the spectrum centered at
n|| = 1.59. All other simulation parameters are the same as those used in figure 3. After these modifications the majority of the launched
20 MW of LHCD power is deposited within less than half-width of the perturbation when δT ≥ 0.1. Some shadowing is evident in these
simulations, but the power deposition remains within the half width and the overall power deposition within the island half width is
significantly larger than in simulations optimized for maximization of localization on both the q = 2 and q = 1.5 surfaces.

the q = 1.5 flux surface are shown in figure 4. Localization
about the q = 2 and q = 1.5 flux surfaces was obtained in the
presence of perturbations at all δT values. With δT values of
0.10 or larger strong localization about the center of the per-
turbation was obtained. The localization effect was consistent
across perturbation widths with localization of power depos-
ition occurring in perturbations with widths of both 10 cm and
20 cm. Substantially better localization, where a majority of
the total RF power was deposited within the perturbation half-
width, could be achieved when the launcher was optimized for
a particular flux surface. An example of such an optimization
for localization about the q = 2 flux surface can be seen in
figure 5. As ITER has been predicted by Automated System
for Transport Analysis (ASTRA) simulations of island sta-
bilization with ECCD to have islands with central δT values
in excess of 0.25 at widths > 20 cm [51], these results have
promising implications for reactor relevant stability control
with LHCD as they indicate that LHCD is indeed sensitive
to temperature perturbations, and could be localized to a mag-
netic island based only on the temperature perturbation in the
island. Localization could allow one to stabilize an island well
before it induces a disruption.

Finally, the dependence on location of the LH wave damp-
ing relative to the location of the temperature perturbation
was examined. In order to achieve a high degree of localiz-
ation without very large temperature perturbations there must
already be some quasi-linear damping of the LH wave at the

location where the perturbation is present. If a perturbation is
introduced at a location where there is little or no prior LH
wave damping, the LH wave damping that results from intro-
ducing the perturbation will not be significant unless the per-
turbation is unrealistically large. For example, in the Scen-
ario 2 simulations when the LHCD launcher was moved to the
high-field side midplane the n|| evolution experienced by the
LH waves while propagating in the toroidal magnetic equilib-
rium was modified, and as a result the temperature at which
the wave damped was increased [44]. After this modifica-
tion LHCD would no longer localize at the q = 2 flux sur-
face even when a temperature perturbation with δT exceed-
ing 0.2 was imposed (however, localization at the 3–2 flux
surface was improved). This condition on localization could
reduce the viability of LHCD stabilization schemes in steady
state scenarios where the locations of the rational surfaces on
which islands form do not necessarily correspond to the loc-
ations where the current drive is desired. However, if enhan-
cing the effectiveness of RF stabilization with LHCD is con-
sidered in the scenario design phase then it is likely that this
problem could be overcome. In some cases, this condition is
already satisfied too, for example, in Advanced Reactor Innov-
ation and Evaluation Study Advanced Tokamak (ARIES AT)
[21] a 5–2 NTM at the q = 2.5 flux surface was of some
concern as it was unclear whether or not the LHCD there
would stabilize it. Based on the LHCDprofiles presented in the
ARIES AT design, it is likely localization by the temperature
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Figure 6. Data from a single ray launched with n|| = −1.58025 in a GENRAY/CQL3D simulation launched into a perturbed temperature
profile with δT = 0.15. Plotted for Maxwellian and non-Maxwellian wave absorption is the incremental power deposited at each step along
the ray ∆P and the temperature T along the ray path vs the distance along the ray. The highest phase velocity rays demonstrated very little
quasi-linear response to the perturbation. This suggests that both 3–2 and 2–1 islands could experience localization simultaneously with a
broad launch spectrum.

perturbation in the island and further localization by RF con-
densation would occur making LHCD effective at stabilizing
NTMs without the need for additional actuators.

4. The importance of non-Maxwellian effects in RF
condensation

In the formulation of RF condensation in [13], the Prf term
was dependent on T(x). In reality this dependence is tied to
the exact details of the electron distribution function, since
the slope of the distribution function, ∂fe/∂v, can profoundly
affect the deposition profile of LHCD. To determine if non-
Maxwellian, or quasi-linear, damping was indeed important
and should be included in future calculations of RF condens-
ation, the simulations of Scenario 2 were examined. Since
the electron distribution function becomes more distorted as
the absorbed RF power density increases, if the RF power
deposition behavior on an initial island temperature perturba-
tion prior to RF condensation is found to be non-Maxwellian,
then the higher power densities expected after localization by
RF condensation should also exhibit quasi-linear behavior. To
examine the quasi-linear dependence of LHwave damping the
simulation data was examined ray by ray. The damping rate
on the Maxwellian has been compared to the damping rate
of that ray on the electron distribution function after it had

been evolved by the Fokker-Planck equation. The results of
this analysis show modification of the damping rate of rays
passing through the perturbation as a result of the forma-
tion of a Landau plateau. An example of this for a ray with
n|| = −1.58025 can be seen in figure 6.

The formation of a Landau plateau reduces the rays’ damp-
ing at outer flux surfaces and causes them to penetrate farther
into the plasma. This may be a favorable effect since it can
prevent ‘shadowing’ of a magnetic island in some cases. Shad-
owing occurs when the temperature perturbation in a magnetic
island as the result of the RF condensation effect becomes
large enough that the wave damps before it is able to reach
the center of the island. Non-Maxwellian damping should
increase the magnitude of the perturbation required for shad-
owing to occur. Additionally, it was found that when quasi-
linear effects were taken into consideration some of the
lowest n|| rays demonstrated little response to the temperature
perturbations and deposited most of their power further into
the plasma. This suggests that it may be possible, with suffi-
ciently broad launched spectrums, to stabilize the 2–1 and 3–2
mode simultaneously. If more accurate island geometry was
used in these simulations power densities would be higher as,
rather than being spread over the entire volume of the q = 2
flux surface as in the CQL3D simulation where θ symmetry
along the magnetic flux surface is assumed, the power and
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Figure 7. The normalized absorbed RF power density vs square root toroidal flux for temperature perturbation δT = 0.15 at a number of
launched RF powers. This scan was done in order to quantify the effect of increased power and fast electron density on the localization of
LHCD about a temperature perturbation. These simulations utilized the same launch configuration as the results presented in figure 5 and
were optimized for maximum localization about the q = 2 flux surface. Little change is observed with increases in RF power density, but the
small degree of shadowing seen in figure 5 is slightly reduced as RF power density increases. This is a result of increased ray damping
length and agrees with prior analytic estimates which predicted decreased shadowing at longer ray damping lengths [52].

some fraction of the driven fast electron population would be
localized to amuch smaller volumewithin themagnetic island.
The use of a 20 MW launch power in the Scenario 2 simula-
tions offsets this inaccuracy somewhat as stabilization of mag-
netic islands in a pulsed or hybrid scenario would likely not
require 20 MW of RF power. The total launched power dens-
ity in these use cases would be significantly, perhaps even an
order-of-magnitude lower, based on simulations of the stabil-
ization of islands in ITER Scenario 2 using ECCD [51–53],
however, even at lower power densities LHCD exhibits quasi-
linear behavior. The inclusion of quasi-linear damping could
significantly modify the hysteresis effect LH waves experi-
ence as they undergo RF condensation. Though, the modi-
fication as a result of quasi-linear effects will likely serve to
reduce the amount of edge deposition in the magnetic island
and improve the relative increase of current at the island
O-point this is because the quasi-linear effects observed here
tend to increase the power deposition length of the lower-
hybrid wave as demonstrated in figure 6. Increasing power
deposition length has been shown in analytic studies of the
non-linear hysteresis behavior exhibited by waves undergoing
RF condensation to, in many cases, actually improve the loc-
alization of the wave about the center of magnetic islands by
reducing shadowing [54]. While the increased local RF power
density and trapped electron density which could occur in an
island cannot be modeled here with the available tools, we can
study the effect of enhanced non-Maxwellian behavior. This
can be done through a relatively simplemodification to the cal-
culation in figure 5, where a launcher configuration optimized
for the q= 2 island was simulated and a small amount of shad-
owing was observed. To demonstrate that increased power and
fast electron density improves localization the launched power
was systematically raised up to 100 MW. The results of these
simulations are shown in figure 7. This amount of launched
power is obviously unrealistic, but is intended to show that

large increases in power and fast electron density only have a
subtle effect on the deposition profiles, and that this change is
in fact beneficial. Thus, it is expected that even if there were a
large modification to the local RF source term due to increased
local power and fast electron density in the island this modi-
fication would tend to make the RF condensation effect more
robust rather than weaken it.

Since we have shown here the power deposition profile can
be significantly modified by non-Maxwellian damping, the
evolution of the electron distribution function in response to
the RF will need to be included in future simulations of LH
waves undergoing RF condensation and simple linear damp-
ing calculations will be insufficient. Thus, rather than solving
a simplified thermal diffusion equation the full Fokker-Planck
equation describing the electron distribution function inside of
the island will need to be solved due to the strong quasi-linear
dependence of the Prf term.

5. Conclusion

LHCD localization in response to temperature perturbations
has been demonstrated in simulations of reactor relevant con-
ditions. For magnetic island-like radial temperature perturb-
ations located at the q = 2 surface with a δT values of
0.10–0.15, which can reasonably occur in magnetic islands
resultant from an NTM before RF condensation feedback,
strong localization of LHwave absorption occurred for reactor
parameters characteristic of ITER Scenario 2. In all sim-
ulations of LHCD localization the majority of the LHCD
within the perturbation was located within the half-width, and
RF power densities in the perturbed region were more than
doubled when the perturbation exceeded δT ∼ 0.1. The strong
localization observed in these simulations could be sufficient,
in some situations, to stabilize a magnetic island without
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further localization by RF condensation. Smaller temperature
perturbations with δT values of 0.05 exhibited modest localiz-
ation which could reduce the launched power density required
to achieve island stabilization. In these simulations the same
launch spectrum was used to localize current drive on both
rational surfaces for simplicity. Greater localization can be
obtained if the launcher configuration is tailored to induce loc-
alization on a specific flux surface or multiple launchers with
different configurations are used. Finally, if the LH wave were
to induce RF condensation in these cases the localization, and
therefore island stabilization efficiency, of the LHCD could be
increased further.

The non-linear evolution of the electron distribution
function in these simulations showed that the effect of
non-Maxwellian damping, not considered in previous RF con-
densation models [13, 54], must be included for LH waves.
Therefore, future simulations of RF condensation of LHwaves
should calculate the evolution of the electron distribution
function in response to the RF to accurately determine the
RF power deposition profiles. While these results have been
obtained using 1-D radial temperature perturbations, due to
the predictable nature of LH wave propagation in the single
pass damping regimes present in these simulations, the results
can be extrapolated to amore complicated island geometry and
will be used in to inform more sophisticated RF condensation
models that calculate the non-linear evolution of the LHCD
profiles and temperature within a magnetic island. Iteration of
raytracing/Fokker-Planck simulations that precisely calculate
damping in the island geometry with simulations of the tem-
perature diffusion in the magnetic island should allow one to
demonstrate non-Maxwellian RF condensation of LH waves.

It is not unlikely, based on these results, that fully self-
consistent simulations with the inclusion of correct magnetic
geometry and temperature feedback could produce an even
more robust RF localization response. Such simulations could
reach higher values of local RF power density due to loc-
alization of wave damping within the magnetic island. This
will allow the onset of RF condensation at lower launched
RF power levels [13]. The magnetic insulation effect observed
in islands present in large tokamaks has been sufficient to
produce perturbations comparable to the largest, δT = 0.15,
used in this study even without direct RF heating of the
magnetic island [32] suggesting substantial localization could
occur even without further condensation, and it is expected the
achievable δT as a result of RF condensation causing posit-
ive feedback could exceed the values investigated here. The
final concern about the transition of these results to a com-
plete model is the case where an enhanced fast electron dens-
ity develops within the island as a result of trapping. Greater
LHCDproduced fast electron densitywill result inmore robust
Landau plateau generation and serve to enhance any non-
Maxwellian behavior. However, analytic studies of RF con-
densation suggest that there can be a ‘shadowing effect’ which
under some circumstances reduces penetration into the island
by the LH waves [54], and the increased damping length asso-
ciated with plateau formation can be beneficial under such
circumstances. (Additionally, shadowing might be mitigated
through pulsing the RF [55].)

It is worthwhile also to note that the advantageous scen-
arios were achieved using inside launch lower hybrid waves,
i.e. from the high field side of the tokamak. The use of inside
launch waves has been contemplated for driving toroidal cur-
rent in tokamaks such as ARC, and CFETR [24, 48]. How-
ever, the use of inside-launch waves in a tokamak reactor,
particularly when they drive current away from the tokamak
center where magnetic islands tend to reside, carries also
the possibility of an advantageous, though speculative, syn-
ergistic effect [55, 56] of drawing some of the lower hybrid
power from the alpha particles through an alpha channeling
effect [57, 58].

Even without the further upside associated with inside
launch, these results showing strongly localized power depos-
ition already serve to dispel the notion that LHCD is inherently
limited to use as broad steady-state current drive actuator and
could, with proper scenario and RF system design, be used as
localized, high-efficiency, current drive actuator for stability
control. Moreover, with careful system design, it is likely that
the localization of LHCD and stabilization of NTMs could be
achieved nearly passively, i.e. without the need for significant
active feedback control. This could have significant implica-
tions for the role of LHCD in future fusion experiments and
reactors such as CFETR and ARC.
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