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ABSTRACT

Ion cyclotron heating (ICH) on the Prototype Material Plasma Exposure eXperiment (Proto-MPEX) is to be accomplished using the “beach-
heating” technique. Beach heating has not been previously demonstrated to efficiently heat core ions at the high electron density values pre-
sent in Proto-MPEX. This work numerically investigates the wave propagation characteristics of the ICH region on Proto-MPEX to explore
avenues for efficient core ion heating. The analysis reveals that finite electron temperature effects are required to predict core ion heating.
Cold plasma dispersion analysis and full-wave simulations show that the inertial Alfv�en wave (IAW) is restricted from coupling power into
the core plasma because (1) the group velocity is too shallow for its energy to penetrate into the core before damping in the periphery and
(2) when operating in a magnetic field where x=xci � 0:7, the IAW is cut off from the core plasma by the Alfv�en resonance. However,
including kinetic effects shows that the kinetic Alfv�en wave (KAW) can propagate in the electron temperature regime in Proto-MPEX. Full-
wave simulations show that when the electron temperature is increased to Te > 2 eV and the edge electron density is sufficiently high
needge > 1� 1017 m�3, ion power absorption in the core increases substantially (�25% of total power). The increase in ion power absorption
in the core is attributed to the propagation of the KAW. Calculations of electron and ion power absorption show that the electron heating is
localized around the Alfv�en resonance, while the ion heating is localized at the fundamental ion cyclotron resonance.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5065784

I. INTRODUCTION

Direct ion heating is expected to increase ion temperatures on the
Prototype Material Plasma Exposure eXperiment (Proto-MPEX) to
values of 30 eV or more.1 In this regime, Proto-MPEX can simulate the
effects in a fusion reactor divertor, in which ion temperature is
expected to play an important role in the plasma-material interaction
physics.2 Ion heating on Proto-MPEX will be accomplished by launch-
ing a left-hand polarized wave from a region of high magnetic field to a
region of decreasing magnetic field strength, where the wave encoun-
ters the ion cyclotron resonance. At the cyclotron resonance, the rotat-
ing electric field of the wave accelerates ions that are in phase with it
and therefore leads to an increase in the perpendicular energy of the
ions and damping of the wave.3,4 Figure 1 depicts a conceptual drawing
of the wave propagation in this heating scenario. This ion heating tech-
nique is well known and is referred to as “beach heating.” Beach heat-
ing has been demonstrated to heat ions efficiently on several devices
including the B-66 stellarator in the 1960s,5 later on tandem mirrors
such as Phaedrus6 and Tara,7 and more recently on Variable Specific

Impulse Magnetoplasma Rocket (VASIMR).8 The high electron den-
sity of Proto-MPEX makes this a novel environment for beach heating.
The electron density is an order of magnitude higher on Proto-MPEX
than the devices that this technique was previously demonstrated on.
This work aims to show that a theoretical route to efficient core ion
heating exists at such high electron density.

Wave propagation in this regime has been studied across several
areas of plasma science including the Earth’s magnetosphere, fusion
devices, and the solar corona. This regime has been studied in-depth on
the LArge Plasma Device.9–12 The wave of interest to the ion cyclotron
heating (ICH) region on Proto-MPEX is the shear Alfv�en wave. This
wave propagates on the slow wave branch of the dispersion relation, is
classified in the literature into two limits of propagation corresponding
to either cold or hot electrons, and is typically sorted by comparing the
Alfv�en velocity to the thermal velocity of the electrons. With cold elec-
trons (vthe � vA), the wave propagates in the inertial regime and a cold
plasma tensor can capture the propagation of this wave. However, when
this wave propagates in a plasma with hotter electrons (vthe � vA), the
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wave is said to propagate in the kinetic regime and a kinetic plasma ten-
sor is required to describe the wave propagation. McVey13 classifies the
propagation of these waves by different means. The shear Alfv�en wave
in the inertial limit propagates on the low electron density side of the
Alfv�en resonance, or when the parallel index of refraction of the wave
is greater than the S component of the Stix tensor (n2k � S), and the
parallel phase velocity of the wave is greater than the electron thermal
velocity of the wave (vpk � vthe ). McVey then describes the shear
Alfv�en wave in the kinetic regime to propagate on the high electron
density side of the Alfv�en resonance (n2k � S), and the parallel phase
velocity of the wave is less than the electron thermal velocity of the
wave (vpk � vthe ). Here, we will refer to the shear Alfv�en wave in the
inertial regime as the inertial Alf�en wave (IAW) and in the kinetic
regime as the kinetic Alfv�en wave (KAW).

Proto-MPEX can operate in a regime where both the IAW and
the KAW propagate for magnetic field configurations where the driv-
ing frequency is near the ion cyclotron frequency (x/xci > 0.7).
Proto-MPEX typically operates with an electron temperature between
Te ¼ 1 and 6 eV such that the electron thermal velocity is approxi-
mately equivalent to the expected parallel phase velocity of the wave
vthe � x=kk. Figure 2 shows the Fourier spectrum from the ICH

antenna on Proto-MPEX. The electron density gradient across the
plasma column is such that the IAW wave propagates at the periphery
of the plasma (n2k � S) and the KAW propagates in the core plasma
(n2k � S). Therefore, for a constant magnetic field strength, the n2k ¼ S
contour lies across the plasma’s electron density gradient and separates
the regions where the IAW and the KAW can propagate. This contour
is known as the Alfv�en resonance, and its presence has noteworthy
consequences on the heating and wave propagation characteristics of
the ion cyclotron heating (ICH) region. The Alfv�en resonance location
restricts the propagation of the KAW inside the plasma core, and sig-
nificant electron heating can take place along this contour.14,15

Previous authors have described the heating of electrons in this layer
due to mode conversion of the shear Alfv�en wave (slow wave branch)
to lower hybrid oscillations (fast wave branch).16,17

In what follows, Sec. II describes the experimental configuration
of the ICH region. Section III describes the 3D full-wave model used
to investigate the wave propagation and heating in the ICH region.
Section IV presents a dispersion analysis in the temperature regime
where the IAW and KAW are expected to propagate. In this section,
we show the regions of propagation of the IAW and the KAW. The
calculation of IAW’s group velocity angle relative to the magnetic field
is presented to show that in the geometry of Proto-MPEX, this wave’s
energy is restricted from accessing the core plasma. Finally, Sec. V
shows the results from a 3D full-wave model that predicts core ion
heating when the electron temperature is raised to the level where the
KAW is expected to propagate. Contours of power deposition are ana-
lyzed here to show the regions heated by the IAW and the KAW as
well as the electron and ion heating due to these waves. Calculations of
electron vs. ion heating in the ICH region are presented to show that
the ions absorb most of the power deposited in the core plasma when
Te > 2 eV. A significant dependence on the value of the electron den-
sity at the edge (needge ) of the plasma is shown, and no significant core
heating is observed for needge < 1� 1016 m�3.

II. Proto-MPEX ICH CONFIGURATION

Proto-MPEX is a linear plasma device operating at Oak Ridge
National Lab (ORNL), on which the rf source concepts for Material
Plasma Exposure eXperiment (MPEX) are being developed and tested.
Proto-MPEX uses a helicon antenna as the plasma source18,19 to gen-
erate a plasma with electron densities of ne > 6� 1019 m�3 at the tar-
get plate. The plasma is then heated with microwaves and ICH to
increase the electron and ion temperatures in the device to simulate
the conditions of a fusion relevant divertor plasma.1,20,21 For ICH
experiments, the typical range of electron and ion temperatures are Te
¼ 1–3 eV and Ti ¼ 0–12 eV respectively. For the simulations reported
herein, the DC magnetic field at the ICH source and target location is
approximately 1.2T and 1.0T, respectively. The driving frequency of
the ICH antenna can be varied between 6 and 9MHz, but for the pur-
poses of the simulations presented here, it is set to 7.5MHz. The ICH
antenna is a 25 cm long, left-handed half-helical turn design.22

A 2D schematic of the Proto-MPEX device is shown in Fig. 3. In
this figure, on-axis magnetic field strength and flux line mapping in
the 2D schematic are shown. The background magnetic field is pro-
duced with 12 magnetic field coils labeled as Coils 1–12 in the sche-
matic. For the simulations reported in this work, the downstream coils
are powered with 5600A producing the magnetic field strength and
flux mapping shown.

FIG. 2. Near field (r¼ 3.6 cm) vacuum spectrum of the By component of the RF
magnetic field taken on the ZY plane excited by the ICH antenna.

FIG. 1. Conceptual drawing of the wave propagation in a beach heating scenario.
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III. FULL-WAVE MODEL

To model the plasma wave physics of the ICH region on Proto-
MPEX, Maxwell’s equations are solved in the frequency domain using
the finite element analysis software COMSOL Multiphysics. A 3D
geometry of the ICH antenna is used to solve for the electric field
throughout the simulation domain. First, the simulation geometry
used is described in Sec. IIIA. Next, in Sec. III B, a brief description of
the magnetic field and electron density model used is discussed.
Finally, the plasma tensor used to describe the linear plasma response
to the applied rf is presented in Sec. IIIC.

A. Simulation geometry

Figure 4 shows a schematic of the simulation geometry. The
coaxial feed where the port boundary condition is applied is labeled.
The antenna feed is electrically connected to the center conductor of
the feed coax while the antenna ground is electrically connected to the
vacuum chamber. The ICH antenna geometry is replicated in
COMSOL and is used for full-wave simulations of the ICH heating
region in Proto-MPEX. The simulation is excited with a port boundary
condition at the coaxial feed labeled in Fig. 4, which launches a coaxial
TEMmode. The ICH antenna and coaxial feed structures are modeled
as a perfect electrical conducting boundary since we are not interested
in the losses at the metal boundaries which are expected to be small
compared to plasma loading. The currents along the ICH antenna are,
thus, solved for self-consistently in the simulation. The simulation
domain is divided into 3 regions with different material properties.
The domain in which the antenna and coaxial structures are located
has vacuum dielectric properties and is surrounded by the vacuum
chamber which is also modeled as a perfect electrical conducting
boundary. The region inside the vacuum region is the ceramic win-
dow, which separates the antenna from the plasma column. This
region has dielectric properties of alumina with a relative permittivity
of �r ¼ 10.2, and a conductivity of r ¼ 1� 10�12 S/m. Finally, inside
the ceramic window region is the plasma region which has dielectric
properties of a Maxwellian two-species (ions and electrons) plasma.
The dielectric properties of the plasma are described in Sec. III C. The

axial ends of the simulation are terminated with second order absorb-
ing boundary conditions.

B. Simulation inputs

The full-wave model requires inputs of the magnetic field, electron
density, and electron and ion temperatures. The magnetic field is calcu-
lated from Ampere’s law in axisymmetric 2D using the experimental
magnetic coil geometry shown in Fig. 3. The electron density is then
defined as a function of magnetic flux as ne ¼ ð1� vaÞb þ needge , where
v is the flux function normalized such that plasma width corresponds
to the measured plasma profile. The constants a and b are set to a¼ 2
and b¼ 1.75. This model for the electron density has been shown to
capture the flux expansion of the plasma throughout Proto-MPEX.23

For this analysis, it is found that the peak electron density is set to
nepeak ¼ 4� 1019 m�3 and the edge density is set to needge ¼ 1018 m�3.
The magnetic field for this simulation is solved for using a 2D asym-
metric solution of Ampere’s law given the current configuration shown
in Fig. 3 and an imposed current on the magnet coils of IA ¼ 5600A.
Electron and ion temperatures are constant along the plasma column.
The ion temperature is held at Ti ¼ 5 eV, and electron temperature is
scanned between Te ¼ 0.6 and 10 eV to show the effects that electron
temperature has on ion and electron core heating.

C. Plasma tensor

The cold plasma tensor is only able to capture the physics of the
inertial Alfv�en wave (IAW). However, as will be discussed in Sec. IV,
the Kinetic Alfv�en wave (KAW) is expected to propagate in the Proto-
MPEX ICH region. The ability to simulate both waves requires a
plasma response that includes kinetic effects. A derivation of the
Maxwellian kinetic plasma tensor can be found in Ref. 24. This tensor
can then be simplified with the finite Larmor radius approximation
(k?rCi� 1) to remove terms that include dispersion in the perpendic-
ular direction. With this assumption, this model can capture the

FIG. 4. Schematic of the ICH geometry used in COMSOL for the simulation. The
YZ plane is shown and the ICH antenna, coaxial feed, antenna ground, and
antenna feed are labeled. The antenna structure, feed strap, and ground strap are
depicted in golden color. The alumina window is shown in a dark grey region.
Inside of the alumina window is the plasma volume where the bulk plasma is visual-
ized by the pink contour. A 3D rendering of this geometry is shown in the lower
right-hand side of the figure for clear visualization of the 3D geometry.

FIG. 3. On-axis magnetic field strength in Proto-MPEX for the magnetic configura-
tion used in the simulations (top). Flux line mapping and a two dimensional sche-
matic of Proto-MPEX (bottom). Magnetic coils are depicted by the red boxes and
labeled 1–12. The helicon antenna, the ICH antenna, and the target plate are
labeled for reference.
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physics that allow the KAW to propagate.13 Also, this formulation of
the plasma response captures fundamental cyclotron and Landau
damping of either electrons or ions. We note that this formulation of
the plasma tensor will not capture any effects that are important near
the harmonics of the cyclotron resonance, such as ion Bernstein wave
propagation. Also, because this formulation relies on the finite Larmor
radius approximation, the fast wave propagation near the Alfv�en reso-
nance may not be properly captured, as this wave undergoes an
increase in k? towards infinity in the collisionless plasma limit. Because
of the high electron density and low temperature, collisions are an
important process in the Proto-MPEX plasma. The modifications to
the kinetic tensor can be made using the Krook model. This collisional
kinetic tensor was reported in Ref. 13 and is presented below.

The dielectric tensor used to simulate the plasma in Proto-MPEX
is given by

�r ¼ QKQT ; (1)

where

K ¼
S �iD 0
iD S 0
0 0 P

2
4

3
5; (2)

andQ is the rotation matrix to bring the z-axis component of K paral-
lel to the magnetic field. The elements of K are

P ¼ 1�
X
i

x2
pi

ðkkvthiÞ
2 Z
0ðn0Þb�1; (3)

S ¼ 1
2
ðRþ LÞ; (4)

D ¼ 1
2
ðR� LÞ; (5)

where

R ¼ 1þ
X
i

x2
pi

xkkvthi
Zðn1Þ; (6)

L ¼ 1þ
X
i

x2
pi

xkkvthi
Zðn�1Þ; (7)

b ¼ 1þ i�i
kk�i

Zðn0Þ
� �

; (8)

nn ¼
xþ nxci þ i�i

kkvthi
: (9)

In Eqs. (3)–(9), Z(nn) is the plasma dispersion function, and kk is the
parallel wave number of the propagating wave. The collision, plasma,
and cyclotron frequency of species i are denoted as �i, xpi, and xci

respectively. The thermal velocity of species i is vthi . Equations (6)–(9)
describe a Maxwellian plasma with collisional damping. Coulomb col-
lisions for both electrons and ions are calculated from the specified ne
and Te. The electron collision frequency also has an addition of
electron-neutral collisions with D2. The electron-neutral collisions are
calculated assuming a background neutral gas density of n0¼ 3.2
� 1018 m�3, which is estimated from Baratron measurements in the
ICH region. Equations (6)–(9) are dispersive in the direction parallel
to the magnetic field and require knowledge of kk. This is a non-local

parameter and can be handled properly through using an all-orders
spectral method.25,26 However, for the purposes of this paper, kk was
approximated to be a constant dependent on the peak of the ICH
antenna spectrum. For the ICH antenna used in this study, the spectral
peak for them ¼ �1 azimuthal mode is kk � 20m�1, and this will be
the value used for kk in the dielectric tensor.22

IV. DISPERSION ANALYSIS

Understanding the dispersive properties of the plasma column is
critical to interpreting full-wave simulations. The dispersion relation
can be formulated by solving a 0D Helmholtz equation using the
dielectric tensor given by Eq. (2). Assuming knowledge of the parallel
wave number, kk, the solutions to the dispersion relation are a bi-
quadratic equation to which the approximations of the two roots are
given by

k2?FW
¼
ðk20R� k2kÞðk20L� k2kÞ

k20S� k2k
; (10)

k2?SW
¼ P

S
ðk20S� k2kÞ: (11)

With Eqs. (10) and (11), we can now understand the perpendicu-
lar propagation characteristics of the waves that have a parallel wave
number driven by the ICH antenna geometry. The perpendicular
wave number of the wave solved for by Eqs. (10) and (11) is a complex
quantity. The real part gives the perpendicular wave number while the
imaginary part gives the inverse of the damping length. With the dis-
persion relation, the propagation characteristics of the slow and fast
waves can be mapped out to help interpret results from the full-wave
simulation. Both the IAW and KAW are found to propagate on the
slow-wave branch of the dispersion relation, and, therefore, only this
branch is analyzed. Lower-hybrid oscillations were described to be effi-
cient sources of electron heating at the Alfv�en resonance in Ref. 17,
which analyzed the VASIMR beach heating scenario. These lower
hybrid oscillations are described by the fast-wave branch of the disper-
sion relation. While typically the slow-wave branch of the dispersion
relation contains larger k? than the fast-wave branch, near the Alfv�en
resonance, the slow-wave branch experiences a decrease in k? toward
zero and the fast-wave branch’s k? increases towards infinity.
Therefore, the two branches of the dispersion relation reach a conflu-
ence near the Alfv�en resonance, which could lead to efficient mode
conversion between the two branches17 and therefore strong electron
heating at the Alfv�en resonance.

The regions of propagation of the IAW and the KAW are dis-
cussed in Sec. IVA. In Sec. IVB, we discuss how electron temperature
affects the wave propagation of the IAW and KAW. Next, a discussion
of the energy access of the IAW to the core plasma is presented in Sec.
IVC where we show that the IAW is restricted to the periphery of the
plasma due to the small group velocity angle relative to the magnetic
field.

A. Regions of propagation

To help interpret the results from the full-wave simulation, we
first solve the dispersion relation to understand the propagation char-
acteristics of the plasma waves of interest. The relevant contours in the
ICH region are the Alfv�en resonance (n2k ¼ S) and the ion cyclotron
resonance (xci ¼ x). The ion cyclotron resonance acts to strongly
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damp left-hand polarized waves and transfer the wave’s energy to heat
ions. The Alfv�en resonance acts to cut off the IAW and KAW, thereby
separating the regions of propagation of both waves. As explained in
Sec. I, the IAW propagates on the low electron density side of the
plasma column, and the KAW propagates on the high electron density
side at values of electron temperature that allow the electron thermal
velocity to exceed the axial phase velocity of the wave. However,
Proto-MPEX’s ICH antenna operates in a regime where the thermal
velocity is close to the parallel phase velocity of the wave and, there-
fore, both waves are expected to play a role in the heating.

Figure 5 shows a 2D schematic of the ICH region with the rele-
vant contours drawn. The magnetic field in this schematic is the same
one as depicted in Fig. 3. The relevant contours that are depicted in Fig.
5 are the fundamental ion cyclotron resonance (x¼ (2p)7.5MHz),
depicted by the solid green lines, and the Alfv�en resonance, which is
depicted by the red contour lines. The contours of the Alfv�en resonance
have a dependence on the electron density, magnetic field strength, and
parallel wave number. For the simulation of interest in this paper, the
Alfv�en resonance acts to restrict access of the IAW from the core
plasma and confine the KAW to the core plasma.

B. Electron temperature effects

Electron temperature affects the propagation characteristics of
both the IAW and KAW. However, in our regime, the KAW is
affected more than the IAW by electron temperature. Figure 6 shows
the calculation of the real part of k? as a function of electron density
from Eq. (11). The electron density covers the range expected across
the plasma column in the Proto-MPEX ICH region. The calculation is
made for several values of Te relevant to current and future experimen-
tal scenarios in Proto-MPEX.

The dispersion calculation presented shows that the IAW is cut off
from the core plasma at the Alfv�en resonance, which occurs for electron
density values of ne � 1� 1019 m�3 at a magnetic field strength of B0
¼ 1.2T. The plot shows that Proto-MPEX operates in a regime where the
KAW begins to propagate. The IAW does not propagate when Te is very
large, such that vthe � x=kk. However, for the conditions of Proto-
MPEX, this regime of Te is not accessible, and therefore, Proto-MPEX
operates in a temperature regime where the physics of both the IAW and

the KAW are relevant. Therefore, a cold plasma model cannot be used to
accurately model the ICH region, and the effect of electron temperature is
necessary to describe the wave propagation in the ICH region. In Sec. V,
we investigate the effect of electron temperature on predicted core ion
power absorption from the 3D numerical simulations.

C. IAW group velocity restriction

The group velocity of an electromagnetic wave describes the direc-
tion in which the wave’s energy propagates. In materials with complex
dielectric properties, such as a plasma, the group velocity of the wave is
not necessarily parallel to its phase velocity. To understand the propaga-
tion of the plasma wave’s energy, we utilize an expression for the angle
between the phase velocity and the group velocity, a, which is written as

tan a ¼ � 1
k
@k
@h
; (12)

and can be found in Ref. 27. The dispersion relation for the IAW is
given by Eq. (11). For simplicity, we reduce the Stix tensor compo-
nents in Eq. (11) to those of the cold plasma tensor. Full-wave simula-
tions do not indicate significant temperature effect on the group
velocity of the IAW, so for the purpose of this section this assumption
will be sufficient. The angle between the phase velocity and the mag-
netic field is defined as tan h ¼ k?=kk. Equation (12) requires us to
express the dispersion relation in terms of k(h) as

k2 ¼ �
Sk20x

2
pe

�x2
pe cos

2hþ Sx2 sin2h
: (13)

The angle between the group velocity and the phase velocity is then

a¼ tan�1 �1
k

ðSx2þx2
peÞcoshsinh

Sk20x2
pe

Sk0x2
pe

x2
pe cos

2h�Sx2 sin2h

 !3=2
2
4

3
5:
(14)

FIG. 5. Schematic of the ICH region in Proto-MPEX. The electron density profile in
the ICH region is shown. The green contours represent the magnetic field value at
which the ion cyclotron resonance at 7.5 MHz driving frequency exists. The red con-
tours are locations of the Alfv�en resonance at kk ¼ 20m�1. The ICH antenna is
represented by the solid blue line and is separated from the plasma by an alumina
tube which is represented by the grey line.

FIG. 6. Dispersion calculations of Re(k?) as a function of electron density for several
values of electron temperature. The inertial Alfv�en wave (IAW) is depicted by the blue
curves and it is calculated from the slow-wave branch of the dispersion relation when
S < n2k. The kinetic Afv�en wave (KAW) is depicted by the red curves and it is calcu-
lated from the slow-wave branch of the dispersion relation when S > n2k. The disper-
sion relation is solved assuming kk ¼ 20 m�1; x ¼ ð2pÞ7:5MHz, B0 ¼ 1.2 T.

Physics of Plasmas ARTICLE scitation.org/journal/php

Phys. Plasmas 26, 033511 (2019); doi: 10.1063/1.5065784 26, 033511-5

Published under license by AIP Publishing

https://scitation.org/journal/php


Therefore, the angle between the group velocity and the magnetic field
is W¼ aþ h.

Figure 7 shows that before the IAW encounters the Alfv�en reso-
nance, it propagates at a narrow group velocity angle with respect to
the magnetic field. This acts to restrict the energy of this wave to the
periphery of the plasma column and therefore prevents its energy
from penetrating into the core plasma for Proto-MPEX’s current
geometry and operating frequency range. This is the primary reason
that the IAW cannot couple power into the plasma core to heat ions
there. The simulation results in Sec. V will show that the power depo-
sition of the IAW is restricted to the periphery of the plasma, and
power that is coupled to the core plasma is due to the excitation of the
KAW.

V. SIMULATION RESULT

In this section, we show the results of the 3D full-wave simulation
described in Sec. III. First, we present a calculation for electron and
ion power absorption and show contour plots of power deposition in
the ICH heating region for each species. Next, we discuss the effect
of increasing the electron temperature in the simulation from Te
¼ 0.6 eV to Te ¼ 10 eV. We show that by increasing the electron tem-
perature the simulation predicts increased core ion heating. Contours
of ion power deposition are presented at several values of electron tem-
perature to show that plasma heating associated with the IAW is
located in the periphery of the plasma and that core heating is due to
the excitation of the KAW. Finally, the dependence of core ion heating
on edge electron density is presented along with a discussion on the
excitation mechanisms of the KAW.

A. Electron vs. ion heating

Past experiments on Proto-MPEX22 and the Tara tandem mirror
device7 showed evidence of direct electron heating during ICH beach
heating. The ICH antenna on Proto-MPEX is designed to directly heat
the ions; therefore, it is useful to predict which species in the plasma
are being heated by the rf to optimize the heating configuration for ion
heating. The main diagnostics used to measure ion heating in the

plasma are IR thermography28 of the target plate and Ar II spectros-
copy.22 The IR thermography gives a 2D view of the power deposition
on the target plate. However, this measurement cannot distinguish if
the increased power to the target is due to increased ion energy in the
bulk plasma or to increased electron temperatures. The Ar II spectros-
copy directly measures the ion temperature. Since this is a line inte-
grated measurement, there is uncertainty in the radial location
contributing to the ion temperature measurements. Therefore, calcula-
tions of the energy absorbed by the electrons vs. the ions can help
explain the experimental measurements, as well as optimize the con-
figuration for ion heating.

The power deposition mechanisms that are captured by the
dielectric tensor used in the model are collisionless Landau damping,
fundamental cyclotron resonance absorption, and collisional damping.
For the case of collisional damping, the collision frequency is calcu-
lated from Coulomb collisions for both electrons and ions, and
electron-neutral collisions with deuterium molecules (n0 ¼ 3.2� 1018

m�3). The electron collision frequency in Proto-MPEX is shown to be
very large (�ei > x),19 and therefore contributes significantly to the
power absorption. Non-collisional electron heating (Landau damping)
is also important in the ICH region because the ICH antenna operates
such that vpk � vthe . The Alfv�en resonance is a location where strong
electron heating is predicted to occur by both Landau and collisional
damping.14–17,29 The lower hybrid resonance layer in our geometry is
located physically close to the ion cyclotron resonance at a lower mag-
netic field; enhanced electron heating can be expected near this layer.
The ions are expected to be heated primarily by the resonant absorp-
tion of the wave at the fundamental ion cyclotron resonance. The
power deposited to electrons and ions can be found by separately cal-
culating the electron and ion currents from the expected conductivity
due to each species. The conductivity due to each species is calculated
from the Stix tensor while only including the species of interest in the
summation. Then, using Ohm’s law, the power absorbed by the elec-
trons and ions independently is

Pe;i ¼ Je;i 	 E; (15)

where

Je;i ¼ re;i 	 E; (16)

re;i ¼ ix�0 I� Ke;ið Þ: (17)

Je,i is the induced current and re;i is the conductivity tensor associated
with either electrons or ions. Ke;i is the plasma tensor given by Eq. (2)
but retaining only the terms in the summations that represent the spe-
cies of interest.

Figure 8 shows the contours from the calculation of the rf power
absorption by the species present in the plasma. Interpreting these
contours reveals the dominant power absorption mechanisms during
ICH experiments. The ion power absorption is predominantly located
at the fundamental cyclotron resonance location. The electron power
absorption seems to occur in the periphery of the plasma column and
at the Alfv�en resonance and there is enhancement of electron power
deposition near the ion cyclotron resonance which we attribute to the
presence of the lower hybrid resonance. Since electron absorption in
Proto-MPEX is not negligible, there is an advantage to keeping the ion
cyclotron resonance location in close proximity to the ICH antenna if
efficient ion heating is desired. The proximity of the ion cyclotron

FIG. 7. Calculations of the angle of the IAW group velocity from the magnetic field
(W) as a function of electron density for several values of magnetic field strength
(B0 ¼ 1.1–1.5 T).
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resonance prevents the rf wave from being damped by the electrons
before it reaches the resonance location, where it couples power to the
ions. If electron heating is desired, moving the ion cyclotron resonance
away from the plasma may be a viable route to heating electrons with
low frequency rf.

B. Electron temperature effect on core ion heating

The effect of electron temperature on the ion heating efficiency
in the core plasma, defined as v < 0.6, is important to understand to
design an ICH system for MPEX. The IAW is not expected to contrib-
ute significantly to heating the plasma core due to the group velocity
restriction explained in Sec. IVC. Also, for the magnetic field and driv-
ing frequency used, the IAW is cut off from the core by the Alfv�en res-
onance. Increasing the magnetic field at the ICH antenna can act to
remove the Alfv�en resonance from the plasma column. However, this
does not increase the core power deposition from the IAW because of
the proximity of the ion cyclotron resonance and the group velocity
restriction on this wave. Therefore, observations of core ion heating
are attributed to coupling to the KAW. Since the excitation of the
KAW has an electron temperature dependence as shown in Fig. 6, the
core ion heating efficiency of the ICH is also expected to have a depen-
dence on electron temperature.

Figure 9 shows the integrated power absorbed in the core plasma
and the division of this absorbed power by each species (electrons and

ions) as a function of electron temperature. The core ion power depo-
sition increases with electron temperature until Te � 5 eV where it
begins to slightly decline. The core electron power deposition is at its
maximum at Te � 1 eV. This is most likely due to a balance between
excitation of the KAW in the core (which is responsible for heating
electrons in the core near the Alfv�en resonance) and a decreasing colli-
sion frequency. At electron temperatures of Te > 2 eV, rf absorption
by the ions dominates the absorption by the electrons, and for an elec-
tron temperature Te > 4 eV, we calculate that �80% of the power
delivered to the core is attributed to ion heating.

Figure 10 shows where the ion power is deposited in the simula-
tion domain as the electron temperature varies from a cold plasma (Te
¼ 0.6 eV) to a plasma with higher electron temperature (Te > 2 eV).
The Alfv�en resonance is depicted by the red contour line and, as was
explained in Sec. IVA, this boundary acts to separate the region where
the IAW can propagate from the region where the KAW propagates.
The green contours are the location of the fundamental cyclotron reso-
nance, and we see that the ion power absorption takes place near the
resonance. For the case of colder plasmas, we see that the ion power
absorption is only present in the periphery of the plasma column in
the region where the IAW propagates. As Te is increased above 2 eV,
power absorption in the core plasma begins to increase. This power
absorption region is separated from the absorption in the periphery by
the Alfv�en resonance, which provides further evidence that the power
absorption in the periphery of the plasma is attributed to the IAW and
the power absorption in the core plasma is attributed to the KAW.

C. Dependence on edge electron density

Figure 11 shows the fraction of power in the core plasma coupled
to electrons, ions, and both species as a function of edge electron den-
sity (needge ). This figure shows a significant increase in core power
deposition when the edge electron density is increased up until
needge � 2� 1018 m�3, and then, a slight decrease in coupling is
observed. Values of edge electron density above ne > 1018 m�3 begin
to affect the propagation characteristics of the KAW in the core

FIG. 8. YZ plane contours of the normalized rf power absorption in the plasma by
electrons only (top), ions only (middle), and by both ions and electrons (bottom).
These calculations of the rf power absorption are from the 3D full-wave simulation
presented in Sec. III for an electron temperature of Te ¼ 2.1 eV. Contours of the
Alfv�en k2k ¼ ð20 m�1Þ

2 ¼ k20S are depicted by the red line, while contours of the
fundamental ion cyclotron resonance BIC ¼ xmi/q are depicted by the green lines.

FIG. 9. Integrated core power deposition for both ions and electrons (black squares),
ions only (green circles), and electrons only (red diamonds) is normalized to the total
power deposited in the simulation domain plotted as a function of electron temperature.
The input parameters for this 3D full-wave simulation are described in Sec. III.
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plasma and are unlikely to be experimentally relevant. However, the
numerical effect of the higher edge electron density on core power
deposition is enlightening for understanding the coupling of rf power
to the KAW. Below needge < 1� 1017 m�3, the amount of core power
deposition becomes less than 5%, while needge ¼ 1� 1018 m�3 shows
�30% of the total power being coupled to the core. The edge electron
density profile in Proto-MPEX is not well known, but it seems an
important consideration for coupling ICH power into the core plasma.

The excitation mechanisms of the KAW are important to under-
stand in order to optimize the ICH antenna for core ion heating. The
candidate excitation mechanisms for the KAW are either from evanes-
cent near fields under the antenna or transition of the IAW to the
KAW. When considering transition of the IAW as the excitation
mechanism of the KAW, the energy access of the IAW becomes an
important consideration. The group velocity of the IAW is almost par-
allel to the magnetic field for the field strength directly under the
antenna. Therefore, the most likely location for the transition to occur
would be near the ion cyclotron resonance. This is because the group
velocity of the IAW becomes increasingly perpendicular to the mag-
netic field as the wave approaches the Alfv�en resonance, and the
Alfv�en resonance is moving to lower values of electron density as the
wave approaches the ion cyclotron resonance; this trend is shown in
Fig. 7. When considering evanescent excitation of the KAW, the size
of the evanescent gap (the region of plasma density where n2k � SÞ
would determine the efficiency of coupling rf power into the KAW.

Changing the inner diameter of the ceramic tube effectively changes
the evanescent gap size in the simulation domain. Reducing the eva-
nescent gap by 2 cm increased power coupling by �5%. The increase
in coupling was linear and not very effective. If the KAW was excited
through evanescent fields directly under the antenna, an exponential
increase in power coupling would be expected.

The dependence on edge electron density shown in Fig. 11 sup-
ports the idea that the excitation mechanism of the KAW is via a tran-
sition that occurs near the ion cyclotron resonance. The idea is that at
higher values of electron densities, up until the Alfv�en resonance layer,
the group velocity of the IAW becomes increasingly perpendicular.
Exploring this mechanism further, and confirming the physics of the
dependence on edge electron density, is outside of the scope of this
paper and will be left for future work.

VI. DISCUSSION AND CONCLUSION

The propagation characteristics of the waves in the ICH region in
Proto-MPEX have been investigated numerically with dispersion analy-
sis and a 3D full wave model. This full-wave model made use of a sim-
plified dielectric tensor derived by assuming a linear response of a
plasma with a Maxwellian energy distribution function of both the ions
and the electrons. The addition of the kinetic effects into the plasma ten-
sor was shown to predict core ion heating. Analysis of the dispersion
properties in the ICH region shows that both the IAW and the KAW
can propagate in the Proto-MPEX plasma. However, the IAW cannot
couple power into the plasma core due to the narrow-angle of the group
velocity and the Alfv�en resonance restricting its access to the core. This
consideration is important for the efficiency of the beach heating on
Proto-MPEX since the wave is launched at the periphery of the plasma
and cannot access the core if the ion cyclotron resonance is located in
close proximity to the antenna as is the case in the current experimental
configuration. However, the excitation of the KAW is possible in the
temperature regime of Proto-MPEX and opens an avenue for efficient
heating of core ions.

FIG. 11. Integrated core power deposition for both ions and electrons (black
squares), ions only (green circles), and electrons only (red diamonds) is normalized
to the total power deposited in the simulation domain plotted as a function of elec-
tron density in the edge (needge ). Electron temperature is set to Te ¼ 5 eV, and the
other input parameters in the simulation are described in Sec. III.

FIG. 10. YZ plane contours of the normalized rf power absorbed by the ions (Pi)
shown for increasing values of electron temperature Te ¼ 0.6 eV (top), Te ¼ 2.1 eV
(middle), and Te ¼ 9.8 eV (bottom). Contours of the Alfv�en k2k ¼ ð20 m�1Þ

2 ¼ k20S
are depicted by the red line, while contours of the fundamental ion cyclotron reso-
nance BIC ¼ xmi/q are depicted by the green lines.
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The simulation results show that when the edge electron density
is sufficiently high (ne > 1� 1017 m�3), and the electron temperature
is increased to where the KAW is expected to propagate (Te > 2 eV),
the core power deposition increases significantly (5%–30% of the total
power). These numerical results demonstrate that kinetic effects are
required to capture the physics of the ICH system on Proto-MPEX.
This result is unexpected at such low values of electron temperature
where cold plasma physics is typically sufficient to capture wave-
propagation.

Since both electrons and ions are expected to absorb rf energy in
Proto-MPEX, a question of interest is the split between heating elec-
trons and ions in the core. To answer this question, contours of power
absorbed by the ions vs. the power absorbed by the electrons are pre-
sented to show the locations where this heating is occurring. The ion
heating primarily occurs at the ion cyclotron resonance, whereas the
electron heating occurs either at the periphery of the plasma column
or at the Alfv�en resonance. The most significant contribution to core
electron heating occurs from the interaction of the plasma wave with
the Alfv�en resonance. This can be attributed to either Landau damping
at this resonance29 or mode conversion to lower hybrid oscillations.16

Then, integrated core power from the full-wave calculations shows
that above Te > 4 eV the ions absorb �80% of the power coupled to
the core or � 20% of the total power. Therefore, this work numeri-
cally demonstrates a theoretical route to efficient core ion heating on
Proto-MPEX.
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