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Abstract

High frequency Alfvén eigenmodes in the ion cyclotron frequency range are actively researched
on the ASDEX Upgrade tokamak (AUG). The general properties of this particular mode type
are: (a) the mode is beam-driven and, if excited, can persist for the entire duration of the
beam-on time window; (b) the mode is sub-cyclotron with the frequency w ~0.5w.j, where w.;
corresponds to the on-axis cyclotron frequency of the beam ions; (c) the mode propagates in the
counter-current/counter-injection direction; and (d) the field-aligned (~toroidal) mode number
is large: In;l ~50. It has been observed on AUG that radio frequency- (RF)-acceleration of
beam-injected ions at the 3rd cyclotron harmonic significantly expands the number of excited
modes. In this work we demonstrate how this observation is consistent with the global Alfvén
eigenmode (GAE) behavior. The RF-driven fast ion population is modeled using a combination
of an orbit-following Monte Carlo code (ASCOT-RFOF) and an electro-magnetic wave code
(TORIC). The application of this code combination is a first to model beam-ion RF-acceleration
at the 3rd cyclotron harmonic. The RF-accelerated fast ion distributions are then used to

4 See Stroth er al 2022 (https://doi.org/10.1088/1741-4326/ac207f) for the ASDEX Upgrade Team.
b See Labit e al 2019 (https://doi.org/10.1088/1741-4326/ab2211) for the EUROfusion MST1 Team.
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analytically calculate anisotropy-driven mode growth rates. We see that the region of positive
(unstable) growth rates is expanded by RF-accelerated fast ions in both the frequency and the
mode number directions for the GAEs, consistent with the measurements. Although the
compressional Alfvén eigenmode growth rates are also positive for our particular fast ion
distributions, the growth rate values are ~3 orders of magnitude lower. The plasma conditions
on AUG are more destabilizing to the GAEs. Overall, our results are consistent with the
observation of similar modes on other conventional tokamaks, namely JT-60U and DIII-D.

Keywords: Alfven eigenmodes, ICE, ASDEX Upgrade, plasma instabilities

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

1. Introduction

Confinement and slowing down of fusion-born alpha particles
play a key role in determining the efficiency of a D-T burn-
ing fusion reactor. Ideally, fast ions in magnetized plasmas
slow down via Coulomb collision with bulk electrons and ions.
However, under realistic conditions, high frequency instabilit-
ies can divert the fast ion energy deposition path away from the
Coulomb channel [1]. Of particular concern are core localized
instabilities, such as global Alfvén eigenmodes (GAEs) [2-5]
and core ion cyclotron emission (ICE) [6, 7], as it is the region
where the most intense fusion reactions take place. GAEs are
commonly observed in neutral beam injection (NBI) heated
plasmas in spherical [4, 5] and conventional tokamaks [2, 3].
These high frequency modes are sub-cyclotron, generally with
frequencies ~0.5 of the fast ion cyclotron frequency value
in the plasma core, and are driven by the fast ion anisotropy
[3, 8, 9]. The first observation of high frequency GAEs on a
conventional tokamak is attributed to DIII-D, where the mode
has been initially identified as a compressional Alfvén eigen-
mode (CAE) [10]. More recent measurements from JT-60U
[3], ASDEX Upgrade (AUG) [11, 12], and DIII-D [13] sup-
port the hypothesis that these mode are global and arise due
to coupling between shear and compressional Alfvén waves.
The measured frequency (w), the parallel wavenumber (k;,),
and the propagation direction match the expected GAE dis-
persion relation (wlky)?* < va%, where v, is the Alfvén speed
[8, 14, 15].

It is of interest to quantify how these Alfvénic modes
modify their properties in response to changes in the driving
fast ion source, such as the speed and the pitch value of the
fast ion driver. We have previously reported how the 3rd har-
monic RF-acceleration of beam-driven fast ions has a particu-
larly strong effect on these modes [11]. In this paper we present
a detailed numerical analysis of a similar plasma scenario,
now supplemented with extensive mode frequency and tor-
oidal number measurements [12]. This analyses and measure-
ments together provide strong support to the hypothesis that
the high frequency Alfvén eigenmodes on AUG are GAEs, in
agreement with similar observations from other conventional
tokamaks [3, 9, 13].

2. Machine and diagnostics description

AUG is a medium-size conventional tokamak (major radius
R, = 1.67 m, minor radius ¢ = 0.5 m) capable of operating
with the on-axis toroidal magnetic field B, = —1.4to —3.0 T
and /, = 0.4-1.2 MA [16]. The negative magnetic field sign
implies that B, is in the counter-current direction (figure 1)
but the machine can also operate in the reverse /,/Br config-
uration if needed. The tokamak is equipped with a range of
auxiliary heating systems such as NBI, electron cyclotron res-
onance heating, and ion cyclotron range of frequencies heat-
ing (ICRF) (figure 1), which allows the machine to reach a
wide range of plasma scenarios. The ICRF system is capable
of operating at frequencies of 30.0, 36.5, 41.8, and 55.1 MHz,
with ICRF power launched via two antenna pairs (figure 1).
Hydrogen minority heating in deuterium plasma is the most
common ICRF heating scheme, but the system can also run
2nd, 3rd, and 4th deuterium NBI harmonic heating scenarios
as well as the 3-ion heating scheme with a He-3 minority ion.
The NBI system can operate at 30-93 keV injection energies
in either deuterium, hydrogen, or helium species (figures 1
and 2). The injection is done via two beam boxes, with each
box containing four sources. The relevant source orientations
in AUG are shown in figure 2. Note that sources 6 & 7 are
directed off-axis for current drive studies.

The detection of high frequency modes in AUG plasmas
is performed using an ICE diagnostic, which is a combin-
ation of B-dot probes spread out across the torus [17, 18].
For this particular study, we rely on a probe in Sector 5 and
a probe array in Sector 11 (figure 1). The Sector 5 probe
provides information on the emission frequency and amp-
litude, while the Sector 11 probe array can also measure
the field-aligned (~toroidal) wavenumber k;, of the detected
wavefields [18]. The probe output voltage signals are routed
via 50 Ohm coaxial cables out of the torus and are directly
digitized at a sampling rate of 125 MHz, with a 14-bit 8-
channel fast digitizer [12]. An in-depth description of the ICE
diagnostic components and the signal analysis method can be
found in our previous publications [12, 17, 18]. In the next
section we will demonstrate how the AUG machine and dia-
gnostic capabilities are used to probe high frequency Alfvén
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Figure 1. A top cross sectional view of AUG. Relevant heating systems and diagnostics are shown.

§1:59.1keV_ S52:59.0keV  $3:59.2 keV_ S4:58.9 keV  S5:92.1keV  S6:92.5keV  57:93.3 keV  S8:93.6 keV

Figure 2. Poloidal NBI source orientations on AUG. The energy values refer to a typical operating value for deuterium.

eigenmode properties. These measurements are then supple-
mented with relevant numerical simulations to help explain
observed trends.

3. Experimental results, numerical analysis and
discussion

AUG is equipped with multiple NBI sources (figure 2), the
voltage and the current of each individual beam being fixed
during a discharge. Nevertheless, it is possible to smoothly
change both the energy and the pitch angle of beam-injected
fast ion populations during a discharge via RF acceleration.
A particularly efficient acceleration scheme occurs at the 3rd
fast ion cyclotron harmonic [19]. An example of this scheme
operating in AUG is shown in figure 3. The bulk ion and the
beam ion species are deuterium (with ~5% H bulk concen-
tration), with the beam ion injection energy E, = 93.6 keV
(Vo =2.99 x 10° ms~!), applied for the duration of the I, flat-
top at 2.55 MW (see figure 3(b)). The on-axis magnetic field
B, is constant at —1.6 T, which gives the on-axis deuterium
cyclotron frequency w¢i/2m = 12.2 MHz. The ICRF power
(shown in figure 3(b)) is delivered at 36.5 MHz, which cor-
responds to 3 X wi/2m on-axis. The ICRF power is applied in

two pulses to check the reproducibility of the mode response
under identical plasma conditions. There is a strong rise of
the neutron rate when the ICRF power is ramped to its max-
imum value, shown in figure 3(c), which is a result of enhanced
beam-target D-D fusion reactions during RF-acceleration. The
frequency response of the mode to RF-acceleration of the fast
ion driver contains two features, shown in figure 3(d). The
first feature is a slight drop of the mode frequency bundle,
~120 kHz or 2% of the initial frequency value f = w/27, as
the ICRF power is ramped up to the maximum value. This fre-
quency drop is entirely accounted for by the rise in the core
plasma electron (and the ion) density, shown in figure 3(a):
ne rises from 6.6 x 10" m—3 to 6.8 x 10'° m—3, which
drops the core v value by 2% from 3.05 x 10° m s~! to
2.99 x 10% m s~!. The second feature is the appearance of
additional sub-modes below the original NBI-driven mode
spectra. This observation is analyzed in detail below.

The calculation of the RF-accelerated fast ion popula-
tion is performed with a combination of an electro-magnetic
wave code (TORIC [20]) and a particle code (ASCOT-RFOF
[21]). This code combination has already demonstrated its
utility at modeling hydrogen minority and second harmonic
deuterium heating on AUG [21]. In this paper, we extend
the codes’ application to the 3rd harmonic fast deuterium
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Figure 3. A 1.6 T plasma discharge example (#39220) used for
analysis of a high frequency Alfvén eigenmode response to
RF-accelerated NBI fast deuterium ions. (@) The time history of the
plasma current and core plasma density. (b) The time history of the
NBI and ICRF power. (c¢) The time history of the neutron rate.

(d) The time history of the mode frequency spectra. The markers
(1), (2), and (3) in (d) correspond to the time points used for
ASCOT-RFOF numerical fast ion modeling (1.90, 2.50, and 3.90 s,
respectively).

RF-acceleration. The modeling is performed at three time
intervals, shown in figure 3(d): (a) NBI-only at 1.90 4 0.05 s;
(b) NBI + 1/2 ICRF power at 2.50 £ 0.05 s; and (c) NBI + full
ICRF power at 3.90 & 0.05 s. Only the core plasma region is
used for modeling (p, < 0.2 or p, < 0.35, where p; and p,
are the normalized toroidal and the poloidal flux radii, respect-
ively). This location corresponds to the plasma region where
a counter-/, propagating GAE is localized, see for example
figure 3 in Belova et al [9].

To improve the quantitative analysis of the simulated hot
tail formation, the IC heating simulation scheme has been
simplified from the one used in earlier work [21]. Instead
of regenerating lost markers between time intervals of a few
milliseconds, which makes scaling the results correctly more
complicated, the entire ensemble of about 1.9 million markers
at a time has been followed at once for the 120 millisecond
simulation time, which is adequate for a steady-state hot
tail to form. The scaling factor of the wave electric field

components, necessary to get the correct absorbed wave
power, has been determined beforehand with significantly
smaller test simulations making use of RFOF’s built-in E-field
scaling capability. With the new simulation scheme, quantitat-
ive results of correct magnitude are obtained in a natural man-
ner similar to pure NBI slowing-down simulations.

The first time interval (NBI-only) has been benchmarked
against TRANSP [22] (see figure 4) with a good agree-
ment between the ASCOT- and the TRANSP-modeled fast
deuterium velocity distributions in the velocity (v)/trapping
parameter () space f(v, x), where y = (v L /A)? (as shown
in figure 4(c)). The ASCOT-modeled results of the RF-
accelerated population (figures 5(d) and (g), where f is nor-
malized to the total fast ion number in the modeled volume)
show the expected trend: the fast ion acceleration to higher
energies (figures 5(f) and (i), RF-driven section) follows
the path of higher . This is due to the transfer of the
ICRF power primarily to the perpendicular fast ion velocity
component v, .

The calculated fast ion velocity space distributions can
now be used to estimate the high frequency Alfvén eigen-
mode growth rate 7/w.. This step involves an integration
across a singularity and can be performed either numerically
[3, 9] or analytically [8, 9]. In our manuscript, we fol-
low the analytical approach, as derived by Lestz (equation
(21) in [8]) and Belova (equation (5) in [9]). A number
of approximations are used, justified by the experimental
observations [11, 12]: (a) the measured mode frequency
w ~0.5wco; (2) the mode toroidal propagation direction is
counter-/p/counter-injection, and the toroidal mode number
is very large—n; > 1; 3) the mode is driven by the fast
ion anisotropy in under steady-state conditions, where the
inversion term (Jf/0v) is always stabilizing and, hence, is
not included in the calculation. We reproduce equation (21)
from Lestz et al [8] for the convenience of the reader: wlm =

me mode v
- f (5) |:<w l _1> gfo 2(?9f‘(j:| dy,
/wciO /wciO

where the equation parameters are defined below. The FLR
(finite Larmor radius) function J,;™™°%¢(&) for cyclotron reson-
ance / and m-mode (=CAE or GAE) [8] is approximated in the
limit 0 < w/w.; < 1 and the perpendicular wavenumber k| —
0, although nearly the same growth rate results are obtained in
the limit w/w¢; < 1, with a finite Ik | | < k. € is the FLR para-
meter (£ =k, p1p, Where p,y, is the fast ion Larmor radius),
taken in the limit £ < 1, consistent with the Ik | | < lk//| approx-
imation. Net energy exchange between a mode and the fast
ion population is significant only at the resonance, defined
by equation (2) in Lestz et al [8] or equation (4) in Belova
et al [9]. For our specific case, the resonance condition is well
approximated by w — ky vy s = lwe, Where k; = ny/R,,
R, = 1.75 m is the major radius position of the plasma center
(where GAE:s are expected to occur), vy, es 1S the parallel beam
ion velocity component in resonance with the mode, and / = 1
for counter-Ip propagating modes. In our approximate res-
onance condition equation we neglect the contribution of the
toroidal bulk plasma rotation, which is about 5 x 10* m s~!
in the plasma core, or ~3% of the v s value. An example

3
T V] res,!

2 n,
I
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Figure 4. The fast ion distribution function generated by (a) TRANSP and (b) ASCOT-RFOF for the NBI only time frame t = 1.9 s. (¢) The
TRANSP and the ASCOT-RFOF generated fast ion distributions at the NBI injection speed v = 3 x 10® m s ™!, see the dashed vertical lines
in (a) and (b). The solid curves in (a) and (b) are resonance lines for a marginally stable mode, see figure 5 for more details.
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Figure 5. ASCOT-RFOF analysis results for discharge #39220. (a), (d), and (g) The fast ion velocity function in the v/x space for the three
time slices marked in figure 3(d). (b), (e), and (h) The GAE growth rate estimate (y(v)/w¢;) as defined by equation (21) in [8]) for the mode
example w/2m = 5.7 MHz and n;, = —57 for the three time slices of interest. (c), (f), and (i) The fast ion velocity function integrated across
the trapping parameter y for the three times slices of interest. The RF-driven fast ion component is indicated on (d) and (g) and is
well-defined on (f) and (i) above 10° eV.

resonance curve (w/2m = 5.7 MHz, —n;, = 57, consistent in figures 5(e) and (k). More specifically, it is the additional
with our measurements) is shown in figures 5(a), (d), and (g). anisotropy component of the RF-accelerated fast ion popula-
This particular example demonstrates how an initially stable tion that drives more modes. In our growth rate estimates we
mode, as shown in figure 5(b), is destabilized by the intro- use the beam ion fraction ny/ne = 0.033, in agreement with the
duction of an RF-accelerated fast ion component, as shown experiment.
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Figure 6. A 2D mode growth rate map in the frequency w/27/mode number n;; domain. (a)—(c) correspond to the times slices (1), (2), and
(3) shown in figure 3(d), respectively. The experimental measurements are shown with star symbols. The dashed line represents the

analytical estimate of the most unstable modes, as derived in [9].
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Figure 7. Two plasma discharges that demonstrate high frequency Alfvén eigenmodes driven by various NBI sources on AUG. The modes
in discharge #38388 are driven by a sequence of single NBI sources, while the modes in discharge #38814 are driven by a combination of
Source 4 with a sequence of the remaining sources. (a) and (d) The plasma current and the core plasma density time histories. (b) and

(e) The NBI power and source time histories. (¢) and (f) The mode frequency spectra time histories.

Extending the growth rate calculations to a range of fre-
quencies and parallel mode numbers reveals a number of key
features (figure 6). The peak growth rate value is expected
to track the relation 1 — vy, 1es>/v,> = X0, Where v, and ¥,
are the beam ion injection velocity (3 x 10° m s~') and the
trapping parameter (0.78), respectively [9]. This relation is
well-followed by the calculated peak growth rates, see the
dashed line in figures 6(a)—(c). Additionally, we see that the
RF-accelerated fast ion population expands the unstable w/ny,
space, as shown in the top right sections in figures 6(b) and (c).
This allows for more driven modes to appear. The experiment-
ally observed modes are shown with star symbols in figure 6.
Finally, we note that performing the same growth rate calcu-
lations for counter-/;, propagating CAEs also shows a similar
w/ny; map of positive (unstable) values; however, the rates are
three orders of magnitude lower than the GAE values. This
implies that the plasma conditions in the presented discharges
favor GAE emission over that of CAEs.

A more traditional way of modifying the fast ion velo-
city distribution in AUG plasmas is to switch between various
beam ion sources (figure 2) during a single discharge. This
method reveals that each NBI source on AUG has a unique
mode signature in the frequency domain, ranging from 5.5 to
7.0 MHz for B, = —1.5 T, as shown in figures 7(c) and (f).
The general trends we observe are grouped as follows: (a)
higher energy central sources (S5 & S8) drive modes at the
lowest frequency, as shown in figure 7(c). This is in agreement
with the condition for the existence of the resonance, defined
by w > w.i/(1 + v,/va) [8, 9]. However, individual source
to source variations in the mode frequency are observed (for
example between S5 & S8) and suggest a hidden pitch angle
dependence in the resonance existence condition. (b) The off-
axis sources (S6 & S7) do not drive modes, but also stabilize
those driven by the central sources. GAE stabilization by off-
axis NBI has been observed previously on NSTX-U, a spher-
ical tokamak, and is attributed to the reduction of anisotropy
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by the addition of fast ions at Y — 0. Overall, the driven
mode frequency values (w ~ 0.5%w.;) and plasma paramet-
ers (v,/v4 ~ 1) on AUG are quite similar to the correspond-
ing values observed on DIII-D (see figure 8 in Belova et al
[9]). This result is not surprising, as the two machines are quite
similar in size and NBI operating energy. The implication is
that the two-fluid Hall correction term g must be applied to
the cold plasma GAE dispersion, i.e. w = gkyva with g < 1
[9]. Using equation (9) in Belova et al [9], we obtain g ~0.6
for our AUG discharges, or the expected mode frequency
wRT=0.6 x30m™!" *3 x 10° ms~! /27 = 8.6 MHz. This
estimate is within 30% of the experimentally measured 6 MHz,
where the discrepancy is attributed to the scatter in the toroidal
wavenumber measurement [12].

4. Summary and conclusions

The AUG tokamak is well-equipped to study electro-magnetic
instabilities in the ion cyclotron frequency range. Of a partic-
ular interest are the high frequency Alfvén eigenmodes often
detected on AUG [11, 12] and other tokamaks [1-5, 9, 10, 13].
The modes detected on AUG are characterized by the follow-
ing properties: (a) the instability is beam-driven and can per-
sist for the entire duration of the NBI-on time; (») the mode
frequency is generally ~0.5%w,i; (¢) the mode propagates in
the counter-/,/counter-injection direction; (d) the mode field-
aligned (~toroidal) number is large, generally ~50. On AUG
we also observe a strong increase in the mode activity in the
presence of RF-accelerated beam ions, where the accelera-
tion is at the 3rd beam ion cyclotron harmonic. In this paper
we have shown that this mode response is consistent with the
GAEs. The RF-accelerated beam ion distribution function has
been numerically reconstructed via a combination of TORIC
and ASCOT-RFOF, which is the first successful application
of these codes to the 3rd harmonic acceleration. The RF-
accelerated distributions have then been used to analytically
calculate the anisotropy-driven GAE growth rates (figure 6)
following the approach of Lestz et al [8] and Belova et al [9].
This approach shows that the unstable GAE region is expan-
ded by the RF-driven fast ions, both in the frequency and the
toroidal mode number direction, in good agreement with the
measurements. The inversion-driven component (Jf/0v) can
also be included in the growth rate estimates, but it introduces
only a small stabilizing effect across all frequency and mode
number values without changing the overall trends shown in
figure 6. Performing the same growth rate estimates for the
CAEs has also shown positive (unstable) values, but these are
~3 orders of magnitude lower. The AUG plasma properties
favor the GAE emission. In summary, the GAE identity of the
sub-cyclotron modes observed on AUG is consistent with the
mode type detected on other conventional tokamaks, namely
JT-60U [3] and DIII-D [9].
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