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Abstract

The drive of Alfvén Eigenmodes (AEs) by DT-fusion alphas and their resulting transport could greatly impact the
success of future burning plasma tokamaks. However, despite the fact that much about AE stability has been explored, open
questions remain, for example, of the exact stability threshold conditions for ITER or other burning plasma experiments, like
SPARC. In JET, eight in-vessel antennas actively excite stable AEs, and their eigenfrequencies, toroidal mode numbers, and
net damping rates are assessed. Thousands of AE stability measurements have been collected by the Alfvén Eigenmode Active
Diagnostic (AEAD) in hundreds of JET plasmas during the recent Hydrogen, Deuterium, Tritium, DT, and Helium campaigns.
Such an AE stability database, spanning all four ion species, is presented for the first time. In general, damping is observed to
decrease with increasing Hydrogenic mass, but increase for Helium, a trend consistent with radiative damping as the dominant
damping mechanism. In addition, modeling validation is achieved via the novel simultaneous measurements of stable and
destabilized AEs in both D and DT plasmas. In the former, hybrid kinetic-MHD codes MEGA and NOVA-K demonstrate
impressive agreement with both growth and damping rates for n = 2 — 6 Toroidicity-induced AEs. In DT, NOVA-K finds
similar agreement, but for a stable, edge-localized n = 3 Ellipticity-induced AE. These specific data points, as well as the
entire database, are incredibly important for confident predictions of AE stability in both pre-fusion-power (H/He) and D/T
operations in future devices. In particular, if radiative damping plays significant role in their overall stability, some AEs could
be more easily destabilized in D/T plasmas than their H/He counterparts, even before considering alpha particle drive.

I'See the author list of “Overview of T and D-T results in JET with ITER-like wall” by C.F. Maggi et al. to be published in Nuclear Fusion
Special Issue: Overview and Summary Papers from the 29th Fusion Energy Conference (London, UK, 16-21 October 2023)
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1. JET’S ALFVEN EIGENMODE ACTIVE DIAGNOSTIC

The Alfvén Eigenmode Active Diagnostic (AEAD) actively probes stable AEs in the JET tokamak [1} 2]. Two
toroidal arrays of antennas (four each, eight total) are positioned just below the midplane on the outboard wall
inside vacuum vessel. Each 18-turn antenna can be independently powered with currents up to ~ 10 A, and the
antennas’ phasing can be tuned so that the resulting perturbation has a dominant toroidal mode number |n| < 20.
Four sets of filters, with different frequency bands, allow the antennas’ frequency to span the range f = 25 —
330 kHz, with Toriodicity-induced AEs (TAEs) typically in the range f ~ 100 — 300 kHz in JET plasmas.

As the AEAD frequency scans through the resonant frequency of a stable AE, the plasma responds like a
resonant cavity or a driven, damped harmonic oscillator. Arrays of high frequency magnetic probes measure this
response, from which the eigenfrequency wy = 27 fy, mode number n, and net damping rate v < 0 can be
inferred. Many damping mechanisms can contribute to the total damping rate: continuum, radiative, collisional,
Landau damping, and more. The mode can also experience drive, like that from fast ions, which pushes it toward
instability (v > 0). Thus, the alpha drive of AEs could be assessed directly by comparing two measurements in D
and DT plasmas, assuming all other relevant plasma parameters are similar.

An unambiguous measurement of alpha drive of a stable AE has not yet been achieved by the AEAD, although
attempts will be made during the 2023 JET DT campaign. Nevertheless, this system has successfully resonated
with thousands of AEs in hundreds of JET plasma discharges across multiple recent campaigns with many novel
observations. In this paper, database trends for various fuel ion species are explored in Section 2} while Section 3|
validates AE stability models using simultaneous measurements of destabilized and stabilized AEs. A summary
is given in Section 4]

2. DATABASE ANALYSES ACROSS H, D, T, DT, AND HE PLASMAS

2.1. Trends with ion mass number

From 2019 through 2022, several single-species campaigns were carried out on JET to study isotope effects and
prepare for the 2021 DT campaign [3l]. Across the Hydrogen, Deuterium, Tritium, and Helium campaigns, a
database of AE stability measurements was assembled from hundreds of plasmas and with thousands of data
points collected. To the authors’ knowledge, this work is the first to explore AE stability across all four species
of thermal ions, i.e. mass numbers A = 1 — 4. Of course, other studies have investigated a subset of species and
AEs: for example, TAEs in H, D, and T [4]] as well as H, D, and He plasmas [3]] in JET; beta-induced AEs (BAEs)
in H and D plasmas in DIII-D [6]]; and various fast ion species in multiple tokamaks.

Because all five JET campaigns did not necessarily explore the same “plasma parameter space,” several filters
are applied to the data set in order to consider a common subset: plasma currents [p = 1 — 3 MA; toroidal
magnetic field strengths By = 1 — 2.5 T; and minimal external heating powers (P < 1 MW) from Neutral Beam
Injection (NBI) and Ion Cyclotron Resonance Heating (ICRH) to minimize any contribution from fast ion drive
and isolate the effects of damping. Uncertainties in the normalized damping rate and resonant frequency are also
restricted to |A(y/wo)| < 1% and |A fo| < 1 kHz, respectively.

Net damping rates, normalized to the resonant frequency, for all filtered data are shown in Fig.[Ta]as a function
of the effective mass number A = >, A;n;/ ) . n,;, with n; the ion density, assessed from edge spectroscopy.
The data are well clustered around the expected mass numbers for each species and campaign. The slight skew
toward lower A values for D, T, and He plasmas is likely due to small fractions of H in some plasmas. For DT
plasmas, the ratio D/T was scanned more deliberately, seen as several distinct groupings. A trend of decreasing
damping rate with mass number is observed in the data for the Hydrogenic species (A = 1 — 3), approximately
following an inverse relationship (—7y/wo o 1/A), dashed in Fig. [la). However, the trend fails for He which
displays higher damping rates than T data.

This result is perhaps clearer in the distributions of data shown in Fig. where the median, 25% and 75%
quartiles, and 5% and 95% quantiles are indicated for each campaign’s data set. The median damping rate de-
creases with A from H to D to T plasmas, but increases for He plasmas. There are clear differences in the
distributions of H vs D plasmas and T vs He plasmasE] The distributions of D, DT, and T data are much more
alike; however, all quantiles are still lower for T than D data, with DT values falling somewhere in between. This
confirms the inverse relationship of v/wg and A for the Hydrogenic plasmas. Interestingly, the distributions for
D and He plasmas are quite dissimilar, even though they have the same charge-to-mass ratio Z/A and therefore
similar Alfvén dynamics.

2Note that the spread in each distribution could be due to variety of damping mechanisms: continuum, electron and ion Landau damping,
and more; further investigations are left for future work.
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FIG. 1. (a) Normalized damping rate —~/wq vs mass number A for H (red circles), D (blue squares), DT (gold
stars), T (magenta diamonds), and He (black triangles) plasmas with the number of data points in parentheses.
Lines —y/wo o 1/A and exp(constant/\/A) are dashed and dotted, respectively. (b) Box plots for the same
data: the yellow solid line indicates the median, box the first and third quartiles, whiskers the 5% and 95%
quantiles, and circles the outliers.

This trend of decreasing AE damping rate with ion mass has been reported before. In [4], AE stability mea-
surements across A = 1 — 2.8 were analyzed. Analytically, electron Landau damping was expected to scale as
—/wo V/A, disagreeing with experiment; however, gyrokinetic simulations matched the empirical finding of
an inverse relationship, —y/wo o 1/A, which was ultimately attributed to radiative damping via mode conversion
to Kinetic Alfvén Waves.

The study in [5] complemented the previous analysis with data ranging A = 1.7 — 3.95. Similar decreasing
trends were identified, although toroidal mode number discrimination was able to capture an increasing trend
—~/wp o A. Importantly, the authors used an analytic expression for radiative damping in the form —v/wg o
exp(G/A) [1]. Here, G is a prefactor depending mostly on the mode location in the Alfvén continuum, and
A o« g(dg/dr)p; is a “non-ideal” parameter depending on the safety factor profile g, magnetic shear, and finite ion
Larmor radius p;. From this, the relationship —7/wy o< exp(G’/+/A) was proposed in [3], which also matches
the Hydrogenic data well in Fig.[Ta] (dotted line).

Yet this could also explain the divergence of He data from the decreasing trend as the Larmor radius depends
on both mass and charge: p; ~ m;v,i/gB ~ vVm;T;/gB x Z/ V/A. Thus, a more appropriate expression
for radiative damping could be —v/wy o exp(G’ Z/+/A), with damping larger for He plasmas than D and T
plasmas (since 2/ Vi=1>1 / V2 and 1 / v/3). However, this formula would imply that H and He data should
have the same damping (since 1/ V=2 / v/4), which is not reflected in Fig. Simulations with MHD codes
MISHKA [8]] and CASTOR [9] are underway to better evaluate dependencies on n, Z, A and the contributions
of various damping mechanisms, which might explain this discrepancy. Nevertheless, these raw damping rate
data are important for future devices since, all else constant, AEs may be better stabilized in pre-fusion-power
operations with H/He plasmas and thus more readily destabilized in D/T.

2.2. Trends with other plasma parameters

Dependencies of stable AE damping rates on other plasma parameters can also be explored for each campaign via
the database. Table [I] gives Pearson correlation coefficients ry, weighted by inverse variance, of the normalized
damping rate with the edge safety factor q95 and edge magnetic shear sg5, another formulation of the non-ideal
parameter N = qo5595v/ 10 /Bo [10] (with Too and By the on-axis electron temperature and magnetic field
strength, respectively), and external heating powers from NBI and ICRH, across the different campaigns. Note
that the aforementioned data filter is not used here in order to see trends including all data within each campaign.

Strong correlations (rw > 0.5) are observed with qgs, So5, and A for the Hydrogenic plasmas. This indi-
cates that continuum and especially radiative damping are major contributions to AE stability for much of the
data collected in these campaigns. In contrast, the He campaign shows a moderate correlation with gg5 and ),
but essentially no correlation with sgs ﬂhus, while continuum damping may still play a role, radiative damping

3The range of sg5 data is narrower for He compared to other campaigns, which could contribute to this vanishingly small correlation.
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TABLE 1. WEIGHTED LINEAR CORRELATION WITH NORMALIZED DAMPING RATE

rw(=7/wo,")  qos S95 N Pyt Picru
H 0.79 0.65 0.76 N/A —-0.18
D [11] 0.54 0.57 0.69 028 —0.09
T 0.71 070 074 -—-0.11 —-0.04
DT 0.46 0.61 0.65 0.10 0.14
He 039 ~0.00 0.31 -0.20 0.07

appears to be reduced. This is consistent with the trend observed in Fig. [T] and could explain why the median
damping rate is higher for H than He plasmas.

Weak correlations (rw < 0.3) are observed with NBI and ICRH powersﬂ suggesting that they contribute
minimally to the damping or drive of the stable AEs. This is likely due to the AEAD’s improved coupling with
the plasma edge [12]], where modes have less interaction with core-localized NBI or ICRH fast ions. However, the
AEAD can measure stable AEs with significant fast ion drive, as explored in the next section.

3. SIMULTANEOUS MEASUREMENTS OF STABILIZED AND DESTABILIZED AES

Reference [13] reported on a novel observation of stabilized and destabilized TAEs measured simultaneously in
JET Deuterium plasma JPN 94700. During an experiment with three-ion-heating scenario D-(DNBI)-He3 [14],
n = 3 — b TAEs were clearly destabilized while an n = 6 TAE, with damping rate —v/wo ~ 2% + 1%,
was resonantly excited by the AEAD. The simultaneity was crucial in providing multiple data points to validate
simulations of the plasma and AE stability at a single point in time. Hybrid kinetic-MHD modeling with both
the linear code NOVA-K [[15 (16} [17]] and nonlinear code MEGA [18] successfully identified the various modes,
their toroidal mode numbers and eigenfrequencies. Impressively, both codes matched the measured damping rate
of the n = 6 TAE within experimental uncertainties, and NOVA-K found radiative damping (y/wo ~ —4.8%)
to dominate the drive from ICRH (y/wg =~ +2.3%). However, only MEGA could reproduce the stability of all
unstable (n = 3 — 5) and stable (n = 2, 6) modes.

During the 2021 JET DT campaign, another simultaneous measurement of unstable and stable AEs was made
in JPN 99896 [19] [20], this time with ~1% H-minority ICRH. Figure [2a] shows the time evolution of plasma
parameters for this pulse (50%/50% DT); steady-state values are the on-axis magnetic field strength By ~ 2.8 T,
plasma current Ip ~ 1.9 MA, central electron density n.y ~ 4 x 10'® m~2 and temperature Tpy ~ 6 keV.
External heating powers are Pxpr ~ 3 — 7 MW from ¢t ~ 6 — 11 s (D-NBI before and T-NBI after ¢ ~ 9 s) and
Picrug = 4.5 MW from ¢t =~ 7 — 12 s. Profiles at a single time of interest, t = 11.2 s, are shown in Fig. @ safety
factor ¢ from pressure-constrained EFIT, n, and T, from Thomson Scattering, and rotation frequency f,o4 from
charge exchange spectroscopy.

During ICRH heating (shaded in Fig.[2a), n = 1 — 6 TAEs are destabilized; these are seen in the spectrogram
of Fig. [3al which includes a toroidal mode number analysis. The number and frequencies of these modes are
interesting: Some are closely spaced in frequency, as might be expected from plasma rotation, i.e. Af ~ fiop ~
1 kHz, yet others have spacing Af ~ 10 kHz. Multiple TAEs with the same n also appear. From [19], this
is attributed to the nonlinear interplay between some TAEs and Neoclassical Tearing Modes also present in the
discharge. However, further analysis of these destabilized TAEs is outside the scope of this paper.

The AEAD was scanning in frequency from f = 125 — 250 kHz during this pulse, seen as the triangular
waveform in Fig. A stable AE was tracked in real time from ¢ =~ 11 — 11.5 s and f ~ 230 — 250 kHz, with
a dominant toroidal mode number n ~ 3 indicated from the mode analysis. During this period, the injected NBI
power was zero, which often improves stable AE detection (from higher signal to noise) [11]. Note how the stable
AE frequency increases at approximately the same rate as the other destabilized TAEs over the same time interval.
This is likely due to the decreasing density (see Fig. and thus increasing Alfvén speed over that duration.

The individual stable AE resonance measurements are shown in Fig.[3b] Peaks in the magnetics data (summed
over all probes) are fit with a transfer function [1} 2] to identify the resonant frequency and damping rate. Un-
fortunately, some peaks are too close together to get a reliable fit, so some data appear to be missing. Yet the
data indicate a marginally stable n = 3 AE with normalized damping rate —y/wp ~ 0.4% — 0.5% increasing in
frequency from fy ~ 230 — 250 kHz.

Modeling with NOVA-K was performed at one time-slice, ¢ = 11.2 s, using the profile data in Fig. 2b]
Also included were the distribution functions of NBI and ICRH fast ions as well as DT alphas from TRANSP
(21,122} 23] using the NUBEAM [24] and TORIC [25]] modules. Toroidal mode numbers n = 1 —6 were assessed,

4No NBI was used during the H campaign.
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FIG. 2. (a) Plasma parameters for JPN 99896: toroidal magnetic field (dashed), plasma current (solid), central
electron density and temperature from Thomson scattering (TS), and heating powers from NBI (solid) and ICRH
(dashed). Stable and unstable AEs were measured during the shaded time interval. (b) Profiles att = 11.2 s:
safety factor from pressure-constrained EFIT, electron density and temperature from TS, and rotation frequency
from charge exchange. Experimental data are circles with uncertainties as error bars; solid lines are fits to the
data; and 1 is the normalized poloidal flux.
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FIG. 3. (a) Fourier decomposition of magnetics data, frequency vs time, with toroidal mode number analysis for
JPN 99896. (b) Stable AE resonance measurements: the magnetic response amplitude (summed over all probes),
AEAD (dotted) and AE resonant frequencies (circles), and normalized damping rates with uncertainties as error
bars.

but only an n = 3 edge-localized Ellipticity-induced AE (EAE) was found to match the frequency measured in
experiment, fy ~ 235 kHz. Figure [d shows the Alfvén continua for n = 3, where the ¢ = 1 surface is located at
VN =~ 0.3 — 0.4 (or ¢x ~ 0.1 — 0.15 in Fig. . The identified mode, at f = 230 kHz, lies above the TAE
gap, in the edge EAE gap, with dominant poloidal harmonics m,m 4+ 2 =5, 7.
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FIG. 4. Alfvén continua (thin lines) and mode structure for poloidal harmonics m = 3 — 12 (solid, dot-dashed
lines) for the n = 3 EAE from NOVA-K, JPN 99896 att = 11.2 s. The lab-frame frequency is indicated by the
horizontal dotted line, and 1N is the normalized poloidal flux.

Individual contributions from various drive and damping mechanisms to the total growth rate (y/wg > 0)
are computed by NOVA-K and provided in Table 2] Continuum damping has a small contribution, but large
uncertainties, and is evident from the mode-continuum crossings in Fig. ] Due to the high EAE frequency
(compared to the TAEs in Fig. [3a)), electron Landau damping dominates over that from D or T ions. Interestingly,
NOVA-K finds that both NBI and ICRH fast ions damp the mode, likely due to the mode’s location closer to the
plasma edge. Unfortunately, and likely for the same reason, the alpha drive is effectively zero in this relatively
low-power pulse. Nevertheless, the total computed damping rate is —y/wy =~ 0.4% =+ 0.1%, which agrees well
with that measured in experiment within uncertainties.

TABLE 2. CONTRIBUTIONS TO THE TOTAL GROWTH RATE FOR THE N = 3 EAE

Damping/drive mechanism v /wg (%)

Continuum —0.04 +0.10
Radiative +0.00
Electron collisional —0.01
Electron Landau —0.17 £ 0.01
Deuterium Landau —0.01

Tritium Landau —0.01

NBI fast ions —0.08 £ 0.01
ICRH fast ions —0.08 £ 0.01
Alphas +0.00

Total —-0.39+0.10

Although outside the scope of this work, it should be noted that NOVA-K fails to identify any of the desta-
bilized TAEs observed in experiment (see Fig. [3a). Therefore, while NOVA-K is able to accurately assess the
AE stability physics in the outer region of the plasma, v/t)x > 0.5, not all is captured in the core. However,
these unstable modes are reproduced in the modeling of [19], which includes nonlinear coupling not available in
NOVA-K. A complementary follow-up study with MEGA could be pursued in the future.

4. SUMMARY

The recent single-species campaigns at the JET tokamak, leading up to the 2021 DT campaign, have allowed
the compilation of a comprehensive database of Alfvén Eigenmode (AE) stability across H, D, T, DT, and He
plasmas using the Alfvén Eigenmode Active Diagnostic (AEAD). Stable AE data from this recent He campaign are
presented here for the first time, and this work could also be the first to analyze AE stability in plasmas with mass
numbers spanning A = 1 —4. As the mass number increased from H to D and DT to T campaigns, the distribution
of normalized damping rates was found to shift toward lower values (see Fig.[I)). This was consistent with previous
isotope effect studies [4} [5] which attributed decreasing trends, e.g. —7/wq o 1/A or exp(1/+/A), to significant
radiative damping. At first glance, the He data seem to contradict this conclusion as the distribution moves toward
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higher damping values; however, further inspection of radiative damping reveals a scaling —/wq o< exp(Z/+/A)
with the introduction of charge Z through the finite ion Larmor radius, a non-ideal/kinetic effect.

An investigation of correlations within individual campaigns (see Table |1)) further supports the dominance of
radiative damping in the database. In particular, the damping rate is well correlated with the “non-ideal param-
eter” [10] associated with radiative damping. Strong correlations are found for Hydrogenic plasmas, whereas
the moderate correlation for He plasmas could explain differences in the damping rate distributions of H and He
plasmas, which otherwise have the same value of Z/+/A. Regardless, these data indicate that radiative damping
may play less of a role in AE stability for D/T plasmas than H/He plasmas; this could result in AEs being more
easily destabilized in D/T discharges, even without alpha drive. Future tokamak operators must take this effect
into account when moving from pre-nuclear to nuclear phases.

The 2021 JET DT campaign also allowed a repeat of stable and unstable AEs measured simultaneously [13].
Toroidicity-induced AEs (TAEs) with toroidal mode numbers n = 1 — 6 were destabilized during ~ 4 MW of
Neutral Beam Injection (NBI) and ~ 4.5 MW of Ion Cyclotron Resonance Heating (ICRH) (see Figs. |2 and
[B). The AEAD actively resonated with and tracked in real time an n = 3 Ellipticity-induced AE (EAE) with a
frequency (fo ~ 235 kHz) clearly higher than the n = 3 TAE (f ~ 160 kHz).

NOVA-K modeling [15,[16] [17] confirmed the eigenmode as an edge-localized n = 3 EAE (see Fig.[d), with
such a mode often readily excited by the AEAD because of its closer proximity to the antennas. NOVA-K also
matched the measured frequency and normalized damping rate —y/wo = 0.3 — 0.5% (see Table , although
unfortunately with no drive from NBI, ICRH, or DT alphas. While edge modes are perhaps less likely to be
driven unstable by core-localized fast ion populations, the (oftentimes) spatially broader alpha population could
destabilize them, as found in recent simulations [26] and experiments [27]]. Moreover, global and edge modes
could lead to transport of energetic particles all the way to the plasma edge, thereby degrading confinement.
Thus, the validation of these simulations via experimental measurements of fj, 7y, and n from both core and
edge-localized AEs gives confidence in extrapolations to future burning plasmas and fusion power plants.
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