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Alfvén waves, a fundamental mode of magnetized plasmas, are ubiquitous in space and laboratory
plasmas. The nonlinear behavior of these modes is thought to play a key role in important problems in
space plasma, such as the heating of the solar corona and solar wind turbulence. In particular, theoretical
predictions show that these Alfvén waves may be unstable to various parametric instabilities, but space
observations of these processes are limited. We demonstrate the first measurement of the Alfvén wave
parametric decay instability (PDI) growth rate. Experiments are conducted on the Large Plasma Device at
UCLA in which a high amplitude 6B/B ~ 0.7% pump Alfvén wave is launched from one end of the
device and a smaller seed Alfvén wave is launched from the other side. When the frequency of the seed
wave is chosen to match the backward wave expected from PDI, damping of the seed wave is reduced. We
compare this reduction in damping to the theoretically expected PDI growth rate while accounting for
acoustic mode damping. Results show agreement between measurements and theoretical predictions. This
not only provides critical validation for PDI theories and simulations that could help interpret future space

observations but also suggests a new way of studying similar nonlinear wave phenomena.

DOI: 10.1103/qc7s-scbk

Alfvén waves, a fundamental mode of magnetized
plasmas, are ubiquitous in space and laboratory plasmas.
The nonlinear behavior of these modes is thought to play a
key role in important problems such as the heating of the
solar corona [1], the generation of solar wind turbulence
[2-4], and the loss of energetic particles in tokamaks [5]. A
large body of theoretical work (e.g., [6-13]) shows that
Alfvén waves may be unstable to various parametric
instabilities, with the parametric decay instability (PDI)
being the most common. In PDI, a large-amplitude pump
Alfvén wave will decay into a forward-propagating ion
acoustic wave and a backward-propagating Alfvén wave.
The acoustic mode is driven by a parallel (to the mean
magnetic field) ponderomotive force produced due to the
coupling of the two Alfvén waves; in other words,
compressible effects are critical.

Alfvén wave PDI may be important in a variety of
contexts, but observational evidence is very limited. For
example, if a large-amplitude Alfvén wave propagating up
from the photosphere to the corona undergoes PDI, the
resulting acoustic mode could directly heat ions, contrib-
uting to coronal heating [14]. Although observations in the
lower solar atmosphere show a relationship between density
and velocity fluctuations that is indicative of PDI [15], it is
not clear whether the reported acoustic waves carry enough
energy flux to heat the plasma [16]. In the solar wind,
Alfvénic modes move outward from their source at the Sun;
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PDI is therefore a possible source of backward-propagating
Alfvén waves that could seed solar wind turbulence [17].
Spacecraft observations show that the PDI growth rate limits
the solar wind parameter space, suggesting that the insta-
bility is present [18]. However, attempts at direct observa-
tion (conducted in Earth’s ion foreshock) have been
inconclusive [19-21]. There is therefore an important
opening for controlled laboratory experiments to validate
the theoretical predictions and connect with the spacecraft
measurements.

Extensive prior work on Alfvén waves has been con-
ducted on the Large Plasma Device (LAPD) at UCLA. This
work first focused on the properties of linear Alfvén waves
[22-25], which was followed by studies of nonlinear
properties. In the later set of experiments, two launched
Alfvén waves nonlinearly interact to drive a nonresonant
mode [26], a drift wave [27], an acoustic mode [28,29], or
an Alfvén mode [30]. However, attempts to observe PDI
using a single large-amplitude Alfvén wave were not
successful; a modulational-like instability driven by
perpendicular nonlinear terms was observed instead [31].
Subsequent theoretical and simulation work revealed that
direct observation of PDI is challenging in LAPD due to
damping of the three waves involved [32]. To mitigate this
difficulty, we proposed a new scheme to measure the PDI
growth rate by launching both the large-amplitude pump
and a small-amplitude seed wave, with the latter tuned to the

© 2026 American Physical Society
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Experimental setup in the Large Plasma Device. (a) Antenna launch a large-amplitude pump wave from z = 0 and a small-

amplitude seed wave from z = z,,, = 8.95 m; the seed is matched to the expected PDI backward wave. Probes placed in the plasma
detect changes in the amplitude of the seed wave in the presence of the pump. (b) Amplitude of the 173 kHz pump and 162.25 kHz seed
at the center of the antenna pattern in the transverse x-y plane as a function of axial location z. Solid curves represent cases with only a
single wave on, while dashed curves represent cases with both waves on. (c) Blowup of the seed wave amplitude profile to show a clear

reduction in damping with the pump present.

frequency of the PDI backward wave. By comparing the
seed wave amplitude with the pump on to the seed wave
amplitude with the pump off, it is possible to isolate the PDI
contribution [33]. The present Letter, which demonstrates
the first measurement of the Alfvén wave PDI growth rate,
is the experimental realization of this scheme.

Experiments are conducted using the LAPD at UCLA, a
cylindrical vessel capable of producing an 18.25 m long,
quiescent, magnetized plasma column for wave studies.
The plasma is produced by a pair of lanthanum hexaboride
(LaBg) cathodes, as shown in Fig. 1(a): the larger diameter
cathode [34] on the right discharges over ~12 ms, ionizing
gas puffed near the close-by anode; the smaller diameter
cathode [35] on the left is on for the final ~10 ms to
minimize transverse density variation in the shadow of
antennas placed in the plasma column. Data are taken
during ~2 ms of the several milliseconds when both
discharge circuits display a current flattop. Plasma param-
eters for the present Letter are n, = 3.3 0.1 x 10'> cm™3,
T,=49+04¢eV, and By =770 G in the z direction
(B, = 0.0011) with a fill gas of helium.

As illustrated in Fig. 1(a), one antenna is placed at each
end of the LAPD to launch both forward and backward
Alfvén waves. Magnetic and Langmuir probes placed
between the antennas detect the signatures of the launched
Alfvén and generated ion acoustic modes. The antennas are

rotating magnetic field antennas described in Gigliotti ef al.
[36] with two current loops, oriented so that each loop has a
dipole moment in one of the two directions (x and Yy)
transverse to the background magnetic field. For the
purposes of the present experiment, only the loop that
predominantly produces B, is driven on each antenna. A
similar two-antenna experimental setup was previously used
to validate the three wave coupling at the heart of PDI; these
experiments verified that an acoustic mode resonance
appears in the beat wave response with the expected
frequency and wave number matching relations [28,29].
In the new experiments reported here, the backward wave
launched from z = z,,; = 8.95 m is a small-amplitude seed
wave. The large-amplitude forward pump wave is launched
from z = 0; this pump wave will be turned on and off
between discharges to isolate the contribution of PDI to the
amplitude of the seed wave, as proposed by the scheme of
Li et al. [33].

Figures 1(b) and 1(c) show the amplitudes of the pump
and seed waves as they propagate from their respective
antennas. The amplitude profiles are fitted to exponential
functions with the corresponding spatial damping rate
[Im(kH)] given in the figure. For our chosen experimental
parameters, damping is due to a mix of electron Landau
damping, ion-electron collisional damping, and geometric
attenuation of the Alfvén wave cone [32,37-40]. Note from
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FIG. 2. (a) Spatial damping rate of the seed wave and
(b) extrapolated wave amplitude at z = z,,, = 8.95 m. Both
quantities are calculated from exponential fits of the axial profile
of seed wave amplitude. Data are from a scan of the seed
frequency with seed wave magnetic field amplitude measured at
the same four z locations used in Figs. 1(b) and 1(c). The wave
amplitude plotted in (b) is adjusted to account for variations in the
antenna current; this is done by scaling all fields to the values
expected for the measured antenna current at 162.5 kHz.

Fig. 1(b) that the large pump wave is barely affected by the
small-amplitude seed; the pump retains the same amplitude
profile and damping rate when the seed is turned on. By
contrast, the blowup [Fig. 1(c)] shows that there is a clear
reduction in the damping of the seed wave when the pump is
turned on.

This reduction in damping should only occur when the
seed wave frequency is tuned to match the backward wave
predicted from PDI. We therefore repeat the analysis in
Fig. 1(c) for different seed wave frequencies and plot the
exponential fit coefficients in Fig. 2. Figure 2(a) compares
seed wave damping rates with only the seed on and seed
wave damping rates with both the pump and seed on. For
some frequencies (most notably from 148 to 158 kHz in the
left half of the range), there is little difference between the
pump-on and pump-off cases. However, near 163 kHz, there
is a clear difference outside of the error bar. As we shall see
later in this Letter, it is in this frequency range that a finite

PDI growth rate is expected. Results in Fig. 2(a) also
suggest that pump effects that may uniformly reduce seed
wave damping for all seed frequencies (e.g., heating of the
plasma by the large-amplitude pump) are not important in
this dataset.

The presence of the pump wave also affects the seed
antenna coupling (i.e., the wave amplitude produced at a
given frequency and antenna current), as shown in Fig. 2(b).
The Appendix discusses how we isolate this difference from
the effect of PDI growth.

We next compare the measured reduction in seed wave
damping to theoretical predictions for PDI growth. Per Li
et al. [33], the effective PDI growth rate is given by

1
pf = 5 (—FS +4/T2 + 4y§>, (la)

(] 5B1 1
9= By pA (1b)

Here, y, is the PDI growth rate for a single, large-
amplitude, k; = 0 Alfvén wave with frequency w; in
the absence of secondary wave damping. The effective
growth rate ygff takes into account acoustic damping at a

rate given by I';, discussed below. Note that y¢" will always
be greater than zero, confirming the thresholdless nature of
our scheme. Damping of the seed wave is not included in
this expression because the seed wave is continuously
driven for 200+ cycles, leading to a steady-state (constant)
seed amplitude at any given spatial location.

A graphical representation of the theoretical growth rate
as a function of axial location is shown in Fig. 3. Here, we
use the two-fluid theory of Wong and Goldstein [9] and
Hollweg [12]; because of the finite value of o, /w.; = 0.59
used for the pump wave, the result plotted is ~10% smaller
than Eq. (1b). Per Eq. (1b), the variation in the growth rate
with axial location (dash-dotted yellow) follows the spatial
trend of the pump wave amplitude (thick blue) such that the
two curves exactly overlap in Fig. 3.

To evaluate the effective growth rate, it is first necessary
to determine the acoustic mode damping rate I'y. Acoustic
mode damping results from a combination of ion-neutral
collisional damping and ion Landau damping. Both damp-
ing rates are related to the helium ion temperature, which is
not directly measured in the present experiment. Instead, we
apply the method of Dorfman and Carter [28] to determine
the acoustic mode phase speed and use the result to
constrain the ion temperature. At an acoustic mode fre-
quency of 10.5 kHz, corresponding to the experimentally
measured resonance (Fig. S2 of Supplemental Material
[41]), magnetic probe measurement of the launched Alfvén
waves and three wave matching conditions yield an
expected parallel wave number for the acoustic mode of
5.4+ 0.2 /m. The resulting acoustic mode phase speed of
12.1 £ 0.5 km/s is only slightly larger than the sound speed
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FIG. 3. Amplitude profile of the pump wave (thick blue), PDI

growth rate from the two-fluid theory of Wong and Goldstein [9],
Hollweg [12] (dash-dotted yellow), and theoretical PDI growth
rate after accounting for acoustic wave damping (shaded red).
The width of the y. curve arises from experimental uncertainty
in the ion temperature.

C,=+/T,/m; =10.8 + 0.4 km/s, which according to the
kinetic dispersion relation of Hasegawa and Chen [7] is
consistent with ion temperatures of 7; = 0.5 £ 0.3 eV.

With this ion temperature estimate in place, we estimate
the ion-neutral collision frequency (v;,) as 33 4+ 8 kHz. We
use a collisional cross section of ~107'4 cm? calculated by
Barata and Conde [42], Swaczyna et al. [43], and Eq. (25) of
Ballester et al. [44] for the ion-neutral collision rate. This
contributes v;,/2 to the acoustic mode temporal damping
rate. The factor of 2 arises from the solution of the acoustic
wave dispersion relation obtained from the continuity and
ion momentum equations [28,45] with complex @ and real
k. For our calculated ion-to-electron temperature ratio
(~0.1), the Landau damping rate contribution will be more
than a factor of 5 smaller. Both ion-neutral collisions and ion
Landau damping are used to calculate I'y. Per Eq. (1a), this
yields the shaded red region in Fig. 3 for y., with the error
bar due to the uncertainty in the inferred ion temperature.

Comparison of the resulting effective growth rate with
experimental measurements requires knowledge of how the
growth rate will contribute to the wave amplitudes mea-
sured at a given spatial point. To do this, we use Eq. (3) of
Li et al. [33] and convert the sum over bins to an integral
over space to write an expression for the convective growth
of the seed wave due to PDI,

5Bx,0n — exp </Zunl ]/eff(Z/) dZ/) . (2)
z

(SBx,off ”gr

Here, 6B, ,, is the amplitude of the seed wave with the
pump on, 6B, . is the amplitude of the seed wave with the
pump off, and v,, is the group velocity of the seed wave

calculated from the dispersion relation. y°'f/ Dy i8 then the
convective growth rate, which is a function of z due to the
pump wave amplitude profile (Fig. 3). We integrate this
growth rate over the region between the seed antenna
location z,,, (marked in Fig. 3) and the measurement
location z (where 7z < z,,) to find the reduction in wave
damping that can be attributed to PDI. Note that the
resulting expression for 0B, /0B, o is not simply an
exponential function of z; this contributes to the error in the
exponential fit in the “Seed (pump on)” case at frequencies
with a PDI contribution in Fig. 2.

To remove this source of error, we plot 6B, /0B,
directly in Fig. 4 and compare to the theoretical results of
Eq. (2). Each panel of Fig. 4 plots the seed wave amplitude
ratio at a different axial location, with Fig. 4(a) being
closest to the pump antenna and Fig. 4(c) closest to the seed
antenna. Each point in Fig. 4 has been divided by 1.039 +
0.035 in order to remove the antenna coupling effect
discussed in the Appendix.

The experimental data points in Fig. 4 show that the
measured seed wave amplitude is enhanced in the presence
of the pump wave at frequencies between 160 and 165 kHz
at small z, i.e., when the seed wave has propagated a
considerable distance toward the pump antenna. The data
points showing this enhancement in Figs. 4(a) and 4(b) have
error bars well above the horizontal dashed line representing
no change, indicating clear experimental identification of
the PDI contribution. The shaded regions show the corre-
sponding theoretical predictions from Eq. (2), which are
constructed using the two-fluid theory of Wong and
Goldstein [9] and Hollweg [12], together with Eq. (1a) to
determine y.s at each frequency and z location. The width
of the shaded regions is due to the uncertainty in our inferred
ion temperature. At all three z locations, the peak seed wave
amplitude enhancement predicted by theory falls largely
within the error bar of the experimental measurement,
which represents the first measurement of the Alfvén wave
PDI growth rate.

Note that the shaded theory curves in Fig. 4 assume a
k, = Oright-hand circularly polarized pump, but the pump
wave in the experiment is linearly polarized with
kps ~0.22. This discrepancy is due to the fact that the
theory of Wong and Goldstein [9] and Hollweg [12] is only
valid for a circularly polarized, k, =0 pump with
dispersion relation @ = kHVA\/m (here, + corre-
sponds to right-hand polarization and — corresponds to
left-hand polarization). Per the calculation leading to
Eq. (1) of Dorfman and Carter [29], variation in the
Alfvén dispersion relation will shift the predicted resonant
acoustic mode frequency. Since the actual Alfvén wave
launched in our LAPD experiment is linearly polarized, it
makes more physical sense to use a dispersion relation
similar to Gekelman et al. [46] and Hollweg [47]:

w =k Va\/1+ (kip)? — (0/Q;)*. While to the authors’
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FIG. 4. Enhancement in the seed wave magnetic field ampli-
tude due to PDI at three different z locations. Panels (a)—(c) show
axial locations in the order of decreasing seed wave propagation
distance, with (a) being farthest from the seed wave antenna. Data
points in each panel show the measured enhancement, the shaded
curves show the theoretical predictions obtained by integrating
the convective growth rate for a right-hand polarized k;, =0
pump, and the vertical dash-dotted line indicates the expected
location of the growth rate peak for a linearly polarized pump
with k p, = 0.22.

knowledge there is no derivation of PDI that uses this
dispersion relation, we can use the method of Dorfman and
Carter [29] to estimate the acoustic mode resonance at
9.7 kHz. This corresponds to a seed frequency of 163 kHz
and is marked by the vertical dash-dotted line in Fig. 4.
This line matches the peak in Fig. 4 and is close to the peak
in fluctuating ion saturation current at an acoustic mode
frequency of 10.5 kHz (Fig. S2 of Supplemental Material
[41]). Note that the key difference in the dispersion relation
derived assuming a linearly polarized pump is the square
on the w/Q; = 0.59 factor; the perpendicular wave number
normalized to the ion sound gyroradius k,p, ~0.22 is
comparatively insignificant.

Therefore, we have demonstrated the first measurement
of the Alfvén wave PDI growth rate in the laboratory.
Because of wave damping, the direct observation of PDI is
challenging under currently achievable laboratory plasma

conditions [32]; the new technique demonstrated in this
Letter overcomes this critical problem by isolating the
contribution of PDI to the amplitude of a small seed wave.
Both the reduction in seed wave damping due to PDI and
the resonant peak in this response match theoretical
predictions.

This proof-of-principle measurement opens a new avenue
for validation of Alfvén wave PDI theory and simulation;
these validated tools can then provide critical insight for the
interpretation of spacecraft measurements where PDI may
be active. More broadly, the method newly demonstrated in
this Letter may be used to validate theoretical predictions
and confirm growth rates for a general class of nonlinear
phenomena involving parametric excitation of coupled
waves [48]. Our results therefore suggest an entirely new
method of studying this class of nonlinear wave phenomena
in fields from plasma physics [7,49] to nonlinear optics
[50-53] to fluid mechanics [54].

To enhance this novel experimental platform, we next
aim to expand our measurement to additional cases. This
will include conducting routine ion temperature measure-
ment using an available Doppler line broadening diagnostic
to enable more accurate estimation of acoustic damping
rates. In recent related simulation work [33], we also found
that, when the pump wave is on, the seed wave may be
reflected at the location of the pump antenna. We verified
that this is a negligible effect in the present Letter by
carefully examining the seed wave amplitude profile off
resonance with the pump on (Fig. S3 of Supplemental
Material [41]). However, preliminary data from other
experimental cases suggest significant reflection; this could
be caused by local modification of the plasma and/or field
profile at the pump injection location and will be the subject
of a future publication.
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End Matter

Appendix: Pump effect on seed antenna coupling—
The presence of the pump wave affects the seed
antenna coupling (i.e., how wave amplitude is related to
the antenna current), and we need to account for this in
order to isolate the effect of PDI growth. To obtain an
indicator of how well the antenna couples to the
plasma, we extrapolate the field at the seed antenna
(z = Zunt = 8.95 m) from the exponential fit of the far-
field wave amplitude profiles [Fig. 1(c)]. Results are
plotted in Fig. 2(b). Because of the resonant circuit
used to drive the seed antenna, the antenna current is
not constant as a function of frequency; therefore, the
magnetic field at z = z,,, must be scaled to the value
expected for a fixed antenna current. We have
confirmed the validity of this adjustment by verifying
that at a fixed frequency the coupling is not a function
of the antenna current (Fig. S1 in Supplemental
Material [41]). Results in Fig. 2(b) show that the
antenna coupling is slightly better (higher wave
amplitude for the same antenna current) with the pump

on; this could be related to a modification of the plasma
parameters by the large-amplitude pump. To account for
the difference in antenna coupling between the pump-on
and pump-off cases (which has nothing to do with PDI
growth), we take a ratio of the red stars and green
circles in Fig. 2(b) and average over the frequency
range 148-158 kHz. This choice avoids the frequency
range in which seed wave damping is affected by the
presence of the pump and [as discussed after Eq. (2) in
the main text] the exponential fit may be unreliable.
This results in an estimated 3.9 4+ 3.5% enhancement in
the seed wave antenna coupling with the pump on,
which we account for in our PDI growth rate
calculation in the main text of the Letter. The large
error bar on this antenna coupling adjustment accounts
for approximately 44%, 56%, and 68% of the error bar
in Figs. 4(a)-4(c), respectively.

Results in Fig. 2(b) show a linear trend to lowest order, in
which the antenna couples better to the plasma at higher
frequency. Because the antenna is an inductive element, the
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antenna loop voltage will be proportional to both frequency
and antenna current, with a smaller contribution from
radiation resistance. A higher antenna loop voltage means
a larger oscillating electric field; the latter may accelerate
electrons parallel to the mean magnetic field and help drive
the wave [36]. However, the scaling shown in Fig. 2(b)
is steeper than what would be expected from the model
of a simple inductor, as evidenced by the fact that an

extrapolation will yield a negative y intercept. For purposes
of probing the PDI growth rate, we account for this trend by
normalizing pump-on data to pump-off data; thus, a detailed
physical explanation of the linear trend is not needed for and
is beyond the scope of the present Letter. Possible ideas to
explore in future work include skin depth effects in the
antenna [56] and the mutual inductance between the antenna
and the plasma.
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