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Summary/Outline
• Studies of large-amplitude shear Alfvén waves in the Large Plasma Device:  three-

wave interactions and decay instabilities

• Nonlinear excitation of ion acoustic waves [Dorfman & Carter, PRL, 110, 195001 
(2013)]  

• Beating of two counter-propagating kinetic Alfvén waves (KAWs); resonant 
response observed consistent with ponderomotive excitation of ion acoustic wave

• Parametric instability of lone large-amplitude shear wave [Dorfman & Carter, PRL, 
116, 195002 (2016)]

• Finite frequency KAWs decay to co-propagating sideband KAWs and low frequency 
quasimode; qualitatively consistent with modulation decay instability.

• New LAPD capabilities (LaB6 plasma source + RF heating) enable high β, warm ion 
plasmas



The LArge Plasma Device (LAPD)

• Solenoidal magnetic field, cathode discharge plasma (BaO and LaB6)

• BaO Cathode: n ∼ 1012 cm-3, Te ∼ 5-10 eV, Ti ≲ 1 eV

• LaB6 Cathode: n ∼ 5x1013 cm-3, Te ∼ 10-15 eV, Ti ~ 6-10 eV

• B up to 2.5kG (with control of axial field profile)

• BaO: Large plasma size, 17m long, D~60cm (1kG: ~300 ρi, ~100 ρs)

• High repetition rate:  1 Hz

• US NSF/DOE Basic Plasma Physics User Facility
http://plasma.physics.ucla.edu

http://plasma.physics.ucla.edu


LAPD BaO Plasma source
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• Produces plasmas with 10-20 ms duration at 1 Hz rep rate    

• Large quiescent core plasma (~60 cm diameter) for study of plasma waves, injection of 
ion/electron beams, etc.



Alfvén wave studies in LAPD
• LAPD’s length set to enable AW research (to fit parallel wavelength (~few meters)).  Examples:

Review:  Gekelman, et al., PoP 18, 055501, (2011) 

High k⊥ kinetic Alfvén waves
Kletzing, et al, PRL 104, 095001 (2010)

Cylindrical AW eigenmodes, MASER produced
Maggs, et al., Phys. Plasmas 12, 013103 (2005)
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Nonlinear studies of Alfvén waves in LAPD

• Series of experiments exploring three-wave interactions and decay instabilities.  
Motivations include studying MHD turbulence in the lab

• Collision of two antenna-launched shear Alfvén waves:

• Two co-propagating AWs produce a quasimode [Carter, et al., PRL, 96, 155001 
(2006)]

• Two co-propagating KAWs drive drift waves, lead to control/ suppression of 
unstable modes (in favor of driven stable mode) [Auerbach, et al., PRL, 105, 135005 
(2010)]

• Two counter-propagating AWs, one long wavelength (k∥ ≈ 0), produce daughter AW 
(building block of MHD turbulent cascade) [Howes, et al., PRL, 109, 255001 (2012)]

• Two counter-propagating AWs nonlinearly excite an ion acoustic wave [Dorfman & 
Carter, PRL, 110, 195001 (2013)]  

• Parametric instability of single large-amplitude shear wave [Dorfman & Carter, PRL, 116, 
195002 (2016)]



Large amplitude Alfvén wave generation
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• Antennas can generate AWs with δB/B ~ 1% (~10G or 1mT); large 
amplitude from several points of view:

• Wave beta is of order unity

• Wave Poynting flux ~ 200 kW/m2, same as discharge heating power density

• From GS theory:  stronger nonlinearity for anisotropic waves; here k||/k⊥ ~ 
δB/B
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propagation of the SAW is much slower than parallel phase
speed v!! =" /k!.

15–17 As a result, the wave remains largely
localized to a fixed set of field lines.

III. EXPERIMENTAL ARRANGEMENT

The following experiment was conducted on the Large
Plasma Device "LAPD# at the University of California,
Los Angeles "see Fig. 1#. The device is composed of an 18 m
long, 1 m diameter, stainless steel cylindrical vacuum cham-
ber that is surrounded by 56 pancake electromagnets placed
at 32 cm intervals creating a uniform, #B0 /B0$1%, solenoi-
dal magnetic field along the length of the device. In order to
provide access to the plasma column, there are 488 ports
evenly distributed down the length of the device. Of those,
424 are 15 cm diameter circular ports equipped with win-
dows, gate valves, and various diagnostics. The remaining 64
are rectangular ports that allow for the insertion of larger
scale objects, such as our antenna, into the plasma column.
At 32 cm intervals, along the entire length of the machine, 65
of the circular ports are equipped with ball joints and gate
valves which allow for the insertion and two-dimensional
movement of diagnostic probes at many z locations.18

The LAPD creates a highly reproducible, highly magne-
tized, quiescent dc discharge plasma. The discharge occurs
between a heated barium-oxide coated nickel cathode and a
molybdenum mesh anode with a 52 cm separation. As a re-
sult, the remaining 16 m of the plasma column carries no net
current. The machine is backfilled with He at a pressure of
approximately 1$10−4 Torr and pulsed at 1 Hz. With the
background magnetic field, B0, held fixed at 1 kG, a 4.5 kA
discharge is run for 12 ms to produce a plasma column
17 m long and 50 cm in diameter with a density of
"2.3%0.3#$1012 cm−3 "calibrated using a microwave inter-
ferometer#, an electron temperature, Te, of 6%1 eV "mea-
sured from a swept Langmuir probe#, and an ion tempera-
ture, Ti, of 1%0.5 eV. For a wave driven at "=0.54 &ci,
with a characteristic '!=9 cm determined by the antenna
size, the kinetic dispersion relation gives a parallel Alfvén

wavelength of 317 cm. For these conditions, the axial length
of the device contains approximately five parallel Alfvén
wavelengths.

A computer controlled data acquisition system is used to
collect volumetric data. Computer controlled digitizers and
mechanical probe drives are used to acquire planar data sets,
transverse to the background field, at various axial positions
along the length of the device. In the plane transverse to the
background field, the probe drive positioning system is ac-
curate to 0.5 mm, while in the axial direction along the field,
it is accurate to 1 cm. Probes are moved to a prespecified
position within the plane, the discharge plasma is created, the
orthogonal ring antenna is pulsed, and temporally resolved
data are collected at that location. This process is repeated at
each location. For this experiment, eight planes, each cover-
ing 1681 spatial locations, were collected spanning an axial
distance of 8 m along the device over the course of approxi-
mately 135 000 discharges.

IV. WAVE LAUNCHING

A. Orthogonal ring antenna

SAWs are launched using a RMF source realized using a
phased, orthogonal loop antenna "Fig. 2#. The antenna is
composed of two coils, each with three turns of 0.25 cm
diameter solid copper wire. The horizontal coil "coil 2# has a
diameter of roughly 8 cm while the vertical coil "coil 1# has
a diameter of 9 cm. These coils are driven by a pair of high
power resonant LRC circuits, set 90° out of phase with re-
spect to each other. The antenna is carefully aligned such that
the axis of rotation of its induced magnetic field at the center
of the antenna is parallel to B0 "Fig. 1#. In this experiment,
the antenna was pulsed for 100 (s, 10 ms into a 12 ms long
plasma discharge.
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FIG. 1. Schematic of experimental setup. The LAPD chamber and repro-
ducible, quiescent, plasma column are shown. The orthogonal ring antenna
is aligned so the rotation axis of the induced magnetic field at the center of
the antenna is parallel to the direction of the background solenoidal field,
B0. The data are collected through the use of probes that can be placed at
various locations along z. This is not drawn to scale.

FIG. 2. "Color online# Photographic image of the RMF antenna. Each coil
has three turns of enameled solid copper wire covered in epoxy to prevent
electrical contact with plasma. Coil 1 has a diameter of 9 cm and coil 2 has
a diameter of 8 cm.
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Nonlinear excitation of sound waves by AWs
• Study three-wave process at heart of parametric decay by interacting two frequency-

detuned, counter-propagating AWs

[Dorfman & Carter, PRL 110, 195001 (2013)]



Nonlinear excitation of sound waves by AWs
• Study three-wave process at heart of parametric decay by interacting two frequency-

detuned, counter-propagating AWs

[Dorfman & Carter, PRL 110, 195001 (2013)]

• Nonlinear response at beat frequency observed; response persists after nonlinear drive 
is turned off:  evidence for excitation of damped linear wave



Variation of nonlinear response with beat frequency: consistent with 
resonance with linear wave



• Beat-wave response peaks at beat frequency consistent with simple fluid model (three-wave 
matching KAW + KAW → Sound Wave)

• Direct measurement of mode wavenumber confirms production of sound waves
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Variation of nonlinear response with beat frequency: consistent with 
resonance with linear wave



Spatial pattern of driven wave consistent with parallel ponderomotive 
drive

• Driven mode peaks near spatial maximum of magnetic field fluctuation of 
beating Alfvén waves



Observation of a parametric instability of KAWs

• Single, large amplitude KAW launched.  Above an amplitude threshold and frequency, 
observe production of daughter modes. 

[Dorfman & Carter, PRL, 116, 195002 (2016)]

antenna described in Gigliotti et al. [37]. The pump wave is
launched at ω0 ∼ 0.67Ωi, producing the pattern in the plane
perpendicular to B0 shown for each antenna in the bottom
panel. The strap antenna launches a linearly polarized
m ¼ 0 Alfvén wave cone (k⊥0ρs ¼ 0.11) in which oscil-
lating magnetic field vectors (white arrows) circle the field-
aligned wave current. By contrast, the RMF antenna is
set up to produce two field-aligned current channels
(k⊥0ρs ¼ 0.21) rotating around B0 in an m ¼ 1 pattern
[37]. The rotation direction and hence wave polarization
may be controlled by varying the antenna phasing. To
ensure the launched wave remains nearly monochromatic,
the antenna current is digitized (not shown) and found to
contain no significant sideband component.
In the plasma column in front of the antenna, magnetic

and Langmuir probes detect the signatures of the pump and
daughter modes. Each probe is mounted on an automated
positioning system that may be used to construct a 2D
profile in the x-y plane averaged across multiple discharges.
When the pump wave amplitude exceeds a threshold

value, additional peaks are observed in the frequency
spectrum, as shown in Fig. 2. Panel (a) of Fig. 2 shows
the appearance of three modes: a low frequency mode (M1),
a lower sideband mode (M−), and an upper sideband mode
(Mþ). The frequency matching relations ω#∓ω1 ¼ ω0

hold. However, M1 is not purely a density perturbation as
predicted by the k⊥ ¼ 0 modulational instability theory; as
seen in Fig. 2, the mode has significant magnetic character.
A clear parametric dependence of the mode frequencies

on pump amplitude is shown in panel (b) of Fig. 2. As the
pump amplitude δB0⊥=B0 increases above threshold, the

frequencies ofM1 andMþ increase; there is a correspond-
ing decrease in the frequency of M− such that frequency
matching relations are satisfied at all wave powers.
To determine the character of the three observed daughter

modes, the parallel wave numbers are measured using a set
of three axially separated magnetic probes placed 0.639 m
apart, allowing resolution of wave numbers up to 4.9=m. As
shown in Fig. 3, this measurement reveals positive values of
k∥ for all modes, indicating that all three daughter modes
are copropagating with the pump. Parallel wave number
matching is satisfied, k∥#∓k∥1 ¼ k∥0. Based on the mea-
sured dispersion relation, the pump, M−, and Mþ are
identified as kinetic Alfvén waves (KAWs) while M1 is a
nonresonant mode. Note that M1 falls above the KAW
dispersion curve ω ¼ kjjVA

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ðk⊥ρsÞ2 − ðω=ΩiÞ2

p
for

all possible values of k⊥. However, the measured kjj1
is too small for M1 to be an acoustic mode (for these
parameters, Cs ¼ 0.012VA). This production of a
nonresonant mode is consistent with the modulational
instability.

FIG. 1. Experimental setup in LAPD. Top: An Alfvén wave
antenna on the right end of the device launches the pump wave.
Magnetic and Langmuir probes used to diagnose the interaction are
shown. Bottom: Spatial pattern of the pump wave in the xy plane
measured by a magnetic probe at z ¼ 2.6 m for the strap antenna
(left, B0 ¼ 1135 G) and RMF antenna (right, B0 ¼ 993 G).

(a)

(b)

FIG. 2. Observed kinetic Alfvén wave (KAW) parametric
instability showing threshold behavior and parametric depend-
ence. RMF antenna, RHCP mode, B0 ¼ 993 G. (a) Frequency
spectrum from a magnetic probe at x ¼ 0, y ¼ −6 cm, z ¼ 2.6 m
for three pump mode amplitudes. When the pump amplitude is
above threshold for instability, three daughter modes are seen.
(b) Parametric dependence of the daughter mode frequency as a
function of pump amplitude δB0⊥=B0. The pump amplitude is 0
on the log10 color scale. White vertical dashed lines represent
values of pump amplitude from (a).
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Pump waves:  linearly and circularly polarized



antenna described in Gigliotti et al. [37]. The pump wave is
launched at ω0 ∼ 0.67Ωi, producing the pattern in the plane
perpendicular to B0 shown for each antenna in the bottom
panel. The strap antenna launches a linearly polarized
m ¼ 0 Alfvén wave cone (k⊥0ρs ¼ 0.11) in which oscil-
lating magnetic field vectors (white arrows) circle the field-
aligned wave current. By contrast, the RMF antenna is
set up to produce two field-aligned current channels
(k⊥0ρs ¼ 0.21) rotating around B0 in an m ¼ 1 pattern
[37]. The rotation direction and hence wave polarization
may be controlled by varying the antenna phasing. To
ensure the launched wave remains nearly monochromatic,
the antenna current is digitized (not shown) and found to
contain no significant sideband component.
In the plasma column in front of the antenna, magnetic

and Langmuir probes detect the signatures of the pump and
daughter modes. Each probe is mounted on an automated
positioning system that may be used to construct a 2D
profile in the x-y plane averaged across multiple discharges.
When the pump wave amplitude exceeds a threshold

value, additional peaks are observed in the frequency
spectrum, as shown in Fig. 2. Panel (a) of Fig. 2 shows
the appearance of three modes: a low frequency mode (M1),
a lower sideband mode (M−), and an upper sideband mode
(Mþ). The frequency matching relations ω#∓ω1 ¼ ω0

hold. However, M1 is not purely a density perturbation as
predicted by the k⊥ ¼ 0 modulational instability theory; as
seen in Fig. 2, the mode has significant magnetic character.
A clear parametric dependence of the mode frequencies

on pump amplitude is shown in panel (b) of Fig. 2. As the
pump amplitude δB0⊥=B0 increases above threshold, the

frequencies ofM1 andMþ increase; there is a correspond-
ing decrease in the frequency of M− such that frequency
matching relations are satisfied at all wave powers.
To determine the character of the three observed daughter

modes, the parallel wave numbers are measured using a set
of three axially separated magnetic probes placed 0.639 m
apart, allowing resolution of wave numbers up to 4.9=m. As
shown in Fig. 3, this measurement reveals positive values of
k∥ for all modes, indicating that all three daughter modes
are copropagating with the pump. Parallel wave number
matching is satisfied, k∥#∓k∥1 ¼ k∥0. Based on the mea-
sured dispersion relation, the pump, M−, and Mþ are
identified as kinetic Alfvén waves (KAWs) while M1 is a
nonresonant mode. Note that M1 falls above the KAW
dispersion curve ω ¼ kjjVA

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ðk⊥ρsÞ2 − ðω=ΩiÞ2
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all possible values of k⊥. However, the measured kjj1
is too small for M1 to be an acoustic mode (for these
parameters, Cs ¼ 0.012VA). This production of a
nonresonant mode is consistent with the modulational
instability.

FIG. 1. Experimental setup in LAPD. Top: An Alfvén wave
antenna on the right end of the device launches the pump wave.
Magnetic and Langmuir probes used to diagnose the interaction are
shown. Bottom: Spatial pattern of the pump wave in the xy plane
measured by a magnetic probe at z ¼ 2.6 m for the strap antenna
(left, B0 ¼ 1135 G) and RMF antenna (right, B0 ¼ 993 G).
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FIG. 2. Observed kinetic Alfvén wave (KAW) parametric
instability showing threshold behavior and parametric depend-
ence. RMF antenna, RHCP mode, B0 ¼ 993 G. (a) Frequency
spectrum from a magnetic probe at x ¼ 0, y ¼ −6 cm, z ¼ 2.6 m
for three pump mode amplitudes. When the pump amplitude is
above threshold for instability, three daughter modes are seen.
(b) Parametric dependence of the daughter mode frequency as a
function of pump amplitude δB0⊥=B0. The pump amplitude is 0
on the log10 color scale. White vertical dashed lines represent
values of pump amplitude from (a).
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Production of sidebands and low frequency mode

• Production of daughter waves observed: 
threshold both in wave amplitude and in 
frequency (only observed for f ≳ 0.5 fci)

• All three daughter waves co-propagating 
with pump (need dispersive AWs)

• Modes satisfy three-wave matching 
rules



antenna described in Gigliotti et al. [37]. The pump wave is
launched at ω0 ∼ 0.67Ωi, producing the pattern in the plane
perpendicular to B0 shown for each antenna in the bottom
panel. The strap antenna launches a linearly polarized
m ¼ 0 Alfvén wave cone (k⊥0ρs ¼ 0.11) in which oscil-
lating magnetic field vectors (white arrows) circle the field-
aligned wave current. By contrast, the RMF antenna is
set up to produce two field-aligned current channels
(k⊥0ρs ¼ 0.21) rotating around B0 in an m ¼ 1 pattern
[37]. The rotation direction and hence wave polarization
may be controlled by varying the antenna phasing. To
ensure the launched wave remains nearly monochromatic,
the antenna current is digitized (not shown) and found to
contain no significant sideband component.
In the plasma column in front of the antenna, magnetic

and Langmuir probes detect the signatures of the pump and
daughter modes. Each probe is mounted on an automated
positioning system that may be used to construct a 2D
profile in the x-y plane averaged across multiple discharges.
When the pump wave amplitude exceeds a threshold

value, additional peaks are observed in the frequency
spectrum, as shown in Fig. 2. Panel (a) of Fig. 2 shows
the appearance of three modes: a low frequency mode (M1),
a lower sideband mode (M−), and an upper sideband mode
(Mþ). The frequency matching relations ω#∓ω1 ¼ ω0

hold. However, M1 is not purely a density perturbation as
predicted by the k⊥ ¼ 0 modulational instability theory; as
seen in Fig. 2, the mode has significant magnetic character.
A clear parametric dependence of the mode frequencies

on pump amplitude is shown in panel (b) of Fig. 2. As the
pump amplitude δB0⊥=B0 increases above threshold, the

frequencies ofM1 andMþ increase; there is a correspond-
ing decrease in the frequency of M− such that frequency
matching relations are satisfied at all wave powers.
To determine the character of the three observed daughter

modes, the parallel wave numbers are measured using a set
of three axially separated magnetic probes placed 0.639 m
apart, allowing resolution of wave numbers up to 4.9=m. As
shown in Fig. 3, this measurement reveals positive values of
k∥ for all modes, indicating that all three daughter modes
are copropagating with the pump. Parallel wave number
matching is satisfied, k∥#∓k∥1 ¼ k∥0. Based on the mea-
sured dispersion relation, the pump, M−, and Mþ are
identified as kinetic Alfvén waves (KAWs) while M1 is a
nonresonant mode. Note that M1 falls above the KAW
dispersion curve ω ¼ kjjVA
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all possible values of k⊥. However, the measured kjj1
is too small for M1 to be an acoustic mode (for these
parameters, Cs ¼ 0.012VA). This production of a
nonresonant mode is consistent with the modulational
instability.

FIG. 1. Experimental setup in LAPD. Top: An Alfvén wave
antenna on the right end of the device launches the pump wave.
Magnetic and Langmuir probes used to diagnose the interaction are
shown. Bottom: Spatial pattern of the pump wave in the xy plane
measured by a magnetic probe at z ¼ 2.6 m for the strap antenna
(left, B0 ¼ 1135 G) and RMF antenna (right, B0 ¼ 993 G).

(a)

(b)

FIG. 2. Observed kinetic Alfvén wave (KAW) parametric
instability showing threshold behavior and parametric depend-
ence. RMF antenna, RHCP mode, B0 ¼ 993 G. (a) Frequency
spectrum from a magnetic probe at x ¼ 0, y ¼ −6 cm, z ¼ 2.6 m
for three pump mode amplitudes. When the pump amplitude is
above threshold for instability, three daughter modes are seen.
(b) Parametric dependence of the daughter mode frequency as a
function of pump amplitude δB0⊥=B0. The pump amplitude is 0
on the log10 color scale. White vertical dashed lines represent
values of pump amplitude from (a).
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FIG. 2: Observed Kinetic Alfvén Wave (KAW) decay insta-
bility showing threshold behavior and a parametric depen-
dence. Data is from the RMF antenna in Helium plasma
with B0 = 993 G. k?⇢s = 0.21. Panel (A) shows the fre-
quency spectrum from a magnetic probe at z = 2.6 m for
three di↵erent pump mode amplitudes. When the pump am-
plitude is above threshold for the decay process, three daugh-
ter modes are seen. Panel (B) shows a parametric dependence
of the decay mode frequency as a function of pump amplitude
�B0?/B0. The pump amplitude is 0 on the log color scale.
White vertical dashed lines represent the values of pump am-
plitude plotted in the upper panel.

described in detail in Gigliotti et al. [30]. A linear or cir-
cularly polarized Alfvén wave is launched at !0 ⇠ 0.67⌦i

in order to allow for finite frequency e↵ects crucial to
the observation of the modulational instability. In the
plasma column in front of the antenna, magnetic and
Langmuir probes detect the magnetic field signatures of
the pump and decay modes. Each probe is mounted on
an automated positioning system that may be used to
construct a 2-D profile in the x-y plane averaged across
multiple discharges.

When the pump amplitude exceeds a threshold value,
additional peaks are observed in the frequency spectrum,
as shown in Fig. 2. Panel (A) of the figure shows the ap-
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FIG. 3: Behavior of the observed instability for two di↵er-
ent sets of plasma parmaters. Both plots show the perpedic-
ular magnetic field spectrum as a function of antenna cur-
rent and frequency. Panel (A) is from a magnetic probe at
z = 5.11 m using the strap antenna in Hydrogen plasma with
f0 = 434 kHz, B0 = 330 G. Panel (B) is from a magnetic
probe at z = 5.75 m using the strap antenna in Helium plasma
with f0 = 125 kHz, B0 = 400 G.

pearance of three modes: a low frequency mode (M1), a
lower sideband mode (M-), and an upper sideband mode
(M+). Consistent with the theoretical prediction for a
modulational instability, the frequency matching rela-
tions !± ⌥ !1 = !0 hold. However, the low-frequency
acoustic quasi-mode expected for the modulational insta-
bility is not observed; as seen in Fig. 2, M1 has significant
magnetic character.
Consistent with a modulational instability, there is a

clear parametric dependence of the mode frequencies on
pump amplitude as shown in Panel (B) of Fig. 2. As
the pump amplitude �B0?/B0 increases above thresh-
old, the frequencies of M1 and M+ increase; there is a
corresponding decrease in the frequency of M- such that
the frequency matching relations are satisfied at all wave
powers.
The experiment is performed for a variety of plasma

and antenna parameters. Two other examples are shown
in Fig. 3 In Panel (A), harmonics of the low frequency
decay mode as well as the pump minus those harmonics
are clearly seen. In Panel (B), there is a mode at half the
pump frequency that bifurcates at higher antenna pow-
ers. The present paper will focus on the clear three-mode
case in Fig. 2; a detailed study of parameter dependencies
will be left to a future publication.
To determine the character of the three observed de-

cay modes, the parallel wavenumbers are measured. As
shown in Fig. 4, this reveals positive values of k|| for
all modes, indicating that all three decay modes are co-
propagating with the pump. Based on the measured dis-
persion relation, the pump, M-, and M+ are identified
as KAWs while M1 is a non-resonant quasi-mode. Note
that while M1 does not fall on the KAW dispersion curve

! = k||VA

q
1 + (k?⇢s)

2 � (!/⌦i)
2, the measured k||1 is

still too low for M1 to be an acoustic mode (for these
parameters, Cs = 0.012VA). The presence of a quasi-
mode allows the k|| matching relation k||± ⌥ k||1 = k||0
characteristic of a modulational instability to hold; this

Variety of behaviors
observed as plasma 

parameters are 
changed



Sidebands are KAWs, low frequency mode is quasimode

• Sideband waves are consistent with KAW dispersion relation

• Low frequency mode is a non-resonant mode/quasimode: phase speed 
inconsistent with sound wave or KAW

• Participant modes consistent with modulation decay instability

Measurements in the plane perpendicular to the back-
ground field reveal that perpendicular nonlinear forces
likely play a role in generating the observed daughter
waves. This is shown in Fig. 4 which displays the pattern of
a representative daughter mode M− in the strap antenna
case; the plot is derived from a magnetic probe scanned
spatially over many shots. By comparing this figure to the
strap pump mode pattern in Fig. 1, it can been seen that the
amplitude peak ofM− occurs near the center of the current
channel on a gradient of the pump mode magnetic field. By
contrast, the parallel ponderomotive force associated with
the modulational instability will produce an amplitude peak
in the daughter modes at the location where the pump wave
magnetic field peaks [33,38]. This difference suggests a
perpendicular nonlinearity in which perpendicular gra-
dients of the pump mode amplitude (i.e., k⊥) play a key
role in the nonlinear terms.
The pumpmode polarization also influences the observed

instability. This is investigated by changing the RMF
antenna phasing to produce one of the two polarization
patterns shown in the inset panel of Fig. 5. Polarization is
quantified at each spatial point by measuring the ratio of the
minor to major radius in the ellipse traced by the rotating
magnetic field vector. This quantity is signed negative for
left-hand rotation and positive for right-hand rotation. As
shown in Fig. 5, left-hand (LHCP) and right-hand (RHCP)
pumpmodes contain opposite polarizationmixes that sum to
linear polarization. Eachmix produces a different frequency
spectra in the vicinity of the current channel; the sideband
separation frequency produced by the LHCP mode is less
than half that produced by the RHCP mode. As in the
linearly polarized strap antenna case, the daughter mode
amplitudes peak near the current channel center for the
RHCP pump mode. The spatial profile and nonlinear

physics may be different in the LHCP case and is still under
investigation; the LHCP mode also leads to a broadening of
the pump mode profile and a corresponding broad spectrum
at low frequencies. The existence of a polarization depend-
ence is consistent with the theoretical literature on para-
metric instabilities. However, most theoretical work (e.g.,
Refs. [6,7]) considers uniformly polarized plane waves,
making direct comparisons difficult.
Despite important physical differences with the present

work, modulational instability theory with k⊥ ¼ 0 still
describes some features of the observed process well.
Figure 6, panel (a) shows the roots of the dispersion
relation derived by Wong and Goldstein [6] and
Hollweg [7], solved for LAPD parameters. This two-fluid

FIG. 3. Parallel wave number measurement showing daughter
modes copropagating with the pump. The pump, M−, and Mþ
are identified as KAWs while M1 is a nonresonant mode. Strap
antenna, B0 ¼ 1140 G, δB0⊥=B0 ¼ 1.9 × 10−3. Magnetic probes
at z ¼ 5.11 m, 5.75 m, and 6.39 m. The fluid dispersion relation
for a KAW with the pump k⊥0ρs ¼ 0.11 and a line with slope
ω=kjj ¼ 0.29 VA are plotted for comparison.

FIG. 4. Spatial profile of M− for the strap antenna suggesting
the nonlinearity is perpendicular in nature. A cut of δBx is shown
on the right. Strap antenna pump from Fig. 1, B0 ¼ 1135 G.
Color represents fluctuating magnetic field amplitude δB−⊥;
white arrows show relative magnitude and direction. The peak in
M− amplitude occurs on a gradient of the pump mode magnetic
field near the current channel center.

FIG. 5. Dependence of the observed frequency spectrum on the
polarization of the RMF antenna. Magnetic probe x ¼ 0,
y ¼ −6 cm, z ¼ 2.6 m. Inset: Polarization of the RMF pump
mode from Fig. 1 along a cut at x ¼ 0. B0 ¼ 993 G.
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FIG. 2: Observed Kinetic Alfvén Wave (KAW) decay insta-
bility showing threshold behavior and a parametric depen-
dence. Data is from the RMF antenna in Helium plasma
with B0 = 993 G. k?⇢s = 0.21. Panel (A) shows the fre-
quency spectrum from a magnetic probe at z = 2.6 m for
three di↵erent pump mode amplitudes. When the pump am-
plitude is above threshold for the decay process, three daugh-
ter modes are seen. Panel (B) shows a parametric dependence
of the decay mode frequency as a function of pump amplitude
�B0?/B0. The pump amplitude is 0 on the log color scale.
White vertical dashed lines represent the values of pump am-
plitude plotted in the upper panel.

described in detail in Gigliotti et al. [30]. A linear or cir-
cularly polarized Alfvén wave is launched at !0 ⇠ 0.67⌦i

in order to allow for finite frequency e↵ects crucial to
the observation of the modulational instability. In the
plasma column in front of the antenna, magnetic and
Langmuir probes detect the magnetic field signatures of
the pump and decay modes. Each probe is mounted on
an automated positioning system that may be used to
construct a 2-D profile in the x-y plane averaged across
multiple discharges.

When the pump amplitude exceeds a threshold value,
additional peaks are observed in the frequency spectrum,
as shown in Fig. 2. Panel (A) of the figure shows the ap-

δB
(log norm)Antenna Current (A)

100 200 300

f (
kH

z)

0

50

100

150

-10

-8

-6

-4

-2

0(B)

δB
 (log norm)Antenna Current (A)

50 100 150 200

f (
kH

z)

0

100

200

300

400

500

-7

-6

-5

-4

-3

-2

-1

0(A)

FIG. 3: Behavior of the observed instability for two di↵er-
ent sets of plasma parmaters. Both plots show the perpedic-
ular magnetic field spectrum as a function of antenna cur-
rent and frequency. Panel (A) is from a magnetic probe at
z = 5.11 m using the strap antenna in Hydrogen plasma with
f0 = 434 kHz, B0 = 330 G. Panel (B) is from a magnetic
probe at z = 5.75 m using the strap antenna in Helium plasma
with f0 = 125 kHz, B0 = 400 G.

pearance of three modes: a low frequency mode (M1), a
lower sideband mode (M-), and an upper sideband mode
(M+). Consistent with the theoretical prediction for a
modulational instability, the frequency matching rela-
tions !± ⌥ !1 = !0 hold. However, the low-frequency
acoustic quasi-mode expected for the modulational insta-
bility is not observed; as seen in Fig. 2, M1 has significant
magnetic character.
Consistent with a modulational instability, there is a

clear parametric dependence of the mode frequencies on
pump amplitude as shown in Panel (B) of Fig. 2. As
the pump amplitude �B0?/B0 increases above thresh-
old, the frequencies of M1 and M+ increase; there is a
corresponding decrease in the frequency of M- such that
the frequency matching relations are satisfied at all wave
powers.
The experiment is performed for a variety of plasma

and antenna parameters. Two other examples are shown
in Fig. 3 In Panel (A), harmonics of the low frequency
decay mode as well as the pump minus those harmonics
are clearly seen. In Panel (B), there is a mode at half the
pump frequency that bifurcates at higher antenna pow-
ers. The present paper will focus on the clear three-mode
case in Fig. 2; a detailed study of parameter dependencies
will be left to a future publication.
To determine the character of the three observed de-

cay modes, the parallel wavenumbers are measured. As
shown in Fig. 4, this reveals positive values of k|| for
all modes, indicating that all three decay modes are co-
propagating with the pump. Based on the measured dis-
persion relation, the pump, M-, and M+ are identified
as KAWs while M1 is a non-resonant quasi-mode. Note
that while M1 does not fall on the KAW dispersion curve

! = k||VA

q
1 + (k?⇢s)

2 � (!/⌦i)
2, the measured k||1 is

still too low for M1 to be an acoustic mode (for these
parameters, Cs = 0.012VA). The presence of a quasi-
mode allows the k|| matching relation k||± ⌥ k||1 = k||0
characteristic of a modulational instability to hold; this



Daughter quasimode located on pump current channel, inconsistent with 
parallel ponderomotive drive 

• Perpendicular nonlinearity?  Importance of k⊥ of pump, daughters

Measurements in the plane perpendicular to the back-
ground field reveal that perpendicular nonlinear forces
likely play a role in generating the observed daughter
waves. This is shown in Fig. 4 which displays the pattern of
a representative daughter mode M− in the strap antenna
case; the plot is derived from a magnetic probe scanned
spatially over many shots. By comparing this figure to the
strap pump mode pattern in Fig. 1, it can been seen that the
amplitude peak ofM− occurs near the center of the current
channel on a gradient of the pump mode magnetic field. By
contrast, the parallel ponderomotive force associated with
the modulational instability will produce an amplitude peak
in the daughter modes at the location where the pump wave
magnetic field peaks [33,38]. This difference suggests a
perpendicular nonlinearity in which perpendicular gra-
dients of the pump mode amplitude (i.e., k⊥) play a key
role in the nonlinear terms.
The pumpmode polarization also influences the observed

instability. This is investigated by changing the RMF
antenna phasing to produce one of the two polarization
patterns shown in the inset panel of Fig. 5. Polarization is
quantified at each spatial point by measuring the ratio of the
minor to major radius in the ellipse traced by the rotating
magnetic field vector. This quantity is signed negative for
left-hand rotation and positive for right-hand rotation. As
shown in Fig. 5, left-hand (LHCP) and right-hand (RHCP)
pumpmodes contain opposite polarizationmixes that sum to
linear polarization. Eachmix produces a different frequency
spectra in the vicinity of the current channel; the sideband
separation frequency produced by the LHCP mode is less
than half that produced by the RHCP mode. As in the
linearly polarized strap antenna case, the daughter mode
amplitudes peak near the current channel center for the
RHCP pump mode. The spatial profile and nonlinear

physics may be different in the LHCP case and is still under
investigation; the LHCP mode also leads to a broadening of
the pump mode profile and a corresponding broad spectrum
at low frequencies. The existence of a polarization depend-
ence is consistent with the theoretical literature on para-
metric instabilities. However, most theoretical work (e.g.,
Refs. [6,7]) considers uniformly polarized plane waves,
making direct comparisons difficult.
Despite important physical differences with the present

work, modulational instability theory with k⊥ ¼ 0 still
describes some features of the observed process well.
Figure 6, panel (a) shows the roots of the dispersion
relation derived by Wong and Goldstein [6] and
Hollweg [7], solved for LAPD parameters. This two-fluid

FIG. 3. Parallel wave number measurement showing daughter
modes copropagating with the pump. The pump, M−, and Mþ
are identified as KAWs while M1 is a nonresonant mode. Strap
antenna, B0 ¼ 1140 G, δB0⊥=B0 ¼ 1.9 × 10−3. Magnetic probes
at z ¼ 5.11 m, 5.75 m, and 6.39 m. The fluid dispersion relation
for a KAW with the pump k⊥0ρs ¼ 0.11 and a line with slope
ω=kjj ¼ 0.29 VA are plotted for comparison.

FIG. 4. Spatial profile of M− for the strap antenna suggesting
the nonlinearity is perpendicular in nature. A cut of δBx is shown
on the right. Strap antenna pump from Fig. 1, B0 ¼ 1135 G.
Color represents fluctuating magnetic field amplitude δB−⊥;
white arrows show relative magnitude and direction. The peak in
M− amplitude occurs on a gradient of the pump mode magnetic
field near the current channel center.

FIG. 5. Dependence of the observed frequency spectrum on the
polarization of the RMF antenna. Magnetic probe x ¼ 0,
y ¼ −6 cm, z ¼ 2.6 m. Inset: Polarization of the RMF pump
mode from Fig. 1 along a cut at x ¼ 0. B0 ¼ 993 G.
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antenna described in Gigliotti et al. [37]. The pump wave is
launched at ω0 ∼ 0.67Ωi, producing the pattern in the plane
perpendicular to B0 shown for each antenna in the bottom
panel. The strap antenna launches a linearly polarized
m ¼ 0 Alfvén wave cone (k⊥0ρs ¼ 0.11) in which oscil-
lating magnetic field vectors (white arrows) circle the field-
aligned wave current. By contrast, the RMF antenna is
set up to produce two field-aligned current channels
(k⊥0ρs ¼ 0.21) rotating around B0 in an m ¼ 1 pattern
[37]. The rotation direction and hence wave polarization
may be controlled by varying the antenna phasing. To
ensure the launched wave remains nearly monochromatic,
the antenna current is digitized (not shown) and found to
contain no significant sideband component.
In the plasma column in front of the antenna, magnetic

and Langmuir probes detect the signatures of the pump and
daughter modes. Each probe is mounted on an automated
positioning system that may be used to construct a 2D
profile in the x-y plane averaged across multiple discharges.
When the pump wave amplitude exceeds a threshold

value, additional peaks are observed in the frequency
spectrum, as shown in Fig. 2. Panel (a) of Fig. 2 shows
the appearance of three modes: a low frequency mode (M1),
a lower sideband mode (M−), and an upper sideband mode
(Mþ). The frequency matching relations ω#∓ω1 ¼ ω0

hold. However, M1 is not purely a density perturbation as
predicted by the k⊥ ¼ 0 modulational instability theory; as
seen in Fig. 2, the mode has significant magnetic character.
A clear parametric dependence of the mode frequencies

on pump amplitude is shown in panel (b) of Fig. 2. As the
pump amplitude δB0⊥=B0 increases above threshold, the

frequencies ofM1 andMþ increase; there is a correspond-
ing decrease in the frequency of M− such that frequency
matching relations are satisfied at all wave powers.
To determine the character of the three observed daughter

modes, the parallel wave numbers are measured using a set
of three axially separated magnetic probes placed 0.639 m
apart, allowing resolution of wave numbers up to 4.9=m. As
shown in Fig. 3, this measurement reveals positive values of
k∥ for all modes, indicating that all three daughter modes
are copropagating with the pump. Parallel wave number
matching is satisfied, k∥#∓k∥1 ¼ k∥0. Based on the mea-
sured dispersion relation, the pump, M−, and Mþ are
identified as kinetic Alfvén waves (KAWs) while M1 is a
nonresonant mode. Note that M1 falls above the KAW
dispersion curve ω ¼ kjjVA

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ðk⊥ρsÞ2 − ðω=ΩiÞ2

p
for

all possible values of k⊥. However, the measured kjj1
is too small for M1 to be an acoustic mode (for these
parameters, Cs ¼ 0.012VA). This production of a
nonresonant mode is consistent with the modulational
instability.

FIG. 1. Experimental setup in LAPD. Top: An Alfvén wave
antenna on the right end of the device launches the pump wave.
Magnetic and Langmuir probes used to diagnose the interaction are
shown. Bottom: Spatial pattern of the pump wave in the xy plane
measured by a magnetic probe at z ¼ 2.6 m for the strap antenna
(left, B0 ¼ 1135 G) and RMF antenna (right, B0 ¼ 993 G).

(a)

(b)

FIG. 2. Observed kinetic Alfvén wave (KAW) parametric
instability showing threshold behavior and parametric depend-
ence. RMF antenna, RHCP mode, B0 ¼ 993 G. (a) Frequency
spectrum from a magnetic probe at x ¼ 0, y ¼ −6 cm, z ¼ 2.6 m
for three pump mode amplitudes. When the pump amplitude is
above threshold for instability, three daughter modes are seen.
(b) Parametric dependence of the daughter mode frequency as a
function of pump amplitude δB0⊥=B0. The pump amplitude is 0
on the log10 color scale. White vertical dashed lines represent
values of pump amplitude from (a).
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Parametric instability changes with pump polarization

• “Rotating Magnetic Field” antenna:  allows control of pump wave polarization (note: not purely 
CP/not a plane wave)

• Change in daughter frequency/amplitude with change from dominant LHCP to RHCP

Measurements in the plane perpendicular to the back-
ground field reveal that perpendicular nonlinear forces
likely play a role in generating the observed daughter
waves. This is shown in Fig. 4 which displays the pattern of
a representative daughter mode M− in the strap antenna
case; the plot is derived from a magnetic probe scanned
spatially over many shots. By comparing this figure to the
strap pump mode pattern in Fig. 1, it can been seen that the
amplitude peak ofM− occurs near the center of the current
channel on a gradient of the pump mode magnetic field. By
contrast, the parallel ponderomotive force associated with
the modulational instability will produce an amplitude peak
in the daughter modes at the location where the pump wave
magnetic field peaks [33,38]. This difference suggests a
perpendicular nonlinearity in which perpendicular gra-
dients of the pump mode amplitude (i.e., k⊥) play a key
role in the nonlinear terms.
The pumpmode polarization also influences the observed

instability. This is investigated by changing the RMF
antenna phasing to produce one of the two polarization
patterns shown in the inset panel of Fig. 5. Polarization is
quantified at each spatial point by measuring the ratio of the
minor to major radius in the ellipse traced by the rotating
magnetic field vector. This quantity is signed negative for
left-hand rotation and positive for right-hand rotation. As
shown in Fig. 5, left-hand (LHCP) and right-hand (RHCP)
pumpmodes contain opposite polarizationmixes that sum to
linear polarization. Eachmix produces a different frequency
spectra in the vicinity of the current channel; the sideband
separation frequency produced by the LHCP mode is less
than half that produced by the RHCP mode. As in the
linearly polarized strap antenna case, the daughter mode
amplitudes peak near the current channel center for the
RHCP pump mode. The spatial profile and nonlinear

physics may be different in the LHCP case and is still under
investigation; the LHCP mode also leads to a broadening of
the pump mode profile and a corresponding broad spectrum
at low frequencies. The existence of a polarization depend-
ence is consistent with the theoretical literature on para-
metric instabilities. However, most theoretical work (e.g.,
Refs. [6,7]) considers uniformly polarized plane waves,
making direct comparisons difficult.
Despite important physical differences with the present

work, modulational instability theory with k⊥ ¼ 0 still
describes some features of the observed process well.
Figure 6, panel (a) shows the roots of the dispersion
relation derived by Wong and Goldstein [6] and
Hollweg [7], solved for LAPD parameters. This two-fluid

FIG. 3. Parallel wave number measurement showing daughter
modes copropagating with the pump. The pump, M−, and Mþ
are identified as KAWs while M1 is a nonresonant mode. Strap
antenna, B0 ¼ 1140 G, δB0⊥=B0 ¼ 1.9 × 10−3. Magnetic probes
at z ¼ 5.11 m, 5.75 m, and 6.39 m. The fluid dispersion relation
for a KAW with the pump k⊥0ρs ¼ 0.11 and a line with slope
ω=kjj ¼ 0.29 VA are plotted for comparison.

FIG. 4. Spatial profile of M− for the strap antenna suggesting
the nonlinearity is perpendicular in nature. A cut of δBx is shown
on the right. Strap antenna pump from Fig. 1, B0 ¼ 1135 G.
Color represents fluctuating magnetic field amplitude δB−⊥;
white arrows show relative magnitude and direction. The peak in
M− amplitude occurs on a gradient of the pump mode magnetic
field near the current channel center.

FIG. 5. Dependence of the observed frequency spectrum on the
polarization of the RMF antenna. Magnetic probe x ¼ 0,
y ¼ −6 cm, z ¼ 2.6 m. Inset: Polarization of the RMF pump
mode from Fig. 1 along a cut at x ¼ 0. B0 ¼ 993 G.
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antenna described in Gigliotti et al. [37]. The pump wave is
launched at ω0 ∼ 0.67Ωi, producing the pattern in the plane
perpendicular to B0 shown for each antenna in the bottom
panel. The strap antenna launches a linearly polarized
m ¼ 0 Alfvén wave cone (k⊥0ρs ¼ 0.11) in which oscil-
lating magnetic field vectors (white arrows) circle the field-
aligned wave current. By contrast, the RMF antenna is
set up to produce two field-aligned current channels
(k⊥0ρs ¼ 0.21) rotating around B0 in an m ¼ 1 pattern
[37]. The rotation direction and hence wave polarization
may be controlled by varying the antenna phasing. To
ensure the launched wave remains nearly monochromatic,
the antenna current is digitized (not shown) and found to
contain no significant sideband component.
In the plasma column in front of the antenna, magnetic

and Langmuir probes detect the signatures of the pump and
daughter modes. Each probe is mounted on an automated
positioning system that may be used to construct a 2D
profile in the x-y plane averaged across multiple discharges.
When the pump wave amplitude exceeds a threshold

value, additional peaks are observed in the frequency
spectrum, as shown in Fig. 2. Panel (a) of Fig. 2 shows
the appearance of three modes: a low frequency mode (M1),
a lower sideband mode (M−), and an upper sideband mode
(Mþ). The frequency matching relations ω#∓ω1 ¼ ω0

hold. However, M1 is not purely a density perturbation as
predicted by the k⊥ ¼ 0 modulational instability theory; as
seen in Fig. 2, the mode has significant magnetic character.
A clear parametric dependence of the mode frequencies

on pump amplitude is shown in panel (b) of Fig. 2. As the
pump amplitude δB0⊥=B0 increases above threshold, the

frequencies ofM1 andMþ increase; there is a correspond-
ing decrease in the frequency of M− such that frequency
matching relations are satisfied at all wave powers.
To determine the character of the three observed daughter

modes, the parallel wave numbers are measured using a set
of three axially separated magnetic probes placed 0.639 m
apart, allowing resolution of wave numbers up to 4.9=m. As
shown in Fig. 3, this measurement reveals positive values of
k∥ for all modes, indicating that all three daughter modes
are copropagating with the pump. Parallel wave number
matching is satisfied, k∥#∓k∥1 ¼ k∥0. Based on the mea-
sured dispersion relation, the pump, M−, and Mþ are
identified as kinetic Alfvén waves (KAWs) while M1 is a
nonresonant mode. Note that M1 falls above the KAW
dispersion curve ω ¼ kjjVA

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ðk⊥ρsÞ2 − ðω=ΩiÞ2

p
for

all possible values of k⊥. However, the measured kjj1
is too small for M1 to be an acoustic mode (for these
parameters, Cs ¼ 0.012VA). This production of a
nonresonant mode is consistent with the modulational
instability.

FIG. 1. Experimental setup in LAPD. Top: An Alfvén wave
antenna on the right end of the device launches the pump wave.
Magnetic and Langmuir probes used to diagnose the interaction are
shown. Bottom: Spatial pattern of the pump wave in the xy plane
measured by a magnetic probe at z ¼ 2.6 m for the strap antenna
(left, B0 ¼ 1135 G) and RMF antenna (right, B0 ¼ 993 G).

(a)

(b)

FIG. 2. Observed kinetic Alfvén wave (KAW) parametric
instability showing threshold behavior and parametric depend-
ence. RMF antenna, RHCP mode, B0 ¼ 993 G. (a) Frequency
spectrum from a magnetic probe at x ¼ 0, y ¼ −6 cm, z ¼ 2.6 m
for three pump mode amplitudes. When the pump amplitude is
above threshold for instability, three daughter modes are seen.
(b) Parametric dependence of the daughter mode frequency as a
function of pump amplitude δB0⊥=B0. The pump amplitude is 0
on the log10 color scale. White vertical dashed lines represent
values of pump amplitude from (a).
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Theory: qualitatively consistent with k⊥=0 modulation decay theory (with 
important quantitative differences)

• Theory for k⊥=0 parametric instabilities 
(Wong & Goldstein; Hollweg) solved for 
LAPD parameters

• Modulational decay instability predicted to 
be unstable with consistent phase velocity 
for M1 (low frequency daughter) 

• Mode frequency and growth rate too low 
for experiment, but scales consistently 
with amplitude (importance of finite k⊥?)

• Parametric decay (sound wave 
production) predicted to have higher 
growth rate but we have not observed it!

model outputs the dispersion relation of M1 given a finite
amplitude pump wave propagating parallel to the back-
ground field. Orange curves for unstable modes reveal the
usual decay, beat, and modulational instabilities driven by
the parallel ponderomotive force. Because the modulational
instability involves only forward propogating modes, it is
most consistent with the experimental observations. An
arrow on the figure indicates that the peak growth rate of
the modulational instability occurs for daughter nonreso-
nant modes with ω=k∥ ¼ 0.29 VA. Comparing this value to
the measured dispersion of M1 in Fig. 3, the line falls just
within the upper error bar. Therefore, the fact thatM1 is not

a normal mode of the system is well predicted by modula-
tional instability theory with k⊥ ¼ 0.
The theory also predicts the increase in mode frequency

with pump amplitude seen in Fig. 2. This is shown in panel
(b) of Fig. 6 which plots the frequency of M1 for both the
experimental case in Fig. 2 (blue circles) and the k⊥ ¼ 0
theoretical prediction [6,7] (red stars). Both theory and
experiment follow an upward trend. However, the theo-
retical frequencies are an order of magnitude too low, and
the corresponding growth times are longer than the plasma
discharge; clearly, the parallel ponderomotive force
is too weak to explain the experimental observations.
Furthermore, changing the k⊥ spectrum of the pump wave
by switching to a different antenna (yellow squares) while
keeping other parameters similar results in an increase in
the observed M1 frequency. These observations imply that
perpendicular structure plays a key role in the observed
instability.
Further theoretical development is necessary to fully

explain the observed daughter modes. Wong and Goldstein
[6] and Hollweg [7] predict that the growth rate of the decay
instability should be three orders of magnitude larger than
that of the modulational instability for the LAPD param-
eters under investigation. Yet parametric decay to sound
waves is not observed. Possible reasons include (1) the
growth rates are modified when finite k⊥ is considered and
(2) for the larger values of k∥ characteristic of the decay
instability ion-neutral collisions present in the experiment
significantly reduce the growth rate.
Concerning the effect of finite k⊥, very limited theo-

retical and computational work is available. Numerical
simulations by Del Zanna [39,40] and Matteini et al. [23]
show a reduction in the growth rate of the decay instability
for oblique pump waves, but do not consider the modula-
tional instability. Work by Viñas and Goldstein [41,42]
extends the theory to allow the daughter modes to have
finite k⊥ while retaining k⊥0 ¼ 0 for the pump. This allows
for new classes of instabilities at oblique angles. In
particular, Viñas and Goldstein [42] found a magneto-
acoustic instability with a very narrow band of unstable
wave numbers which is favored at low β and high wave
dispersion (i.e., high ω=Ωi). The oblique nature of the
daughter modes may also explain the Alfvénic character of
the observed nonresonant mode M1. New insight on the
nature of the nonlinear terms may also come from extend-
ing theoretical work by Brugman [43] which examines
copropagating waves, but only with aligned polarizations.
The applicability of these results to the present Letter is
currently under investigation.
In summary, the first laboratory observations of a shear

Alfvén wave parametric instability are presented. A single
finite ω=Ωi, finite k⊥ Alfvén wave is launched above a
threshold amplitude, resulting in three daughter modes: two
forward propagating Alfvén wave sidebands and a forward
propagating nonresonant mode. Frequency and parallel

(a)

(b)

FIG. 6. Comparison between LAPD data and k⊥ ¼ 0
dispersion relation derived by Wong and Goldstein [6] and
Hollweg [7]. (a) Solutions to the dispersion relation of Wong
and Goldstein [6] and Hollweg [7] for experimental parameters of
Fig. 3. Labeled: s: sound mode, −b: backward propagating lower
Alfvénic sideband, −f: forward propagating lower Alfvénic
sideband, þf: forward propagating upper Alfvénic sideband.
Black curves represent stable modes; orange curves representing
unstable modes are labeled with the appropriate instability.
(b) Mode frequency of the modulational instability as a function
of pump amplitude for experimental parameters in Fig. 2 (blue
circles), theoretical predictions (red stars), and strap antenna
results with similar parameters (yellow squares).
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New plasma source enables study of much higher pressure (high β), warm 
ion plasmas

BaO 

LaB6


• Second source: LaB6 cathode (1800K) much better electron 
emitter (smaller ~20cm square source at opposite end)

• Order of magnitude increase in density, hotter electrons 
and ions (through collisional coupling) 

• With lowered field, can get magnetized plasmas with β ~ 1 6 7 8 9 10 11
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Solar wind campaign: physics of high beta, warm ion plasmas

• Kinetic instabilities, waves and turbulence at high plasma beta (vA ∼ vth,i) with warm 
ions 

• Warm ions provide opportunity to study ion kinetic effects in waves and 
instabilities: e.g. FLR effects on Alfvén wave propagation; ion cyclotron absorption; 
modification to nonlinear Alfven wave interactions 

• With lower field, plasma beta can be increased substantially to study, e.g., modifications 
to Alfvén wave dispersion and damping (e.g. ion Landau/Barnes damping). Can 
temperature anisotropy driven instabilities (mirror and firehose) be observed in 
these plasmas?

Campaign Leader:  Greg Howes (U. Iowa)

What does control thermodynamics in collisionless plasmas? 
Microphysics (instabilities) constrain large scale evolution 

Gary et al. 2001, Kasper et al. 2002, Marsch et al. 2006, Bale et al. 2009
Solar wind observations (WIND 1 AU) Hellinger et al. 2006, Matteini et al. 2011
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Hellinger, et al., 2006



Can we generate anisotropy in LAPD? Perpendicular Ion heating via ICRH

• High power (~200 kW) RF driver and fast wave antenna available.  

• Initial experiments:  good coupling (~30G wave amplitude), some 
evidence of ion heating via fundamental minority resonance (H in He 
plasma)

fast wave antenna



Can we generate anisotropy in LAPD? Perpendicular Ion heating via ICRH

• Diamagnetic loop measurements show on-resonance effect (more 
convincing measurements/analysis forthcoming!)  

• Can ICRH drive temperature anisotropy, get to mirror instability 
threshold?  (Collisions?)

LaB6 discharge

RF on
β 

(a
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)

on fundamental resonance

off resonance



Summary/Outline
• Studies of large-amplitude shear Alfvén waves in the Large Plasma Device:  three-

wave interactions and decay instabilities

• Nonlinear excitation of ion acoustic waves [Dorfman & Carter, PRL, 110, 195001 
(2013)]  

• Beating of two counter-propagating kinetic Alfvén waves (KAWs); resonant 
response observed consistent with ponderomotive excitation of ion acoustic wave

• Parametric instability of lone large-amplitude shear wave [Dorfman & Carter, PRL, 
116, 195002 (2016)]

• Finite frequency KAWs decay to co-propagating sideband KAWs and low frequency 
quasimode; qualitatively consistent with modulation decay instability.

• New LAPD capabilities (LaB6 plasma source + RF heating) enable high β, warm ion 
plasmas


