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ABSTRACT
We show experimentally that Alfvenic ﬂuctuations can spontaneously decay into a fast and a slow magnetosonic wave in an inhomogeneous
plasma. The fast wave of higher frequency propagates in the same direction, while the slow wave of lower frequency propagates in the
opposite direction with the pump wave. Both of the daughter waves are characterized by strong parallel but modest perpendicular
ﬂuctuations. The measured frequencies and wavenumbers are found to satisfy the energy and momentum conservation conditions for a
nonlinear three wave interaction. The evidence of energy ﬂowing from pump ﬂuctuations into daughter waves is also presented in this paper.
The results may shed light on the origin of inward Alfven waves observed in the solar corona and chromosphere and how shear Alfven
waves deposit its energy by driving compressional perturbations.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5082802

I. INTRODUCTION
The laboratory simulation of space plasma has continuously
enriched our understanding of plasma behavior in the planetary and
stellar atmosphere, for example, magnetic reconnection, wave-particle
interaction, and magneto-rotational instability.1–4 As the most fundamental wave mode in magnetized plasmas, Alfven waves could also
play a role in the heating and evolution of space, astrophysical, and
laboratory plasmas.5 Many experiments have been thus devoted to the
study of Alfven waves and revealed many faces of Alfven waves.6–9
Due to their incompressible nature, shear Alfven waves (SAWs)
have been considered as the primary carrier of energy to the coronal
region; on the other hand, there must exist a mechanism(s) to convert
their energy into heat which accounts for the mysterious high temperature of the corona. The conversion does not need to be very efﬁcient
as a small amount (0.1%) of output energy from the interior is
enough to heat up the tenuous corona.10 Of various hypotheses, two
candidates are of particular interest here: (1) parametric excitation of
ion sound waves11,12 or other compressional waves13 and (2) turbulent
heating from a nonlinear cascade of multiple wave interactions.14–16
Although related theoretical and numerical investigations17,18 of space
plasma have been conducted extensively, few laboratory observations
of simulating plasmas have been reported. By deliberately launching
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two Alfven waves at different frequencies, ion sound waves with differential frequency were successfully launched through beating of these
two waves in Large Plasma Devices (LAPDs).19,20 Recently, Dorfman
et al.21 observed that a kinetic Alfven wave can produce two sidebands
of Alfven waves and a low frequency non-resonant mode due to modulational instability. We will show in this paper that shear Alfvenic
ﬂuctuations (SAFs) could also spontaneously decay into co- and
counter-propagating magnetosonic waves in a laboratory plasma, and
the decay channel is robust. Note that this process has been considered
in theories;13,22–25 however, this kind of decay channel has not been
observed in a laboratory plasma, to the authors’ knowledge.
The turbulent cascade of non-compressional waves requires a
counter-propagating wave.15,26 Although the magnetic structures in solar
plasmas have been frequently inspected by satellite imaging and spectroscopic systems, the identiﬁcation of the wave’s direction has posed challenges. Recently, Mortan et al.27 reported the observation of inward
Alfven waves in the coronal region and Liu et al.28 found the counterpropagating compressive ﬂuctuation in the chromosphere. Notably, an
inward propagating wave can be generated by the wave reﬂection or
parametric decay, while in this paper, we show that counter-propagating
(inward) magnetic waves can be produced by the latter process.
The rest of this paper is arranged as follows: Sec. II introduces the
experimental setup including the SAF launching antenna and
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diagnostic tools. The energy and momentum conservation constrains
are shown to be satisﬁed in Sec. III to validate the three wave interaction during this spontaneous decay process of SAFs. The identiﬁcation
of daughter wave modes is also provided in this section. Section IV
shows the evidence of the energy transferring process. Finally, Sec. V
presents a brief discussion and the conclusion of this paper.
II. EXPERIMENTAL SETUP
The experiments were conducted using a 10-m long tandem mirror
device, KMAX (Keda Mirror with AXisymmetricity), which consists of
one central cell and two end cells.29 Their dimensions are shown in Fig.
1(a), and the green dashed lines represent the DC magnetic ﬁeld, pointing toward þz, which is typically 275 gauss in the central cell and 1900
gauss at the mirror throat. In this work, the plasma is produced by a helicon antenna located at the right end, z  5:05 m, the RF power is typically 2 kW with frequency at 13.56 MHz, and the gas species is
hydrogen. Helicon plasmas have been widely used in space plasma simulation due to their easy operation and high ionization rate.30 In our
application, the source plasma expands into downstream by following
the background magnetic ﬁeld lines. The key to the experiments
reported here is to form a plasma column through the entire device, i.e.,
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a 10 m long plasma column. Typical plasma parameters are
ne  ð1  4Þ  1016 m3 and Te  4  10 eV: Radial density proﬁles
measured by four triple Langmuir probes PE1–4 at four different axial
positions are given in Fig. 1(b). The SAF is launched by a solenoidal
antenna at z ¼ 1:00 m and r ¼ 0.05 m. A nominal 7 kW oscillator at a
frequency of f ¼ 368 kHz or x  0.89 Xci, where Xci is the ion cyclotron
frequency, feeds current into the antenna via an isolation transformer.
The antenna current measured using a Pearson Current Monitor is
100 A, which can produce the magnetic ﬁeld Bx of 20 gauss, 7.3% of
the background magnetic ﬁeld strength. Four sets of electrically shielded
magnetic probes PBE1, PBE2, PBW1, and PBW2 are placed at z ¼ 0.00
m, 0.50 m, 1.67 m, and 3.25 m, respectively, to detect magnetic ﬂuctuation. PBW1 also integrates a single electric probe at the top to measure
the ion saturation currents. All signals from probes are connected to
oscilloscopes with a sampling rate at 5 MS/s.
III. OVERVIEW OF THE SPONTANEOUS DECAY
PHENOMENON
A. Energy conservation
For any nonlinear three wave interaction, energy and momentum
have to be conserved: f ¼ f1 þ f2 and k ¼ k1 þ k2 . These conservation

FIG. 1. (a) Machine diagram of the KMAX
tandem mirror device. Hydrogen plasma is
generated by a Nagoya type III antenna
located at z ¼ 5.05 m. The green dashed
lines indicate the DC magnetic ﬁeld lines
towards þz; the brown triangles indicate
the positions of triple probes PE1-4 from
right to left; the blue circles indicate the
magnetic probes PBE1, PBE2, PBW1,
and PBW2 at z ¼ 0.00 m, 0.50 m, 1.67 m,
and 3.25 m; and the red diamond indicates the Alfven launching antenna at
r ¼ 0.05 m. The black arrows at the bottom illustrate the axial current of the wave
inside plasma at one moment, and the
grey arrows indicate the return current
possibly through endplates and vessel
wall. (b) Radial density proﬁles at z ¼ 4.05
m, 1.75 m, 0.50 m, and 3.10 m, measured by PE1-4, respectively.
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constrains are presented in Figs. 2 and 3, respectively. Clearly, the
pump ﬂuctuation at f ¼ 368 kHz has driven two daughter waves at
f1 ¼ 311 kHz and f2 ¼ 57 kHz. Figure 2(a) displays the spectrum of
output current from the oscillator whose Q is 35 000, high enough to
be considered as a monochromatic emitter. Figures 2(b)–2(d) show
the measured magnetic ﬂuctuation spectra in the x, y, and z directions,
respectively, and Fig. 2(e) shows the spectrum of ion saturation current collected by a single probe, i.e., one tungsten tip, integrated within
magnetic probe suite PBW1. The launched ﬂuctuation has been
detected largely in the x direction, with an amplitude of 0.12 gauss
or 0.04% of background ﬁeld strength, which is in the same direction
with the oscillating magnetic ﬁelds generated by this solenoidal
antenna. Rather than launching a wave with a deﬁned wavenumber
and direction, this antenna more likely just perturbs the plasma or
enhances the thermal ﬂuctuations which are in phase with the driving
oscillations. Hence, the wave may not be a single mode. In the low frequency limit, the degeneracy of torsional Alfven waves and compressional waves can produce linearly polarized waves. It may explain why
the dBx component dominates in our measurements. The perturbation
should travel in both directions; however, only the þz directional
propagation is found in our phase shift measurements [see Fig. 3(a)
for the data]. Considering that the endplates of our device are conductors and the length of the wave is comparable with the device, the axial
current of the wave can exit the plasma from one plate and re-enter
from the other end in order to close its current loop in both parallel
and perpendicular directions. In other words, the periodical boundary
condition in our experiment allows the traveling wave to exist.
The most prominent feature of Fig. 2 is the presence of f1 and f2
on the z directional magnetic probe and electric probe. Those two
waves only appear when both of the source oscillator and the helicon
plasma are turned on. Different from the SAF discussed above, the
magnetosonic wave must be accompanied by dBz and density
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ﬂuctuations for its compression nature, as observed in our experiment
[see Figs. 2(d) and 2(e)]. The dBz components are 1.0–2.0 gauss in
strength and 0.3%–0.7% of the background ﬁeld.31
B. Momentum conservation
In addition to energy conservation, the momentum must be conserved too, i.e., k ¼ k1 þ k2 , which can be derived from the phase difference between magnetic probes. Figures 3(a) and 3(b) show their phase
measurements in parallel and perpendicular directions, respectively, and
the calculated kk1 ¼ 1:1560:15 rad/m and kk2 ¼ 0:3060:10 rad/
m. The non-zero kk1;2 of these compressive magnetic modes (dBz ) dictates the existence of non-zero perturbations in the perpendicular direction. This is consistent with the observation of the very modest dBx and/
or dBy ﬂuctuations at f1 and f2 in Figs. 2(b) and 2(c).
Figure 3(c) shows the parallelogram in the (x; kk ) plane reﬂecting the resonant conditions for parametric decay. Here, we denote the
“þ” sign to the wave propagating along the background ﬁeld line
direction, i.e., þz. This ﬂuctuation propagating in the þz direction has
a phase velocity ð4:160:4Þ  106 m/s, within the error of the predicted value ð5:061:3Þ  106 m/s from the SAW dispersion considerpﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ing the Hall MHD effect, x ¼ kk VA 1  x2 =Xci 2 , where VA is the
Alfven speed.
Clearly, the mother ﬂuctuation (f ¼ 368 kHz, kk ¼ 0:5560:05
rad/m, and k? ¼ 062 rad/m) has decayed into a forward propagating
wave (f1 ¼ 311 kHz, kk1 ¼ 1:1560:15 rad/m, and k?1 ¼ 1264
rad/m) and a backward propagating wave (f2 ¼ 57 kHz, kk2 ¼ 0:30
60:10 rad/m, and k?2 ¼ 1062 rad/m), satisfying both energy and
momentum conservation equations. Note that there have been extensive
theoretical and simulation works on the parametric decay of SAWs into
Alfven and ion sound waves to explain the coronal heating, and our
results have veriﬁed that there exists a channel for Alfven ﬂuctuations to
decay into fast and slow waves. Moreover, it also shows that the parametric decay can produce the backward magnetic wave, a key ingredient
for the turbulent cascade. Although not shown here, the measured
amplitudes of waves are found to decrease with the radius, only 0.1 G
near the edge.
C. Identification of wave modes
1. Dispersion relation

A two-ﬂuid description of low frequency magnetic waves is given
by Ref. 5
h
i 
x2 ð1 þ k2 de 2 Þ  VA 2 kk 2  x2 ð1 þ k2 de 2 Þðx2  Cs 2 k2 Þ

VA 2 k2 ðx2  Cs 2 kk 2 Þ ¼ x2 VA 4 k2 kk 2 ðx2  Cs 2 k2 Þ=Xci 2 ; (1)
FIG. 2. Frequency spectrum of the Alfven antenna current, magnetic ﬁeld, and density ﬂuctuation: (a) the Alfven antenna emits waves at f ¼368 kHz; (b) the dBx
spectrum shows a peak at 368 kHz and also two small but distinguishable peaks at
f1 ¼ 311 kHz and f2 ¼ 57 kHz, which can be clearly seen on the two inset panels;
(c) the dBy spectrum shows a small peak at f1 but a negligible or questionable
peak at f2 and no discernible peak at 368 kHz; (d) the dBz spectrum shows clearly
the spontaneously decayed daughter waves resonating at 57 and 311 kHz and no
peak at 368 kHz; and (e) the spectrum of plasma density ﬂuctuation shows two
peaks at 57 and 311 kHz.
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where CS is the sound speed and de is the electron inertial length. The
ﬁrst term describes the Alfven and the second term magnetosonic
waves. By substituting the experimental values of CS ¼ 3:0  104 m/
s, VA ¼ 2:5  106 m/s, and de ¼ 0:04 m in Eq. (1), we plot the relationship between x and kk for different jk? j in Fig. 3(d) as colorcoded lines, along with the measured data of f1 and f2 waves as
squares. Comparing with the model prediction, it is found the f1 wave
ﬁts much better than the f2 wave because k? is very sensitive to kk in
the low frequency regime.

26, 032105-3

Physics of Plasmas

ARTICLE

scitation.org/journal/php

FIG. 3. (a) The phase shift relative to the
antenna or PBE1, measured by four magnetic probes at different z’s, with the red
square, black circle, and blue triangle for
waves f , f1 ; and f2 , respectively. (b) The
perpendicular phase shift versus x, and
the symbols are used in the same manner
as (a). (c) Parallelogram in the (x; kk )
plane reﬂecting the resonant conditions
for parametric decay. The shaded error
bars indicate the uncertainty in kk . (d)
Theoretical prediction for different jk? j,
and measured data, f1 and f2 , are indicated as squares.

2. Correlation between dne and dBz

To further identify speciﬁc modes of these magnetosonic waves,
we adopt the common approach used in space plasma. The correlation
between density and parallel magnetic ﬂuctuation is positive for the
fast mode and negative for the slow mode.32 In other words, dne and
dBz are in phase for fast magnetosonic waves and out of phase for
slow magnetosonic waves.5
We can obtain the phase difference between dne and dBz from the
normalized Cross-Spectral Density (CSD)
of measured dIsat andﬃ daughpﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ter waves’ dBz , a¼ CSDðdIsat ; dBz Þ= PSDðdIsat Þ  PSDðdBz Þ, where
PSD stands for the Power Spectral Density. The result is shown in Fig. 4,
where the red dotted line represents the degree of coherence jaj2 and the
blue solid line represents the phase difference, arctan ðaÞ. To have a
more accurate estimation, we average the phase difference over a small
frequency range whose coherence value is larger than 0.85, as shown in
the grey region in Fig. 4, and the results are 35 64 for the f1 wave and
150 66 for the f2 wave. Adding the additional phase shift due to the
radial separation of magnetic and electric probes, ð16 68 Þ for f1 and
þð12 66 Þ for f2 , the phase differences are found to be 19 614 for f1
(311 kHz) and 162 628 for f2 (57 kHz), respectively. The errors estimated above have included the errors due to the electron temperature
ﬂuctuation. Thus, it is reasonable to conclude that f1 (in phase) is the
fast and f2 (out of phase) is the slow magnetosonic wave.
IV. ENERGY TRANSFERRING PROCESS
The energy transferring process is studied by analyzing the wave
amplitudes as a function of time. Figure 5 shows that the SAF starts to
grow at t  50 ls, while two daughter waves are not present until

Phys. Plasmas 26, 032105 (2019); doi: 10.1063/1.5082802
Published under license by AIP Publishing

t  200 ls. This time delay reﬂects that a minimum strength of the
pump wave is required to generate the other two waves.33–35 A direct
evidence of the energy transferring from the SAF to two daughter
waves is shown as the dashed green line in Fig. 5(b), the SAF amplitude normalized to antenna current, which shows a relatively ﬂat
regime between t ¼ 50 ls and t ¼ 200 ls and starts to drop when two
daughter waves appear.

FIG. 4. Phase difference between dne and dBz ﬂuctuation. The cross-spectral density is plotted as blue solid line, while the corresponding coherence is shown as the
red dotted line. The grey shades indicate the credible regions, where the coherence
value must be greater than 0.85, for averaging the phase difference: 35 64 for
wave f1 and 150 66 for wave f2 .
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to utilize Alfven wave as an efﬁcient supplementary heating method
via the parametric decay process.
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FIG. 5. Time history of (a) antenna current, (b) SAF and normalized SAF, (c) fast
wave, and (d) slow wave amplitude from t ¼ 0 to 1000 ls. The SAF amplitude normalized by antenna current, plotted as a green dashed line in panel (b), decreases
at t ¼ 200 ls, which indicates that SAF energy is being injected into the daughter
modes.

V. CONCLUSION
A possible explanation for parametric decay to occur in this
experiment is through the ponderomotive force.35 The SAF and magnetosonic wave, or just thermal ﬂuctuations in the initial
stage, can

couple together through the nonlinear force djy  dBz , where djy and
dBz are the polarization current of the SAF and parallel magnetic ﬁeld
component of one daughter wave. Then, the force could inﬂuence or
enhance the plasma velocity component dvx of differential frequency
corresponding to another daughter wave, which leads to density compression and rarefaction via term k?  dvx . If the dispersion relations of
these waves are satisﬁed by the experimental plasma parameters, two
daughter waves could be fed continuously by pump waves and grow
to an appreciable level.
In summary, we have presented experimental demonstration that
a shear Alfven ﬂuctuation can spontaneously decay into a copropagating fast magnetosonic wave and a counter-propagating slow
magnetosonic wave. The constraints of energy and momentum conservation are satisﬁed. The modes of daughter waves are validated by
comparison with a dispersion relation and by correlation between density and magnetic ﬁeld ﬂuctuation. Both of the daughter waves can be
effectively damped, leading to the dissipation of wave energy. The slow
magnetosonic wave has been widely deemed as a candidate for the
heating of the coronal region. Similar to the observation of inward
propagating waves in the coronal and chromosphere region, we also
observed the counter-propagating wave in the experiment. Whether it
may lead to the turbulent heating is a subject to the future study
because the current source power is not high enough to see this effect.
In a word, the experiment reported in this paper has opened a new
window to study space plasma relevant physics, and it may also help
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