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An energy-channeling mechanism is proposed to explain flattening of the electron temperature profiles
at a high beam power in the beam-heated National Spherical Torus Experiment (NSTX). Results of self-
consistent simulations of neutral-beam-driven compressional Alfvén eigenmodes (CAEs) in NSTX are
presented that demonstrate strong coupling of CAEs to kinetic Alfvén waves at the Alfvén resonance
location. It is suggested that CAEs can channel energy from the beam ions to the location of the resonant
mode conversion at the edge of the beam density profile, modifying the energy deposition profile.
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Flattening of electron temperature profiles and anoma-
lously low central temperatures at a high beam power in the
National Spherical Torus Experiment (NSTX) have been
linked with strong activity of Alfvén modes in a subcyclotron
frequency range [1,2]. The reduced heating of the plasma
center in NSTX can significantly limit plasma performance,
and can potentially have important implications for future
fusion devices, especially low-aspect-ratio tokamaks. Modes
in a frequency range between 0.1 and 1.0 of the ion cyclotron
frequency are often observed during neutral beam injection in
NSTX; theywere identified as compressionalAlfvén eigenm-
odes (CAEs) and global Alfvén eigenmodes (GAEs), driven
unstable through the resonancewith the super Alfvénic beam
ions [3,4]. The GAE in toroidal geometry is characterized by
shear Alfvén wave polarization and frequency below the
minimum of the Alfvén continuum [5–7], and the CAE is a
fastmagnetosonic eigenmode [8]. Previous theoretical studies
attributed the flattening of the electron temperature profile to
an enhanced electron transport due to these modes. Several
mechanismshave been suggested, including the interaction of
Alfvén eigenmodes with bulk electrons via parallel electric
field as well as stochasticity of the electron orbits in the
presence of multiple unstable and overlapping modes of
sufficiently large amplitudes [9]. However, other estimates
[10] suggest thatAlfvén-eigenmode-induced transport should
have a minor effect, but that the energy channeling from
center-localized GAEs to continuum damping closer to the
edge can be responsible for the observed flattening of the
electron temperature profiles. This Letter presents the first
self-consistent simulations of neutral-beam-driven compres-
sional Alfvén eigenmodes demonstrating an important alter-
native: an energy-channeling mechanism that will occur for
any unstable CAE in NSTX. Three-dimensional hybrid
magnetohydrodynamics (MHD)-particle simulations show
that an essential feature of CAEmodes in toroidal geometry is

their coupling to kineticAlfvénwaves (KAWs),which occurs
at the Alfvén resonance location. The beam-driven CAE can
mode convert toKAW, channeling energy from the beam ions
at the injection region near themagnetic axis to the location of
the resonant mode conversion at the edge of the beam density
profile. This mechanism can explain the reduced heating of
the plasma center in NSTX. It is also shown that strong CAE/
KAW coupling follows from the dispersion relation, and will
occur for any unstable compressional mode. In this Letter, a
numerical model and the results of linearized and fully
nonlinear simulations are described, focusing on CAE/
KAWproperties, and possible effects ofCAE/KAWcoupling
on the electron temperature profiles in the NSTX are
discussed.
The hybrid code HYM [11–13] has been used to inves-

tigate properties of beam-ion-driven compressional Alfvén
eigenmodes in NSTX. The HYM code is a 3D nonlinear
global stability code in toroidal geometry, which treats the
beam ions using full-orbit, delta-f particle simulations,
while the one-fluid resistive MHD model is used to
represent the background plasma. The two plasma compo-
nents are coupled using a current coupling scheme. In this
scheme, the momentum equation for the thermal plasma is
ρdV=dt ¼ −∇pþ ðJ − JbÞ ×B=c − qnbEþ νΔV where
ρ, V, and p are the thermal plasma density, velocity, and
pressure; nb and Jb are the beam ion density and the beam-
ion-induced current, ν is a viscosity coefficient, and J is the
total plasma current. It is assumed that the fast-ion pressure
can be comparable to that of the thermal plasma, but the
beam ions have a low density nb ≪ ne. In this case,
the MHD Ohm’s law applies: E ¼ −V × B=cþ ηJ. The
delta-f method is used to reduce numerical noise in the
simulations. In this method, the equilibrium distribution
function of beam ions needs to be known analytically,
and the equation for the perturbed distribution function
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δF ¼ F − F0 is integrated along the particle trajectories.
Equilibrium distribution function is taken to be in the form
[14] F0 ¼ F1ðvÞF2ðλÞF3ðpϕÞ, where v ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
2ε=mi

p
is the

particle velocity, λ≡ μB0=ε is the pitch-angle variable,
pϕ ¼ −ψ þ Rvϕ, and functions F1;2;3 are defined by

F1ðvÞ ¼ 1=ðv3 þ v3%Þ; for v < v0; ð1Þ

F2ðλÞ ¼ C expð−ðλ − λ0Þ2=Δλ2Þ; ð2Þ

F3ðpϕÞ ¼ ½ðpϕ − pminÞ=ðpmax − pminÞ'α; for pϕ > pmin;

ð3Þ

where F0 ¼ 0 for v > v0 or pϕ < pmin, v0 is the injection
velocity, and we assumed v% ¼ v0=2. The parameters for
the pitch-angle distribution are Δλ ¼ 0.3 and λ0 ¼ 0.7. The
function F3ðpϕÞ is used to match the TRANSP profiles of the
beam-ion density, where α ¼ 6 is a numerical parameter,
and the condition pϕ > pmin describes a prompt-loss
boundary. A generalized form of the Grad-Shafranov
equation solver has been developed, which includes, non-
perturbatively, the effects of the beam ions with anisotropic
distribution [14].
The excitation of compressional Alfvén eigenmodes has

been studied for the high-confinement-regime plasma of
NSTX shot 141398, and equilibrium profiles and plasma
parameters have been chosen to match magnetic-field and
plasma profiles for this shot using the TRANSP and EFIT codes.
Plasmawasheated by6MWof90-keVdeuteriumbeamswith
nb ¼ 3.5 × 1018 m−3, ne ¼ 6.7 × 1019 m−3, Bt ¼ 0.325T,
Ip ¼ 0.8 MA, and v0 ¼ 4.9VA. In this shot, significant
Alfvén mode activity has been observed, and detailed
measurements of amplitudes and mode structures were
obtained [2,15]. The observed modes have been identified,
based on dispersion relations, as compressional Alfvén
eigenmodes for frequencies f > 600 kHz and small toroidal
mode numbers jnj < 6, and as global Alfvén eigenmodes
for f < 600 kHz and jnj ∼ 6−8 [2,15]. Compressional
Alfvén eigenmodes with higher toroidal mode numbers
n > 8 have also been observed in this shot [16].
Simulations for this case show that the most unstable

modes for n ¼ 5–7 are GAEs with frequencies ω=ωci ¼
0.15–0.22 (f ¼ 380–550 kHz). The most unstable modes
for n ¼ 4 and n ¼ 8; 9 are CAEs, which have been
identified based on the calculated large compressional
component of perturbed magnetic field, and have higher
frequencies ω=ωci ¼ 0.35–0.5 (f ¼ 870–1200 kHz). Here
all frequencies are normalized to the ion cyclotron fre-
quency at the axis fci ¼ 2.5 MHz. The calculated range of
the unstable toroidal mode numbers, frequencies, and mode
polarizations appear to be reasonably close to experimental
observations [2,15]. More detailed comparisons of the
mode frequencies and structure with experimental data
will be performed in the future.

In NSTX, the CAEs are driven unstable by the resonant
interaction with the beam ions. Numerical analysis of the
resonant wave-particle interaction for the n ¼ 8 CAE
simulation shows two separate groups of resonant particles:
one group satisfying the regular resonance condition
ω − k∥v∥ ¼ 0, and a group of higher-energy particles
satisfying the Doppler-shifted cyclotron resonant condition
ω − k∥v∥ þ ωci ¼ 0. It was found that the main contribu-
tion to the instability drive comes from the beam ions with
parallel velocity comparable to the phase velocity of the
CAE; the contribution from the cyclotron resonances is
negligible.
Figure 1 shows poloidal contour plots of the perturbed

magnetic field for the n ¼ 8 (ω ¼ 0.48ωci) and the n ¼ 4
(ω ¼ 0.35ωci) CAEs. Here R is major radius, and the
magnetic axis is located approximately at R ¼ 1.1 m. It can
be seen that the CAEs are localized near the magnetic axis,
where they have mostly compressional polarization, and
δB∥ is significantly larger than δB⊥ everywhere, except in
the radially localized region on the high-field side where
the resonant condition ωAðZ; RÞ ¼ ω is satisfied
[ωAðZ; RÞ ¼ nVA=R is the local Alfvén frequency, and
ω is the frequency of the CAE mode in the simulation].
Simulations for both low-n and high-n CAEs show
resonant coupling to the shear Alfvén wave. The amplitude
of δB⊥ at the resonance location is about 1.5 times larger
than the amplitude of the driving compressional mode
(Fig. 2). Analysis of magnetic and velocity perturbations of
the resonant mode shows that its polarization is consistent
with that of the kinetic Alfvén wave, namely, that δBZ and
δVZ are the dominant components, and δVZ ∼ −δBZ. The
radial wavelength of the KAW is about 0.2 m, which is
comparable to the beam-ion Larmor radius, k⊥ρbeam ∼ 1.
Both the CAE and the KAW are propagating in the
direction of the current and the beam-ion velocity (corotat-
ing CAE), so k∥ is positive. Also, it is known that k⊥ of
KAWs in a nonuniform plasma is directed towards the side
with smaller Alfvén speed [17]. In toroidal geometry, this

(a) (b)

FIG. 1 (color online). Contour plots of magnetic-field pertur-
bation for n ¼ 8 (a) and n ¼ 4 (b) CAE modes show resonant
coupling to KAWs. The solid contour line on the jδB⊥j plots
corresponds to the resonant condition ωAðZ; RÞ ¼ ω.
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results in a mode structure that is tilted relative to the
magnetic flux surfaces (Fig. 1), and, since only the modes
with positive k∥ are unstable, it also results in the mode
structure which is not up-down symmetric.
The coupling between the compressional Alfvén waves

and KAWs near the Alfvén field-line resonance location
has been studied before, both analytically and numerically,
in application to space plasma physics [17–20], and to
plasma heating by fast magnetosonic waves in tokamak
plasmas [21–23]. It was found that the compressional wave
can mode convert into a KAW with an amplitude that is
enhanced compared to that of the driving compressional
wave, consistent with HYM simulation results. Hybrid
simulations in a 2D box geometry investigated beam-
ion-driven compressional mode conversion to KAWs
[20] in nonuniform plasmas. The perpendicular scale length
of the KAW was found to be determined by the ion Larmor
radius, and the polarization of the KAWand the tilting of its
wave front relative to the background magnetic field are
consistent with HYM simulations. Numerical simulations of
the conversion of fast waves in low-aspect-ratio tokamak
plasmas also found lack of up-down symmetry and high-
field-side localization of the converted modes [23].
One of the distinguishing features of CAEs in toroidal

geometry is that the location of the shear Alfvén resonance
always coincides with the edge of an effective potential
well within which the CAE is nonevanescent (Fig. 3).
CAEs can be described by a simplified 2D wave equation
using an effective potential [4,16] Veff ¼ −ω2=V2

A þ k2∥.

The radial profile and contour plot of Veff for the n ¼ 8
CAE mode with ω ¼ 0.48ωci are shown in Fig. 3 for
k∥ ¼ n=R. Compressional Alfvén waves can propagate for
Veff < 0, but will be evanescent where Veff > 0. Radial
extent of Veff < 0 is 0.86 m < R < 1.45 m, consistent
with the mode structure shown in Fig. 1(a). The condition
Veff ¼ 0 is identical to the Alfvén resonance condition;
therefore, resonance with the Alfvén continuum is located
at the edge of the CAE well, leading to a strong coupling
between the compressional mode and KAWs.
In the ideal MHD model, there is a logarithmic singu-

larity at the resonance location where the CAE frequency
matches the local Alfvén frequency [17]. In the HYMmodel,
this singularity is resolved by the fast-ion finite Larmor
radius effects and mode conversion to KAW; in order to
demonstrate that, the dispersion relation for KAW has been
derived. In the full kinetic model for a three-component
plasma including the beam ions, assuming for simplicity
Maxwellian ions with V0 ¼ 0, and including only an
adiabatic beam ion contribution,

ω2 ¼ k2∥V
2
A

"
1þ λe þ

3

4

ni
ne

λi þ
3

4

nb
ne

λb −
ω2

ω2
ci

#
;

where λα ¼
k2⊥Tα

miω2
ci

ð4Þ

and it was assumed that λα < 1 and ω < ωci. This is the
well-known KAW dispersion relation modified by the
beam-ion effects. Repeating the same derivation with
the HYM model assumptions, we obtain

ω2 ¼ k2∥V
2
A

"
1þ 3

4

nb
ne

λb −
nb
ne

ω2

ω2
ci

#
; λb ¼

k2⊥Tb

miω2
ci
; ð5Þ

which is consistent with the full kinetic result in the limit
λe → 0, λi → 0, and ω ≪ ωci. Since the numerical model
treats the thermal plasma as a MHD fluid, the KAW
perpendicular scale is determined by the beam-ion finite
Larmor radius effects, as demonstrated by the simulation
results. The HYM simulation model does not include the
kinetic electrons and transit-time magnetic pumping
effects. Estimates show that related damping is small
compared to the Alfvén resonance damping, because all
unstable CAE modes in our simulations have relatively
large-k∥ and low-poloidal mode numbers. This is the limit
opposite to that considered by Mahajan and Ross [8].
Estimates for the n ¼ 8 CAE mode give ω=k∥vth;e ∼ 0.1
and ImðωÞ=ω ∼ 0.04βe ∼ 0.004. However, these damping
mechanisms could still be important in the nonlinear
regime, and they might be responsible for the lower
observed saturation amplitudes compared to those calcu-
lated numerically.
The condition k⊥ρb ∼ 1 implies that the ion and electron

motions are decoupled in KAWs, leading to the generation

FIG. 2. Radial profiles of magnetic-field perturbation for the
n ¼ 4 CAE versus major radius. The CAE peaks near the
magnetic axis, where δB∥ ≫ δB⊥.

FIG. 3. Radial profile and contour plot of the effective potential
Veff for the n ¼ 8 CAE with ω ¼ 0.48ωci0. The mode can exist
for Veff < 0 with radial extent 0.86 m < R < 1.45 m.
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of finite parallel electric-field perturbations, which is
typical for KAWs. Figure 4 shows the radial profile and
poloidal contour plot of δE∥ obtained in simulations of the
n ¼ 8 CAE/KAW instability. It is seen that the δE∥ location
and poloidal structure is related to the KAW, whereas the
CAE has an ideal MHD character with negligible δE∥.
Numerical simulations presented here demonstrate that a

resonant mode conversion of CAE to kinetic Alfvén waves
will occur for any unstable CAE in NSTX or other toroidal
devices, independent of toroidal mode number or mode
frequency. The strong CAE/KAW coupling supports an
alternative mechanism for Te flattening, in which beam-
driven CAE dissipates its energy at the resonance location
with KAW, thereby significantly modifying the energy
deposition profile (similar to a mechanism suggested quali-
tatively in [10]). Figure 5 shows the radial profile of the
radial component of the Poynting vector SR ¼ hE × BiR
obtained from self-consistent nonlinear simulations of the
n ¼ 4 CAE mode near saturation. It is seen that the energy
flux is directed away from the magnetic axis (CAE) towards

the Alfvén resonance location (KAW). The calculated
change of the energy flux across the resonant layer at R ¼
0.6–0.7 m is 1.5 × 105 W=m2, and, estimating the surface
area as ∼2–3 m2, the power absorption can be calculated as
0.3–0.5 MW, which is a significant fraction of the beam
power. The saturation amplitude of the n ¼ 4 CAE insta-
bility in the simulations is δB∥=B0 ¼ 6.6 × 10−3, which is
comparable to values obtained by analyzing experimental
data from the same NSTX shot. Thus, measured plasma
displacement jξj ¼ 0.1–0.4 mm [C13] corresponds to
δB∥=B0 ¼ ð0.9–3.4Þ × 10−3, where the HYM-calculated
mode structure was used to relate displacement and mag-
netic-field perturbation amplitudes. It is also useful to
estimate a fraction of beam power that can be transferred
to CAE as P ¼ 2γ

R
ðδBÞ2=4πd3x. For γ=ωci ¼ 0.005–0.01

and experimentally measured amplitudes, it gives
P ¼ ð0.013–0.4Þ MW, comparable to the absorption rate
obtained in nonlinear simulations. The calculations dem-
onstrate that a significant fraction of beam energy can be
transferred to several unstable CAEs of relatively large
amplitudes and dissipated at the resonant location via
electron Landau damping. The calculated power absorption
is significant enough to have a direct effect on the electron
temperature profile.
In addition, radially overlapping KAWs can strongly

enhance plasma heat transport due to finite δE∥. Previous
studies have shown that addition of the finite parallel
electric field to the ideal GAE structure has a strong effect
on the electron transport [9]. Our simulations show that the
radial width of KAWs can be comparable to the beam-ion
Larmor radius, which is relatively large for 90-keV beams
in NSTX. Therefore, in cases when several CAEs are
observed, the KAWs will likely overlap radially. For
example, for the n ¼ 8 and n ¼ 4 CAEs considered here,
the KAWs overlap significantly, as can be seen from radial
profiles of δE∥ in Figs. 4 and 5. Several overlapping KAWs
with relatively large δE∥ can have a direct effect on both the
electron transport and the beam-ion redistribution.
In summary, it is found that beam-driven compressional

Alfvén modes in NSTX mode convert to KAWs, and,
therefore, can channel the energy of the beam ions from the
injection region near the magnetic axis to the location of the
resonant mode conversion at the edge of the beam density
profile. This mechanism can provide an alternative explan-
ation to the observed reduced heating of the plasma center
in the NSTX. A detailed description of nonlinear simu-
lation results and comparisons of the relative importance of
the energy-channeling and anomalous electron-transport
mechanisms will be reported in future publications.

The simulations reported here were carried out using
resources of the National Energy Research Scientific
Computing Center (NERSC). This research was supported
by the U.S. Department of Energy (NSTX Contract
No. DE-AC02-09CH11466).

FIG. 4 (color online). Radial profile of Alfvén continuum, δE∥
and beam-ion density profile, and contour plot of δE∥ for the
n ¼ 8 CAE mode.

FIG. 5. Radial profiles of δE∥ and radial component of
Poynting vector S ¼ hE × Bi for the n ¼ 4 CAE mode.
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