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Abstract
The Doppler-shifted resonance condition for high frequency Alfvénic eigenmodes has been
extensively studied on ASDEX Upgrade in the presence of one or a combination of two neutral
beam injected (NBI) fast ion populations. In general, only centrally deposited NBI sources drive
these modes, while off-axis sources globally stabilize the mode activity. For the case of a single
central NBI source, the observed trend is: the highest frequency modes are driven by the
lowest energy and lowest pitch angle NBI sources, in line with the expectation from the
Doppler-shifted resonance condition. The expected mode frequencies are determined
analytically from the two-fluid cold plasma dispersion relation and the most unstable frequency
relation, while the mode growth rates are estimated using the fast ion slowing down distribution
functions from the ASCOT code. The overall mode frequency trend in a source-to-source

a See Zohm et al 2024 (https://doi.org/10.1088/1741-4326/ad249d) for the ASDEX Upgrade Team.
b See Joffrin et al 2024 (https://doi.org/10.1088/1741-4326/ad2be4) for the EUROfusion Tokamak Exploitation Team.
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variation is tracked, although a systematic overestimate of ∼1 MHz is observed. Possible causes
of this overestimate include the finite size of the resonant fast ion drift orbit and non-linear
effects such as mode sideband formation. Alternatively, the expected mode frequencies are
determined by tracking the growth rate maxima trajectories, this method improves the
agreement with the experimentally measured values. A combination of two central
mode-driving NBI sources results in the suppression of the mode driven by the lowest energy
and the lowest pitch angle NBI source. Computing the analytically expected mode frequency
following the method outlined above, again, generally tracks the experimentally observed trend.
The mode’s Alfvénic nature allows for a practical application to track the core hydrogen
fraction by following the mode frequency changes in response to a varying ion mass density.
Such application is demonstrated in a discharge where the average ion mass is varied from
∼2mp to ∼1.5mp (where mp is the proton mass) via a hydrogen puff in a deuterium plasma, in
the presence of a strong mode activity. The expected mode frequency changes are computed
from the existence of the resonance condition, and the values track the measured results with an
offset of ∼0.5 MHz. Overall, the results suggest an intriguing possibility to monitor and control
the D-T ion fraction in the core of a fusion reactor in real time using a non-invasive diagnostic.

Keywords: ASDEX upgrade, Alfven instability, fast ions, GAE, ICE

(Some figures may appear in colour only in the online journal)

1. Introduction

High frequency Alfvénic modes driven by a single source
of fast ions, either neutral beam injected (NBI) or radio
frequency (RF)-accelerated, have been extensively docu-
mented on multiple tokamaks [1–11]. These observations
include results from spherical tokamaks (NSTX [1–3], MAST
[3–5], NSTX-U [6]), as well, as standard tokamaks (ASDEX
Upgrade [7, 8], DIII-D [9, 10], JT-60U [11]). Spherical toka-
mak plasmas generally cover the parameter space where the
beam ion speed is super-Alfvénic, while beam ions are typic-
ally sub-Alfvénic in standard tokamaks. The majority of the
experimental studies rely on beam-injected fast ions driven by
positive ion sources, which contain three energy components
[1–10]. However, these modes are also observed in tokamak
plasmas heated by NBI with negative ion sources on JT-60U
[11], which have a single energy component. Such results
point at a possibility of high frequency Alfvénic mode activ-
ity in ITER plasmas, which can then impact the electron heat
transport [12, 13].

High frequency modes with a predominantly shear Alfvén
polarization are labeled as global Alfvén eigenmodes (GAEs)
[14, 15]. GAEs are radially centered in the plasma core near
the minimum of the plasma safety factor (q) and extend over
a large fraction of the plasma minor radius (r) [14, 15].
Modes with a predominantly compressional polarization are
identified as compressional Alfvén eigenmodes (CAEs) and
are radially located on the low field side plasma edge [16,
17]. The CAE radial location is determined by the poten-
tial well, which is formed via a combination of the radial
plasma density profile and the perpendicular mode number k⊥
∼r−1 [16, 17]. In spherical tokamaks, both GAEs and CAEs
are commonly excited by the super-Alfvénic beam ions [3].
However, mode stability analysis of plasmas in conventional

tokamaks (ASDEX Upgrade [8], DIII-D [18], JT-60U [11])
shows that GAEs have a consistently larger mode growth
rate than CAEs. Theory and simulation can reproduce the
experimentally observed frequency and mode number spec-
tra in conventional tokamak plasmas: the modes are counter-
current/counter-injection propagating with a fairly high (>10)
toroidal mode number and are driven by anisotropy in the
fast ion velocity distribution, where the fast ions match the
Doppler-shifted cyclotron resonance condition [8, 11, 18–20].
However, these cases generally treat modes driven by a single
dominant source of fast ions, where an unambiguous Doppler-
shifted resonance condition can be established between the
instability frequency, the mode number, and the fast ion drift
velocity:

ω− lωci ≈ k//v//, (1)

where ω is the mode frequency, l is the cyclotron resonance
coefficient, ωci is the fast ion cyclotron frequency, k// is the
mode parallel wavenumber, and v// is the resonant fast ion par-
allel drift velocity. Only the first cyclotron resonance coeffi-
cient is considered (|l| = 1), as higher order modes are gen-
erally not observed. Finally, note that an extensive theoretical
treatment of the GAE Doppler-shifted resonance condition is
provided by Lestz et al [21]. However, the results are focused
on the spherical tokamak geometry where the fast ions driv-
ing the instability are super-Alfvénic by a factor of 3–6 [21],
well outside the range found on current conventional tokamaks
such as ASDEX Upgrade and DIII-D.

Mode properties under the influence of multiple fast ion
sources are not as widely explored. Recent results include dis-
charges on NSTX-U, which demonstrate the mode stabiliz-
ing property of tangentially launched off-axis NBI ions [22,
23], and ASDEX Upgrade plasmas, which show the mode
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destabilization via RF-accelerated core NBI ions [7, 8]. Prior
to NSTX-U, GAE stabilization in the presence of high har-
monic fast wave heating has also been observed on NSTX
[24]. The results presented in this work focus on modes driven
by a combination of two centrally deposited NBI sources,
with various pitch angles and injection energies, and, hence,
two, possibly distinct, Doppler-shifted resonance conditions.
In parallel, we explore the suitability of using an ion cyclo-
tron emission (ICE)-based diagnostic, in the presence of high
frequency Alfvénic modes, to track the hydrogen fraction in
the core region of tokamak plasmas. Previous theoretical and
experimental studies of two-ion effects on high frequency
Alfvénic modes include CAEs and ion-ion hybrid modes in
a spherical tokamak geometry [25, 26] and shear Alfvén and
ion-ion hybrid modes in mirror and tokamak geometries [27,
28]. As the Alfvénicmode frequency is sensitive to the average
ion mass density, it allows to map observed frequency changes
with changes in the average ion mass and, hence, the hydrogen
fraction. In principle, the results can be extrapolated to burn-
ing fusion reactors to follow the core tritium fraction in real
time.

2. Machine and diagnostics description

This experimental study has been carried out on ASDEX
Upgrade, a medium-sized conventional tokamak with a major
radius 1.67 m and a minor radius 0.5 m [29]. The machine is
capable of operating at on-axis magnetic field values (Bo) of
1.4–3.0 T and at plasma currents (IP) of 0.4–1.2 MA, as well,
as in the reverse IP/Bo configurations. The standard BT and
IP directions are shown in figure 1. Relevant for this study,
the machine is equipped with 8 (deuterium) NBI sources at
various injection energies and pitch angles, launched via two
diametrically opposed ports (figure 1). A detailed view of the
NBI source injection geometries, energies, and pitch angles is
shown in figure 2. The machine is also equipped with several
gas valves capable of injecting deuterium and hydrogen gas
species and multiple ICE probes (figure 1). A neutral particle
analyzer (NPA) is used for measuring the hydrogen fraction
in the plasma core via detection of escaping energetic neutrals
[30]. The ICE probes on ASDEX Upgrade use inductors (or
B-dot probes) to detect the magnetic field component of fluc-
tuating RF wavefields near the plasma facing wall surfaces
[31, 32]. The voltage output from the probe inductors is routed
via tri-axial cables directly to Spectrum Instrumentation digit-
izers, which sample input signals typically at 125 MHz [19].

3. Results and discussion

Frequency spectra of high frequency Alfvénic modes, gener-
ated by various single central NBI sources in ASDEXUpgrade
deuterium plasmas have already been presented in our pre-
vious works, for example in figure 5 in [19] and in figure
7 in [8]. The general trend in the frequency is that the high
energy sources (>90 keV, vbeam/vA ∼1.0–1.1, S5 and S8)
produce modes with the lowest frequency, compared to the

low energy sources (<60 keV, vbeam/vA ∼0.8–0.9, S1–S4) in
similar steady-state deuterium target plasmas (figure 3). This
trend is in line with the expectations based on matching the
Doppler-shifted resonance condition: higher energy fast ions
drift at a higher parallel velocity for the injection geometries
at ASDEX Upgrade and, thus, require a larger Doppler shift
to be in resonance with the mode propagating in the counter-
current/counter-injection direction (k// < 0). However, we also
observe frequency variations betweenNBI sources of the same
energy but different pitch angles. In this case, the trend is to
have modes with a higher frequency (and, hence, a smaller
Doppler shift) for fast ion sources with lower pitch angle val-
ues, which again generally follows the Doppler-shifted reson-
ance condition. Note, that for the case of ASDEX Upgrade
it is possible to have multiple energy/pitch angle variations
that generate very similar mode frequency values, for example
Source 3 (59.3 keV, 0.54 pitch, deuterium) and Source 5
(92.2 keV, 0.43 pitch, deuterium) drive a mode at ∼6.1 MHz
(figure 3(d)). In both cases, theDoppler-shifted resonance con-
dition is met through the variation in the beam ion injection
speed and the pitch angle that produces similar parallel fast
ion drift velocities. However, in general, we observe that a
change in the mode wavenumber (or k//) is also required to
match the measured mode frequency values between different
NBI sources.

In order to calculate high frequency Alfvénic eigenmode
growth rates, we need the fast ion distribution function in the
velocity/pitch angle space [34]. This function is obtained for
our discharges numerically using aMonte Carlo code, ASCOT
[33]. The general procedure for calculating eigenmode growth
rates analytically is provided by Lestz et al [34] and Belova
et al [18] and is based on the works of previous authors, ref-
erenced in [18, 34]. This analytical approach is linear and
treats the plasma as an infinite uniform slab, unlike a real-
istic bounded tokamak geometry with proper eigenmodes. As
a result, the analytical method is only an aid to interpret mode
observations. For the convenience of the reader, the integral
growth rate equation from [34] is reproduced:

γ

ωci
=

π

2
nb
ne

∑
l

∣∣∣∣∣ v3||,res,l
ω/ωci0

− l

∣∣∣∣∣
ˆ

xJm−mode
l (ξ )

(1−χ)
2

[(
l

ω/ωci0

− 1

)

×∂f0
∂χ

+
v
2
∂f0
∂v

]
dχ (2)

where the equation parameters are defined below. The FLR
(finite Larmor radius) function Jlm-mode(ξ) for cyclotron res-
onance l and m-mode (=CAE or GAE) is approximated in
the limit 0 < ω/ωci < 1 and the perpendicular wavenumber
k⊥ → 0, although nearly the same growth rate results are
obtained in the limitω/ωci ≪ 1, with a finite |k⊥|≪ |k//|. ξ is the
FLR parameter (ξ = k⊥ρ⊥b, where ρ⊥b is the fast ion Larmor
radius), taken in the limit ξ≪ 1, consistent with the |k⊥|≪ |k//|
approximation. The integration is performed as a function of
the trapping parameter χ. This generalized procedure is adap-
ted to the case of ASDEX Upgrade discharges and NBI and is
described in [8], where the mode identity is consistent with the
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Figure 1. A top cross-sectional view of ASDEX Upgrade. Shown are the standard BT and IP directions, the NBI injection geometries, and
the in-vessel locations of relevant B-dot probes.

Figure 2. Injection geometry, energy, and pitch distributions of the 8 NBI sources on ASDEX Upgrade. Sources 5, 6 and 7 are shown in
combination with Source 4, as they have been used simultaneously for this study. The energy and pitch (ξ) distributions are calculated in the
plasma core region using ASCOT [33].

GAE. Following the procedure outlined in [8], on-axis local-
ized growth rate values are estimated for the discharge shown
in figures 3(e)–(h), based on the fast ion slowing down distri-
bution function fromASCOT (figure 2). Note that the ASCOT-
based estimates include all three beam ion energy (E) compon-
ents (E/3, E/2, and full E), unlike the simplified estimates in
Lestz et al [34], which only account for the full energy beam
ion component. In general, about 10% of the mode growth rate
value is driven by the E/2 component, with the remaining 90%
driven by the full E component. To help locate the mode posi-
tion analytically in the mode number-frequency (n//–f ) space,
we use the value where the most unstable frequency matches
the general Hall-MHD dispersion relation. The equation for
the approximate value of the most unstable frequency is:

(ωci −ω)
2
= (1−χ o)

(
k//vo

)2
, (3)

whereωci is the on-axis cyclotron frequency,ω is themode fre-
quency,χo is the trapping parameter, k// is the mode wavenum-
ber and vo is the fast ion injection speed [18], and is shown
by a dashed red curve in figures 4(a)–(e). The limitation of
this approximate method is apparent in figures 4(a)–(e) as the
dashed red curve often extends into the region with negat-
ive growth rate values. The dispersion relation is: ω = gk//vA,
where g < 1 is the two-fluid Hall-MHD correction term [18]
and vA is the Alfvén speed, and is shown by a solid black curve
in figures 4(a)–(e). The general expression for the correction
term g is [18]:
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Figure 3. Examples of plasma discharges with high frequency Alfvénic eigenmodes driven by a single NBI source (S1 through S8) at two
magnetic field values. Shown quantities are: (a) and (e) the plasma current IP and the core line-averaged plasma density ne; (b) and ( f ) the
H-98 confinement factor; (c) and (g) the NBI power; and (d) and (h) the mode frequency spectra.

g2 =
1
2

 k2
k2||

(
1+ t2||

)
+ 1−

√√√√( k2

k2||

(
1+ t2||

)
+ 1

)2

− 4
k2

k2||

 ,
(4)

where t|| =
k||vA
ωci

is the normalized parallel wavenumber. For
the case of ASDEX Upgrade plasmas, where k|| ≫ k⊥, the
expression for g simplifies to [18]:

g=

√
1+

(
t||
2

)2

−
t||
2
. (5)

The dispersion relation shown by the solid black curves
in figures 4(a)–(e) can also be viewed as the location of the
Alfvén continuum minimum, since the plasma profile values
are taken in the vicinity of qmin. The interception between
the two analytical lines is highlighted by orange star sym-
bols and plotted together with the experimental measurements
in figure 4( f ). The general trend in the estimated mode fre-
quencies for various NBI sources follows the changes in the
measured spectra, however, with a consistent overestimate of
∼1 MHz (figure 4( f )). Several possible explanations that can
account for this overestimate are listed below. (1) The finite
fast ion drift orbit size is not included in our model and drift
orbit averaging would reduce the expected frequency value,
i.e. <ωci> ≈ 0.9ωci [34], where the exact correction factor
depends on the mode radial dimensions and the radial size of
the resonant fast ion drift orbit (figure 4( f )). For simplicity,
the on-axis cyclotron frequency value is used throughout this
manuscript. (2) The intrinsic inaccuracy of the procedure that
locates the most unstable mode value, i.e. the dashed red curve
in figures 4(a)–(e), can be responsible for the overestimate of
the expected frequency value, and, hence, can be viewed as a
rough boundary of the mode driving region [18]. (3) The inab-
ility of the simplified linear technique to account for strong

non-linearity such as sideband formation, as observed with the
non-linear HYM code in DIII-D discharges [18], is another
possibility. An alternative method to locate the expected mode
position is by following the growth rate maxima trajectory, as
shown by dotted blue lines in figures 4(a)–(e). This method
improves the match with the experimentally measured values,
compared to the analytical method (circle and star symbols in
figure 4( f )); however, it relies on access to a computationally
intensive particle code, such as TRANSP or ASCOT, to gen-
erate a realistic fast ion velocity distribution function.

Interestingly, a combination of two mode driving (central)
NBI sources produces a single high frequency Alfvénic eigen-
mode (figure 5(d)). A comparison between mode frequency
spectra in figure 5(d) and figures 3(d) and (h) reveals that the
mode driven by the low energy source (S4, 59.1 keV) with
the lowest pitch angle (0.28) becomes suppressed, while the
modes driven by high energy (S5 and S8) or high pitch angle
source (S2 and S3) remain visible. The mode driven by the low
energy and low pitch NBI (S4) fast ions only appears when in
combination with another NBI source of a similar energy and
pitch angle value (S4+ S1). The two off-axis sources (S6 and
S7) completely stabilize the mode activity in the plasma and
this observation is in agreement with the results observed on
NSTX-U [22, 23]. The mode growth rates for the case of two
active NBI sources are calculated following the same proced-
ure as before using the ASCOT code (figure 6).

The resonant growth rate contours reveal that the mode
driven by Source 4 becomes suppressed by sources with
either higher injection energy or higher pitch angle values
(figures 6(a)–(d)). This suppression (or stabilization) is due to
the introduction of a stabilizing df o/dχ region in the fast ion
velocity distribution by the additional source. The only excep-
tion is the case of S4+ S1, where Source 1 has a similar injec-
tion energy and pitch angle value as S4: the mode intensity
∼doubles without a significant change in the mode frequency.
Note that the most unstable mode value, i.e. the dashed red

5
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Figure 4. Growth rate values calculated using equation (2) for resonant fast ions, counter-propagating modes (l = 1), and the GAE FLR
function Jl

m-mode(ξ). The solid black curves in (a)–(e) show the location where both the resonance condition and the GAE two-fluid
corrected cold plasma dispersion relation are satisfied. The beam ion sources driving the mode are: (a) Source 3, (b) Source 2, (c) Source 4,
(d) Source 1, (e) Source 8. The dashed red lines in (a)–(e) show the expected most unstable frequency, and the dotted blue lines in (a)–(e)
show the growth rate maxima trajectories. The orange star symbols show the intersection of the two analytical curves; the black circles show
the expected GAE mode locations; the values are plotted together with the experimentally measured values in ( f ). The white dotted arrow in
( f ) indicates the expected mode frequency drop from drift-orbit averaging.

Figure 5. Examples of plasma discharges with high frequency Alfvénic eigenmodes driven by a combination of two NBI sources. Shown
quantities are: (a) the plasma current IP and the core line-averaged plasma density ne; (b) the H-98 confinement factor; (c) the NBI power;
and (d) the mode frequency spectra. NBI sources S6 and S7 are off-axis and are globally stabilizing.

curve, is calculated using the NBI source with the highest pitch
and energy value, out of the two active sources. This choice
is based on the empirical observation that the mode driven
by the NBI source with a lower pitch becomes suppressed.
Comparing the analytically expected mode frequency values

(orange star symbols in figure 6) with actual measurements
again reveals a consistent∼1 MHz overestimate (figure 6( f )).
Tracking the growth rate maxima trajectories, once again, pro-
duces an improved match with the experimental values, com-
pared to the analytical method (figure 6( f )).

6
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Figure 6. Growth rate values calculated using equation (2) for resonant fast ions, counter-propagating modes (l = 1), and the GAE FLR
function Jl

m-mode(ξ). The solid black curves in (a)–(e) show the location where both the resonance condition and the GAE two-fluid
corrected cold plasma dispersion relation are satisfied. The beam ion sources driving the mode are: (a) Source 4 + Source 8, (b) Source
4+ Source 3, (c) Source 4+ Source 2, (d) Source 4+ Source 5, (e) Source 4+ Source 1. The dashed red lines in (a)–(e) show the expected
most unstable frequency, and the dotted blue lines in (a)–(e) show the growth rate maxima trajectories. The orange star symbols show the
intersection of the two analytical curves; the black circles show the expected GAE mode locations; the values are plotted together with the
experimentally measured values in ( f ). The white dotted arrow in ( f ) indicates the expected mode frequency drop from drift-orbit averaging.

The Alfvénic dependence of the mode’s frequency
( f ∝ vA ∼ B (m

∗
ni)−1/2) suggests a possibility of using a

B-dot probe-based diagnostic to track the average ion mass
m

∗
(or the isotope fraction) in the plasma core. For simpli-

city, we assume that the electron plasma density is balanced
by the bulk ions, with a small contribution from impurities
and fast ions that we ignore in making the first estimate:
ne = ni ≈ nH + nD, or m∗ = (nH mH + nD mD) ne−1, where
m∗ is the average ion mass. The Alfvén speed can then be
calculated as vA = B (µo m

∗
ne)−1/2, where µo is the vacuum

permeability. Since it is the mode frequency (and the mode
number in the case of a probe array) that we measure, the rela-
tion between the frequency and the Alfvén speed is needed.
This relation is set by the condition for the existence of the
resonance, such as equation (6) in [18]:

f/fci = ω/ωci > (1+ vo/vA)
−1

, (6)

where f ci is the cyclotron frequency of the driving fast ion
at the mode center. A successful hydrogen fraction scan, in
the presence of a strong high frequency Alfvénic mode, has
been achieved on ASDEXUpgrade (figure 7). The scan is per-
formed at a constant plasma current, while maintaining the
total electron density constant (∼6 × 1019 m−3 on-axis) via
a feedback (figure 7(a)). The mode is maintained by a single
NBI source at constant power, where the current ramp-up and
ramp-down are heated with source 2 (58.5 keV, 0.50 pitch,

deuterium), while the majority of the discharge is heated with
source 3 (59.3 keV, 0.53 pitch, deuterium) (figure 7(b)). The
hydrogen fraction (which is measured directly by the NPA dia-
gnostic) is scanned almost linearly from the intrinsic value
of ∼2% to nearly 50%, which lowers the average ion mass
from ∼2mp (pure deuterium) to ∼1.5mp (figure 7(c)). The
core electron temperature Te is ∼1.5 keV and remains con-
stant during the hydrogen fraction scan. The on-axis magnetic
field is also constant at Bo = −1.67 T. The mode frequency
increases with a decrease in the average ion mass, as expec-
ted from the Alfvén scaling (figure 7(d)). The reader may note
that individual sub-modes in figure 7(d) experience non-linear
effects (appearance and disappearance) as a function of the
average ion mass. The reasons for this behavior are not clear,
as both the Alfvén continuum minimum (for the case of the
GAEs) and the potential well radial structure (for the case of
the CAEs) directly depend on vA and, hence, the average ion
mass. As a result, either mode type can experience a sudden
mode number transition due to changes in m∗. Using the aver-
age ion mass density values (figure 7(c)), the expected mode
frequency values that match the existence of the resonance
condition (equation (6) in [18]) can be calculated. These val-
ues (on-axis, Ro = 1.75 m) are shown in figure 8. Once again
there is an overestimate of ∼0.5 MHz, compared to the meas-
urement, and a goodmatch to the data can be obtained by using
off-axis plasma profiles (R= 1.84 m). The exact low field side
radial shift value remains to be estimated based on the mode
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Figure 7. Demonstration of a high frequency Alfvénic eigenmode
response to a change in the average bulk ion mass density. Shown
are the time histories of (a) the plasma current IP and the core
line-averaged electron density neo; (b) the NBI sources and power;
(c) the average ion mass density ρ normalized to neo and the proton
mass mp, as measured with the NPA diagnostic; and (d) the mode
frequency spectra.

Figure 8. A comparison between a measured high frequency
Alfvénic eigenmode frequency and a mode frequency value that
matches the existence of the resonance condition. The estimates are
performed on-axis (Ro = 1.75 m) and off-axis (R = 1.84 m).

location and the resonant fast ion drift orbit size. Note that
a realistic plasma composition in a fusion reactor will contain
additional ion species, such as helium ash andmid-Z radiators,

which will modify the average ion mass density. The effect
of impurity ions on the high frequency Alfvénic eigenmode
properties is a subject of a future study on ASDEX Upgrade.
Additionally note, that other instabilities in the ion cyclotron
frequency range, such as core ICE [35], often appear simultan-
eously in the presence of high frequency Alfvénic modes. As
a result, a study that broadly covers multiple instability types
and the interplay between them is currently under considera-
tion on ASDEX Upgrade.

4. Summary

Beam driven high frequency Alfvénic eigenmodes are an area
of active research on ASDEX Upgrade and other tokamaks.
ASDEX Upgrade is well equipped for this study with 8 NBI
sources that can inject fast neutrals at energies ranging from
<60 to >90 keV and pitch angles from 0.27 to 0.7 (figure 2).
The general trends that we report in this manuscript are: (1)
centrally depositing NBI sources drive the highest amplitude
modes, where the sources with the lowest energy and pitch
angle (S1 and S4) produce modes with the highest frequency
value (figures 3(d) and (h)); (2) tangentially depositing off-
axis NBI sources (S6 and S7) globally stabilize themode activ-
ity (figures 3(d) and 5(d)); (3) a combination of two mode-
driving NBI sources (S1–S5, and S8) suppresses the mode
associated with the lowest energy and the lowest pitch angle
NBI source, while enhancing the amplitude of the mode asso-
ciated with the remaining source. Themode growth rates in the
frequency-mode number space are calculated (figures 4 and 6)
following the approach outlined in Lestz et al [34] and Belova
et al [18] and adopted to the ASDEX Upgrade discharges [8].
The mode frequency values are estimated analytically as inter-
section points between the two-fluid cold plasma dispersion
curves and the most unstable frequency curves. It is found
that this method, when using on-axis plasma profiles, con-
sistently overestimates the mode frequency by ∼1 MHz (star
symbols in figures 4( f ) and 6 ( f )). This overestimate can pos-
sibly be accounted for by (1) using the drift-orbit-averaged
cyclotron frequency of the resonant particles, which reduces
the on-axis cyclotron frequency values by a factor of ∼0.9
[34], or (2) using a non-linear model with a realistic tokamak
geometry [18], which includes mode sideband formation. The
expectedmode frequency values are also estimated by tracking
the growth rate maxima trajectories and this method improves
the match with the experimentally measured frequency values
(circle symbols in figures 4( f ) and 6 ( f )).

A successful hydrogen fraction scan has been performed on
ASDEX Upgrade in the presence of a strong high frequency
Alfvénic eigenmode, where the average bulk ion mass has
been scanned from ∼2mp (almost pure deuterium) to ∼1.5mp

(∼50% H/H + D), while keeping the overall electron dens-
ity constant via a feedback (figure 7). The hydrogen fraction
has been measured using the neutral particle analyzer dia-
gnostic. The expected mode frequency change has been estim-
ated using the existence of the resonance condition at on-axis
(Ro = 1.75 m) and off-axis (R = 1.84 m) radial locations
(figure 8). The on-axis values show a consistent overestimate
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(∼0.5 MHz) of the mode frequency compared to the meas-
urements, this overestimate is removed for the off-axis radial
location. Determining the exact mode position (on-axis vs. off-
axis) and the resonant fast ion drift orbit geometry in ASDEX
Upgrade discharges will be the subject of future work.
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