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Polarization of drift-Alfvén waves, defined as the ratio of electrostatic to electromagnetic fluctuations, has
remained unmeasurable in fusion plasmas for decades, despite its pivotal role in understanding wave
dynamics and their impact on plasmas. We report the first measurements of drift-Alfvén wave polarization in
a hot, magnetically confined plasma. The breakthrough is enabled by a novel methodology developed from
gyrokinetic theory, utilizing fluctuations of electron temperature and density. Analysis of data from the DIII-
D tokamak reveals that the waves above the geodesic acoustic mode frequency exhibit dominant
electromagnetic polarization, whereas lower-frequency waves show a mix of electromagnetic and
electrostatic polarization, indicating a strong coupling between shear Alfvén waves and drift-acoustic waves.
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In uniform plasmas, ion acoustic waves and shear Alfvén
waves (SAW) represent distinct branches of the low-
frequency spectrum with electrostatic and transverse
electromagnetic polarization, respectively. In inhomo-
geneous plasmas, wave properties can be modified quanti-
tatively and qualitatively, (i) ion acoustic waves, modified
by diamagnetic drift frequencies, becomes drift-acoustic
waves [1], while maintaining dominantly electrostatic
perturbations. (ii) When a wave experiences a periodic
index of refraction, distinct weakly damped eigenmodes
can emerge in spectral gaps, such as Alfvén eigenmodes
(AE) associated with toroidicity (TAE), reversed-shear
(RSAE), or beta (BAE), assumed to possess SAW polari-
zation. [2-10]. (iii) Importantly, theory predicts SAW and
drift-acoustic wave branches can also couple, known as
drift-Alfvén waves, exhibiting a mixture of electrostatic
and electromagnetic perturbations [11-13]. The electro-
static-electromagnetic mixture is the wave ‘polarization’.
Drift-Alfvénic waves play crucial roles in both space and
fusion plasmas, influencing turbulence, heat and particle
transport, magnetic reconnection, and wave-particle inter-
action. They directly impact the safety of spacecraft and the
performance of fusion devices [14,15].

Despite their significance, drift-Alfvén waves have never
been unambiguously identified in fusion experiments, due
to the inability to measure the polarization. In this Letter, a
novel method is developed from gyrokinetic theory [16] to
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estimate drift-Alfvén wave polarization from fluctuations
of electron temperature 67, and density on,, quantities that
are readily measured. For the first time, drift-Alfvén waves
are clearly identified among various instabilities that are
observed in the DIII-D tokamak.

Gyrokinetic theory.—In the small gyroradius (drift-kinetic)
limit, the perturbed electron distribution JF, is given by [16]

e

oF, =
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FOe(Sng + FOe&// + 5Ke’ (1)
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where the unperturbed distribution F,, is taken to be a
Maxwellian, 5¢p = 6¢p — Sy is the effective parallel electric
potential, ¢ is the scalar potential, oy = WA / ckH, with
0A| and k| being, respectively, the parallel components
of the vector potential SA and wave vector k, and
@,Fo, = (k x b/Q) - VF,,. (Here, w is the wave frequency,
Q is the electron cyclotron frequency, and b is the magnetic
field unit vector.) Note that, since |w/kv,|> < 1 with vy
being the Alfvén speed and < 1, the perturbed magnetic
compression 6B is assumed negligible, i.e., A ~ 6A. Here,

p is the ratio between thermal plasma pressure and magnetic
field pressure.

Meanwhile, in Eq. (1), 0K, depends on whether
electrons are circulating or magnetically trapped. For circu-
lating electrons with thermal speed v,, in a low-frequency
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wave, 6K, .~ O(|low/kjv,|) <1 and is negligible. For
trapped electrons, however, we have, in the /@y, < 1 limit,

e (w—
6K, , = ——
o Te w — &)de

where w,, is the electron magnetic bounce frequency,
wge = K| - vy, with vy=bx (vi/2+vﬁ)ﬁ/9 K=b-Vb
is the curvature), and A denotes bounce averaging of A.
From Egs. (1) and (2), we can then express on, =
[ dvSF, = (6F,),, 6P, =m,{(v*/2)8F,), and ST, =
(6P, = T,on,)/n, in terms of ¢ and Sy in order to derive
the potentials, 5¢ and éy, in terms of on,/n, and 6T, /T,.
The resultant expressions, however, can be simplified by
noting that AEs typically have |w| > [v2d,| > |wy,| and
|kjgR| < 1, with gR being the connection length. Thus
d¢p ~ 5¢ and, in the lowest order, 0K,, can be approxi-
mated as

e V2@
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From Egs. (1)-(3), one finds that
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where f7 is the trapped-electrons fraction, with f7 ~ v/2¢
in the circular cross-section approximation. Here w,, =
(kocT,/eB)(VInn,) is the electron diamagnetic drift
frequency. Note that the trapped-electron contributions
are to be evaluated at the low field side of the midplane,
where f,,. peaks. Meanwhile, 6T,/T, can be shown to be

5T,
7=

%) 1o+ o0) )

e
T,

Here, 5, =VInT,/VInn,. Equations (4) and (5) yield
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Recalling that 6¢p| and Sy correspond to perturbations in
the parallel electric field and in the perpendicular magnetic
field, Eq. (7) represents the ratio between drift-acoustic and
shear-Alfvénic fluctuations. Note that this method is quite
general and applicable to all waves with frequencies
smaller than the ion cyclotron frequency, the frequencies
of compressional Alfvén waves, and kv,,. However, it is
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FIG. 1. Flow chart for the calculation of ¢ and polarization.

not suitable for application to zonal modes with poloidal
and toroidal mode numbers m = n = 0, such as geodesic
acoustic modes (GAM).

It is also instructive to analyze the polarization using the
electron fluid description. Here, we assume that trapped
electron effects are negligible and consider only circulating
electrons. From the continuity equation, we have
on,+¢,,Vn, +n,V - Ee =0, where Ee is the displace-
ment of the electron fluid by the wave. Meanwhile, with
w/kjv, < 1, circulating electrons are isothermal, so
6T, + &,,VT, = 0. Now thermal electrons follow the field
lines so b- Vé,,=6B,/B or &,,=—kydA|/kB =
—(cky/wB)dy. Hence,

- on, 0T,
-V ée = - ’ (8)
ne ’7€T£’
oT, W, eoy
= . 9
T, W T. ©)

In the limit of f; — 07, Eq. (5) reduces to Eq. (9).
Equations (6) and (8) imply that the electron density
compression is =V - Ee = ed¢)/T,, as expected for ion-
acoustic fluctuations. In this Letter, polarization is defined
as 6¢ /(8¢ + dy), quantified from Egs. (6) and (7) using
experimental data.

Measurements of drift-Alfvén wave polarization.—The
o¢) and polarization of TAE, RSAE, low-frequency mode
(LFM) [17-28] and fishbones [29] in reversed-shear,
L-mode, DIII-D plasmas is assessed. The gradient scale
length parameter 7, at the mode location is measured by
Thomson scattering [30], 6T,/T, is measured by electron
cyclotron emission (ECE) [31], and én,/n, is measured by
beam emission spectroscopy (BES) [32] and, in the case of
weak density fluctuations, is estimated from line-averaged
density measurements by the more sensitive radial inter-
ferometer-polarimeter (RIP) system [33]. The calculation
of ¢ is summarized in Fig. 1.
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According to Eq. (6), for electromagnetic polarization
with 8¢ = 0, the ratio of 67, /T, to on,/n, should equal
n,. In this case, 6T, and 6n, are caused by radial
displacement of field lines, so 67, and on, are determined
by &, and radial gradients of 7, and n,. In contrast, a drift-
acoustic wave does not perturb magnetic field lines, but has
finite parallel electric field due to 6¢H, thus leading to finite
plasma compression along B. Thus, a direct comparison of
(6T,/T,)/(6n,/n,) with 5, reveals whether the polariza-
tion is Alfvénic or not.

In experiment, it is found that the relation of
(6n,/n,)/(6T,/T,) to 1/n, strongly varies, depending
on the waves studied. As one typical example, Fig. 2
shows that the &n,/n, induced by RSAEs is ~7 x 1074,
while 8T,/T, is ~2.5x 107 when RSAE frequency
sweeping begins; so 67,/T, is ~3—4 times larger than
én,/n,, which are the same order of magnitude docu-
mented in [34]. This is close to the 5, value of ~3.3,
implying that these RSAEs have dominant electromagnetic
polarization. Analysis of 485 RSAE cases show that this is
a typical result [Fig. 2(e)].

Notice in Fig. 2(b) that 6T,/T, steadily decreases but
én,/n, is nearly constant as the RSAE frequency sweeps
up from the GAM frequency towards the TAE. As a result,
(6T,/T,)/(6n,/n,) increases towards 7,, as the frequency
increases, exhibiting more electromagnetic polarization and
less electrostatic polarization. This is consistent with the
NOVA-K [35] prediction that, as the frequency sweeps up
and the minimum safety factor ¢q,;, decreases, the RSAE
decouples from the GAM, but starts to couple to TAE [36].
Note that the reduced 67T, /T, is not caused by changes in
plasma profiles, since the timescale of RSAE frequency
sweeping is only ~10 ms, much shorter than the confine-
ment time.

For the LFM with the “Christmas light” pattern [25] in
Fig. 2(d), 6T,/T, is as large as ~1%, ~4 times stronger
than for RSAEs, even though 7, is similar in value to the
RSAE cases [Fig. 2(e)]. However, én,/n,, induced by
LFM, is even below the noise level of the BES system of
~3 x 107* at the frequency range of interest in this shot.
The line-averaged fluctuation 6n,/n1, observed by the
sensitive RIP diagnostic is only ~3% of the measured
6T,/T, [Fig. 2(c)], a striking difference from the RSAE
case. In contrast, for BAEs, én,/n, is comparable to LFM
levels, but 6T,/T, is much smaller [Figs. 2(c),2(d)]. This
observation strongly suggests that LFMs have a much
larger 6¢ than RSAEs or BAEs.

The 6¢| is quantified, when the coherence of 67, /T, and
on,/n, are above 0.8 and when both amplitudes are well
above the diagnostic noise floor (Fig. 1). Figures 3(a)
and 3(c) show the coherence spectra of 6T, /T, and én,/n,
for RSAE and LFM, respectively. It should be noted that,
for BES, the mode amplitudes of LFM are near noise levels
and barely detectable. Therefore a lower bound of ¢ is
estimated from the BES data.
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FIG. 2. Frequency spectra of (a) én,/n, measured by BES
channel 46 at R = 1.978 m and (b) 6T,/T, measured by ECE
channel 15 at R = 1.97 m in shot 178 631; (¢) 67, /i, measured
by RIP, and (d) 67,/T, measured by ECE in shot 178633. The
upper color bar is for (a) and (b); the lower color bar is for (c) and
(d). GAM frequencies are shown as dashed lines in (a) and (c).
(e) 2D histogram depicting the ratio of én,/n, and 67,/T, to
1/#, for 485 RSAEs (purple) and 339 LFMs (red), binned into
25 x 25 grids ranging from 0 to 1. Standard deviation of 1/, is
0.032 for RSAE and 0.044 for LFM. Standard deviation of
(6n,/n,)/(6T,/T,) is 0.08 for RSAE and 0.022 for LFM.

Owing to the balance between (67,/T,)/(én,/n,) and
Ne» 0 of RSAEs is generally small [Fig. 3(b)] although, as
discussed above, 6¢ is noticeably larger at the start of the
frequency sweep when f ~70 kHz. This can be further
seen from the dashed line in Fig. 3(e), which is a fitted line
to the averaged value of 6¢ over every ~10 kHz in the
frequency spectra of Fig. 3(b). In this case, 6¢| of RSAE
decreases from 1.14 Vat 75 kHz to 0.3 V at 143 kHz, with a
sharp drop by 0.35 V at 95 kHz.

In contrast, ¢ of LFM is significantly larger than that
of RSAE [Fig. 3(d)]. The averaged value of 6¢ at the
lower-bound of the measurement is 5.5 V at 56 kHz and
3.5 V at 104 kHz, which is roughly 1 order of magnitude
larger than ¢ of RSAESs [Fig. 3(e)]. In addition, the 6¢| of
LFM below 70 kHz is estimated, using the line-averaged
én,/n, measured by the RIP system. The results suggest a
o¢ of ~10 V in the low-frequency range [Fig. 3(e)]. The
o¢ of TAE at the plasma edge is also included in Fig. 3(e),
using the local on,/n, measured by BES. The 6¢ of TAE
is comparable to RSAE values.
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FIG. 3. Coherence of spectra between ECE 6T, and BES én,
for (a) RSAE from shot 178 631 and (c) LFM from shot 132 710.
The calculated 6¢ from Eq. (6) in the time-frequency domain for
(b) RSAE and (d) LFM. (e) 6¢) averaged over every 10 kHz for
LFM using on, measured by RIP (green), and by BES for LFM
(red), RSAE (black), and TAE (purple).

To quantify the polarization from Egs. (7), knowledge of
kg and w is required for w,,/®. The analysis proceeds as in
Fig. 1, with the following subtleties. (i) The implied mode
frequency o is in the plasma frame, i.e., ® = @y, — ROy,
as a function of toroidal mode number n. Here, w,, is the
angular frequency of toroidal rotation of carbon, measured
by charge exchange recombination spectroscopy [37].
(i1) For RSAE, n is derived from the phase variation over
an array of toroidal magnetic loops that are located on the
outer midplane of the torus. The poloidal mode number m
is estimated by ng, where ¢ is the safety factor. The time
evolution of ¢ profiles is obtained by EFIT equilibrium
reconstruction, utilizing external magnetic fields at the first
wall and internal magnetic fields, measured using the
motional Stark effect [38]. For LFM, magnetic perturba-
tions have never been detected by magnetic loops on the
wall across the DIII-D database and the internal magnetic
perturbation, measured by RIP, is not observed or, in other
words, significantly smaller than that induced by BAE.
Nevertheless, the Christmas light pattern determines a
unique set of (m, n) assignments from the time evolution
of ¢nin (minimum of the safety factor), based on the
assumption that the modes occur at rational values of
qmin [25]. The assigned mode numbers are labeled in
Fig. 4(b). With the knowledge of m, k, is estimated from
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FIG. 4. Frequency dependence of polarization of (a) RSAE in
shot 178 631 and (b) LFM in shot 132 710. The poloidal m and
toroidal n numbers are labeled in (m, n) format in (b). (c) Polari-
zation, which is averaged over every 10 kHz for LFM using én,
measured by RIP (green) and by BES for LFM (red), RSAE
(black), TAE (purple), and fishbone (blue).

gm/r,where g = 0.75 is a geometrical correction factor that
takes into account the difference between real geometry
coordinates and flux coordinates [25].

The time evolution of polarization of RSAE and LFM as
a function of frequency appears in Figs. 4(a) and 4(b),
respectively. The polarization of RSAE is, in general,
negligibly small, consistent with SAW polarization
[Fig. 4(a)]. The averaged value over every 10 kHz shows
polarization gradually decreases from ~0.1 to ~0, as the
frequency sweeps up [dashed line in Fig. 4(c)]. This is
consistent with a small gradual decrease of &¢, as
discussed previously.

On the other hand, LFM exhibits a significantly larger
electrostatic polarization at all frequencies. Moreover, the
measured polarization exhibits rapid changes throughout
its short lifetime, as seen from the overplotted crosses in
Fig. 4(b) for each set of mode numbers. This is considered
to be related to the spatial resolutions of diagnostic
systems, discussed in detail later. The polarization of
LFM, which uses én,/n, measured by BES and RIP, is
about 0.6. Both cases exhibit larger or comparable
electrostatic components, compared to electromagnetic
components. The electrostatic polarization of TAE and
fishbone is also estimated and the averaged value is
overlaid for comparison in Fig. 4(c).

Discussion.—It is noteworthy that the standard deviation
of LFM polarization measured by BES [see the error bars
of Fig. 4(c)] is notably larger than those of RSAE,
TAE, fishbone, and LFM measured by RIP. A detailed
examination of the raw data reveals that this is primarily
attributed to the rapid temporal evolution of fluctuations.
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For instance, 6T,/T, increases rapidly, while the én,/n,
remains nearly constant [Figs. 5(a) and 5(b)]. This corre-
sponds to a rapid change of fluctuation ratio [Fig. 5(c)],
leading to a decrease in the calculated polarization from
~0.9 at 1.672 s to ~0.4 at 1.68 s within ~8 ms. In contrast,
the fluctuation ratio of fishbone remains nearly constant
throughout the burst [Fig. 5(d)], even though the ampli-
tudes increase as the frequencies chirp down.

This observation carries significant implications that are
consistent with the expected characteristics of drift-Alfén
waves: (i) Theory [21,27,28] predicts negligible electro-
static polarization for the primary Alfvén wave at rational
surface ¢ = m/n, but electrostatic sidebands at g =
(m+1)/n. (2) én, measured by BES [32] and 6T,
measured by ECE [31] have finite radial spatial resolutions
of ~3.9 and 1.9 cmin shot 132 710, respectively, measuring
near the peak positions of the modes. The resolutions do
not vary across the frequency domain. The radial
differences of én, and 6T, is less than 1 cm, much smaller
than the ~10 cm radial extension of the mode structures.
The measurements span multiple rational surfaces and
likely average over both sidebands and the primary rational
surface. (iii) As ¢ decreases over time, BES and ECE
weight the primary Alfvén waves and acoustic sidebands
differently, resulting in a prompt change in the measured
mode polarization; in contrast, RIP, which measures
line-integrated perturbations that always include the side-
bands [33], finds small variations in polarization. (iv) With
increasing mode number, the LFM polarization increases
[Figs. 4(b) and 4(c)] but the LFM amplitude decreases
[Fig. 7(a) of [25] and Fig. 5(a) of [18] ]. It is speculated to
be due to increased ion Landau damping associated with
stronger electrostatic drift-acoustic fluctuations. These
measurements will be compared to various numerical codes
for data interpretation and model validation, through
synthetic diagnostics with analogous radial averaging in
future studies.

In summary, we present the first experimental identi-
fication of drift-Alfvén waves through the measurement of

a mixture of electrostatic and electromagnetic perturba-
tions, referred to as “polarization.” The breakthrough is
enabled by a novel methodology developed from gyroki-
netic theory, using routinely measured quantities such as
0T, and 6n,. In the future, the measurement will be
expanded to the high-field side and other plasma regions
with improved diagnostic spatial resolution. More impor-
tantly, this innovative method will be applied to investigate
various high-n turbulence and wide variety of low-
frequency modes in magnetic confinement experiments,
shedding light on the nature of their perturbations.
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