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Abstract

®

CrossMark

The stability of beta-induced Alfvén eigenmodes (BAE) and the low frequency modes (LFMs)
that were formerly called beta-induced Alfvén-acoustic eigenmodes is discussed. After a brief
summary of previous publications on the stability in DIII-D beam-heated, reversed-shear,
deuterium plasmas with deuterium neutral beam injection (NBI), new observations in mixed
hydrogen and deuterium plasmas are reported. With deuterium NBI, BAEs are at least as
unstable in mixed-species plasmas as in deuterium plasmas; however, with hydrogen NBI, the
BAEs are stable. In contrast, the LFMs are unaffected by changes in beam species, consistent
with the previous observation that LFMs are not driven by high-energy beam ions. As
predicted by theory, the LFMs appear more unstable in mixed species plasmas than in pure

deuterium discharges.
Keywords: Alfven eigenmode, fast ions, tokamak

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

1. Introduction

The beta-induced Alfvén eigenmode (BAE) [1] and beta-
induced Alfvén-acoustic eigenmode (BAAE) [2] are two
instabilities with frequencies below that of toroidal Alfvén
eigenmodes (TAESs) [3] and reversed shear Alfvén eigenmodes
(RSAE) [4]. Both the BAE [1, 5] and the BAAE [6] have been
implicated in degraded fast-ion confinement. Although much
attention has been devoted to predictions of TAE stability in
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future devices, these potentially dangerous lower-frequency
modes have received far less attention. The purpose of the
dedicated DIII-D experiment summarized here is to provide
additional information on BAE and BAAE stability, with the
ultimate goal of providing well-validated stability predictions
for ITER and other future devices. More complete documen-
tation appears in two longer articles, one on the BAE [7] and
one on the instability that was formerly identified as the BAAE
that is now called a low frequency mode (LFM) [8]. In addi-
tion, a paper on gyrokinetic simulations of these discharges

was also recently published [9]. The earlier experimental work

© 2021 IAEA, Vienna Printed in the UK
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Figure 1. (a) Cross-power spectrogram in the reference shot of the dedicated experiment for ECE channels between normalized minor radii
of 0.29-0.44. The BAEs (diamond) and LFMs (squares) are labeled by their poloidal and toroidal (m, n) numbers. The dashed vertical lines
are the times of g,,;, = 2 and 1.5 crossings inferred from the RSAE activity on ECE and interferometer signals. (b) Measured q,;, from EFIT
reconstructions vs time. The RSAE (*), BAE (diamond), and LFM (square) symbols represent the values of m/n shown on the spectrogram.
(c) Inferred frequencies in the plasma frame for BAEs (diamond) and LFMs (squares) from the formula f = fia — nfior, Where fiyp, is the
measured frequency and f;y is the rotation frequency at the peak of the radial eigenfunction. The error bars represent the uncertainty in the
Doppler shift correction 7 f;or. The BAE accumulation frequency (*) is also shown. Reproduced courtesy of IAEA. Figure from [7]. Copyright

(2021) TAEA.

is summarized in the remainder of this section. New data and
theory for plasmas with mixed concentrations of hydrogen and
deuterium appear in sections 2 and 3, respectively.

The dedicated experiment is conducted during the cur-
rent ramp when the g profile is weakly reversed. Injection of
~ 80 keV deuterium neutral beams produces an anisotropic
population of sub-Alfvénic fast ions that can potentially drive
instability. Prior to the time of interest, the neutral beam
injection (NBI) and electron cyclotron heating (ECH) patterns
remain identical on successive shots; consequently, the g pro-
file and mode activity are highly reproducible shot-to-shot. At
the time of interest, the beam and/or ECH patterns are mod-
ified to investigate the effect of fast-ion and thermal driving
gradients on mode stability.

During the time of interest, three different types of insta-
bility occur: RSAEs, BAEs, and LFMs (figure 1(a)). Electron
cyclotron emission (ECE) data (figure 2) shows that all three
modes have radial eigenfunctions that peak near ¢g,,;,, although
there is some tendency for the BAE to peak closer to the mag-

netic axis (in the negative magnetic shear region) than the other
two instabilities. All three modes depend sensitively on the
value of g,,,;,,, which steadily decreases during the time of inter-
est (figure 1(b)). RSAEs exhibit the ‘Alfvén cascades’ first
reported on JET [4]: at rational values of g,;,, RSAEs with
different toroidal mode numbers n have similar frequencies in
the plasma frame, then the frequencies sweep upward at dif-
ferent rates as time evolves. (The cascades when ¢,,;, = 2 and
1.5 are marked in figure 1(a).) In contrast, the LFMs are only
unstable when q,,;,, is close to a rational value; as a result, the
LFMs appear in ascending patterns reminiscent of Christmas
lights. The BAEs are also unstable when ¢,,;, approaches a
rational value, although their appearance is less regular than for
the LFMs (figure 1(b)). Another difference between the BAEs
and the other instabilities is that, on a millisecond timescale,
the BAE frequency chirps rapidly by ~ 10%, while the fre-
quencies of LFMs and RSAEs hardly changes. The toroidal
rotation frequency at ¢,,;, and the temporal evolution of g,
are both known accurately, so the pattern of unstable BAEs
and LFMs vs time enables unique identification of poloidal
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and toroidal mode numbers (1, n) for each mode (figure 1(a)).
The LFMs do not appear on magnetics so, for them, it is not
possible to use the toroidal magnetics array to check the n num-
ber assignments; however, a set of discharges with high-quality
beam emission spectroscopy data confirm the correctness of
the poloidal mode number assignments [8]. For the BAEs, data
from the toroidal magnetics array confirm the toroidal mode
number assignments for n = 1-3 [7].

Figure 1(c) shows the inferred frequencies in the plasma
frame. After correction for the Doppler shift, the LFM frequen-
cies in the plasma frame are comparable to ion diamagnetic
frequencies and are significantly lower than the frequency of
the beta-induced Alfvén-acoustic gap in the continuum. For
this reason, the modes are no longer identified as BAAEs [8].
The frequencies of the BAEs are close (typically within 10%)
to the geodesic acoustic mode (GAM) frequency [10], which
is also the BAE accumulation point of the Alfvén continuum,

1 7 1 2 12
=l (e T) (1455 ) 5|
faam [27r2m1R3< g ) ( +2q2> /€2+1}

where m; is the ion mass and R is the magnetic axis.

The principal results of the dedicated experiment are illus-
trated in figure 3. When the beams turn off, the BAE activ-
ity ceases in a time that is much shorter than the ~ 100 ms
slowing-down time. In discharges where all of the beams turn
off, RSAE activity also ceases, although it generally persists
longer than BAE activity. In contrast, the activity in the lower
frequency band persists unabated even in the absence of beam
injection. (For the example of figure 3, even though T and
VT, at q,,;, hardly change, the LFM amplitude roughly dou-
bles in amplitude when the beams are off.) Irrespective of the
beam injection pattern, unstable LFMs are observed in all dis-
charges of the dedicated experiment with sustained values of
electron temperature 7, [8].

The BAEs in the dedicated experiment are driven by co-
passing fast ions that are injected by the tangential neutral
beam sources [7]. When perpendicular beams substitute for
tangential beams, the BAEs quickly cease. The BAEs are
unstable when the condition for resonant interaction between
recently deposited tangential beams and the mode is satisfied.
AS g, €Volves, the resonances shift away from the anisotropic
fast-ion population in phase space; these shifts appear to be
the primary factor that determine the duration of instability for
each individual BAE [7].

Three sets of data have been assembled for deuterium plas-
mas [7, 8]. For all three databases, in each time interval, the
mode activity is classified as ‘stable’, ‘marginal’, or ‘unstable’
in the LFM, BAE, RSAE, and TAE frequency bands. Also,
all three databases are restricted to the first two seconds of
the discharge, when the evolving g profile facilitates mode
identification. All databases contain kinetic profile data and
data extracted from equilibrium reconstructions. The largest
database contains over 2000 entries from over 1000 different
discharges and spans a very wide range of plasma parameters.
A second database is from the 20 shots of the dedicated experi-
ment and contains additional information on mode amplitudes
and the fast-ion distribution function. The third database is
from a search for unstable LFMs in discharges without NBI.
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Figure 2. Comparison of the RSAE (*), BAE (diamond), and LFM
(square) radial eigenfunctions measured by ECE in the same
discharge as figure 1. To facilitate comparison, the RSAE (LFM)
spectra have been multiplied by 7.3 (1.06). The cross-power is taken
between adjacent ECE channels. The abscissa is the normalized
square root of the toroidal flux. The vertical dashed line represents
the approximate location of g,,;,; the dotted line is the magnetic
axis. The LFM is from 1144 ms, while the RSAE and BAE are from
1125 ms.

All three databases support the same conclusions. LFMs are
unstable most often in plasmas with high electron tempera-
ture but relatively low beta (figure 4(a)). In contrast, unstable
BAESs appear most often in high beta plasmas (figure 4(b)). The
dependence on 7', (or its gradient) and on beta are the strongest
dependencies in the databases for LFMs [8]. For BAEs, the
strongest dependencies are on beta and beam parameters [7].

The LFM observations motivated new analytical theory that
appears in [8]. A reactive instability of Alfvénic polarization
that is excited by steep electron temperature gradients near
Gmin has properties that are consistent with the experiment.
Linear simulations of the reference case have been performed
by the gyrofluid code FAR3d [11], the linear gyrokinetic code
LIGKA [12], and the gyrokinetic code GTC [9]. Both FAR3d
and GTC find unstable modes near ¢g,,,;, with frequencies com-
parable to LFM frequencies. In GTC, the mode is unstable in
the absence of fast ions. As in experiment, the growth rate cal-
culated by GTC increases with increasing 7. A detailed report
on the GTC simulations appears in [9]. FAR3d, LIGKA, and
GTC all find unstable fast-ion driven modes that are located
near ¢,,, with frequencies comparable to the experimental
BAE:s [7]. In the GTC simulations, the BAE frequency is sen-
sitive to the number of fast ions in a manner suggestive of
an energetic particle mode, which may explain the frequency
chirping observed experimentally. One difference from the
experiment is that the growth rate calculated by both FAR3d
[7] and GTC [9] is rather insensitive to g,,;, while, in experi-
ment, a given BAE is only unstable over a small range of g, ;.
All of the simulations to date employ an isotropic distribution
function and it is well established experimentally that BAE
stability is quite sensitive to the direction of the beam injec-
tion, so the likely explanation for this discrepancy is the use of
isotropic distribution functions in the simulations. Simulations
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Figure 3. Cross-power ECE spectrograms in (a) the reference shot and () a discharge where the neutral beams temporarily turn off. The
white lines are guides to the eye that separate the RSAE, BAE, and LFM frequency bands. When the beam power turns off, BAE activity
ceases first, then RSAE activity ceases; the LFM activity persists throughout. (Because the plasma rotation slows when the beams are off,
the Doppler-shifted LEM frequencies drop, then increase again when beam injection resumes.) The lower panels show the beam and ECH

power traces and the neutron rate (in units of 10'* ns~1).
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Figure 4. Stability diagrams for (a) LFMs and (b) BAEs vs central 7. and Bp. The shading indicates the fraction of entries with unstable
activity per temperature-beta bin in the large database of deuterium discharges. The location of the deuterium reference shot (figure 1) is
identified by the square. Stable (*) and unstable (diamond) conditions observed in mixed-species discharges are also indicated. White

regions indicate a portion of parameter space without entries.

with realistic anisotropic distribution functions are planned as
future work.

2. Observations in mixed species plasmas

DIII-D recently completed several experiments with the injec-
tion of both hydrogen and deuterium beams into plasmas with
significant thermal hydrogen concentrations. Although none
of these plasmas are an exact match of the conditions of the
dedicated deuterium experiment, many have a similar phase

with combined ECH and beam injection into a plasma with
a weakly reversed ¢ profile, as in the dedicated experiment.
Figure 5 shows an example.

To measure the deuterium concentration, short deuterium
beam ‘blips’ from one of the beams injected into most dis-
charges of the ‘isotope campaign’. The central value of nq4 is
estimated from the rate of rise of the neutron emission [13].
The deuterium concentration nq /7, in the available discharges
ranges between 4%—74%. A new database of 83 ‘isotope
campaign’ shots contains the deuterium concentration, the



Nucl. Fusion 61 (2021) 106021

W.W. Heidbrink et a/

#184085 (mixed H &D)

#178631 (pure D)

(a)

Plasma Current (MA)

U

Beam

T

(c) 'rlalullulo‘nﬂ!ncccho.c-QQVh ’“’.".‘“.”...""“.‘“’..."."..-‘.'."..1

Powv (MW)

(d)
ECH Power (MW)

(IR r T On AR siam bttt

|

v”"‘”’, avn yleerapiedv s syt ssisdvnngrunianaiddiy
whs®
Electron Density (1019 m-3)

) Electron Temperature (keV) L

= ON PO = N O = NO N O N O

E (g) Normalized Beta o

—— T e

(h) Neutron Rate (1014 s-1)

(= - N =]

e
-d-o-.npn-g.d-ahs

400 600

o

00

e L
Pl
aw

TIMBI??m s)

.
ahuwArsRtedsl e
Apaer ety
ot

1000 1200 1400

Figure 5. Time evolution of (a) plasma current I}, (b) q,,;,» (¢) beam power, (d) ECH power, (e) line-averaged electron density 7, (f)
central electron temperature 7, (g) normalized beta Sy and (%) measured neutron rate in the dedicated deuterium experiment (dashed) and

in the mixed-species discharge shown in figure 6 (solid).
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Figure 6. Cross-power ECE spectrogram from a discharge with
approximately 50% hydrogen and alternating injection of hydrogen
and deuterium neutral beams in the discharge of figure 5. The units
of the neutron signal are 10'* n s~!. Magnetics data show that the

unstable BAE at 1160 ms has a toroidal mode number n = 2.
Toroidal field By = 2.0 T.

power injected by deuterium or hydrogen beams, and all of
the information in the large deuterium database.

Many discharges have unstable LFMs, BAEs, or both.
Figure 6 shows an example. Notice that the BAEs only appear

Table 1. Number of stable and unstable LFM and BAE entries in
the deuterium and mixed-species databases.

Database LFM: unstable/stable BAE: unstable/stable
Deuterium 43/1312 (3.3%) 137/1174 (11.7%)
Mixed H/D 25/113 (22%) 37/124 (30%)

during deuterium NBI; hydrogen injection did not destabi-
lize BAEs in any discharge in the recent isotope campaign.
In contrast, as expected, the occurrence of unstable LFMs is
independent of beam type.

Comparison of the new database to the large deuterium
database illuminates general trends. For the LFM, instability
requires 7e > 2 keV and modest poloidal beta, just as in deu-
terium discharges (figure 4(a)). (Actually, owing to limited
hydrogen beam power and poorer confinement in hydrogen, all
of the discharges in the isotope campaign have relatively low
ﬂp in the first two seconds of the discharge.) For the BAE, as in
deuterium discharges, the occurrence of instability correlates
positively with 3, butis uncorrelated with T (figure 4(b)). For
these isotope campaign shots, the 3, dependence may actually
reflect an underlying dependence on deuterium beam power
PR, as 3, and Py, are strongly correlated in this dataset. Indeed,
unstable BAEs are not observed unless P§ exceeds 2.0 MW.

It appears that both the BAE and the LFM are more unstable
in the mixed species plasmas. Table 1 compares the number
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Figure 7. Location in phase space of beam deposition (shading) and
resonances (*) for (a) 81 keV deuterium fast ions and (b) 70 keV
hydrogen fast ions at 1160 ms in the discharge of figure 6. In both
panels, resonances with the n = 2, 88 kHz BAE are shown, with the
p = m — 1 = 2 resonance highlighted in red. The ordinate is the
normalized magnetic moment uB,/W, the abscissa is the toroidal
canonical angular momentum normalized to the poloidal flux at the
last closed flux surface, and the thin lines demarcate topological
boundaries.

of stable and unstable cases in the pure-deuterium database
to the numbers in the recent mixed-species discharges. (The
deuterium database is constrained to span the same range of
Te and 3, as the mixed-species entries.) For the LFM, only
3.3% of the entries are unstable in the deuterium database but
22% are unstable in the mixed species database. For the BAE,
12% are unstable in the deuterium database but 30% are unsta-
ble in the mixed-species database. However, for both modes,
discharges with roughly equal hydrogen and deuterium con-
centrations are just as unstable as discharges with very high
hydrogen concentrations.

3. Theoretical dependence of growth rate on
stability

According to the analytical theory presented in [8], the LFM
instability threshold is given by

(2/q9)(Ve/co) 21 6Wr + SWia| > [wapi — (@ai)|/wa.  (2)

Here, s is the magnetic shear, € is the inverse aspect ratio, ¢y
is a constant, 0 Wf and VAth are normalized potential energies
due to, respectively, the incompressible fluid and the magnet-
ically trapped particles, w,p; is the thermal ion diamagnetic
drift frequency, ((g;) is the average thermal-ion precession fre-
quency, and wy is the Alfvén frequency. For the conditions of
the experiment, the dominant drive term on the left-hand side
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Figure 8. Thermal ion mass dependence of the growth rate
(diamond) and mode frequency (*) for linear GTC simulations of (a)
the n = 3 BAE, (b) the n = 3 LFM, and (c) the n = 6 LFM. Each
simulation is based on the modeling described in [9] of discharge
#178631, i.e. with deuterium fast ions for the BAE simulations and
without any fast ions for the LFM simulations.

of the equation is due to thermal electrons, so the drive term
is hardly affected by changes in either thermal-ion mass or
beam-ion mass; moreover, the sub-dominant ion contributions
tod Wf and 0 Wk[ enter via the so-called ideal region where iner-
tia does not appear, only pressure. On the right-hand side, the
ion diamagnetic frequency and thermal precession frequencies
wipi and (wq;) are independent of mass but the Alfvén fre-

quency scales as mfl/ 2, so the right-hand side decreases when
the ion species changes from deuterium to hydrogen. Thus,
equation (2) predicts that LFMs should be more unstable in
mixed-species plasmas, as observed experimentally.
Theoretically, BAE stability depends upon the competi-
tion between the fast-ion drive and the background damp-
ing. Ton Landau damping is one possible damping term. It
depends upon the ratio of ion thermal speed-to-wave phase
velocity. The ion thermal speed scales as mfl/ ? but so does
the expected mode frequency (equation (1)), so ion Landau
damping is expected to be insensitive to the species mix. Mean-
while, the fast-ion drive depends upon the slope of the distri-
bution function at the wave-particle resonance. Previous work
[7] showed that the deuterium beam ions drive BAEs when
recently deposited beam ions satisfy the wave particle reso-
nance condition, w = nwg — (m — 1)wy where w is the BAE
frequency in the plasma frame, n and m are the BAE toroidal
and poloidal mode numbers, and w,, and wy are the toroidal and
poloidal repetition frequencies of the fast-ion orbits. Figure
7(a) shows that this condition is also satisfied during deu-
terium injection into the mixed-species plasma of figure 6.
Interestingly, recently deposited hydrogen ions also satisfy
this resonance condition (figure 7(b)) but, nevertheless, the
hydrogen beams do not drive BAEs unstable. Factors that may
contribute to greater hydrogen beam stability include the fol-
lowing. (i) Although the hydrogen and deuterium beam powers
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Table 2. Comparison of calculated linear growth rates v with the
pure deuterium baseline case. ‘Similar’ means changes of < 10%.
The right column summarizes the experimental trends.

Mode Change GTC FAR3d Experiment
BAE Thermal H  More unstable  Similar  More unstable
BAE H NBI Similar Similar More stable
LFM  Thermal H More unstable Similar More unstable

were well matched (lower panel of figure 6), only a single near-
tangential source was used during deuterium injection, while
two sources (one near-tangential and one near-perpendicular)
were employed during hydrogen injection. As a result, the
phase-space density of deposited ions in the vicinity of the res-
onance is lower for the hydrogen injection case. (ii) Another
factor is the slowing-down time. For fast ions that slow down
on electrons, the slowing-down time is proportional to mass;
however, when T is large, fast ions slow down primarily on
thermal ions, and thermal-ion drag is insensitive to species
mix. For the conditions of figure 6, the hydrogen slowing-
down time is 82% of the deuterium slowing-down time, so the
overall number of hydrogen fast ions is lower. (iii) A final fac-
tor is the orbit size, which is ~ 51% larger for deuterium NBI.
The effect of this on the fast-ion drive depends in a rather com-
plicated manner on the mode structure and orbit size [14]. For
the passing 80 keV deuterium ions that drive the modes, the
gyrodiameter is ~ 5 cm at the BAE mode, the drift-orbit shift
is ~ 9 cm, and the radial full-width half-maximum of the mode
is ~ 13 cm. In summary, one expects that deuterium beams
with a single injection angle should more readily destabilize
BAESs than hydrogen beams with multiple injection angles, as
experimentally observed. Meanwhile, the main effect of the
thermal species is to shift the mode frequency, which can shift
the location of resonances in phase space.

Turning to simulation, both the gyrokinetic code GTC [9]
and the gyrofluid code FAR3d [11] previously analyzed dis-
charge #178631 (the reference case of the dedicated deuterium
experiment) using an isotropic Maxwellian deuterium distri-
bution function to model the fast ions. Here, linear simula-
tions are repeated with a single change in input parameters:
the thermal ion mass. Figure 8 summarizes the GTC results.
For the n = 3 BAE (figure 8(a)), both the growth rate and the
frequency decrease with increasing ion mass, with an approx-
imate 1/,/m; scaling. For the n = 3 LFM (figure 8(b)), the
mode frequency hardly changes with increasing mass but the
growth rate drops appreciably. The growth rate also drops
rapidly with increasing mass for the n = 6 LFM but, in this
case, the frequency increases ~ 30% between hydrogen and
tritium (figure 8(c)). In FAR3d simulations, replacing the ther-
mal deuterium with thermal hydrogen makes only modest
changes in growth rate for modes in both the LFM and BAE
bands.

In a second set of simulations, the mass of the fast ions is
switched from deuterium to hydrogen with all other param-

eters left unchanged. In this case, in contradiction to experi-
ment, GTC predicts a slightly higher BAE growth rate with
hydrogeninjection than with deuterium injection; FAR3d finds
a comparable growth rate. The likely explanation for this dis-
crepancy is the use of an isotropic Maxwellian distribution
function to model the fast ions. With this model for the fast
ions, GTC also fails to reproduce the strong g,,,;, dependence of
BAE stability in pure deuterium discharges [9], a discrepancy
that is also attributed to the difference between an isotropic
distribution and the highly anisotropic beam distribution of the
experiment.

A qualitative comparison of these linear growth rate calcu-
lations with the experimental trends appears in table 2.

4. Summary

In summary, the main findings of the previously published
work are the following.

(a) BAE are driven unstable through resonances with high-
energy (~ 80 keV) deuterium beam ions.

(b) BAEs are more unstable near rational values of g,,;,.

(c) BAE mode properties are adequately described by estab-
lished theory.

(d) The modes previously called BAAEs were misidenti-
fied—we now call them LFMs.

(e) LFMs are not driven by high-energy fast ions.

(f) LFMs occur near rational values of ¢,,;, in plasmas with
high electron temperature but low beta.

(g) LFMs are probably a low frequency reactive instability of
predominately Alfvénic polarization.

The new findings on the isotope dependence are the follow-
ing.

(a) LFMs are more unstable in mixed-species plasmas than in
deuterium plasmas, as predicted by both analytical theory
and gyrokinetic simulations.

(b) During deuterium NBI, experimentally, BAEs appear
more unstable in mixed-species plasmas, consistent with
the modest increase in linear growth rate predicted by
GTC.

(c) Experimentally, hydrogen beams did not drive BAE insta-
bility, in contradiction to simulations with an isotropic
Maxwellian fast-ion distribution.
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